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Highlights 
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Nearly all t he  work of t h e  Metals and Ceramics  
Division may b e  divided in to  three  parts. T h e s e  
a r e  fundamental inves t iga t ions  supported by the  
AEC Division of Research ,  nonproject research 
on potential  and ac tua l  reactor materials sup- 
ported by t h e  Division of Reac tor  Development 
and  Technology, and research and development 
programs in support  of spec i f ic  reactor pro jec ts  
o r  o ther  programs. Occas iona l ly  t h e s e  l i n e s  
c ros s ,  as members of d iverse  programs find 
common problems o r  methods. Although we made 
subs t an t i a l  progress in  many areas ,  spec ia l  
achievements  in a few dese rve  sepa ra t e  mention. 

Our fundamental program inc ludes  both theoret- 
ical and experimental inves t iga t ions  of t h e  s tmc-  
ture  of both so l id s  and l iqu ids ,  a multifaceted 
probe into the nature of metal  deformation, and 
research  on metal oxidation, superconducting 
mater ia l s  including technetium , crys ta l  growth, 
x-ray diffraction, t h e  low-temperature properties 
of pure metal  and fundamentally important a l loys  
and t h e  phys ica l  nature of ceramics,  particularly 
thoria. Our program on Diffusion in  Solids i s  now 
included, although t h e  accomplishments during the  
reporting period, presented in Chap. 3 of th i s  
report, were made under support  of t h e  Division 
of Reac tor  Development and  Technology. A 
highlight of t he  period w a s  our hos t ing  of t h e  
International Conference on Diffusion in Body- 
Centered Cubic Materials a t  Gatlinburg, Tennes-  
s e e ,  Sept. 16-18, 1964. Our own research i n  
t h i s  a r ea ,  aided by our anodic sec t ion ing  tech- 
nique, ach ieved  a lO"-fold range of diffusion 
coefficients measured for niobium in tantalum. 
By electron-microscopic observation of disloca- 
tion movements in niobium, w e  learned tha t  s t r e s s  
is t h e  major variable in  determining the  disloca- 
tion configuration in  body-centered cub ic  metals.  
Significant s t r ides  by our program in Phys ica l  
Proper t ies  included thermal conductivity meas- 
urements on iron of high purity and  tungs ten  in a 
previously unattained temperature range. Both 

demonstrated the  poss ib i l i ty  of ca lcu la t ing  t h i s  
important property from eas i ly  measured e lec t r i -  
cal conductivity; i n  tungsten t h e  l a t t i ce  con- 
tr ibutions a r e  readily ca lcu lab le  from theore t ica l  
p r inc ip les  and in iron they a r e  in sens i t i ve  to 
impurity content. 

To meet t h e  mater ia l s  n e e d s  of future reactors,  
w e  a r e  exploring fundamental properties,  methods 
of evaluation, and  novel fabrication techniques  
for tradit ional and new reactor materials,  with 
t h e  emphasis  on t h e  increasingly important 
mater ia l s  required for s e rv i ce  a t  very high tem- 
peratures.  In our research on zirconium a l loys ,  
w e  developed a metallographic technique  for 
determining t h e  anisotropy o f  both t h e  s t ruc ture  
of t h e s e  mater ia l s  and t h e  orientation of precipi- 
t a ted  hydride platelets.  T h e  method s a v e s  con- 
s iderable  t ime  and  equipment compared with 
tradit ional x-ray techniques.  Our research on 
t h e  irradiation of s t a i n l e s s  steel h a s  y ie lded  a 
qui te  de ta i led  understanding of t h e  damage mech- 
anism and  promising alloying and heat-treatment 
methods for minimizing th i s  damage. A major 
s t e p  in  unraveling the  complex corrosive inter- 
action of molten a lka l i  meta ls  with refractory 
meta ls  w a s  t h e  discovery tha t  potassium n ioba te s  
occur  among the  products of corrosion of niobium 
by potassium. We achieved very d e n s e  homo- 
geneous  uranium monocarbide by a ided  s in te r ing  
of impure oxide-derived powder and demonstrated 
dramatic reductions in s in te r ing  temperatures of 
uranium mononitride. Developing thermochemical 
deposit ion a s  a method for fabricating high- 
temperature mater ia l s  at modest temperatures,  w e  
demonstrated production of s h e e t s  of tungsten 
sufficiently la rge  for property evaluation, tung- 
sten-rhenium tubing with controlled composition 
and th ickness ,  and uranium dioxide in t h e  form 
of mass ive  depos i t s ,  dendrit ic c rys t a l s ,  and  very 
f ine  powder. 

A subs t an t i a l  segment of our effort is i n  the  
support  of reactor-development pro jec ts  and other 
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programs. Activit ies include t h e  development and 
evaluation of new and modified materials,  t he  de- 
s ign  and implementation of fabrication tech- 
n iques ,  and es t imat ion  of c o s t s  and a s s e s s m e n t  
of performance for fue ls  and other materials.  
T h e  intricate first  fuel core and the  control ele- 
ments for t he  High Flux  Isotope Reactor were 
fabricated well  within exac t ing  tolerances,  
and under our guidance a commercial fabricator 
h a s  future fue l  e lements  in production. We 
have  preliminary knowledge of radiation e f f ec t s  
on t h e  c reep  of INOR-8, t he  structural  alloy of 
t h e  Molten-Salt Reactor Experiment. New infor- 
mation on t h e  c reep  of graphite under irradiation 
shows  tha t  t h i s  material  c a n  accommodate in- 
s e rv i ce  s t r a ins  a t  temperatures down t o  150OC. 
T h e  application of compatible pyrolytic carbon 
coa t ings  t o  thorium and uranium oxide fuel 
par t ic les  promises simpler and l e s s  expens ive  
fuel fabrication for high-temperature gas-cooled 
reactors. T h e  54  i tems  of equipment for remote 
assembly and inspection of HFIR ta rge ts  

were invented, mounted, assembled in  a 
mockup, and tested.  Prototype t a rge t s  
fueled with 3 9 P u 0 2  demonstrated exce l len t  
s tab i l i ty  to 97% burnup a t  high h e a t  flux. Fo r  
t h e  evaluation of reactor economics,  high-speed 
computation methods were deve loped  to predict  
fabrication c o s t s  for a variety of reactor fuels;  
t h e s e  methods h a v e  identified key design 
fac tors  affecting fuel fabrication cos t s .  New 
and improved metallographic techniques  continue 
to bring f a m e  and recognition to our  Metallog- 
raphy Group. T h e  c a u s e  of failure in BONUS 
Reactor  superhea ter  fuel e lements  w a s  found, 
and fabrication methods a r e  be ing  developed to 
prevent recurrence. 

During t h e  report period we also hosted three  
meetings related to our applied programs. T h e s e  
meetings were the  AEC-NASA Liquid Metals Cor- 
rosion Meeting, April 21-23, 1965; t h e  19th AEC 
Metallography Group Meeting, April 20-22, 1965; 
and the  9th AEC Coated-Par t ic le  F u e l s  Working 
Group Meeting on May 25-26, 1965. 
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Summary 

V 

P A R T  I. F U N D A M E N T A L  PROGRAMS FOR T H E  
A E C  DIVISION OF R E S E A R C H  

1. Crystal  Physics 

We have found that a geometry favorable for t he  
growth of large high-quality UO, c rys t a l s  may b e  
obtained by the  centrifugal distribution of an  in- 
ductively melted cent ra l  zone  that i s  caused  to  
traverse the  rod. T h e  c rys ta l  chemistry investiga- 
tion of t h e  lanthanide germanomolybdates was  ex- 
tended to germanotungstates.  T h e  rate of hydro- 
thermal growth of nonucleated ferrite c rys t a l s  was  
related to  temperature, p ressure ,  time, so lvent  
normality, and metallic addi t ives .  Our arc-modified 
Verneuil system was  improved. We analyzed 
superconducting magnet design for magnetic SUS- 

ceptibil i ty measurements by t h e  Faraday method 
and concluded that a properly dimensioned solenoid 
is very promising. T h e  temperature dependence of 
magnetic suscept ib i l i t i es ,  lattice cons tan ts ,  and 
opt ica l  absorption spec t r a  of t h e  lanthanide ger- 
manomolybdates is being measured and will  b e  
related by a theoretical  ana lys i s  of c rys t a l  f ield 
parameters. 

2. Deformation of Crystalline Solids 

Flow parameters for tantalum and tantalum a l loys  
were explained i n  terms of t h e  effect  of alloying 
on t h e  shea r  modulus, which en ters  in to  t h e  ca lcu-  
lation of t h e  energy of double-kink formation, t he  
proposed rate-controlling mechanism. T h e  tem- 
perature dependence of s t a g e  I1 work hardening of 
s ing le  c rys t a l s  h a s  been tentatively explained in  
terms of t h e  difference in  mobility of edge  and 
screw d is loca t ions ,  which g ives  r i s e  t o  cell for- 
mation. T h e  flow parameters i n  irradiated copper 
showed tha t  t h e  deformation is controlled by a 
s ing le  process ,  which w e  be l ieve  to result  from t h e  
tetragonal distortions a s soc ia t ed  with smal l  va- 
cancy  loops. 

An ana ly t ica l  method for inverting conventional 
pole f igures  into inverse  pole figures h a s  been  
devised .  Using i t ,  w e  redetermined the  texture of 
rolled copper and showed it to cons i s t  of r idges 
rather than  one  or more i so la ted  orientations.  

A calorimeter is be ing  constructed to  measure 
t h e  inc rease  i n  internal energy result ing from defor- 
mation over a wide temperature range, t h e  partial  
r e l ease  of t h i s  energy immediately following the  
deformation, and t h e  subsequent  isothermal r e l ease  
a t  higher temperatures.  

3. Diffusion in Solids 

Studies of diffusion in body-centered cubic  meta ls  
have continued. Completed works inc lude  volume 
diffusion coefficient determinations for 'Nb and 
la2Ta in both pure tantalum and pure niobium, 
l s lHf  in  the  be ta  phase  of reactor-grade hafnium, 
and 44Ti in  t h e  alloy V-20% Ti. We extended dif- 
fusion da ta  for "Cr in chromium from about 150OOC 
to  t h e  vicinity of the  melting point and examined 
atmosphere e f f ec t s  on diffusion r a t e s  of '"Ta in 
B-titanium. Also,  we completed a combined theo- 
re t ica l  and experimental s tudy  of t h e  e f fec t  of 
alpha bombardment on t h e  diffusion of lead  i n  
s i lver .  

4. Electron Microscopy 

Using transmission electron microscopy w e  have  
shown t h e  dislocation configuration in deformed 
niobium fo i l s  t o  b e  determined primarily by t h e  leve l  
of t h e  applied s t r e s s  and not by t h e  temperature of 
deformation. We sugges t  that  t he  structure of a 
s l i p  band depends on t h e  s t r e s s  a t  which t h e  band 
is formed and propose that fracture and twinning 
a r e  init iated by narrow dense ly  packed bands  of 
d i s loca t ions  generated a t  high s t r e s s  leve ls .  

We have studied recrystall ization and grain 
growth, temperature and grain-size dependencies  
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of t h e  lower yield s t r e s s ,  ducti le-brit t le transit ion 
temperature, and brit t le fracture charac te r i s t ics  of 
tungsten s h e e t  having a grain s i z e  range exceed-  
ing  th ree  orders of magnitude. T h e  resu l t s  a r e  
cons i s t en t  with a picture of grain growth and em- 
brittlement controlled by impurities segrega ted  a t  
grain boundaries.  

W e  have extensively studied by electron micros- 
copy various as-deposited and annealed pyrolytic 
carbons.  Graphitization was  acce lera ted  by the  
presence  of ac t in ide  impurities. 

A procedure for preparation of specimens for clec- 
tron microscopy from smal l  highly radioactive 
samples  i s  briefly outlined. 

5. Electronlc Propert ies o f  Metals  and Al loys 

Studies of the  e f fec ts  of niobium on the  low- 
temperature spec i f ic  h e a t  of hexagonal zirconium 
have  continued. In the  quenched hexagonal so l id  
solution, t he  sha rp  inc rease  i n  superconducting 
transit ion temperature is a result  of a n  inc rease  in  
density of electronic s t a t e s  and a dec rease  in the  
Debye temperature, in agreement with theory. In 
t h e  heat-treated form, the  precipitation of other 
superconductors with high c r i t i ca l  field and tem- 
perature depended upon alloy purity. In t h e s e  
d i lu te  Zr-Nb a l loys  the  spec i f i c  h e a t s  and t h e  re- 
s i s t iv i ty  both changed with 2-hr annea l s  a t  120°C. 

Niobium affected the  superconductivity transit ion 
temperature, t h e  density of electronic s t a t e s ,  and 
t h e  Debye temperature of zirconium more than do 
scandium and B s u b g r o u p  elements.  In cubic  zir- 
conium a l loys  containing Mo, Re ,  and Ru t h e s e  
low-temperature properties were very nearly the  
same as  for the hexagonal Zr-Nb a l loys  with the  
same  additive content,  so t h e  low-temperature 
spec i f ic  hea t  coefficients of cubic  zirconium must 
not b e  very different from those  of hexagonal 
zirconium. 

We built an ion-pumped zone  refining sys tem and 
used  i t  to produce zirconium c rys t a l s  with res i s t -  
a n c e  ratios 450 to 850 and new higher purity zone- 
leveled zirconium a l loys  for specific-heat s tudy ,  
T h e  res i s t iv i ty  of t h e  zirconium c rys t a l s  was  not a 
function of impurity content a lone  but depended on  
redistribution of impurities. 

Galvanomagnetic properties of zirconium have 
been s tudied  with additional orientations of cur- 
rent. The  c losed  and compensated Fermi sur face  

is fairly wel l  es tab l i shed .  Each c rys t a l  h a s  nearly 
isotropic magnetores i s tance  with quadratic field 
dependence. T h e  Hal l  field shows no  large an iso-  
tropy but a l te rna tes  in s ign .  

In collaboration with t h e  P h y s i c s  Division the  
MBssbauer e f fec t  h a s  been observed in  61Ni and ' 3Ge following Coulomb exc i ta t ion ,  greatly in- 
c r eas ing  t h e  number of i so topes  that c a n  b e  studied 
by the  Mossbauer effect. 

6. Physica l  Ceramic Studies 

T h e  c reep  ra te  of thoria in t h e  range of tempera- 
tures 1400 to  1800'C and a t  s t r e s s e s  of 4000, 
7500, and 11,000 ps i  was  measured. Formation of 
intergranular voids and grain-boundary s l id ing  are 
as soc ia t ed  with the  deformation process .  Addition 
of calcium oxide acce lera ted  c reep  of thoria, 
whereas addition of aluminum oxide inhibited 
c reep .  T h e  compress ive  strength of thoria i s  
greater than indicated by current l i terature.  T h e  
mode of failure varied from completely brit t le frac- 
ture a t  low temperatures to e s sen t i a l ly  duc t i le  
deformation a t  high temperatures,  although inter-  
granular void formation was  s t i l l  observed during 
t h e  high-temperature deformation. Rec t i l inear  
inert-gas bubbles  were observed in  irradiated 
magnesium oxide c rys ta l s .  

7. Physical  Propert ies 

Measurements on iron specimens of different 
purity showed the  thermal conductivity of any  rela- 
t ively pure iron to b e  ca lcu lab le  to +_1.5% to  900°C 
from simple e lec t r ica l  resist ivity measurements,  
t h e  Wiedemann-Franz-Lorenz relation, and our 
va lues  of t he  l a t t i ce  portion of t he  thermal con- 
ductivity. Our measurements on tungsten to  
1000°C fil led a n  information void concerning the  
temperature dependence of the  thermal conductivity 
of t h i s  material, and the  r e su l t s  were ana lyzed  in  
terms of e lec t ronic  and lattice contributions to  
yield a Debye temperature of 284 to  318'K. We 
developed a rapid method of measuring spec i f i c  
hea t ,  and the resu l t s  on iron show t h e  Cur ie  phe- 
nomenon to b e  a second-order transit ion.  We ob- 
ta ined  da ta  a t  2 0  to 13OoC on changes  in  thermal 
conductivity in  various materials due  t o  e f f ec t s  of 
porosity, irradiation dosage  and  temperature, 
sintering, and composition. 
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8. Sol id-state and Molecular  Theory subs t ruc ture  for niobium-vanadium a l loys .  Th i s  

Calcu la t ions  of t he  magnetic properties of rare- 
earth germanomolybdates were cons i s t en t  with ex- 
periment. T h e  subla t t ice  magnetization of a-Fe ,O, 
can b e  explained by antiferromagnetic spin-wave 
theory i f  t h e  long-wavelength approximation is not 
u sed .  We wrote a FORTRAN code to ca l cu la t e  t he  
energy l eve l s  and eigenvectors of t h e  d Z  and d8 
configurations in c rys ta l l ine  e lec t r ic  f ie lds  of 
arbitrary symmetry within t h e  framework of t h e  
point charge model. 

Continuing development of our general-purpose 
one-center expansion for atomic and molecular 
wave functions,  we inves t iga ted  t h e  convergence 
of t h e  expansion for H,’, examined seve ra l  highly 
exc i ted  s t a t e s  of He  and He-, and attempted to  
determine t h e  s h a p e  and s i z e  of CH,’. We a r e  
making large-scale ca lcu la t ions  on t h e  lithium 
atom, us ing  approximate wave functions with 
angular interelectronic coordinates.  We have in- 
vented a s imple  energy-calibrated molecular orbital  
t echnique  and applied i t  t o  correlate ionization 
potentials i n  s eve ra l  groups of related compounds. 

T h e  connection between t h e  Green’s-function 
method and the transfer-matrix method for inves-  
t igating t h e  electronic s t a t e s  of disordered s y s -  
t ems  h a s  been clarified.  A nontrivial ex tens ion  of 
t he  Green’s-function method is being developed 
and applied t o  liquid metals.  

Ques t ions  concerning the  utility of t h e  one-center 
expansion in  relation to  energy and molecular 
geometry ca lcu la t ions  were s tud ied .  Fo r  certain 
problems, multicenter ca lcu la t ions  promise greater 
accuracy. 

9.  Spectroscopy of Ionic Media  

Opt ica l  spectroscopy is be ing  employed to  in- 
ves t iga te  t h e  structure of molten s a l t s .  Currently 
t h e  coordination geometry of N i 2 +  ions  in  t h e s e  
media and the  behavior of bismuth ions  i n  unusual  
oxidation s t a t e s  a r e  emphasized. 

correlation sugges t s  a model for d i s loca t ion  be- 
havior i n  body-centered cubic  metals,  which ex- 
plains t h e  effects of composition, temperature, and 
s t ra in  ra te  on flow. The  major portion of t h e  
(001) texture in  aluminum rods fabricated at  low 
temperatures r e su l t s  from deformation band for- 
mation. T h e  e f f ec t s  of in i t ia l  orientation, tem- 
perature,  and fabrication technique on preferred 
orientation can  b e  explained in terms of t h i s  in- 
homogeneous deformation. 

11. Superconducting Mater ia ls  

T h e  transformation k ine t ics  of niobium-zirconium 
a l loys  with 25 to 60% Zr to a pearli t ic s t ruc ture  
was  s luggish ,  only sl ightly sens i t i ve  t o  zirconium 
content,  relatively insens i t ive  to atmospheric con- 
tamination, and sens i t i ve  primarily to grain size. 
A second mode of transformation w a s  observed in  
the  cen te r s  of large grains.  

Superconducting measurements a t  low f ie lds  on 
Nb-33% Zr  a l loys  tha t  had been partially or com- 
pletely transformed to  a pearli t ic structure with 
interlamellar spac ings  of about 900 p showed re- 
markably high c r i t i ca l  currents.  T h e s e  specimens 
did not exhibit  a large change in  c r i t i ca l  current 
caused  by smal l  changes in the  appl ied  field, as 
occurs  in conventionally heat-treated material. 

U s e  of t h e  Bean  technique permitted evaluation 
of the  e f f ec t s  of some metallurgical var iab les  on 
the  c r i t i ca l  current properties of mass ive  niobium- 
zirconium a l loy  samples  without t h e  attachment of 
current l eads .  

In niobium-zirconium superconducting samples  we 
de tec ted  a sur face  layer tha t  h a s  c r i t i ca l  current 
dens i t i e s  and th i cknesses  near t hose  of t h e  London 
layer  observed in  idea l  “soft” superconductors.  
T h e  apparent th ickness  of the  sur face  layer  is not 
a function of the  applied d c  field (in the  range 
of 6 to 40 kilogauss) and was  greater i n  the  cold- 
worked (735 A) than i n  t h e  annealed specimens 
(355 A). 

T h e  de l ta  phase  of the  zirconium-uranium alloy 
system was  not superconducting a t  4.2OK i n  zero  
magnetic field.  

T h e  glove-box facil i ty constructed for t h e  metal- 
lurgical  and superconducting property s t u d i e s  of 
technetium and its a l loys  is in operation. A 100-g 
ingot was  arc-melted and drop-cast. I t  was  vacuum 
encapsula ted  in  nickel and cold swaged to approxi- 
mately 10% reduction in a rea .  

10. Structure of Meta ls  

Copper impurity atoms interact strongly (inter- 
ac t ion  energy of 2500 to 5200 cal/mole) with a 
moving grain boundary in  aluminum. T h e  e f f ec t ive  
interaction d is tance  i s  two atom diameters and  is 
large re la t ive  to t h e  width of t h e  grain boundary. 
We correlated twinning tendency with dislocation 
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12. Surface Reactions of Metals 

Our major effort i s  directed a t  fundamental s tud ie s  
of the  oxidation mechanism of metals and a l loys .  
Alloying with smal l  quant i t ies  of Ni, A I ,  and Ag 
caused  la rge  variations in the  oxidation r a t e  of 
copper s ing le  c rys ta l s ;  changes in the  ex ten t  of 
la t t ice  disregistry in  the  oxide f i l m s  on t h e s e  
c rys t a l s  were correlated with changes in the  rate 
of oxidation. Small yttrium addi t ions  improved t h e  
aqueous corrosion res i s tance  of aluminum a t  200°C 
significantly.  Studies of s t r e s s  generation due  to 
oxygen solution in  the  sur face  layers  of refractory 
meta ls  were continued, and a n  investigation of t h e  
oxidation charac te r i s t ics  of tungsten w a s  init iated.  
Measurements of diffusion in tantalum m d  niobium, 
us ing  t h e  very sens i t i ve  anodic film technique, 
were extended in temperature and agreed well with 
va lues  obtained us ing  mechanical sec t ion ing .  U s e  
of t h e  anodic film method extended t h e  range of 
measurable diffusion coefficients t o  as  low as  
2 x cm2/sec. Finally we evaluated the  
contribution of magnetic order to the  spec i f i c  h e a t s  
of n icke l  and seve ra l  Ni-Cu a l loys .  

13. X-Ray Diffraction 

T h e  complete c rys ta l  structure of calcium beryl- 
l a t e  (Ca ,Be ,O z s )  h a s  been derived from x-ray 
diffraction data.  Th i s  unusual structure conta ins  
large i so la ted  voids over 5 A in maximum diameter, 
in which gues t  atoms could b e  trapped. 

S tudies  of s ing le  c rys ta l s  of B e 0  irradiated to 
fast-neutron d o s e s  in the  range 0.4 to 7.1 x l o 2 '  
neutrons/cm * have revealed marked changes  that 
occur in x-ray sca t t e r ing  patterns as  th i s  range i s  
traversed. The  s igni f icance  of t h e s e  changes ,  
which we had not observed previously, is d i scussed  
in  relation to  the  theory of t h e  damaged structure,  
which was  developed from da ta  a t  higher doses .  

By a new method, w e  c a n  correct diffuse x-ray 
sca t te r ing  from disordered a l loys  for contributions 
due to  thermal motion and s t a t i c  atomic d isp lace-  
ments. Unlike other techniques,  i t  requires meas-  
urements a t  only one temperature and  needs  no 
models describing t h e  character of the  d isp lace-  
ments. I t s  u s e  y ie lds  t h e  true short  range order 
diffuse sca t te r ing ,  unobscured by intensity con- 
tributions due to other c a u s e s .  

P A R T  I t .  R E S E A R C H  F O R  T H E  A E C  DIVISION 
OF R E A C T O R  D E V E L O P M E N T  

14. Fuel Element Development 

In a one-s tep  thermochemical p rocess  from UF,,  
hydrogen, and oxygen g a s e s  a t  low pressures ,  we 
synthes ized  UO, as a stoichiometric so l id  ap-  
proaching theoretical  dens i ty ,  a dendrit ic needle- 
l ike  depos i t ,  or a submicron-size powder. 

W e  showed tha t  w e  c a n  fabricate a variety of 
refractory meta ls  by thermochemical techniques.  
With tungsten-rhenium a l loys ,  problems have been 
encountered in obtaining homogeneous and uni- 
formly thick depos i t s ,  but alloying h a s  been ac- 
complished at relatively low deposit ion tempera- 
tu res ,  and short  lengths of tubing with only 
moderate composition variation have been made. 
T h e  products exhibited columnar grain s t ruc tures ,  
low impurity conten ts ,  and no s igma phase .  A /3- 
tungsten-type phase  h a s  been observed for t h e  first  
t ime in  th i s  sys tem.  W e  have  depos i ted  both 
molybdenum and rhenium as  smooth coa t ings  of 
high dens i ty  and uniform th ickness ,  but difficulty 
h a s  been encountered with uniformity and metal  
recovery i n  thick depos i t s .  

T h e  phys ica l  charac te r i s t ics  of U,O, affected 
the  quality of aluminum dispers ion  fuel e lements  
made from i t .  T h e  optimum oxide  was  dense ,  
spher ica l ,  and  low i n  sur face  a rea .  Both a rc-cas t  
and powder-metallurgy-produced uranium-aluminum 
intermetall ics were fabricated into acceptab le  
aluminum-dispersion fuel p la tes .  T h e  powder 
process  conta ins  more operations but  provides 
closer control of stoichiometry and composition. 

Sintering UC with uranium s i l i c ides  circumvented 
problems previously encountered i n  s in te r ing  with 
UA1, or  U B e I 3  and  attained dens i t i e s  over 96% 
from impure commercial UC s in te red  a t  1575OC. 
T h e  mechanisms of the  improved s in te r ing  have  
been determined, and preliminary t e s t ing  ind ica t e s  
t he  techniques  may a l s o  b e  usefu l  with uranium 
nitride. 

15. Hi gh- Tempera tu re Materia I s 

Progres s  in the  fabrication of refractory meta ls  
and a l loys  included experiments on t h e  extrusion 
of tungsten and W-26% Re tube she l l s ,  u s e  of flow 
turning to fabr ica te  tubing, simplification of the  
fabrication of electrodynamic pump c e l l s ,  develop- 
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ment of welding techniques,  improvement of welds,  
development of brazed jo in ts  s t a b l e  well  above 
the brazing temperatures, and fabrication of loops 
and other hardware for tes t ing  compatibility with 
a lka l i  metals.  

Proper t ies  of high-temperature meta ls  s tud ied  in- 
c lude  the  equilibrium and k ine t ics  of nitrogen sorp- 
tion by Nb-l% Zr,  aging and recrystall ization of 
the  alloy D-43, vacuum evaporation of cons t i tuents  
of refractory a l loys ,  annealing behavior of the  
alloy T-111, effect  of cold working and annea l ing  
on c reep  of Nb-l% Zr,  prediction of c r e e p  and  
rupture under variable s t r e s s ,  c r eep  of refractory 
a l loys  and strengthening of t h e s e  a l loys  by carbu- 
rization, t h e  s t a t e  of oxygen in  tantalum-base 
a l loys ,  t he  r e s i s t ance  of refractory a l loys  to  molten 
potassium and lithium, some phys ica l  properties 
of tungsten,  including thermal conductivity from 
50 t o  1000°C, emittance of Nb-1% Z r  and i t s  im- 
provement by sur face  treatment, and thermal con- 
ductivity of D-43 and T-111. 

16. Mater ia ls  Compat ib i l i ty  

Time, temperature, and the  level, of oxygen con- 
tamination enhanced corrosion and mass transfer 
in couples  of niobium with liquid potassium. T h e  
presence  of ternary compounds of t h e  form KxNbyOz 
he lps  explain the  complex corrosion phenomena 
observed. 

Oxygen in  potassium was  determined accurately 
by a gettering-vacuum-fusion technique desp i t e  
variations in  the  thermal and environmental history 
of t h e  potassium. 

From oxygen depletion of niobium i n  contac t  
with potassium, we found diffusion coef f ic ien ts  of 
7.9 x lo-’’ and 6.4 x lo-’ c m 2 / s e c  for oxygen 
in  polycrystall ine niobium at 600 and 815OC 
respectively.  

17. Mechanical  Propert ies 

Recent  investigations have emphasized t h e  ef- 
f ec t s  of neutron irradiation on the  mechanical 
properties of structural  a l loys .  T h e  embrittlement 
of s t a i n l e s s  s t e e l s  a t  e leva ted  temperatures by 
irradiation w a s  traced to  helium from not only the  
thermal-neutron reaction with “B but also fa s t -  
neutron reac t ions  with t h e  major components. 
Cons is ten t  with t h i s  observation, w e  have improved 
t h e  postirradiation ducti l i ty by seve ra l  methods: 

decreas ing  the  grain s i ze ,  increas ing  t h e  amount 
of carb ide  precipitate,  decreas ing  t h e  boron con- 
tent, and alloying with 0.2% Ti. 

We found no  significant e f fec t  on the  mechanical 
properties of 6061 aluminum irradiated to  d o s e s  
greater than 10’’ neutrons/cm2. 

18. Nondestruct ive T e s t  Development 

In continuing development of computer ca lcu la-  
tion of parameters of an  induced electromagnetic 
field, we have s tudied  t h e  phase  and amplitude of 
t he  vector potential ,  field shaping, flow of current 
in the  specimen, and force on t h e  specimen. T h e  
phase-sens i t ive  eddy-current instrument h a s  been 
further improved and applied to  t e s t  problems for 
t he  HFIR,  GCR, Fermi,  HTM, and Desalination 
P ro jec t s .  

Our work on  nonbond detection h a s  been directed 
toward dispersion-core fuel e lements ,  s u c h  as 
used  for HFIR and ATR. A dev ice  i s  being pre- 
pared for hot-cell  examination of fuel t ubes  s u c h  
as  used  for PM-1 and proposed for HWOCR. 
Electro-discharge machining techniques  a r e  be ing  
s tudied  for fabricating reproducible reference 
notches  in small-diameter tubing. 

We have studied t h e  sens i t iv i ty  of our x-ray at- 
tenuation techniques  and extended them to deter- 
mination of to ta l  fuel content i n  fuel p l a t e s  used  
for HFIR,  ATR, and ORR. A scanne r  h a s  been 
des igned  and built  t o  develop techniques  for meas- 
uring homogeneity of fuel rods. A photomultiplier 
calibration sys tem h a s  been assembled and i s  
be ing  used  t o  optimize radiation de tec tor  opera- 
tion. We a r e  improving t h e  sens i t iv i ty  of x-ray 
television. We have begun assembly of a projec- 
tion x-ray microscope for evaluating finely divided 
materials.  

We a re  working on inspection techniques for re- 
fractory a l loys  based  on titanium, molybdenum, 
tantalum, and tungsten,  which are useful i n  s p a c e -  
power and other high-temperature sys tems.  

W e  a r e  modifying a n  ultrasonic scanne r  tank for 
u s e  in  a hot-cell  facil i ty.  

19. Tungsten Meta l lurgy 

High-purity tungsten shee t  was  thermochemically 
depos i ted  on  a partially sintered molybdenum 
mandrel. Deposit ion conditions a re  be ing  inves t i -  
gated to  enab le  success fu l  deposit ion of new 
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s h a p e s  without ex tens ive  empirical adjustment of 
t h e  deposit ion parameters. After annea l ing  a t  
1000°C, thermochemical tungsten was  a s  s t rong  as  
and more duc t i le  than recrystall ized wrought pow- 
der-metallurgy tungsten. We a r e  discovering the 
c a u s e s  of low-temperature br i t t l eness  in  tungsten,  
and we found that a hydrostatic prestrain improves 
ducti l i ty.  Promising joining methods for tungsten 
include brazing with a l loys  that contain a fugitive 
melting-point depressant ,  fusion with s t r e s s  relief, 
and thermochemical deposit ion of weld metal  a t  
temperatures too low to  embrittle t he  b a s e  metal. 
Creep of thermochemical tungsten was  similar t o  
tha t  of wrought material. 

20. Uranium Nitr ide 

Research and development on uranium nitride as 
a nuclear fue l  for high-temperature reactors with 
high power dens i t ies  h a s  included s tud ie s  of s in -  
tering k ine t ics  and  pellet  fabrication, nitrogen 
solubili ty,  t h e  effect  of carbon on the  solubili ty 
of oxygen, relationship of microstructure to  the  
properties of sintered material, and f i ss ion-gas  
r e l ease  by neutron activation. Pertinent da t a  and 
interpretations a r e  presented. 

21. Zirconium Metallurgy 

T h e  texture of the  matrix had l i t t l e  e f fec t  on t h e  
orientation of hydride precipitated during cooling 
i n  uns t ressed  fully annealed Zircaloy-2. P l a s t i c  
deformation caused  the  hydride p l a t e s  t o  form 
parallel  to t he  tens i le  s t ra in  component. Hydride 
precipitated under e l a s t i c  s t r e s s  redistributed only 
when the  t ens i l e  s t r e s s  ax i s  w a s  parallel  t o  a high 
concentration of basa l  poles.  The  redistribution 
of hydride increased  as  t h e  s t r e s s  increased .  

A technique w a s  developed for rapidly determin- 
ing, by quantitative metallography, t h e  pole figure 
of hydride p la tes  in Zircaloy-2 and t h e  c rys ta l -  
lographic b a s a l  pole figure in close-packed hex- 
agonal metals.  

Sheet tens i le  specimens could not b e  used  to  
charac te r ize  the  three-dimensional anisotropy of 
Zircaloy-2. The location of t h e  neck could b e  de-  
termined immediately after yielding, and the  posi- 
tion of the  neck shifted during i t s  formation and 
growth. 

An extrapolation of t he  oc tahedra l  shea r  s t r e s s  
theory predicted that t h e  s h a p e s  of the  yield loci 

for Zircaloy-2 in  b iax ia l  stress a r e  elongated 
e l l i p ses .  T h i s  ind ica tes  that  for certain condi- 
t ions of b iax ia l  s t r e s s  encountered in  serv ice ,  the  
maximum permissible des ign  s t r e s s  can  b e  in- 
c r eased  by a t  l e a s t  50% by controll ing t h e  orienta- 
tion of the  texture relative to t h e  applied s t r e s s  
geometry. Blistering encountered in  fuel element 
cladding can  probably b e  l e s sened  by u s e  of c lad-  
ding material  having a certain texture. 

An appara tus  was  built for s tudying  the  s t r a in  
anisotropy of Zircaloy-2 tubing in  b iax ia l  s t r e s s  
which a l lows  simultaneous application of ax ia l  
s t r e s s ,  torsional s t r e s s ,  and internal pressure.  

T h e  ind ices  of refraction of anodized oxide  films 
on zirconium decreased  when they were s t r ipped  
f rom t h e  metal, indicating that t he  film in s i t u  i s  
s t ra ined .  Similar measurements made on irradiated 
films showed tha t  neutron d o s e s  u p  to 10’’ neu- 
trons/crn * did not produce de fec t s  that  could b e  
de tec ted  by such  techniques,  nor would they ap- 
preciably affect  t he  rate of d isso lu t ion  of the  oxide 
in the  b a s e  metal  a t  6OOOC. Such d isso lu t ion  
caused  a s t rong  absorption of light and caused  
the  b a s e  metal  t o  b e  strongly a t tacked  through the  
oxide film by a stripping solution. 

Zone  refining and s ing le  c rys t a l  production w a s  
demonstrated in  34-in.-diam as-deposited iodide 
zirconium bar. Recrys ta l l iza t ion  of cold-worked 
zone-refined zirconium w a s  de tec ted  at  15OOC and 
w a s  almost complete in  1 0 0  hr  a t  17SOC. The  
recrystall ization behavior of material  a t  t h e  head 
differed from tha t  a t  t h e  center  of a zone-refined 
bar, although the  impurity conten ts  did not differ 
more than SO ppm total .  

T h e  interference color pattern developed by an  
oxide f i l m  on a single-crystal  sphere  of zirconium 
showed very graphically t h e  variation of oxidation 
ra te  with crystallographic direction. T h e  ra te  a t  
35OOC in  dry a i r  was  t h e  h ighes t  on the  basa l  
plane,  the  (1070) plane,  and in a band near  t he  
(2021), (1121), and (1122) p lanes .  

P A R T  111 .  R E A C T O R  D E V E L O P M E N T  S U P P O R T  

22. Army Reactors Program 

We have characterized two forms tha t  europium 
molybdate, a promising control or poison material, 
e x i s t s  i n  depending on cooling rate.  Both have  
good corrosion r e s i s t ance  and a re  compatible with 
s t a i n l e s s  s t e e l .  * 
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F u e l  e lements  fabricated for PM-1 and P M 3 A  
reactors were examined visually,  radiographically, 
dimensionally,  and metallographically to  determine 
rea l i s t ic  to le rances .  

23. Desal inat ion 

Our efforts a r e  divided in to  three  general  ca te -  
gories:  ca lcu la t ing  fuel fabrication cos t s ,  de-  
veloping fabrication p rocesses  for thin titanium 
tubing for evaporator-condensers, and  eva lua t ing  
fue l  performance. 

Computer codes  for fuel fabrication c o s t s  were 
extended to  include the  coextrusion of Zi rca loy  
c ladding  with thorium, thorium-uranium a l loy ,  or 
uranium. Metal fuel performance was  surveyed  to  
he lp  define applications of metal  fue ls  for large 
desa l ina t ion  reactors.  Methods of producing fluted 
titanium tubing by roll forming, tube drawing, iso- 
s t a t i c  press ing ,  high-energy-rate forming, and  
p r e s s  forming are b e h g  evaluated. 

24. Gas-Cooled Reactor Program 

Some of our effort is in  support of t h e  Experi-  
mental  Gas-Cooled Reactor.  In-reactor t e s t ing  of 
moderator graphite a t  temperatures of 150 to 35OOC 
showed tha t  irradiation-induced c reep  is cons i s t en t  
with a theoretical  model and enab le s  graphite to 
accommodate much greater s t r a ins  without fractur- 
ing. All  specimens for the  graphite surve i l lance  
program were prepared. We also prepared or modi- 
f ied t h e  components for s eve ra l  fuel a s sembl i e s  
t o  b e  used  for flux mapping of t h e  EGCR, and  we 
a r e  eva lua t ing  t h e  dimensional s tab i l i ty  and per- 
formance of pneumatic temperature-measuring 
nozz les .  

A large part  of our effort h a s  been in support  of 
unclad fuels for advanced gas-cooled reactors,  
espec ia l ly  pyrolytic-carbon-coated fue l  par t ic les  
for u s e  in  graphite-base fuel elements.  We deter- 
mined t h e  effect of spec i f ic  methane flow rate and 
deposit ion temperatures from 1300 to 20OO0C on the 
anisotropy, density,  and crys ta l l i t e  size of coa t -  
i ngs  on particles.  T h e s e  three properties along 
with diamagnetic suscept ib i l i ty  were used  to charac- 
te r ize  bulk pyrolytic carbon depos i ted  on s t a t i c  
subs t ra tes .  We also investigated the effects of 
t h e s e  structural  properties on t h e  diffusion of 
thorium in  pyrolytic graphite. T h e  thermal stabil i ty 
of pyrolytic-carbon-coated oxide fuel par t ic les  w a s  
demonstrated, and specimens were prepared tha t  

have shown exce l len t  behavior under irradiation. 
W e  also init iated irradiation experiments to t e s t  
mathematic simulation of coated-particle behavior. 
W e  completed the  study of factors a f fec t ing  the  
impact r e s i s t ance  of fueled-graphite sphe res  and 
a r e  ana lyz ing  the  resu l t s  of irradiation experiments 
on  s u c h  spheres .  T h e  thermal conductivity of 
fueled graphite i s  unaffected by irradiation, bu t  
differential  neutron-induced shr inkage  of fueled 
in se r t s  and machined s h e l l s  may complicate the  
removal of hea t  from t h e  fuel. 

Supporting research for gas-cooled reactors covers  
s eve ra l  d iverse  top ics .  We have modified our 
proposed phase  diagram for t he  UC,-ThC, sys tem,  
using further resu l t s  of dilatometry, thermal analy- 
s i s ,  and other techniques.  W e  have inves t iga ted  
the  weldabili ty of new high-strength n icke l  a l loys .  
Stress-rupture properties of a Brit ish s t a i n l e s s  
s t e e l  showed that hea t  treatment a t  80OOC yie lds  
a structure that is more duc t i le  and relatively un- 
affected by irradiation, although somewhat weaker. 
W e  also completed our evaluation of UO, spec i -  
mens irradiated a t  high temperatures and  refined 
the  measurements of thermal conductivity of AGOT 
graphite. 

25. High Flux Isotope Reactor 

We successfu l ly  produced fuel e lements  for t h e  
reactor s t a r tup  and prototypes for nonnuclear t e s t -  
ing. With only minor except ions ,  all e lements  con- 
formed with t h e  proposed spec i f ica t ions .  T h e  p l a t e  
spac ing  for t he  reactor e lements  was  held within 
t 3  mils for t h e  average channel  c r o s s  sec t ion  and 
within 26 mils for any individual spot ,  both of 
which a r e  only about half of t he  permitted varia- 
t ions .  Machining and welding techniques  were de -  
veloped and shown to  be  capab le  of t h e  extremely 
close dimensional to le rances  required. 

More difficulty than had been previously experi-  
enced was  encountered with dimensional varia- 
t ions,  homogeneity, and nonbond on  t h e  reac tor  
element.  T h e s e  problems were not inherent i n  t h e  
technique but resulted principally from e x c e s s i v e  
moisture i n  t h e  aluminum powder. We obtained a n  
accep tab le  boron distribution, which w a s  a repro- 
duc ib le  function of both t h e  length and  width co- 
ordinates of t h e  plates.  

T h e  x-ray attenuation technique for determining 
fuel homogeneity h a s  been demonstrated on a pro- 
duction bas i s .  I t  showed differences in t h e  fabri- 
cab i l i ty  of ox ides  produced by various vendors. 
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Considerable a s s i s t a n c e  h a s  been given to t h e  
commercial fuel element fabricator. Preliminary 
development has  been completed and p la te  produc- 
t ion h a s  s ta r ted .  

We fabricated two complete s e t s  of t h e  very com- 
plex HFIR control rods for u s e  in reactor startup. 
With the la rge  dispersion p la tes  containing four 
d iscre te  composition regions, we met close dimen- 
s iona l  to le rances  during both roll bonding and ex- 
p los ive  forming. To avoid rupturing the  brit t le 
europium oxide-aluminum dispersion, we formed 
the  inner cylinder under a compressive load. T h e  
5-ft-long lS-in.-diam cylinder containing four longi- 
tudinal welds  was  held within a 115-mil tolerance 
for the  combination of diameter and s t ra ightness .  

Specimens of t he  europium oxide-aluminum dis -  
persion did not swe l l  during 1 year in t h e  ORR. 

26. H i g h  F l u x  Isotope Reactor Target  Development 

W e  completed design, fabrication, and assembly 
in three  simulated c e l l s  for mockup tes t ing  some 
54 i t ems  that will  b e  used  to  remotely fabr ica te  
the  target elements.  Procedures a re  be ing  written 
for operation, d i sassembly ,  and reassembly of each  
unit. 

Four prototype c a p s u l e s  were irradiated and  
performed sa t i s fac tor i ly .  T h e  one  designed to 
operate continuously a t  a heat flux equivalent to 
the  maximum ins tan taneous  hot spo t  showed no 
de tec tab le  swel l ing  and very l i t t l e  f ission-gas 
e s c a p e  from the pe l le t s .  Substantial  reaction be- 
tween the  PuO, and t h e  aluminum powder had no 
se r ious  consequences .  Additional e lements  were 
fabricated and are be ing  irradiated a t  Savannah 
River. A dummy assembly of 31 e lements  was  
fabricated for hydraulic tests. 

27. Medium Power Reactor Experiment 

We fabricated n ine  turbine pumps, i n  which we 
brazed tungsten carbide bearings to refractory 
meta ls  with nickel-silicon-boron a l loys .  Tech-  
niques were also perfected for brazing relatively 
thick s ta in less -s tee l -c lad  copper f i n s  t o  tapered 
radiator tubes.  Small s t a i n l e s s  steel ang les  were 
first  spo t  welded to both the  tubes  and the  f ins ,  
holding both in a proper posit ion while they were 
brazed. 

We reported natural-circulation loop t e s t  resu l t s  
on the  compatibility of conventional nickel-, iron-, 

and cobalt-base high-temperature a l loys  in boiling 
potassium. Haynes alloy No. 25  w a s  superior at 
980°C, and both i t  and type 316 s t a i n l e s s  s t e e l  
were acceptab le  a t  87OoC. TZM al loy  and type  
316 s t a i n l e s s  s t e e l  interacted in  refluxing potas- 
sium during 1000 hr a t  1600OF. 

A commercial coating improved t h e  emi t tance  of 
s t a i n l e s s  s t e e l  a t  temperatures to  80OoC. 

28. Molten-Salt  Reactor Program 

Grade CGB graphite was  eva lua ted  to  determine 
the  acceptab i l i ty  of th i s  material as  a moderator 
for t he  Molten-Salt Reactor Experiment (MSRE). 
INOR-8 specimens res i s ted  0,-N, mixtures ranging 
from 0.03 to 5.6% 0, for periods u p  to 700 hr, and 
reaction r a t e s  of t h e s e  materials were measured. 

We concluded the investigation of mechanical 
properties of welds of MSRE-approved h e a t s  of 
INOR-8. In some spec imens ,  as-welded creep- 
rupture properties were comparable to  wrought 
metal  properties.  Microstructures of INOR-8 weld- 
ments were analyzed and the composition of s ev -  
e r a l  p h a s e s  i s  reported. Techniques were s tud ied  
for making transit ion jo in ts  of graphite-to-INOR-8 
and INOR-8-to-dissimilar meta ls  us ing  brazing 
with various fluoride-resistant brazing a l loys ,  in- 
c luding  a new palladium-nickel alloy. 

We a r e  determining the  d o s e  dependency of the 
ducti l i ty and rupture of reactor h e a t s  of INOR-8 in  
postirradiation creep. Boron content  affected the  
behavior. In-reactor c reep  t e s t s  a r e  in  progress.  
Vacuum melting improved the  ducti l i ty of INOR-8, 
and t h e  influence of various minor e lements  on i t s  
properties i s  be ing  inves t iga ted .  

Thermal convection loops were operated to s tudy  
the  compatibility of s eve ra l  coolan ts  and s t ruc tura l  
materials of in te res t  to t h e  Molten-Salt Program. 
Lead  was  found to m a s s  transfer i n  s t e e l  loops  a t  
1200°F,  forming dendrit ic c rys t a l s  of iron and 
chromium. For  a surve i l lance  program for s tudying  
the  e f f ec t s  of MSRE operation on its s t ruc tura l  
materials,  INOR-8 and CGB graphite specimens 
were fabricated to  b e  placed in the  co re  of t h e  
MSRE and in a control t e s t  r ig tha t  s imula t e s  the  
reactor thermal history. 

29. Reactor Evaluat ion 

A s  part of broad s tud ie s  on t h e  to ta l  c o s t  of 
producing nuclear power, we a r e  examining fabrica- 
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tion c o s t s  and  fuel element performance as  they 
re la te  to fuel cyc le  and other c o s t  a r e a s .  T h e  
methodology of ca lcu la t ing  fabrication c o s t s  and 
the  major var iab les  that can  a f fec t  such  c o s t s  a r e  
reported a long  with brief ana lyses  of se l ec t ed  fuel 
element concepts .  

30. Thorium Utilization 

In November 1964 the  Atomic Energy Commission 
requested that des ign  work on equipment for t h e  
remote fabrication of metal tubular fuel e lements  
containing T h o  2 - 2  3U0 b e  stopped until  a spe -  
c i f ic  fuel element design is se l ec t ed .  No dec is ion  
h a s  yet been reached, so  no further progress on 
th i s  phase  h a s  been made. Development of equip- 
ment for fabricating graphite e lements  fueled with 
coa ted  par t ic les  h a s  continued. A pilot l i ne  con- 
s i s t i n g  of a sol-gel sphere-forming column, a dryer, 
a ca lc iner ,  and a coa ter  was  des igned ,  fabricated,  
and  placed in operation to provide exper ience  
needed to  e s t ab l i sh  process  control requirements 
and  b a s e s  for automated equipment for remote 
fabrication. 

T h e  deposit ion of pyrolytic carbon on t h e  fuel 
microspheres is the  most expens ive  s t e p  in  t h e  
process,  primarily because  of t h e  sma l l  ba tch  
s i z e s  tha t  c a n  b e  treated and the  time required to  
complete each  cyc le .  P r o c e s s e s  for coa t ing  par- 
ticles in  a rotating drum and in an  entrained bed 
were developed, and each  offers potential  for sub-  
s t an t i a l  cos t  reduction. 

We discovered that fully d e n s e  carb ide  fue ls  
could b e  prepared by treating ca lc ined  so l -ge l  
ox ide  microspheres in a carbon bed. A sca l ed -  
down model of a production bed h a s  been designed 
and is being fabricated.  Also,  we found that car -  
bon-coated oxide microspheres a re  a promising 
fuel. 

F u e l  pe l le t s  have been pressed  and fired from 
oxides  i n  t h e  ge l  s t a t e  to dens i t i e s  over 90% of 
theoretical  with good dimensional control. Dif- 
ferential  thermal ana lys i s  of dried thoria g e l  h a s  
shown tha t  c rys ta l l i t e  growth during hea t ing  begins 
at about 700°C. A high radial  acce le ra t ion  of t h e  
tube wal l  is a major factor i n  t h e  vibratory com- 
paction of sol-gel oxide.  

Irradiation t e s t ing  of bulk oxide  vibratorily com- 
pacted in to  metal tubes  continued to  demonstrate 
the  exce l len t  charac te r i s t ics  of thoria-base fuels.  
Relatively low fission-gas r e l ease  and moderate 

s t ruc tura l  changes were observed in  three  capsu le s  
irradiated at hea t  f luxes around 100 w/cm. Fis- 
s ion-gas  r e l ease  from ceramic fue ls  was  related 
simply to  the  sur face  a rea .  Platinum-rhodium 
thermocouples high in rhodium are sa t i s fac tory  in  
vacuum near carbon a t  14OO0C. 

P A R T  IV .  O T H E R  PROGRAM A C T I V I T I E S  

31. BONUS Reactor Support Program 

A superheater assembly that had failed prema- 
turely in  t h e  Boiling Nuclear Superheat (BONUS) 
Reac tor  was  examined in the  hot cells to  deter-  
mine the  nature and c a u s e  of failure.  Two damaged 
Inconel-clad UO, fuel rods were found i n  the  32- 
rod assembly - one  contained a 13-in.-long c lad-  
d ing  rupture, while t he  other showed g ross  ev idence  
of swelling. T h e  c a u s e  of t h e s e  fa i lures  was  
definitely traced to defective welding during fabri- 
cation. 

Improved welding techniques have  been devised  
and spec i f ica t ions  modified t o  prevent fa i lures  of 
t h i s  nature from occurring in the  future. 

32. Metallogrophy 

A new electron microprobe analyzer w a s  placed 
in  operation and used  to ana lyze  microstructural 
cons t i tuents  in  nuclear fuel and  structural  rna- 
te r ia l s .  T h e  instrument h a s  been particularly ef- 
ficient in diffusion s tud ie s  connected with t e s t s  
of materials compatibility. 

S ince  being pressed into se rv ice  a year  ago, a 
new microhardness t e s t e r  h a s  performed sa t i s f ac -  
torily at temperatures u p  to 22OOOC. T h e  des ign  
of t h e  unit was based  on experience accumulated 
during operation of a prototype model for t h e  pas t  
s eve ra l  years .  

New and useful metallographic techniques  de-  
veloped during t h e  pas t  year include (1) a pro- 
cedure  for speeding  up  t h e  epoxy mounting of 
metallographic spec imens ,  (2) a technique for the  
metallographic preparation of thorium carb ide  spec i -  
mens in  a des icca ted  glove box, (3) identification 
of carb ides ,  ox ides ,  and n i t r ides  i n  niobium by 
color s ta in ing ,  and (4) complete technology for 
making routine color t ransparenc ies  and prints.  
One reward for t h e s e  efforts h a s  been t h e  American 
Society for Metals F ranc i s  F. L u c a s  Award for 
Exce l lence  in  Metallography, which w e  received 
in October 1964. 
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33. SNAP-8 Corrosion Studies 

Materials compatibility problems a s soc ia t ed  with 
the  primary circuit  of t h e  SNAP-8 e lec t r ica l  gen- 
e ra t ing  system were studied in  forced-flow loop 
tests. Hydrogen contamination in t h e  NaK coolant 
had no  de le te r ious  e f fec t  on corrosion. Increas ing  
oxygen content  increased  t h e  corrosion ra te  of 
iron-base a l loys  but not Has te l loy  N. Corrosion 
w a s  approximately l inear with time. Carbon mi- 
grated from t h e  hot portions of the  loop to t h e  r e s t  
of t h e  sys tem,  severe ly  decarburizing Croloy 9M. 

34. SNAP-50 Corrosion Studies 

In support  of t h e  SNAP-50 space-power program, 
we have  s ta r ted  to s tudy  t h e  nature and ex ten t  of 
corrosion in  a NaK heat-rejection circuit  made of 
type 316 s t a i n l e s s  s t e e l  and Nb-l% Z r  alloy. A 
t e s t  loop with removable specimens w a s  built and 
operated for approximately 3000 hr. Examination 
of specimens removed from the loop af te r  2000 hr  
indicated only a minor transfer of carbon and  nitro- 
gen from the  s t a i n l e s s  s t e e l  t o  t h e  niobium alloy. 

. 
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I. Crystal Physics 

G. W. Clark 

Technological  progress depends on improved 
understanding of presently known materials and 
insight into new and novel materials.  Many phys- 
ica l  phenomena can  be character ized unambigu- 
ously only by s tudy of s i n g l e  crystals .  Suitable 
c rys ta l s  are  frequently difficult t o  obtain,  partic- 
ularly of refractory subs tances .  T h u s ,  we are 
conducting a continuing program to provide crys- 
tals needed in research, to  devise  and improve 
methods of c rys ta l  growth, and to develop in- 
creased understanding of c rys ta l  growth proc- 
esses and kinet ics .  Crys ta l s  are  being grown 
by severa l  methods - by a floating-zone method, 
from molten-salt so lvents ,  from supercr i t ical  
aqueous sys tems,  and by the general  Verneuil 
method. More than ten compounds have been 
synthesized in s ingle-crystal  form within the 
pas t  year.  Some of t h e s e  c rys ta l s  have been used 
by other groups in x-ray ana lys i s  of neutron damage 
and in magnetic, electron-spin resonance,  and 
opt ical  investigations.  Also,  we are  invest igat ing 
se lec ted  physical properties, both those  that re la te  
t o  the crystal  growth process  and those  important 
for character iz ing the properties of new compounds. 

THE GROWTH OF UO, SINGLE CRYSTALS 
USING THE FLOATING-ZONE TECHNIQUE' 

A.  T. Chapman G. W. Clark 

We star ted to  u s e  the floating-zone technique t o  
grow high-melting oxide crystals .  T h i s  technique 
was  f i r s t  used on s i l icon by Keck and Golay' in 
1953. Two years la ter  a scheme cal led cage-zone 
refining was described, in which an inductively 
melted zone was supported in a ver t ical  ingot 
having longitudinal r ibs ,  which did not melt. We 
have exploited the semiconducting character of 
UO, to  obtain central  melting (28OOOC) and bal- 
anced the input power against  the high radiant 

heat  l o s s  from the surface of the UO, rod to  main- 
ta in  a solid sk in ,  which acted as a crucible.  

Our inquiry achieved an early rather major 
s u c c e s s  in that s ing le  c rys ta l s  of UO, up to  3 c m  
long and 1.2 c m  in  diameter were grown in poly- 
crystal l ine 2-cm-diam UO, rods by pass ing  a 
molten zone through the  center of each  rod ( s e e  
Fig.  1.1). T o  do th i s  a 3-5 Mc/sec power supply 
was used to produce eddy-current hea t ing  in pre- 
heated rods. Multiple c rys ta l s  were produced 
until t h e  UO, rod was  rotated a t  s p e e d s  between 
200 and 800 rpm. T h e  distribution of the  molten 
UO, during rotation resul ted in a geometry of the  
liquid-solid interface that  favored t h e  growth of 
one continuous crystal .  Back-reflection L a u e  
photographs exhibited sharp well-defined reflec- 
t ions;  t h i s  indicated reasonable  c rys ta l  perfection. 
T h e  oxygen-to-uranium rat ios  of t h e s e  c rys ta l s ,  
grown in atmospheres of nitrogen or N,-20% H,, 
were  between 2.000 and 2.003. N o  uranium metal 
inclusions were  observed during metallographic 
examination up to  750x. Comparative spectro-  
chemical ana lys i s  indicated that the  major metal l ic  
impurit ies,  ini t ia l ly  present  in the  polycrystal l ine 
rod between 10 2nd 150 ppm each ,  w e r e  depleted 
by a t  l e a s t  one-half  in samples  taken from the 
bottom and concentrated in samples  taken from 
the  top of the UO, rod. 

Preliminary attempts to u s e  th i s  technique for 
growing solid-solution (U,Th) 0, c r y s t a l s  have 
been encouraging. 

'Abstracted in part from a note  accepted for publica- 
tion in the  Journal of the American Ceramic Society 
and a paper presented at  the  American Ceramic Society 
Meeting, Philadelphia,  May 1-6, 1965. 

'P. H. Keck and M. J. E. Golay, Phys .  Rev. 89, 1298 
(1953). 

3P. H. Brace, A. W. Cochardt, and G. Comenetz, 
Rev. Sci. Instr .  26, 303 (1955). 

3 
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Fig. 1.1. Section of Zone-melted U O p  Rod. Note  that  

one groin occupies most of the cross section. 

GROWTH OF CRYSTALS 
FROM MOLTEN-SALT SOLUTIONS 

C. B. F inch  G. W. Clark 

Following our discovery of t he  lanthanide germano- 
molybdate family of compounds, we anticipated 
the  ex is tence  of an analogous family of tungs ta tes ,  
s ince  for the  same va lence  s t a t e  the  ionic radii of 
molybdenum and tungsten are nearly equal. Ex- 
periments to t e s t  t h i s  supposit ion led  to  the  
growth of both Er,GeWO, and Y,GeWO, crys ta l s .  
Seeking to extend th i s  family t o  tr ivalent ca t ions  
smaller than the  lanthanides,  we could not prepare 
Sc,GeMoO, or Fe,GeMoO, (Sc3' and  Fe3' have  
radii about  three-fourths that of the  lanthanide 
ions). Very limited s u c c e s s  was  had in incorporating 
Fe3 ' into gadolinium germanomolybdate. Efforts 
to extend the crystal  chemistry of th i s  family of 
compounds will continue. 

Two bonuses  were received from these  probing 
experiments. Since the  nuclear magnetic moment 
contribution of tungsten is weaker and less com- 
plicated than that of molybdenum, electron-spin- 
resonance s tud ie s  are simpler. Also, the  yttrium 
compound is being used  as a hos t  l a t t i ce  for 
studying the  lanthanides in a dilute s t a t e  in th i s  
c rys ta l  environment. 

We have continued t o  grow pure c rys t a l s  of 
BeO, Tho , ,  and the  lanthanide germanomolybdates 

a s  well  a s  lanthanide-doped c rys t a l s  of T h o , ,  
Y ,GeMo08, and Y ,GeWO,. Research  samples  
are se l ec t ed  from t h e s e  for a variety of investiga- 
t ions.  

HYDROTHERMAL GROWTH OF FERRITES 

0. C. Kopp' G. W. Clark 

Single-crystal ferri tes a re  of technica l  importance. 
We would l ike  t o  grow these  complex cubic  oxides  
of t he  transit ion elements  by hydrothermal tech- 
n iques ,  because  the  c rys t a l s  should be  more 
perfect than those  now ava i lab le  and their  magnetic 
properties depend on crys ta l  quality. T o  determine 
appropriate conditions,  t h e  ra te  of growth of 
spontaneously nucleated fe r r i te  c rys t a l s  h a s  been 
investigated a s  a function of temperature, pressure,  
time, so lvent  normality, and metallic additives.  

Of the  alkali  hydroxide so lvents ,  lithium hydrox- 
ide  produced t h e  highest  growth rate. T e s t i n g  
various concentrations of t he  so lvent  sys tem 
HC1-LiC1-LiOH, we obtained the  bes t  growth with 
0.5 N LiOH. T h e  added metall ic i ons  s tud ied  
were Zn,  Sn, Bi ,  Co, Sb, Ni, and Mn. T h e  pres- 
e n c e  of z inc  or manganese distinctly enhanced 
growth rate. In extending t h i s  work w e  chose  
zinc as the  additive t o  avoid complication regarding 
va lence  control. Studies by Gorter6 and others 
have  revealed tha t  any fraction of t he  divalent ion 
of a pure ferrite can b e  replaced with other divalent 
ions,  such  as zinc. We have  confirmed t h e  incor- 
poration of z inc  in the  ferrite c rys t a l s  by spectro- 
graphic ana lys i s .  Also, we found tha t  t he  growth 
rate increased with increas ing  temperature and 
pressure.  T h u s  t h e  highest  growth rate achieved 
was  for t he  highest  temperature (5OO0C) and the  
highest  p ressure  (30,000 ps i )  investigated.  T h e  
c rys ta l  size appeared to  increase  l inearly with 
growth t i m e  up  t o  5 weeks ,  but for longer t imes 
the  growth ra te  decreased. 

A detailed report of t h i s  work is in preparation, 
and our resu l t s  will guide efforts toward seeded  
growth of ferri tes.  

4C. B. Finch, G. W. Clark, and L. A. Harris, Metals 
and Ceramics Div. Ann. Progr. Rept ,  June  30, 1964, 
ORNL-3670, p. 6. 

5Consultant from the University of Tennessee .  

6E. W. Gorter, Nature 165, 798 (1950). 
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CRYSTAL GROWTH BY VERNEUIL METHOD 

G. W. Clark 

Using an oxyhydrogen Verneuil furnace, ' we 
grew s ingle  c rys t a l s  of NiO up to  1.5 c m  i n  diam- 
e te r  and 5 c m  long for a neutron-scattering exper- 
iment and titanium-doped A1,0, c rys ta l s  up t o  
0.7 c m  in diameter and 3 c m  long for study of 
mechanical properties. 

T h e  design of our arc-modified Verneuil system 
h a s  been improved. With the system operating in 
a dual-anode transferred-arc mode, the  powder 
for c rys ta l  growth can  be  injected gently into the  
heart of the  arc,  and dissimilar g a s e s  such  a s  
argon and nitrogen can  be  used. Powder hang-up 
on the  anode wa l l  continues t o  be troublesome. 

ANALYSIS OF SUPERCONDUCTING 
SOLENOID MAGNET DESIGN 

FOR MAGNETIC SUSCEPTIBILITY 
MEASUREMENTS USING THE 

FARADAY METHOD 

F. B. McLean Jr.' G. W. Clark 

Recent  progress in the  construction of high 
magnetic field superconducting solenoid magnets 
h a s  stimulated consideration of high field s tud ie s  
on magnetic materials. F i e l d s  equivalent t o  or 
greater than natural  f ie lds  a t  interionic d i s t ances  
are economically available.  We wish to measure 
magnetic susceptibil i ty on small  c rys ta l s  in high 
fields.  Thus  we have analyzed the  feasibil i ty of 
us ing  the  Faraday  constant-force method with 
solenoid magnets and finding the  optimum solenoid 
geometry. Our ana lys i s  used zonal harmonic 
expansion of the  field components' with a computer 
program' developed by the  Thermonuclear Division. 

We concluded from th i s  ana lys i s  tha t  a super- 
conducting solenoid magnet, properly dimensioned, 

'R. A. Lefever  and G. W. Clark, Rev. Sci.  Instr. 33, 

is a very promising means for providing high 
f ie lds  (50 t o  100 kilogauss) in  a favorable geom- 
etry for magnetic suscept ib i l i ty  measurements by 
the  Faraday constant-force method. For  all geom- 
etries considered, there is a sufficient volume for 
our estimated needs  near each  end of the  solenoid,  
in which the  desired magnetic force is constant 
( to l e s s  than 1%). T h e  magnitude of t he  cons tan t  
magnetic force is large and compares favorably 
with the  better iron-core magnets described in the  
literature. If samples  are kept c loser  to  the  a x i s  
than a d i s t ance  of one-third the  solenoid inner 
radius,  the  undesirable radial  force is smal l  and 
can  be  neglected.  

We are preparing a report of th i s  ana lys i s  and 
tes t ing  the  general  conclusions in our laboratory. 

PHYSICAL PROP ERTl ES 

G. W. Clark C. B. F inch  
J. P. Young" 

T h e  physical property s tud ie s  reported here are 
assoc ia ted  with the  theoretical  ana lys i s  reported 
by H. L. Davis  in Chap. 8 of t h i s  report. 

Temperature Dependence of Lattice Constants 

T h e  temperature dependence of the  l a t t i ce  con- 
s t a n t s  of lanthanide germanomolybdates and lan- 
thanide-doped thoria are being measured with an 
interferometric dilatometer. T h e  temperature range 
covered thus  far h a s  been from 5 0  t o  45OOC. T h e  
samples  for t h i s  s tudy are about 1 mm in length 
along the crystallographic direction under consid- 
eration. T h e s e  da ta  on temperature dependence 
are to  b e  correlated with the  magnetic suscept i -  
bility and optical  measurements on t h e s e  same 
compounds. 

Optical Spectra 

7 6 9  (1962). 

Brown University. 

T h e  technique for preparing optically polished 
oriented c rys ta l  samples  a few m i l s  thick and 
greater than 15 m i l s  in diameter h a s  been developed. 

'Summer employee 1964, now graduate student a t  

'M. W. Garrett, J. Appl. Phys.  22, 1091 (1951). 

'OM. W. Garrett, Computer Programs Using Zonal 
Harmonics for Magnetic Propert ies  of Current Systems 
with Special  Reference fo the IBM 7090, ORNL-3318 
(Dec. 4, 1962). "Analytical Chemistry Division. 
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Absorption spec t ra  of t he  lanthanide germano- 
molybdate c rys ta l  samples  a re  being obtained 
us ing  apparatus described earlier. Preliminary 
spec t ra l  assignments have been made for t he  room- 
temperature spec t ra  of Dy,GeMoO,. 

“5. P. Young and G. W. Clark, Metals and Ceramics 
Div. Ann. Progr. Rept.  June30,  1964, ORNL-3670, p. 9. 

Magnetic Susceptibility 

T h e  components of a superconducting solenoid 
magnetic suscept ib i l i ty  apparatus have been 
assembled and t h i s  sys tem is now being calibrated.  
T h e  designed temperature-range capabili ty is 
from liquid helium to  greater than 600OK. T h i s  
design concept  is being t e s t ed  with a 10-kilogauss 
solenoid. Subject to the  conclus ions  from th i s  
t e s t ,  we plan to  incorporate a solenoid capab le  
of producing much higher magnetic fields.  

. 
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2. Deformation of Crystalline Solids 

R. 0. Williams 

T h e  importance of p l a s t i c  deformation of meta ls  
is common knowledge, but t he  p rocesses  tha t  t ake  
p l ace  during and subsequent  to deformation a re  
poorly understood. We are  performing research  
to  e luc ida te  th i s  area. Current s t u d i e s  include 
inves t iga t ions  of the  rate-controlling p rocesses  
during deformation, t he  nature of the  l a t t i ce  reori- 
en ta t ions ,  and the  effect of deformation and anneal-  
ing  on the changes  in internal energy. Other 
fundamental s tud ie s  of deformation a re  reported 
in  Chaps .  4 and 10 of th i s  report. 

MECHANISM OF THERMALLY ACTIVATED 
DEFORMATION IN TANTALUM AND 

TANTALUM- BASE ALLOYS ’ 
R. J. Arsenault  

T h e  activation energ ies  and activation volumes 
of tantalum and tantalum-base solid-solution a l loys  
were obtained by both constant stress (creep) 
t e s t s  and cons tan t  strain-rate ( tens i le  or com- 
pression) t e s t s ,  and were inves t iga ted  as a func- 
tion of s t r e s s ,  temperature, and in te rs t i t i a l  con- 
centration. The  agreement between the  ac t iva t ion  
parameters obtained from c reep  and t ens i l e  or 
compression t e s t s  verifies many assumpt ions  e m -  
ployed in the  differential  technique. The  changes  
in  the  activation energy agree  with ca lcu la t ions  
of the  energy of formation of a double kink. T h e s e  
changes result  from the  e f fec t  of alloying on the  
s h e a r  modulus, and thus  on the Pe ie r l s ’  s t r e s s  
barriers. Electron-transmission micrographs show 
a predominance of screw d is loca t ions  in  samples  
deformed a t  l a rge  e f fec t ive  s t r e s s e s .  T h i s  is 
explained in terms of a larger Pe ier l s ’  s t r e s s  of 

‘Abstract of paper submitted to A c t a  Metallurgica. 

t he  sc rew dislocations.  Because  the  ca lcu la ted  
change in  activation energy agrees  with tha t  
observed experimentally, t h e s e  r e su l t s  support  
the  double-kink mechanism as  the  rate-controlling 
mechanism of low-temperature deformation i n  body- 
centered  cubic  metals.  

SOLID-SOLUTION EFFECTS AND WORK 
HARDENING IN TANTALUM AND 

TANTALUM-BASE ALLOYS 

R. J. Arsenault  

In most of the  previous inves t iga t ions  of so l id-  
solution e f f ec t s ,  face-centered cub ic  so l id  solu- 
t ions have  been used ,  and the  metal  became 
stronger on alloying. T h i s  observation does  not 
hold for tantalum and tantalum-base a l loys .  T h e  
thermal component of the  flow s t r e s s  changes  
only l i t t l e  due  to alloying, and in  particular the  
flow s t r e s s  of Ta-9.2 at .  % Nb is s l igh t ly  less 
than tha t  of tantalum. T h i s  effect cannot  b e  
explained in terms of the  solid-solution strength- 
en ing  theor ies  developed by F le i sche r  ’ and Mott 
and Nabarro.3 In these  theories the  addition of 
any s o l u t e  element i nc reases  the  flow s t r e s s .  
T h e  reduction of flow s t r e s s  c a n  readily b e  ex-  
plained in  terms of the  double-kink (Peierls’)  
mechanism. If the  alloying addition reduces  the 
modulus of the  so l id  solution below tha t  of the  
b a s e  metal ,  there  will  be  a corresponding reduction 
in the  activation energy of formation of a double 
kink, which in  turn reduces  the  s t r e s s  necessa ry  
t o  maintain a given s t ra in  rate. 

’R. L. Fleischer ,  A c t a  Met. 11, 203 (1963). 

3N. F. Mott and F. R. N. Nabarro, Proc.  Phys.  SOC.  
(London) 52, 86 (1940). 

7 
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Fig.  2.1. Shear Stress vs  Shear Strain for a Tantalum Sample Deformed a t  a Strain R a t e  of 5 x 10-3/min a t  

T h e  act ivat ion volumes were obtained by  measuring the change in the flow stress during the  tes t  when the 448OK. 
strain rate was changed between two volues differing by a factor of 2.5. 

The  ex is tence  of three s t a g e s  of work hardening 
h a s  been observed in  tantalum and tantalum-base 
al loys,  a s  may be inferred from Fig.  2.1. However, 
the second s t a g e  of work hardening e x i s t s  over 
a small  temperature range. Figure 2.2 shows  
the work-hardening rate in s t a g e  11 as a function 
of temperature. At temperatures below 273OK, 
s t a g e  I1 does  not ex is t .  Similar resu l t s  have been 
obtained from a Ta-9.2 at. % Nb alloy, but  the 
rate of work hardening is l e s s .  T h e  act ivat ion 
volume increases  s l ight ly  in  s t a g e  11, a s  shown 
in Fig. 2.1, whereas  in face-centered cubic  metals 
and sol id  solut ions the activation volume decreases  
in s t a g e  11. 

A tentat ive explanat ion of the  temperature de- 
pendence of work hardening (i.e., the  ex is tence  
of s t a g e  11) is based  on the conclusion’ that  the 
mobility of screw dis locat ions is much l e s s  than 
that  of edge dis locat ions a t  low temperature (i.e., 
a t  large s t resses) .  At high temperatures the 
e f f ec t  of the difference in  mobility of s c rew and 
edge dis locat ions is eliminated because  the ather- 
mal component contributes a larger fraction of 
the flow s t r e s s .  As a resul t ,  interaction of edge  
dis locat ions with other dis locat ions is more l ikely,  
giving r i se  to  cell s t ructure ,  which c a u s e s  s t a g e  
11. Electron-transmission micrographs show no 
cell s t ructure  in  samples  deformed a t  low tem- 
peratures (high s t r e s s ) ,  but cell s t ructure  is 
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Fig.  2.2. Effect  of Temperature on the  Maximum 

Work-Hardening Rate  of Tantalum in Stage I I .  

observed in samples  deformed at higher temper- 
a tures  (small  s t r e s s ) .  

THERMALLY ACTIVATED SLIP 

SINGLE CRYSTALS4 
IN NEUTRON-IRRADIATED COPPER 

R. J. Arsenault  T. J. Koppenaal’ 

In developing an expression for neutron-irradi- 
ation s t rengthening based upon a “depleted zone” 

4Sumrnarized from A p p l .  Phys. Letters 6 ,  159 (1965). 
’Metallurgy Division, Argonne National Laboratory. 
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model, Seeger6  assumed the  ex i s t ence  of the  
rigid energy profile described by Mott and Nabarro3 
for t he  interaction of a dislocation with an  obs t ac l e  
(depleted zone). Using the  quantitative express ion  
derived by Seeger for t he  strengthening, s eve ra l  
researchers  have shown that in neutron-irradiated 
copper the  theory can  b e  success fu l ly  applied 
only if the  activation energy for s l i p  is assumed 
to be  temperature dependent. T h i s  temperature 
dependence of the  activation energy w a s  inter- 
preted to a r i s e  from a n  obs tac le -s ize  spectrum. 

In the  present  investigation, w e  directly deter-  
mined experimentally the  temperature dependence 
of the  activation energy and ac t iva t ion  volume 
at a cons tan t  e f fec t ive  s t r e s s  between 200 and 
29O0K. Both activation parameters were inde- 
pendent of temperature. F igure  2.3 shows  meas- 
ured va lues  of the  activation energy at various 
temperatures. T h e s e  observations contradict  t he  
rigid energy profile assumed by Seeger6  in  the 
development of the  quantitative strengthening rela- 
t ionships .  

6 ~ .  Seeger, Proc. U.N. Intern. Conf. Peacefu l  Uses  
At. Energy, 2nd, Geneva, 1958, vol. 6 ,  p. 250. 

'J. Diehl and W. Schilling, Proc. U.N. Intern. Conf. 
Peaceful  U s e s  A t .  Energy, 3rd, Geneva, 1964,  Paper 
A/Conf-47 1. 

M. J. Makin, Phil .  Mag. 9, 81 (1964). 8 
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Fig. 2.3. Activation Energy for Slip in Neutron- 
Irradiated Copper at  a Constant Effect ive Stress  (T* )  

o t  Vorious Temperatures. 

A RATE-CONTROLLING MECHANISM FOR SLIP 
IN NEUTRON-IRRADIATED COPPER 

SINGLE CRYSTALS9 

T. J. Koppenaal'  R. J. Arsenault  

T h e  s t r e s s  dependence of the  ac t iva t ion  energy, 
H ,  and the  activation volume, v*, for s l i p  in  neu- 
tron-irradiated (8 x 10 neutrons/cm ') copper 
s ing le  c rys t a l s  h a s  been determined by t ens i l e  
and creep  measurements us ing  the  Conrad and 
Weidersich relationships.  T h e  experimental  s t r e s s  
dependencies  of both H and v* a r e  in  exce l len t  
agreement with that predicted by F le i sche r ' s  
theory for strengthening by tetragonal distortions.  
A number of different correlations ind ica te  tha t  
s l i p  in t h e s e  irradiated c rys t a l s  is regulated by 
a s ing le  rate-controlling mechanism. T h e  acti- 
vation energy for s l i p  was  temperature independent 
and equal  to 3.0 i- 0.5 e v  a t  ze ro  e f fec t ive  s t r e s s .  

W e  conclude tha t  the rate-controlling mechanism 
for s l i p  in t h e s e  c rys t a l s  is tha t  given by Flei- 
scher ' s  theory. We bel ieve  the  tetragonality pro- 
ducing the  strengthening a r i s e s  from t h e  sma l l  
vacancy loops found in copper tha t  had been irra- 
diated a t  room temperature. 

INVERSE POLE FIGURES BY NUMERICAL 
METHODS 

R. 0. Williams 

Conventional preferred-orientation da ta  give the  
dens i ty  of t h e  various crystallographic poles  rel- 
a t ive  to the  phys ica l  directions of deformation. 
Conversely,  t he  density of the  phys ica l  d i rec t ions  
c a n  b e  represented relative to the  c rys ta l lographic  
axes .  Such a plot is termed a n  inve r se  pole  
figure and is a more accura te  descr ip t ion  of t he  
texture. T h e  relationship between t h e s e  two rep- 
resenta t ions  was  worked out some yea r s  ago. '' 
We found tha t  t he  inversion of conventional da t a  
into inverse  pole figures is not a s imple ,  d i rec t  
p rocess ,  but t ha t  trial-and-error methods would 
work. 

'Abstract of paper accepted by Philosophical Magazine. 

'OL. K. Jetter,  C. J. McHargue, and R. 0. Williams, 
J. A p p J .  Phys. 27, 368 (1956). 

. 



10 . 
I t  w a s  recognized very early tha t  more power- 

ful  ana ly t ica l  methods might b e  very useful in  
speed ing  the  inversion and giving better resu l t s .  
Cons iderable  work h a s  been done on th i s  problem 
but h a s  failed so far to give sa t i s fac tory  inver- 
s i o n s  for various reasons.  W e  dec ided  tha t  t he  
original approach after su i t ab le  modification 
should be  checked more carefully,  and th i s  work 
i s  descr ibed  here.  

The  b a s i c  relation i s  i l lustrated in Fig.  2.4, 
which shows  the  relation between the  experimen- 
tally measurable x-ray da ta  and the  des i red  func- 
tion tha t  covers  the  crystallographic triangle. 
Thus w e  have 

where I is the  normalized intensity for t he  hkf 
plane a t  a n  angle  $, and T is the  average  value 
of the des i red  function a long  path /3, which is $ 
degrees  from the  pole hkl. W e  may choose  to  
represent the  function as the  sum of peaks .  T h a t  
i s ,  a t  some point i 

Ti = k Z a S  ; 

where k is a cons tan t  s u c h  tha t  
i 

k Z a = l ;  (3) 
j 

a is the  profile of the peak, which we have taken 
to  be  

(4) a = (1 t cos x y ) / 2  

for xy <= 277 and otherwise zero; and S is the  
strength of a peak. T h e  d i s t ance  from the  peak 
center  is y.  If we subs t i t u t e  Eq. (2) into Eq. (l), 
we have  

or more simply 

Ii = b . .S .  . 
] 11 I 

If i 2 j ,  then th i s  s e t  of equat ions  c a n  be  inverted 
to  a new s e t  where 

si = C i j I j  , 
1 

and 

Ti = k 2 a. .c . . [ . .  
j 11 ' I  'I ' 

Z = B-$T dp 

ORNL-DWG 65-2919 
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ANGLE FROM FIBER AXIS 

DISTRIBUTION FUNCTION T DEFINED 
WITHIN THIS TRIANGLE. AVERAGE 
VALUE OF T OVFR TRlAhlGl F = I 

F ig .  2.4. T h e  Relat ion Between the Density of a 

Direction over the Crystal lographic Un i t  Tr iangle  and 

the Corresponding Pole  F igure  for the (420) Plane.  

. 

The  difference between the  experimental  va lues  
of I and those  ca lcu la ted  from Eq. (5) us ing  va lues  
of S from Eq. (6) is ca l l ed  the  res idue  and is 
des igna ted  by 61. If i is greater than j in  Eq. (3, 
the  inversion is done in  the  leas t - squares  s e n s e ;  
that  is, 2(81)2 is minimized. There  a r e  standard 
computer programs for t h i s  operation. 

Using 36 uniformly spaced  peaks  over the  unit  
tr iangle for the  cubic  sys tem,  we derived 56 equa- 
t ions.  T h e s e  were then inverted, but the  resu l t ing  
c matrix was  poorly behaved; t ha t  is, the  e lements  
were generally s o  large that t he  va lues  of S and 
hence  T exhibited la rge  variations;  there  were 
even  some negative va lues  of T, which have  no 
phys ica l  meaning. T h e  va lues  of S, never the less ,  
gave sma l l  res idua ls  and thus  mathematically the  
solution was  entirely sa t i s fac tory .  W e  never 
es tab l i shed  why th i s  should  be true,  although 
the inversion p rocess  in  no s e n s e  controls the  
range of va lues  of t he  e lements  of the  inverted 
matrix. 

Various attempts to  reduce  the  magnitude of ele- 
ments of t he  inverted matrix met with a notable 
lack  of s u c c e s s .  F ina l ly ,  addi t iona l  sets of 
equations were written of t he  form 

. 
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L ' f . 3 .  = 0 , 
j ' J  J 

where matrix e lements  for s u c c e s s i v e  peaks  a re  
generally equal  in magnitude but oppos i te  in s ign .  
Always 

C f . . = O .  
j I J  (9) 

An equation was  written for all peaks  within a 
row, and seven  rows were used  to  give seven  
additional equations.  T h e  va lues  of t he  f's were 
not cri t ical;  va lues  between about  0.01 and 0.04 
were satisfactory.  When t h e s e  control equat ions  
a re  included in the  s e t  tha t  is inverted, t he  result-  
ing  c matrix is much be t te r  behaved and g ives  a 
good reduction of t he  data.  

It will  be appreciated that t h e s e  control equations 
limit t he  difference between ad jacent  peaks  in the  
rows. T h e  inversion does  not require tha t  t hese  
equations be  sa t i s f ied  exac t ly ,  only that t he  error 
b e  comparable to the  res idua ls  for the  in tens i t ies .  
T h e  inclusion of t h e s e  additional equations cannot 
avoid increas ing  the  residuals.  

ORNL-DWG 65-9947 
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Fig. 2.5. T h e  Calculated Values of the Density of 

the Rol l ing Direction Along the (100)-(111) Boundary 

Showing the Value of the Control Equations i n  Obtaining 
o Useful  Inversion. 

. 

T h e  ef fec t iveness  of these  additional equations 
is il lustrated in  Fig. 2.5, which is a profile of t he  
unit  tr iangle a long  the  (100)-(111) s i d e  for the  
rolling direction of an  aluminum shee t .  A value 
of 0.04 for the  If i j \  i n  t he  control equat ions  in- 
c r eased  the  size of residual only 4% but markedly 
improved the  inversion. 

ROLLING TEXTURES IN FACE-CENTERED 
CUBIC METALS 

R. 0. Williams 

It h a s  been wel l  es tab l i shed  that rolled face- 
centered cubic  metals and a l loys  have e i ther  of 
two different textures.  T h e  copper type is char- 
ac t e r i s t i c  of pure meta ls  other than s i lve r  and the  
b ra s s  type is charac te r i s t ic  of s i lver  and a l loys  
with low stacking-fault energies.  There is less 
agreement as  to  what orientations make up  t h e s e  
textures.  An investigation h a s  been conducted 
to  better define these  textures. 

Samples of copper,  nickel,  b ra s s ,  and aluminum 
were rolled to  95% reduction and su i tab ly  fabri- 
ca ted  into spher ica l  samples ,  and the  (111) pole 
figures were obtained. A comparison with pub- 
l ished da ta  es tab l i shed  that the  present  textures 
were the  same as obtained by others.  T h e  copper,  
b ra s s ,  and aluminum were run as fiber textures 
around the  three principal d i rec t ions ,  and the  
da t a  were inverted us ing  in  part  the  method de- 
sc r ibed  above. 

The  identity of the  textures is es tab l i shed  when 
the  components of the  three inverse  pole  figures 
a re  properly assoc ia ted .  T h i s  is done by separa t -  
ing the inverse  figures on a common stereographic 
plot. Examination of the  inverse pole  figures 
sugges t s  tha t  t he  orientations are made up of 
continuous ridges and the  texture is considered 
so lved  when the  components of the  ridges tha t  
a r e  mutually perpendicular a r e  identified. The 
result ing figure of copper is shown in Fig.  2.6 
and the  agreement with the  (111) pole  figure is 
shown in  F ig .  2.7. 

Aluminum is very similar t o  copper,  al though 
differences have  been identified. T h e  b ras s  tex- 
ture is rather different and more complex. The 
(111) pole figures showed nickel to be the  same 
as  copper. 
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Fig.  2.6. A n  Arrongement of the Inverse Po le  Figures for Copper Sheet Showing the Texture. N o t e  that  the 

texture is composed of ridges, in which the corresponding points ore indicated.  
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Fig. 2.7. A Comparison of the Proposed Texture 

(Heavy L i n e  with Points Indicated) in Fig.  2.6 with 

the Conventional ( 1 1  1 )  Texture  (Contours) for Copper 

Sheet. 

. 

A deta i led  comparison of t h e s e  da t a  with pub- 
l i shed  da ta  is not attempted here  because  of t he  
complexity. The  agreement is good in  some cases 
but poor in others. In particular,  no set of previ- 
ously proposed orientations h a s  accounted for 
the  (111) pole figure as  wel l  as is shown in Fig. 
2.7. 

A DEFORMATION CALORIMETER 

A. Wolfenden l 1  

Advances have been made 1 i n  the  measure- 
ment of the  energy relations involved in  the  defor- 
mation of metals by the  construction of calorim- 
e t e r s  operating with good sens i t iv i ty  and accuracy. 
The  da ta  obtained s o  far have permitted a certain 
amount of interpretation of the  s tored  energy in 
terms of the  d is loca t ion  s t ruc tures  of deformed 
metals.  Although d i rec t  measurements of dislo- 
ca t ion  patterns have  been made14 by electron- 
transmission microscopy, t h e s e  suffer two handi- 
caps .  By th i s  technique a lone ,  t he  s ign i f icant  
reactions of thermally ac t iva ted  motion cannot  b e  
uncovered. Also ,  as  shown by Ham, l 5  se r ious  

errors may a r i se  from the  loss  of d i s loca t ions  
during thinning of the  sec t ions .  Additional infor- 
mation on the s t ruc ture  of cold-worked metals 
and on the  recovery mechanisms is obtained by 
investigation of the  k ine t ics  of t he  r e l ease  of 
s tored  energy. 

For  the  reasons  outlined above, a calorimeter is 
under construction to measure the  energy relations 
involved in the deformation of metals as a function 
of deformation temperature, and to  measure the  
immediate and subsequent  r e l e a s e s  of energy when 
the specimens a re  heated. Using t h e  da t a  from 
the  annealing k ine t ics  of the  deformed samples ,  
we expec t  to be  ab le  to identify the  de fec t s  mobile 
a t  room temperature in  copper. Impact compres- 
s ion  ins ide  the  calorimeter was  chosen  as the  
mode of deformation, s ince  the  s t r a in  is s imple  
and readily eva lua ted ,  and s i n c e  energy measure- 
ments can ,  with the  proposed instrument, s t a r t  
immediately after deformation without need for 
transfer of the  sample.  

T h e  apparatus is shown schemat ica l ly  in Fig.  
2.8 and c o n s i s t s  e s sen t i a l ly  of a tungs ten  car -  
bide hammer posit ioned by guide ra i l s  and  a tung- 
s t e n  carbide anvi l  set in  a massive block, all 
under vacuum. Deformation t akes  p lace  when 
the  hammer is driven rapidly into con tac t  with 
the  specimen aga ins t  the  inertia of t he  heavy 
block. The  hammer is acce lera ted  by the  ac t ion  
of compressed a i r  on the  piston. 

T h e  internal energy of the  sample  immediately 
after impact will  be deduced from the  mechanical 
energy expended during deformation, and the  
temperature r i s e  measured by a thermocouple spot- 
welded to the  specimen. T h e  subsequent  hea t ing  
of the  sample  t o  measure the  energy r e l ease  wi l l  
be controlled by hea ters  placed in  the  block. 
Impact velocity,  which must b e  measured to eva l -  
ua te  the  work done in the  deformation p rocess ,  
will  be  determined with two electromagnetic pick- 
ups  feeding a n  oscil lograph. T h e  temperature r i s e  
of t he  sample both immediately a f te r  impact and on 
subsequent  annea l ing  will  b e  recorded automatically 
to obtain the  des i red  annea l ing  k ine t ics .  

"Noncitizen employee from England. 
"A. L. Titchener and M. B. Bever, Progr. Metal Phys .  

13R. 0. Williams, Rev. Sci.  Instr. 31, 1336-41 (1960); 

14J. E. Bailey and P. B. Hirsch, Phil. Mag. 5, 485 

"R. K. Ham, Phil. Mag. 7, 1177 (1962). 

7, 247-338 (1958). 

34, 639-43 (1963). 

(1960). 
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3. Diffusion in Solids’ 

T. S. Lundy 

Our purpose  is to provide information concerning 
mechanisms and r a t e s  of diffusion p rocesses  that 
a r e  important in the  development of mater ia l s  for 
high-temperature applications. W e  h a v e  com- 
pleted seve ra l  s t u d i e s  on diffusion in  body- 
centered  cubic  meta ls  and one  on t h e  e f fec t  of 
a lpha  bombardment on the  diffusion of lead into 
silver. Some of our research u t i l i ze s  t h e  anodic 
sec t ion ing  technique  for niobium and tantalum 
developed jointly with t h e  Reac t ions  a t  Metal 
Surfaces Group. Chapter 12 of t h i s  report i nc ludes  
a more complete report of t h i s  application. T h e  
diffusion of oxygen in  niobium and thorium in  
pyrolytic carbon, measured i n  other programs, is 
reported respectively in Par t  11, Chap. 16 ,  and 
Pa r t  111, Chap. 24, of t h i s  report. 

THE DIFFUSION OF Nb95 AND Tal8’  
IN TANTALUM’ 

R.  E. Pawe13 T. S. Lundy 

Diffusion cons t an t s  were obtained for NbQ5 and 
T a l s 2  in tantalum over the  temperature range 
920-2500OC making u s e  of la the ,  grinding, and 
anodic film sec t ion ing  techniques.  Over this 
temperature range, t he  l a t t i ce  diffusion coe ff i- 
c i e n t s  were observed t o  vary from about 2.5 x 
lo-’’ c m 2 / s e c  to about 4 x lo-’ c m 2 / s e c  for 
NbQ5 in tantalum. T h e  Tal8’ diffusion coeffi- 
c i en t s  were about  half t h o s e  for Nbg5 a t  all  
temperatures. T h e  apparent variation in t h e  
activation energy for Nbg5 diffusion in tantalum 
w a s  about 6000 cal/mole over t he  whole tempera- 
t u re  range; thus  t h e  Arrhenius relationship w a s  
s e e n  to apply exceptionally well t o  t h i s  system. 
T h e  expression D = 0.23 exp  (-98,70O/RT) cm2/sec 
desc r ibes  t h e  da t a  within 20%. 

DIFFUSION OF Nb95 AND IN NIOBIUM 
(C 0 L U M B I U M) 

T. S. Lundy 
R. E. Pawe13 

F. R. Winslow 
C. J. McHargue 

T h e  volume diffusion coefficients of Nbg5 and 
T a l s 2  in niobium h a v e  been measured over t h e  
temperature range  878 t o  2400OC. High-tempera- 
ture specimens (T 1500°C) were sec t ioned  by 
conventional l a the  and grinding techniques  while 
low-temperature specimens were sec t ioned  by an  
anodizing and  stripping technique previously 
described. Over a range of more than ten  orders 
of magnitude in diffusivity, t h e  self-diffusion 
d a t a  a re  well represented by t h e  equation 

> 

D = (1.1 k 0.2) exp  [-(96,000 f 900)/RT] cm2/sec . 
Upward devia t ions  from th i s  l i n e  a r e  explained by 
short-circuit diffusion i n  combination with t h e  loss 
of resolution of t h e  sectioning techniques.  Oxygen 
contamination within t h e  range 100 to 450 ppm 
w a s  found to have l i t t l e  o r  no  ef fec t  on t he  self- 
diffusivity of niobium. 
In a limited number of measurements, t h e  diffu- 

s iv i ty  of Ta l s2  in  niobium was  found to b e  about  
half that  of Nbg5 in niobium. T h e s e  d a t a  may b e  
descr ibed  by 

D = ( 1.0 L!:!) exp  [-(99,300 f 2400)/RT]cm '/set. 

‘Support for t h i s  program shifted from t h e  AEC Divi- 
s ion of Reactor Development to  the  Division of Re- 
search on July 1 ,  1965. 

‘Abstract from P h y s .  Chern. Solids 26, 937-42 (1965). 
3React ions a t  Metal Surfaces Group. 
4Abstract  of Trans. Met. SOC. AIME 233, 1533-38 

(1965). 
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DIFFUSION OF 18'Hf IN BCC HAFNIUM' 

F. R. Winslow T. S. Lundy 
~~ I 1 

V -20  w t  '% Ti-Ti44 

I 

Self-diffusion coefficients i n  reactor-grade 
hafnium (2.1% Zr) h a v e  been measured over t he  
temperature range  1795 to  1995OC us ing  l s l H f  
and standard l a the  sec t ion ing  techniques.  T h e  
diffusivity can  b e  represented by: 

D = ( 1.2 10.7) -0.5 

x exp 1-(38,700 t 1000)/RT] cm2/ sec  , 

Some sca t t e r  in the  da t a  prec ludes  a firm con- 
c lus ion  as to t h e  ex i s t ence  of curvature in the  
Arrhenius plot, but t he  very low va lues  of D o  and 
Q indica te  tha t  @-hafnium i s  i n  the  same anoma- 
lous  class as @-Ti ,  @-Zr ,  and y-U with respec t  
t o  diffusion behavior. 

In addition to  t h e  specimens annealed in  the  
be ta  range, two specimens were annealed a t  
1745OC. T h e s e  specimens,  unlike the  others, 
showed non-Gaussian penetration behavior - 
evidence  tha t  diffusion occurred in the  hexagonal 
close-packed a lpha  phase ,  T h e  h ighes t  poss ib l e  
D va lue  ca lcu la ted  from t h e  curved penetration 
p lo ts  is more than one  order of magnitude lower 
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than the  D va lue  a t  1795OC. Thus ,  t he  a-(3 trans- 
formation temperature for hafnium is 1770 t 25OC, 
in  subs tan t ia l  agreement with va lues  by other 

Fig. 3.1. Temperoture Dependence o f  the Diffusion 

of 4 4 T i  in V-20% T i .  

workers. 

DIFFUSION OF 44Ti  IN V-20% Ti 
SELF-DIFFUSION IN CHROMIUM 

J. F. Murdock 

T h e  diffusion of 44Ti in  the  alloy V-20 wt % Ti 
was  s tudied  in t h e  temperature range of 1100 to 
165OOC in a further effort t o  charac te r ize  t h e  non- 
Arrhenius behavior previously reported in  @-tita- 
nium and v a n a d i ~ m ~ ' ~  and  to  no te  t h e  e f fec t  of 
composition on diffusion in body-centered cubic  
materials,  T h e  da ta  a re  summarized on an Arrhen- 
ius-type plot shown in Fig. 3.1 and appear to b e  
b e s t  f i t t ed  by a s t ra ight  l i n e  from 1100 to 135OOC 
and a l i n e  of continuous curvature from 1350 to 
1650O C. 

J. Askill '  

Recent  da t ag  from 1000 to 155OOC on t h e  dif- 
fusion of 51Cr in chromium have  shown that,  a t  
l e a s t  within t h i s  temperature range, self-diffusion 
d o e s  not exhibit  t h e  nonlinear dependence of log 
D on 1/T tha t  h a s  recently been e s t ab l i shed  for 
t h e  body-centered cub ic  meta ls  T i ,  Zr,  and U. In 

6 J. F. Murdock, T. S. Lundy, and E. E. Stansbury, 

T. S .  Lundy and C. J, McHargue, Trans.  Met. Soc. 

Acta Met. 12, 1033-39 (1964). 

AIME 233(1), 243-44 (1965). 
7 

'Noncitizen employee from England. 
5Summary of a Technical  Note to b e  published in 'J. Askill  and D. H. Tomlin, Phil. Mag. 11(111), 

Transact ions of t he  Metallurgical Society of AIME. 467-74 (1965). 
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t h e  present  study the  temperature range h a s  been 
extended t o  t h e  melting point (about 1900OC). 

Diffusion samples  v2 in. in diameter and y8 in. 
long of 99.98% chromium were subjec ted  t o  grain- 
growth annea l s  in argon at temperatures of about 
160OOC for a few hours,  result ing in grain s i z e s  
of 2 to  3 mm. Diffusion annea l s  were then carried 
out  in argon a t  a pressure  of about 2 atm, and the  
samples  were analyzed by hand grinding a s  pre- 
viously described. Penetration curves (log con- 
centration v s  d is tance  squared) for temperatures 
below 12OOOC were all curved, due to grain- 
boundary d i f f ~ s i o n . ~  Between 1200 and 170OOC 
the  p lo ts  were l inear over two to three logarithmic 
c y c l e s  in concentration. Above 17OO0C, however, 
i n  every c a s e  the  penetration plot cons is ted  of two 
d is t inc t  parts and yielded two diffusion coeffi- 
c ien ts .  A typical penetration plot in each of the  
three temperature regions is shown in  Fig. 3.2. 
An Arrhenius plot showing da ta  from 1000°C to  
the  melting point is shown in Fig.  3.3. T h e  data 
from 1000 to  170OOC can b e  represented by the  
equation D = 1.6 exp  (-81,00O/RT) cm2/sec. 

Fig. 3.2. T y p i c a l  Penetration P l o t s  for Self-Diffusion 

in Chromium. 

ORNL-DWG 65-9920 

Fig.  3.3. Temperature Dependence of the Di f fus ion of 51Cr i n  Chromium. 
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T h e  transition temperature from the s ing le  to two- 
part penetration p lo ts  was  1725 ? 25OC. 

T h e  change in diffusion charac te r i s t ic  at 1725OC 
may b e  a s soc ia t ed  with a s t ruc ture  change in  
chromium, However, x-ray work at t h e s e  tempera- 
t u re s  h a s  not given any dec i s ive  information. We 
plan to  inves t iga te  t h e  diffusion of ' lC r  in both 
Cr-10% Ni and Cr-20% Ni a l loys  at temperatures 
nea r  t he  melting point and also to carry out  some 
x-ray s t u d i e s  on t h e s e  a l loys  to try to clarify the  
nature of the  transition. 

DIFFUSION OF 182Ta IN TITANIUM 

J. Askill* 

Anomalous diffusion in the  body-centered cubic  
p h a s e s  of T i ,  Zr,  and U is now well es tab l i shed .  
Kidson h a s  sugges ted  that t he  unusually la rge  
diffusion coefficients result  from a n  enhancement 
of t h e  vacancy concentration by impurity oxygen 
atoms forming oxygen-vacancy complexes.  To t e s t  
t h i s  hypothesis,  diffusion experiments from 1000 to 
160OOC under various annealing conditions were 
carried out using t h e  i so tope  82Ta. Tantalum was  
chosen  as the  so lu t e  b e c a u s e  no da ta  were ava i la -  
b l e  for t he  diffusion of tantalum in  titanium, 
although there  ate da ta  on t h e  diffusion of 1 2  
other meta ls  i n  titanium. 

T h e  specimens were annealed (1) under 1 to 2 
atm of 99.995% pure argon, (2) in a normal labora- 
tory vacuum of about 5 x 10"' torr, and (3) in a 
high vacuum of 8 x lo-' torr. One sample  w a s  
annealed in high vacuum after a high-vacuum pre- 
annea l  and another annealed in a normal vacuum 
after a high-vacuum preanneal. All o the r s  were 
annealed either in a norma l  vacuum or i n  argon 
after a normal laboratory vacuum preanneal. In 
each case t h e  temperature w a s  measured with a 
calibrated opt ica l  pyrometer and t h e  pressure  was  
measured a t  t h e  diffusion-anneal temperatures. 
T h e  diffusion samples  were analyzed by customary 
l a the  sec t ion ing  techniques,  and penetration p lo ts  
l inear over two to three logarithmic cyc le s  in con- 
centration were obtained. Diffusion coef f ic ien ts  
a r e  shown a s  a function of temperature in Fig. 3.4. 
Shown for  comparison is t h e  graph of "Mo dif- 
fusion i n  titanium, reported by Gibbs,  Graham, 
and Tomlin." T h e  r e su l t s  gave  a curved Arrhen- 
i u s  plot as  expec ted  for diffusion i n  p-titanium and 
an  ana lys i s  into t h e  two exponential  terms: 
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Fig .  3.4. Arrhenius-Type P l o t  Showing Atmosphere 

Effects on the Dif fusion of '"Ta in b - T i t a n i u m .  

where 

D o  = 7.2 x cm2/sec ,  

D o 2  = 50 cm2/sec ,  
Q = 36.0 kcal/mole, 

Q, = 80 kcal/mole. 
Chemical a n a l y s e s  of o n e  sample tha t  had under- 

gone a normal vacuum anneal and one  that w a s  
u s e d  in t h e  high-vacuum experiment showed 
approximately 100 ppm 0 in  each .  T h i s  is much 
less than  t h e  concentration required if there  is 
one-to-one correspondence between t h e  oxygen 
impurity atoms and t h e  ex t r ins ic  v a c a n c i e s  ( those  
caus ing  the  high diffusion coef f ic ien ts  at lower 
temperatures i n  t h e  be t a  phase). Within experi- 
mental error t h e  different annea l ing  condition 
had  n o  not iceable  effect  on t h e  diffusion rates.  
T h i s  sugges t s ,  then ,  that  t he  enhanced diffusion 

G. V. Kidson, Can, J .  Phys.  41, 1563 (1963). 10  

"G. B. Gibbs, D. Graham, and D. H. Tomlin, P h i f .  
Mag.  8(92), 1269-81 (August 1963). 

. 
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ra t e s  d o  not resu l t  from oxygen impurity already 
in t h e  material  or absorbed during t h e  annea l  but 
a r e  due  to  some intrinsic property of titanium it- 
self. 

EFFECT OF ALPHA BOMBARDMENT ON THE 
DIFFUSION OF LEAD IN  SILVER'^ 
D. Hei tkampI3 W. Biermann l 4  

T. S. Lundy 

T h e  theory of radiation-enhanced diffusion h a s  
been extended t o  inc lude  t h e  effect  of annihilation 
of point de fec t s  (vacancies  and in te rs t i t i a l s )  at  a 

free surface. Predic t ions  are then made for t he  
magnitude of t h e  effect of a lpha  bombardment on 
self-diffusion in  silver. Experimental va lues  for 
'12Pb diffusion in si lver,  obtained by t h e  alpha- 
recoil method of Hevesy and Seith, were found to 
b e  i n  agreement with predictions from a theory 
tha t  exc ludes  t h e  sur face  as a sink for point de- 
fects. 

"Abstract of an art icle submitted for publication in 
Acta Metallurgica. 

13Visitor from Germany, now a t  Insti tut  fGr Radio- 
chemie, Karlsruhe, Germany. 

14Visitor from Germany, now a t  Babcock and Wilcox 
Company, Atomic Energy Division, Oberhausen, Germany. 



4. Electron Microscopy 

J .  0. Stiegler 

We a re  us ing  the electron microscope a s  a pri- 
mary research tool to correlate microstructure on 
a fine scale with various properties of so l ids .  In 
addition to our own research program, in which 
w e  a r e  attempting to understand the deformation 
mechanisms of bodycentered cubic  meta ls  and 
a l loys ,  we a re  developing information on other 
mater ia l s  of in te res t  to groups in  the  Division, 
such  a s  structural  features of pyrolytic carbons,  
radiation e f fec ts  in s t a i n l e s s  steels and UO,, 
and elevated-temperature fracture of nickel and 
nickel-base alloys.  

EFFECT OF DEFORMATION VARIABLES ON 

CENTERED CUBIC METALS 
AND ALLOYS 

J .  0. Stiegler K. Far re l l '  
B. T. M. L o h 2  

DISLOCATION BEHAVIOR IN BODY- 

One of the d is t inc t ive  fea tures  of the  body- 
centered cubic  transition meta ls  i s  a s t rong  in- 
c r e a s e  in yield or flow s t r e s s  in a standard t ens i l e  
t e s t  as t h e  deformation temperature i s  lowered. 
W e  showed t h i s  i nc rease  in stress to b e  accom- 
panied by an inc rease  in the  ratio of screw to 
edge  dislocation components as observed in elec- 
tron micrographs. For very low deformation tem- 
peratures,  only straight sc rew segments  a re  ob- 
served, indicating tha t  the thermally ac t iva ted  
motion of screw d is loca t ions  is the  rate-control- 
ling p rocess  in the low-temperature deformation 
of body-centered cubic  metals.  T h e  temperature 
range in which screw motion becomes dominant 

'Noncitizen employee from England. 
,Noncitizen employee from Taiwan. 

appears  to b e  a function of composition, purity, 
and h e a t  treatment. Similar e f f ec t s  a r e  noted in 
body-centered cubic  a l loys  a t  higher temperatures. 

Strain rate is the  variable tha t  is he ld  cons tan t  
in a s tandard  tens i le  tes t ;  an increased  s t r e s s  
is necessa ry  to  maintain th i s  cons tan t  ra te  a s  
the deformation temperature is lowered, T h e  
corresponding change in microstructure sugges t s  
that  either t he  increased  s t r e s s  or the  lowered 
temperature is significantly changing de ta i l s  of 

20 



21 

the deformation process.  In order to assess the  
relative importance of t hese  two var iab les  w e  
deformed a s e r i e s  of niobium specimens at various 
s t ra in  r a t e s  a t  23 and  -70°C. T h e  result ing micro- 
s t ruc tures  shown in F igs .  4.1 to 4.3 ind ica te  that 
applied s t r e s s  (or strain rate) is t h e  dominant 
variable. T h e  specimen deformed at a s tandard  
ra te  of 0.050/min a t  23OC showed cons iderable  
tangling and a well-developed ce l l  structure,  
whereas  the  one  deformed a t  -7OOC exhibited a 
uniform distribution of short predominantly screw 
segments  accompanied by a high dens i ty  of loops  
and other debris. A specimen s t ra ined  about 2% 
a t  -7OOC at a cons tan t  s t r e s s  of 8400 ps i ,  the  
maximum s t r e s s  reached i n  t h e  standard room- 
temperature t e s t ,  showed tangling, definite ce l l  
formation, and a low density of loops. T h i s  dem- 
ons t r a t e s  clearly that temperature is not t h e  con- 
trolling factor. Thus ,  by altering external loading 
conditions to maintain a cons tan t  s t ra in  ra te  in 
a standard tens i le  t e s t ,  w e  a re  in  turn a l te r ing  

Fig.  4.2. Transmission Electron Micrograph of Nio-  

bium Deformed About 2.5% in  Tension a t  -68OC. The  

strain rate was ident ical  to that used in test ing the 

specimen shown in  F ig .  4.1, but the appl ied tens i le  

stress was about 20,000 psi. Note the uniform distri- 

bution of straight dislocat ion segments and the high 

density of loops. 25,000~. Reduced 55%. 

t h e  fine-scale de ta i l s  of the  deformation p rocess  
and a r e  promoting those p rocesses  tha t  favor 
brit t le fracture and twinning. 

If the  activation energy for c r o s s  s l i p  were 
higher than tha t  for dislocation motion alone, 
c r o s s  s l i p  of screw components should b e  retarded 
at low temperatures relative to screw motion. T h e  
s t rong  similarity in microstructure between t h e  
c reep  specimen deformed a t  low temperature and 
the  room-temperature t ens i l e  specimen shows  that 
c ros s  s l i p  of screw segments  is not significantly 
retarded at low temperatures. T h e  p resence  of 
the  la rge  number of loops  in  s l i p  bands  formed a t  
low temperatures also ind ica t e s  tha t  a consider- 
ab le  amount of c r o s s  s l i p  h a s  occurred s i n c e  all 
proposed mechanisms for loop production involve 
c r o s s  s l ip .  

T o  show tha t  c r o s s  s l i p  was  occurring frequently 
a t  low temperatures or i n  disordered a l loys ,  w e  
tes ted  and examined an Fe-21 at. % A1 alloy 
treated to produce short-range order. In such  an 
alloy, c r o s s  s l i p  should b e  largely inhibited, s ince  
movement of a segment of a dislocation off an 
es tab l i shed  s l ip  p lane  disorders more of t h e  l a t t i ce  
and, consequently,  requires a higher s t r e s s  than 

Fig.  4.3. Transmission Electron Micrograph of  Nio- 

bium Deformed at -68OC Under a Constant T e n s i l e  

L o a d  of About 8400  psi. 37,500~. Reduced 55%. 
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movement of the  dislocation on the  previously 
disordered s l ip  plane. Electron microscope ex- 
amination of the  alloy showed that after l igh t  
deformation the dis loca t ions  were confined to 
planar arrays and that t h e  s l i p  bands  were free of 
loops.  After more ex tens ive  deformation had oc- 
curred and la rge  volumes had been disordered, 
dislocation tangles  and loops  were observed. T h i s  
subs tan t ia tes  our belief that  frequent although not 
ex tens ive  c ros s  s l i p  occurs  a t  low temperatures 
or in random a l loys  and tha t  t he  changes  in dis- 
location pattern and behavior a re  largely a result  
of the high applied s t r e s s  required to move screw 
dislocations.  

T h e  apparent suppression of c r o s s  s l i p  a t  low 
temperatures or in random solid-solution alloys,  
evidenced by narrow s l ip  bands  and straight s l ip  
l i nes ,  may b e  a consequence of the high applied 
s t r e s s  required for deformation under t h e s e  cir- 
cumstances.  In general ,  the structure of a s l i p  

and their  effect  on mechanical properties and 
dislocation behavior studied. Similar s t u d i e s  also 
will  b e  conducted on subs t i tu t iona l  so l id  solu- 
t ions.  Micro-yield behavior will b e  studied us ing  
etch-pitting techniques  on polycrys ta l s  in an 
attempt to  understand the  role of grain boundaries 
in the  production of init ial  mobile d i s loca t ions .  
W e  a r e  also preparing to study precipitation proc- 
esses in this crys ta l  sys tem in order to control 
t he  type, s i ze ,  and distribution of prec ip i ta tes  to 
optimize mechanical behavior a t  e leva ted  t e m -  
peratures.  

RECRYSTALLIZATION, GRAIN GROWTH, 
AND MECHANICAL BEHAVIOR OF 

TUNGSTEN SHEET 

K. Far re l l '  J.  T. Houston 
A. C. Schaf f iauser3  

bands  a r e  very narrow s i n c e  multiplication occurs  
without ex tens ive  cross s l ip .  

Twinning and fracture may b e  a result  of high 
s t r e s s  concentrations produced by narrow s l ip  
bands  formed suddenly a t  high s t r e s s  leve ls .  T h e  
observation that prestraining a t  e leva ted  tempera- 
tu res  suppres ses  twinning a t  lower temperatures 
reinforces our belief that  t h i s  dynamic e f fec t  i s  
responsible for these deformation phenomena. 
Although s l ip  bands  formed a t  low temperatures 
i n  prestrained mater ia l s  also a re  narrow, the  dis- 
location density in the  band and the  s t r e s s  con- 
centration result ing from the  band a re  built  up 
slowly enough to b e  relieved by slip.  T h e  la rge  
shea r  produced suddenly by a s l ip  band crea ted  
a t  a high s t r e s s  leve l  can, on the  other hand, b e  
most ea s i ly  relieved by twinning and fracture. 

P resen t  work is aimed a t  clarifying the role of 
in te rs t i t i a l  elements in the deformation process .  
Type ,  amount, and distribution of in te rs t i t i a l  e le -  
ments  in niobium a r e  being varied systematically 

Recrystallization and Grain Growth 

T h e  rolled shee t  w a s  made by a powder-metal- 
lurgical  p rocess .  In t h e  as-received condition i t  
had  a fibrous structure composed of equiaxed  
subgra ins  with an average  diameter of 1.4 p. m e n  
the material  w a s  annealed, primary recrystall iza- 
tion began at 125OoC and w a s  rapid at 13OO0C, 
giving a mean grain size of about 15 p. Thereafter,  
a t  temperatures up  to about 20OO0C very l i t t l e  
primary grain growth occurred. 

At 20OO0C and above, ex tens ive  grain growth, or 
secondary  recrystall ization, occurred. T h i s  growth 
began a t  o n e  sur face  of the  specimen and then 
spread  through the specimen th ickness .  T h e  re- 
su l t ing  grain size was  highly heterogeneous,  with 
the  larger gra ins  exceeding  5 mm in diameter on 
annea l ing  a t  28OOOC. 

3Phys ica l  Metallurgy Group. 
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Temperature and Grain-Size Dependence of 
the Lower Yield Stresses 

In the temperature region between 45OoC and the 
ductile-brittle transition temperatures, t h e  lower 
yield s t r e s s e s  in  bend t e s t s  increased exponen- 
t ia l ly  with decreasing t e s t  temperature. The tem- 
perature exponents ( a t  constant  strain rate) cor- 
responded to  pseudoactivation energies  of between 
4000 and 4500 caI/mole for the annealed mater ia ls  
and 1130 caI/mole for the as-received material. 

T h e  yield s t r e s s  depended strongly on the re- 
crystal l ized grain s ize .  However, b e c a u s e  of 
heterogeneous grain s i z e s  and distribution in some 
of the specimens,  the prec ise  relationship between 
grain s i z e  and lower yield s t r e s s  is not y e t  clear. 

Ductile-Brittle Transition Temperatures 

In the bend t e s t s ,  as-received and partially re- 
crystal l ized material  displayed a change from 
duct i le  to brittle behavior in the temperature region 
155 to 190°C. In material  recrystal l ized a t  130OoC 
the ductile-brittle transition temperature was  
245OC. Specimens annealed at higher temperatures 
up to 250OoC had ductile-brittle t rans i t ions  in the 
temperature range 245 to  285OC, the highest  value 
being for material  annealed at  210OOC. There was  
a suggestion of a fa l l  in transition temperatures 
at the  la rges t  grain sizes. T h e  lowes t  transit ion 
temperatures were assoc ia ted  with the f ine sub- 
grain s. 

Brittle Fracture Characteristics 

In the  recrystall ized specimens annealed a t  tem- 
peratures  below 210OOC and tes ted  below the 
ductile-brittle transition temperatures, fracture was  
largely intergranular. Isolated transgranular cleav- 
a g e  f a c e t s  did occur,  but these rarely exceeded 
o n e  or  two grains  in  s i ze ,  and often they termi- 
nated within a grain, the fracture path then jumping 
to an adjacent  grain boundary. Examination of the 
fracture sur faces  showed a s p a r s e  distribution of 
small precipi ta te  par t ic les  on the  parted grain 
boundaries.  

In those  specimens annealed above 21OO0C, the 
large grains failed by cleavage,  but f racture  through 
small-grained areas  was intergranular. Since the 
large grains predominated, the general fracture 
surface was  composed largely of c leavage facets .  

Many of t h e s e  cleavage c racks  appear to originate 
a t  grain boundaries. 

Discussion 

T h e  resu l t s  are  cons is ten t  with a picture  of 
embrittlement controlled by impurit ies segregated 
at grain boundaries.  Such segregated material  
prevents  grain growth on anneal ing unt i l  the  tem- 
perature is suff ic ient ly  high to d isperse  or  dis- 
so lve  the impurity. Secondary recrystall ization 
then occurs.  We bel ieve  that t h e s e  impurit ies a l s o  
inhibi t  the operation of grain-boundary dis locat ion 
sources  and provide s t rong barr iers  t o  the trans- 
mission of s l i p  from grain to grain. T h i s  resu l t s  
in highly local ized stress concentrations,  which 
are  re leased suddenly by cracking at  the bound- 
ar ies .  T h e  c racks  follow an intergranular path 
when grain-boundary impurity segregation is strong. 
They become transgranular when the degree of 
segregation is reduced but appear in general  to 
or iginate  a t  grain boundaries.  

THERMALLY AND CHEMICALLY INDUCED 
STRUCTURAL CHANGES IN PYROLYTIC 

CARBON 

J. 0. Stiegler R. B. Evans  1114 

Resul t s  a re  summarized of  a study us ing  electron 
microscope and electron diffraction techniques to  
clarify the  nature of pyrolytic carbon in  the de- 
posi ted and annealed s t a t e s ,  and to invest igate  
the effect of act inide impurit ies on the  anneal ing 
process .  Contrast  variations in  transmission 
micrographs of the as-deposited mater ia ls  were 
due to th ickness  var ia t ions in the c leavage  f lakes  
ar is ing from roughness of the  deposit ion sur face  
and from the presence of microvoids about 100 A 
in diameter. No  microstructural changes  occurred 
during a 24-hr anneal a t  24OO0C, but the  s t ructure  
improved, a s  evidenced by a sharpening of the 
diffraction rings. Anneals a t  higher temperatures 
resul ted in the  formation of graphite c rys ta l l i t es  
about 1000 A in diameter by about 100 A thick 
and in the  elimination of the f ine-scale  wrinkling. 
Surface diffusion or evaporation and condensation 
gave rise to the formation of mounds of material  
having the  two-dimen sion a1 pyrolytic s t ructure  and 

4Reactor Chemistry Division. 
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to  a filling of t h e  microvoids a t  f ree  sur faces .  At 
temperatures below which structural  changes  
occur,  uranium diffusion down growth-cone bound- 
a r i e s  promoted an unidentified microstructural 
change in the region ad jacent  to the  boundaries 
and eliminated the  microvoids. 

ELECTRON MlCROSCOPY OF PYROLYTIC 
CARBON DEPOSITS ON FUEL PARTICLES5 

J .  0. Stiegler C. K. H. DuBose 
J. L. Cook6 

Electron microscopy and diffraction techniques  
were u s e d  to characterize structural  features of 
various pyrolytic carbons deposited on fuel parti- 
c l e s  in a fluidized bed a t  temperatures between 
1400 and 18OOOC. The  as-deposited mater ia l s  
cons is ted  of turbostratically s tacked  monolayers 
having the  hexagonal graphite structure. T h e  
average diameter of the  layers  ranged between 
about 50 and 150 A, and the  bulk density varied 
from 1.42 to 2.08 g/cm3, depending on t h e  deposi- 
tion conditions.  Using d i rec t  transmission mi-  
croscopy on c leaved  f lakes ,  we showed t h e  low- 
density depos i t s  to contain microvoids about 100 A 
in diameter, T h e  density of microvoids increased  
as bulk density decreased ,  but the  c rys ta l l i t e  s i z e  
did not significantly change  with density.  Surface 
rep l icas  showed d is t inc t ive  fea tures  that are 
charac te r i s t ic  of the different depos i t s  but which 
canno t  b e  interpreted directly in terms of t h e  
structure of t he  depos i t s  as  revealed by transmis- 
s ion techniques.  

ACTINIDE-ENHANCED STRUCTURAL 
IMPROVEMENTS IN PYROLYTIC CARBON 

J. 0. Stiegler R. B. Evans  1114 

Pyrolytic carbon h a s  been shown to b e  uns t ab le  
a t  temperatures somewhat above  the  deposit ion 
temperature. We found that t h e  p re sence  of ac- 
t inide e lements  significantly lowers the tempera- 
ture range i n  which structural  improvements lead- 

’Abstract of paper presented a t  the Seventh Biennial 

‘Ceramics Group; present address ,  IBM Corp., Lex- 
Conference on Carbon, to  be submitted for publication. 

ington, Ky. 

i n g  to graphitization occur. To charac te r ize  the  
actinide-enhanced structural  changes ,  we u s e d  
transmission electron microscopy and diffraction 
on c leavage  f lakes  extracted from various regions 
of a pyrolytic carbon-uranium carb ide  diffusion 
couple tha t  had  been he ld  100 h r  a t  20OO0C. 

We observed no structural  changes in the h o s t  
pyrolytic carbon loca ted  ou t s ide  the  diffusion 
zone. Within the  diffusion zone  at l e a s t  three 
p h a s e s  coexis ted ,  often in contac t  with one  
another. T h e  fringes in i so l a t ed  regions of F ig .  
4.4 a r i s e  from diffraction e f f ec t s  from thin plate- 
lets of graphite, and t h e  b lack  a r e a s  are a thick 
nonplatelike subs tance ,  probably uranium carbide 
or its reaction product formed after exposure to 
the  atmosphere. T h e  diffraction pattern from th is  
a rea ,  shown in Fig. 4.5, exhib i t s  sharp  diffraction 
s p o t s  from the graphite p l a t e l e t s  superimposed on 
smooth nearly uniform rings from material  retaining 
the  pyrolytic carbon structure.  T h i s  i nd ica t e s  
t ha t  a nearly continuous layer  of pyrolytic carbon 
must  b e  present  in th i s  area. There  is some indi- 
ca t ion  of material having the  appearance  of pyro- 
ly t ic  carbon in  severa l  areas f ree  of t he  fringe 

. 
c 

Fig. 4.4. Transmission Electron Micrograph of a 

Cleavage F l o k e  Extracted from Within the Di f fus ion 

Z o n e  of o Couple of Uranium Carbide wi th  Pyrolyt ic  

Carbon H e l d  100 hr a t  20OO0C. 37,500~.  Reduced 56%. 



, 25 

Fig. 4.5. Selected Area Electron Dif fract ion Pattern Fig. 4.7. Selected Area Electron Dif fract ion Pattern 

from the Area Shown in Fig.  4.4. Reduced 14%. from the Area Shown in Fig. 4.6. Reduced 14%. 

pat te rns ,  but we a r e  unable to  say  whether i t  
conta ins  any uranium. Most l ikely the a rea  shown 
i n  F ig .  4.4 conta ins  a continuous layer  of material  
p o s s e s s i n g  the  pyrolytic structure, with graphite 
p l a t e l e t s  and uranium carb ide  par t ic les  distributed 
over it.  F igures  4.6 and 4.7 show well-developed 
graphite p l a t e l e t s  produced in some regions of 
the  diffusion zone. Uncatalyzed formation of a 
similar structure would require a temperature above 
270OOC. 

EQUIPMENTDEVELOPMENT 

C. K. H. DuBose T. M. Gayle' 

It h a s  become increasingly evident that  an under- 
s tanding  of irradiation-induced effects on proper- 
t i e s  of mater ia l s  can benefit greatly from electron 
microscope observations on the  nature,  distribu- 
tion, and behavior of defec t  c lus te rs .  However, 
t h e  normal techniques  for microscopy must b e  

Fig. 4.6. Transmission Electron Micrograph of Graph- modified s i n c e  the mater ia l s  for examination a re  
i t e  F l a k e s  Extracted from the Di f fus ion Zone of a 

Uranium Carbide-Pyrolytic-Carbon Couple H e l d  100 
hr a t  2000°C. 37 ,500~ .  Reduced 55%. 'Instrumentation and Controls Division. 
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highly radioactive. T h i s  means that very small 
specimens must  b e  used ,  and they must  be pre- 
pared with as l i t t l e  handling as  poss ib le .  

