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For  the  most part, t h e  work of t h e  Metals and 
Ceramics Division may b e  divided into three parts. 
T h e s e  a re  fundamental inves t iga t ions  supported 
by the  AEC Division of Research, research  on 
potential  and ac tua l  reactor materials supported 
by the  Division of Reactor Development, and re- 
s ea rch  and development programs in support of 
spec i f ic  reactor projects or  other programs. Oc- 
casionally t h e s e  l i nes  c r o s s  as members of d iverse  
programs find common problems or methods. Al- 
though subs tan t ia l  progress is reported in  many 
areas ,  there a r e  a few where spec ia l  ach ievements  
deserve  sepa ra t e  mention. 

Our fundamental program inc ludes  both theoreti- 
cal and experimental inves t iga t ions  of t he  structure 
of both so l id s  and l iquids and research on sinter-  
ing, metal oxidation, superconducting alloys,  and 
physical properties. In t h e  x-ray diffraction of 
some thin films formed by oxidation of copper 
s ing le  c rys ta l s ,  we found that different reflections 
were sh i f ted  differently by the  l a t t i ce  s t ra in ;  we 
related t h i s  phenomenon to the  atomic configura- 
t ions a t  t he  interfaces.  Understanding of the  
technologically important molten s a l t s  h a s  been 
hampered by the  difficulty of experimentation with 
high-temperature l iquids and the  complexity of the  
interactions tha t  occur in  them. By a combination 
of sophis t ica ted  spec t roscopic  techniques,  com- 
puterized d a t a  reduction, and ingenious theoretical  
interpretation, we have  subs tan t ia l ly  increased  our 
contribution to  t h e  knowledge and understanding 
of t h e  geometric and electronic s t ruc tures  of 
s p e c i e s  tha t  e x i s t  in high-temperature ionic media. 
We are growing c rys t a l s  of severa l  rare-earth 
compounds, s eek ing  ferromagnetic materials tha t  
can  se rve  as  transparent magnets. Although we 
have  not ye t  achieved th i s ,  w e  have  found a very 
unusual form of s t rong  paramagnetism in a new 
se r i e s  of compounds, t he  rare-earth germanomolyb- 
da t e s ,  R2GeMo08. Our capabi l i t i es  for growing 
s ingle  c rys t a l s  of s i l i c a t e s  have led  to a novel 

Foreword 

iii 

technique for observ ing  phase  transformations. By 
growing c rys t a l s  of T h S i 0 4  a t  different tempera- 
tures,  w e  found tha t  tetragonal thorite is s t a b l e  
below and monoclinic huttonite above 1225OC; 
th i s  transformation temperature and even its ex- 
i s t e n c e  were previously in doubt. By measure- 
ments of unprecedented precision in our radial  
hea t  flow apparatus,  we have found previously un- 
known fea tures  in the  thermal conductivity of 
Armco iron, t he  customary standard for thermal- 
conductivity measurements. 

Looking ahead  to  the  n e e d s  of future reactors,  
our long-range applied research  is exploring funda- 
mental properties,  methods of evaluation, and 
novel fabrication techniques for traditional and 
new reactor materials,  with the  emphasis  on the  
increasingly important mater ia l s  required for serv- 
i c e  a t  very high temperatures. W e  have  d iscovered  
aided-sintering techniques  that should lead  to 
eas i e r  and m o r e  economical fabrication of uranium 
monocarbide; t h i s  high-temperature fuel h a s  been 
sintered to  very high dens i t i e s  at temperatures 
much lower than those  required in  more conven- 
t ional methods. When s t a i n l e s s  s t e e l  i s  u sed  i n  a 
reactor, t he  radiation present  reduces the  ductility. 
We have discovered a preirradiation hea t  treatment 
that  introduces a radiation-stable subs t ruc ture  into 
s t a i n l e s s  steel and dec reases  t h e  irradiation em-  
brittlement. Eddy-current co i l s ,  which a re  custom- 
arily des igned  by trial  and error, a r e  used  in many 
nondestructive inspec t ions ,  including t h e  measure- 
ment of channel  spac ings  in reactor fuel elements.  
With a high-speed computer, w e  have related eddy- 
current coil impedance to des ign  and application, 
so that  future inspection development may b e  made 
systematically.  In our zirconium development 
program, w e  had previously shown tha t  knowledge 
of how preferred orientation develops  during fabri- 
ca t ion  of zirconium a l loys  can  b e  uti l ized to opti- 
mize t h e  distribution of s t rengths  in the  fabr ica ted  
product. We have now devised  techniques  for 
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measuring t h i s  preferred orientation in  anisotropic 
materials without t he  expense  and time required 
by x-ray methods; one  u s e s  microhardness measure- 
ment and t h e  o ther  metallography. With the  la t te r  
we measured the  s t r e s s  reorientation of hydride 
precipitated in Zircaloy-2, a property that l imi t s  
the  useful l i f e  of reactor components. Among our 
advances  toward t h e  pyrolytic fabrication of fuel 
elements,  w e  have prepared UO in  a variety of 
forms from gaseous  reactants.  Simulating an outer- 
s p a c e  environment, we measured the contamination 
of refractory meta ls  by residual g a s e s  in vacuum 
and devised means for decreas ing  it. 
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We a re  continuing the  development and evaluation 
of fue l s  and other mater ia l s  i n  support of reactor 
projects and other programs. We have completed 
fuel-element assignments for t he  Advanced T e s t  
Reactor, t h e  Experimental Gas-Cooled Reactor,  
and the  Enrico Fermi F a s t  Breeder, and we are 
continuing others.  A major achievement h a s  been 
the  semiremote fabrication, by vibratory compaction 
of sol-gel oxide,  of 1100 t h o r i ~ r n - * ~ ~ U  oxide fuel 
elements for a c r i t i ca l  experiment at Brookhaven. 
Our experience i s  aiding t h e  development of remote 
fabrication methods, which a r e  des i rab le  to permit 
recycle of incompletely decontaminated fuel and 

necessary  b e c a u s e  of t h e  inevitable presence  of 
232U and i t s  daughters in the  recycled fuel. Using 
severa l  innovations in  technique to  overcome the  
problems of a rc  melting oxide  ceramics,  we have  
melted europium oxide  and molybdate. Thus ,  we 
have  achieved superior properties i n  these  reactor 
control mater ia l s  and demonstrated the  feasibil i ty 
of consolidating ceramics  by a rc  melting. 

Two particularly in te res t ing  achievements have 
resulted from in te rac t ions  between t h e s e  m ajor 
a r e a s  Our so l id  reac t ions  s t u d i e s  in the long- 
range program have  included s t u d i e s  of diffusion 
in tantalum and niobium; our fundamental research  
on oxidation h a s  found tha t  anodic oxide f i l m s  on 
t h e s e  meta ls  a r e  uniform and eas i ly  stripped. In 
a jo in t  effort t h i s  fact h a s  been uti l ized to develop 
a new and p rec i se  sec t ion ing  technique that h a s  
enabled ex tens ion  of diffusion measurements to 
much lower temperatures than heretofore and dis- 
covery of anomalous diffusion behavior near the  
specimen sur faces .  In our development of thorium 
oxide fue ls ,  observed f i ss ion-gas  r e l ease  r a t e s  
resembled remarkably the  densification r a t e s  found 
in our b a s i c  research  on the  s in te r ing  of thoria. 
T h i s  l ed  to a joint program tha t  h a s  shown that 
s t r e s s  sufficient to c a u s e  creep acce le ra t e s  t he  
r e l ease  of f i s s ion  g a s e s  from ceramic fuels.  
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Summary 

PART I. FUNDAMENTAL RESEARCH 

1. Bas ic  Research on Sintering 

We star ted  to  s tudy creep on specimens of T h o ,  
and Th0,-0.60% CaO to  obtain data  for correlation 
with densification rates .  The ini t ia l  creep rates  
of the two materials differed markedly at 146SoC, 
but after 500 hr, the ra tes  were about equal.  The  
changes in the creep rate  of the  ThOz-0.60% CaO 
specimens were probably caused  by a redistribu- 
tion of the calcium. T h e  densification rate  of 

was  invest igated a t  oxygen-to-uranium 
rat ios  of 2.05 to  2.25 in the temperature range 
of 900 to 14OOOC. T h e  maxima and minima that 
were present in the  in i t ia l  densification rate of 
T h o ,  were not found in the urania specimens.  
Beginning s tudies  of grain growth in thoria show 
that  the growth rate  is higher in a i r  than in argon. 
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tem, from tetragonal (thorite) to  monoclinic (hut- 
tonite) was  determined to  be 1225 & 10°C by 
growth of the individual phases  j u s t  above and 
below t h i s  temperature. Two broad a r e a s  of 
c rys ta l  s y n t h e s i s  by the  hydrothermal method are 
being studied. T h e  f i rs t  includes s i l i ca t e s ,  
ferr is i l icates ,  and s imilar  compounds - ger- 
manates,  ferrigermanates,  and aluminogermanates. 
T h e  other a rea  includes oxides and multiple 
oxides,  especial ly  those  containing elements  of 
the lanthanide series or the f i r s t  transition s e r i e s .  
The  temperature dependence of the magnetic sus -  
ceptibility of Er ,GeMo08 h a s  been measured from 
SO to 400OK. Optical  absorption spectra  of 
c rys ta l s  whose diameters are greater than 0.13 mm 
are  being obtained with a newly developed sample  
holder. 

3. Deformation of C r y s t a l l i n e  Solids 
2. Crysta l  Phys ics  

A series of lanthanide germanomolybdates of the 
general  formula R2GeMo08, where R is a lan- 
thanide,  h a s  been synthesized a s  s i n g l e  c rys ta l s  
and characterized. Significant paramagnetic ani-  
sotropy h a s  been observed in  t h e s e  and in c rys ta l s  
of ErOOH. Small addi t ions of B 2 0 3  to the  solvent  
L i 2 0 . 2 W 0 3  enhanced the  growth rate  of T h o ,  
c rys ta l s  fivefold with only a s m a l l  decrease  in 
c rys ta l  quality. T h e  crystal l ine mosaic spread on 
(111) faces  of T h o ,  c rys ta l s  was  determined to  
be about 2' of a rc  by x-ray methods. Crystals  of 
T h o z  doped with rare-earth ions are being grown, 
and the electronic  character  of t h e  rare ear ths  
in th i s  host  l a t t i ce  is being s tudied by electron- 
s p i n  resonance and by opt ical  absorption methods. 
Crystals  of tri- and tetravalent metal s i l i c a t e s  
have been grown greater  than 1 mm on an  edge 
from L i  ,O.2WO3 solut ions.  T h e  phase trans- 
formation temperature of ThSiO,, a s luggish SYS- 

The  yield drop was  invest igated in tantalum, 
Cu-16 at. % AI, and Ag-6 a t .  % A1 a s  a function 
of temperature and s t ra in  rate. Analysis  of the 
data  indicated tha t  the  yield drop resul ts  from 
t h e  multiplication of dis locat ions a t  small  s t ra ins .  

A series of measurements of the flow character-  
i s t i c s  of an  iron-carbon al loy a s  a function of 
s t ra in  rate and temperature provided direct evi-  
dence for the  interaction of the s t ra in  field of a 
carbon atom with the s t r e s s  field of a dislocation, 
leading to  increased res i s tance  to  motion in a 
critical velocity range. 

The  formation of a double kink in a dis locat ion 
occupies  a prominent place in the interpretation 
of t h e  flow properties of body-centered cubic  
metals at low temperatures. Previous calcula-  
t ions have  neglected the  applied s t r e s s  and have  
obtained resul ts  that contradict  experimental  
observations.  T h e  present calculat ions a r e  ex- 
pected to  give a more correct solution. 

V 



vi . 
Investigating the  effects of a l loying on flow 

parameters, we found that  the  addition of molyb- 
denum t o  nickel  increases  the effect of tempera- 
ture by decreasing the s tacking  fault energy. 

The  development of compression textures  was 
quali tatively as expected in  common metals and 
al loys except  for nickel  and Cu-14 at. % Al. 
The ra te  of texture formation h a s  been s tudied 
during compression and tension of copper, and 
we hope to  deduce the  effect of ini t ia l  orienta- 
tion on the rate  of reorientation of individual 
grains. 

We are developing a n  isothermal calorimeter 
that can measure the  recovery energy prior to  
recrystall ization. The  resu l t s  have been prom- 
i s ing  although no  sat isfactory measurements have  
yet  been possible .  We obtained a value for the 
recrystal l izat ion energy for copper that agreed 
with accepted values  in  the  literature. 

The  transformation k ine t ics  study of the Nb-Zr 
superconducting a l loys  h a s  continued, us ing  
homogenized materials.  The  homogenization pro- 
duced a large grain s i z e  and contamination by 
oxygen and s i l icon ,  caus ing  severe  cracking 
during fabrication and affect ing the  transformation 
kinet ics .  The  pear l i t ic  transformation c e a s e d  
1 0  to  15 p from the  nucleation s i t e  a t  microscopic 
defects ,  such  a s  grain boundaries and s l i p  bands; 
a second  type of transformation consumed the re- 
maining material .  

In evaluat ing the superconducting properties of 
short  specimens,  one difficulty is making cer ta in  
that  the  properties of the specimen are  being 
tes ted ,  not those  of the joint between the specimen 
and normal-state current leads .  W e  a re  invest i -  
gat ing var iables  of joint  des ign  and manufacture. 
The  lowest  joint r e s i s t a n c e s  obtained to  da te  
range from 1.6 to  1.9 microhm, with a reproduci- 
bility of manufacture of only three in four. 