To sa t i s fy  t h e s e  requirements we h a v e  developed 
a s imple  semiremote technique. Specimens a re  
cut,  in a hot  cell if necessary ,  to a th ickness  of 
about 0.1 mm and a maximum diameter of 3 mm. 
T h e s e  a r e  “dimpled” on both s i d e s  by an elec- 
trolytic j e t  technique to  reduce the  th i ckness  of 
t h e  center  of t he  specimen to about 0.01 mm. 
F i n a l  polishing, unti l  a ho le  forms in t h e  pre- 
thinned area ,  i s  accomplished in a standard elec- 
tropolishing cell in  which breakthrough is de tec ted  
by an extremely sens i t i ve  photocell  device.  Inci- 

dent  l igh t  is piped to the  specimen and transmitted 
l ight is delivered to the photocell by a fiber op t i c s  
sys tem.  T h i s  provides an i n t e n s e  l igh t  beam and 
also e l imina tes  interference from thermal fluctua- 
t ions  of the polishing solution and radiation ef- 
f e c t s  from the  specimen. Activation of the  photo- 
cell s tops  the polishing. 

With this technique we can de tec t  extremely 
smal l  ho le s ,  which usua l ly  a r e  surrounded by 
reasonably la rge  a r e a s  transparent to e lec t rons .  
T h e  technique is extremely rapid compared to 
s tandard  techniques us ing  la rge  fo i l s ;  i t  d o e s  not 
require c l o s e  attention of the  operator and i t  gen- 
erally y i e lds  usab le  samples .  

, 



5. Electronic Properties of Metals and Alloys 

J. 0. Betterton 

We have continued transition-metal s t u d i e s  by 
low-temperature spec i f i c  hea t s ,  galvanomagnetic 
properties, and Mijssbauer effect .  Additional 
laboratory equipment w a s  put in to  operation and 
should se rve  u s  wel l  i n  the  future. For example, 
our  low-temperature calorimeter now opera tes  in 
f ie lds  to 40,000 gauss ;  th i s  will  permit much 
information to  b e  obtained on  superconductors.  
W e  have so lved  many of t h e  problems of specimen 
purity by construction of a lo-"- t o  10-"-torr 
zone  refiner, with which we have  prepared the  
espec ia l ly  pure s ing le  c rys t a l s  needed for gal- 
vanomagnetic s tud ie s ,  and c a n  also remove mag- 
ne t ic  and other impurit ies from superconductors 
and superconducting a l loys  for more carefu l  study 
of the  role of impurities i n  superconductivity. We 
have  put into operation a complete Mijssbauer 
fac i l i ty  including a preparation laboratory and 
have s ta r ted  t h e  construction of a helium cryostat  
and superconducting magnet for Mdssbauer s tud ies .  

THE LOW-TEMPERATURE SPECIFIC HEATS' 
OF ZIRCONIUM ALLOYS 

J. 0. Betterton J. 0. Scarbrough 

T h e  superconducting transit ion temperatures of 
Group IVA e lements  a re  increased  i n  all known 
cases by addition of other transit ion meta ls  t o  
t h e  right of them in t h e  Per iodic  Table .  We have  
studied t h i s  i nc rease  in transit ion temperature 
by measurement of the  spec i f ic  h e a t s  of zirconium- 
niobium a l loys  (0 t o  5 at. % Nb) in  t h e  temperature 
range 1.5 to  4.5OK. Alloys were prepared with 
two l eve l s  of purity: c a s t  alloys,  with the  sum 
of niobium and zirconium 99.95%, and a l loys  zone 

'The term "specific heat" is used  in this d i scuss ion  
to denote the hea t  capacity per gram-atom of metal or 
alloy. 

l eve led  in  the  high-vacuum appara tus ,  with the 
sum of niobium and zirconium 99.99%. Each  w a s  
studied in  two condi t ions  of hea t  treatment, 
quenched (hexagonal so l id  solution) and annealed 
(hexagonal + second phase). Each  material w a s  
measured at  zero magnetic field and in one or 
two f i e lds  up  to 40 k i logauss  so that t he  properties 
of both the  normal and t h e  superconduction s t a t e s  
could b e  inferred separately.  Typica l  spec i f ic  
h e a t  r e su l t s  of t h i s  type  are i l lus t ra ted  in  F igs .  
5.1 and 5.2. 

T h e  upper cu rves  of F igs .  5.1 and 5.2 represent 
t h e  quenched condition of a pure alloy containing 
2.3 at. % Nb and a l e s s  pure alloy containing 4 at. 
% Nb respectively.  The superconducting transi-  
t i ons  of t h e s e  quenched a l loys  correspond to  idea l  
bulk superconductivity in the  s e n s e  that they 
quench with the  application of a modest magnetic 
field,  and most of t h e  volume appears  t o  trans- 
form, based  on  t h e  size of t he  spec i f i c  hea t  dis-  
continuity. T h e  temperature width of the  transfor- 
mation is considerably broadened in  t h e s e  a l loys  
compared to  pure-metal superconductors. A transi-  
tion temperature Tc was  based  on t h e  mean spe -  
cific h e a t  va lue  between normal and superconduct- 
i n g  s t a t e s .  The electronic specific hea t  coefficient 
y and the  Debye temperature OD for the  normal 
s t a t e  a re  obtained from the  spec i f ic  hea t s  measured 
in a magnetic field. T h e  variation of t h e s e  coef- 
f ic ien ts  with niobium content i s  shown in  F ig .  
5.3. By u s e  of t he  theoretical  e x p r e ~ s i o n ~ ' ~  

T c  = 0.85 OD exp (- 1/NV, s) 

and t h e  express ion  y = 2n2k2N/3, where k i s  
Boltzmann'e cons tan t  and N is the  dens i ty  of 
electronic s t a t e s  of one  sp in  only, the  interaction 

~~ 

*J. Bardeen, L. N. Cooper, and J. R. Schrieffer, 

3Pierre Morel, Phys.  Chem. Solids 10, 277 (1959). 
Phys.  Rev. 108, 1175 (1957). 
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0 2 4 6 8 10 12 14 16 18 20 
SQUARE OF ABSOLUTE TEMPERATURE (OK2) 

Fig. 5.1. Low-Temperature Specif ic  H e a t  of Zone- 

L e v e l e d  21-2.3 at. % Nb. 

cons tan t  V B  h a s  been evaluated and a l s o  plotted 
in Fig.  5.3. 

T h e  ef fec t  of the  niobium is to  inc rease  N and 
T c  and to dec rease  8, of zirconium sharply.  T h i s  
occurs  in  such  a manner that t h e  interaction con- 
s t an t  changes  only l i t t l e  and t h e  inc rease  in  Tc 
r e su l t s  f r o m  the  c h a n g e s  in N and 8,. Comparison 
of t h e  larger e f f ec t s  on N and 8, with niobium 
additions t o  zirconium with e f f ec t s  that had been 
observed from B-subgroup e lements4  or from scan-  
dium' shows  that t he  zirconium-niobium a l loys  do  
not agree  with t h e  o thers  when the  properties a r e  
related to  t h e  average number of e lec t rons  per 
atom. 

T h e  change  in  minor impurit ies between the  
c a s t  a l loys  and the  zone-leveled a l loys  sl ightly 
changed t h e  spec i f i c  h e a t s  of t h e  quenched alloys,  
as c a n  b e  s e e n  by comparison on Fig. 5.3 of t h e  
zone-leveled 2. 3 at .  % Nb alloy with the  c a s t  
alloys.  On t h e  other hand, after t h e  a l loys  were 
annealed at 600°C the  spec i f i c  h e a t s  of t h e  less 
pure a l loys  differed from t h o s e  of t h e  pure a l loys  
in more remarkable manner. The  hexagonal so l id  
solution forms a second phase ,  which in t h e  pure 
alloys produces a long  tail on t h e  superconducting 

G. D. Kneip, Jr., J. 0. Betterton, and J. 0. Scar- 
brough, Phys.  Rev. 131, 2425 (1963). 

J. 0. Betterton, Jr., and J. 0. Scarbrough, Metals 
and Ceramics Div. Ann. Progr. Rept.  June 30, 1964,  
ORNL-3670, p. 51. 
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Fig. 5.2. Low-Temperature Specif ic  H e a t  of Cast  

Zr-4 at. % Nb. 

transit ion.  T h i s  is i l lus t ra ted  by t h e  lower curves  
for t h e  alloy 2.3 at .  % Nb on Fig.  5.1. T h e  mag- 
ne t ic  f ie ld  quenches  the  superconductivity in t h i s  
case. 

With impurities s u c h  as Fe, Ni, Mn, and Cr in 
the  c a s t  a l loys ,  the  precipitate is much harder to 
quench. In t h e  4% Nb alloy shown on Fig. 5.2, 
the  spec i f i c  h e a t s  seem to  show that about 30% 
of t h e  volume of t h e  s a m p l e  is a second phase 
with a uniform transit ion temperature above 4.5OK. 
A magnetic f i e ld  of 21 k i logauss  did not quench 
th i s  superconductivity.  S ince  the  second phase  
could not b e  s e e n  in  either op t ica l  microscopy or 
with x r ays ,  a n  ex tens ion  of the  superconducting 
volume beyond t h e  phase  boundaries of t h i s  finely 
divided second phase  may b e  indicated.  

T h e  following r e s u l t s  i l lus t ra te  t h e  sens i t iv i ty  
of quenched zirconium-niobium a l loys  to low-tem- 
perature hea t  treatments.  T h e  alloy containing 
3 at. % Nb and quenched from t h e  cub ic  s t a t e  had 
an  electronic specific-heat coefficient y = 4.166 m j  
gram-atom-' OK-*; annealing 2 hr a t  120°C de- 
c reased  th i s  to 3.596 mj gram-atom-' OK-' . T h e  
Debye temperature was  practically unchanged 
(263.5 t o  264.1°K). T h e  res i s t iv i ty  of t he  5 at. % 
Nb alloy quenched from 1000°C w a s  25.03 pohm-cm 
a t  4.2"K before annealing and only 22.10 pohm-cm 
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after annealing 2 hr a t  12OOC. T h e  dec reases  in 
e lec t r ica l  resist ivity and in electronic spec i f i c  
hea t  were 1 2  and  1476, respectively,  which w e  
a s soc ia t e  with f a s t  precipitation reac t ions  and 
depletion of niobium f r o m  the  matrix phase.  

Low-temperature spec i f i c  h e a t s  were measured 
for d i lu te  Zr-Mo, Zr-Re, and Zr-Ru a l loys  in the 
body-centered cubic  structure retained after quench- 
ing. T h e  a l loys  were c a s t ,  us ing  99.99% zone- 
refined zirconium. Superconductivity was  observed 
in a l l  of t h e s e  alloys,  as  shown by the  spec i f ic  
hea t s  plotted in Fig.  5.4. T h e  transit ions are of 
t h e  bulk type,  which a r e  quenched with external 
magnetic f ie lds  of 25  and 35 ki logauss ,  although 
t h e  transit ion temperature width is s t i l l  of the  

order of 0.5 to l.O°K. An in te res t ing  point about 
t h e s e  alloys i s  t ha t  t h e  low-temperature specific- 
h e a t  coef f ic ien ts  y and O D ,  t he  transit ion tem- 
perature,  and the  interaction cons tan t  a r e  all 
close t o  t h e  va lues  for hexagonal zirconium-, 
niobium a l loys  with t h e  same so lu te  content. 
T h i s  is shown in F ig .  5.5, where t h e  present 
va lues  for Zr-Mo, Zr-Re, and Zr-Ru a r e  plotted 
with t h e  so l id  cu rves  represent ing  t h e  va lues  for 
zirconium-niobium a l loys .  Extrapolation to  pure 
cubic  zirconium g ives  va lues  c l o s e  to those  for 
hexagonal zirconium. On t h i s  b a s i s  t he  allotropic 
transit ion in  zirconium a r i s e s  from differences i n  
the  spec i f i c  hea t  of the two forms a t  e leva ted  
temper a tu res.  

ORNL-DWG 65-9925 
I I 

1 NO MAGNETIC FIELD 

0 2 4 6 8 40 I2 14 46 48 20 22 24 
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Fig.  5.4. Specific Heats  of  Zr-Mo, Zr-Re, and Zr-Ru Al loys .  
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PURIFICATION OF ZIRCONIUM 

D. S. Eas ton  J. 0. Betterton 

Pure  c rys t a l s  of zirconium a r e  required for 
galvanomagnetic s tud ie s  in high magnetic f ie lds .  
Hopes for obtaining t h i s  material  were renewed 
when Wilson' showed tha t  r e s i s t ance  ra t ios  as 
high as  450 could b e  a t ta ined  by zone refining in 
a lO-'-torr vacuum. We built  an apparatus to  
determine the  purity obtainable a t  10- torr by 
u s e  of sputter-ion and titanium-sublimation pump- 
ing and to  prepare c rys t a l s  of Zr, T i ,  Hf, V, Nb, 
and T a  for galvanomagnetic investigation. 

The apparatus is shown in  Fig.  5.6. It c o n s i s t s  
of independently movable specimen supports,  
movable electron gun, s t a i n l e s s  s t e e l  be l l  j a r ,  
and sputter-ion and titanium-sublimation pumps. 
T h e  e leva tors  are coupled  magnetically and driven 
by an  automatic programmer, which a l so  controls 
t h e  electron-beam power supply for overnight 
operation. T h e  whole system is baked overnight 
a t  200 to  4OOOC and t h e  wa l l s  a r e  refrigerated 
during use .  T h e  experiment showed that i t  is not 
only feas ib le  to u s e  a n  ion-pumped zone  refiner 
but highly des i rab le ,  s i n c e  the  system maintained 
satisfactory vacuums even  with la rge  g a s  loads  
result ing from zirconium s ta r t ing  material that  
contained 0.4 at. % H. T h e  pressure of lo-' '  
torr in t h e  sys tem during the f ina l  p a s s e s  of zone  
refining inc ludes  no  back-streaming oil, and zir- 
conium rods were made with r e s i s t ance  r a t io s  in 
the  range  600 to 850 after zoning and i n  range 
400 to  700 after a lpha  annealing. T h e  usua l  zone- 
refining profile is modified by evaporation, which 
occurs  during vacuum zone  refining in a system 
with refrigerated wal l s .  For  zirconium most con- 
densable  impurit ies have solidus-to-liquidus r a t io s  
l e s s  than unity, and their  evaporation is enhanced 
by their  enrichment in the  liquid zone. Theoreti- 
cally,  a nearly cons tan t  and low impurity va lue  
would e x i s t  in t h e  zoned region after a few p a s s e s .  
T h e  only impurit ies in zirconium with solidus-to- 
l iquidus ra t ios  s ign i f icant ly  greater than one  a re  
oxygen and nitrogen. T h a t  of hafnium is only 
slightly greater than unity, and ana ly t ica l  r e su l t s  
for carbon show that i t s  solidus-to-liquidus ratio 
i s  less than unity. When th i s  ratio is greater than 

J. C. Wilson, M e t a l s  and  Ceramics Div. Ann. Progr. 6 

R e p t .  June 30, 1964, ORNL-3670, pp. 155-59. 

Fig.  5.6. Interior of Zone-Ref in ing  Apparatus. 

unity,  as  for oxygen and nitrogen, t h e  l iquid zone  
will b e  lower in concentration than the  so l id  dur- 
i n g  z o n e  refining and t h e s e  impurit ies will b e  dif- 
f icu l t  to evaporate.  Further,  because  oxygen, 
hydrogen, and nitrogen a re  noncondensable,  they 
will  b e  present  around t h e  liquid a s  the  main 
res idua l  gases in t h e  vacuum sys tem,  in forms 
such  a s  0 2 ,  N,, CO, CO,, H,O, and  hydrocarbons. 
Contamination of t h e  liquid from t h e  gases i s  
l ikely and  will  reduce  t h e  efficiency of the  zone- 
refining process.  

T h e  purity of t h e  zirconium w a s  increased  from 
99.95 to greater than 99.99% by zoning. T h e  con- 
centration of t h e  major impurit ies before and after 
zoning i s  shown in  Fig.  5.7. Only oxygen, carbon, 
and hafnium remain in  any significant amounts. 
Hafnium i s  not separa ted  by zoning, a s  expected 
from i t s  solidus-to-liquidus ratio near  unity,  and 
i t  i s  not evaporated,  in accord with i t s  low vapor 
pressure.  T h e  carbon ana lys i s  showed an indi- 
ca t ion  of zone  refining, with carbon moving 

. 
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Fig.  5.7. Concentration of Impurities i n  Zirconium 

Before and After Zone  Refining. Corbon was not 

detected in the zoned material; the bar shows the l imit  

of detect ion.  

towards the  end  tha t  corresponds to  solidus-to- 
l iquidus ra t io  less than unity. T h i s  provides in- 
formation on t h e  zirconium-carbon phase  diagram 
in support  of depress ion  of t h e  zirconium melting 
temperature by carbon. Often carbon evapora tes  
appreciably from the  unmelted ends ,  indicating 
that carbon in  t h e  so l id  state may oxidize and b e  
removed as  CO and CO,. T h e  carbon was  reduced 
in  the  cent ra l  zoned sec t ions  to  below the ana- 
ly t ica l  detection limits. Although there is la rge  
sca t t e r  i n  t h e  ana lys i s ,  on t h e  average  t h e  oxygen 
content  is nearly cons t an t  throughout t h e  zoned 
region and equa l  to t h e  concentration present  in 
t h e  original material. 

In t h e  preparation of s ing le  c rys t a l s  we have  
found tha t  an imperfect c rys ta l  is often formed 
during s low solidification, tha t  t h i s  c rys ta l  can  
b e  cooled successfu l ly  through the  beta-to-alpha 
transformation in a sharp  temperature gradient, 
and tha t  i t  must b e  annea led  a t  temperatures jus t  
under t h e  allotropic transformation to reduce  low- 
angle  boundaries and distortions.  Crys ta l s  a s  
large a s  3.5 x 0.4 cm produced in  th i s  manner had 
sharp Laue  patterns.  T h e  above  annealing pro- 
cedure h a s  a lways  reduced the  r e s i s t ance  ratio, 
and th i s  had been attr ibuted t o  contamination dur- 
i n g  t h e  annealing. Recently,  with 10-"-torr 
vacuums we have  continued to  find t h e  same  reduc- 
tion in ra t ios  as with t h e  earlier lO-'-torr systems. 

T h u s  w e  conclude  tha t  not annealing contamina- 
tion a t  80OOC but some other mechanism, such  as  
collection or d ispers ion  of oxygen from the  low- 
angle  boundaries and d is loca t ions ,  reduces  the  
ratio. Other impurit ies could also b e  involved, 
but only oxygen is present i n  large enough quant i t ies  
t o  account for 2 5  to  50% reduction in  the  ratio. 
T h i s  work h a s  shown tha t  we must interpret res i s t -  
ance  ra t ios  carefully in  zirconium, s i n c e  for some 
conditions of annea l ing  t h e  ra t ios  a r e  no longer 
inversely proportional to impurity content. 

GALVANOMAGNETIC PROPERTIES OF 
ZIRCONIUM 

J. 0. Betterton D. S, Easton  

Galvanomagnetic properties of zirconium were 
measured with f ive  different current d i rec t ions  at  
4.2'K i n  t ransverse  magnetic f i e lds  to 32 kilo- 
gauss .  T h e  r e su l t s  for each  current direction, 
interpreted by means  of Li fsh i tz  theory, 7 - g  

showed tha t  t he  zirconium Fermi su r face  i s  c losed  
and compensated. Compensation is based  on a 
near quadratic field dependence of t h e  magneto- 
resist ivity for al l  magnetic field directions.  T h e  
c losed  sur face  is b a s e d  on a near isotropy during 
magnetic field rotation. 

T h e  magnetoresist ivity showed sma l l  minima 
whenever t h e  magnetic f ie ld  w a s  normal to a direc- 
tion in  the  basa l  plane,  and t h i s  effect  increased  
as the  c rys ta l  ax i s  approached the  c axis.  T h e  
theoretical  work of Altmann and Bradley" shows  
tha t  a narrow ang le  of open orb i t s  is poss ib l e  
near t h e  ( lOT0) d i rec t ions  of the  b a s a l  plane. 
T h e  minima may b e  related t o  t h e s e  orbits,  and 
w e  a r e  preparing new c rys t a l s  with a x e s  (0001 >, 
( l O T O ) ,  and (2TiO) to  inves t iga te  this effect. 

E a c h  of t h e  f ive  zirconium c rys t a l s  already 
s tudied  had a Hal l  f ield with a very similar ro se t t e  
pattern with the  l o b e s  alternating i n  s ign .  The  
Hall  f ie ld  is t h e  odd component (upon magnetic 
field reversal)  of t h e  e l ec t r i c  field perpendicular 
- 

71. M. Lifshitz,  M. Ia. Azbel: and M. I. Kaganov, 
Soviet  Phys.  J E T P  (English Transl.) 4, 41-54 (1957). 

81. M. Lifshitz and V. G. Peschanskii ,  Soviet  Phys .  
J E T P  (English Transl.) 8, 875-83 (1959). 

'N. E. Alekseevskii  et al., Soviety Phys.  J E T P  
(English Transl.) 12, 837-46 (1961). 
'OS. L. Altmann and C. J. Bradley, Phys.  Rev. 135, 

A1253 (1964); Phys .  Let te rs  1, 336 (1962). 
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Fig.  5.8. Polar  Diagroms Showing the Ef fect  of 

Magnetic F i e l d  Direct ion on H a l l  F i e l d  Components 

of a Pure  Zirconium Crysta l  a t  4.2OK a t  31 Kilogauss, 

and with Current i n  the Direct ion (3723). ( a )  Trans-  

verse component, po (b)  Longitudina I component, 

T h e  dashed l ines represent negotive values. 
YX'  

Pzx. 

t o  t h e  current. Both t h e  p;x and pzx components, 
were equally la rge  and alternated similarly in 
sign. T h e s e  components a r e  i l lus t ra ted  in Fig.  
5.8 for a c rys t a l  with t h e  ax i s  (3153). In con- 
trast t o  a metal  s u c h  a s  tungsten where the  Hall  
e lec t r ic  f ie ld  remains about 90" behind t h e  mag- 
ne t ic  f ie ld  during rotation and only posit ive p" Y X  

is observed, t h e  behavior i n  zirconium c a n  b e  b e s t  
descr ibed  by counter-rotation of a nearly cons tan t  
Hall  field vector and a magnetic field vector i n  
t h e  same  plane. T h e  alternation in  s i g n  is in 
agreement with both hole and e lec t ron  sur faces  in 
a compensated metal. T h e  a b s e n c e  of any sharp  
variations in Hal l  f ield suppor ts  only c losed  sec- 
t ions  of t h e  Fermi sur face  for t h e  c rys t a l s  studied 
up to now. 

The  f ie ld  dependences of t h e  magnetores i s tance  
and of t h e  Ha l l  f ie ld  dev ia t e  from perfect quadratic 
and l inear behavior respectively.  T h i s  deviation 
is apparently not related t o  impurit ies] s i n c e  i t  
h a s  not been changed by recent  improvement in 
zirconium purity. Koehler 's  rule,  on t h e  other 
hand, is farily we l l  obeyed with a l lowance  for 
anisotropy due to current direction. 

Fawce t t '  ' h a s  pointed out t ha t  transit ion meta ls  
with even  atomic number should  have compensated 
galvanomagnetic behavior. T h e  reason is the  
s a m e  as  that for ordinary metals,  i n  tha t  t h e  same 
numbers of e l ec t rons  should  b e  in partly fi l led 
upper bands  a s  h o l e s  i n  unfilled lower bands.  
T h i s  argument is reasonable  when the  bands  do 
not overlap too  much i n  energy. In t he  transit ion 
meta ls  of Groups IIIA to VIIA the electronic spe -  
c i f i c  h e a t  coeff ic ient  h a s  minima ' a t  even 
Groups IV and VI, and zirconium is thus  in  that 
part of t h e  Per iodic  Tab le  where t h e  bands over- 
lap  l i t t l e  and the  numbers of e lec t rons  and ho le s  
would b e  expected to b e  equal.  

Longitudinal magnetoresist ivity w a s  measured 
for currents in t h e  d i rec t ions  ( 15@2), (3123), 
and (1Oil) and was  found t o  b e  about one-tenth 
t h e  t ransverse  magnetoresist ivity.  Variation of 
t h e  longitudinal magnetoresist ivity with orienta- 
t ion i s  related,  by means of a complicated in- 
t eg ra l1 l3  t o  the  geometry of the  Fermi sur face  

"E. Fawcet t ,  Advan. Phys .  13, 139 (1964). 
"K. A. Gschnidner, Jr., Solid S ta te  Phys .  16. 275 

(1964). 

13A. B. Pippard, "The Dynamics of Conduction 
Electrons," pp. 98-99 in Low Temperature Phys ic s  
Lec tures  a t  Les Houches Summer School of Theoretical  
Phys ics ,  Gordon and Breach, New York, 1962. 
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and t h e  variation of t h e  mean f ree  path over the  
Fermi surface.  We hope tha t  by sys temat ic  s tudy  
s o m e  information will b e  obtained on t h e  extent 
t o  which t h e  mean f r ee  path va r i e s  with current 
direction. 

OBSERVATION OF MOSSBAUER EFFECT 
FOLLOWING COULOMB EXCITATION 

Gordon Czjzek Dietrich Seyboth'4*'5 
Fe l ix  E. Obenshain'  J. L. C. Ford, Jr. l 5  

The  Mbssbauer effect  following Coulomb excita- 
tion h a s  been observed with 61Ni and 73Ge. Both 
nuc l ides  were exc i t ed  by 25-Mev oxygen ions  
from t h e  ORNL tandem Van d e  Graaff, and the  
same  chamber was  used  t o  hold the  target and 
absorber a t  liquid nitrogen temperature. Our d is -  
covery tha t  t he  Massbauer effect c a n  b e  observed 
after Coulomb excitation greatly ex tends  the  num- 
ber of metallurgical sys t ems  tha t  c a n  b e  s tudied  
by Miissbauer spectroscopy. 

Nickel ' 
T h e  target was  a layer  of nickel,  enriched to  

92% 61Ni, electroplated on a copper plate. The  
absorber was a d i sk  of natural  nickel. 

T h e  observed Mbssbauer spectrum w a s  fitted 
with a theore t ica l  curve  (Fig.  5.9). T h e  theoretical  
spectrum, both of emitter and absorber, c o n s i s t s  
of 1 2  l ines ;  t h e  folded spectrum c o n s i s t s  of 35 
l ines .  E a c h  l i ne  is characterized by three param- 
eters:  position, maximum absorption, and width 
a t  half height.  In fi t t ing process ,  t h e  following 
parameters were varied: 

1. 

2. 

3. 
4. 

T h e  position of t h e  cent ra l  l i ne  (determined by 
t h e  isomer sh i f t ) ,  
T h e  d i s t ance  between the  l i nes  (determined by 
the  internal field), 
T h e  intensity of the  central  l ine,  
T h e  width of t h e  cent ra l  line. 

T h e  remaining 101 parameters were made depend- 
e n t  on t h e s e  four parameters by theore t ica l  rela- 

14Visitor from University of  Erlangen. Germany. 
'5Phys ics  Division. 
16Reported in part by D. Seyboth, F. E. Obenshain, 

and G. Czjzek, Phys. Rev. Letters 14, 954 (1965). 
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Fig. 5.9. Mossbauer Spectrum of 61Ni  Following 
Coulomb Excitat ion.  

t ions.  T h e  result ing parameters a re  l i s ted  in 
Tab le  5.1 with t h e  corresponding parameters from 
a f i t  to t h e  Massbauer spectrum obtained by 
Obenshain and Wegener ' us ing  the  radioactive 
source  

P- 61Co e 61Ni*  . 
99 min 

T h e s e  r e su l t s  show tha t  no isomer sh i f t  occurs ;  
tha t  is, t h e  electronic surroundings of the  Coulomb- 
exc i ted  nuc le i  a r e  on t h e  average t h e  s a m e  as in  
t h e  regular la t t ice .  T h e  internal f ield is on the  
average  t h e  s a m e  as in  the  undisturbed latt ice.  
B u t  t h e  in t ens i t i e s  of t h e  individual l i nes  a re  
halved and their  widths a re  doubled. T h e  total  
absorption, defined by the  to ta l  area under t h e  
absorption dip,  is t h e  s a m e  within t h e  accuracy 
of the  measurements. 

From t h e s e  r e su l t s  w e  conclude that t he  average  
Debye-Wallet fac tor  in our ta rge t  d o e s  not differ 
by m o r e  than about 10% from that i n  an undisturbed 
n icke l  crystal .  However, the  Coulomb-excited 
nuc le i  i n  their  f ina l  posit ions sample  a wider 

17F. E. Obenshain and H. Wegener, Phys. Rev. 121, 
1344 (1961). 
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T a b l e  5.1. Parameters of t h e  Mzssbauer Spectra o f  61Ni Obtained with Coulomb 

Exci ta t ion and wi th  a Radioact ive  Source 

Coulomb Excitation Radioactive Sourcea 

Isomer shift,  mm/sec 

Internal field, kilogauss 

Intensity of central  line, % 

Width of central  line, mm/sec 

Tota l  area. % mm s e c  - 1  

0.12 5 0 . 1 2  

75 k 6  

0.701 kO.035 

1.48 k 0.66 

14.8 5 2 . 4  

0.02 kO.03 

72 * 5  

1.466 k 0.027 

0.76 5 0.05 

16.0 k 1.0 

aF. E. Obenshain and H. Wegener, Phys. Rev. 121, 1344 (1961). 

distribution of magnetic f ie lds ,  electronic charge  
dens i t i e s ,  e l ec t r i c  field gradients, and binding 
energ ies  than  d o  nuc le i  i n  an undamaged nickel 
crystal .  

Germanium 

T h e  Massbauer e f fec t  in 73Ge h a s  not been 
observed previously. T h i s  i so tope  is not acces- 
s i b l e  by t h e  conventional method, s i n c e  the  only 
leve l  with a h igh  enough transit ion probability 
to  the  ground s t a t e ,  t h e  o n e  a t  67.0 kev, is not 
populated by radioactive decay. 

T h e  target w a s  a layer  of germanium, enriched 
to 84% 73Ge and evaporated on a n icke l  plate.  
T h e  absorber w a s  put together from p ieces  cu t  
parallel  t o  a (110) p lane  from a germanium s ing le  
cry s t a 1. 

The  Massbauer spectrum measured with 67.0- 
kev  gamma r a y s  showed a sma l l  absorption dip 
centered a t  zero  velocity.  T h i s  d ip  was  fitted 
with a s ingle  l i ne  of Lorentz  shape .  F igure  5.10 
shows  t h e  measured spectrum with the  fi t ted 
curve. T h e  parameters of the  fi t ted l ine  are: 

1. position 0.11 rk 0.14 mm/sec, 
2. maximum absorption 0.64 +_ 0.04%, 
3. width at  half a maximum 4.4 k 0.6 mm/sec. 

From t h e s e  da t a ,  w e  can  conclude tha t  t h e  
isomer shift  is zero within t h e  accuracy of the  
measurement. Also,  from the  maximum absorption 
a c rude  es t imate  of t h e  r eco i l l e s s  fraction f is 
possible.  From the  Debye model and an average 
Debye temperature of 360°K (va lues  given in  the  
l i terature vary between 350 and 380°K), the va lue  
f = 0.12 i s  expected. If we a s s u m e  that t h i s  is 

ORNL-DWG 65-7177A 
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Fig. 5.10. Mossbauer Spectrum of 73Ge Fol lowing 
Coulomb Excitation. 

actually the  r eco i l l e s s  fraction in  t h e  absorber, 
t he  f va lue  of t h e  target c a n  b e  ca lcu la ted  to  b e  
f "= 0.01. Three  interpretations of t h i s  low ap- 
parent f va lue  a r e  poss ib le .  F i r s t ,  many of the  
Coulomb-excited nuclei  could  end i n  a posit ion 
with a weak binding energy. T h i s  would mean 
tha t  t h e  average  e f fec t ive  Debye temperature of 
t h e s e  atoms would b e  only about 220°K. Another 
explanation would b e  tha t  t he  hea t  generated in 
t h e  slowing-down p rocess  of t h e  Coulombeexcited 
nuclei  cannot  d i s s ipa t e  f a s t  enough, and tha t  t he  
e f fec t ive  temperature a t  t h e  emitt ing nuc leus  i s  

. 
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higher than 80°K. With OD as given for germanium 
and t h e  es t imated  f value w e  obtain Teff 2' 250OK. 
T h e  third possibil i ty i s  tha t  t h e  observed l i ne  
or ig ina tes  only from those  nuclei  t ha t  find a final 
posit ion a t  a regular l a t t i ce  s i te ,  and tha t  a la rge  
fraction of t h e  nuclei  comes to r e s t  with a wide 
distribution of electronic dens i t i e s  and  field 
gradients,  l ead ing  to a smeared-out spectrum that 
could n o t  b e  observed. 

T h e  width of t h e  l i ne  is greater by a factor 
(1.8 f 0.3) than the  width expected from the  mean 

l i fe t ime T = (2.33 i 0.20).10-9 sec of the  exc i ted  
state. If t h e  f value  ca lcu la ted  from t h e  Debye 
temperature of t h e  absorber i s  correct, th i s  broaden- 
ing is due  to t h e  th ickness  of the  absorber. 

T h e s e  r e su l t s  and conclusions can  b e  con- 
sidered as only preliminary. More experimental 
work i s  necessa ry  to e s t ab l i sh  with cer ta in ty  the 
f va lues  of ta rge t  and absorber. But t he  r e su l t s  
show that important information on the  e f f ec t s  of 
radiation damage in  germanium can  b e  obtained 
by t h i s  method. 

4 



Physical Ceramic 

c. s. Yust  

Ceramic mater ia l s  a r e  potentially useful for 
applications a t  very high temperatures, but gen- 
erally they a re  not considered for structural  mem- 
bers because  of poor mechanical properties. A 
better understanding of t h e  fac tors  controlling 
the  strength and plasticity of ceramics  may provide 
information from which t h e  mechanical behavior of 
ceramics  may b e  optimized. Fo r  th i s  reason ,  t he  
deformation mechanism in  thorium dioxide, the  
h ighes t  melting refractory oxide,  is be ing  care- 
fully investigated.  We have  thus  far studied the  
c reep  behavior and compress ive  strength properties 
of thoria. We are embarking on a study of the  
e f fec ts  of impurity additions t o  thoria and have 
some preliminary r e su l t s  on t h e s e  e f fec ts .  Ulti- 
mately, t h i s  s tudy  will  b e  broadened t o  include 
other variables, s u c h  as t h e  influence of atmos- 
phere and  stoichiometry. Additional s tud ie s  on 
the  kinds of de fec t s  produced by var ious  treat- 
ments of fluorite-type mater ia l s  a r e  being init iated.  

C. S. Morgan 

Resu l t s  of t h e  creep-rate measurements a re  sum- 
marized in F ig .  6.1. An activation energy cal- 
cu la ted  for t h e  p rocess  f r o m  t h e s e  d a t a  is 112 t 7 
kcal/mole. 

ORNL-DWG 65-3952R 

CREEP OF THORIA 

c. s. Yust L. E. P o t e a t '  

Creep in thoria was  s tudied  in specimens prepared 
from high-purity thoria powder. Solid cy l inders  
were formed by i sos t a t i c  press ing  a t  35,000 ps i  
and firing in air a t  18OOOC for 2 hr and had den- 
sities of 97.5% of theoretical  and an  average  grain 
diameter of approximately 10 p. T h e  specimens 
were t e s t ed  in  compression by application of a 
cons tan t  load i n  t h e  range of 4000 to 11,000 p s i  
a t  temperatures from 1400 t o  1800OC. 

0.48  0.50 0.52 0.54 0.56 0.58 0.60 

'OOO/T (0 K ) 

'Summer Research  Participant i n  1963 and 1964 f rom 
North Carolina State University. Fig .  6.1. Creep Rate  of Thoria.  

38 
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T h e  microstructure after deformation revea ls  
that  intergranular void formation and grain-boundary 
shea r ing  a re  a s soc ia t ed  with c reep  deformation. 
F igure  6.2 depic t s  a specimen deformed 8.3% in 
compression and  shows  t h e  size and distribution 
of intergranular vo ids  a t  t h i s  s t a g e  of compression. 
F igure  6.3 presents  ev idence  of grain-boundary 
shearing, indicated by displacement of t h e  scra tch  
ac ross  grain boundaries,  in a specimen deformed 
4.5%. 

Deformation in polycrystall ine single-phase 
ceramics  involves o n e  or more of t h e  following 
mechanisms: (1) diffusional processes ,  (2) s l i p  
within grain l a t t i ce s  , and (3) grain-boundary shear- 
ing. P r o c e s s e s  (2) and (3) a r e  intimately related,  
s i n c e  grain-boundary shear ing  without grain de- 
formation is not possible.  In  addition, t h e  k ine t ics  
of p rocesses  (2) and (3) may b e  ident ica l  to those  
of purely diffusional p rocesses ,  s i n c e  dislocation 

. 

00 ,s  INCHES 
1- 25ox 1m I." In IW IN I- 

. 
Fig .  6.2. Intergranular Voids in  a Thor ia  Creep 

Specimen Compressed 1 6 2  hr a t  143OoC and 11,000 
psi. Compression ax is  is ver t ica l  and specimen is 

unetched. Reduced 32%. 

motion during s teady-s ta te  c reep  is determined 
by d is loca t ion  c l imb - a diffusional process.  Dif- 
ferentiation of t he  three  types  of mechanisms that 
may b e  respons ib le  for c reep  in thoria is therefore 
not ea s i ly  accomplished, if at a l l  poss ib le .  

If a polycrystall ine body i s  to deform without 
t he  creation of intergranular voids, each  grain in  
the  aggregate must b e  capable  of deforming in  a 
general  manner. T h e  ana lys i s  of the  principal 
s l i p  sys t em in  t h e  fluorite l a t t i ce  s t ruc ture  by 
Groves and Kelley ind ica tes  that sufficient inde- 
pendent s l i p  sys t ems  to permit general  s h a p e  
change  a r e  not present i n  thoria, and thus the for- 
mation of intergranular vo ids  would b e  explained. 
However, secondary s l i p  s y s t e m s  might become 
operative under the  influence of s t r e s s e s  en- 
countered i n  t h e  deforming polycrystal ,  and the 
ex i s t ence  of s u c h  s y s t e m s  in t h e  fluorite s t ruc ture  
h a s  been reported. * 

- 
2G. W. Groves and A. Kelley, Phil. M a g .  8(85), 877- 

87 (1963). 

Fig.  6.3. Groin-Boundary Shear in  Thoria Is I l lus-  
trated by Displacement of Scratch on a Po l ished  Surface 

o f  Compression Creep Specimen. The  specimen was 

compressed 35 hr a t  1535OC and 7500 psi. 
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If sufficient independent s l i p  sys t ems  for general  
deformation are ava i lab le ,  a n  alternative mecha- 
nism for intergranular void formation might b e  ex- 
t ens ive  loca l  shear  in grain-boundary regions. 
T h e  ex ten t  of shea r  i n  a boundary var ies  with the  
orientation of t he  boundary; hence,  t he  junction 
of boundaries may b e  t h e  s i t e  of very high hydro- 
s t a t i c  t ens i l e  stress, which may c a u s e  c racks  a t  
grain-boundary junctions.  T h e  pileup of disloca- 
t ions  at a grain boundary is also a potential  sou rce  
of grain-boundary voids.  T h e  application of shea r  
stress to  boundaries may resu l t  in t h e  application 
of t ens i l e  s t r e s s e s  to  boundary jogs  in s u c h  a 
manner that the jogs  open into boundary voids.  

Comparison of t h e  thoria c reep  da ta  with r e su l t s  
for UO, is appropriate, s i n c e  these  two materials 
have t h e  same l a t t i ce  structure. Creep in bending 
of stoichiometric and nonstoichiometric UO, h a s  
been reported by Armstrong and I r ~ i n e . ~  For 
stoichiometric UO, they report  an  activation energy 
of 91 t 8 kcal/mole, which agrees  well  with the  
va lue  reported he re  for thoria. They also report 
t he  appearance of intergranular voids,  but the  
nonstoichiometric UO, showed a greatly l e s sened  
tendency t o  form intergranular voids.  Scott, Hall ,  
and Williams4 have reported tha t  t h e  e x c e s s  oxygen 
in UO, inc reases  t h e  p las t ic i ty  of th i s  material. 
S ince  the addition of e x c e s s  oxygen to UO, di- 
minishes intergranular void c rea t ion  in creeping 
UO,, lack  of sufficient l a t t i ce  p las t ic i ty  is prob- 
ably a major factor i n  t h e  creation of intergranular 
voids in creeping thoria. 

EFFECT OF IMPURITY ADDITIONS 
ON THORIA CREEP 

c. s. Yust  

We a r e  eva lua t ing  t h e  e f fec t  of impurity additions 
on t h e  c reep  r a t e  of thoria and on t h e  c reep  mecha- 
nism. At present,  t w o  addi t ives  (calcium oxide  
and aluminum oxide) are be ing  investigated.  The  
calcium oxide forms a complete so l id  solution 
with thorium dioxide and ,  due  to valency dif- 
fe rences ,  r e su l t s  i n  t h e  formation of an  anion- 
deficient structure.  Preliminary measurements 

3 W. M. Armstrong and W. R. Irvine, J. Nucl .  Mater. 
7(2), 133-41 (1962); J .  Nucl .  Mater. 9(2), 121-27 (1963). 

4 R. Scott, A. R. Hall, and J. Williams, 1. Nucl. Mater. 
1, 39-48 (1959), 

ind ica te  tha t  t h e  c reep  r a t e  of t h e s e  specimens i s  
greater than tha t  of pure thoria.  T h e  sur face  of 
t h e s e  thoria c reep  spec imens  appears  markedly 
different from tha t  of pure thoria, although the 
s igni f icance  of t h i s  observation is not ye t  under- 
stood. 

Additions of alumina to thoria result  in the  
formation of a mixture of thoria and alumina crys- 
ta l l i t es .  Specimens prepared from mechanical 
mixtures of t h e  two powders had regions of pure 
thoria distributed through a l a t t i ce  of mixed alumina 
and  thor ia  grains. T h e  grain size in t h e  pure 
thoria a r e a s  w a s  about 10 p, while in t h e  mixed- 
grain region t h e  p re sence  of t h e  alumina prevented 
thoria grain growth and kept t he  grain size t o  
about 2 to 3 p. T h e  creep  r a t e  of th i s  material 
was  significantly lower than tha t  of pure thoria. 
T h e  intergranular c racking  observed in  pure thoria 
was  ev ident  i n  t h e  pure thoria regions of the  
specimen but not i n  t h e  mixed c rys t a l  regions. 
T h e  study of c reep  in alumina-containing thoria 
will b e  continued on spec imens  fabricated from 
coprecipitated alumina and thoria powders, which 
should yield a more homogeneous specimen and 
allow t h e  e f fec ts  of microstructure to  be clarified. 

COMPRESSIVE CREEP OF THORIUM OXIDE5 

C. S. Morgan L. L. Hall  

Compressive c reep  t e s t s  a t  e leva ted  temperatures 
have  b e e n  carried ou t  on polycrystall ine thoria 
and thoria-calcia spec imens .  At 1465°C a s t r e s s  
of 8000 p s i  c a u s e d  apprec iab le  long-term creep  
in T h o ,  bushings.  At t h e  same temperature, 
specimens t h a t  contained sma l l  quant i t ies  of 
calcium oxide  deformed in i t ia l ly  at an order of 
magnitude lower s t r e s s .  T h e  c reep  rate of the  
calcia-containing mater ia l  decreased  s teadi ly  
with time, and after s eve ra l  hundred hours was  
about t h e  s a m e  as tha t  of “pure” T h o z  specimens.  
Metallographic examination of t he  specimens after 
c reep  t e s t  revealed ev idence  of polygonization in 
T h o ,  specimens and grain growth in  Tho,-CaO 
specimens.  

’Abstract of paper submitted for publication in  Trans- 
act ions of the Bri t ish Ceramic Society. 

. 
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COMPRESSIVE STRENGTH OF THORIA 

c. s. Yust L. E. Potea t '  

T h e  compressive s t rength of thoria at tempera- 
tures  from 1100 to  1900OC w a s  determined on 
specimens prepared from high-purity thoria powder. 
Solid cyl inders  were formed by i s o s t a t i c  pressing 
at 35,000 p s i  and firing i n  a i r  at 180OOC for 2 hr 
and had dens i t ies  of 97.5% of theoret ical  and an 
average grain diameter of approximately 10 p. 
T h e  creep  resu l t s  ind ica te  that t h e  compressive 
strength of thoria is substant ia l ly  greater than that 
reported in current l i terature;  hence,  reevaluation 
of t h e  compressive s t rength of thoria a s  well  a s  

failure of thoria is desirable .  T h e  resu l t s  of the 
compressive s t rength t e s t s  a r e  presented in  Fig. 
6.4 and a r e  compared with recently published6 
compressive s t rength d a t a  for thoria. T h e  decrease  
of s t rength with temperature increase  is l inear  in  
t h e  range 1100 t o  1500°C. Above 150OOC the  
strength d e c r e a s e s  with increas ing  temperature a t  
a significantly lower rate. T h i s  change i n  s lope  
of t h e  strength-vs-temperature curve is assoc ia ted  

I study of the  deformation mechanism of compressive 

S 

ORNL-DWG 65-9928 

TEMPERATURE ( ' C )  

Fig. 6.4. Variation of the Compressive Strength of 
Thoria with Temperature. 

with a macroscopic change  in  t h e  deformation mode 
from bri t t le  to plast ic .  Figure 6.5 depic t s  the 

6P. T. B. Shaffer, Plenum Press  Handbooks of High- 
Temperature Materials, No. 1 ,  Materials Index, p. 360, 
Plenum, New York, 1964. 

Fig. 6.5. Thoria Compression Specimens Deformed at O.OS/min at Temperaturesof (from Left  to Right) 1100, 
1325, 1650, 1770, and 19OOOC. 
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Fig. 6.6. Thor ia  Compression Specimens Deformed a t  177OoC at  Strain Rates o f  (from L e f t  to Right )  0.5, 0.2, 
0.05, 0.02, and 0.005/min. 

appearance of a s e r i e s  of specimens tha t  demon- 
s t r a t e  the  change i n  f racture  mode as the  tempera- 
ture is increased.  T h e  effect on t h e  specimens of 
variation of s t ra in  r a t e  a t  a constant  temperature 
is shown in  F i g .  6.6. 

MATERIAL TRANSPORT IN SINTERING' 

C. S. Morgan C. J. McHargue 
c. s. Yus t  

Investigation of t h e  densif icat ion k ine t ics  of 
T h o ,  powder compacts  containing varying amounts 
of coprecipitated CaO indica tes  that the  ini t ia l  
densification, a s  t h e  temperature is being raised, 
is primarily by dis locat ion movement, as is thought 
to b e  t h e  case with pure Tho, .  T h e  T h 0 2 - C a 0  
compacts s in te r  more readily than pure T h o ,  
compacts. T h e  ex ten t  to which dis locat ion trans- 
port of material  cont inues  after attainment of 
isothermal condi t ions is considered. Reasons  a re  
advanced to show tha t  model study resu l t s  indicat-  
ing  volume diffusion transport  of material  do not 
rule out  a subs tan t ia l  dis locat ion contribution. 

INERT-GAS BUBBLES IN 
NEUTRON-IRRADIATED MAGNESIUM  OXIDE^ 

C. S. Morgan D. H. Bowen' 

In magnesium oxide irradiated with neutrons at 
150, 600, and 1000°C, rect i l inear  bubbles  have 
been observed by t ransmission electron microscopy 
for d o s e s  greater than 1020 neutrons/cm2 (> 1 M e V )  

and for anneal ing temperatures above 1500OC. 
T h e  bubbles  had { loo)  sur faces  and s i d e s  ranging 
from 40 to 400 A, and measurements of the  residual  
growth of t h e  c r y s t a l s  after anneal ing have been 
correlated with the volume occupied by t h e  bubbles. 

Electron-microscope and gas-release s t u d i e s  
indicate  that the  bubbles  form primarily by vacancy 
condensat ion and subsequent ly  act as s i n k s  for 
the diffusion of neon and helium produced by the  
transmutation of magnesium and oxygen. W e  sug- 

'Abstract of paper accepted for publication i n  Trans- 
act ions  of the British Ceramic Society.  

'Abstract of paper submitted t o  Philosophical  Mag- 
az ine .  Work done a t  Metallurgy Divis ion,  AERE, Har- 
wel l ,  while  C. S. Morgan w a s  on attachment from O W L .  

'Metallurgy Divis ion,  AERE, Harwell. 
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ges t  tha t  mechanical re lease  of t h e s e  g a s e s  when In a c r y s t a l  irradiated a t  1000°C, large pre- 
the  c r y s t a l s  a re  crushed at room temperature can  c ip i ta tes  were formed that, on annealing, dis- 
t a k e  p lace  by two  processes :  solved,  leaving behind bubbles  up to  2000 A in 
bubbles by c leavage  c racks ,  and pipe diffusion size and having a variety of crystallographic 
along irradiation-induced dis locat ions.  shapes  . 

the intersect ion of 

' .  



7. Physical Properties 

D. L. McElroy 

We a re  trying to  understand hea t  transport in 
so l id s  b y  ana lys i s  of carefu l  measurements of 
phys ica l  properties of s e l ec t ed  materials over a 
broad temperature range. Eventually we hope to 
predict t h e  thermal conductivity of so l id s  either 
from f i r s t  principles or from model approximations 
tha t  u s e  eas i ly  measured properties. So far our 
approach h a s  been to  measure as accurately as 
poss ib le  a s e r i e s  of related physical properties 
on the  same sample or on a group of samples.  We 
now have  a capac i ty  to measure the  temperature 
dependence of t h e  following related phys ica l  
properties: thermal conductivity,  e lec t r ica l  res i s -  
tivity, thermoelectric power, spec i f i c  hea t ,  and 
ther m a1 r adi a t  i v e  properties . 

Accurate phys ica l  property measurements a re  
sometimes qui te  e lus ive ,  due  to equipment idio- 
sync ras i e s  and temperature measurement dif- 
f icult ies.  T h e s e  difficult ies may b e  partially 
so luble ;  however, their  de tec t ion  requires cons tan t  
surve i l lance  and intercomparison of seve ra l  methods 
of measuring t h e  s a m e  property. Once we have 
obtained sa t i s fac tory  measurements,  they a re  used  
to sepa ra t e  t h e  to t a l  thermal conductivity into 
parts,  e a c h  dependent on a particular heat-transport 
mechanism. T h e  behavior of t h e  individual pa r t s  
i s  examined theoretically to  revea l  t h e  inf luence  
on the  sca t t e r ing  mechanism of s u c h  var iab les  as  
temperature, impurity concentration, defec t  struc- 
ture,  and other s e l ec t ed  changes.  

THERMAL CONDUCTIVITY OF INCONEL 702 

J. P. Moore W. P. Murray’ 
W. Fulkerson 

T h e  thermal conductivity of Inconel 702 w a s  
measured’ in the  rad ia l  hea t  flow apparatus over 

t h e  range  50 to 930OC. Although t h e  alloy is sub- 
j e c t  to at least two complex reac t ions  tha t  affect 
t he  thermal conductivity,  age-hardening and “K- 
s t a t e ”  formation, t he  measurements of three lab- 
oratories,  ORNL, National Research Council  
(Canada),  and National Bureau of  standard^,^ 
ag ree  to within +2% and to within +1% for the  
same structural  s t a t e  in t h e  alloy, as shown in 
Fig.  7.1. T h e  thermal conductivity of t h e  solution- 

‘Co-op student, University of Cincinnati. 

‘The Inconel 702 specimen was  supplied by the 
National Bureau of Standards a s  part  of i t s  attempt to 
find a su i tab le  standard in the thermal conductivity 
range 0.1 to 0.5 w cm-l OC-’. 

3M. J. Laubitz and K. D. Cotman, Can. J. Phys. 42, 
131-52 (1964). 

4D. R. F lynn  and H. E. Robinson, “The National 
Bureau of Standards High Temperature Absolute Cut- 
Bar Apparatus,” pp. 353-90 in the Proceedings of the 
3rd Conference on Thermal Conductivity, Gatfinburg, 
Tennessee ,  October 16-1 8, 1963 (limited distribution). 

O R N L - D W G  6 4 - 8 7 6 9 R  

I ---. FLYNN-AGE HARDENED 
‘T-----. LAUBITZ -AGE HARDENED 

” \ k 1 a FLYNN-SOLUTION ANNEALED - 
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Fig.  7.1. Percentage Dev ia t ion  from the Indicated 

Equat ion of the Thermal Conductivi ty  of Inconel 702 
in  the Age-Hardened and Solution-Annealed Conditions. . 
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annea led  alloy is approximately 2% lower than 
tha t  of the  aged alloy. We a re  measuring other 
properties of Inconel 702 to  study the  e f f ec t s  of 
t h e s e  conditions on t h e  electron and phonon con- 
tributions.’ 

Th i s  remarkable measurement agreement h a s  
precipitated the  need for a long-range coordinated 
thermal conductivity program among seve ra l  lab- 
oratories tha t  have t h e  capabili ty and des i r e  for 
making p rec i se  measurements.  A s  a guide for 
se lec t ing  materials for t h i s  study w e  have  used  
ava i lab le  da t a  for all t h e  so l id  e lements  and 
seve ra l  theoretical formulas to ca l cu la t e  t h e  
l a t t i ce  portion of the  thermal conductivity as a 
function of temperature. T h e s e  ca lcu la t ions  t ake  
into account phonon-phonon and phonon-electron 
mechanisms t o  g ive  r ea l i s t i c  order-of-magnitude 
resu l t s  for temperatures above  t h e  Debye character-  
i s t i c  temperature. 

PHYSICAL PROPERTIES OF IRON 

T h e  spec i f i c  h e a t  of iron w a s  determined in a 
novel extension of the  to ta l  hemispherical emit- 
t ance  apparatus.’ T h e  circuit  for the  new tech- 
nique i s  shown in Fig.  7.2, and a l lows  controlled 
hea t ing  of a n  instrumented rod contained in  a 
constant-temperature black-body vacuum chamber. 
Emittance and  e lec t r ica l  resist ivity da t a  were 
obtained with t h e  specimen a t  a cons tan t  tempera- 
ture, t h e  specimen power was  then increased ,  and 
a high-speed d ig i ta l  voltmeter (Millisadic) recorded 
the  specimen power and temperature changes  a s  
a function of time. A spec i f ic  hea t  run required 
about 5 sec; t h e  Millisadic records 350 readings 
per second. T h e  da ta  co l lec ted  in a run were 
decoded with a digital  computer t o  provide spec i f i c  
hea t  va lues  a s  a function of temperature. The  re- 
s u l t s  on  iron were reproducible to  i0.5% to  850OC 
and a r e  within +1% of re su l t s  from severa l  other 
studies.’-” Our va lues  for t h e  spec i f i c  hea t  of 
iron show t h e  Curie phenomenon to b e  a second- 
order transit ion , as  i l lus t ra ted  by the  discontinuity 
in Fig.  7.3. 

J. P. Moore W. Fulkerson 
T. G. Kol l ie  

PHYSICAL PROPERTIES OF TUNGSTEN 
T h e  ef fec ts  of temperature, purity, magnetic 

s t a t e ,  and crys ta l  s t ruc ture  on  the  thermal con- 
ductivity, e lec t r ica l  res i s t iv i ty ,  and  Seebeck coef- 
f ic ien t  of iron were obtained from measurements 
on Armco iron (99.5% pure, p300 /p4 .2  = 11.0) and 
a high-purity iron (99.95% pure,  p300/p4 .2  = 26.2). 
T h e  most probable determinate errors of t he  meas- 
urements were: thermal conductivity _t1.5%, electri-  
cal resist ivity f0.1%, and Seebeck coefficient 
f0.8%, with sl ightly larger abso lu t e  errors. De- 
tails and  interpretation of t h i s  work a r e  reported 
elsewhere.6 One usefu l  resu l t  is tha t  the  thermal 
conductivity of iron c a n  b e  ca lcu la ted  to f1.5% 
behveen 0 and 900°C from s imple  electrical-re- 
s i s t iv i ty  measurements,  and the  l a t t i ce  portion 
of t h e  thermal conductivity determined in th i s  
study. 

’Modified abstract ,  J. ,P. Moore and W. P. Murray, 
“The Thermal Conductivlty of Inconel 702,” Proceed- 
ings of Fourth Conference on Thermal Conductivity, 
San Franc isco ,  California, October 13-16, 1964 (limited 
distribution). 

6J. P. Moore, W. Fulkerson. T. G. Kollie, and D. L. 
McElroy, Comparison of the Thermaf Conductivity, 
E lec t r ica l  Resistivity,  a n d  Seebeck Coefficient of a 
High-Purity Iron and  an  Armco Iron to 1000°C (journal 
a r t ic le  in preparation). 

J. P. Moore W. Fulkerson 
R. S. Graves 

Advanced fabrication techniques  allowed u s  to 
obtain a f ine  grained relatively pure tungsten 

= 35) of 99.8% theoretical  dens i ty  
for u s e  in  appara tuses  requiring la rge  samples .  
We measured thermal conductivity (50 to 1000°C, 
in t h e  radial  hea t  flow apparatus),  thermoelectric 
power (to 1000°C in the  radial  hea t  f low appara tus ;  

(p  3 0 0 K / P  4’ K 

‘This work is reported in  more de ta i l  by T. G. Kollie, 
The Development of a Pu l se  Heating Calorimeter Tech- 
nique for Measuring the Specific Heat of Elec t r ica l  
Conductors a n d  I t s  Application to Pure  Iron from 100 
to 12OO0C, M. S. thes i s ,  University of Tennessee ,  
August 1965; ORNL-TM-1178. 

‘D. L. McElroy. Calorimetry of High Purity Iron and  
Steels,  unpublished Ph. D. thesis,  the University of 
Tennessee ,  1957. 

’D. C. Wallace, P. H. Sidles, and G. C. Danielson, 
J .  Appl. Phys .  31, 168-76 (1960). 

lop. R. Pa l l i s te r ,  J. Iron Stee l  Inst. (London) 161, 
87-90 (1949). 

“R. Hultgren e t  at.,  Se lec ted  Values of Thermo- 
dynamic Properties of Metals and  Alloys, Wiley, New 
York. 1963. 
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a F ig .  7.3. T h e  Specific H e a t  of Iron a s  a Funct ion of Temperature, a s  Measured by a Pu lse -Heat ing  Method. 

Note  the specif ic  heot discontinuity a t  the Cur ie  point, indicated by  arrows pointing i o  points representing two 

measurements a t  essent ial ly  the same temperature i n  the same experiment. 

to 1300°C in  the  res i s t iv i ty  apparatus),  and electri-  
cal resist ivity (to 140OOC in  the  res i s t iv i ty  ap- 
paratus). The  r e su l t s  obtained a r e  tabulated and 
cont ras ted  t o  the  r e su l t s  of o thers  i n  Pa r t  11, 
Chap. 15 of t h i s  report. T h e  total  thermal con- 
ductivity of tungsten d e c r e a s e s  with temperature 
and may b e  treated a s  if composed of two terms: 
a n  electronic portion, ca lcu lab le  with t h e  Wiede- 
mann-Franz-Lorenz relation from t h e  measured 
e lec t r ica l  resist ivity,  and a l a t t i ce  portion, ob- 
tained by subtracting t h e  e lec t ronic  portion from 
t h e  total  thermal conductivity. T h e  temperature de- 
pendence of the  l a t t i ce  thermal r e s i s t a n c e  is 
descr ibed  to within e% by 

W ,  = 2.612 + 2.77 x T - 1.185 x T-’ , 

where T is t h e  absolu te  temperature ( O K )  and W L  
is i n  c m  OC w-’. Above 6OOOC t h e  T-’  term 
contribution is less than 2% of t h e  to ta l  and the  
l inear term yields,  by the  Leibfried-Schlomann 
ana lys i s ,  ’ a Debye charac te r i s t ic  temperature of 
318OK. T h i s  compares favorably with va lues  

’ 2G. Leibfried and E. Schlzmann, “Wknelei tung in  
Electr isch Isolierenden Kristallen (Heat Conduction 
in  Electr ical ly  Insulating Crystals) ,” Nachr. Akad. 
Wiss. Goe ttingen, Math.-Ph ysik. KI,  Ila. Math. -Ph ysik.- 
Chem. Abt .  1954, 71-93 (translated as AEC-tr-5892). 
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of 291 to 388°K obtained by other means.13 
For  temperatures below the  Debye temperature, 
In (W,/T) was  linear i n  1/T, a s  expected by 
Ziman’s ana lys i s ,  and th i s  l inearity yielded 
a Debye charac te r i s t ic  temperature of 284OK. 
T h e  average mean free path of t h e  phonons w a s  
calculated by a single-phonon g a s  model and 
decreased  from 80 A a t  100°C to  36 A a t  1000°C. 
T h e  reasonableness  of t h e s e  r e su l t s  l ends  credit  
to extrapolation of t he  r e su l t s  to higher tempera- 
tu res ,  as  we have  done in Chap. 15 of t h i s  report. 

MEASUREMENT OF LOW THERMAL 
CONDUCTI VI TI E s 

N. N. Engel’ D. L. McElroy 

A radial-heat-flow system tha t  u s e s  a s ing le  
movable thermocouple t o  measure the  radial  tem- 
perature distribution w a s  developed for measuring 
the  thermal conductivity of insu la tors  to 1000°C. 
Initial measurements were completed on a low- 
density thermal insulation (carbon felt ,  type VDF) 
i n  vacuum to 6OO0C, i n  a i r  to 300”C, and in  helium 
to 1000°C. T h e  resu l t s  i n  vacuum were fi t ted by 
a n  A + B T 3  relation. T h e  first  term implies a 
cons tan t  hea t  transport  contribution from the  carbon 
felt. T h e  T 3  term implies a radiation dependence 
tha t  was only 40% of the  exchange ca lcu la ted  for 
radiation i n  the  a b s e n c e  of the  specimen. By 
adding the known thermal conductivit ies of the  
two g a s e s  t o  th i s  express ion ,  we obtained equa- 
t ions that represented wel l  t he  thermal conductivity 
measured with t h e  g a s e s  present. Thus ,  carbon- 
fe l t  insulation b locks  d i rec t  radiation transport 
and gaseous  convection but not gaseous  conduction. 

STABILITY OF TEMPERATURE 
TRANSDUCERS” 

T. G. Kollie 
W. Fulkerson R. S. Graves 

J. P. Moore 

Temperature measurement difficult ies cons t i tu te  
a major experimental l imitation to  accura te  physi- 
cal property determinations. During t h e  pas t  year 
w e  have  observed seve ra l  s ign i f icant  and unex- 
pected changes in  the  thermal e m f  charac te r i s t ics  
of Pt-10% Rh, P t  thermocouples. Between 200 
and 1000°C, cold-worked 0.005-in.-diam thermo- 
couples  showed a -8OC error, but t h i s  could b e  
reduced t o  less than 1°C by annealing. When the 

radial  hea t  flow sys t em contained Inconel, A1,03, 
and helium, errors a s  grea t  a s  90°C were noted 
due  to t h e  transfer of Al, Si, Ca ,  and Mg to the 
thermoelements. In radial  hea t  flow measurements 
above 800°C on tungs ten  in  helium, we noted 
de le te r ious  contamination of the  Pt-10% Rh, P t  
thermocouples with copper,  which came from the  
cons tan tan  thermoelements of another measuring 
plane,  When t h e s e  thermoelements were de le ted  
from t h e  sys tem,  sa t i s fac tory  operation to  1000°C 
was  achieved. 

On t h e  encouraging s ide ,  W-5% Re ,  W-26% Re  
thermocouples showed negligible changes  in  cali- 
bration a t  1400°C in  t h e  high-temperature vacuum 
furnace. Furthermore, our measurements of t he  
e lec t r ica l  res i s t iv i ty  of tungs ten  and W-26% Re  
wires indicated that t h e s e  mater ia l s  a r e  usefu l  
high-temperature transducers.  S ince  i t  is useful 
to obtain phys ica l  property d a t a  over t h e  wides t  
poss ib le  temperature range  without reinstrumenta- 
tion of spec imens ,  w e  measured the  thermal emf 
of a P la t ine l  thermocouple t o  -2OOOC. We ob- 
tained a sens i t iv i ty  a t  - 200°C of 7.8 pv/”C, which 
i s  40% greater than tha t  of Pt-10% Rh, P t  a t  OOC, 
and sufficient t o  b e  useful t o  -200°C. Finally,  
we have  obtained an  automatically balancing opti- 
cal pyrometer for ex tending  phys ica l  property 
measurements t o  higher temperatures. 

RELATED WORK 

J. P. Moore 
R. S. Graves 

R. K. Williams 
N. N. E n g e l I 6  

W. Fulkerson 

T h e  phys ica l  properties of various s o l i d s  a re  of 
in t e re s t  i n  t h e  d e s i g n  and operation of numerous 

13K. A. Gschneidner, Jr., Solid S ta te  Phys .  16, 275- 
426 (1964). 

1 4  J. M. Zirnan, Elec t rons  and  Phonons; the Theory of 
Transport Phenomena in Solids, 3d ed., Clarendon, 
Oxford, 1963. 

”Condensed from “An Apparatus to  Measure the 
Thermal Conductivity of Poor Conductors t o  1000°C,” 
Proceedings of Fourth Conference on Thermal Con- 
ductivity. San Francisco, California, October 13-1 6, 
1964 (limited distribution). 

I6Summer research  participant i n  1964 from Georgia 
Insti tute of Technology. Atlanta. 

17Brief summaries of par t s  of a compilation by N. H. 
Briggs and D. L. McElroy, High-Temperature Thermom- 
etry Work a t  the Oak Ridge National Laboratory, to be 
published a s  part of a TID report of the proceedings of 
the AEC High-Temperature Thermometry Meeting, AEC 
Headquarters, Washington, D.C., Feb. 24-26, 1965. 
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high-temperature devices .  Although t h e  high- 
temperature charac te r i s t ics  a r e  of primary interest ,  
often d a t a  do  not e x i s t  a t  low temperatures, and 
s u c h  da ta  c a n  b e  informative and  helpful for plan- 
n ing  more ex tens ive  s tudies .  T h e  development 
of a longitudinal hea t  flow appara tus  that does  not 
require specimen instrumentation h a s  proved use- 
ful i n  providing d a t a  accura te  to +_3% o n  numerous 
specimens between 20 and 130OC. Pursuant  to 
more ex tens ive  s tudies ,  w e  have  obtained da ta  on 
poly- and  single-crystal  si l icon, chromium, SrF,,  
D-43 (Nb-10% W-1% Zr-0.1% C), T-111 (Ta-8% 
W-2% Hf), and seve ra l  commercial s in te red  alumi- 
num products. 

In te res t ing  thermal conductivity changes  have  
been noted i n  BeO, irradiated BeO, MgO, Speer 
780  graphite, and cermets  of aluminum and UO,. 
T h e  observed thermal conductivity behavior due 
to t h e  e f f ec t s  of porosity,  irradiation dosage  and 
temperature, sintering, Nkel temperature, and 
composition will  b e  reported elsewhere.  

We have two appara tuses  under development for 
extending our measurement capabi l i t i es .  One 
apparatus,  now be ing  t e s t ed ,  is des igned  to meas- 
ure directly t h e  difference in thermal conductivity 
to 6OOOC of two small uninstrumented specimens.  

T h e  power t o  an instrumented probe res t ing  on 
each  specimen is adjus ted  to c rea t e  t h e  s a m e  tem- 
perature difference a c r o s s  t h e  two specimens.  
T h e  difference i n  t h e  power needs  for t he  two 
probes y i e lds  the  d i f fe rence  in  the  thermal con- 
ductivity of t h e  t w o  spec imens .  T h i s  method 
should b e  usefu l  i n  determining directional effects 
and e f f ec t s  d u e  to  hea t  treatment. A second  ap- 
para tus  i s  a vacuum furnace in  which numerous 
phys ica l  properties may b e  measured. It h a s  been 
operated to  17DOOC a t  a vacuum of 5 x torr 
with tantalum concentric tube  furnace. The  use -  
ful working space ,  3.5 in. in  diameter by 2 0  in. 
long, w a s  init ially used  to intercompare var ious  
means of measuring high temperatures, including 
thermocouples, r e s i s t a n c e  thermometers, and  
opt ica l  pyrometers. T h i s  l a rge  sys t em is currently 
being adapted to ex tend  our radial  hea t  flow meas- 
urements on tungsten to 16OOOC. 

Our measurements of t h e  thermal conductivity 
of graphite a r e  reported i n  Pa r t  111, Chap. 24 of 
th i s  report. 

"5. P. Moore, Thermal Conduct iv i ty  Measurements 
with Simple Longitudinal Heat Flow Apparatus (report 
in preparation). 

I 



8. Solid-state and Molecular Theory 

J. S. Faulkner 

Our research in t e re s t s  a r e  reasonably well 
i l lus t ra ted  by t h e  summaries that appear i n  t h i s  
report. T h e  primary purpose is to carry out  
quantum-theoretical inves t iga t ions  of t h e  prop- 
e r t ies  of s o l i d s  and molecules,  but w e  h a v e  a l so  
been ab le  t o  furnish some  needed theoretical  he lp  
for other groups and ind iv idua ls  i n  the  Division. 

PARAMAGNETIC PROP ERTl ES OF THE 
RARE-EARTH GERMANOMOLY BDATES 

H. L. Davis 

A number of rare-earth germanomolybdates 
(RzGeMo08 with R = Pr ,  Nd, Tb ,  Dy, Ho, Er ,  Yb) 
have been synthes ized ,  ' and qual i ta t ive  features 
concerning their paramagnetic properties h a v e  
been observed. Pe rhaps  t h e  most s t r ik ing  
feature of t h e s e  optically transparent c rys t a l s  i s  
the i r  s t rong  paramagnetic anisotropies.  T h e  
c rys t a l s  all h a v e  a body-centered tetragonal 
( schee l i te )  structure. T h e  c rys t a l s  containing 
P r ,  Nd, T b ,  Dy, and Ho align i n  a magnetic field 
with the i r  c - axes  parallel  t o  t h e  field,  whereas 
those  containing E r  and  Y b  align with their  
c -axes  perpendicular t o  t h e  field. We have  now 
theoretically understood t h e s e  anisotropic prop- 
e r t i e s  by considering t h e  e f fec t  of the  c rys ta l l ine  
e lec t r ic  f ie lds  on the  lowes t  J multiplet of t h e  
f ree  R3' ion, as  explained below. 

- 
'C. B. Finch, G. W. Clark, and L. A. Harris, Metals 

and Ceramics Div. Ann. Progr. Rept. June 30, 1964, 

'G.  W. Clark, E. Sonder, and A. T. Chapman, Metals 
and Ceramics Div, Ann. Progr. Rept. June 30, 1964, 
ORNL-3670, p. 9. 

ORNL-3670, p. 6. 

Though t h e  R3 '  ion sees a crys ta l l ine  field of  
C4h symmetry, a very minor approximation a l lows  
ca lcu la t ions  to b e  performed with t h e  much simpler 
D 4 h  symmetry. With t h i s  approximation, t he  lowes t  
./-multiplet energy l e v e l s  of t h e  f ree  R3 '  ion will  
b e  perturbed by the  c rys t a l l i ne  e l ec t r i c  field 
Hamiltonian: 

T h e  symbols u s e d  a r e  standard and h a v e  been 
defined by H u t c h i n g ~ . ~  T h e  parameters  A," h a v e  
been obtained from a point-charge model of the  
e ight  neighboring 0'- i o n s  about an  R3' ion,  
while t h e  e> h a v e  been taken over  from the  
f ree  R3+-ion Hartree-Fock resu l t s .  T h i s  en- 
a b l e s  t h e  lowes t  lying energy l e v e l s  of t h e  R3'  
ion in  t h e  c rys ta l  and their behavior in a magnetic 
field to b e  calculated.  From t h e s e  r e su l t s  we 
have theoretically es t imated  t h e  suscep t ib i l i t i e s  
for each  of t h e  c rys t a l s  and  g ive  them in  Tab le  
8.1 along with t h e  experimental '* '  powder s u s -  
ceptibil i t ies.  T h e  theore t ica l  directional s u s -  
cep t ib i l i t i es  agree  prec ise ly  with t h e  alignment 
behavior described above. At the  same t i m e ,  the  
powder suscep t ib i l i t i e s  agree  reasonably for those  
s y s t e m s  where da t a  a re  available.  A s  more pre- 
c i s e  da ta  become ava i lab le  (e.g., t h e  temperature 
dependence of t h e  directional suscep t ib i l i t i e s  
and opt ica l  absorption spectra),  w e  expec t  our  
s imple  point-charge model to require some modifi- 
cations.  

3M. T. Hutchings, Solid State  Phys. 16, 227 (1965). 
4 A. J. Freeman and R. E. Watson, Phys. Rev. 127, 

2058 (1962). 
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Table  8.1. Mognetic Susceptibil i t iesa of Compounds R2GeMo08 

Susceptibil i ty emu/g) 

Experimental 
Powder 

Rare Earth, R Theoretical  

Perpendicular Powder Para l le l  

P r  

Nd 

T b  

DY 

Ho 

Er 

Yb 

0.40 

0.29 

2.75 

2.96 

2.08 

0.82 

0.11 

0.07 

0.16 

0.57 

0.84 

1.26 

1.42 

0.35 

1.30 

1.55 

1.53 

1.22 

1.20 

1.56 

1.52 

1.17 

aMeasured a: 297OK with an  applied magnetic field of 1750 gauss.  

SPIN-WAVE THEORY OF 

H. L. Davis  

At temperatures low compared 

a l e 2 0 ,  

to t h e  Ne'el tem- 
perature, t h e  subla t t ice  magnetization, M ( T ) ,  for 
a-Fe,O,  h a s  been experimentally found' s 6  t o  de- 
pend approximately on temperature according to 

M(T)/M(O) = 1 - aT" , 

with n = t o  within experimental  error. Though 
a-Fe203 is a weak ferromagnet, to f i r s t  order one 
would expec t  t h e  experimental  result  to approxi- 
mate n = 2, t h e  spin-wave resu l t7  for a Heisenberg  
antiferromagnet. W e  have  found tha t  this disagree- 
ment between theory and  experiment is due  to  t h e  
long-wavelength approximation u s e d  in standard'  
antiferromagnetic spin-wave theory and  not t o  the  
inabili ty of the  spin-wave formalism t o  descr ibe  
t h e  a-Fe,O,  sp in  system. In particular, our 
ca lcu la t ions  on a-Fe,03 point out the  ex i s t ence  
of Brillouin zone-boundary e f f ec t s  i n  antiferro- 
magnets;  i n  the same manner such  e f f ec t s  have 
been demonstrated to b e  of importance in  ferro- 

2 

'D. H. Anderson, Bull. Am. P h y s .  SOC. 7, 537 (1962). 
6F. E. Obenshain, L. D. Roberts, and J. 0. Thomson, 

'R. Kubo, P h y s .  Rev. 87, 568 (1952). 

Bull .  Am. Phys .  SOC. 8, 558 (1963). 

magnetic spin-wave theory.8 When t h e  zone- 
boundary e f f ec t s  a r e  allowed for in t h e  spin-wave 
theory of aFe203,  i t  ag rees  with t h e  empirical 
relation for M(T). 

THEORY OF d 2  AND d8 CONFIGURATIONS 
IN ARBITRARY CRYSTALLINE 

ELECTRIC FIELDS 

H. L. Davis 

In the  study of s y s t e m s  whose magnetic and  
opt ica l  properties a r e  due  to  NiZt  and V3'  i ons  
i n  c rys ta l l ine  e l ec t r i c  f ie lds  of less than cub ic  
symmetry, heretofore t h e  experimental da t a  have 
been customarily correlated with theoretical  re- 
s u l t s  obtained by u s e  of perturbation methods on 
r e su l t s  for these i o n s  in  cubic  environments. 
Since the  energy l eve l s  of t h e s e  ions  a r e  not 
a lways  widely separa ted ,  such  perturbation 
methods a r e  not  necessar i ly  applicable.  To 
avoid perturbation methods, we have  considered 
t h e  general  theory of d2 and d8 configurations in  
c rys ta l l ine  e lec t r ic  f ie lds  of arbitrary symmetry 
within the framework of t h e  point-charge model. 

'H. L. Davis and A .  Narath, P h y s .  Rev. 134, A433 
(1964). 

L 
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T h e s e  considerations have  enabled  u s  to formu- 
l a t e  a FORTRAN code tha t  directly ca l cu la t e s  t he  
energy l eve l s  and eigenvectors of t h e  d 2  and d8 
configurations without recourse  to perturbation 
theory. T h i s  code  u s e s  as  input t h e  Slater 
in tegra ls ,  a spin-orbit coupling parameter, and 
parameters describing t h e  arbitrary c rys t a l l i ne  
field. We anticipated that t h i s  c o d e  will  be  used 
t o  interpret  optical  da ta ,  obtained by t h e  Spec- 
troscopy of Ionic Media Group (Chap. 9 of t h i s  
report), on the  N i Z t  ion i n  molten-salt and solid- 
s tat  e environments. 

AN EN ERGY-CALI BRAT ED MOLECULAR 
ORBITAL METHOD9 

C. E. Melton l o  H. W. Joy 

In almost any form of s imple  molecular orbital 
calculation, l 1  which represents  molecular orb i ta l s  
as  l inear  combinations of atomic orb i ta l s  ("LCAO- 
MO"), t he  secular  equation det[Hii - Si.EI = 0 
must b e  so lved  to  find t h e  expansion coeI f ic ien ts  
and e igenvalues  E. Here  the  H . .  a r e  taken to be  
matrix e lements  of some  ef fec t ive  one-electron 
Hamiltonian operator over t he  atomic orbitals,  
and t h e  S . .  a r e  atomic orbital  overlap integrals. 
B e c a u s e  t h e  nature of t h e  e f fec t ive  Hamiltonian 
h a s  ye t  to b e  properly e luc ida ted ,  many different 
s chemes  have  been reported for ass igning  va lues  
to  t h e s e  matrix e lements ,  a l l  of them empirical 
in o n e  way or another and often open to crit icism. 
Using a computer we h a v e  been ab le  to construct 
another scheme wherein w e  make t h e  approach a s  
empirical as  needed in each  application. 

If t h e s e  one-electron molecular-orbital s chemes  
a re  correct,  then the  ca lcu la ted  occupied  energy 
l eve l s  must b e  t h e  same  a s  t h e  rea l  energy l eve l s  
of t he  molecule, and i f  we only knew t h e  e f fec t ive  
Hamiltonian we could ca l cu la t e  t h e  proper ele- 
ments of t h e  secular  equation and get t h e  correct 
energy leve ls .  But s i n c e  hopes  of finding a good 
ef fec t ive  Hamiltonian a re  not  very bright, we have 
turned t h e  problem ins ide  out, We take  a s e t  of 

11 

11 

'Reported more fully in J .  Chem. Phys.  42, 1986, 
2982 (1965). 

"Chemistry Division. 
11 J. D. Roberts, Molecular Orbital Calculations,  

W. A. Benjamin, New York, 1962. 

observed energy l e v e l s  and  by an i te ra t ive  least- 
squa res  technique find a s e t  of matrix e lements  
t ha t  g i v e s  them. Our computer program a l lows  u s  
t o  arbitrarily a s s ign  va lues  to  all t he  e lements  of 
a given secu la r  equation and  to spec i fy  which of 
them a r e  t o  b e  held fixed and which a r e  to  be  
varied to fit t h e  data. T h e  problem of us ing  t h e  
program to do  s imple  molecular-orbital calcula- 
t i ons  then becomes o n e  of searching  for reasonable  
molecular models from which w e  can  set u p  a 
secu la r  equation, and t h e  computer is our m e a n s  
of experimentally t e s t ing  whether a particular 
model will adequately represent molecular fea tures  
of interest .  We h a v e  found that some very s imple  
models provide good correlations of  ionization 
pot enti  al s of straight-chain hydrocarbons, straight- 
and  branched-chain hydrocarbon f ree  radicals,  
halogen-substi tuted methanes,  and xenon halides.  

CONVERGENCE IN ONE-CENTER EXPANSIONS: 
H2+(ref. 12) 

H. W. Joy G. S. Handler '  

We have  recently l 4  made a one-center expansion 
for t h e  ground ( 1 s ~ ~ )  s t a t e  of H,  t , of t h e  form 

$ = Z CIRI(r)P, ( c o s  e),  I even , 
I 

wherein each R,(r) is expanded in te rms  having 
t h e  form r" exp  (-ar),  and w e  h a v e  found tha t  a t  
equilibrium internuclear separa t ion  t h e  I expansion 
converges  approximately as  1/i4 for la rge  I. 
U r e  now give  ev idence  t h a t  each  Rl(r) expansion 
converges  exponentially a s  a function of number 
of terms i n  t h e  expansion, and tha t  t h e  r a t e  of 
convergence is es sen t i a l ly  t h e  same in t h e  I =  0 
and 1 = 2 s h e l l s  of t h e  ground s t a t e  and t h e  I = 1 
she l l  of t he  2pou ( I  odd) exc i ted  state. We show 
tha t  Cohen 's  l 5  1-expansion for t h i s  exc i ted  s t a t e  

12Condensed from a paper accepted  for publication 

13Consultant from the  University of California, San 
by the Journal of Chemical Phys ics .  

Diego, La  Jolla. 
14H. W. Joy and G. S. Handler, J. Chem. Phys.  42, 

3047 (1965). 

"M. Cohen, Proc. Cambridge Phil .  SOC. 58, 130 
(1962). 
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a l so  converges approximately as 1/z4. We sugges t  
t ha t  if  t h i s  approach can b e  extended to finding 
convergence l a w s  in multielectron problems, then 
w e  might b e  ab le  to  obtain fairly good va lues  of 
various molecular properties from a few s imple  
one-center calculations.  

STATES OF H e  AND He' 

H. W. JOY 

There  h a s  been some recent  in te res t  in auto- 
ion iz ing  states of helium and resonances  appar- 
ently due  to He-, both of which a re  observed in  
electron sca t te r ing  experiments. l 6  To he lp  so r t  
out some of t h e s e  states, seve ra l  ca lcu la t ions  
have  been made with our general-purpose one- 
center  expansion program. l 7  We a re  examining 
all poss ib l e  stationary s t a t e s  of helium and He- 
that can  b e  represented by Slater determinants 
conta in ing  simple I s ,  2 s  (orthogonalized t o  Is), 
and 2p Slater-type orbitals.  T h e  r e s u l t s  t o  d a t e  
ind ica te  tha t  t h o s e  s t a t e s  having  a s ing le  1s 
electron are loca ted  near 20 e v  and those with no 
1s electron nea r  60 e v  above  t h e  ls2 ground 
s t a t e ,  and tha t  there  a r e  no s t a t e s  with energ ies  
in  between. Except for t h e  ground s t a t e ,  t h e  cal- 
cu la t ed  energ ies  agree  with ava i lab le  experimental 
da t a  to  within about 1 ev. 

THE S-LIMIT IN LITHIUM 

G. S, Handler13 H. W. Joy  

An antisymmetric wave  function constructed'  
from a sum of terms, each  having  t h e  form 

+(1,2,3) = r{r$f exp  ( -Arl-Br2-cr3)  

appears  to adequately represent t he  wave function 
for t h e  ground s t a t e  of t h e  lithium atom. When 
L = M = N = 0 in a l l  t e rms ,  t h e  b e s t  result ing 
function provides a measure of t h e  extent of 

16J.  F. Bums, Health Phys ic s  Division, private 

17H. W. Joy, Metals and Ceramics Div. Ann, Progr. 

"G. S. Handler, Journal of Chemical Phys ic s  (in 

communication. 

Rept. May 31, 1963, ORNL-3470, p. 11. 

press). 

t he  radial  contribution (the s-limit) to t h e  corre- 
lation energy. T h e  ev idence  of our computations 
so far sugges t s  tha t  t h e  expansion will  converge 
t o  t h e  s-limit in about s i x  to  eight terms. 

MOLECULAR GEOMETRY BY ON E-CENTER 
EXPANSION 

H. W. Joy 

T h e  one-center expansion technique, ' whi le  
perhaps not capab le  of producing the very bes t  
approximations to  t h e  true molecular wave func- 
t ions ,  i s  nonethe less  a well-founded variational 
approach and is quite adequate  for obtaining much 
usefu l  information. W e  be l ieve  tha t  molecular 
s h a p e s  and s i z e s  c a n  b e  determined in  many cases 
by means of relatively smal l  one-center expan- 
s i o n s ,  and t w e  a re  presently examining t h e  mole- 
cu le  CH, . 

Bishop ' h a s  published a single-determinant 
wave function for CH, having  t h e  one-center 
configuration t 1s 22s  22pi2p;2pz. In  forming ground- 
s t a t e  CH, , one  would remove e i ther  a 2s electron 
or one of the  2p electrons,  and thus  t h e  resu l t ing  
wave function would b e  a l inear combination of 
t h e  (almost) degenera te  configurations 

2 lS22S 22pi2p ,2pz , 

If t h e  Jahn-Teller theorem is true, t he  molecule 
will distort  at least somewhat from full tetra- 
hedral  symmetry in  an  effort to remove t h e  de- 
generacy. W e  have  given our computer program 
t h e s e  four configurations to  work with and allowed 
i t  to s ta r t  with Bishop ' s  orbital  parameters and 
tetrahedral geometry. It h a s  varied t h e  orbital  
parameters and t h e  geometry and come u p  t with 
ev idence  that strongly sugges t s  t ha t  CH, is 
neither tetrahedral nor d i s tor ted  tetrahedral;  i t  
seems to b e  square  planar i n s t ead ,  with sl ightly 
greater C -H bond d i s t ances  than those  in CH,. 

19D. M. Bishop, Mol. Phys.  6 ,  305 (1963). 
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ELECTRONIC STATES OF DISORDERED 
SYSTEMS 

J .  S. Faulkner 

T h e  Green’s-function20-22 method for calcu- 
la t ing  t h e  electronic s t a t e s  of disordered sys t ems  
h a s  t h e  advantages  tha t  i t  is sys t ema t i c  and  
general. It i s  relatively easy  t o  keep  track of t h e  
terms tha t  a r e  included and omitted in a particular 
calculation, s o  that t h e  leve l  of approximation can  
b e  systematically improved. T h e  generality of the  
method allows o n e  to apply i t  a s  well i n  principle 
to  three-dimensional problems of physical  in te res t  
as t o  one-dimensional models where the  mathe- 
matical  framework is more clear.  Sometimes i n  
practice,  t h e  ac tua l  ca lcu la t ion  that o n e  i s  l e d  to 
by t h e  Green’s-function method is identical  with 
o n e  that h a s  been previously obtained by another 
method, but t h e  advantages  of t h e  Green’s-function 
method outlined above  make i t  in te res t ing  to  see 
how t h i s  comes about. 

During the  pas t  year  w e  h a v e  reformulated in 
te rms  of Green’s func t ions  a calculation of t h e  
density of electronic s t a t e s  of a one-dimensional 
liquid metal tha t  we had car r ied  out us ing  transfer 
mat rice^.'^ By doing th i s  we h a v e  been ab le  to 
see why t h e  resu l t  we obta ined  u s i n g  the  average  
t r ace  of t h e  transfer matrix is ident ica l  with t h e  
highest  approximation so far worked ou t  u s ing  
Green’s functions,  t h e  Klauder, Matsubara, and 
Toyozawa (KMT) approximation. ’*” We a l s o  
clarified t h e  genera l  connec t ions  between Green’s 
functions and transfer matrices. 

In t h e  f ie ld  of Green’s functions themselves ,  we 
have  worked out  a nontrivial extension of t h e  KMT 
approximation for l iquid metals.  Our extension 
t a k e s  into account t h e  interference terms tha t  
a r i s e  when the  electron i s  s ca t t e r ed  by pa i rs  of 
atoms. 

ON E-C EN T E R E X  PAN SlONS 

R. M. Rut ledgeZ4 A. F. Saturno” 

Although one-center expansion (OCE) is usually 
not considered a f eas ib l e  general  approach t o  
polyatomic molecular wave functions, previous re- 
s u l t s  for s p e c i e s  of t he  type  XHn h a v e  been on a 

par with o ther  methods. T h e  appea l  of t h e  OCE 
approach i s  t h e  ease of formulation and  computing 
compared t o  multicenter approaches .  In fact ,  
only recently have  t h e  much more laborious multi- 
cen te r  c a l c u l a t i o n s 2 6 ~ 2 7  y ie lded  better resu l t s  
than t h e  OCE method for CH,. Our first  work28 
w a s  a study of CH,-, CH,, and CH, . Wave 
functions expres sed  by configuration interaction of 
t he  s ing ly  exc i ted  s t a t e s  of a closed-shell  ground 
s t a t e  were ca lcu la ted .  T h e  b a s i s  s e t  cons i s t ed  
of Slater-type orbitals (STO’s) through I = 4, 
belonging t o  t h e  irreducible representations 
spanned by t h e  u-bonding representation. A s  t h e  
geometry of CH3- and CH, is unknown, t h e s e  
s p e c i e s  were ca lcu la ted  a s  a function of nuc lear  
geometry. T h e  ca lcu la t ions  ind ica ted  tha t  both 
ions  have  a DSh configuration rather than CH,- 
having C,v and CH, having C3v  or C4V.  

t 

t .  

t 

In t h e  above work t h e  CH, ca lcu la t ions  were 
done as  a function of order of t h e  expansion. 
For a given lmax al l  poss ib l e  configurations of the 
above type  were included having  STO’s with 

< Four different expans ions  (Imax = 1, 1 = 1  
2, 3, and 4) were done. A plot of t he  ground s t a t e  
energy v s  lmax indica ted  tha t  an ex tens ion  of the 
above  ca lcu la t ions  to around Imax = 12 might 
y ie ld  r e su l t s  close to  recent s u c c e s s f u l  multi- 
center  calculation^.^^*^^ T h e  extension of the 
previous ca lcu la t ions  on CH, through Z m a x  = 8 
gave  much less improvement than w a s  expected. 
T h e  addition of extra radial  terms to the  s, p ,  and 
d orbi ta l s  did not ind ica te  tha t  much improvement 
could b e  obtained by th i s  means. 

max’ 

The energy barrier ca lcu la t ion  for the  inversion 
of NH, by Moccia, 2 9  us ing  OCE-SCF (self-con- 
s i s t e n t  field) wave functions, a t t rac ted  our atten- 
tion for two reasons.  F i r s t ,  t h e  energy barrier 

’OS. F. Edwards, PhiI. Mag.  3, 1020 (1958). 
2 1  

’ ’T. Matsubara and Y. Toyozawa, Progr. Theoret. 

‘,J. S. Faulkner, Phys .  Rev. 135, A124 (1964). 

24Postdoctora: Fellow. 
25Consultant from t h e  University of Tennessee .  

26B. J. Wuznick, J .  Chem. Phys .  40, 2860 (1964). 
27Morris Krauss,  J. Res. Natl. Bur. Std., A 68, 635 

28R. M. Rutledge and A. F. Saturno, Journal of 

”R. Moccia, J .  Chem. Phys.  40, 2176 (1964). 

J. R. Klauder, Ann. Phys. ( N . Y . )  14, 43 (1961). 

Phys. (Kyoto) 26, 739 (1961). 

(1964). 

Chemical P h y s i c s  (to be published). 
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ca lcu la ted  w a s  low, and ,  second,  t he  nonplanar 
wave  function w a s  ca lcu la ted  with only partial  
minimization of t h e  parameters and the  planar 
wave function with no minimization of the  param- 
e te rs .  From our exper ience  t h e  va lue  of 
Moccia’s energy barrier w a s  in t h e  range  of 
variation due to  parameter changes.  Probably,  
minimization of the  planar wave function 
would have  given a lower barrier. T h e  above 
observa t ions  and  t h e  poor resu l t s  on CH, led  u s  t o  
question t h e  OCE configuration determination of 
NH,. Calculations similar to our previous one  on 
CH,- indicated tha t  t h e  configuration of NH, is 
D 3 h  rather than C 3 v  for Z m a x  = 1, 3, 4. However, 
C J v  w a s  observed rather than D,, for Z m a x  = 2 
with t h e  ang le  between the  C 3  a x i s  and an N - H  
bond be ing  113.5O (expt l  1 1 2 O ) .  Until  t h e s e  re- 
s u l t s  a r e  explained, t he  use fu lness  of O C E  config- 
uration s tud ie s  is uncertain. 

MULT IC ENTE R EX PAN SI ONS 

R. M ,  Rut ledgeZ4 A. F, sat urn^^^ 

In t h e  immediate future,  s tudy  of Gaussian-type 
orb i ta l s  offers promise in  l ight of Krauss’s  recent 
r e s ~ l t s . ~ ’ ~ ~ ~  T h e  u s e  of Gaussian orbitals 
a l l ev ia t e s  much of t he  computation difficult ies 
of t h e  tradit ional STO’s in the  multicenter ap- 
p roach. 

Semiempirical methods a r e  at present  t h e  only 
practical  means of performing ca lcu la t ions  on any 
but t h e  s imples t  spec ie s .  Several ca lcu la t ions  of 
organic molecules u s i n g  a s imple  Hiickel molecu- 
lar-orbital approach h a v e  been made. T h e  work 
now under way is on be t te r  self-consistent-field 
molecular-orbital methods s u c h  as t h e  Pariser-Parr 
or P o p l e  ca lcu la t ions .  
~~~ ~ 

3oMorris K r a u s s ,  J. Res. N a t l .  Bur. Std., B 68, 35 
(1964). 
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9. Spectroscopy of Ionic Media 

G. P. Smith 

T h i s  chapter  descr ibes  s tud ie s  of t h e  absorption 
spec t ra  of molten-salt sys t ems  and supporting 
research. In s tud ie s  of sys t ems  containing N i 2 +  
ions,  t h e  d + d absorption bands  are used  as a 
probe of coordination geometry. T h e s e  include 
inves t iga t ions  of sys t ems  containing very high 
Ni '  + concentrations tha t  are beginning to provide 
answers  on t h e  extent to  which the coordination 
geometry of a c rys ta l l ine  transit ion metal compound 
is preserved on melting. We report s tud ie s  of the  
spec t ra  of posttransit ion metal i ons  in  molten 
s a l t s ,  i n  which in te res t  cen te r s  on t h e  discovery 
of extraordinary oxidation s t a t e s  for bismuth. 

NICKEL(I1) CENTERS IN MOLTEN HALIDE 

CONFIGURATION CATIONS IN 
CHLORIDE AND BROMIDE 

SYSTEM§' 

SALTS: INFLUENCE OF RARE-GAS- 

G. P. Smith C. R. Boston 

Absorption spec t ra  of d i lu te  so lu t ions  of nickel(I1) 
ha l ides  in mel t s  of CsC1, RbC1, KC1, NaC1, LiC1, 
MgCI,, CsBr, KBr, and LiBr were measured to  
determine t h e  influence of surrounding solvent 
ca t ions  on the  spec t ra  and  coordination geometry 
of color centers  formed by n icke l  in these  sys tems.  
Measurements or1 CsC1, LiC1, MgCl', and LiBr 
so lu t ions  extended from 4 to  40 kK (kilo-Kaysets') 
and included both d d and charge-transfer bands ,  

'Abstract of a paper to b e  submitted for publication. 
2The Kayser is the  unit wave number (1 K = 1 c m -  ). 1 

whereas  t h e  remaining sys t ems  were studied from 
4 to between 22 and 26 kK and covered only the  
d + d absorptions.  Substantial  differences were 
found in t h e s e  spectra and correlated with the  
solvent cation size. Analys is  of the  spec t r a  of 
n icke l  cen te r s  i n  CsC1, CsBr, RbC1, KCl, and 
KBr showed the  coordination geometry of ha l ide  
ions  about n icke l  to b e  approximately tetrahedral. 
Although t h e  coordination geometry of centers  in 
sodium, lithium, and magnesium s a l t s  w a s  not 
unambiguously determined, there  was  ev idence  
tha t  a t  l e a s t  two different t ypes  of nickel cen te r s  
were present,  one  of which may be  approximately 
tetrahedral. 

NlCKEL(I1) CENTERS IN BINARY MOLTEN 
HALIDE SALTS 

J. Brynestad3 C. R. Boston 
G. P. Smith 

We are undertaking a sys temat ic  study of t h e  
spec t ra  of nickel(I1) cen te r s  a t  low concentrations 
in t h e  molten LiCl-KC1, MgC12-KC1, and MgC1,- 
CsCl  s y s t e m s  as a function of composition (iso- 
thermal) and temperature. Th i s  log ica l  extension 
of our previous study of nickel(I1) cen te r s  i n  
chloride media h a s  a s  i t s  purpose to cor re la te  the  
spec t ra  of nickel(I1) centers  in chloride media 
with different cation environments and t o  see i f  
t he  cor re la t ions  a re  cons is ten t  with other properties 
of the  sys tems.  

3 0 n  leave  from the Advanced Teachers  Insti tute of 
Norway, Trondheim. 8 
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T ETRAHALONICK ELATE(I1) COMPLEX IONS 
FORMED IN MOLTEN ORGANIC SALTS4 

G. P. Smith T. R. Griffiths' 
S. von Winbush6 

Optical  absorption spectroscopy was  used  to  
study t h e  formation of halo complexes of N iZ t  in 
melts of n ine  quaternary organic chloride, bromide, 
and iodide s a l t s  containing d isso lved  nickel ha- 
l ides.  The  system tri-n-butyl-benzylphosphonium 
chloride/nickel chloride was  investigated a t  NiCl, 
concentrations up to 33.3 mole %, and the  remain- 
i n g  s y s t e m s  were  examined only a t  low nickel 
ha l ide  concentrations.  For all sys t ems  a t  a l l  
composi t ions nickel(I1) w a s  present exclusively 
in  t h e  form of tetrahalonickelate(I1) complex ions. 

THE MOLTEN NiCI,-CsCI SYSTEM UP 
TO 60 MOLE % NiCI, 

G. P. Smith C. R. Boston 

We are measuring t h e  absorption spec t ra  of 
liquid mixtures of NiC1, with CsCl  a t  nickel chlo- 
ride concentrations tha t  range from very d i lu te  up 
t o  6 0  mole %. There  a r e  two binary compounds i n  
the  NiCl,-CsCl system, Cs3NiC15 with a tetra- 
hedral arrangement of four chloride ions  about 
N i 2  +, and CsNiC1, with an  octahedral arrangement 
of s i x  chloride i o n s  about Ni2+.  We are in te res ted  
in determining ro what ex ten t  the coordination 
geometry tha t  prevails i n  the  m e l t s  is correlated 
with that in the c rys ta l l ine  compounds. 

NICKEL(I1) CENTERS IN MOLTEN OXO SALTS 

C. H. ~ i u ~  G. P. Smith 

We are  measuring t h e  absorption spec t ra  of 
nickel(I1) centers  in various molten n i t ra te  and 
su l fa te  s a l t s  t o  determine t h e  coordination geom- 
etry and  electronic structure.  Preliminary da ta  
ind ica te  tha t  a distorted octahedral geometry oc- 
curs  in all sys t ems  with unusually low va lues  of 
the  ligand-field parameter. 

4Abstract of paper presented a t  the  Electrochemical 
Society Meeting, San Francisco, California, May 1965. 

'Visitor from England, now a t  The University of 
Le eds,  England. 
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TI ', Pb2', AND Bi3'  CENTERS IN THE 
LIQUID LiCI-KCI EUTECTIC8 

G. P. Smith D. W. Jamesg 
C. R. Boston 

Absorption spec t ra  from 1.7 t o  5.7 ev were meas- 
ured for d i lu te  solutions of TlC1, PbCl, ,  and BiC1, 
in the  molten LiC1-KC1 eutec t ic  a t  440 and 640OC. 
The  T1+ and P b 2 +  centers  showed one band each ,  
and the  B i 3 +  showed two bands. Band parameters 
a t  44OOC and assignments  in terms of a point-ion 
model are t h e  following: for Tl', 5.01 ev ,  4.7 x 
l o 3  l i t e rs  mole-' c m - '  (f = 0.09), ass igned  to  
'So + ,P,; for P b Z t ,  4.49 ev,  6.9 x l o 3  l i te rs  

mole-' c m - '  (f = 0.13), ass igned  'So --f for 

Bi3+,  3.75 ev, 7 x l o 3  l i t e rs  mole-'  c m - '  (f = 

0.12), a s s igned  t o  'So + , P , ,  and 5.4 ev, approxi- 

mately 27 x l o 3  l i t e rs  mole-' cm- ' ,  a ss igned  to 
'So + ' P , .  T h e s e  resu l t s  are compared with the  
spec t ra  of T1+, P b 2 + ,  and B i 3 +  centers  in a lka l i  
chloride c rys ta l s .  

PRODUCTS OF THE Bi3 +-Bi REACTION IN 
ACIDIC CHLORIDE M E D I A ' O  

N. J .  Bjerrurn' ' C. R. Boston 
G. P. Smith 

Bismuth metal reacts with d i lu te  so lu t ions  of 
BiC1, in molten NaC1-AlC1, and NaC1-ZnC12 mix- 
tures  to form a t  l e a s t  three very unusual  ions.  One 
of t h e s e  is probably Bi t ,  which h a s  a partially 
fi l led p e l e c t r o n  she l l .  T h e  other two ions  appear  
to involve bismuth-bismuth bonds and remarkably 
low oxidation s t a t e s .  

Most of t h e  experiments have  been done in a 
eu tec t ic  mixture of AlCl,-NaCl (63 mole 76 AlC1,) 

'Summer Research  Participant i n  1964 from the Agri- 
cultural  and Technica l  College of North Carolina, 
Greensboro. 

7Department of Chemistry, Polytechnic Insti tute of 
Brooklyn, New York. 

'Abstract of "Optical Spectra of T1 , Pb2+,  and Bi3+ 
in the  Molten Lithium Chloride-Potassium Chloride 
Eutectic," J. Chem. P h y s .  42(6), 2249-50 (1965). 

'Presently with Chemistry Department, University 
of Queensland, Brisbane, Australia. 

''preliminary report. 
"On l eave  from the University of Copenhagen, Den- 
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3 +  
T a b l e  9.1. Absorption Bands of  Products of the Bi -Bi Reaction in N a C I - A I C I 3  Eutect ic  Me l ts  

~ 

Species 1 Species  2 Species  3 

Wave Number Extinction Wave Number Extinction Wave Number Extinction 
(kK) (l i ters mole-1 cm-') (kK) (l i ters mole-' cm-'1 (kK) (liters mole-' cm-') 

14.5 2 00 11.4 95 18.2 2 75 

15.1 2 00 13.4 95 22.2 530 

17.1 5 00 25.6 1600 28.6 1000 

over a temperature range of 130 to  250OC. T h e  
result ing absorption spec t ra ,  measured between 7 
and 40 kK, c a n  b e  interpreted in  terms of a t  l e a s t  
three ion ic  spec ie s .  Parameters  of t h e  absorption 
bands for t h e s e  s p e c i e s  a r e  shown in  Tab le  9.1. 
T h e  s p e c i e s  a r e  numbered according to t h e  order 
i n  which they appear when t h e  B i / B i 3 +  ratio is 
increased. T h e  extinction coef f ic ien ts  for the 
f i r s t  two  s p e c i e s  a re  derived on the bas i s  of added 
bismuth metal, while t h e  extinction coef f ic ien ts  
for t h e  third s p e c i e s  a r e  ca lcu la ted  according to  
t h e  to ta l  number of bismuth a toms in  the  melt. 

We have l i t t l e  doubt about  t h e  oxidation s t a t e  of 
t h e  first  spec ie s .  T h e  ra t io  of charge  to number 
of a toms  i s  very close to  1, which shows  that the 
formula for t h i s  s p e c i e s  i s  Bi;'. We have  been 
unable to measure directly t h e  oxidation s t a t e  of 
t h e  second  spec ie s .  T h e  measurements so far 
show an oxidation s t a t e  i n  t h e  range one-third t o  
one-seventh for the  third spec ie s .  

T h e  equilibrium between t h e  f i r s t  two s p e c i e s  
h a s  been in tense ly  s tud ied  a t  13OoC. T h e  presence  
of two i s o s b e s t i c  points shows  tha t  when the con- 
centration of BiC1, is sufficiently high t h e  sys tem 
can  b e  t rea ted  according to a two-species model. 

In going from t h e  f i r s t  t o  t h e  second spec ie s ,  
a high degree  of polymerization t a k e s  p lace ,  ap- 
proximately s i x ,  which i s  somewhat higher than 
found previously'  i n  t h e  binary BiC1,-Bi s y s -  
tem. We a r e  s t i l l  no t  cer ta in  whether t he  same 
s p e c i e s  a r e  present  in t h e  two sys tems.  T h e  
equilibrium also depends  on the  BiCl concentra- 
tion. T h e  reaction i s  apparently 6 B?i t  ( spec ie s  
1 )  +Biz;:; ( spec ie s  2) + Bi3+. T h e  va lue  of n 

"C. R. Boston and G. P. Smith, J .  Phys.  Chern. 66, 

I3C. R. Boston, L. C. Howick, and G. P. Smith, J .  
1178 (1962). 

Phys. Chern. 67, 1849 (1963). 

cannot  b e  determined e a s i l y  in the  A1C13-NaC1 
solvent,  s i n c e  any  e x c e s s  of bismuth metal will  
u s e  all ava i lab le  BiC1, and form the  third spec ie s .  
However, t he  reaction 

IBi + Bi3' $3Bi+ 
( 1  +1)/3 

w a s  found in  a eu tec t i c  mixture of KC1-54 mole % 
Z n C l z ,  and t h e  product of t h i s  reaction had a 
spectrum similar to that of t h e  f i r s t  spec ie s .  Since 
the  f i r s t  s p e c i e s  is in  t h e  +1 oxidation s t a t e ,  i t  
should consequently have  t h e  formula Si'. T h e  
second s p e c i e s  will  have  the  formula Bi:+ if n is 
equal to 1. T h i s  resu l t  f i t s  wel l  with the  reaction 

mBi + Bi3+ $Bii',l , 

found in  t h e  eu tec t ic  mixture ZnC1,-28 mole % 
KCl. 

T h e s e  deduct ions  must b e  taken with some reser- 
vations. While t h e  absorption band a t  11.4 kK i s  
a t  t he  s a m e  posit ion in  both AlCl, and ZnClz  
melts,  t h e  absorption bands  a t  15.1 and 17.0 kK 
in  t h e  A1C13 melt should correspond to bands  at 
13.8 and 17.9 kK, respectively,  i n  t h e  ZnC1, melt. 
S ince  t h i s  is a rather l a rge  sh i f t ,  the  same s p e c i e s  
may not b e  p re sen t  i n  both sys t ems .  

NICKEL(I1) CENTERS IN HALIDE CRYSTALS 

J. Brynes tad G. P. Smith 

For  our research  on nickel(I1) cen te r s  i n  molten 
chloride media,  w e  need t h e  spec t r a  of nickel(I1) 
centers  with fairly well-defined geometry. A s  a 
preliminary study, w e  have  been growing nickel(I1)- 

I4On l eave  from the  Advanced Teache r s  Insti tute of 
Norway, Trondheim. 
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doped s i n g l e  c rys t a l s  of congruently melting com- 
pounds in  the  MgCl,-AlkCl and ZnCl,-AlkCl (Alk = 
Cs, Rb, K)  sys tems,  and we have preliminary 
information on t h e  spec t r a  at room temperature of 
Ni(I1) cen te r s  in t h e s e  crystals. 

Theore t ica l  work on the  point-charge model of 
N i Z t  in c rys ta l l ine  f ie lds  is reported in  Chap. 8 of 
t h i s  report. 

NITRATO AND CHLORO COMPLEXES OF 
NICKEL(I1) IN MOLTEN DIMETHYL SULFONE 

C. H. ~ i u ”  G. P. Smith 

We a re  s tudying  the  formation of NO,- and C1- 
complexes of N i Z t  in molten dimethyl su l fone  as 
so lvent ,  to determine the  spec t r a  and formation 
cons tan ts  of t h e  s u c c e s s i v e  complexes. T h i s  
information wi l l  he lp  u s  eva lua te  spec t roscopic  
da t a  on nickel(I1) centers  i n  molten chloride and 
nitrate s a l t s .  Molten dimethyl su l fone  is particu- 

larly su i t ab le  for t h i s  study, because  i t  forms s u c h  
weak so lvo  complexes with NiZt  tha t  t h e  relatively 
weak nitrato and chloro complexes c a n  form. 

DENSITIES OF MOLTEN SALT MIXTURES 

C. R.  Boston G. P. Smith 

Dens i t i e s  were determined at seve ra l  tempera- 
tu res  and compositions for t h e  sys tems,  tri-n-butyl- 
benzylphosphonium chloride-NiC1 , and CsCl-NiC1,. 
T h e  technique used  w a s  that descr ibed  by Smith 
and  Pe te r sen16  and modified by Griffiths.17 T h e  
resu l t s  are summarized in Table  9.2. 

15Department of Chemistry, Polytechnic Insti tute of 

16G. P. Smith and G. F. Petersen,  J. Chem. E n g .  

17T. R. Griffiths, J. Chem. E n g .  Data 8, 568 (1963). 

Brooklyn, New York. 

Data 6, 493 (1961). 

Table 9.2. Density Equations far Molten Chloride Mixtures 

Standard Experimental 

Temperature Deviation 

(g/cm3) 

NiCl , or AlCl p = a - p t  

a P Range 
- 3 0  -1 

Concentration 
(mole %) 

(g /cm 3 ,  (g cm C ) ( O C  ) 

NiC12-TributyIbenzyIphosphonium chloride system 

x 

33.44 
20.76 
10.10 

5.03 
0. 0oa 

60.00 
40.06 
20.09 

100.00 
73.00 
61.80 
52.00 

1.180 
1.081 
1.048 
1.028 
1.021 

0.78 
0.53 
0.54 
0.51 
0.548 

121-164 
134-183 
157-178 
161-183 
178-240 

N i CI 2-Cs CI system 

807-847 3.209 0.94 
3.165 0.87 754-843 
3.286 0.93 548-773 

1.723 
1.760 
1.796 
1.841 

AICI3-NaCI system 

2.3 
0.92 
0.86 
0.85 

202-221 
183-337 
162-275 
124-294 

1.1 
0.6 
0.7 
1.0 

0.2 

1.2 
2.0 
1.6 

1.9 
1.0 
1.0 
0.8 

aT. R. Griffiths, J .  Chem. En&. Data 8, 568 (1963). 
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Densi t ies  have been determined a t  severa l  tem- 
peratures for mixtures of NaCl with 52 and 62 mole 
% AlCl,, and measurements on NaC1-73 mole % 
AlC1, a re  in  progress.  The densi ty  of molten 
AlCl, h a s  been redetermined and found to  differ 
substant ia l ly  from t h e  literature value.  Tab le  9.2 
summarizes the resul ts .  

T o  measure densi ty ,  we observed the rise and 
fall with temperature of cal ibrated quartz 
in  a melt tha t  was s e a l e d  off in  a quartz capsule .  
To a s s u r e  accura te  temperature control and to  
eliminate temperature gradients,  the  ent i re  c a p s u l e  
was held ei ther  in  a s i l i cone  oi l  bath or a la rge  
aluminum block. 

P l o t s  of molar volume against  composition showed 
extremely la rge  negat ive deviat ions from linearity. 
For example,  a t  50 to  60 mole % AlCl, thedevia-  
tion i s  about 20%, whereas most molten s a l t  mix- 
tures  devia te  only 1 to 3%. 

FURNACE FORTHEMEASUREMENT 
MOLTEN SALT SPECTRA’ * OF 

of liquid s y s t e m s  a t  temperatures up to 145OOC. 
T h e  furnace accommodates a 10-mm-square absorp- 
tion cell and h a s  a platinum liner to  contain ac- 
c idental  r e l e a s e  of corrosive liquids. The heat ing 
element is made of Pt-20% Rh alloy. 

APPARATUS FOR SPECTROSCOPIC 
MEASUREMENTS ON LIQUIDS AT 

ELEVATED PRESSURES AND 
TEMPERATURES19 

D. W.  J ames”  G. P. Smith 

A pressure v e s s e l  and furnace for measuring ab- 
sorption s p e c t r a  of l iquid s y s t e m s  at  e levated tem- 
peratures and pressures  is descr ibed.  At 600OC the  
assembly wil l  operate  a t  300 atm. T h i s  apparatus  
was designed for u s e  with ei ther  the Cary model 
11 or  the  Cary model 14-H spectrophotometer.  The  
liquid sample  is held in a s tandard 1-cm-square 
absorption c e l l  with a wide neck attached. 

C. R. Boston G. P. Smith 

A resis tance-heated furnace is described which 
may b e  used with the  Cary model 14-H spectro-  
photometer for measuring the  absorption s p e c t r a  

”Abstract of “Furnace for Molten Salt  Measurements 
on the Cary Model 14-H Spectrophotometer up  to.1450°C,” 
Rev. Sci.  Instr. 36, 206 (1965). 

IgAbst rac t  of paper submitted for publication. 
20Presently with Chemistry Department, University 

of Queensland, Brisbane, Australia. 
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10. Structure of Metals 

C .  J . McHargue 

We a r e  seek ing  the  principles underlying the  
atom movements that  occur during deformation, 
annealing, and  phase  transformation in  so l id s .  We 
u s e  t h e s e  principles t o  correlate t he  phys ica l  and 
mechanical properties with microstructure and to 
obtain microstructures with spec i f i c  properties by 
su i t ab le  thermal and  mechanical treatments. During 
th i s  report period, we s tudied  migration of grain 
boundaries during annealing and the  deformation of 
body-centered and face-centered cub ic  meta ls  and 
a l loys .  

RECRYSTALLIZATION STUDIES 

R. A .  Vandermeer 

Dependence of Grain-Boundary Migrat ion Rates 
on Dr iv ing  Force’ 

Most theories of grain-boundary migration ra tes  
predict  tha t  t he  rate should b e  proportional to the  
driving force. In recrystall ization s tud ie s  on alu- 
minum, Gordon and  Vandermeer’ generated da ta  
tha t  could provide the  f i r s t  experimental  t e s t  of 
th i s  proportionality. Thei r  ana lys i s ,  however, in- 
correctly related the  average  ins tan taneous  bound- 
a ry  migration ra te  of t h e  recrystall ized grains to  
the  measured rate of inc rease  of t h e  recrystall ized 
fraction of the  specimen volume. We have pointed 
out the  error and modified the  ana lys i s  so tha t  a 
more proper average boundary migration r a t e  can  
b e  ca lcu la ted  from the  experimental data.  T h e  
earlier da t a  were reevaluated and confirmed t h e  
theoretically proposed l inear relationship.  

‘Summary of work published in Trans. Met. Soc. AIME 

2P. Gordon and R. A. Vandermeer, Trans. Met. Soc. 
233, 265 (1965). 

AIME 224, 917-28 (1962). 

The Impurity Drag Ef fec t  in  
Grain- Boundary Migrat ion 

T h e  experimental boundary migration r a t e  da t a  
of Gordon and  Vandermeer2 on zone-refined alu- 
minum a l loys  containing copper were reevaluated 
in  terms of an  improved impurity-drag theory by 
C a h r ~ . ~  Three  regions of migration behavior are 
expec ted  on theoretical  grounds - a high velocity 
regime, a low velocity regime, and a transit ion 
region between the  two. Some experimental  da t a  
fell into each  category. In t h e  low velocity range, 
where most of t he  da ta  were obtained, t h e  reciprocal 
of the  boundary velocity was  proportional t o  the  
concentration of copper, i n  exce l len t  agreement 
with theory. T h e  transit ion between the  high and 
low velocity regimes was  continuous,  although 
theoretically i t  should  have  been discontinuous.  
In th i s  transaction region, however, t h e  theory 
s u g g e s t s  tha t  a boundary c a n  have two s t a b l e  
ve loc i t ies .  W e  c a n  rationalize the  apparent d i s -  
crepancy if we recognize that a boundary i n  the  
transit ion s t a t e  can  osc i l la te  between t h e s e  two 
ve loc i t ies .  Thus ,  s i n c e  we c a n  really obse rve  
only the macroscopic and, hence ,  t h e  average  be- 
havior of the  boundary, t h e  measured ve loc i t ies  
should b e  intermediate between the two predicted 
velocit ies.  Such was  the  case. 

By fi t t ing all the experimental da ta  to t h e  theory 
until  a n  internal cons is tency  was  reached, w e  
arrived a t  reasonable  va lues  for t he  parameters 
in Cahn’s theory that re la te  to the  fundamental  
atomic phenomena involved in the  boundary migra- 
t ion process  (e.g., interaction potential  and dif- 
fusivity of impurity atoms). Our interpretation in- 
d i ca t e s  a rather s t rong  interaction (interaction 
energy of 2500 to  5200 cal/mole) between the  

J. W. Cahn, Acta  M e t .  10, 789-98 (1962). 3 
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copper impurity atoms and a moving grain boundary 
in aluminum. The  effective interaction d i s t ance  
is about two atom diameters and i s  large relative 
to the  width (about one-half atom diameter) of the 
disordered region of t he  boundary, i n  which the  
diffusivity of the impurity atom is high. 

TWINNING IN COLUMBIUM-VANADIUM ALLOYS4 

D. 0. Hobson5 J .  0. St ieg ler6  
C. J .  McHargue 

T h e  ef fec ts  of alloy composition, deformation 
temperature, hea t  treatment, and in te rs t i t i a l  con-  
tamination on the  occurrence of deformation twins 
were s tud ied .  T h e  twinning transit ion temperature 
varied with composition. T h e  temperature range 
of the transit ion was  very narrow. Alloys of 2 0  to 
70% V could be  cold rolled and exhibited profuse 
twinning. T h e  a l loys  that did not twin a t  room 
temperature (10, 80, and 90% V) could not b e  cold 
rolled. Oxygen additions sys temat ica l ly  lowered 
t h e  transit ion temperature for a l l  vanadium con- 
ten ts .  T h e  transition temperature for a 30% V 
alloy increased  with annea l ing  temperature, ap- 
parently due  to changes in d is loca t ion  dens i ty  and 
configuration. Twinning did not nuc lea te  fracture 
in any  specimen in t h e  2 0  to 60% V composition 
range. 

PREFERRED ORIENTATION OF NIOBIUM 

J .  C. Ogle R. A. Vandermeer 

We s ta r ted  to determine the  deformation and re- 
c rys ta l l ized  textures of niobium rolled a t  room 
temperature and a t  liquid-nitrogen temperature. 
Previous ly ,  w e  showed that niobium s ing le  c rys ta l s  
that  had undergone ex tens ive  c r o s s  twinning re- 
c rys ta l l ized  init ially a t  twin in te rsec t ions  and a t  a 
higher rate than did c rys t a l s  that  did not contain 
such  intersections.  T h e s e  recrystall ized grains 
had an orientation relationship not only to the  
parent c rys ta l  but also to t h e  in te rsec t ing  twins.  

4Abstracted from Trans .  M e t .  SOC. AIME 233, 1138- 

'Now i n  Zirconium Metallurgy Group. 

6Electron Microscopy Group. 

45 (1965). 

T h e s e  new grains grew more rapidly in to  the  twins 
than in to  the  parent crystal .  T h e s e  resu l t s  sugges t  
that  different recrystall ized textures may b e  de- 
veloped in niobium fabricated under different 
conditions.  

T h e  large-grain structure of electron-beam-melted 
pancakes of niobium was  partially broken up  by 
compressing and recrystall izing prior to rolling. 
Two p ieces  were rolled a t  room temperature and 
two p ieces  were rolled a t  liquid-nitrogen tempera- 
ture to  obtain the  maximum amount of twinning. 
All  specimens were reduced approximately 90% in  
th ickness .  F igures  10.1 and  10.2 a r e  typ ica l  of 
t he  microstructures of the  material  rolled a t  t he  
two temperatures. The  material  rolled a t  liquid- 
nitrogen temperature recrystall ized completely in  
0.5 hr a t  1125'C, and i t s  microstructure is shown 
in F ig .  10.3. T h e  grains grew mainly i n  a direc- 
tion parallel  to t he  layers  tha t  a r e  s e e n  in  the  a s -  
rolled material  i n  F igs .  10.1 and  10.2. T h e  anneal-  
i n g  temperature for t h e  material  rolled a t  room 
temperature w a s  approximately 2OO0C higher than 
that of material rolled a t  t he  lower temperature. 

Spherical  preferred-orientation specimens were 
machined from blocks of laminated s h e e t s  and the 

Fig .  10.1. Po lycrys ta l l ine  Niobium Reduced 90% 

1 0 0 ~ .  in  Th ickness  by Ro l l ing  a t  Room Temperature. 
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Fig. 10.2. Polycrystalline Niobium Reduced 90% 
in Thickness by Rolling at 77OK. 1 0 0 ~ .  

textures determined by us ing  the  ORNL technique. 
T h e  texture was  not t he  same on both s i d e s  of the  
shee t .  X-ray diffraction patterns of opposite s i d e s  
of s eve ra l  p ieces  of rolled material showed a very 
high concentration of (200) p lanes  and very few, if 
any, (222) planes parallel  to one  s i d e  of t h e  shee t .  
T h e  oppos i te  s i d e  of the  s h e e t  contained a high 
concentration of (222) p lanes  and very few, i f  any, 
(200) p lanes  parallel  t o  the  rolling plane.  We think 
t h e s e  inhomogeneities a r e  a s soc ia t ed  with the  
laminated microstructures of F igs .  10.1 and 10.2, 
which in  turn, can  b e  traced to the  coarse-grained 
s ta r t ing  material. T h e  grain size apparently was  
large enough for each  grain to  deform approxi- 
mately a s  a s ingle  crystal .  

By u s e  of a spher ica l  x-ray specimen tha t  pro- 
vided da ta  from both s i d e s  of the rolled s h e e t ,  the  
textures are provisionally identified as  follows: 

1. Rolled a t  liquid-nitrogen temperature - (001) 
[ i l O l  + (112) [I101 + unidentified texture.  

Fig. 10.3. Polycrystalline Niobium Reduced 90% 
in Thickness by Rolling a t  770K and then Annealed 
in Vacuum 0.5 hr at 1125OC. 1 0 0 ~ .  

2. Rolled a t  room temperature - (001) l oo  off 
[ i l O ]  + (112) 10' off [ i l O ]  + unidentified tex- 
ture. T h e s e  textures are not a s  sha rp  as  those  
in the  material rolled a t  liquid-nitrogen tem- 
pera t ure. 

3. Rolled a t  liquid-nitrogen temperature and an- 
nea led  0.5 hr a t  1125O - (112) [ i l O ] .  T h e  n101 
direction i s  spread  toward t h e  t ransverse  direc- 
tion. 

4.  Rolled a t  room temperature and annea led  0.5 hr  
a t  1325OC. Poss ib ly  (111) [112] + unidentified 
textures.  

Another s e r i e s  of polycrystall ine specimens was  
rolled from fine-grained randomly oriented s ta r t ing  
s tock  and the  textures and annea l ing  k ine t ics  a re  
being determined. T h e s e  will  be  compared to  the  
reorientation of s ing le  c rys t a l s  during rolling. T h e  
k ine t ics  of recovery and  recrystall ization in  rolled 
s ing le  c rys t a l s  will  b e  determined and  correlated 
with changes in  the substructure.  
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INFLUENCE OF DEFORMATION BANDS ON 
FORMATION OF (111) - (001) FIBER 

TEXTURES IN ALUMINUM7 

R. E. Reed' C. J. McHargue 

Single c rys t a l s  of aluminum Were extruded 90% 
a t  296 and  77OK. The  resultant double fiber tex- 
ture had a s t rong  (111) texture component with a 
weak (001) texture component that  varied with 
s ta r t ing  orientation. Decreas ing  the  temperature 
of deformation increased  the  amount of (001) com- 
ponent. T h e  s ta r t ing  orientation and  temperature 
of deformation strongly affected the  morphology of 
t he  (001) component. A model based  upon the  for- 
mation of deformation bands in  aluminum was  pro- 
posed to explain the  effects of orientation and  
temperature upon t h e  distribution of t he  (001) tex- 
ture component present in the  double fiber texture 
of the  extruded aluminum s ingle  c rys ta l s .  

'Abstract of paper submitted to Transact ions of the 
Metallurgical Society of AIME. 

EFFECT OF FABRICATION METHOD ON 
FIBER TEXTURE OF ALUMINUM 

ANDCOPPER9 

R. E. Reed' C. J .  McHargue 

T h e  ef fec t  of t h e  mode of fabrication on fiber 
textures was  i l lus t ra ted  by extruding, drawing, 
and  swaging rods of aluminum with an  in i t ia l  dif- 
f u s e  (001) texture. After reductions of 89% a t  
room temperature, t he  rods contained from 17 to 
75% (001) orientations.  

Rods of copper and aluminum fabricated from 
materials with init ially random tex tures  showed 
only minor differences for t he  same  forming methods 
and temperatures.  

. '  
'Now in  Solid S ta te  Division, 

'Summary of paper submitted to  Transact ions of the 
Metallurgical Society of AIME. 

. 



11. S u perco n d ucti n g Mate rials 

M. L. Picklesimer 

W e  are studying the effects of metallurgical 
variables on the properties of superconduct ing 
materials. Of concern are the  e f fec ts  on current- 
carrying capacity in a magnetic field of such  things 
as morphology, compositions, and spac ings  of two- 
phase  structures;  mechanical  strain;  preferred 
orientation; aging and transformation reactions;  and 
fabrication procedures and h e a t  treatment. Th i s  
study requires sufficient knowledge of the  physical 
metallurgy of the sys t ems  of interest ,  many of 
which have  never been studied. We need to es tab l i sh  
a background of information on the transformation 
k ine t ics  and products, morphologies, phase  dia- 
grams, precipitation and aging reactions,  and 
ra tes  of formation of intermetall ic compounds. W e  
have  reported previously some resu l t s  on Zr-Nb, 
Nb-Sn, Tc, and Tc-Zr alloys and compounds. T h i s  
work h a s  continued and broadened to include more 
experimental techniques and materials. 

TRANSFORMATION KI N E TICS 
IN NIOBIUM-ZIRCONIUM ALLOYS 

G. R. Love M. L. P ick le s imer  

T h e  work described l a s t  year  on the  transformation 
k ine t ics  of niobium-zirconium a l loys '  h a s  been 
completed and wi l l  b e  reported in de ta i l  elsewhere. ' 
T h e  separa te  influences of cold working, zirconium 
content, grain size, and atmospheric contamination 
on the ra te  of transformation from t h e  high-tempera- 
ture single-phase body-centered cubic  structure to 

'G. R. Love and M. L. Picklesimer,  Metals  and  
Ceramics Div, Ann. Progr. Rept.  June 30, 1964, ORNL- 

'M. L. Picklesimer and G. R. Love, Transformation 
Kine t i c s  in Niobium-Zirconium Alloys (submitted for 
publication). 

3670, pp. 21-22. 

the two-phase s t ruc tures  within the  miscibility gap 
were determined. T h e  principal mode of reaction 
yielded a lamellar s t ruc ture  composed of two body- 
centered cubic  p h a s e s  of different zirconium con- 
tent. A time-temperature-transformation (T-T-T) 
diagram representative of the pearli t ic transformation 
in these  a l loys  is shown in Fig. 11.1 for Nb-33% 
Zr  alloys previously annealed a t  lO5O0C for 1 h r  
to produce a grain s i z e  of 8 to 10 p. T h i s  reaction 
is relatively sluggish for all zirconium contents;  
the nose  of the  curve is d isp laced  only t o  half the  
time in an  Nb-60% Zr alloy. Cold working, however, 
dec reases  the incubation time to about one-tenth 
i n  a l l  al loys.  Increases  in grain s i z e  up to about 
800 p increase  the  incubation t i m e  up  to  tenfold. 

In the  larger grained samples,  a second mode of 
reaction was  observed at the  longer t imes of trans- 
formation. T h e  high-temperature be t a  p h a s e  reacted 
by t h e  precipitation of uniformly distributed parti- 
cles, which, though de tec tab le  metallographically, 
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Fig. 11.1. Time-Temperature-Transformation Curves 

for an Annealed Nb-33% Zr Alloy. Annealed 1 hr a t  
1O5O0C. Grain size 8 p. No detectable contamination. 
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never  grew to a size large enough io permit deter-  
mination of the morphology or composition. Nucle- 
ation of these  par t ic les  was very slow, but they 
seemed to approach complete reaction fas te r  than 
the pearl i t ic  transformation. T h i s  reaction is 
observed in the larger grained, annealed materials 
because  the pearl i t ic  s t ructure  nuc lea tes  only a t  
grain boundaries and grows slowly toward the grain 
center. Thus,  there is s t i l l  untransformed material  
in the centers  of large grains, in which the second  
mode of reaction can nucleate.  In t h e  finer grained 
material ,  the grain center  is consumed by the  
pear l i t ic  reaction before the  second mode can  
nucleate .  

Examination of a series of s amples  contaminated 
by reaction with a small  amount of air a t  1400OC 
indicated that  nitrogen and oxygen contamination 
h a s  l i t t l e  or no e f fec t  on the k ine t ics  of the  pearl- 
i t i c  transformation. T h e  oxygen content varied 
appreciably from the surface to the center  of the 
specimen and from grain boundary to grain center  
in grains near the surface.  T h e  transformation 
kinet ics  did not vary in t h e s e  specimens ei ther  
from surface to center of grains or throughout the 
specimens on either a macroscopic or  microscopic 
scale. 

SUPERCONDUCTING PROP ERTl ES 

ALLOYS 
OF TRANSFORMED NIOBIUM-ZIRCONIUM 

J. A. Wheeler, Jr. G. R. Love 

Several charac te r i s t ics  of the transformation of 
the high-temperature body-centered cubic  s ing le  
phase  in  niobium-zirconium al loys are of particular 
s ignif icance to the invest igat ion of their super- 
conducting properties.  T h i s  reaction produces a 
lamellar s t ructure  of two body-centered cubic  
phases  of different compositions,  in which the 
thickness  and spacing of the individual lamellae 
can be varied over a range of 250 to 10,000 A by 
choice of ingot composition and transformation 
temperature. T h e  apparent superconducting pene- 
tration depth in niobium-zirconium a l loys  of this  
composition range is between 350 and 700 A 
(described in  the  following section),  and current 
dens i t ies  of  a s  much as 1.2 x lo’ amp/cm2 have  
been induced to flow within th i s  penetration depth. 
Therefore,  materials capable  of carrying remarkably 

high current dens i t ies  may be produced by su i tab le  
choice of fabrication and heat-treatment procedures. 
T h e  information obtained in the s t u d i e s  of the 
transformation kinet ics  d i s c u s s e d  above allows 
u s  to produce t h e s e  lamellar s t ructures  with con- 
trolled th icknesses  and spac ings  by a su i tab le  
choice  of transformation temperature, with con- 
trolled orientation relat ive to t h e  postulated current 
path by a choice  of  the fraction reacted,  with 
independent matrix hardening due to the second 
mode of transformation by a choice  of the  original 
grain s ize ,  and with auxiliary cold work in the 
transformed structure. Our ini t ia l  experiments 
have  been concerned with the variation of cr i t ical  
current densi ty  in  the sample as a function of the  
total volume fraction reacted to  the  pear l i t ic  struc- 
ture. 

Initially the cr i t ical  current density is being 
determined a s  a function of volume fraction trans- 
formed in Nb-33% Zr alloys. T h e  variation of 
current-carrying capacity as a function of applied 
magnetic field was determined for se lec ted  l e v e l s  
of volume fraction transformed. T h e  da ta  are  
incomplete but indicate  that the heat-treated samples  
carried remarkably high cr i t ical  current dens i t ies  
a t  relatively low applied f ie lds .  T h e  fully trans- 
formed pear l i t ic  specimens had essent ia l ly  the 
same  properties whether the  s ta r t ing  material  was 
fully annealed or cold worked. Since complete 
transformation requires 168 hr in the annealed 
material and only 48 hr  in the  cold-worked material, 
u s e  of the latter considerably reduces the possibil i ty 
of contamination during h e a t  treatment. The  mean 
lamellar th ickness  in  these samples  was  about 
900 A, about twice  the  apparent penetration depth 
for annealed untransformed material .  

TECHNIQUE FOR MEASURING 
CRITICAL CURRENTS 

G. R.  Love J. A. Wheeler, Jr. 

Most cr i t ical  current measurements are  made on 
wire specimens,  with nonsuperconducting leads  
(such a s  copper) used to conduct the t e s t  current 
into and out  of the cryostat .  The  problem of 
reproducibly making adequate  noninterfering joints  
for carrying large currents between normal and 
superconducting mater ia ls  h a s  not  been solved to 
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our sa t i s fac t ion .  While the  Boom-type jo in ts  a r e  
acceptab le  for niobium-zirconium wire samples ,  
they h a v e  not been es tab l i shed  as  adequate  for 
o ther  arbitrarily se l ec t ed  alloy samples.  S ince  t h e  
connection of l e a d s  and the manufacture of wire 
specimens a r e  often difficult o r  impossible,  w e  
h a v e  examined tes t ing  techniques  tha t  u t i l i ze  
relatively mass ive  samples  and preferably do  not 
require the direct  attachment of any l e a d s  to the  
specimen. 

A number of techniques might b e  u s e d  to  compare 
the current-carrying ability of bulk samples.  All 
have  t h e  advantage tha t  they magnetically induce 
the currents to flow in the  sample  and therefore do  
not require l eads  to be  attached. All h a v e  the  
d isadvantage  tha t  they involve one  or  more implicit  
assumptions about t h e  spa t i a l  variation of magnetic 
fields,  and hence  of currents, in the samples.  We 
a re  preparing equipment for magnetic suscept ib i l i ty  
measurements in superconductors,  but t he  r e su l t s  
w e  now report were obtained u s i n g  the  ac-magnet- 
ization technique f i r s t  d i scussed  by Bean.4 T h e  
crit ical  assumption of the Bean experiment is tha t  
in simultaneous coaxia l  ac and d c  magnetic f ie lds ,  
the  magnetization of a sample of superconducting 
material will t race  a minor hys t e re s i s  loop as t h e  
applied ac field varies.  A Fourier ana lys i s  of t h e  
induced field a t  the sample sur face  ind ica tes  tha t  
it will  cons i s t  of the applied field and i t s  odd 
harmonics. T h e  magnitude of these harmonics h a s  
been simply related to the magnitude of the  c r i t i ca l  
currents induced to flow in the sample su r face  by 
the applied ac field. When the d c  field is la rge  
relative to the  ac field,  t h i s  induced cr i t ica l  current 
is essent ia l ly  the cr i t ica l  current charac te r i s t ic  of 
the applied d c  field. In practice,  t h e  applied ac 
field rarely exceeds  a few hundred g a u s s  while 
the  d c  field ranges from 1 to 100 kilogauss.  

T h e  Bean technique h a s  been t e s t ed  by meas- 
urements on both cold-worked and annealed niobium- 
zirconium samples  3 mm in diameter and 30 mm 
long. We prepared O.OlO-in.-diam wire samples  in 
each of these conditions and a t tached  Boom-type 
jo in t s  for current l e a d s  to them. T h e  directly 
measured current dens i t i e s  (on t h e  wire samples)  

3A compression joint  of  copper on the specimen 
wire, suggested by R. W. Boom, formerly of the Elec- 
tronuclear Division. For a d i scuss ion  of difficulties 
with t h i s  joint, see: G. R. Love  and J. A. Wheeler, Jr., 
Metals and Ceramics Div. Ann. Progr. Rept. June  30, 
1964,  ORNL-3670, p. 22. 
4C. P. Bean, Rev. Mod. Phys.  36, 31 (1964). 

were compared to those ca lcu la ted  to flow according 
to the Bean model. Although w e  observed the same  
relative performance in both the heat-treated wire 
samples  and the Bean measurements,  the latter 
a lways  ind ica ted  somewhat higher current-carrying 
capacity.  In a sense ,  this difference should b e  
expected, s i n c e  t h e  c r i t i ca l  current of t he  wire is 
limited to tha t  of t h e  poorest  sec t ion  of t he  wire, 
while the Bean cr i t ica l  current is an average  over 
a much larger current-carrying c ross  section. T h e s e  
resu l t s  lend confidence to the assumption that the  
Bean measurement d o e s  ind ica te  a t  l e a s t  re la t ive  
cri t ical  current dens i t ies  as  the sample conditions 
are varied. 

NEAR-SURFACE EFFECTS 
I N SU P E R CONDU CT I NG N IO B I UM- ZI RCON I UM 

ALLOYS 

H. ~ l l m a i e r ~  G. R. Love  

An additional benefit  of the  Bean measurement 
described above is tha t  it  can  y ie ld  significant 
new information concerning the sur face  layers  of a 
superconductor. When the amplitude of the applied 
ac field i s  smal l ,  essent ia l ly  all sh ie ld ing  of the 
applied field occur s  within a few hundred angstroms 
of the sample surface.  Fo r  field penetrations less 
than some cr i t ica l  depth, 6, th i s  layer  apparently 
h a s  homogeneous properties. Analys is  of the  
measurements can  give, for a s ingle  sample,  t he  
va lue  of t h e  cri t ical  current induced in the  sur face  
layer, the th ickness  of this layer, and  t h e  va lue  
of t h e  bulk c r i t i ca l  current. The  va lues  derived 
for the th ickness  of t h e  layer and i t s  c r i t i ca l  
current dens i ty  in both cold-worked and annealed 
Nb-33% Z r  a l loys  a r e  compared i n  Tab le  11.1 
with t h e  London depths  and current dens i t i e s  
ca lcu la ted  for s eve ra l  idea l  “soft” supercon- 
ductors. In view of t h e  pronounced differences 
in all the  other phys ica l  properties between t h e s e  
soft superconductors and the  niobium-zirconium 
alloys,  the  similarity in  properties of the  sur face  
layers  is remarkable. T h e  apparent t h i ckness  of 
this near-surface layer  in niobium-zirconium a l loys  
is not a function of the  applied d c  field, and the 
change in apparent th ickness  with cold work is 
in t h e  direction predicted from the  changes  pro- 
duced i n  electronic mean f ree  path by cold work. 

SThermonuclear Division. 
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Table 11 .1 .  A Comparison of London Depths 

and Nominal Cri t ical  Current Densit ies Within 

the London Layer  in  Soft Superconductors 

with the Observed Thickness and Current Dens i t ies  

in Nb-33% Zr 

Critical 
Current 

Material Reference Depth Depth Density 
London Critical 

(A) * (A) (amp/cm2) 

10’ 

Sn 5 10 1.77 

A1 

P b  

In 

Hg 

Nb-33% Zr 
(annealed) 

Nb-33% Zr 
(cold 
work e d) 

492 

390 

0.59 

6.03 

640 1.34 

7 10 1.40 

355 c 1 . 9  

735 1.15 

~ ~- 

aT. E. Faber and A. B. Pippard, Proc.  Roy. S O ~ .  

‘J. Lock, Proc.  Roy. SOC. (London), Ser. A 208, 391 

‘A. B. Pippard, Proc. Roy. SOC. (London), Ser. A 

(London), Ser. A 231, 336 (1955) 

(1951). 

191, 399 (1947). 

A detailed description and interpretation of t h e s e  
experimental resu l t s  will b e  presented elsewhere.  

ZI RCONIUM-URANIUM ALLOYS 

J. A. Wheeler, Jr. G. R. Love  

We surveyed the  phase  diagram and transformation 
k ine t ics  of zirconium-uranium a l loys  in the  range 
20  to 40 at. % U, using both metallographic observa- 
tion and cont inuous measurement of e lec t r ica l  
resist ivity throughout programmed temperature 
cycles.  T h e s e  inves t iga t ions  confirmed the  

general form of the phase  diagram sugges ted  by 
Holden and Seymour.’ We also noted that the 
transformation of the  high-temperature body- 
centered cubic  phase  to the  de l ta  phase  is quite 
rapid. Free cooling from 800OC in  vacuum (about 
30°C/min near the transformation temperature) 
supercooled the  specimen no more than 5OoC and 
produced r eca l e scence  when t h e  transformation 
began. T h e  temperature coefficient of e lec t r ica l  
resist ivity for t h e  de l ta  phase  w a s  negative,  
approximately -O.O24/OC, throughout the tempera- 
ture range of 50  to 590OC. No  measurements  were 
made below 5OOC. 

Th i s  alloy system is of considerable metallurgical 
interest ,  both for its multitude of so l id-s ta te  
reactions and for the  possibil i ty of introducing 
damage into the  l a t t i ce  by nuclear f i ss ion  products, 
which might affect  the  superconduct ing properties. 
A sample  of t he  delta-phase alloy w a s  t e s t ed  us ing  
our a c  suscept ib i l i ty  technique and a ba l l i s t i c  
magnometer in t h e  equipment of S. T. Sekula and 
R. W. Kernohan of the Solid S ta t e  Division. In 
both t e s t s  t he  sample  was not superconducting in 
zero field a t  4.2OK. At the  present  t ime,  no  
further work is planned on th i s  alloy system. 

TECHNETIUM AND ITS ALLOYS 

J. A. Wheeler, Jr. G. R. Love  
M. L. P ick les imer  

T h e  glove-box facil i ty constructed for the  metal- 
lurgical  study and preparation of technetium-base 
alloys is in e s sen t i a l ly  fu l l - sca le  operation. 
Th i s  facility will b e  used  to study both the physi-  
c a l  metallurgy and superconduct ing properties of 
technetium and i t s  alloys. 

With t h e  a s s i s t a n c e  of the Melting and Cas t ing  
Group of the Division and the  Superconductivity 
Group of the Solid S ta te  Division, w e  made the  
la rges t  ca s t ing  of pure technetium ye t  obtained. 
T h e  cas t ing ,  shown in Fig.  11.2, with b o s s  weighed 
approximately 100 g. 

Technetium powder of nominal purity 96.8 to  
99.4% (remainder primarily oxygen) was  obtained 
from the  I so topes  Division. It was  cold pressed  
a t  30,000 ps i  in our glove-box facil i ty to  pe l le t s  

6G. R. Love, Near-Surface Measurements on Super- 
conducting Niobium-Zirconium Alloys (to be submitted 
for public ation). 

7A. N. Holden and W. E. Seymour, Trans. AIME 206, 
1312 (1956). 

. 

. 

. 
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PHOT0688,6 the Melting and Cas t ing  Laboratory, where they were 
arc  melted (nonconsumable electrode) t o  d e n s e  
buttons. Four of these d e n s e  buttons were charged 
into an arc drop-casting furnace and melted severa l  
t i m e s  without dropping to  ensure thorough outgas- 
s ing.  T h e  charge was then drop-cast into a ch i l led  
copper mold. T h e  ingot w a s  "/8 in. in  diameter 
and 2.5 in. long and had a large b o s s  on top to 
act  a s  a feeder to prevent a shr inkage cavity in 
the top of the cylindrical  sect ion.  T h e  primary 
impurity in  the as-received powders was  oxygen 
retained from the purification and metal powder- 
production s teps .  T h e  weight l o s s e s  observed 
during s inter ing were  only slightly greater than 
could b e  explained by the removal of oxygen. 
After the s inter ing operation, t h e  to ta l  weight 
l o s s  for a l l  mel t ing s t e p s  w a s  less than 1%. T h e  
contamination of the melting furnace w a s  minimal 
and decontamination required less than one  man- 
day. 

T h i s  technetium ingot h a s  been cu t  from i t s  
boss, inser ted into an evacuated nickel-tube cap- 
su le ,  and cold swaged to  about 10% reduction in 
area. Further working was stopped when a crack 
was discovered in the  sea l ing  weld in  the end of 
the  capsule .  All operat ions except  for the swaging 
were carried out  in the glove-box faci l i ty .  

T h e  glove boxes containing fac i l i t i es  for cutting, 
mounting, polishing, and etching metallographic 
specimens of technetium-base al loys are  now a lso  
in  full operation. 

F i g .  11.2. As-Cost  Ingot of Puri f ied Technetium. 

Approximately 100 g in weight .  

'/z in. high and in, in  diameter (approximately 
4 g). Ba tches  of f ive or s i x  pe l le t s  were further 
purified of oxygen by s in te r ing  in  pure flowing 
hydrogen for 4 hr a t  1000°C in the muffle furnaces  
a t tached to one  of the glove boxes.  T h e  pel le ts  
were then transferred in  about 25-g quant i t ies  t o  

. 
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12. Surface Reactions of Metals 

J .  V. Cathcar t  

Most meta ls  and a l loys  a r e  prevented from under- 
going ca tas t rophic  oxidation through the  formation 
of thin oxide films on their su r f aces .  T h e s e  films 
restrict  further oxidation to  a n  ex ten t  that  depends 
largely upon the  properties of t h e  films a t  various 
s t a g e s  of their development. Our primary t a sk  is 
to inves t iga te  t h e  mechanism of f i l m  formation, to 
study the  properties of t he  fi lms, and  to determine 
the factors that  control their  degree of protective- 
n e s s .  

T h e  major feature of our research  continues to 
be an  investigation of t h e  inf luence  of s t r e s s e s  
generated during the  course  of oxidation on the  
mechanism of oxidation. Fo r  example,  one  project 
involves a study of s t r e s s  generation result ing in 
refractory metals from t h e  solution of oxygen in  
t h e  sur face  layers  of the  metal .  A second project 
cons i s t s  of a study of t he  thin film s t a g e  of oxida- 
tion of d i lu te  copper-base a l loys  where regions of 
la t t ice  disregistry in the  oxide  films a re  of im- 
portance because they provide pa ths  of e a s y  dif- 
fusion through the  oxide. Other work in  the  group 
inc ludes  an  investigation of t h e  corrosion of alu- 
minum- and iron-base a l loys  in  high-temperature 
water, a study of diffusion in  tantalum and niobium, 
and an  evaluation of t h e  contribution of magnetic 
order t o  t h e  spec i f i c  h e a t s  of n icke l  and severa l  
nickel-copper a l loys .  

OXIDATION OF COPPER-BASE ALLOYS 

J. V. Cathcart  G. F. Pe tersen  

fusion, a s soc ia t ed  with regions of l a t t i ce  d is -  
registry in the  oxide,  play a n  important role in the  
transport  of ca t ions  a c r o s s  t h e  oxide  films. A 
s tudy  of t he  thin-film stage of oxidation of dilute 
a l loys  was  undertaken to provide a further means 
of tes t ing  th i s  hypothes is  and to  obtain a better 
understanding of the  fundamentals of alloy oxida- 
tion. 

Single-crystal  specimens of copper  containing 
from 0.1 to  2.0 a t .  % Ni, Ag, AI, or Fe were grown 
in  the  form of spheres ,  annea led  for 200 hr a t  
1000°C, and  oxidized for 30 min a t  25OoC and 1 
atm oxygen pressure.  Specimens of th i s  type have  
the advantage of revealing a l l  poss ib l e  crystallo- 
graphic planes a maximum number of t imes and  of 
permitting a ready qua l i ta t ive  comparison of t he  
relative ra tes  of oxidation of different c rys ta l  
orientations.  T h e  influence on the  oxidation rate 
of even  sma l l  additions of t he  second  metal  was  
surprisingly large.  Depending on the  c rys t a l  plane 
and alloy composition, changes  in oxidation rate 
up  to a factor of 5 relative to  pure copper were 
observed. 

W e  a r e  beginning a more de ta i led  s tudy  of the  
oxide films formed on t h e s e  a l loys .  X-ray and 
reflection electron diffraction s t u d i e s  of t he  oxide 
formed on the  (111) of a Cu-0.4 a t .  % Ni a l loy  de- 
tec ted  no NiO. T h i s  p lane  oxidized half as  f a s t  
as  in  pure copper,  and t h e  in i t ia l  x-ray resu l t s  in- 
d ica ted  that this reduction in  rate was  in part due 
to a reduction in the  degree  of la t t ice  disregistry 
in t h e  oxide f i lm.  However, cons iderable  additional 
work will b e  required before the  structural  de t a i l s  
of t h e s e  films a r e  completely understood. 

Our previous investigations of t h e  earlv s t a g e s  - 
'J. V. Cathcart and G. F. Petersen,  Metals and Ce- 

- 
Of Oxidation Of  pure (99.999%) copper sing1e crys- ramies Dive  Ann. Progr. Rept .  June 30, 1964,  ORNL- 
t a l s  led to  the  conclusion that pa ths  of e a s y  dif- 3670, pp. 27-28. 
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AQUEOUS CORROSION STUD1 ES 

J .  V. Cathcar t  

Previous  s t u d i e s 2  of t h e  a i r  oxidation a t  high 
temperatures of iron-base a l loys  containing 6 to 
25% Cr  and  4 to 6% A1 showed that t h e  sur face  
oxide was  A120, and tha t  t h e  addition of 1% Y 
served  to s t ab i l i ze  t h e  A1,0, layer,  making i t  
highly adherent. In cooperation with the  Metal 
Forming and Cas t ing  Group we attempted to  deter- 
mine whether or not sma l l  yttrium addi t ions  pro- 
duced a similar beneficial  e f fec t  during t h e  aqueous 
corrosion of aluminum a l loys  in high-temperature 
water. 

Aluminum a l loys  containing from 2 to  10% Y were 
t e s t ed  in  an  autoclave a t  2OO0C and approximately 
180 ps i ,  and the resu l t s  were compared with those  
for 99.999% pure aluminum. T h e  charac te r i s t ic  
features of the corrosion of pure aluminum in  d i s -  
t i l led water a r e  the  ex tens ive  intergranular a t tack  
and the  marked physical deformation of the  spec i -  
mens.  Yttrium additions greatly reduced the  overall  
corrosion rate of t h e  spec imens ,  and in  particular, 
eliminated t h e  intergranular a t tack .  A minimum 
rate of corrosion was  observed for a n  yttrium con- 
centration of approximately 2%. 

A s  a further t e s t  of the  effect of the presence  of 
a second phase  on t h e  corrosion of aluminum a l loys ,  
we also investigated the  corrosion of an  A1-20% 
Zn alloy a t  2OOoC. A s  in  the  case of t h e  aluminum- 
yttrium sys tem,  a second phase  was  present i n  the 
alloy a t  the t e s t  temperature, and the  overall  cor- 
rosion rate was  significantly reduced relative to 
that of pure aluminum. Also ,  intergranular a t tack  
was  reduced. 

Pu re  yttrium i s  anodic with respec t  to aluminum 
a s  i s ,  in all probability, t he  intermetall ic YAl,, 
which cons t i tu tes  t he  second phase  in  the  A1-2% Y 
alloy. T h e  increased  corrosion r e s i s t ance  of 
yttrium-aluminum a l loys  may thus  b e  attr ibutable to 
the  second phase  ac t ing  a s  a sacr i f ic ia l  anode. 

Zinc ,  on t h e  other hand, is ca thodic  with respec t  
t o  aluminum, and a different explanation i s  required 
for the enhanced corrosion r e s i s t ance  exhibited by 
t h e  A1-20% Zn  alloy. T h e  resu l t s  obtained with 
th i s  alloy a re  phenomenologically similar to those  
obtained earlier by Draley3 in  h i s  s tud ie s  of alu- 

'C. S. Wukusick and J. F. Collins, Mater. Res. Std. 4, 

,J. E. Draley and W. E. Ruther, Corrosion 12, 480t- 
637-46 (1964). 

90t  (1956). 

minum-base a l loys  containing iron and nickel.  
Draley sugges ted  tha t  the  intergranular a t tack  in 
pure aluminum is caused  by the  precipitation of 
d i sso lved  hydrogen in  the  grain boundaries,  whereas 
t h e  improved corrosion r e s i s t ance  of the  Al-Fe-Ni 
specimens could be  explained by noting that even  
small  addi t ions  of iron or n icke l  t o  aluminum pro- 
duced a second phase  that is ca thodic  with respec t  
to the  matrix. T h e  nascen t  hydrogen l iberated a t  
t he  sur face  of the  second phase  does  not d i s so lve  
in  the  matrix, but recombines, presumably catalyti-  
ca l ly ,  a t  the  surface.  

T h u s  the  chief role of t he  zinc-rich phase  in alu- 
minum-zinc a l loys  appears  t o  b e  tha t  of preventing 
excess ive  amounts of hydrogen from going into 
solution in  the  aluminum matrix. T h e  YAl, phase  
may also se rve  a similar function in  the  aluminum- 
yttrium a l loys .  

REFRACTORY METAL OXIDATION 

R. E. Pawe l  J .  V. Cathcar t  

Our ac t iv i t ies  have centered upon the  s tudy  of 
self-induced s t r e s s e s  produced during oxidation of 
many refractory metals. T h e s e  s t r e s s e s ,  which 
e x i s t  i n  the  subs t r a t e  metal  as  wel l  as  in  the  oxide 
film, can  affect  the  nature of the  resu l t ing  oxide  
product and, consequently,  t he  oxidation k ine t ics .  
Several  phases  of t h i s  investigation a r e  presently 
in progress.  

S t r e s s  Generat ion in Refractory  Meta l s  During 
Oxidat ion  

Studies  of the  generation of sur face  s t r e s s e s  
during oxidation by measuring the  flexure of thin 
metal  specimens oxidized on one  s i d e  were con- 
tinued. Th i s  work now inc ludes  flexure measure- 
ments for tantalum specimens while they a re  
oxidized at 350 to 550°C and for niobium spec i -  
mens a t  400 to  425OC. Our original i n  
which s t r e s s  was  related to the  oxygen so lu t ion  
process  in  the  sur face  layers  of t he  metal ,  w a s  
reasonably cons is ten t  with the new experimental 
resu l t s  up  to oxidation t imes  sufficient to produce 
voluminous pentoxide scales on the  sur face  of t he  

~~ ~ 

4R. E. Pawel,  J. V. Cathcart, and J. J. Campbell, 
J. Electrochem. SOC. 110, 551 (1963). 
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- 1 ANODIZED TANTALUM , 
spec imens .  For tantalum, these times were greater 
than 200 hr a t  35OoC and ranged to approximately 
30 min a t  55OoC. In niobium, devia t ions  from the  
behavior predicted by the  model were more c lose ly  
a s soc ia t ed  with the  “breakaway” phase  of the  
oxidation process  than for tantalum. An unambigu- 
ous explanation is not ye t  ava i lab le ;  however, the  
importance of s t r e s s e s  a s soc ia t ed  with the  oxide 
films themselves  apparently inc reases  and be- 
comes dominant as the  ra te  of film formation in- 
c r eases .  

Additional corroborating ev idence  for t he  pro- 
posed s t r e s s  generation model was  obtained from 
flexure experiments conducted on anodized spec i -  
mens.  S ince  the anodic f i lm permits t h e  pas sage  
of oxygen in to  the  metal  without thickening of the  
film (see next section),  any  change i n  flexure 
should be  independent of the  poss ib le  influence of 
the  film per se. Since specimens indeed bent under 
t h e s e  conditions,  where oxygen solution in the  
metal  w a s  t h e  principal event ,  i t  is reasonable to 
a sc r ibe  s t r e s s  buildup to th i s  source .  T h e  flexure, 
translated into maximum bending s t r e s s  va lues ,  for 
a n  anodized tantalum specimen is compared to  the  
oxidation rate curve for oxidation a t  5OO0C and 
1 atm pressure i n  F ig .  12.1. Although the  rather 
uncertain boundary conditions controll ing t h e  pre- 
cise distribution of oxygen in the  metal  prevented 
an  ana ly t ica l  evaluation of t h e  maximum sur face  
s t r e s s  under t h e s e  conditions,  metallographic and 
x-ray ev idence  indicated tha t  sur face  s t r e s s  l eve l s  
equivalent t o  those  in unanodized tantalum were 
generated (i.e.,  approximately 50,000 ps i  compres- 
sion).  

E 

Anodic Ox ide  F i lms  

In order to further charac te r ize  the  e f fec t  of the 
phys ica l  state of the  oxide  film on the  oxidation 
process  for t he  refractory meta ls ,  our s tud ie s  in- 
volving anodic oxide films were continued. Re- 
s u l t s  of the  investigation of structure and  crys ta l -  
l ization phenomena in s t r ipped  anodic films have 
recently been published. 5 , 6  Quantitative meas-  
urements of the  effect  of t h e  presence  of anodic 
films upon the  gaseous  oxidation ra te  have been 
completed for tantalum for temperatures from 400 

~~ 

’R. E. Pawel,  Rev. Sci.  Instr. 35, 1066 (1964). 
R. E. Pawel  and J. J. Campbell, J. Electrochem. 6 

soc. 11 1, 1230 (1964). 

to 575OC with anodic film th i cknesses  from 75 to  
4000 A. At a given oxidation temperature, anodic 
f i l m s  generally decreased  t h e  gross oxygen con- 
sumption ra te  compared to  tha t  of unanodized 
tantalum and also de layed  t h e  appearance  of 
“breakaway’’ (an abrupt i nc rease  in  the  oxidation 
ra te  common to tantalum, niobium, and  seve ra l  
other metals). However, cons iderable  amounts of 
oxygen were consumed a t  a r a t e  t ha t  varied in- 
versely with t h e  anodic film th ickness ,  d i sso lv ing  
in the  metal  without changing  the  th ickness  of t he  
anodic film. Anodic f i l m s  as  thin as  40 A could 
exert  a subs t an t i a l  influence on the  normal course  
of gaseous  oxidation of e lec t ropol i shed  tantalum. 

In addition, from the  da t a  obtained thus  far we 
es t imated  oxygen permeation ra tes  as  a function 
of temperature for the  amorphous anodic  films. T h e  
temperature dependence of t h e  permeation rate ex- 
pressed  in  Arrhenius form corresponded to  an  ac- 
t ivation energy of about 45 kcal/mole.  Un les s  an  
unusual temperature dependence of t he  oxygen con-  
centration is involved, t h i s  va lue  is qui te  low com- 
pared to that estimated for diffusion through 
crys ta l l ine  oxide.  

Oxidat ion of Tungsten 

In preliminary experiments,  w e  examined the  
oxidation k ine t ics  and oxide morphology in the  
thin-film oxidation s t a g e  for tungsten a t  tempera- 
tu res  in the range 400 to 6OO0C. Specimen prepa- 
ration procedures were es tab l i shed  and the  repro- 
ducibil i ty of both k ine t ics  and morphology appeared 
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t o  be sa t i s fac tory .  A s  i n  t he  cases of tantalum 
and niobium, the  early-stage oxidation k ine t ics  in- 
d ica ted  that t he  mechanism changes during th i s  
part  of the  process.  However, other qua l i ta t ive  
observations ind ica te  subs t an t i a l  deviations in  the  
general  charac te r i s t ics  of oxidation from those  
exhibited by tantalum and niobium. 

DIFFUSION STUD1 ES 

R. E. Pawe l  T. S. Lundy' 

T h e  investigation of t racer  diffusion in  tantalum 
by means of the  anodic film sec t ion ing  tech- 
nique', '  was  extended both to  higher temperatures, 
where the resu l t s  could be  compared with those  
obtained by la the  machining and grinding, and  to 
lower temperatures, where the  direct  determination 
of diffusion profiles and coef f ic ien ts  is most dif- 
f icult .  The technique was  also used  to supple-  
ment da t a  for diffusion in niobium. '' 

Because  the  maximum th ickness  of a s ing le  sec- 
tion us ing  the  anodic f i l m  technique i s  limited to  
about 1000 A, i t  was  prac t ica l  t o  compare resu l t s  
with the  other techniques only over very narrow 
temperature ranges.  T h e  overlap in our case oc- 
curred over the  temperature range  2000-2300OC. 
T h e  da ta  from different methods agreed within the  
l imits of reproducibility of a s ingle  method. Al- 
though the  anodic film sec t ion ing  technique is 
obviously most useful for t h e s e  metals a t  low tem- 
peratures where diffusion d i s t ances  a r e  exceed-  
ingly small ,  i t  competed favorably in accuracy  and 
convenience with the  grinding techniques for ob- 
taining diffusion coef f ic ien ts  i n  the  range of lo-' '  
t o  lo- ' '  cm2/sec. In addition, t h e  lower tempera- 
ture limit of our diffusion da ta  for 95Nb in tantalum 
was  pushed to  92OoC, a t  which a la t t ice  diffusion 
coefficient of 2.5 x lo-' ' c m 2 / s e c  was  measured. 

'Solid Reactions Studies Group. 
'R. E. Pawel  and T. S. Lundy, Acta Met .  13, 345 

(1 965). 
'T. S. Lundy, J. I. Federer,  R. E. Pawel,  and F. R. 

Winslow, "A Summary of ORNL Work on Diffusion in  
Beta Zirconium, Vanadium, Columbium and Tantalum," 
pp. 35-49 in Diffusion in Body-Centered Cubic Metals, 
American Society for Metals, Metals Park, Ohio, 1965. 

"T. S. Lundy, F. R. Winslow, R. E. Pawel,  and C. J. 
McHargue, "Diffusion of Nb-95 and Ta-182 in Niobium," 
accepted for publication in Transactions of AIME. 

ORNL-DWG64-9864 
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F i g .  12.2. Arrhenius P l o t  of the Di f fus ion Coeffi-  

c ients  for 95Nb in To. Note  overlap of data obtained 

b y  lathe, precision grinder, and anodic f i l m  stripping 

techniques. 

Our resu l t s  for t he  diffusion of 95Nb in tantalum' 
a r e  summarized in F ig .  12.2,  in which a 10'O-fold 
variation in  the  diffusion coefficient is shown in  
Arrhenius form. T h e s e  resu l t s  ind ica te  only a 
s l igh t  deviation from idea l  behavior; thus ,  the  
equation D = 0.23 exp  (-98,70O/RT) descr ibed  the  
temperature dependence of the  diffusion coefficient 
over the  whole temperature range within 20%. Data 
were also obtained for t he  diffusion of '82Ta in 
tantalum over a slightly shorter range of tempera- 
ture,  125O-22OO0C. T h e  ratio of t h e  diffusion 
cons t an t s  for niobium and tantalum in  tantalum w a s  
cons t an t  within experimental error a t  DNb/DTa = 

1.85 t 0.15. Therefore,  subs t i tu t iona l  diffusion in 

"R. E. Pawel  and T. S. Lundy, Phys .  Chem. Solids 
26, 937-42 (1965). 
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tantalum is apparently not sub jec t  to an  anomalous 
temperature dependence such  a s  that observed in  
t h e  body-centered cubic  sys t ems  &zirconium and 
@-titanium. Other work on diffusion is reported in  
Chap. 3 of th i s  report. 

TREATMENT OF SPECIFIC HEAT DATA 

R. E. Pawe l  E. E. Stansbury12 

T h e  spec i f i c  hea t  contribution due to magnetic 
order i n  pure n icke l  and  seve ra l  nickel-copper 
a l loys  was  determined by subt rac t ing  the  theoreti-  
c a l  spec i f i c  hea t ,  computed on the  b a s i s  of no  

12Consultant from the University of Tennessee.  

magnetic e f fec ts ,  from recently determined experi-  
mental  va lues .  13- '  T h e  energy and entropy 
changes  a s soc ia t ed  with the  ferromagnetic transi-  
tion were ca lcu la ted  and, at l e a s t  for pure nickel,  
found t o  b e  low compared to those  predicted 
through the  u s e  of popular e lec t ronic  models. T h e  
magnitude of the  discrepancy between the  predicted 
and observed energy and entropy of magnetic order 
could be greatly reduced i f  t he  measured average 
number of unpaired s p i n s  per atom in  metall ic 
nickel i s  accounted for by d is t r ibu t ions  of 3d8 and 
3d" electron configurations rather than by 3d9 
and 3d". 

13R. E. Pawe l  and E. E. Stansbury, Phys.  Chem. 

14R. E. Pawe l  and E. E. Stansbury, Phys.  Chem. 

"R. E. Pawe l  and E. E. Stansbury, accepted for 

Solids 26, 607 (1965). 

Solids 26, 757 (1965). 

publication in Journal of Applied Physics .  
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13. X-Ray Diffraction 

H. L. Yakel 

T h e  ac t iv i t i e s  of the  X-Ray Diffraction Group 
a r e  equally divided between se rv ice  functions,  in 
which we support other programs of t h e  Labora- 
tory, and seve ra l  b a s i c  research programs of our 
own. T h e s e  ac t iv i t i e s  a r e  not mutually ex- 
c lus ive  and their  interaction h a s  often provided 
new stimuli  in both a reas .  

Our laboratory maintains the  capabili ty to  
handle  a la rge  volume of se rv ice  problems whose 
nature and complexity may cover a wide spectrum 
of experimental t echniques  and ana ly t ica l  proce- 
dures.  Lattice parameter estimations,  c rys t a l  
orientation and perfection s tud ie s ,  inves t iga t ions  
of thermally induced phase  transit ions,  and  com- 
p le te  c rys ta l  structure determinations a r e  examples 
of the  variety of problems treated during the  pas t  
year. 

Fundamental  research programs a r e  concerned 
with diffraction s tud ie s  of departures from per- 
fection in real  c rys ta l l ine  structures.  C a u s e s  of 
t h e s e  imperfections include solid-solution forma- 
tion, precipitation in c rys ta l l ine  so l id s ,  and  ra- 
diation damage. Both experimental observation and 
theore t ica l  interpretation of experiment have  been 
advanced within t h e  period of t h i s  report. 

ROUTINE ANALYSES 

0. B. Cavin 
L. A. Harris 

R. M. S tee le  
H. L. Yakel 

Samples submitted t o  the  X-Ray Diffraction 
Laboratory for routine ana lys i s  during the  period 
of t h i s  report exceeded 1000 in  number. While re- 
s u l t s  pertinent t o  the  work of other programs of the  
Division a r e  c i t e d  e l sewhere  in th i s  report, 
crystallographic data for previously unreported 
compounds and a l loys  a r e  co l lec ted  in Tab le  
13.1. 

Diffraction s tud ie s  of irradiated MgO and A1,03 
powders were init iated for t h e  Reac tor  Chemistry 
Division. La t t i ce  expans ions  occurred, and Bragg 
maxima tended to  become broad a t  high fas t -  
neutron doses ,  but no anomalous diffuse intensity,  
s u c h  as  was  observed in irradiated-Be0 powder 
patterns,  appears .  

Investigation of phases  present in vapor-deposited 
tungsten-rhenium a l loys  demonstrated'  t he  pres- 
e n c e  of an  A15-type s t ruc ture  in  as-deposited 
a l loys  with 13 t o  45% Re. Heat  treatment of a n  
as-deposited 37% R e  alloy at  15OOOC for 1 hr 
partially converted the  A15-type structure t o  a- 
tungsten (A2 type) and a sigma phase  (tetragonal, 
a. = 9.63 A, co = 4.985 A). 

Preliminary single-crystal  diffraction da ta  for 
KMgCl, were obtained a t  the  reques t  of t h e  Spec- 
troscopy of Ionic Media Group, who a r e  examining 
the  absorption spectrum of nickel subs t i tu ted  for 
magnesium in th i s  compound. T h e  da ta  ind ica te  
a pseudo-tetragonal orthorhombic unit cell with 

a = 6.955 50.003 A , 
0 

bo = 6.971 F0.004 A , 
c,, = 9.922 k 0.003 A . 

T h e  structure is a distortion of the  idea l  perov- 
skite-type structure,  s u c h  a s  h a s  been reported' 
for GdFeO,. Although twinning makes t h e  col- 
lection of accura te  intensity da ta  difficult, w e  
plan a n  ana lys i s  of detailed atom posit ions in 
th i s  structure.  

Our continuing s tudy  of t he  UC,-ThC, pseudo- 
binary sys t em h a s  centered on t h e  eu tec to id  com- 
posit ion of approximately 38% ThC, to  more 

J. I. Federer and R. M. Stee le ,  Nature 205, 587 

'S. Geller and E. A. Wood, A c t a  Crysf. 9, 563 (1956). 

1 

(1965). 
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Table 13.1. Crystallographic Data for New Al loys  and Compounds 

Lat t ice  
Parameters Comments Composition Crystal  

(% are atomic) System 
(A ) 

5W0 Tb-25% Cu-25% Zn  Cubic 3.54 * 0.01 BZ(CsCI)-type 

5Wc Tb-25% Ag-25% P d  Cubic 3.551 * 0.005 A2-type bcc  

Cubic 3.578 * 0.005 A2-type bcc  

Cubic 3.69 f 0.01 AI-type f cc  5Wo Tb-20% Ag-30% In 

50% Tb-30% Ag-20% In Cubic 3.68 k 0.01 Al-type fcc 

50% Tb-40% Ag-lO% In Cubic 3.65 * 0.01 Al-type fcc 

25% Tb--50% Ag-25% La  Cubic 3.705 k 0.005 A2-type bcc  

Cubic 3.610 I? 0.005 A2-type bcc  

50% Tb-37.5% Ag-12.5% Pd  

25% Tb-50% Ag-25% Y 

Co,Cr Cubic 3.55 k 0.01 AI-type fcc 

TbRh Cubic 7.492 5 0.005 C15(MgCu2)-tyPe 

( N H J ~ T C F ~ ~  Hexagonal a. = 5.994 kO.005 Isomorphous with (NH4),ReF6 
co = 4.800 5 0.005 

aD. E. LaValle,  W. T. Smith, and R. M. Steele,  “Rhenium Nitrogen Fluoride and Rhenium Tetrafluoride,’# ac-  
cepted for  publication in Journal of Inorganic and  Nuclear Chemistry. 

accura te ly  determine the  transit ion temperatures,  
t he  ex i s t ence  of a proposed miscibil i ty gap  within 
the  high-temperature face-centered cubic  phase  
field, and the  k ine t ics  of transformation. High- 
temperature powder-diffraction da ta  obtained in  
the  period of th i s  report fa i led  to d i sc lose  a 
miscibil i ty gap in the  face-centered cubic  p h a s e  
field near  38% of ThC,, and sugges t  that  t h e  
eutectoid transformation cannot b e  suppres sed  by 
quenching. Long-period annea l s  of ThC,  at tem- 
peratures below the  monoclinic-cubic (or tetrag- 
onal) transit ion temperature produced materials 
whose diffraction pa t te rns  were sharp  and had 
well-resolved Kal-Kaz doublets a t  t he  h ighes t  
observable  sca t te r ing  angles .  Monoclinic unit  
cell parameters determined from a pattern recorded 
with Cr  Karad ia t ion  o\ = 2.29092A) were 

a. = 8.269 kO.005 A , 

to  = 4.232 kO.002 A , 

c 

p = 90.23 k 0.04 O .  

= 10,583 kO.006 A , 0 

CRYSTAL STRUCTURE OF MIXED OXIDE 
COMPOUNDS 

The Crystal Structure of Calcium Beryllate3 
(ca 1 170  2 9 )  

L. A.  Harris H. L. Yakel 

Calcium beryllate c rys t a l l i ze s  in t h e  cub ic  
system with a. = 14.023 * 0.05 A.  I t s  c rys t a l  
s t ruc ture  h a s  been determined by s tandard  three- 
dimensional Pa t t e r son  and  difference Fourier 
methods. Refinement of t h e  s t ruc ture  in  the  
acent r ic  s p a c e  group F43m by i te ra t ive  s t ruc ture  
factor-least-squares ca lcu la t ions  gave  a f ina l  
error index R = 0.066. T h e  idea l  composition of 
the  compound w a s  found to b e  Ca zBe, ,029 (four 
formula weights  per unit  cell) a s  a resu l t  of t h i s  
ana lys i s ,  

T h e  s t ruc ture  is descr ibed  as  composed of rods 

of close atom packingrunning parallel  to (110) 
crys ta l  directions and  in te rsec t ing  a t  4b s i t e s  of 

3Abstract  of paper submitted for publication in Acta  
Crys  tallographica. 
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F43rn. A s  the  rods diverge from the  46 s i t e s ,  
l a rge  (5.4 A free  diameter) ho le s  a r e  left  centered 
a t  4a posit ions.  

Two types  of calcium-oxygen coordinations a r e  
found; one  h a s  eight oxygen atoms in t h e  form of 
a rectangular prism about  a calcium atom while 
t he  o ther  is a sixfold grouping similar t o  tha t  re- 
ported in cubic  rare-earth oxides.  Of t h e  68 
beryllium atoms per unit  cell ,  20  have  nearly 
normal tetrahedral oxygen atom coordination, 32 
have three  shor t  and  one  long oxygen atom con- 
tac t ,  and  the  remaining 1 6  have an  unusual  trigonal 
oxygen atom coordination. 

An X-Ray Diffraction Investigation4 of a Phase 
Transformation in Europium Molybdate 

( 5 txMoO IO. 5 + y  1 
L. A. Harris A. T. Chapman6 

R. A. Potter '  

A compound Eu, txMoO o .  +y (x 2 0.3; y 2 0.2) 
h a s  been synthes ized  by solid-state methods. A 
high-temperature x-ray diffractometer w a s  used  to 
observe  a phase  transformation in  t h i s  compound. 
T h e  transformation involves  the  inversion of a 
low-temperature rhombohedral phase  t o  a cub ic  
one above  1550 5 25OC. T h e  phase  transformation 
is readily reversible in  a i r  and  appears  to fit 

4Abstract  of paper presented a t  the  Philadelphia 
Meeting of the American Ceramic Society,  May 1-6, 
1965. 

'Ceramics Lab  oratory . 
6Crystal  Phys ics  Group. 

, Buerger's "displacive transformation" c lass i f i -  
cation. 

Optical  and  powder x-ray film da ta  were obtained 
for both phases .  Structure fac tor  ca lcu la t ions  
carried out for s eve ra l  c r i t i ca l  reflections of t h e  
high-temperature phase  sugges t ed  tha t  i t  is a n  
anion-defect f luorite structure.  Diffraction experi- 
ments u s ing  Cu K a  and Cr  K U  radiations for ex- 
tended exposure t imes failed t o  reveal any  super- 
la t t ice  reflection, which would have  indicated a 
poss ib l e  pyrochlore-type structure. 

T H E  USE OF LOW-NOISE P R E A M P L I F I E R S  
WITH A P R O P O R T I O N A L  C O U N T E R  

A N D  A D D 2  A M P L I F I E R  

R. W. Hendricks 

In many problems of x-ray ana lys i s  e i ther  a 
proportional counter or a sc in t i l l a t ion  counter is 
needed t o  e l imina te  pu l ses  generated by radiation 
of undesired energy. To perform t h i s  e lec t ronic  
separa t ion  a s  efficiently as  poss ib le ,  t h e  resolu- 
tion of the  counter  tube and amplification sys t em 
must b e  optimized. 

A Reuter-Stokes RSG30A proportional counter  
and  a DD2 Linea r  Amplifier were chosen  as  
b a s i c  components. To t h e s e  were added as pre- 
amplifiers e i the r  a White Cathode Follower,  a n  
ORTEC 105XL, or a TENNELEC lOOB charge- 
s ens i t i ve  low-noise preamplifier. Radiation sources  
were "Fe, 75Se, and "'Cd i so topes ,  which emit 
5.90 kev  (Mn Ka), 10.54 kev (As K a ) ,  and 22.16 
kev (Ag K a )  x rays  respectively.  

Table  13.2. Resolutionsa Obtained w i t h  Several Preamplif iers a t  Three X-Ray Energies 
__ 

Best  Resolution Attained (So) 
- Energy 

(kev) 
TENNELEC Reuter-Stokes White ORTEC 

Data Cathode Follower 105XL 1 O O B  
Isotope 

__ 

16.4 16.8 16.2 16.2 

12.3 12.3 

8.3 11.1 8.6 8.6 

"Fe 5.90 

7 5 ~ e  10.54 

"'Cd 22.16 

aResolution is defined a s  the full  width of half maximum of the pulse-height distribution peak divided by the peak 
position. 
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The resolution achieved by the various instru- 
ment combinations is compared quantitatively in 
Table  13.2 together with the  resolution quoted 
by Reuter-Stokes where possible .  Examination of 
t h e s e  data  permitted the  following major con- 
c lus ions  t o  be drawn: 

1. 

2. 

3. 

The  u s e  of a low-noise preamplifier in  con- 
junction with an RSG-30A proportional counter 
and a DD2 linear amplifier provides t h e  op- 
timum conditions for operation of the counting 
sys tem.  

Ei ther  of the  charge-sensi t ive low-noise pre- 
amplifiers examined achieves  t h e s e  conditions.  

Experiments with amplifiers other than the DD2 
(e.g., ORTEC-221, TENNELEC TC200) showed 
no subs tan t ia l  advantage for t h e s e  instruments 
over the  DD2 for the type of single-channel 
ana lys i s  usually required in x-ray diffraction 
problems. 

X-RAY SCATTERING FROM IRRADIATED B e 0  
SINGLE CRYSTALS 

H. L. Yakel 

An increasing volume of evidence7 s u g g e s t s  
that, in the range of fast-neutron d o s e s  from 10'' 
t o  10" neutrons/cm2, x-ray diffraction pat terns  of 
irradiated B e 0  show a pronounced decrease  in t h e  
intensi t ies  of the sharp  Bragg maxima of re- 
f lect ions hk.2 with 1 # 0. T h i s  decrease,  which 
might b e  considered as  an  anomalous anisotropic  
thermal vibration effect in the c *  direction of re- 
ciprocal space ,  i s  more severe  the greater 
Z2/(h2  + k 2  + h k )  and the greater the dose .  One 
can achieve d o s e s  s o  large that  no hk-1 reflection 
with 1 f 0 would produce an observable sharp 
Bragg maximum, and in such  a c a s e  a l l  the  s c a t -  
tered intensi ty  near any reciprocal la t t i ce  point 
with 1 f 0 would be interpreted a s  diffuse s c a t -  
tering. 

One may a l s o  conclude that, a s  fast-neutron 
dose  increases ,  the sharp  Bragg maxima of non- 
prism reflections shif t  toward much smaller  IC* 
values  than those  character is t ic  of the diffuse 
intensi ty  near hk.2. If the  Ic*l  value assoc ia ted  
with the sharp Bragg maxima is assoc ia ted  with 

'D. G. Walker, R. M. Mayer, and B. S .  Hickman, 
J .  Nucl. Mater. 14, 147-58 (1964). 

the  average co spac ing  of the  ent i re  c rys ta l  or 
crystal l i te ,  then the  co spac ings  so  computed may 
r i se  to  4.5 to 4.6 A (Ac/c  = 3 to 5%) in the  10" 
to  10" neutrons/cm2 dose  range. Correlation 
of observed densi ty  decrease  and unit  cell ex- 
pansion would therefore improve, a s  demonstrated 
by Australian workers.' 

One may note  that  the theory proposed by Yakel 
and Borie' to account  for powder pattern l ine 
shapes  from B e 0  irradiated to  3.6 x l o z 1  neu- 
trons/cm2 at IIOOC also gives  a n  average co 
spac ing  of the en t i re  c rys ta l  through the relation 

co = (1 - a)c. + a(l + €)C = (1 + a€)c , 

where a is the probability of occurrence of a 
spac ing  anomaly, E is the fract ional  expansion 
which occurs  a t  an  anomaly, and c is twice the 
average spac ing  between layers  when no anomaly 
is present.  With a = 0.05, E = 0.4, and c = 4.44, 
c is 4.53 A. 

We have reexamined our powder and s ingle-  
c rys ta l  diffraction da ta  in the l ight  of the new 
evidence d iscussed  above and have found sub- 
s tan t ia l  agreement with i t  in  our powder data .  Un- 
fortunately, we have not irradiated s i n g l e  c rys ta l s  
of B e 0  to what is apparently the criticai d o s e  
range for the weakening, shif t ing,  and eventual  
disappearance of the sharp  Bragg maxima of reflec- 
tions s u c h  a s  the 00.2. T h i s  range is surprisingly 
narrow and lies between about 1 x 10" and 
7 x 10'' neutrons/cm2. We have,  however, been 
ab le  to study a flux-grown B e 0  c r y s t a l  irradiated 
to 3.7 x 10'' neutrons/cm2 a t  <lOO°C, which was  
generously suppl ied by S. B. Austerman." A 28 
s c a n  of the 00.2 reflection from this  c rys ta l  i s  
compared in Fig.  13.1 with s imilar  s c a n s  of the 
same reflection from crys ta l s  that we had irra- 
diated to 0.4 x 10" and 7.1 x 10" neutrons/cm'. 
A profile of the 00.2 reflection from a n  unirradiated 
crystal  is shown at the right; a l l  da ta  were col-  
lected in  (+l, +1) double-crystal  geometry with 
Cu K a  radiation monochromatized by first-order 
reflection from 111 planes  of a f la t  nearly perfect 
germanium crystal .  

0 

8B. S. Hickman, D. G. Walker, and R. J. Hemphill, 

'H. L. Yakel and B. S. Borie, Acta  Crys t .  16, 589 

"Atomics International Corporation, Canoga Park,  

J .  Nucl .  Mater. 14, 167-74 (1964). 

(1 963). 

Calif .  
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Fig .  13.1. The 28  Prof i les  of 00.2 Ref lect ions from B e 0  Single Crysta ls  Irradiated to 0.4 x lo2' neutrons/cm2 

a t  147OC (Broken Curve), 3.7 x l o 2 '  neutrons/cm2 a t  <loO°C (Solid Curve), and 7.1 x 10'' neutrons/cm2 a t  147OC 
(Dashed Curve). The OW2 20 prof i le  from an unirradiated B e 0  crysta l  is  shown displaced to the right. A l l  in tensi -  

t ies  have been normalized to a maximum o f  85 to  95. 

In Fig.  13.1 we note the pronounced change in  
profile with increas ing  dose .  Start ing from a 
relatively sharp Bragg maximum, i t  changes to a 
two-component reflection with a relatively sharp 
Bragg maximum a t  low sca t te r ing  angle  and a broad 
diffuse maximum a t  a higher sca t te r ing  angle.  
Final ly ,  i t  becomes a diffuse reflection with no 
observable trace of the Bragg maximum. We com- 
puted an apparent c o  s p a c i n g  of 4.48 A from the 
sharp  component of the ref lect ion from the c rys ta l  
irradiated t o  3.7 x 1020 neutrons/cm*. 

T h e  interpretation of such  da ta  in terms of a 
model of the damaged crys ta l  l a t t i ce  probably 
involves the rather sudden l o s s  of long-range 
regularity of la t t ice  s i t e s  in the c direction. 
Before the regularity drops to the extent  that 
Bragg maxima are not observable ,  the co spac ing  
corresponding to these  maxima increases  by a s  
much as 5%, reflecting the large expansion of 
interlayer spac ing  caused  by i so la ted  defects  and 
c lus te rs .  At the same time, highly damaged 

s e c t i o n s  of the s t ructure  are growing in size and 
assuming a degree of loca l  order within,  and per- 
haps between, themselves.  I t  is the diffuse 
sca t te r ing  from such  sec t ions  that is observed 
near every reciprocal la t t i ce  s i t e  hk-1 with 1 # 0. 
T h e  interpretation of the fea tures  of th i s  diffuse 
sca t te r ing  can ,  in  large part, follow that  given 
previously, '  with the addi t ional  assumption of 
random C-type layers  t o  account  for the s t reaks  
in  direct ions hk with h - k f 3n. 

The  identification and description" of a high- 
temperature form of B e 0  h a s  naturally led  to 
consideration of the possibi l i ty  that the atomic 
configuration in highly damaged sec t ions  may 
approach that of the @ B e 0  structure. To date ,  
we have not found experimental  evidence to 
support  this  hypothesis.  

'ID. K. Smith,  C. F. Cline,  and S. B. Austerman, 
UCRL-7539, Rev. I (Jan. 14, 1964). 
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THE INTERPRETATION OF DIFFUSE X-RAY 
SCATTERING FROM DISORDERED ALLOYS 

B. Borie C. J. Sparks,  Jr .  

Measurements of diffuse x-ray sca t te r ing  from a 
disordered subst i tut ional  alloy provide the only 
direct  information about the detai led atomic 
arrangement. However, this  useful information is 
obscured by contributions to the sca t te r ing  from 
other sources .  Always present  is temperature 
diffuse sca t te r ing  (TDS), resul t ing from the thermal 
motion of the atoms. Another diffuse sca t te r ing  
component is caused  by s m a l l  s t a t i c  displacements  
of the atoms from the s i t e s  of the ideal  la t t ice .  
T h e s e  displacements  are  a consequence of the 
disorderly distribution of atoms of two different 
sizes on the atomic sites. 

Previous efforts t o  correct measured in tens i t ies  
to  obtain only the sca t te r ing  due to  local  order 
have been inadequate.  Usually one t r ies  to remove 
the TDS by assuming that i t  var ies  linearly with 
temperature and extrapolating to absolute  zero 
from measurements a t  two temperatures. T h i s  is 
a t  best  crude s i n c e  (1) the TDS depends linearly 
on temperature only at temperatures higher than 
those normally used ,  (2) i t s  theoretical  justifi- 
cat ion is derived from a treatment of thermal 
motion in  a perfectly periodic medium rather than 
the aperiodic disordered alloy, and (3) the assump- 
tion that other components of the diffuse sca t te r ing  
a r e  temperature independent is of quest ionable  
validity. Corrections for the diffuse sca t te r ing  due  
to  the s t a t i c  displacements  have been even more 
primitive. 

We devised a new method for separa t ing  the 
d i f fuse  sca t te r ing  in to  i t s  various components for 
a cubic  material. No  models or assumptions about 
the character  of ei ther  the dynamic or s t a t i c  
atomic displacements  a re  necessary ,  except  that 
the displacements  a r e  assumed to  be small .  

In general, one may write for the sca t te red  
intensity I in e lectron units, 

The  posit ion vector and atomic sca t te r ing  factor 
of the mth atom a r e  rm and f,, and the vector k 
is 2v(s - s,)/h, s and so being unit  vectors de- 
fining the direct ions of the sca t te red  and incident 

radiation. If the atomic posi t ions correspond 
exact ly  to the sites of the average  la t t ice ,  then 
for a disordered alloy Eq. (1) g ives  only the 
sharp fundamental Bragg maxima and the loca l  
order diffuse scat ter ing.  The  Fourier transform 
of th i s  diffuse intensi ty  y ie lds  the  short-range 
order parameters,  which descr ibe the loca l  atomic 
arrangement. 

However, if  the  atoms are  d isp laced ,  e i ther  
dynamically or s ta t ica l ly ,  their posi t ions a r e  
given by rm I- S,, where 8, is a smal l  vector 
from the idea l  s i t e  t o  the ac tua l  atomic posit ion.  
The intensi ty  is then given by 

I = 2 2 f,f, exp  [ ik - ( r ,  - r,) -t ik.(S, - a,)] . 
m n  

Consider the contribution to  I of ,  s a y ,  a l l  pairs  
of atoms a d is tance  rm - rn apart ,  with a n  A 
atom a t  m and a B atom at n. Let th i s  contribution 
be 12; and let t h e  to ta l  number of s u c h  pairs  be 

N k , ” .  Then 

The  average indicated in  Eq. (2) is both a spa t ia l  
average,  s i n c e  the displacements  of different mn 
pairs may be different, and a time average, s i n c e  
a component of 6, is dynamic due  to thermal 
motion. If k-(am - 8,) is suff ic ient ly  s m a l l  that 
all t e r m s  in  the series expansion of the exponen- 
tial beyond the quadrat ic  term may be neglected,  
Eq.  (2) may be writ ten 

where 

and 
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Here,  $I,, is tha t  part of the in tens i ty  tha t  would 
have been observed if there were no atomic d i s -  
placements.  T h e  problem of concern  here is to  
understand q5mn s o  tha t  i t  may b e  removed from 
the  measurements.  

L e t  t he  vector d i sp lacement  6, b e  written in 
terms of t he  unit  cell vectors a , ,  a,, and a,: 

where x,, y,, and z, a r e  s m a l l  pure numbers. 
We may write k in terms of t he  reciprocal vectors 
b, ,  b,, and b,: 

k = 2n(h1b1 + h,b, + h,b,) , 

where h, ,  h,, and h ,  a r e  continuous var iab les  
tha t  a r e  e s sen t i a l ly  t h e  coord ina tes  of a point i n  
reciprocal space .  Then 

k . 6 , ~  2n(h lx ,  + h,y, + h3zm) , 

and Eq. (3) may b e  writ ten 

Similar express ions  may b e  developed for AA 
and BB pairs and  the  resu l t  combined t o  give the  
total  contribution t o  the  diffuse intensity due  t o  
the  s t a t i c  and  dynamic atomic d isp lacements .  T h e  
prec ise  character of the  resu l tan t  periodic func- 
t ions is unimportant for our purpose here. To 
sepa ra t e  the in tens i ty  distribution in to  i t s  various 
components,  w e  need only t o  know tha t  the  con- 
tribution due to  the atomic d isp lacements  may be  
written in terms of s u c h  functions a s  in Eq. (4). 

Fo r  the  s a k e  of simplicity we i l lus t ra te  t he  
separa t ion  in to  two dimensions,  though its ex- 
tension to  three is obvious. Suppose we confine 
our attention to  the  h h 0 plane  in  reciprocal 
space .  L e t  A ( h , ,  h,) represent t he  periodic short-  
range order diffuse scattering. Then ,  by ana logy  
with Eq. (4), the  to ta l  diffuse in tens i ty  a f te r  re- 
moval of the  form factor dependence may be 
written 

1 2  

4,, = Nt,BfAfB e x p  [iko(r, - r,)l {2rri(h, ( x ,  - x,  ) + h,  (y, - y,) + h,  (2, - 2,)) 

- 2n2(h;  ( [ x ,  - x,l'> + hz" ( [ y ,  - y,l'> + h3' ( [ z ,  - 2 , 1 2 >  + 2hlh ,  ( [ x ,  - ",I [y, - y,l) 

+ 2h,h, ( [ y ,  - Y,l [z, - 4 )  + 2h,h, U Z ,  - Z,l [ x ,  - x , l ) ) ,  . 

Define three functions,  periodic in  h, ,  h,, and h,, whose Four ie r  s e r i e s  representations a r e  given by 

B'(h,h,h,) = 2 Nt," 2ni ( x ,  - x,) e x p  [ ik . ( r ,  - r,)] , 

C'(h,h,h,) = - 2 Nk,"  2n2 ( [ x ,  - x,]') exp  [ ik . ( r ,  - r,)] , 

n 

n 

D '(hlh,h,) = - 2 N:," 4n2 ( [ x ,  - x,] [y, - y,]) e x p  [ik.(r, - r,)] . 
n 

If +mn is summed over n to obta in  a, the contribution to the  intensity of all AB pairs for any  rm - r,, w e  

obtain 

@/fAf ,  = h ,B  '(h,h,h,) + h,B '(h,h,h,) + h3B'(h,h,h,) + h:C'(h,h2'3) + h i C ' ( h z h 3 h 1 )  

+ hiC'(h,h,h,) + h,h,D ' ( h , h z h 3 )  + h,h,D ' (h ,h3h, )  + h3hlD '(h,h,h,) (4) 
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and 

Having recovered C and D, w e  may subs t i t u t e  i n  
Eq. (6) to obtain B: 

I t  is then straightforward to recover A by sub-  
s t i tu t ion  of B ,  C, and D i n  Eq. (5). 

Limitations of t h e  method inc lude  the  require- 
ment tha t  t he  separa t ion  b e  performed near t he  
origin in  reciprocal s p a c e ,  so  tha t  higher order 
terms in the s e r i e s  expans ion  remain small .  
S ince  the  separa t ion  depends on in tens i ty  dif- 
fe rences ,  it is very s e n s i t i v e  t o  the  accuracy  of 
the  measurements.  T h e  required manipulations of 
the  da t a  a r e  s u c h  tha t  access to a computer is 
useful,  particularly if a three-dimensional separa-  
t ion is t o  b e  attempted. Measurements a t  only one 
temperature a r e  needed, however, and the  tech- 
nique provides the  most complete correction for 
in tens i ty  contributions a s soc ia t ed  with s t a t i c  
atomic d isp lacements .  

. 
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14. Fuel Element Development  

G. M. Adamson, Jr. 

T h e  prime goal  of the  fuel element development 
program h a s  continued t o  b e  the  development of 
new or  improved fabrication techniques  for both 
fue l s  and cladding materials.  At present ,  our 
emphasis  is on thermochemical deposit ion,  both 
for t he  conversion of uranium hexafluoride to  
uranium dioxide by a one-step high-temperature 
hydroreduction reaction and as a means for fabri- 
ca t ing  difficult  cladding materials.  

T h e  high-temperature fuel c ladding  mater ia l s  w e  
a r e  fabricating by thermochemical reduction of 
ha l ides  include tungsten-rhenium a l loys ,  other 
tungsten a l loys ,  molybdenum, and  rhenium. De- 
velopment of thermochemical production of pure 
tungsten i s  reported in Chap. 19 of this report. 

Improvements in aluminum-base dispersion fue l  
e lements  a re  be ing  sought  through s tud ie s  of 
fabrication behavior and the  mechanism of hydro- 
gen absorption. 

THERMOCHEMICAL DEPOSITION OF 
URANIUM DIOXIDE 

R. L. Heestand C. F. Lei t ten ,  J r .  

T h e  overall  reaction U F ,  + 0, + 3H, + UO, + 
6HF may b e  u s e d  t o  syn thes i ze  uranium dioxide 
directly by thermochemical techniques.  We 
analyzed the  thermodynamic and k ine t ic  fac tors  
that  a f fec t  the  ra te  and efficiency of t he  one-step 
reaction and concluded tha t  low operating sys tem 
pressure ,  temperatures sufficiently high to limit 

‘R. L. Heestand and C. F. Lei t ten,  Jr., “Thermo- 
chemical Reduction of Uranium Hexafluoride for the  
Direct Fabrication of IJranium Dioxide,” to be  published 
in  Nuc tear Applications 

formation or condensation of intermediate com- 
pounds, and e x c e s s  oxygen and hydrogen should 
favor the  reaction. 

Experiments were run to  confirm the  predicted 
e f fec ts  of temperature, pressure,  and g a s  composi- 
tion on  the  reaction products. F igure  14 .1  shows  
schematically the  experimental apparatus.  I t  was  
necessary  to in jec t  the U F ,  directly in to  t h e  hot 
zone  of the  furnace to prevent loss of uranium by 
preliminary formation of the  so l id  intermediate 
products UO,F, or U F ,  in the  cold zones .  F igure  
14 .2  shows  the  arrangement of the  res i s tance-  
hea ted  Pt-40% Rh furnace, t h e  water-cooled in- 
jector u s e d  t o  introduce the  U F ,  i n to  the  hot zone  
of t h e  sys tem,  and the  low-density alumina deposi-  
tion subs t ra te ,  which was  used  to fac i l i t a te  re- 
moval of samples.  In addition, argon is u s e d  as  
a blanket to sepa ra t e  the reac tan ts  a t  t h e  injector 
t i p  and prevent buildup of UO, on the  injector.  

T h e  ranges of experimental conditions cons i s t ed  
of reaction temperature from 900 to  15OO0C, pres- 
su re  from 2 to  20 torrs, and gas-feed compositions 
from 30 to 80 vol ’% H,, 10 to  70  vol % 0 ,  ors t eam,  
and  1 to 10 vol % UF,.  System parameters have  
not been optimized in regard t o  a l l  var iab les ;  
however, s eve ra l  trends a re  apparent. In the  
temperature range of 1200 t o  1500°C at  p re s su res  
below 10 torrs, UO, is formed when g a s  composi- 
tion l i m i t s  a r e  held within 60 to 80 vol H,, 
10 to 40 vol % 0,  or s team,  and 1 to 10 vol % 
U F  ,. When U F  , is injected directly into t h e  hot  
zone  so tha t  mixing occurs  in the  des i red  tempera- 
ture range, t he  deposit  may b e  obtained as  e i ther  
a highly dendrit ic c rys ta l  growth or a s  a so l id  
dense  uniform deposit .  A typica l  dendrit ic crystal-  
l i ne  growth, shown in Fig. 14.3, was  obtained 
with a g a s  composition of 78 vol 76 H,, 20 vol % 
s team,  and 2 vol % UF,  at 6 torrs and 125OoC. 

85 
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Fig.  14.2. Arrangement of Water-Cooled Injector for 

Introducing Uranium Hexafluoride. 

Deposi ts  of t h i s  type have  oxygen-to-uranium ra- 
t ios ,  determined polarographically, in t h e  range 
2.000 to  2.003 and fluorine contents less than 
10  ppm. T h e s e  depos i t s  a re  readily removed from 
the  alumina subs t ra te  and are  eas i ly  crushed to  
powder. 

Using the  same method of fuel injection, we 
obtained a dense  uniform depos i t  when t h e  pres- 

s u r e  was  reduced to  2 to 3 torrs and the  UF,  
content of the g a s  was  increased  above 3%. 
Figure  14 .3  a l s o  shows an approximately 0.040- 
in.-wall UO, tube,  which was  deposi ted a t  130OoC 
and 3 torrs  at a rate of 6 mils/hr with a feed ra te  
of 40 cm3/min UF,, 45 cm3/min 0,, and 550 
cm3/min H,. T h e  bulk dens i ty  c lose ly  approx- 
imated the theoretical  x-ray dens i ty  of UO, (10.96 
g/cm 3 > .  

We have  ad jus ted  the  stoichiometry of the  so l id  
depos i t s  by  varying the  feed gas  composition, 
primarily the oxygen content,  a t  a given tempera- 
ture and pressure.  F igure  14.4 shows  t h e  range 
of microstructures obtained for different oxygen 
concentrations.  T h e  increas ing  amount of second 
phase  is typica l  of precipitation of U,O,. 

Although our principal effort h a s  been directed 
toward obtaining mass ive  depos i t s ,  w e  found tha t  
submicron size powders, a s  shown in the back- 
ground of F ig .  14.3, may be obtained i f  t h e  g a s e s  
mix a t  lower temperatures. We bel ieve  tha t  an 
intermediate fluoride is formed on mixing and 
subsequent ly  reduced to UO, in  t h e  hot zone. 
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Fig.  14.3. Samples of Uranium Diox ide  Prepared by Vapor Deposit ion.  A t  the lower le f t  i s  a dendri t ic  deposit  

of deep red translucent crystals.  A t  the top is  o sect ion of U 0 2  tube, 0.750-in.-diam x 0.040-in. w a l l ,  deposited a t  

13OO0C from UF,, 02, and H p  in 6 hr, 5x. T h e  background is o n  electron micrograph of extremely fine powder, 

I . 
1 6 5 , 0 0 0 ~ .  Reduced 16%. 
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Fig. 14.4. Microstructure of Solid U 0 2  Deposits Obtained a t  1300°C and 3 torrs. Gas compositions by volume 
and oxygen-to-uranium ratios were  (a) 9% 02-85% H2-6% UF6, 2.001; ( b )  10% steam-86% H2-4% UF6, 2.008; and 
( c )  12% 02-81% H2-7% UF6, 2.166. Etchant: 70% H20, 20% H202 solution (30%), and 10% concd HN03. 2 5 0 ~ .  

DEPOSITION OF REFRACTORY METALS shapes .  T h e  major effort h a s  been directed a t  
t he  deposition of tungsten-rhenium alloys.  Ob- 
taining fine-grained tungsten by the  s imultaneous 
deposition of tungsten and minor alloying additions 

J .  I. Federer  C. F. Lei t ten ,  Jr .  

is a l s o  being sought. Deposition of - unalloyed 
T h e  preparation and fabrication of various re- 

fractory metals  by  thermochemical deposition h a s  
continued. Our goa ls  include the deposition of 
t h e s e  metals  a s  both claddings and free-standing 

tungsten,  which was  formerly a part  of this pro- 
gram, is reported in Chap. 19 of th i s  report. 
Other refractory metals  now being deposi ted in- 
c lude  rhenium and molybdenum. . 

. 
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1 .  

Tungsten-Rhenium Alloys 

T h e  preparation of tungsten-rhenium a l loys  by 
the  simultaneous hydrogen reduction of tungsten 
and  rhenium hexafluorides h a s  continued. T h e  
alloying s t u d i e s  have  shown both t h e  feasibil i ty 
of codeposit ion and the problems involved. T h e  
equipment used  h a s  been descr ibed  previously. 

Due to metering difficult ies,  t h e  actual R e F ,  
flow ra tes  were not wel l  known in early experi- 
ments ;  however, t he  charac te r i s t ic  codeposit ion 
behavior for stationary hot zones  was  es tab-  
l ished. With t h e  high deposit ion temperature 
used  (70@C), eas i e r  reduction of R e F ,  than WF, 
resulted in rhenium-rich depos i t s  near  t h e  in l e t  
of the  reaction zone. Subsequently, t h e  metering 
difficult ies were eliminated by the  u s e  of mass 
flowmeters, and codeposit ion w a s  further investi-  
gated. T h e  typical deposit ion behavior is shown 
by the  composition profiles in F ig .  14.5, wherein 
the  rhenium content  of the  depos i t s  is plotted 
aga ins t  d i s t ance  from the  in l e t  of the  reaction 
zone. T h e  deposit ion conditions and  metal- 
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recovery va lues  a r e  included. T h e  recovery va lues  
a r e  determined b y  comparing the metal  content of 
both metered fluorides with t h e  weight of depos i t  
obtained. 

The  curve  labe led  WRe-16 is typical of depos i t s  
prepared a t  500 to 7OO0C, exhibit ing a high 
rhenium content near  t h e  in le t  followed by a rapid 
dec rease  in rhenium with d i s t ance  from t h e  inlet .  
T h e  curves  labe led  WRe-18 and WRe-19 represent 
depos i t s  prepared under the  same  conditions a s  
WRe-16 excep t  that  argon w a s  included with the  
reac t ing  gases. Although the  mechanism is not  
c lear ,  argon improves the  uniformity of the  distri-  
bution of rhenium in the  deposit .  T h e  rhenium 

’5. I. Federer and C. F. Leitten,  Jr., Metals and  
Ceramics Div. Ann. Progr. Rept.  June 30, 1964, ORNL- 
3670, pp. 68-70. 

3R. L. Heestand, J. I. Federer,  and C. F. Leitten,  Jr.,  
Preparation and  Evaluation of Vapor-Deposited Tung- 
s t en ,  ORNL-3662 (Aug. 1964). 

4Hastings-Raydist, Inc., Hampton, Virginia. 
’5. I. Federer and C. F. Leitten,  Jr., “Vapor Deposi-  

tion and Characterization of Tungsten-Rhenium Alloys,” 
to be  published in Nuclear Applications. 
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WRe-16 WRe-18 WRe-19 WRe-; 

TEMPERATURE (“C) 
PRESSURE (torrs) 

600 500 600 450 
10 10 10 10 

1500 1500 1500 1500 
60 60 60 60 
10 10 10 10 
- 500 500 - 

89 44 54 25 

0 2 4 6 8 10 12 
DISTANCE FROM INLET (in.) 

Fig. 14.5. Variation of Rhenium Content w i th  Distance from the Inlet o f  the React ion Furnace. 
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content in WRe-19 w a s  subs tan t ia l ly  increased  
throughout t h e  depos i t  and was  cons tan t  over t he  
d i s t ance  from 5 to  12 in. from the  inlet .  T h e  
presence  of argon, however, lowered t h e  metal  
recovery from 8 9  t o  54%. Lowering t h e  deposit ion 
temperature to 45OoC also significantly changed 
the  rhenium distribution, as shown by t h e  curve  
labe led  WRe-20. Analys is  of the composition 
profiles for s eve ra l  depos i t s  revealed tha t  a 
grea te r  proportion of the rhenium w a s  recovered 
in  the  depos i t s  than of t h e  tungsten. In general  
deposit ion r a t e s  also were higher near  the in l e t  
than farther downstream. Consequently,  depos i t s  
prepared with a stationary hot zone  were both 
thicker and richer in rhenium near  the  inlet .  

In an a l te rna te  arrangement, we attempted to  
a l lev ia te  t he  ax ia l  variation in th i ckness  and 
rhenium content by subs t i tu t ing  a short  moving 
h o t  zone  for the  relatively long stationary hot 
zone. Adjusting t h e  g a s  composition controlled 
t h e  alloy composition and regulating the  ra te  of 
movement of the  hot zone  controlled the  th ickness .  
In the  in i t ia l  experiments with a moving hot zone ,  
a n  8-in.-long furnace was  moved 4 to 5 in. a long  
the  deposit ion tube in t - i n .  increments every 
15 min. T h e  conditions and resu l t s  of t h e s e  
experiments, WRe-26 and WRe-28, a r e  shown in 
Fig.  14.6. T h e  moving hot zone  maintained a 
relatively high rhenium content  throughout a 
greater length of depos i t  than had been obtained 
previously. Metal recoveries varied from 36% a t  

WRe-26 WRe-28 
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DISTANCE FROM BEGINNING OF DEPOSIT (in.) 

Var iat ion of Rhenium Content i n  Tungsten- 

Rhenium Deposits Prepared wi th  a Moving Hot  Zone. 

Fig.  14.6. 

6OO0C to  93% a t  800°C. As  the  deposit ion tem- 
perature w a s  increased ,  t h e  fraction of tungsten 
recovered increased;  th i s  i nc reased  tungsten re- 
covery may be  s e e n  in the lower rhenium content 
of specimen WRe-28. 

Since t h e  moving hot zone w a s  8 in. long  in  the  
in i t ia l  experiments, a range of compositions w a s  
still being depos i ted  throughout t he  deposit ion 
zone. Subsequently,  t h e  furnace w a s  replaced 
with a 1-in.-long induction coil .  A mechanical 
dev ice  moved the deposit ion tube through the  
induction coil at a cons tan t  ra te  of 0.75 in./hr, 
and  the  g a s e s  were preheated to about 30OoC. 
T h e  other conditions of t h e s e  experiments,  WRe-31, 
-32, and -33, and  the  resu l t s  a r e  shown in Fig.  
14.6. In these experiments, t he  to t a l  feed  rate 
of WF, and R e F ,  w a s  reduced and 100% of t h e  
metal w a s  recovered. T h e  ax ia l  variations in 
composition cannot  b e  completely eva lua ted  
because  of the  shor t  length of t h e  depos i t s  and 
the  relatively la rge  end e f f ec t s  due  to temperature 
gradients. Never the less ,  t he  high metal  recoveries 
and  the  correlation between g a s  composition 
(25% R e F 6 ,  exc lus ive  of H2)  and the maximum 
rhenium content of the  depos i t s  (27 t o  29%) is 
encouraging. Definite improvements in uniformity 
of deposit ion were observed. In experiment 
WRe-33, a 7-in.-long depos i t  was  prepared a t  a 
cons tan t  deposit ion rate of 4.3 mils/hr over  t he  
middle 4 in. of the  deposit .  Although not  ye t  
optimized, t h e  moving hot zone  technique appears  
t o  have potential  for depos i t ing  a l loys  of uniform 
composition and th ickness .  

The in te rs t i t i a l  and metall ic impurity conten ts  
of alloy depos i t s  a r e  similar t o  those  of unalloyed 
vapor-deposited tungsten.  Typica l  impurity con- 
t e n t s  a re  ( 2 0  ppm C,  <5 ppm N and H,  5 to  35 
ppm 0, and t r aces  of severa l  metals including 
copper,  boron, and sil icon. T h e  grain structure,  
shown in F igs .  14.7 and 14.8,  is typica l ly  co- 
lumnar with a tendency towards more needle-like 
grains in a l loys  containing greater than 25% Re. 
F igure  14.7 shows  long columnar grains,  con- 
ta in ing  cons iderable  f ine  structure,  i n  a W-32% 
R e  deposit .  A columnar structure resembling 
unalloyed tungsten is shown in the  W-12% R e  
depos i t  in F ig .  14.8.  Columnar grain s t ruc tures  
now appear predominant in a l loys  conta in ing  u p  
to 50% Re. 

Hardness  va lues  increased  from 450 DPH for 
unalloyed tungsten to about 1800 DPH for a l loys  
containing 25 to  30% Re. X-ray diffraction resu l t s  
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. 

Fig. 14.7. Vapor-Deposited W-32% R e  Al loy.  Etch-  

ant:  1 concd NH40H, 1 H202 (30%), 4 H20. 5 0 0 ~ .  

Fig. 14.8. Vapor Deposited W-12% R e  Alloy. Etch-  

ant: 1 concd NH40H, 1 H202 (30%), 4 H20. 2 5 0 ~ .  

ind ica te  tha t  t h e  hardness  inc rease  is as soc ia t ed  
with an increas ing  amount of p-tungsten-type 
s t ruc ture  (cubic), which coex i s t s  with a so l id  
solution (body-centered cubic) of rhenium in 
tungsten., The sol id  solution is observed prin- 
c ipa l ly  in  depos i t s  with low rhenium contents ,  
whereas  t h e  @tungsten s t ruc ture  is as soc ia t ed  
with high rhenium contents.  T h e  latter phase  
d o e s  not  appear in published phase  diagrams,718 
which have not  been es tab l i shed  below 12OOoC. 
Neither s igma phase ,  which is reported to  occur 
i n  a l loys  containing 26 to 63% Re,  nor elemental  
rhenium h a s  been found in any as-deposited alloys.  

Other Tungsten Alloys 

T h e  deposit ion of fine-grained rather than the  
usua l  columnar-grained tungsten h a s  been attrib- 
u ted  to unintentional contamination with vana- 
dium. In continuing deposit ion experiments,  
smal l  amounts of certain alloying e lements  a r e  
be ing  added to tungsten by coreduction of t h e  
mixed fluorides. T h e  objective is to study m e t h -  
o d s  for adding known quant i t ies  of the  e lements  
t o  tungsten.  

In preliminary experiments, coreduction a t  600, 
700, and 80OoC of a mixture containing about 
0.06% V F ,  in WF, resulted in vanadium contents  
ranging from l e s s  than 10 to 75 ppm but no  change 
in  structure.  Subsequently we tried to add boron, 
molybdenum, and vanadium to tungsten by u s i n g  
binary mixtures of WF, with BCl,, MoF,, and 
V F ,  a t  higher concentrations under the  following 
c ondi ti on s . 
Temperature 600, 700, 8OO0C 

Pressure  1 0  torrs 

1000 cm3/min H 2  

W F 6  + 0.5% BC13 50 cm3/min 

W F ,  + 2.170 VF, 50  cm3/min 

W F  , + 0.570 M o F  50  cm3/min 
7 .  Deposition mandrel /-in.-OD 8 x %-in.-ID x 12-in.- 

long copper tube (for inter- 
nal  deposit)  

,J. I. Federer and R. M. Steele,  Nature 205, 587-88 
(1965). 

7P. Greenfield and P. A. Beck, Trans. AIME 206, 
265-76 (1956). 

'J. J. English,  Binary and  Ternary P h a s e  Diagrams 
of Columbium, Molybdenum, Tantalum, and  Tungsten, 
DMIC-152, p. 92 (April 1961). 
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T h e  WF, + BC1, mixture w a s  metered at 38OC, 
t h e  temperature a t  which the  vapor p re s su res  of 
t h e  two cons t i tuents  a r e  equal. T h e  other two 
mixtures were metered a t  t h e  boiling points of 
V F ,  (5OOC) and MoF, (35OC). 

Each  additive suppressed  tungsten deposit ion.  
For example, no depos i t  was  obtained a t  6OO0C 
with the  V F ,  mixture and only 50% recovery was  
obtained at 6OOOC with the BC1, mixture. Metal 
recoveries,  however, increased  with increas ing  
deposit ion temperature. Boron addi t ions ,  if any, 
were less than the  limit of spec t roscopic  detection 
(50 ppm). Vanadium contents  ranged from 880 to 
1130 ppm and molybdenum from less than 20  to 
1000 ppm. 

T h e  microstructures of samples  prepared with 
fluoride mixtures containing BC1, and MoF, were 
columnar with a very f ine  precipitate at  t he  grain 
boundaries and, to a l e s s e r  ex ten t ,  within t h e  
grains.  No other charac te r i s t ic  microstructural 
fea tures  were observed. Several  of the  samples  
prepared with a mixture containing V F 5  had 
regions of V F ,  included in  the  microstructure. 
T h e  vanadium contents  of t h e s e  samples  were not 
included in the  range of va lues  mentioned above. 
T h e  microstructures of two samples  from two 
different depos i t s  prepared a t  80OOC were unlike 
any previously observed, being ne i ther  columnar 
nor equiaxed. T h e  grains were elongated in the  
growth direction but did not  extend completely 
through the depos i t s .  The  columnar s t ruc ture  
apparently w a s  disrupted by t h e  frequent nuclea- 
tion of new grains a s  deposit ion proceeded. 

T h e s e  experiments have demonstrated the  feasi- 
bil i ty of adding small amounts of alloying addi- 
t i ons  to tungsten by vapor deposit ion,  but the  
process  is subjec t  t o  the  nonuniformity problem 
previously d i s c u s s e d  for t h e  deposit ion of tung- 
sten-rhenium alloys.  Several  methods a re  being 
considered to minimize t h i s  problem, inc luding  
deposit ion on a male mandrel contained in a 
mixing chamber and the  u s e  of a moving hot zone. 

Rhenium 

Studies  of deposit ion of unalloyed rhenium by 
hydrogen reduction of rhenium hexafluoride (ReF  ,) 
h a v e  continued. T h e  purpose is to determine the 
conditions required to prepare uniform depos i t s  

for appl ica t ions  of t h e  unalloyed metal  and to 
e s t ab l i sh  base l ine  information for deposit ion of 
a l loys  containing rhenium. 

Deposition s t u d i e s  have  been  conducted under 
conditions included within the  l imi t s  indicated 
below. 

Temperature 500 to  800°C 

Pressure 2 to 50 torrs 

H2 /ReF , 1 0  to 200 

Flow ra tes  

H 2  
ReF,  

250 t o  2000 cm3/min 
10 to 25 cm3/rnin 

Substrate Copper 

Geometry 3 .  /4 in. OD x 12 in. long 

Although the  optimum conditions for deposit ion 
of uniform high-density metal  h a v e  not been de- 
termined, s eve ra l  general  t rends  a r e  evident.  T h e  
efficiency of reduction of R e F ,  is enhanced by 
high va lues  of the  three  principal var iab les  - tem- 
perature, p ressure ,  and H,/ReF,  ratio. Under 
conditions of high reduction efficiency, t h e  de- 
pos i t s  cons i s t  of nodular growths, mechanically 
interlocked c rys t a l s  having cons iderable  grown-in 
porosity, and some smooth coating. Depos i t s  of 
high dens i ty  and  uniform th ickness  occur under 
conditions of low reduction efficiency. Ductile 
coa t ings  of high-density metal ,  1 t o  2 m i l s  thick 
and  10 in. long, h a v e  been depos i ted  a t  6OO0C 
with a n  H,/ReF,  ratio of about 12  (250 cm3/min 
H, and  20 cm3/min ReF,)  and  a s y s t e m  p res su re  
of 10 torrs. T h e  deposit ion ra te  was  about  0.5 
mil/hr and t h e  reduction e f f ic iency  was  25%. 
T h e  grain s t ruc ture  of t h i s  material  w a s  typically 
columnar but less needle-like than that of vapor- 
depos i ted  tungsten grains. 

Mo I ybden urn 

Molybdenum also is be ing  deposited b y  the  
hydrogen reduction of MoF ,. Preliminary resu l t s  
ind ica te  that s l igh t ly  higher temperatures a re  
required for this reaction than for deposit ion of 
e i ther  tungsten or rhenium. All t he  bad fea tures  
of rhenium depos i t s  also appear  t o  b e  present  in 
molybdenum depos i t s ,  but some smooth coa t ings  
have  been prepared a t  800 and 900OC. T h e  grain 
s t ruc ture  of molybdenum depos i ted  a t  900°C, 
H,/MoF, ratio of  40, and a sys tem p res su re  of 
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1 0  torrs i s  columnar and similar in appearance  to 
tha t  of vapor-deposited tungsten. 

HYDROGEN ABSORPTION FROM WATER 
BY ALUMINUM 

M. M. Martin C. F. Lei t ten ,  Jr .  

In fabricating aluminum-base fuel p la tes ,  we 
infrequently observe  b l i s t e r s  i n  the  aluminum 
c ladding  even though the  init ial  s tock  h a s  been 
acceptab le  in  annealing t e s t s .  Desorption of 
atomic hydrogen from f ree  internal su r f aces  pro- 
d u c e s  t h e  majority of b l i s te rs  in aluminum. A 
source  of atomic hydrogen is thought t o  b e  atmos- 
pheric water t ha t  reac ts  and d isco lors  aluminum 
su r faces  in  normal heat-treating operations.  ' We 
determined the  effect  of t ime (2 to 10 hr), tempera- 
ture (450 to 550°C), and annealing-air dewpoint 
(0 to 39°C) on the  hydrogen absorption by types  
6061 and 1199 aluminum. 

Previous  s tud ie s  centered on es tab l i sh ing  sample 
preparation and a procedure for vacuum fusion 
ana lys i s  of internal hydrogen in aluminum. In 
general ,  degassed  and machined cy l inders  of the 
two a l loys  were exposed to humid a i r  a t  high 
temperature and then melted in a vacuum-fusion 
rig to determine the  amount of absorbed hydrogen. 
T h e  cy l inders  were prepared from 3/,-in.-diam rods 
of the  materials,  which had been annealed at less 
than torr for 24 hr at  a temperature near  
their melting point. Immediately prior to ana lys i s ,  
the  specimens were remachined and hea ted  in  
vacuum to 400°C for 1 hr to reduce the  sur face  
g a s  contributions. 

Tab le  14.1 summarizes the  in i t ia l  hydrogen 
contents  for unreacted cylinders.  T h e  degass ing  
treatments reduced significantly the  amount of 
hydrogen i n  type 1199 aluminum but did not affect 
the  leve l  i n  type 6061 aluminum. We also noted 
considerable variation in  the  resu l t s  for 6061 
aluminum. 

T h e  hydrogen content of 1199 aluminum on re- 
action increased  two- to tenfold from the  original 
0.04 c m 3 / l W  g. T h e  changes ,  however, were 
independent of the  experimental variables.  Sur- 
prisingly, t h e  hydrogen content of reac ted  6061 
aluminum remained e s sen t i a l ly  cons tan t  within 
the  range found i n  the  degassed  material. T h e  
alloy additions that affect  t he  oxide  film undoubt- 
edly control the  diffusion of hydrogen into and out 
of the  specimens.  

T a b l e  14.1. Hydrogen Content of Types 1199 and 

6061 Aluminum After Various Treatments to  

Lower  the Surface Gasa 

Hydrogen Content 
(cm 3/1 00 g) Treat men t 

6061 A1 1199 A1 

Turned in lathe,  about 0.45 0.74 
0.062 in. removed 
from diameter 

0.11 0.15 to  1.01 Degassed  and turned 

Degassed and turned, 
then hea ted  to  4OO0C 
a t  <IO-' torr 

60 min 0.054 0.47 
120 min 0.64 
360 min 0.038 0.57 

aAll  values a r e  the  average of two determinations ex- 
cept where range is shown. 

CHARACTERIZATION OF FUEL DISPERSIONS 

C. F. Lei t ten ,  Jr .  D. 0. Hobson 

We completed work on the  characterization of 
various types  of U 3 0 ,  powders d ispersed  in  
aluminum matrices.  T h e  purpose was  to d iscover  
the  e f fec ts  fabrication var iab les  had on fuel p l a t e s  
containing various types of oxide fuel. Such 
knowledge should  help u s  determine what proper- 
ties to spec i fy  when ordering commercial fuel. 
Another purpose was  to find a su i t ab le  way to 
quantitatively eva lua te  fragmentation and string- 
e r ing  in t h e  material under consideration and to 
propose a model t ha t  can  b e  used  to predict  t h e  
fabrication behavior of similar fuel dispersions.  

Samples of commercial powders were ordered from 
three vendors. T h e  as-received properties of the 
three  oxides  a r e  l i s ted  in Tab le  14.2, and Fig. 
14.9 shows  their  microstructures. Each  powder 
was  powder-metallurgically d ispersed  in type 
X8001 aluminum powder and roll bonded with 
type 6061 aluminum to form fuel p la tes .  Previ-  
ous ly  developed ATR fabrication procedures were 

'M. M. Martin, Metals and  Ceramics Div. Ann. Progr. 
Rept.  June 30, 1964,  ORNL-3670, p. 75. 



T a b l e  14.2. Properties of Commercial Powders of U 0 3 0  
~ ~ 

b Oxide Sieve Cut Analysis  (7'0) Densitya (g/cm3) Surface Area (rnZ/g) Uranium Analysis  (4.) 

N -80 +I 00 0.009 8.28 0.026 84.60 
-1 00 +I40 21.9 
-140 t200 33.9 
-200 +270 21.8 
-270 +325 15.2 
-325 7.2 

S -80 +lo0 0.19 
-100 +I40 25.6 
-140 +ZOO 33.3  
-200 +270 20.8 
-270 +325 12.9 
-325 7.2 

D +I 00 0.005 
-100 +I40 7.3 
-140 +200 37.0 
-200 +270 39.8 
-270 +325 13.2 
-325 2.7 

8.26 0.058 84.72 

8.28 0.107 82.89 

aVacuum impre gnat ion. 
b Static BET krypton adsorption. 

followed. lo  Representat ive longitudinal micrc- 
s t ructures  of the three oxides  in  the as-fabricated 
condition are shown in Fig.  14.10. 

Since the fuel par t ic les  were highly fragmented, 
we wanted to  u s e  a counting method that  did not 
depend upon l ine  or point count methods,  o r  upon 
random counting methods for the determination 
of fragmentation. A very s imple expedient w a s  
used,  namely the counting of every par t ic le  and 
every fragment in the field of view. T h e  dis t inc-  
tion between a s m a l l  fragment of a large par t ic le  
and an original fine par t ic le  was often difficult 
to  determine and was so le ly  dependent upon the 
judgement of the investigator.  Employing th i s  
counting procedure yielded fragmentation ratio 
values  for three different oxides ,  a s  shown in 
Table  14.3, together with the raw data.  

On the bas i s  of th i s  ana lys i s ,  the S-type oxide 
showed a wider range in  the  fragmentation index 
between samples  than either t h e  D- or N-type 

'OD. 0. Hobson e t  at., Fabrication Development of 
UgOg-Aluminum Composite F u e l  P l a t e s  for the Advanced 
T e s t  Reactor,  ORNL-3644 (July 1964). 

oxides .  In addition, the S oxide had the lowest  
densi ty  and the  highest  amount of fragmentation 
of the three oxides  tes ted.  Both t h e s e  factors  
re la te  to  the ini t ia l  condition of the oxide. The  
as-received powder contained numerous c racks  
and had an angular,  almost acicular ,  shape.  When 
th i s  oxide was fabricated,  each par t ic le  readily 
broke up into small fragments. 

The  fragmentation values  for the D oxide do not 
take  into account the material  contained in the 
stringered t a i l s  as  shown in Fig.  14.10. T h i s  
material  was too finely divided to b e  resolved 
in the photographs. Further,  we  be l ieve  t h e s e  
f ine par t ic les  are  not  a manifestation of fragmen- 
tation but  resul t  from the  removal of individual 
f ines  agglomerated on the sur face  of many of the 
original oxide par t ic les .  T h e  large surface area 
of th i s  powder re f lec ts  the  presence  of t h e s e  
f ines .  Thus, the D oxide values  represent only 
a measure of the  integrity of the cent ra l  par t ic les  
s e e n  in the s t ructure  and do not  include t h e  
material  scoured from the surface.  

T h e  fragmentation index for the N-type oxide i s  
s l ight ly  higher than that  for the  D type; however, . 
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Table 14.3. Experimental Frogmentotion Data on Commercial  Oxides 

Oxide View Number Number of Original Par t ic les  Number of Fragments Fragmentation Index Average 

N C-9-N (1 )  450 3049 6.78 

(1 1) 501 3384 6.75 
(21) 5 08 3359 6.61 

6.90 

(31) 554 4092 7.39 

S c - 7 s  (1) 622 5812 9.34 

10.01 
(11) 561 5746 10.24 
(21) 556 5341 9.61 
(31) 482 5328 11.05 

D C-11-D (1) 491 2758 5.62 
(11) 465 2561 5.51 
(21) 352 2252 6.40 
(31) 511 3095 6.06 

5.86 

of fragmentation increased  with dec reas ing  oxide  
density.  In addition, particle shape  affected 
fragmentation; spher ica l  par t ic les  res i s ted  frag- 
mentation during fabrication more than par t ic les  
having  irregular shapes .  We recommend the  spec i -  
fication of high density U,O, (>8.27 g/cm3) as  
spher ica l  par t ic les  with low sur face  a r e a s  ((0.05 
m ’/g) to eliminate e x c e s s i v e  cracking and t h e  
tail ing of f ines  from the  sur face  of the  particles.  
T h e  application of our characterization method 
to  d ispers ions  of UO, in s t a i n l e s s  s t e e l  is de- 
sc r ibed  in  P a r t  111, Chap. 22 of th i s  report. 

FABRICATION OF ENRICHED UAI, 
DISPERSION FUEL PLATES 

W. J. Werner 
M.  M. Martin 

J. H. Erwin 
C. F. Lei t ten ,  Jr .  

A number of problems a re  anticipated with fue ls  
for very high performance aluminum-water research 
reactors.  T h e  need for incorporating burnable 
poisons  in  fue l  p l a t e s  precludes the  u s e  of alloy 
fue ls ,  s i n c e  large and er ra t ic  boron l o s s e s  have 
been experienced during melting. T h e  metas tab le  
nature of the  oxide d ispers ions  and the la rge  g a s  
r e l eases  tha t  could accompany the  reac t ions  under 
irradiation potentially res t r ic t  their  use .  S ince  
the  uranium-aluminum intermetall ics a re  s t a b l e  
under t h e s e  conditions,  l 2  a limited amount of work 
w a s  performed to  determine t h e  feasibil i ty of 

intermetall ic fuel and fuel-plate preparation. High- 
performance aluminum-base fuel p l a t e s  containing 
e i ther  arc-cast  UA1 ,-UAl, mixtures or stoichio- 
metric compounds produced b y  powder-metallurgi- 
cal p rocesses  could b e  fabricated in to  fuel p la tes  
by conventional techniques with no  deleterious 
e f fec ts .  T h i s  work will b e  augmented by irradia- 
tion of t he  intermetall ics in the  form of ORR fuel 
elements.  Because  of t h e  var iab le  UAl,-UAI , 
composition of material produced by cas t ing ,  which 
severe ly  res t r ic t s  t he  production of large quan- 
t i t i e s  of p l a t e s  of  equal  fuel volume, t h e  powder 
metallurgy route with UA1, w a s  chosen  for t h e  
irradiation experiment. 

T h e  UA1, w a s  prepared i n  t h e  following manner. 
High-purity uranium metal w a s  hydrided to produce 
finely divided par t ic les  (3 to 4 p average  par t ic le  
s i ze ) .  T h i s  material w a s  then intimately mixed 
with the proper amount of high-purity aluminum 
powder (-325 mesh) by oblique dry blending. 
T h e  blend was  placed in a graphite d i e  and the  
hydrogen removed from the  mixture by the  appli- 
ca t ion  of hea t  and vacuum. T h e  mixture w a s  then 
hot pressed  under a low pressure  of high-purity 

“A. E. Richt,  C. F. Lei t ten,  Jr . ,  and R .  J .  Beaver,  
“Radiation Performance and Induced Transformations in  
Aluminum-Base Fuels,’’ p. 469 i n  Research Reac to r  
F u e l  Element Conference, Sept.  17-1 9, 1962,  Gatlin- 
burg, Tennessee,  TID-7642, book 2 (1963). 

”G. W. Gibson and D. R. deBoisblanc,  “Uranium- 
Aluminum Alloy Powders for U s e  a s  Nuclear Reactor 
Fue l s , ”  paper presented a t  1963 F a l l  Meeting of the 
Metallurgical Society of AIME, Oct.  21-25, 1963. 
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PHOTO 80952 

! 
F i g .  14.11. UA13 in  Various Stages of P l a t e  Fabricat ion.  (aj  P e l l e t  and d ie  parts used in  hotpressing. ( b )  Micro-  

structure of pel let .  Etchant 5% concd HF. 1OOx. ( c )  Longitudinal  sect ion of rol led fuel  plate. A s  polished. 1 0 0 ~ .  
( d )  Transverse section o f  rolled plate.  A s  pol ished.  1 0 0 ~ .  

argon a t  1000°C for 2 hr. Figure 14.11 is a com- 
pos i te  showing a UA1, pel le t  and assoc ia ted  
graphite die ,  a photomicrograph of the hot-pressed 
pellet, and longitudinal and t ransverse sec t ions  
of a finished UAI, dispersion plate. T h e  dark 
appearance of the  as-pressed pel le t  is a surface 
effect  believed to  have ar isen during eject ion of 
the pellet from the die. T h e  UAI, hot  pressings 

were hand-crushed to  t h e  proper par t ic le  s i z e  
(-170 + 325 mesh). Highqual i ty  blister-free p la tes  
of appropriate dimensions were fabricated from 
t h e s e  intermetal l ics  by conventional picture-frame 
techniques.  

Chemical,  spectrographic,  and x-ray a n a l y s e s  
were performed on the starting, intermediate (UHx), 
and final materials.  T h e s e  ana lyses  showed no 



98 

major impurities or im’purity pickup during proc- 
ess ing .  Chemical and x-ray ana lyses  of the 
s ta r t ing  materials and final s i zed  product a re  
shown in Tab le  14.4. 

T a b l e  14.4. Chemical and X-Ray Analyses of UA13 
Starting Materials and F i n a l  Product 

Material 

Measurement Al U (metal UA1, 
ingot) (powder) 

Oxygen, % 

Nitrogen, 70 

Carbon, Yo 

Density (toluene 
3 pycnometer), g/cm 

BET surface area,  

m 2/g 

Weight fraction uranium 

Moisture content,  % 

X-ray UA1, content,  % 

0.24 0.018 0.1318 

0.0041 0.0027 0.024 

0.005 0.004 0.041 

6.7369 

0.20 

0.72932 

<0.03 0.0361 
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FABRICATION OF URANIUM MONOCARBIDE 
WITH INTERMETALLIC SINTERING AIDS 

J. P. Hammond 

Uranium monocarbide as a nuclear fuel h a s  
excellent properties for a number of reactor types,  
but difficult ies encountered in fabrication impose 
ser ious  economic restrictions on i t s  use .  Ordinary 
sintering gives inadequate  dens i ty  and requires 
excess ive ly  high temperature. Over the  l a s t  
severa l  years  we have  investigated l 3 ,  l 4  s in te r ing  
a ids  that a l lev ia te  t h i s  problem without impairing 
fuel performance by introducing debili tating sec- 

13J. P. Hammond, J .  D. Sease ,  and C. Hamby, Jr.,  
“Uranium Monocarbide Fabricat ion with UAl, a s  Sinter- 
ing Aid,” pp. 145-53 in  The Fourth Uranium Carbide 
Carbide Conference, E a s t  Hartford, Conn., May 20-21, 

I4J .  P. Hammond and G. M. Adamson, Jr., “Fabrica- 
tion of Uranium Monocarbide with a Volati le Sintering 
Temperature Depressant ,”  Symposium on Carbides in 
Nuclear Energy, Harwell, England, N o v .  5-7, 1963, 
MacMillan, London, 1964. 

1963, TID-7676 (1964). 

ondary cons t i tuents .  Both volati l ization and d is -  
solution in the  matrix were used  a s  means for 
eliminating additive cons t i tuents .  Tab le  14.5 
summarizes  our resu l t s .  

T h e  uranium intermetall ics u sed  a s  sintering 
a i d s  (7.5% UAl,, 0.75% UBe13,  and 0.75% U,Si,) 
are attractive because  they are e a s i l y  prepared 
as relatively air-stable fine powders and their 
secondary e lements  are of low thermal-neutron 
absorption c r o s s  section. With high-purity carbide 
powder a s  charge material, each  of t h e s e  proc- 
esses can  produce highly dense  stoichiometric 
single-phase products (Table  14.5). The  method 
us ing  UA1, as the  additive,  for example, g ives  
dens i t i e s  in e x c e s s  of 97% of theoretical  a t  a 
s in te r ing  temperature of only 1375OC. 

When the  carbide powder is impure, a s  i t  is when 
synthes ized  from UO, by carbon reduction, or 
conta ins  excess ive  carbon, densification is im- 
paired and secondary phases  a re  retained whether 
UA1, or UBe , ,  is used a s  the additive.  For the 
U,Si, p rocess ,  however, t h i s  is not the case .  
When s in te r ing  with U,Si,, w e  achieved b e s t  
resu l t s  with the  UO ,-derived uranium monocarbide 
containing high oxygen, and the dens i ty  was  not 
appreciably influenced by a smal l  e x c e s s  in 
carbon content. 

T o  aid interpretation of the  sintering mech- 
an isms  for t hese  processes ,  we determined perti- 
nent pseudobinary diagrams and derived tentative 
ternary isotherms a t  the  s in te r ing  temperatures.  
An important feature of these  p rocesses  was  an  
init ial  s t age  in which reactive metal vapor i s sued  
from the additive and promoted shrinkage by 
scavenging  the  carbide powder of sinter-inhibit ing 
oxide f i lms .  When highest  dens i t i e s  were ob- 
tained, th i s  s t a g e  was  generally followed by 
liquid-phase sintering. Single-phase compacts  
were ultimately achieved when the residual con- 
s t i t uen t  e i ther  d i sso lved  in the matrix or carbur- 
ized. 

When powder of hyperstoichiometric carbon or 
high-oxygen content was  sintered, the  abil i ty t o  
form liquid as an  intermediate s t e p  appeared t o  

~~ 

15J. P. Hammond and G. M. Adamson, Jr., “Activated 
Sintering of Uranium Monocarbide,” 1965 International 
Powder Metallurgy Conference,  June 14-17, 1965 (to be 
published). 
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Table 14.5. Results of Sintering UC wi th  Intermetal l ic  Aids 

Sintering Sintered Density Description of Product Sintering Aid Type Of uc Charge 

(wt %) % C Preparation Temperature (OC) (% of theoretical) and Aid Elimination 

Near stoichiometric sing le - 
phase product; additive 
volati l ized 

Stoichiometric single- 

i 
{ 

7.5 UAl, 4.8 Arc c a s t a  1375 > 97 

4.9 Arc c a s t e  1375 - 90 

0.75 UBe 1 3  4.8 Arc c a s t a  1525 ,x. 95 
4.8 UO, derivedb 1525 - 77 

1375 - 75 4.8 UO, derived' 

phase product; additive 
dissolved 

Stoichiometric single- 

4.9 Arc c a s t a  1525 - 86  

0.75 U,Si2 4.8 Arc c a s t e  1575 rv 96 
4.8 UO, derived' 1575 > 9 7  { phase product; additive 
5.1 Arc c a s t a  1575 - 95 dissolved 

aHigh-purity carbide prepared from spectrographic carbon and uranium containing <40  ppm C, <50  ppm N, and 75 

bCarbotherrnally prepared UC with purposely introduced oxygen: 0.7 wt % O2 a s  ground. 
ppm 0. 

b e  the  key t o  success fu l  consolidation. With UA1, 
and UBe,, ,  reac t ions  seemed t o  occur tha t  pre- 
vented liquid from forming. With U,Si2, on the  
other hand , consolidation probably w a s  promoted 
by the  uranium dicarbide, present a s  a secondary  
cons t i tuent  in the  carbide powder, reacting with 
t h e  s i l i c ide  additive t o  give grain-wetting liquid 
phases .  

F igure  14.12 i l lus t ra tes  microstructures observed 
when arc-cas t  UC is s in te red  with U,Si2. T h e  
dens i t i e s  indicated a r e  based  on a 100% UC 