4. Electron Microscopy 

6. Physica l  Propert ies 
Transmission electron microscopy of deformed 

foils of body-centered cubic  metals and a l loys  
h a s  shown tha t  t h e  effect of solid-solution a l -  
loying is similar  to  that  of a lowered temperature 
of deformation. In both c a s e s  microstructures a r e  
dominated by s t ra ight  joggy sc rew dis locat ions.  
We feel that  a frictional s t r e s s  composed of an  
inherent Peierls-Nabarro s t r e s s  and effects  of 
mismatch in  atomic s i z e  and modulus increases  
the res i s tance  to  motion of s c rew dis locat ions.  

W e  have  obtained electron microstructures of 
pyrolytic carbon coat ings on nuclear fue l  par t ic les  
and have correlated them with physical properties 
of t h e  coat ings.  In addition, we have followed 
s t e p s  in the  graphitization that  occur during an- 
neal ing of massive p ieces  of pyrolytic carbon. 

5. Metal lurgy of Superconducting Mater ia ls  

The  new Superconducting Materials Laboratory 
was completed and occupied. Almost a l l  of the 
equipment necessary  for t h e  s tud ies  of the effects  
of metallurgical var iables  on the superconducting 
properties h a s  been obtained. The  glove-box 
complex designed for the  metallurgical s tudy of 
technetium and i t s  a l loys  was instal led,  a long 
with most of the necessary  equipment. 

W e  have continued to  s tudy accura te  methods 
of measuring the thermal conductivity,  k,  and 
other physical  properties of s o l i d s  over a broad 
temperature range to  improve the understanding of 
heat  transfer mechanisms. Our measurements on 
U02 showed that  the  observed maximum in k a t  
room temperature is explained by the rapid de- 
c r e a s e  in spec i f ic  heat.  T h e  thermal res i s tance ,  
l / k ,  w a s  l inear  between 200 and 1000°C, as ex- 
pected for pure phonon conduction in an insulator 
above i t s  Debye temperature. The  temperature 
dependence of k of Armco  iron was  largely con- 
trolled by the  electronic  contribution, but a 4% 
decrease  in k a t  the  a-y transformation was due  
to  a 20% d e c e a s e  in the  la t t ice  contribution to  
the  thermal conductivity.  

By the thermal comparator method, we measured 
k a t  75 and 3OO0C for US, ThS, and UN; with 
auxiliary measurements and theory, reasonable  
extrapolations were made to  1000°C. We per- 
fected a technique to  measure the total hemi- 
spher ica l  emit tance of conductors  to  150OoC and 
measured the emit tance and electr ical  res is t ivi ty  
of a number of refractory metals and al loys.  W e  
s ta r ted  us ing  the  direct-heating apparatus ,  which 
measures k to  20OO0C. Final ly ,  we organized 
and hosted the  1963 Thermal Conductivity Con- 
ference and published the proceedings.  
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7. React ions a t  Metol  Surfaces 

Studies of fundamental oxidation mechanisms of 
meta ls  have  continued t o  occupy our attention. 
Several  correlations were found between the  rate 
of oxidation and the  degree of disregistry in the  
c rys ta l  l a t t i ce  of the  oxide on copper, and t h e s e  
findings led to t h e  speculation that t he  oxidation 
rate anisotropy exhibited by copper w a s  caused  
by a corresponding anisotropy in  the  oxide la t t ice  
disregistry.  We discovered that thin anodic 
oxide f i l m s  on tantalum and niobium suppressed  
the  formation of additional sur face  oxide during 
subsequent  thermal oxidation, ye t  permitted the  
dissolution of oxygen in the  subs t r a t e  metal. 
Th i s  made i t  poss ib le  to  s tudy  in detail  t he  
effect  that  t h e  s t r e s s e s  accompanying oxygen 
solution have upon the  oxidation mechanism. 
T h e  ex tens ion  of techniques developed during 
t h e s e  anodization s t u d i e s  produced a highly 
sens i t i ve  method for s tudying  t h e  diffusion of 
radioactive t racers  in tantalum and niobium. T h e  
method made poss ib le  the  de ta i led  determination 
of penetration curves  within 1 to 2 p of the  spec i -  
men su r faces  and h a s  proved particularly usefu l  
in s tudying  low-temperature diffusion. 

8. Spectroscopy of Ionic Media 

We have made computer ca lcu la t ions  on the  
electronic s t a t e s  of some  molecular and crys ta l  
sys tems,  uti l izing our previously developed 
general-purpose one-center expansion code. Prob- 
l e m s  investigated in th i s  manner include the  
electronic s t a t e s  of t h e  H ,+  molecule, the  po- 
tential  energy sur face  of the  H, system, the  
ground s t a t e  of t he  carbon atom, t h e  ground s t a t e  
of the  CH,- molecule, and  the  electronic s t a t e s  
of t h e  F-center defec t  i n  a lka l i  ha l ide  c rys ta l s .  
T h e  F-center s tudy  included ef fec ts  of la t t ice  
distortions and  e lec t ronic  s t ruc ture  on neighboring 
ions.  

Calculations a r e  being made on t h e  helium atom 
to t e s t  the  utility of expansion forms having 
angular (rather than radial) interelectronic co- 
ordinates and  many exponential  parameters. A 
study of the construction of s e t s  of orthogonal 
orbitals led to  a technique of orthogonalization in 
such  a way as to produce a wave function of 
minimum energy. T h e  poss ib le  u s e  of th i s  tech- 

nique to  find natural-orbital expans ions  is be ing  
examined. A nonstandard least-squares method 
derived from numerical variational techniques 
h a s  been applied in the  interpretation of ligand- 
field spec t ra .  

T h e  opt ica l  spec t ra  of NiC142-, NiBr4'-, and  
Ni14'- in various liquid media were measured 
from 4000 c m - '  in the  near  infrared to  about 
40,000 cm" in the  ultraviolet. T h e s e  resu l t s  
give the  most clear-cut ev idence  to da te  for 
geometrically regular complex ions  in  molten 
s a l t s ,  and they were used  to  t e s t  theor ies  of 
electronic spec t r a  of transition-metal complexes.  
Of particular current in te res t  a r e  t h e  ultraviolet  
spec t ra  tha t  provide information on the  electron 
orbitals tha t  a r e  strongly a s soc ia t ed  with t h e  
ha l ide  ions. 

The  optical  spec t r a  of so lu t ions  of CuC12 in 
molten chloride s a l t s  with large ca t ions  indicated 
the  presence  of tetrahedral or mildly distorted 
tetrahedral CuC142- complexes.  Although s u c h  
en t i t i es  a r e  well known in c rys ta l s ,  previous 
attempts to  find them in liquid media had been 
unsuccessfu l .  

9. Structure of Meta ls  

Studies on preferred orientation and inhomoge- 
neous  deformation were continued on face-centered 
cubic  metals.  While swaging, extruding, and 
drawing of aluminum rod all  resulted in  duplex 
<loo>-< 111 > fiber textures,  t h e  proportions of 
the  components were significantly different. 
Specimens of fine-grained, randomly oriented 
aluminum and copper developed t h e  s a m e  texture 
when extruded a t  room temperature. 

Preliminary resu l t s  showed tha t  t h e  d is loca t ion  
velocity var ies  as the  eighth power of s t r e s s  in 
zone-refined niobium. The  exac t  va lue  of t he  
exponent w a s  very sens i t i ve  to impurities. 

W e  examined the  de ta i l s  of a n  unusual non- 
s teady-s ta te  grain growth occurring in early 
s t a g e s  of annealing in aluminum and proposed 
a model based  on interactions between point 
de fec t s  and  grain boundaries. 

Annealing of deformation twins in niobium s ing le  
c rys ta l s  showed that the  twins can  e i ther  contract  
or expand by the  migration of noncoherent twin 
boundaries. Recrystall ization occurred a t  1000°C 
a t  twin intersections.  
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10. Theory of  Al loy ing 

We inves t iga ted  t h e  galvanomagnetic properties 
a t  4.2'K of high-purity s ing le  c rys t a l s  of zir- 
conium and beryllium with the  current directions 
[ 2 i i 2 ]  and  [3122], respectively,  in s teady  mag- 
ne t i c  f ie lds  to  31 kilogauss.  Both meta ls  showed 
anisotropy and  field dependence charac te r i s t ic  of 
even-valent meta ls  with equal  numbers of ho le s  
and e lec t rons  and with c losed  sec t ions  of the  
Fermi surface.  T ransve r se  even  properties indi- 
ca t ed  that t h e  Fermi su r faces  of both meta ls  were 
open in  cer ta in  directions.  

The  low-temperature spec i f i c  hea t s  of the  
continuous hafnium-zirconium so l id  solution 
showed tha t  t he  dens i ty  of electronic s t a t e s  and 
the  Debye temperatures a r e  nearly l inear with 
composition. However, i n  t he  similar titanium- 
zirconium so l id  solution a maximum in dens i ty  of 
s t a t e s  occurred a t  0.6 Ti-0.4 Zr ,  and  correspond- 
ing  maxima occurred in  superconductivity and in 
e lec t r ica l  resist ivity.  T h i s  maximum is not due 
t o  long-range order of the atoms. A variation 
typical of random sol id  so lu t ions  occurred in  the  
e lec t r ica l  res i s tance .  

T h e  low-temperature spec i f i c  h e a t s  of the  con- 
tinuous so l id  so lu t ion  of the  system scandium- 
zirconium and of d i lu te  so l id  so lu t ions  of niobium 
and molybdenum in zirconium were measured. T h e  
density of e lec t ronic  s t a t e s  showed a minimum 
a t  0.9 Zr-0.1 S c  and rose  t o  a high value for 
pure scandium. Superconductivity was  absen t  
a t  1.2'K in scandium and zirconium-scandium 
a l loys .  T h e  drop in dens i ty  of s t a t e s  i n  zirconium 
with additions of scandium w a s  approximately 
equal and oppos i te  t o  the  effect  of si lver.  T h e  
additions of molybdenum and niobium produced 
much larger e f f ec t s  on t h e  density of s t a t e s  than 
s i lver  and were accompanied by large inc reases  in 
superconducting transit ion temperature. T h e  elec- 
trical  resist ivity of alpha-zirconium increased  
s l igh t ly  with d i lu te  addi t ions  of niobium. 

The  Mossbauer spectrum of aluminum a l loys  
with d i lu te  cobalt  addi t ions  showed significant 
changes  in t h e s e  a l loys  during precipitation hea t  
treatment. 

11.  Theory of Electronic States in  Solids 

W e  a r e  studying the  nature of the  e lec t ronic  
s t a t e s  of liquid metals and  random a l loys  by con- 

s ider ing  so lub le  one-dimensional models, de- 
veloping and eva lua t ing  techniques  for making 
reliable three-dimensional ca lcu la t ions  for such  
sys tems,  and inves t iga t ing  the  application of 
ex is t ing  theor ies  to cer ta in  experimental work i n  
the  Division. 

12. X - R a y  Di f f ract ion Research 

Analys is  of diffraction da ta  from Be0 s ing le  
c rys t a l s  irradiated at a variety of d o s e  leve ls  
and temperatures h a s  l ed  t o  a qua l i ta t ive  under- 
s tanding  of t he  general radiation-damage mecha- 
n isms  operating. Models involving displacement 
fau l t s  and spac ing  anomal ies  caused  by defect 
c lus t e r s  currently produce the  b e s t  agreement with 
experimental observations.  

Work on t h e  s t ruc ture  of thin cuprous oxide films 
on copper h a s  continued with the  extension of t h e  
diffraction model t o  include nonuniform film 
th i cknesses .  Significant improvement was  thereby 
obtained in the  agreement between observed and 
computed Fourier coefficients of oxide reflections 
and between average  film th i cknesses  computed 
from l ine  s h a p e  and  integrated intensity measure- 
ments. An unusual e f fec t  of film s t ruc ture  on t h e  
Bragg spac ings  of 110  and  220 oxide reflections 
h a s  also been descr ibed  in terms of particular 
atomic configurations a t  t he  metal-oxide and  the  
oxide-gas interfaces.  

PART I I .  LONG-RANGE APPLIED RESEARCH 

13. F u e l  Element Development 

W e  have  shown vapor deposit ion,  or pyrolytic 
decomposition, t o  b e  a n  effective and relatively 
simple technique for fabricating both fuel and 
c ladding  materials.  Using th i s  technique, high- 
purity UOz h a s  been formed from U F  in  a one- 
s t e p  conversion process .  Many of t h e  deposit ion 
parameters have been investigated.  

Other vapor-deposition s t u d i e s  have  led to t h e  
success fu l  fabrication of high-quality tungsten 
tubing, rhenium and tungsten-rhenium alloy tubing, 
and boron carb ide  and s i l icon  carbide bodies.  
While good quality tungsten-rhenium depos i t s  were 
achieved, t h e  composition and  th ickness  varied. 
Boron-carbon a l loys  were deposited with a wide 
range of composition and properties. Near- 
stoichiometric depos i t s  of s i l i con  carb ide  were 
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obtained both a s  tubing and  a s  a thermal-cycle 
res i s tan t  coa t ing  on graphite or tungsten. 

Miniature aluminum-base d ispers ion  p la tes  su i t -  
a b l e  for irradiation t e s t ing  were fabricated from 
both U 3 0 8  and niobium-coated UO, with exce l len t  
dimensional control and no cracking  of t h e  coating. 

Fabrication techniques were developed by which 
UC was  s in te red  t o  high theoretical  dens i t ies  a t  
temperatures much below those  usually used .  
Sintering the  UC was  improved by the  addition of 
small quant i t ies  of U B e I 3 ,  which c leaned  the  
sur face  of the  UC particles.  Conditions tha t  
permit s in te r ing  t o  95% of theoretical  dens i ty  
were es tab l i shed .  