product. With a stoichiometric s ta r t ing  powder, 
1% U,Si, as  the  addi t ive  r e su l t s  in a microstruc- 
ture of uranium carb ide  with a few dicarbide nee- 
d l e s  (Fig. 14.12a). With subs tan t ia l  e x c e s s  carbon 
in  the charge,  almost pore-free s t ruc tures  with 
some secondary microconsti tuents were obtained 
(Fig.  14.12b). By appropriately balancing the 
amount of addi t ive  aga ins t  the e x c e s s  in  carbon, 
the secondary phase  can  b e  limited t o  s i l i con  
carbide (Fig. 14.12c), which i s  s t ab le  to around 
1700°C in uranium monocarbide. With insuf- 
f ic ien t  s i l i c ide  additive, both U,C, and S i c  form 
as secondary phases .  

We demonstrated that with not undue attention 
to control of composition, e s sen t i a l ly  s ing le-phase  
products c a n  b e  cons is ten t ly  achieved  from carb ide  
powders synthes ized  from UO by reduction with 
carbon. 

AIDED SINTERING OF URANIUM NITRIDE 

J. P. Hammond 

Like  uranium carbide fuel,  uranium mononitride 
h a s  the advantages  of higher thermal conductivity 
and uranium dens i ty  than those  of UO,, but fabri- 
cation i s  even  more difficult  than i t  is for t he  
carbide. l 6  Studies were init iated to  examine 
various a ids  for s in te r ing  uranium mononitride 
along the  l i n e s  carried out  for uranium monocarbide 
(preceding section).  

Shown in T a b l e  14.6 a re  some of the  more in-  
te res t ing  r e su l t s  from preliminary experiments 
conducted to date. T h e s e  rather promising r e su l t s  
were obtained for uranium mononitride s ta r t ing  
powder analyzing 93.68% U, 5.58% N, 0.01% C,  
and 0.102% 0. Material from three  sepa ra t e  
ba t ches  of uranium mononitride was  s tudied ,  and 
the  s in te red  density improved with purity of t h e  
s ta r t ing  material. T h e  good resu l t  l i s ted  l a s t  in 
Tab le  14 .6  is attributed t o  scavenging  of con- 
taminants by the  aluminum vapor and the extreme 
f ineness  of the  uranium mononitride powder. 
Chemical ana lys i s  indicated that a 12% loss of 
nitrogen resulted from the fabrication. T h e  micro- 
structure (Fig.  14.13) showed trace amounts of an 
unidentified finely distributed consti tuent.  

16E. 0. Speidel and D. L. Keller, Fabrication and  
Properties of Hot-Pressed  Uranium Mononitride, EMI- 
1633 (May 30, 1963). 
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T a b l e  14.6. Sintering Results for Uranium Ni t r idea  

Secondary Consti tuents 

(OC) (wt %) (days) (% of theoretical) '  Amount Kind 
Sintering Temperature Sintering Aid Ba l l  Milling Time Sintered Density 

1500 2 UAlz 

1500 4 UAlz 

2 

2 

89.2 Very slight Sizeable particle 

89.8 Very slight Sizeable particle 

1600 2 UA12 2 94.9 Slight 

1600 4 UAlz 2 93.1 Very slight 

1550 A1 vapor 6 95.0 Trace Fine,  uniformly d 

dispersed  

aPressed  a s  5/16-in.-diam pe l le t s  a t  25  t s i  with 2% camphor binder and fired 3 hr i n  vacuum in tungsten-lined 

bTungsten carbide ba l l s  in rubber-lined drum, 4-,U start ing powder. 
'Average of two tes t s .  
dProvided by  disti l lat ion from 1% (of charge) UAIZ powder introduced on hearth of crucible. 

tantalum crucible. 

Fig .  14.13. Microstructure of Uranium Ni t r ide  Sintered 

3 hr a t  155OoC in Presence of Aluminum Vapor. Swabbed 

in equal  parts lact ic  and concd n i t r ic  ac ids ,  followed b y  
immersion in  a mixture of 30 m l  lact ic  acid,  1 0  ml concd 

HN03, and 2 ml concd HF. 1 0 0 0 ~ .  
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15. High-Temperature Materials 

W. C. Thurber W. 0. Harms 

Our goal is to develop an advanced materials 
technology on a sufficiently broad b a s e  and an  
appropriate t ime scale s o  tha t  engineers  con- 
cerned with t h e  des ign  and development of ad- 
vanced reactor sys t ems  will h a v e  sufficient 
information on high-temperature materials when 
required. T h i s  should greatly reduce t h e  amount 
of development needed for spec i f i c  sys t ems  and 
acce lera te  their realization. Within th i s  broad 
framework we h a v e  focused  our attention on those  
high-temperature sys t ems  tha t  will  require re- 
fractory meta ls  for t h e  containment of molten 
alkali  metals.  T h e  program inc ludes  development 
and inspection of refractory-metal tubing, s tud ie s  
of joining methods, measurement of the  mechanical 
and physical properties of refractory alloys,  s tud ie s  
of physical metallurgy, and an appra isa l  of the 
compatibility of refractory meta ls  with a lka l i  
metals.  Significant portions of th i s  work a re  
covered in de ta i l  e l sewhere .  '-' Programs on the  
spec i f ic  materials tungsten and uranium nitride 

T a b l e  15.1. Compositions o f  Refractory-Metal Al loys 

Additives Design ation B a s e  
(wt  70) 

B-66 Niobium 5 Mo, 5 V, 1 Zr 

C-129Y Niobium 10 Hf, 10 W, 0.1 Y 

Cb-752 Niobium 10 W, 2.5 Zr 

D-43 Niobium 10 8, 1 Zr, 0.1 C 

a r e  reported in Chaps.  19 and 20, respectively,  and 
more bas i c  s tud ie s  on materials compatibility in 
Chap. 16. 

In the tex t  t ha t  follows, frequent reference is 
made to commercial refractory-metal a l loys  by their 
trade designations.  T h e  nominal compositions of 
t h e s e  a l loys  a re  l i s t ed  in T a b l e  15.1. 

FABRICATION DEVELOPMENT 

C. F. Le i t t en  

Refractory Meta l  Extrusion 

R. E. McDonald G. A. Reimann 

Work h a s  continued on the extrusion of tungsten 
b i l le t s  t o  produce sound tube  s h e l l s  for sus sequen t  
process ing  into thin-wall large-diameter tubing. In 
view of our previous exper ience  with tungsten 
extrusion, we again attempted to extrude uncoated 
tungsten us ing  the mandrel technique. To eva lua te  
the  e f fec t  of increased  b i l le t  density on extrusion 
parameters, we prepared b i l le t s  from 3 t - i n .  bar 
s tock  that had been extruded from 5q8-in. powder- 
metallurgy bil lets.  'Table 15.2 summarizes the  
pertinent da t a  obtained. T h e  b i l l e t s  prepared from 
the  preextruded bar s tock  required greater extrusion 
loads  because  of their greater density.  T h e  optimum 
extrusion temperature for both powder-metallurgy 

FS-85 Niobium 27 Ta ,  10 W, 1 Zr 

T-111 Tantalum 8 W, 2 Hf (classified). 

T M  

'W. C. Thurber et af., ORNL-TM-980 (October 1964) 

Molybdenum 0.5 Ti 'W. C. Thurber et af., ORNL-TM-1050 (March 1965) 
(classified).  

W. C. Thurber, W. 0. Harms, e t  af., ORNL-TM-1140 3 TZM Molybdenum 0.5 Ti, 0.08 Zr 
(July 1965) (classified).  
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bi l le t s  and wrought bars was found to b e  170OOC 
for a reduction ratio of 5.8. 

To produce tube s h e l l s  more compatible with 
the  required final tube size, we tried to inc rease  
the  reduction ratio by employing a mandrel with a 
smaller diameter. A s  shown in T a b l e  15.2, incom- 
p le te  extrusions were encountered at a reduction 
ratio of 8.8 and temperatures o f  1850 and 1925OC. 
In both cases, the 3/-in.-diam mandrel “necked” 
and fa i led  as  a result  of tens i le  s t r e s s e s .  F igure  
15.1 shows the mandrel failures.  An additional 
b i l le t  (No. 1449) w a s  extruded a t  2000°C and 
y ie lded  a satisfactory she l l  1v2-in. OD x V4-in. 
wall  with good sur face  charac te r i s t ics .  T h e  high 

sur face  quality of th i s  extrusion is shown in Fig.  
15.2. 

T h e  possibil i ty of extruding uncoated W-26% R e  
a l loys  was  inves t iga ted  in a joint  venture with the 
Albany Metallurgy Research Center,  U.S. Bureau 
of Mines, Albany, Oregon. Machined b i l l e t s  of both 
s in te red  and  c a s t  material  a r e  suppl ied  by that 
organization. We measured the rate of oxidation 
of the alloy and s tudied  the  nature of the oxide 
formed. T h e  W-26% R e  alloy was  subs tan t ia l ly  
more r e s i s t an t  to oxidation than unalloyed tungsten 
in  the extrusion temperature range of in te res t .  T h e  
e f fec t iveness  of t he  bare extrusion p rocess  depends 
upon the lubricity of the oxide  layer  that develops  

T a b l e  15.2. Tungsten and Tungsten-Alloy Extrusion D a t a  

Method of 
Billet Billet 

No‘ Fabrication 

1190“ 

119la  

136Ze 

1363a 

1447s 

144aa 

1449e 

1450‘ 

145Ia 

1491‘ 

1492‘ 

1493‘ 

Sintered 

Sintered 

Wrought 

bar 

Wrought 
bar 

Wrought 
bar 

Wrought 

bar 

Wrought 
bar 

Arc 

cas t  

Wrought 
bar 

Arc 
cas t  

Sintered 

Arc 
cas t  

Bi l le t  
Billet Bi l le t  Density 

ature (7, of 

(OC) 
Type Theoretical) 

Tube shell 92 

Tube shell 92 

Tube shel l  > 99 

Tube shell > 99 

Tube shell > 99 

Tube shell > 99 

Tube shell > 99 

Bar > 99 

Tube shell > 99 

Bar > 99 

Sheet bar 92 

Sheet bar > 99 

__ 
I850 

1700 

1650 

1700 

1700 

1850b 

2000b 

21oob 

192Sb 

2800 

2200 

2200 

Time to 
Reach 
remper- 

ature 
(min) 

~ 

25 

23 

23 

23 

21 

20 

23 

25 

22 

23 

26 

26 

Load (tons) 
Remarks Extrusion Reduction 

Time Ratlo Break- During 
Extrusion 

~ 

12.5 

10.6 

8.0 

8.0 

I 5  

18 

13 

15 

15 

13 

18 

21 

5 . 8  

5.8 

5.8 

5.8 

5.8 

8.8 

8.8 

10 

8.8 

6.1 

8.5 

5.3 

480 

405 

600 

555 

545 

645 

580 

660 

600 

670 

645 

6 30 

405 

380 

515 

510 

535 

600 

540 

580 

580 

5 10 

Outer surface good; inner 
surface superior. 

Outer and inner surfaces  
superior. 

Cuter surface good, s o m e  
tearing; inner surface 
superior. 

Outer surface good, 
minimum tearing, inner 
surface superior. 

Outer surface good; inner 
surface superior. 

Incomplete extrusion; 

mandrel failed; outer 
surface good; inner sur- 

face superior. 

Outer surface goad; inner 
surface superior. 

Incomplete extrusion; bar 

ratcheted and broke. 

Incomplete extrusion; 
mandrel failed; outer 
surface good, inner sur- 
face superior. 

Incomplete extrusion; bar 
ra tcheted and broke. 

Par t ia l  extrusion; sur- 
face good. 

Partial extrusion; SUT- 

f ace  good. 

eTungsten. 
bNot measured accurately. 
‘W-26% Re alloy. 
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PHOTO 60967 

. 

Fig.  15.1. Tube Shell Mandrels that  F a i l e d  in Tension During Extrusion o f  Tungsten a t  1870-1925'C. 

during transfer of the bi l le t  from the  furnace to the 
extrusion press .  T h e  e f fec t  of rhenium on the  
oxidation character is t ics  h a s  ra ised doubts regard- 
ing  the effect iveness  of this  method of lubrication 
for the alloy. Because  w e  lacked suff ic ient  da ta  
on the minimum amount of oxide required for a n  
uncoated extrusion, we attempted two uncoated 
bar  extrusions,  u s i n g  arc-cast  W-26% R e  billets. 
A s  shown i n  Tab le  15.2, bi l le t s  Nos.  1450 and 
1491 fai led to extrude. Severe sur face  ratchet ing 
was encountered in both extrusions.  Further 
attempts to extrude W-26% R e  s h e e t  bar stock 
were made us ing  a high-temperature glass lubricant. 
Par t ia l  extrusions were accomplished at 220OOC 
at reduction rat ios  of both 8.5 and 5.3. T h e  la t ter  
yielded considerably more extruded bar stock. In 
both cases, the  surface of the extruded material  
w a s  of good quality. Further lowering of the 

reduction ratio yielded complete extrusions of 
t 

t h e  alloy. I - 
Fabrication of Alkali-Metal Pump Cells 

R. E. McDonald K. E. Toomey 

An electrodynamic pump cell designed for u s e  in 
liquid-metal pumped loops w a s  fabricated from 
Nb-l% Z r  alloy. An Inconel can was  required to 
protect the alloy from oxidation during use ,  Be- 
c a u s e  of the many problems assoc ia ted  with con- 
ventional fabrication techniques due  to warpage and 
materials compatibility, a more simplified design 
was  proposed. Aluminum-powder-filled epoxy d ies  
were developed to form the  two Inconel covers  by 
explosive forming. A completed pump cell is 
shown in  Fig.  15.3. - I  

. 
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Fig.  15.2. Tube  Shel l  Extrusion of Pure Tungsten 

( B i l l e t  No. 1449, 198OoC, Reduction R a t i o  8.8) Showing 

E x c e l l e n t  Surface Obtainable from Uncoated B i  I lets. 

T h e  pump cell was fabricated by forming a loop 
of Nb-1% Z r  tubing and wrapping th i s  tubing in  
molybdenum foil to protect it from the  Inconel 
covers.  Figure 15.4 is a pos i t ive  radiograph 
showing the dark Nb-1% Z r  tubing restrained by 
pins ins ide  t h e  welded Inconel covers.  T h e  dark 
l ines  in  the lower right portion a re  two Inconel 
baffles to prevent t h e  liquid conductor bar from 
rotating in  the magnetic f ie ld  during operation. 

Flow Turning of Refractory-Metal  Tube  Shells 

R. E. McDonald 

Feas ib i l i ty  was demonstrated for producing 
niobium- and tantalum-base alloy tube s h e l l s  by the  
flow turning technique at room temperature. Two 
hollow cyl inders  of t h e  c a s t  tantalum-base alloy 
T-111 were successful ly  flow turned to tube s h e l l s  
and subsequent ly  tube reduced and drawn to finished 
tubing. T h e  inner  surface w a s  inferior but t h e  
tubing was  otherwise sound. T h e  inferior sur face  
is due  at least in  part to the relatively la rge  grain 
size in the  ini t ia l  cast cylinder and to frictional 
drag during movement of the material  along the  
mandrel during flow turning. T h e  quality of the 
final inner surface of the  as-flow-turned s h e l l  was  
improved when a copper inser t  s l e e v e  in  a Nb-1% 
Z r  alloy hollow was  employed during the flow 
turning operation. T h i s  technique could also b e  
u s e d  to improve the inner sur faces  of T-111 alloy 
tube she l l s .  

Attempts to lightly flow turn welded thin-walled 
cylinders of D 4 3  and Cb-752 a l loys  were unsuc-  
cess fu l  due to catastrophic  fa i lures  in  t h e  hea t -  
affected zone. T h e  purpose of th i s  effort w a s  to  
es tab l i sh  the  feasibility of producing tube s h e l l s  
by rolling p l a t e  material, seam welding, and lightly 
working the  weld a rea  prior to sending the  material  
to a tubing manufacturer. 
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Fig. 15.3. Completed Liquid-Metal  Pump C e l l  Assembly. 
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I .  

Fig. 15.4. Posi t ive  Radiograph of Completed Pump C e l l  Assembly. 



108 

JOINING OF R E F R A C T O R Y  M A T E R I A L S  

G. M. Slaughter 

Welding of Advanced Refractory Alloys 

R. G. Donnelly 

We a r e  continuing to inves t iga te  the weldability 
of advanced refractory a l loys  and the ef fec ts  of 
aging o n  the properties of weldments involving these 
alloys.  During th i s  report period, work w a s  cen-  
tered primarily on  the  welding of j/,-in.-thick p l a t e s  
of the a l loys  B-66, D-43, and T-111, and aging 
s tud ie s  on FS-85 alloy s h e e t  welds  were continued. 

T h e s e  p l a t e  welds were eva lua ted  by radiographic, 
dye-penetrant, and metallographic techniques  as 
well as by chemical ana lys i s  for in te rs t i t i a l  i m -  

purities. Sound welds  with no porosity or  c racks  
could be  made in each  of t h e  a l loys  if t h e  welding 
atmosphere in the  glove box was  of a high purity. 
T h e  properties of t h e  weldments were determined 
by room-temperature tes t ing  of side-bend specimens 
and by t ransverse  t ens i l e  t e s t s  a t  e leva ted  temper- 
a tures  on  specimens machined from the welded 
plates.  

T h e  bend specimens were bent around a 2 T  radi- 
us ,  where T is the  th ickness  of the  specimen. T h e  
D-43 and B-66 a l loys  exhibited almost no  p l a s t i c  
deformation before fracturing; t h e  ang le s  of bend 
measured after fracture were D-43, 5'; B-66, 15'; 
and T-111, 65O. All failures were in t h e  weld or  
a t  i t s  edge, A 2-hr anneal a t  1315'C improved t h e  
ductility. T h e  annealed D-43 and T-111 specimens 
survived the  105O bends  and the B-66 failed at 
65'. 

T c b l e  15.3. Resul ts  of Transverse T e n s i l e  T e s t s  from %-in.-thick Welded P l a t e s  of Refractory Al loys 

Ultimate 
Tens i l e  
Strength 

Yield 
Strength 
a t  0.2% 

(psi) 

Lo cation 
of 

Elongation 

(%) 
(' C) Offset 

Test 
Temper a tu r e Alloy 

(psi) F ailur ea 

x 103 io3 

D-43 Room 

980 

1095 

1205 

1315 

E-66 Room 

980 

1095 

1205 

1315 

T-111 Room 

980 

1095 

1205 

1315 

5.0 60.8 81.0 B-W 

8.5 35.1 54.4 B 

10.0 37.0 51.5 B 

13.0 39.9 42.0 B 

to. 0 29.8 33.4 B-W 

11.5 76.3 99.4 W 

10.0 48.9 63.0 B 

7.5 45.3 41.1 B 

6.5 41.0 43.8 B-W 

9.0 37.4 39.5 B 

5.0 82.7 90.5 W 

11.0 40.0 55.5 B-W 

7.5 41.9 52.5 W 

8.0 41.1 50.8 W 

10.0 37.7 43.9 W 

. I  

aW, weld; B, base  metal. 
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T h e  resu l t s  of transverse t ens i l e  t e s t s  to 1315OC 
a re  l i s t ed  in  Tab le  15.3 and indica te  tha t  the  
elongations for welded p l a t e s  ate significantly 
lower than those  reported previously for unwelded 
shee t  material ,4 especially a t  the  higher temper- 
atures.  T h i s  difference probably is due  to  the  
higher restraining effect  of the  weld metal in the  
center of the  gage length of t he  thicket weldments. 
In ult imate tens i le  strength, the  B-66 alloy was  
stronger than D-43 and a l so  stronger than the  
tantalum alloy up t o  980OC. Above 109SoC, the 
T-111 alloy had  the highest  ult imate strength.  

In the  niobium alloys, t h e  failures were e i ther  
in the  b a s e  metal or partially in the  weld and 
partially in the b a s e  metal. T h e  T-111 alloys,  
however, a lways failed in weld metal even though 
chemical  ana lys i s  showed no contamination of t he  
weld metal by intersti t ials.  

T h e  effects of aging a t  815, 980, and 1205OC on 
the longitudinal bend ductility of FS-85 alloy 
shee t  welds  a t e  shown in Fig. 15.5. Each  specimen 
was  doubly wrapped, once  in tantalum and once  in 
molybdenum, and then aged in e i ther  a vacuum 
furnace or a quartz capsule.  T h e  spec imens  

1 "A. 

, I I 
I I "&" 

0 20 40 60 80 100 200 
AGING TIME (hr) 

Fig.  15.5. Influence of Aging T i m e  and Environment 

a t  Various Temperatures on the Bend Duct i l i ty  of FS-85 
A l l o y  Welds. 

. 

encapsulated in quartz became embrittled sooner  
and did not recover as did t h e  specimens aged in 
the vacuum furnace. Examination of t he  encap- 
su la ted  specimens by t h e  l a se r  probe technique 
revealed surface contamination high in si l icon 
content. As a result  of th i s  observation, a l l  future 
specimens will be  aged in vacuum furnaces  with 
high-density A120, muffles. 

The  aging resu l t s  for D-43 alloy shee t  welds  ate 
compiled in F ig .  15.6. We s tudied  the  e f fec ts  of 
time, temperature, and environment of aging and 

4G. E. Gazza and T. S. DeSisto, Evaluat ion of Re- 
fractory Metal Sheet A l l o y s ,  U.S. Army Materials 
Research Agency, Technical Report AMRA-TR-64-16, 
pp. 15-16 (July 1964). 

OANL-DWG 65-9932 
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Fig .  15.6. Influence of Aging Time,  Temperature, and 

Environment and of Processing History on the Room- 

Temperature Bend Duct i l i ty  of D-43 A l loy  Welds. Aging 

environments: Q ,  quartz capsule; V ,  vacuum furnace. 

Maximum processing temperatures: HTR, 1425OC; 
LTR, 1205OC. Specimens designated HTR-Q-200 were 

tested a t  93OC. 
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process ing  history. Two different h e a t s  of the 
alloy were investigated and a re  designated as 
HTR or high-temperature-route (maximum process ing  
temperature 1425°C) and LTR or  low-temperature- 
route (maximum process ing  temperature 1205°C). 
T h e  HTR material  had a higher in te rs t i t i a l  content 
(1070 ppm C, 210 pprn 0, 70 ppm N, 2 ppm H) than 
the L T R  material (950 ppm C, 64 ppm 0, 38 ppm 
N, 1 ppm H). T h e  da ta  a t  the two lower ag ing  
temperatures show that t he  welds  in  the  specimens 
with high in te rs t i t i a l  content aged faster,  regard- 
less of whether they were aged in  a vacuum furnace 
or  in quartz capsules .  T h e  HTR-Q-200 curve ( t e s t  
temperature, 93OC) shows  tha t  t h e s e  embrittled 
specimens exhibited a ductile-to-brittle transit ion 
temperature above 93°C even though unwelded 
companion specimens were all duc t i le  after aging. 

W e  have  found no  aging reaction for alloy T-111 
a t  815, 980, or  1205OC for 1, 2, 25, o r  100 hr. 
I t  is the  only refractory alloy inves t iga ted  in this 
program that h a s  not  shown an aging reaction. 

BRAZING ALLOY 

65 V - 3 0  N b - 5  Ta 

55 V - 2 5  T a - 2 0  Ti 

Brazing Alloy Development 

R. G. Gilliland 

We a r e  developing brazing a l loys  to produce 
jo in ts  in refractory-base a l loys  with a se rv ice  
capabili ty of 1900OC. Preliminary resu l t s  on the 
ternary s y s t e m s  Ti-V-Ta and Nb-V-Ta were reported 
previously. Selected alloy compositions from 
these ternary sys tems were tes ted  for s tab i l i ty  in 
a vacuum to 137OOC for 500 hr, mechanical proper- 
t i es ,  and remelt temperatures. 

Microstructures of braze  jo in t s  for a l loys  from 
each  ternary sys t em a re  shown i n  Fig. 15.7. T h e  
structure of the  65% V-30% Nb-5% Ta alloy 
ind ica tes  tha t  the braze  jo in t  c o n s i s t s  of a s ing le  
phase ;  w e  be l ieve  the reaction zone  a t  t he  brazing 
alloy-base metal  in te r face  i n  both aged jo in t s  is 
caused  by diffusion during the aging treatment. 

5R. G. Gilliland, Metals and Ceramics Div. Ann. 
Progr. Rept .  June 30, 1964, ORNL-3670, pp. 79-82. 

Y- 58371R 

AS-BRAZED AGED 

500 h r  AT 25OO0F, VACUUM 

. 

Fig.  15.7. Cross Sections of Tanta lum T - J o i n t s  i n  the As-Brazed and Aged Condit ions. E x c e l l e n t  joint sound- 

ness is in evidence. A s  polished. 5 0 ~ .  
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Microhardness readings taken across the  brazing We have  u s e d  Miller-Peaslee type t e s t  specimens6 
alloy-base metal  interface of  these T-joint spec i -  to determine the shear  s t rengths  of these  brazing 
mens showed an overall  increase  in brazing alloy a l loys  a t  137OOC with TZM alloy as the base  
hardness  as a resul t  of aging; the hardness  profile metal. T h e  resul ts  are presented in  T a b l e  15.4. 
rose slightly in  the interfacial reaction zone. Further t e s t s  are being performed a t  1200 and 

165OOC. 
We have  a l s o  determined the remelt temperatures 

T a b l e  15.4. Shear Strength of V - T o - T i  and V-To-Nb 
Brazed Joints T e s t e d  at 137OoC in Vacuum 

Brazing Alloy Brazing Shear 
Composition Temperature s tr en gth a 

(Wt %) (OC) (psi)  

x io3  
50 V-25 Ta-25 Nb 1870 17.0 (3) 

40 V-30 Ta-30 Nb 1930 18.8 (2)  

65 V-5 Ta-30 N b  1820 14.3 (1) 

6 5  V-30 Ta-5 Ti 1840 14.6 (2) 

55 V-25 Ta-20 T i  1840 11.9 (1) 

50 V-20 Ta-30 Ti 1760 20.3 (2) 

TZMb 1870 44.2 (1) 

‘Numbers in parentheses indicate number of samples  

bSpecimen material blank heated through brazing cycle 
tested. 

prior to testing. 

T a b l e  15.5. Resul ts  of Braz ing Al loy  Remel t  Study 

Approximate Brazing Alloy 
Remelt R i se  Composition Brazing 

Temperature Temperature in Melting (wt %) 
(OC) ( O c )  Temperature 

(OC) V T a  Nb Ti 
~ 

50 25 25 1870 

40 30 30 1930 

65 30 5 1870 

65  5 30 181.0 

65 30 5 1840 

55 25 20 1840 

50 20 30 1760 

40 10 50 1760 

2500 

2000 

2300 

2300 

2400 

2200 

2400 

2400 

630 

70 

430 

490 

560 

360 

640 

640 

of brazed jo in ts  formed by al loys from t h e s e  ternary 
systems.  T h e  resu l t s  a r e  presented in T a b l e  15.5. 
All brazing-alloy melting temperatures increased  
significantly except  for the V-30% Ta-30% Nb 
alloy. T h e  greatest  e f fec ts  (greater than 600OC) 
were exhibited by the  V-25% Ta-25% Nb, V-20% 
Ta-30% Ti, and V-lO% Ta-50% T i  alloys. 

Component Fabr icat ion 

E. A, Franco-Ferreira 

Refractory Meta l  Loops. -Numerous small  natural-  
circulation loops of Nb-l% Zr, D-43, and T-111 
w e r e  fabricated for mater ia ls  compatibility s tudies .  
T h e  general  techniques used in  th i s  work have  
been described previously. 

A large pumped loop for boiling-potassium serv ice  
was  made of Nb-1% Zr alloy. T h i s  loop, shown in  
F ig ,  15.8, measures  approximately 1.5 by 10  ft and 
contains  72 welds. Specialized j i g s  and fixtures 
were developed for the  various welding operations.  

L i q u i d  M e t a l  Pumps. - Two pump cells, each 
based  on  a different design, were fabricated from 
Nb-1% Zr alloy for u s e  in  the large pumped loop 
program. 

Seal ing of Ref lux ing Capsules.  - Capsu les  made 
of various refractory al loys for containing refluxing 
liquid metals  a t  e levated temperatures a re  u s e d  in 
the mater ia ls  compatibility tes t ing program. F o r  
this application, the void s p a c e  in the  capsules  
must b e  evacuated to  lo-’ to torr before 
the  f inal  s e a l i n g  operation. Since handling com- 
pl icat ions precluded the u s e  of an electron-beam 
welder for t h i s  job, a special ized res i s tance-  
welding process  and the requis i te  equipment were 
developed. T h e  process  developed c o n s i s t s  of 
welding a refractory-metal plug into a pumpout 
nipple  in the upper end c a p  of the refluxing capsule .  

6F. M. Miller and R. L. Peas lee ,  Welding J. (N.Y.) 

7E. A. Franco-Ferreira, Metals  and Ceramics Div. 
Ann. Progr. Rept. June 30, 1964, ORNL-3670, pp. 82-83. 

37(4), 144s--50s (1958). 



112 

Fig. 15.8. Nb-1% Zr Pumped Loop. 

T h i s  is accomplished by res i s tance  hea t ing  of the 
two joint components while the entire capsule  
assembly is in a vacuum chamber under high 
vacuum. T h e  apparatus is shown in F ig .  15.9. 
A large motor-generator power supply (not shown) 
w a s  connected ac ross  the  power terminals, and 
when a su i t ab le  vacuum was  obtained, t he  refractory- 
metal plug was brought into contac t  with the  nipple 
by means of the plunger. T h e  power supply was  
then short-circuited and the jo in t  hea ted  rapidly. 
When a sufficiently high temperature was  reached, 
additional pressure  was  applied t o  the  plunger, 
and the power w a s  turned off. 

A view of a sea l ed  capsu le  with the  plug in 
p lace  is shown in the  upper le f t  i n s e t  of Fig.  15.9. 
A longitudinal c ros s  sec t ion  of a typical upper 
end c a p  of the capsule ,  including the  plug weld, 
is shown in  the lower left  i n se t  of the  figure. 

P H Y S I C A L  M E T A L L U R G Y  
O F  R E F R A C T O R Y  A L L O Y S  

H. Inouye 

High-Temperature Sorption of Nitrogen 
by Nb-1% Zr in  Ultrahigh Vacuum 

H. Inouye 

Nitrogen in the  Nb-1% Zr alloy is uns tab le  in 
ultrahigh vacuum a t  high temperatures. T h e  rate 
a t  which the nitrogen content changes  depends 

upon the  deviation from equilibrium between 
nitrogen in the gas  phase  and nitrogen in the  alloy. 
We h a v e  es tab l i shed  the conditions for equilibrium 
and the kine t ics  of the sorption process.  

T h e  equilibrium conditions for the  system N,/Nb- 
1% Zr-N for a l loys  containing up  to  278 ppm N 
between 1200 and 1800OC are shown in Fig. 15.10. 
T h e  straight l i ne  portions of the curves  a re  parallel  
with a s lope  of two and thus  represent so l id  solu- 
t ions of nitrogen in the  alloy that obey Sieverts '  
law. Deviat ions from th is  law a re  shown by the 
dashed curves.  Based  on the  publ ished data '  for 
the  solubili ty of nitrogen in unal loyed niobium, 
1% Zr  in niobium lowers  the nitrogen solubili ty by 
a t  l e a s t  an order of magnitude (e.g., 2300 ppm in 
niobium compared to  about  200 ppm in the alloy 
a t  1200°C). 

T h e  partial  molar h e a t s  of solution AH of nitrogen 
in  the  alloy w e r e  determined from the  plot of log 
P,, v s  1/T shown in Fig. 15.11 to b e  -51.3 
kcal/gram-atom N above 140OOC and -35.0 kca l /  
gram-atom N below this temperature when the  
nitrogen content of the  alloy is l e s s t h a n  100 ppm. 
At nitrogen conten ts  near  275 ppm AH w a s  -51.3 
kcal/gram-atom between 1200 and 1800OC. We 
think the change in E a t  1300°C for a l loys  con- 
taining 100 ppm N or less is due  to an  interaction 
of the nitrogen with the  carbon or the  oxygen in  
the  alloy. 

- 

'W. M. Albrecht and W. D. Goode, Jr., Reaction of 
Nitrogen with Niobium, BMI-1360 (July 6, 1959). 
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ORNL- DWG 65- 2931R 

-EAD 

LEAD 

Fig. 15.9. Apparatus for Sealing Ref lux ing Capsules i n  Vacuum. Upper left: sealed capsule.  Lower  left:  

photomacrograph of plug-nipple joint, 6x (reduced 64%). 
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F ig .  15.10. Pressure-Temperature-Composition Dia-  
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Fig .  15.11. The  Dependence of the Equi l ibr ium 

Nitrogen Pressure on the Absolute Temperature for 

Nb-1% Zr -N  Solid Solutions. 

T h e  process  by which nitrogen is sorbed  by the  
Nb-1% Z r  alloy in ultrahigh vacuum involves 
chemisorption of t h e  g a s  a s  atoms on the  sur face  
and subsequent  diffusion of t h e s e  atoms in to  the 
alloy. W e  pos tu la te  tha t  the chemisorbed nitrogen 
(denoted as N) is in a s t a t e  of dynamic equilibrium 
with both the  g a s  phase  and t h e  nitrogen in solu- 
tion (denoted as N )  in accordance with reactions 

desorption 1 N (atoms on the  s u r f a c e ) ,  
(1) 

’ N 2  /chemisorption/ 

and 

dissolution 
N ’  N (nitrogen in solution) . 

(2) solution ’ 
The ne t  reaction, 

degass ing  
(3) N (Sieverts l a w ) ,  ‘/2 N z  ’ sorption 1 
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is cons is ten t  with the Sieverts  law behavior shown 
in F ig .  15.10. T h e  react ions h a v e  been shown to 
b e  reversible  by experiment; additional supporting 
evidence is presented below. 

A measure of the  equilibrium for reaction (1) is 
the s t icking probability a, which is defined a s  
that fraction of g a s  incident on t h e  sur face  that 
is chemisorbed. T h e  magnitude of a during a 10- 
min sorption period and i t s  variation with tempera- 
ture is shown in  Fig.  15.12 for a filament degassed  
to 59 ppm N. At a given t e s t  pressure,  a c h a r a c t e r -  
istically goes through a minimum, then goes  through 
a maximum, and eventually becomes zero. T o  the 
left of the m a x i m a  shown in Fig.  15.12, a i s  in-  
dependent of the pressure;  tha t  is, the  sorption 
rate  is proportional to the  pressure,  as shown in 
Fig.  15.13, Because  t h e  maximum g a s  uptake 
during these experiments was  only 0.05 ppm, the  
reaction proceeding to the  right predominated. 

At  temperatures higher than that  corresponding 
to the maximum in a, reaction (2), proceeding in-  
creasingly to the left, exer t s  its effect and gives  
rise to a decrease  in the sorption rate  in  proportion 
to  the deviation from equilibrium. T h e  intersect ions 
of the  curves in Fig. 15.12 with the  a b s c i s s a  
represent the approximate equilibrium pressures  
and temperatures for the alloy containing 51 ppm 
N, as shown in Fig.  15.10. 

With increased sorption t i m e s  the nitrogen con- 
tent  of the  alloy increases  and the  dynamic equi- 
libria, react ions (1) and (2), tend to  sh i f t  to the 
left. T h e  rate of increase  in the amount of nitrogen 

ORNL-DWG 64-9325 
0.10 ,I I I I I I  

;; 0.08 

t 

a m 

- 
> 

0.06 

0 

0.04  
W 

Y 0 
z 

0.02 

0 
800 900 1000 1100 1200 (300 1400 1500 1600 

TEMPERATURE ("C I 

Fig. 15.12. The Dependence of the Sticking Proba- 
bility on Temperature for Three Nitrogen Pressures.  

sorbed (AC) d e c r e a s e s  with t ime,  as shown in  
F ig .  15.14. Alternatively,  a d e c r e a s e s  a s  the 
nitrogen content  increases ,  as shown in Fig.  15.15. 
T h e  var ia t ions in  a with the nitrogen content 
reflect t h e  changes  in the dynamic equilibrium 
exis t ing at the surface.  These changes  arise from 
changes  in the diffusion ra tes  of nitrogen i n  the 
alloy with temperature and pressure.  

2 5 2 5 2 5 

NITROGEN PRESSURE ( t o r r )  

Fig. 15.13. The Dependence of  the Sorption Rate 
of Nitrogen by Nb-1% Zr on the Nitrogen Pressure. 
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Aging Studies on the D-43 Alloy 

T. K. Roche  

T h e  relatively high strength of t h e  D-43 alloy is 
attributed to the  presence of d ispersed  carbides.  
A t  least two carb ide  p h a s e s  h a v e  been ,reported. 
One of t h e s e  is a high-temperature modification, 
occurring above approximately 160OOC as pla te le t s  
and identified a s  hexagonal  Nb,C; the other, 
occurring below 1600OC a s  finely d ispersed  part- 
icles, h a s  been identified a s  a cubic  niobium- 
zirconium carbide. 

In earlier experiments we demonstrated that t he  
D-43 alloy responds t o  hea t  treatment.' For 
example, the alloy hardened when annealed a t  
1815OC and then aged by h e a t  treatment a t  1095OC. 
In addition, elongations determined from room- 
temperature tens i le  t e s t s  on spec imens  annealed 
a t  1540 and 1815OC were found to be  24 and  6% 
respectively. We tried to  correlate the  e f fec ts  of 
these  hea t  treatments with the  type and morphology 
of t he  carbide precipitate in the  microstructure of 

'T. K. Roche, Metals and Ceramics Div. Ann. Progr. 
Rept .  June  30, 1964, ORNL-3670, pp. 96-99. 

the alloy. I t  now appears  tha t  t h e s e  ear l ie r  cor- 
relations were probably not valid, 

We systematically determined t h e  extent of 
deterioration in room-temperature ducti l i ty of the  
alloy a s  a function of anneal ing temperature and 
determined the  k ine t ics  of t he  recovery in room- 
temperature ducti l i ty after annealing for 2 h r  a t  
1815OC and aging between 980 and 1425OC. Ten-  
sile specimens with a 1.0 x 0.250-in. gage sec t ion  
were  prepared from 0.040-in.-thick s t r ip s  of t he  
alloy. All hea t  treatments were carried out in 
vacuum and t ens i l e  t e s t s  were conducted a t  a 
s t ra in  rate of O.O5/min. 

T h e  e f fec t  of annealing temperature on the  room- 
temperature ducti l i ty of the  alloy is shown in 
F ig .  15.16. T h e s e  resu l t s  were extremely depend- 
en t  upon the  cooling rate from the  annealing 
temperature. For comparison, the  t imes for cooling 
through the temperature range from 1600 t o  L3OO0C 
were approximately 2 0  sec for "fast" cooling and 
8 0  sec for "slow" cooling. T h e  elongation of 
fast-cooled specimens decreased  from about 32 
to  20% a s  the  annealing temperature increased  
from 1540 to 1840OC. We attribute th i s  ducti l i ty 
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l o s s  to the increase  in grain s i z e  and the  presence  
of larger amounts of Nb,C in the  specimens an- 
nealed a t  the  higher temperature. In contrast ,  
s low cooling caused  a sharp  drop in ducti l i ty to  

PHOTO 80953 

Fig.  15.17. Microstructures of D-43 Al loy  Annealed 

2 hr a t  1815OC Fol lowed by F a s t  and Slow Cooling. 

5 0 0 ~ .  Etchant: 1 0  m l  H2S04, 1 0  rnl concd HN03, 
2 5  m l  concd HF, 50 m l  H20.  ( a )  F a s t  cool, elongation 

21.4%. (b)  Slow c o o l ,  elongation 8.6%. 

about 8%. T h i s  additional ductility l o s s  h a s  been 
attributed to  an aging process  during the  s low 
cool from the  annealing temperature. However, 
we could detect  in the microstructures essent ia l ly  
no effect of cooling rate tha t  would explain the  
wide difference in ductility. T h e s e  microstructures 
a re  shown in F ig .  15.17. 

T h e  aging or recovery k ine t ics  of the embrittled 
alloy s low cooled from 1815OC a s  a function of 
aging temperature is shown in F ig .  15.18. Recovery 
in ducti l i ty s ta r ted  after approximately 200, 50, 
and 5 hr a t  980, 1095, and 12OO0C respectively. 
At the  higher temperatures ductility was  restored 
within 2 hr. T h e  in te rs t i t i a l  content of the  alloy 
(Heat No. 1) after the  1815OC anneal was  780 ppm 
C, 23 ppm 0, and 28 ppm N. T h e  aging k ine t i c s  
of annealed and fast-cooled specimens a re  shown 
in Fig. 15.19. T h e s e  spec imens  were obtained 
from a different h e a t  (Heat No. 2) of t he  alloy and 
contained 860 ppm C, 17 ppm 0, and 33 ppm N. 
T h e  charac te r i s t ic  l o s s  in ducti l i ty of t h e s e  
spec imens  on aging, which is absent  in the  slow- 
cooled specimens,  confirms that the  cooling-rate 
effect observed in F ig .  15.16 is assoc ia t ed  with 
an aging phenomenon. 

Two d is t inc t  differences between the  r e su l t s  i n  
15.19 for Heat  No. 2 and those  shown in Fig.  
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Fig.  15.19. E f f e c t  of  Aging a t  980, 1095, and 120OOC on the Room-Temperature Duct i l i ty  o f  the D-43 A l loy  
(Heat  No. 2 )  After Fast Cooling from 1815OC. 

Fig .  15.18 for Hea t  No. 1 are: (1) Heat  No. 2 was  
embrittled less than Heat  No. 1 (14 v s  8% elonga- 
tion), and (2) overaging or recovery occurred fas te r  
for Hea t  No. 2 than for Heat  No. 1 ( l e s s  than 2 hr 
v s  5 to 10 hr  a t  1200°C). 

In a recent s e t  of experiments,  specimens were 
rapidly cooled (more rapidly than for the f a s t  cool 
d i scussed  above) from 1815OC in an induction 
apparatus where t h e  vacuum was  bet ter  than that 
used previously as compared to  torr). 
T h e  inters t i t ia l  content of these annealed spec i -  
mens w a s  820 ppm C, 7 ppm 0, and 22 ppm N, and 
the t e n s i l e  elongation was 25%. As shown in 
Tab le  15.6, only s l igh t  embrittlement w a s  noted 
on aging at  12OO0C, and th i s  occurred after 45 min 

when t h e  ductility decreased only to  20.5%. An 
exception w a s  noted for one  specimen aged 48 h r  
that w a s  contaminated when t h e  furnace tube 
failed during the aging treatment. T h e  in te rs t i t i a l  
content of t h i s  specimen w a s  increased  to  960 ppm 
C, 110 ppm 0, and 150 ppm N, and the specimen 
became severely embrittled (1.8% elongation). 
T h e  microstructures of the aged spec imens  in th i s  
s e r i e s  were ident ical  to  those observed previously 
for both h e a t s  of the  alloy (i.e., conversion of the 
Nb,C p la te le t s  to the dot-l ike dispers ion of the  
cubic  niobium-zirconium carbide). Furthermore, 
comparison of  the microstructures of the  two 
specimens aged 48 h r  a t  120OOC showed no  observ- 
ab le  e f fec t  due to the increased contamination. 

8 
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Aging Total  
T i m e  Elongation 

(hr) (X) 

0 25.1 
0.25 24.3 
0.5 23.0 
0.75 20.5 
1 23.9 
2 25.6 
4 24.7 

Aging Tota l  
Time Elongation 

(hr) (%) 

8 25.1 
16 28.0 
24 25.6 
48 1.8a 
48 26.6 
72 29.2 

aSpecimen contaminated during aging. 

Thus,  the following tentat ive conclusions can 
b e  drawn regarding the aging charac te r i s t ics  of the 
D-43 alloy: (1) Embrittlement does  not appear  t o  
b e  caused  by the carbide conversion per se; (2) 
the degree of embrittlement and the recovery 
kinet ics  appear to b e  related to  other in te rs t i t i a l s  
(oxygen and nitrogen), and the aging mechanism 
may possibly involve a complex interaction of 
in te rs t i t i a l s  with the zirconium present  in the 
alloy. W e  a re  continuing this  work in an effort to 
more clearly understand this aging phenomenon. 

Chemical Stabi l i ty  o f  Refractory 
A l loys  in  H i g h  Vacuum" 

D. T. Bourgette 

Evaporation l o s s e s  of the refractory al loys T-111, 
Nb-1% Zr, FS-85, B-66, C-129Y, and D-43 were 
determined for various periods of t i m e  at temper- 
a tures  between 1200 and 1500°C and a t  p ressures  
ranging from 7 x lo-' to  6 x lo-'' torr. 

In general ,  evaporation from these al loys w a s  
not se r ious ,  especial ly  at temperatures of 1200 
to 13OO0C. T h e  al loys that  exhibited the grea tes t  
evaporation l o s s e s  contained the more volat i le  
e lements  such  a s  vanadium, zirconium, and hafnium. 
For example, B-66, the most volat i le  alloy s tudied,  
lost 1.70 mg/cm2 at 1500°C and 7 x lo-' torr in  

. 
"Summary of paper presented a t  the Eighth Annual 

Conference on Vacuum Metallurgy and to be published 
in  the conference transactions. 

316 hr, while a t  1200°C and 6 x lo-'' torr it l o s t  
0.077 m g / c m 2  in 513 hr. Vanadium and zirconium 
contributed 95% of the total weight loss .  Evapora- 
tion occurred only a t  the sur faces ;  no subsurface 
voids were detected nor did evaporation occur a t  
any preferential  s i t e s ,  such  as grain boundaries or 
impurity inclusions a t  or near the sur faces .  

T h e  total  weight change in the specimens appeared 
to be pressure- and composition-dependent. A t  
1200 to 1300°C and lo-' torr, the niobium-base 
a l loys  Nb-l% Zr and D-43, containing only zir- 
conium a s  the evaporating element,  gained weight, 
while at the same temperature and lo-' torr they 
los t  weight. We attributed this behavior to  inter- 
s t i t i a l  contamination a t  lo-' torr and purification 
a t  lo-' torr. Alloys containing more than one  
evaporating s p e c i e s ,  such a s  B-66 and C-l29Y, 
los t  weight a t  both the high and low test pressures  
a t  1500OC. T h e  evaporation l o s s e s  in t h e s e  c a s e s  
overshadowed the changes in the inters t i t ia l  
contents .  

Changes in  the inters t i t ia l  concentrations were 
dependent on the pressure.  At 1500°C and pres-  
s u r e s  of lo-' torr or lower, carbon was  retained 
while oxygen, nitrogen, and hydrogen were evolved. 
At  a higher pressure of lo-' torr and 1500°C, 
carbon was  l o s t  while oxygen and nitrogen were 
picked up. We bel ieve that the reaction of carbon 
and oxygen resulted in the loss of carbon a t  the 
higher pressures ,  while a t  lo-' torr insuff ic ient  
oxygen was present  to appreciably reduce the 
carbon concentrations. 

Recrysta l l i za t ion  Behavior in the T-111 Al loy  

D. T. Bourgette 

Recovery and recrystall ization following defor- 
mation play important roles  in the pract ical  control 
of mechanical propert ies  of metals. Therefore,  we 
need an understanding of t h e s e  p r o c e s s e s  to  
optimize the properties for high-temperature service.  

The  recovery and recrystall ization of T-111 tha t  
had been annealed a t  1800°C for 1 hr, cold rolled 
25, 50, 75, and 90%, and then annealed again for 
1 hr a t  various temperatures a r e  graphically pre- 
sen ted  in F ig ,  15.20. T h e  as-worked hardness  
values  and the ini t ia l  s lopes  of the hardness  curves 
indicate  that recovery occurred below 800"C, the  
lowest  temperature at which specimens were 
treated af ter  rolling. Recovery without recrystal-  
l izat ion a l s o  continued above 800°C. 
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Fig.  15.20. Effect o f  Annealing Temperature on the Hardness of Cold Worked T-111. 

Metallographic examination showed tha t  recrys- 
tallization began a t  temperatures corresponding 
approximately to the temperatures a t  which the 
magnitude of the negat ive s l o p e s  of the hardness  
curves increased sharply,  and w a s  complete a t  
temperatures corresponding to the minima i n  the 
hardness  curves  for t h e  different l e v e l s  of cold 
work. 

A s  the  amount of cold work increased,  the grain 
size of the fully recrystal l ized material  became 
finer, as i l lustrated in Fig.  15.21. Moreover, for 
higher l e v e l s  of cold work, the  precipitate that 
was present after the reference anneal redissolved 
more readily a t  temperatures a t  which grain growth 
occurred. F o r  example, F ig .  15.21 shows  that for 
90% cold work the  precipitate h a s  completely 
dissolved,  while for 25% cold work the precipitate 
par t ic les  are arrayed in the original grain boundaries. 

With increasing annealing temperatures beyond 
the minima on the hardness  curves  (Fig.  15.20), 
grain growth continued with an increase  i n  hard- 
ness. We postulate  that the increase  in hardness  
is due  to submicroscopic reprecipitation of a 

second p h a s e  during cooling. At the 90% level  of 
cold work th i s  reaction occurs  simultaneously 
with the dissolut ion of the microscopic phase  that  
precipitated during the reference anneal. T h i s  
behavior is not uncommon and is analogous to 
the hardening reaction in  the Nb-7.5 at .  % W 
system a s  observed by electron microscopy. l 1  

Within the  recrystall ization range the hardness  of 
cold-worked T-111 increased with t i m e  to a maxi- 
mum after ini t ia l  softening. T h e  t ime  necessary 
to  show this  increase  in  hardness  decreased  with 
an  increase  in  temperature. F o r  material worked 
50% Fig .  15.22 i l lus t ra tes  this behavior and shows 
that the  hardness  s ta r ted  to rise after 10 hr a t  
126OOC and 2 hr  a t  1480°C. 

We plan to  determine the volume fraction of 
recrystal l ized material  for t h e  various h e a t  treat- 
ments. T h i s  will help u s  determine m o r e  accurately 
the temperatures a t  which recrystal l izat ion starts, 
the rate  of recrystal l izat ion,  and the ra te  of grain 
growth a s  a function of cold work and temperature. 

. 

"J. 0. Stiegler, ORNL, personal communication, 
Oct. 16, 1964. 
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PHOTO 80954 

Fig. 15.21. Microstructures o f  T-111 Annealed 1 hr a t  165OOC. 3 5 0 ~ .  Etchont: 3 0  g NH4HFZ + 5 0  ml concd 
H N 0 3  + 20  mi H20.  ( a )  25% cold work; D P H  = 227. ( b )  90% cold work; D P H  = 238. 
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Fig. 15.22. Characteristic Change in  Hardness of T-111 Alloy Cold Worked 50% and Heat 

dicated Temperatures. 
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MECHANICAL PROPERTIES 
OF REFRACTORY ALLOYS 

J. R.  Weir 

E f f e c t  of C o l d  Working and Anneal ing 
on Creep  Propert ies of Nb-1% Z r 1 2  

H. E. McCoy 

determined the combined ef fec ts  of cold 
working and anneal ing on the creep properties of 
the Nb-1% Zr alloy. T h e  material was  ini t ia l ly  
recrystal l ized by anneal ing 1 hr  a t  1200°C and 
w a s  then cold worked various amounts up to 80%. 
S o n e  of the material  was tes ted  in  the cold-worked 
condition and some after an additional anneal a t  
1200, 1350, 1500, or 17OOOC. Creep tests were 
performed a t  980 and 12OOOC. 

In general ,  t h e  creep strength increased as the  
anneal ing temperature w a s  increased. A t  a t e s t  
temperature of 98OOC the rupture life was increased 
by about tenfold and the t i m e  required to reach 
1% strain was increased more than hundredfold 
by annealing a t  17OOOC. In contrast ,  anneal ing at 
12OOOC changed t h e s e  properties little. At a t e s t  
temperature of 120OOC a similar trend was  observed, 
although the  effect w a s  somewhat less pronounced. 
T h e  17OOOC anneal  increased  the rupture life 
sixfold and t h e  t ime to 1% strain hundredfold. 

Cold working changed the creep strength some- 
what l e s s  than did annealing. Fo r  a given post-  
working anneal ing treatment, the  rupture l ives  
for the complete range of cold working never varied 
by more than twofold. However, t h e  t i m e  to reach 
small  s t ra ins  w a s  influenced more. T h e  t ime to 
2% st rain reached a maximum a t  about 10% cold 
working and decreased sharply with greater amounts 
of working. T h e  variations in strength due  to  cold 
working decreased a s  the postworking anneal ing 
temperature was increased. Similar effects were 
noted at both test temperatures,  although the 
magnitude was  considerably less a t  the higher 
temperature. T h e  fracture ductility was not signi- 
ficantly affected by any of the anneal ing and 
cold-working treatmen t s  employed. 

"Condensed i n  part from "Creep Propert ies  of the  
Nb-1% Zr Alloy," J .  Less-Common Metals  8, 20-35 
(1965). 

We also  determined the  recrystal l izat ion temper- 
a ture  of Nb-1% Z r  for various amounts of cold 
working and obtained information on the kinet ics  
of recrystal l izat ion a t  980 and 1200OC. Metallo- 
graphic and x-ray diffraction s t u d i e s  were conducted 
to determine microstructural  changes  that  occurred 
as a resul t  of cold working and annealing. 

Correlat ion of Creep Propert ies 
for Constant  and Vary ing  Stresses 

H. E. McCoy 

Although creep properties are normally deter- 
mined under a condition of constant  load, mater ia ls  
are often subjected in serv ice  to varying loads.  
T h e  cladding on nuclear  fue l  e lements ,  for example,  
is subjected to continually increas ing  s t r e s s e s  
under normal s t a b l e  operation, as the fuel is 
burned and f iss ion g a s e s  are re leased .  

T h e  rupture life under condi t ions of constant  
s t r e s s  and cons tan t  stress rate h a s  been  found 
for severa l  iron- and nickel-base al loys to  be 
correlated by the relationship: 

where A and n are cons tan ts  determined from 
conventional c r e e p  tests and defined by the 
relationship tr -- ( A / o Y ,  cr is the s t r e s s ,  b is the 
stress rate ,  and tr is the rupture life. 

W e  examined the applicabili ty of this  expression 
to  refractory metals,  with reference to  its u s e  for 
descr ibing rupture and i t s  accuracy for descr ibing 
times to various amounts of s t ra in .  Creep  resu l t s  
were determined by conventional constant-load 
t e s t s  and compared with the c reep  behavior obtained 
in cons tan t  stress-rate t e s t s .  

Test resul ts  were obtained for a l loys T-111, 
Nb-1% Zr, D-43, and FS-85 at  12OOOC. F o r  the 
f i rs t  three al loys the d a t a  from ei ther  type of test 
could be used to predict  the c reep  behavior from 
1% st ra in  to  rupture for the other type of test. T h e  
creep  d a t a  for t h e  FS-85 alloy are not  described 
by the  relationship tr=  ( A / o ) "  and hence cannot  be 
analyzed by the u s e  of Eq. (1). 

13C. R. Kennedy, Metals  and Ceramics Div. Ann. 
Progr. Rept. May 31, 1962, ORNL-3313, pp. 44-45. 
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Creep Properties of Refractory A l loys  

R. L .  Stephenson 

Our objec t  is to provide creep-rupture da ta  to  
1000 hr so that promising refractory metal a l loys 
can  be compared. We tes ted  the Cb-752, FS-85, 
Ta-10% W, and TZM al loys  and continued previous 
work on D-43 and TM alloys. F igure  15.23 com- 
pares  the 1000-hr rupture stresses of severa l  
alloys. 

A s  previously reported, l 4  h e a t  t reat ing the D-43 
alloy for 300 hr a t  98OOC diminishes  the improve- 
ment in  properties that resul ted from solution 
annealing, cold working, and aging. More recently 
we observed that creep-rupture properties of 
specimens held 500 hr at 98OOC prior to tes t ing  
are actually inferior to those of the as-received 
material. T h e  same  effect  was observed for 
welded specimens and specimens that  had been 
recrystall ized by a 1-hr anneal  a t  154OOC. 

14R. L. Stephenson, Metals  and Ceramics Div. Ann. 
Progr. Rept. J u n e  30, 1964, ORNL-3670, p. 85. 

ORNL-DWG 65-9935 
TEMPERATURE ( O F )  

1000 2000 2200 2400 2600 

5 

Fig. 15.23. Variat ion of 1000-hr Rupture Stress with 

Temperature for Refractory AI  loys. 

T h e  effect  of anneal ing temperature on the creep-  
rupture properties was invest igated for the FS-85 
and Cb-752 alloys. In both c a s e s ,  the creep- 
rupture properties improved with increas ing  an- 
neal ing temperature up to approximately 1600OC. 
Above this temperature the material became weaker 
and much less ductile. An unidentified second 
p h a s e  was  v is ib le  in specimens of e a c h  alloy 
that had  been annealed at 1760OC. Specimens of 
each alloy have  been annealed a t  159OOC (the 
apparent optimum anneal ing temperature) and are 
being tes ted  to determine whether the improved 
properties a re  s tab le  for long t i m e s .  

Strengthening o f  Refractory 
A l loys  by Carbur izat ion 

H. E. McCoy 

There are two reasons for s tudying the sol id-  
s t a t e  carburization of refractory metals.  F i r s t ,  i t  
is often des i rab le  to t reat  the sur face  of a finished 
part for improved hardness  and wear res i s tance  but 
retain the ductility of the “core” of the part. 
Second, fabrication of a refractory-base alloy that  
contains  a s t rong carbide-former followed by 
addition of carbon to the fabricated part  seems to 
be a n  at t ract ive approach to obtaining the s t rength 
of a high-carbon alloy, while obviat ing the  normal 
fabrication and welding problems for t h e s e  alloys. 

A technique was developed for carburizing 
refractory metals by exposing the heated metal to 
a mixture of hydrogen and benzene. T h e  hydrogen 
is passed  over benzene and the benzene content  is 
determined by the temperature of the liquid benzene. 
T h i s  mixture is then passed through a furnace tha t  
contains  the material  to  be carburized. 

T h e  amount of carbon absorbed by the material 
is a function of i t s  temperature and the carburizing 
potential  of the gas.  W e  evaluated the e f fec ts  of 
benzene content  from 0.01 to 1 vol % and specimen 
temperatures of 1000 to 135OOC for Nb-1% Zr and 
T-111 alloys. Metallographic s t u d i e s  have  shown 
that  the temperature of the material  during carburi- 
zation not only inf luences the quantity of carbon 
absorbed but a l s o  the morphology of the carbide 
precipi ta tes .  Lower temperatures favor the forma- 
tion of a fine precipitate and higher temperatures 
resul t  in a coarser  precipitate. 
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F i g .  15.24. Internal F r ic t ion  Spectrum of Ta-0.2% Hf A l l o y  Annealed a t  230OOC. 

Internal Friction Studies 
on Tantalum-Base Alloys 

R. L. Stephenson 

Internal friction is recognized as an  exce l len t  
tool for determining the  so lubi l i t i es  and precipitation 
k ine t ics  of in te rs t i t i a l  so lu t e s  in body-centered 
cubic  metals. W e  are applying this technique to 
Ta-Hf and Ta-W alloys to learn the behavior of 
in te rs t i t i a l s  in the T-111 alloy. 

Figure 15.24 shows the internal friction spectrum 
of a Ta-0.2% Hf alloy tha t  had  been annealed at 
2300OC. T h e  peaks  near  150  and 35OOC are  due 
to the  stress-induced ordering of oxygen and 
nitrogen atoms, respectively,  in the  tantalum 

T h e  peaks  near 190 and 4 1 0 T  
appear to  be  due to the stress-induced ordering of 
oxygen and nitrogen atoms, respectively,  in the  
neighborhood of hafnium atoms. Aging experiments 
intended to  determine the  solubility and precipitation 
kinetics of in te rs t i t i a l s  in this alloy have  yielded 
contradictory results.  

"R.  W .  Powers,  Ac ta  Met. 3, 135 (1955). 
16T. S. K e ,  Phys.  R e v .  47, 914 (1948). 

C O M P A T I B I L I T Y  OF A L K A L I  M E T A L S  
WITH S T R U C T U R A L  M A T E R I A L S  

J .  H. DeVan 

Corn pati  bi I i ty of Boi I ing Potassium 
with Refractory Metals 

J. H. DeVan J. R. DiStefano 
D. H. Jansen  

Light  weight efficient power p lan ts  a re  needed 
to supply the  auxiliary electrical and ion-propulsion 
requirements of s p a c e  vehic les .  Design s tud ie s  
have  indicated that high performances can be 
achieved with a sys tem cons i s t ing  of a nuclear 
reactor mated to a Rankine-cycle  turbine gen- 
erator. Potass ium was  concluded to be  the  bes t  
choice  for a s ingle  working fluid to cool  the 
reactor,  power the turbine, and lubricate the 
turbine, generator, and pump. Since the  se rv ice  
temperatures for such  a system would exceed  
1000°C, refractory metals  and their a l loys  a re  
being considered for u s e  as structural  mater ia l s  
for nozz les ,  turbine b lades ,  and fuel-element 

17A. P. Fraas, Nucleonics  22(1), 7 2  (1964). 
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Fig .  15.25. Capsule for Test ing  Ref luxing Potassium in Refractory Al loys.  
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cladding. In view of t hese  cons idera t ions ,  a 
threefold t e s t  program cons is t ing  of refluxing 
capsu le s ,  natural-circulation loops,  and forced- 
circulation loops was  undertaken to study the  
behavior of severa l  of the more promising refractory- 
metal alloys in boiling potassium in  the range 
1100 to 13OOOC. T h e  alloys chosen  for the first  
phase  of th i s  investigation were Nb-1% Zr, D-43, 
FS-85, T-111, and TZM. 

T h e  purpose of t he  refluxing capsu le s  and 
natural-circulation loops is to provide quantitative 
d a t a  on the  ra tes  of d i sso lu t ive  attack by potassium 
a s  a function of temperature and condens ing  rate. 
Refluxing capsu le s ,  shown in  F ig .  15.25, contain 
machined and weighed in se r t s  within the  condenser  
area. Natural-circulation loops, i l lus t ra ted  by 
Fig .  15.26, contain sleeve-type in se r t s  in the  
liquid region below the condenser  as wel l  as in  
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F i g .  15.26. Natural -Circulat ion Loop for Test ing  Boi l ing Potassium in  Refractory A l loys .  
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the condenser.  Pumped loops,  typified by Fig.  
15.27, have  t e s t  sec t ions  designed to provide 
information on the corrosion-erosion res i s tance  of 
potent ia l  nozzle  and turbine blade materials.  In 
each type of test the heat  of condensation is 
carefully monitored by a h e a t  s ink placed directly 
around the condenser  sect ion.  Measurement of the 
flow ra te  of the heat-sink coolant,  combined with 
i t s  hea t  content,  yields  a direct  measure of the 
hea t  of condensation and, hence,  the condensing 
r a t e  of potassium. T e s t  materials are evaluated 
from weight changes,  metallographic examination, 
and chemical and x-ray diffraction ana lys i s .  

SURGE 
TANK 

T a b l e  15.7 summarizes the conditions and resul ts  
of boiling-potassium c a p s u l e  and loop t e s t s  that  
we  have  thus f a r  operated with refractory metals.  
A l l  t e s t s  were conducted under vacuum in the 
range io-' to torr. Initial oxygen content  
in  the potassium analyzed 70 to 200 ppm by the 
gettering-vacuum-fusion method" and 20 to 50 
ppm by the amalgamation method. * 

laA. P. Litman and J. W. Prados,  The  Partitioning 
of Oxygen Between Zirconium and Liquid-Potassium, 
ORNL-TM-1039 (April 1965). 

19J. C. White, A. S. Meyer, and Gerald Goldberg, 
Anal.  Chem. Div .  Ann. Progr. Kept. Dec. 31,  1961, 
ORNL-3243, p. 41. 
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T a b l e  15.7. Summary o f  Boil ing-Potassium Refractory-Metal Compatibi l i ty T e s t s  

M ateri a1 No. 
O f  

Tests Specimen Container 

Weight 
Change 

Time 
Temp (OC)  per Condensing Rate  

Max Min T e s t  ( g mm- '  crn-') (mg ,cm~)  

(hr) 

1 TZM TZM 

3 D-43 D-43 

Ref lux ing  Copsvles 

1260 5000 0.27 + 7  to -0.4 

1200- 13 10 850-SO00 0.27-0.57 + 1.7 to -0.002 

4 Nb-1% Zr Nb-15 Zr 1100-1220 

1 Nb-1% Zr Nb-1% ZI 

1 Nh-1% Zr Nh-1% Zr 

1 D-43 D-43 

1 T-111 T - I l l  

1 TZM D-43 

1 Nb-1% Zr Nh-1% Zr 

1 TZM Nb-1% Zr 

600-5000 0.17-0.28 i 0.8 to -0.1 

Noturol-Circulation L o o p s  

1140 650 2800 +0.13 to+0 .01  

1200 675 1200 0.19 +0.7 to -0.2 

0.35 +0.6 to +0.2 1200 835 3000 

1250 1040 3000 

1250 *lo00 

Forced-Circulation Loops 

1100 355 3000 270 g/mm 

Resu l t s  

Chemical Metallographic 

Increase in concentration of No attack 
Ti and Mo in K. 

Oxygen transfer from top to No attack. 
bottom of capsule. Some ZrOz layer 
decarburization at bottom. on surface 
No Nb, Zr, or Win K after of end-plug 
test. weld. 

Oxygen transfer from top 
to hottom of capsule. 

No attack 

No significant change in No attack 
specimens from condenser 
or subcooler. 

Increase in oxygen concen- 
tration of specimens m 
subcocler. 

No attack 

Increase in oxygen of No attack 
specimen in subcooler. 

T e s t  being examined. 

T e s t  in progress. 

Increase in oxygen con- -1 mil erosion 

damage, sec- centration in boiler and 
condenser regions. No ond s tage 
increase m concentration blade 
of Nb or Zr i n  K .  

T e s t  under construction. 

.- 

Metallographic examination of b i l e r  and condenser 
sec t ions  from the refluxing capsule  t e s t s  disclosed 
no evidence of dissolut ive attack. 2 0 - 2 2  T h e  
expectation of weight l o s s e s  in  the condensing 
region, reflecting dissolut ion of the alloy by the 
condensing vapor, was  not realized. Both l o s s e s  
and gains  were  observed, depending on specimen 
location in the condenser, but the total gains 
outweighed the l o s s e s .  In t e s t s  with niobium- 
base  alloys, changes in oxygen content  were of the 
same magnitude as  the weight changes,  and there- 
fore, the weight changes appear to be symptomatic 

of migration of oxygen rather than metal  dissolut ion.  
Weight changes in a TZM c a p s u l e  ( t 7  to -2 
m g / c m 2 )  were larger than those found for niobium- 
b a s e  al loys and were more indicat ive of dissolu-  
tion, s i n c e  there was very l i t t l e  evidence of 
inters t i t ia l  migration. Both titanium and molyb- 
denum concentrat ions in  the potassium increased.  

Corrosion effects  in the na tura lc i rcu la t ion  
loops correlated in  all respec ts  with the e f fec ts  
observed in corresponding refluxing c a p s u l e  
t e s t s . 2 0 , 2 1 * 2 3  Weight changes ,  when corrected 
for the migration of inters t i t ia l  e lements ,  showed 
negligible dissolut ion of the condenser  wal l s  and 
no evidence of mass  transfer of metal l ic  e lements  
to the subcooler .  

J. R. DiStefano and J. H. DeVan, ORNL-3683, 
pp. 202-11 (classified). 

J. H. DeVan et  al., ORNL-TM-1050, pp. 41-50 
(classified). 2 3  D. H. Jansen  and E. E. Hoffman, Niobium-1% 

J., H. DeVan et al . ,  ORNL-TM-1140, pp. 29-40 Zirconium, Natural-Circulation Boiling-Potassium Cor- 
(classified). 

2 0  

2 1  

22 

rosion Loop Test,  ORNL-3603 (May 1964). 
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T a b l e  15.8. Design Conditions of  T e s t  Section of  Nb-1% Zr Boil ing-Potassium Forced-Circulation Loopa 

Vapor Vapor 
P r e s  sure Velocity Quality Temperature 

( O C )  ( p s i 4  (fPS) (%I 

Firs t -s tage (convergent nozzle) 
Nozzle entrance 1093 

1032 Nozzle exit  
Blade surface 107 1 

Second-stage (convergent- 
divergent nozzle) 
Nozzle entrance 
Nozzle exi t  
Blade surface 

1032 
743 
932 

Third-stage (convergent nozzle) 
Nozzle entrance 743 
Nozzle exi t  693  
Blade surface 7 18 

140 1.5 
100 1390 96 

100 

100 
12 
12 

1.7 
3080 83  

12 15 
7 1430 96 

7 

aOperated 3000 hr. 

One Nb-1% Zr forced-circulation loop with 
Nb-l% Zr nozz le  and turbine-blade specimens in  
the t e s t  sect ion was operated under the condi t ions 
shown in T a b l e s  15.7 and 15.8. R e s u l t s  of exam- 
ination of components from the t e s t  sect ion are 
summarized below. 

T e s t  Section Component Results 

Firs t -s tage nozzle  Nonme tallic-app e arin g 1 ay- 
e r  1 to 2 mils  thick on 
throat, result ing in a 4- 
m i l  decrease in throat 
diameter. 

First-stage blade Nonmetallic deposit  on 
concave portion of blade; 
no attack or erosion ob- 
served; some discclora- 
tion a t  impingement area. 

Second-stage nozzle Nonmetallic deposit  0.5 
m i l  thick on exit  portion 
of convergent-divergent 
nozzle, result ing in a 
1-mil decrease in throat 
diameter. 

Second-stage blade Erosion, or attack, or both, 
approximately 1 m i l  deep 
a t  impingement area; 

metall ic crystal l ine de- 
posi t  l mil thick on con- 
cave portion ( s e e  Fig.  
15.28). 

No deposit  on surface; ir- 
regularit ies observed. 

Third-stage nozzle  

Third-stage blade Crystall ine deposi t  0.5 m i l  
thick; appears similar to 
deposit  on second-stage 
blade. 

Metallographic examination of the Nb-1% Zr 
alloy used in the boiler, condenser,  and subcooler  
showed no evidence of a t tack or depos i t s ,  and n o  
s ignif icant  pickup of niobium or zirconium by the 
potassium was found. 

Corrosion of Refractory A l loys  by L i th ium 

C. E. Sessions J. H. DeVan 

T h e  compatibility of advanced refractory a l loys  
with lithium at elevated temperatures h a s  been 
s tudied under both static and dynamic flow con- 
di t ions.  T h e  s t a t i c  tests were designed to  study 
the  effects of oxygen in the alloy, h e a t  treatment, 
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Fig. 15.28. Nb-1% Zr Blade Specimen from Second Stage of B o i l i n g  Potassium Pumped Loop. T e s t  conditions: 

vopor temperature, 743OC; vapor qual i ty ,  83%; vopor velocity,  3080 fps; test  duration, 3000 hr. Specimens a s  polished. 

and test temperature in l ine with prior i nd ica t ionsz4  
that oxygen contamination w a s  particularly detri- 
mental to the corrosion res i s tance  of niobium and 
tantalum-base alloys.  Dynamic tests us ing  thermal 
convection loops were operated to determine the 
extent of dissolution and mass  transfer of the  
refractory a l loys  a t  e leva ted  temperatures in a 
polythermal system. 

T h e  s t a t i c  corrosion t e s t s  have shown tha t  the  
e f fec ts  or' oxygen in the  advanced refractory alloys 
D-43, B-66, FS-85, CB-752, and T-111 are  quite 
s i m i l a r  t o  those  observed for Nb-1% Zr. Tha t  is 
to s a y ,  spec imens  of the  refractory a l loys  that 
were exposed to lithium following an internal 
oxidation treatment exhibited e i ther  a transgranular 
Widmanstatten attack or intergranular corrosion 
attack, depending on the exposure temperature. 
Fo r  most of t hese  alloys the predominant mode of 
a t tack  changed from transgranular a t  the lower 
test temperature, 5OO0C, to intergranular a t  the 
higher t e s t  temperature, 1000°C. Fortunately,  the 
susceptibil i ty to  oxygen-accelerated attack by the 

lithium could b e  eliminated if contaminated spec -  
imens were hea t  treated in the temperature range 
1300 to 16OOOC af te r  oxidation but prior t o  ex- 
posure t o  lithium. T h e  corrosion r e s i s t ance  tha t  
resu l t s  after hea t  treatment is attributed to the 
precipitation of the  oxygen as a thermodynamically 
s t ab le  oxide (ZrO, or HfO,), which is not reduced 
by the  high-temperature lithium. T h u s ,  t he  corro- 
sion by lithium of advanced refractory a l loys  
follows very c lose ly  the  corrosion mechanism 
p r o p o s e d 2 4 9 2 5  for Nb-1% Zr relative t o  the e f fec t  
of oxygen contamination. 

One new phenomenon tha t  was  observed in the 
s t a t i c  compatibility t e s t s  w a s  the presence  of 
transgranular c r acks  in severa l  of the refractory 
alloy coupons a f t e r  exposure to  high-temperature 
lithium. T h e  c a u s e  of the  c racking  was  attributed 
to  hydrogen embrittlement tha t  occurred when 
lithium w a s  being removed with water  after the 
test .  However, s eve ra l  observations sugges t  that  
the phenomenon observed is related more t o  crack 
propagation of a c l ean  sur face  in the  p re sence  of 

245. R. DiStefano, Corrosion of Refractory Metals by 
Lithium, ORNL-3551 (March 1964). 

25 J. R. DiStefano, Metals and Ceramics Div. Ann. 
Progr. Rept. June 30, 1964, ORNL-3670, p. 107. 
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hydrogen than to  conventional hydrogen embrittle- 
ment. T h e  advanced a l loys  cracked near room 
temperature in the absence  of an applied s t r e s s .  
T h e  c racks  were not propagated a s  a resu l t  of 
hydride formation, s ince  no  hydride w a s  observed 
in the  microstructure, even for hydrogen-content 
i nc reases  as large a s  1200 ppm. Also, t he  s u s -  
ceptibil i ty to cracking depended on the  thermal 
history of the alloy, For  example, s amples  that 
were recrystall ized or aged and exposed t o  lithium 
a t  1000°C were more suscept ib le  t o  c racking  than 
samples  exposed to  lithium at 500OC. Additional 
work is in progress t o  further define the  fracture 
mechanism of th i s  process.  

T w o  thermal convection loops have  been evaluated 
after circulating lithium for 3000 hr a t  a maximum 
temperature of 1200OC with a temperature drop of 
120°C. T h e  resu l t s  of  the f i r s t  loop, which was  
an a l l  Nb-1% Zr alloy loop containing Nb-1% Zr 
inser t s ,  provided a weight-change profile to  be 
used as base l ine  da t a  for comparing with dissolution 
tendencies of advanced refractory a l loys  in lithium. 
T h e  second Nb-1% Zr alloy loop contained TZM 
alloy inser t s  and provided a measure of the d is -  
similar-metal reactions tha t  resu l t  when niobium- 
and molybdenum-base a l loys  are used  in  a common 
circuit. T h e  resu l t s  of t h e s e  two loops  show tha t  
i n  the  hot l e g  the refractory a l loys  lo se  oxygen, 
nitrogen, carbon, and zirconium to the  lithium, 
and in the  cold l e g  gold-colored zirconium nitride 
(ZrN) c rys ta l s  deposit .  T h e  magnitude of the 
weight change  was  quite small  i n  the  Nb-1% Zr 
single-alloy loop but significantly larger in the 
dissimilar-metal (Nb-1% Zr, TZM) loop. Also, in 
the dissimilar-metal loop the  major alloying con- 
s t i tuents  transferred. Niobium was transferred t o  
the  TZM alloy and molybdenum w a s  picked up by 
the  Nb-l% Zr ,  with larger transfers of both occurring 
a t  the highest  temperatures. Thus ,  the resu l t s  of 
the  dynamic t e s t s  showed transfer of predominantly 
intersti t ial  impurities in  both loops,  but larger 
quant i t ies  and more spec ie s  were transported in 
the  dissimilar-metal loops.  

NON D EST RUCTlV E EVALUATION 
OF REFRACTORY ALLOYS 

R. W. McClung 

We have nondes tmctively evaluated tubing, 
shee t ,  p la te ,  and bar of s eve ra l  refractory a l loys ,  
including B-66, Cb-752, Nb-1% Zr, FS-85, D-43, 

W-26% Re,  TZM, and T-111. T h e  spec i f i c  tech- 
niques employed were se l ec t ed  according to the 
materials and their configurations. F luorescent  
penetrants were used t o  eva lua te  the  outer sur faces  
of t h e  alloys,  and very few significant discontinui- 
ties were detected by th i s  procedure. At l e a s t  one  
ultrasonic technique was  used  for the detection of 
internal f laws, and in some ins t ances  radiography 
and eddy currents were a l s o  applied. 

Nondestructive evaluation was completed on a 
quantity of T-111 and B-66 alloy tubing produced 
under a n  Air  Force cont rac t  in connect ion with a 
joint AF-NASA-AEC project. In general, the 
quality of t he  B-66 alloy was  somewhat superior 
t o  tha t  of the T-111 alloy. T h e  r e su l t s  of th i s  
evaluation program have  been reported in  detail.  

A large portion of our work w a s  devoted to the 
preparation of appropriate reference s tandards  and 
subsequent  evaluation of materials under study. 
For  the  ultrasonic evaluation of' shee t ,  plate,  bar, 
and tubing, we have found tha t  electro-discharge 
machining y ie lds  the  most accura te  and reproducible 
reference notches.  Deta i l s  on t h e  development of 
techniques for the  preparation of reference s tand-  
a rds  are presented in Chap. 18 of th i s  report. 

PHYSICAL PROPERTIES 

D. L. McElroy 

T h i s  p h a s e  of the program is concerned with the 
measurement and correlation of high-temperature 
thermophysical properties of high-temperature ma- 
t e r ia l s .  Thermal conductivity, thermoelectric 
power, e lec t r ica l  resist ivity,  and total  hemispher- 
i ca l  emittance are measured and eva lua ted  as 
required to understand the  behavior of t h e s e  ma- 
t e r i a l s  from both an  applied and a theoretical  
point of view. 

Physical Properties of Tungsten 

W. Fulkerson J. P. Moore 
R.  S. Graves 

W e  have  completed a series of high-temperature 
phys ica l  property measurements on  tungsten to 
reso lve  some major incons is tenc ies  in va lues  

26K. V. Cook and R. W. McClung, Nondestruct ive  
Evaluation o f  T-111 and B-66 A l l o y  Tubing, OR'NL- 
TM-990 (February 1965). 
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reported in  the literature and to  provide accura te  
da t a  over temperature ranges where none existed.  
We measured thermal conductivity from 50 to  1000°C, 
thermoelectric power from 0 to 13OO0C, and elec- 
trical res i s t iv i ty  from -269 to 1400OC. T h e  tung- 
s t e n  spec imens  were machined from wrought ma- 
te r ia l  derived from extrusions of pressed  - and- 
sintered b i l l e t s ,  and the  bulk density was  99.8% 
of theoretical .  T h e  e lec t r ica l  resist ivity ratio 
( p 3 0 0 ~ K / p 4 ~ K )  was  35. T h e  resu l t s  of our meas- 
urements are given in  Table  15.9,  and the  theoreti- 
cal implications of these  resu l t s  are presented i n  
P a r t  I, Chap. 7 of t h i s  report. T h e  thermal con- 
ductivity resu l t s  are contrasted with those  of 
previous investigators in Table  15.10 and Fig .  
15.29. A l a rge  gap in the  ex i s t ing  da ta  between 
300 and 8OOOC and the la rge  d iscrepancies  among 
reported va lues  a t  temperatures greater than 
130OOC are  readily apparent. 

T h e  thermal conductivity of tungsten can  b e  
written as the  sum of electronic,  ke, and l a t t i ce ,  
k,, components: 

k = k e + k l .  (1) 

If ke  is related theoretically to electrical  resis- 
ti vi ty , t h en 

k = L T / p  + k, , (2) 

where L is the Lorenz number, T is the  absolute 
temperature in degrees  Kelvin, and p is the elec- 
trical  resist ivity.  Between 500 and 14OO0C, p, 
i n  pohm-cm, is given by the  equat ion 

p = -3.022 + (2.517 x 10-’)T 

+ (2.611 x 10-’6)T2 (3) 

to  within k0.2%. If Eqs. (2) and (3) are used  with 
measured thermal conductivity values,  w e  find 
tha t  t he  l a t t i ce  thermal r e s i s t ance  l / k ,  becomes 
l inear above 500OC. Thus ,  the measurements 
show that above 5OOOC 

L T  x l o 6  
k =  

-3.022 + (2.517 x lO-’)T + (2.611 x 1 0 - 6 ) T 2  

1 
2.612 + (2.77 x 10-3)T + * (4) 

T h i s  equation was  used  to extrapolate our resu l t s .  
T h e  extrapolated va lues  a re  given in T a b l e  15.10 
and are plotted in F ig .  15.29. They  agree well 
with the  high-temperature d a t a  of other inves t i -  
gators presented in Tab le  15.10. 

T a b l e  15.9. Results o f  Phys ica l  Property Measurements on Wrought Tungsten 

Electrical  Thermoelectric 
Resistivity Power Temperature Thermal Conductivity 

(OC) (w cm-l OC-’) (pohm-cm) (mv /O c ) 

0 4.05 5.0 
100 1.602 7.33 10.9 
200 1.479 9.80 1.6.2 
300 1.389 12.42 20.9 
400 1.322 15.16 25.3 
500 1.267 18.01 29.2 
600 1.221 20.93 32.8 
7 00 1.184 23.93 35.8 
800 1.152 27.02 38.5 
900 1.123 30.09 40.7 

loon 1.100 33.25 42.4 
1100 36.49 43.9 

1300 42.99 45.8 
1200 39.7 1 45.0 

1400 46.40 
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T a b l e  15.10. Col lected Data  on Thermal Conductivity of Tungsten 

Thermal Conductivity (w crn-l OC-') 
Temperature 

Lmgmuir  and 
ORNL Rudkina Osborna Tye a Taylora  

(OC) 

0 
100 
200 
300 
400 
500 
600 
700 
800 

900 
1000 
1200 
1400 
1600 
1800 
2000 
2200 
2400 
2600 
2800 
3000 
3200 
3400 

1.602 
1.479 
1.389 
1.322 
1.267 
1.221 
1.184 
1.152 

1.123 
1.100 
1.055' 

0.987 ' 
0.959 ' 
0.932' 

1.019' 

0.909' 
0.887' 
0.868 ' 
0. 848' 
0.831' 
0.814' 
0.798' 

1.150 
1.109 
1.063 
1.042 
0.976 
0.946 
0.917 
0.900 

aFor  references, s e e  Fig. 15.29. 
'Extrapolated values, s e e  text and Eq. (4). 

Ef fec t  of Surface Treatment  for Emit tance 
of the Nb-1% Zr A l loy  

T. G. Kollie 

T h e  total hemispherical  emittance of a material  
can  b e  influenced by sur face  treatment and temp- 
erature. We have  determined t h e  e f fec t  of sur face  
treatment on t h e  emittance of the  Nb-1% Zr  alloy 
between 200 and 800OC and obta ined  t h e  smoothed 
r e su l t s  given in  Table  15.11. 

T h e  emittance of the  pickled alloy was  doubled 
by grit blasting. Grit b las t ing  and dimpling 
slightly more than doubled t h e  emittance. We 
attributed t h e s e  changes  to t h e  greater geometric 
radiating a rea  of t he  rougher sur faces .  Note that 
all t h e  sur face  treatments y ie lded  emi t tances  

1.680 
1.520 
1.380 

1.658 
1.518 
1.411 
1.331 

Wheelera Gumenyuk and 
Lebedeva 

1.157 
1.139 1.102 
1.108 1.062 
1.077 1.033 
1.047 1.012 

0.996 
0.982 
0.97 1 
0.962 
0.956 

1.151 
1.118 
1.103 
1.063 
0.975 
0.942 
0.921 
0.904 

greater than  those  obtained for a smooth thermally 
e tched  rod. 

Thermal Conduct iv i ty  of D-43 and T-111 Al loys  

J. P. Moore W .  Fulkerson 

T h e  thermal conductivity of k-in.-thick by $- 
in.-diam specimens of D-43 and T-111 a l loys  was  
measured over a limited temperature range i n  t h e  
longitudinal h e a t  flow apparatus. T h e  smoothed 
r e su l t s  a r e  compared to those  of H e d g e 2 7  in  T a b l e  

27J.  C. Hedge, C. Kostenko, and J. I. Lang, Thermal 
Proper t ies  o f  Refractory Alloys ,  ASD-TDR-63-597 
(June 1963). 
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15.12. Our va lues  a r e  lower than Hedge’s by all mater ia l s  at high temperatures. However, 
13 to 15% for D-43 and by 5 to 6% for T-111. when Hedge’s high-temperature d a t a  a re  similarly 
T h e  thermal conductivity of both a l loys  increased  treated,  the  l a t t i ce  portion inc reases .  To reso lve  
with temperature; D-43 is a better conductor of t h i s  discrepancy, we have  specimens of t h e  alloys 
h e a t  than is T-111. For  the  temperature range that will permit u s  to measure the i r  thermal con- 
studied, t h e  la t t ice  portion of both a l loys  decreased  duc t iv i t ies  at high temperatures i n  the radial  heat 
with temperature, as  is observed generally for flow apparatus. 

0 BACKLAND ( 7 )  

4 WORTHING ((51 
n BARRATT AND WINTER (161 
n PEARS, NEEL, OGLESBY (17) 

0 200 400 600 800 1000 I200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 

r (OK) 

Fig. 15.29. Thermal Conduct iv i ty of Tungsten. References t o  l i terature values fo l low. ( 1 )  Rudkin, Parker, and 
Westover, USNRDL-TR-419 (1960). (3) Wheeler, “Thermal D i f f us i v i t y  
a t  Incandescent Temperatures by a Modulated Electron Beam Technique,*’ presented a t  the Nat l .  Phys. Lab. Intern. 

Conf. on Thermal Conduct iv i ty,  Teddingtan, England, Ju ly  1964. (4) Gumenyuk and Lebedev, Fiz. Met. i Metaloved. 

11, 29 (1961); translated as NP-tr-733. (5) Tye, pp. 169-79 in Niobium, Tantalum, Molybdenum, and Tungsten, 
Elsevier,  1961. (7) Backland, “Measurement and Ana lys is  
o f  the Thermal Conduct iv i ty of Tungsten and Molybdenum a t  100 t o  400°K,” presented a t  the Nat l .  Phys. Lab. 
Intern. Canf. on Thermal conduct iv i t y ,  Teddington, England, Ju ly  1964. (8) Al len,  Glasier, and Jordan, J .  A p p l .  
Phys. 31, 1382 (1960). (10) Cox, 
Phys. Rev. 64, 241 (1943). (12) Griineisen and 
Goens, Z .  P h y s i k  44, 615 (1927). (14) Weber,Ann. 
Physik 54, 165 (1917). (16) Barrat t  and Winter, Proc. Phys. S O C .  [London) 
26, 347 (1914). (17) Neel, Pears, and Oglesby, WADD-TR-60-924 (February 1962). (18) Me ta l l i c  Elements and 
Their A l loys ,  Thermophysical Propert ies Research Center Data Book, VOI. 1, p. 1029R, Purdue Un ivers i ty ,  LaFayette,  
Indiana. 

(2) Osborn, J. Opt .  SOC. Am. 31, 428 (1941). 

(6) Langmu i r  and Taylor, Phys. Rev. 50, 68-87 (1936). 

(9) Jenkins, Parker, and Butler, USNRDL-TR-348, pp. 1-24, 1959 (AD-226896). 
(11) Kannuluik, Proc. Roy. SOC. (London), Ser. A 131, 320 (1931). 

(13) Forsythe and Worthing, Astrophys. J. 61, 146 (1925). 
(15) Worthing, Phys. Rev. 4, 535 (1914). 
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Table 15.11. Total  Hemispherical Emittance of Nb-1% Zr Alloy 

Tota l  Hemispherical Emittancea 

P ick led  and Pickled, Dimpled, 
Grit-B1 a s t ed  and Grit-Blasted 

Smooth Rod 
Temperature Thermally P ick led  

Strip Strip (OC) Etched at  Strip 
15oooc 

2 00 0.12 0.16 0.33 0.36 

400 0.10 0.16 0.37 0.40 

600 0.11 0.18 0.41 0.43 

800 0.12 0.22 0.45 0.47 

aDetermined in a vacuum of 1 x torr. 

Table 15.12. Results o f  Thermal Conductivity Measurements on D-43 and T-111 Alloys 

Thermal Conductivity ( w cm-' OC-*) 

Measured Electronic La t t i ce  Hedge 
Temperature 

Contributione Contribution 
(O C) 

0-43 Alloy 

30 
60 
90 

120 

T-111 Alloy 

30 
60 
90 

120 

0.4 19 
0.428 
0.438 
0.447 

0.39 1 
0.398 
0.407 
0.416 

0.408 
0.420 
0.431 
0.442 

0.362 
0.373 
0.384 
0.395 

0.011 
0.008 
0.007 
0.005 

0.029 
0.025 
0.023 
0.02 1 

0.482 
0.493 
0.502 
0.520 

0.414 
0.422 
0.431 
0.439 

eCalculated from Lorenz's number and electrical  resist ivity.  



16. Materials Compatibility 

J .  H. DeVan 

Since refractory metals have  exhibited better 
corrosion r e s i s t ance  t o  liquid a lka l i  metals  than 
have the  more conventional metals  and a l loys ,  
they a re  being considered a s  containment materials 
for a lka l i  metals  i n  high-temperature nuclear reac- 
tor systems.  The  most important corrosion prob- 
lems in a lka l i  metal sys t ems  have  generally 
stemmed from impurities such  as carbon, oxygen, 
and nitrogen. Our current program h a s  been ori- 
en ted  to analyze t h e s e  impurities i n  a lka l i  metals 
and to  study their e f fec ts  on newly developed 
refractory-metal container materials. Impurities in 
alkali  metal-refractory metal sys tems include 
those  init ially present in the  a lka l i  metal and 
those  “get tered” by t h e  a lka l i  metal  from the 
refractory metal. 

Other work on corrosion by liquid a lka l i  metals 
is reported in Chap. 15, in Chap. 27 of Pa r t  111, 
and in Chaps. 33 and 34 of Pa r t  IV. 

EFFECT OF OXYGEN ON THE CORROSION OF 
NIOBIUM BY LIQUID POTASSIUM’#* 

A. P. Litman 

The  behavior of unalloyed niobium in liquid 
potassium under s t a t i c  conditions a t  cons tan t  
temperatures of 200, 600, and 815OC was  influ- 
enced  by oxygen in the  components, temperature, 
and exposure t ime.  Adjusting the  oxygen content 

‘Condensed from the University of Tennessee  M.S. 
Thes i s  of A. P. Litman, The Effec t  of Oxygen on the 
Corrosion of Niobium by Liquid Potassium, ORNL-3751 
(July 1965). 

*Summary of papers presented a t  the NASA-AEC 
Liquid-Metals Information Meeting, Gatlinburg, Ten- 
nessee ,  April 21-23. 1965 and the 14th AEC Cor- 
rosion Symposium, Augusta, Georgia, May 26-28, 1965. 

of e i ther  the  potassium or the  niobium produced 
various manifestations of corrosion, including 
the  production of sur face  and subsur face  corrosion 
products, i l lus t ra ted  in  Fig. 16.1, and the mass  
transfer of oxygen, niobium, and potassium. All 
t h e  corrosion p rocesses  were enhanced by higher 
temperatures and longer exposures .  

T h e  sur face  scales were predominantly niobium 
dioxide, but niobium metal, other niobium oxides,  
potassium metaniobate, and unidentified s p e c i e s  
were sometimes present. The  subsur face  product, 
tentatively identified as niobium dioxide, was 
never  observed when the  in i t ia l  oxygen content of 
the  niobium was  less than 1000 ppm. Higher 
in i t ia l  oxygen concentrations in  the  niobium or 
the potassium resulted in  more rapid thickening 
of the sur face  scales. 

Significant weight l o s s e s  (0.3 to 2.4 mg/cm2) 
occurred for oxygen-doped niobium spec imens  
exposed  to potassium a t  600  and 81SoC, but weight 
changes  were insignificant a t  200OC. W e  found 
tha t  oxygen transfer was  controll ing in  determining 
the  magnitude of t he  weight losses. Typica l  
oxygen-loss patterns,  obtained by vacuum fusion 
ana lys i s  of the niobium, a re  shown in Fig. 16.2 
for spec imens  init ially containing 2600 ppm 0. 
Similar oxygen l o s s e s  occurred for spec imens  
init ially containing much lower l e v e l s  of oxygen. 

Other evidence of component m a s s  transfer was 
afforded by chemical  ana lys i s  of the  potassium. 
As  i l lustrated by Tab le  16.1, the  niobium concen- 
tration in the  potassium increased  with temperature 
and in i t ia l  oxygen concentration in  the potassium. 
T h e  temperature dependence of the  niobium content 
at the  higher oxygen l eve l s  showed a discontinuity 
below 4OO0C, sugges t ing  a change  in the  corrosion 
mechanism a t  t h i s  temperature. 

The  redistribution of potassium 
sys tem was determined by s t epwise  

i n  the  test 
ac id  leaching 

136 
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Fig. 16.1. Surface and Subsurface Corrosion Products Formed on a Niobium Specimen Containing 2400 ppm 0 
After Exposure a t  815'C to Potassium Containing 50 ppm 0. A s  Pol ished. 5 0 0 ~ .  

ORNL-DWG 65- 3761 - 2800 

Tab le  16.1. E f fec t  of Temperature and Init ial  

Oxygen Concentration on the Niobium 
Content of Potassium Exposed 

for 48 hr t o  Nb-0.017% 0 

Niobium Content in  Potassium (ppm) 

Init ial  Content of Oxygen in Potassium 
50 ppm 450ppm 600ppm 

Temperature - 

(OC) 

200 50 75 
500 

400 75 425 750 
600 150 450 925 
800 375 475 

-- 
0 400 200 300 400 

TIME (hr) 

Fig. 16.2. E f fec t  of Time and Temperature on the 
of Oxygen from Niobium in Contact  w i th  Migrat ion 

Potassium. 
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of the  sur face  and sepa ra t e  ana lyses  of t he  sur face  
corrosion products, subs t ra tes ,  and matrices. A 
portion of the  resu l t s  is presented in  Table  16.2. 
The  transfer of potassium i n  t h e s e  tests w a s  
primarily assoc ia ted  with the growth of a sur face  
corrosion product. 

T h e  observations from t h e s e  experiments were 
impossible  to  rationalize in terms of a simple 
model based only on the  binary oxides of niobium 
and potassium. Such a model could not account  
for the  marked depletion of oxygen in niobium at 
600 and 81SoC, which occurred independently of 
t he  in i t ia l  oxygen concentration in  e i ther  the 
niobium or potassium. T h i s  depletion also con- 
tradicted the finding of niobium dioxide and potas- 
s ium in the sur face  and subsur face  corrosion 
products. Further, we found tha t  pure niobium 
dioxide is unstable in e x c e s s  potassium. T o  
account  for these  observations,  we had to  postu- 
l a t e  t he  ex i s t ence  of one or more ternary com- 
pounds of the form K,NbyO, with a thermodynamic 
s tab i l i ty  sufficiently high t o  reduce the chemical  
potential  of the oxygen in solution considerably 
below its value for equilibrium with binary oxides, 
Further, we proposed that t h e s e  s p e c i e s  dispro- 
portionate on cooling to yield the  corrosion prod- 
uc t s  observed a t  room temperature. 

T a b l e  16.2. Potassium Contents o f  Nb-0.017% 0 
T e s t  Specimens Exposed to Potassium for 500 hr 

Potassium Content (ppm) 
Temperature 

(oc) Surface Corrosion 
Substratea Matrixb Product 

200 53 12 ( 2  

600 215 12 ( 2  

815 2530 128 < 2  

aIncludes subsurface corrosion product. 
bSpecimen region below subsurface corrosion product. 

40-3 2 5 10-2 2 5 10-4 
ZIRCONIUM SPECIMEN THICKNESS (in.) 

F i g .  16.3. Distribution Rot io  for Oxygen Between 

Zirconium and Potassium After 100 hr a t  815OC Under 

Static Conditions, a s  a Funct ion o f  T h i c k n e s s  of the 
Z i rconi  um Specimen. 

exposures ,  as a function of zirconium specimen 
th ickness ,  a r e  summarized in Fig. 16.3. These  
ratios and an  oxygen mass  ba lance  were used  in 
the determination of oxygen l eve l s  i n  oxygen-doped 
potassium by the gettering-vacuum-fusion (GVF) 
technique. In t h e s e  experiments,  t he  oxygen- 
doped potassium was heated variously i n  molyb- 
denum, nickel, and niobium conta iners  a t  temper- 
a tures  from 200 t o  815°C and for periods of 1 to  
100  hr. The  resu l t s  are presented in  Tab le  16.3 
and show that a t  oxygen l eve l s  from 60 to  2900 
ppm GVF analys is  is accura te  desp i t e  variations 
in the thermal and environmental history of the 
potassium. The  amalgamation and vacuum dis- 
t i l lat ion techniques failed to  yield a sa t i s fac tory  
measure of oxygen in doped potassium after similar 
exposures.  

DETERMINATION OF OXYGEN IN POTASSIUM 

A. P. Litman J. W. P rados3  

Distribution ratios for oxygen between zirconium 
and liquid potassium a t  815OC have  been deter- 
mined experimentally, and the  resu l t s  for 100-hr 

3Consultant from the University of Tennessee .  
4A. P. Litman and J. W. Prados,  “The Parti t ioning 

of Oxygen Between Zirconium and Liquid Potassium,” 
ORNL-TM-1039 (April 1965); accepted  for publication 
in Electrochemical Technology. 

’A. P. Litman and G. Goldberg, Metals and  Ceramics 
Div. Ann. Progr. Rept.  May 31, 1963, ORNL-3470, 

6A. P. Litman. J. E. Strain, and G. Goldberg, Metals 
and  Ceramics Div. Ann. Progr. Rept .  June 30, 1964, 

pp. 64-66. 

ORNL-3670, pp. 113-14. 
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T a b l e  16.3. Oxygen Recovered from Potassium by the GVF Technique' 

Oxygen Added Tota l  Oxygenb Temperature ' Oxygen Found Oxygen Recovery 

- 
90Sd 

lSd  

15se 

104Sd 

340e 

l l O O e  

137Se 

2780e 

250d 

610d 

1380d 

955 

1095 

65 

205 

390 

1225 

1500 

2905 

300 

745 

1430 

200 

200 

600 

600 

800 

800 

800 

800 

815 

815 

815 

96 0 

1135 

60 

225 

355 

1210 

1650 

2820 

275 

740 

1565 

- 

102 

104 

92 

110 

91 

99 

110 

97 

92 

99 

109 

%ample exposed to  0.020- to  0.065-in.-thick zirconium specimen for 100 hr a t  815OC. 
bIncludes oxygen init ially present in the potassium. 
'Temperature a t  which oxygen-doped potassium was  heated in molybdenum, nickel, or niobium containers for t imes 

varying from 1 to 100 hr before ana lys i s  by GVF technique. 
dOxygen added by contacting with niobium containing dissolved oxygen. 
eOxygen added a s  K,O. 

DIFFUSION OF OXYGEN IN NIOBIUM7 

A. P. Litman 

In connection with the  compatibility s tud ie s  
described in th i s  chapter ,  t he  diffusivit ies of 
oxygen in polycrystall ine niobium were determined 
a t  600 and 815OC. T h e  diffusivity measurements 
were based on the  observation tha t  oxygen diffused 
from the  niobium in contac t  with potassium to  
form complex corrosion products a t  the  niobium- 

potassium interface,  and that the  reaction afforded 
a reproducible and cons tan t  sur face  oxygen con- 
centration. By analyzing the  oxygen depletion 
in the niobium as a function of time and applying 
the  appropriate solution in  Fick's second law, we 
found the  diffusion coefficients t o  be  7.9 x lo-'' 
and 6.4 x IO-' cm2/sec a t  600 and 815OC respec- 
tively. T h e s e  values are s l igh t ly  smaller than, 
but in reasonable agreement with, recent l i terature 
values,  which were calculated from the  rate at 
which oxygen penetrated niobium tha t  was  exposed  
to  oxygen gas  a t  a pressure of 760 torrs. 

'Abstract from Short Note accepted for publication 
in Phys ica  Status Solidi. 

'R. I. Jaffee, W. D. Klopp, and C. T. Sims. Trans.  
Am. SOC. Metals, 51, 282-98 (1959). 



17. Mechanical Properties 
J .  R. Weir, J r .  

Our general  ob jec t ives  center  around s tud ie s  of 
the  e f fec ts  reactor s e rv i ce  environments have on 
the  engineering mechanical properties of materials.  
Our work is so oriented that having observed i m -  
portant e f f ec t s  on the properties of materials we 
inves t iga te  potential ways to eliminate the  dele- 
terious e f fec ts .  Our research in  the  pas t  year h a s  
emphasized the elevated-temperature radiation- 
induced embrittlement of engineering a l loys .  Our 
approaches should result  i n  prac t ica l  so lu t ions  to 
the  problem. 

Investigations of mechanical properties of ma- 
t e r i a l s  for spec i f ic  appl ica t ions  a r e  reported in  
Chaps .  15,  19,  and 2 1  and  seve ra l  chapters  of 
Pa r t  111. 

IRRADIATION EMBRITTLEMENT OF LOW-BORON 
TYPE 304 STAINLESS STEEL 

W .  R. Martin 

A growing li terature - desc r ibes  the magnitude 
and charac te r i s t ics  of the irradiation-induced em- 

‘N. E. Hinkle, Am. SOC. Test ing  Mater. Spec.  Tech. 
Publ.  341, 344 (1963). 

2P. C. L. Pfiel and D. R. Harries, “Effect of Irradia- 
tion on Austenit ic S tee ls  and Other High Temperature 
Alloys,” paper presented a t  the American Society for 
Tes t ing  and Materials Symposium on Flow and  Fracture 
of Metals and Alloys in Nuclear Environment, Chicago, 
June 21-26, 1964 (to b e  published). 

3W. R. Martin and J .  R. Weir, “The  Effect of Irradia- 
tion Temperature on the Postirradiation Stress-Strain 
Behavior of S ta in less  Steel,” paper presented a t  the 
American Society for Tes t ing  and  Materials Symposium 
on Flow and Fracture of Metals and Alloys in Nuclear 
Environment, Chicago, June 21-26, 1964 (to be pub- 
lished). 

A. N. Hughes and J. R. Caley, J .  Nucl. Mater. 10, 
60 (1963). 

’J. Fennel1 and A. C. Roberts,  J .  Nucl. Mater. 12, 
167 (1964). 

4 

%. R. Martin and J. R. Weir, Nucl. Appf. 1(2), 160- 

7F. A. Comprelli e t  al.,  Trans.  Am. Nucf. SOC. 7(2), 
67 (1965). 

455 (1964). 

brittlement of a l loys  a t  e leva ted  temperatures. 
T h e s e  da ta  appear to be  cons i s t en t  with the  hy- 
pothes is  that  the grain-boundary embrittlement is 
due to the helium generated by the  “ B ( r ~ , a ) ~ L i  
thermal-neutron capture reaction. n 8 , ’  

We studied  the  e f fec t  of very small concentrations 
of boron on the  embrittlement of type  304 s t a i n l e s s  
s t e e l  irradiated to a high exposure  in  a thermal- 
neutron t e s t  reactor. T h e s e  s t e e l s  generally con- 
ta in  in e x c e s s  of 1 ppm B, and i t  w a s  necessa ry  to 
electron-beam remelt a commerical h e a t  of s t e e l  to 
reduce the  concentration of t h i s  element to 0.015 
PPm. 

T h e  postirradiation duc t i l i t i es  a r e  l i s t ed  in Tab le  
17.1 for deformation a t  704 and  842OC. Only sma l l  
differences a r e  found among the  duc t i l i t i es  of a l l  
the  electron-beam melted hea t s ,  al though the  con- 
cent ra t ions  of boron s p a n  an  order of magnitude. 
T h e  la rges t  difference in ducti l i ty e x i s t s  between 
t h e  commercial alloy and the  electron-beam re- 
melted a l loys .  T h e  concentrations of helium were 
ca lcu la ted  for t h e  1°B(n ,a)  reaction for each  of 
the  a l loys  and a re  given in  Tab le  17.2. If helium 
a r i s e s  only from the  (n ,a)  reac t ions  due  to  thermal 
neutrons,  t h e s e  da ta  sugges t  that  e i ther  helium is 
not responsible for t h e  embrittlement or t he  e m -  
brittlement is quite independent of helium con- 
cent ra t ions  in the  range of 0.13 to  1.1 x atom 
fraction. However, if one inc ludes  the  concentra- 
t ion of helium due to fast-neutron (n,a) reac t ions  
for all the  e lements  present i n  s t a i n l e s s  s t e e l ,  t he  
da t a  appear more compatible with a n  irradiation 
embrittlement mechanism based  on helium. Tab le  
17.2 also g ives  the  concentration of helium due  to  

‘R. S. Barnes,  Some Mechanism of Radiation Induced 
Mechanical Property Changes,  AERE-R-4655 (July 1964). 

’J. Moteff, F. C. Robertshaw, and  F. D. Kingsbury, 
“Effect of Neutron Irradiation on the Stress-Rupture 
Properties of High-Temperature Precipitation Hardening 
Alloys,” Paper  No. 64-364 from American Insti tute of 
Aeronautics and Astronautics 1st Annual Meeting, Wash- 
ington, D.C., June-July, 1964. 
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141 

Table  17.1. Embrittlement of Sta in less  Steel Irradiatede a t  7OO0C 

Ductility 

True Uniform Strainb Total Elongation 
Tensile Natural - 

Test Boron 
Temperature Concentration 

- 
Irradiated Unirradiated Irradiated Unirradiated 

(70) (%) (%) (70) (OC) (PPm) 

7 04 0.015 13.7 19.1 
0.023 12.7 30.9 23.3 56.2 
0.107 13.1 21.6 
0.130 12.7 19.6 19.6 60.4 
3.9 11.2 18.0 13.1 40.2 

842 0.015 3.1 6.1 
0.023 2.9 6.1 
0.107 2.9 13.8 5.6 46.6 
0.130 3.3 18.2 6.1 57.2 
3.9 1.5 16.0 3.0 43.0 

s____l 

aIrradiated a t  B-8 position of the ORR to a neutron dose of 4.5 x 10'' neutrons/cm' (thermal) and 3.5 x l o z o  neu- 
trons/cm2 (> 1 Mev). 

bSpecimens strained a t  a rate of 0.2%/min. 

t h e  (n,a) reactions with f a s t  neutrons, taken from 
t h e  work of Bush et al." When the  helium from all 
sou rces  is considered, t he  lack  of variation in  

Table 17.2. Approximate Helium Concentration from 
Al l  ( n , a )  Reactions 

Helium Concentration (Atom Fraction) 
Natural Boron 
Concentration Due to 'OB 

and Thermal Neutron Tota l  
D u e  to F a s t  

(PPm) 
Neutrons Reactions 

x x 10-6 x 

0.01 5 0.013 0.3 0.31 
0.023 0.020 0.3 0.32 
0.107 0.091 0.3 0.39 
0.130 0.110 0.3 0.41 
3.9 3.3 0.3 3.6 

ducti l i ty among the  electron-beam melted h e a t s  is 
more eas i ly  explained, s i n c e  they differ so  l i t t l e  
in total  helium concentration. T h i s  s u g g e s t s  that  
t he  irradiation of these  electron-beam melted a l loys  
to a lower fast-neutron dose  would resu l t  i n  a 
greater variation in  the duc t i l i t i es .  T h i s  is con- 
firmed in  Tab le  17.3, which compares the  e f fec ts  
of two widely different doses .  

We conclude that removing the  'OB from t h e  alloy 
i s  not t he  ultimate solution for improving the  duc- 
t i l i ty of irradiated a l loys ,  because  even in  thermal- 
neutron reactors (n, a )  reactions with f a s t  neutrons 
a r e  significant for materials containing low boron 
concentrations.  

'OS. H. Bush, J. Moteff, and J. R. Weir, "Radiation 
Damage in  F a s t  Reactor Components," presented a t  
American Nuclear Society Topical Meeting on F a s t  Re- 
actor Technology, Detroit, Michigan, April 26-28, 1965 
(to be  published). 

Table 17.3. Effect of Boron Content of Type  304 Sta in less  Steel a t  L o w  and High Doses 

Elongation (a) Helium Concentration (ppm) 

(neutrons/cm2) (ppm) 704OC 842'C "B(n,a) Fast  (n,a) 
Total 

Exposure B Content 

High exposure, 0.11 22 6 0.091 0.3 0.4 
-5 x 10'0 3.9 13 3 3.3 0.3 3.6 

Low exposure, 0.11 39 41 0.00004 0.00006 0.0001 
"5 x 1016 3.9 40 29 0.001 50 0.00006 0.0016 

_. 
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INFLUENCE OF GRAIN SIZE ON THE 
I RR AD1 AT1 ON EMBRl T TL EMEN T 0 F 
STAINLESS STEEL AT ELEVATED 

TEMPERATURES' 

W .  R. Martin 

Low' and McLean' have shown that grain s i ze  
affects the process of grain-boundary fracture. The 
finer the grain s i ze ,  the higher the applied s t ress  
necessary to nucleate a crack and the lower the 
rate of crack propagation. We therefore studied the 
influence of grain s i z e  in the range of ASTM 3 to 
10 on the postirradiation ductility of s ta in less  
steels. Typical data are given in Table 17.4. The 
ductility of irradiated materials may be  increased 
significantly by reducing the  grain s ize .  Stainless 
s t ee l  having a grain s i z e  of ASTM 8 to 10 is at 
least  twice a s  ductile as material having a grain 
s i z e  of ASTM 3. 

W e  a l so  investigated the contribution of grain- 
boundary sliding to the total strain a t  fracture. 
Using the technique of Rachinger, ' we analyzed 
the strain a t  fracture for irradiated and unirradiated 
material in t e rms  of grain-boundary sliding, s l i p  
within the grain matrix, and the strain attributable 
to widening of cracks.  Irradiated materials frac- 
tured a t  strains for which no grain-boundary sliding 
could be detected. The elongation due to separa- 
tion of cracks was a l so  reduced, particularly for 
the fine-grained material. 

"Condensed from article submitted to  Journal of Nu- 
c lear  Materia Is.  

J. R. Low, Jr. ,  "The Fracture of Metals," No. 1 in 1 2  

Progress in Materials Science,  vol. 12, ed.  by B. Chal- 
mers, Macmillan, New York, 1963. 

I3D. McLean, Grain Boundaries in Metals, p. 336, 
Clarendon, Oxford, 1957. 

1 4 W .  Rachinger, J. Inst .  Metals 81, 33 (1952-53). 

IRRADIATION EMBRITTLEMENT OF STAINLESS 
STEEL AT VERY HIGH TEMPERATURE 

W. R.  Martin 

We showed previously that the postirradiation 
ductility of type 304 s t a in l e s s  s t ee l  a t  elevated 
temperatures is practically independent of irradia- 
tion temperature up to 70OoC. Our s tudies  of irra- 
diation temperature have now been extended into 
the  temperature range of 700 to 900°C for the 
s t ee l s  containing 0.02 and 0.06% C.  The  total 
elongations from t e s t s  at 650, 704, 775, and 842OC 
are l isted in Table 17.5 for the irradiated speci-  
mens and the unirradiated controls. The  preirradi- 
ation ductilities of the low- and high-carbon s t ee l s  
were not significantly different. However, except 
for irradiation a t  900°C, the postirradiation duc- 
tility of the high-carbon heat was significantly 
better than that of the low-carbon heat.  In general, 
the ductility of the irradiated alloy decreases  when 
either the t e s t  temperature or the irradiation tem- 
perature is increased. Deformation temperature 
appears to have a greater influence than irradiation 
temperature. Since the  influence of irradiation tem- 
perature might be associated with grain growth or 
carbon redistribution, the largest  effect is noted 
a t  900°C, the temperature a t  which all the carbon 
is in solution in both heats.  

The  higher ductilities observed for the high- 
carbon alloy may be due to several  factors. The 
concentration of the helium generated from (n,a) 
reactions is approximately 20% lower in the high- 
carbon heat, due t o a  lower concentration of ' OB (0.6 
to 0.8 ppm). However, we believe that the improved 
ductility is related to the distribution and agglom- 
eration of grain-boundary carbides.  Weaver' , '  

"C. W. Weaver, J .  Inst .  Metals 88, 296 (1959-60). 
16C. W. Weaver, Acta Met. 8, 343 (1960). 

Table  17.4. Influence of Grain Size on Irradiation Embrittlement 

- 

Tota l  Elongation (%) _ _  
At 704'C At 842'C 

Unirradia ted Irradiated Unirradiated Irradiated 

ASTM 
Grain S ize  ~ ~- 

3 30 19  23 8 
5 39 23 36 11 

58 42 47 16 8-10 
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Table 17.5. Elevated-Temperature Duct i l i ty  of Unirradiated and Irradiated 

AIS1 Types 304L and 304 Stainless Steel 

Tota l  Elongation (%) Tens i le  T e s t  Irradiation 
Temperature Temperature Unirradiateda Irradiatedb 

0.02% c 0.06% C 0.02% c 0.06% C (OC) (OC) 

. 

650 

7 04 

775 

842 

700 
800 
900 

700 
800 
900 

700 
800 
900 

700 
800 
900 

42.2 
39.8 

38.9 
36.2 
31.4 

33.0 
30.0 

38.4 
36.8 
24.5 

36.8 
41.7 
37.4 

41.5 
36.6 
28.0 

40.7 
40.0 
31.7 

31.9 
39.0 
25.6 

16.9 
17.6 
11.3 

13.1 
13.3 
6.4 

9.1 
7.2 
2.9 

6.7 
4.0 
2.2 

28.5 
29.9 
12.4 

23.0 
20.3 

15.7 
12.6 
4.0 

10.6 
8.8 
3.0 

aControl specimens were held a t  the irradiation temperature for a period equal  to the irradiation time. 
bAlloys irradiated to a dose  of 3.5 X lo'' neutrons/cm2 (>1 MeV) and 4.5 X 10'' neutrons/cm' (thermal). 

Table  17.6. Effect  of Grain-Boundary Carbides on 

Elevated-Temperature Embrittlement of 

Irradiated Stainless Steela 

Tens i l e  Test Tota l  
Temperature Elongation Preirradia tion 

Heat  Treatment (OC) (%) 

1 hr at 1036OC 704 20.5 

1 hr a t  1036OC and 704 30.5 
100 hr a t  800°C 

1 hr at 1036OC 842 7.6 

1 hr a t  1036OC and 842 13.9 
100 hr a t  800°C 

aType 304 s ta in less  s t e e l  containing 0.06% C irradiated 
a t  50°C to a dose  of 7 x lo2' neutrons/cm2 (> 1 MeV) and  
9 X 10''neutrons/cm2 (thermal), and strained a t  a rate of 
0.2%/min. 

has  shown that heat treatment of a nickel-base 
alloy to produce a coherent precipitate in the grain 
boundaries improved the ductility. If the strength 

of the interface between the carbide and the matrix 
is large compared to the cohesive strength of the 
boundary, grain-boundary precipitates that reduce 
the length of the sl iding interface can increase the 
s t r e s s  necessary to cause  triple-point cracks. 
Weaver observed that the precipitate in the nickel- 
base  alloy restricted the propagation of these  cracks 
to  intercarbide spaces .  

One can apply this reasoning to the variation of 
irradiation embrittlement observed for the 0.02 and 
0.06% C s ta in less  steels. Hence, i f  the high- 
carbon s t ee l  is heat treated before irradiation to 
agglomerate the carbides, the ductility is improved. 
Examples are given in Table 17.6. 

DUCTILITY OF AN IRRADIATED 18-8 
STAINLESS STEEL CONTAINING TITANIUM 

W. R .  Martin 

Since boron normally segregates to  the grain 
boundaries in alloys, most of the helium from trans- 
mutation is generated a t  these  boundaries. If one 
could form a s tab le  boron compound that is in- 
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Table 17.7. Influence of Ti tanium on the Elevated-  

Temperature Irradiation Embrittlement of 

18-8 Stainless Steela 

T o t a l  Elongat ionb  (70) Titanium 
(wt 7 0 )  650°C 7OO0C 842OC 

0.0 
0.2 
0.3 
0.4 
0.5 
0.6 
0.8 
1.0 
1.2 

31.0 
40.0 
34.7 
31.5 
28.8 
24.1 
22.9 
30.6 
29.8 

31.5 
38.0 
28.5 
26.5 
21.5 
19.5 
20.5 
23.5 
23.0 

20.0 
45.1 
35.2 
25.0 
19.0 
17.9 
19.1 
23.5 
28.5 

aSpecimens i r radiated to  a d o s e  leve l  of 1 X 10” (ther- 

bMeasured for 1-in. gage length  i n  t e s t s  a t  a s t r a i n  ra te  
mal) and  1.5 X lo’’ neut rons /cm2 (>1 Mev). 

of 2%/min. 

so luble  e i ther  i n  the  melt or a f te r  sol idif icat ion,  
one could get a homogeneous dis t r ibut ion of t h i s  
compound. Then helium generated would s t a y  a t  
t h e  precipitate-matrix interface and much less 
would form a t  the  grain boundaries .  Having a n  
incoherent  interface,  t h e s e  prec ip i ta tes  would also 
s e r v e  as  a depository for helium generated from 
reaction of other  e lements  with f a s t  neutrons.  Thus ,  
i n  principle t h e  introduction of a s t rong  boride 
former s u c h  as titanium should resu l t  i n  material 
with a lower suscept ib i l i ty  to  elevated-temperature 
embrittlement i n  thermal- and fast-neutron environ- 
ments .  

We have  now accumulated d a t a  from two different 
i r radiat ions of type 304 s t a i n l e s s  s t e e l ,  and typical  
d a t a  a r e  given in  T a b l e  17.7. Small addi t ions of 
titanium obviously improve greatly t h e  duct i l i ty  of 
t h e  s t a i n l e s s  s t e e l .  Titanium addi t ions  a t  the  
leve l  required to  meet the  composition spec i f ica-  
t ions for type 321 s t a i n l e s s  s t e e l  a r e  above  t h e  
range for maximum duct i l i ty .  

Titanium addi t ions i n  t h e  range up  t o  0.2% greatly 
reduce t h e  magnitude of i r radiat ion embrittlement 
in  type 304 s t a i n l e s s  s t e e l .  Although t h e  a l loys  
containing titanium have  smal le r  grains  than t h e  
unstabi l ized a l loys ,  we  be l ieve  the e f fec t  of t i ta-  
nium t o  b e  a s  hypothesized ear l ier .  We plan to  
inves t iga te  the properties of t h i s  a l loy in  more 
detai l .  

INFLUENCE OF NEUTRON IRRADIATION ON 
THE TENSILE PROPERTIES OF THE 

ALUMINUM ALLOY 6061 

H. E. McCoy 

F o r  improved s t rength,  aluminum a l loys  a r e  often 
used  i n  the  age-hardened and cold worked s t a t e s .  
Although t h e  ra tes  of overaging and recovery a t  
var ious temperatures are known reasonably wel l  
for most aluminum a l loys ,  how irradiat ion a l t e r s  
t h e s e  ra tes  is not known. Adair, Hook, and Garrett’ 
ind ica te  that  some very large e f f e c t s  might b e  ex- 
pected.  

In three  experiments ,  we  i r radiated the aluminum 
al loy 6061 in  t h e  “0” (annealed) ,  T-6 (age-  
hardened), and cold worked (20%) condi t ions .  In 
t h e  f i rs t  two experiments ,  the  d o s e  var ied from 
2 .9  x 10’’ to  0.8 x lo2’  neutrons/cm’ (thermal) 
and 2 .9  x lo’’ t o  0 .4  x lo’’ ( fas t ,  > 2 . 9  Mev), and 
t h e  irradiation temperature ranged from 1 1 0  t o  
49OoC. T h e  wide flux range w a s  d u e  to t h e  large 
area covered by t h e  spec imens .  Representa t ive  
spec imens  were t e n s i l e  t e s t e d  a t  25’C and a t  the 
irradiation temperature. In the  third experiment, 
spec imens  were i r radiated a t  43OC t o  an integrated 
d o s e  of 7.4 x lo’’ (thermal) and  2 .9  x 10’’ neu- 
t rons/cm2 (fast ,  > 2 . 9  Mev). All  the  spec imens  
were tes ted  a t  25OC af ter  being given various 
isochronal  annea ls  t o  determine t h e  temperature 
required to  res tore  t h e  preirradiation properties. 

T h e  resu l t s  of the f i r s t  and  s e c o n d  experiments  
ind ica ted  that, under t h e  condi t ions of flux and 
irradiation temperature s tud ied ,  t h e  propert ies  of 
t h e  a l loy  i n  t h e  “0,” T-6,  and cold worked condi- 
t ions were not a l tered by irradiation. T h e  tens i le  
t e s t s  a t  e leva ted  temperatures ind ica ted  tha t  the  
r a t e s  of overaging and  recovery were e a c h  ident ical  
for  t h e  i r radiated and unirradiated mater ia ls .  

T h e  resu l t s  from t h e  third experiment exhibi ted 
cons iderable  s c a t t e r  but ind ica ted  t h e  following 
t rends.  T h e  yield s t r e s s  of t h e  al loy i n  t h e  “0” 
condition w a s  increased  approximately 10% by 
irradiation, t h e  ultimate s t r e s s  w a s  i n c r e a s e d  4.5%, 
and t h e  fracture e longat ion w a s  reduced approxi- 
mately 20%. Anneal ing 0.5 hr  a t  2OO0C appeared 
suf f ic ien t  t o  recover t h e  preirradiation properties. 
T h e  i r radiated cold worked mater ia l  exhibi ted no 

17A. M. Adair, R. E. Hook, a n d  H. J. Garret t ,  R a d i a -  
tion Induced  Overaging of a 2024-T3 Aluminum Alloy,  
ARL-132 (September 1961). 
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increase  in yield stress, a 10% increase in tensile 
s t r e s s ,  and a 50% increase  in fracture elongation. 
Annealing for 0.5 hr a t  2OO0C appeared sufficient 
to recover the preirradiation properties. T h e  yield 
and tensile s t r e s ses  of the  material in  the T-6 
condition increased about 2.5 and 476, respectively, 
and  the  ductility was  unaltered. T h e  yield and 
tens i le  strengths exhibited some unusual changes 
a s  a function of postirradiation annealing tempera- 

ture; however, t hese  properties were always within 
5% of the properties of t he  control specimens. The  
rupture ductility was a l so  quite erratic but never 
varied more than 10% from that of t he  control 
material. 

We conclude that the properties of t he  6061 alloy 
do not appear to be altered drastically by irradia- 
tion doses  of t h e  order of lo2’  (thermal) and 10”  
neutrons/cm (fast). 



18. Nondestructive Test Development 

R. W. McClung 

The  nondestructive t e s t  development program 
has  been designed to  develop new and improved 
methods of evaluating reactor materials and 
components. T o  achieve th i s  we have  conducted 
s tudies  on the  various physical phenomena, 
developed instrumentation and other equipment, 
devised application techniques,  and designed and 
fabricated reference standards. Among the  methods 
being actively pursued are electromagnetics (with 
major emphasis on eddy currents), ultrasonics,  and 
penetrating radiation. In addition to  the  programs 
oriented to  particular methods, we have programs 
aimed at  applying these  and other methods to  the 
inspection of problem materials and to the  remote 
inspection of radioactive materials. 

ELECTROMAGNETIC TEST METHODS 

C. V. Dodd 

W e  have continued research and development 
concerning electromagnetic phenomena on  both 
analytical and empirical bases .  As part of t he  
program, we are studying the  mathematical de-  
termination of t he  vector potential of a coil as  
a function of coil dimensions, frequency, specimen 
conductivity, and coil-to-specimen spacing (lift- 
off). Th i s  electromagnetic boundary-value problem 
is solved by a relaxation technique on a digital 
computer. The  differential equation for the vector 
potential is approximated by finite difference 
terms. By making a number of correcting calcu- 
lations,  we can  make the  value of the  vector 
potential converge to agreement with the  differential 
equation a t  every point. We anticipate that th i s  
method will be  of value not only for the  design of 
eddy-current t e s t  methods but a l so  for other appli- 

ca t ions  of electromagnetic induction. T h e  first 
u s e s  appear to b e  in the  thermonuclear project and 
in the  development of sintered aluminum products. 

We have applied th i s  technique to the problem of 
a long coil  above a conducting plane. Figure 18.1 
shows the variation of the phase  and amplitude of 
the vector potential .  (This  is a c ross  section 
taken from the  coil ax is  in the  radial direction.) 
After we have determined the vector potential, we 
can ca lcu la te  any physically observable electro- 
magnetic phenomenon, such  as the  coil  impedance, 

F i g .  18.1. Phase and Amplitude Var ia t ions  in  the 

Vector Potent ia l  Associated wi th  Long Coil Above a 

Conducting P lane .  

146 
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ORNL-DWG 64-11708 

FIELD CONTOURS 

Fig. 18.2. Equipotential Contours of the Vector Potent ial  in a Ferromagnetic Rod Inside an Encircl ing Coi l .  

. 
the  eddy currents in the  metal, the  rate of eddy- 
current heating in  the  metal, or the eddy-current 
forces on the  metal. Since the  eddy-current flow is 
proportional t o  the  vector potential, t he  contours 
in the  metal i n  Fig. 18.1 are also contours of eddy- 
current flow. 

We have a l so  applied th i s  technique to  ferro- 
magnetic materials. Figure 18.2 shows the  
variation in vector potential of a coil  encircling a 
ferromagnetic rod with a relative permeability of 
200. Note the  lack of penetration into the  rod and 
the  sharp cutoff of the  current ins ide  the  rod. We 
have calculated the  shaping of the  eddy-current 
flow ins ide  a metal through the  u s e  of ferrite with 
the coil. Figure 18.3 shows how the  contours 
of vector potential and eddy-current flow are 
“squeezed” in toward the  co i l  axis. W e  hope that 
th i s  technique can be  used to  focus the  current 

flow ins ide  the  metal and provide greater sensit ivity 
to defects. 

A s  s ta ted  earlier, from the  vector potential we  
can  ca lcu la te  other phenomena. Figure 18.4 shows  
contours of equal eddy-current heating density. 
T h e  equations have a l so  been derived to ca lcu la te  
both eddy-current and magnetic forces. In addition 
a new relaxation equation has  been calculated for 
pu l se s  of current in  nonlinear magnetic materials. 
T h e s e  new equations are being programmed for 
computer solution. 

We are continuing the  development and appli- 
cations of the  phase-sensitive eddy-current instru- 
ment’ developed a t  ORNL. Harmonic distortion is 
one of t he  factors limiting the  sensit ivity of t he  

‘C. V. Dodd, Mater. Evaluation 22(6), 260 (1964). 
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FIELD OF C O I L  ALONE 
FIELD OF COIL  WITH FERRITE ---- 

Fig.  18.3. Equipotential Contours of the Vector Potent ial  and the Eddy-Current F l o w  with a Fer r i te  R ing  Around 

the Co i l .  

instrument. T h e  amplifiers and the  oscil lators of 
t he  system are being redesigned to  minimize 
distortion, t o  increase  the  frequency range, and to  
permit use of inexpensive transistors. A power 
amplifier and video amplifiers have been designed 
with a 10-Mc bandwidth and 0.2% total  harmonic 
distortion t o  750 kc  (the l imi t  of our present 
distortion-measuring equipment). The  instrument 
previously had 1-, 2-, 5-, lo-, 20-, SO-, loo-, and 
200-kc oscillators. W e  have designed 500-, 1000-, 
2000-, and 5000-kc oscil lators,  which should allow 
more sens i t ive  inspections to  b e  made of thin low- 
conductivity materials. 

The  phase-sensit ive instrument has  been applied 
to t e s t  problems for the  HFIR, gas-cooled reactors, 

. 
the  F e r m i  Reactor, the  High-Temperature Materials 
Program, and the Desalination Project. 

We have designed and built time-differentiating 
circuits that  selectively amplify rapidly changing 
s igna ls  from discontinuities without affecting the  
slowly changing s igna ls  from dimensional vari- 
ations. Successful utilization of the  new circuits 
requires that t he  inspections b e  made a t  constant 
speed, but an  increase  of tenfold or more h a s  been 
seen  in the  sensit ivity to defects. To  achieve 
th i s  greater sensit ivity t o  flaws in manual in- 
spections,  we have constructed a hand-held probe 
that vibrates a t  a fixed frequency. We sha l l  deter- 
mine i t s  optimum frequency and amplitude of 
vibration. 



149 

8 

I 

X 

0 

ORNL-OWG 65-63d 

-COIL 

LI ..... ~ . _ _ _  

Fig. 18.4. Contours of Equal Eddy-Current Heating 
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ULTRASONIC TEST METHODS 

K. V. Cook R. W. McClung 

We have  cont inued our s t u d i e s  on  t h e  behavior of 
ultrasound i n  thin sec t ions ;  our pr incipal  effort is 
t h e  detect ion of nonbonds in c ladding s t ructures .  
T h e  through-transmission ul t rasonic  method h a s  
been  used  s u c c e s s f u l l y  to  d e t e c t  nonbonds i n  th in  
fue l  p l a t e s  by monitoring c h a n g e s  they c a u s e  i n  
t ransmit ted intensi ty .  A problem with s u c h  a 
sys tem is t h e  poss ib le  presence  of other  con-  
di t ions caus ing  ul t rasonic  a t tenuat ion and erroneous 
interpretation as a nonbond. Of par t icular  concern 
is t h e  detect ion of nonbond in  aluminum-clad 
dispers ion-core fuel p l a t e s ,  s u c h  a s  t h o s e  for t h e  
HFIR and t h e  Advanced T e s t  Reactor. Our work 
on  s u c h  p la tes  with d ispers ions  of U,O,, UAI,, 
and niobium-coated UO, h a s  indicated that  t h e  
UA13 dispers ion c o r e s  show very l i t t l e  variation 
i n  a t tenuat ion,  permitting re l iab le  inspect ion.  T h e  
oxide  c o r e s  have  higher and more var iab le  
attenuation. One source  of t h i s  var ia t ion is 

related t o  t h e  f ina l  s h a p e  of t h e  s t r ingered fuel 
par t ic les ;  t h e  highest  a t tenuat ion var ia t ion is due  
to  laminar s t r ingering produced i n  both t ransverse  
and longitudinal direct ions during fuel  p l a t e  
fabrication. T h i s  wil l  reduce t h e  expec ted  nonbond 
sens i t iv i ty  or i n c r e a s e  t h e  spur ious  reject ion rate. 
W e  have  also observed that  s e v e r e  par t ic le  cracking 
(with little stringering) a s s o c i a t e d  with segregat ion 
c a n  produce a nonbond indication. However, 
segregat ion a lone  d o e s  not produce s u c h  indi- 
cat ions.  

T h e  immersed through-transmission technique  
w a s  s u c c e s s f u l l y  appl ied to t h e  evaluat ion of fuel  
tubes  containing a cyl indrical  core  of enriched 
UOz d ispersed  i n  s t a i n l e s s  steel. A small probe 
w a s  p laced  i n s i d e  t h e  tube  for u s e  as t h e  receiver; 
t h e  two t ransducers  were moved i n  tandem along 
t h e  t u b e  a s  i t  rotated,  accomplishing a he l ica l  
scan .  P o s i t i v e  writing on  a h e l i c a l  recorder 
provided a map showing t h e  size and locat ion of  
nonbonds. T h i s  method is convenient t o  u s e  i n  a 
cold (low-radiation-level) laboratory ; however, w e  
want to be  a b l e  t o  eva lua te  s u c h  fuel  e lements  i n  
a hot laboratory us ing  remote handl ing methods. 
Preliminary mockup s t u d i e s  have  shown that  a 
through-transmission reflection ul t rasonic  in- 
spec t ion  is feas ib le  and could simplify t h e  
mechanical  “jigging” requirements. In t h i s  method, 
t h e  s a m e  t ransducer  s e r v e s  as  both t ransmit ter  and 
receiver. T h e  ul t rasonic  energy is transmit ted 
through t h e  tube wal l  and a c r o s s  t h e  inter ior  of t h e  
tube  (which is f i l led with water), then  ref lected 
from t h e  inner sur face  of t h e  oppos i te  t u b e  wal l  
and t h e n c e  back  along t h e  s a m e  path to  t h e  re- 
ceiver ,  T h u s ,  any  nonbond wil l  a t tenuate  t h e  
sound as  i t  is transmit ted through t h e  wal l  i n  both 
direct ions.  W e  determined optimum dimensions for 
a Teflon guide block being made t o  maintain proper 
alignment between t h e  t ransducer  and t h e  spec imen 
and al low evaluat ion i n  a hot  cell. 

We a r e  s tudying  w a y s  t o  make rea l i s t ic  repro- 
ducible  reference notches. T h u s  far, we have  u s e d  
e lec t r ica l  d i scharge  machining (EDM). R a t i o s  of 
notch depth t o  tool  wear have  been e s t a b l i s h e d  for 
a number of  mater ia ls ,  principally refractory a l l o y s  
for space-power and other  high-temperature appl i -  
cat ions.  (A typica l  curve for Mo-O.5% Ti is shown 
i n  Fig. 18.5.) Curves have  been  prepared for 
molybdenum, Mo-0.5% Ti, D-43 (Nb-10% W-1% Zr), 
B-66 (Nb-5% Mo-5% V-1% Zr), Nb-1% Zr,  FS-85 
(Nb-27% Ta-10% W-1% Zr), Inconel ,  s t a i n l e s s  
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s t e e l  ( types  304 and 347), TZM (Mo-0.5% Ti-0.08% 
Zr), and T-111 (Ta-8% Hf-2% W). T h e s e  curves  
were es tab l i shed  for s imilar  no tches  with both t h e  
eroding vol tage and t h e  electrode arm configuration 
held constant. We a r e  also determining t h e  
deviat ions from t h e s e  ratio curves  tha t  occur  when 
o n e  or  more fixed condi t ions a r e  altered. Knowing 
t h e s e  rat ios  and the  effect  of any deviat ion from 
t h e  fixed condi t ions,  reference notches  c a n  b e  
fabricated t o  predetermined sizes with greater  
confidence. 

We have  demonstrated tha t  notches as smal l  a s  
'4 in. long x 0.001 in. d e e p  x 0.0025 in. wide c a n  
b e  fabricated reproducibly. Notches  have been  
p laced  on t h e  outer  and inner  s u r f a c e s  of tubing a s  
small as  '4-in. OD x 0.020-in. wall. A differential- 
focusing microscope technique  is u s e d  to  measure 
t h e  depth of outer-surface notches.  For  inner- 
sur face  notches  we have  developed techniques  for 
c a s t i n g  rubber rep l icas  of t h e  d e f e c t s  and measuring 
the  repl ica  with t h e  microscope. 

P E N E T R A T I N G  RADIATION 

Gamma Scintillation Gaging 

B. E. F o s t e r  S. D. Snyder 

We a r e  continuing t h e  appl icat ion of x- and 
gamma-ray at tenuat ion to t h e  evaluat ion of fuel 
e lements .  Variation i n  t ransmit ted in tens i ty  c a n  b e  
monitored by scint i l la t ion gaging and related 

through proper cal ibrat ion to  t h e  fuel  content  
within t h e  a r e a  of t h e  radiat ion beam. Recent  
work h a s  b e e n  directed toward measurement of 
ul t imate  sens i t iv i ty  of t h i s  t y p e  sys tem and  appl i -  
ca t ion  of t h e  method for t h e  determination of t o t a l  
fuel  content  within a fueled configuration. T h i s  
la t ter  considerat ion is qui te  important b e c a u s e  of 
t h e  need t o  know to ta l  fuel quant i t ies  for both 
cr i t ical i ty  prediction and accountabi l i ty .  T h e  
preliminary experiments  t o  determine t o t a l  fuel 
content  were performed on 18 irradiation t e s t  
p l a t e s  fabr icated a t  ORNL. T e n  of t h e  s p e c i m e n s  
contained U,08-aluminum dispers ion  c o r e s  with 
aluminum cladding. T h e  remaining eight  were 
aluminum-clad d ispers ions  of niobium-coated 
U02-ZrO,  par t ic les  i n  aluminum. Cal ibrat ion 
curves  (milligrams uranium v s  chart  reading) were  
obtained for e a c h  of t h e  above types  of fuel  p l a t e s  
by u s e  of chemical  a n a l y s e s  of s c a n n e d  s e c t i o n s  
in  conjunct ion with t h e  cal ibrat ion curve pre- 
viously developed '  for HFIR fue l  p l a t e  homogeneity 
evaluat ions.  Our technique  requires  multiple 
s c a n s  on t h e  fue l  plate ,  determination of average  
s c a n  va lues ,  planimeter measurement  of t h e  
projected fuel  a r e a ,  and  ca lcu la t ions  from t h e  
resu l t s  of t h e s e  measurements. Our experimental ly  
determined fuel  content  deviated less than  0.5% on 
t h e  average  from t h e  a c t u a l  c o r e  loading. T h i s  

'B. E. Foster, S. D. Snyder, and R. W. McClung, Con- 
t inuous Scanning X-Ray  Attenuation Technique for De- 
termining F u e l  Homogeneities in Dispersion Core F u e l  
Plates, ORNL-3737, p. 13 (January 1965). 
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. technique now enables rapid nondestructive a s say  
of fuel p la tes  for the  HFIR, ATR, and other re- 
actors. 

T o  measure the  maximum sensitivity, we deter- 
mined the  minimum specimen thickness change and 
the  minimum radiation intensity change that could 
be detected above the  background noise level. 
When the  apparatus operated under conditions 
similar to  those of recent homogeneity deter- 
minations in HFIR- and ATR-type fuel plates,  
thickness changes and intensity changes of about 
0.2% were detected at a signal-to-noise ratio of 2. 
These  values will facilitate later calculations of 
system capability for evaluation of specific ma- 

* terials with theoretical mass attenuation coef- 
ficients. 

W e  a re  in the preliminary s t ages  of developing 
scintillation detector probes t o  b e  inserted into 
hollow cylindrical specimens for determination of 

fuel homogeneity by x-ray attenuation. These  
probes will cons is t  of 'G-in.-diam NaI(T1) c rys ta l s  
coupled to  Luci te  light pipes of the same diameter. 
The  other end of the  light pipe is tapered to 1 in. 
in diameter for coupling to a 1-in.-diam photo- 
multiplier tube. We have fabricated two light 
pipes. One is 13 in. long and was machined to  a 
'G-in. diameter over a n  11-in. length; the other was 
made by gluing a 36-in.-long '/-in.-diam Luci te  rod 
to a 1-in.-diam rod that was  machine tapered to a 
t - in .  diameter over a 1-in. length. The glue, 
made by dissolving Luci te  shavings in  ethylene 
chloride, provides a joint with no change in 
refractive index. Both pipes were sprayed with a 
reflective paint, except on the coupling ends. 

We have recently designed and fabricated a 
scanner, shown i n  F ig .  18.6, for the  investigation 
of fuel homogeneity in fuel rods. Rods with 
outside diameters from 0.250 to 0,750 in. can  b e  

Fig.  18.6. Scanner Used to Determine Fuel Homogeneity in Fuel Rods. 
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moved longitudinally through collimated radiation 
beams at speeds  of 2, 4, 8, 16, and 24 in./min. 
The  maximum continuous scan  length is 5 ft and 
the  minimum is 6 in. The  various s c a n  speeds  are 
obtained through a rack and pinion drive system 
with a Slo-Syn motor driver and a se r i e s  of inter- 
changeable pinion gears. 

We have equipped the scanner with two radiation 
sources,  2 curies 6oCo and 5 curies 13’Cs, housed 
in a single container with approximately 6 in. of 
lead separating them. Also, for versatility of the 
beam collimation we have provided s ix  differ- 
en t  lead collimators with rectangular openings 

in., 

2 x ‘/4 in., and v8 x $ in. The  rod-centering and 

guide rollers a re  an  integral part of each  collimator 
assembly to  assure  good alignment of rod diameter 
with collimator center line. Collimator support 

t 6  x i6  in., 1 /16 x ‘/4 in., ‘/16 x $ in., 1 /s x 

pla tes  that s l ide  out of the  radiation beam allow 
for easy  and safe interchange of collimators. The  
detectors, each  a NaI(T1) crystal  optically coupled 
to a photomultiplier, are housed above each 
collimator and are  access ib le  from the back of the 
housing. With th i s  system we sha l l  be able to  
determine the  optimum source,  collimator size, and 
scanning speed for fuel homogeneity. inspection in 
any particular type of fuel rod. 

Specifications on fuel distribution within an  
element are becoming more stringent. The  area of 
interest for fuel homogeneity in a fuel p la te  h a s  
been less than 0.005 in.* in  some instances. 
Interrogation for th i s  small  spot size requires rapid 
scanning speeds  to avoid an excess ive  inspection 
t i m e  per fuel element. These  requirements thus 
place a severe  burden on the  radiation detector and 
associated circuitry. The  detector must b e  
designed for optimum operation with l i t t l e  deviation. 

I 

. 

Fig.  18.7. System for Optimum Cal ibrat ion of Photomultiplier Tubes for Gamma Scintil lation. 
I 
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To a s s u r e  ourse lves  that  t h e  de tec tors  a r e  
operat ing properly, we  des igned  and fabricated a 
photomultiplier cal ibrat ion chamber and assembled  
i t  wi th  a s ingle-channel  analyzer  a s  shown i n  
Fig. 18.7. With this s y s t e m  we c a n  tune t h e  
de tec tors  for optimum operation and,  through 
routine observat ions,  note  any  deter iorat ion of t h e  
de tec tor  system. 

The sys tem c o n s i s t s  of a s tandard s ingle-  
channel  ana lyzer  and a lead-shielded chamber 
l ined  with both copper  and cadmium. T h e  radiation 
de tec tor  is a NaI(T1) c rys ta l  opt ical ly  coupled t o  a 
photomultiplier tube. T h e  output  from t h e  pulse-  
height  analyzer  g o e s  t o  a l inear  count-rate meter  
and finally t o  a recorder. Also ,  a decade  s c a l e r  
and  timer a r e  included to permit t h e  operator to 
determine the  count  ra te  at a n y  point  within t h e  
gamma spectrum for any time period up  t o  l o 6  sec. 
A photomultiplier divider network h a s  been  
constructed and  ins ta l led  i n  t h e  lead  chamber. 
T h e  fea tures  of t h e  divider network inc lude  
potent iometers  for ad jus t ing  t h e  acce lera t ing  and  
focus ing  potent ia ls  of individual  photomultiplier 
tubes.  T h e s e  poten t ia l s  a r e  measured with electro-  
s t a t i c  voltmeters. After the  poten t ia l s  a r e  deter-  
mined for optimum operation of t h e  photomultiplier 
tube, t h e  r e s i s t a n c e  va lues  c a n  be determined for  
fabrication of t h e  permanent divider  network for 
that  particular detector. 

X-Ray Imaging with Closed-Circuit  Te lev is ion  

W. H. Bridges 

T h e  u s e  of a n  x-ray s e n s i t i v e  closed-circui t  
te levis ion h a s  been  descr ibed  previously. T h e  
images  obtained i n  that  work were e s s e n t i a l l y  
black and white. T h e  u s e  of s u c h  a sys tem for 
radiographic inspect ion,  however, p l a c e s  a demand 
for “gray”; that  i s ,  t h e  sens i t iv i ty  to radiation 
must b e  good enough to d e t e c t  t h e  smal l  c h a n g e s  
resul t ing from a defect  i n  t h e  material under study. 
We a r e  determining t h e  minimum cont ras t  tha t  w e  
c a n  ascer ta in  with our present  sys tem so  t h a t  a 
comparison c a n  b e  made with t h e  high-resolution 
sys tem t o  b e  del ivered shortly. 

We have  learned t h a t  t h e  operat ing vol tages  
appl ied to t h e  x-ray s e n s i t i v e  vidicon may b e  

3W. H. Bridges, Metals and Ceramics Div. Ann. 
Progr. Rept. June 30, 1964, ORNL-3670, p. 126. 

adjus ted  to give extremely good sens i t iv i ty  but a n  
extremely poor image. F igure  18.8 i l lus t ra tes  t h e  
response  of a beryllium-window vidicon t o  100-kv 
cons tan t  potent ia l  x rays  without regard t o  image 
quality. T h e  change  i n  s l o p e  to  negat ive  v a l u e s  
for t h e  -50 beam-volt curve  is t h e  resul t  of a 
rapidly increas ing  background current ,  and the  
s e n s i t i v e  element  of t h e  vidicon becomes sa tura ted ,  
When t h i s  occurs ,  t h e  image i s  no longer useful. 

In order to e s t a b l i s h  t h e  “defect  sens i t iv i ty ,”  a 
rather  unusual  aluminum penetrameter h a s  been 
made. It is about  7.5 in. i n  diameter  and  30 mils  
thick, with indentat ions ranging from 1 m i l  i n  
diameter  and 1 m i l  d e e p  t o  20 mi ls  i n  diameter and  
20 m i l s  deep. T h e  holes  a r e  arranged i n  concentr ic  
c i r c l e s ,  with all t h o s e  of t h e  same depth in one  
c i r c l e  and with t h e  depth varying with radius. T h e  
circular  pat tern w a s  c h o s e n  so  t h a t  t h e  specimen 
c a n  b e  rotated while  t h e  telemonitor is watched. 
T h e  motion makes t h e  “defect”  e a s i e r  to  see, and  
a l s o  t h e  smal les t  indentat ion that  c a n  b e  s e e n  is 

ORNL-DWG64-44709R 
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relatively easy  t o  locate. Using th i s  penetrameter, applied to  D-43 (Nb-10% W-1% Zr),4 T-111 (Ta-8% 
we sha l l  be ab le  to establish proper operating W-2% Hf),5 and B-66 (Nb-5% Mo-5% V-1% Zr)’ 
conditions for many varieties of radiographic alloy tubing. Excess ive  no i se  leve ls  have been 
inspection. encountered with encircling-coil eddy-current 

examinations, particularly on very thin wall tubing. 
W e  believe much of the noise to be  assoc ia ted  with 
localized dimensional variations. 

X-Ray Microscope 

W. H. Bridges 

Projection x-ray microradiography offers several  
advantages over contact microradiography. Con- 
tact  microradiography is limited by the grain s i z e  
of the  recorded image and the light optics used to 
examine the image. However, when a specimen is 
examined with a divergent beam from a small 
source,  such  limits a re  not imposed and the 
resolution depends directly on the  s i ze  of the 
x-ray source. Recently severa l  electron-optical 
components became available. These  are being 
modified and assembled into a n  x-ray projection 
system. Preliminary testing of the various parts 
to determine their characterist ics is complete. 
They have been assembled a s  a unit and a target 
holder is being made to allow the introduction 
of several  different x-ray targets during operation. 

INSPECTION DEVELOPMENT 
MATERIALS 

K. V. Cook R. W. 

FORPROBLEM 

McClung 

We have continued t o  work on nondestructive 
t e s t s  for unusual materials that a r e  difficult t o  
inspect and on new materials that have no evalu- 
ation history. Th i s  has  included such  items a s  
graphite and refractory alloys based  on tantalum, 
molybdenum, niobium, titanium, and tungsten, 
used  in space-power and other high-temperature 
systems. W e  found that conventional penetrant, 
radiographic, and ultrasonic techniques could be  

REMOTE INSPECTION DEVELOPMENT 

R. W. McClung K. V. Cook 

We have made a preliminary checkout of a remote 
scanning facility to b e  used t o  perform ultrasonic 
and eddy-current nondestructive tes t ing  in  a hot 
cell. T h e  system h a s  been modified t o  allow incre- 
mental transverse movements of t he  sea rch  tube 
when operated manually. Previously, small quanti- 
tat ive well-controlled transverse movements on the  
search  tube could be  made only in  the automatic 
modes of operation, in which each  stepping opera- 
t ion is followed by a longitudinal movement of t he  
search  tube. With th i s  modification the  amount of 
stepping across  a reference defect can  be varied 
in increments as small  as 0.001 in. 

Another modification was  made that allows a n  
x-y plotter t o  b e  used a s  a “C” s c a n  recorder or 
as a s lave  device for indicating the  location of the 
search tube i n  the scanning tank in the  hot cell. 
There is some hysteresis with change of direction, 
contributed principally by the gears in the  
mechanical system. Other mechanical modifications 
are necessary before the system can  b e  tes ted  
further. Work in progress for hot-cell application 
of nonbond tes t ing  on fuel tubes is described 
briefly in  ULTRASONIC TEST METHODS, th i s  
chapter. 

4R. W. McClung and K. V. Cook, Nondestructive 
Evaluation of 0-43 Alloy Tubing by Oak Ridge National 
Laboratory, ORNL-TM-843 (June 1964). 

5K. V. Cook and R. W. McClung, Nondestructive 
Evaluation of T-111 and  B-66 Alloy Tubing, ORNL-TM- 
990 (February 1965). 



19. Tungsten 
W. C. Thurber 

Vapor deposition of tungsten and tungsten alloys 
is being studied as a fabrication method for high- 
temperature reactor components. An important 
advantage of the process is the  ability to fabricate 
objects with diverse and intricate shapes.  More- 
over, many refractory alloy materials can, in 
principle, be synthesized and formed at lower 
temperatures and with simpler equipment than 
required for more conventional procedures. W e  a re  
defining the optimum conditions for deposition of 
pure tungsten and tungsten-base alloys,  evaluating 
t h e  deposited material for creep properties and 
bend-transition temperatures, and developing 
joining methods. 

Solutions to  the  bas ic  problem of brit t leness 
in tungsten a re  being investigated on more con- 
ventionally prepared tungsten-base materials 
through the  introduction of mobile dislocation 
sources in the form of a finely dispersed s t ab le  
second phase. 

Experiments on the extrusion of tungsten and 
results of physical property measurements on 
tungsten are presented in Chap. 15 of th i s  report. 
Chapter 14 describes experiments on the  vapor 
deposition of tungsten alloys,  principally with 
rhenium. An electron-microscopic study of re- 
crystallization and grain growth in tungsten is 
reported in  Par t  I, Chap. 4 of th is  report. 

THERMOCHEMICAL DEPOSIT ION 
OF T U N G S T E N  

F. H. Patterson W. C. Robinson, Jr. 
C. F. Leitten,  Jr. 

Studies were continued on bas i c  techniques for 
of thermochemical deposition (TCD) of tungsten 

'D. 0. Hobson and C. F. Lei t ten ,  Jr., Metals and 
Ceramics Div .  Ann. Progi. Rep t .  June 30, 1964, ORNL- 
3670, p. 132. 

Metallurgy 
W. 0. Harms 

high chemical purity according t o  the  reaction 

Tungsten shee t  stock was  produced for subsequent 
physical  and mechanical evaluation. Specific 
investigations centered on the improvement of 
deposition substrates,  the elimination of nodular 
growths within deposits,  and optimization of the 
deposition parameters. 

We successfully sca led  up our procedures for 
small cylindrical laboratory deposits t o  uniformly 
thick 12- x 1.5- x 0.06-in. t e s t  shee ts .  This  type 
of flat  uniform deposit  was necessary for estab- 
l ishing reference da ta  on the physical and mechan- 
ical properties of TCD tungsten. 

Production of Tungsten Sheet 

Deposition Mandrels. - Tungsten shee t  for 
evaluation of physical  and mechanical properties 
was deposited on the inside surfaces of molyb- 
denum mandrels. This  subs t ra te  material was  
se lec ted  because  of i t s  favorable coefficient of 
thermal expansion and chemical properties. Powder 
metallurgy afforded a relatively inexpensive tech- 
nique for the  fabrication of the required flat sub- 
s t ra te  surfaces. Figure 19.1 shows the  molyb- 
denum mandrel encased  in  a copper vacuum cham- 
ber complete with contoured feed-gas in le t  and 
by-product outlet. Insert A presents a more de- 
tailed view of the  flat substrate sur faces  of the  
mandrel. Insert B is a photomicrograph of the  
cross-sectional area of the partially sintered 
molybdenum compact. Partial  sintering provided 
a high-density smooth surface for subsequent 
tungsten deposition. The bulk of the  compact 
remained a t  a lower density, thus facil i tat ing 
dissolution of the mandrel from the deposit. 

155 
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PHOTO 69764 

B 
Fig.  19.1. Par t ia l ly  Assembled Molybdenum Mandrel and Deposit ion Chamber. Insert A,  de ta i l  of the t l a t  

deposition surfaces. Insert B, photomicrograph of part ia l ly  sintered molybdenum, showing high-density deposition 
surface and low-density base material. 1 0 0 ~ .  
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The  mandrel was fabricated by vibratory-com- 
paction of -325-mesh molybdenum powder around 
an octagonal type 304L s t a in l e s s  steel mold. A 
unichrome rubber s l eeve  served as the outer form. 
A green density of about 86% was obtained when 
the  compact was isostatically pressed a t  30,000 
psi. The  mandrel was partially sintered in place 
for 16 hr at 7OO0C under a hydrogen partial pres- 
sure of 1 torr. Each octagonal mandrel afforded 
flat deposition sur faces  for the  production of 
eight 16- by 1.5-in. tungsten shee ts .  

Improvement of Thickness Uniformity.  - The 
thickness uniformity of thermochemically deposited 
tungsten shee t  is highly dependent on gas  con- 
centration and temperature. First, the feed gases  
are depleted downstream a s  the deposit  progresses 
down a long uniformly heated tube. Second, the 
deposition rate is lowered a t  the leading end by 
the cold feed gases  and reaches a maximum at 
some optimum dis tance  along the tubular deposition 
substrate. 

T o  improve the uniformity of thickness,  a tube 
furnace affording a properly profiled temperature 
gradient was used to  heat the deposition substrate.  
T o  counteract feed-gas depletion, the temperature 
was lowered a t  the section where the deposition 
rate in  the gas-rich region normally is a maximum. 
Subsequently, the temperature was progressively 
raised downstream t o  maintain a constant deposi- 
tion thickness a s  the feed gases  were depleted. 
The  increased temperatures downstream a l so  
provided more thermal agitation of the  progres- 
sively increasing boundary layer of hydrogen 
fluoride being generated on the  deposition surface. 
Heating the premixed feed gases  further improved 
both deposition uniformity a t  the mandrel inlet and 
overall efficiency. A temperature of 350°C ade- 
quately reduced the init ial  chilling effect with 
only a small l o s s  of material in the preheater. 
Feed-gas preheating a l s o  nearly doubled the 
deposition rate and probably helped remove resid- 
ual impurities in  the feed gases  a s  well; however, 
this h a s  not been confirmed by chemical analyses.  
The  deposition schedule is given below. 

3000 3 H 2  gas  flow, cm /min 

WF, gas  flow, cm3/min 200 

Chamber pressure, torrs 5 

Gas preheater temperature, "C 350 

Deposition chamber temperature, "C 
Zone 1 565 
Zone 2 560 
Zone 3 570 
Zone 4 580 

The H,:WF, molar ratio of 15 proved adequate 
to l imi t  residual fluorine in the deposit  and afford 
complete reduction of the WF,. Sheet was depos- 
ited having an  oxygen, fluorine, and carbon 
contamination level of less than 5, 9, and less 
than 10  ppm respectively. A deposition rate of 
about 3.2 mils/hr was realized a t  an  efficiency of 
about 76%. Efficiency was  calculated on the bas i s  
of useful shee t  obtained per gram of tungsten in 
the WF, used. 

A photograph of the resultant TCD tungsten 
shee t  is presented in Fig. 19.2. Insert A is a 
photomicrograph of a section perpendicular t o  
the deposition surface and shows the well-ordered 
deposition characterist ic in the [ 1001 direction. 
Insert B is a photomicrograph of a section parallel 
to the substrate.  Deposit thickness measurements 
are presented below a t  1-in. increments of d i s tance  
from the  gas-entrance end for a typical 1.5-in.-wide 
tungsten sheet. A difference of only 0.007 in. was 
observed along the 12-in. length. 

Distance from 

Gos-Entrance End 

(in.) 

Sheet Th ickness  

(in.) 

0- 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

12 \ 

0.06 1 
0.062 
0.064 
0.065 
0.066 
0.066 
0.066 
0.066 
0.067 
0.066 
0.066 
0.063 
0.060 

An improved multiple-heating-zone tube furnace 
was fabricated recently and is being installed. 
This  furnace cons is t s  of five independently heated 
tubular elements in sequence and is designed to  
further improve thickness uniformity. 
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PHOTO 69765 

F i g .  19.2. Thermachemical ly  Deposited Tungsten Sheet. Insert  A ,  photomicrograph of this matei 
lor to the deposition surface. Insert  B, photomicrograph viewed normal to the deposition surface. 

r ia l  perpendicu- 

. 

. 
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lnves t iga ti on of Nodu lar Growths 

As reported elsewhere, 2 i 3  rough nodular growths 
have been observed in TCD tungsten. These  
nodules grow a t  rates many times that of the bulk 
deposit  and give rise to  abrupt changes in such  
properties as density, purity, and grain orientation. 
The  processing conditions and mechanisms that 
lead to  nodular growth must be understood if  we 
are to  produce TCD components with uniform 
properties and dimensions without having to rely 
on empirical adjustments of the deposition param- 
eters. 

It is now clear that the  growths result  from 
heterogeneous nucleation by compounds or metallic 
particles that  become incorporated in  the deposit  
a t  some s tage  of the  deposition process. W e  have 
demonstrated3 that nuclei of t h i s  type can  a r i se  
from a t  l ea s t  three sources:  the formation of 
complex oxyfluorides in the presence of oxidizing 
contaminants, incomplete reduction of WF due 
to local H F  buildup in  turbulent-to-laminar flow 
regions, and the occlusion of randomly oriented 
tungsten particles that  had precipitated homo- 
geneously in the gas  phase,  usually a t  elevated 
temperatures. 

The conditions that promote the formation of 
these  nuclei  are interrelated, and for given spec i f ic  
substrate geometries the problem h a s  been solved 
empirically in a reasonably educated manner. A 
systematic, parametric type study has  been under- 
taken, however, to provide a better understanding 
of the complex phenomena involved and thereby 
remove the empiricism assoc ia ted  with selection 

*F. H. Patterson and C. F. Leitten,  Jr., ORNL-TM- 

3F, H. Patterson, W. C. Robinson, Jr., and C. F. 
1050, p. 98 (classified). 

Leit ten,  Jr., ORNL-TM-1140, pp. 90-92 (classified).  

of optimum conditions 
or production situation. 

for a given experimental 

LOW-TEMPERATURE DEFORMATION OF 
THE RMOCH EMICALLY DE POSITED TUNGSTEN 

A. C. Schaffhauser 

We are  investigating the factors controlling 
the low-temperature deformation behavior of TCD 
tungsten by determining the yield strength and the  
ductile-to-brittle transition temperature. These  
properties of TCD material are compared in  Fig. 
19.3 with s i m i l a r  properties4 determined on con- 
ventional wrought material derived from powder 
metallurgy (PM) billets. 

The as-received PM material ( s t r e s s  relieved 
5 min at 1150°C) is stronger and more ducti le than 
the as-deposited TCD tungsten. However, after 
a 1-hr anneal at 1000 or 18OOOC the TCD material 
is more ducti le and i t s  strength is comparable to  
that of the crystall ized (2100°C hea t  treated) 
PM tungsten. 

We believe that the  decrease  in ductility of 
recrystallized PM tungsten is due to  the anni- 
hilation and pinning of dislocations and to the 
segregation of intersti t ial  impurities to the grain 
boundaries, preventing the grain boundaries from 
acting a s  dislocation sources  during low-temper- 
ature deformation. Evidence supporting th i s  
hypothesis is presented in the next section. 
Therefore, the higher purity of TCD tungsten a s  
s een  in Table 19.1 could account for its greater 
ductility compared to  recrystallized PM tungsten. 

4A. C. Schaffhauser, Metals and  Ceramics D i v .  Ann. 
Progr. Rept.  June 30, 1964, ORNL-3670, pp, 134-38. 

Table  19.1. Chemical  Analysis of TCD and Wrought (PM) Tungsten 

Impurity Content (ppm) 

C 0 N H F 
Specimen Description 

TCD, as-deposited < 10 17 < 5  (1  22 

TCD, 1 hr a t  1800°C ( 5  12 ( 5  <1  4 

Wrought (PM), as-received 23 13 < 5  3 

treated 1 hr a t  2100°C 21  19  <5  4 

TCD, 1 hr a t  1000°C < 10 10 <5  <1 8 

Recrystallized-wrought (PM) 

. 
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Fig .  19.3. Strength and Duct i l i ty  of TCD and Wrought (PM) Tungsten Sheet. 

The large increase in ductility obtained by an- The  importance of very careful specimen prep- 
nealing TCD tungsten is most likely due to  s t r e s s  aration is evident from the results shown in Fig. 
relief, especially for the low-temperature anneals. 19.3. We had to  remove over 0.005 in. from the  
Thus ,  the low-temperature ductility of TCD tung- as-ground surface of the  bend specimens by 
s t en  is controlled primarily by the residual stresses lapping to  remove the  surface c racks  that prevented 
and the purity of the  material. The columnar the  specimens from bending through angles  greater 
grain structure of t h e  pyrolytic material does not than 20' a t  t e s t  temperatures as high as 45OOC. 
appear t o  be detrimental to ductility. 
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F i g .  19.4. Transmission Electron Micrograph of Recrysta l l i zed  Commercial-Purity Tungsten,  Hydrosta t ica l ly  

Prestrained. 4 2 , 5 0 0 ~ .  

STUDIES ON THE BRITTLE BEHAVIOR 
OF RECRYSTALLIZED TUNGSTEN 

A. C. Schaffhauser 

We are studying the  factors controlling the 
ductile-to-brittle transition in  recrystallized 
tungsten. Although segregation of small amounts 
of intersti t ial  impurities to the grain boundaries 
h a s  long been the accepted cause  of embrittle- 
ment, the precise mechanisms involved are  not 
well understood. Our experiments have shown 
that the low ductility of recrystallized tungsten 
is due largely to the lack of mobile dislocations 
and the inability to generate dislocations a t  
low temperatures. 

A large hydrostatic pressure can  produce local- 
ized yielding around precipitates in  impure chro- 
mium and iron due to the difference in  compress- 
ibility between the precipitate and the bulk 
materiaL5S6 We have s e e n  evidence of th i s  effect 
in tungsten. Figure 19.4 shows dislocations 

generated a t  a precipitate in a grain boundary of 
recrystallized commercially pure tungsten (0.002% 
C) that had been subjected to  a hydrostatic pres- 
sure of 150,000 ps i  at  room temperature. 

The  ductility of prestained material is believed 
to be enhanced because  the  thermal activation 
necessary for deformation is lowered by the  
generation of mobile dislocations prior t o  testing. '  
Thus, the amount by which the  transition temper- 
ature is lowered should depend on the number of 
grains containing mobile dislocations prior t o  
testing. The  number of dislocation sources acti-  
vated by hydrostatic pressurization h a s  been 
shown to  be a function of the amount, s i ze ,  and 
distribution of precipitate particles within the 
material. 

Recrystallized bend specimens of commercial 
purity tungsten and a W-0.5% Hf-0.2% C alloy 
were subjected to the  hydrostatic treatment de- 
scribed above. The  decrease  in transition temper- 
ature obtained by th i s  hydrostatic prestain prior 
t o  testing is shown in Fig. 19.5. The  tes t ing  

'F. P. Bullen et af., Phil. Mag. 9, 803 (1964). 
%. V. Radcliffe and H. Warlimot, Phys .  Status Solidi 

7, K67 (1964). 

'H. Conrad, Guiding Principles for Lowering the 
Ductile-to-Brittle Transition Temperature in the BCC 
Metals, ATN-64(9236)-4 (Dec. 10, 1963). 
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F i g .  19.5. E f fec t  of Hydrostat ic  Pres t ra in  on Bend 

Duct i l i ty  of Tungsten. 

conditions were the same a s  those  described in 
the preceding section of th i s  chapter. The figure 
shows that the hydrostatic prestain lowered the 
transition temperature of the  alloy to a greater 
extent than it did for the commercially pure ma- 
terial. The volume of carbide precipitate in the 
alloy was approximated ten times that in the pure 
material. 

The effect of grain size on the ductility and 
yield behavior of tungsten is being investigated 
to determine the relation of grain boundary seg- 
regation to the lack of dislocation sources during 
deformation a t  low temperatures. This  work is 
described in Par t  I, Chap. 4 of this report. 

JOINING OF TUNGSTEN 

R. G. Gilliland 

The usefulness of tungsten and its alloys a t  
elevated temperatures depends upon the devel- 
opment of suitable joining techniques to provide 
joints comparable in properties to the base metal. 
We ate developing methods for welding and brazing 
tungsten in an effort to  attain th i s  goal. 

Fig .  19.6. Tungsten Joint  Brazed a t  135OoC wi th  

AI-18% T o  Al loy.  Aluminum was  vo lo t i l i zed  by evocu- 

a t ion  of the furnace during the brazing cyc le .  A s  
pol ished.  150x. Reduced 49%. 

Fusion Welding 

The results of early tungsten-arc welding studies 
on shee t  material derived from both arc-cast and 
powder metallurgy bil lets have been reported. 
More recent s tud ies  have indicated that a 1-hr 
s t r e s s  relief of the fusion welds in 0.060-in.- 
thick shee t  reduces the ductile-to-brittle transition 
temperature from 475 to  35OOC. As in the past, 
we used 4T ( T  = thickness) single-joint bend- 
testing apparatus. 

We fusion welded 0.060-in.-thick material pre- 
pared by thermochemical deposition at ORNL 
using techniques identical to  those  we developed 
for conventional tungsten. Specimens are currently 
being machined for further evaluation of th i s  
material. 

. 

Brazing 

We have been trying to  develop methods and 
procedures for brazing tungsten below its recrys- 
tallization temperature s o  as  to create joints 
serviceable above the recrystallization temper- 
ature. The method used is based on the concept 
that evaporating a low-melting component from a 
two- or three-component melt will l eave  a solidified 
material that  remelts a t  a much higher temperature. 

We are testing brazing alloys f rom the aluminum- 
tantalum and aluminum-tungsten binary s y s t e m s .  
The joint shown in Fig. 19.6 was brazed by caus- 
ing A1-18% T a  alloy to  flow into the joint a t  

'R. G. Gilliland. Metals and Ceramics Div. Ann. 
Pro&. Rept .  June 30, 1964, ORNL-3670, pp. 139-40. 
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135OoC under argon a t  1 atm. Evacuation after 
reaching temperature caused  aluminum evaporation, 
resulting in a tantalum-rich joint. Other joints 
have been made in a s i m i l a r  manner with an Al- 
20% W alloy a t  115OoC. These  preliminary s tud ie s  
indicate that this innovation is sufficiently at- 
tractive to  justify further s tud ies  of the process 
variables and techniques. 

Joining by Thermochemical Deposition 

R. L. Heestand R. G. Gilliland 
B. F. Shulerg 

Deposition of tungsten metal by thermochemical 
reduction of tungsten hexafluoride with hydrogen 
h a s  been investigated a s  a method for joining of 
tungsten components. The  process for depositing 
tungsten in the  form of tubing h a s  been described 
in detail," and only minor changes in  fixturing 
and reactant flow distribution were necessary to 
produce joints su i tab le  for demonstrating the 
present application of the process. The process 
differs from the more conventional joining methods, 
fusion welding and brazing, in that low temper- 
atures, in the range of 500 to  65OoC, are used; 
therefore, recrystallization and embrittlement 
of the wrought tungsten-base metal a re  avoided. 
Several joint designs,  including flat plate and 
tube-end closures,  were fabricated and samples 
were prepared for ductile-to-brittle transition 
testing. 

In one experiment a shee t  of wrought tungsten 
was  joined to  a shee t  of thermochemically depos- 
ited (TCD) shee t  of equal thickness. The  speci-  
mens were placed within the  deposition tube with 
appropriate fixturing and masking t o  give depos i t s  
in the  desired areas. The  finished joint, after 
dissolution of the  copper deposition mandrel, 
contained excess  pyrolytic tungsten, which was  
then removed by grinding. Deposition onto an 
angle of approximately 90° gave a crack a t  the 
grain intersections. When the joint configuration 
was changed by grinding the  wrought tungsten to  
a radius of 0.5 in. tangent to the  root of the weld, 
it did not crack, and no fracture or gross impurity 
buildup could be detected on examination of the 

'summer employee. 
'OR. L. Heestand,  J. I. Federer ,  and C .  F. Lei t ten.  

Prepara t ion  a n d  E v a l u a t i o n  of Vapor D e p o s i t e d  Jr., 
Tungs ten ,  ORNL-3662 (August  1964). 

interface a t  higher magnifications. We demon- 
strated joining end c a p s  to  tubes by thermochem- 
ically depositing a tube with a closed end, cutt ing 
off the end, and rejoining the  end by thermochem- 
ical deposition. N o  attempt was made t o  grind 
off the  e x c e s s  tungsten. End closures of th i s  
type were tested by a helium m a s s  spectrometer 
leak detector and found t o  be leak tight. 

Several flat plate specimens of both TCD tung- 
s t en  and wrought tungsten were joined to  wrought 
tungsten by the TCD techniques, for bend testing. 
Evaluation of these  joints is not complete. 

H I G H - T E M P E R A T U R E  C R E E P  OF T U N G S T E N  

H. E. McCoy 

Many of the projected applications of tungsten 
and i t s  alloys require high-temperature creep da ta  
for periods of time of a t  l ea s t  1000 hr and a good 
knowledge of the structural stabil i ty under these  
conditions. 

Pure wrought tungsten fabricated from powder 
h a s  been creep tes ted  a t  temperatures of 1650 and 
220OoC a t  s t r e s s e s  that resulted in rupture l ives  
of up to 1000 hr. The  creep properties were 
independent of the orientation of the t e s t  specimen 
in the shee t  of material from which i t  had been 
cut. Abnormal grain growth w a s  noted in  the 
s t r e s sed  sec t ions  tested at 2200OC. 

Several lots of shee t  prepared by thermochemical 
deposition (TCD) from WF, have been studied a t  
the  same temperatures. Th i s  material is charac- 
terized by large columnar grains oriented normal 
to the  plane of the  sheet.  The rupture life of this 
material was generally equivalent to that of the  
pure wrought tungsten, although considerable 
sca t te r  was  present in the  t e s t  results. The  TCD 
material exhibited very low fracture ducti l i t ies 
a t  165OoC, and most of the measured elongation 
resulted from the formation of intergranular cracks. 
At 220OoC the ductility of the TCD material was 
comparable t o  that of the pure wrought tungsten. 

One lot of the  W-0.5% Hf-0.02% C alloy (Syl- 
vania A) h a s  been evaluated. At 165OOC th is  
alloy is stronger than pure tungsten, although the 
fracture ductility is considerably less. At 2200°C 
the rupture life and rupture ductility were both 
less for the alloy than for pure tungsten. However, 
the grain s i z e  of the  alloy was more s t ab le  a t  
220OOC than that of the pure tungsten. 



20. Uranium Nitride 

W. 0. Harms W. C. Thurber 

Uranium mononitride is a n  a t t rac t ive  nuclear  fuel  
because  of its high uranium dens i ty  and high ther- 
mal conductivity. Unlike uranium monocarbide, it 
d o e s  not hydrolyze rapidly i n  moist  a i r .  Our re- 
search  a n d  development program on  th is  compound 
h a s  cont inued and  inc ludes  s t u d i e s  of s in te r ing  
kinet ics  a n d  pe l le t  fabr icat ion,  nitrogen solubi l i ty  
i n  s in te red  UN, t h e  e f fec t  of carbon on t h e  so lu-  
bility of oxygen i n  UN,  e f f e c t s  of microstruc- 
ture on t h e  propert ies  of s in te red  material, and 
f iss ion-gas r e l e a s e  by neutron act ivat ion.  Other 
portions of th i s  program have  been summarized in  
appropriate progress reports .  -' Aided s in te r ing  
of uranium nitride s tud ied  i n  another  program is 
descr ibed in  Chap.  1 4  of t h i s  report. 

F A B R I C A T I O N  A N D  S INTERING STUDIES 

R. A. P o t t e r  

We developed techniques  for fabr icat ing UN t e s t  
spec imens  and,  when appl icable ,  effect ively re- 
moving oxygen contaminat ion from t h e  spec imens  
during t h e  fabrication process .  In addi t ion,  ini t ia l -  
s t a g e  s in te r ing  mechanisms were inves t iga ted .  

Fabri cotion Development 

T h e  fabrication s c h e m e  c o n s i s t e d  of prepressing 
t h e  powder at  10 t s i ,  sc reening  to  p a s s  40 mesh, 
and f inal  press ing  at  50 t s i .  T h e  p i e c e s  were h e a t  
t reated i n  a tungsten r e s i s t a n c e  furnace a t  1500°C 
and  5 x to  5 x torr. Clean nitrogen w a s  

'ORNL-TM-980, pp. 106-24 (classified). 
'ORNL-TM-1050, pp. 81-97 (classified). 
30RNL-TM-1140, pp. 70-88 (classified). 

then introduced a t  1 atm pressure  and  the tempera- 
ture  w a s  raised t o  222OoC and maintained for a 
period of time. T h e  temperature w a s  then lowered 
t o  15OO0C, t h e  pressure  w a s  reduced to  5 x 
torr, and t h e  sys tem w a s  cooled t o  room tempera- 
ture. To vary bulk d e n s i t i e s  a n d  microstructures  
of t h e  s in te red  products, t h e  time a t  temperature 
(222OOC) w a s  varied, and in  some i n s t a n c e s  t h e  
s in te r ing  c y c l e  w a s  repeated.  Small addi t ions of 
graphite t o  t h e  powder, a s  d i s c u s s e d  below, en-  
abled u s  to  vary oxygen contents  i n  the s in te red  
p i e c e s  from 450 to  5000 ppm. 

Specimens fabricated a s  descr ibed  above  were 
furnished for other  portions of t h e  program, s u c h  
as hot hardness  measurements ,  thermal conduc- 
tivity measurements ,  oxygen so lubi l i ty  s t u d i e s ,  
and neutron act ivat ion measurements .  

Removal of Oxygen from UN 

An inherent  problem a s s o c i a t e d  with UN powders 
obtained from s e v e r a l  vendors w a s  t h e  presence  of 
1000 to 5000 ppm 0 impurity. 

In a n  experiment des igned  to remove t h e  oxygen 
contaminant, approximately 0.3% graphi te  w a s  
added t o  a UN powder conta in ing  2400 ppm 0 and 
700 ppm C. T h e  mixture w a s  co ld  pressed  in to  
p e l l e t s ,  which were then s in te red  80 min a t  222OOC 
in 1 atm N ,  t o  average  d e n s i t i e s  86% of theore t ica l  
(14.32 g/cm3), compared t o  89% without t h e  graph- 
i te .  Chemical  a n a l y s e s  showed t h e  s in te red  pe l le t s  
t o  contain 450  ppm 0 a n d  1500 ppm C. T h e  micro- 
s t ructure  of s u c h  a pe l le t  is compared i n  F i g .  20.1 
with that  of a pel le t  fabr icated from t h e  as-received 
powder. Although t h e  addi t ion w a s  e f fec t ive  i n  
removing oxygen,  there  w a s  s o m e  s a c r i f i c e  i n  
densi ty .  

. 

. 
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PHOTO 80955 

Fig.  20.1. Microstructure of P e l l e t s  Fabricated from UN Powder Containing Approximately 2400 ppm 0. 
Etchant: ( a )  Microstructure of UN pe l le t  fobricoted from 

powder containing 0.3% C addition. Density:  86% of theoretical. ( b )  Microstructure of pe l le t  fabricated from as-  

rece ived  powder. Density:  89% of theoretical. 

30 lact ic  acid,  10 concd H N 0 3 ,  1 concd HF. 50Ox. 
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Fig.  20.2. E f fec t  of  T i m e  on Volumetric Shrinkage o f  Cold-Pressed UN at  170OOC. 
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Sintering Studies 

W e  a r e  presently invest igat ing ear ly-s tage s inter-  
i n g  k ine t ics  of UN containing var ious amounts of 
oxygen i n  combination with carbon. Data  were ob- 
ta ined from a n  isothermal  s e r i e s  of s in te r ing  ex- 
periments designed t o  ind ica te  t h e  time dependence 
of t h e  process ,  T h e  logarithmic plot of volume 
a g a i n s t  time a t  170OoC i n  F ig .  20.2 h a s  a s l o p e  
of 0.22, indicat ing tha t  grain-boundary diffusion is 
the  control l ing s in te r ing  mechanism4 in UN contain-  
i n g  approximately 1700 ppm 0 and 300 ppm C. 

NITROGEN SOLUBILITY IN URANIUM NITRIDE 

T. G. Godfrey 

T h e  poss ib le  solubi l i ty  of nitrogen i n  s in te red  
UN w a s  s tudied.  T h e  main conclusion drawn from 
th is  work w a s  that  UN spec imens  routinely fabri- 
c a t e d  i n  th i s  Laboratory6 contain e x c e s s  nitrogen 
i n  the  form of second-phase U,N, and possibly 
also i n  solut ion in  UN. As-fabricated pe l le t s  were 
f ree  of x-ray-detectable ( < 1  to 2%) U,N,, but 
pe l le t s  annealed in  a n  argon-filled s t a t i c  c a p s u l e  
a t  1000°C acquired a de tec tab le  concentration of 
U,N, on exter ior  sur faces .  Pre-  and  postanneal  
photomicrographs revealed no apparent  changes  i n  
the  internal  microstructure of t h e  pe l le t s ,  which 
typical ly  showed a three-phase s t ructure  of UN, 
U,N,, and UO,. T h e  U,N, p h a s e  w a s  invariably 
a s s o c i a t e d  with UO, a t  grain-boundary in te rsec-  
t ions.  Examination of pe l le t s  doped with graphite 
during fabrication to remove oxygen by carbothermic 
reduction showed tha t  U,N, w a s  not present  i n  
t h e  a b s e n c e  of UO,. T h i s  observat ion s u g g e s t s  a 
poss ib le  interact ion between oxygen and e x c e s s  
nitrogen. 

MICROHARDNESS STUDIES ON SINTERED UN 

T. G. Godfrey G. Hallerman 

Our purpose is to determine t h e  effect  of impurity 
l e v e l s  and fabrication var iables  on t h e  s t rength of 

4D. L. Johnson and I. B. Cutler, J. Am. Ceram. SOC. 

5T. G. Godfrey, ORNL-TM-1050, pp. 90-93 (clas- 

'R. A. Potter, ORNL-TM-980, pp. 106-8 (classified).  

7Metallography Group. 

46(11), 541-45 (1963). 

sified). 

s in te red  UN as ref lected by room-temperature and 
elevated-temperature microhardness  measurements. 
T h e  spec imens  for  t h i s  s tudy  were typical  of m a -  
t e r ia l  suppl ied by severa l  vendors and  represented 
a wide range of var iables ,  including oxygen and 
carbon contents ,  dens i ty ,  and  grain size. 

Room-temperature diamond pyramid hardness  
(DPH) measurements, made with a 136' sapphire  
indenter a t  a 2-kg load,  a r e  shown in Fig.  20.3. 
T h e  d a t a  plotted represent  average  va lues  and 
ranges for three to  s i x  measurements on e a c h  spec i -  
men. The  spec imens  of primary in te res t  were 
those with widely differing oxygen contents ,  but 
b e c a u s e  of t h e  wide range in  d e n s i t i e s  of t h e s e  
spec imens ,  a s e r i e s  of s e v e n  spec imens  from one  
batch of material w a s  included in  order t o  e s t a b l i s h  
t h e  hardness-densi ty  re la t ionship a t  cons tan t  
oxygen content. T h e  l ine i n  Fig.  20.3 represents  
t h e  leas t - squares  equat ion 

DPH = 1018.4 d - 534.8 (1) 

for th i s  s e r i e s ,  where d is t h e  fraction of theoret i -  
cal densi ty .  

Three of t h e  spec imens  for which da ta  a r e  plotted 
in Fig. 20.3 had  been  doped with graphite powder 
during fabrication to  reduce the oxygen content  by 
carbothermic reduction of t h e  oxide  impurity during 
s inter ing.  Severa l  other spec imens  had moderately 
high carbon contents ,  presumably introduced during 
s y n t h e s i s  of t h e  UN powder. In F ig .  20.3 the 
majority of t h e  points  l i e  reasonably close t o  the 
line. T h e  major except ions  a r e  t h e  triangular points  
represent ing two spec imens  with 6000 pprn C and 
1000 to 1600 ppm 0 and two spec imens  with 600 
pprn C and 4700 ppm 0. 

P r e c i s e  la t t ice  parameters given i n  Table  20.1 
were determined for t h e s e  and other s p e c i m e n s ,  
from x-ray diffraction pat terns  obtained from metal- 
lographically prepared s u r f a c e s  of t h e  pe l le t s .  T h e  
spec imens  that  contained 600 t o  700 ppm C (2600 
and 4700 ppm 0 respect ively)  yielded a parameter 
very close to that  obtained for pure UN by other  
workers.' Specimens with greater  carbon contents ,  
on the  other hand, showed s igni f icant  la t t ice  ex- 
pans ions .  Application of Vegard's law t o  the  UN- 
UC system'  yielded a n  e s t i m a t e  of t h e  mole frac- 
tion of UC i n  t h e s e  spec imens ,  as  shown i n  Table  
20.1. 

'A. E. Austin and A. F. Gerds, The Uranium-Nitrogen- 
Carbon System, BMI-1272 (June 1958). . 
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' 

Effects of Oxygen and Carbon Contents. 

with 1700 ppm 0 and 300 ppm C. 

Table  20.1. Effect  of Carbon Content on La t t ice  

Parameter of UN and Estimate of UC in Solid Solution 

Carbon Contenta Lat t ice  Parameterb UC Content' 

b p m )  (A 1 (mole %) 

600 4.8886 0 

700 4.8884 0 

1000 4.8894 1 

1300 4.8919 4 

6000 4.8982 13 

aBy chemical ana lys i s .  
bPrecision of measurement, f0.0005 A. 
'Based on application of Vegard's law. 

Microstructural examination of all spec imens  
showed that  those  with carbon content  equal  t o  
or greater than 1000 ppm a r e  f ree  of second-phase 

UO, while  all others  contain UO, in  amounts cor-  
responding roughly to t h e  oxygen content  ind ica ted  
by chemical  ana lys i s .  

T h e  implicat ions of t h e s e  resu l t s  a r e  as follows: 
(1) T h e  hardness  of UN is relat ively unaffected by 
low t o  moderate oxygen content  (450 to 2600 ppm), 
(2) t h e  hardness  is sl ight ly  increased  by high 
oxygen content  (4700 ppm), and (3) t h e  solut ion of 
13 mole % UC in UN markedly i n c r e a s e s  t h e  hard- 
n e s s  but a 4 mole % solut ion essent ia l ly  d o e s  not. 
A re lated observat ion is that  the  addition of carbon 
to  UN reduces t h e  oxygen content ,  both a s  deter-  
mined by chemical  a n a l y s i s  and as evidenced by 
the  a b s e n c e  of UO, i n  the  microstructure. S ince  
the amount of oxygen s t i l l  present  i n  t h e s e  samples  
is comparable t o  that  of other spec imens  that  d o  
show UO, i n  the microstructures, t h e  oxygen must 
b e  ei ther  i n  solut ion in  UN or present  as a very 
f ine  dispers ion of UO, within the  UN grains and 
not resolvable  by opt ica l  metallography. T h i s  
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quest ion is considered further i n  t h e  following 
sec t ion .  

The  hot-hardness  of f ive spec imens ,  determined 
to 900°C, is shown i n  F i g .  20.4. When t h e  densi ty  
correction, Eq. ( l ) ,  is appl ied t o  t h e  two lower 
densi ty  spec imens ,  all have  ,essent ia l ly  t h e  s a m e  
hardness  up  to  7OO0C except  for the  sample  with 
1000 ppm 0 and 6000 ppm C. T h i s  sample  w a s  
considerably harder a t  room temperature, but  i t  
sof tened a t  a fas te r  ra te  and i t s  hardness  had de-  
c reased  to  that  of t h e  other  s a m p l e s  a t  900°C. 
T h e  hardness  a t  900°C of t h e  spec imen containing 
1500 ppm 0 and 1000 ppm C is considerably lower 
than would b e  expec ted .  T h i s  spec imen conta ins  
( s e e  next  sec t ion)  a f ine  d ispers ion  of UO, (ap-  
proximately 10'  par t ic les /cm 3).  Since disper-  
s i o n s  of th i s  concentrat ion would be  expected to 
increase  hardness ,  t h e  900°C da ta  a r e  quest ion-  
a b l e  unt i l  more r e s u l t s  at higher temperatures a r e  
obtained. 

DISTRIBUTION OF SECOND-PHASE MATERIAL 
IN URANIUM NITRIDE 

T. G. Godfrey J. 0. Stieglerg 

A f ine  d ispers ion  of s t a b l e  par t ic les  is bene- 
f ic ia l  i n  a reactor fuel  material, s i n c e  properly 
d ispersed  par t ic les  a c t  as pinning s i t e s  for f iss ion-  
gas bubbles."-14 For a given concentrat ion of 
f i ss ion  gas ,  the  formation of many f ine bubbles  
l e a d s  t o  considerably less s w e l l i n g  than d o e s  the  
formation of a few large bubbles .14 Dispersed  
par t ic les  impede t h e  movement of t h e  bubbles  to  
f ree  s u r f a c e s  under the appl icat ion of mechanical  
s t r e s s e s  or thermal gradients .  

In  view of the importance of fine d ispers ions  i n  
nuclear  fuels ,  we  examined uranium ni t r ide s p e c i -  
mens  of var ious carbon and oxygen contents  
prepared from mater ia l  of var ious or igins  and  
h is tor ies .  Experimental  t echniques  employed were 
electron microscopy of repl icated fracture  sur-  
f a c e s ,  op t ica l  metallography, x-ray diffraction, 
and chemical  a n a l y s i s .  F i v e  s e t s  of spec imens  
were examined, and from t h e  resu l t s  a hypothes is  
w a s  developed to  explain qual i ta t ively t h e  rela-  
t ionship between composition, temperature, and 
resul tant  microstructure. 

Various observat ions of t h e  relat ionships  be- 
tween composition, microstructure, and  properties 
have  shown that  t h e  so lubi l i t i es  of oxygen and 
carbon i n  uranium nitride a r e  interrelated and 
complex. 

T h e  compounds UN and UC form a cont inuous 
so l id  solut ion and t h e  low-temperature solubi l i ty  
of oxygen or  t h e  hypothet ical  compound UO i n  UN 
is very low, although i n  UC i t  may'6 extend to  

'Electron Microscopy Group. 
''A. T. Churchman, R. S. Barnes,  and  A. H. Cottrell,  

"G. W. Greenwood, J. Nucl. Mater. 6, 26 (1962). 
"D. Kramer, W. V. Johnson, and C. G. Rhodes, J. 

J. Nucl. Energy 7, 88 (1958). 

Inst. Metals 93,  104-52 (1964-65). 
M. V. Speight, J. Nucl. Mater. 12, 216-20 (1964). 13 

14R. S. Barnes, J. Nucl. Mater. 11, 135-48 (1964). 

"T. G. Godfrey and J. 0. Stiegler, ORNL-TM-1140, 
pp. 74-83 (classified). 

16F. Anselin e t  al., ''On the System (UPu)(CNO) a s  
Applied to  Sintered Carbides,  Carbonites,  and Oxy- 
carbides," pp. 113-61 in Carbides in Nuclear Energy, 
vol. I, ed. by L. E. Russe l l  et al.,  Macmillan, London, 
1964. 
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about  36 mole %. For  UN-UC sol id  solut ions,  t h e  
solubi l i ty  of UO is proportional t o  t h e  concentra-  
tion of UC; t h e  UN a c t s  as  a n  iner t  diluent. 

T h e  presence of a f ine  d ispers ion  indicated that  
t h e  precipi ta ted phase  w a s  i n  solut ion a t  some 
higher  temperature. A s implif ied representat ion of 
a poss ib le  temperature-composition diagram for t h e  
U(N,C)-UO, sys tem,  showing increased  solubi l i ty  
at high temperature, is given i n  Fig.  20.5. F o r  a n  
oxygen content  represented by UO, concentrat ion 
x i n  pure UN, UO, would precipi ta te  a t  a tempera- 
ture  suff ic ient ly  high to enable  i t  to migrate t o  the  
more energet ical ly  favorable  grain-boundary loca- 
t ions ,  where i t  would precipi ta te  as  a relat ively 
mass ive  phase.  T h e  incorporation of carbon in to  
the  sys tem to form a U(N,C) p h a s e  would i n c r e a s e  
t h e  solubi l i ty  of the  oxide  a t  all temperatures and, 
therefore, would lower the  precipitation tempera- 
ture. At t h i s  lower temperature, t h e  mobility of 
t h e  oxygen would be  so reduced that  migration 
could occur only over shor t  d i s t a n c e s  during t h e  
short  time provided by t h e  normal cool ing  ra te  of 
t h e  s inter ing cyc le .  Hence ,  a finely d ispersed  
precipi ta te  resu l t s .  A prolonged annea l  s l ight ly  
below t h e  solut ion temperature would promote 
consol idat ion of the  f ine precipi ta te  par t ic les  into 

coarser  o n e s  to reduce the to ta l  sur face  a r e a  of 
the sys tem.  When suf f ic ien t  carbon h a s  been in-  
corporated in to  t h e  UN, the  solut ion would p e r s i s t  
a t  all temperatures. 

If the foregoing explanat ion for t h e  appearance  or  
nonappearance of a precipi ta te  or d ispers ion  i n  
UN is correct ,  w e  should be  ab le ,  through s u b t l e  
adjustments  i n  composition, to produce a des i red  
microstructure i n  UN with no gross  changes  in  t h e  
s tandard s in te r ing  schedule .  Implementation of 
th i s  idea  wil l  require a more de ta i led  knowledge 
of the b a s i c  solubi l i ty  l imits  as a function of tem- 
perature i n  t h e  U-N-C-0 sys tem.  

NEUTRON-ACTIVATION STUDIES OF 
URANIUM NITRIDE 

R. B. F i t t s  

W e  a r e  s tudying  t h e  f i ss ion-gas  retention charac-  
t e r i s t i c s  of uranium mononitride for comparison 
with those  of the  es tab l i shed  nuclear  fue ls  s u c h  
a s  UO,. We a r e  also eva lua t ing  t h e  inf luence of 
smal l  amounts ((5000 ppm) of oxygen and carbon 
on the  f iss ion-gas-release behavior. In addition, 
we  a r e  checking  our abi l i ty  t o  predict  with our 
postirradiation t e s t  t h e  in-reactor r e l e a s e  of f i s -  
s i o n  g a s  from UN reactor fue ls  during extended 
irradiation. T h e  low-temperature neutron-activa- 
tion, postirradiation-annealing, and 3Xe-monitor- 
ing  techniques employed have  been  reported 
previously. 7,18 

In ear l ie r  worklg  our UN samples  contained UO,, 
UN,, and U,N3 on s u r f a c e s  and within t h e  samples .  
T h e  d issoc ia t ion  of the  higher ni t r ides  a t  e leva ted  
temperatures prevented the  measurement of normal 
f iss ion-gas r e l e a s e  charac te r i s t ics .  T h e s e  p h a s e s  
a r e  now removed by a 15-hr vacuum annea l  a t  
120OOC prior to irradiation. T h i s  treatment y ie lds  
samples  that  show the  expected diffusional-type 
re lease .  

On samples  of f ive new ba tches  of uranium ni t r ide 
(one a rc-cas t  and four of s intered pel le ts) ,  w e  a r e  
evaluat ing t h e  diffusion coeff ic ient  and  act ivat ion 
energy for 133Xe re lease .  T h e s e  samples  all con-  

"GCR Program Quart. Progr. Rept. Dec. 3 1 ,  1959, 

'*D. F. Toner and J.  L. Scott, Am. SOC. Testing 

"R. B. Fitts, Metals and Ceramics Div. Ann. Progr. 

ORNL-2888, p. 68. 

Mater., Spec. Tech. Publ. 306, 86 (1961). 

Rept. June 30, 1964, ORNL-3670, pp. 144-45. 
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tain about 1000 ppm 0. The data from the f i r s t  of samples from 12 different batches of UN, repre- 
three t e s t s  of each batch have confirmed our earlier senting material made by arc casting, the Dynapak 
conclusion, that the release of fission-gas from process, and the standard sintering techniques 
UN a t  140O0C i s  comparable to that from UO, for applied to UN powder obtained from four different 
samples having densit ies the same percentage of sources.  
theoretical. This conclusion is now based on t e s t s  
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21. Zirconium Metallurgy 

M. L. Pick les imer  

We a r e  invest igat ing zirconium-base a l loys  of 
potent ia l  u s e  a s  s t ructural  mater ia ls  i n  water- 
cooled or moderated reactor sys tems.  T h e  prin- 
c i p a l  pro jec ts  are:  (1) s t u d i e s  of t h e  physical  
metallurgy, cons is t ing  of transformation k ine t ics  
and morphologies, mechanical  propert ies ,  p h a s e  
diagrams,  and h e a t  treatment; (2) t h e  development, 
evaluat ion,  and ut i l izat ion of preferred orientation 
and s t ra in  anisotropy in  a-zirconium a l loys  dur- 
i n g  both fabrication and serv ice ;  (3) t h e  determina- 
tion of t h e  e f fec ts  of composition, temperature, 
and environment on t h e  oxidation-corrosion ra tes  
i n  t h e  thin-film s t a g e s  of o x i d e  growth; (4) a s tudy 
of t h e  e f fec ts  of a l loy composition and oxidation 
environment on t h e  s t ructural  propert ies  of thin 
oxide  f i l m s  i n  s i tu;  and (5) invest igat ion of the  
s t r e s s  or ientat ion of precipi ta ted hydride in  Zir- 
caloy-2. 

EFFECT OF PREFERRED ORIENTATION 
AND STRESS ON PRECIPITATION OF 

HYDRIDES IN ZIRCALOY-2 

P. L. Ri t tenhouse  

Hydrogen absorption during t h e  corrosion of a- 
zirconium a l loys  is a major deterrent to  the i r  u s e  
as  reactor  mater ia ls ,  s i n c e  t h e  concentrat ions of 
hydrogen so luble  at operat ing temperatures  a r e  
suff ic ient  t o  c a u s e  precipitation of zirconium 
hydride p la te le t s  when t h e  a l loys  are cooled  from 
t h a t  temperature. T h e  e f fec t  of t h e s e  hydride 
p la te le t s  on duct i l i ty  depends  on their or ientat ion 
relat ive to t h e  appl ied s t r e s s  and i s  near ly  zero  
in  Zircaloy-2 of re la t ively low hydrogen content  
when the s t r e s s  a x i s  i s  paral le l  to t h e  p la te le t s .  
T h a t  t h e  s t r e s s  c a n  affect  t h e  or ientat ion of t h e  

hydrides  during precipi ta t ion h a s  been shown; 
t h i s  reorientation c a n  e i ther  enhance  o r  lower t h e  
duct i l i ty .  

T h e  present  research reexamines a previous 
conclus ion3  e 4  that  hydride precipi ta ted under 
e l a s t i c  s t r e s s  appreciably redis t r ibutes  only when 
a preferred orientation i s  present  and t h e  s t r e s s  
i s  para l le l  to a concentrat ion of basa l  poles. 
Schedule  J Zircaloy-2 w a s  s e l e c t e d  for s tudy  
b e c a u s e  it h a s  a high concentrat ion of b a s a l  
po les  paral le l  to t h e  t ransverse  direct ion.  Hydro- 
gen conten t  w a s  varied to determine i t s  effect  on 
t h e  hydride distribution. 

T h e  s p e c i m e n s  were  hydrided t o  l e v e l s  of 120, 
170, or 280  ppm hydrogen and loaded e las t ica l ly  
(20,000 ps i  maximum) a t  400OC. T h e  hydride w a s  
al lowed to  precipi ta te  under t h e  appl ied  s t r e s s  
during furnace cooling. T h e  hydride pole  f igures  
were determined by t h e  technique descr ibed  i n  a 
fol lowing s e c t i o n ,  and t h e  number of hydride 
p l a t e s  per uni t  a rea  and t h e  volume fract ion of 
hydride were determined for e a c h  specimen.  

T h e  hydride t race  data ,  the  hydride pole  dis t r i -  
bution figures, and t h e  quant i ta t ive metal lographic  

'R. P. Marshall and M. R. Louthan. Jr., Trans. Am. 
SOC. Metals 56, 693-700 (1963). 

2R. P. Marshall, Hydride Orientation and Mechanical 
Properties of Thin-Walled Zircaloy Tubing, DPST 
63-74-8 (October 1963). 

3P. L. Rittenhouse and M. L. Picklesimer, The Ef- 
f ec t  of Preferred Orientation and Stress  on the Direc- 
tional Precipitation of Hydrides in Zircaloy-2. ORNL- 
TM-844 (June 1964). 

4P. L. Rittenhouse, Metals and Ceramics Div. Ann. 
Progr. Rept. June 30, 1964, ORNL-3670, pp. 148-49. 

'P. L. Rittenhouse and M. L. Picklesimer, Metallurgy 
of Zircaloy-2: Par t  I - The Effects of Fabrication 
Variables on the Anisotropy of Mechanical Properties, 
ORNL-2944 (Oct. 13, 1960); Par t  I1 - The Effects  of 
Fabrication Variables on the Preferred Orientat i,on a n d  
Anisotropy of Strain Behavior, ORNL-2948 (Jan. 11, 
1961). 
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6 d a t a  wi l l  b e  reported elsewhere.  T h e  principal 
conclus ions  are: (1) the  preferred crystal lographic  
or ientat ion had l i t t l e  i f  any inf luence  on t h e  orien- 
tation of hydride p l a t e s  i n  as-received fully an- 
n e a l e d  material, and most  hydride p l a t e s  l a y  paral- 
lel to  t h e  rol l ing plane; (2) t h e  hydride p l a t e s  that  
precipi ta ted a f te r  p las t ic  deformation tended  to  b e  
al igned with t h e  t e n s i l e  s t r a i n  component and 
were perpendicular t o  t h e  compress ive  s t ra in  
component; (3) hydride p l a t e s  redis t r ibuted only 
when they had  precipi ta ted under a n  e l a s t i c  s t r e s s  
tha t  w a s  perpendicular to  a high concentrat ion of 
b a s a l  p lanes ;  (4) hydride distribution f igures  
t reated i n  terms of percent  of p l a t e s  present  c a n  
b e  misleading,  t h e  d a t a  a r e  b e s t  t reated i n  terms 
of t h e  number of p l a t e s  per uni t  area.  Data  s o  
t reated i n d i c a t e  that  there  may b e  preferred s i t e s  
for hydride precipitation tha t  a r e  occupied a t  low 
hydrogen leve ls ,  and higher hydrogen l e v e l s  force 
less favorable  s i t e s  to  b e  occupied;  (5) t h e  number 
of hydride p l a t e s  a t  any given orientation i n  un- 
s t r e s s e d  annealed material w a s  a function of 
hydrogen content, but t h e  fract ion a t  each  orienta- 
tion w a s  ident ica l  for t h e  three  hydrogen contents  
examined; (6) as  t h e  hydrogen content  increased ,  
t h e  number of hydride p l a t e s  reoriented by s t r e s s  
increased ,  but t h e  fract ion reoriented decreased;  
(7) t h e  average  hydride par t ic le  size w a s  e s s e n -  
t i a l ly  independent  of t h e  hydrogen content  in  
t h e s e  t e s t s ;  (8) the  redistribution of hydrides  in- 
c reased  as the  s t r e s s  increased;  and (9) the  frac- 
t ion reoriented increased  with increased  s t r e s s  
and decreased  with increased  to ta l  hydrogen 
content. 

HYDRIDE AND BASAL POLE FIGURES 
IN ZIRCALOY-2 BY QUANTITATIVE 

METALLOGRAPHY’ 

M. L. Pick les imer  P. L. Rit tenhouse 

A technique w a s  developed for rapidly determin- 
i n g  by  quant i ta t ive metallography t h e  pole  figure 
of hydride p l a t e s  i n  Zircaloy-2 and t h e  b a s a l  pole  
figure of close-packed hexagonal  metals .  Approxi- 
mately 200 t race  a n g l e s  a r e  measured on e a c h  of 

6P. L. Rittenhouse and M. L. Picklesimer,  report in 
preparation. 

’Abstract of paper presented at the 19th AEC Metal- 
lographic Group Meeting, April 20-22, 1965 a t  Oak 
Ridge National Laboratory, Oak Ridge, Tennessee  
(proceedings to b e  published a s  ORNL-TM-1161). 

th ree  orthogonal s u r f a c e s ,  and smoothed histograms 
of t h e  d a t a  a r e  plotted. A trial-and-error approxi- 
mation is used  t o  determine the  pole  figure. An 
e y e p i e c e  goniometer equipped with e lec t r ica l  
readout  is used  to  measure  and record t h e  angle  
between spec i f ic  reference d i rec t ions  and t h e  
t r a c e s  of t h e  hydride p l a t e s  on t h e  spec imen sur-  
face.  A polarized-light metal lurgical  microscope 
equipped with a s e n s i t i v e  t int  p l a t e  and e lec t r ica l  
readout of t h e  s t a g e  a n g l e  is u s e d  for locat ing 
and  recording t h e  b a s a l  p lane  t r a c e  i n  close- 
packed hexagonal  metals .  T h e  t race  angle  d a t a  
in both determinat ions a r e  co l lec ted  on an x-y 
recorder with a remote pen ac t ion  at a ra te  of 
500 t o  800 points  per hour. A pole  f igure can b e  
determined in  less than 2 hr on metal lographical ly  
prepared specimens.  T h e  technique permits  a n  
e a s i e r  quant i ta t ive s t u d y  of preferred or ientat ion 
i n  c lose-packed hexagonal meta ls  and determina- 
t ion of t h e  interrelat ionships  between s t r e s s  ax is ,  
crystal lographic  preferred or ientat ion,  and s t r e s s  
or ientat ion of hydrides  i n  Zircaloy-2. 

ANISOTROPY IN  ZIRCALOY-2 

P. L. Rit tenhouse M. L. P ick les imer  

T h e  increas ing  u s e  of zirconium a l loys  for fuel- 
e lement  cladding and for s t ructural  members of 
nuc lear  reac tors  and t h e  demand for t h e  maximum 
s e r v i c e  from a minimum of mater ia l  at higher 
operat ing temperatures  and p r e s s u r e s  demand tha t  
t h e  s t rength of t h e s e  a l loys  b e  increased .  Al- 
though t h i s  might b e  accomplished by alloying, 
i t  may b e  accomplished sooner  and at less cost 
by increas ing  t h e  s t rength of Zircaloy-2 and 
Zircaloy-4 through t h e  control  and ut i l izat ion of 
s t rongly developed preferred or ientat ion and t h e  
resul t ing s t rong  anisotropy of mechanical  prop- 
e r t ies .  T h e  maximum permissible  d e s i g n  s t r e s s  
in  Zircaloy-2 pressure  tubing may b e  i n c r e a s e d  
a t  l e a s t  50% by s u c h  control  and ut i l izat ion of 
texture.’ 

T h e  same research’ showed t h a t  no present ly  
ava i lab le  theory c a n  expla in  or predict  t h e  s t ress -  
s t ra in  anisotropy observed i n  a-zirconium al loys.  

‘M. L. Picklesimer,  “A Preliminary Examination of 
the  Formation and Utilization of Texture  and Anisotropy 
in Zircaloy-2,” Proceedings of the USAEC Symposium 
on Zirconium Alloy Development, Castfewood, Pfeasan-  
ton, Calif., Nov. 12-14, 1962, GEAP-4089, vol. I1 (Nov. 
30, 1962), ORNL-TM-460 (Feb. 28, 1963). 
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S t r e s s  a n a l y s t s  and s t ructural  des ign  engineers  
cannot  u s e  s u c h  theor ies  i n  dea l ing  with t h e  s t r e s s -  
s t ra in  behavior  of inherent ly  anisotropic  meta ls  
in e v e n  s imple s t r e s s  conditions. No o n e  yet  
knows how to specify what  anisotropy is desirable  
i n  a given case, what  anisotropy is undesirable ,  
or how to produce a spec i f ic  anisotropy i n  a given 
s h a p e  for a given application. 

An understanding of t h e  e f f e c t s  of texture  on t h e  
flow of material during tube  manufacturing should 
permit a larger mill yield of defect-free material 
having any specif ied texture. An understanding 
of t h e  relat ionships  between texture and the s t r e s s -  
s t ra in  anisotropy should permit t h e  des igner  to  
t a k e  advantage of s u c h  anisotropy,  to  u s e  t h e  
higher  s t rength material d e s p i t e  its lower apparent 
duct i l i ty ,  and to avoid s i tua t ions  wherein t h e  
texture  with low yield s t rength could c a u s e  a 
s e r v i c e  fai lure  due  t o  misuse  of t h e  inherent 
anisotropy. 

Some r e s u l t s  on t h e  anisotropy of propert ies  
under uniaxial s t r e s s  i n  Zircaloy-2 as a function 
of crystal lographic  preferred orientation have  
been previously reported.5 W e  now h a v e  an ac- 
ce le ra ted  program under way t o  determine s u c h  
behavior  under biaxial  s t r e s s .  In addition, we 
s h a l l  examine t h e  deformation s y s t e m s  operat ing 
in  material being p las t ica l ly  s t ra ined under s e l e c t e d  
restraints ,  how texture  i s  developed during m i l l  
manufacture of s h a p e s ,  and t h e  sequence ,  amounts 
of deformation, and t y p e s  of forming operat ions 
necessary  to  produce des i red  tex tures  i n  mill 
products. T h e  d a t a  co l lec ted  wil l  a l s o  b e  used  to 
s e t  t e s t  cr i ter ia  and engineer ing spec i f ica t ions ,  
to  provide s t r e s s  a n a l y s t s  and d e s i g n  engineers  
with quant i ta t ive des ign  da ta ,  and to provide 
theor i s t s  with part of t h e  information they need 
t o  deve lop  and test theor ies  of anisotropy i n  non- 
cubic  metals. 

Strain Anisotropy in Sheet-Type Tensi le  
Specimens of Zircaloy-2 

Studies  of t h e  anisotropy in Zircaloy-2 conducted 
by t h i s  group in  the  past’  used  round t e n s i l e  
specimens.  Preliminary s t u d i e s  had  shown that  
t h e  necessary  information on anisotropy could not 
b e  obtained on sheet- type t e n s i l e  specimens.  T h e  
relat ion between specimen geometry and t e s t  re- 
s u l t s  h a s  been reexamined for highly textured 
Zircaloy-2 b e c a u s e  much of t h e  mater ia l  to b e  

t e s t e d  is ava i lab le  only i n  s h e e t s  too th in  t o  per- 
mit machining of round specimens.  

Sheet  t e n s i l e  spec imens  were cu t  with a x e s  
paral le l  t o  t h e  rol l ing and t ransverse direct ions 
from strongly textured (basal  po les  paral le l  to t h e  
normal direct ion)  Zircaloy-2 s h e e t  >8 in. thick. 
Width-to-thickness ra t ios  ranged f r o m  10 to 0.6 
with t h e  “ th ickness”  direct ion a lways  being t h e  
or iginal  t h i c k n e s s  direction of t h e  s h e e t .  All 
spec imens  were vacuum annea led  a t  65OOC after 
machining. A grid of l i n e s ,  0.050 in.  apart, w a s  
appl ied by anodizing (us ing  Kodak P h o t o  R e s i s t  
a s  a mask)  over t h e  en t i re  reduced s e c t i o n  of the  
specimen and wel l  onto a t  l e a s t  o n e  gr ip  sect ion.  
T h e  s p e c i m e n s  were t e s t e d  at a head  rate  of 0.1 
in./min i n  an Instron t e n s i l e  machine. Polaroid 
t ransparencies  were  made of t h e  grid on e a c h  
specimen as assembled in t h e  tens i le  machine 
and af ter  var ious  d e g r e e s  of s t ra in .  

T h e  yield s t rengths  i n  t h e  rolling and trans- 
v e r s e  d i rec t ions  were low and almost  ident ical .  
A small but def in i te  i n c r e a s e  i n  yield s t rength  
w a s  observed with d e c r e a s e d  cross -sec t iona l  
area, independent  of t h e  width-to-thickness ratio. 
Both ul t imate  s t rength and t h e  reduction i n  area 
seemed t o  b e  relat ively insens i t ive  to t h e  width- 
to- thickness  ratio and to  t h e  c ross -sec t iona l  area. 
E longat ions  a t  maximum load were also insens i -  
t ive ,  but  differences were observed in  t h e  va lues  
of total elongat ion;  however, no def in i te  trend 
could b e  es tab l i shed .  Such mechanical  propert ies  
a r e  t o  b e  expec ted  i n  Zircaloy with t h i s  degree 
and t y p e  of texture. 

Similar conclus ions  cannot  b e  reached as to t h e  
e f fec ts  of spec imen geometry on the  anisotropy 
of s t ra in  and s t ra in  ra t ios .  T h e  t ransparenc ies  
of t h e  spec imens  were projected,  and t h e  inter- 
s e c t i o n s  of t h e  enlarged grid pa t te rns  were  marked 
off on  t rac ing  paper. T h e  movement of t h e s e  
in te rsec t ions  during s t ra in ing  could then b e  fol- 
lowed by  overlaying the  s h e e t s  of paper  on a l ight  
box. A typical  s t ra in  sequence  is shown i n  Fig.  
21.1 for th ree  posi t ions a long  a t e n s i l e  specimen,  
all pa t te rns  being centered on the center  l i n e  of 
t h e  f inal  fracture. Fold ing  of s u c h  t rac ings  about  
apparent  cen ter  l i n e s  demonstrated t h a t  t h e  s t ra in  
w a s  symmetrical except  for t h o s e  s p e c i m e n s  i n  
which t h e  neck formed near  o n e  shoulder. In the  
l a t t e r  spec imens ,  res t ra int  by t h e  shoulder  was  
made ev ident  by t h e  asymmetry a c r o s s  t h e  fracture  
l ine.  
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Fig. 21.1. Movement o f  Grid Points Near the  Fracture Region o f  a Sheet T e n s i l e  Specimen of Zircaloy-2.  

T h e  width s t r a i n s  (both micro and average)  a long  
t h e  length of t h e  specimen from t h e  fracture  to- 
wards e a c h  shoulder  were measured. At no point 
along t h e  length did t h e  microwidth s t r a i n s  vary 
a c r o s s  t h e  width of t h e  specimen. Thus,  the  dif- 
f e r e n c e s  observed in  microlength s t r a i n s  a c r o s s  
any width position ref lected d i f fe rences  i n  micro- 
t h i c k n e s s  s t ra ins .  T h e  l i n e s  of  grid points  bowed 
away from t h e  fracture  center ,  as shown i n  Fig. 
21.1, b e c a u s e  t h e  th ickness  s t r a i n s  were greater  
i n  t h e  center  of t h e  spec imen than a long  t h e  edge.  

One measure of s t r a i n  anisotropy previously 
developed is t h e  k value5  (i.e., the  ra t io  of con- 
t rac t i le  s t ra in  t o  t h e  ax ia l  s t ra in  for e a c h  of t h e  
pr incipal  fabrication direct ions) .  In t h e  round 
tens i le  spec imens  used  i n  that  s tudy ,  t h e  k values  
were cons tan t  for any given t e s t  condition, being 
independent  of t h e  amount of  a x i a l  s t r a i n  that  had 
occurred, over  a range of natural s t r a i n  from a t  
l e a s t  0.002 to  0.6. T h e  k values  thus  could be  
u s e d  to charac te r ize  t h e  s t ra in  anisotropy of e a c h  
material. Typical  p lo ts  of k v s  d i s t a n c e  from t h e  
fracture  for t h e  sheet- type spec imens  a r e  shown 
i n  F i g .  21.2. Obviously, the  s t ra in  ra t ios  ( k  
values)  vary with total  s t ra in .  Intercomparison of 
t h e  d a t a  for severa l  spec imens  s h o w s  that  t h e  k 
v a l u e s  vary in  no recognizable  pat tern with width- 
to- thickness  ratio and specimen a x i s  direction. 
T h i s  s tudy  showed conclus ive ly  that  s t ra in  ra t ios  
determined on sheet- type t e n s i l e  spec imens  can-  
not b e  used  t o  charac te r ize  the  anisotropy of the  

mater ia l  in  a s imple  manner, a t  l e a s t  a t  t h e  larger  
s t r a i n s ,  which c a n  b e  measured more precisely.  

P e r h a p s  t h e  most  in te res t ing  observat ion w a s  
tha t  t h e  posi t ion of t h e  neck could b e  de tec ted  at 
s t r a i n s  j u s t  beyond yielding. T h e  neck  w a s  very 
obvious  by the  time t h e  maximum load w a s  reached, 
t h e  point  at which necking  is usua l ly  assumed to  
begin. Tota l  width s t r a i n s  as  funct ions of dis-  
t a n c e  from t h e  center  l i n e  of t h e  fracture  a re  
shown i n  F ig .  21.3 for th ree  condi t ions of tes t .  
T h e s e  c u r v e s  and s imilar  c u r v e s  for  many other 
spec imens  show that  t h e  center  of the  n e c k  region 
c a n  sh i f t  during t h e  ear ly  s t a g e s  of p l a s t i c  s t ra in  
and that  multiple necking frequently occurs .  T h e  
asymmetry of c u r v e s  2 and 3 i n  F ig .  21.3 was  
c a u s e d  by  t h e  proximity of t h e  right-hand shoulder  
during neck formation. 

Yie ld  Anisotropy in Zircaloy-2 

In t h e  classical octahedral  s h e a r  s t r e s s  theory 
of p l a s t i c  flow,' a y ie ld  e l l i p s e  is predicted for 
p lane  (i.e., b iaxial)  s t r e s s  i n  a n  i so t ropic  material. 
T h e  y ie ld  s t r e s s  in  tens ion  is assumed ident ica l  
t o  tha t  i n  compression, regard less  of t h e  t e s t  
direct ion i n  t h e  material. Such behavior  general ly  
occurs  i n  t h e  c u b i c  metals ,  and a typical  yield 

'A. Nadai, Theory of Flow and Frac ture  of Solids, 
vol. 1, 2d ed., pp. 209-13, McGraw-Hill, New York, 
1950. 
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Assumptions: 
I. Yield strength. Y S. identical in all directions 
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9 

Axial -radial stress 
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e l l i p s e  is shown i n  Fig.  21.4a. T h e  yield s t rength 
in  biaxial  s t r e s s  is t h e  d i s t a n c e  from t h e  center  
to t h e  e l l i p s e  boundary. Several cases of particu- 
l a r  s t r e s s  condi t ions (a  = u2/01)  a r e  indicated 
on t h e  figure by the  l e t t e r s  A through H. 

If t h e  material h a s  a cubic  c rys ta l  s t ructure  and 
c a n  b e  made to  have  a n  anisotropy of yield s t r e s s  
in  uniaxial  tension, t h e  yield e l l i p s e  is rotated 
and the el l ipt ic i ty  c a n  b e  increased.  T h e  center  
of t h e  e l l i p s e  is, however, still a t  t h e  center  of 
t h e  reference axes .  

We h a v e  attempted t o  determine what t h e  s h a p e s  
and or ientat ions of t h e  yield e l l i p s e  could b e  for 
cer ta in  textures  i n  Zircaloy-2 tubing, assuming 
tha t  t h e  octahedral  s h e a r  s t r e s s  theory c a n  b e  
modified to  allow a material to have  a yield 
s t rength i n  tension appreciably different from that  
in  compression, and t o  a l low the  differences t o  
vary greatly as the  s t r e s s  direct ions a r e  moved 
relat ive t o  t h e  crystal lographic  direct ions.  We 
postulated three  textures  i n  t h e  tubing (basa l  
po les  concentrated i n  t h e  ax ia l ,  tangent ia l ,  and 

a; Axial 

Tangentiol 
0; 

Axial 

Fig. 21.4. Possible B iax ia l  Y i e l d  Stress E l l ipses  for Zircaloy-2.  

Axial-radial s t ress  
ellipse a r  in c 

radial  direct ions)  and used  yield v a l u e s  previously 
obtained* for cer ta in  crystal lographic  d i rec t ions  
in  highly textured Zircaloy-2 shee t .  T h e  resu l t s  
a r e  shown in Fig.  21.4b, c, and d. 

If t h e  above  assumpt ions  a r e  even  approximately 
val id ,  t h e  yield e l l i p s e s  for b a s a l  p o l e s  concen-  
t ra ted i n  t h e  ax ia l  and tangent ia l  d i rec t ions  a r e  
not centered on t h e  reference a x e s  and a r e  rotated 
so  that  t h e  maximum yield s t rengths  in  biaxial  
s t r e s s  do not occur  for a = 1 (internal pressure  
in a spher ica l  p ressure  v e s s e l )  as is t h e  case for 
isotropic  material and  for radial ly  concentrated 
b a s a l  poles .  In addition, t h e  e l l ip t ic i ty  of t h e  
yield loci is considerably greater  than  tha t  found 
for t h e  most  anisotropic  c u b i c  metal .  I t  is gratify- 
ing  t h a t  recently reported d a t a  on burs t  t e s t i n g  of 
Zircaloy-2 tubing l o  and on  constraint  t e s t s  in  
commercially pure titanium ' ' have  shown that  

'OR. C. Aungst, Stress  Rupture T e s t s  of Zircaloy-2 

"W. A. Backofen, private communication on work in 
Pressure  Tubes, BNWL-8 (January 1965). 

progress. 
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t h e  behavior  predicted from the  above  a n a l y s i s  is 
correct. 

Some important conclus ions  c a n  b e  drawn as 
to t h e  e f f e c t s  of t h e  tex tures  for cer ta in  s t r e s s  
condi t ions  encountered in  service.  Consider  t h e  
case of a n  internally pressurized tube  with a 
c l o s e d  end as a bulge or  b l i s te r  begins  t o  form in 
t h e  wall. F o r  t h e  main portion of t h e  tube, the  
s t r e s s  condition is s u c h  t h a t  a = 2 (point G). In 
t h e  bulge i t se l f ,  t h e  s t r e s s  condition approaches 
tha t  of a = 1 (point H) as  t h e  bulge or  b l i s te r  
forms. If t h e  b a s a l  p o l e s  a r e  concentrated i n  the  
ax ia l  direct ion (Fig. 21,4b), the  y ie ld  s t rength 
wil l  b e  relat ively low and, as t h e  bulge  forms, t h e  
s t r e s s  required to  y ie ld  wil l  i n c r e a s e  moderately 
rapidly (neglect ing s t ra in  hardening and consider-  
i n g  s t r e s s  geometry alone). If t h e  b a s a l  po les  
a r e  concentrated in  t h e  tangent ia l  direction (Fig.  
21.4c), t h e  formation of t h e  bulge  wi l l  b e  cata- 
s t rophic ,  s i n c e  the s t r e s s  required for yielding i n  
t h e  bulge ( a  = 1) i s  considerably less than that  
required for t h e  yielding to  begin  i n  t h e  or iginal  
wal l  posi t ion ( a  = 2). T h i s  wil l  be  s o  even if a 
moderate amount of s t ra in  hardening o c c u r s  with 
increased  p las t ic  flow. T h i s  texture  i s  t h e  one  
most  commonly found i n  Zircaloy-2 tubing made 
for u s e  as pressure  tubing and fuel  e lement  clad- 
ding. T h e  tex ture  most r e s i s t a n t  t o  bulging i s  
t h a t  having  b a s a l  po les  concentrated i n  t h e  radial  
direct ion (F ig .  2 1 . 4 4  as t h e  s t r e s s  required for 
yielding i n c r e a s e s  rapidly as a g o e s  from 2 to  1 
(from the  main par t  of t h e  tub ing  t o  t h e  bulge). 

One of t h e  surpr is ing r e s u l t s  of t h e  p a s t  s t u d i e s  
of anisotropy i n  Zircaloy-2 p l a t e  and s h e e t 5  w a s  
tha t  t h e  t e n s i l e  s t rength w a s  e s s e n t i a l l y  inde- 
pendent  of texture  (i.e., t h e  material w a s  almost  
isotropic  i n  t e n s i l e  strength). If now a “ t e n s i l e  
s t rength e l l i p s e ”  is plot ted on t h e  same a x e s  as 
t h e  yield s t r e s s  e l l ipse ,  o n e  c a n  readily see that  
t h e  “flow s t r e s s ”  e l l i p s e s  must  progressively 
rotate  and move toward t h e  center  of t h e  reference 
a x e s  as  p las t ic  s t ra in  occurs .  T h e  “flow s t r e s s ”  
e l l i p s e s  i n c r e a s e  i n  size with p l a s t i c  s t ra in  be- 
c a u s e  t h e  flow s t r e s s e s  that  a r e  required to con-  
t inue  s t ra in  increase  a s  t h e  material work hardens.  

Tubing Fabrication Analysis 

Analys is  of t h e  problem of control l ing texture  
during manufacture of tubing l e a d s  t o  a cr i t ica l  
quest ion,  whether  or no t  t h e  texture  of t h e  f inal  

mater ia l  is independent  of t h e  s t r a i n  path when 
mater ia l  with a given s ta r t ing  s h a p e  and texture  
is deformed into a given f inal  shape .  A corol lary 
quest ion is whether or  n o t  a given s h a p e  change  
c a n  be  accomplished by s u c c e s s i v e  complete  
opera t ions  of t h e  deformation s y s t e m s  known to 
opera te  i n  s i n g l e  c rys ta l s .  Limited a n s w e r s  t o  
both ques t ions  have  been  found, bu t  t h e  general i ty  
of t h e s e  answers  remains to  b e  determined. 

Consider  t h e  problem as presented  in  Fig.  21.5. 
F i r s t ,  a s s u m e  tha t  t h e  spec imen is a s ingle-  
c r y s t a l  c u b e  with t h e  b a s a l  p lane  para l le l  t o  one  
of t h e  c u b e  faces. T h e  c u b e  is to b e  dis tor ted 
into s o m e  s h a p e  that c a n  b e  obtained by a s imple  
s e q u e n c e  of s u c c e s s i v e  twinning and/or  s l i p  
operat ions.  Next, o n e  determines t h e  c h a n g e s  
tha t  occur  i n  s h a p e  and dimensions when t h e  c u b e  
is s t ra ined  by a path s u c h  as A of Fig .  21.5. 
Also,  the new orientation of t h e  basal pole  is 
determined. T h e  problem is t o  determine if ex- 
ac t ly  t h i s  s h a p e  and dimensional  c h a n g e  c a n  b e  
accomplished by  another  s e q u e n c e  of twinning 
and/or s l i p  operat ions,  and i f  t h e  locat ion of the  
b a s a l  po le  is t h e  same or  different. In t h i s  ex- 
ample, exac t ly  t h e  same c h a n g e s  c a n  b e  made by 
path B, which g i v e s  a difference of e s s e n t i a l l y  
90° in  b a s a l  pole  or ientat ions.  T h e  d imens ions  
of t h e  s h a p e s  by t h e  two p a t h s  a r e  within 0.2% 
and t h e  face angles  agree  within 0.5O. 

Many combinat ions of final s h a p e s  and dimen- 
s i o n s  and of s t ra in  p a t h s  were examined. In gen- 
eral ,  t h e  f inal  b a s a l  po le  or ientat ions were within 
10’ of e a c h  other if t h e  f inal  s h a p e s  and dimen- 
s i o n s  w e r e  t h e  same, although two apparent ly  dif- 
fe ren t  deformation p a t h s  were used. In many 
cases, n o  second path could  b e  found that  could 
produce t h e  same s h a p e  and dimensional  changes .  
Thus ,  only qualified and limited a n s w e r s  c a n  ye t  
be  given to the two cr i t ical  quest ions.  

T h i s  a n a l y s i s  h a s  shown some of t h e  ques t ions  
t h a t  must b e  cont inual ly  a s k e d  during t h e  planning 
of a fabricat ion sequence  that  is expec ted  t o  con- 
trol texture. For  the  particular s e q u e n c e s  of Fig. 
21.5, t h e  two pa ths  c a n  b e  readily produced by 
mill equipment. However, only a s p e c i f i c  and 
q u i t e  limited deformation of tubing c a n  b e  ob- 
ta ined  by  t h e s e  particular pa ths .  T h u s ,  w e  ex- 
p e c t  that  t h e  reduction or s t ra in  pat tern of e a c h  
s t e p  of t h e  fabrication s e q u e n c e  wi l l  b e  control led 
by t h e  amount t h a t  wil l  produce t h e  des i red  change  
in  tex ture  and not  by t h e  amount of co ld  work t h e  
mater ia l  c a n  withstand before anneal ing i s  required. 
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Fig. 21.5. Problem of Producing Different Textures in Zirconium with Same Total Shape Change. 

Tube Testing Apparatus 

An apparatus was constructed for studying the 
anisotropy of Zircaloy-2 tubing subjected to bi- 
axial s t ress .  This equipment will allow the s i m u l -  
taneous application of axial  s t r e s s ,  torsional 
s t ress ,  and internal pressure. The properties to 
be  measured are axial s t r e s s  and strain, torsional 
s t r e s s  and strain, internal volume change, and 
uniformity of local strain behavior. Either s t r e s s  
or strain in the axial and torsional directions is 
programmed, and axial s t ress ,  axial  strain,  tor- 

sional s t r e s s ,  torsional strain,  and internal volume 
are continuously recorded. Internal pressure is 
held constant a t  some selected level during each 
test .  The  uniformity of local strain behavior is 
determined by photographically recording the dis- 
tortion of an anodized grid network on the gage 
section of the specimen. A schematic diagram of 
the apparatus is given in Fig. 21.6. Th i s  apparatus 
will allow investigation of the s t r e s s  and strain 
behavior of Zircaloy-2 tubing as a function of 
texture and biaxial s t r e s s  over a region of at 
l ea s t  one-half of the biaxial s t r e s s  circle. 
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Fig.  21.6. Schematic Diagram of T u b e  T e s t i n g  Apparatus. 

OXIDE FILM STUDIES 

J. C. Banter  

Our method' * for determining t h e  refract ive 
index and th ickness  of thin anodic  oxide  f i l m s  on 
zirconium w a s  appl ied to  films having  t h i c k n e s s e s  

"J. C .  Banter, Metals and Ceramics Div. Ann. Progr. 
Rept.  June 30, 1964,  ORNL-3670, pp. 154-55. 

from 3000 t o  5500 A. T h e  refract ive index  of 
t h e s e  f i lms  w a s  independent of th ickness  over 
th i s  range, but t h e  refract ive index measured by 
t h i s  technique  on s t r ipped f i lms w a s  different  
from t h a t  of t h e  same oxide  film i n  s i t u .  T h e  re- 
moval of t h e  f i lms  from t h e  b a s e  metal  should  
re l ieve  much of t h e  s t ra in  from t h e  f i l m .  T h i s  
relief should  affect  t h e  opt ica l  propert ies  but 
should  not  s ignif icant ly  change  t h e  film th ickness .  
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Therefore, t h e  t h i c k n e s s e s  measured by the  t rans-  
mission interference technique were u s e d  with 
reflection interference measurements  t o  c a l c u l a t e  
t h e  refract ive ind ices  of t h e  films in s i tu .  

Interference maxima i n  the  l ight  ref lected from 
t h e  anodized zirconium spec imens  a r e  descr ibed  
by t h e  equation 

T,,/FIZZ - 6'*~/477 = r n ~ / 2  , (1) 

where n is t h e  refract ive index of t h e  f i l m ,  T is i t s  
th ickness ,  i is t h e  a n g l e  of inc idence  of t h e  l ight ,  
X i s  t h e  wavelength a t  which the  maximum occurs ,  
rn is t h e  order of t h e  interference,  and 8" is t h e  
p h a s e  c h a n g e  t h a t  occurs  upon ref lect ion from t h e  
oxide-metal interface.  T h e  wavelengths  a t  which 
t h e  maxima occurred were measured with a spectro-  
photometer for two f i l m s  of t h i c k n e s s e s  TI  and 
T, ,  and t h e  quantity mA/2 w a s  plotted aga ins t  
wavelength for e a c h  specimen.  T h e  difference 
D between t h e  two curves  a t  any given wave- 
length is then 

D = ( T 2  - T l ) J m .  

If T 2  and T ,  a r e  determined by t h e  t ransmiss ion  
interference technique, R may b e  ca lcu la ted  for 
t h e  f i l m s  i n  s i tu  if the i r  refract ive ind ices  a re  
assumed to b e  independent  of f i l m  th ickness ,  as 
is true for those  of the  s t r ipped f i l m s .  

T h e  refract ive i n d i c e s  of s t r ipped and i n  s i t u  
f i lms  a r e  compared i n  F ig .  21.7. T h e  refract ive 
i n d i c e s  of t h e  f i lms on t h e  metal  a r e  higher  than 
t h o s e  of t h e  s t r ipped  films. General ly ,  the  ob- 
se rved  refract ive index  i n c r e a s e s  with an i n c r e a s e  
i n  dens i ty  of t h e  material, and t h e  lower index of 
refraction for  t h e  s t r ipped film is c o n s i s t e n t  with 
t h e  relief of s t r a i n  i n  t h e  f i l m s  by t h e  removal of 
t h e  metal. 

A s e r i e s  of anodized spec imens  w a s  exposed  t o  
a fast-neutron d o s e  of about  l O I 9  neutrons/cm2 
in t h e  ORR, and their  ref lect ion s p e c t r a  were 
compared t o  t h o s e  of unirradiated control  spec i -  
mens. No differences were  de tec ted ,  ind ica t ing  
t h a t  i r radiat ion a t  that  l eve l  had  no ef fec t  on the  
opt ica l  propert ies  of t h e s e  o x i d e  films. An effect 
would be  expected if t h e  i r radiat ion had produced 
d e f e c t s  on t h e  films. P o s s i b l y  too few defec ts  
were produced to  d e t e c t  by t h e  technique  used.  

Both t h e  i r radiated and control  s p e c i m e n s  were 
vacuum annealed a t  6OOOC for 2 hr t o  par t ia l ly  
d i s s o l v e  t h e  oxide  f i l m s  i n  t h e  b a s e  metal. Again, 
no difference w a s  apparent between t h e  ra tes  of 
d i sso lu t ion  or t h e  reflection s p e c t r a  a f te r  par t ia l  
dissolut ion.  However, ref lect ion s p e c t r a  i n  e a c h  
specimen differed before and af ter  t h e  annea l ing  
treatment more than corresponded t o  t h e  d e c r e a s e  
in  film t h i c k n e s s  due  t o  dissolut ion.  A s t rong  

ORNL-DWG 64-930 
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general  absorption of light occurred for t h e  an- 
n e a l e d  spec imens  throughout t h e  spec t ra l  range 
s tudied  (vis ible  to ultraviolet). T h i s  absorption 
w a s  not  evident  for t h e  unannealed specimens.  

W e  a t t r ibute  t h e  s t rong  absorption af ter  par t ia l  
d i sso lu t ion  of t h e  oxide  f i l m  to  d e f e c t s  produced 
by  t h e  d isso lu t ion  process .  Further  ev idence  
for t h i s  view is given by t h e  ca tas t rophic  a t tack  
of t h e  b a s e  metal  through t h e  f i l m  by the  bromine- 
e thyl  a c e t a t e  solut ion u s e d  t o  d i s s o l v e  t h e  metal 
away from t h e  film. T h e  nature  of t h e  defec ts  is 
not  known a t  t h e  present ,  and work to  charac te r ize  
them wil l  continue. 

PREPARATION OF SINGLE CRYSTALS OF 
ZIRCONIUM AND ZIRCONIUM ALLOYS 

J. C. Wilson 

Product ion of s ingle  c r y s t a l s  of zirconium and 
s o m e  of i t s  a l loys  t o  meet t h e  n e e d s  of t h e  zir- 
conium research  program h a s  continued. Most of 
t h e  s i n g l e  c r y s t a l s  a r e  grown by zone  melting13 
with subsequent  a lpha annea l ing  t o  perfect  their 
s t ructure .  T h e  yield of s i n g l e  c r y s t a l s  i n  3/s-in.- 
diam bars  w a s  almost doubled by seeding.  A 
s ta r t ing  s t u b  for melting w a s  made from a s i n g l e  
c r y s t a l  (only t h e  t ip  of the s t u b  is melted a s  i t  is 
welded onto  t h e  bar  to b e  zoned). Single c r y s t a l s  
up t o  ”/4 in. in  diameter were grown by zone  melt- 
i n g  direct ly  from as-deposi ted c r y s t a l  bar, but t h e  
present  apparatus  must b e  modified t o  permit 
routine production of s u c h  large c rys ta l s .  

W e  u s e  e lec t r ica l  d i s c h a r g e  machining (EDM) 
t o  cu t  s i n g l e  c r y s t a l s  to s p e c i f i c  or ientat ions or 
s p e c i a l  s h a p e s  with negl igible  macroscopic  de-  
formation of the spec imens .  l 4  T h e  EDM h a s  been  
particularly useful  for producing spher ica l  s ing le  
c r y s t a l s  for s tudy  of t h e  anisotropy of opt ica l  
propert ies  and oxidation of zirconium. About 10 
hr a r e  required t o  form 2- t o  5/-in.-diam s p h e r e s  

J .  C. Wilson and M. L. Picklesimer,  “Variable 
Gradient Electron-Beam Heating Methods for Growing 
Single Crystals of Zirconium,” pp. 502-20 in F i rs t  
Zntemational Conference on Electron and  Ion Beam 
Science  a n d  Technology, ed. by R. Bakish,  Wiley, 
New York, 1965. 

J. C. Wilson. “Electrical  Discharge Machining in 
the  Metallurgical Laboratory,” paper presented a t  the 
19th AEC Metallographic Group Meeting, April 20-22, 
1965 a t  Oak Ridge National Laboratory, Oak Ridge, 
Tennessee  (proceedings to  be published a s  ORNL-?M- 
1161). 

13 

14 

from zone-melted bars .  Chemical  pol ishing of 
t h e  as-machined s u r f a c e s  (finish of 50 to 100 pin. 
rms) smooths t h e  s p h e r e s  suff ic ient ly  t o  a l low 
metallographic observat ion a t  1000~ .  T h e  chemi- 
cal pol ishing also produces e tch  p i t s  i n  regular 
pa t te rns  t h a t  c a n  b e  used  t o  l o c a t e  t h e  (1010) 
p lanes  by inspect ion.  T h e  el iminat ion of t h e s e  
e t c h  p i t s  from t h e  spec imens  used  for t h e  s tudy 
of opt ica l  anisotropy h a s  been  par t icular ly  dif- 
f icul t ;  t h e  b e s t  r e s u l t s  have  been  obtained with a 
methanol-perchloric a c i d  electropol ishing bath 
operat ing a t  50 v and a t  -7OOC. However, e tch  
p i t s  s t i l l  e x i s t  in  two small a r c s  near  ( ioio) poles .  
T h e  abi l i ty  to  make s i n g l e  c rys ta l  s p h e r e s  of s u c h  
la rge  sizes is expec ted  t o  fac i l i t a te  many dif- 
ferent  t y p e s  of s tudies .  A s  one  example,  t h e  
habi t  p lane  for ZrH in zirconium, (lolo), h a s  
been confirmed by examination of a hydrided s ingle-  
c rys ta l  sphere.  

1 . 5. 

ZONE REFINING OF ZIRCONIUM 

J. C. Wilson 

T h e  z o n e  refining apparatus  reported previ- 
ously 13,16 w a s  improved by reducing floor-trans- 
mitted vibrations, adding a var iable-speed dr ive  
sys tem,  and changing  t h e  operat ing procedures  t o  
produce be t te r  vacuum. Early s t u d i e s  had shown 
carbon contamination to  occur; t h i s  w a s  reduced 
by sequent ia l  baking and u s e  of a booster  pump 
t o  i s o l a t e  t h e  diffusion pump f rom t h e  mechanical  
fore pump. T h e  carbon pickup i n  a s i n g l e  zoning 
p a s s  h a s  been  reduced from about  10 t o  less than 
2 ppm. Oxygen contents  have  been held t o  below 
20 ppm for 4 p a s s e s .  T h e  feasibi l i ty  of floating- 
zone  refining b a r s  up  to  2 in. in  diameter  w a s  
demonstrated. 

In addi t ion to  supplying t h e  requirements of t h e  
zirconium metallurgy program with zone-refined 
and s ingle-crystal  mater ia ls ,  w e  have  furnished 
zone-refined zirconium to other groups for s u c h  
s t u d i e s  as  get ter ing methods for oxygen a n a l y s i s  
i n  liquid meta ls  and zone-refined titanium for 
b a s i c  s t u d i e s  of corrosion in s a l i n e  w a t e r s  for 

”E. N. Hopkins and D. T. Peterson, “A Universal 
Electropolishing Method,” paper presented a t  t he  19th 
AEC Metallographic Group Meeting, April 20-22, 1965 
a t  Oak Ridge National Laboratory, Oak Ridge, Tennes- 
s e e  (proceedings to be  published a s  ORNL-TM-1161). 

16J. C. Wilson, Metals and  Ceramics Div. Ann. Progr. 
Rept.  June 30, 1964,  ORNL-3670, pp. 157-59. 
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the  water desalinization studies.  An adaptation 
of th i s  method to produce extreme purity in small  
specimens is described in Part  I, Chap. 5 of th i s  
report. 

P R O P E R T I E S  OF H I G H - P U R I T Y  Z IRCONIUM 

J. C. Wilson 

We have  begun to investigate severa l  of the  
properties of zirconium that were heretofore dif- 
ficult to study because of t he  effects of impurities 
or of t he  lack of sufficiently large single crystals.  
T h e s e  s tudies  on purified single crystals will 
se rve  a s  points of departure for future s tud ies  on 
the  e f fec ts  of impurities, alloying elements, and 
polycrystallinity. 

Recrystallization 

Although the  recrystallization of crystal-bar and 
sponge zirconium has  been widely studied, there 
i s  yet  no clear description of t he  process, much 
l e s s  an  understanding of the  mechanisms. We 
are examining the  recrystallization behavior of 
zone-refined cold rolled zirconium by hardness,  
x-ray diffraction, and metallographic measure- 
ments. The recrystallization temperature of "pure" 
zirconium w a s  lowered by 200 to 300°C by the 
removal of several  of t he  relatively insoluble 
impurities. Other observations include: 
1. The  recrystallization a s  detected by optical 

metallography and x-ray diffraction may begin 
a t  150°C in 24 hr or less. After 100 hr at  
1 7 5 T  the  metal is almost completely recrys- 
tallized and h a s  a grain s i z e  of the  order of 

2. Although we have had considerable difficulty 
in etching to allow resolution by optical mi-  
croscopy of the  structures a t  t he  s ta r t  of the  
recrystallization, i t  is fairly clear that t h e  
nucleation and growth of new grains can occur 
a t  t hese  low temperatures in zirconium as in  
most other metals. Heretofore, the operative 
process h a s  generally been held to be  an in 
s i tu  recrystallization. 

1 0  p. 

"R. K. McGeary and B. Lus tman,  Trans. AIME 197, 
284 (1953). 

3. T h e  recrystallization of material taken from 
the  head and center of a zone-refined bar is 
sufficiently different to be immediately ap- 
parent under the  optical microscope, although 
the  differences in  impurity leve ls  a re  probably 
less than 50 ppm total. 

4. The  hardness impressions made on the  rolled 
surface of the  cold-rolled single c rys ta l s  are 
markedly anisotropic. The  diagonal lengths of 
DPH impressions are less by t h e  equivalent 
of about 20 DPH numbers in  the  transverse 
direction than in  the  rolling direction for an- 
nealing temperatures below 25OOC. The  dif- 
ference pe r s i s t s  even after t h e  material is well 
annealed and recrystallized. The  difference 
is not in  true hardness but is due to the ani- 
sotropy of e l a s t i c  recovery as the  indenter is 
removed from the impression. The  difference 
is cons is ten t  with a high degree of texture 
in the material. 

5. For annealing temperatures below 250°C, the 
hardness does  not decrease  monotonically with 
time; peaks or  plateaus of constant hardness 
are often observed as though age  hardening 
were occurring. 

T h e s e  observations were made on high-purity 
material rolled directly from zone-refined bar. 
Each  specimen was,  i n  effect, a rolled single 
c rys ta l  in which much of the  deformation was  by 
twinning. Experiments in progress with samples 
recrystallized to a small  penultimate grain s i z e  
may yield information more relevant t o  the  practi- 
cal working of zirconium. 

Oxidation of Single Crystals 

The  ef fec ts  of impurity elements on the  oxida- 
tion of zirconium are not understood. We have 
begun to measure the  oxidation ra tes  of zone 
refined zirconium to es tab l i sh  a base  for future 
work on the e f f ec t s  of alloying elements. 

The  f i r s t  examination h a s  been made of t he  
dependence of oxidation rate on crystallographic 
orientation by exposing a 0.5-in.-diam s ingle  
crystal  sphere  to dry air  for 1.5 hr a t  350OC. The  
resultant pattern of interference colors is sketched 
on a stereographic triangle in  Fig. 21.8. The 
oxide layers in the  blue and gold regions a re  ap- 
proximately 500 and 250 A thick, respectively, a s  
determined by comparison with reference s t r ips  
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made’* by anodizing i n  1% KOH. T h u s  the  oxida- 
tion ra tes  for  t h e  (1120) and (0001) p l a n e s  differ 
by a t  l e a s t  a factor  of 2. Pemsler”  and Wanklyn” 
had previously measured t h e  anisotropy of oxida- 
tion (in 415OC oxygen and i n  5OOOC s team)  using 
polycrystal l ine spec imens  with limited ranges of 
or ientat ions.  T h e  two s e t s  of d a t a  agree  qual i ta-  
t ively,  but our work s h o w s  very c lear ly  the varia- 
t ion over  t h e  en t i ie  s e t  of or ientat ions possible .  
T h i s  c l e a r  del ineat ion of t h e  anisotropy of oxida- 
t ion will permit u s  t o  s e l e c t  a smal l  number of 
or ientat ions of f la t  s i n g l e  c r y s t a l s  for detai led 
s t u d y  with a n  a s s u r a n c e  not  ava i lab le  before. 

Diffusion r a t e s  of oxygen i n  zirconium have 
been measured on anodized spec imens  by severa l  
invest igators .  We a r e  present ly  performing s u c h  
experiments  on s ingle  c r y s t a l  s p h e r e s  to  determine 
which c rys ta l  or ientat ions d e s e r v e  more detai led 
s tudy.  

”R. D. Misch, Acta Met. 5, 179 (1957).  

19J. P. Pemsler, T h e  Di f fu s ion  o f  Oxygen  in  Z ir -  
conium and I t s  Relation to Oxidation and Corrosion, 
NMI-1177 ( 1  957). 

J. N .  Wanklyn, Am.  SOC.  Tes t ing  Mater., Spec.  2 0  

Tech .  Publ.  368, 58 (1964). 

ORNL-DWG 65-3663 

Fig. 21.8. Orientation Dependence of Oxidation on 

Single-Crystal Zirconium Sphere. Oxidized 1.5 hr a t  
35OoC in dry air. The oxide thickness i s  approximately 

500 A in the blue region and 250 A in the gold region. 
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22. Army Reactors Program 
G. M. Adamson, Jr. 

During t h e  p a s t  year  we  have  been phasing out  
our work on t h e  Army Reac tors  Program. T h e  re- 
maining effort h a s  been directed at two problems: 
(1) completion of t h e  P h a s e  I portion of t h e  s tudy 
of europium oxide  neutron absorbers ,  and (2) 
providing general  support  a s s i s t a n c e  t o  t h e  Army 
Reactor  Branch of the  AEC. T h e  absorber  program 
h a s  been  concerned primarily with s tudying the 
s tab i l i ty  of europium molybdate compounds. In  t h e  
support  program, w e  have  destruct ively examined a 
group of PM-type fuel  e lements  t o  determine their 
quality. Other a s s i s t a n c e  h a s  en ta i led  help i n  
writing spec i f ica t ions  and  v isua l  examination of 
var ious reactor  components. 

CORROSION RESISTANCE OF EUROPIUM 
MOLYBDATE AND CHEMICAL COMPATIBILITY 

WITH IRON, NICKEL, AND CHROMIUM 

J. A. Burka C. F. Lei t ten ,  Jr. 

Work w a s  cont inued o n  developing hydration- 
res i s tan t  neutron-absorbing compounds as  d is -  
perso ids  in  s t a i n l e s s  s tee l .  S tudies  h a v e  centered  
on  evaluat ing t h e  effect  of c r y s t a l  s t ructure  on  
corrosion res i s tance  and chemica l  compatibility of 
europium molybdate. T h e  c rys ta l  s t ructure  of arc- 
melted europium molybdate depended on  hea t -  
t reat ing temperature and cool ing  rate. T h u s ,  
oxidizing t h e  molybdate i n  t h e  temperature  range 
1400 to 145OoC, followed by s low cooling, re- 
s u l t e d  in t h e  formation of a rhombohedral phase  
rather than t h e  face-centered cubic  phase  normally 
encountered af ter  f a s t  cool ing from higher  tempera- 
tures .  T h e  formation of t h i s  rhombohedral p h a s e  
w a s  of concern,  s i n c e  lanthanide s t ruc tures  other 
than  cubic  a r e  not normally considered t o  b e  
hydration resis tant .  ' 

'C. F. Leitten,  Jr., Metals  and Ceramics  D i v .  Ann. 
Progr, R e p t .  June 30, 1964, ORNL-3670, p. 167. 

T h e  europium molybdate used  i n  t h e  corrosion 
s t u d i e s  w a s  ini t ia l ly  prepared by a r c  melting, 
oxidizing 16 hr at  1000°C, and then  crushing to 
-325 mesh powder. To form t h e  face-centered 
cubic  s t ructure ,  pe l le t s  of t h e  molybdate were 
hea ted  to 165OoC and cooled rapidly i n  air. T h e  
rhombohedral s t ructural  form w a s  obtained by 
hea t ing  pe l le t s  t o  145OoC and then s lowly  cool ing  
them in t h e  furnace. For  comparison, p e l l e t s  of 
unoxidized as -arc-cas t  molybdate were also pre- 
pared by s in te r ing  i n  vacuum a t  145OOC. 

E a c h  of t h e s e  mater ia ls  w a s  corrosion t e s t e d  i n  
d is t i l l ed  water  a t  100 and 25OoC for varying times. 
T h e  resu l t s  a r e  summarized i n  T a b l e  22.1. T h e s e  
t e s t s  ind ica te  tha t  only s m a l l  differences i n  
corrosion r e s i s t a n c e  e x i s t  between t h e  face-  
centered  cubic  and rhombohedral s t ruc tures  of 
europium molybdate. In all c a s e s ,  t h e  face-centered 
cubic  molybdate showed s l igh t ly  less weight  
change  than t h e  rhombohedral material. T h e  
vacuum-sintered molybdate appears  s t a b l e  i n  t h e  
100°C t e s t s  and  showed less weight c h a n g e  a t  
2000 hr than  t h e  oxidized materials. However, a t  
25OoC t h e  vacuum-sintered material showed con-  
s iderably larger changes.  

Compatibility i n  iron, chromium, and n icke l  w a s  
also t e s t e d  on both t h e  face-centered c u b i c  and  
rhombohedral molybdates. T h e s e  tests showed 
t h a t  c rys ta l  s t ructure  did not s ignif icant ly  a f fec t  
t h e  chemical  compatibility of europium molybdate. 
A s  in previous s tud ies ,  s l igh t  swel l ing  and  in te r -  
ac t ions  between the  molybdate and chromium 
par t ic les  were observed in  spec imens  s in te red  i n  
both vacuum and argon.' T h e s e  e f f e c t s  were not 
noted when t h e  compacts  were s intered i n  hydrogen 
a t  115OOC. We feel that  the  interact ion noted in  
t h e  compacts  s intered in  vacuum and argon i s  
a s s o c i a t e d  with t h e  oxygen sur face  contamination 
of t h e  chromium and not with t h e  reduction of 
europium molybdate by chromium. 

'M. W. Schafer and R, Ray, J .  Am. Ceram. S O C .  42(11), 
563-70 (1959). 
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T a b l e  22.1. Corrosion of Europium Molybdates i n  D is t i l l ed  Water 

Weight Change (70) 

Type Molybdate At 100°C At 25OoC 

1000 hr 2000 hr 190 hr 1000 hr 

Face-centered cubic to. 03 t3.46 t1.28 t2.58 

Rhombohedral + 0.24 t3.92 t1.66 t2.79 

Vacuum sintered t0.23 t1.48 t5.59 t6.01 

EXAMINATION OF ARMY PM CORE-I TYPE 
FUEL TUBES 

D. 0. Hobson 

At the request of the Army Reactors Branch of 
the AEC, we have been determining the quality 
of fuel elements for the PM-1 and PM-3A reactors. 
This  examination is needed for correlation with 
performance in developing realistic manufacturing 
specifications and for comparison with a future 
examination of an irradiated element. We a t e  
evaluating such  characterist ics a s  fuel-particle 
fragmentation and stringering, bonding of the 
cladding, interface contamination, cladding grain 
s i ze ,  and fuel homogeneity and density. The  fuel 
element is a tubular 29% dispersion of 92 to 94% 
enriched UO, in  a s ta in less  s t ee l  matrix, clad 
inside and out with s ta in less  steel .  

The fuel tubes were visually inspected, radio- 
graphed, dimensionally measured, and photographed 
before being sectioned for further examination. 
Visual inspection showed the tubes to be in good 
condition, considering the long storage period and 
the  amount of handling they had undergone. We 
found that about one-fourth of the tubes had visible 
indentations in the outer cladding near the end of 
the fuel section. These  will be examined metal- 
lographically to ascertain the amount of weakness 
such defects might cause. 

We radiographed 11 tubes to show the interfaces 
between the fuel and the end caps. Almost all of 
the fuel ends showed a regularly spaced flash in 
the  shape  of a series of circumferential “fish- 
hooks.” W e  believe that t hese  are the result of 
the  swaging operations in  the fabrication procedure. 
The fuel core ends were found to have a maximum 
amount of feathering of 0.250 in. 

Dimensional measurements of 11 of the  fuel 
tubes showed very few to  be outside of specifi- 
cations. F ive  of the small-end diameters3 and one 
fuel interface-to-tube-end distance were out. This  
phase of the examination involved 77 measure- 
ments. 

After nondestructive examination of the tubes  
was completed, the  tubes were sectioned for 
metallographic examination. Core density was  
measured and then the sec t ions  were mounted for 
evaluation of fragmentation, stringering, bonding, 
interface contamination, and cladding grain size. 

The  fue l  core, exclusive of cladding, had an 
average density of 8.245 g/cm3. Rased on a fuel 
loading of 29% UO,, th i s  represents a core density 
95.9% of theoretical. 

The  evaluation of fragmentation and stringering 
is complete. The  fragmentation of the fuel was 
fairly uniform among the tubes. Chapter 14 of 
Part  I1 describes our method for characterizing 
fragmentation in t e r m s  of the average number of 
fragments into which each  particle fractures. 
Table 22.2 lists the results. 

The  transverse specimens are being examined for 
interface contamination, clad bonding, and grain 
size. Each  of the 11 tubes was sectioned trans- 
versely into from 9 to 1 2  samples,  depending on the  
length of the fuel element. At leas t  four samples 
from each  tube were examined to  determine the  
amount of interface contamination present. 

Both the  inner and outer interfaces of 11 tubes 
were contaminated with a very fine particulate ma- 
terial between the cladding and the  foil envelope 

- ,  

I ; 

3The two ends  of each  element had been reduced by 
swaging to different diameters for f i t  in the  core 
structure. . ’  
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surrounding t h e  fuel  core. T a b l e  22.3 l i s t s  t h e  between cont inuous l i n e s  of Contamination and 
r e s u l t s  of t h i s  examination. T h e  lengths  of interrupted l ines .  Electron microprobe a n a l y s i s  
contamination given in  t h e  t a b l e  d o  not different ia te  showed tha t  t h e  contamination w a s  not uranium. 

T a b l e  22.2. Fragmentation Measured on 1 1  Army Reactor Fuel  Tubes 

Specimen Number of 
Numbera Par t ic les  

Number of Par t ic les  per  inch Fragments p e r  inch Fragmentation 
Fragments of l O O X  Photograph of lOOX Photograph Rat io  

Xl-KM-4A 
X1-KM-4B 

X1-MB-SA 
X1 -MB-SB 

X1-JT-1A 
X1-JT-1B 

X1-CY - l A  
X 1  -CY - lB 

X1-JS-8A 
X1-JS-8B 

X 1 - JP-2A 
XI -JP-2B 

X1-EV-8A 
X1-EV-8B 

Xl-JO-1A 
X 1 - JO-1B 

X1-ET-1A 
X1-ET-1B 

X1-DA-3A 
X1-DA-3B 

X1-EM-1A 
X1-EM-1B 

584 
5 94 

732 
655 

657 
651 

614 
612 

6 02 
589 

595 
634 

5 83 
585 

74 1 
63 8 

631 
644 

673 
605 

606 
64 2 

5503 
6063 

6300 
5539 

5726 
5764 

4248 
4737 

473 1 
4446 

3937 
4936 

4335 
5002 

5261 
4622 

6838 
6142 

5676 
5392 

5426 
5333 

15.57 
15.55 

19.26 
19.73 

18.25 
18,18 

18.01 
18.16 

17.35 
17.12 

17.45 
18.54 

17.25 
17.11 

21.48 
18.65 

18.2 9 
18.61 

20.90 
19.14 

17.56 
18.61 

146.7 
158.7 

165.8 
166.8 

159.0 
161.0 

124.6 
140.6 

136.3 
129.2 

115.4 
144.3 

128.3 
146.2 

152.5 
135.1 

198.2 
177.5 

176.3 
170.6 

157.3 
154.6 

9.423 
10.203 

8.606 
8.456 

8.715 
8.854 

6.918 
7.740 

7.859 
7.548 

6.617 
7.785 

7.436 
8.550 

7.100 
7.244 

10.840 
9.537 

8.434 
8.912 

8.954 
8.307 

aThe  tube number is followed by A or B t o  distinguish two specimens from the same tube. 
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T a b l e  22.3. Cladding-Core Interface Contamination i n  1 1  Selected Fue l  Elements 

from the  Production Run of  PM-1 Core 1 

Length of Estimated Percentage of Number of 
Tube Transverse Number of Interface Examined ‘Ontamination Observed Contaminated Tube 

Interface 

Outer Inner 

(in.) 

Outer Inner 
(in.) 

Outer Inner 
Samples ~ 

Per Tube Examined Number 

x1-CY -1 

X 1 -ET-1 

X1-EV-8 

X 1 - E M - 1  

X1-JP-2 

XI-KM-4 

XI-JO-1 

X1-JT-1 

Xl-JS-8 

X 1 -MB- 5 

X1-DA-3 

12 

12 

12 

1 2  

9 

12 

9 

9 

9 

11 

12 

5 

12 

5 

5 

9 

5 

4 

5 

4 

5 

5 

7.77 

18.66 

7.77 

7.77 

13.99 

7.77 

6.22 

7.77 

6.22 

7.77 

7.77 

6.74 

16.18 

6.74 

6.74 

12.12 

6.74 

5.39 

6.74 

5.39 

6.74 

6.74 

4.71 

17.2 0 

6.94 

2.62 

11.65 

4.90 

1.12 

6.26 

6.21 

7.19 

3.16 

4.21 

11.60 

2.74 

0.08 

7.80 

3.85 

3.62 

3.94 

1.09 

4.63 

2.99 

61 

92 

89 

34 

83 

63 

18 

80 

100 

92 

41 

62 

72 

41 

1 

64 

57 

67 

58 

20 

69 

44 



23. Desalination 

D. A. Douglas, Jr. 

Very large nuc lear  reactors  a r e  a t t rac t ive  as  
h e a t  s o u r c e s  for water  desal inat ion.  We are  
a s s e s s i n g  the  economics of fuel  fabrication for 
s u c h  reactors ,  developing mater ia ls  for evaporator- 
condensers ,  and  eva lua t ing  potent ia l  fue ls  for 
the  reactors. 

REACTOR 

T. N. 

F U E L  ELEMENT FABRICATION 
COST ESTIMATES 

Washburn A. L. Lotts 

T h e  considerat ion be ing  given to t h e  desa l t ing  
of sea water  by  nuclear  power makes very la rge  
s i n  gle-purpose fuel  fabrication p lan ts  a d is t inc t  
possibi l i ty .  Such la rge  fabrication p l a n t s  would 
e f fec t  s u b s t a n t i a l  economies in t h e  fabrication of 
fuel  a n d  would accordingly lower fuel-cycle 
costs. 

Low-Temperature Reactors 

We h a v e  a s s e s s e d  t h e  technology and cost of 
fabr icat ing la rge  quant i t ies  of fue l  e lements  for 
th ree  types  of low-temperature reactors :  pres- 
sur ized  water ,  heavy  water, and sodium-cooled 
f a s t  breeder. T h e  f i r s t  two a r e  fueled with 
metal l ic  uranium whereas  t h e  la t te r  h a s  a c o r e  of 
U0,-PuO,, an a x i a l  blanket  of UO,, and  a radial  
blanket  of uranium metal. With a s i n g l e  fabrica- 
tion plant  supplying t h e  fuel e lements  required by 
a 50,000-Mw (thermal) nuc lear  industry c o n s i s t i n g  
of  one reactor  type,  t h e  optimum fabrication c o s t s  
for t h e  reference d e s i g n s  were est imated t o  be:  
pressurized water, $6.60/kg of uranium; heavy 
water, $9.OO/kg of uranium; s o d i u m c o o l e d  f a s t  
breeder core  ( including a x i a l  blanket) ,  $77.00/kg 
of heavy metal  (plutonium plus  uranium); and 
sodium-cooled f a s t  breeder  radial  blanket ,  $11.50/ 

kg  of uranium. T h e  appl icable  production ra tes  in  
kilograms of heavy metal per  day for t h e s e  four 
c o s t s  are, respect ively,  9000, 9000, 660, and 3100. 

Heavy-Water Organic-Cooled Reactor (HWOCR) 

C o s t s  of remote fabrication for  t h e  HWOCR fuel  
e lements  proposed by Babcock and Wilcox Com- 
pany were  est imated a s  follows ($/kg heavy 
metal): 

I 

Burnup (Mwd/Tonne) 

moo 10,000 20,000 
Fuel Type 

Th-U alloy 16.61 18.86 22.37 

Th-U oxide 
0.384-in. diam 50.60 58.80 70.13 
0.489-in. diam 34.41 40.47 48.98 
0.528-in. diam 30.02 35.52 43.19 

T h e  Th-U al loy fuel  e lement  c o n s i s t s  of a 
center  rod surrounded by four concentr ic  fuel  
tubes.  Metal f u e l  is coextruded with 0.025-in. 
Zircaloy-4 cladding. T h e  a l te rna te  fuel  pin de- 
signs contain sol-gel  Tho,-UO, loaded i n  Zirca- 
loy-4 tubes  by vibratory compaction. T h i s  evalua-  
tion for both f u e l  types  a s s u m e s  t h a t  15 reactors ,  
e a c h  c a p a b l e  of producing 1000 Mw (electrical), 
are fueled from one  fabrication plant  bu i l t  to  pro- 
duce  a s i n g l e  type  fuel element. T h e  above  costs 
do not  inc lude  fer t i le  or  f i s s i l e  mater ia l  c o s t s ,  
u s e  charges ,  profit, o r  sh ipping  c o s t s .  

A new computer program, FABCOST 8, w a s  
written t o  c a l c u l a t e  fabrication c o s t s  of metal  
fueled elements .  

Fast  Breeder Reactor with Bare Fuel 

A fast breeder  reactor  h a s  been  proposed in  
which t h e  uranium fue l  would b e  exposed  to t h e  
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sodium coolant .  Irradiated fuel  would b e  melted, 
c a s t ,  and recycled to  t h e  reactor  without chemical  
process ing  for decontamination. Feas ib i l i ty  
s t u d i e s  of remote fabrication techniques a re  
currently be ing  outlined. 

EVAPORATOR-CONDENSER TUBING 

T. N.  Washburn D. A. Douglas, Jr. 

Major emphas is  h a s  been  p laced  upon the  
eva lua t ion  of titanium tubing for u s e  i n  both the  
mult is tage f lash and  long-vertical-tube evaporator- 
condenser  des igns .  T h e  primary advantage of 
titanium is i t s  exce l len t  r e s i s t a n c e  to corrosion 
by seawater .  A disadvantage  is t h e  current pr ice  
of titanium. However, c o s t  project ions by major 
fabr icators  of titanium tubing ind ica te  a reduction 
to approximately $0.40 per  l inear  foot of 1-in.-OD x 
O.OlS-in.-wall seam-welded tubing. T h i s  pr ice  
compares favorably with t h a t  of about >16-in.- 
thick copper-alloy tubing, which would h a v e  the 
same strength.  In e a c h  case above,  t h e  tubing 
considered h a s  a smooth surface.  

T h e  advanced concepts  of evaporator-condenser 
d e s i g n s  would require longi tudinal  f lu tes  of the 
tube sur face  to  improve h e a t  transfer. T h e  
Materials P r o c e s s i n g  Group h a s  s ta r ted  t o  eval- 
ua te  methods of producing f lu tes  i n  thin titanium. 
T h e  most  promising method for large-volume 
production appears  to b e  f lut ing of thin titanium 
str ip ,  forming it in to  a tubular  s h a p e ,  and then 
welding it.  Other  fabr icat ion methods t o  b e  eval-  
uated inc lude  f lut ing by t u b e  drawing, forming 
with i s o s t a t i c  pressure ,  high-energy-rate forming, 
and p r e s s  forming. T h e  n e c e s s a r y  tooling for each  
of t h e s e  p r o c e s s e s  h a s  been  des igned  or obtained 
by t h e  Mater ia ls  P r o c e s s i n g  Group. 

We h a v e  j u s t  s ta r ted  t o  inves t iga te  t h e  forming 
of t ransverse  o r  sp i ra led  flow s p o i l e r s  on the  
inner sur face  of t h e  tubing. 

T h e  u s e  of bimetal l ic  tubing w a s  proposed for 
considerat ion by t h e  Metals and Controls  Company, 
Inc. A thin layer  of titanium would b e  metallurgi- 
cal ly  bonded to a much cheaper  b a s e  material, 
s u c h  as carbon s t e e l .  T h e  economics of t h i s  
proposal a r e  quest ionable;  however, a preliminary 
evaluat ion is b e i n g  conducted to  determine i t s  
re la t ive merits. 

Graphite i s  be ing  considered a s  a tubing mate- 
r ia l  b e c a u s e  of its exce l len t  r e s i s t a n c e  to  corro- 

s ion  by s e a w a t e r  and good heat- t ransfer  properties. 
F i v e  t u b e s  of impervious graphi te  h a v e  been  ob- 
ta ined for h e a t  t ransfer  t e s t s .  One of t h e s e  tubes  
w a s  machined in t h e  Y-12 graphi te  s h o p  t o  form 
longitudinal f lutes .  Heat-transfer t e s t s  a r e  planned 
in  t h e  Reac tor  Divis ion loops. 

Two aluminum t u b e s  were f luted by machining 
and  a r e  b e i n g  t e s t e d  i n  t h e  Reac tor  Divis ion h e a t  
t ransfer  loops to  eva lua te  t h e  e f fec t  of extended 
sur face  and f lu te  profile upon condensat ion rates .  

Mockup tube-sheet  corrosion samples  were 
fabricated by t h e  Welding Group by expanding 
short  l engths  of P2-in.-OD x 0.040-in.-wall t i ta-  
nium tubing into e a c h  of t h r e e  >,-in.-thick s e c t i o n s  
of header  plate. T h r e e  s imilar  spec imens  were  
made i n  which t h e  expanded t u b e s  were  welded to 
e a c h  of t h e  header  plates .  T h e s e  s p e c i m e n s  a r e  
currently b e i n g  corrosion t e s t e d  by  t h e  Reac tor  
Division in  t h e  Freeport  demonstration plant. 

METAL FUEL EVALUATION 

R. E. Adams J. L. Scott 

W e  h a v e  surveyed  metal fuel performances to  
a s s i s t  in def ining appl ica t ions  of metal f u e l s  for 
la rge  desa l ina t ion  reactors. 

R e c e n t  developments  in  uranium technology 
indica te  that  acce le ra ted  “cavi ta t ional”  swel l ing  
in  t h e  375 to 575°C temperature range may b e  
controlled through u s e  of uranium containing 
minor a l loying addi t ions  of Fe, Al, Si, o r  Mo. 
T h e  d a t a  s u g g e s t  t h a t  b u m u p s  of 6000 to 7000 
Mwd/ton may reasonably b e  achievable .  Re- 
s e a r c h  and development  will b e  n e c e s s a r y  to 
def ine d e t a i l s  of fabr icat ion var iab les  and fuel 
e lement  d e s i g n s  t h a t  will a l low c o n s i s t e n t  per- 
formance a t  s u c h  bumup leve ls ,  

Thorium-base metal fue ls  inherent ly  exhib i t  
be t te r  performance than  uranium metal b e c a u s e  
thorium is not s u b j e c t  t o  anisotropic  growth and 
d o e s  not  s w e l l  as readi ly  as uranium metal. Burn- 
up of thorium metal  f u e l s  must b e  s ignif icant ly  
higher  for sa t i s fac tory  fuel  c y c l e  economics. Suf- 
f ic ient  d a t a  a r e  not ye t  ava i lab le  to e s t a b l i s h  t h e  
upper l imits  of burnup and temperature  that  may b e  
achieved  with thorium metal. Successfu l  opera- 
tion h a s  been demonstrated i n  pressur ized  water  
loops  a t  10,000 Mwd/ton. C a p s u l e  d a t a  on a l loys  
containing s ignif icant  amounts  of enr iched uranium 



s u g g e s t  t h a t  20,000 or  30,000 Mwd/ton may b e  
f e a s i b l e  a t  temperatures  below 2OOOC with total  
s w e l l i n g  in t h e  range of 6 to  10%. Additional 
d a t a  a r e  required t o  es tab l i sh  performance of 
thorium metal  in  which s ignif icant  burnup of 
generated 233U i s  achieved,  and a proposal  out- 
l in ing  t h e  needed  experiments  is being prepared. 

W e  h a v e  surveyed phys ica l  and mechanical  d a t a  
per t inent  to nuc lear  appl icat ions and irradiation 
behavior'  for thorium, i t s  a l loys,  and i t s  ceramic 
compounds. 

Poten t ia l  c ladding  mater ia ls  for metal  fue ls  h a v e  
been briefly considered from t h e  a s p e c t  of compat- 
ibi l i ty  with t h e  fuel and  with t h e  coolant. Zir- 
conium a l loys  a r e  preferred for u s e  with metal  
fuels .  Technology h a s  been developed for co- 
extrusion of Zircaloy-2 with both thorium and 
uranium, and  irradiation t e s t s  have  ind ica ted  
sa t i s fac tory  performance. Zirconium-base clad- 
d ings  a r e  be ing  considered for u s e  with organic  
coolan ts  a t  temperatures  below about  450OC. 
Embrittlement by hydride formation, however, is 
reported t o  b e  s e n s i t i v e  to  coolant  impuri t ies ,  and  
additional research will b e  required to  es tab l i sh  
performance limitations. 

T h e  economy of aluminum cladding i s  a t t ract ive,  
bu t  d a t a  ind ica te  tha t  re l iable  corrosion r e s i s t a n c e  

in  water  a t  temperatures  above  275OC is l ikely 
to  b e  a problem. Operation of aluminum in water 
a t  temperatures  up to about 300OC might b e  
feas ib le  i f  t h e  pH i s  controlled a t  about 4.5. 
Although a cons iderable  technology for u s e  of 
inhibi tors  b a s e d  on acidi ty  control  e x i s t s ,  t h e  
risk and addi t ional  problems n e c e s s a r y  t o  e n s u r e  
unfai l ing control  d o  not appear  just i f ied.  Poten-  
t i a l  new a l l o y s  show promise of achievement  of 
higher  temperatures. One, containing 12% Si, 1% 
Ni, 1% Mg, and  0.3% Fe, h a s  shown one-tenth the  
corrosion of alloy X-8001 a t  27OoC, but  it is still 
i n  an ear ly  s t a g e  of development. 

T h e  interact ion between aluminum cladding and 
metal  fue ls  n e c e s s i t a t e s  a barrier t o  prevent 
diffusion. U s e  of nickel  barr iers  approximately 1.5 
mils  thick h a s  given sat isfactory performance u p  
t o  375 to 4OOOC to about 6000 Mwd/ton, but t h e  
bond de ter iora tes  under irradiation. 

IS. P e t e r s o n ,  R. E. Adams. and  D. A. Douglas .  Jr., 
P r o p e r t i e s  of Thorium, I ts  Alloys ,  and I ts  Compounds, 
ORNL-TM-1144 (June 1965). 

*A. R. O l s e n ,  D. B. Trauger ,  W. 0. Harms, R. E. 
Adams, and  D. A. Douglas ,  Jr., Irradiation Behavior of 
Th oriurn-Uran ium Alloys and Compounds, ORN L-TM- 
1142 ( J u n e  1965). 

. 



24. Gas-Cooled 

W. 0. Harms 

Our materials effort in support of the  Gas-Cooled 
Reactor Program cons is t s  of support for the Ex- 
perimental Gas-Cooled Reactor (EGCR), develop- 
ment of unclad ceramic fuel elements, and associ-  
ated supporting research. The  significant activ- 
ities in  each  of these  categories are presented 
below along with pertinent background information. 

EGCR SUPPORT 

The EGCR is an  outgrowth of conceptual design 
s tudies  by Kaiser Engineers, Allis-Chalmers, and 
ORNL. The  reactor core cons i s t s  of 2.46%- 
enriched UO, pellets clad with s t a in l e s s  s t e e l  
and supported in a graphite moderator structure 
contained within a carbon-steel pressure vesse l .  
The plant, which is virtually complete, was  
constructed by the H. K. Ferguson Company and 
will be  operated by the Tennessee  Valley Author- 
ity. Our major responsibility was the procurement 
of fuel assemblies and control rods. These  com-  
ponents had been completed previously and have 
now been transferred to the operating contractor 
in preparation for charging during the coming year. 
Our continuing efforts in other areas are reported 
below. 

Irradiation Creep of Graphite 

C. R. Kennedy 

Graphite grades CGB and AGOT have been creep 
tes ted  under irradiation from 130 to  37OoC. Some 
de ta i l s  of the parabolic beam creep specimens,  
experimental procedures, and da ta  from creep 
t e s t s  a t  higher temperatures were reported prev- 
iously. 

'C. R. Kennedy, Metafs  a n d  Ceramics  Div.  Ann. 
Progr. Rept .  June 30, 1964, ORNL-3670, pp. 176-78. 

Reactor Program 

J. H. Coobs 

T h e  creep curves obtained from th i s  l a s t  lower 
temperature experiment are given in  F igs .  24.1 
and 24.2. As shown in the figures, the  stresses 
were altered during the experiment t o  determine 
the effect  of variable s t ress .  The  general shape  
of the curves is much different than those  obtained 
previously; however, the deflection readings 
obtained from the creep specimens are actually 
sums of both creep deformation and differential 
growth. The  differential growth, which opposes 
the  creep deformation, was  caused  by a 10% flux 
gradient across  the creep specimen. While th i s  
differential growth was  small and insignificant 
a t  the  higher t e s t  temperatures, i t  is quite large 
and must be considered a t  the present t e s t  t em-  
peratures. 

T h e  differential growth was  separated f rom the 
total  deformation curves by two methods. F i r s t ,  
the  total  deformation was plotted v s  s t r e s s  a t  
lOO-Mwd/adjacent ton dose  intervals. The  defor- 
mation extrapolated to zero s t r e s s  was  the  deflec- 
tion caused  by differential growth. A second 
method was  required after the s t r e s s  leve ls  were 
altered in the  experiment. This  method was  es- 
sentially the  s a m e ,  except tangent deformation 
rates were used instead of the total  deformation. 
The  tangent deformation ra tes  were a l s o  plotted 
v s  s t r e s s  a t  100-Mwd/adjacent ton dose  intervals. 
The  s lope  is the c reep  coefficient and the zero 
intercept is the deflection rate due to  the dif- 
ferential growth. 

T h e  results of these  two methods are given in 
F igs .  24.3 and 24.4. The  behavior of the AGOT 
and CGB grades shows a very marked similarity, 
the  latter having a lower creep rate. The  very 
important difference from previous results is the 
variation of creep coefficient with dose.  

T h e  change in creep coefficient with dose  h a s  
been predicted by Hesketh using the Cottrell 

~- 
'R. V. Hesketh ,  Phi l .  Mag. 11, 917-27 (1965). 
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Fig. 24.1. Creep of EGCR-Type AGOT Graphite Under Irradiation at 130 to 180°C. 
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Fig. 24.2. Creep of CGB Graphite Under Irradiation at 

I50 to 1 8OoC. 

model of continuous yielding. The  implication 
is that cooling or Mrozowski c racks  reduce the 
internal s t r e s s  intensity produced by the aniso- 
tropic growth of the crystall i tes.  A s  the c racks  
are closed, th i s  stress-relaxation process may 
c e a s e  and thus create higher internal s t r e s ses ,  
which should increase the c reep  rate. The  dose  
required to c lose  the cracks will vary with the 
growth rate of the crystall i tes and thus with 
temperature. The  dose level required for crack 
closure equivalent t o  2 x IO3 Mwd/adjacent ton 
at 15OoC would be  about 3 x l o 4  Mwd/adjacent 
ton at 400°C and 2.5 x IO4 Mwd/adjacent ton 
at 300OC. 

T I  

O R N L - D W G  65-994 ( x 1 ~ - 9 )  
I I I I I I I I 

DOSE ( M w d / a d j a c e n t  ton)  

Fig. 24.3. Creep Coefficient of Grophite Under 
Irradiation at 130 to 180°C. 

T h e  previous creep t e s t s  did not attain neutron 
dosages  of th i s  level and thus did not demonstrate 
a change in the creep coefficient. There are, 
however, recent creep results of Gray3 and Pe rks4  

3B. S. Gray, J. E. Brocklehurst, and A. A. McFarlane, 
“Irradiation Induced Plas t ic i ty  in Graphite,” Paper  
182, Seventh Biennial  Conference on Carbon, June 
21-25, 1965, held a t  the Case  Insti tute of Technology, 
Cleveland. 

4A. H. Perks  and J. H. W. Simmons, “Dimensional 
Changes and Radiation Creep of Graphite a t  Very High 
Neutron Doses,” Paper  188, Seventh Biennial  Confer- 
ence  on Carbon, June 21-25, 1965, held a t  C a s e  Insti- 
tute of Technology, Cleveland. 
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Fig. 24.4. Differential Growth Rate of Creep Speci- 
mens at 130 to 180°C. 

a t  4OO0C t o  dose  levels of l o 5  Mwd/adjacent ton. 
These  creep t e s t  data should verify th i s  concept, 
but on the contrary they indicate a continuous 
creep-rate coefficient. Also in  conflict with th i s  
concept are da ta  from thermal cyc le  tests by 
Harman, reported in part in the following section, 
which show a plastic yielding from 1000 to  2000°C 
without an  abrupt change due to  crack closure. 
The  explanation of increased creep rate by crack 
closure does  not appear t o  be verified and is 
therefore subjec t  to doubt. T h e s e  results do  not 
detract from the Cottrell model for c reep  but only 
c a s t  doubt on the effect  of crack closure on 
s t r e s s  relaxation. 

The  concept of the Cottrell model for creep does  
offer a second possible explanation for the creep 
rate variation. The rate of continuous yielding or 
creep depends upon the res i s tance  of the material 
to deformation. Since the elastic modulus measures 
the  dislocation mobility in graphite, the creep 
coefficient should be inversely proportional to the 
e las t ic  modulus. Figure 24.5 demonstrates a very 
close agreement with th i s  for s i x  grades of graph- 
ite. Also, a t  the lower temperature the e l a s t i c  
modulus increases  very sharply with dose  and 
then decreases  to a lower value almost equal t o  
the  high-temperature value, as shown in Fig. 24.6. 
We would, therefore, expect that  the lower init ial  
creep-rate coefficient is a result  of increased 
strength, as evidenced by the modulus changes.  
If th i s  is the proper analysis of the variation in 
creep coefficient, then the later creep coefficient 
obtained a t  higher doses  is the value that should 
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Fig. 24.6. Effect of Irradiation on the Modulus of  
Elasticity of EGCR-Type AGOT Graphite. 

be compared to the higher temperature data.  How- 
ever, i f  the  proper ana lys i s  is based on crack 
closure,  then the init ial  lower value of the  creep 
coefficient should be compared t o  the higher 
temperature data.  

The  variation of creep coefficient with tem- 
perature is shown in Fig.  24.7. Th i s  figure in- 
c ludes  for comparison both the init ial  and final 
values obtained a t  the lower temperature. Regard- 
less of which values are used, the da ta  d o  appear 
to support a Cottrell model for the creep of graph- 
i te.  If the higher values a re  used, the Cottrell 
model appears t o  be quite accurate; however, if  
the  lower values are used, the Cottrell model will 
have to be modified to some degree. 

. '  

. 
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Fig. 24.7. E f fec t  o f  Temperature on the Irradiation 
The  curve is  based on the Cottrel l  Creep o f  Graphite. 

model. 

T h e s e  results help relieve our concern over the 
s t r e s s  intensity generated by differential growth 
in moderator structures. That is, as the growth 
rates increase,  the  creep rate coefficient also 
increases,  so  creep compensates for differential 
growth by reducing stress intensity. These  ex- 
periments have a l so  demonstrated a significant 
increase in the strain absorption without fracture. 
Several of the  specimens have absorbed creep  
s t ra ins  of greater than 0.6% and total s t ra in  of 
greater than 0.8%. These  values are considerably 
greater than obtained ex-reactor but are not quite 
as significant a s  the 1.5 to  2% tens i le  s t ra ins  
obtained by Pe rks  and Simmons4 for PGA graphite. 
Apparently, s t ra ins  of th i s  magnitude can  be 
sustained without loss  of the mechanical integrity 
of the  material. The strain l i m i t  ha s  not been 
reached a s  yet. 

Dimensional Stability of AGOT Graphite 

D. G. Harman 

Graphite, because of its pronounced anisotropy, 
is dimensionally unstable when subjected to 
thermal cycles.  This  behavior is related to  the 
anisotropic thermal expansion and to  the  defor- 
mation characterist ics of the material. 

Type AGOT, a coarse-grained nuclear-grade 
graphite, h a s  been thermally cycled a t  temper- 
atures up to 1800OC. A constant tens i le  stress 
of 600 psi  was  applied to a 0.5-in.-diam tens i le  
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Fig. 24.8. P las t ic  Strain in AGOT Graphite Due  to 

Thermal Cyc l ing  from Room Temperature with 600 psi 
Appl ied Stress. Vert ical  l ines indicate data spread and 

f i l l ed  c i rc les  represent average values; solid l ine  

represents theoret i c a I re I at  ions h i p. 

specimen while it was heated with an  induction 
coil with a tantalum susceptor.  The  graphite was  
protected from oxidation by flowing argon. A 10-in. 
section of the  specimen was  heated to  temperature, 
held for 15 min, and cooled to room temperature. 
T h e  strain was  continuously monitored by recording 
the  output of a transducer fixed to  the  bottom pull 
rod. 

The  plastic strain due to the thermal cyc le  was  
determined by comparing the  room-temperature 
strain measured before the thermal cyc le  to  that 
measured after the thermal cycle. The  p las t ic  
strain obtained with a single specimen is shown 
as a function of maximum temperature in  Fig.  
24.8. The  spread in data is shown by the  vertical  
l i nes  and the filled c i rc les  a re  the average values.  
The  specimen was returned to i t s  init ial  s t a t e  by 
high-temperature anneal after each  cycle. Without 
this anneal,  no plastic strain was  noted beyond 
the first  cycle. 

T h e  macroscopic stress-strain behavior of 
graphite according to  Jenkins and Williamson' is 
given by 

where A is the  e las t ic  compliance at infinites- 
imally small stresses (the reciprocal of the  e l a s t i c  
modulus) and B is a parameter measuring the extent 
of the p las t ic  behavior. 

5G. M. Jenkins and G. K. Williamson, J. A p p l .  P h y s .  
34, 2837-41 (1963). . 



198 

By including s i m i l a r  unloading and reloading 
relationships,  the plastic strain due to  thermal 
cycling is predicted by Jenkins and Williamson as 

Eplastic = 2 Bu,Au - Barn2 

for A u  > 2 urn, where am is the applied s t r e s s  and 
A u  is the  change in local s t r e s s  due to  thermal 
effects.  

For  the tens i le  situation the thermal s t r e s s  can  
be approximated as Au = (a, - aa)E A T / 2 ,  where 
ac and a, are the expansion coefficients of the 
individual c rys ta l l i t es  in the c and a directions, 
E is the  e l a s t i c  modulus, and A T  is the temper- 
ature cycle. 

Using the  data of Mason and Knibbs6 and that 
tabulated by Carbon Products Division of Union 
Carbide Corporation7 (a ,  - aa) is given by 3.0 x 

+ 4.45 x lo-' '  T and E is given in ps i  by 
1.5 x + 2.0 x T .  The expansion coef- 
f icient data are macroscopic and thus account for 
the presence of microcracks. The parameter B 
has  been measured8 to  be 0.7 x lo-'' (psi)-, 
for AGOT graphite. 

Using these  values with Eq. (2), we obtain the 
relationship shown as a solid l ine in Fig. 24.8. 

The  fact  that the data indicate a s teeper  s lope  
than that of the theoretical curve sugges t s  that  
the  B parameter changes with temperature (which 
could be caused  by crack closure, for example) 
or that  the model proposed by Jenkins and William- 
son does  not apply. 

Graphite Surveillance Program 

F. L. Carlsen, Jr.' 

The  specimens for u se  in the  graphite surveil- 
lance program" are presently being machined. 

The  melt wires, flux monitor wires, EGCR top 
spiders,  and the EGCR graphite s l eeves  are being 

61. B. Mason and R. H. Knibbs,  J. Nucl.  Energy: P t .  

'The Industrial  Graphite Engineer ing  Handbook, 
Carbon Products  Div., Union Carbide Corporation. 

'C.  R. Kennedy, th i s  Division, unpublished ex- 
periments. 

'Now with S te l l i t e  Division, Union Carbide Corp., 
Kokomo, Ind. 

I'M. P. Davis ,  GCR Program Semiann. Progr.  R e p t .  
Mar. 31, 1963, ORNL-3445, pp. 46-49. 

AB 18, 311-29 (1964). 

procured for u s e  in the t e s t  assemblies.  Upon 
receipt of the  specimens and components, the 
necessary  preirradiation measurements will be 
made prior to assembly and shipment to  the  EGCR. 

Special Fue l  Assemblies for F lux  Mapping 

E.  A. Franco-Ferreira R. M. Evans  

We ass i s t ed  the EGCR operating group of TVA 