14. High- Tern pera ture Mater ia ls  

T h e  weldability of s h e e t  specimens of the  ad- 
vanced niobium and tantalum a l loys  D-43, B-66, 
FS-85, C-l29Y, and  T-111 was  evaluated by 
measuring bend transit ion temperatures a f te r  
fusion welding by e i ther  g a s  tungsten-arc or  
electron-beam methods. Transit ion temperatures 
were generally below room temperature, testifying 
to  the  good weldabili ty of t h e s e  materials. Pos t -  
weld ag ing  treatments demonstrated tha t  D-43, 
B-66, and C-129Y were suscep t ib l e  t o  embrittle- 
ment under certain conditions.  A s tudy  of t he  
sys t ems  Nb-V-Ti and Ta-V-Ti h a s  indicated tha t  
s eve ra l  compositions in t h e s e  te rnar ies  a r e  useful 
for brazing of refractory meta ls  to produce jo in ts  
capable  of high se rv ice  temperatures. 

Irradiation of Mo-0.5% T i  s h e e t  a t  60 to 16OoC 
to integrated fast-neutron d o s e s  of approximately 
10' neutrons/cm increased t h e  bend transit ion 
temperature from 2 0  to  130OC. Postirradiation an- 
nealing a t  temperatures to  12OOOC partially re- 
s tored  the  ductility. Irradiation of Nb-1% Z r  and  
D-43 did not embrittle t h e s e  materials ( a s  de- 
termined by the  t end  t e s t )  but did increase  the  
yield strength by 50 to 70%. A postirradiation 
annea l  for 1 hr a t  1000°C restored the  preirradia- 
tion yield strength of both a l loys .  Creep  of D-43, 
€3-66, T-111, and unalloyed tantalum h a s  been 
t e s t ed  over t h e  temperature range from 1000 to 
16OO0C. At 120OoC the  1000-hr rupture s t rengths  
for tantalum, B-66, D-43, and T-111 a r e  in t h e  
ratio 1 : 1.9 :  3.2 : 6.5. P re t e s t  annea l ing  markedly 
enhanced the  c reep  properties of Nb-1% Zr  at  
982 and  1204OC. 

T h e  contamination of refractory metals and  
a l loys  by t h e  residual g a s e s  in vacuum sys t ems  
h a s  been sys temat ica l ly  s tud ied  a s  a function of 
pressure,  temperature, time, alloy composition, 
and  metal  surface-to-volume ratio. Empirical equa- 
t ions  were developed t o  represent t he  effect of 
t h e s e  variables on the  contamination of Nb-1% Z r  
over t he  temperature range 750 to  1200OC. Low 
partial-pressure additions of CH, (approximately 
lo-'  torr) t o  t he  vacuum sys tem reduced the 
contamination of TZM and unalloyed niobium but 
not that  of the  Nb-1% Z r  alloy. We measured t h e  
weight l o s s e s  of seve ra l  s t a i n l e s s  steels and 
superalloys c a u s e d  by evaporation in high vacuums 
a t  760 to  98OOC and found that they depended on 
temperature and  the  chromium and manganese con- 
t en t s  of t h e  a l loys .  Postevaporation c reep  t e s t ing  
of type 316 s t a i n l e s s  steel demonstrated tha t  
thermally induced structural  changes within t h e  
a l loy  rather than evaporation controlled the  c reep  
behavior. W e  observed no  ag ing  ef fec ts  in Cb-752, 
but D-43 showed a marked ag ing  tendency, which 
was  attr ibuted to  changes  in  the  morphology and 
composition of carbide precipitates in th i s  alloy. 

Tungsten, molybdenum, and  molybdenum-alloy 
tube s h e l l s  with exce l len t  su r f aces  have been 
produced by high-temperature extrusion, us ing  n o  
lubricant other than the self-produced volati le 
trioxides. T h e  molybdenum-base materials were 
successfu l ly  warm drawn to defect-free tubing, 
and  no s igni f icant  contamination occurred during 
processing. Procedures  a r e  under development for 
t he  room-temperature flow turning of Nb-1% Z r  
and  T-111 alloy tube hollows. 

Oxygen rendered the  Nb-l% Z r  alloy suscep t ib l e  
to  rapid penetration by lithium at  815"C, but a t t ack  
could b e  prevented by appropriate hea t  treatments 
in which the  oxygen combined with zirconium t o  
form Z r 0 2 .  Protection was  afforded for all oxygen 
l eve l s  up  to  that required t o  produce stoichiometric 
ZrO, (approximately 3500 ppm in Nb-1% Zr). 
Similar protection was  not observed in a Nb-4076 V 
alloy even  though oxygen-contaminated unalloyed 
vanadium was  inert  to lithium. 

T h e  e lec t r ica l  res i s t iv i ty  and total hemispherical  
emittance of rhenium, T-111, D-43, and Nb-1% Z r  
were measured t o  temperatures a s  high a s  15OO0C. 
Several  conventional noble- and refractory-metal 
thermocouples drifted less than -tlO°C in  1000 hr 
in vacuum a t  145OOC. 
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15. Mater ia I s  Corn pat i  bi I i ty  

T h e  distribution of oxygen between potassium 
and alpha-zirconium was  investigated at 815OC 
for times of 100 and 500 hr. Where no oxide 
s c a l e  w a s  v is ib le  on the specimens a f te r  t e s t ,  
the  final weight fraction of oxygen in the  zir- 
conium varied from 3 t o  30 times that in t h e  
potassium. For  a spec i f i c  th ickness ,  t he  ratio 
of the  weight fractions increased  with t i m e ,  
whereas,  a t  a cons tan t  time, t he  ratio decreased  
with increasing specimen th ickness .  T h e  rate of 
oxygen uptake by zirconium is controlled by dif- 
fusion of oxygen through the zirconium, so  we 
could ca lcu la te  oxygen profiles in the  metal  that  
were in fair  agreement with experiment. 

Using experimentally determined distribution co- 
efficients for oxygen between zirconium and po- 
tassium and a mass ba lance  for oxygen, w e  
determined the  to ta l  oxygen content of potassium 
by a gettering-vacuum-fusion technique. T h i s  
technique gave  complete recovery of oxygen from 
potassium samples  doped with K,O, while amal- 
gamation and  vacuum-distillation methods yielded 
low va lues .  Essen t i a l ly  complete recoveries of 
oxygen from doped potassium samples  were found, 
us ing  a fast-neutron ac t iva t ion  technique tha t  em- 
ployed t h e  reaction * 60(n,p)' 6N. However, t h e  
ana ly t ic  precision of th i s  method was  poor. 

16. Mechanica l  Propert ies 

Our objective is the  s tudy  of t h e  effects pro- 
duced by reactor environments on the  mechanical 
properties of materials.  T h e s e  environments con- 
s i s t  of thermal and  mechanical s t r e s s e s  imposed 
on the  reactor structure,  chemically reac t ive  
coolants,  and neutrons produced by fissioning. 
Our work in the  p a s t  year  h a s  emphasized the  
study of problems a s soc ia t ed  with hydrogen and  
carbon dioxide as  potential  coolan ts  and t h e  
problem of radiation damage t o  s t a i n l e s s  s t ee l .  

A hydrogen environment weakens some metals.  
It reduces the  c reep  s t rength  of Inconel, nickel,  
and copper, but does  not affect that of iron and  
aus ten i t ic  s t a i n l e s s  steel. T h e  mechanism by 
which hydrogen af fec ts  t h e s e  materials is not 
c lear ;  but we have  obtained ev idence ,  us ing  t h e  
electron microscope, tha t  a hydrogen-dislocation 
interaction may b e  involved. 

A carbon d ioxide  environment s t rengthens  and  
reduces ducti l i ty of a l loys  at e leva ted  tempera- 
tu res  by carburizing them. Carburization may b e  
inhibited in t h e  s t a i n l e s s  steels by a n  increase  
in t h e  chromium content  t o  above 20%, which 
l eads  t o  formation of a protective C r 2 0 3  film a t  
t h e  metal-oxide interface.  

Irradiation a t  200 to 4OO0C inc reases  t h e  strength 
and  dec reases  the ductil i ty of s t a i n l e s s  steel 
t e s t ed  in the  s a m e  temperature range. We have  
verified tha t  t h i s  effect, which is not observed 
when the  irradiation or  t e s t  temperature reaches  
6OO0C, is caused  by f a s t  neutrons. Irradiation at 
higher temperatures d e c r e a s e s  high-temperature 
ducti l i ty without a f fec t ing  strength; t h i s  we have 
found is c a u s e d  by thermal neutrons,  very l ikely 
by the  OB(n,a) reaction introducing helium in to  
the  metal. We have  found a preirradiation hea t  
treatment tha t  c a n  significantly improve the  low- 
temperature postirradiation ducti l i ty of s t a i n l e s s  
steel. 

17. Nondestruct ive T e s t  Development 

We a r e  developing new techniques  and equip- 
ment for t h e  nondestructive eva lua t ion  of mate- 
r i a l s  and components. T h e  major emphas i s  h a s  
been on eddy-current, ultrasonic,  and  penetrating- 
radiation methods. 

Analytical  methods have been developed and 
implemented with computer programming to  cal-  
cu la t e  impedance of eddy-current coils to facil-  
i t a t e  their  des ign  and  application. Improved 
circuitry h a s  been des igned  and fabricated to 
enhance  t h e  use fu lness  of the  phase-sens i t ive  
eddy-current instrument. Detailed ins t ruc t ions  
have been prepared on the  des ign  and construction 
of coolant-channel spac ing  probes. 

We have continued to  study techniques  for the 
detection of nonbond in  c l ad  s t ruc tures  and have  
designed and built  a number of new experimental 
devices .  Preliminary work shows  promise for 
t he  u l t rasonic  evaluation of roll-swaged jo in t s  
common to seve ra l  fuel elements.  New and im- 
proved instrumentation h a s  been des igned  and 
built  for t h e  process ing  of u l t rasonic  da t a  sig- 
nals.  

W e  have  microradiographed minute specimens 
after in-pile testing. In continued s tud ie s  on 
techniques  and  s tandards  for t h e  determination of 
fuel inhomogeneities i n  fuel p l a t e s  and rods, we 



xi 

have  provided des ign  criteria for production scan-  
ne r s  for t h e  HFIR fuel p la tes .  We a r e  examining 
x-ray imaging television sys t ems  for u s e  in  hot 
cells. T h e  method also shows  promise for pre- 
c i s ion  measurement of component expansion 
during thermal testing. 

In our development on problem mater ia l s  in- 
c luding  molybdenum, tungsten,  tantalum, and 
graphite, we a r e  trying to  u s e  u l t rasonics  to 
measure the strength of graphite. 

A principal part  of the  development of remote 
inspec t ion  techniques h a s  been the  work on radi- 
ography in the  p re sence  of a radiation background. 
U s e  of photographic reduction on the  fogged film 
greatly inc reases  the  tolerance to background. 

F ive  exhib i t s  related to nondestructive tes t ing  
developments were prepared for display a t  t he  
Third Geneva Conference on Peace fu l  U s e s  for 
Atomic Energy. 

18. 

We found that 

React ions in Solids 

Arrhenius-type express ions  ade- 
quately descr ibe  t h e  temperature variations of 
volume diffusion coefficients i n  niobium and 
tantalum but not in @-zirconium, @-titanium, or 
vanadium. Bombardment with 10' ' 2.2-Mev alpha 
par t ic les  per squa re  centimeter per second in- 
c r e a s e s  diffusion coef f ic ien ts  of l ead  in  s i l ve r  
s ing le  c rys t a l s  by 6 x lo- ' '  cm2/sec in the  
temperature range of 360 to 480OC. T h e  thermal- 
gradient redistribution of antimony in s i l ve r  c a n  
b e  described in  terms of a k ine t ic  theory and  an  
unusually la rge  nega t ive  h e a t  of transport  (Q* = 

-29 k 3  kcal/mole). 

19. Tungsten Metal lurgy 

W e  a r e  fabricating and characterizing s h a p e s  
of pyrolytic tungsten produced by the  reduction of 
tungsten hexafluoride. Both s h e e t  and tubular 
depos i t s  have  been produced under optimum con- 
dit ions,  and an evaluation of t h e s e  depos i t s  as  
to  weldability and  elevated-temperature stabil i ty 
h a s  been undertaken. In addition, da t a  have been 
obtained on the  weldabili ty,  ducti le-brit t le tran- 
s i t ion  temperature, and creep  strength of powder- 
metallurgy tungsten to provide a b a s e  l i ne  for 
comparison with the  pyrolytic material. We a r e  

also exploring the  feasibil i ty of us ing  a d ispersed  
second  phase  to  provide sou rces  of mobile d i s -  
loca t ions  to enhance the  ductility of tungsten.  

20. Uranium N i t r i d e  

We are  eva lua t ing  uranium mononitride (UN) as 
a fuel for high-temperature reac tors  with high 
power dens i t ies .  Several  pertinent phys ica l  
properties,  including coefficient of thermal ex- 
pansion, e lec t r ica l  res i s t iv i ty ,  thermal conduc- 
tivity, and f i ss ion-gas  r e l ease  after neutron acti- 
vation, have been measured and a r e  reported. 
Preliminary measurements of t h e  pressure-tem- 
perature-composition re la t ionships  in  t h e  uranium- 
nitrogen binary sys tem a re  described. 