in the design and preparation of spec ia l  fuel 
assembl ies  t o  be used  for flux mapping of the 
EGCR. Standard Core-1 components were used to  
provide assemblies that  can  be readily dismantled 
for remount of the  flux sens ing  elements. The 
components for ten such  spec ia l  fuel assembl ies  
were modified in accordance with the  specifi-  
cations.  

Standard UO, pellets (0.707 in.  OD x 0.323 in. 
ID x 0.740 in. long) were s l i ced  by ultrasonic 
machining techniques to provide half-length and 
assorted wafer-length pe l le t s  for adjusting the  
fuel column to the specified length. In addition, 
50 half-length pellets were drilled ultrasonically 
to provide 16 axial  0.025-in.-diam holes t o  support 
copper flux-monitor wires. 

A spec ia l  technique was developed for drilling 
these  16 holes simultaneously with a multipronged 
tool. Ingots of A1-13% U alloy containing highly 
enriched uranium were prepared by the Metal 
Forming and Casting Group and extruded into 
0.3-in.-diam rods, which will be positioned i n  
the  central  void region of the  fuel pellets.  The  
rods were provided in  various lengths to facilitate 
positioning of copper flux-monitor washers. 

Evaluation of Pneumatic Temperature-Measuring 
Nozzles 

N. C. Cole B. F le i scher  

A s  previously reported, we  are  determining the 
dimensional stabil i ty of nitrided type 304 s t a in l e s s  
s t ee l  nozz les  in slowly flowing helium a t  1050'F. 
The  nozzles are thermally cycled from 1050'F to  
room temperature every 100 hr. The  impurity 
content of the  helium approximates that expected 

'IN. C. Cole  and  B. F l e i s c h e r ,  GCR Program Semiann. 
Progr. Rept .  Mar. 3 1 ,  1964, ORNL-3619, pp. 22-23. 
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in the EGCR. During the first 2000 hr the nozzles 
were removed from the furnace, measured, and 
calibrated for a flow coefficient at 200-hr intervals. 
For the last 1200 hr the nozzles have been meas- 
ured and calibrated only after 400-hr intervals. 

After a total of 3200 hr, the nozzles are now 
registering a possible 95’F temperature error and 
during the l a s t  800 hr the temperature error has  
definitely increased. The gradual oxidation of 
the nozzle throat shrinks the diameter and causes  
th i s  increasing error. After 3200 hr under the same 
conditions in the reactor, the nozzles would read 
a temperature possibly 95OF higher than the actual 
temperature of the system. Testing of the nozzles 
is continuing. 

DEVELOPMENTOF UNCLAD FUELS 

All-ceramic nuclear fuel elements offer the 
distinct advantages of high-temperature operation 
and good neutron economy, However, the escape  
of fission-product activity from them into the 
coolant system of a power reactor may complicate 
operation or maintenance. Our program on all- 
ceramic fuels cons is t s  mainly of preparing and 
tes t ing  pyrolytic-carbon-coated carbide and oxide 
fuel particles and testing of fueled graphite ele- 
ments containing such particles. Other studies 
have involved the testing of graphite a s  a struc- 
tural material for all-ceramic fuel elements. The  
results of some related efforts on thorium-contain- 
ing  f u e l s  are reported in Chap. 30 of th i s  report. 

Pyrolytic Carbon Coating 

R. L. Beatty D. M. Hewette 
H. Beutler’* 

The  effects of deposition conditions in fluidized 
beds on the properties of pyrolytic carbon coatings 
on fuel microspheres are being determined system- 
atically. l 3  In a series of coating experiments a t  
temperatures between 1300 and 20OO0C, the flow 
rate of methane relative to  the initial surface 

’Noncitizen employee from Switzerland. 
13R. L. Beatty,  Metals and Ceramics Div. Ann. 

Progr. Rept .  June 30, 1964,  ORNL-3670, pp. 181-84. 

area of the bed was varied independently while 
the total gas  flow was maintained constant by 
dilution with helium. Contour plots of the  densi- 
ties and crystall i te sizes of all these  coatings 
in Fig. 24.9 show that crystall i te sizes varied 
systematically from approximately 40 to 120 A 
with increasing temperature and decreasing flow 
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rate. Also the density of the coatings behaved 
similarly above 16OO0C, increasing systematically 
from approximately 1.5 to  2.1 g/cm3. However, 
below 160OOC a density minimum extended from 
1500 to  130OOC; the density was 1.4 g/cm3 for 
14OOOC between 0.13 and 0.2 cm3/min per square  
centimeter of particle surface. As the flow rate 
increased, the density of these  low-temperature 
coatings increased to  1.8 g/cm3. The  third contour 
plot in Fig. 24.9 shows anisotropy factors. We 
found two regions of high anisotropy, one a t  high 
temperatures and low flow rates and the other 
coinciding with the  low-density region between 
1300 and 1500°C. Coating microstructures are 
correlated with the  contour map for anisotropy 
factors in Fig. 24.10. Because  the coatings react 
t o  polarized light, these  microstructures provide 
a qualitative correlation with anisotropy factors 
calculated from x-ray studies.  

Additional experiments have been performed a t  
1300, 1400, and 1600°C with undiluted methane. l 4  

Under these  conditions very high deposition rates 
were obtained. At a methane flow rate of 3.57 
cm3/min per square centimeter of particle surface,  
raising the  temperature from 1300 to  1600°C in- 
c reased  the  deposition rate from 104 to  317 p/hr 
respectively. With the  same increase  in temper- 
ature the coating density decreased from 2.1 to 
1.5 g/cm 3,  the apparent crystall i te s i z e  increased 
from 40 to 60  A, and the anisotropy factor de- 
c reased  slightly from approximately 1.4 to l. 

Coating s tudies  have been initiated on 100-g 
charges in a 2-in.-diam coating apparatus. l 5  The  
objective is twofold: t o  study systematically 
the  effect of deposition conditions on coating 
properties obtained in an apparatus intermediate 
in size between laboratory and production equip- 
ment, and to provide the capabili ty for coating, 
in single runs, batches of fuel particles large 
enough for complete evaluation including irradi- 
ation testing. Resul t s  from preliminary experi- 
ments indicate that equivalent deposition ra tes  
are produced under deposition conditions se lec ted  
by extrapolation of data obtained with the smaller 
coater. 

14W. 0. Harms and  J. H. Coobs, Coated-Par t ic le  
F u e l s  Development a t  Oak Ridge  National Laboratory 
for Per iod  November 15, 1964 t o  May 15, 1965, ORNL- 

I’D. M. Hewette and  R. L. Beatty,  GCR Program 
Semiann. Progr. Rept.  Mar. 31, 1965, ORNL-3807, pp. 
9-10. 

TM-1116, pp. 17-21. 

Thermal Stability of Pyrolytic-Carbon-Coated 
Oxide Fuel  Particles 

R. L. Hamner R .  L. Beatty 
J .  L. Scott  H. Beutler12 

We continued the thermal-stability s tud ies  6 ,  

of conventionally prepared UO , particles and sol- 
gel T h o ,  particles coated a t  temperatures of 900 
to 180OoC with pyrolytic carbon. The T h o ,  par- 
t i c les  were 150 to  250 p in diameter and the UO, 
particles were 177 to 250 p in diameter. 

Par t ic les  with coating th icknesses  of a t  l ea s t  
85 p survived short-term ($2 hr) heat treatments 
at temperatures from 2000 to  270OoC without 
significant reaction. A batch of particles having 
a relatively thin coating (40 to 45 p) survived 
short-term heat treatments at 2000 and 220OOC but 
failed after 50 hr a t  20OO0C. Particles with coat- 
i ng  thicknesses of a t  l ea s t  100  p were heat treated 
for extended periods (100 to  680 hr) at 1900 and 
2OOO0C without significant reaction with the 
coating. 

Migration of fuel into the coating was observed 
after heat treatment by radiography only in  two 
batches of UO, particles in which each  particle 
had an  inner porous layer of pyrolytic carbon; 
th i s  migration occurred after 680 hr a t  1900°C, 
but extended only about 5 p in to  the porous carbon 
layer. 

Examination by microradiography of particles 
hea t  treated at 20OO0C or higher revealed gaps 
between fuel particles and some coatings. This  
gap formation depended upon init ial  coating 
properties, which are determined by deposition 
conditions; for example, the s i z e  of the gap was 
greater for particles having a low-density aniso- 
tropic coating. Measurements confirmed the densi- 
f ication and decrease in coating thickness in 
batches that formed gaps. Also, the crushing 
strength of the coated particles in which gaps 
were formed was drastically reduced (up t o  57%), 
probably from lack of support of the coating by 
the fuel particle. One batch of UO, fuel particles 
having a two-layer coating with such a gap h a s  

16R. L. Hamner, R. L. B a t t y ,  and  R. E. Meadows, 
Metals a n d  Ceramics Div. Ann. Progr. Rept .  June  30, 
1964, ORNL-3670, p. 238. 

17R. L. Hamner, R. L. Beatty,  and  J, L. Cook, GCR 
Program Semiann. Progr. Rept .  Mar. 31, 1965, ORNL- 
3807, pp. 13-21. 



shown" very good performance in an irradiation 
experiment in the ORR. 

Mathematical Simulation of 
Coated-Particle Behavior 

J .  W. Prados l 9  J. L. Scott 

A s e t  of mathematical relations was recently 
developed for predicting s t r e s ses  and strains 
in pyrolytic carbon coatings surrounding a fuel 
particle a s  a function of geometrical parameters 
and environmental conditions. These  relations 
provide a mathematical model that can a s s i s t  the 
coated-particle developer in the planning and 
interpretation of irradiation t e s t s  and, once con- 
firmed or corrected by experimental comparison, 
can provide a rational bas i s  for selection of 
coated-particle dimensions and properties. 

Calculations using the model have been per- 
formed to investigate the effect of the following 
coated-particle properties and service conditions 
on the expected life under irradiation of a two- 
layer coated particle: fuel-particle diameter, 
fuel-particle density, fission-gas retention prop- 
erties of the  fuel material, thickness of inner 
coating layer, void volume provided by inner 
coating layer, thickness of outer coating layer, 
degree of anisotropy of outer coating, fuel burnup, 
fast-neutron dose,  and irradiation temperature. 

Based on the results of these  calculations, we 
arrive at the following predictions regarding the 
effect of a coated-particle's configuration and 
environment on its expected service life. 

1. The most important single factor in promoting 
coating longevity is the provision of adequate 
free volume for accommodation of fuel-particle 
swelling and fission gas. A reasonable value 
for this free volume would be 2% of the fuel- 
particle volume per atom percent burnup desired 
in the  fuel .  Free volume may be provided by 
u s e  of a low-density fuel particle, a porous inner 
coating that densifies readily when bombarded by 
fission recoils, manufacturing techniques that 
actually provide empty space  between fuel and 
coating, or a combination of these. 

"R. M. Carroll et a l . ,  GCR Program Semiann. Progr. 

"On leave from the University of Tennessee.  
"J. W. Prados and J. L. Scott, Analysis of Stress 

and Strain in Spherical Shells of Pyrolytic Carbon, 
ORNL-3553 (June 1964). 

Rept. Mar. 31, 1965, ORNL-3807, pp. 87-101. 

2. Primary containment of fission products 
should be  provided by an outer coating whose 
inner surface is protected against  f ission recoils. 
The  thickness of th i s  coating should be  such  
that i t s  inside diameter is approximately two- 
thirds the outside. Thicker coatings d o  not provide 
an appreciable increase in strength and may be  
more subject to failure from anisotropic dimen- 
sional change. 

3. The release of gaseous fission products 
from the fue l  has  a negligible effect on coating 
life a s  long a s  free volumes are provided a s  
specified above. With s m a l l e r  free volumes, the 
coating life can be shortened at high fractional 
re lease  of fission gas  only i f  coating rupture 
stress is below about 35,000 psi. Hence, the 
u s e  of a low-density fuel particle to  help provide 
free volume should have no adverse effect on 
coated-particle life. 

4. Two distinct modes of coating failure may 
occur: failure initiated a t  the inner coating sur- 
face  from a combination of fuel particle swelling 
and fission-gas pressure, and failure initiated at 
the outer coating surface from anisotropic thermal 
expansion and fast-neutron damage to  the pyrolytic- 
carbon structure. Failure by the first mode is more 
likely for coated fue l  particles under power-reactor 
operating conditions. When failure occurs by the 
first  mode, the maximum fuel burnup attained 
depends primarily on the free volume provided and 
on the degree of fuel swelling and not greatly on 
other coated-particle properties. 

The  preceding results can be employed to arrive 
a t  a satisfactory coated-particle configuration with 
a minimum of information on the properties of the 
particle and coating materials. Accurate economic 
optimization of coated-particle design m u s t  await 
cri t ical  comparison of the mathematical model's 
prediction against  the results of controlled experi- 
mental tests and the development of any necessary 
corrections. 

Coated-Particle Irradiation Tests  
i n  the ETR X-Basket  

E. E. Bloom J. L. Scott 
J. H. Coobs 

To meet the need for an inexpensive facility for 
irradiating several  batches of coated particles 
a t  one time, we have designed and constructed a 

. 
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Fig. 24.11. Coated Particle Irradiation Capsule. 

new type of irradiation capsule. Because of 
prohibitive cos ts ,  u se  of thermocouples has  been 
avoided and melt-wires have been used to indicate 
the maximum temperature reached during irradia- 
tion. This  approach results in considerable un- 
certainty in the actual conditions during irradi- 
ation, but the experiment will be useful for qual- 
i tat ive comparisons between different types of 
coated particles in the same capsule and in 
se lec t ing  particles for the more refined and ex- 
pensive in-reactor sweep capsule  t e s t s .  

The  first  capsule in the ser ies  has  been fabri- 
cated and installed in the ETR X-basket facility. 
Fue l  particles consisting of 90X-dense UO, and 
bed-melted UC, microspheres approximately 200 
p in diameter were coated with two layers t o  give 
a total coating thickness of approximately 120 
p. Samples from 12 different lo t s  of coated par- 
ticles were distributed in 28 graphite fue l  bott les,  
as shown in Fig. 24.11. Each end compartment 
contains eight fuel bottles and is designed t o  
operate a t  a center-line temperature of 40OoC. 
T h e  center compartment contains 12  fuel bott les 
and will operate a t  approximately 140OOC center- 
l ine temperature. Total neutron exposure is m e a s -  
ured by a s ta in less  steel flux monitor contained 
within the capsule. 

Foeled-Graphi te Fabrication 

A. J .  Taylor J .  M. Robbins 

Fabrication problems were encountered because 
of inconsistencies in composition of different 
batches of liquid phenolic resin used as a binder 
in fueled-graphite fabrication. ' Heat treating the 
resin until a predetermined weight l o s s  occurred 

"5, M. Robbins and  A. J. Taylor,  GCR Program 
Semiann. Progr. Rept.  Sept.  30, 1964,  ORNL-3731, p. 58. 

eliminated those problems and a l s o  cracking 
during baking. 

throughout the 
various s t ages  of fabrication showed that spherical  
graphite-matrix elements can be fabricated by a 
cold-forming and warm-isostatic-molding technique 
i f  the cold forming is done in a properly designed 
die with an elliptical cavity. 

We are investigating the problems involved in 
fabricating an "emitting" type of fuel element, 
which contains fine-particle-size (about 1 0  p)  
fuel in a fine-grained porous graphite body and is 
designed s o  that gaseous fission products can  
readily e ~ c a p e . ' ~  Interest in th i s  concept is 
based on the potential u se  of fuel elements of th i s  
type in a high-temperature gas-cooled breeder 
reactor. The approach used in preliminary s tudies  
was to incorporate the  fuel  and fertile material 
as a s o l  from an intermediate s t e p  of the ORNL 
sol-gel process. Bodies containing up to 40% 
heavy metal were prepared without cracking by 
uniaxial cold pressing followed by heating in 
hydrogen; matrix densit ies of 1.5 g/cm3 were 
readily attainable. Specimens containing sol- 
derived (Th,U)O ' will be prepared for evaluation 
by neutron activation and monitoring of '33Xe 
released during postactivation hea t  treatments. 

Studies of dimensional changes' 

Impact Test ing of Graphite Spheres 

J .  M. Robbins C. 0. Smithz4 

Graphite fuel spheres for on-stream fueling of 
gas-cooled reactors of the pebble-bed type must 

"A. J. Taylor,  Metals a n d  Ceramics Div. Ann. Progr. 
Rept.  June 30,  1964,  ORNL-3670, p. 192. 

23A. J. Taylor  and J. M. Robbins,  GCR Program 
Semiann. Progr. Rept .  Mar. 31,  1965,  ORNL-3807, p. 33. 

24Education Division; now a t  University of Detroit. 
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withstand repeated drops. A program t o  develop 
a fue l  sphere to  meet the requirements for the 
German Pebble-Bed Reactor (AVR) focused at- 
tention on the machined-shell concept, in which 
a premolded spherical fuel insert containing 
pyrolytic-carbon-coated (Th,U)C, particles in a 
graphite matrix is cemented in a premachined 
fully graphitized unfueled she l l .  Two s tudies  
were undertaken: evaluation of impact resistance 
of commercially available graphite for the she l l  
and determination of the minimum shell  thickness 
required and of the effect of gaps that could ex is t  
after fabrication or develop there between the 
insert and the shell  during reactor operation. 
These  studies have been completed. 2 5  

In the initial study, 1.5-in.-diam spheres  ma- 
chined from four grades of extruded graphite and 
four grades of molded graphite were dropped from 
13 m onto a s t ee l  plate until they failed. Grade 
ATJ graphite was clearly the best  and was used 
almost exclusively in further tests.  

The  results of free-drop t e s t s  on ATJ graphite 
showed: 

1. Impact resistance decreases as drop height 
increases.  

2. Impact resistance depends on specimen s i z e  
and is bes t  for the smallest  specimens. 

3. Impact resistance varies from one block to  
another, and the impact resistance of a given 
sphere cannot be  correlated with i t s  original 
position in the block. 

4. Bulk-density variations between 1.65 and 1.80 
g/cm3 have no effect on impact resistance.  

5. All damage occurs within the outer 1.1 c m  of 
6-cm-diam spheres. 

6. Thermal cycling in vacuum can  have an adverse 
effect ,  but similar cycling in helium or hydrogen 
has  none. 

In the fueled-sphere t e s t s ,  simulated elements 
(the fueled portion simulated by a sphere of solid 
CS-312 graphite) were dropped from 4 m onto a 
bed of graphite spheres until they either failed 
or survived 75 drops. The surviving elements were 
dropped from 4 m onto a s t ee l  plate until they 
failed. The results are: 

25C. 0. Smith and  J. M. Robbins, Impact Res i s tance  
of Fueled  Graphite Spheres for Pebble-Bed Reactor 
Appl ica t ions ,  ORNL-3723 (January 1965). 

1. The  effects of preassembly cleaning, variations 
in plug-closure torques between 15 and 50 
in.-lb, and choice of cement (P-514, C-10, or 
Hexalon) are negligible. 

2. Elements with uncemented inser t s  are clearly 
inferior to  elements with completely cemented 
inserts.  

3. Shells with 0.8-cm-thick walls are satisfactory 
for nominal radial clearances between insert 
and shell  of 0.005 to  0.010 in., but 1.0- to 
1.2-cm-thick she l l s  are needed for clearances 
of 0.020 to  0.025 in. 

Fabrication of In-Reactor Capsules 

E. A. Franco-Ferreira 

The fabrication of in-reactor irradiation capsules  
for various a spec t s  of the GCR program h a s  con- 
tinued. 2 6  Included in th i s  year’s work have been 
two ORR loop No. 1 elements and four ORR pool- 
s ide  experiments. One of the loop No. 1 capsules ,  
which is of a more complex design than those  
built previously, is shown in Fig.  24.12. This  
experiment used a double capsule,  and both parts 
contained coated-particle fuel. Some of the t hermo- 
couples that are used to  monitor the capsule  
operating temperatures are seen  in the figure. 

Fueled-Graphite Irradiation Tests 

J .  L. Scott 

Our irradiation t e s t  program on fueled-graphite 
spheres containing pyrolytic-carbon-coated UC,, 
(U,Th)C,, UO,, or (U,Th)O, microspheres was 
completed. Earlier phases  of the program were 
discussed previously. We prepared 23 irradiation 
capsules  and tested 97 spherical fueled-graphite 
elements. The major areas investigated were 
irradiation stability and fission-product retention 
of fueled-graphite spheres,  design and fabrication 
of she l l s  for fuel elements, dimensional stabil i ty 

26E. A. Franco-Ferreira, Metals and Ceramics Div .  
Ann.  Progr. Rep t .  June  30, 1964, ORNL-3670, p. 192. 

2 7 J ,  L. Scott ,  C.  Michelson, and R. A. Bowman, 
Metals and Ceramics Div .  Ann. Progr. Rep t .  June  30, 
1964, ORNL-3670, p. 191. 
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Fig. 24.12. 
Part ic le Fuels. 

Capsule for Irradiation Studies on Coated- 

of fuel-element components, thermal conductivity 
of fuel-element materials and irradiation-induced 
changes in i t ,  and effects of irradiation on impact 
and crushing strength of fuel elements fabricated 
by different processes.  Our responsibility was  
to help in planning the capsule  irradiation tes t s ,  
to load fuel elements into the primary containment, 

and to aid in the evaluation and interpretation of 
the results. 

Details  of the  fuel element types ,  capsule  
assembly, irradiation testing, and postirradiation 
examination are reported elsewhere.  2 8  The 
highlights of what we learned in th i s  extensive 
program are  briefly summarized below. 

Fission-Gas Retention. - Since the fueled- 
graphite elements are unclad, the coa t ings  on 
fue l  particles must remain intact. Our t e s t s  have 
shown that coated particles made by severa l  
commercial vendors and a l so  by ORNL can  sus ta in  
fuel burnups in e x c e s s  of 10 a t .  % of the heavy 
metal at temperatures a s  high as 140OoC without 
coating failures. A few batches of particles have 
survived burnups in  e x c e s s  of 20 at. % of the 
heavy metal. When the  particle coatings a re  
intact  the ratio of the re lease  rate t o  birth rate 
of a typical noble gas  isotope, such a s  88Kr, is 
about or less. The  source of the observed 
gas  re lease  is uranium contamination rather than 
broken coated particles. Since there a re  several  
ways t o  reduce contamination levels,  we can  
expect lower release rates from products manu- 
factured in the future. 

Thermal  Conductivity.  - Data from spheres  with 
central  thermocouples have been used to  ca lcu la te  
effective thermal conductivities for the fueled 
graphite; t hese  da ta  were central  temperature 
measured as  a function of time, temperature 
adjacent t o  sphere surface measured a s  a function 
of time, and average thermal-neutron flux adjacent 
t o  sphere surface. Details have been presented 
elsewhere. We assumed steady-state spherically 
symmetrical heat conduction in  the sphere  and 
its immediate surroundings and corrected for 
reduced thermal-neutron flux and altered temper- 
ature profile in the sphere due to  self-shielding, 
temperature rise between external thermocouple 
and the actual outer surface of the fueled graphite, 
and variation of heat-generation rate during the 
test .  

Calculated thermal conductivities for three 
instrumented t e s t  spheres from irradiation tests 

- 
28GCR Program Semiann. Progr. Rept .  Sept .  30 ,  1963, 

ORNL-3523; GCR Program Semiann. Progr. R e p t .  Mar. 
31 ,  1964, ORNL-3619; GCR Program Semiann. Pro&. 
Rept .  Sept .  30 ,  1964, ORNL-3731; GCR Program Semi- 
ann. Progr. Rep t .  f i r .  31, 1965, ORNL-3807. 

"5. W. Prados, V. A. DeCarlo, and J. L. Scott, 
Trans. Am. N u c l .  SOC. 8(1), 37  (June 1965). 
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Fig. 24.1 3. Thermal  Conductivity of Fue led  Graphite, 

Derived from Measurements Made During Irradiation. 

designated 05-7, 08-7, and 08-8 a re  shown in 
Fig. 24.13 a s  functions of average fuel temper- 
ature. Also shown are least-square curves through 
the 05-7 and 08-7 points, based on a linear tem- 
perature dependence of the reciprocals of the 
conductivities. 

From these  results,  the thermal conductivit ies 
of fueled-graphite bodies a re  apparently significant 
functions of temperature and may a l s o  depend on 
materials and fabrication techniques. The  resu l t s  
from experiments 08-7 and 08-8 a l so  indicated that 
the thermal conductivity of fueled graphite is 
unaffected by irradiation a t  temperatures above 
8OOOC for thermal-neutron doses  of the order of 
10' neutrons/cm (approximate conditions for 
all experiments), s ince  the sca t te r  of the results 
was  random throughout the irradiation tes t s .  Th i s  
is particularly significant for 08-8, s ince  tem- 
peratures were held nearly uniform during i t s  
irradiation history. The  greater sca t te r  of con- 
ductivity values observed with 05-7 sugges ts  an 
irradiation effect, s ince  the  higher va lues  were 
observed near the s ta r t  of the irradiation period 
and the lower values near i t s  conclusion. Th i s  
we attribute to differential shrinkage of the fueled 
core relative to the unfueled she l l  rather than to 
a change in  conductivity of the fueled graphite 
itself. The  separation of she l l  from core observed 
during postirradiation examination of the e le -  
ment3' supports th i s  interpretation. 

30D. R. Cuneo e t  a l . ,  GCR Program Semiann.  Progr. 
R e p t .  S e p t .  30, 1964,  ORNL-3731, p 92. 
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Fig .  24.1 4. Irradiation-Induced Dimensional  Changes 

of Fue led  Graphite Spheres. 

Dimensional Stabil i ty of Fueled Graphite Under 
Irradiation. - Prompted by the c lues  in the thermal 
conductivity da ta ,  we undertook a careful ana lys i s  
of the dimensional changes that resulted in fueled 
and unfueled graphites from fast-neutron exposure. 
Pre- and postirradiation dimensions were measured 
on the  fueled-graphite spheres  from the various 
capsules .  Data for the 1.5-in.-diam spheres  
irradiated in the  core of the  ORR a re  given in 
Fig.  24.14. Resul t s  showed clearly that molded 
fueled-graphite bodies shrink a t  significantly 
higher rates than d o  fully graphitized unfueled 
she l l s .  There were no significant differences 
between the shrinkage rates of spheres  with molded 
unfueled she l l s  and without unfueled she l l s .  Sim- 
i lar data obtained on 6-cm-diam spheres  in ORR 
poolside capsules  indicated a similar differential 
shrinkage behavior between molded cores  and 
machined she l l s ,  except that the shrinkage ap- 
parently increased with fast-neutron dose  much 
more for spheres  tested above 1000°C than for 
those  tes ted  a t  60OoC. 

The  differential shrinkage h a s  two markedly 
detrimental effects.  The resulting gap between 
the  fueled core and the unfueled she l l  is a thermal 
barrier so its growth c a u s e s  the  central  fuel 
temperature to rise. Thereby the re lease  of spec ie s  
that d i f fuse  through pyrolytic carbon coatings,  
such  a s  barium and strontium, is increased. Also, 
t he  differential shrinkage markedly reduces the 
crushing strength and presumably the  impact 
strength of the fuel elements. 
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From our results one can  conclude tha t  a major 
problem area  with spherical  fueled-graphite fuel 
elements h a s  been defined. The  solution to the 
problem lies in the u s e  of more fully graphitized 
fueled cores  or molded unfueled she l l s .  The  latter 
solution was untenable in the core of the AVR 
reactor, because  the abrasion res i s tance  of molded 
she l l s  is inadequate. 

SUPPORTING RESEARCH 

Phase Relations in the Pseudobinary 
UC,-ThC, System3' 

J. L. Cook3' 0. B. Cavin 
R. E. Meadows 

W e  have continued our s tud ies  of the mixed 
carbides of thorium and uranium, which have 
potential u s e  as highly refractory fuel and breeder 
material for graphite-based gas-cooled reac- 
tors. 3 , 3 4  This study combined dilatometry, x-ray 
diffraction, metallography, thermal analysis,  and 
chemical analysis to provide a better understanding 
of the  phase relationships for the UC,-ThC, 
pseudobinary system. Thermal expansion as a 
function of temperature up to  1000°C was  deter- 
mined for UC,, ThC,, and the (U,Th)C, alloys 
us ing  drop-cast and machined specimens. 

T h e  microstructural features of a l l  as-cast 
alloys were similar and a l l  contained e x c e s s  
graphite. Only when annealed above 1500°C for 
extended periods of t ime  were there significant 
changes in the  microstructure of the  carbide or 
t h e  morphology of the graphite. Microhardness 
increased slowly with annealing t ime  a t  1900°C 
but did not change significantly a t  lower tem- 
pera tu res. 

Powder x-ray diffraction patterns were generally 
diffuse and did not improve appreciably with 
annealing for material that contained much e x c e s s  
graphite. Specimens of ThC, that contained only 
a trace of free graphite gave very sharp diffraction 

31Condensed from the University of T e n n e s s e e  M.S. 
t h e s i s  of J. L. Cook, S tudies  of the Thorium-Uranium 
Dicarbide Pseudobinary  S y s t e m  i n  the P r e s e n c e  of 
E x c e s s  Graphite,  ORNL-TM-1188 (July 1965). 

'Now with IBM Corp., Lexington, Ky. 
33N. A. Hil l  and 0. B. Cavin,  Metals a n d  Ceramics  

Div. Ann. Progr. Rept .  June 30, 1964,  ORNL-3670, 

34J. L. Cook e t  al . ,  GCR Program Semiann. Progr. 
pp. 192-94. 

Rept .  Mar. 31, 1965, ORNL-3807, pp. 27-33. 

patterns after annealing a t  1400°C and below. 
X-ray diffraction revealed that two distinctly 
different body-centered tetragonal structures coex- 
i s ted  for alloys in the  composition range from 
35 to 42 mole  % ThC,. 

Dilatometry and thermal ana lys i s  clearly showed 
phase  transformations in ThC, at 1500 f 25OC 
and 1430 k 10°C. The  transformation a t  the  higher 
temperature was diffusionless. Two s imi la r  
transformations were observed for ThC ,-rich 
alloys containing up to  25  mole % UC,. One phase  
transformation was  observed for UC, at 1768 k 
25°C. One solid-state transformation occurred 
for the (U,Th)C, alloys in  the composition range 
from 25 to 75 mole % ThC,. The  transformation 
temperature in th i s  composition range passed  
through a minimum (approximately 1100°C) a t  
approximately 46 mole  % ThC,. 

Two phase diagrams, either of which is consist-  
e n t  with experimental observations, were proposed 
for the  UC,-ThC, pseudobinary system and are 
shown as Figs.  24.15 and 24.16. 

T h e  mean coefficients of expansion for the (U, 
Th)C , alloys between room temperature and 1000°C 
varied from 8.6 x 10-6/oC for ThC, to 13.5 x 
I O - ~ / O C  for UC,. 

Welding of Advanced Alloys 

R. G. Gilliland 

W e  have investigated the weldability of two 
new nickel-chromium alloys strengthened with 
molybdenum, niobium, and tungsten. T h e s e  alloys,  
developed by the  International Nickel Company, 
are designated Inco IN-102 and Inconel 625. Typ- 
ical chemical compositions of these  a l loys  are 
a s  follows: 

Analysis ( w t  W )  
Element IN-102 lnconel 625 

Chromium 15.50 21.24 
Niobium 3.19 3.44 
Molybdenum 2.61 9.77 
Tungs ten  4.04 < 0.10 
Iron 7.96 3.49 
Carbon 0.05 0.02 
Nicke l  Balance  Balance  

T h e s e  alloys posses s  properties that  make them 
attractive for application in advanced high-tem- 
perature gas-cooled reactors. The  resu l t s  of 
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t ens i le  and stress-rupture properties have already 
been reported. 35 

Hot-ductility experiments have been performed 
and the results for Inconel 625  are  shown in Fig.  
24.17. The data showed the nil-ductility temper- 
a tures  for t hese  alloys to be  2250°F for Inconel 
625 and 2280OF for IN-102. Good recovery of the 
mechanical properties after heating t o  the nil- 
ductility temperature was exhibited for both alloys. 
Metallographic examination of microstructures of 
alloys that had been thermally cycled through 
these  temperature ranges did not indicate any 
apparent liquidation. 

In -Reactor  Stress-Rupture T e s t i n g  of 
Stoinless Steel 

J .  T. Venard J. R. Weir 

W e  performed 3 6  two types of in-reactor tube- 
burst t e s t s  on a British niobium-stabilized stain- 
less steel containing 20% Cr and 25% Ni. The 

effect  of heat treatment on the stress-rupture 
properties under constant s t r e s s  a t  65OoC is shown 
in Fig.  24.18. These  results show that tubing 
having a fine-grained structure but with a coarse  
carbide phase,  which was produced by heat treating 
a t  8OO0C, was unaffected by irradiation but was 
substantially weaker than solution-annealed tubing. 
The  fracture ductility w a s  improved, however. 
Although both hea t  treatments resulted in the same 
grain s i z e ,  the tubing annealed at 800°C was  more 
than five times as ductile i n  out-of-reactor tests 
and twice as ductile in  the irradiation tes t s .  

To study the effect  of neutron dose  on strength 
and ductility, we irradiated additional specimens 
of t he  solution-annealed tubing a t  75OOC. The  
specimens were unstressed a t  the  s ta r t  of the  
irradiation. At some time during irradiation, we 
applied to  each specimen a s t r e s s  that  increased 

35R. G. Gilliland, M e t a l s  a n d  C e r a m i c s  D i v .  Ann. 

36J. T. Venard and J. R. W e i r ,  G C R  Program Semiann .  
Progr. R e p t .  J u n e  30, 1964, ORNL-3670, p. 194. 

Progr. R e p t .  Mar. 31,  1965, ORNL-3807, pp. 249-53, 
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with t i m e  a t  a selected constant rate until the 
specimen failed. The irradiation had no detect-  
able effect  on strength, and the fracture ductility 
was  unaffected except a t  low strain rates on 
specimens that had received thermal-neutron 
doses  greater than lo"  neutrons/cm'. 

An Evaluation of UO, Irradiated Above 1600°C 

J. L. Scott C. Michelson3' 
E. L. Long, Jr. 

We completed3 ' n 3 '  the examination and evalu- 
ation of UO, specimens irradiated in four separa te  
capsules  a t  temperatures ranging from 1600 to 
240OOC. An analys is  of the atmosphere in each  
capsule  indicated tha t  essent ia l ly  all  f ission 
gases  formed were released. This  was not sur- 
prising, s ince  the calculated fuel surface tem- 
perature in all capsules exceeded 1900OC. 

Metallographic examination revealed that 
c los ing  of the  circumferential and pellet-to-pellet 
gaps was virtually complete in most regions where 
the  calculated temperature exceeded 1700 to  
175OOC. The  formation of a dense  columnar-grained 

3 7 0 n  loan from the Tennessee Valley Authority; now 
a t  the EGCR site. 

38J. L. Scott and C. Michelson, Metafs  a n d  Ceramics 
D i v .  Ann. Progr. Rept. June 30,  1964,  ORNL-3670, 

39J. L. Scott, C. Michelson, and E. L. Long, Jr., 

40C. Michelson et al., GCR Program Semiann.  Progr. 

PP. 198-99. 

Trans. Am. Nucf. SOC. 8(1), 37  (June 1965). 

Rept. Mar. 31, 1965, ORNL-3807, pp. 253-62. 

structure during the  first few hours of operation 
did not appear to retard the  subsequent release of 
fission-product gases .  Th i s  structure appeared 
in all specimens where the calculated temperature 
exceeded 1700 to 175OOC. Numerous lenticular 
voids were present in  these  grains in the low- 
bumup capsule  (19 hr in reactor), but none were 
found in other specimens. 

A plot of the  maximum grain lengths in the 
insulating bushings v s  the  calculated average 
temperature of the grains, shown in Fig.  24.19, 
indicates that  a l l  specimens had the same general 
variation in grain s i z e  with irradiation temperature. 
T h e  decrease  in the  s lope  of the l ines  with in- 
c reas ing  irradiation time does  not appear t o  have 
any real significance, although the transition 
point where the s lope  of each  l ine changes indi- 
c a t e s  the temperature a t  which columnar grain 
growth predominates. The  observed range of 
1700 to 174OOC agrees  reasonably well  with the 
generally accepted threshold of 180OoC for colum- 
nar grain growth in irradiated UO,. 

Thermal Conductivity of AGOT Graphite 

J .  P. Moore R. S. Graves 

Graphite is a useful nuclear material of con- 
struction, and, therefore, i t s  high-temperature 
thermophysical properties are of extreme interest .  
We are studying some of the numerous types of 
graphite produced, a l l  of which are anisotropic 
due  to the hexagonal structure and t o  preferred . 
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orientations developed during extrusion. We found 
that the total  thermal resist ivity of an  AGOT 
specimen perpendicular t o  the extrusion direction 
can  be described to f 0.5% by 
R = 0.1935 + 1.6246 x T - 1.229 x lo-’ T 2  , 

where T is in O K  and R is in  c m  OC w-l.  The  
thermal conductivity of th i s  specimen in th i s  
direction was  30% greater a t  50°C than that of 
t h e  CGB graphite that  we had previously meas- 
 red,^' but i t  was only 5% greater a t  900OC. Since 

the  AGOT specimen was significantly less dense  
than the CGB, the difference in thermal conduc- 
tivity must be  attributed to a preferred orientation 
effect. These  AGOT graphite results form the 
base-line comparison for low-temperature thermal- 
conductivity measurements on the AGOT graphite 
specimens to be  obtained and tes ted  during the 
EGCR Graphite Surveillance Program. 
~- ~ 

41J. P. Moore and T. G. Godfrey, MetaJs and Ceramics 
D i v .  Ann. Progr. R e p t .  June 30, 1964,  ORNL-3670, 
pp. 199-200. 
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Fig. 24.20. T h e  Effect  o f  Thorium Concentration on the Perpendicular-Direct ion Dif fusion Coef f ic ients  i n  

Our measurements with a 2-pg/cm2 deposit  are compared wi th  measurements by  Evans  et af. Pyrolyt ic  Graphite. 

for thorium a t  higher concentrations, and uranium a t  a s t i l l  higher concentration. 

Effects of Pyrolytic-Graphite Structure 
on Dif fusion of 

F. L. Carlsen, J r . 43  

Studies of the effects of structure on diffusion 
of thorium in pyrolytic graphite are of interest  
in view of the  recent development of graphite- 
matrix fuel elements for nuclear reactors. We have 
determined diffusion coefficients for thorium in 
pyrolytic-graphite specimens having a wide range 
of structural properties in the 1850 t o  20OO0C 
temperature range. The  specimens included pyro- 
lytic graphites from two sources,  both a s  deposited 
and heat treated at temperatures of 2200 to 270OOC 
for times of 1 to 4 hr, and a pyrolytic graphite 
that had been hot pressed a t  30OO0C. 

42Condensed from the  University of Tennessee  M.S. 
t hes i s  of F. L. Carlsen, Jr., ORNL-TM-1080 (June 
1965). 

43N0w with Stell i te Div., Union Carbide Corp., 
Kokomo, Ind. 

Interlayer spacing, crystall i te s i z e ,  preferred 
orientation of crystall i tes,  microstructure, and 
porosity were the  structural properties considered 
likely to have the greatest significance and thus 
emphasized in this research. 

T h e  structures of the two as-deposited pyrolytic 
graphites were very similar. The only significant 
difference was that one had many microcracks that 
were parallel to the deposition plane. 

The diffusion coefficients for thorium in  the 
direction perpendicular to deposition plane were 
nearly the same for the two as-deposited pyrolytic 
graphites, but the  pyrolytic graphite with many 
microcracks had a much higher diffusion coefficient 
in the direction parallel to the deposition plane. 

T h e  structural changes that occurred during heat 
treatments at temperatures of 2200 to 270OOC did 
not reduce the  diffusion coefficient of either 
material. The  hot-pressed pyrolytic graphite had 
structural properties that were very close to those  
of idea l  graphite, and the perpendicular diffusion 
coefficient a t  20OO0C was less than 9 x 
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cm2/sec. In th i s  sample, the very large number 
of microcracks in the parallel direction resulted 
in a very large parallel diffusion coefficient. 

The  diffusion process was  very dependent upon 
the concentration of thorium, as shown in Fig. 
24.20. The  diffusion coefficients measured in 
the  present experiments, in which 2 pg/cm2 Th 
was  placed on the samples,  were approximately 
one-tenth those measured in previous experi- 
ments. 4 4 , 4 5  This  concentration effect resulted 
in an apparent time dependence of the coefficients 
measured in thin-layer experiments. 

Autoradiographic s tud ies  showed tha t  in +c- 
direction diffusion thorium penetrated slightly 
deeper into the interior of the growth cones  than 
it did a t  their boundaries. The  penetration depth 
within the  growth cones  increased with the diam- 
e te r  of the cones.  

A qualitative mechanism that is consistent with 
the  experimental observations was  developed for 
the  diffusion of thorium in as-deposited pyrolytic 
graphite. 

Effects of Deposition Conditions and Heat  
Treatment on the Properties of Pyrolytic Carbon 

J. Y.  C h a r ~ g ~ ~  E. E .  Stansbury4’ 
W. 0. Harms 

This  study was part of the program to  provide 
a better understanding of the effect of deposition 
conditions and heat treatment on the bas i c  prop- 
erties of pyrolytic carbon deposited from methane 
gas.  Deposits up to 1 mm thick were formed on 
direct-resistance-heated graphite subs t ra tes  (Type 
ATJ, 1 x 6 x 80 mm) over the temperature range 
1400 to 240OoC a t  deposition rates ranging from 
3.2 to 2810 p/hr. The  material deposited a t  220OoC 
was heat treated a t  262OoC for periods up to 6 hr. 
The  deposits were characterized by microstructure 
s tud ies  and measurements of density, unit cell 

44R. B. Evans  111, J. 0. Stiegler, and  J. Truitt,  
Actinide Diffusion in Pyrocarbon and  Graphite, ORNL- 
3711 (1964). 

45R. B. Evans  111, J. L. Rutherford, J. 0. Stiegler, 
and J. Truitt,  Reactor Chem. D i v .  Ann. Progr. Rept.  
Jan. 31,  1965, ORNL-3789. 

460n  temporary assignment a t  ORNL under an IAEA 
Fellowship; now a t  the University of Tennessee .  

47Consultant from the University of Tennessee .  

height, crystall i te s i ze ,  diamagnetic susceptibil i ty,  
and preferred orientation (by x-ray diffraction 
ana lys i s  and diamagnetic susceptibility). Details  
of the  experimental procedures and resu l t s  have 
been published4’ and are summarized below. 

T h e  density o f  each  deposit  decreased  with 
increasing distance from the  substrate.  The  values 
increased with deposition temperature from 1.17 
to 1.43 g/cm3 a t  160OoC to 1.96 to 2.21 a t  240OOC. 

The  unit-cell height decreased from 6.846 to 
6.740 A a s  the deposition temperature was  in- 
c reased  from 1600 to  240OOC. Heat treatment of 
the  220OOC deposit  a t  262OoC for 6 hr changed the 
unit cell height from 6.778 to 6.738 A. 

The  crystall i te size in the c-axis direction varied 
from 100 to  245 A over the deposition-temperature 
range 1600 to  2400OC. For the 220OoC deposit ,  
heating 6 hr at 262OoC changed the c rys ta l l i t e  
size from 170 to 220 A.  

T h e  diamagnetic susceptibil i ty,  corrected for 
ferromagnetic impurities, was measured in direc- 
t ions parallel, xoz,  and perpendicular, x o x ,  t o  
the  deposition plane. The  value of xoz changed 
f rom -4.44 x t o  -18.7 x emu a s  the 
deposition temperature increased f rom 1600 t o  
20OO0C; the value then changed to  10.56 x 
emu at 240OOC. Between 1600 and 20OO0C, xox  
remained essentially constant a t  -2.4 x l o w 6  emu 
and changed to  1.32 x emu a t  2400OC. Heat  
treatment a t  262OoC on specimens deposited a t  
220OoC changed xox  smoothly from 1.58 x 
to 1.07 x emu in 160 min but changed xoz 
l i t t le from i t s  value of 12.64 x emu for as -  
deposited material. 

Anisotropy factors, determined by x-ray diffrac- 
tion  technique^,^^!^^ increased from 2.0 to  14.6 
for deposition temperatures from 1600 to  240OOC. 
The  value for the 220OoC specimen was increased 
from 12 .1  to 24.3 by heat treatment for 160  min 
a t  2620OC. Anisotropy factors determined directly 
from experimental values of >co,/xox showed a 
similar trend but were somewhat lower than the 
x-ray diffraction values,  ranging from 1.8 to 8 for 
temperatures of 1600 to 240OOC and including a 
value of 12.0 for the heat-treated specimen. 

48University of Tennessee  M.S. t hes i s  of J. Y. 
Chang, Studies on Effec ts  of Depasit ion Condltions 
a n d  Heat Treatment on the Proper t ies  of Pyrolytic 
Carbon, ORNL-3764 (March 1965). 

49F, L. Carlsen, Jr., GCR Program Semiann. Progr. 
Rept.  Sept.  34 1964,  ORNL-3619, pp. 6-16. 



25. High Flux Isotope Reactor 

G. M. Adamson, Jr. 

T h e  High F l u x  Iso tope  Reac tor  (HFIR)’ is be ing  
constructed a t  ORNL t o  provide a high flux 
dens i ty  tha t  may b e  used  t o  provide research  
quant i t ies  of the  t rans  plutonium elements .  T h i s  
reactor  is des igned  t o  produce 5 x 1 0 l 5  neutrons 
cm-‘ sec-’ with a n  average  power densi ty  of 
2000 kw/l i ter  and  a to ta l  power of 100,000 kw. 
In s p i t e  of t h e  high power dens i ty ,  aluminum is 
being u s e d  a s  t h e  s t ructural  material for both t h e  
fuel  e lement  and t h e  control rods. 

T h e  fue l  core  for th i s  reactor  c o n s i s t s  of only 
two fuel  e lements  containing 171 and 369 p l a t e s  
0.050 in. thick.  E a c h  p la te  c o n s i s t s  of a dis-  
persion of U,08 in  aluminum powder and  is c l a d  
with aluminum. To minimize flux peaking and  
thereby reduce t h e  hot-spot temperature, t h e  fue l  
content  of e a c h  p la te  is varied nonlinearly a c r o s s  
the  width. In addition, t h e  p l a t e s  a r e  formed in to  
a n  involute configuration s o  tha t  t h e  coolant  
channels  a r e  equal  and  uniform i n  width a n d  thus  
all sur faces  a r e  cooled uniformly. Also,  a burn- 
a b l e  poison (B,C) is added to e a c h  p la te  and  its 
concentrat ion var ies  opposi te  t o  that  of the  fuel .  
Final ly ,  extremely close to le rances  a r e  required 
for both t h e  fuel  concentrat ions and  t h e  dimen- 
s i o n s .  

T h e  control rods for t h i s  reactor  a r e  also unique. 
They  c o n s i s t  of e ight  p la tes  arranged in  two 
cyl inders ,  which f i t  concentr ical ly  around t h e  
fuel  e lement;  e a c h  cyl inder  is about 18 in. in  
diameter x 5 ft long. E a c h  p la te  is unusual  in  
that  i t  conta ins  four regions of different neutron- 
absorbing charac te r i s t ics .  On e a c h  end  is a 
t ransparent  region of a l l  aluminum. In t h e  center  
a r e  two regions of different “b lackness” ;  t h e s e  
a r e  ad jacent  d i spers ions ,  one of tantalum and 
t h e  other of europium oxide in  aluminum. All  
par ts  a r e  c l a d  with aluminum. 

~~ ~ 

IF.  T. Binford acd E. N. Cramer, The High Flux 
Isotope Reactor - A Functional Description, vol. 1, 
ORNL-3572 (May 1964). 

FUEL ELEMENT 

T h e  primary effort in  t h e  fuel  e lement  program 
h a s  c o n s i s t e d  of completion of t h e  f i r s t  reactor  
core  loading a s  wel l  as a prototype flow element  
for u s e  during nonnuclear  tes t ing.  A s s i s t a n c e  and 
direct ion were given t o  t h e  fuel  e lement  fabricator, 
enabl ing  him to s t a r t  production of f u e l  p l a t e s  for 
l a t e r  loadings.  T h e  fuel  e lement  d e s i g n s  h a v e  
remained e s s e n t i a l l y  t h e  same, with only minor 
changes  in  t h e  s i d e  p l a t e s  a n d  combs. 

Fuel  Element Manufacturing 

R. W. Knight G. M. Adamson, Jr. 

Through t h e  p a s t  year  Metals a n d  Controls ,  
Inc.’ (M&C), working under a n  ORNL subcontract ,  
has been  gear ing t h e  H F I R  fue l  e lement  manu- 
facture  t o  a production b a s i s .  Present ly ,  all 
p r o c e s s e s  and tooling a r e  ready for production 
except  t h e  fue l  p la te  a t tachment  welds  for t h e  
outer  annulus .  T h i s  welding development should  
b e  completed within t h e  month. As yet ,  n o  major 
changes  in t h e  H F I R  s p e c i f i c a t i o n s 3  have  been  
required. 

T h e  fue l  p la te  fabr icat ion program w a s  carr ied 
through t h e  manufacture of dummy and depleted 
p l a t e s  and  is present ly  be ing  t e s t e d  with en- 
riched material. A qual i f icat ion run w a s  com- 
pleted for  the  inner  p l a t e s  and  production h a s  now 
commenced. T h e  outer  p l a t e s  did not qualify and  
t h e  d i e  contour  is be ing  changed.  

Welding procedures  developed a t  ORNL were 
adapted to M&C operat ions and s u c c e s s f u l l y  
qual i f ied for both t h e  end  f i t t ing and  comb a t tach-  
ment welds .  F u e l  p la te  a t tachment  w e l d s  a r e  

‘A division of Texas Instruments, Inc., Attleboro, 
Mass. 

3G. M. Adamson, Jr., and J. R. McWherter, Specifi- 
cations for High Flux Isotope Reactor Fuel Element 
(HFIR-FE-1). ORNL-TM-902 (August 1964). ‘ 
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being  made with fully automated equipment re- 
sembling that  which w e  developed. Acceptable  
procedures  for all except  t h o s e  for t h e  large 
outer  t u b e  were achieved.  Difficulty with burn- 
through w a s  encountered with t h e  thick outer  tube. 
Our work ind ica tes  tha t  a lower preheat  tempera- 
ture  should  a l lev ia te  th i s  problem. 

To a s s u r e  that  t h e  f inished fuel  e lement  meets  
t h e  t ight  spec i f ica t ions ,  quality control h a s  been  
careful ly  factored into all p h a s e s  of t h e  operation. 
A qual i ty  control program h a s  been s e t  up  to  
s t a t i s t i c a l l y  a n a l y z e  t h e  f inal  product data .  
T h e  information wil l  b e  used  t o  determine t h e  
capabi l i t i es  of t h e  process  and  thereby permit 
t h e  writing of bet ter  spec i f ica t ions .  

T h e  x-ray at tenuat ion instrument developed for 
determining homogeneity of t h e  HFIR fuel  p l a t e s 4  
h a s  now been demonstrated on  a production b a s i s  
and  turned over t o  t h e  fabricator for routine op- 
eration. T h e  production models a r e  fully au- 
tomated and t ransis tor ized and have  been  shown’ 
t o  operate  sa t i s fac tor i ly  at  s p e e d s  up  to 250 
in./min. T h e  instrument h a s  suff ic ient  accuracy  
that  i t  h a s  been used  t o  reveal  changes  i n  the  
uranium loading for t h e  fuel  plates .  

In the  ear ly  s t a g e s  of t h e  development a t  t h e  
fuel  fabricator’s plant, difficulty a r o s e  with t h e  
quality of t h e  uranium oxide. T h e  difficulty be- 
came apparent  through indicat ions on t h e  scanner  
of e x c e s s i v e  fuel  loadings.  We found (see below 
under “Uranium Homogeneity” and  “ F u e l  P l a t e  
Fabricat ion”)  the  problem t o  b e  e x c e s s i v e  frag- 
mentation of t h e  oxide during fabrication. T h e  
oxide did not conform t o  t h e  spec i f ica t ions ,  and 
when a sa t i s fac tory  agreement could not b e  
reached with t h e  producer, a swi tch  w a s  made 
and oxide fuel  produced by t h e  Y-12 P l a n t  of 
Union Carbide Corporation w a s  adopted for t h e  
remainder of t h e  production. 

Fuel P l a t e  Fabrication 

J. H. Erwin 
W. J.  Werner 

M. M. Martin 
J. P. Hammond 

C. F. Lei t ten ,  Jr. 

T h e  inspect ion requirements for t h e  fuel  p l a t e s  
a r e  s e t  forth in  t h e  spec i f ica t ion  for HFIR fuel  
e lements .  They  include dimensions and  weight  
of t h e  pressed  duplex fuel  compacts ,  core  locat ion 
and dimensions of t h e  machined p la tes ,  b l i s te r  
formation, metal lurgical  bond imperfection, fuel  
distribution, sur face  impairment, and formed curva- 
ture. T a b l e  25.1 summarizes  the  d a t a  on f la t  
p la tes  a n d ,  for comparison, s h o w s  s imilar  resu l t s  
for p la tes  made for t h e  third HFIR cr i t ica l  ex- 
periment (HFIRCE-3). With the  except ion of 
bl is ter ing,  t h e  reject ion ra tes  from t h e  var ious 
inspec t ions  on fuel  p la tes  of reactor core  No. 1 
increased  s ignif icant ly .  Dimensional re jec ts  of 
inner p l a t e s  resul ted from e x c e s s i v e  interference 
of some fuel  compacts  during bi l le t  assembly  and 
difficulty during rolling with mill conditioning, 
paral le l  t ravel  of the  b i l le t s  through t h e  mill, 
and at tempted maximizing of t h e  core  length. A 
s ingle  s h e a r i n g  error accounted  for 80% of t h e  
outer  p l a t e s  re jec ted  for dimensions;  however, we  
s u c c e s s f u l l y  he ld  the  k0.024-in. tolerance on t h e  
locat ion of t h e  inner  and outer  e d g e s  of the  fuel  
core  on t h e  remaining outer  p la tes .  Airborne par- 
t i c l e s  of iron oxide  tha t  deposi ted on a few p l a t e s  
during rolling produced the  sur face  rejects .  Un- 
fortunately, t h e  inc lus ions  became evident  only 
when t h e  completed p la te  w a s  e tched  prior t o  
assembly  of t h e  element. 

T h e  outer-annulus fuel  p la tes  for the  f i rs t  re- 
ac tor  c o r e  were  inhomogeneous i n  comparison with 
s imilar  HFIRCE-3 p la tes ,  as  indicated in  T a b l e  
25.1, and  more were  rejected for ul t rasonical ly  
de tec ted  nonbonds. T h e s e  problems s t e m  pri- 
marily from U,O, buildup, which i n  many cases 
exceeded  t h e  + 27% s p o t  to le rance  on uranium. 
T h e  nonbond indicat ions,  which occurred pre- 
dominantly near  t h e  core  ends ,  were under cer ta in  
condi t ions related t o  t h i s  clumping of U,O, par- 
t i c les ,  as descr ibed  below under “Uranium Ho- 
mogeneity. ” 

A review of the  mater ia ls  and t h e  production 
s e q u e n c e s  showed that  t h e  U , 0 8  and aluminum 
powders were s imilar  t o  t h o s e  used  during t h e  
HFIRCE-3 production. T h e  compacts  were con- 
so l ida ted  a t  22.5 t s i ,  which is t h e  same pressure  

Our work h a s  been  directed primarily toward t h e  
evaluat ion of fuel  p la tes  fabr icated for t h e  f i rs t  
reactor core. I t  culminated with t h e  s u c c e s s f u l  
forming of t h e  p la tes  and assembly  of t h e  inner- 
and outer-annulus fuel  e lements .  

J. H. Erwin. Meta ls  a n d  Ceramics  Div. Ann. Progr. 
Rept .  J u n e  30, 1964, ORNL-3670, pp. 206-8. 

’The instrument  work w a s  under  t h e  d i rec t ion  of J. 
Reynolds  of t h e  Instrumentat ion a n d  Cont ro ls  Divis ion.  
T h e  s c a n n i n g  was  under  t h e  d i rec t ion  of K. K. Klindt  
of t h e  Inspec t ion  Engineer ing  Department. 
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Table 25.1. Summary of HFlR Fuel Plate Fabrication Data 

Inner Element Outer Element 

HFIRCE-3 Reactor HFIRCE-3 Reactor 

Number of plates  required 

Duplex powder metal compacts 

Number of compacts pressed 

U 0 in fuel region, wt % 

B,C in filler region, wt % 
3 8  

Dimensions of the fabricated plate, in. 

Width 

Length 

Thickness 

Dimensions of the fuel region in the 
fabricated plate, in. 

Width 

Length 

Rejection percentage 

Duplex compacts 

Weight 

Dimensions 

Other 

Fabricated plate 

Dimensions 

Blisters 

Nonbond 

Fuel  distribution 

Surface 

187 

2 09 

30.16 

0.39 

3.562 f 0.002 

24.000 f 0,010 

0.050 * 0.001 

+ 0.023 

-0.016 

+ 0.360 

-0.281 

3.054 

20.250 

0.5 

0 

1 .o 

0.5 

0 

2.0 

0 

0 

171 

216 

30.16 

0.67 

3.646 f 0.002 

24.000 * 0.010 

0.050 * 0.0005 

+0.014 

-0.008 

+0.745 

-0.352 

3.060 

20.273 

1.4 

0 

0 

12.7 

2.3 

6.1 

2.8 

0.9 

385 

456 

41.44 

0 

3.235 f 0.002 

24.0.00 * 0.010 

0.050 f 0.001 

t0 .013  

-0.015 

+ 0.431 

-0.412 

2.773 

19.975 

0 

0 

0 

0.4 

4.6 

2.9 

0 

0.2 

369 

529 

41.44 

0 

3.215 f 0.002 

24.000 * 0.010 

0.050 f 0.0005 

t0 .010  

-0.013 

+ 0.61 1 

-0.245 

2.753 

20.120 

0 

0 

1.5 

8.4 

4.4 

10.2 

8.4 

4.0 

tha t  w a s  u s e d  for  the  critical-experiment com- consequent ly ,  t h e  a i r  i n  t h e  powder metallurgy 
pac ts .  U s e  of a pressure  of 45 t s i  w a s  previously laboratory w a s  hot  a n d  humid. Therefore ,  we  
incorrectly reported. During fue l  compact pro- think water  condensed  in t h e  blending bot t les  and  
duction f o r  t h e  outer-annulus p la tes ,  however, resul ted in  c lumps of aluminum or U , 0 8  i n  t h e  
t h e  building cool ing  sys tem w a s  out of order and,  blends.  W e  also b e l i e v e  t h e  high end e f f e c t s  in  

t h e  rolled p l a t e s  a r e  due  t o  t h e  humidity; t h a t  is, 
t h e  wet powders were more l iab le  t o  s t i c k  t o  the  
s i d e s  of t h e  d i e  than dry powders. 

6J. H. Erwin, W. J. Werner, and R. W. Knight, Metals  
and Ceramics Div. Ann. Progr. Rept .  June 30, 1964, 
ORNL-3670, pp. 201-4. 
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In t h e  l ight  of t h e  high percentage of inhomoge- 
neous  outer  fue l  p la tes ,  w e  determined t h e  c r i t i ca l  
parameters  i n  t h e  powder metallurgy blending 
procedures. To simplify t h e  operation, uncon- 
toured fuel  compacts  of the  same volume and 
composition a s  t h e  outer-annulus fuel  s e c t i o n  were 
s tud ied  by v isua l  observat ion of high-contrast 
radiographs. F i r s t ,  w e  concentrated on deter- 
mining t h e  e f fec t  of a lcohol  addition t o  t h e  powder 
mixture. Although good compacts  were produced, 
they were not superior  t o  dry blended compacts  
made from comparable powders. W e  then ex- 
tended t h e  s tudy t o  inc lude  container  geometry, 
par t ic le  size distribution, and moisture content  
of t h e  U,08  and aluminum powders. T h e  two 
moisture leve ls  t e s t e d  were 0.08 and  0.003% as  
determined in  vacuum fusion ana lys i s .  Param- 
e t e r s  held cons tan t  were t h e  24-rpm oblique 
blending rate, t h e  U , 0 8  par t ic le-s ize  dis t r ibut ion,  
t h e  4-oz blending volume, and  the  2-hr blending 
time. 

T h e  b e s t  blending resu l t s  u s e d  a high-moisture- 
content  U,O,. Additionally, t h e  80% -400 mesh 

aluminum powder and  a spher ica l  blending con- 
ta iner  produced good homogeneous compacts. T h e  
blending procedure for HFIRCE-3 and reactor  
compacts  had ca l led  for dry U,08, dry aluminum, 
cyl indrical  blending container ,  and  80% - 400 
mesh aluminum powder. Under t h e s e  condi t ions,  
t h e  experiment indicated acceptab le  compacts .  
T h e  experiment a l s o  showed,  however, that  wet 
aluminum (the equivalent  of wet blending bot t les )  
would i n c r e a s e  s ign i f icant ly  the  degree of seg-  
regation. Furthermore, there  is good indicat ion 
tha t  t h e  blending procedure c a n  b e  optimized with 
a correct  c h o i c e  of blending container, aluminum 
part ic le  size dis t r ibut ion,  and  d ispersant  blending 
addi t ives  t o  produce a higher  qual i ty  compact  for 
p la te  fabrication. 

T a b l e  25.2 summarizes  t h e  curvature da ta  ob- 
ta ined from t h e  low-pressure marformed p la tes  and  
compares  them with s imilar  v a l u e s  descr ip t ive  of 
HFIRCE-3 plates .  T h e  s tandard  deviat ions of 
2.52 and  4.34 mils ,  respect ively,  for t h e  inner and 
outer  p l a t e s  ind ica te  good forming reproducibility 
for all t h e  p la tes .  T h i s  represents  cons iderable  

Table 25.2. Forming Duplication of HFlR Fuel Plates as Shown by Deviation in Curvature 

Comparator Measurements Taken at  the Center of the Involute 

Inner Annulus Outer Annulus 

HFIRCE-3 Reactor HFIRCE-3 Reactor 

Number of p l a t e s  measured 

Number of p la tes  in s t a t i s t i ca l  
sample 

Duplication of individual 
measuring points along the 
l ine,a mils 
Maximum range 
Average standard 

deviationb 
Range of a l l  measurements,a 

m i l s  
Standard deviationb 

Curved width (chord), in. 

TOP 
Center 
Bottom 

186 

20 

6 
2.82 

17 

7.64 

3.308 kO.004 
3.314 f 0.005 
3.307 * 0.006 

171 393 

171 50 

9 

2.52 

21 

10.00 

3.388 f 0.006 
3.395 t 0.007 
3.386 f 0.009 

24 
7.28 

28 

9.24 

369 

369 

17 
4.34 

20 

8.56 

3.122 * 0.006 
3.128 f 0.006 
3.121 k 0.004 

aMeasurement down l ine  taken a t  seven  equidistant posit ions.  
b 95% confidence level. 
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improvement over the standard deviation of 7.28 
m i l s  for t he  outer cri t ical  plates. The  inner 
plates require more bending to  form the specified 
involute than do  the  outer plates. W e  attribute the 
significantly small  variation of the  inner plates 
t o  the greater amount of cold work necessary to 
produce the  additional curvature. Differences be- 
tween the standard deviation for all measuring 
points along a s ing le  traverse and  for the indi- 
vidual points a re  caused  by a saddle  effect a t  
t he  center of the  fuel plate.6 T h e  greater chord 
width shown for the center position in Table  25.2 
also indicates th i s  catenary-type curve that ex i s t s  
in the  length direction of the plate when the 
convex s ide  is faced upward. Since th i s  longi- 
tudinal curvature has  not interfered in assembly of 
the elements, we did not modify the  forming d i e s  
to compensate for the springback differences be- 
tween the  fueled and unfueled a reas  of the  plate. 

Boron Distribution in HFIR Inner-Annulus 
Fuel Plates 

M. M. Martin C. F. Leitten,  Jr. 

To minimize the radial peak-to-average powder 
density ratio in the HFIR, the fuel and poison 
surface dens i t ies  in each  plate vary nonlinearly 
across  the  width, but they are specified to  be 
constant along the length. For maximum effective- 
n e s s  the  'OB, included only in the  inner plates in 
the  form of B,C of natural isotopic content, is 
added to  the  aluminum filler piece rather than to  
the fuel-bearing portion of the duplex core. Pre- 
viously,' the boron distribution was evaluated 
only a t  fixed coordinate positions. T o  conclude 
the work, we s ta t i s t ica l ly  fitted the data to a 
quadratic equation to permit extrapolation to  other 
regions of the  plate. F r o m  the data for HFIRCE-3 
plates,  the derived equation is: 

BC = 537.0 - 411.0 W + 102.6 W 2  + 0.17 L 2  , (1) 

where B c  is the natural boron content of 0.5-in.- 
diam punchings in pg, W is the  width coordinate 
(0.60 5 W 5 2.85 in.), and L is the length co- 

< ordinate measured from the  plate center ( L  = 

f8.00 in.). The 95% confidence interval for the 
predicted observation is f 2 3  pg for a n  individual 
value and 5 4  pg for the average of s i x  values. 

7M. M. Martin. Metals and Ceramics D i v .  Ann. Progr. 
Rept. June 30, 1964, ORNL-3670, p. 206. 

Equation (1) shows that the  length coordinate 
gives a small but significant contribution to  the 
boron content of the punchings. It predicts a 
gradual increase in boron from the  center t o  the  
ends  of the  central  16 in., reaching 9% a t  L = 

f 8  in. 
The  corresponding relationship derived for the 

inner plates of the  first reactor core is 

B = 1.724 BC , 

where B is the natural boron content in a 0.5-in.- 
diam punching and B c  is the  s i m i l a r  content for 
the critical-experiment plate given by Eq. (1) for 
the  corresponding location. T h e  multiplier of 
B c  resulted from a 70.5% increase in boron content 
specified for t hese  p la tes  and reduction of the 
experimental error. Equation (2) predicted SUC- 

cessfully the boron content in 20 punchings from 
one reactor plate. In the tes t ,  samples were,taken < randomly from within the coordinate limits 0.60 = 

W = 2.85 in. and L 5 8.00 in. and analyzed chemi- 
cally for boron. The  maximum differences between 
the  analytical  results and the predicted values 
were + 5.4% and - 4.3%; th i s  excellent agreement 
a t t e s t s  to the  validity of the  derived equations, 
The  distribution of boron in th i s  plate appears  
to b e  fairly homogeneous within the  coordinate 
l i m i t s  that  were examined. The  largest  deviations 
between the  analytical  results and the  specified 
va lues  were +11.1% and -4.8%. 

< 

We could not extend the  usable limits of the 
boron equation t o  include va lues  of L up to  *9'/4 
in. The  boron contents of OS-in.-diarn punchings 
decreased significantly beyond L = k 8  in., while 
the  equation predicts a sl ight increase. At L = 
+9'/4 in., the average boron content of the  punch- 
ings was  approximately 12% below the  expected 
value. T h e s e  samples,  however, a r e  well  within 
the  allowable boron variation of t35%. 

Welding and Machining 

J. W. Tackett  

During the  past  year w e  successfully manu- 
factured two complete fuel assemblies,  both by 
the  all-welded concept. Th i s  concept, its joint 
requirements, the welding problems peculiar t o  
it, and the  methods developed t o  evaluate the  
weld joints in accordance with the  HFIR design 
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requirements have  been descr ibed.  * T h e  f i r s t  fuel  
assembly  w a s  manufactured t o  check  out  t h e  com- 
p le te  assembly ,  welding, and  machining proce- 
dures  and to provide a n  element  for u s e  during 
preliminary reactor  tes t ing.  It contained p l a t e s  
fueled with deple ted  uranium but  otherwise m e t  
a l l  the  b a s i c  reactor  requirements. T h e  second 
fuel  assembly  manufactured is intended t o  b e  t h e  
f i rs t  core  loading for u s e  during t h e  reactor  s ta r t -  
up. T h e  outer  e lement  of t h i s  assembly  is shown 
in Fig.  25.1 during f inal  inspect ion.  

Very rigid requirements were imposed on t h e  
manufactured fuel  a s s e m b l i e s  by t h e  reactor de- 
s i g n  spec i f ica t ions .  T h e s e  included the fue l  
p la te  spac ing ,  t h e  fuel  p l a t e  a t tachment  t o  t h e  
support tubes ,  and the  roundness  and wal l  thick- 
n e s s  of t h e  support  tubes  a f te r  f inal  machining. 
Both fuel  a s s e m b l i e s  manufactured t h i s  year  

*J. W. Tacket t ,  Meta ls  a n d  Ceramics  Div. Ann. 
Pro&. R e p t .  June  30, 1964, ORNL-3670, pp. 204-5. 

s a t i s f i e d  t h e  b a s i c  reactor  requirements. After 
assembly  and  welding of e a c h  complete  uni t ,  
17,820 plate-spacing measurements were  made 
(5643 on the  inner e lement  and 12,117 on the  
outer element). T h e s e  were obtained from 33 
measuring pos i t ions  ( 3  radial  and 11 axia l )  from 
e a c h  water  channel .  T a b l e  25.3 summarizes  t h e  
plate-spacing d a t a  obtained from both fue l  as- 
sembl ies .  

T h e  integrity of t h e  welds  joining t h e  fuel  
p la tes  t o  t h e  support tubes  of t h e  elements  w a s  
demonstrated with quality control samples  welded 
by procedures ident ica l  with t h o s e  u s e d  i n  manu- 
factur ing t h e  elements .  T h e  qual i ty  control 
samples  were then sec t ioned  through t h e  center  
l ine of t h e  weld and prepared for metallographic 
examination. Typica l  sec t ioned  samples  a r e  shown 
in F ig .  25.2 and i l lus t ra te  t h e  exce l len t  a t tach-  
ment achieved .  T h e  s a m p l e  noted a s  QC-1 w a s  
representat ive of t h e  w e l d s  made on t h e  No. 1 
support  t u b e  (the i n s i d e  support  tube of t h e  inner  
element) and  t h e  No. 3 support tube (the i n s i d e  
support t u b e  of t h e  outer  element). Sample QC-2 
w a s  representat ive of t h e  No. 2 support  tube ( the  
outs ide  support  tube of t h e  inner  e lement)  and 
QC-4 w a s  representa t ive  of t h e  No. 4 support  t u b e  
(the outs ide  support  tube of t h e  outer  element). 
We intended originally tha t  only one  qual i ty  
control sample,  QC-1, would b e  required. How- 
ever ,  w e  soon real ized that  t h e  w e l d s  for t h e  
inner and  outer  tubes  were s ignif icant ly  different. 
In addi t ion,  a c h a n g e  in des ign ,  which s imulta-  
neously increased  t h e  th ickness  of t h e  outer  t u b e  
and  decreased  t h e  depth of t h e  weld land (both 
s igni f icant  changes) ,  required a s e p a r a t e  t e s t  
sample.  T h e  100-lb pullout s t rength required for  
t h e  weld jo in ts  w a s  demonstrated on mechanical  
property spec imens  obtained from a cyl indrical  
No. 1 support  tube  sample  with f la t  p l a t e s  pro- 
truding radial ly  from i t s  outer surface.  Pul lout  
s t rengths  i n  t h e  160- t o  260-lb range were  ob- 
tained. 

Several  assembly ,  welding, and  machining prob- 
l e m s  were encountered but  were sa t i s fac tor i ly  
so lved  prior t o  t h e  manufacture of t h e  f i rs t  re- 
ac tor  assembly .  One of t h e  major welding prob- 
lems w a s  a s s o c i a t e d  with t h e  inadequac ies  of t h e  
original welding equipment, including welding 
power supply, t h e  electrode-wire feeding  equip- 
ment, and  t h e  weld programming equipment. T h e  

Fig. 25.1. HFlR Outer Element During Dimension01 exac t ing  joint  requirements and  t h e  s ign i f icant  
effects of smal l  var ia t ions in  a r c  vol tage,  a r c  Inspect ion. 
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Table  25.3. Summary of P l a t e  Spacing on HFlR F u e l  Assemblies 

Preliminary F i r s t  Reactor 
Fue l  Assembly Fue l  Assembly 

Inner Outer Inner Outer 

Design 
Requirements 

Number of measurements 5643 12,177 5643 12,177 

Number of channels measured 171 369 171 369 All 

Maximum measurement, m i l s  57 55 56 52 60 

Minimum measurement, m i l s  46 44 44 44 40 

Average channel th ickness ,  milsa 51.0 48.8 49.9 48.4 so 
Maximum average channel c r o s s  53 52 52 51 56 

section, mils 

Minimum average channel c ros s  48 
section, m i l s  

47 47 46 44 

aThe  average th ickness  of the channels  was  ca lcu la ted  a t  each  of t he  e leven  ax ia l  measuring pos i t ions  for every 
channel. 

PHOTO 80956 
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Fig. 25.2. Typ ica l  Qual i ty  Control Samples for 

See text for Welds o f  F u e l  P la tes  to the Support Tube. 

explanat ion of specimen numbers. 

current, and wire veloci ty  d i c t a t e  tha t  rigid con- 
t rol  over  t h e s e  var iab les  be maintained. We could 
not accura te ly  control or repeat  welding param- 
e te rs ,  s o  s p e c i a l  equipment, shown in Fig.  25.3, 
w a s  acquired.  T h i s  c o n s i s t s  of a commercial 
power supply  and a commercial wire  feeder, both 
bui l t  t o  our spec i f ica t ions ,  a n d  a welding pro- 
grammer des igned  and bui l t  at  ORNL. Both t h e  
power supply and  wire  feeder  had direct-reading 
high-resolution d i a l s  combined with fast - response 

Fig. 25.3. Special Equipment for Welding HFlR F u e l  

E I ements. 
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self-compensat ing feedback controls. T h e  welding 
programmer c a n  integrate  and  modify t h e  wire  
speed ,  t h e  weld t ravel  speed ,  and  the  weld current 
as required for re l iable  a t tachment  of t h e  fuel  
plates .  With t h i s  equipment, the  welds  could b e  
accurately controlled and  reliably repeated.  T h i s  
equipment w a s  e s s e n t i a l l y  dupl icated a t  t h e  plant  
of t h e  vendor responsible  for t h e  manufacture of 
t h e  f i r s t  s e r i e s  of reactor fuel  e lements .  

Another problem a r e a  involved t h e  machining of 
t h e  support  t u b e s  for t h e  fuel  e lements  and t h e  
f inal  machining of t h e  fuel  e lements  t o  t h e  des ign  
configuration. In both cases, rigid control i s  re- 
quired during machining t o  meet t h e  dimensional  
requirements spec i f ied  by t h e  des ign  drawings. 
During t h e  ear ly  part of t h e  program, w e  were 
plagued with incons is ten t  resu l t s  in  both ma- 
chining and  inspect ion of t h e  support tubes .  We 
corrected t h e s e  incons is tenc ies  by  careful  pro- 
gramming of t h e  var ious machine operat ions and  
moving t h e  machining and inspect ion equipment t o  
a temperature-controlled room. During th i s  year, 
two complete  fuel  a s s e m b l i e s  were finished- 
machined t o  t h e  configuration required by t h e  
design.  T h e  f ina l  resu l t s  were  sa t i s fac tory  for 
both fue l  a s s e m b l i e s ;  none of t h e  c r i t i ca l  dimen- 
s i o n s  were  out of tolerance.  

Difficulty w a s  encountered in  meet ing t h e  round- 
n e s s  required for some of t h e  fuel  e lement  s u r f a c e s  
and in  meet ing some of t h e  sur face  f inish require- 
ments. T h e  weld shr inkage w a s  both greater  than 
expected and nonuniform a long  t h e  a x i s  of the  
elements ,  a n d  the  as-welded e lements  were out of 
round. To combat t h e  roundness  problem, we 
worked out  a s p e c i a l  machining procedure, which 
e s s e n t i a l l y  involved rough machining all s u r f a c e s  
in a rest rained condition and f inish machining i n  
a nearly unrestrained condition. T h e  f inish re- 
quired for t h e  support tube s u r f a c e s  w a s  diff icul t  
t o  obtain b e c a u s e  weld s u r f a c e s  a l ternated with 
unwelded sur faces  and  both did not have  t h e  same 
machining charac te r i s t ics .  T h i s  problem w a s  
corrected,  however, when our or iginal  “dry- 
machining” requirement w a s  relaxed t o  permit a 
light film of a lcohol  appl ied j u s t  ahead  of t h e  
cut t ing tool. 

Urani um Homogeneity 

M. M. Martin B. E. F o s t e r  S. D. Snyder 

T h e  depleted fuel  p la tes  produced by Metals 
and  Controls, Inc. (M&C) consis tent ly  exhibi ted 

e x c e s s i v e  fuel  concentrat ions throughout the  p la te  
area.  Ini t ia l ly  we assumed that  th i s  w a s  d u e  
primarily t o  incorrect  rolled-core dimensions re- 
su l t ing  in  a fueled core  tha t  w a s  too thick. How- 
ever ,  determination of total uranium content  by 
a n a l y s i s  of t h e  x-ray at tenuat ion d a t a  indicated 
that  t h o s e  p l a t e s  fabr icated with M&C powders 
contained approximately 6% too much uranium. 
Subsequent  chemical  a n a l y s i s  a f te r  to ta l  p la te  
d i sso lu t ion  showed tha t  t h e  to ta l  uranium content  
met spec i f ica t ions .  W e  concluded that  there  w a s  
a difference in  x-ray at tenuat ion be tween t h e  
ORNL and M&C mater ia ls ,  t h u s  c a u s i n g  a 6% 
bias .  

Several  highly enriched fuel  p la tes  were then 
scanned  for  uranium content  ana lys i s .  T h e  s c a n s  
indicated approximately a 3% e x c e s s  of uranium. 
Microradiographs of p la tes  containing t h e  M&C 
depleted material, M&C enriched material, a n d  
ORNL enriched material a r e  shown in Fig.  25.4. 
T h e  radiograph of t h e  depleted material showed 
a large amount of fragmentation, and t h e  f ine  
par t ic les  were interspersed i n  t h e  matrix, thus  
increas ing  t h e  x-ray at tenuat ion.  T h e  M&C en- 
r iched material did not show a s  much f ine  mater ia l  
a n d  ORNL powder showed e v e n  less. Longitudinal  
metallographic s e c t i o n s  through t h e s e  p l a t e s  a r e  
shown i n  F ig .  25.5. 

Clearly, oxide fractur ing w a s  c a u s i n g  t h e  b i a s  in  
uranium content  a n a l y s i s ,  and t o  overcome i t  
would require new at tenuat ion s tandards  for t h e  
M&C material. A s imilar  b i a s  could b e  encountered 
in  event  of a s igni f icant  change  in  t h e  fabricat ion 
schedule .  

T h e  des ign  of t h e  HFIR requires  very t ight  and  
complex spec i f ica t ions  on uranium homogeneity. 
W e  a r e  inves t iga t ing  t h e  uranium dis t r ibut ion in  
t h e  fue l  p l a t e s  for t h e  dual  purpose of e luc ida t ing  
undesirable  per iodic  effects ,  if any, and def ining 
t h e  degree of uranium homogeneity. W e  plan t o  
der ive s t a t i s t i c a l l y  the  relat ionships  between 
tolerance l imits  on uranium segrega t ion  and  fue l  
p la te  re ject ion ra tes .  

To develop t h e  a n a l y s i s  tha t  wil l  ultimately b e  
appl ied to t h e  production fuel  p la tes ,  25  inner  a n d  
50 outer  p la tes ,  randomly s e l e c t e d  from t h e  f i r s t  
ORNL reactor  production, were inspec tedg  with 

’The plates were scanned by the Inspection Engineer- 
ing Division under the supervision of K. K. Klindt. 
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Fig. 25.4. Microradiographs of Fuel P la tes  Containing (a) M 8 C Depleted, ( b )  M 8 C Enriched, and (c )  ORNL 
Enriched U308 ,  Showing Fragmentation Differences. 7 5 ~ .  

the homogeneity scanner previously discussed." with a 5/64-in.-diam x-ray beam a t  a speed of 240 
The instrument completely scanned each  plate in./min and monitored the instantaneous (spot) and 

0.16-sec RC time constant (average) attenuations 
'OB. E. Foster,  S. D. Snyder, and R. W. McClung, a t  0.048-in. increments along the length of the 

fue l  core. We recorded approximately 38,000 ob- Continuous Scanning X-Ray Attenuation Technique for 
Defecting Fue l  Inhomogeneities in Dispersion Core 
Fue l  P la tes ,  ORNL-3737 (January 1965). servations per plate at a combined rate for the 
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Fig. 25.5. The Inner Cylinder and One of the Four Outer Segment Plates o f  the HF lR  Control Rod. 

s p o t  and average  of about  165 values  per  second.  
T h e  s t a t i s t i c a l  a n a l y s i s  of t h i s  m a s s  of da ta  h a s  
been programmed for a n  electronic  computer. 

Very ten ta t ive  resu l t s  for t h e  f i rs t  reactor  p l a t e s  
show no periodicity in  t h e  core  length direct ion,  

more segrega t ion  i n  outer  than inner p la tes ,  and 
acceptab le  production to le rances  on homogeneity 
of 30% for t h e  s p o t  and k20% for t h e  e lec t ronic  
average.  We plan to similarly a n a l y z e  fuel  p l a t e s  
suppl ied  by a vendor for t h e  second reactor  core. 
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Ultrasonic Detection of Nonbonds 

K. V. Cook R. W. McClung 

In a n  at tempt  to correlate  resu l t s  from ul t rasonic  
inspect ion for nonbond, w e  h a v e  reexamined 
22 “re jec ted”  fue l  p l a t e s  u s i n g  ul t rasonic ,  ra- 
diographic, and metallographic techniques.  Pre-  
vious examinat ions had taken i n t o  account  only 
t h e  at tenuat ion of t h e  sound beam by  t h e  s u s p e c t e d  
discont inui ty  on a go no-go b a s i s .  Our s t u d i e s  
included monitoring both t h e  amplitude and  t h e  
a r e a  of reduced amplitude, thereby es tab l i sh ing  
a n  approximate s i z e  of t h e  nonbond. Hence,  by 
u s i n g  both t h e  a r e a  and t h e  s i g n a l  amplitude a s  a 
reject ion criterion, w e  could s a l v a g e  about  30% 
of t h e  previously rejected plates .  

B e c a u s e  of concern that  fuel  segregat ion w a s  
c a u s i n g  spurious reject ion,  metallographic sec- 
t ions  were taken to represent  ul t rasonic  indica- 
t ions  of nonbond, some of which were a s s o c i a t e d  
with segregat ion.  In addi t ion,  a s e c t i o n  w a s  
taken in  a n  a r e a  of segrega t ion  with no de tec ted  
nonbond. T h e  resu l t s  iAdicated tha t  when s e v e r e  
par t ic le  cracking w a s  a s s o c i a t e d  with segregat ion 
near  c o r e  e n d s ,  a nonbond indicat ion could b e  
obtained. However, segregat ion a lone  did not 
produce s u c h  a n  indicat ion.  

CONTROL ELEMENTS 

R. J. Beaver  

T h e  HFIR control  e lement  is composed of two 
concentr ic  cy l inders ]  e a c h  made u p  of four curved 
plates .  T h e  inner cyl inder  c o n s i s t s  of four 659/,,- 
in.-long p l a t e s  welded together  and  explosively 
s i z e d  t o  17.842 in. OD. T h e  cyl inder  surrounds 
t h e  fuel  e lement  and  i s  s e p a r a t e d  from i t  by a 
0.104-in.-thick water  p a s s a g e .  Surrounding it 
symmetrically and  i n s i d e  t h e  beryllium reflector 
is t h e  segmented outer  cylinder, which comprises  
four s e p a r a t e  curved plates .  Water g a p s  0.170 
and 0.095 in. thick s e p a r a t e  t h e  segmented outer  
cyl inder  from t h e  inner  cyl inder  and beryllium 
ref lector  respect ively . 

To avoid large pressure  different ia ls  in  t h i s  
sys tem,  extremely close control  of t h e  dimensions 
of t h e s e  control  p i e c e s  must obviously b e  main- 
tained. Explos ive  s i z i n g  techniques were invest i -  

“R. W. McClung, Development of Nondestructive 
Testing Techniques for the High Flux Isotope Reactor 
Fuel Element, ORNL-3780 (Apri l  1965). 

gated t o  a c h i e v e  t h i s  object ive.  Figure 25.5 
i l lus t ra tes  t h e  inner control  cyl inder  and  one of 
t h e  four outer  segments ,  which w e  successfu l ly  
made for t h e  f i r s t  reactor  loading. All p la tes  a r e  
e s s e n t i a l l y  t h e  s a m e  i n  tha t  they  contain 22-in.- 
long regions cons is t ing  of 33 vol % Eu,O, d is -  
persed in aluminum with a 5-in.-long extension 
of t h i s  region tha t  conta ins  40 vol  % Ta dispersed  
in  aluminum. T h e  inner and  outer  components a r e  
posi t ioned i n  t h e  reactor  s o  that  ver t ica l  dis-  
placement of one  re la t ive  t o  t h e  other  c a n  resu l t  
in  any  combination of europium oxide,  tantalum, 
and  aluminum in the  a c t i v e  reactor  region. T h e  
p l a t e s  a r e  ‘/4 in. thick including a >,,-in.-thick 
cladding over  t h e  europium oxide and tantalum- 
bear ing s e c t i o n s .  T h e  s e c t i o n  containing t h e  
europium oxide  is readily ident i f ied by t h e  a b s e n c e  
of holes .  All other  s e c t i o n s  h a v e  “radiused” 
(having e d g e s  rounded to  >16-in. rad ius)  >-in,- 4 

diam h o l e s  to minimize pressure  different ia ls .  
In addi t ion t o  complet ing t h e  f i r s t  s e t  of control 

e lements  for t h e  reactor, w e  a lso produced com- 
ponents  for t e s t i n g  in  t h e  Cr i t ica l  T e s t  F a c i l i t y ,  
modifications of t h e s e  par t s  for subsequent  u s e  
i n  t h e  reactor ,  and  a n  inner cyl inder  and  four outer  
segment  p l a t e s  for  u s e  during t h e  nonnuclear  t e s t -  
ing p h a s e s  of t h e  reactor  s tar tup.  Including p la tes  
for a s e c o n d  production s e t  of control e lements ,  
we  rolled 2 8  prototype p la tes ,  thereby thoroughly 
demonstrat ing fabricat ion techniques  developed in  
the  previous year. 

T e s t s  ini t ia ted last year  to  determine t h e  sta- 
bi l i ty  of t h e  A1-33 vol % E u 2 0 3  under irradiation 
were completed. After one year  in  t h e  ORR at  
a flux of 1 x 1014 neutrons c m - *  sec-’, no  
dimensional  changes  were observed.  

Control P la te  Fabrication and Preforming 

M. M. Martin W. J ,  Werner 
C. F. Lei t ten ,  Jr. 

During t h e  year ,  major emphas is  w a s  p laced  on 
producing two sets of inner and  outer  control  
p l a t e s  for u s e  i n  t h e  reactor  a n d  for def ining 
production y i e l d s  and  tolerances.  W e  s u c c e s s f u l l y  
fabr icated t h e s e  p l a t e s  t o  t h e  s a m e  spec i f ica t ions  
and with t h e  ident ica l  procedures t h a t  were  de- 
veloped for t h e  cr i t ical- tes t  components. l 

”111. M. Martin et at., Metals and Ceramics Div. Ann. 
Progr. Rept. June 30, 1964, ORNL-3670, p. 210. . 
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T h e  arc-fusing technique for preparing europium 
oxide  for s i z i n g ’ ,  gave  a total  mater ia l  loss of 
only 4.2%. T h i s  method yielded economically 
high-density E u z 0 3  tha t  w a s  e a s y  t o  crush,  
general ly  producing 70% -100 + 3 2 5  mesh par- 
t i c l e s  and 30% fines .  After d i s k  crushing t o  
-100 mesh, the  process  yield w a s  83.4%. How- 
ever ,  t h e  material los t  in  t h i s  s t a g e  w a s  readily 
recoverable  by subsequent  remelting. Compacts  
containing 33 vol  % Eu,O, i n  aluminum were 
consol idated a t  22.5 t s i .  In our previous report,’ 
we  indicated incorrect ly  t h a t  w e  were press ing  
a t  45  tsi. 

T a b l e  25.4 summarizes t h e  fabrication resu l t s  
for the  2 8  control p la tes  w e  produced, including 
t h e  c r i t i ca l  t e s t  components a n d  the  f i r s t  two 
s e t s  for t h e  reactor. T h e  d a t a  i l lus t ra te  our 
exce l len t  control of rolling parameters, poison 
loadings,  and  c o r e  dimensions.  T h e  two core 
mater ia ls ,  however, rolled differently, a s  s e e n  
from t h e  var ia t ions in  average  dimensions,  rolling 
parameters, and tolerance l imits .  T h e  differences 
in t h e  loading to le rance  of t h e  “black” and 

I3R. E. McDonald and C. F. Leitten,  Jr., Metals and  
Ceramics Div. Ann. Progr. Rept. June 30, 1964, ORNL- 
3670, p. 166. 

gray” s e c t i o n s  resu l ted  from variat ions in  t h e  
s i z e  of t h e  A1-40 vol % ‘ra compacts  c a u s e d  by 
machining tolerances.  

Of t h e  2 8  p la tes  produced, 27 were acceptab le  
for preforming. Previously,’  gluing a backup 
p la te  onto t h e s e  composi te  control p la tes  pre- 
vented c racking  of t h e  br i t t le  EuZO3-A1 core  
s e c t i o n  by maintaining i t  in compression during 
preforming operations. Twenty-six p l a t e s  h a v e  now 
been  preformed without failure, thoroughly demon- 
s t ra t ing  t h e  feasibi l i ty  of th i s  technique. 

6 6  

Forming Control Element Components 

R. J. Beaver  

To demonstrate  that  t h e  techniques reported 
l a s t  year ’  for explosively s i z i n g ’  t h e  outer  
segments  of t h e  control  e lement  were feas ib le ,  
w e  produced 24 formed p l a t e s  for  the  c r i t i ca l  

14R. 1. Beaver et al.. Metals a n d  Ceramics Div. 
Ann. Progr. Rept. June 30, 1964, ORNL-3670, pp. 
208-15. 

15Explosive forming by Y-12 Plan t  under direction of 
W. T. Carey. 

Table 25.4. Summarized Data on HFlR Control P late  Fabrication 

Specified Core Dimensions Average Measured Core Core Loading (9) 

Average (in.) Dimensions (in.) Section Tes t ed  
Length Width Thickness  Length Width Thickness  Specified Found 

Outer p la tes  

Black sectiona 22.00 13.19 0.194 21.97 13.19 0.193 2230 2225 

Gray sec t ionb  5.00 13.19 0.1 94 4.89 13.16 0.1 97 1300 1303 

Inner p la tes  

Black sectiona 22.00 13.10 0.194 21.97 13.09 0.193 2215 2212 

Gray sectionb 5.00 13.10 0.194 4.89 13.05 0.197 1295 1295 

Tolerance limits‘ * O S 0  k0.12 k0.005 k0.30 k0.12 k0.005d f 2 2  k3d 
*0.009’ *loe 

a33 vol 70 Eu,O,. 
b40 vol % Ta. 
‘Limits c i ted  for measured averages a re  95% confidence, 9W0 distribution. 
dFor black section. 
‘For gray section. 
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tes t  program, the hydraulic mockup, and the first 
reactor loading. We first used the previous year's 
experience to  make the components for the critical 
t e s t  No. 3. At that time, we had not completely 
developed our procedures for making the inner 
cylinder. Rather than delay the program, we used 
the techniques developed for outer segments to 
explosively s i z e  plates for the inner cylinder. 
We then riveted them together to  form a cylinder. 

Figure 25.6 i l lustrates the exceptional control 
of the curvature of the outer segment plates that 
we achieved by the explosive s iz ing  operation. 
These  typical results were obtained on one of 
the plates for the first reactor set .  The  data were 
obtained by longitudinal scanning a t  circumferen- 
t ia l  intervals of l?* in. for deviations from the 
nominal 9.300-in. radius and recording a con- 
tinuous trace with an x-y plotter. Controlling 
the deviations to  within k0.014 in. of a 9.300-in. 
radius is an outstanding achievement and dem- 
onstrates the advantage of high-energy forming. 

We a l s o  devoted considerable attention this 
year to establishing procedures for attaching the 
end fittings to the outer segment plates. These  
fittings fix the  position of the plates with respect 
to the adjacent reactor components. It is obvious 
from the limited space  available that a slight 
deviation in position can  have a significant per- 
centage effect on the water passages  and, thus, 
on the hydraulic conditions between these  parts, 
By matching the end fitting exactly to  the actual 
plate radius and using well-designed gages, we 
were ab le  t o  position the end fittings remarkably 
well to the ends  of the plate. 

ORNL-DWG 65-9946 
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NO 8 - 6 %  in RIGHT OF CENTER LINE 
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Fig. 25.6. Traces Showing Local Deviations from the 
9,300-in. Nominal Radius i n  Outer Control P late  No. 50. 

Our previous work14 had indicated that we would 
b e  ab le  t o  explosively size the inner control 
cylinder after welding the four neutron absorber 
plates t o  a diameter approximately i2 in. less 
than the 17.832-in. die diameter. We found, 
however, that the bond a t  the interface of the 
europium oxide dispersion and the aluminum 
edging of the  composite plate failed under the 
tensile s t r e s ses  applied in the explosive sizing. 
We, therefore, resorted to  compressive explosive 
sizing. 

In our initial feasibil i ty experiment, we used 
an all-aluminum cylinder that prior t o  s iz ing  was 
in some regions a s  large a s  17.855 in. in diameter. 
The  s iz ing  d ie  is a sp l i t  die and when closed is 
17.832 in. in diameter. We had no unusual dif- 
ficulty in inserting the part into the sp l i t  d ie  
and closing the die together. Thus,  by applying 
compressive forces, we reduced the diameter of 
the aluminum cylinder to  17.832 in. prior to  
detonating the explosive charge. The  charge 
consisted of 50 g per l ineal foot of Primacord. 
The  detonation was repeated and the cylinder 
removed. The  diameter measured 17,846 in. 
With th i s  encouraging result, we started to  make 
the first cylinder for the reactor. However, be- 
cause  of our limited experience, we thought we 
needed t o  weld the composite control plates 
together to  form a cylinder that was no smaller 
than 17.832 in. in diameter and not larger than 
17.855 in. in diameter. We established our target 
for this very precise welding as  17.846 in. in 
diameter 10.005 in. By careful fixturing and 
gaging, we accurately machined three plates to  
an a rc  length of 14.041 in. We subsequently 
machined the fourth plate t o  14.118 in., a value 
based on weld shrinkage data established when 
the first two plates were welded together. We 
selected the  Pandjiris  external seam welder to 
weld the plates together. Two-pass welds were 
used. The  joint was a butt weld with a 60° in- 
cluded angle and a >16-in. root face. Pertinent 
welding parameters are l isted below. 

Shielding 
Speed Gas Rate 

(cfh) Pass Amperage Voltage (in./min) 

Carriage Wire Torch Backing 

1 320 13 6 18 70 None 

15  6 36 70 None 2 310 
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Fig. 25.7. Equipment and Fixtur ing for Welding P la tes  

Together to Form the HFlR Inner Control Rod Cylinder. 

Figure  25.7 s h o w s  two p l a t e s  i n  t h e  Pandj i r i s  
prior to be ing  welded into a half cylinder. T h e  
s i d e  ra i l s  and t h e  bands  were u s e d  to minimize 

gulling” of t h e  welded joint  from shrinkage 
during cooling. Bands  also were  used  t o  control 
t h e  symmetry of t h e  part when t h e  two half cyl- 
inders  were welded together. F igure  25.8 s h o w s  
t h e  macrostructure of the  welded joint. After be ing  
welded t h e  jo in ts  were all sc raped  and  t h e  f i rs t  
two were a lso planished. P lan ish ing  could b e  
used  t o  i n c r e a s e  the  a r c  length of t h e  welded 
part and enabled u s  t o  weld the  p la tes  together 
t o  form a cyl inder  whose average  diameter  w a s  
17.851 in. We a l s o  found t h a t  we  could predict  
t h e  weld shr inkage per joint  t o  b e  (0.047 tO.005) 
in. 

( <  

N o  difficulty w a s  experienced in  squeez ing  t h e  
welded cyl inder  in to  t h e  die. T h e  prac t ice  for 
s t r ik ing  t h e  cyl inder  w a s  aga in  two detonat ions,  
e a c h  c o n s i s t i n g  of 50 grains  per l inea l  inch of 
Primacord. T h e  resul t  w a s  a cyl inder  with ex- 
cept ional  dimensional  control, evidenced by t h e  
da ta  presented in  F ig .  25.9. T h e  concentr ic i ty  
t r a c e s  made at 45O in te rva ls  and  at  t h e  s t a t i o n s  
indicated a long  t h e  length show t h a t  t h e  boundary 
of the  generated sur face  is within +0.015 in. of 
t h e  nominal and wel l  within t h e  al lowable k0.030- 
in. tolerance. T h e  average  diameter  v a l u e s  a t  
their  s p e c i f i c  s t a t i o n s  a long  t h e  length also 
reveal  t h e  close control of t h e  diameter achieved  
by t h e  high-energy s i z i n g  operation. 

Fig. 25.8. Typica l  Two-Pass  Hel iorc Weld Used  to 

Join P la tes  Together to  Form the HFlR Inner Control 

Cylinder. A s  polished. 

ORNL-DWG 65-9947 
0.02 

NUMERALS INDICATE SUCCESSIVE TRACES AT 45’ INTERVALS 
AROUND THE CYLINDER. POINTS SIMILARLY MARKED ARE !eoo 
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Fig. 25.9. Dimensional Data on HFlR Inner Control 

Cy1 inder. 

Irradiation Testing of Europium Oxide and 
Europium Molybdate Dispersions 

R. J. Beaver  A. E. Richt  

During t h e  p a s t  year  w e  irradiated in  t h e  ORR 
a t  140°F three aluminum-clad coupons,  two con- 
ta ining 33 vol  % Eu,O, d ispersed  in  aluminum 
a n d  one  conta in ing  38 vol % i n  
aluminum. T h e s e  s m a l l  p la te le t s  were i l lus t ra ted  
in  our previous report. Dimensionally, they 

16R. J. Beaver and C. F. Leitten,  Jr., Metals a n d  
Ceramics Div .  Ann. Progr. Rept.  June 30, 1964, ORNL- 
3670, p. 215. 
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Table 25.5. Thickness Measurements of A l u m i n u m - B a s e  Specimens Containing Europium 
Oxide and Irradiated in the O R R  a t  14OoF 

Dispersion Estimated Exposure (neutrons /cm ') Average Thickness  (in.) 
Concentration 

Thermal Neutrons Fast Neutrons Preirradiation Postirradiation 
(vol 70) 

33 Eu,O, 1.3 

33  Eu,O, 2.0 

38 E U , . ~ M O O ~ ~  1.3 

x l o z 1  x l o z 1  

- 

h a v e  t h e  s a m e  nominal clad-core-clad th ickness  
(0.031-0.188-0.031 in.) a s  the  ful l -s ize  reactor 
plate. Knowing from other work tha t  swel l ing  of 
p la te le t s  c a n  b e  de tec ted  readily by monitoring 
th ickness  c h a n g e s ,  w e  u s e d  t h i s  dimension t o  
judge t h e  dimensional  s tab i l i ty  of t h e s e  dis-  
pers ions.  Our resu l t s  a f te r  measuring t h e s e  
p la tes  throughout t h e  year  a r e  l i s t e d  in  T a b l e  
25.5. We found n o  ind ica t ions  of instabi l i ty  of 
t h e  A1-33 vol % Eu,O, dispers ion af ter  a n  es t i -  
mated exposure of 2 x 10" neutrons/cm* (ther- 
mal). T h e  specimen containing 38 vol % Eu,. ,Moo1 
increased  in t h i c k n e s s  0.9% during a n  exposure 
of 4 x 10'' neutrons/cm2 (thermal). No  addi t ional  
change,  however, w a s  observed af ter  a to ta l  
exposure of 1.2 x 10" neutrons/cm3 (thermal). 

Mechanical Properties o f  Control P l a t e  Material  

UT. R. Martin 

We measured t h e  room-temperature e l a s t i c  mod- 
ul i  and a l s o  examined the  c r e e p  r e s i s t a n c e  a t  
300°F and 2000 p s i  of t h e  europium-bearing and 
tantalum portions of HFIR control  plates .  In addi- 
tion, we  tes ted  under irradiation whether  s t r e s s  
relaxation occurs  in t h e  AI-40 vol % Ta dis-  
persion. 

T a b l e  25.6 l i s t s  t h e  room-temperature e l a s t i c  
moduli of both d ispers ions  and  t h e  all-aluminum 
sec t ions ,  measured on spec imens  cu t  from full- 
s i z e  p l a t e s  rolled and  h e a t  t reated i n  accordance  
with HFIR control-plate procedures. F o r  economy, 
Lindsay  Mix (50% Gd20,-50% S m z 0 3 )  w a s  sub-  
s t i tu ted  in  t h e  rare-earth portion for E u , 0 3 .  

0.5 0.2509 0.2508 

0.9 0.2502 0.2510 

0.5 0.2499 0.2522 

Creep  d a t a  for t h e  same three mater ia ls ,  also 
measured on s p e c i m e n s  c u t  from t h e  rolled full- 
size composi te  plate ,  a r e  also l i s t e d  in T a b l e  
25.6. Of t h e  three mater ia ls ,  A1-40 vol % Ta 
w a s  t h e  s t rongest .  T h e  33 vol  % Lindsay  Mix 
and  t h e  all-aluminum type 6061 portion were  
comparable  t o  e a c h  other  but weaker  than t h e  
tantalum-bearing material. 

W e  t e s t e d  t h e  A1-40 vol % Ta material t o  
observe  t h e  s t r e s s  relaxation propert ies  of t h i s  
dispers ion under irradiation. Dubrovin et al. had 
previously shown that  irradiation c a n  inf luence 
t h e  s t r e s s  re laxat ion propert ies  of a material. '  
T h e  s p e c i m e n s  w e  u s e d  were s m a l l  p l a t e s  with 
overal l  dimensions 1 2  x 1 x 0.100 in. and  a c o r e  
10 x 5, x 0.070 in. T h e s e  composi tes  and all- 
aluminum type 6061 p l a t e s  of t h e  same overal l  
dimensions c u t  from t h e  e n d s  of t h e  composi tes  
were bent  t o  a radius ca lcu la ted  t o  give a n  ini t ia l  
s t r e s s  of 4660 p s i  on t h e  d ispers ion  and  3680 p s i  
on t h e  aluminum. A f ixture  held the  p l a t e s  a t  
t h e  des i red  radius  whi le  in  t e s t .  We conducted 
t h e  t e s t  i n  t h e  F-7 posi t ion of t h e  ORR a t  t h e  
reactor  process-water  temperature t o  a d o s e  of 
9 x 10'' neutrons/cm2.  After t h e  spec imens  
were removed from t h e  f ixture ,  the i r  radi i  of 
curvature  were  measured. If n o  s t r e s s  re laxat ion 
had occurred,  t h e  radius  of curvature  would b e  
infinite; however, we  found measurable  radii. 
T h e  ca lcu la ted  va lues  of t h e  relaxation s t r a i n s  
and  s t r e s s e s  for t h e  spec imens  t e s t e d  a r e  l i s t e d  
in  T a b l e  25.7. S t r e s s  re laxat ion occurred in  both 
t h e  tantalum-aluminum composi tes  and  t h e  type  

17K. P. Dubrovin et al., Proper t ies  of Reac tor  Ma- 
terials a n d  the Effec ts  of Radiation Damage, Butter- 
worths, London, 1961. 
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6061 aluminum spec imens .  T h e  average  s t r e s s  s t r e s s ,  our resu l t s  ind ica te  tha t  s t r e s s  re laxat ion 
decrement for  t h e  tantalum-bearing s a m p l e s  is in t h e  A1-40 vol % Ta material is about  14% 
1410 psi .  If t h e  assumption is valid that  t h e  greater  than t h a t  of t h e  wrought type  6061 alu- 
magnitude of relaxat ion is proportional t o  t h e  munium. 

T a b l e  25.6. Mechanical Properties of H F l R  Control-Element Mater ialsa 

Plas t i c  Strain' (70) a t  Times  (hr) of E l a s t i c  Modulusb Material 
(psi)  1 10 100 250 500 750 1000 2000 

6061 aluminum 9.32 X lo6  0.04 0.06 0.10 0.11 

A1-Tad 13.3 X l o 6  0 0 0 0.01 0.02 0.03 0.03 0.03 

Al-Lindsay Mixe 9.93 x l o 6  0.04 0.07 0.08 0.09 0.09 0.11 0.12 0.12 

%pecimens cu t  from rolled composite plate. 
bAt room temperature. 
'At 200'F and 2000 psi. 
dA1-40 vol Yo Ta, c lad  with 0.030 in. 6061 aluminum. 

eA1-33 vol '% Lindsay Mix (50% Gd2O3-50% Sm 0 ), c lad  with 0.030 in. 6061 aluminum. 2 3  

Table  25.7. Stress-Relaxation in  Bending o f  Aluminum P la tes  

Material Relaxation 
Strain 

Relaxation S t r e s s  (psi)" 

Init ial  F ina l  Change 

x 1 0 - ~  

Al-clad Ta-A1 composite 0.96 

Al-clad Ta-A1 composite 1.28 

4660 3380 1280 

4660 3210 1450 

Al-clad Ta-A1 composite 1.12 4660 3160 1500 

Aluminum 1.00 3680 2630 1050 

Aluminum 

Aluminum 

1.00 

0.72 

3680 2630 1050 

3680 2920 760 

6 aCalculated from an  e l a s t i c  modulus of 10.5 x l o 6  p s i  for aluminum and 13.3 X 10 for the  dispersion. 



26. High Flux Isotope Reactor Target Development 

D. A. Douglas ,  Jr. 

T h e  Transuranium Projec t ,  in  which research 
quant i t ies  of t h e  higher  ac t in ide  e lements  wil l  be  
produced by transmutation, is be ing  carr ied out in 
two parts. One i s  t h e  design and construct ion of 
the  High Flux  Isotope Reac tor  (HFIR), for which 
t h e  development of t h e  fue l  and control e lements  
is a responsibi l i ty  of t h e  Metals and Ceramics  
Division; our  efforts i n  t h a t  a r e a  a r e  reported in  
Chap. 25 of t h i s  report. T h e  second p h a s e  of 
the  program is t h e  development  of remote proc- 
es s i n g  and refabrication of t h e  target  e lements  
a n d  t h e  requis i te  equipment. Progress  on t h e  
fabrication, our part of t h i s  phase ,  is reported 
below. 

T h e  in i t ia l  t a rge ts  will contain plutonium oxide, 
Fol lowing their exposure in t h e  reactor, des i red  
i so topes  will b e  chemically separa ted  and proc- 
e s s e d  t o  provide mater ia l  for inclusion in  new 
ta rge ts  for addi t ional  exposure.  Through t h e s e  
sequent ia l  s t e p s ,  gram quant i t ies  of t h e  higher  
ac t in ide  oxides  (americium, curium, berkelium, and 
californium) can  b e  produced. S ince  t h e  mater ia l  
to b e  processed  will b e  highly radioact ive and 
toxic, a heavi ly  sh ie lded  and contained faci l i ty  
is required for carrying out  the  chemical  process-  
ing  and fabrication s t e p s .  

Our work c o n s i s t s  of developing procedures for 
fabrication of sa t i s fac tory  target  e lements ,  con- 
duct ing irradiation t e s t s  t o  demonstrate  t h e  ade- 
quacy of the fabricat ion techniques,  and invent ing 
or adapt ing equipment to  carry out  t h e  fabrication 
in  enc losed  and sh ie lded  cubicles .  

A target  assembly des igned  t o  provide an equiv- 
a len t  c r o s s  s e c t i o n  i s  b e i n g  made for reactor  
c r i t i ca l  experiments ,  and t h e  plutonium-bearing 
assembly for t h e  f i rs t  t a rge t  loading i n  the  HFIR 
i s  be ing  fabricated. 

TRANSURANIUM TARGET FABRICATION 
EQUIPMENT 

M. K. Pres ton ,  Jr. '  
R. I .  Deaderick '  A. L. L o t t s  

J. E. Van C l e v e  

T h e  HFIR target  e lement  depic ted  in  F ig .  26.1 
c o n s i s t s  of a %-in.-diam intermittently finned rod 
and  a shea th  t h a t  is mechanical ly  a t tached  to t h e  
f ins  a t  t h e  bottom of t h e  rod. T h e  shea th ,  which 
h a s  a hexagonally s h a p e d  top but  is o therwise  
cyl indrical ,  a c t s  as  a s p a c e r  and coolan t  channel. 
T h e  35-in. e lement  conta ins  0.250-in.-diam 0.571- 
in.-long pe l le t s  in  t h e  20-in. a c t i v e  length,  which 
will contain transuranium elements .  T h e  remainder 
of t h e  length i s  occupied by  end  c a p s  and  void 
s p a c e  for t h e  accumulation of f i ss ion  gas. T h e  
p e l l e t s ,  which a r e  completely encapsula ted  in  
aluminum, a r e  compacts  of ac t in ide  o x i d e s  and 
aluminum powder p r e s s e d  to a dens i ty  8 9  to 91% 
of theoretical. 

Equipment is be ing  developed  t o  remotely 
fabricate  t h e s e  target  e lements  i n  t h e  Transura-  
nium P r o c e s s  F a c i l i t y ,  which is heavi ly  shielded.  
T h e  b a s i c  c r i te r ia  and methods of operation to b e  
u s e d  i n  t h e  fabricat ion have  not  changed sub-  
s tan t ia l ly  from tha t  out l ined previously. All 
equipment h a s  now been  des igned  and  fabricated 
to operate  semiautomatical ly .  I t  requires  minimum 
u s e  of manipulators and i t  c a n  b e  removed from t h e  
cubic le  through t h e  18- by 35-in. equipment- 
t ransfer  opening i n  t h e  roof. In addi t ion,  many 
components, s u c h  a s  motors, cyl inders ,  va lve  

'On loan from General Engineering and Construction 

'Oak Ridge Gaseous  Diffusion Plant.  

3 M. K. Pres ton  et al., Metals and  Ceramics Div. Ann. 

Division. 

Progr. Rept. May 31, 1962, ORNL-3313, pp. 108-11. 
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ED TUBE\ 

Fig. 26.1. HFIR Target Assembly. 

c lus te rs ,  e lec t r ica l  wiring jumpers, and support ing 
hoppers  or magazines ,  c a n  b e  removed from or 
replaced by the  8-in.-diam by 8-in.-deep in te rce l l  
conveyor. 

T h e  mockup and evaluat ion of t h i s  equipment i s  
well under way. T h e  project i s  91% complete. 
Some effort is be ing  expended on redesign of 
equipment, including a few major i tems,  a s  a re- 
s u l t  of our mockup tes t ing.  A resumk of t h e  
des ign ,  fabrication, and  mockup follows; more 
de ta i led  information o n  t h e  progress  during t h e  
p a s t  year  is reported elsewhere. 4- 

4M. K. Pres ton ,  R. I. Deaderick,  J. E. Van Cleve ,  and 
A. L. Lot t s ,  Transuranium Quart. Progr. Rept. Aug. 31, 

'M. K. Pres ton ,  R. I. Deaderick,  J. E. Van Cleve ,  and 
A. L. Lotts .  Transuranium Quart. Progr. Rept .  N o v .  
30, 1964, ORNL-3847 (in press ) .  

6M. K. Pres ton ,  R. I. Deaderick,  J. E. Van Cleve ,  and 
A. L. Lotts, Transuranium Quart. Progr. Rept .  Feb .  
28, 1965 (in press) .  

1964, ORNL-3739, pp. 38-49. 

Design and Fabrication 

Approximately 54 s e p a r a t e  i t e m s  of equipment 
h a v e  been  des igned  and bui l t  to  fabr ica te  and 
inspec t  t h e  HFIR ta rge t  elements. T h e  redesign 
of components for Cubic le  3 inc ludes  modifica- 
t ions  to  t h e  ca lc iner  and pe l le t  thermal t reatment  
equipment and a new des ign  for the  blending and 
powder-weighing system. Cubic le  2 equipment 
appears  t o  b e  sa t i s fac tory  e x c e p t  tha t  bet ter  
bear ings  a r e  needed  i n  t h e  ta rge t  assembly  
machine (welder), Cubic le  1 equipment a l s o  ap- 
pears  to  b e  sat isfactory;  however, t h i s  equipment 
h a s  n o t  h a d  t h e  e x t e n s i v e  operation needed  to  
find t h e  weak  points. P ip ing  manifolds for the  
two ta rge t  rod u l t rasonic  c l e a n e r s  a r e  being re- 
des igned  to incorporate d i s c o n n e c t s  tha t  c a n  b e  
operated by t h e  manipulators. 
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Equipment Mockup 

A mockup of t he  three Transuranium fabrication 
cells h a s  been constructed. The  front wall and 
roof section a re  mounted on rails  s o  that the wall 
may b e  placed in front of each cell as required. 
The  roof section a l so  carries the  cubicle crane 
and the  serv ice  connectors. We u s e  the mockup 
t e s t  to  develop satisfactory operating procedures 
and to t e s t  and modify the  equipment in a readily 

access ib le  environment. From our experience, 
operating and maintainance manuals will be 
developed. 

The  s t a tus  of equipment development in the 
mockup follows. 

Cubicle 3. - All the equipment h a s  been re- 
ceived and installed in the mockup. An overall 
pictorial of the equipment in Cubicle 3 is shown 
in Fig. 26.2. The  preliminary testing is complete 
and h a s  resulted in a number of minor alterations 

I .  CALCINER AND THERMAL TREATMENT FURNACE 8. TRANSFER ARM 

2. BATCH SCALE 9. PELLET PRESS 

3. ALUMINUM POWDER ADD STATION (0. PELLET WEIGHT AND LENGTH SCALE 

4. BLENDER-DISPENSER PELLET MAGAZINE* 

5. PELLET LOAD SCALE 

6. CAP POWDER MAGAZINE 

7. DIE MAGAZINE 

12. PELLET ULTRASONIC CLEANER* 

“SOME COMPONENTS BEING REWORKED AT THE TIME 

13. PELLET DISCHARGE STATION 

THE PHOTO WAS TAKEN 

. 

Fig. 242. View of the Equipment in  Cubicle 3 Mockup. 
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involving lifting a ids  for u s e  with the  cell crane 
and manipulators. We are now determining an 
optimum set of blending parameters using tungsten 
carbide a s  a stand-in for the actinide oxide. This 
s a m e  material will b e  used  throughout the mockup 
test, s ince  the large density difference between it 
and the  aluminum matrix powder should make this 
a real test  of the system. 
Cubicle 2. - The equipment installed in Cubicle 

2 of the mockup is shown in Fig. 26.3. All the 
equipment h a s  been mounted on the  equipment 

base. Each i t e m  h a s  been operated independently, 
and only minor alterations have been necessary to 
obtain satisfactory performance. 
Cubicle 1. - The equipment installed in Cubicle 

1 of the mockup is shown in Fig. 26.4. All the 
equipment h a s  been mounted. The  installation of 
the electrical, instrument, and piping serv ices  is 
nearing completion. Each individual piece h a s  
been operated separately and minor alterations 
have been performed. 

!. PELLET TRANSFER TUBE 6. TARGET ROD TRANSFER STATION 

2. PELLET INSPECTION AND LOADING EQUIPMENT * 

4. TARGET ROD WELDER" 

7. TRANSFER A R M *  

3. TARGET ROD HOLDER AND LOADING STATION 8. ULTRASONIC CLEANER 

"SOME COMPONENTS BEING REWORKED AT THE 
5. H E L I U M  LEAK TEST CHAMBER TIME THE PHOTO WAS TAKEN 

Fig. 26.3. View of the Equipment in  Cubicle 2 Mockup. 
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1. ULTRASONIC CLEANER 

2. TARGET ROD RECEIVER 9. ULTRASONIC CLEANER 

8. HYDROSTATIC COLLAPSE OR HOT ARGON COLLAPSE STATION" 

3. DRYER AND SURFACE SMEAR STATION 10. TRANSFER A R M "  

4. D IMENSIONAL INSPECTION STATION f f .  TARGET ELEMENT DISCHARGE TUBE 

5. HEX CAN PLACEMENT STATION 

6. X-RAY F I L M  STATION 

7. X-RAY UNIT  

SOME COMPONENTS BEING REWORKED AT T H E  T I M E  
PHOTO WAS TAKEN 

)c 

Fig. 26.4. View o f  Equipment i n  Cubicle  1 Mockup. 

PLUTONIUM TARGET FABRICATION 

J. D. Sease  A. L. Lotts 

Fabrication of 242Pu HFIR  Target Elements 
for Irradiation at Savannah River 

We fabricated 18 HFIR target elements, shown 
in Fig. 26.5, each containing 10 g of 242Pu in the 
form of PuO,. They are currently being irradiated 
in one of the Savannah River reactors to accelerate 

the Transuranium Program. T h e  procedure that 
was used to fabricate these  elements was essen- 
tially identical  to  t hose  used  to fabricate the 
prototype irradiation target elements' and the 
first Savannah River target e l e m e n t s 8  T h e  fabri- 
cation procedure consisted of pressing pellets 

7J. D. Sease and D. M. Hewette, Fabrication and 
Preirradiation Data for High Flux Isotope Reactor 
Prototype Target Rods, ORNL-TM-8 11 (June 1964). 

J. D. Sease, Fabrication and Preirradiation Data o f  
HFIR Target Elements for Savannah River Irradiation, 
ORNL-TM-1095 (June 1965). 

8 

. 
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Fig. 26.5. Assembled HFIR Target Elements Currently Being Irradiated at Savannah River Laboratory. 

containing 2 4 2 ~ u 0 ,  in an aluminum matrix (35 
separa te  pellets per element), inserting the 
pellets into an aluminum tube, end-closure weld- 
ing, helium leak testing, cold hydrostatic collapse 
of the cladding onto the pellets,  and mechanical 
attachment of the cover can  to the finned cladding 
tube. The  elements were fabricated to the  avail- 
ab le  HFIR target element specifications,  s ince  
these  elements may b e  used  in the HFIR after the 
init ial  irradiation a t  Savannah River. 

The  fabrication of the  elements w a s  completed 
without major difficulty. The  most troublesome 
problem was  in  making the  Pu0,-containing pellets 
within t h e  length requirements, a problem attribut- 
ab le  to the difficulty of dispensing a homogeneous 
blend of the  aluminum and PuO, powders. The  
co l lapse  fabrication s t e p  bowed the  rods some, 
requiring hand straightening. 

The  preirradiation data included measurement of 
the rod diameter, rod bow, rod weight, and rod-to- 
can spacing. Radiographs were taken of the welds 
(3 planes) and the  entire rod assemblies.  In 
addition, t he  rods were leak checked and the  
assembled elements were photographed. Complete 
preirradiation da ta  will b e  reported elsewhere. 

Fabrication of HFIR Target Elements 
f o r  Flow Testing 

We fabricated a flow test assembly of 31 target 
elements, and it is currently being used  by the 
HFIR designers and operators to establish hy- 
draulic flow parameters in the  HFIR. T h e s e  

J. D. Sease,  Fabrication and Preirradiation Data of 
Second Series HFIR Target Elements for Savannah 
River  Irradiation ( in  preparation). 



e lements  contain no plutonium or transplutonium 
loading but  i n  every o ther  respec t  a r e  ident ica l  
i n  des ign  t o  t h e  HFIR target  e lements  shown in 
Fig.  26.1. 

WELDING DEVELOPMENT 

J .  D. S e a s e  J .  W. T a c k e t t  

T h e  aluminum-clad HFIR target  e lements  will 
b e  seal welded on e a c h  end. Many different 
jo in t  d e s i g n s  were  deve loped  and  evaluated.  l o  

Almost all t h e  jo in t  d e s i g n s  appeared sa t i s fac tory  
for  s e a l i n g  t h e  f i rs t  end  of the  target  e lements .  
All bu t  o n e  of t h e  jo in t  des igns  developed ap- 
peared unsat isfactory for s e a l i n g  t h e  second end 
of t h e  ta rge t  e lements .  During t h i s  weld t h e  end 
of t h e  t u b e  is heated rapidly, expanding the  g a s  
enc losed  i n s i d e  t h e  target  element. T h e  expanding 
g a s  c a u s e s  la rge  void a r e a s  a t  t h e  root of t h e  
weld jo in t  as  i t  e s c a p e s  through t h e  liquid weld 
puddle. 

One  of t h e  joint  des igns ,  descr ibed in F ig ,  26.6, 
is unique i n  the following way, Pr ior  to welding, 
t h e  end  of the  tube is roll swaged to  the  end c a p  
under a reduced pressure,  producing a preliminary 
seal c a p a b l e  of holding t h e  reduced internal  pres- 
s u r e  during welding. T h e  reduced internal  g a s  
pressure  during welding e s s e n t i a l l y  e l iminated 
t h e  root porosity. T h e  s w a g e d  joint  des ign  h a s  
been u s e d  repeatedly with good resu l t s .*  To 
date ,  s e v e r a l  hundred c losure  welds  typ ica l  of 
t h e  second end c losure  h a v e  been  made s a t i s -  
factorily. In production, the reduced internal  
pressures  will b e  obtained for the second weld as  
follows. T h e  loaded target  rod is inser ted  
ver t ical ly  in t h e  weld chamber. T h e  chamber is 
evacuated  and  then partially refilled with helium 
(?4 to )2 atm). At the  reduced pressure ,  t h e  end 
c a p  is inser ted  and t h e  e n d  of t h e  e lement  i s  
s e a l e d  by roll swaging.  T h e  chamber i s  then 
f i l led with helium t o  1 atm and t h e  c losure  weld 
i s  made. 

T h i s  joint  design i s  unique also i n  tha t  t h e  tube 
material above  the swaged jo in t  i s  u s e d  as a filler 
during welding,  as shown in Fig.  26.7. In the  
f i rs t  s t a g e  of welding, t h i s  ring of mater ia l  mel ts  
completely before melting occurs  in t h e  end plug. 
T h i s  ring of material during s t a g e  2 f lows toward 

'OC. H. Wodtke, Metals and Ceramics Div. Ann. 
Progr. R e p t .  June 30, 1964, ORNL-3670, pp. 271-75. 
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AS A S  A S  
A S S E M B L E D  SWAGED W E L D E D  

Fig. 26.6. Joint Design Used  i n  Welding Target  

Rods. 

t h e  t u b e  end (below t h e  s w a g e  joint), which i s  
preheated and m e l t s  f a s t e r  than t h e  end  plug. 
During t h e  third s t a g e ,  th i s  ring of mater ia l  flows 
up  t h e  end  plug a s  weld penetration is achieved. 
During s t a g e  4, t h e  a r c  current is tapered to pre- 
vent  a large weld e n d  crater. 

One problem w a s  encountered with t h i s  jo in t  
des ign ,  which appeared to  b e  more pronounced 
when t h e  tube  w a s  welded ver t ical ly  rather than 
horizontally. T h e  ring of material c a u s e d  diffi- 
cul ty  during t h e  f i rs t  and  s e c o n d  s t a g e s  of weld- 
ing,  in  which t h e  moving puddle  continually 
changed the  a r c  vol tage,  caus ing  t h e  a r c  to be- 
come unstable .  T h e  ring of molten metal became 
unbalanced a t  some t ime during the  f i rs t  s t a g e  of 
welding; in fac t ,  i t  sometimes came into c o n t a c t  
with t h e  welding e lec t rode  and ext inguished the 
arc .  T h e  unbalanced ring w a s  seldom corrected 
and usual ly  resul ted i n  s e v e r e  rollover on one 
s i d e  of t h e  tube. 

Several  methods have  been found t o  b e  usefu l  in  
limiting t h i s  problem. One method that  gave  ex- 
ce l len t  control involved t h e  u s e  of an automatic  
welding head  to control the  a r c  length. Another 
method, which appeared t o  work reasonably wel l ,  
involved introducing argon g a s  i n s t e a d  of helium 
a t  t h e  weld s tar t .  T h e  lower energy argon arc ,  
which l a s t e d  during o n e  to  two revolutions of the 
tube,  appeared to s t a b i l i z e  t h e  configuration of t h e  
ring. Although t h e  welding equipment proposed 
for t h e  TRU facility d o e s  not h a v e  provision for 
e i ther  an automatic head  or  mixing of the welding 
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gas ,  the  la te r  method s u g g e s t s  that  an addi t ional  
limitation of t h e  welding current during the  f i r s t  
and second s t a g e s  might provide suff ic ient  control. 
Further t e s t s  a r e  under way t o  e s t a b l i s h  t h e  proce- 
dures  t o  b e  u s e d  in  t h e  TRU facility. 

IRRADIATION TESTING 

A. R. Olsen 
J. W. UlImann l 1  

J. D. S e a s e  
A. E. Richt  

In the  f i rs t  experimental  irradiation of HFIR 
targets ,  four prototype ta rge t  e lements  were ex- 
posed i n  the Engineering T e s t  Reactor. Three  
h a v e  been removed and  two examined. T h e  find- 
i n g s  on t h e  f i rs t  rod h a v e  been reported.' 

T h e  second rod w a s  exposed  for i t s  final irradia- 
tion c y c l e  a t  a n  average  hea t  flux of 1 x lo6  
Btu hr - '  ft-', which is t h e  predicted hot-spot 
h e a t  flux for t h e  HFIR.I3  I t  w a s  acc identa l ly  
subjec ted  to  a rather s e v e r e  mechanical  treatment 
after removal from t h e  reactor. Despi te  th i s  
impact  loading, t h e  connec t ions  between the  rod 
and  t h e  h e x  can  remained i n t a c t  and the s p a c i n g  
measurements  were only s l ight ly  changed.  T h i s  
target  sus ta ined  about 80% burnup of the original  

I st 2 nd 
STAG E STAG E 

- 100 , I 

plutonium atoms. N o  g r o s s  swel l ing  w a s  s e e n ,  
even  though t h e  PuO,  par t ic les  in  t h e  thermal 
c e n t e r  of each  pe l le t  had  completely reac ted  with 
t h e  aluminum matrix. S ince  t h e s e  react ion z o n e s  
had  d is t inc t  boundaries  of interference with 
ad jacent  z o n e s ,  they apparently were  never  molten, 
Attempts to produce a s imi la r  reaction out-of- 
reactor  fa i led even  with prolonged h e a t  treat- 
ments  a t  60OOC. T h e  react ion in t h e  cooler  ex- 
ternal  port ions of t h e  fuel  compact  showed l imited 
react ion with t h e  matrix, as w a s  s e e n  with t h e  
f i r s t  target ,  which had been  i r radiated at 6.4 x 
IO5 Btu hr-'  ft-2. Most of t h e  f i ss ion  gas w a s  
retained in  t h e  individual  pe l le t s .  T h e  l a s t  two 
ta rge ts  a r e  scheduled  for examination next  year ,  
but t h e  f indings t o  d a t e  ind ica te  the  target  design 
i s  adequate  for t h e  most  s e v e r e  operat ing condi- 
t ions  ant ic ipated during t h e  HFIR irradiations. 

' 'Chemical Technology Division. 
12A. R. Olson, J. W. Ullmann, and S. D. Clinton, 

Transuranium Quart. Progr. Rept. Nov. 30, 1964, 
ORNL-3847 (in press). 

13S. A. Rabin, J. W. Ullmann, S. D. Clinton, and 
D. A. Douglas, Metals and  Ceramics Div .  Ann. Progr. 
Rept. June  30, 1964, ORNL-3670, p. 275. 
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Fig. 26.7. Cycle Used i n  Welding Target  Rods. 



27. Medium Power Reactor Experiment 

W. C.  Thurber G. M. Adamson, Jr. 

Our purpose is t o  provide mater ia ls  support  for inspec ted  with penetrant  as  received,  af ter  brazing, 
the  Medium Power Reac tor  Experiment. T h i s  reac-  af ter  grinding, and af te r  lapping. Although a la rge  
tor, currently be ing  des igned  and developed a t  number of bear ings had pinhole f laws i n  the  as- 
ORNL, is a s ingle- loop Rankine-cycle  s y s t e m  e m -  received condition, i n  only one  case w a s  a n  addi-  
ploying boiling potassium as  t h e  reactor  coolant  t ional  flaw c a u s e d  by fabricat ion.  T h e  loca t ion  
and thermodynamic working fluid. T h e  reactor  s y s -  and nature  of t h e s e  f laws wil l  be  correlated with 
tem, to  be  constructed of convent ional  mater ia ls ,  performance. 
will operate  i n  t h e  815 to 870°C temperature range 
to  produce more t h a n  1 0 0  kw of electr ic i ty  to 
demonstrate i t s  utility for s p a c e  appl icat ions.  

T h e  pr incipal  mater ia ls  problems inves t iga ted  
during th i s  period have  centered on the  performance 
of various types  of mater ia ls  i n  liquid metals. T h i s  
work involves  both s tudv  of t h e  mater ia ls  them- 
s e l v e s  and a s s i s t a n c e  with fabrication of com- 
ponents for engineer ing t e s t s .  Examples  of the 
la t ter  a r e  the  fabrication of turbine pumps and 
finned tapered-tube radiators ,  both of which re- 
quired development of brazing techniques.  T h e  
mater ia ls  s t u d i e s  h a v e  included t h e  operation and 
a n a l y s i s  of da ta  on mater ia ls  performance i n  nat- 
ural-circulation loops,  refluxing-type loops,  and 
forced-circulation loops.  

TURBINE PUMP FABRICATION 

C. W. F o x  

A major problem i n  the  u s e  of liquid-metal s y s -  
tems is t h e  development of a turbine pump us ing  
bear ings capable  of operat ing i n  liquid metals .  We 
a r e  fabricat ing refractory-metal turbine pumps con- 
ta ining cermet  bear ings;  we  fabricated n ine  during 
th i s  year ,  us ing  des ign  d e t a i l s  and fabrication 
procedures s imilar  t o  t h o s e  previously reported. 
To a s s u r e  t h e  qual i ty  of t h e  cermets ,  they were 

'C. W. Fox,  Metals and  Ceramics Div .  Ann. Progr. 
Rept.  June 30, 1964,  ORNL-3670, p. 225. 

To t e s t  whether the  brazing c y c l e  harmed the 
TZM (Mo-0.5% Ti-0.08% Zr) s t ruc tura l  a l loy  used  
i n  t h e  turbine pumps, w e  held spec imens  i n  vacuum 
a t  112OOC for 10, 20, and  30 min. T h e  spec imens  
were examined metallographically, a n d  n o  change  
in  microstructure or grain size w a s  evident .  

T h e  mechanical  propert ies  of t h e  cermet-to- 
molybdenum brazed jo in ts  were determined i n  a 
s h e a r  tes t ing  program. T h e  spec imens  used  were 
0.650-in.-diani x 0.125-in.-thick cermet  d i s k s  brazed 
t o  molybdenum pads  12 x 1 x '/4 in. T h e  two cer-  
mets  of principal i n t e r e s t  a r e  t h o s e  i n  T a b l e  27.1. 
T h e  s t rength va lues  for t h e  jo in ts  i n  the  as-brazed 
condition are more than suff ic ient  for the  expec ted  
s t r e s s  requirements i n  serv ice .  In addition, the  
resu l t s  ind ica te  t h a t  the  jo in t  wil l  become e v e n  
s t ronger  during serv ice .  

Table  27.1. Shear Strength of Cermet-to-Molybdenum 

Joints Brazed with Nickel-Si l icon-Boron A l l o y  

Shear 
Cermet Condition Strengtha 

(ps i )  

WC-6% CO As brazed 28 ,600  
WC-6% Co Aged 500 hr a t  1300OF 40,700 
WC-12% Co As brazed 35,100 
WC-12% Co Aged 500 hr a t  1300°F 42,200 

. 

aEach value is an  average of three t e s t s  a t  room tem- 
perature. 
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RADIATOR FABRICATION NATU RAL-CI RCULATION BOILING-POTASSIUM 
TEST LOOPS 

E. A .  Franco-Ferreira  
D. H. Jansen  

W e  have  fabricated a large finned tapered-tube 
radiator for a n  e lec t r ica l ly  hea ted  t e s t  assembly.  
T h i s  unit i s  s imilar  in  configuration t o  a radiator 
reported previously. ’ T h e  departure i n  technique 
used  here  w a s  t h e  development of a new method of 
at tachment  or  posi t ioning for the  high-conductivity 
f i n s  made of copper c l a d  with s t a i n l e s s  s t e e l .  
T h e s e  f ins  were subs tan t ia l ly  thicker than the 
previous o n e s  and could not b e  a t tached  the  s a m e  
way. 

Pr ior  to  brazing, we  a t tached  the  f ins  to the 
radiator tubes  by s p o t  welding small a n g l e s  made 
of 0.005-in.-thick s t a i n l e s s  s t e e l  to the  fin e d g e  
a t  t h e  tube contac t  l ine ,  a s  shown in F ig .  27.1. A 
slurry of nickel-chromium-phosphorus brazing 
al loy w a s  then appl ied t o  t h e  ent i re  length of e a c h  
tube-to-fin joint. T h e  tubes  were then brazed i n  a 
hydrogen furnace equipped with a cont inuously 
moving hearth. Distortion w a s  thus  minimized by 
limiting t o  1 0  min the t ime tha t  any portion of a 
tube w a s  a t  brazing temperature. Figure 27.2 
shows a t ransverse  c r o s s  sec t ion  of a typical  tube- 
to-fin brazed joint. Note  that  there  i s  a d i rec t  
metallurgically bonded heat-conduction path from 
t h e  tube wal l  through t h e  brazing al loy into the 
copper core  of t h e  fin. 

’E. A. Franco-Ferreira, Metals and Ceramics Div.  Ann.  
Progr. Rept .  June  30 ,  1964, ORNL-3670, p. 226. 

Fig. 27.1. Spot Welding of  Small Stainless Steel 

Angles to Tapered Tubes and to High-Conductivity 

Fins. 

A summary report3 w a s  i s s u e d  descr ib ing  the re- 
s u l t s  of  severa l  loop t e s t s  operated t o  determine 
t h e  compatibility of convent ional  nickel-, iron-, 
and cobal t -base high-temperature a l loys  with boil- 
ing  potassium. T h e  s t u d i e s  were conducted i n  
natural-circulation loops,  two of which were fabri- 
c a t e d  from type 316 s t a i n l e s s  s t e e l ,  two from 
Haynes  al loy No. 25 ,  and  one from Inconel .  E a c h  
of t h e  a l l o y s  w a s  t e s t e d  at  a maximum boiler- 
condenser  temperature of 87OoC for 1500 to 3000 
hr, and t h e  Haynes  al loy No. 2 5  w a s  t e s t e d  also 
for 3000 hr a t  980°C. T h e  potassium condensing 
ra tes  a t  the  two temperatures  were about  175 and 
300  g/min respect ively.  

R e s u l t s  of t h e s e  loop tests in.dicated tha t  type 
316 s t a i n l e s s  s t e e l  and  Haynes al loy No. 25 r e s i s t  
corrosive a t t a c k  by boi l ing potassium a t  87OoC 
bet ter  than Inconel. T h e  weight l o s s e s  per uni t  
a rea  i n  t h e  condenser  region were of the  same 
magnitude (8 to 1 0  mg/in. ’) for t h e  s t a i n l e s s  s t e e l  
and  t h e  Haynes  al loy loops ;  however, the  la t te r  
showed less overal l  corrosive a t tack  in  t h e  liquid 
portion of t h e  boiler region. Typica l  micrographs 
from t h e  two sur faces  a r e  shown i n  F ig .  27.3. 

Comparing t h e  condenser  weight losses of Haynes  
alloy No. 25 loops  operated a t  870 and 98OoC in- 
d i c a t e s  that  d i sso lu t ive  corrosion of t h i s  a l loy  
d o e s  not increase  inordinately with increas ing  
temperature. F igure  27.4 shows t h e  sur face  from 
t h e  higher temperature loop and should be compared 
with Fig. 27.3b. Furthermore, a t  the  higher t e s t  
temperature, aging, embrittlement, and fat igue 
cracking were less severe .  

Carbon w a s  transferred from the  condensing region 
t o  the  subcooled liquid region i n  all t h e  loop t e s t s .  
Attendant with th i s ,  t h e  elongation of t h e  material 
decreased  and the  t e n s i l e  s t rength increased .  N o  
ev idence  of preferential l eaching  of m a j o r  metal l ic  
cons t i tuents  of t h e s e  a l loys  w a s  de tec ted  by e lec-  
tron microprobe a n a l y s i s  of the condenser  sur faces .  
However, limited m a s s  transfer from t h e  hot  region 
to  t h e  cold region w a s  noted. 

3D. H .  Jansen  and E. E .  Hof fman,  Type  316 S ta in less  
S tee l ,  Inconel,  and Haynes A l loy  No. 25 Natural-Circu- 
lation Boiling-Potassium Corrosion T e s t  Loops, ORNL- 
3790 ( June  1965). 
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Fig. 27.2. Microsect ion o f  Brazed Joint, Showing Stainless Steel Angles and Stainless-Steel-Clod Copper H igh-  
Conduct iv i ty F i n s  Brazed to Stainless Steel Tubes. 

PHOTO 80959 

. -  . .  

Fig. 27.3. Sections from Condenser Regions o f  ( a )  Type 316 Stainless Steel and ( b )  Haynes A l l oy  No. 25 
Specimen (a) e tched  wi th  aqua Natural-Circulat ion Loops,  After 3000-hr Exposure to B o i l i n g  Potassium at  870°C. 

regia; ( b )  as polished. 5 0 0 ~ .  



* 
c 

Fig. 27.4. Condenser Region of Haynes Al loy No. 25 
Boi l ing Potassium Loop Operated for 3000 hr o t  98OoC. 
500~. As polished. 

Although the  two type 316 s t a i n l e s s  s t e e l  loops 
in  th i s  series had operated under outwardly s imilar  
time and temperature condi t ions,  smal l  differences 
i n  corrosion rate were noted between t h e  two t e s t s .  
T h i s  effect  w a s  at t r ibuted to  s e v e r e  boi l ing in- 
s t a b i l i t i e s  that  prevailed i n  the  second of the  two 
loops.  Accordingly, a third t y p e  316 s t a i n l e s s  
s t e e l  loop t e s t  w a s  recent ly  operated to  achieve  a 
longer term evaluat ion of th i s  a l loy with boiling 
s tab i l ized  by t h e  inser t ion of auto-resis tance-  
heated nucleat ion s i t e s  i n  t h e  boiler wal l .  Al- 
though scheduled  for 5000-hr operation, the  t e s t  
w a s  terminated af ter  2600 hr by a fai lure  of a 1/4-in. - 
OD thermocouple wel l  i n  t h e  b ~ i l e r . ~  T h i s  fa i lure  
followed two ear l ier  fa i lures  that  had a l s o  occurred 
in  thermocouple-well c l o s u r e s  (a des ign  change  
h a s  now apparent ly  cured this  difficulty). T h e  

~~~ ~ 

4D. H. Jansen  and J. H. DeVan, ORNL-3774, pp. 92- 
99 (classified). 
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presence  of a relat ively large amount of mass-  
transfer depos i t ,  inser t  weight changes ,  and chemi-  
cal a n a l y s e s  on t h e  i n s e r t s  indicated a more s e v e r e  
ra te  of corrosion in  t h i s  loop than in  previous t e s t s .  
T h i s  acce lera ted  a t t a c k  apparently w a s  t h e  resul t  
of a i r  contamination resul t ing during the  thermo- 
couple-well fa i lures .  We a r e  now inves t iga t ing  the  
rate  of d isso lu t ive  a t tack  on type 316 s t a i n l e s s  
s t e e l  as af fec ted  by controlled amounts of oxygen 
i n  the  potassium. 

TYPE 316 STAINLESS STEEL - TZM 
FORCED-CIRCULATION LOOPS 

D. H. J a n s e n  

We a r e  eva lua t ing  t h e  corrosion-erosion r e s i s t -  
a n c e  of candida te  nozz le  and turbine b lade  ma- 
te r ia l s  in  high-velocity potassium vapor. p 6  

TZM al loy  (Mo-0.5% Ti-0.08% Zr) nozz le  and 
turbine b lade  spec imens  showed s e v e r e  crater ing 
and relat ively high weight losses af ter  exposure to 
potassium vapor i n  a type 316 s t a i n l e s s  s t e e l  
forced-circulation t e s t  loop. React ion products  
removed from t h e  TZM components showed unusu- 
a l ly  high concentrat ions of carbon and oxygen. 

To ascer ta in  whether t h e  resul tant  damage w a s  
due t o  a m a s s  transfer react ion between the  d is -  
s imilar  meta ls  i n  the  sys tem,  a type 316 s t a i n l e s s  
s t e e l  c a p s u l e  with TZM inser t s  w a s  operated with 
refluxing potassium for 1000 hr a t  87OOC. Careful ly  
purified potassium (20 ppm 0 by t h e  amalgamation 
method) w a s  used.  Alternate TZM and s t a i n l e s s  
s t e e l  s leeve- type  i n s e r t s  (three each)  lined the  
condenser  region. Stable  boi l ing w a s  achieved  by 
u s e  of capi l lary nucleat ion s i t e s  i n  the  lower part 
of t h e  boiler. 

P o s t t e s t  inspec t ion  of the  c a p s u l e  revealed n o  
interact ion between t h e  TZM and s t a i n l e s s  s t e e l  
a l loys ,  and metallographic examinat ions revealed 
no corrosion or dissimilar-metal m a s s  t ransfer  i n  
any  of t h e  components. Slight changes  in  carbon, 
oxygen, and nitrogen conten ts  were noted i n  t h e  
inser t  spec imens ,  but t h e  changes  were i n  t h e  
range with those  found on a l l - s ta in less  s t e e l  or 

'R. E. MacPherson, L. C. Fuller,  and C. W. Cunning- 

6J. H. DeVan et a l . ,  ORNL-TM-980, p. 65 (classified).  
7L. C. Fuller,  C. W. Cunningham, and D. H. Jansen ,  

ham, ORNL-3571, pp. 173-75 (classified). 

ORNL-3683, pp. 226-30 (classified). 
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all-TZM s y s t e m s  operated for comparable periods 
i n  t h i s  temperature range. 

In view of th i s  t e s t  and  t h e  lack  of any interac-  
t ion between the a l loys ,  t h e  damage t o  t h e  TZM 
t e s t  sec t ion  from the  forced-circulation loop d i s -  
c u s s e d  above c a n  b e  attributed t o  e i ther  t h e  erosion 
and fretting a t tack  of t h e  TZM by high-velocity 
vapor or t o  a high oxygen content  in  t h e  potassium. 
A forced-circulation sys tem us ing  t h e  same a l loys  
is currently being operated with a full-flow zirco-  
nium hot t rap incorporated to  provide oxygen-free 
potassium to t h e  TZM t e s t  sec t ion .  

HIGH-EMITTANCE COATINGS FOR METALS 

R. M .  E v a n s  T. G. Koll ie  
R. S. Graves 

A s e r i e s  of preliminary invest igat ions have  been  
carried out  t o  determine t h e  chemical  propert ies  
and s tabi l i ty  a t  temperature of a commercial* emit- 
t ance  coa t ing  designated PT-404. T h i s  material 
w a s  descr ibed by t h e  manufacturer a s  a s i l i c o n e  
ceramic material des igned  for cont inuous operation 
a t  temperatures in  t h e  range of 16 t o  llOO°C. 

Initial evaluat ion of th i s  mater ia l  included s p e c -  
trographic a n a l y s i s  of coa t ings  that  had been ap- 
plied t o  6061 aluminum, furnace treated for 1 hr a t  
e i ther  260 or 500OC. T h e  a n a l y s i s  revealed very 
s t rong  ev idence  of s i l i con  with weak to moderate 
amounts of Mo, Mn, F e ,  P b ,  and  T i .  T h e  coa t ing  
treated a t  t h e  higher temperature showed s t rong  
indicat ions of aluminum. 

Also,  we  coated spec imens  of 0.045-in.-thick 
type 316 s t a i n l e s s  s t e e l  s h e e t .  Pr ior  to  being 
coated,  t h e  individual  p i e c e s  of metal  were vapor 
b las ted  to  provide the  required roughened surface.  
A 0.002- to  0.003-in.-thick coa t ing  w a s  appl ied ,  
in  accordance  with t h e  spec i f ica t ions  suppl ied by 
t h e  manufacturer, and then cured for 1 hr at 26OOC 
before further tes t ing .  

Three s e r i e s  of spec imens  were open-air furnace 
t reated a t  temperatures  of 260, 537, 815, and 890°C 
for t imes of 1 ,  100,  and  1000 hr. In addition, two 

'Produced by Products Techniques,  Inc. 

s e r i e s  of t e s t s  were carr ied out under thermal 
cyc l ing  condi t ions.  One t e s t  s e r i e s  w a s  thermally 
cyc led  15 t imes  during a 168-hr period by a i r  cool- 
i n g  to  room temperature and reinser t ion i n  t h e  fur- 
nace .  T h e  other s e r i e s  w a s  s imilar ly  t e s t e d  for 
5 0  c y c l e s  and 552 hr. 

T h e  c o a t i n g  w a s  qui te  s t a b l e  a t  269OC. How- 
ever ,  incons is ten t  ev idence  of flaking w a s  ob- 
se rved  at temperatures  of 537OC and above.  T h e  
resu l t s  of t h e s e  preliminary t e s t s  were too  incon-  
c l u s i v e  to permit es tab l i shment  of maximum oper- 
a t ing  condi t ions for t h i s  mater ia l .  A s  a resu l t ,  a 
second set of t e s t s  w a s  ini t ia ted with more s t r ingent  
control of noted var iab les  and  t h e  inclusion of 
spec imens  made from Alzak,  a s p e c i a l  one-side-  
ref lect ive aluminum. 

T h e  to ta l  hemispherical  emi t tance ,  E,,  of a type 
316 s t a i n l e s s  s t e e l  s t r i p  spec imen coa ted  with t h e  
PT-404 w a s  measured to  800OC i n  a vacuum of  
1 x torr. T h e  spec imen w a s  h e a t e d  for 1 hr 
a t  26OoC in a i r  prior to  instrumentat ion with P t -  
10% R h , P t  thermocouples .  Data  were  obtained 
during two thermal c y c l e s  t o  80OOC and during a 
48-hr a n n e a l  at 8OOOC. T h e  r e s u l t s  from 200 t o  
800°C c a n  be  expressed  t o  f 2 %  as  a l inear  func- 
tion of temperature, t ("C): 

E ,  = 0.880 + i . i ( t  - 200) 10-4 . 

Previous  determinat ionsg of t h e  emit tance of 
bright and oxidized type 316 s t a i n l e s s  s t e e l  had 
yielded t h e  re la t ions  

E ,  (bright) = 0.135 + 1.6(t - 200) x 

and 

E t  (oxidized)  = 0.57 + 2.37(t - 200) x 

respect ively.  T h u s  t h e  PT-404A coat ing  is a n  ef-  
fec t ive  means  for increas ing  t h e  total hemispherical  
emit tance of type 316 s t a i n l e s s  s t e e l .  T h e  48-hr 
annea l  at 800°C increased  E ,  2%. 

'T. G. Kollie and D. L. McElroy, Metals  and Ceramics 
D i v .  Ann. Progr. Rep t .  June 30, 1964,  ORNL-3670, 
p. 109. 



28. Molten-Salt Reactor Program 

A. Taboada 

The  Mol tenSal t  Reac tor  Program is concerned 
with research and development for nuc lear  reactors  
t h a t  u s e  mobile fuels  tha t  are so lu t ions  of fissile 
and fer t i le  mater ia ls  in s u i t a b l e  carr ier  s a l t s .  T h e  
program is aimed a t  t h e  development of reactors  
for producing low-cost power for c ivi l ian u s e s  and 
ultimately a thermal breeder reactor. 

Our major effort is being appl ied t o  the develop- 
ment, construct ion,  and operation of t h e  Molten-Salt 
Reac tor  Experiment' (MSRE). T h e  purpose of t h i s  
experiment is t o  t e s t  t h e  types  of f u e l s  a n d  ma- 
t e r i a l s  that  would b e  u s e d  i n  thermal breeder  and 
converter reactors  a n d  to obtain exper ience  with 
the  operation and maintenance of a molten-salt 
power reactor. A s u c c e s s f u l  experiment wi l l  
demonstrate  on a smal l  scale t h e  at t ract ive fea tures  
and  t h e  technica l  feasibi l i ty  of t h e s e  s y s t e m s  for 
la rge  c iv i l ian  power reactors. T h e  MSRE wi l l  
opera te  at  1200'F and atmospheric  pressure  and 
wil l  genera te  10 Mw of hea t .  Ini t ia l ly ,  t h e  fue l  
wil l  contain 0.9 mole 7% UF,, 5 mole  % ZrF, ,  
29.1 mole % B e F , ,  a n d  65 mole % L i F ,  a n d  t h e  
uranium wi l l  contain about  30% 235U. In la ter  
operation, highly enriched uranium wil l  b e  u s e d  in 
lower concentrat ion,  a n d  a f u e l  containing T h F ,  
wi l l  also b e  tes ted .  

The  f u e l  wi l l  c i rcu la te  through a reactor v e s s e l  
a n d  a n  external  pump and h e a t  exchange  sys tem.  
All  this equipment is constructed of INOR-8, a 
Ni-Cr-Mo alloy developed to r e s i s t  corrosion by 
molten f luorides  and  h a v e  good s t rength a t  high 
temperatures. T h e  reactor  core  conta ins  an 
assembly of low -permea bility graphite modera tor 
bars  that  a re  in direct contac t  with t h e  fuel. 

Our part of t h i s  program is primarily limited to 
those  problems af fec t ing  the s u c c e s s f u l  completion 
and  operation of the  MSRE. It inc ludes  both 

'R. B. Briggs e t  al., M S R  Program Semiann. Progr. 
Rept. J u l y  31, 1964, ORNL-3708. 

metal lurgical  a s s i s t a n c e  to other  d i v i s i o n s  working 
towards this aim and  development a n d  t e s t i n g  of 
reactor materials. We a r e  emphas iz ing  s tudy  of 
e f f e c t s  of irradiation on t h e  elevated-temperature  
mechanical  properties of INOR-8. 

EVALUATION OF MSRE GRAPHITE 

W. H. Cook 

W e  cont inued evaluat ion of t h e  MSRE graphi te ,  
grade CGB. Our effor ts  a r e  d i rec ted  toward t h e  
determination of the acceptab i l i ty  of t h i s  mater ia l  
as a moderator in t h e  MSRE and advanced  molten- 
salt reactors. 

Grade C G B  graphite is not  permeated by molten 
fluoride s a l t s  i n  t h e  MSRE b e c a u s e  it is not  wet ted 
by t h e  molten fluoride s a l t s  a n d  b e c a u s e  the pore  
en t rance  diameters  of the a c c e s s i b l e  voids  in t h e  
graphite a r e  so small '  (<0.4 p) ,  W e  h a v e  made  
addi t ional  s t u d i e s  of the a c c e s s i b l e  voids  in  CGB 
graphite with xylene  a n d  molten sulfur  re- 
s p e c t i ~ e l y . ~  T h e  la t ter  showed t h e  configuration 
of t h e  penetration by a wet t ing fluid. A soaking  
technique at room temperature w a s  u s e d  to pene-  
t ra te  the graphi te  with xylene. T h e  su l fur  pene- 
t ra t ion w a s  made with molten sulfur  at 150'C under  
a n  overpressure of 150 psig. T e s t  s p e c i m e n s  were  
evacuated  prior t o  t h e  penetrations. T h e  resu l t s  
from both tests s u g g e s t  that  a wet t ing fluid does  
not  pene t ra te  beyond approximately 0.25 in.  below 
a n  exposed  sur face ,  whether  ex terna l  or  a l o n g  a 
f i ssure .  T h i s  is i l lustrated in  F ig .  28.1, which 
inc ludes  a sal t - impregnated specimen for com- 
parison. 

_I 

'W. H. Cook, Metals and Ceramics Div. Ann. Progr. 

3R. B. Briggs et al.,  MSR Program Semiann. Progr. 

Rept. June 30, 1964, ORNL-3670, pp.  216-17. 

Rept. Feb. 28, 1965, ORNL-3812, pp. 77-80. 
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PHOTO 69492 

Fig. 28.1. Radiographs o f  0.025-in.-thick Sections 

Machined from Impregnated MSRE Graphite Showing the 

Penetration by ( a )  a Wetting Fluid,  Molten Sulfur, and 

( b )  a Nonwetting Fluid,  a Molten Fluoride Salt. T h e  
white phases ore the impregnating fluids. 

REACTION OF INOR-8 WITH IMPURE NITROGEN 

H. Inouye 

T h e  reactor c e l l  a tmosphere i n  the MSRE is 
designed t o  b e  nitrogen containing less than 5% 
0,. T h i s  atmosphere of low oxygen content  
e l imina tes  the hazard  of explosion that  could 

resul t  from a leakage  of oil from t h e  lubricat ing 
sys tem of the  fuel-sal t  c i rcu la t ing  pump. S ince  
INOR-8, t h e  reactor  s t ructural  mater ia l ,  wi l l  be  
exposed  to th i s  environment a t  temperatures  up  t o  
1300°F,  we tes ted  t h e  compatibility of INOR-8 with 
oxygen-nitrogen mixtures. 

T h e  composition of INOR-8 w a s  formulated to 
r e s i s t  oxidation and  molten-sal t  corrosion but not  
nitridation. Furthermore, t h e  possibi l i ty  e x i s t e d  
tha t  the proposed atmosphere could a c c e l e r a t e  the  
oxidation ra te  of the al loy s e v e r a l  orders  in  
magnitude due t o  “oxygen starvation.” Brief ly ,  
th i s  sur face  phenomenon a r i s e s  from t h e  formation 
of vola t i le  a n d  corrosive molybdenum o x i d e s  rather 
than the adherent  f i l m s  b a s e d  on chromium oxide. 
W e  expec t  that  the proposed s e r v i c e  temperature  
wil l  b e  t o o  low for e i ther  of  these reac t ions  to  
occur. Our experiments4 verify t h i s  conclusion.  

INOR-8 spec imens  were exposed  t o  oxygen- 
nitrogen mixtures ranging from 0.03 t o  5.6% 0, for 
periods up  t o  700 hr and react ion r a t e s  were 
measured automatical ly  with a recording balance.  
T h e  react ion r a t e s  of the  al loy with nitrogen con-  
ta in ing  three concentrat ions of oxygen a t  1300’F 
and two concentrat ions of oxygen a t  1400’F a r e  
shown in Fig.  28.2. At both temperatures  the  rate  

4R. B. Briggs e t  al.,  M S R  Program Semiann.  Progr. 
R e p t .  F‘eb. 28, 1965, ORNL-3812, pp. 63-64. 

ORNL-DWG 65-4179 
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Fig. 28.2. React ion Rate  of INOR-8  with Nitrogen Containing Oxygen. 
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increased  as  the  oxygen content  of the  g a s  in-  
c reased .  T h e  charac te r i s t ic  s h a r p  d e c r e a s e  i n  the  
react ion ra tes  af ter  a short  exposure time indicated 
that  t h e  reaction product formed a n  effect ive 
barrier between t h e  g a s e s  and t h e  alloy. 

T h e  above  resu l t s  support  our or iginal  conclusion 
regarding r e s i s t a n c e  of the  al loy t o  t h e  proposed 
atmosphere. Although t h e  sur face  films h a v e  not 
been identified, they a r e  expected t o  b e  oxides. 
B a s e d  upon our correlat ions between weight  gain 
and depth of oxidation, t h e  es t imated  ex ten t  of 
react ion in t h e  worst case amounted t o  a n  oxidation 
depth of about  0.05 mil in 700 hr. 

MECHANICAL PROPERTIES OF INOR-8 WELDS 

R. G. Gilliland 

We have  concluded t h e  invest igat ion of the  
mechanical  properties of welds  in  MSRE-approved 
h e a t s  of INOR-8. F i n a l  t e s t i n g  included hot -  
duct i l i ty  invest igat ions and s t ress-rupture  s t u d i e s  
a t  1100, 1300, and 1500’F. T h e  room- and 

elevated-temperature tens i le  s t u d i e s  have  been re- 
ported previously. s 

T h e  s t ress-rupture  s t u d i e s  were conducted u s i n g  
spec imens  machined t ransverse  to t h e  INOR-8 
weld,  which w a s  made under condi t ions of high 
restraint. T h e  resu l t s  of t h e s e  tests a r e  presented 
in  T a b l e  28.1 for spec imens  i n  t h e  as-welded and 
welded-and-stress-relieved condi t ions.  When c o m -  
pared with base-metal  da ta ,  t h e  as-welded c r e e p  
propert ies  of t h e s e  spec imens  were e q u a l  t o  wrought 
metal  at  all t e s t  temperatures. (For  behavior of 
other  spec imens  see below under “Composition 
Effec ts  in  INOR-8.”) S t r e s s  relief in  hydrogen 
s ignif icant ly  improved creep-rupture propert ies  
only a t  1 3 O O O F ;  s t ress - re l ieved  s a m p l e s  t e s t e d  at  
1100 and 1500°F showed l i t t l e  or n o  improvement 
over as-welded properties. No improvement re- 
su l ted  from s t r e s s  relief i n  argon a t  1300OF. 

’R. G. Gilliland, Metals and Ceramics Div. Ann. 
Progr. Rept. June 30, 1964, ORNL-3670, pp. 217-18. 

J. T. Venard, Tensile and Creep Properties of 6 

INOR-8 for the Molten-Salt Reactor Experiment, ORNL- 
TM-1017 (February 1965). 

Table  28.1. Results of Elevated-Temperature Creep T e s t s  on INOR-8 Transverse Weld Specimens 

Average Time to Rupture Average Elongation Average Minimum Creep Rate 

Test Applied f i r )  (%) (hr) 

H Z  

Stress Relieveda As As Stress Relieveda Stress Relieveda Stress Temperature 
A s  

( O F )  (Oc) (psi) 
Ar Welded H, Ar Welded H, Ar Welded 

1100 594 

1100 594 

1100 594 

1300 704 

1300 704 

1300 704 

1500 816 

1500 816 

1500 816 

74,000 1.3 

54,000 197.8 

49,000 308.4 

45,000 3.7 

24,000 158.4 

20,000 472-3 

22,000 12.7 

12,000 172.1 

10,000 446.9 

1.7 

188.3 

570.5 

6.4 5.5 

337.8 185.4 

936.7 452.2 

12.1 

11 7.5 

314.5 

14.1 13.0 2.6 X 1.3 X 

2.5 a. 2 2.3 x 1.0 x 1 0 - ~  

2.2 5.3 1.4 x 3.2 x 

3.9 8.2 5.4 4.9 x 1 0 - ~  7.4 x 7.0 x 

3.7 8.8 7.4 1.2 x 1 0 - ~  1.6 x 1 0 - ~  2.2 x 

4.6 10.8 3.7 3.5 X lo-’ 6.6 X 10‘’ 4.4 X lo-’ 

5.8 x 1 0 - ~  7.0 x 1 0 - ~  16.9 20.9 

14.4 9.8 4.8 x 1 0 - ~  4.4 x 

9.8 x 1 0 - ~  2.0 x 8.3 8.1 

ast ress  relieved 2 hr a t  1600°F in atmosphere specified. 
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TEST TEMPERATURE ( O F )  

Fig. 28.3. Results of On-Heating and On-Cooling Hot-Ductil ity Tests on MSRE Reactor-Grade INOR-8. 
-ductility temperature for the material w a s  found to  be 230OOF. ni l  

Hot-ductility experiments using Gleeble synthetic 
heat-affected zone specimens revealed the elevated- 
temperature nil-ductility point for th i s  material to 
be 2300OF. Complete data from these  s tud ies  are 
presented graphically in Fig. 28.3. Reasonable 
recovery of the mechanical properties after heating 
to  the nil-ductility temperature was exhibited, 
although some permanent damage apparently oc- 
curred as a result  of the welding thermal cycle. 
Metallographic ana lys i s  of alloy microstructures 
thermally cycled through these  temperature ranges 
revealed some grain-boundary liquation. 

MICROSTRUCTURES OF INOR-8 WELDMENTS 

R. G. Gilliland 

One of the more troublesome problems frequently 
occurring in nickel-base alloys is that they are,  t o  
various degrees,  sens i t ive  to damage under con- 
ditions of thermal cycling, thermal shock, and 
thermal fatigue. This  type of damage can  be a 
limiting factor in certain a reas  in reactor design. 
In the early s tud ies  on the original experimental 
hea ts  of INOR-8 a large number of microfissures 
were found in the heat-affected zones of highly 

The 

restrained welds.'- When cracks  were observed, 
they invariably occurred in an  eutectic-like 
structure existing in the grain boundaries. This  
structure formed during welding and originated from 
the  stringer-type phase existing in  the INOR-8 
base  metal. 

Since the thermal damage originates from a 
brittle structure located in  the grain boundaries, 
the morphology of the INOR-8 heat-affected zone 
microstructure was of obvious interest .  W e  are 
conducting a rigorous microstructure ana lys i s  on 
th i s  grain-boundary phase, using simulated heat-  
affected zone structures produced by the Gleeble 
hot-ductility machine. l 1  The  material being used 
in th i s  study cons is t s  of the early experimental 
SP-type INOR-8 hea ts ,  which were found to con- 
tain large quantit ies of the suspec t  structure in 

7 P .  Patriarca and G. M. Slaughter,  MSR Program 
Progr. Rept .  O c t .  31, 1957, ORNL-2431, pp. 18, 21- 
23. 

*G. M. Slaughter, MSR Program Progr. R e p t .  Jan. 31, 

' M S R  Program Progr. R e p t .  Feb. 28, 1961, ORNL- 

"MSR Program Progr. Rept .  Aug.  31, 1961,  ORNL- 

" I .  F. Nippes  et af. ,  Welding J .  34(4), 183-85 

1958, ORNL-2474, pp. 65-71. 

3122, pp. 81-86. 

3215, pp. 106-9. 

(1955). 
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PHOTO 80960 

Fig. 28.4. (a )  Microstructure of Unaffected INOR-8 Base Metal Showing the Stringer-Type Phase; ( b )  Simulated 
Heat-Affected Zone Microstructure in INOR-8 Heat No. SP-19 Obtained wi th a Thermal Cyc le  wi th  a Peak Tempera- 
ture o f  23OOOF. Note the eutect ic- type structure in the grain boundaries. E lec t ro l y t i ca l l y  etched in H3P04  solution. 

Oblique lighting. 1 O O O x .  

Table 28.2. Resul ts o f  Microprobe Ana lys is  on INOR-8 Heat No. SP-19 (Semiquantitative)a 

Approximate Analyzed Composition (wt %) 
Nominal Composition Lamellar Area Stringer Area Element 

Matrix Stringer Phase  Matrix 

70.2 29.5 64.5 

(wt %) 
Lamellar Product 

Ni  69.62 54.6 

10.4 46,O 9.5 

7.5 6.0 7.5 

5.4 1.6 5.3 

Mo 16.10 22.4 

Cr 7.04 7.5 

Fe 4.60 3.9 

0.8 0,2 0.6 Mn 0.52 0.7 

A1 0.06 0 0 <o. 1 <o. 1 

0.4 0.5 0.5 Ti 0.02 0.5 

C 0.024 

0.6 0.4 0.6 0.5 c o  

Si 0.16 0.3 0.2 0.6 <o. 1 

aAn approximate correction for absorption effects was  applied to  the semiquantitative results.  
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heat-affected z o n e  areas .  T h e s e  s t u d i e s  a r e  be ing  
supplemented by hot-s tage metallography, by the  
hot-ductility d a t a  previously co l lec ted  for t h e s e  
INOR-8 h e a t s ,  and by quant i ta t ive a n a l y s i s  of the  
grain-boundary s t ructure  u s i n g  microprobe tech-  
niques.  

Views of t h e  stringer-type p h a s e  i n  t h e  b a s e  
metal  and  the  grain-boundary s t ructure  i n  ques t ion  
a r e  shown i n  F igs .  28.4a and 28.4b respect ively.  
T h i s  lamellar-type s t ruc ture  w a s  produced u s i n g  a 
s imulated welding thermal c y c l e  with a peak  tem- 
perature  of 2300°F in  INOR-8 hea t  No. SP-19. 
Currently, only preliminary d a t a  a r e  ava i lab le  from 
t h e  microprobe a n a l y s i s  invest igat ion.  T h e s e  
s t u d i e s  were performed on the  s a m p l e s  shown in 
Fig. 28.4, and the resu l t s  a r e  presented in  T a b l e  
28.2. A s  shown i n  t h e s e  d a t a ,  t h e  lamellar- or 
eutect ic- type s t ructure  is enriched in  molybdenum 
and depleted in n icke l  when compared with t h e  
nominal and matrix compositions. T h e  s t r inger  
phase  is qui te  different from t h e  lamellar; mo- 
lybdenum is i t s  major component. 

Further a n a l y s i s  of t h e s e  d a t a  and microstructures  
is currently under way. 

JOINING OF G R A P H I T E  T O  M E T A L S  

R. G. Donnelly 

The  joining of graphite to s t ruc tura l  meta ls  s u c h  
as  INOR-8 is of in te res t  for u s e  i n  advanced 
molten-sal t  reactors  as wel l  as for general  high- 
temperature engineer ing s y s t e m s  that  might require 
t h e  u s e  of graphite. T h e  b a s i c  o b s t a c l e  e n -  
countered in  a t tempting s u c h  a jo in t  is t h e  very 
large difference between t h e  thermal expans ion  
coeff ic ients  of graphite and  many metals .  Due t o  
t h i s  difference,  a brazed jo in t  of graphite t o  
INOR-8 c r a c k s  upon cool ing  from the brazing 
temperature. 

Transition Joints 

One poss ib le  solut ion t o  t h e  problem of differ- 
e n t i a l  expansion is to introduce o n e  o r  more ma- 
te r ia l s  with expansion coef f ic ien ts  intermediate  
between t h o s e  of t h e  graphite and INOR-8 parts. 
In order to  determine optimum techniques  for 
making s u c h  a graphite-to-INOR-8 t ransi t ion joint ,  
INOR-8-to-dissimilar-metal jo in ts  and graphite-to- 

metal  jo in ts  were brazed with var ious fluoride- 
res i s tan t  brazing a l l o y s ,  and T- jo in ts  of t h e s e  
combinat ions were examined metallographically. 
Deta i l s  of th i s  work have  been reported” pre- 
vious ly  . 

T h e  most s ign i f icant  observat ion from t h e  d i s -  
s imilar  metal  joint  s tudy  is tha t  meta ls  with 
relat ively wide differences i n  coef f ic ien ts  of 
thermal expans ion  exhibi ted sound jo in ts  when 
brazed with a duc t i le  a l loy (gold-nickel or copper), 
but the  jo in ts  c racked  as  expec ted  when brazed 
with br i t t le  a l l o y s  or when br i t t le  p h a s e s  developed 
in  t h e  braze. 

In t h e  t e s t s  of graphite-to-metal jo in ts ,  the  
duct i l i ty  of t h e  al loy s e e m e d  to make little differ- 
e n c e ,  and  the  limiting factor w a s  the  difference 
between the coef f ic ien ts  of expans ion  of t h e  
graphite and t h e  metal. T h u s ,  the  molybdenum-to- 
graphi te  and tungsten-to-graphite j o i n t s  showed no 
t ransverse  cracking,  while  t h e  meta ls  with the  
higher  coef f ic ien ts ,  niobium and tantalum, showed 
cons iderable  cracking a c r o s s  t h e  brazed joints .  

A s  a resul t  of th i s  s tudy ,  s e v e r a l  poss ib i l i t i es  
for joining graphite t o  INOR-8 appear  t o  b e  of 
in te res t ,  and work is currently i n  progress  with 
those  compositions. 

Brazing A l loy  Development 

T h e  most s u c c e s s f u l  a l loy tha t  has been  de-  
veloped for brazing graphite and one  tha t  is also 
compatible  with molten s a l t s  is t h e  35% Au-35% 
Ni-30% Mo alloy. T h i s  a l loy conta ins  a compatible  
carbide-forming element  (molybdenum) added t o  a 
corrosion-resis tant  and reasonably low-melting 
al loy s y s t e m  (gold-nickel). S ince  t h e  u s e  of a gold- 
containing a l loy  in  a high-flux region of a reactor  
might b e  inadvisable ,  w e  s ta r ted  to develop  a gold- 
f ree  graphi te  brazing al loy for t h i s  appl icat ion.  
We s e l e c t e d  t h e  palladium-nickel s y s t e m ,  which is 
similar  t o  the  gold-nickel s y s t e m  and  is expec ted  
t o  b e  corrosion res i s tan t  to  fused  fluorides. In 
addi t ion,  palladium h a s  t h e  added advantage  of a 
lower thermal-neutron c r o s s  s e c t i o n  than gold 
(8 v s  99 barns). Also ,  t h e  t ransmutat ion product of 
palladium would be  s i lver ,  which is less object ion-  
a b l e  i n  t h e  molten-sal t  s y s t e m  than mercury, t h e  
transmutation product of gold. 

lZR. B. Briggs e t  at., MSR Program Semiann. Progr. 
Rept.  Feb. 28, 1965, ORNL-3812, pp. 73-76. 
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MECHANICAL PROPERTIES OF IRRADIATED 
INOR-8 

J. R. Weir 
W. R. Martin 

W. W. Davis  
H. E. McCoy 

We found13 that  t h e  s t ress -s t ra in  re lat ionship of 
INOR-8 at high temperature w a s  not  affected by 
irradiation but the high-temperature duct i l i ty  w a s  
reduced. T h i s  reduction became more s e v e r e  as  
t h e  temperature w a s  raised.  Duct i l i ty  a l s o  de-  
c r e a s e d  as the  s t ra in  ra te  w a s  reduced from 0.2 
t o  0.002 in./min. 

Although the  tens i le  duc t i l i t i es  measured a t  the  
MSRE operat ing temperatures were s t i l l  adequate  
t o  accommodate any tensi le- type loading expected 
in the  MSRE, t h e  dependence  of duct i l i ty  on s t ra in  
ra te  sugges ted  that  addi t ional  information w a s  
needed on the e f fec ts  of irradiation on c r e e p  
properties, particularly on c r e e p  ductility. Progress  
on in i t ia l  efforts to  determine th i s  information is 
reported below. 

Composition Effects in  INOR-8 

H. E. McCoy 

In a n  acce lera ted  program, we a r e  s e e k i n g  to  (1) 
eva lua te  and improve the  r e s i s t a n c e  of INOR-8 to 
irradiation and (2) improve the  b a s i c  propert ies  
of the  alloy. Since both objec t ives  involve the 
composition of the  al loy,  we  need  a thorough 
knowledge of the  phys ica l  metallurgy of t h i s  a l loy 
and how it var ies  with c h a n g e s  in  composition. 
T h e  s ignif icant  f indings t o  d a t e ,  excluding the  
irradiation s t u d i e s ,  a re  summarized below. 

T h e  various air-melted h e a t s  and one  vacuum- 
melted heat  had very s imilar  c reep  s t rengths .  
However, the  vacuum-melted alloy w a s  more 
duct i le .  Studying arc-melted a l loys  prepared with 
t h e  addition of e lements  other  than Ni, Mo, Cr,  F e ,  
and C,  we  found that  the  s t rength did not great ly  
depend upon t h e  “tramp” e lements  present ,  s u c h  
as aluminum, s i l i con ,  and manganese.  

Welds were prepared from t h e  same h e a t s  of 
b a s e  metal  and weld wire  ut i l ized i n  t h e  MSRE. 
At 650°C (operating temperature of t h e  MSRE) t e s t  
spec imens  fai led i n  t h e  weld metal. T h e  fai lure  

1 3 W .  R. Martin and J. R. W e i r ,  T h e  E f f e c t s  o f  E levated  
Temperature Irradiation on the Strength and Ductil i ty o f  
the Nicke l -Base  Al loy ,  Has te l loy  N ,  ORNL-TM-1005 
(February 1965). 

time and rupture duct i l i ty  were considerably less 
than that  for t h e  b a s e  metal. S t ress  re l ieving a t  
871OC signif icant ly  improved t h e  rupture life and 
ductility. A different series of experiments ,  re- 
ported above under “Mechanical Proper t ies  of 
INOR-8 Welds,’’ demonstrated welds  with un- 
impaired mechanical  properties. Preliminary 
ev idence  ind ica tes  tha t  t h e  difference between 
t h o s e  resu l t s  and t h e s e  a r o s e  from differences i n  
t h e  welding wire used.  

Metallographic s t u d i e s  showed that  welding 
transforms t h e  large almost  spher ica l  precipi ta te  
grains  t o  a lamellar phase. Electron microprobe 
s t u d i e s  have shown that  t h e  spher ica l  g ra ins  a r e  
b a s i c a l l y  NiMo and that  t h e  lamellar  p h a s e  is 
Ni3Mo. T h e s e  precipi ta tes  contain about  t h e  s a m e  
concentrat ion of chromium as  the  matrix, a r e  
def ic ient  i n  iron and manganese,  and a r e  highly 
enriched i n  s i l icon.  Independent s t u d i e s  on a n  
al loy containing 14C have  shown tha t  both 
precipi ta tes  a r e  def ic ient  i n  carbon. Hence ,  t h e s e  
s t u d i e s  have shown that  t h i s  a l loy (as melted i n  
air) conta ins  a n  intermetal l ic  p h a s e  and tha t  la rge  
amounts of s i l i con  a r e  a s s o c i a t e d  with t h i s  inter-  
metallic. We d o  not know yet  what a r e  t h e  in- 
dependent  e f f e c t s  of the  intermetal l ic  compound 
and t h e  s i l i con  concentrat ion on t h e  weldabi l i ty  
and strength. 

Experimental a l loys  have been made t o  examine 
t h e  inf luence of Mo, Mn, Si, Fe, and A1 contents  
on t h e  propert ies  of t h e  b a s i c  alloy. We have  made 
two s ignif icant  observat ions s o  far. F i r s t ,  lowering 
t h e  molybdenum content  from t h e  normal 16 t o  10% 
produced a s ingle-phase  alloy af ter  a 1-hr a n n e a l  
a t  1177OC. Also,  increasing t h e  s i l i con  conten t  
made it progressively more difficult to break up  
t h e  c a s t  structure. An alloy containing 1 %  Si 
melted a t  l e a s t  100°C lower than a n  al loy con- 
ta ining no intentionally introduced s i l icon.  No 
other  e lements  s tudied seemed t o  have  any  
s ignif icant  e f fec t  on t h e  segregat ion pattern or  
melting point of t h e  alloy. 

Postirradiotion Creep of INOR-8 

W. R. Martin 

Irradiation is known t o  inf luence t h e  e leva ted-  
temperature mechanical  properties of s t ruc tura l  
materials. T h e  bulk of the d a t a  now ava i lab le  is 
post i r radiat ion t e n s i l e  data; limited information . 
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ex i s t s  on the in-reactor and postirradiation creep 
properties. T o  better a s s e s s  the lifetime of re- 
actor components designed on the bas i s  of creep 
data from unirradiated specimens,  we need t o  
measure creep of irradiated materials. We are 
beginning to  ascertain the effects of irradiation on 
the in-reactor and postirradiation creep of INOR-8. 

We are determining the dose dependence of the 
ductility and rupture l i fe  of two hea t s  of INOR-8 a t  
several  s t r e s s  levels. These  uniaxial creep t e s t s  
a t  65OOC will show the influence of irradiation on 
creep rate, t i m e  to rupture, and ductility. Our 
results to date can be  summarized a s  follows. The  
t i m e  to  rupture and ductility are reduced a s  the  
irradiation dose is increased, a s  shown in Table 
28.3. For a given t i m e  of deformation, the variation 
in strain among the specimens irradiated to differ- 
ent doses  is not significant, as illustrated in 
Fig. 28.5. The difference in behavior of the two 
heats is due in part to the  boron content.  Heat 
2477 contained 6.8 ppm B, while Heat 5065 con- 
tained approximately 37 ppm. 

In-Reactor Creep of INOR-8 

W. W. Davis 

The first and second ORR poolside creep experi- 
ments on INOR-8 are  scheduled t o  be  removed from 
the reactor and a third installed during the second 
week in July. Each  contains five active tensile 
creep experiments and five postirradiation creep 
specimens for comparison tests.  We have obtained 
valuable data (mostly on Heat No. 5065) on creep 
rates, effect of s t r e s s  on rupture l ife,  and total 
strain at rupture. Figure 28.6 compares stress and 
rupture time of three in-reactor creep specimens 
with data from unitradiated specimens of the  same 
heat. Indicated are the dose at fracture and the 
creep strain at fracture for the specimens tes ted  
in-reactor. These  s t ra ins  may be  compared to  
about 10% creep strain for unirradiated specimens 
tes ted  in the  absence of irradiation. 

T a b l e  28.3. Dose Dependence o f  Elevated-Temperature Embrittlement o f  INOR-8 

Heat 2477 Heat 5065 

T i m e  to Rupture Elongationa Time to Rupture Elongationa 
Irradiated Dose S t ress  

(neutrons / c m  ') (psi)  

x l o3  

(hr) ( 7 0 )  f i r  1 (% ) 

0 52 -70 52.1 8.2 

5.0 X 10l6 52 70.6 3.4 21.2 2.6 

1.3 x 10l8 52 57.1 3.3 12.0 2.0 

9.0 x 10'8 52 30.4 4.6 5.1 3.4 

5.0 x 1019 52 21.1 4.2 0.4 0.9 

0 40 -350.0 

5.0 X 10l6  40  360.0 2.8 

1.3 x 10'' 40 147.0 

9.0 x 10'8 40 80.2 2.4 

5.0 x 1019 40 23.5 1.2 

aElongation measured during creep. Specimens s t r e s sed  a t  52,000 and 40,000 p s i  are above the  yield strength 
(-39,000 psi), and approximately 4 and 0.2% s t ra in  should be added to  the  values for the  52,000 and 40,000 p s i  t e s t s ,  
respectively,  t o  give accurate to ta l  strain values. 

, 



25 1 

Fig. 28.5. Post i r radiat ion Creep at 65OoC of INOR-8, Heat No. 5065, Stressed at 52,000 psi. Total  strain at  

fracture should include 4% deformation that occurred o n  load application, in addit ion t o  the strains given by these 

curves. 

Fig. 28.6. Stress-Rupture Data for INOR-8 Tested at 

65OoC Both In-Reactor and Unirradiated. The s t ra in  

and dose (neutrons/cm ) at rupture are indicated for the 

in-reactor specimens. 

2 

POSTIRRADIATION METALLOGRAPHIC 

TESTS 
EXAMINATION OF MSRE IN-REACTOR 

E. J. Manthos 

We have  examined c a p s u l e  components  from two 
in-reactor experiments ,  ORNL MTR 47-5 and 47-6. 

Experiment ORNL MTR 47-5 

Six INOR-8 c a p s u l e s  were irradiated i n  experi- 
ment MTR 47-5. Irradiation condi t ions and a 
descr ipt ion of t h e  experiment have  been  reported. 

14R. B. Briggs e t  al., MSR Program Semiann. Progr. 
Rept .  J u l y  31, 1964, ORNL-3708,  pP. 271-81- 

ORNL-DWG 65-9951 

1 10 100 1000 5000 
RUPTURE LIFE (h r )  

Four  t y p e s  of INOR-8 c a p s u l e s  were irradiated. 
T w o  of t h e  c a p s u l e s ,  R and F, contained a fuel- 
impregnated AGOT graphite core  tha t  w a s  not  i n  
contac t  with t h e  c a p s u l e  wall. C a p s u l e s  3 and 4 
were s imilar  i n  construct ion t o  ear l ier  c a p s u l e s  
and contained a graphite core  submerged i n  fuel; 
t h e  c a p s u l e s  were also equipped with purge l ines .  
C a p s u l e  1 contained a graphite core  and a graphi te  
c ruc ib le  tha t  w a s  i n  contac t  with t h e  c a p s u l e  wall; 
both t h e  core  and t h e  crucible  were submerged i n  
fuel. Capsule  2 contained a two-piece INOR-8 
core  into which a graphite wafer w a s  sandwiched.  



252 

Sec t ions  of t h e  c a p s u l e  wal l  and graphi te  from all 
t h e  c a p s u l e s  were examined. A s e c t i o n  of t h e  
s t a i n l e s s  s t e e l  reducer from t h e  INOR-8 purge 
l i n e s  of c a p s u l e s  3 and 4 w a s  also examined. 

Fluorine g a s  w a s  evolved from c a p s u l e s  3 and 4; 
a greater  amount from 4. T h e  s t a i n l e s s  s t e e l  
reducer  from t h e  c a p s u l e  4 purge l ine  w a s  severe ly  
a t tacked  intergranularly as  shown i n  Fig. 28.7. 
T h e  a t t a c k  had occurred ad jacent  to t h e  weld that  
joined t h e  s t a i n l e s s  s t e e l  reducer t o  the  INOR-8 
purge l ine ;  t h e  INOR-8 l ine  w a s  unaffected and 
appeared normal. We s a w  n o  a t tack  on the  s t a i n l e s s  
s t e e l  reducer from c a p s u l e  3. T h e  a t tack  on 
c a p s u l e  4 c a n  perhaps b e  attributed to  t h e  greater 
amount of fluorine. At t h e  liquid-vapor interface,  
s l igh t  sur face  roughening occurred on c a p s u l e s  2 
and 4, and no  ev idence  of corrosion w a s  s e e n  on 
c a p s u l e  3. T h e  maximum roughening w a s  less than 
0.001 in. d e e p  on c a p s u l e  4, as  shown in Fig. 28.8. 
There  w a s  no difference i n  a t t a c k  between the  
liquid and vapor regions. 

We did not examine t h e  w a l l s  of c a p s u l e s  R and 
F. T h e s e  c a p s u l e s  did not contain free  fuel  and 
t h e  c a p s u l e  wal l s  were not  i n  contac t  with t h e  
fuel-impregnated graphite core. However, we  did 
examine t h e  c a p s u l e  bottoms and t h e  INOR-8 
center ing pins  that  supported and posi t ioned t h e  

graphi te  and s a w  n o  ev idence  of carburizat ion or 
corrosion. In c a p s u l e  1, t h e  s u r f a c e s  of t h e  
INOR-8 core  tha t  were i n  contac t  with t h e  graphite 
wafer were carburized to a depth of 0.017 in., as 
shown i n  Fig. 28.9. W e  s a w  no carburizat ion or 
corrosion on t h e  sur faces  of t h e  INOR-8 core  and 
c a p s u l e  wal l  tha t  were exposed  t o  fuel. 

We examined a t  least one graphi te  s e c t i o n  from 
e a c h  c a p s u l e ,  and i n  most cases t h e  graphi te  
appeared normal. W e  s a w  no evidence  of salt 
permeation or f i l m  formation on t h e  graphi te ;  
however, t h e  spec imens  were pol ished i n  a n  
e thylene  glycol s lurry that  w a s  not  iner t  t o  the  
fuel  mixture. T h e  graphite from c a p s u l e s  3 and 4 
w a s  cracked and we be l ieve  that  t h e  f rac tures  may 
have  formed af ter  t h e  fuel  sol idif ied or during d i s -  
assembly ,  s i n c e  t h e  c rack ,  as shown i n  Fig.  28.10, 
w a s  not f i l led with salt. We also observed some 
porous or damaged regions on t h e  sur face  of t h e  
graphi te ;  however, i f  t h e  graphite w a s  c racked  
during d isassembly ,  t h e  damaged regions may h a v e  
been  introduced during d isassembly .  One of t h e  
fractures  and a damaged region a r e  shown i n  
F i g s .  28.10 and 28.11 respect ively.  

T h e  fuel-exposed s u r f a c e  of t h e  graphi te  core  
from c a p s u l e  1 appeared normal and is shown in 

R-20303 

Fig. 28.7. Longitudinal Section of Stainless Steel Reducer Wall on Purge L i n e  Adiacent to  I N O R - 8  to Stainless 

Unaffected INOR-8 Weld, Capsule 4 o f  Experiment 47-5. 
purge l ine i s  v isible above stainless steel. Etchant:  glycera regia. 1OOx. 

Intergranular at tack was probably caused by fluorine. 

I 
* I  

I 



253 

Fig. 28.9. Longi tudinal  Section o f  Upper Ho l f  o f  

INOR-8 Core Where It Had Been in Contact w i th  

Graphite Wafer. INOR-8 had reacted w i t h  graphite to  

a depth of approximately 0.017 in. Capsule 2 of Ex- 
periment 47-5. Etchant: picral-HCI. 1 0 0 ~ .  

Fig. 28.8. Longi tudinal  Section o f  Experiment 47-5 
Capsule 4 Wall at  L iquid-Gas Interface. Slight 

roughening less than 0.001 in. deep i s  v i s ib le  on  inner 

surface. Etchant: g lycera regia. 1 0 0 ~ .  

8 
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Fig.  28.1 
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in fracture 
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Transverse Graphite Core Section 
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plast ic  mounting material. Cop2 

-5. A s  polished. 1 0 0 ~ .  
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Fig. 28.11. Transverse Graphite Core Section Showing Damaged Region on Surface. Capsule 4 of Experiment 

47-5. A s  polished. 1OOx. 
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Fig. 28.12. Transverse Section of Grophite Core from Capsule 1, Experiment 47-5. A s  polished. 1 0 0 ~ .  

Fig. 28.13. Molybdenum Coupon from Capsule 4 of 
Experiment 47-6. Etchant: equal parts of 30% H202 
and concd NH40H. 1 0 0 ~ .  

Fig. 28.12. T h e  fuel-impregnated c o r e s  from 
c a p s u l e s  R and F also appeared normal, and we 
s a w  n o  ev idence  of cracking or swel l ing  of t h e  
graphi te .  T h e  graphite wafer from c a p s u l e  1 
appeared t o  have been  damaged during d isassembly  
or sect ioning,  and we could not reach  any  con-  
c l u s i o n s  regarding t h e  condition of t h e  graphite. 

Experiment ORNL MTR 47-6 

Four  INOR-8 c a p s u l e s  were irradiated i n  experi- 
ment 47-6, and a descr ipt ion of t h e  experiment and 
operat ing condi t ions have  been presented E a c h  

"R. B. Briggs et al., M S R  Program Semiann .  Progr.  
R e p t .  J u l y  31, 1964, ORNL-3708, pp. 281-86. 

c a p s u l e  contained a graphite core  tha t  w a s  sub-  
merged in  fuel. Two ( N o s .  2 and 3) were swept  
with helium, and t h e  other two (Nos. 1 and 4) 
were s e a l e d  and also contained molybdenum 
coupons  . T h e  c a p s u l e s  were hea ted  t o  prevent 
f reezing during reactor shutdown. From e a c h  
c a p s u l e ,  we examined a molybdenum coupon, a 
graphi te  sec t ion ,  and a s e c t i o n  of t h e  INOR-8 wal l  
at t h e  liquid-vapor interface . Metallographic 
examination of t h e  c a p s u l e  wal l s  h a s  not been 
completed.  

W e  s a w  n o  ev idence  of corrosive a t t a c k  on  t h e  
molybdenum coupons examined, as  shown i n  Fig.  
28.13. T h e  t h i c k n e s s e s  of t h e  coupons were in  
close agreement  with preirradiation measure- 
ments. 

We prepared t h e  graphite s e c t i o n s  under carbon 
te t rachlor ide t o  preserve any fuel  or d e p o s i t s  t h a t  
might have  been  present. We s a w  n o  ev idence  of 
fuel  permeation, film formation, or corrosive a t tack  
on t h e  graphi te  s e c t i o n s  examined. T h e  fuel- 
exposed  sur face  of a graphite s e c t i o n  from c a p s u l e  
1 is compared t o  a s imilar  s e c t i o n  from a n  un- 
irradiated control  i n  Fig. 28.14. 

L 
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PHOTO 80961 

Fig. 28.14. ( a )  Graphite Core from Capsule 1 of 
men. A s  polished in carbon tetrachloride. 1 0 0 ~ .  

SURVEILLANCE TESTING 

W .  H .  Cook A. Taboada 

Surveillance specimens were fabricated of INOR- 
8 and type CGB graphite for placement in the  
central  position of the MSRE core. These  speci-  
mens will be used to survey the  effects of reactor 
operations on the  material from which the  reactor 
structure and moderator were constructed. 

INOR-8 specimens were made from hea t s  5081 
and 5085 in the shape  of miniature tensile bars 
approximately 2 in. long and with a gage section 
1.0 in. long and 0.125 in. in diameter. The  tens i le  
bars were welded end to  end to form two rods 
approximately 64 in. long. Included were four 
tens i le  bars  made with transverse sec t ions  of 
welds in the  gage section. 

Experiment 47-6; ( b )  Unirradiated Graphite Control Speci- 

The  graphite specimens were made from sec t ions  
of MSRE moderator bars se lec ted  by radiographic 
methods as being crack free. T h e s e  specimens 
were machined into rectangular bars of various 
dimensions. They will be  tested t o  get da ta  for 
both the  longitudinal and transverse directions of 
the  graphite. 

In the final assembly, the  graphite specimens 
will be  arranged into a long subassembly having a 
rectangular c ros s  section of 0.47 x 0.66 in. Three 
of t hese  graphite subassemblies will be  surrounded 
by six INOR-8 specimen rods and three INOR-8 
tubes containing flux monitor wires. T h e  entire 
assembly will be  held in  a 1.968-in.-ID perforated 
tube. 

After s i x  months of reactor operation, two 
INOR-8 specimens,  a flux monitor, and one  graphite 
subassembly will be  removed from the  reactor and 
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examined, and new spec imens  wil l  rep lace  t h o s e  
removed. T h e  frequency of removal of addi t ional  
spec imens  wil l  b e  es tab l i shed  by t h e  resu l t s  of 
t h e  f i r s t  s e t  of specimens.  

T h e  ana lys i s  of  the  INOR-8 spec imens  will 
inc lude  (1) metallographic examination for s t ructural  
changes ,  corrosion e f f e c t s ,  and p o s s i b l e  layer  
formations; (2) t e n s i l e  propert ies  and creep  
propert ies ,  with emphas is  on c reep  duct i l i ty;  (3) a 
general  check for material integrity and dimensional  
changes ;  and (4) chemical  a n a l y s i s  for composition 
c h a n g e s  and f i ss ion  product deposition. 

T h e  graphite specimen a n a l y s i s  will include 
(1) metallographic examination for s t ructural  
changes  and material deposi t ion;  (2) radiographic 
examination for s a l t  permeation and p o s s i b l e  
wet t ing e f f e c t s ;  ( 3 )  flexural s t rength t e s t s ;  (4) d i -  
mensional c h e c k s  for shr inkage;  (5) chemical  
a n a l y s i s  for s a l t  and f i ss ion  product deposi t ion;  
(6) a general  inspect ion for integrity; and (7) 
poss ib ly  measurement of phys ica l  propert ies  s u c h  
as  e lec t r ica l  conductivity, thermal conduct ivi ty ,  
and Hal l  coefficient. 

Control spec imens ,  of s h a p e  and source  ident ica l  
t o  t h e  reactor spec imens ,  wil l  b e  exposed  i n  fuel  
s a l t  to the  reactor  thermal his tory in  a control t e s t  
rig. T h e  chamber, containing spec imens  submerged 
i n  s a l t ,  wi l l  b e  heated by three  z o n e s  of e lec t r ic  
heaters .  T h e s e  will b e  controlled by s i g n a l s  
generated from t h e  i n l e t  and out le t  temperature of 
t h e  reactor through a logger-computer. In t h i s  
manner, t h e  control t e s t  spec imens  should auto- 
mat ical ly  b e  exposed  t o  t h e  approximate tempera- 
ture  profile and major temperature fluctuation ex-  
per ienced by t h e  reactor  specimens.  T h e s e  s p e c i -  
mens wil l  b e  examined i n  t h e  hot-cell area a t  t h e  
s a m e  t ime tha t  t h e  reactor  spec imens  are tes ted.  

In the  pas t  t h i s  work w a s  aimed a t  s tudying 
MSRE condi t ions,  but more recent ly  t e s t s  have  
been  s ta r ted  t o  examine potent ia l  mater ia ls  for 
advanced systems.  

Corrosion Loops Circulating Molten Fluorides 

Two thermal convect ion loops  have  been  
operat ing with MSRE reference s a l t  (LiF-BeF, -  
ZrF4-UF4).  One loop is constructed of INOR-8 
and h a s  included in  the  hot  region INOR-8 s p e c i -  
mens modified with 2% Nb because  of t h e  in te res t  
in  t h i s  composition for u s e  as  weld metal. T h i s  
loop h a s  operated without incident  for over 28,000 
hr with a hot- leg temperature of 1300°F and a 
temperature difference of 160°F. T h e  s e c o n d  loop 
is constructed of type 304 s t a i n l e s s  s t e e l  and h a s  
operated for  over 17,000 hr with a hot- leg tempera- 
ture  of 1250°F and a temperature difference of 
180°F. Specimens removed from t h e  s t a i n l e s s  
s t e e l  loop were observed t o  have  intergranular 
a t tack  t o  a depth of approximately 0.002 in.. as  
shown i n  Fig. 28.15. 

Y-64289 
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DYNAMIC CORROSION STUDi ES 

G. M. Tolson  A. Taboada  

We a r e  continuing to  s tudy  t h e  compatibility of 
coolan ts  and s t ructural  mater ia ls  of in te res t  for 
molten-salt reactors. Thermal convect ion loops 
a r e  general ly  used  for in i t ia l  sc reening  t e s t s ,  and 
forced circulat ion loops a r e  general ly  used  for 
proof tes t ing,  s i n c e  they bet ter  s imula te  the  
engineer ing parameters  tha t  could affect  corrosion. 

Fig. 28.15. Cross Section o f  Type  304 Stainless 

Steel Specimen Removed from Thermal Convection Loop 
Containing MSRE Salt and Operating at 1250°F Hot L e g  

with 180°F Temperature Difference. 1OOx. 
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Table  28.4. Thermal Convection Loops Using Lead a s  a Coolant 

Maximum Temperature  Time Maximum Depth Average  Depth 
L o o p  Mater ia l  Temperature  Drop of At tack  of At tack  Operated Inhibi tors  

( O F )  ( O F )  (hr ) (in.) (in.) 

Croloy 21/4" 1022 22 1 27,765 25 ppm Mg, Z r  None None 

U s e d  

Croloy 2'4 1210 3 00 266 None 0.001 

T y p e  410 s t a i n l e s s  1215 3 00 1,346 None 
s t e e l  

0.002 

1100 200 5,156 None 0.008 0.0055 1 Croloy 2 /4 
Carbon s t e e l  1100 2 00 5,064 None 0.010 0.007 

Nb-1% Zr 1400 400 5,280 None 0.00 0.00 

Croloy 2 '4 1200 230 1,848 Zirconium 0.0045 0.003 

"Loop run a t  Brookhaven,  included for comparison. 

1 Fig.  28.16. Dendritic Crystals of Iron and Chromium That Formed in the Cold Leg of a Croloy 2 4  Loop in 
Which Lead Circulated 266 hr. Unetched. 2 0 0 ~ .  
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Corrosion Loops Circulating Lead  

Thermal convection loop tests were operated 
that circulated lead because of i t s  attractive 
properties a s  a coolant for molten fluoride systems. 
Screening t e s t s  were run in Croloy 2’4, carbon 
s tee l ,  type 410 s ta in less  s tee l ,  and Nb-1% Zr a t  
conditions described in Table 28.4 along with 
some results. Two of the t e s t s  contained surge 
tanks in which fluoride sa l t s ,  Nb-1% Zr alloy, and 
graphite were placed in contact with the lead to 
t e s t  the compatibility of a direct-cooled lead 
system. 

Al l  the s t ee l  loops tended t o  plug in the cold 
regions from the formation of dendritic c rys ta l s  of 
iron and chromium typically shown in Fig. 28.16. 
Corrosion of the hot region in general had the 
appearance seen  in Fig. 28.17. General roughening 
existed with a tendency toward intergranular 
attack. No effect was seen  in the  niobium alloy 
liner examined, shown in Fig. 28.18. This  
resistance of niobium alloy to corrosion by lead 

-e,-- ” .  
b 

was further strengthened by the Nb-1% Zr loop 
that operated for 5000 hr with no deterioration of 
flow. 

Presently additional loops are being started to 
t e s t  the effect of inhibitors on lead corrosion and 
t o  study Nb-1% Zr a t  higher temperatures. The 
new and more versati le loop design is shown in 
Fig. 28.19. It is more compact, it  contains re- 
movable samples, and i t  allows a better control of 
the temperature profile. 

1 Fig. 28.17. Section of a Croloy 2 4  Loop Run with 
Lead at 1200°F for 266 hr. Unetched. 500~. 

Fig. 28.18. Nb-1% Zr Liner Operated in Lead and 
Salt for 1349 hr at 120OOF. 200X. 
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ff/4-in CONNAX FITTING F I L L  
AND SAMPLE AND SAMPLE 

HOT LEG CONTROL frsuRGE TANK 

( THERMOCOUPLE 11 GAS 

SECTION THROUGH SURGE TANK 

Fig .  28.19. Thermal Convection Loop Used i n  Lead Corrosion Studies. 



29. Reactor Evaluation 

D. A. Douglas, Jr. 

T h e  to ta l  c o s t  of producing h e a t  or power by  
nuclear  energy is composed of a multitude of 
interact ing relat ionships .  Capi ta l  c o s t s ,  operating 
c o s t s ,  and fue l  c y c l e  c o s t s  a r e  some of the  general  
terms u s e d  to  col lect ively identify categories .  
To achieve  a meaningful reduction i n  cos t ,  o n e  
must  cons ider  t h e  problem i n  i t s  ent i re ty  and 
recognize the  effect  tha t  c h a n g e s  made in one a r e a  
may have  on others .  ORNL i s  engaged in study- 
i n g  th i s  general  problem, and our  role i s  to  examine 
fabrication c o s t s  and fue l  e lement  performance as  
they re la te  t o  fue l  c y c l e  and other  c o s t  a reas .  
T h u s ,  we  work in conjunction with chemical  proc- 
e s s i n g  personnel  in t h e  Chemical  Technology 

Division and t h e  p h y s i c i s t s  and design engineers  
i n  the Reactor  Division. Thus ,  w e  report h e r e  
fragments of much broader  s tud ies .  

COMPUTER PROGRAMS FORCALCULATIONOF 
FUEL FABRICATION COSTS 

A. L. L o t t s  T. N. Washburn 

An indispensable  fac tor  in t h e  evaluat ion and 
comparison of var ious proposed reactor  s y s t e m s  
is t h e  c o s t  of fuel  e lement  fabrication. Accord- 
ingly, we  h a v e  a s s i s t e d  t h e  evaluat ion of reactor  

Table 29.1. Fue l  Element Types for Which a Fabricat ion-Cast  Computer Program i s  Ava i lab le  

Type Fuel  Typ e 
Element Fuel  Material Fabrication P rocess  C o re-t o -C1 addin g 

Bonding 

Rod bundle Oxide Vibratory compaction G a s  

Rod bundle Oxide Vibratory compaction Sodium 

Rod bundle Oxide Pe l le t iza t ion  Gas  

Rod bundle 

Rod bundle 

Oxide 

Carbide 

Pe l le t iza t ion  

Slugs 

Sodium 

Gas  

Rod bundle Carbide Slugs Sodium 

Rod bundle Metal Extrusion Diffusion (Ni) 

Rod bundle Metal Coextru sion Metallurgical 

Nested tubes  Oxide Vibratory compaction Gas  

Nested tubes  Oxide Pe l le t iza t ion  Gas  

Nested tubes Carbide Slugs Gas  

Nested tubes  Metal Extrusion Diffusion (Ni) 

Nested tubes  Metal Coextrusion Metallurgical 

261 
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concepts  by providing e x t e n s i v e  s t u d i e s  of the 
c o s t  of fue l  fabrication. 

T h e  prediction of fabrication costs involves  t h e  
se lec t ion  of  t h e  fabricat ion procedures  or flow- 
s h e e t s  and t h e  ca lcu la t ion  of operat ing c o s t s ,  
cap i ta l  c o s t s ,  and t h e  c o s t  of mater ia l s  used  i n  
t h e  processes .  Also,  one  must  apply cer ta in  fac- 
to rs  s u c h  as t h e  fabrication environment, t h e  
prospec ts  of s u c c e s s  for t h e  process ,  and t h e  
method of financing. B e c a u s e  a large number of 
var iab les  a r e  involved i n  ca lcu la t ing  fabrication 
c o s t s ,  w e  previously developed three  computer 
programs to  perform t h e  ca lcu la t ions  on a limited 
number of fuel e lement  types.  

S ince  wri t ing t h e  i n i t i a l  programs, we  h a v e  
continued to  expand t h e  t y p e s  of fuel e lements  
and f lowsheets  t h a t  c a n  be  handled by our com- 
puter programs for ca lcu la t ion  of fuel fabrication 
c o s t s .  T a b l e  29.1 s h o w s  t h e  different fuel  ele- 
ment types for which w e  c a n  now c a l c u l a t e  fuel  
fabrication costs. W e  h a v e  introduced refinements 
t o  t h e  programs t h a t  a l low t h e  calculat ion of 
sh ie ld ing  required in  remote and semiremote 
plants  and t h e  a s s e s s m e n t  of t h e  economic pen- 
a l t i e s  a s s o c i a t e d  with t h e  shielding.  Some fxel  
recyc le  s c h e m e s  require  tha t  par t  of t h e  fuel  b e  
handled i n  a remotely operated s y s t e m  and par t  
in  a direct  operation, s u c h  as a contac t ,  hooded, 
or glove-box faci l i ty .  Therefore ,  w e  have  incor- 
porated procedures for ca lcu la t ing  costs in a 
s i n g l e  plant  having two different modes of opera- 
tion. 

All 
t h e  information concerning t h e  process  and  t h e  
c o s t s  involved i n  t h e  p r o c e s s  a r e  s tored  in  t h e  
computer program. When t h e  fuel  element, t h e  
plant  i n  which i t  is to b e  fabricated,  and t h e  man- 
ner in which t h e  plant  is to b e  operated and 
financed are descr ibed ,  fuel  fabrication c o s t s  can 
b e  ca lcu la ted  for a number of production rates .  

T h e  programs work i n  t h e  following way. 

233U VALUE STUDY 

A. L. Lotts T. N. Washburn 

One of t h e  pr incipal  t a s k s  undertaken during 
t h e  year  w a s  t o  a s s i s t  in  t h e  evaluat ion '  o f  the 
va lue  of '33U by providing fue l  fabrication c o s t s  
for an advanced high-temperature gas-cooled 
reactor  (HTGR) and for t h e  Spectral  Shift Control 
Reac tor  (SSCR). We analyzed in  d e t a i l  p lan ts  of 

four c a p a c i t i e s  (60, 230, 930 ,  and 3700 kg/day) 
operat ing 260 d a y s  per  year  th ree  s h i f t s  per day 
and fabricat ing only o n e  type of fuel. F i s s i l e  or 
fe r t i l e  mater ia l  c o s t s  and  inventory or u s e  charges  
were not  included.  

T h e  general  procedure u s e d  for calculat ion of 
t h e  fabricat ion c o s t s  follows. F o r  both t h e  SSCR 
and HTGR e lements ,  w e  prepared t h e  fuel  fabt ica-  
tion schedules ,  which e s t a b l i s h  t h e  s e q u e n c e  of 
fabric  a tion, u ran iu m concentrat ion,  res idence  
time of t h e  mater ia l  i n  t h e  plant ,  and t h e  a g e  of 
t h e  mater ia l  a t  var ious fabrication s t e p s  under 
t h e  optimum and worse  condi t ions.  T h e  material 
age ,  quantity, and geometry were  then sum- 
marized for t h e  recyc le  ' 3U with varying amounts  
of 2 3 2 U .  T h i s  information w a s  u s e d  to  c a l c u l a t e  
the  sh ie ld ing  required in  t h e  var ious plants .  
Separately,  w e  determined t h e  incremental  c o s t  
difference between the various t y p e s  of p l a n t s  and 
for varying amounts of shielding.  All t h e  informa- 
tion w a s  then u s e d  t o  expand t h e  computer c o d e s  
t h a t  c a l c u l a t e  t h e  fabricat ion c o s t s  from the  
mode of fabrication, t h e  concentrat ion of 2 3 2 U  
in t h e  heavy metal ,  t h e  plant  throughput, and 
other  var iables .  

T h e  ca lcu la ted  sh ie ld ing  requirements for 
p lan ts  fabr icat ing ' 3U-bearing f u e l s  a r e  shown 
i n  T a b l e  29.2. T h i s  t a b l e  s h o w s  t h e  sh ie ld ing  
for semiremote and remote fabricat ion for SSCR 
fuel  e lements  a n d  two t y p e s  of HTGR fuel  ele- 
ments  with different t y p e  fuel  par t ic les .  T h e  
f i rs t  conta ined  pyrolytic-carbon-coated (U,Th)C, 
par t ic les  a n d  t h e  second,  d i s c r e t e  par t ic les  of 
UC, and ThC', each  c o a t e d  with pyrolytic car- 
bon. T h e  limit of semiremote fabrication w a s  
taken as  3.5 in. of s t e e l ,  s i n c e  this i s  the maximum 
prac t ica l  working d i s t a n c e  for gloved h a n d s  or 
tongs. Also ,  radiation l e v e l s  requiring sh ie ld ing  
beyond t h i s  amount would prohibit, or at l e a s t  
greatly complicate ,  c o n t a c t  maintenance of t h e  
equipment. T h i s  char t  s h o w s  t h a t  material con- 
ta ining 1 to 5 ppm 23'U in heavy metal  c a n  b e  
handled i n  a semiremote facility. Note  t h a t  t h e  
limit for semiremote fabricat ion of t h e  d i s c r e t e  
par t ic les  of  UC, and T h C z  is very low b e c a u s e  
t h e  233U i s  handled without t h e  p r e s e n c e  of 
thorium in a number of t h e  operat ions.  

'A. L. L o t t s ,  Meta ls  a n d  C e r a m i c s  Div. Ann. Progr. 

'111. W. Rosentha l  e t  al., A Comparat ive Evalua t ion  of 

Rept .  J u n e  30, 1964, ORNL-3670, pp. 254-55. 

Advanced  Converters ,  ORNL-3686 (January 1965). 
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T a b l e  29.2. Shielding Requirements i n  P lants  for Fabricat ion o f  233U-Bearing F u e l s  

Shielding Required for Given Fue l  and P lan t  Capaci ty  (kg heavy metal  pe r  operat ing day) 

HTGR Fue l  - (U,Th)Cz HTGR F u e l  - UC, + T h C 2  23 ZUa 

(ppm) Pa r t i c l e s  Par t ic les '  
SSCR Fue l  

230 930 3700 
230 930 3700 230 930 3700 

Semiremote Fabrication (in. steel) 

1 0.8 1.2 1.4 1.2 1.9 2.0 2.8 2.8 3.2 

2 1.7 2.1 2.3 2.0 2.7 2.9 

5 2.8 3.3 3.5 3.1 

Remote Fabrication (in. concrete) 

2 12.3 12.3 13.5 

5 12.8 13.9 15.9 15.9 17.2 

10 12.2 13.8 14.8 13.2 15.6 17.0 18.7 18.7 20.0 

20 15.0 16.7 17.8 16.0 18.5 20.0 21.4 21.4 22.8 

50 18.9 20.6 21.8 19.6 22.2 24.1 25.1 25.1 26.5 

100 21.7 23.5 24.8 22.4 25.0 27.2 27.9 27.9 29.3 

500 28.4 30.3 31.8 28.8 31.6 34.3 34.3 34.3 35.8 

1000 31.2 33.9 34.8 31.6 34.4 37.4 37.0 37.0 38.6 

U-Th 36.0 38.5 40.0 36.0 39.0 42.5 41.5 41.5 43.0 

aPa r t s  per million in  heavy metal  (U + Th). 
bEach  par t ic le  containing a mixture of 233U and virgin thorium. 

c233UCz processed alone in  par ts  of t h e  process.  

dConditions a s sumed  equivalent t o  233U with recycle  thorium. 

F igures  29.1 and 29.2 show the ef fec t  of 2 3 2 U  
concentration on t h e  c o s t  of fabr icat ing SSCR and 
HTGR fuel e lements  respect ively.  T h e  c o s t  of 
refabrication is shown for 2 3 3 U  and virgin thorium. 

ORNL-DWG 65-5344 
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232U CONCENTRATION (ppm IN  HEAVY METAL)  

Fig.  29.1. Effect  of 232U Concentration on the Cost  

of Fabricat ing SSCR F u e l  Elements. 
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of Fabricat ing Fueled-Graphite Elements. 
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Fig. 29.3. Ef fec t  of Production Rote and Mode o f  

Fabricat ion on the Cost  of Fabricat ing SSCR Fue l  

E I ements. 
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Fig. 29.4. Effect  of Production Rate  and Mode of 

Fabrication on the Cost  o f  Fabricat ing Fueled-Graphite 

Elements. 

T h e  recyc le  thorium case is depic ted  as be ing  
equivalent  to  4000 ppm 2 3 2 U  in heavy metal. 
W e  do not  know exac t ly  t h e  t ransi t ion points  
between semiremote and  remote operation, but  the 
curves  show tha t  t h e s e  poin ts  n e e d  not b e  deter- 
mined precisely,  s i n c e  t h e  c o s t  penal ty  incurred 
for remote over  semiremote fabrication i s  not 
subs tan t ia l .  

F igures  29.3 and  29.4 show t h e  effect  of produc- 
tion r a t e  and  mode of fabr icat ion on t h e  c o s t  of 
SSCR e lements  and  HTGR e lements  containing 
(U,Th)C, par t ic les .  

EFFECT O F  VARIABLES UPON FUEL 
FABRICATION COST 

T. N.  Washburn D. A. Douglas ,  Jr. 

Our computer code ,  which w e  u s e d '  in  reactor- 
evaluat ion s t u d i e s ,  c a n  also b e  u s e d  to eva lua te  
the  e f fec t  of s ign i f icant  var iab les  upon fuel  fabri- 
cat ion costs. F igure  29.5 i l l u s t r a t e s  t h e  e f f e c t s  
produced by  t h e  independent  variation of fuel- 
e lement  d e s i g n  parameters  over  an ex tens ive  
range. T h e s e  curves  r e l a t e  t o  an advanced  
pressurized-water  reactor  fuel  e lement  of t h e  rod- 
bundle  des ign ,  fueled with low-enrichment UO, 
pe l le t s .  F i g u r e  29.6 i l l u s t r a t e s  the e f f e c t s  of 
different plant  c a p a c i t i e s  and amortization r a t e s  
for production of fuel  e lements  of t h e  reference 
design.  T h e s e  fuel-fabrication c o s t s  inc lude  
operat ing e x p e n s e s ,  c a p i t a l  charges ,  hardware 
c o s t s ,  and conversion of U F ,  t o  UO,. U s e  charges  
and sh ipping  c o s t s  are not  included.  

Product ion r a t e  and  fuel  diameter  produce the  
most marked effect ,  followed by fuel  length,  
fuel  dens i ty ,  and  amortization rate. By appl ica-  
tion of such  an a n a l y s i s  to  h i s  par t icular  concept ,  
t h e  d e s i g n e r  c a n  s e l e c t  parameters  resu l t ing  in 
minimum fuel-fabrication c o s t s ,  which must then 
b e  compromised with reactor-design e f f ic ienc ies  
t o  yield t h e  lowest  n e t  fuel-cycle c o s t s .  
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Fig.  29.6. Effect  of Fabricat ion Rate  and Amortization 

Rate on Fabricat ion Cost  for on Advanced Pressurized- 

Water Reactor Fue l  Element. 
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30. Thorium Utilization 
D. A. Douglas, Jr. 

Simplification and c o s t  reduction of the  fuel  
c y c l e  a s  i t  per ta ins  to  bred fue ls  h a s  been  t h e  aim 
for s e v e r a l  y e a r s  of a jo in t  effort with the Chemi- 
cal Technology Division. T h e  Th-233U c y c l e  with 
oxide fuel  h a s  received t h e  major a t tent ion and we 
a r e  comprehensively developing p r o c e s s e s  and 
equipment, Our work is i n  three  par ts :  p rocess  
development, engineer ing development and demon- 
s t ra t ion,  a n d  product evaluat ion or irradiation 
tes t ing.  

O P E R A T I O N  OF A T h - 2 3 3 U  FUEL 
F A B R I C A T I O N  F A C I L I T Y  

BNL Fuel Rods 

J. E. Van C l e v e  A. L. L o t t s  

Previously,  1100 specif icat ion-grade fue l  rods 
containing (Th-3% 2 3  3 U ) 0 2  had been fabricated 
in  t h e  Kilorod Fac i l i ty  for  u s e  i n  c r i t i ca l  experi- 
ments  a t  Brookhaven Nat ional  Laboratory. T h e  
fuel w a s  vibratorily compacted t o  a n  average den- 
s i t y  of 89.7% of theoret ical  over the  en t i re  1100 
rods. 

During t h e  operation of t h e  faci l i ty ,  d a t a  were 
obtained covering t h e  equipment re l iabi l i ty ,  s y s t e m  
operat ing parameters ,  ut i l izat ion of fuel  charged 
to t h e  sys tem,  radiation exposure t o  t h e  operators ,  
fabrication c o s t s ,  and  the productivity of t h e  s y s -  
tem, We h a v e  completed t h e  a n a l y s i s  of t h e s e  
d a t a  and have  publ ished f inal  engineer ing re- 
ports. - 

‘J. D. Sease,  A. L. Lotts,  and F. C. Davis, Thorium- 
Uranium-233 Oxide (Kilorod) Fac i l i ty  Rod Fabrication 
P rocess  and  Equipment, ORNL-3539 (April 1964). 

Fabrication of 233U-Bearing Fuel Rods 
for irradiation Tests 

J. D. S e a s e  A. L. L o t t s  

T h e  operat ion of t h e  Kilorod F a c i l i t y  to produce 
fuel  rods conta in ing  33U for c r i t i ca l  experiments  
w a s  s u c c e s s f u l .  Even  so, a n  evaluat ion of t h e  
semiremote fabricat ion technique employed would 
not be  complete  without a demonstrat ion of the fuel  
rods a t  power reactor  operat ing conditions. At t h e  
conclus ion  of t h e  production operat ions of t h e  
Kilorod F a c i l i t y ,  w e  fabricated f u e l  rods  for ir- 
radiation tes t ing .  T h e s e  rods  a r e  current ly  be ing  
i r radiated i n  t h e  ETR. 

T h e  i r radiat ion rods for t h e  t e s t s  contain (Th-3% 
2 3 3 U ) 0 2  and a r e  ident ica l  t o  t h e  18-in. rods  fab- 

J. D. Sease ,  A. L. Lot t s ,  and F. C. Davis, “New 
Remote Fac i l i ty  and Equipment a t  the Oak Ridge Na- 
tional Laboratory for Fabrication of F u e l  Rods Bearing 
Uranium-233 and Thorium Oxide,” pp. 33-43 in  Proceed- 
ings of the 11th Conference on Hot  Laboratories and  
Equipment, A N S  Winter Meeting, New York, November 
18-21, 1963, American Nuclear Society, New York 
(1963). 

J. E. Van Cleve and A. L. Lot t s ,  “Operation of a 
Lightly Shielded Fac i l i ty  a t  the Oak Ridge National 
Laboratory for the Fabrication of Fue l  Rods Bearing 
Uranium-233 and Thorium Oxide,” paper presented a t  
the Powder F i l l ed  Uranium Dioxide F u e l  Element Sym- 
posium, Worcester, Mass., November 5-6, 1963 (to be 
published). 

J. E. Van Cleve, Jr., and A. L. Lot t s ,  “Operating 
Experience in  a Semi-Remote Fac i l i ty  for Fabrication 
of F u e l  Rods Containing (U233,Th)OZ,” pp. 257-71 in 
Proceedings of the 12th Conference on Remote Systems 
Technologv, American Nuclear Society, Hinsdale,  Ill. 
(November 1964). 

J. E. Van Cleve, Jr., J. J. Varagona, and A. L, Lot t s ,  
T ime Study of F u e l  R o d  Fabrication in the Kilorod 
Facil i ty,  ORNL-3740 (in press). 

6C. C. Haws, J. L. Matherne, F. W. Miles, and J. E. 
Van Cleve ,  Jr., Summary of the Kilorod Pro jec t  - A 
Semiremote 10-kg/day Demonstration of 233 UO -Tho 

2 2  
Fue l  Element  Fabrication by the ORNL Sol-Gel Vibra- 
tory-Compaction Method, ORNL-3681 (in press). 
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r icated for t h e  BNL cr i t ica l  experiments. T h e  only 
change  i n  t h e  fabricat ion procedure for t h e  irradia- 
t ion rods compared t o  t h e  s tandard  Kilorod produc- 
t ion rods  w a s  the  inclusion of radiographic and 
au toc lave  inspec t ion  s t e p s .  A de ta i led  descr ipt ion 
of t h e  fabricat ion procedures  and r e s u l t s  wil l  b e  
reported elsewhere.  

THORIUM-URANIUM RECYCLE FACILITY 

T h e  thorium fuel  c y c l e  development must inc lude  
rel iable  economic a n a l y s e s  of t h e  reprocessing 
and fabrication techniques for var ious fuel  ele- 
ments. T h e  reliability of s u c h  a n a l y s e s  is im- 
proved if d a t a  a r e  provided at pi lot-scale  produc- 
t ion leve ls .  Current eva lua t ions  ind ica te  that  a n  
economic advantage  r e s u l t s  i f  t h e  fuel  is recycled 
af ter  incomplete decontamination from f i ss ion  
products. Also,  t h e  2 3 2 U  decay  i n  recycled fuel  
produces increas ing  radioactivity. Consequent ly ,  
a heavily sh ie lded  faci l i ty ,  t h e  Thorium-Uranium 
Recycle  Fac i l i ty  (TURF)' is be ing  constructed to 
permit t h e  development and evaluat ion of a var ie ty  
of integrated fue l  reprocess ing  and fabricat ion 
s c h e m e s  at t h e  necessary  pi lot-scale  production 
level .  

T i t l e  I1 d e s i g n  of t h e  faci l i ty  w a s  completed i n  
January 1965 and construct ion s t a r t e d  ear ly  i n  May. 
T h e  f ina l  des ign  is e s s e n t i a l l y  the  s a m e  as  tha t  
reported previously. '-' 

Bui Idi ng 

A. R. Irvine' ' A. L. L o t t s  
A. R. Olsen  

T h e  faci l i ty  is under construct ion i n  t h e  Melton 
Val ley a rea  near  t h e  Transuranium P r o c e s s i n g  
P l a n t  and t h e  High F l u x  Isotope Reactor. T h e  
bui lding wil l  b e  irregular i n  shape ,  approximately 
1 2 4  ft wide by 162  f t  long, and three  s t o r i e s  high 
with a partial basement. 

T h e  f ina l  plan of t h e  f i r s t  floor is shown i n  F ig .  
30.1. T h e  second floor provides  s p a c e  for chemi- 
cal solut ion makeup, sampling of in-cell p r o c e s s e s ,  

7J. D. Sease  and A. R. Olsen, Fabrication Procedures 
and Preirradiation Data for (233U,Th)02-Bearing Ir- 
radiation Rods (in preparation). 

c a s k  decontamination, a warm shop,  a development 
laboratory, a n d  bui lding mechanical  and e lec t r ica l  
equipment. T h e  third floor is a high-bay area,  
which inc ludes  t h e  cell roof area,  and is provided 
with a 50-ton c rane  for handl ing c a s k s  and with 
fac i l i t i es  for t h e  introduction of in-cell se rv ices .  
T h e  par t ia l  basement  provides  s p a c e  for access t o  
t h e  equipment s t o r a g e  cell (F)  and support  equip- 
ment for t h e  chemica l  c e l l  (G). T h e  building pro- 
v ides  a secondary containment s h e l l  around the  
c e l l  complex. 

Space  for  p r o c e s s  equipment i s  provided i n  cells 
G, C, D, and E of t h e  complex while  cell B s e r v e s  
as  a radiation lock and decontamination area.  C e l l  
A is a n  unshielded c e l l  or glove maintenance room 
and cell F provides  s torage  s p a c e  for contaminated 
equipment brought in  through t h e  floor ha tch  i n  
cell B. 

Cel l s  C and D wil l  b e  maintained remotely; t h a t  
is, a l l  equipment ins ta l la t ion ,  maintenance, and 
removal wi l l  b e  by remote means. C e l l s  A, B, E, 
F, a n d  G wil l  ini t ia l ly  b e  contac t  maintenance 
cells, but  provis ions h a v e  been made to  convert  
cell G to a remote maintenance cell. T h e  viewing 
windows, master-s lave manipulators, and  cell 
s e r v i c e  e n t r i e s  a r e  ins ta l led  on a modular arrange- 
ment to permit flexibility i n  process  equipment 
arrangement. Sufficient s p a c e  and sh ie ld ing  is 
provided for reprocess ing  and fabricat ing full as- 
sembl ies  up t o  12 f t  i n  length and containing up to 
35 k g  thorium-uranium fuel  irradiated to  25,000 
Mwd/tonne and decayed  90 days. 

Construct ion of t h e  s p e c i a l  in-cel l  bridge c r a n e  
and electromechanical  manipulator h a s  s ta r ted ,  
and t h e  s y s t e m  wi l l  b e  ins ta l led  af ter  t h e  bui lding 
h a s  been completed. T h e  bui lding construct ion is 
scheduled  for completion i n  December 1966. In 
t h e  interim, a cell mockup is being used  t o  deve lop  
and  t e s t  p rocess ing  equipment and  remote opera- 
t ional  procedures. 

'A. R. Irvine and A. L. Lotts,  "The Thorium Fue l  
Cycle  Development Fac i l i ty  Conceptual Design." pp. 
333-50 in Proceedings of the Thorium Fue l  Cycle  
Symposi urn, Gatlinburg. Tennessee,  December 5- 7, 

'A. R. Irvine and A. L. Lotts,  Metals and  Ceramics 
Div. Ann. Progr. Rept. May 3 1 ,  1963, ORNL-3470, pp. 
198-201. 

''A. R. Irvine, A. L. Lotts,  and A. R. Olsen, Metals 
and  Ceramics Div. Ann. Progr. Rept. June 30, 1964, 

1962, TID-7650, bk 1 (July 1963). 

ORNL-3670, pp. 230-31. 
"Chemical Technology Division. 
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Oxide Fabrication Equipment 

J. D. S e a s e  R. B. P r a t t  
A. L. L o t t s  

We a r e  developing t h e  oxide  fabrication equip- 
ment t o  demonstrate  i n  t h e  T U R F  t h e  technica l  
and economic feas ib i l i ty  of remote fabrication of 
metal-clad c l u s t e r  fue l  e lements  containing (Th, 
2 3  3U)0 , .  T h e  p r o c e s s  for which t h e  equipment is 
des igned  is vibratory compaction of bulk oxide  
into f u e l  t u b e s  and mechanical  assembly  of t h e  
fuel  rods into elements .  

T h e  equipment is be ing  des igned  to  process  fue l  
rods a t  a pi lot  plant  scale of approximately 40 fuel  
rods per  8-hr sh i f t ;  however, e a c h  equipment i tem 
is being des igned  to opera te  at i t s  maximum capa-  
bility t o  e s t a b l i s h  cr i ter ia  for full production facil- 
i t i es .  T h e  b a s i c  requirement for t h e  equipment is 
t h a t  it b e  a b l e  to accommodate fuel  rods 2 t o  10 
f t  long and 4 t o  $ in. i n  diameter. Flexibi l i ty  
of t h e  equipment is gained when p o s s i b l e  through 
minor adjustment  of a component, but  unit s p e e d  
wil l  not b e  sacr i f iced  for flexibility. 

T h e  oxide  fabrication procedure h a s  changed 
very l i t t l e  during t h e  year. l 2  Simplification of t h e  
powder preparation s t e p  w a s  t h e  only change  made. 
A rev ised  flow diagram is shown in Fig.  30.2. 
Most of t h e  des ign  effort during the  year h a s  been  
concentrated i n  t h e  a rea  of rod fabrication, and 
most of t h e  equipment i n  t h i s  area is ei ther  i n  a 
preliminary d e s i g n  s t a g e  or completely designed.  
Design of t h e  element  assembly  d e v i c e  and as -  
soc ia ted  equipment h a s  not begun because  t h i s  
equipment i s  a lmost  completely dependent  upon 
the  particular element t o  b e  fabricated.  