21. Zirconium Metal lurgy 

T h e  transformation k ine t ics  in a s e r i e s  of Zr- 
Mo a l loys  and in  a Zr-0.9 wt  '% Fe alloy were 
s tudied  by e lec t r ica l  res i s t iv i ty  and  metallography. 
T h e  Zr-Mo a l loys  behaved much as t h e  Zr-Nb 
a l loys  previously reported. T h e  Zr-0.9 wt '% Fe 
alloy resu l t s  a r e  difficult to interpret  b e c a u s e  
three  p h a s e s  a r e  observed over an  apprec iab le  
temperature range. 

T h e  effect of applied s t r e s s  on t h e  preferred 
orientation of hydrides precipitated during cool ing  
w a s  examined. T h e  da ta  were ana lyzed  by u s e  
of a hydride pole  figure. S t r e s s  reorientation of 
hydrides occurred only i f  t he  applied e l a s t i c  
s t r e s s  w a s  para l le l  to a high concentration of 
basa l  poles.  Plastic strain caused  the  hydrides 
t o  prec ip i ta te  parallel  to t ens i l e  s t ra in  components 
and  perpendicular to the  compressive s t ra in  com- 
ponen t s . 

A technique for t h e  rapid determination of an 
approximate (0001) crystallographic pole  figure 
for Zircaloy-2 by u s e  of Knoop microhardness 
measurements w a s  developed. Only 36 impres- 
sions a r e  required, i f  they a r e  made in  a spec i f ied  
pattern. T h e  result ing pole  figure i s  i n  exce l len t  
agreement with figures prepared from x-ray dif- 
fraction data. 

A technique and  a n  ana lys i s  were developed 
for rapidly determining hydride and crystallo- 
graphic (0001) pole figures i n  Zircaloy-2 by the  
u s e  of a polarized-light microscope and quanti- 
t a t ive  metallography. 
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The refractive ind ices  were determined as a 
function of wavelength for t he  first  t ime  for 
anodized f i l m s  formed on zirconium foil. The  
method a l s o  yielded accura te  measurements  of 
film th icknesses ,  but i t  failed for f i l m s  formed 
by reaction with air ,  oxygen, or water, because  
these  f i l m s  intrinsically absorb in the ultraviolet  
and visible spectra.  

Single c rys t a l s  of zirconium and Zircaloy-2 
were grown in s i z e s  up to  13 mm in diameter and 
10 c m  long by u s e  of a n  electron-beam furnace. 
Many of the  var iab les  of the  growth process  were 
investigated,  and most of the  necessary  r e q u i r e  
ments  for reproducible growth of large quant i t ies  
of single-crystal  material a r e  now determined. 

As-deposited bars  of zirconium and titanium 
a s  large as 0.5 in. in diameter were successfu l ly  
zone  melted as  many a s  ten success ive  pas ses .  
Appreciable purification w a s  obtained in as few 
as four pas ses ,  and resist ivity ra t ios  as high as 
450 were measured. 

PART 1 1 1 .  REACTOR DEVELOPMENT SUPPORT 

22. Advanced T e s t  Reactor 

The  Advanced T e s t  Reactor  Aluminum-Base 
Fuel  Element Program was  completed during the 
pas t  year. T h e  majority of effort was  directed at 
the  collection and publication of the detailed 
resu l t s  obtained in developing th i s  mechanically 
joined 19-plate, wedge-shaped fuel element. 

Evaluation of the  homogeneity of the  fuel in 
the ATR p la t e s  by x-ray attenuation techniques  
was completed. Mixtures containing 34.57% 
U,O, in aluminum made acceptab le  fuel-plate 
co res  when the  U,O, par t ic le  s i z e  was  restricted 
to  -170 +325 mesh. 

23. Army Reactors Program 

Procedures  developed previously for making 
30-g ba tches  of high-density Eu 203 and europium 
molybdate were used with s l i gh t  modification in 
sca l ing  up to  a 500-g quantity. Compatibility of 
t h e s e  arc-melted compounds with s t a i n l e s s  s t ee l  
was  indicated in preliminary t e s t s .  

Ful l - s ize  neutron absorbers  containing 37% 
Eu,O, in s t a in l e s s  steel did not change signifi- 

cantly in dimensions on irradiation in the SM-1 
to  estimated exposures  of 5.9 and 13.5 Mwyr. 
Experimental fuel e lements  and  neutron absorbers  
in t e s t  in t h e  SM-1 were undamaged by limited 
exposure. Hot-cell inspection of type 403 s ta in-  
l e s s  s t e e l  control-rod-drive pressure  thimbles 
used  in t h e  PM-1 and PM-3A showed pit t ing and 
cracking  after relatively low exposures.  The  
frequency of c racks  in  the  c ladding  and the sus-  
ceptibil i ty to  waterlogging of fuel e lements  from 
t h e  SM-1 (first core loading) increased  with reactor 
exposure. 

We have  evaluated irradiation t e s t  spec imens  
containing spheroidal UO “ideal ly” distributed 
in s t a i n l e s s  s t ee l ,  which represent t he  fuel mate- 
rial planned for core 3 of PM-1, and we are tes t ing  
them in the  ORR pressurized-water loop. 

24. Enrico Fermi  F a s t  Breeder Reactor 

During the  pas t  year,  work on  the  current phase  
of t he  Fermi Pro jec t  w a s  completed and the  final 
report i s sued .  By se lec t ion  of spacers ,  both the 
plate-spacing and element-s tackup spec i f ica t ions  
could b e  met .  

25. Gas-Cooled Reactor Program 

P a r t  of our effort is in support of the  Experi- 
mental Gas-Cooled Reactor. We have  completed 
receipt of the  reactor fuel and the  fabrication of 
instrumented fuel assembl ies ,  we have  a s s i s t e d  
the  construction contractor with welding problems, 
and we have  measured stress-rupture properties 
of the  fuel c ladding  material. T h e  c reep  of t he  
graphite moderator material under irradiation was  
found to  help the  material accommodate in-service 
s t r a i n s  and to  b e  predictable by a theoretical  
model. We found the effect  of irradiation on sev-  
e ra l  phys ica l  properties of graphite. 

A major effort is the  development of unclad 
fue ls  for advanced gas-cooled reactors,  espec ia l ly  
graphite-base fue ls  containing dispersed pyrolytic- 
carbon-coated fuel particles.  We have  related the 
properties of the coating to the  conditions of 
deposit ion.  We have  mathematically analyzed 
the  s t ra in  caused  i n  the  coa t ing  by irradiation. 
An improved e tch ing  technique was  found for 
preparing par t ic les  for metallography. Poison  
par t ic les  a re  a l s o  under study. Spherical  graphite 
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fue l  e lements  h a v e  been t e s t ed  by abrasion, 
crushing, impact, thermal shock, radiography, 
eddy-current methods, and  infrared emission, and 
prepared for reactor irradiation. Our r e su l t s  have  
been related to design and fabrication. A phenolic 
res in  w a s  a better binder for graphite fuel e lements  
than a furan. High-temperature chlorination re- 
moved exposed thorium and uranium from the  
sur face  of graphite fuel elements.  Fue led  beryl- 
lium oxide  h a s  been irradiated to 1.6% burnup of 
t h e  fuel atoms. Uranium c a n  b e  leached  from 
fueled beryllium oxide with n i t r ic  acid.  

Supporting research for gas-cooled reac tors  h a s  
been i n  d iverse  a reas .  Us ing  x-ray diffraction 
and other techniques,  w e  have  prepared a p h a s e  
diagram for t he  sys tem UC,-ThC,. We have 
devised  methods for welding new high-strength 
n icke l  alloys. Creep-rupture properties of a 
Brit ish s t a i n l e s s  s t e e l  were measured under ir- 
radiation. T h e  ratchett ing of s t a i n l e s s  s t e e l  
c ladding  on  ceramic fuel w a s  studied, and we 
found the  effect  could b e  decreased  by u s e  of 
copper foil as  a lubricant between the  fuel and 
cladding. W e  have inves t iga ted  the  mechanism 
of structural  changes  in UO, irradiated a t  high 
temperatures, and we have  measured the  thermal 
conductivity of graphite from 50 to  1000°C. 

26. High Flux Isotope Reactor 

We have  been developing fuel and control ele- 
ments for t h e  High Flux  Iso tope  Reactor,  a reac- 
tor be ing  built  t o  opera te  a t  a flux of 5 x lo1’ 
neutrons c m - ’  sec-’ to produce transplutonium 
elements.  Development of the  novel fuel element 
h a s  progressed to  the  point t ha t  a cont rac t  h a s  
been i s sued  for the first  year ’s  supply. 

W e  achieved exce l len t  bonding and dimensional 
control i n  two complete sets of fuel p la tes ,  one  
for a c r i t i ca l  experiment and o n e  for the  f i r s t  
reactor core. Exce l len t  control was  achieved  on 
both p l a t e  dimensions and  nonbond. In general, 
no difficulty w a s  encountered in  meeting the  
+ 30% tolerance for any 5/,,-in.-diam area ,  but 
some relaxation will b e  required for t he  *lo% 
tolerance for the  “average” in  short  str ips.  T h e  
s e t  for the  c r i t i ca l  experiment h a s  been formed 
to  t h e  required involute s h a p e  and assembled 
without difficulty into the  element.  

Per fec t ing  the  welding procedures cont inues  
to b e  o n e  of the  major HFIR problems. Attach- 

ment of fuel p l a t e s  into the  element w a s  improved 
by an  inc rease  in  t h e  root th ickness  and new 
sequences  for t h e  s t a r t  and finish of each  weld. 

A new instrument h a s  been developed, buil t ,  
and demonstrated for measuring uranium homo- 
geneity in  fuel plates.  From the  x-ray attenuation 
it continuously measures  concentration i n  a r e a s  
as small  as ”/64 in. i n  diameter a t  s cann ing  s p e e d s  
of 130 in./min or  “average” concentration i n  
shor t  lengths. 

Cylindrical control a s sembl i e s  containing 
sepa ra t e  d ispers ions  of europium oxide and tan- 
talum i n  aluminum were fabricated to close tol- 
e rances .  Control p l a t e s  were roll c lad ,  mechan- 
ica l ly  formed into approximately t h e  des i red  
cylindrical  quadrants,  explosively formed to  the 
spec i f ied  dimensions,  and  welded i n  groups of 
four to form the  cylindrical  elements.  During 
preforming, cracking in  the europium sec t ion  
w a s  prevented by u s e  of a backup p la t e  t o  keep  
t h e  sec t ion  in  compression. 

27. Molten-Salt  Reactor 

Grade CGB graphite specimens were eva lua ted  
to  determine the  acceptabili ty of t h i s  material  
for u s e  as moderator in the  Molten-Salt Reactor 
Experiment. Bulk density ranged from 1.83 t o  
1.87 g/cm3. T h e  spectrum of pore-entrance diam- 
e t e r s  was  determined over t h e  range from 100 to  
0.02 p. Lat t i ce  cons t an t s  were measured to b e  
a. = 2.464 A and co = 6.746 A. Oxygen concen- 
tration in  t h i s  graphite averaged less than 20  
ppm and did not change with exposure to the  
atmosphere. Material intended for structural  
purposes  w a s  examined radiographically and 
found to meet the  requirement specified.  

W e  successfu l ly  sea l ed  s t u b s  remaining i n  the  
MSRE hea t  exchanger after some of the  tubes  
had been cu t  off. 

T e n s i l e  properties were measured on welded 
specimens of INOR-8. When specimens had been 
s t r e s s  relieved for 2 hr  a t  1600’F in  hydrogen, 
t h e  t ens i l e  strength below 1000°F w a s  lowered; 
ducti l i ty was  lowered a t  room temperature but 
not a t  higher temperatures; t he  y ie ld  strength 
w a s  lowered; and  the  specimens fa i led  in  t h e  
b a s e  metal rather than in  the  weld. 

T e n s i l e  properties of irradiated and unirradiated 
INOR-8 a r e  reported for t e s t  temperatures from 
ambient to 900’C. Ductility w a s  reduced a t  
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temperatures above 60OoC. T h e  ef fec t  of ir- 
radiation increased  with decreas ing  s t ra in  rate. 
Postirradiation annea l s  did not affect  t h e  radiation- 
induced properties. 

Creep r a t e s  were measured on  h e a t s  of INOR-8 
for t he  MSRE, and t ens i l e  properties of th i s  alloy 
were measured after various hea t  treatments. 

Specimens and capsu le  components from in-pile 
experiments were examined metallographically. 
Some INOR-8 and molybdenum specimens carbu- 
rized in contac t  with graphite and fuel s a l t .  
Graphite and INOR-8 capsu le  components showed 
no ev idence  of attack. Autoradiography of graphite 
demonstrated a s l igh t  penetration a t  t h e  surfaces.  

28. Space Power Program 

Materials a s s i s t a n c e  is being  provided for the 
Medium Power Reactor Experiment, a compact 
boiling-potassium sys tem for e l ec t r i c  power gen- 
eration. Work h a s  included fabrication of com- 
ponents  for experimental devices ,  preparation of 
fuel element spec i f ica t ions  as  well as a s soc ia t ed  
fabrication development, and pos t t e s t  metallurgi- 
cal ana lyses  of various i tems  of hardware. 

29. Thorium Uti l izat ion Program 

W e  a r e  cooperating with t h e  Chemical Tech- 
nology Division to simplify and reduce t h e  c o s t  
of the  Th-233U fuel cycle.  W e  have developed 
new p rocesses  for applying pyrolytically depos i ted  
carbon coa t ings  to fuel par t ic les  a t  markedly 
reduced c o s t s  and demonstrated that t h e s e  coat- 
i ngs  a r e  compatible with oxide  par t ic les  produced 
by a new Chemical Technology Division technique. 