Although des ign  of some equipment is be ing  de- 
layed,  w e  are proceeding with fabricat ion and mock- 
up  t e s t i n g  of two key equipment i tems,  the  vibratory 
compactor and t h e  fuel-blend-transfer device. T h e  
fabrication and  t e s t i n g  of t h e s e  d e v i c e s  wil l  g ive  
u s  a b a s i s  for eva lua t ing  design phi losophies  and 

a l s o  e n a b l e  u s  t o  e v a l u a t e  t h e  performance of t h e  
vibratory compactor. A pictorial view of t h e  vi- 
bratory compact ion unit that  i s  currently being 
fabricated is shown i n  F ig .  30.3. A complete  re -  
v iew of t h e  s t a t u s  of t h e  oxide  fabricat ion equip- 
ment i s  reported elsewhere.  1 3  

Fueled-Graphite Fabrication Equipment 

R. B. Pra t t  R. L. Pi l loton 
A. L. L o t t s  

We are currently conceptual ly  des igning  equip- 
ment t o  b e  u s e d  for demonstration of refabrication 
technology for advanced high-temperature gas- 
cooled reactor  (HTGR) fuel e lements .  ' T h e  flow- 
s h e e t  t h a t  is b e i n g  used  for conceptual  des ign  is 
shown in F ig .  30.4 and a preliminary equipment 
layout i n  F ig .  30.5. T h i s  equipment occupies  half 
t h e  s p a c e  in c e l l s  D and E. 

Production-type equipment wil l  b e  used  for dem- 
onstrat ion of refabrication technology for fueled 
graphite e lements ,  so  t h a t  information gained wi l l  
b e  appl icable  both technical ly  and economically 
to  a ful l -scale  production faci l i ty .  T h e  equipment 
is b e i n g  s i z e d  for a production ra te  of 35 k g  heavy 
metal per day. T h e  coa t ing  process  is present ly  
t h e  principal barrier t o  achiev ing  t h i s  goal and, 
accordingly, a subs tan t ia l  par t  of our development 
program is d i rec ted  toward i t s  development. 

To provide a b a s i s  for process  and equipment 
design,  w e  a r e  conduct ing experiments  in  s e v e r a l  
a r e a s  inc luding  spher ica l  par t ic le  preparation, 
conversion of ox ide  par t ic les  to  carbide,  and coat-  
ing  with pyrolytic carbon. T o  a id  i n  analyzing 
process and equipment d e s i g n  requirements, w e  
a r e  current ly  equipping a pi lot-scale  coa ted  par t ic le  
development laboratory (CPDL), which will opera te  
with nonrecycle  material. All t h i s  work is reported 
i n  the  subsequent  sec t ions .  

' 3"0xide Fabrication Equipment, *' Status and Progtess 
Report for Thorium Fuel Cycle Development, Dec. 3 1 ,  
1964 ,  ORNL-3831 (in press). 

A 1 OOO-Mw(e) 
High-Temperature Gas-Cooled Reactor, GA-4706 (1 964). 

12R. B. Pratt, J. D. Sease,  and A. L. Lotts, Metals 
and Ceramics Div. Ann. Progr. Rept. June 30, 1964,  
ORNL-3670, pp. 231-35. 

14Design Study Report for TARGET. 
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F U E L  ED-GRAPHIT E DEVELOPMENT 

Carbon-Coated Oxide Fuel Concept 

D. A. Douglas, Jr .  

Because  of the greater simplicity and ease of 
operation afforded by the  use  of oxide rather than 
carbide microspheres, we initiated a program l a s t  
year '  to explore the feasibility of a carbon-coated 
oxide fuel concept. T h e  compatibility experiments 
have proved very successful,  as reported in Chap. 
24 of th i s  report. Initial irradiation tests in sweep- 
capsule  experiments ' encountered experimental 
difficulties, but t he  results showed sufficient 
promise that excellent irradiation performance can 
be predicted. Thus, we  continue to center our 
main attention on the production and processing of 
oxide-fueled graphite elements. 

"R. L. Hamner, R. L. Beatty, and R. E. Meadows, 
Metals and Ceramics Div. Ann. Progr. Rept. June 30, 
1964, ORNL-3670, p. 238. 

Coated Particle Development Laboratory 

R. B. Pratt J. W. Snider' ' 
A. L. Lot t s  

A pilot-scale microsphere fabrication l ine is cur- 
rently being installed in  the  CPDL. During the 
pas t  year,  we  have  prepared the  laboratory and de- 
signed, constructed, and installed the process 
equipment. T h e  purpose of the  laboratory is to 
develop a process su i tab le  for scaled-up use  i n  the  
TURF for fabrication of fueled graphite elements. 
Development work will include microsphere prepara- 
tion, conversion of oxide particles t o  carbides,  
and coating of particles with pyrolytic carbon. 
We sha l l  u s e  natural thorium and uranium of various 
enrichments. T h e  flow diagram for processing fuels 
in the CPDL is shown in Fig.  30.6. 

16P. E. Reagan, 0. Sisman, and E. L. Long, Jr., 
Coated-Particle Fuels  Development a t  Oak Ridge Na- 
tional Laboratory for Period November 15, 1964 to May 
15, 1965, ORNL-TM-1116, pp. 60-65 (May 1965). 
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Conversion of Sol-Gel Microspheres from 
Tho, to ThC, 

R. L. Pilloton R. L. Hamner 
E. S. Bomar 

Other investigators’ ’ 9 ’  make dense  particles of 
ThC, or (U,Th)C, by a t  l ea s t  the following four 
steps:  (1) mixing of UO,, Tho, ,  and carbon pow- 
ders,  (2) granulating the mixture, (3) converting 
the oxides t o  carbides by heating to  21OO0C, and 
(4) densifying and spheroidizing the carbide par- 
t i c les  by heating them to  2500OC in a bed of carbon. 

We investigated the  feasibility of a process that 
would b e  shorter and therefore more amenable to  
remote operations. l 9  At the same time, we sought 
information for the design and development of 
equipment that might be  used in the TURF for 
refabrication of gas-cooled reactor fuels containing 
carbon-coated carbide fuel particles. 

Initial feasibility for conversion was  established 
when a dilute dispersion of fully dense  sol-gel 
T h o ,  microspheres” in graphite flour (approx 91% 
graphite) was heated in a stationary graphite 
crucible for 2 hr at 220OoC and lo-’  torr. We 
showed subsequently that the quantity of graphite 
required could be reduced to 50% and that the oxide 
could be  converted in a flowing argon atmosphere 
(approx 3 ft3/hr). Lampblack was later substituted 
for graphite because of i t s  greater reactivity. 

We finally contained the charge in a horizontal 
cylindrical graphite crucible rotating at over 15 
rpm. T h e  rotation prevented reaction bonding of 
the T h o ,  particles to  the crucible and agglomera- 
tion of the particles at temperatures greater than 
2000°C. A crucible with one fin for periodic re- 
dispers ion of the particles during rotation was most 
satisfactory for prevention of reaction bonding and 
agglomeration and for completely converting the 

”W. V. Goeddel, Nucl. Sci. Eng. 20, 201-18 (October 
1964). 

18H. G. Sowman, R. L. Surver, and J. R. Johnson, 
Nucl. Sci. Eng. 20, 227-34 (October 1964). 

”R. L. Pil loton and R. L. Hamner, “A Method for 
Preparing Dense Spherical Par t ic les  of Thorium and 
Uranium Dicarbides,” paper presented a t  the  11th An- 
nual American Nuclear Society Meeting, Gatlinburg, 
Tenn., June 21-24, 1965 (to be published). 

‘OD. E. Ferguson, 0. C. Dean, and D. A. Douglas, 
“The  Sol-Gel Process  for the Remote Preparation and 
Fabrication of Recycle Fuels ,”  paper presented a t  
Third United Nations International Conference on the 
Peacefu l  Uses  of Atomic Energy, Geneva, Aug. 21 to 
Sept.  9,1964, paper A/CONF/28/P./237. 

charge in the shortest  t i m e .  Time-temperature 
conversion s tudies  in the single-fin crucible rotat- 
ing  at 44 rpm showed that the conversion of 300- 
to 400-p T h o ,  microspheres to ThC, required over 
5 hr a t  2O5O0C, 3 hr at 215OoC, 2 ht at 22OO0C, 
and a t  most 1 hr at 230OOC. However, the product 
converted at 230OOC was badly agglomerated and 
contained large holes. 

Metallographic examination showed the particles 
converted below 2300OC retained their sphericity 
and high density, and x-ray diffraction analysis 
revealed the presence of only ThC,. Complete 
conversion to  ThC, is a lso  shown in Fig. 30.7, a 
photomicrograph of a typical particle. Based on a 
3.8% change in theoretical density in converting 
T h o ,  (9.62 g/cm3) we calculated that the volume 
increase w a s  0.76% and the diametral increase was 
0.26%. 

The  results of preliminary experiments using 
conventionally prepared UO, particles, 150 to 
250 p in diameter, indicated that UO, particles 
may b e  converted to the carbide in the s a m e  manner 
a s  the  T h o ,  particles. W e  demonstrated, however, 
that temperatures lower than 215OOC are required 
to prevent reaction-bonding to the crucible and 
particle agglomeration under the other conditions 
used in the T h o ,  experiments described above. 

The  development of equipment necessary for 
larger scale experiments is in progress. 

Gas-Solid Contact Model Studies 

R. L. Pilloton H. J. Flamm’’ 
A. L. Lotts 

A study of gas-solid contact processes is an 
important part of o u r  program aimed at developing 
improved carbon coating equipment for the  economi- 
cal refabrication of HTGR fuel2,  in the TURF. In 
that investigation we have used g lass  and p las t ic  
models to observe the motion of spherical particles 
in fluidized-bed columns and in rotary drums at 
room temperature. Direct observation was comple- 
mented by a study of slow-motion moving pictures. 

‘On loan from Euratom. 
’,A. L. Lotts,  D. A. Douglas, and R. L. Pilloton, 

“Refabrication Technology and Costs for High-Tempera- 
ture Gas-Cooled Reactor Fuels ,”  paper presented a t  the 
Euratom Symposium on “Fuel  Cycles  of High Tempera- 
ture Gas-Cooled Reactors” a t  Brusse ls ,  Belgium, June 
10-11, 1965. 
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Fig. 30.7. Microstructure of ThC2 Microsphere Derived from a Sol-Gel Tho Microsphere by Heating at 2200’C 
A s  polished. 

2 
Torr in a Stationary Crucible with Graphite-to-Tho for 2 hr at a Pressure of  

Polarized light. 150x. 
Weight Ratio of 10. 2 

Fluidized-Bed Columns23.  - In  all conical  
columns with s i n g l e  g a s  in le t s ,  bubbles  formed 
in  rapid s u c c e s s i o n  at t h e  gas entry, expanded 
while  t ravel ing upward, formed a temporary dome 
a t  t h e  top of the  bed, and f inal ly  burst, leaving a 
thin ver t ical  column of par t ic les  that  co l lapsed  
immediately. In n o  case could we obtain a per- 
fect ly  smooth and uniform downward motion of t h e  
par t ic les  a t  the  periphery where s o l i d s  were return- 
ing  to the s imulated “coat ing zone. ” 

Better  bed charac te r i s t ics  were observed when 
t h e  fluidizing g a s  w a s  introduced through a mul- 
tiple-orifice gas dis t r ibutor  s imilar  to t h e  o n e  
shown i n  Fig.  30.8 and t h e  bottom part  of t h e  

23R.  L. Pilloton, H. J. Flamm, and A. L. Lotts,  
“The  Development of an Improved Coating Furnace for 
Nuclear Fue l  Particles,” paper presented at the 11th 
Annual American Nuclear Society Meeting, Gatlinburg, 
Tenn., June 21-24, 1965. 

column c o n s i s t e d  of a 30” contained-angle cone. 
In t h i s  case par t ic les  moved smoothly upward i n  
t h e  center  of t h e  column and downward a t  t h e  
periphery. 

S ince  in  a c t u a l  c o a t i n g  furnaces  par t ic les  would 
be  coa ted  most ly  a t  t h e  lower par t  of t h e  bed where  
t h e  coa t ing  g a s  is introduced, t h e  “wall  ve loc i ty”  
(i.e., t h e  veloci ty  a t  which t h e  par t ic les  travel 
back  to t h e  coa t ing  z o n e  a long  t h e  column wall) 
is an important factor. Figure 30.9 s h o w s  that  
maximum wall  velocity is obta ined  when t h e  g a s  
dis t r ibutor  p l a t e  is a sha l low c o n e  with a 120’ 
contained angle. 

Rotary Drums. - Since  t h e  motion of par t ic les  
i n  rotary drums is relat ively independent  of t h e  
g a s  flow, t h i s  means  of mechanical  par t ic le  agi ta-  
tion c a n ,  i n  theory, b e  more e a s i l y  appl ied to  
pyrolytic carbon c o a t i n g  of larger quant i t ies  of 
fuel  p a r t i c l e s  than c a n  the  fluidized-bed methods. 

. 
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Fig. 30.8. Schematic Cross Section of a Dual-Flow 

Gas Distributor for Fluidized-Bed Coating of Nuclear 
Fuel Particles. 

T o  study t h e  motion of par t ic les  i n  rotary drum 
coaters  w e  h a v e  s imulated t h e  geometrical charac-  
t e r i s t i c s  of t h e s e  c o a t e r s  i n  glass and p las t ic  
models  and recorded t h e  pat terns  of par t ic le  move- 
ment in  t h e  models. We ca lcu la ted  and verified 
experimentally t h a t  nearly spher ica l  par t ic les ,  
s u c h  as  sol-gel microspheres ,  would remain prac- 
t ical ly  motionless  in  a smooth horizontal  rotat ing 

I I 
80 q20 4 60 

0 
0 40 

GAS DISTRIBUTOR CONTAINED ANGLE (deg) 

Fig. 30.9. Effect of the Gas Distributor Cone Angle 

on Particle Wall Velocity. 

drum unt i l  t h e  charge  depth reached a cer ta in  va lue ,  
which depended on t h e  coeff ic ient  of friction of 
t h e  par t ic les  on  t h e  drum wall. T h i s  re la t ion is 
shown in Fig. 30.10. When t h e  charge  depth w a s  
suff ic ient  t o  prevent s l ippage,  t h e  bed had  t h e  
s h a p e  shown in F ig .  30.11. Below t h e  dot ted l i n e  
of t h e  f igure par t ic les  rotate  together i n  a packed 
bed; above  t h a t  l i n e  they  tumble down i n  a random 
motion. 

T h e  tendency of par t ic les  to remain motionless  
or t o  ro ta te  together a s  packed b e d s  i n  smooth 
rotary drums expla ins  some of t h e  d i f f icu l t ies  of 
c o a t i n g  s o l i d s  uniformly i n  s u c h  drums. T h e  s tudy  
indica tes  t h a t  baff les  must  b e  placed i n  t h e  drums 
t o  increase  par t ic le  agi ta t ion and gas-solid contac t .  
More comprehensive d a t a  a r e  reported elsewhere.  2 4  

24R. L. Pilloton and H. J. F l a v ,  Motion of Spheres 
in Smooth Rotating Drums and Appllcations to the Coat- 
ing of Nuclear Fuel Particles, ORNL-3819 (August 
1965). 
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8,ANGLE OF SLIDE (deg)  

Fig.  30.10. Minimum Loading Necessary to Avoid Slippage of the Charge a t  Low Angular Speeds a s  a Funct ion 

o f  Fr ict ion.  

Prototype Fluidized-Bed Coater ORNL-DWG 64-11244 

R. L. Pi l loton H. J. Flamm” 
R. G. Millsz5 

CENTER OF CIRCULATION PATHS 
mxw AREA OF POOR MOTION AND MIXING 
- CIRCULATION PATHS IN ROTATING AND TUMBLING BED 
-_-_ INTERFACE BETWEEN ROTATING AND TUMBLING BED 

Fig.  30.11. 
Rotat ing Drum. 

speed, 40 rpm. 

Typ ica l  Circulat ion Path of Part ic les in a 

Charge depth, 40% of radius; rotation 

Our theoret ical  ca lcu la t ions  and our model s t u d i e s  
on f lu id iza t ionz4  were u s e d  as  a b a s i s  for the  
development  of a prototype furnace for coa t ing  
nuclear  fue l  par t ic les .  A cutaway view of t h i s  
coa ter  is shown in Fig.  30,12. I t s  main par t  i s  a 
cyl indrical  S-in.-ID graphi te  tube  connected by a 
30° graphite c o n e  to a 2-in.-ID metal g a s  distribu- 
tor. T h e  graphi te  column is hea ted  by a 70-kw 
vert ical  r e s i s t a n c e  furnace mounted between two 
upright p o s t s  on which i t  c a n  b e  ra i sed  or lowered. 
T h e  g a s  dis t r ibutor  loca ted  a t  the lower end  of t h e  
furnace is a s p e c i a l  water-cooled nozz le  with 
independent  cent ra l  and peripheral g a s  c i r c u i t s  
connected to  a s e r i e s  of manifolds and gas meter- 
ing  devices .  T h e  upper par t  of t h e  furnace is a 

250n loan f rom the  General Atomic  Company. 
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Fig. 30.12. Cutaway View of Coating Furnace Prototype. 
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water-cooled enclosure,  which h o u s e s  the upper 
portion of t h e  react ion chamber and conta ins  a 
s ight  g l a s s ,  par t ic le  introduction and sample  ports ,  
and t h e  connec t ions  for off-gas and a safe ty  rel ief  
valve.  T h e  en t i re  coa t ing  apparatus  i s  e n c l o s e d  
i n  a s h e e t  metal  hood, which s e r v e s  a s  primary 
containment  for a lpha  contamination. 

T h i s  appara tus  wil l  b e  used  primarily t o  c o a t  
nuc lear  par t ic les  with pyrolytic carbon by hydro- 
carbon cracking  a t  temperatures  of 1000 t o  20OO0C. 
T h e  engineer ing d a t a  thus  obtained will b e  appl ied 
to  t h e  d e s i g n  of remotely operated fluidized-bed 
c o a t e r s  for u s e  in  TURF. 

Prototype Rotary-Drum Coater 

H. J. Flamm” R. B. P r a t t  

T h e  rotary-drum coat ing  process  c o n s i s t s  of 
p a s s i n g  a coa t ing  g a s  over  a charge  of nuclear  
fuel  par t ic les  placed i n  a hea ted  cyl indrical  drum 
rotat ing around a horizontal ax is .  B a s e d  on t h e  
observat ions i n  s t u d i e s  on t h e  motion of spher ica l  
par t ic les  in  smooth rotary d r u m s z 4  and subsequent  
s t u d i e s  on the  e f fec t  of b a f f l e s  and f ins  in  s u c h  
drums, a prototype rotary-drum coater  for operation 
up  to 2200OC h a s  been designed.  As shown in 
the schemat ic  of Fig.  30.13, a n  induction heat ing 

sys tem h a s  been ta i lored t o  a n  e x i s t i n g  vacuum 
chamber. Currently, des ign  is complete  and in- 
ternal  components a r e  be ing  fabricated.  

Prototype Tho,-ThC, Rotary Conversion Furnace 

J. T. Venard R. €3. P r a t t  

T h e  preliminary des ign  of a rotary furnace for 
conversion of T h o ,  sol-gel  microspheres  t o  T h C  , 
microspheres  is complete  and shown i n  Fig. 30.14. 
Design cr i te r ia  were b a s e d  upon previous conver- 
s i o n  s t u d i e s .  1 9 s 2  T h e  principal reason  for t h i s  
prototype furnace is t o  demonstrate  cont inuous 
large-scale  conversion and t o  inves t iga te  control  
and remote control  problems s imilar  t o  t h o s e  that  
will b e  encountered in  TURF.  

T h e  furnace  c o n s i s t s  of an induction-heated 
graphite tube  placed i n  a near  horizontal  posi t ion 
and c a p a b l e  of rotating. A blend of the  T h o ,  
microspheres  and carbon flour is cont inuously fed  
t o  one  end of t h e  rotating tube,  from which i t  
p rogresses  through t h e  furnace  h e a t  zone  where 
conversion t a k e s  p lace .  After conversion,  t h e  
mater ia l  p rogresses  t o  the d ischarge  end of t h e  

* 6crExper iments  on Conversion of Sol-Gel Microspheres 
from T h o ,  to  ThC,,” Status  and Progress Repor t  for 
Thorium F u e l  Cycle  Development, ORNL-3831 (in press).  

ORNL-DWG 65 -5476  
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Fig. 30.13. Rotary Drum Coater Prototype. 
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2' Fig. 30.14. Schematic of Furnace for Conversion of (U,Th)O to (U,Th)C 2 

tube where it f a l l s  into a water-cooled s torage  
hopper. T h e  apparatus  is controlled by varying 
t h e  rotat ional  s p e e d  and t h e  e leva t ion  of t h e  input  
end of the  graphite tube.  W e  expec t  tha t  conversion 
will t a k e  p l a c e  i n  5 t o  6 hr a t  approximately 215OOC. 

Space  and s e r v i c e s  for the  conversion furnace 
a r e  currently be ing  prepared. During the  next  year  
we  expec t  t o  complete  fabr icat ion and  instal la t ion 
of th i s  equipment and t o  begin process  development. 

VIBRATORY COMPACTION STUD1 ES 

W. S. Erns t ,  Jr. 

Our experimental s t u d i e s  of vibration energy 
charac te r i s t ics  required for obtaining high bulk 
d e n s i t i e s  a r e  e s s e n t i a l l y  complete. Although 
a n a l y s e s  of t h e s e  experiments  a r e  in  progress ,  
some general  conclus ions  a re  apparent. T h e  most  
important factor  that  contr ibutes  to a high bulk 
densi ty  of powder-packed f u e l s  is a relat ively high 
radial  acce le ra t ion  leve l  of t h e  t u b e  wall. In addi- 
tion, t h e  tube must  vibrate  in  a longitudinal mode 
at a relat ively high acce lera t ion  level .  In t h i s  
respec t ,  t h e  electrodynamic shaker  cannot  compare 
favorably with pneumatic vibrators. Contrary to our 
previous i d e a s ,  compaction is not a t  all a ided by 

the  t ransmission of a n  extremely high acce lera t ion  
pulse  d i rec t ly  into t h e  powders. Apparently, den- 
s i f ica t ion  is achieved by a combination of t h e  
radial  expans ion  and contract ion of t h e  tube wal l  
and agi ta t ion of t h e  powder by t h e  longitudinal 
mode. T h e  f i r s t  provides a se t t l ing  e f fec t  and 
the  la t te r  or ien ts  the par t ic les  in to  a good geomet- 
r ical  fit. 

We a l s o  s tudied  the  energy transfer mechanics  
between t h e  anvil, coupling, and tube. T h e s e  
s t u d i e s  l e d  t o  improved des ign  for off-the-shelf 
pneumatic vibrators s u c h  as t h e  Branford Vibrator 
Company's VIV and t h e  NAVCO bin hopper type. 

A f inal  report covering t h e s e  a s p e c t s ,  a s  wel l  
as  o thers  concerned with vibratory compaction, is 
being prepared. 

SINTERING AND GRAIN GROWTH OF 
SOL-GEL THORIA AND THORIA-URANIA 

M. J. B a n n i s t e r z 7  

Sol-gel thoria and thoria-urania may b e  s in te red  
t o  near  theore t ica l  dens i ty  at 1100 t o  1200OC. We 

z 7 0 n  loan from AAEC Research Establishment,  Lucas  
Heights,  Australia. 
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are  studying the kinetics of sintering and concur- 
rent grain growth of the dried gels to determine the 
mechanisms by which these  processes  occur. 

Grain growth during sintering has  been studied 
by differential thermal ana lys i s  (DTA). The method 
depends on detecting the  re lease  of surface energy 
while the gel is heated from room temperature to 
above 1300OC. The  excess  energy due to the very 
fine crystall i te s i ze  in a typical thoria gel is about 
10 cal/g. Thoria gel heated in air a t  5OC/min 
gives the  DTA pattern shown in  Fig. 30.15a. The 
two endothermic peaks, a t  80 and 450°C, a re  due 
to the heat absorption accompanying the release 
of first  water and then nitrate from the  gel. The  
broad exotherm extending from 700 to 125OOC i s  
the  surface-energy release peak. This  peak is 
shown more clearly in Fig. 30.152~ for gel calcined 
at  600°C t o  remove t h e  nitrate. 

This  technique shows that crystall i te growth 
begins at very low sintering temperatures. The 
observed peak profile may be  interpreted in t e r m s  
of a first-order reaction for t h e  rate of decrease of 
surface area,  with an  activation energy slightly 
over 20 kcal/mole. The peak area yields a pre- 

~ , , , , , OR[L-DWG,65-995i 
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Fig,  30.15. D T A  Patterns of Thoria Gel, Heated 
5'C/min. ( a )  Air-dried ge l .  ( b )  Gel  calcined 5 hr a t  

6OO0C. 

liminary value c l o s e  to  600 ergs/cm2 for the sur- 
face energy of sol-gel thoria a t  1000°C. 

W e  have a l so  s e t  up and calibrated a metallo- 
graphic hot s t age  for the  determination of shrinkage 
kinetics of individual gel microspheres. This  is a 
Lei tz  vacuum heating s tage ,  modified with heaters 
and sh ie lds  of platinum to  facil i tate experiments in 
either oxygen or hydrogen. Preliminary experiments 
have confirmed that thoria gel microspheres sinter 
readily in either atmosphere. 

SINTERING OF SOL-GEL OXIDES 

J. M. Robbins 

W e  began an  investigation of the feasibility of 
fabricating sol-gel-derived (Th,U)O, by cold press- 
ing dry powder and sintering.28 The  dried as- 
received Th0,-3% UO, was  crushed, screened to  
p a s s  200 mesh, calcined a t  a temperature in  the  
range 400 to 950°C, cold pressed, and sintered. 
In the  l a s t  s tep ,  all  pellets were heated to  1000°C 
over a 36-hr period and finally sintered for 2 hr 
a t  145OOC. We studied the e f fec ts  of i sos ta t ic  
forming pressure,  calcination temperature, and 
sintering atmosphere. 

Under the  same conditions of temperature and 
atmosphere, the final dens i t ies  increased with 
increasing i sos ta t ic  forming pressure (up to 35,000 
psi). Powder calcined above 65OoC was  less 
sinterable than that calcined a t  lower temperatures. 
Either calcining t h e  powder or sintering the  pellets 
in hydrogen rather than in air resulted in a lower 
density. T h e  highest bulk density (-9.4 g/cm3) 
was  obtained when pe l le t s  were i sos ta t ica l ly  
pressed a t  35,000 ps i  from air-calcined powder and 
sintered in air a t  1450OC for 2 hr. 

Pe l l e t s  sintered in  hydrogen to  only 1000°C 
cracked on cooling, whereas pe l le t s  sintered to 
1450°C in one heating cyc le  did not crack; ap- 
parently t h e  pe l le t s  heated to  only 1000°C were 
not strong enough to withstand the residual s t r e s s e s  
that occurred during cooling. 

28'6Sintering of Sol-Gel Oxides," in S ta tus  and 
Progress Report  for Thorium Fue l  Cycle  Development 
Dec. 31,  f964, ORNL-3831 (in press). 

. 
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IRRADIATION STUD1 ES 

Powder-Packed Sol-Gel Oxide 

A. R. Olsen 
Y .  Hirose" E. J. Manthos 

J. W. Ullman l 1  

The irradiation tes t ing  and evaluation of sol-gel 
oxide a s  a nuclear fuel is continuing. Previously 
reported  result^^'-^^ showed that the chemically 
produced ceramic meets the bas i c  requirements of 
a nuclear fuel and compares favorably with arc- 
fused material. Also, vibratorily compacted powder 
fuel rods performed well  when compared with fuel 
rods containing pressed and sintered pellets a t  
moderate linear heat ratings up to 300 w/cm and 
burnup levels to 40,000 Mwd/tonne Th  + U. Cur- 
rently we are investigating the  e f fec ts  of extended 
burnup, higher heat ratings , and so 1-gel processing 
variables, such  a s  calcining atmospheres, on the  
fuel material. Table 30.1 summarizes the experi- 
mental conditions of the  irradiation t e s t s  in the 
program to date. 

During the  pas t  year, two additional fuel rods 
from t h e  MTR-I group were examined. These  
rods attained the  highest  burnup leve ls  yet reached 
with the  vibratorily compacted Tho,-UO, fuels. 
As can  b e  seen  from the  da t a  l isted in Table  30.2, 
the  fission-gas re lease  rates were moderate. We 
found no evidence of a saturation phenomenon, 
such  a s  a sudden increase in  g a s  re lease  or sig- 
nificant changes in the  fuel rod dimensions. The  
gas-release rates appear t o  be time dependent, 
indicating a diffusion controlled phenomenon. 
Other time and temperature controlled phenomena 
are grain growth and sintering. The  development 
and growth of equiaxed grains were most pronounced 
in the sol-gel materials in  the MTR-I group. The  

"Noncitizen g u e s t  f rom H i t a c h i  Ltd.. Japan. 

30S. A. Rabin, Metals a n d  Ceramics  Div. Ann. Progr. 

31S. A. Rabin, J. W. Ullman, and  D. A. Douglas,  Metals 
a n d  Ceramics Div. Ann. Progr. Rept.  June  30, 1964, 

Rept .  May 31, 1963, ORNL-3470, pp. 205-9. 

ORNL-3670, pp. 238-45. 

32Sta tus  and Progress  Repor t  for Thorium F u e l  C y c l e  
Development December 31,  1963, ORNL-3611, pp. 96- 
102. 

unirradiated material was  uniform with no micro- 
scopically de tec tab le  structure but known to  con- 
tain submicroscopic porosity. On irradiation th i s  
porosity f i r s t  appeared to agglomerate. Continued 
irradiation developed a distinct grain structure 
in the  center of t h e  fuel rod with 6- to  8-p equiaxed 
grains a t  8.2 x 10'' f issions/cm3 (375 reactor 
full-power days )  and up t o  60  ,u at 16.5 x 10'' 
f issions/cm3 (691 reactor full-power days). A more 
or less circumferential a a c k ,  caused  by thermal 
cycling, was  found a t  different locations, moving 
with increas ing  burnup or exposure time from the 
center toward the outer surface of the fuel. Th i s  
crack appears t o  b e  associated with the  extent of 
fue l  sintering at operating temperature and was 
observed in t h e  pressed and sintered pellet fuels 
as well a s  the  vibratorily compacted fuels. One 
additional sol-gel fueled rod in the MTR-I group is 
s t i l l  in  the  reactor and will be  exposed to  a burnup 
in  excess  of 100,000 Mwd/tonne Th + U. 

The  MTR-111 and ETR-I groups contain a s ingle  
dried sol-gel Th0,-U02 fuel preparation that was 
divided into three segments that were calcined at 
1150°C separately under different atmospheres 
(air, nitrogen, and the  standard Ar-476 H,). T h e  
MTR-I11 group is still being irradiated but the 
ETR-I group is being examined. Table  30.3 l i s t s  
some of t h e  irradiation conditions for t h i s  latter 
group. T h e  experiment was  intended to  produce 
central  melting in these  fuel rods. The  postir- 
radiation gamma s c a n s  and microstructures indicate 
th i s  w a s  not achieved, possibly because during 
the first  9.5 hr of exposure the reactor operated 
a t  half power. Such operation would provide an 
ikd6' of 50 w/cm, which the previous ORR loop 
t e s t s  indicated was  high enough to produce sinter- 
i ng  and columnar grain growth and thus increase 
the  thermal conductivity and lower the central  
temperature a t  subsequent full-power operation. 
Columnar grain growth was  extensive, and central  
voids were formed for the first time in th i s  series 
of irradiation t e s t s  on Tho,-UO,. These  voids 
were 3 c m  long a t  the high burnup end of fuel rod 
1 0  and essent ia l ly  the full fuel length of rods 8, 
18, and 20 (27 cm). The  composite radial micro- 
graphs of three rods are shown in Fig. 30.16. Ex- 
amination of these microstructures permitted the 
calculation of SkdO values for columnar grain 
growth and equiaxed grain growth shown in Tab le  
30.4 together with previously reported data3'  for 
comparison. These  data c a n  be  compared with 



T a b l e  30.1. Summary of Thorium Fue l  C y c l e  Program Irradiations o f  Powder-Packed Rodsa 

Linear 

Rating (Mwd/tonne Status Objective 
Heat P e a k  Burnup Fuel  Rod 

Dimensions (cm) No. of Type of Density 
Rods Oxide (% of theoretical) Designation 

Length OD Wall (w,cm) metal)  

MTR-I 

MTR-I1 

MTR-I11 

ETR-I 

NRX-I 

NRX-I1 

NRX-I11 

NRX-I11 

7 Arc-fused and 86 to  87 
Sol-Gel E 

2 Sol-Gel S 88 to 89 

6 Sol-Gel 35 86 to  89 

4 Sol-Gel 35 

8 Sol-Gel A 
and B 

4 Sol-Gel C 
and arc- 
fused 

6 Sol-Gel S 

3 Sol-Gel 

T h 0 2 - P u 0 2  

86 to 89 

86 to 87 

83 to 86 

88 to 89 

74 to 76' 

27 0.08 0.06 390 15,000 t o  
100,000 

57 0.8 0.06 600 100,000 

30 1.1 0.06 820 100,000 

30 1.1 0.06 960 22,000 

27 0.8 0.06 160 16,000 

57 0.8 0.06 210 5.000 

99 0.8 0.06 270 23.00 0 

29 0.8 0.06 260 22,000 

~~~~~ 

6 examined, Provide base-line data to  

u s e  in comparing sol-  
gel and arc-fused oxide 

1 in reactor 

In reactor Obtain higher hea t  rating 
by increasing enrich- 
ment 

In reactor Compare oxide calcining 
atmospheres and higher 
hea t  ratings obtained 
by increas ing  diameter 

Being ex- 
amined 

Same a s  for MTR-I11 

Examined Provide base-line data 

Examined Study effect of increased 
length 

Examined Study effect  of increased 
length 

Examined Study T h o 2 - P u 0 2  and 
lower packed density 

I , 



Table 30.1 ( cont inued)  

, 

Linear 
F u e l  Rod Heat P e a k  Burnup 

Rating (Mwd/tonne Sta tus  Objective No. of Type of Density Dimensions (cm) 
Designation Rods Oxide (yo of theoretical)  

Length OD W a l l  (w/cm) metal) 

84 to  85 55 1.2 0.04 500 2,100 Examined Study rn pressurized 
water a t  26OoC and 
1750 ps i  

ORR loop 3 Sol-Gel 26 

ORR poolside 2 Sol-Gel D 

ETR-I1 

ETR-I11 

6 BNL Sol- 
Ge 1 

7 Sol-Gel 
T h o ,  

90 

18 1.6 0.05 340 5,000 Examined Measure effective thermal 85  
conductivity using a 
cent ra l  thermocouple in  
NaK a t  315 psi;  540 and 
705OC 

48  1.3 0.09 630 30,000 to In reactor Study ef fec ts  of remote 
100,000 fabrication and oxide 

recalcining 

88 48 1.3 0.09 770 10,000 to In reactor Study Tho, blanket ma- 

increas ing  hea t  rating, 
70,000 terial  with gradually 

and provide high-pro- 
tactinium low-fission- 
product material for 
chemical processing 

aAll rods were c lad  with type 304 s ta in less  s t e e l  except for groups ETR-I1 and -111 and two of t he  three ORR loop specimens; these  were clad in Zir- 

bTamp packed. 
caloy-2. 
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Table 30.2. Effect of Burnup on Fission-Gas Release of Vibratorily Compacted Th02-U02 Fuels 

"Kr 
Release  

(%) 

Maximum Burnup P e a k  Linear Heat  Rating 
3 Fue l  Oxide 

Time Averaged (w /cm) (Mwd/tonne Th + U) (F i s s ions  /cm ) 

x l o z o  

Sol-Gel E 

Sol-Gel E 

Sol-Gel E 

Arc-Fused 

Arc-Fused 

Arc-Fused 

341 

286 

311 

299 

2 97 

267 

14,000 

40,200 

81,000 

12,300 

42,100 

71,000 

2.9 0.5 

8.2 13.2 

16.5 17.0 

2.5 2.4 

8.6 7.2 

14.4 6.4 

Table 30.3. Conditions far the Irradiation of Vibratorily Compacted Sal-Gel 

Tho2-6% U 0 2 a  Fuel Rods at  Higher Heat Ratings (ETR-I) 

Vibrated P e a k  Linear 
Density Heat RatingC 

Maximum Burnup Fuel  Rod Calcining 
3 (Mwd/tonne T h  + U)  (F iss ions /cm ) (X theoretical)  (w/cm) 

Number Atmosphere 

18 Air 88.1 870 

10 Ar-475 H, 88.4 865 

85.1 91 0 N 2  8 

2Od Air 88.3 

20,400 

20,000 

22,000 

x l o z o  

4.3 

4.3 

4.5 

%raniurn enriched in 235cT to 93%. 
bBased on a ca lcu la ted  theoretical  density of 10.04 g/cm3. 
'Time averaged value for the total exposure of 140.5 t e s t  reactor full-power days. 
dA binary distribution of fuel particle sizes;  t he  other three rods used a ternary mixture. 

the  performance of vibratorily compacted UO, fuel  
i n  which voids  were formed a t  a n  

1 "kdd 
T O  

of approximately 50 w/cm. T h e  f iss ion-gas r e l e a s e  
based  upon t h e  "Kr a n a l y s i s  is moderate when 

33V. 0. Haynes, W. C. Thurber, and E. L. Long, Jr., 
"Fuel Irradiation Tests," Maritime Reac tor  Program 
Ann. Progr. Rept .  Nov. 30, 1963. ORNL-3775, pp. 61- 
7 7. 

compared with tha t  from UO, a t  s imilar  hea t  rat- 
ings  but  ind ica tes  a p o s s i b l e  e f fec t  of ca lc in ing  
atmosphere on t h e  r e l e a s e  rates. A f inal  judgement 
wil l  depend on t h e  examination of t h e  MTR-I11 
group. T h e s e  tests indica te  t h e  vibratorily com- 
pacted sol-gel f u e l s  wil l  opera te  at l inear  h e a t  
ra t ings up t o  1000 w/cm and t h a t  t h e  l imit  h a s  not 
yet  been reached. 

Three  rods conta in ing  sol-gel  T h o ,  mixed with 
PuO,  before  ca lc in ing  and loaded by tamp packing 
have  been examined af ter  exposure  at l inear  h e a t  
ra t ings up t o  245 w/cm t o  a burnup of 29,000 Mwd/ 
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PHOTO 80962 

2.54 m m -1 

AIR FIRED F U E L  IRRADIATED TO 4.3 x 10'' f i s s i o n s / c m 3  AT A L I N E A R  H E A T  RATING OF 870 w / c m .  

-2.54mm -1 

F U E L  FIRED IN A r - 4 %  H, AND I R R A D I A T E D  TO 4.3 x lo2' f i s s i o n s / c m 3  AT A L I N E A R  HEAT RATING OF 8 6 5  w / c m .  

2 . 5 4  rnrn 

NITROGEN FIRED F U E L  I R R A D I A T E D  TO 4.5 x I O z o  f i s s i o n s / c m 3  AT A L I N E A R  HEAT RATING OF 910 w / c m .  

Fig.  30.16. Composite Rad ia l  Micrographs a t  Maximum Burnup Locat ions of Vibrotorily Compacted Sol-Gel 

Th02-6% U02 Fue l  Rods C lad  in 304L Stainless Steel. 

tonne Th + Pu.  T h e  fission-gas r e l e a s e  r a t e s  were 
less than 5% and t h e  microstructures  were s imilar  
t o  ThO,-UO, exposed  under t h e  same conditions. 

During t h e  p a s t  year ,  remotely fabricated rods 
of the  ETR-I1 group containing Th0,-3% 2 3 3 U 0 2  

in  Zircaloy c ladding  were  inser ted i n  t h e  reactor .  
They  a r e  performing without incident  after e ight  
months exposure  a t  a l inear  h e a t  ra t ing greater  than 
600 w/cm. A similar  group of rods containing T h o ,  
(ETR-111) a r e  also under irradiation. T h i s  group 

9 
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T a b l e  30.4. Effects of Higher H e a t  Ratings on Irradiated Sol-Gel T h 0 2 - U 0 2  Fue ls  

Heat  Ratings for Various Microstructural 
Cladding Changesa  (w/cm) 
Surface 85Kr BurnuD Fue l  Rod Experiment 

Identification Temperature 
JTckdo  JTvkd@ L T C g k d o  f Te&!kdo Re lease  (Mwd/tonne 

Th  + U) (OC) T O  T O  0 =0 ( 7 0 )  

ORR loop L-1-A 260 46.5 
L-1-B 260 57.0 
L-1-c 260 49.6 

ORR poolside 03-5 705 58.5 
06-5 540 46.7 

ETR-I 18 100 
10 100 

8 100 

31.2 2.3 1600 
54.2 35.4 lo s t  2100 

38.2 3.9 1230 

35.5 18.3 5220 
b lo s t  4040 

76.5 49.3 48.2 38.6 20,400 
79.7 38.1 33.3 27.8 20,000 
75.3 42-2 39.3 21.4 22,000 

BThe hea t  ratings are time averaged va lues  for t h e  various integrals:  Tc is the central  temperature limit, TV is 
is the limit of discernible equiaxed the limit of void formation, Tcg is the limit of columnar grain growth, and  T 

grain growth. eg 

bAlthough equiaxed grain growth was  observed, the  extent h a s  not been clearly defined. 

will be subjected to an increasing linear heat rat- 
ing, which will reach approximately 1000 w/cm 
after 350 reactor full-power days, when the ac- 
cumulated burnup will be approximately 28,000 
Mwd/tonne. These  rods have been in the ETR for 
one cycle a t  a maximum unperturbed flux of 2.6 x 
1014 neutrons cm- ,  sec-'. 

fuels during low-temperature (<lOO°C) neutron 
activation. The  results show that the fractional 
release of fission gas  a t  low temperature and dose 
is a function only of the  surface area of the sample. 
In other words, the low-temperature neutron activa- 
tion tes t  yields an accurate measurement of the 
surface area of a nuclear fuel sample. The rela- 
tionship between the fraction F of '33Xe released 
during irradiation and the  specific surface area S 
in c m - '  of a sample from our t e s t s  i s  given by: Fission-Gas Release from Ceramic Fuels 

R. B. F i t t s  
log F -6.104 + 0.865 log S . 

W e  are studying the  release of '33Xe during low 
temperature (t100OC) neutron activation and the 
release of this s a m e  isotope during postactivation 
isothermal annealing. The  techniques used in 
these tes t s  have been given in previous reports. 3 4 -  

Low-Temperature In-Reactor Fi ssion-Gas Re- 
lease. - We have measured the release of fission 
gas  by thoria, urania, uranium nitride, and V-1% U 

The  method of surface area measurement has 
several  advantages, which are mentioned in an 
earlier report. 3 7  The data are being analyzed in 
detail a t  present and a report is being prepared 
for publication. 

Elevated-Temperature Postirradiation Release. - 
We are examining the effects of s t r e s s  of fission- 
gas release from ceramic fuels (principally Tho,-1 
or 2% UO,). The  manner in which s t r e s s  and 
plastic deformation affect the release rate helps 34GCR Program Quart, Progr. Rept. Dec. 3 1 ,  1959, 

ORNL-2888, pp. 68-72. 
35D.  F. Toner and J. L. Scott, Am. SOC. Testing 

Mater. Spec. Tech. Pubf. 306, 86 (1961). 
36R. B. F i t t s ,  J. L. Scott, and C. S. Morgan, S t ress -  

Induced R e l e a s e  of F i s s ion  Gases  from UO and Tho - 
Uo,, ORNL-TM-740 u a n .  28, 1964). 2 2 

376'Fission-Gas Release  from Thoria Fuels , "  in 
S ta tus  and  Progress  Report  for Thorium F u e l  Cycle  
Development Dec. 3 1 ,  1964,  ORNL-3831 (in press).  
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. t o  c lar i fy  t h e  role  of s t r e s s e s  and d is loca t ions  i n  
t h e  r e l e a s e  of f i ss ion  gas .  Some extension of our 
previous ~ ~ r k ~ ~ - ~ ~  h a  s shown tha t  there  is a 
s t rong correspondence between t h e  c reep  rate  of a 
Tho,-UO, bushing and t h e  observed rate of re- 
lease of f i ss ion  gas .  In addition, we  have  shown 
that  a sample  under s t r e s s  and containing a Iarge 
number of quenched-in d is loca t ions  wil l  r e l e a s e  
much more f i ss ion  gas  during postirradiation heat- 
i n g  than  wil l  the  s a m e  sample  in  t h e  annealed 
s t a t e .  T h e s e  r e s u l t s  show that  s t r e s s ,  dis loca-  
tion motion, or both c a u s e  enhanced  r e l e a s e  of 
f i ss ion  g a s  from reactor fue ls ,  

Since we wanted to  u s e  t h e  induction-heated 
carbon d i e s  of our c reep  apparatus  i n  vacuum, we 

38R. B. Fitts ,  Metals and Ceramics D i v .  Ann. Progr. 

39C. S .  Morgan, R. B. Fit ts ,  and J. L. Scott, J .  Am. 
Rept.  June 30, 1964, ORNL-3670, pp. 246-49. 

Ceram. SOC. 48(3), 166 (1965). 

sought  a thermocouple tha t  could measure t h e  
sample  temperature whi le  i n  vacuum, i n  t h e  pres- 
e n c e  of carbon,  and i n  a n  induction field. W e  
found n o  ef fec t  of our 10-kc induction f ie ld  on t h e  
reading of a thermocouple by our Brown recorder. 
Hot carbon s t rongly affected t h e  performance of 
most thermocouples. For  example, i n  a n  89-hr 
tes t ,  a P t  v s  Pt-10% Rh thermocouple i n  carbon a t  
1400'C exhibi ted a spurious drift more than - l 0 C /  
hr. A t e s t  of four platinum-rhodium a l loys  and two 
tungsten-rhenium a l loys  i n  carbon and  vacuum 
showed t h a t  t h e  platinum-rhodium a l loys  with higher  
rhodium contents  a r e  t h e  most s t a b l e  thermoele- 
ments of t h e s e  s y s t e m s .  Also,  a s m a l l  gap be- 
tween t h e  carbon and t h e  hot junction greatly im- 
proved thermocouple performance i n  vacuum and 
carbon. We feel t h a t  a platinum-rhodium alloy 
thermocouple with high rhodium content  and with a 
small sh ie ld  t o  prevent direct  contac t  with t h e  
carbon wil l  perform sat isfactor i ly  up t o  100 hr in  
carbon d i e s  a t  temperatures  up  t o  1500OC. 





Part IV. 

Other Program Activities 





31. BONUS Reactor Support Program 

J. E. Cunningham 

In late November of 1964 w e  ini t ia ted in-cel l  
examination of a superheater  fuel  assembly  t h a t  
had fai led prematurely i n  the  Boil ing Nuclear  
Superheat  (BONUS) Reactor. T h e  inves t iga t ion  
w a s  undertaken a t  the  request  of t h e  U.S. Atomic 
Energy Commission, Oak Ridge Operat ions,  for 
t h e  following reasons:  (1) t o  locate t h e  source  of 
fission-product leakage ,  (2) to e s t a b l i s h  t h e  nature  
and ex ten t  of damage,  (3) to determine t h e  most 
l ikely mode or mechanism of fa i lure ,  and (4) to  
ascer ta in  the  probable c a u s e  of failure. 

T h e  f indings of t h e  examination, as  wel l  a s  follow- 
up fabricat ion work to upgrade spec i f ica t ions  for 
future procurement of t h e s e  components ,  a r e  re- 
ported below. 

BACKGROUNDON BONUS REACTOR 

During the  ear ly  morning of November 11,  1964,  
a reduction-of-coolant-flow acc ident  occurred a t  the  
BONUS power s t a t i o n  that  eventual ly  led  to shut-  
down of the  reactor  and removal of a damaged 
superheater  fuel  assembly.  T h e  reactor w a s  i n  
s tandby operation at a power l e v e l  of 4.8 Mw 
(thermal), be ing  readied for addi t iona l  full-core 
t e s t i n g  at  higher power, when a n  operator inad- 
vertently c l o s e d  a by-pass  va lve  through which 
t h e  bulk of t h e  e x i t  steam from t h e  reactor  w a s  
be ing  routed. T h i s  ac t ion  reduced s t e a m  flow 
through the  superheater  a s s e m b l i e s  to a va lue  20% 
of normal and,  although normal flow w a s  restored 
within 2 to 3 min, t h e  temporary s u p p r e s s i o n  of 
coolant  flow raised the  ca lcu la ted  c ladding  temp- 
erature  at t h e  steam-cooled sur face  i n  t h e  hot tes t  
e lement  from 820 to 1400OF. Immediately following 
t h e  temperature excursion,  f iss ion-product  ac t iv i ty  
w a s  de tec ted  i n  t h e  off-gas from t h e  main con-  
denser ,  indicat ing probable l e a k a g e  from one  or 
more of the  superheater  a s s e m b l i e s .  Some l e a k a g e  

w a s  def ini te ly  t raced to superhea ter  assembly  No. 
9 ,  loca ted  i n  core  posi t ion 16D. T h e  defec t ive  
component w a s  removed from t h e  reactor  and 
shipped to Oak Ridge for examination. 

A s p a r e  superhea ter  fuel  a s s e m b l y  (No. 29)  tha t  
had not  been exposed  to  reactor  s e r v i c e  w a s  a l s o  
included i n  t h e  examination to  provide reference 
da ta .  

T h e  BONUS power s t a t i o n  fea tures  a boiling- 
water-type reactor  with integral  or nuclear-coupled 
superheater .  T h e  reactor  is des igned  to  produce 
16.5 Mw net  e lec t r ica l  power a t  t h e  turbogenerator 
by convert ing 50 Mw thermal power del ivered i n  t h e  
form of s team a t  915'F and 915 ps i .  T h e  reactor  
core ,  shown i n  c r o s s  sec t ion  i n  Fig.  31.1, c o n s i s t s  
of two regions: a central  boiler region with 6 4  
fuel  a s s e m b l i e s  in  a n  8 x 8 array and a per ipheral  
superhea ter  zone  with 32 a s s e m b l i e s  of rectangular  
c r o s s  s e c t i o n  arranged i n  rows of e ight  on e a c h  
s i d e  of t h e  s q u a r e  boiler region. T h e  boi ler  region 
conver t s  reactor  recirculat ing water  a t  532OF to 
sa tura ted  steam a t  540°F, while  t h e  superhea ter  
region r a i s e s  the  s team temperature to  915OF. 
T h e  s t e a m  makes  a four-pass flow in t ravers ing  
e a c h  superhea ter  assembly.  

A perspec t ive  drawing of a superhea ter  assembly  
is shown i n  Fig.  31.2. T h e  uni t  s t a n d s  approxi- 
mately 7 f t  high and weighs about  300  lb .  I t  is 
composed of 3 2  fue l  rod and coolan t  tube sub-  
a s s e m b l i e s ,  a s h e l l  assembly ,  t h e  in le t  and out le t  
t ransi t ion p i e c e s  and l iners ,  the  upper and lower 
c rossover  box l iners  and covers ,  lower end  f i t t ings ,  
and a protect ive shroud. T h e  s h e l l  forms the  b a s i c  
support  s t ruc ture  for t h e  superhea ter ,  pos i t ions  
the  fuel, and  provides a pressure  barrier be tween 
t h e  moderator and the  lower-pressure superhea ted  
s team.  When a f u e l  rod and coolan t  tube sub-  
a s s e m b l y  is inser ted into a pressure  tube and e d g e  
welded,  a s  shown in longitudinal view i n  F ig .  31.2, 
the  resu l t ing  annular  s p a c e  be tween the  p r e s s u r e  

2 9 3  
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ORNL- DWG 65-9955 

@ F U E L  ROD A N D  COOLANT TUBE 
SUBASSEMBLIES 

@ S H E L L  SUBASSEMBLY 

@ I N L E T - O U T L E T  TRANSIT ION P IECE 

@) I N L E T - O U T L E T  TRANSITION L I N E R  

@ UPPER CROSSOVER BOX COVER 

@ UPPER CROSSOVER FLOW L I N E R  

@ LOWER CROSSOVER BOX COVER 

@ LOWER CROSSOVER FLOW L I N E R  

@ F U E L  A S S E M B L Y  GUIDE 

@ PROTECTIVE SHROUD 

@ GUIDE WASHER 

@ GUIDE SPRING 

@ GUIDE SLEEVE 

@ S L E E V E  END 

Fig. 31.2. Perspect ive of BONUS Superheater Fue l  Assembly. 
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and t h e  coolan t  t u b e s  forms a n  insu la t ing  gap 
where s tagnant  s team res ides .  T h e  other annular  
s p a c e ,  between fuel  rod and coolan t  tube,  s e r v e s  
as  t h e  main coolant  channel  where h e a t  is trans-  
ferred from fuel  t o  s team. E a c h  fue l  rod c o n s i s t s  
of a n  Inconel-600 c ladding  tube, UO, fuel  p e l l e t s ,  
end c a p s ,  s p a c e r ,  and other a c c e s s o r i e s .  Closure 
between t h e  end  c a p s  and c ladding  tube as  wel l  
as  c l o s u r e  of t h e  two vent ho les  is accomplished 
by fus ion  welding. All  weldments  were supposedly  
checked  for soundness  by dye penetrant  and helium 
leak  tes t ing .  

IN- C E L L EX AMI NATION 
OF SUPERHEATER ASSEMBLIES 

E. L. Long,  Jr .  

Examination of the  fai led superhea ter  assembly  
d i s c l o s e d  two major defec ts .  One fuel  rod from 
the  third p a s s  had swollen a long  t h e  en t i re  length 
of the  c ladding  and had ruptured a t  t h e  locat ion of 
maximum neutron flux during serv ice .  T h e  rod from 
the  second (and hot tes t )  p a s s  had also swol len  
along i t s  en t i re  length of c ladding  but had not 
ruptured. L e a k  t e s t i n g  of t h i s  rod, however, re- 
vealed the  presence  of two s m a l l  pin h o l e s  a t  the  
cladding-to-support c a p  weldment. Calcu la t ion  
indicated a hole  size of 8 p i n  diameter ,  i f  one 
assumed tha t  both holes  were e q u a l  i n  size. T h e  
diameter  of t h e  ruptured rod increased  a maximum 
of 15% i n  t h e  unfailed region, while  the  other  rod 
showed a m a x i m u m  diametral  i n c r e a s e  of about  8%. 
T h e  remaining 30 rods ,  however, showed no devia-  
tion from the  as-manufactured spec i f ica t ion .  

G a s  s a m p l e s  were taken  from a t  l e a s t  two fuel  
rods from e a c h  of t h e  three  mater ia l  l o t s  used  i n  
manufacture of t h e  fai led assembly .  All  analyzed 
at  least 99% He,  e x c e p t  tha t  o n e  taken  from t h e  
swol len  rod with pinholes  ana lyzed  “wet  air.” 

Metallographic examination of t h e  fai led super-  
heater  assembly  w a s  confined t o  three rods - the  
two fai led rods and one tha t  showed no unexpected 
changes  a s  a resul t  of irradiation. T h e  fuel  rods 
used  in  the  superhea ter  a s s e m b l i e s  contained four 
welds ,  two cladding-to-end-cap w e l d s  and two 
vent-hole welds  located i n  t h e  end  c a p s .  Although 
e a c h  of t h e s e  rods w a s  examined i n  cons iderable  
de ta i l ,  the  most s ignif icant  r e s u l t s  tha t  could b e  
related to fa i la re  of t h e  rods were  found i n  t h e  
weldments. 

A composi te  overlay of three  p l a n e s  of pol ish 
made through the  top  vent-hole weld from t h e  
ruptured rod is shown in F ig .  31.3. A cont inuous 
path c a n  b e  t raced from t h e  i n s i d e  to  t h e  outs ide  
of the  f u e l  rod, e x c e p t  for 1 to 2 mils. All t h e  
vent-hole welds  from the  three rods examined 
contained hot-cracks (i.e., c r a c k s  t h a t  formed 
during welding), but none were as severe ly  c racked  
2s that  shown i n  F ig .  31.3. T h i s  par t icular  weld 
w a s  l e a k  t e s t e d  prior to sec t ion ing ,  but no leak  
w a s  found. However, t h i s  leak  t e s t  w a s  performed 
with low internal  pressure  (He a t  20 to  3 0  psig)  
while  the  end  c a p  w a s  held under water .  

T h e  two pinholes  loca ted  i n  t h e  cladding-to-end- 
c a p  weld of the  swol len  fuel  rod were  loca ted  and 
examined metal lographical ly .  The r e s u l t s  of t h i s  
examination a r e  shown in F ig .  31.4. By s u c c e s -  
s i v e l y  regrinding and repol ishing,  w e  determined 
tha t  t h e  two holes  were about  0 .1  in. apar t .  One 
extended a long  the  weld for about  0 ,011 in. and  
t h e  other  for approximately 0.009 in. T h e  maximum 
size of both openings a c r o s s  t h e  c r a c k s  a t  the  
outer s u r f a c e  of the weld w a s  5 x in. T h e  
holes  were t h e  resu l t  of insuff ic ient  weld pene- 
t ra t ion and f ine  hot-cracks i n  t h e  weld metal .  We 
feel tha t  the  holes  were enlarged when t h e  c ladding  
swel led .  

T h e  f indings on examination of t h e  “cold” or 
s p a r e  assembly  were  s imilar .  All  32 fue l  rods 
were removed from t h e  as-fabricated a s s e m b l y  for 
examination. We s a w  a crack  i n  t h e  s u r f a c e  of 
one of the  vent-hole welds .  After dye-checking 
t o  a s s u r e  ourse lves  t h a t  a c rack  did exist, a gas 
s a m p l e  w a s  taken  from the  fuel  rod. I t  ana lyzed  
75% He,  which indicated tha t  t h e  c rack  w a s  qui te  
smal l ,  s i n c e  only 25% of the  helium diffused out  
over  a period of about  1.5 years .  Another  fuel  
rod from the same welding lot  conta ined  a n  atmos-  
phere of over 99% He. 

T h e  most  in te res t ing  f a c e t  of t h i s  examination 
came about  as a resu l t  of helium l e a k  checking  
the  defec t ive  weld.  T h e  helium l e a k  test w a s  
performed by f i l l ing  t h e  fue l  rod with helium and 
covering the  weld with a mask  t h a t  w a s  connec ted  
t o  a mass-spectrometer  helium l e a k  de tec tor ;  t h e  
mask w a s  then evacuated  t o  1 x torr. T h e  
detector  w a s  cal ibrated for a l e a k  ra te  of 3.8 x 
lo-’’ s t d  cm3/sec. At a n  internal  p r e s s u r e  of 
0 p s i g  t h e  weld did not leak.  However, with a n  
internal  pressure  of 5 p s i g  t h e  weld leaked.  T h e  
leak  ra te  cont inued t o  i n c r e a s e  with a n  i n c r e a s e  
i n  in te rna l  pressure.  We t e s t e d  t h i s  weld further 

. 
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Fig. 31.3. A Composite Overlay Made from Three Planes of Polish on a Transverse Section Through the Top 
Vent-Plug Weld o f  the Ruptured Fuel Rod, Etched; 125x.  
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Fig .  31.4. Longitudinal  Sections Through the T w o  Pinholes Found in the Top Cladding-to-End-Cop Weld in the 

Swollen F u e l  Rod from the F a i l e d  Superheater Assembly. Etched; 1 0 0 ~ .  

by internal ly  pressur iz ing  t h e  fuel  rod with a i r  
and submerging t h e  weld a r e a  i n  liquid Freon.  
Bubbles  emerged from the  c rack  i n  t h e  weld a t  a 
pressure different ia l  of 20 ps i .  B a s e d  on th is  
information, a hole  diameter  of 0.5 p w a s  ca lcu-  
la ted.  Metallographic examinat ion of t h i s  weld 
yielded resu l t s  s imilar  t o  t h o s e  shown i n  F i g .  31.3. 

T h e  defec t ive  welds  found i n  fue l  rods from both 
a s p a r e  superhea ter  assembly  and one tha t  had 
fai led i n  reactor  s e r v i c e  lead  u s  to conclude  tha t  
t h e  d e f e c t s  occurred during manufacture. S ince  
t h e s e  fau l t s  afforded cont inuous pa ths  from the  

inter ior  t o  t h e  exter ior  of t h e  fuel  rods,  t h e  fa i lures  
experienced in  t h e  superhea ter  region of t h e  
BONUS reactor  were of a water-  or s team-logging 
type  t h a t  occurred during t h e  t rans ien t .  Although 
t h e  t rans ien t  resul ted i n  t h e  fa i lures ,  t h e  a c t u a l  
c a u s e  w a s  t raced to manufacturing d e f e c t s .  Al l  
but two of t h e  32 rods examined showed no dele-  
ter ious e f f e c t s  from t h e  t ransient .  T h e r e  were 
no indica t ions  tha t  t h e  choice  of mater ia l s  or the  
general  des ign  concept  played a n  important role  
i n  t h e  fa i lures  tha t  occurred i n  t h e  BONUS super -  
hea te r  fue l  assembl ies .  
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FUEL ELEMENT FABRICATION 

E. A. Franco-Ferreira  

We a r e  currently i n  the  process  of developing 
re l iab le  methods of fabricat ing fue l  rods for super-  
hea te r  e lements  for t h e  BONUS Reactor. T h e  major 
a s p e c t  h a s  been to d e v i s e  a des ign  and fabricat ion 
method for fuel-rod end c losures  tha t  is a n  improve- 
ment over tha t  used  i n  the present  BONUS core. 

T h e  original des ign  u s e s  end c a p s  that  a r e  
socket-welded into t h e  c ladding  tube by s imple  
tungsten-arc fus ion  of the  b a s e  metal .  All com- 
ponents  a r e  made of Inconel  600, and t h e  c ladding  
tube i s  1/2-in. ID x 0.018-in. wall. T h e  overal l  
length of the  fuel  rod is approximately 6 2  in. 

T h e  improved end-closure d e s i g n  incorporates  
a n  edge  fus ion  weld,  which, as  previous exper ience  

Fig. 31.5. 

Y-63046 

h a s  shown,  is a more rel iable  and inspec tab le  
joint  than t h e  s o c k e t  weld. F igure  31.5 s h o w s  
the  sequent ia l  s t e p s  used  in  making t h e  fuel-rod 
top  closure.  At t h e  le f t  a r e  shown t h e  end c a p  
and  c ladding  tube prior to assembly.  In t h e  center  
is t h e  c l a d  tube with t h e  end c a p  pressed  into 
p l a c e ,  ready for welding, whi le  t h e  top support  
hanger is i n  posi t ion t o  be  screwed on. T h e  
view a t  the  right shows the  weld c l o s u r e  between 
t h e  c ladding  and end c a p  with t h e  support  hanger 
sc rewed in to  place.  A t ransverse  s e c t i o n  of a 
typ ica l  end  c a p  e d g e  weld is shown i n  Fig. 31.6. 

T h e  
configurat ions of both end  c a p s  with their  respec-  
t ive  screwed f i t t ings were c h o s e n  so  tha t  t h e  
overa l l  s h a p e  of the  fuel  rod wi l l  conform t o  t h e  
originally des igned  envelope.  

T h e  lower e n d  c losure  is made s imilar ly .  

Fig. 31.6. Cross Section of Typical Closure Weld 

Showing Excellent Joint Quality. Etch: Glycera regia. 

39X. Sequential Steps Used i n  Making the 

BONUS Fuel Rod Top Closure. 



32. Metallography 
R. J. Gray 

A prime responsibi l i ty  of the  group is to prepare, 
examine, and he lp  interpret  the  microstructure of 
all types  of radioactive, toxic, and nonhazardous 
mater ia l s  t h a t  may b e  related to fundamental and 
appl ied research,  development, and reactor  pro- 
grams a t  Oak Ridge National Laboratory. In addi- 
tion, w e  endeavor  t o  k e e p  a b r e a s t  of improved 
techniques and equipment i n  our field a n d  apply 
them or deve lop  our own as they a r e  needed  for 
u s  to fulfill our  obl igat ions.  

An important recent  accomplishment ,  the hot-cell 
examination of a fai led superhea ter  e lement  from 
the  BONUS reactor and d iscovery  of the  c a u s e  of 
failure, is reported in  Chap.  31 of th i s  report. 
Other s ignif icant  accomplishments  a r e  reported 
below. 

ELECTRON MICROPROBE X-RAY ANALYSIS 

G. Hallerman 

The  electron microprobe x-ray ana lyzer  is an 
instrument for qua l i ta t ive  and quant i ta t ive a n a l y s i s  
of e lements  on regions as small  as  1 p in diameter  
on the sur face  of a spec imen.  Volumes as  smal l  
as lo-'' c m 3  c a n  be  readily analyzed with a 
relat ive accuracy of 1% and a limit of detect ion 
of 0.1% or less. 

A f ine beam of high-energy e lec t rons  is focused 
by  electromagnet ic  l e n s e s  on a s e l e c t e d  a r e a  of 
the  spec imen sur face .  T h e  beam e x c i t e s  a n  x-ray 
spectrum containing wavelengths  that a re  charac-  
te r i s t ic  of the  e lements  present  i n  the s e l e c t e d  
a rea  of t h e  sample.  By d ispers ing  the  x-ray s p e c -  
trum i n  a spectrometer  and measuring t h e  emit ted 
x-ray in tens i t ies ,  we  c a n  make a quant i ta t ive 
ana lys i s ,  s i n c e  the  i n t e n s i t i e s  of the charac te r -  
i s t i c  wavelengths  a r e  proportional 
t ra t ions of t h e  elements  present  
a r e a  on the  specimen sur face .  

to m a s s  concen-  
in  the s e l e c t e d  

A Mater ia ls  Analys is  Company model 400 micro- 
We probe w a s  put in operation in January 1965. 

have  u s e d  i t  f o r  t h e  fol lowing appl ica t ions :  

1. 

2. 
3. 

4. 

5. 

6. 

7. 

8. 

9. 

Analys is  of UO, fuel  par t ic les ,  

Analys is  of tungs  ten carbide-cobal t bear ings,  

Ident i f icat ion of p h a s e s  i n  uranium carb ide  
a1 loy s , 
Analys is  of a uranium-thorium a l loy ,  

Measurement of grain boundary dis t r ibut ion of 
calcium in a sample  of ThO,-0.6% CaO,  

Diffusion s t u d i e s  of uranium nitride-metal 
a l loys ,  

Determination of t h e  dis t r ibut ion of magnesium 
in an Ni0-10 at. % MgO crys ta l ,  

Measurement of e lement  distribution in  Nb-40 
a t .  % V, 

Analys is  of prec ip i ta tes  in  INOR-8 al loy.  

EXT EN DE D-TEMP E R ATU R E- RANG E 
HOT-HARDNESS TESTER 

G. Hallerman 

T h e  elevated-temperature  h a r d n e s s  t e s t e r  de-  
scr ibed previously l h a s  a n  upper temperature range 
of 1000°C. W e  h a v e  i n s t a l l e d  a new h a r d n e s s  
tes te r ,  shown in F i g .  32.1, the  des ign  charac te r -  
i s t i c s  of which a r e  based  on c o n c e p t s  developed 
for the  1000°C tes te r .  Although t h e  temperature  
capabi l i ty  of the  new instrument is extended  to  
22OO0C, the present ly  ava i lab le  indenter  mater ia l s  
l imit  its u s e f u l n e s s  to 1400 or 1500°C. U s e  of 
t h i s  instrument  t o  e v a l u a t e  uranium mononitride 
is descr ibed i n  P a r t  11, Chap. 20 of t h i s  report. 

'G. Hallerman and R ,  J. Gray, Equipment for H a r d n e s s  
Tes t ing  a t  E l e v a t e d  Temperatures,  ORNL-3448 (July 
17, 1963). 
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Fig. 32.1. Extended-Temperature-Range Hot-Hardness 

Tester .  

METALLOGRAPHY OF THORIUM CARBIDES 

T. M. Kegley, Jr. B. C. L e s l i e  

A study of the  microstructure was required to 
characterize purity of arc-melted thorium carbide 
samples used in an investigation* of the chemical 
properties conducted by t h e  Chemical Technology 
Division. Since thorium carbides react readily 
with moisture in  the air, special  techniques were 
required to prepare them metallographically. T h e  
techniques developed3p4 were similar to those  
we reported previously for preparing thorium- 
uranium dicarbides. ’ s 6  

’M. J. Bradley and L. M. Fer r i s ,  J .  Inorg. Nucl. Chem. 
27, 1021 (1965). 

3M. B. Sears and T. M. Kegley, Jr.,  “Correlation of 
Composition with the Microstructures of Arc-Cast 
Thorium Carbides,” submitted to  the Journal of the 
Electrochemical Society. 
4T. M. Kegley, Jr., and B. C. Leslie, Metallographic 

Preparation of Thorium Carbides, paper presented a t  
the 19th AEC Metallography Group Meeting April 20-22, 
1965 a t  Oak Ridge National Laboratory (proceedings to 
be published a s  ORNL-TM-1161). 

’T. M. Kegley, Jr.,and B. C. Les l ie ,  J .  Nucl. Mater. 
13(2), 2 83 (1964). 

6T. M. KegIey, Jr., and B. C. Les l ie ,  Metallographic 
Preparation of Dicarbides of Thorium and Thorium- 
Uranium, ORNL-TM-949 (November 1964). 

c 

(b) 

Fig. 32.2. E f fec t  o f  A i r  Etching and Etching wi th  a 

N i t r ic  Ac id  Solution on a Single-phase Thorium Mono- 

carbide Specimen (4.00% C). ( a )  Air etched 10 min. 

Scratches were not evident  unt i l  specimen was  ex-  

posed t o  air. (b) Etched by  immersing 5 min i n  a 

solution of 50 parts concd HN03, 50 parts H20, and 2 
parts concd HCI. 2 5 0 ~ .  

Air  etching h a s  frequently been employed a s  a 
means for revealing the microstructures of thorium 
carbides.  ’-’ Air  etching results from the exposure 
of the active polished surface to moisture con- 
tained in the  ambient air. While air etching reveals 
some microstructural features, the results are not 
a s  clear and distinct a s  the metallographer sees 
in the chemical etching of metals. Rather than 
a i r  etching we etched by immersion in  nitr ic acid 
solutions. F igures  32.2 and 32.3 i l lustrate the 
superiority of t he  nitric acid etchants over con- 
ventional a i r  etching for a single-phase thorium 

’H. A. Wilhelm and P. Chiotti,  Trans.  Am. SOC. Metals 

‘N. Brett, D. Law, and D. T. Livey, J .  Inorg. Nucl. 

’G. B. Engle ,  Metallography of Carbide F u e l  Com- 

42, 1295 (19.50). 

Chern. 13, 44  (1960). 

pounds, GA-2067 (1961). 
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monocarbide specimen and a thorium dicarbide 
specimen containing e x c e s s  graphite. 

T h e  microstructure of carbide specimens con- 
taining a high percentage of ThC, must be  ob- 
served with polarized light, s ince  the surfaces 
passivated by immersion in equal parts of water 
and concentrated nitric acid are essentially fea- 
tureless when observed in  bright field. Figure 
32.4 compares the microstructures observed with 
polarized light for a thorium dicarbide specimen 
(8.91% C) containing a small  amount of mono- 
carbide and a single-phase thorium dicarbide 
specimen (9.23% C). T h e  monocarbide precipitate 
shows up cloudy with polarized light; in contrast 
the structure of the single-phase dicarbide shows 
up sharply. 

PHOTO 80965 

Fig. 32.3. Ef fec t  o f  A i r  E tch ing  and Pass iva t ing  w i th  

N i t r i c  Ac id  on a Thorium Dicarbide Specimen (9.98% C )  
Containing Excess Graphite. (a) As a i r  etched. ( b )  A s  

passivated by immersing 1 min in  equal  parts of concd 

HN03 and water. The thorium dicarbide-graphite 

eutect ic was retained in the passivated specimen but 

not in the air-etched specimen. 

PHOTO a0966 

Fig. 32.4. Comparison o f  the  Po lar ized-L igh t  Micro- 

structures o f  (a) a Thorium Dicarbide Specimen (8.91% 
C) Containing a Sl ight  Amount o f  Monocarbide Prec ip i -  

tate and ( b )  a Single-phase Thorium Dicarbide Speci- 

men (9.23% C). Both  specimens were passivated b y  

immersing 1 m in  i n  equal  parts of concd HN03 and 

water. 1 0 0 0 ~ .  
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Fig. 32.5. Pyrolytic-Carbon-Coated Thorio. 

FRANCIS F. LUCAS AWARD 

B. C. Leslie R. J .  Gray 

The Francis F. Lucas Award and Grand Prize 
for excellence in metallography was received at  
the 1964 American Society for Metals Metallo- 
graphic Exhibit. The color photomicrograph, Fig. 
32.5, was made of pyrolytic-carbon-coated thoria 
spheres. The Tho, core particles were prepared 
by the sol-gel process in the Chemical Technology 
Division and the pyrolytic carbon coating was 
deposited at 1400°C by R.  L. Beatty in the 
Ceramics Laboratory. 

This award was received previously by the 
Metallography Group in 1953 and 1958. 

POLARIZED-LIGHT MICROSCOPY OF 
PYROLYTIC CARBON DEPOSITS 

R.  J. Gray J .  V. Cathcart l o  

Polarized-light microscopy has become an ex- 
tremely powerful tool in the examination of pyro- 
lytic-carbon-coated fuel particles. An unusual 
optical feature seen in polarized light - the Mal- 
tese  cross - was explained in  terms of the fiber- 
like texture of the pyrolytic carbon deposits. ” 

“Reactions a t  Metal Surfaces Group. 

“R. J. Gray and J. V. Cathcart, ‘‘Polarized Light 
Microscopy of Pyrolytic Carbon Deposits,  ” submitted to 
Journal of Nuclear  Materials. 
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IDENTIFICATION OF CARBIDES, NITRIDES, 
AND OXIDES OF NIOBIUM AND NIOBIUM 

ALLOYS BY ANODIC STAINING 

EXPERIENCE WITH COLOR 
INMETALLOGRAPHY 

R. S. Crouse  R .  J. Gray 
R. S. Crouse  

A method w a s  developed l 2  for the  ident i f icat ion 
of some impurity p h a s e s  in  niobium a l loys .  T h e  
procedure i s  b a s e d  on  the  principle that  a n  anodic  
oxide film formed on niobium produces interference 
colors .  T h e  color is charac te r i s t ic  of t h e  anodic  
oxide  th ickness ,  which in  turn depends upon t h e  
composition of t h e  substrate .  T h e s e  color  differ- 
e n c e s  c a n  b e  used  to  identify carbides ,  ni t r ides ,  
and oxides .  

Us ing  specimens containing known p h a s e s ,  a 
technique w a s  developed to  ident i fy  t h e s e  p h a s e s  
in  unknown specimens.  Dilute  so lu t ions  of organic  
a c i d s  were found to  b e  t h e  most sa t i s fac tory  
e lec t ro ly tes  for anodization, although other elec- 
t rolytes  c a n  b e  used .  Clear  co lors  can  be  produced 
and good control is p o s s i b l e  with individual  
so lu t ions  of lac t ic ,  c i t r ic ,  and  oxa l ic  a c i d s  o r  
mixtures of these .  

"R. S .  Crouse, Identification of Carbides, Nitrides, 
and Oxides of Niobium and  Niobium Alloys by Anodic 
Staining, ORNL-3821 (July 1965). 

Color reproductions often a r e  a n e c e s s i t y  i n  
metallography when s ta in ing  or  anodizing tech-  
n iques  a r e  u s e d  t o  reveal  var ious components  in  
t h e  microstructure. Advancements  i n  color  proc- 
e s s i n g  techniques  h a v e  al lowed the  metallographer 
to  produce color  t ransparanc ies  and pr ints  in  h i s  
laboratory. Our exper iences  i n  t h e  u s e  of Pola- 
color ,  Ektachrome, Ektacolor ,  and  t h e  R a p i d  Color 
Pr in t  P r o c e s s o r  h a v e  been reported. l 3  

ACCELERATED EPOXY MOUNTING USING 
A RADIO-FREQUENCY FURNACE14 

R. S. Crouse  

By us ing  a radio-frequency furnace in conjunc- 
tion with a drying oven, we c a n  mount a metal- 
lographic  specimen in epoxy resin i n  20 min. T h e  
usua l  technique requires  3 to  6 hr. T h e  rapid heat-  
i n g  promotes both deaerat ion and impregnation. 

1 3  
R. S. Crouse and R. J. Gray, Experience with Color 

- 
in Metallography, paper presented a t  the 19th AEC I4R. S. Crouse,  paper presented a t  the 19th AEC 
Metallography Group Meeting, April 20-22, 1965 a t  Oak Metallography Group Meeting, April 20-22, 1965 at  Oak 
Ridge National Laboratory (proceedings to be published Ridge National Laboratory (proceedings t o  be published 
a s  ORNL-TM-1161). a s  ORNL-TM-1161). 



33. SNAP-8 Corrosion Studies 

A. Taboada 

T h e  SNAP-8 Corrosion Program i s  a joint  effort 
between the  Metals and Ceramics  Division and t h e  
Reac tor  Division t o  provide a support  program for 
t h e  SNAP-8 e lec t r ica l  generat ing sys tem.  T h e  
primary objec t ives  a r e  (1) to eva lua te  the  com- 
patibility of the  proposed s t ruc tura l  mater ia ls  with 
t h e  proposed reactor coolant ,  eu tec t ic  NaK con- 
ta ining hydrogen, and (2) t o  provide information on 
the  behavior, control, and d ispos i t ion  of t h e  hydro- 
gen present  in  the primary coolant .  

T h e  SNAP-8 s y s t e m '  is one  of the  Systems for 
Nuclear  Auxiliary Power being invest igated by 
NASA and the  AEC for u s e  i n  future s p a c e  vehic les .  
T h e  primary sys tem incorporates  four different 
s t ructural  a l loys  and a reactor  cooled with NaK, 
fueled with zirconium hydride containing ' 5U, 
and reflected with beryllium. T h e  reactor  opera tes  
with sur face  temperatures i n  t h e  range of 590 t o  
775OC and is designed to  supply  35 kw e lec t r ic i ty  
through a boiling-mercury Rankine power-conver- 
s ion  system. All  s y s t e m s  a r e  designed for 10,000 
hr of unattended operation. 

B e c a u s e  the  SNAP-8 reactor  sys tem represents  a 
relatively complex corrosion circui t ,  any def ini t ive 
corrosion s tudy must be  b a s e d  on a relat ively com- 
plex loop sys tem i n  which engineer ing parameters 
c a n  be  adequately reproduced. To reproduce s u c h  
parameters, a s e r i e s  of forced-flow corrosion loops 
were operated. T h e s e  and further information re- 
garding t h e  overal l  program are descr ibed in  SNAP- 
8 Progress  Reports.'-* 

COMPATIBILITY STUDIES OF MATERIALS IN 
SNAP-8 PRIMARY SYSTEM 

B. Fle ischer  A. Taboada  

A s e r i e s  of forced-flow corrosion loop t e s t s  w a s  
performed t o  s tudy mater ia ls  compatibility problems 
assoc ia ted  with the  primary sys tem of the  SNAP-8 

power package.  T h e  s t ructural  mater ia ls  involved 
in  the  sys tem a r e  chromized Has te l loy  N, types  
347 and  316 s t a i n l e s s  s t e e l ,  Has te l loy  C ,  and 
Croloy 9M. Eutec t ic  NaK (78% K) is t h e  h e a t  
t ransfer  medium. T h e  t e s t  plan w a s  formulated t o  
enable  a n  evaluat ion of the e f fec t  of oxygen, hy- 
drogen, hot- leg temperature, and t ime on t h e  com- 
patibility of t h e  above mater ia ls .  In s imulat ing t h e  
SNAP-8 system, we emphasized maintaining NaK 
ve loc i t ies  and construct ion material sur face  a r e a  
ra t ios  while  reducing t h e  m a s s  flow to 2% of that  
ex is t ing  i n  the  a c t u a l  sys tem.  Further information 
and d e t a i l s  a r e  reported e l sewhere .  2 - - 8  

T h e  information gathered from t h i s  program i s  
summarized i n  T a b l e  33.1. I t  is apparent  from 
t h e s e  resu l t s  that  hydrogen did not deleter iously 
affect corrosion of any of t h e  mater ia ls .  Increas-  
i n g  oxygen from less than 30 ppm t o  approximately 
8 0  ppm, however, increased  t h e  corrosion rate  of 
t h e  i ron-base al loys,  type 347 s t a i n l e s s  s t e e l  and 
Croloy 9M, but i t  did not s ignif icant ly  affect  t h e  
corrosion rate  of the  nickel-base al loy,  Hastel loy 
N. Corrosion w a s  approximately l inear  with time 
for Hastel loy N but somewhat less than l inear  for 
type 347 s t a i n l e s s  s t e e l .  Increas ing  the  hot-leg 

' S y s t e m s  for Nuclear Auxiliary Power,  TID-20079. 
'H. W. Savage e t  al., SNAP-8 Corrosion Program Quart. 

3H. W. Savage e t  al., SNAP-8 Corrosion Program Quart. 

4H. W. Savage e t  al., SNAP-8  Corrosion Program Quart. 

'H. W. Savage e t  al., SNAP-8 Corrosion Program Quart. 

'H. W. Savage e t  al., SNAP-8 Corrosion Program Quart. 

'H. W. Savage e t  al., SNAP-8  Corrosion Program Quart. 

'H. W. Savage e t  al., SNAP-8  Corrosion Program Quart. 

Progr. Rep t .  Aug.  31 ,  1963, ORNL-3538. 

Progr. Rep t .  Nov .  30, 1963, ORNL-3604. 

Progr. Rep t .  Feb .  29, 1964, ORNL-3618,  

Progr. Rep t .  May 31, 1964, ORNL-3671. 

Progr. Rep t .  Aug.  31, 1964, ORNL-3730. 

Progr. Rep t .  Nov .  30, 1964, ORNL-3784.  

Pro&. Rep t .  Feb. 28, 1965, ORNL-3823. 
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Table  33.1. E f fec t  of Temperature, Time,  Presence of Hydrogen, and Oxygen Content on Corrosion of 

Mater ials in  SNAP-8 Forced-Flow NoK Corrosion Loops 
__ ~ ~ -~ ~~~ 

Corrosion (mg/cm2)8 Oxygen 
Content  Chromized Croloy 

Temperature  Time Hydrogen 

9 M  347 ss (hr) P r e s e n t  
Has te l loy  N 

(OF) 
(PPm) 

1300 2000 No ( 3 0  -3 0.8 10.1 
1400 2000 No <30 -8 -1 +O. 3 
1400 2000 No " 8 0  -8 -3 -1.5 
1400 5100 No <30 -2 0 -2 -0.3 

1300 2000 Y e s  <30 -3 0.8 0 

rv 
823 mg/cm2 = 1 mil of uniform corrosion.  Negat ive  va lues  represent  weight  l o s s e s .  

Fig.  33.1. Complex Oxide ( L i g h t  Gray Moter iol )  

Mass-Transfer  Product Adhering to Metol  Surfaces in 

Deposit ion Region of  High-Oxygen Loop.  A s  polished. 

temperature from 1300 t o  1 4 0 0 ° F  had a s ignif icant  
e f fec t  on corrosion of Has te l loy  N but only a s l igh t  
e f fec t  on the  corrosion of type 347 s t a i n l e s s  s t e e l .  
T h e  s l igh t  weight ga ins  shown for Croloy 9M a r e  
t h e  resul t  of n icke l  pickup by diss imilar-metal  
m a s s  t ransfer .  

Analys is  of corrosion mass- t ransfer  products 
found i n  the  high-oxygen loops  revealed t h e  pres-  

s 

ORNL-DWG 64-3867R 
1 I I I 

AS-RECEIVED ANALYSIS, 0 094 % C 
0.06 ~~ 

20 40 60 80 100 
DISTANCE (mils) 

. 
Fig.  33.2. Corbon Prof i le  Across Wall of  Croloy 9M 

Piping.  

e n c e  of a nonmagnetic complex oxide,  shown i n  
F ig .  33.1 and ident i f ied as sodium chromite, 
NaCrO *, by a combination of x-ray diffraction, 
e lectron microprobe a n a l y s i s ,  and  wet  chemica l  
a n a l y s i s .  Electron microprobe resu l t s  also showed 
tha t  chromium had been s e l e c t i v e l y  leached  from 
all t h e  al loys.  T h e  migration of iron w a s  greater  
than that  of n icke l  i n  t h e  high-oxygen loops,  in- 

- 
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creasing both the nickel content and the nickel-to- 
iron ratio of the s ta in less  s t ee l s .  

the 1300 and 1400°F loops. Carbon was removed 
from the hot portions of the Croloy 9 M  section, 
decarburizing i t  to less than 0.002% C. A l l  other 
materials were carburized. In the 1 4 0 0 0 ~  loops, 
the Croloy 9M a t  the cold end of the heat exchanger 

was a l so  carburized. Determination of the carbon 
concentration profile across  the wall of decarburized 

Extensive carbon migration was noted in both piping (see Fig. 33.2) showed a concentration gradi- 
ent in the two-phase region [a-(Fe,Cr) + Cr,C,], 
indicating that carbon migration in this alloy under 
loop conditions i s  controlled by both the decom- 
position rate of Cr,C, and the diffusion of carbon. 



34. SNAP-50 Corrosion Studies 

A. Taboada  

We s ta r ted  a corrosion t e s t  program' us ing  forced- 
flow loops  in support  of the SNAP-50 (Systems for 
Nuclear  Auxiliary Power) space-power sys tem.  
T h e  program is designed to  s tudy the nature  and 
extent  of corrosion and dissimilar-metal interact ions 
i n  two of the  proposed heat-reject ion c i rcu i t s  and  
thereby a s s i s t  in determining a s u i t a b l e  design.  

T h e  f i rs t  of t h e  proposed heat-reject ion c i rcu i t s  
being evaluated c o n s i s t s  of four independent 
radiator loops. E a c h  loop conta ins  t h e  s h e l l  
s i d e  of a potassium condenser ,  a multitube radiator 
segment ,  a pump, a n  accumulator, and connect ing 
piping. T h e s e  loops a r e  fabr icated entirely of 
type 316 s t a i n l e s s  s t e e l  e x c e p t  for the condenser ,  
which is Nb-1% Z r  alloy. T h e  coolant  fluid is 
sodium-potassium eutec t ic  (NaK-78). 

Our b a s i c  objec t ive  is to e v a l u a t e  the s o u n d n e s s  
of the  metal lurgical  design of the proposed radiator 
c i rcui t  by s tudying  mater ia ls  compatibility in  
t e s t  loops s imulat ing th i s  c i rcui t .  To accomplish 
th i s  the experimental program h a s  been designed 
to  ref lect  accurately the expected sys tem parameters 
and operat ing condi t ions.  In addition to the life- 
time, the sys tem parameters  that a r e  considered of 
primary importance a r e  temperature, mater ia l ,  
working-fluid composition and purity, c i rcui t  time, 
surface-area-to-volume rat ios ,  h e a t  flux, fluid 
velocity, and Reynolds  number. We could not 
dupl ica te  all these parameters concurrently i n  a 
reduced-scale  mockup. When necessary  to depart  
from t h e  true value of a parameter, w e  made t h e  
t e s t  condi t ions more s e v e r e  than those expected in  
the  ac tua l  system. 

A t e s t  loop, shown i n  Fig.  34.1, h a s  been built 
and operated through approximately 3000 hr  of a 
6000-hr tes t .  T h e  loop conta ins  a heated sec t ion ,  
shown in Fig.  34.2, where the  NaK is in contact  
with Nb-1% Z r  alloy, s imulat ing the s i tua t ion  i n  

the  SNAP-50 potassium condenser .  T h e  remainder 
of the loop is type 316 s t a i n l e s s  s t e e l .  T h e  
d iss imi la r  meta ls  a r e  a t tached  by extruded joints .  
T h e  s y s t e m  is operated with a h e a t e r  ou t le t  temper- 
a ture  of 1257OF and a temperature difference of 
approximately 175OF. 

Metallurgical spec imens  h a v e  been p laced  in  
var ious loca t ions  throughout t h e  loop. Some of 
these spec imens  in  the  h e a t e d  s e c t i o n  a r e  removable 
to provide interim information on the  corrosion and 
m a s s  t ransfer  occurr ing during loop operat ion.  
T h e  remainder a re  permanently ins ta l led  for exam- 
inat ion upon completion of the  tes t .  

Specimens were removed from t h e  loop for exam- 
inat ion af ter  approximately 2000 h r  of  exposure to  
flowing NaK. T h e s e  included Nb-1% Z r  al loy 
spec imens  from the  hea ted  par t  of the loop t h a t  
were exposed  to  temperatures ranging from 1080 to 
1257'F. T y p e  316  s t a i n l e s s  s t e e l  s p e c i m e n s  also 
were removed from the h e a t e r  in le t  (1080°F) 2nd 
h e a t e r  out le t  (1257O F). 

T h e  spec imens  were weighed, chemical ly  ana-  
lyzed,  and metallographically evaluated.  Small 
quant i t ies  of carbon and nitrogen t ransferred to  the 
Nb-1% Z r  alloy from t h e  s t a i n l e s s  s t e e l ,  according 
to  both chemical  a n a l y s i s  and metallography. No 
s igni f icant  weight  c h a n g e s  were observed  in  the 
specimens.  Metallographic examination revealed a 
thin (about 0.0001-in.) layer  to be  present  on the  
sur face  of all Nb-1% Zr  specimens.  T h e  appearance  
of the  s t a i n l e s s  steel s u r f a c e s  did not  change.  A 
metallographic s e c t i o n  of a Nb-1% Z r  spec imen 
with a typical  layer  is presented i n  F ig .  34.3. 
T h i s  layer  w a s  ident i f ied by x-ray diffraction 
techniques to be  a mixture of niobium carb ides  
and nitrides. 

'ORNL-3772 (classified). 
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Fig. 34.1. SNAP-50 NaK Radiator Test  Loop. 
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ORNL-DWG 64-6776 

SPACER 

INSERT SPECIMEN 

\1 
2 Cb-1% Zr ALLOY 

TRANSITION JOINT 

316 STAINLESS STEEL 

Cb-1% Zr TUBE 

Fig.  34.2. Heated  Section Assembly and D e t a i l s .  
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Fig. 34.3. Typ ico l  Surface o f  Nb-1% Z r  Al loy Speci- 

men Removed from SNAP-50  Test-Loop Hot L e g  After  

2000 hr Operation. Layer of niobium carbides and 

nitrides i s  evident. 750~. 
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Papers and Oral Presentations 

National Physical Laboratory Conference on Thermal Conductivity, Teddington, England, July 15-17, 
1964 

J. W. Hendricks and D. L, McElroy,* “High-Temperature High-Vacuum Thermocouple Drift Tests” 
T. G. Kollie, D. L. McElroy,* R. S. Graves, and W. Fulkerson, “A Thermal Comparator Apparatus for 

Thermal Conductivity Measurements f rom 50 t o  40OOC” 

J. P. Moore, T. G. Godfrey, and D. L. McElroy,* “Thermal Properties of Grade CGB Graphite” 

J. P. Moore, W. Fulkerson, and D. L. McElroy,* “Comparison of the Thermal Conductivity, Electrical  
Resistivity, and Seebeck Coefficient of a High-Purity Iron and ermco Iron to l ~ o o ° C ”  

of Uranium Dioxide and Armco Iron by an  Improved Radial Heat Flow Technique” 
T. G. Godfrey, W. Fulkerson, T. G. Kollie, J. P. Moore, and D. L. McElroy,* “Thermal Conductivity 

Atomic Energy Commission Nondestructive Tes t ing  Meeting, Argonne, Ill., July 22-24, 1964 

R. W. McClung, “Discussion of Work in Progress in the Nondestructive Testing Group, Metals and 
Ceramics Division, Oak Ridge National Laboratory” 

American Institute of Mining, Metallurgical, and Petroleum Engineers, Conference on Compounds of 

Compiled by E. S. Bomar and R. J. Gray, “Thorium-Uranium Carbides for Coated-Particle Graphite 

R. L. Heestand,* J. I. Federer, and C. F. Leitten,  Jr., “Thermochemical Preparation and Properties 

Interest in Nuclear Reactor Technology, Boulder, Colo., Aug. 3-5, 1964 

Fuels”  (presented by W. 0. Harms) 

of Carbides for Nuclear Application” 

T. G. Kollie,* D. L. McElroy, R. S. Graves, and W. Fulkerson, “A Thermal Comparator Apparatus for 

R. A. Potter, R. E. McDonald, and C. F. Leitten, Jr.,* “Preparation and Properties of Lanthanon 

Thermal Conductivity Measurements from 50 to 400OC” 

Molybdates and Tungstenates” 

Meeting of Refractory Composites Working Group, Worcester, Mass., Aug. 18-20, 1964 

C. F. Leitten,  Jr.,* and R. L. Heestand, “Summary of Thermochemical Deposition Studies at Oak 
Ridge National Laboratory” 

*Speaker 
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United Nations International Conference on the  Peaceful Uses  of Atomic Energy, 3rd, Geneva, Switzer- 
land, Aug. 31-Sept. 9, 1964 

W. P. Chernock,* R. M. Mayfield, and J. R. Weir, Jr., “Cladding Materials for Nuclear Fuels” 
D. H. Gurinsky,* J. R. Weeks, C. J. Klamut, L. Rosenblum, and J. H. DeVan, “Corrosion in Liquid 

A. N. Holden,* C. F. Leitten,  Jr., and B. Weidenbaum, “Control Rod Materials” 

Metal Systems” 
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J. H. Kittel,* T. K. Bierlein, B. R. Hayward, W. C. Thurber, “Irradiation Behavior of Metallic Fue l s”  

D. E. Ferguson,* 0. C. Dean, and D. A. Douglas, “The Sol-Gel P rocess  for the Remote Preparation 

International Conference on Diffusion in  Body-Centered Cubic Materials, Gatlinburg, Tenn., Sept. 16-18, 

T. S. Lundy,* J. I. Federer, R. E. Pawel ,  and F. R. Winslow,“A Summary of ORNL Work on Diffusion 

J. F. Murdock, “Diffusion of Titanium-44 and Vanadium-48 in Titanium” 

and Fabrication of Recycle Fue l s”  

1964 

in P -Zr ,  V, Nb, and Ta” 

American Ceramic Society, Symposium on Ceramic-to-Metal Sea ls ,  Philadelphia, Pa. ,  Sept. 16-18, 1964 

C. W. Fox* and G. M. Slaughter, “Ceramic-Brazing Development at Oak Ridge National Laboratory” 

Comitk International d e  Thermodynamique e t  d e  Cingtique Electrochimiques, London, England, Sept. 

T. R. Griffiths* and G. p. Smith, “The Identification of Tetrahedral Tetrahalonickel(I1) Ions in Molten 

21-26, 1964 

Organic Halide Salt Melts” 

American Vacuum Society Annual Symposium, l l t h ,  Chicago, Ill., Sept. 30-Oct. 2, 1964 

R. E. Clausing, “Release  of Gases  from Surfaces by Energetic Electrons” 

American Welding Society, National Fall Meeting, San Francisco, Calif., Oct. 5-8, 1964 

R. G. Donnelly* and G. M. Slaughter, “Weldability Evaluation of Selected, Advanced Refractory 

R. G. Gilliland* and G. M. Slaughter, “The Development of Refractory Metal Brazing Alloys for Very 

Alloys” 

High Temperature Service” 

National Academy of Sciences - National Research Council, Conference on Electrical  Insulation, Cleve- 
land, Ohio, Oct. 11-14, 1964 

J. V. Cathcart, “Parameter Measurements in Thin Dielectric Films” 

Electrochemical Society Meeting, Washington, D.C., Oct. 11-15, 1964 

Zirconium from Transmission Interference Measurements” 
J. C. Banter, “Determination of the Refractive Index and Thickness  of Oxide F i l m s  on Anodized 

A. P. Litman* and J. W. Prados,  “The Partitioning of Oxygen Between Zirconium and Liquid Potas -  
sium” 

The  British Ceramic Society, Meeting on Fabrication Science, Brighton, England, Oct. 12-14, 1964 

C. S. Morgan,* C. J. McHargue, and C. S. Yust, “Material Transport in Sintering” 

Thermal Conductivity Conference, San Francisco, Calif., Oct. 13-16, 1964 

Compiled by J. W. Hendricks and D. L. McElroy, “High-Temperature High-Vacuum Thermocouple 

J. P. Moore,* W. Fulkerson, D. L. McElroy, and T. G. Kollie, “Comparison of t he  Thermal Con- 
ductivity, Electrical  Resistivity,  and Seebeck Coefficients of a High-Purity Iron and Armco Iron to 
1ooooc” 

J. P. Moore,* T. G. Godfrey, D. L. McElroy, N. N. Engel, and W. P. Murray, “Progress Report, 

Drift T e s t s ”  (presented by W. Fulkerson) 

Phys ica l  Properties Group” 

. 

*Speaker 
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American Institute of Mining, Metallurgical, and Petroleum Engineers, Fa l l  Meeting, Philadelphia, Pa., 
Oct. 18-22, 1964 

R. J. Arsenault, “Low-Temperature Deformation of BCC Metals and Alloys” 
M. L. Picklesimer* and P. L. Rittenhouse, “Preferred Orientation and Plas t ic  Anisotropy in Zir- 

caloy-2” 

R. 0. Williams, “Rolling Texture in Copper” 

Dragon-Harwell Bas ic  Research Symposium, Harwell, England, Oct. 19-21, 1964 

W. 0. Harms, “Review of ORNL Materials Development for Graphite-Base, High-Temperature Gas- 
Cooled Reactors” 

Society of Nondestructive Testing, 24th National Fa l l  Meeting, Philadelphia, Pa., Oct. 19-23, 1964 

K. V. Cook and R. W. McClung,” “An Ultrasonic Technique for the Evaluation of Heat Exchanger 

B. E. Foster,* S. D. Snyder, and R. W. McClung, “A Continuous X-Ray Scanning Technique for Deter- 

Brazed Joints” 

mining Minute Inhomogeneities in Solids” 

R. W. McClung, “Radiography in the Presence  of Background Radiation” 

U.S.-Japan Exchange Meeting on Ceramic Nuclear Fuels ,  Richland, Wash., Oct. 27-30, 1964 

W. 0. Harms and J. L. Scott,* “Oak Ridge National Laboratory Graphite Fuel Element Development 
Program for High-Temperature Gas-Cooled Reactors” 

High-Temperature Fuels Committee Meeting, 19th, Los Angeles, Calif., Nov. 16-18, 1964 

Compiled by Staff Members of the Metals and Ceramics, Reactor Chemistry, and Reactor Divisions, 
“High-Temperature Fue l  Work a t  the  Oak Ridge National Laboratory” (presented by J. L. Scott) 

Atomic Energy Commission Coated Par t ic le  Working Group Meeting, 8th, L a  Jolla, Calif., Nov. 17-18, 
1964 

Compiled by W. 0. Harms, “Coated-Particle Fuel Development a t  Oak Ridge National Laboratory for 
Period May 15  to  November 15, 1964” (presented by W. 0. Harms and J. H. Coobs) 

American Nuclear Society, F a l l  Meeting, San Francisco, Calif., Nov. 30-Dec. 3, 1964 

J. E. Van Cleve, Jr.,* and A. L. Lotts,  “Operating Experience in a Semiremote Facil i ty for Fabrica- 

R. L. Pilloton* and A. L. Lot t s ,  “Fluidized-Bed Characterist ics in the  Coating of Nuclear Fue l  
tion of Fuel  Rods Containing ( 233U,Th)02” 

Par t ic les”  
R. L. Beatty,* J. L. Cook, and F. L. Carlsen, Jr., “Techniques for Deposition and Systematic Study 

of Properties of Pyrolytic Carbon on Ceramic Fuel  Par t ic les”  

A. Taboada, W. H, Cook,* and P. Patriarca,  “Construction Materials for Molten Salt Reactors” 

J. I. Federer* and C. F. Leitten, Jr., “Vapor Deposition of Tungsten-Rhenium Alloys” 
R. L. Heestand* and C. F. Leitten,  Jr., “Thermochemical Reduction of Uranium Halides for the 

Direct Fabrication of Ceramic Fue l s”  

W. R. Martin* and J. R. Weir, “Influence of Preirradiation Heat Treatment on the Postirradiation 
Ductility of Stainjess S tee ls”  

Fueled-Graphite Materials” 
J. L. Cook* and R. L. Hamner, “Chlorination as a Means of Removing Uranium and Thorium from 

*Speaker 
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M. F. Osborne,* J. G. Morgan, and E. L. Long, “Effects of Extreme Operating Conditions on Proto- 
type EGCR Fuel”  

Fueled Graphite  sphere^'^ 
D. R. Cuneo,* E. L. Long, Jr., and H. E. Robertson, “Hot Cell  Techniques for the  Evaluation of 

American Institute of Mining, Metallurgical, and Petroleum Engineers, Annual Meeting, Chicago, Ill., 
Feb. 14-18, 1965 

T. K. Roche, “Aging of Columbium Alloy D-43” 

C. J. Sparks* and B. Borie, “Methods of Analysis for Loca l  Order’’ 

B. Borie” and C. J. Sparks, “Analysis of Thin Films” 

Atomic Energy Commission High-Temperature Thermometry Meeting, Washington, D.C., Feb. 24-26, 

Compiled by N. H. Briggs* and D. L. McElroy,* “High-Temperature Thermometry Work at  the Oak 

1965 

Ridge National Laboratory” 

Atomic Energy Commission Contractors Meeting on Application of X-Ray Diffraction i n  the  Atomic 

P. L. Rittenhouse* and M. L. Picklesimer, “Comparison of P o l e  Figure Data Obtained by X-Ray 

Energy Field,  Richland, Wash,, Feb. 25-26, 1965 

Diffraction and Microhardness Measurements on Zircaloy-2” 

Symposium on Thermophysical Properties, Lafayette, Ind., Mar. 22-25, 1965 
W. Fulkerson* and Do L. McElroy, “Discussion of ‘Thermal Conductivity of Pure  and Alloyed Alumi- 

num. I. Solid Aluminum as a Reference Material’ by R.  W. Powell, R. P. Tye, and M. J .  Woodman” 
and (‘ ‘11. Molten Aluminum and an Aluminum Alloy’ by R. W.  Powell ,  R. P .  Tye, and S. C. Metcalf” 

D. L. McElroy” and W. Fulkerson, “Discussion of ‘Correlation and Prediction of Thermal Con- 
ductivity of Metals Through Application of the  Principle of Corresponding States’ by A. Cezairliyan 
and Y. S. Touloukian” 

American Phys ica l  Society Meeting, Kansas  City, Mo., Mar. 24-27, 1965 
R. J .  Arsenault* and G. Czjzek, “The Energy of Formation of a Double Kink” 

T. J. Koppenaal* and R. J. Arsenault, “The Activation Energy for P la s t i c  Deformation in Neutron 
Irradiated Copper Single Crystals” 

British Ceramic Society Meeting, Birmingham, England, Apr. 5-7, 1965 
C. S. Morgan* and L.  L. Hall, “Some Observations on the Creep of Thoria and Thoria-Calcia Solid 

Solutions ” 

Conference on Industrial Carbon and Graphite, 2nd, London, England, Apr. 7-9, 1965 
Compiled by C. 0. Smith and J. M. Robbins, “Impact Res is tance  of Fueled Graphite Spheres for Peb- 

C. R. Kennedy, ‘%radiation Creep of Graphite” 

ble Bed Reactor Applications” (presented by C. R, Kennedy) 

Libby-Cockcroft Meeting on Graphite Phys ic s ,  Harwell, England, Apr. 12-13, 1965 
W. H. Cook* and A. Taboada, “Properties of a Low-Permeation Graphite” 

C. R. Kennedy, “Irradiation Creep of Graphite” 

. 
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Meeting of Refractory Composi tes  Working Group, Atlanta, Ga., Apr. 12-14, 1965 
R. L. Heestand,* J. I. Federer ,  F. H. Pa t te rson ,  C. F. Lei t ten ,  Jr., “Summary of Thermochemical 

Deposi t ion Studies  at Oak Ridge Nat ional  Laboratory, August 1964-March 1965” 

Atomic Energy Commission Metallographic Group Meeting, 19th, Oak Ridge, Tenn., Apr. 20-22, 1965 

M. L. Picklesimer* and P. L. Rit tenhouse,  “Hydride and B a s a l  Pole Figures  in  Zircaloy-2 by Quanti- 
t a t i v e  Metallography” 

J. C. Wilson, “Electr ical  Discharge Machining i n  the  Metallurgical Laboratory” 

R. S. Crouse* and R. J. Gray,* “Experience with Color i n  Metallography” 

T. M. Kegley,  Jr.,* and B. C. Leslie, “Metallographic Preparat ion of Thorium Carbides”  

R. S. Crouse,  “Accelerated Epoxy Mounting Using a Radio Frequency Furnace”  
E. L. Long,  Jr.,* and R. J. Gray, “Radiat ion Metallography i n  t h e  High Radiat ion L e v e l  Examination 

Laboratory” 

AEC-NASA Liquid-Metals Corrosion Meeting, Gatlinburg, Tenn., Apr. 21-22, 1965,  Oak Ridge,  Tenn., 
Apr. 23, 1965 

A. P. Litman, “Interact ions i n  the  Niobium-Oxygen-Potassium System” 

K. V. Cook* and R. W. McClung, “Nondestruct ive T e s t i n g  of Small-Diameter Tubing” 

B. F le i scher ,*  A. Taboada,  W. R. Huntley, H. W. Savage, and R. E. MacPherson,  “Compatibility 
Studies  of Mater ia ls  in  SNAP-8 Primary System” 

J. R. DiStefano* and D. H. J a n s e n ,  “Refractory Metal-Boiling Potass ium Compatibility S tudies”  

J. H. DeVan, “Mass Transfer  i n  Refractory Metal-Conventional Alloys Sys tems”  

C. E. S e s s i o n s ,  “Corrosion of Advanced Refractory Alloys in  Lithium” 

American Nuclear  Society Nat ional  Topica l  Meeting on Fast Reactor  Technology,  Detroit, Mich., Apr. 
26-28, 1965 

S. H. Bush,* J. Moteff, and J. R. Weir, “Radiat ion Damage in  Fast Reac tor  Components” 

American Welding Society, 46th Annual Meeting, Chicago,  Ill., Apr. 26-30, 1965 

E. A. Franco-Ferreira* and G. M. Slaughter, “The  Welding of Refractory Metal Components  for 

G. M. Slaughter,* E. A. Franco-Ferreira, and P. Pa t r ia rca ,  “Welding and Brazing of High-Tempera- 

W. C. Col l ins ,  D. G. Scott,* J. W. T a c k e t t ,  and P. W. Turner, “Welding Control Rods  for the  High- 

Liquid Metal Service” 

ture  Radiators  and H e a t  Exchangers” 

F lux  Iso tope  Reactor”  

American Ceramic Society, Phi ladelphia ,  Pa . ,  May 1-6, 1965 
J. Trui t t ,*  J. 0. Stiegler, and R. B. E v a n s  111, “Act inide Migration in  Pyrocarbons a s  Influenced by 

Act inide and Defect  Concentrat ions” 
A. T. Chapman* and G. W. Clark, “The Growth of UO, Single Crys ta l s  Using t h e  Float ing-Zone 

L. A. Harris,* R. A. Pot ter ,  a n d  A. T. Chapman, “An X-Ray Diffraction Invest igat ion of a P h a s e  
Technique” 

Transformation in  Europium Molybdate (Eu, txMoO 1 0 . 5  ty 1’’ 
C.  S. Yust* and L. E. P o t e a t ,  “Creep of Polycrys ta l l ine  Thorium Dioxide” 
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Electrochemical  Society Annual Spring Meeting, San Franc isco ,  Calif., May 9-14, 1965 
G. P. Smith,* T. R. Griffiths, and Samuel von Winbush, “Spectrophotometric Study of Tetrahalo-  

nickelate(I1) Complex Ions Formed i n  Molten Organic S a l t s ”  

Internat ional  Atomic Energy Agency Symposium on Non-Destructive T e s t i n g  i n  Nuclear  Technology,  

“Nondestruct ive T e s t i n g  Tech-  

Bucharest ,  Romania, May 17-21, 1965 

D. A. Douglas ,  Jr., R. W. McClung,* B. E. Fos te r ,  and C. V. Dodd, 
n iques  for Research  and P r o c e s s  Control” 

High-Temperature F u e l s  Committee Meeting, 20th, Cincinnat i ,  Ohio, May 18-20, 1965 
Compiled by Staff Members of t h e  Metals  and Ceramics ,  Reactor  Chemistry, and Reac tor  Divis ions,  

“High-Temperature F u e l  Work at t h e  Oak Ridge Nat ional  Laboratory” (presented by J. L. Scott) 

Atomic Energy Commission Coated  P a r t i c l e  Working Group Meeting, 9th,  Oak Ridge,  Tenn., May 25-26, 

Compiled by W. 0. Harms and  J. H. Coobs,  “Coated-Part ic le  F u e l s  Development at Oak Ridge  Na- 
1965 

t ional  Laboratory for Per iod  November 15, 1964 t o  May 15, 1965” (presented by contr ibutors)  

Atomic Energy Commission Annual Corrosion Symposium, 14th, Aiken, S.C., May 26-28, 1965 

G. M. Tolson* and  A. Taboada,  “Study of t h e  Corrosion Effect  of Liquid L e a d  i n  Thermal  Con- 
vect ion Loops”  

G. M. Tolson ,  N. C.  Cole ,*  and  C .  W. F o x ,  “Corrosion Studies  of Brazing Alloys in  Boi l ing P o t a s -  
s ium” 

B. F le i scher ,*  A. Taboada ,  W. R. Huntley,  H. W. Savage,  and R. E. MacPherson,  “Compatibility 

D. H. Jansen*  and J. R. DiStefano, “Refractory Metal-Boiling Potass ium Compatibility S tudies”  

A. P. Litman, “ T h e  Effect  of Oxygen on t h e  Corrosion of Niobium by Liquid P o t a s s i u m ”  

Studies  of Materials i n  SNAP-8 Primary System” 

Euratom Symposium on F u e l  C y c l e s  of High-Temperature Gas-Cooled Reac tors ,  B r u s s e l s ,  Belgium, J u n e  
10-11, 1965 

A. L. Lot t s ,  D. A. Douglas ,  Jr., and R. L. P i l lo ton ,  “Refabrication Technology and C o s t s  for High- 

W. 0. Harms and D. B. Trauger ,  “Fabricat ion Var iab les ,  Performance, and  C o s t  Considerat ions for 
Temperature  Gas-Cooled Reactor  F u e l s ”  (presented by a rapporteur) 

HTGR Coated-Part ic le  F u e l s ”  (presented by a rapporteur) 

International Powder  Metallurgy Conference,  New York Ci ty ,  N.Y., June  14-17, 1965 
J. P. Hammond* and G. M. Adamson, Jr., “Act ivated Sintering of Uranium Monocarbide” 

International Atomic Energy Agency P a n e l  on  Uti l izat ion of Thorium in Power  Reac tors ,  Vienna,  Austr ia ,  

A. L. Lot t s*  and D. A. Douglas ,  Jr., “Refabrication Technology for t h e  Thorium-Uranium-233 F u e l  

A. R. Olsen,  D. B. Trauger,* W. 0. Harms, R. E. Adams, and D. A. Douglas, “Irradiation Behavior  

Compiled by S. Pe terson ,  R. E. Adams, and D. A. Douglas ,  Jr., “Proper t ies  of Thorium, I t s  Alloys,  

June  14-18, 1965 

Cycle”  

of Thorium-Uranium Alloys and Compounds” 

and I t s  Compounds” (presented by A. L. L o t t s )  

L 
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Internat ional  Symposium on Working Methods i n  High Activity Hot Laborator ies ,  Grenoble, France ,  June  
14-18, 1965 

R. W. McClung and  D. A. Douglas, Jr.,* “Nondestructive T e s t i n g  of Irradiated Mater ia ls  in  t h e  
United S ta tes”  

Sodium Component Development Performance Meeting, Chicago, Ill., June  16, 1965 
W. R. Martin* and J. R. Weir, “Irradiation Effec ts  in S ta in less  S t e e l s  at High Temperatures” 

Annual Conference on  Vacuum Metallurgy, 8 t h ,  New York City,  N.Y., June  21-23, 1965 
D. T. Bourgette, “High-Temperature Chemical  Stability of Refractory-Base Alloys in High Vacuum” 

American Nuclear  Society,  Gatlinburg, Tenn., J u n e  21-24, 1965 

W. R. Martin* and J. R. Weir, “Irradiation Embrittlement of S ta in less  Steel  a t  Very High Tempera- 
t u r e ~ ’ ~  

H. E. McCoy* and J. R. Weir, “Influence of Neutron Irradiation on the  T e n s i l e  Proper t ies  of t h e  
Aluminum Alloy 6061” 

C. Michelson,* J. L. Scott, and E. L. Long, Jr., L‘An Evaluation of UO, Irradiated a t  1600 to 

R. L. P i l lo ton  and R. L. Hamner,* “A Method for Preparing Dense  Spherical P a r t i c l e s  of Thorium 

R. L. Pilloton,* H. J. Flamm, and A. L. Lotts, “The Development of a n  Improved Coat ing Furnace  

T. N. Washburn* and D. A. Douglas ,  “Controlling F a c t o r s  in  Determining Fabricat ion C o s t s  of Metal 

J .  W. Prados,* V. A. deCarlo, and J. L. Scot t ,  “Thermal Conduct ivi t ies  of F u e l e d  Graphite from AVR 

24OOOC’ ’ 

and Uranium Dicarbides” 

for Nuclear  F u e l  Particles” 

Clad Oxide F u e l  Elements” 

F u e l  Element  Irradiation Test Data”  

F. R. McQuilkin, N. H. Briggs,* and E. L.  Long,  Jr . ,  “Summary of Experience with High-Temperature 
Thermocouples  Used  in  t h e  ORNL-GCR Program F u e l  Irradiation Experiments”  

Biennial  Conference on Carbon, 7th, Cleveland,  Ohio, June  21-22, 1965 
J .  Y. Chang,  E. E. Stansbury, and W .  0. Harms,* “Effects of Deposition Condit ions and Heat  Trea t -  

ment on  t h e  Proper t ies  of Pyro ly t ic  Carbon” 

Reac tors”  
W. H Cook* and A. Taboada ,  “Propert ies  of a Low-Permeation Graphite for Molten-Salt Nuclear 

C .  0 .  Smith,* and J .  M. Robbins,  “Impact R e s i s t a n c e  of Fueled  Graphite Spheres  for P e b b l e  Bed Re-  

J .  L. Cook, W. R.  Laing,  and R.  L. Beat ty ,*  “Determination of Densi ty  of Pyrolytic-Carbon Coat ings  

J .  0. Stiegler, C .  K .  H. DuBose, and J .  L .  Cook,* “Electron Microscopy of Pyrolyt ic  Carbon Depos i t s  

ac tor  Applicat ions” 

on Nuclear  F u e l  P a r t i c l e s ”  

on F u e l  Particles” 

Conference on Small-Angle X-Ray Scattering, Syracuse,  N.Y., June 24-26, 1965 

R.  W .  Hendricks* and  B.  S. Borie, “A Note on t h e  
Integrated Small-Angle X-Ray Scat ter ing Data” 

Determination of a Metastable  Miscibility Gap from 
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Publications 

Abraham, M., R. A.  Weeks, G. W. Clark, and C. B. Finch, “Electron Spin Resonance of Rare-Earth Ions 
i n  Thorium Oxide: Yb3’ and Er3’,” Phys.  Rev. 137, A138 (1965). 

Adams, R. E., and E .  S. Bomar, Jr.,  Carburization and Chemical Treatments for Recovery o f  Uranium 
from Stainless Steel Fuel Elements, ORNL-2398 (November 1964). Available from CFSTI. 

Adamson, G.  M., Jr . ,  and J .  R. McWherter, Specifications for High Flux Isotope Reactor Fuel Elements, 
HFZR-FE-1, ORNL-TM-902 (August 1964). 

Arsena.ult, R. J . ,  “Effects of Strain Rate and Temperature on Yield Points,” Trans. Met. SOC. AIME 
230(7), 1570-76 (1964). 

Arsenault, R. J . ,  and J .  H Frye, Jr.,  “Effect of Prestrain and Alloying on the Temperature Dependence 
of Yielding,” Acta Met. 12(11), 1303-6 (1964). 

Arsenault, R. J . ,  and T .  J. Koppenaal, “Thermally Activated Slip i n  Neutron Irradiated Copper Single 
Crystals,” Appl. Phys.  Let ters  6 ,  159 (1965). 

Askill, J . ,  A Bibliography on Tracer Diffusion in Metals: Part 1. Sel f  Dif fusion in Pure Metals, ORNL- 
3795 (May 1965). 

conium from Transmission Interference Measurements,” J .  Electrochem. SOC. 1 12(4), 388-90 (1965). 
Banter, J .  C. ,  “Determination of the Refractive Index and Thickness of Oxide Films on Anodized Zir- 

Biermann, W., D. Heitkamp, and T.  S. Lundy, “Thermal Diffusion of Antimony and Ruthenium in Silver,” 
Acta Met. 13(2), 71-78 (1965); ORNL-3710 (November 1964). 

Bomar, E. S., and R. J .  Gray, “Thorium-Uranium Carbides for Coated-Particle, Graphite Fuels,” pp. 
703-28 in International Symposium on Compounds o f  Interest in Nuclear Reactor Technology (ed. by 
J .  T. Waber, P. Chiotti, and W.  N .  Miner), AIME Metallurgical Society, New York, 1964. 

Borie, B., “Review of ‘X-Ray Diffraction in Crystals, Imperfect Crystals, and Amorphous Bodies,’ by 

Borie, B., and C. J .  Sparks, J r . ,  “Special Methods for the Structural Investigation of Thin Films,” pp.  

A. Guinier,” J .  Am. Chem. SOC. 87(1), 140 (1965). 

45-58 in Thin Films, The American Society for Metals, Metals Park, Ohio, 1964. 

Borie, B., and C. J .  Sparks, Jr . ,  “The Short-Range Structure of Copper-16 at .  % Aluminum,” Acta Cryst. 
17(7), 827-35 (1964). 

Boston, C. R., and G.  P. Smith, “Furnace for Molten Salt Measurements on the Cary Model 14-H Spectro- 

Bourgette, D. T . ,  Evaporation o f  Iron-, Nickel-, and Cobalt-Base Al loys  at 760 to 98OOC in High Vacuums, 

Burka, J .  A., and J .  P. Hammond, Evaluation o f  Thorium-Base Alloys for High-Temperature Strength, 

Carlsen, F. L . ,  Jr.,  E.  S. Bomar, and W .  0.  Harms, “Development of Fueled Graphite Containing Py- 
rolytic-Carbon-Coated Carbide Particles for Nonpurged, Gas-Cooled Reactor Systems,” Nucl. Sci. 
Eng. 20(2), 180-200 (1964). 

photometer Up to 145OoC,” Rev. Sci. Znstr. 36(2), 206 (1965). 

ORNL-3677 (November 1964). 

ORNL-3777 (April 1965). Available from CFSTI. 
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Carlsen, F. L . ,  Jr., Effects of Pyrolytic-Graphite Structure on Diffusion of Thorium (Thesis), ORNL-TM- 
1080 (June 1965). Available from CFSTI. 

Cathcart, J .  V., and G. F. Pe tersen ,  “Studies on Thin Oxide Films on Copper Crystals with an Ellip- 
someter,” pp. 201-12 in Ellipsometry in the Measurement of Surfaces a n d  Thin Films, Symposium 
Proceedings, Washington, D.C., 1963 (ed. by E.  Passag l i a ,  R. R. Stromberg, and J .  Krtiger), National 
Bureau of Standards, U.S. Government Printing Office, Washington, D.C., 1964. 

Cathcart, J .  V . ,  “Parameter Measurements in Thin Dielectric Films,” pp. 63-66 in Conference on Elec-  
trical Insulation, Natl. Acad. Sci. - Natl. Res. Council, Publ. 1238 (1965). 

Cathcart, 3 .  V., G. F. Pe tersen ,  and C. J. Sparks, J r . ,  “Lattice Disregistry in Very Thin Oxide Films on 
Copper,” Memo Sci. Rev. Met. 62, 11-16 (1965). 

Chang, J .  Y . ,  Studies on Effects of Deposition Conditions and  Heat Treatment on the Properties of Py-  
rolytic Carbon (Thesis), ORNL-3764 (March 1965). 

Chapman, A.  T . ,  and R .  E. Meadows, “Volatility of UO,,x and P h a s e  Relations in  the  System Uranium- 
Oxygen,’’ J .  Am. Ceram. SOC. 47(12), 614-21 (1964). 

Cook, K .  V., and R. W.  McClung, Nondestructive Evaluation of T-111 and  B-66 Alloy Tubing, ORNL-TM- 
990 (February 1965). Available from CFSTI. 

Cook, K .  V., and R .  W .  McClung, Feasibil i ty of Ultrasonic Detection of Nonbond in ATR Fue l  P la tes ,  

Cook, K .  V., and R. W. McClung, An Ultrasonic Technique for the Evaluation of Heat Exchanger Brazed 
ORNL-TM-888 (August 1964). Available from CFSTI. 

Joints, ORNL-TM-947 (November 1964). 

Crouse, R. S., “Replication of Microstructures Using Silicone Rubber and Epoxy Res in ,”  pp. 60-68 and 
“A Portable Metallography Laboratory,” pp. 129-38 in Technical P a p e r s  of the Seventeenth Metal- 
lographic Group Meeting, May 21-23, 1963, L o s  Alamos Scientific Laboratory, Los Alamos, New Mexi- 
co, NMI-4999 (1965). 

Cuneo, D. R., E. L. Long, J r . ,  and H. E. Robertson, “Hot Cell  Techniques for the  Evaluation of Fueled 
Graphite Specimens,” pp. 245-56 in Proceedings of the 12th Conference on Remote Systems Tech- 
nology, American Nuclear Society, Hinsdale, Illinois, 1964. 

Davis, W .  W . ,  and C.  R. Kennedy, Stress-Strain Measuring System for In-Reactor U s e  in High Neutron 
Flux, ORNL-3747 (January 1965). Available from CFSTI. 

DiStefano, J .  R., and A .  P. Litman, “The Effect of Impurities in Some Refractory Metal-Alkali Metal 
Systems,’’ Corrosion 20(12), 392t (1964). 

Microtecnic (Lausanne) 18(5), 286 (1964). 
Dodd, C. V . ,  “Design and Construction of Eddy-Current Coolant-Channel Spacing Probes  (1st  part),” 

Dodd, C .  V., “Design and Construction of Eddy-Current Coolant-Channel Spacing Probes  (end),” Micro- 
tecnic (Lausanne) 18(6), 369 (1964). 

Dodd, C. V., “Recent Eddy-Current Development a t  the Oak Ridge National Laboratory,’’ pp. 304-8 in  
Proceedings of t h e  Fourth International Conference on Non-Destructive Testing, Buttenvorths, 
London, 1964. 

Donnelly, R. G., W.  C. Thurber, and G. M .  Slaughter, Development of Fabrication Procedures for Core B 
Fue l  Elements for the  Enrico Fermi Fast Breeder Reactor, ORNL-3475 (July 1964). Available from 
CFSTI. 

Donnelly, R. G., Weldability Evaluation of the  Niobium Alloy C-l29Y, ORNL-TM-929 (September 1964). 

Donnelly, R. G., Tube Plugging in the Molten-Salt Reactor Experiment Primary Heat  Exchanger, ORNL- 

Available from CFSTI. 

TM-1023 (February 1965). Available from CFSTI. 
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Ells,  C. E . ,  and J. R. Weir, “The Effect of Neutron Irradiation on the P la s t i c  Deformation and Fracture 
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