We completed successfu l ly  t h e  remote fabrication 
of 1100 fuel p ins  in  the  Kilorod Fac i l i ty ,  vibra- 
torily compacting bulk oxides ,  prepared by sol-gel 
techniques,  into zircaloy tubes.  Our exper ience  
is being used  to  develop the remote fabrication 
equipment to b e  ins ta l led  in  the  Thorium-Uranium 
Fue l  Cycle  Development Fac i l i ty  tha t  we a re  
designing. 

From numerous irradiation tests on bulk oxides ,  
we found that the sol-gel produced oxide  is a n  
exce l len t  nuclear fuel and  that mixed ox ides  of 
thorium and uranium perform sa t i s fac tor i ly  a t  
much higher hea t  ratings than UO, alone. We 

found tha t  s t r e s s  is one  of t he  more important 
parameters controll ing t h e  r a t e  a t  which f i ss ion  
g a s  is re leased  from ceramic  fuels.  Work h a s  
continued on the  strengthening of metal  fue l s  
by alloying and  d ispers ions .  Irradiation t e s t s  
of thorium-zirconium a l loys  were discontinued 
because  of experimental difficult ies.  

30. Water Desalination and General 
Reactor Economic Evaluations 

Our study of the  problem of producing pure 
water from sea water a t  a low cost through nuclear 
h e a t  w a s  continued. We s tudied  e lements  con- 
tr ibuting to t h e  c o s t  of fuel e lement  fabrication 
and surveyed t h e  l i terature t o  co l lec t  ava i l ab le  
information on the  irradiation performance of 
metal  fuels.  

Six reactor concepts  were eva lua ted  for central  
power s ta t ions .  F i v e  of t h e s e  were based  on 
advanced converter concep t s  u t i l i z ing  a thorium 
fuel cycle.  Our t a sk  w a s  to  ana lyze  the  s t a t u s  
of the  development of t he  fuel e lements  for such  
reac tors  and to  ca l cu la t e  t he  c o s t  of fabricating 
the  various fuel elements.  

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

31. SNPO-C N E R V A  Program Assistance 

We have eva lua ted  brazing a l loys  and  conditions 
for Renk 62 and  weldability of Inconel X-750. 
T h e s e  nickel-base a l l o y s  a re  nozz le  mater ia l s  
for nuclear rockets.  

32. Thermonuclear Project 

We found that electron bombardment of meta l l ic  
su r f aces  r e l eases  sorbed g a s e s  and appears  t o  
b e  a way of obtaining very c lean  su r faces  without 
hea t ing  or  caus ing  radiation damage. 

33. Transuranium Program 

P r o c e s s  development work was  success fu l ly  
completed for t he  various s t e p s  in  t h e  remote 
fabrication and  inspec t ion  of ta rge t  e lements  
for t h e  High F lux  Iso tope  Reactor.  Designing 
and t e s t ing  of t h e  equipment for t he  three cells 
of Transuranium Faci l i ty  a r e  60% complete. T h e  

. 
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equipment for the glove-box l ine ,  i n  which an 
in i t ia l  loading of plutonium-bearing ta rge ts  will 
b e  fabricated,  h a s  been assembled and  tested.  
One t e s t  cons is ted  of fabricating seven  prototype 
elements,  which were subsequently inser ted  into 
one  of the  reactors a t  Savannah River. 

W e  a r e  developing remote welding procedures 
and obtaining bas i c  da ta  on welding parameters, 
s o  tha t  a suitably programmed welding c y c l e  can  
be  specified.  

T h e  first  of four prototype e lements  being ir- 
radiated in  the  E T R  was  removed and examined 
after some s i x  months of irradiation. With 40 at. 
% burnup of t he  original plutonium a t  a hea t  flux 
comparable to that expec ted  in  the  HFIR,  the  
target exhibited no se r ious  design or fabrication 
deficiencies.  One of the  remaining three  e lements  
being tes ted  will  b e  moved to a higher flux posi- 
tion to achieve  a h e a t  flux from 1 to 1.6 x l o 6  
Btu hr - '  ft-'. 

I 
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1. Basic Research on Sintering 
C.  S. Morgan c. s. Yust  

Continued advances  in nuclear and other tech- 
nologies require improved materials su i t ab le  for 
u se  a t  high temperatures. Many ceramic materials 
that  have  great potential  for high-temperature ap- 
plication are most conveniently fabricated in to  
useful shapes  by press ing  and sintering. Our 
s tud ie s  of sintering fundamentals a re  intended to  
advance the  knowledge of the  mechanism of mate- 
rial transport during s in te r ing  of ceramics,  partic- 
ularly U 0 2  and Tho2. 

Previous  s tud ie s  have  indicated that during the 
init ial  s in te r ing  of thoria, material i s  transported 
primarily by dislocation movement. We report here 
our continued effort to  e luc ida te  the factors in- 
f luencing material transport ,  including resu l t s  of 
related grain-growth and creep  s tudies .  

CREEP OF THORIA 

T o  gain further information on the deformation 
properties of thoria t ha t  may be related to  the 
s in te r ing  mechanism, w e  are investigating i t s  
compressive creep. High-temperature c reep  was  
measured with moderate s t r e s s e s  on T h o  bush- 
ings.  Considerable  sca t t e r  in the resu l t s  was  
apparently caused  by variation in the  powder- 
pressing process and by uneven s t r e s s  distribution 
due t o  imperfect matching of the  bushing sur faces  
and the  compressing sur faces .  Figure 1.1 shows 
the c reep  resu l t s  for a T h o ,  bushing and a T h o 2 -  
0.60% CaO bushing. At 1465°C a s t r e s s  of 7800 
ps i  caused  c reep  of approximately 0.008%/hr in 
the T h o 2  bushings. Specimens that contained 
calcium oxide deformed a t  much lower s t r e s s e s  at 
1465OC; a bushing containing 0.84% CaO showed 

2 

'C. S. Morgan and C. S. Yust ,  J. N u c l .  Mater. 10(3), 
182 (1963). 
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appreciable c reep  

TIME (hr)  

Thoq and Th02-0.60?6 COO Bush- 

a t  500 psi .  At approximately 
100 hr t he  Thoz-CaO spec imens  became more 
res i s tan t  to c reep ,  and a t  approximately 500 hr 
they usually showed about the same facil i ty for 
c reep  as pure thorium oxide specimens.  X-ray 
and petrographic examinations showed tha t  ini- 
t ial ly the  calcium w a s  subs t i tu ted  for thorium ions  
in t h e  la t t ice ,  but after long res idence  in the c reep  
equipment the  calcium oxide had segregated sub- 
stantially.  

The  activation energy of thoria c reep  was  usually 
in t h e  range of 70 t o  90 kcal/mole for temperatures 
of 1400 to  16OOOC. 

DENSIFICATION OF UO 2 + x  

W e  have  measured the  densification ra te  of UOz 
with oxygen-to-uranium ra t ios  ranging from 2.05 t o  
2.25 in the  temperature range of 900 t o  14OOOC. 
T h e  material w a s  cold compacted in to  pe l le t s ,  
reduced in hydrogen, homogenized, and fired in 
argon. The  oxygen-to-uranium ra t io  of the compact 
was then determined by firing in a i r  to  U308. T h e  
principal ob jec t  was  to inves t iga te  the  ex i s t ence  

3 
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Fig. 1.2. Densification of UO as a Function of Oxygen-to-Uranium Ratio. 2 

of maxima and minima in  the  densification ra te  
curves  for UOz of different oxygen contents.  T h e  
resu l t s  a re  presented in  Fig. 1.2. P l o t s  of dens i ty  
aga ins t  densification t ime a t  fixed oxygen-to- 
uranium ra t ios  fa i led  to reveal a maximum or mini- 
mum in  t h e  densification ra te  during the s in te r ing  
of UOz. In T h o  s u c h  changes  in the  densification 
rate had been found t o  depend on the  impurity 
content of t h e  material  and were ev ident  only i n  
certain ranges of impurity concentration. T h u s  
deviations from stoichiometry i n  the  absence  of 
impurities apparently d o  not  c a u s e  th i s  effect .  

2 

GRAIN GROWTH IN Tho2 

We star ted  s tud ie s  of t h e  r a t e  of grain growth in 
T h o  to fulfi l l  two purposes:  (1) to determine the 
relationship between res idua l  porosity in  a sinter-  
ing  compact and grain boundaries and (2) to  provide 
additional grain-growth d a t a  for oxides,  s i n c e  
information of t h i s  type  is not at present wel l  
represented in the  literature. 

2 

Grain growth in  meta ls  and i n  oxides  t o  the 
ex ten t  that  they have been investigated a re  usually 
described by the  equat ion  D 2  - D,' = kt, where D 
is t h e  average grain diameter a t  time t ,  D is the  
in i t ia l  grain s i z e ,  and  k is a constant.  In general ,  
the  da t a  f i t  t he  equation only when t i s  raised to  a 
power other than unity. Lyons et  al.,' examining 
the  resu l t s  of s e v e r a l  inves t iga t ions  of grain 
growth in U O z ,  find tha t  t h e  grain growth is bes t  
described by the  relationship D 3  - Di = kt .  

One of the fac tors  preventing better correlation 
of the  da t a  with the  theore t ica l  relations may be  
the  difficulty of ca lcu la t ing  the  true average  di-  
ameter of t h e  grains. If t h i s  i s  the  c a s e ,  measure- 
ment of grain growth with a parameter that  does  
not depend on average  grain diameter might be 
advantageous.  Such a parameter is grain-boundary 
sur face  area.  Assuming tha t  t he  ra te  of change of 
grain-boundary sur face  a rea  is proportional to the  

'M. F. Lyons, D. H. Coplin, and B. Weidenbaum, 
Analys i s  o f  UO Grain Growth Data from Out-of-Pile 
Experiments,  GEAP-4411 (November 1963). 

0 
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fourth power of th i s  sur face  a rea  l eads  t o  the  
express ion  G - 3  - G o 3  = kt, where G is the  grain- 
boundary su r face  a rea  per unit  volume a t  time t, 
G is the  in i t ia l  grain-boundary sur face  a rea  per 
unit volume, and k is a constant.  

We plotted our da t a  on grain growth in  thorium 
oxide in argon and a i r  a t  temperatures ranging from 
1720 to  222OoC as  D 2  - D:, D 3  - Di, and G - 3  - 
G o 3  v s  t ime on logarithmic scales. T h e  plot based  
on grain-boundary sur face  a r e a ,  shown in Fig.  1.3, 
yielded s l o p e s  m o r e  nearly 1.0, as required by 
the  theoretical  equation. T h e  da ta  for growth in 
argon in e a c h  plot a r e  compared to  the leas t -  
squa res  l ine  through the  points. Because  of t he  
sca t t e r  of t he  points,  t he  in-air da t a  a r e  compared 
with dashed l ines  having a s lope  of 1.0. 

T h e  activation energ ies  for grain growth in argon 
indicated by these  p lo ts  are:  D 2  - D;, 100 kca l /  
mole; D 3  - D:, 136 kcal/mole; and G - 3  - G i 3 ,  
120 kcal/mole. T h e  da ta  a r e  insufficient for the 
calculation of the  activation energy for grain 
growth in  air .  T h e  va lues  of t hese  activation 
energ ies  a r e  probably higher than would be en- 
countered in  pore-free material. The  thoria used  
in t h e  present  work had approximately 3 vol '% 
voids in  the  form of finely distributed pores. The  
da ta  a re  incomplete but do  revea l  that  the  rate 
of grain growth is greater i n  air  than in argon. 
Thoria heated in argon darkens,  becoming progres- 
s ive ly  grayer with increas ing  temperature and 
finally black a t  temperatures in  e x c e s s  of 20OO0C. 
An oxygen ion deficiency is s a i d  to  be  responsible 
for t h i s  darkening. If so,  s u c h  a n  ionic variation 
in t h e  la t t ice  might b e  expected to  influence the  
grain-boundary migration rate. 

At present,  we have  drawn n o  conclus ions  con- 
cerning the  interrelationship of res idua l  porosity 
and grain boundaries. T h e  porosity is fine and 
widely distributed; much of i t  apparently is a t  

0 

grain boundaries. T h e  e tch ing  technique used  for 
delineation of grains,  however,  produces numerous 
p i t s  on the  grain su r faces ,  preventing an unambig- 
uous evaluation of t h e  distribution of the porosity 
with respec t  t o  the  grain boundaries. 
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2. Crystal Physics 
G. W. Clark 

Material technology of tomorrow is dependent 
upon improved understanding of presently known 
materials and upon insight i n to  new and novel 
materials.  T h e  u s e  of s ing le  c rys t a l s  is required 
to  characterize unambiguously many physical 
phenomena. As su i t ab le  c rys t a l s  a r e  frequently 
difficult to obtain,  particularly of refractory sub-  
s t ances ,  we are  conducting a continuing program, 
both to  provide c rys t a l s  needed i n  research  and t o  
dev i se  and improve methods for growing them. 
Also,  we a r e  investigating s e l e c t  physical  proper- 
t i e s ,  both those  tha t  re la te  to the  c rys t a l  growth 
process  and those  important for characterizing 
c rys ta l s  of new compounds. Crys ta l s  a r e  being 
grown by seve ra l  methods - from molten-salt so l -  
vents ,  from supercr i t ica l  aqueous sys t ems ,  by 
traveling-solvent techniques,  and  by the  general 
Verneuil method. More than twenty compounds 

GROWTH OF CRYSTALS FROM MOLTEN-SALT 
SOLUTIONS 

Lanthanide Germanomo lybda tes ’ 
C.  B. F inch  G. W. Clark 

L. A. Harris’ 

We have synthes ized  a s e r i e s  of lanthanide 
germanomolybdates as s ing le  c rys t a l s  greater 
than 1 mm on edge. T h e  general  formula for t he  
compounds is R2GeMo08, where R = P r ,  Nd, Gd, 
Tb ,  Dy, Ho, Er ,  Yb, or Eu. T h e  c rys t a l s  all have 
a body-centered tetragonal (scheeli te-type) s t ruc-  
ture with s p a c e  group kI1/a. Tab le  2.1 presents  
t he  unit  cell parameters,  dens i t i e s ,  and magnetic 

have  been synthes ized  in  s ing le-crys ta l  form within ‘par t  of this work was presented in a paper, “Single- 
the past year. some of these crystals have ken Crystal  Synthesis and Properties of Lanthanide Germano- 

Molybdates,” a t  the Fourth Rare Earth Research Con- 
used  i n  x-ray ana lys i s  of neutron damage and ference, Phoenix, Arizona, April 22-25, 1964, and will  

be published in the proceedings. others in magnetic, electron-spin resonance ,  and 
optical  investigations.  ’X-Ray Diffraction Group. 

Table  2.1. Properties of the Heavy Lonthonide Germonomolybdotes 

Measured Average x, Magnetic 
Densitya X-Ray Density Susceptibil i ty 

Lattice Parameters for Unit 
Cel l  of Space Group 141/a b Composition Color (25OC) 

a .  (A) c o  (A) (g /cm3 ) (g /cm 3, (emu/& 
~ ~ _ _ _ _ ~  

x 1 0 - ~  

Gd2GeMo08 Pale  blue-green 5.136 f 0.001 11.275 f 0.006 6.59 6.801 0.85 

Tb2GeMoOs Ocher 5.1175 f 0.0005 11.211 f 0.002 C 6.983 1.20 

Dy GeMoO Light green 5.0976 k 0.0006 11.156 k 0.002 7.01 7.122 1.56 

Ho2GeMo08 Brownish green 5.0839 f 0.0004 11.101 f 0.001 7.07 7.251 1.52 

Er GeMoOB Lavender 5.0686 f 0.0002 11.0509 f 0.0007 7.11 7.375 1.17 

2 8 

2 

apycnometer. Values t 0.10 g/cm3. 
bFaraday method. Values f 5%. 
‘Insufficient sample. 
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suscept ib i l i t i es  for the f i r s t  f ive  compounds syn-  
thesized. 
and LazGeMoOs by similar methods and have 
achieved only minor incorporation of iron into th i s  
structure. Analysis  of x-ray da ta  indicated that 
the iron ion probably subs t i tu ted  for gadolinium. 
We a r e  trying t o  form a compound in which transi-  
tion e lements  subs t i tu te  for e i ther  the germanium 
or molybdenum in th i s  structure.  T h i s  would then 
give u s  a material with a greater dens i ty  of un- 
paired e lec t rons  and concomitant more probable 
magnetic sp in  coupling. 

An important question relating to  th i s  family of 
compounds is what  is the  origin of the  paramag- 
netic anisotropy tha t  we have  observed. T o  get 
to the root of th i s  question, we a re  measuring the 
temperature dependence of t he  magnetic suscep-  
tibility, electron-spin resonance spec t ra ,  optical  
absorption spec t ra ,  and opt ica l  Faraday  effect .  

We have  failed to  prepare C e  2GeMo0 

Thorium D i o x i d e  

C. B. F inch  G. W. Clark 

The  growth of thorium dioxide c rys t a l s  up  to  3 mm 
on an  edge  from Liz0.2W03 melts was  reported 
l a s t  year.3 More recently we found that the addi- 
tion of approximately 1 wt % B 0 to  the so lvent  
increased the  growth rate fivefold without signif-  
icant impairment of c rys t a l  quali ty;  the present 
growth rate is 0.02 mm/hr. 

Thorium dioxide c rys ta l s  doped with rare-earth 
ions  a re  being grown a lso .  T h e  T h o 2  a c t s  a s  a 
h o s t  lattice in whose c rys ta l l ine  symmetry the  
electronic character of the rare-earth ions  may be 
studied by electron-spin resonance  and by optical  
absorption methods. 

2 3  

Beryl l ium Oxide 

C. B. Finch G. W. Clark 

We have the  growth of B e 0  c rys t a l s  
from the  so lvents  V z 0 5  and Liz0.2W03.  Through 
the  des i r e  to grow larger, purer, and more perfect 
c rys ta l s ,  we have been eva lua t ing  other possible 

3C. B. Finch  and G. W. Clark, Metals and  Ceramics 
Div. Ann. Progr. Rept.  May 31, 1963, ORNL-3470, p. 3. 
4G. W. Clark, C. B. Finch, 0. C. Kopp, and J. J. 

McBride, Metals and  Ceramics Div. Ann. Progr. Rept. 
May31,  1962, ORNL-3313, p. 181. 

so lvent  sys tems.  Though the  so lvent  V 2 0 5 - P b 0  
h a s  been one of the most promising, we have not 
ye t  found the  conditions tha t  yield more perfect 
c rys ta l s  than those  grown from L i  20-2W0, melts. 
Ef fec ts  of irradiation on the  structure of t hese  
c rys ta l s  are reported in Chap. 12. 

T r i -  and Tetravalent  Metal  Si l icates 

C. B. F inch  G. W. Clark 

Well-formed crys ta l s ,  greater than 1 mm on an 
edge, of severa l  tri- and tetravalent metal s i l i ca t e s  
have  been grown from L i20-2W03  solutions,  using 
mass  transfer at temperatures in the  range 1050 
to 125OOC with thermal gradients of 10  to 20°C/cm. 
By x-ray diffraction methods, we have  identified 
one  product as ident ica l  with t h e  mineral thort- 
veit i te,  monoclinic Scz03.2SiOz.  Both forms of 
T h o 2  .S i02 ,  tetragonal (thorite) and monoclinic 
(huttonite), have  been prepared ( s e e  following 
subsection). Four other compounds formed have  
been tentatively ass igned  the  following composi- 
t ions  and crys ta l  sys tems:  Yz03 .2S i02  (mono- 
clinic), L a 2 0 3 . 2 S i 0 2  (monoclinic or tetragonal 
because  of poss ib le  phase  transformation), E r 2 0 3 -  
2S i02  (monoclinic), and H f 0 2  4 i O Z  (tetragonal). 
Additional crystallographic da t a  for the erbium 
s i l i ca t e  are presented in Chap. 12 of th i s  report. 

T h e  Thori te + Huttonite P h a s e  Transformation a s  
Determined by Growth o f  Synthetic Thor i te  and 

Huttonite Single Crysta ls ’  

C. B. F inch  L. A. Harris’ G. W. Clark 

T h e  transformation of ThSiO from tetragonal 
(thorite) to  monoclinic (huttonite) was investigated 
by growing s ingle  c rys ta l s  from alkali  d i tungs ta te  
or dimolybdate solutions.  Only thorite formed be- 
low 1225OC, while above th i s  temperature only 
huttonite grew. Our da ta  sugges t  that  the equilib- 
rium transformation temperature a t  1 a t m  is 1225 t 
10°C. Crys ta l s  of each  phase  greater than 2 mm 
on an edge  were grown. Th i s  technique should 
be applicable t o  other sys tems,  espec ia l ly  s luggish  
ones ,  where a more direct approach becomes un- 
certain. 

5Abstracted from a note published in  Am. Mineralogist 
49, 782 (1964). 
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HYDROTHERMAL SYNTHESIS 

0. C. Kopp6 G. W. Clark 
S. D. Fulkerson 

Si l icates  and R e l a t e d  Compounds 

Our crys ta l  syn theses  by the  hydrothermal method 
include silicates, fe r r i s i l i ca tes ,  and s i m i l a r  com- 
pounds such  as germanates, ferrigermanates, and 
aluminogermanates. In general, t hese  materials 
are analogous to  natural  silicate minerals that 
contain Ai3' substi tuted for S i4 '  in tetrahedral 
coordination with oxygen. Poss ib l e  phases  include 
those  having s t ruc tures  l ike  quartz,  feldspar,  
feldspathoid, zeoli te,  and mica. We have reported 
previously the  formation of micas,  feldspathoids,  
and zeol i tes  in the sys tem Fez03-Si02-a lka l i  
hydroxide. 

Further s tudy  of the RbOH sys t em sugges t s  the 
presence of a s t e e p  boundary curve pass ing  through 
the points 405OC, 17,500 ps i  and 38OoC, 9,000 psi. 
On the  low-temperature s i d e  of the  boundary only 
the mica phase  h a s  been observed. The  relation- 
sh ip  on the high-temperature s i d e  is not a s  clear.  
The  ana lc i te  phase  is present,  but in some experi- 
ments t he  mica phase  is a l s o  produced. The  
boundary between phases  depends not only on 
temperature and  pressure but a l s o  on the  partial 
pressure of hydrogen in t h e  sys tem.  Hydrogen is 
produced through the  reaction between the s t e e l  
l iner  of the  autoclave and the  solvent.  The  partial 
pressure of hydrogen inc reases  as temperature in- 
creases, but we have not measured it. 

Micas, zeo l i tes ,  and feldspathoidal phases  have 
been produced in the  sys t ems  Fe,03-Ge02-alkal i  
hydroxide and A1,O 3-Ge02-alkali hydroxide within 
the temperature range 370  to 45OOC and the  pres- 
su re  range 10,000 t o  25,000 psi. Under s imi l a r  
conditions, the  s i z e  of t he  a lka l i  ion (K < R b  < CS) 
influences t h e  phases  produced. The  dominant 
phase  observed in sys t ems  containing KOH is 
mica. Both micas and zeo l i t e s  have  been prepared 
in a l l  rubidium-bearing s y s t e m s  studied. Among 
the  cesium-bearing sys tems,  micas have been 

6Consultant from the University of Tennessee. 
70. C. Kopp and G. W. Clark, Metals and  Ceramics 

Div. Ann. Progr. Rept .  May 3 1 ,  1963, ORNL-3470, p .  4. 

produced in  the  F e 2 0 3 - S i 0 2  and Fe2O3-GeO2 sys -  
tems but not in the  A1203-GeOz system. Cesium- 
bearing feldspathoids have  been produced in all 
sys tems.  Detailed study of t he  relationship of 
the  s i z e  of t he  a lka l i  ion to  the  identity of the 
s t ab le  p h a s e s  produced (as iron is substi tuted for 
aluminum and germanium for s i l i con  in these  s y s -  
tems) should provide some c l u e s  to  the  factors that  
determine the  phase  or phases  s t ab le  under a 
spec i f ic  set of phys ica l  conditions. 

Quartz h a s  been grown a t  15,000 ps i  and 41OOC 
from 0.5 M KOH in a graphite capsule  within a 
s t a i n l e s s  steel liner. T h i s  c rys ta l  (about 1 c m  
on an edge) is being used  in  electron-spin reso- 
nance (ESR) s tud ie s  of the  paramagnetic centers  
formed upon irradiation. Commercially grown 
quartz is contaminated with sodium, which com- 
p l ica tes  the  interpretation of ESR data.  Attempts 
to  grow hemimorphite [Zn4Si 0 (OH),H20] which 
is very strongly piezoelectrfc 7and pyroelectric, 
have  not been  successfu l .  Instead, we obtain 
the  phase  s t a b l e  at higher temperatures in th i s  
sys tem,  willemite (ZnSi04). 

M u l t i p l e  Oxides 

Another broad area of study inc ludes  materials 
tha t  a r e  oxides and multiple oxides ,  espec ia l ly  
those  containing the  rare-earth e lements  and the 
elements  from the f i r s t  transit ion se r i e s .  

Erbium manganate(III), ErMnO 3 ,  h a s  been grown 
as thin (0.001-0.003 mm) p la te le t s  at 42OOC and 
about 25,000 psi .  Both LiOH and CsOH (0.5 M )  
appear t o  be good so lvents .  Preliminary evaluation 
of optical  spec t r a  obtained from these  c rys t a l s  
lends support  t o  the  premise tha t  Mn3' is present. 
However, a more de ta i led  ana lys i s  will  be  required 
before we c a n  firmly conclude this.  

Additional phases  that have been prepared and 
identified by x-ray diffraction include E r F e 0 3 ,  
N d F e 0 3 ,  Nd(OH)3, and ErOOH. T h e  latter com- 
pound appears  t o  h a v e  significant paramagnetic 
anisotropy. 

Studies of the  hydrothermal growth of ferri tes 
have  continued. Seeded growth h a s  been success -  
ful. However, spurious seed ing  and spontaneous 
nucleation have  interfered with more rapid and 
better quali ty growth. We a re  determining the 
effect  of s eve ra l  addi t ives  on the quali ty of crys- 
ta l  growth. 
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PHYSICAL STUDIES 

G. W. Clark A. T. Chapman 

Perfect ion of Tho, Crysta ls  

G. W. Clark H. L. Yakel'  

As  w a s  s t a t e d  previously in th i s  chapter,  Tho2 
crys ta l s  have  been grown from mel t s  of L i20-2W03  
and have been grown f ive  t i m e s  fas te r  from th i s  
same melt with 1 wt % B z 0 3  added. Using a n  x-ray 
double-crystal  diffractometer, we analyzed the  
c rys ta l l ine  mosaic spread  of se l ec t ed  c rys t a l s  
grown from Li20.2W03 with and  without the B 0 

2. 3 addition and  es t imated  their defect dens i t i e s  
(defects/cm '). T h e  monochromatized x-ray b e a m  
w a s  incident on (111) faces and the  system was  
aligned s o  as  to  give Bragg diffraction for ( I l l ) ,  
(222), and  (333) planes.  T h e  l ine  width at half 
maximum of t h e  de tec ted  diffraction intensity for 
the (111) p l anes  w a s  1.6' of a r c  for the  c rys ta l  
grown in  Li20.2W03. For  t h i s  same geometry on 
a c rys t a l  grown in  Li20.2W0, containing 1% B 2 0 3 ,  
t he  l ine  width was  2.7 'of arc.  T h e  estimated de- 
fec t  dens i ty  for each  of t h e s e  c rys t a l s  w a s  l o g k 2 /  
cm2. An ac t ive  program to identify conditions 
tha t  will  yield c rys t a l s  of higher quality continues. 

Magnetic Susceptibi l i ty  of Er,GeMoO, (ref. 8) 

6. W. Clark E. Sonderg 
A. T. Chapman 

Crys ta l s  of Er GeMoO tend to  orient in a mag- 
ne t ic  field contrary t o  their  s h a p e  anisotropy, sug- 
ges t ing  interesting magnetic properties. T h e  tem- 
perature dependence over t he  range 50 to  400°K 
and  the  magnetic-field dependence a t  room tempera- 
ture of t he  magnetic suscept ib i l i ty  of th i s  com- 
pound were measured. T h e  volume suscept ib i l i ty  
at room temperature w a s  8.7 -t 0.3 x c g s  
units/cm3. From the  plot of the temperature de- 
pendence of t h e  suscept ib i l i ty  u s ing  powdered 

2 8 

'Abstract of a more detai led contribution to  the Solid 
S ta te  Div. Ann. Progr. Rept. May 31, 1964, ORNL-3676 
(in press). 

'Solid State Division. 

samples ,  i t  w a s  concluded tha t  Er2GeMo08 a c t s  
l ike  a normal paramagnetic subs t ance  between 
50 and 400OK. Measurements of t he  suscept ib i l i ty  
of oriented s ing le  c rys t a l s  a r e  now necessary  to  
determine the  magnitude of t he  paramagnetic ani-  
sotropy. 

Apparatus for Spectrophotometric Study of 
Smal l  Crys ta ls"  

J. P. Young' * G. W. Clark 

A sample holder for obtaining spec t r a  of smal l  
c rys ta l s ,  of appropriate t h i ckness  and whose 
diameter is greater than 0.13 mm, h a s  been built. 
Th i s  holder w a s  des igned  for and t e s t ed  with an  
unmodified Cary Recording Spectrophotometer, 
Model 14M. Using an  auxiliary high-intensity 
l ight source  and a holder aperture of 0.13 mm, the  
measured absorbance  w a s  2.7 and w a s  e s sen t i a l ly  
independent of wavelength over the  Model 14M 
range (0.19 t o  2.6 p)  for slit widths less than 0.3 
mm. When us ing  the  s tandard  light source  and a 
a holder aperture of 0.33 mm, the  absorbance  w a s  
1.7 and e s sen t i a l ly  independent of wavelength for 
slits less than 0.4 mm. Absorption spec t r a  of 
samples  (such as ruby) were wel l  above the back- 
ground and faithfully reproduced intensity ratios 
within 10% of spec t r a  obtained from much larger 
samples.  

Electron-Spin Resonance of  Rare-Earth Ions' 
in Tho,: Ytterbium and Erbium 

M. Abraham' R. A. Weeks' G. W. Clark 
C. B. F inch  

T h e  paramagnetic resonance  spectrum of Yb3 + 

and E r 3 +  in T h o 2  h a s  been inves t iga ted  at 10.5 
kMc/sec over t he  temperature range of 4 to 2OK. 

"Abstract of note to  be submitted to  Analyt ical  

"Analytical Chemistry Division. 

"Abstract of paper t o  be  submitted to Phys ica l  

Chemistry. 

Review. 
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Si tes  of cubic  symmetry a s  wel l  a s  axial  s i t e s  
due to nearby charge compensation were observed. 
Both cubic  spectra  gave isotropic  g values  with 
g = 3.423 f 0.001 for Yb3'  and g = 6.752 f 0.005 
for Er3+,  and these  values  a r e  in good agreement 
with the predicted values  for I?, doublets.  Tem- 
perature variation showed that  t hese  were the 
lowest s t a t e s .  For both ions  in dilute c rys ta l s  
the l ine width was 5 0.5 gauss  and in heavily 
doped crys ta l s  the line width was  3 to  4 gauss .  
Nearby charge compensation in the Yb3' c a s e  
produces four s i t e s  of tr igonal symmetry with [lll] 

a x e s ,  while in the Er3 '  c a s e  the preponderant 
axial  s i t e  had tetragonal symmetry with three [loo] 
axes .  For Yb3 ', gll = 4.772 f 0.002, g l =  2.724 f 

0.001, and one-third the t race  of the g tensor was  
3.406. For Er3+, gll =3 .462  fO.003,  g l  = 7 . 6 2 4 1  

0.005, and one-third the t race of the g tensor was  
6.24. The  l ine widths obtained for the ax ia l  s i t e s  
were broader than those  for cubic  s i t e s  and varied 
with angle.  Evidence for macroscopic crystal l ine 
imperfections was a l s o  found. 



3. Deformation of Crystalline Solids 
R. 0. Williams 

T h e  p las t ic  deformation that can  occur when a 
metal is s t r e s s e d  enab le s  fabrication of the  metal 
and permits it t o  maintain i t s  integrity during use .  
T h e  methods by which meta ls  deform a r e  incom- 
pletely understood. We have  been us ing  seve ra l  
approaches to inves t iga te  t h e s e  mechanisms. 
T h e s e  inc lude  s tud ie s  of yield drop in se l ec t ed  
a l loys ,  stress-induced ordering of carbon atoms in  
iron, low-temperature deformation in  body-centered 
meta ls ,  the  temperature dependence of yielding, 
development of preferred orientation, and deforma- 
tion energies.  

EFFECTS OF STRAIN RATE AND 
TEMPERATURE ON YIELD POINTS' 

R. J. Arsenault  

T h e  yield drop tha t  occurs  in  tantalum, Cu-16 
at .  % Al, and Ag-6 at .  % A1 w a s  investigated as 
a function of s t ra in  ra te  and temperature. From 
the s t r a in - r a t e  d e p e n d e n c e  of the y i e l d  drop, a n  
activation volume was  ca lcu la ted  and found to  
agree  with that obtained from differential s t ra in-  
ra te  t e s t s .  T h e  temperature dependence of the  
yield drop can  b e  explained in  terms of the  param- 
e te r  temperature divided by activation volume, a s  
i l lustrated by F igs .  3.1 and 3.2. We attribute the  
yield drop to the  rapid multiplication of d is loca-  
t ions  during their motion. 

'Abstract of paper accepted for publication in  Trans- 
actions of the Metallurgical Socie ty  of AIME. 
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REARRANGEMENT 0 F INTERSTITIAL ATOMS 
DUE TO DISLOCATION  MOTION^ 

R. J .  Arsenault  

We invest igated the  dependence of act ivat ion 
energy on s t ra in  rate in  i roncarbon al loys.  T h e  
experimental  resul ts  are descr ibed and examined 
in terms of rearrangement in te rs t i t i a l s  induced by 
the s t r e s s  field of moving dis locat ions.  

The activation energy, measured directly by a 
differential-temperature technique, increased from 
about 13 kcal/mole to 20 kcal/mole with a reduc- 
tion in  the s t ra in  rate. T h e  relationship between 
act ivat ion energy and s t ra in  ra te  was a l s o  inves-  
t igated as a function of inters t i t ia l  concentration, 
prestrain, temperature, and grain s i ze .  The  s t ra in  
rate was found to  b e  a l inear  function of s t r e s s  
in the low strain-rate range and a logarithmic func- 
tion of s t r e s s  in  the high strain-rate range. We 
sugges t  that our experimental  data  are direct  evi-  
dence for s t ress- induced ordering. 

ENERGY OF FORMATION OF A DOUBLE KINK 

R. J. Arsenault  G. Czjzek 

To a large extent ,  experimental  data  obtained 
from the low-temperature deformation of body- 
centered cubic metals  have  been explained in 
terms of the formation of a double kink over the 
Peierls' stress barrier. T h i s  explanation is based  
on a model that was developed by Seeger ,3  who 
assumed that  the  e f fec t ive  s t r e s s  was  zero. In 
a detai led d iscuss ion  of a t tempts  to  u s e  the model 
of Seeger3 and Seeger and S ~ h i l l e r , ~  we have  
shown5 that t h e s e  models would predict that  the 
activation volume is independent of s t r e s s ;  th i s  
contradicts  our experimental data .  

As a consequence of t h e s e  discrepancies ,  the 
energy of formation of a double kink was calcu-  
la ted as a function of the effect ive s t r e s s  from 
zero to  a stress equal  t o  the Peierls' s t r e s s .  We 
f i r s t  made a force balance of the dislocation l ine,  

'Abstract of paper submitted for publication t o  Phif-  

3A. Seeger, Phif. Mag. 1, 651 (1956). 

4A. Seeger and P. Schiller, Acta  Met. 10, 348 (1962). 

'R. J. Arsenault, Acta Met. 12, 547 (1964). 

osophicaf Magazine. 

obtaining a second-order nonlinear differential 
equation. Solving it numerically produced t h e  
configuration of the double kink. An expression 
for the  energy of the configuration was  then ob- 
ta ined and solved numerically. Two approaches,  
us ing  different  sets of boundary conditions,  were 
used in the numerical solut ions and agreed well. 
Figure 3.3 i l lus t ra tes  the variation in potential  
energy of a dis locat ion with the displacement of 
the center  of the double kink for various effect ive 
s t r e s s e s .  The  energy of formation of a double 
kink is the difference in  energy between the  max- 
imum and minimum configurations.  W e  take  th i s  
energy as the activation energy for the motion of 
the dis locat ions,  s i n c e  we a s sume  that the la teral  
motion of the kinks is an  athermal process .  Fig- 
ure 3.4 shows  for iron both the theoret ical  and 
experimental  activation energies  plotted v s  s t r e s s .  
We found s imilar  agreement between the theoret-  
ical ly  calculated and experimentaIly determined 
activation volumes. 

However, in  the  above formulation severa l  as- 
sumptions were made. T h e  one that  is probably 
the l e a s t  valid is that  continuum e las t ic i ty  theory 
c a n  be applied.  T h e  reason for this  conclusion 
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is that we a re  dea l ing  with configuration changes 
that a r e  e s sen t i a l ly  within the  co re  of the d is -  
location. Also  the  interaction between the  kinks 
was  not taken in to  account.  

W e  ca lcu la ted  the  interaction energy for con-  
figurations produced a t  various effective s t r e s s e s  
and found i t  large compared to the  energy of forma- 
t ion of a double kink, ca lcu la ted  without con- 
s ider ing  the  interaction of the  kinks.  Since the  
interaction force now appears  to b e  repulsive and 
not a t t rac t ive  as  previously found, 4 * 6  the  energy 
of formation of a double kink may b e  reduced. 
T h e  exac t  magnitude for any particular configura- 
tion h a s  not been determined. W e  a r e  ca lcu la t ing  
t h e  potential  energy of t h e  configurations for 
different numbers of jumps as a function of the  

‘F. Kroupa and L. M. Brown, Phil.  Mag. 6, 1267 
(1961). 

d i s tance  between pinning points.  When the  d is -  
location l ine  undergoes seve ra l  jumps, preliminary 
resu l t s  ind ica te  tha t  the  difference between the 
potential  energy a t  a maximum and a t  t he  next 
minimum dec reases  with an inc rease  in  the  number 
of jumps and practically becomes nonexistent after 
two to three jumps. After that ,  the process  be- 
comes athermal. 

LOW-TEMPERATURE DEFORMATION OF BODY- 
CENTERED CUBIC METALS AND ALLOYS7 

R. J. Arsenault  

W e  a r e  determining the  e f fec t  of alloying addi- 
t ions on the low-temperature deformation param- 
e t e r s  in body-centered cubic  metals.  T h e  differ- 
e n c e  between the  activation energ ies  and volumes 
of a body-centered cubic  metal  and a so l id  solution 
of t he  metal  would b e  smal l  i f  t he  rate-controlling 
mechanism is the  formation of a double kink over 
t h e  Pe ier l s ’  s t r e s s  barriers. T h e  main reason is 
that t h e  Pe ier l s ’  s t r e s s ,  which would b e  a major 
factor in determining the  activation energy and 
volume, is nearly a l inear function of the  s h e a r  
modulus. Small alloying additions change the  
modulus only sl ightly.  

We have  investigated tantalum and Ta-9.1 a t .  % 
W alloy. T h e  activation energ ies  and volumes 
were measured by differential-temperature and 
strain-rate techniques.  In Fig.  3.5 a r e  plotted the  
activation energ ies  v s  effective s t r e s s .  T h e  ad- 
dition of tungsten decreased  the  activation energy 
a t  a given s t r e s s  but t he  modulus was  increased  
approximately 2%. However, in copper alloying 
with 10 at.  % A1 increased  the  activation energy 
a t  zero  effective s t r e s s  by a factor of 4. At zero  
e f fec t ive  s t r e s s ,  the  activation volumes a r e  70 x 

and 25  x c m 3  for tantalum and 
Ta-9.1 at .  % W respectively.  A s  shown in Fig. 
3.6, t h e s e  va lues  drop t o  2.8 and 5 x c m ’  
a t  an  e f fec t ive  s t r e s s  of 17 kg/mm2. 

We a r e  a l s o  investigating Ta-10 at .  % Nb. 

’Abstract of paper submitted for presentation at the 
AIME Fall Meeting, Philadelphia, Pa., Oct. 18-22, 
1964. 
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Fig. 3.5. Activation Energy vs Effective Stress for 

Tantalum and To-9.1 at. % W. 

Fig.  3.6. Activation Volume vs Effective Stress for 
Tantalum and To-9.1 at, % W. 

EFFECT OF PRESTRAIN AND ALLOYING 
ON THETEMPERATUREDEPENDENCE 

OF YIELDING8 

R. J. Arsenaul t  J. H Frye, Jr. 

Our purpose was  t o  determine whether t he  in- 
crease in the temperature dependence of the  yield 
stress of an alloy over tha t  of a pure face-centered 
cubic  metal could b e  accounted for by an  increase  
in dislocation dens i ty  or whether t he  increase  in  
the  temperature dependence was  due  t o  other 
c a u s e s  of solid-solution strengthening. High-purity 
Mond n icke l  and Ni-15% Mo alloy made from high- 
purity n icke l  and molybdenum were used. 

Prestraining n icke l  4.5% and increasing the  
prestrain to  10% e a c h  increased  both the athermal 
and thermal components of s t r e s s  a s  shown in 
F ig .  3.7. T h e  alloy addition a l s o  increased both 

*Abstract of paper accepted for publication in Acta 
Metallurgica. 

( x  1031 
U N C L A S S I F I E D  

O R N L - D W G  6 4 - 3 7 3 l R  
7 0  I I I I I 

60 

5 0  

40 

30 

0 1  I I I I 
0 100 200 300 400 500 

TEMPERATURE (" K )  

Fig.  3.7. Y i e l d  Stress vs Temperature far Annealed 

and Prestrained N icke l  and Ni-15% Mo. Percentages 

refer to prestrain. 



15 

components, as shown in  F ig .  3.7, but it increased  
t h e  thermal component four t imes as much as  did 
prestraining pure nickel 10%. Pres t ra in ing  the  
nickel-molybdenum alloy also increased  the  t e m -  
perature dependence of the yield s t r e s s .  Electron 
transmission micrographs showed tha t  t he  change 
in dislocation dens i ty  due  to alloying was  neg- 
ligible. T h e  most significant change that resulted 
from the  alloy addition was  in  the  dislocation 
configuration. Piled-up d is loca t ions  were not 
observed in pure nickel,  but they were observed 
in the alloy, indicating, as shown by that 
the  so lu t e  reduced the  s tacking  fault  energy. 

We can  see from the  experimental resu l t s  j u s t  
described that an inc rease  in  the  dislocation 
dens i ty  does  increase  the  temperature dependence 
of t h e  yield s t r e s s .  However, t h e  major effect  of 
the  addition of molybdenum is the  reduction in the  
s tacking  fault  energy, which r e su l t s  in wider dis-  
locations.  Since they a re  wider, they a r e  more 
difficult to intersect,  and conserva t ive  motion of 
t h e  jogs  is more difficult. Thereby the  thermal 
component of the  yield s t r e s s  is increased. 

'P. R. Swann, Electron Microscopy and Strength of 
Crystals, p. 131, Interscience, New York (1963). 

DEVELOPMENT OF PREFERRED ORIENTATION 
DURING DE FORMATION 

R. 0. Williams 

We have  s tudied  the  preferred orientation tha t  
resu l t s  from compression in  copper, nickel, s i lver ,  
iron, 70-30 b ras s ,  and Cu-14 at. % A1 alloy. T h e  
silver,  copper, and b ras s  all develop (110) poles  
in the  compression direction, i n  agreement with 
the usual behavior of face-centered cubic  metals,  
although there a r e  minor de t a i l s  that  a r e  different 
i n  each  case. Rather unexpectedly, t he  (320) and 
(661) orientations were the  most preferred in nickel 
and the  copper-aluminum alloy. The  iron had  a 
duplex texture of (100) and ( I l l ) ,  a s  expected. 

T h e  rate of texture formation in copper i n  ten- 
s ion ,  compression, and a combination of tension 
and compression h a s  been studied. We hope to 
deduce from the  da ta  the  rate of reorientation of 
grains as  a function of orientation and compare 
i t  with the  ra te  ca lcu la ted  from assumed condi- 
t ions of deformation. 

CALORIMETRYOF DEFORMEDMETALS 

R. 0. Williams 

Comparatively l i t t l e  work h a s  been done with 
our liquid-gas film calorimeter l o  during t h e  l a s t  
year. We have designed, constructed,  and tes ted  
a high-precision gas volumeter that  improves t h e  
operation of t h i s  calorimeter. Bas ica l ly  th i s  
volumeter c o n s i s t s  of a metal  bellows that is 
extended or contracted by means of a servomotor, 
which is controlled by a pressure  transducer. 
T h i s  dev ice  can  de tec t  volume changes  of 0.02 
cm3 and h a s  a to ta l  capac i ty  of 680 cm3.  

W e  have  completed measuring the  e f fec t  of grain 
s i z e  on t h e  s tored  energy of copper us ing  the  film 
calorimeter, and a report h a s  been submitted for 
publication. I Our principal r e su l t s  were tha t  a 
tenfold inc rease  in  grain size decreased  the  s tored  
energy by about 8%. Also a significant fraction 
of the  flow s t r e s s  of copper appeared to b e  re- 
quired to c rea t e  the d is loca t ions  required for the  
deformation, A comparison with earlier resu l t s  
showed that changing the s t ra in  ra te  by a factor 
of l o6  h a s  l i t t l e  effect on the  amount of energy 
stored. 

I t  h a s  been recognized for some time tha t  the 
s tored  energy, measured as the  difference between 
the  work required to deform the  metal  and the  
re leased  h e a t  (as found by the film calorimeter), 
is roughly double the  observed h e a t s  of recrystal-  
l ization. While th i s  difference can  b e  reasonably 
attr ibuted to  t h e  recovery that t akes  p lace  prior 
to recrystall ization, no measurements have  con- 
clusively proved this.  For  th i s  reason, we wanted 
t o  measure the  isothermal hea t  release at suc-  
ces s ive ly  higher temperatures until  t he  metal  
recrystall ized, to measure the ent i re  r e l ease  of 
s tored  energy. We have  made some progress on 
th i s  problem. 

Bas ica l ly  our method depends upon a careful 
measurement of the  temperature of a sample rela- 
t ive to  a c lose ly  controlled furnace. T h e  rate of 
energy r e l ease  is then given by the express ion  

dQ/dt = Cp(dT/dt) + k(Ts  - T r )  

where dT/d t  is the  rate of temperature change ,  

'OR. 0. Will iams,  Rev.  Sci. Instr. 34, 639-43 (1963). 

"R. 0. Williams, "The Stored Energy of Copper De- 
formed a t  24OC,'' submitted t o  Acta  Metaflurgica. 
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k is a cons tan t  that  depends upon the temperature 
and sample,  and T s  and T ,  a re  the sample and 
furnace temperatures. Since the  amounts of energy 
re leased  a re  small, many conditions must b e  met 
for the experiment to be  a success .  T h e  most 
cri t ical  and experimentally the  most difficult is 
to be  ab le  to very rapidly r a i s e  the  temperature 
of the  sample and the  furnace so as to  maintain 
the  rate of energy r e l ease  a t  a measurable level.  

T h e  method that we tried is il lustrated in F ig .  
3.8. The  furnace is a copper block that h a s  a low- 
inertia winding silver-soldered to the  outside.  
T h e  furnace h a s  adequate  temperature uniformity, 
c loseness  of control, and heating rate. Originally, 
we planned to  heat t he  sample by pulling it  into 
thermal contac t  with the  furnace wal l s ,  but ade- 
qua te  thermal contac t  could not be  made. The  
present calorimeter w a s  designed so that helium 
could b e  introduced to promote hea t  transfer. 
While the  helium does  he lp ,  t he  rate is s t i l l  not 
adequate.  T h e  method that h a s  been used  with 
reasonable s u c c e s s  depends upon the  tungsten 
filament shown in Fig.  3.8. Bas ica l ly  there is 
no  problem with th i s  arrangement provided the  
furnace is massive enough so  tha t  the  sample 
hea t s  fas te r  than the  furnace; any  additional hea t  
can  b e  supplied to  the  furnace b y  i t s  windings. 
However, a major difficulty with the  present ar- 
rangement is tha t  t h e  tungsten filament is not in 
adequate  thermal con tac t  with t h e  furnace wall 
and it would cool t o  some lower temperature after 
having been heated. T h i s  c a u s e s  the  sample to 
see a nonuniform changing temperature and thus  
prevented reliable measurements.  Another calo- 
rimeter is being constructed and is expected to 
adequately s o l v e  th i s  and other l e s s e r  problems. 
T h e  present apparatus did, however, work well 

enough to measure a va lue  of the  recrystall ization 
energy for copper in  good agreement with accepted  
work. 
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4. Electron Microscopy 

J. 0. Stiegler 
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We are  us ing  transmission e!ectron microscopy 
as a primary research tool in an attempt to corre- 
l a t e  structural  fea tures  of materials with their  
mechanical and physical properties. Once w e  
understand how impurit ies and changes  in sub- 
structure affect  the  properties of materials,  w e  
feel that we can  control t h e s e  properties through 
control of t he  microstructure. 

DEFORMATION OF BODY-CENTERED 
CUBIC METALS AND ALLOYS 

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

Our major effort is in  a study of the  changes  
that t ake  p l ace  in dislocation configuration when 
meta ls  p a s s  through t h e  t rans i t ions  between duc- 
t i l e  and brit t le or twinning and nontwinning be- 
havior. At sufficiently low temperatures of defor- 
mation, the  microstructures are dominated by 
screw d is loca t ions  that a r e  long  and straight but 
not smooth. In addition, numerous loops  and 
other debr i s  a r e  sca t te red  throughout t h e  material. 
Tangling and ce l l  formation occur only a t  rel-  
at ively high temperatures. T h i s  implies that  as  
t h e  temperature of deformation is decreased ,  t he  
res i s tance  to motion of screw d is loca t ions  in- 
c reases .  

Fo r  solid-solution alloys,  the  temperature a t  
which the  transit ion between t h e s e  s t ruc tures  
occurs  is higher than for t h e  pure metals. In 
fact ,  Nb-55 at. % V and W-26% R e  a l loys  a c t  a t  
room temperature much as pure niobium does  a t  
liquid-nitrogen temperature; straight screw dis- 
loca t ions  predominate and twinning eas i ly  occurs.  
Typica l  microstructures i l lustrating the  e f fec ts  
of lowering the temperature of deformation and 
substi tutional alloying of niobium a r e  shown in 
F igs .  4.1-4.4. 

Hamer and Hull recently have  demonstrated 
conclusively that s l i p  does  precede twinning and 
fracture. Our electron microscope observa t ions  
of meta ls  and a l loys  tha t  do twin during deforma- 
tion all show microstructures of straight s c rew 
d is loca t ions  often grouped together in bands.  
If d i s loca t ions  multiply suddenly and rapidly 
without significant c r o s s  s l i p  to distribute t h e  
d is loca t ions  throughout the  grain, narrow bands  
of highly loca l ized  s l i p  result. When blocked 
by grain boundaries, t h e s e  bands could produce 
sufficiently high s t r e s s  concentrations in ad jacent  
grains to nuc lea te  twins. 

Although the  transit ion between twinning and 
nontwinning behavior occurs over a narrow tem- 
perature range (2OoC), we find no corresponding 
sudden change in dislocation substructure.  We 
have  observed densely populated s l i p  bands  both 
below and above the  transit ion,  although a more 
homogeneous distribution predominates above 
the  transition. 

Several  mechanisms have been advanced to 
explain t h e  rapid increase  in flow s t r e s s  that  
occu r s  a s  the  temperature of deformation is low- 
e red  and tha t  evidently is related to t h e  observed  
r e s i s t ance  to motion of sc rew dislocations.  
T h e s e  a r e  (1) breaking away from intersti t ial  
atmospheres,  (2) overcoming t h e  Peierls-Nabarro 
s t r e s s ,  (3) nonconservative motion of jogs ,  (4) 
overcoming intersti t ial  precipitates,  and (5) c r o s s  
sl ip.  

W e  would not expec t  breaking away from inter- 
s t i t i a l  atmospheres and overcoming intersti t ial  
p rec ip i ta tes  to lead  to the  very straight disloca- 
t ions  that a r e  observed, and thus  they a r e  incon- 
s i s t en t  with t h e  experimental evidence. T h e  

'F. M. Hamer and D. Hull, A c t a  Met. 12, 682 (1964). 

'H. Conrad, Nat .  P h y s .  Lab .  G. Brit. Proc. Syrnp. 
15, 476-516 (1963). 
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Fig, 4.1. D i s l o c a t i o n  D is t r i bu t i on  in Pure N iob ium Fig. 4.3. D i s l o c a t i o n  D is t r i bu t i on  in  a Nb-5 at. % W 
A l l oy  Strained 5.9% in Tens ion  a t  Approximately 300°K. 
Note the ext remely s m a l l  c e l l s  hav ing  smal l  loops and 
s t ra igh t -d is loca t ion  segments w i t h i n  them. 30,OOOx. 

Strained Approximately 5% in Tens ion  at  Approximately 
300'K. 15,000~. 

Fig. 4.2. D i s l o c a t i o n  D is t r i bu t i on  in Pure N iob ium 
The straight d is loca t ions  

Fig. 4.4. D i s l o c a t i o n  D is t r i bu t i on  in a Nb-7.5 at. % W 
A l l o y  Strained 2% in  Tens ion  at  Approximately 300'K. 
There i s  no tendency toward ce l l  formation in th is  al loy.  

30,000~. 

Strained in Tens ion  at 78'K. 
are a l m o s t  pure sc rew segments. 20,000~. 
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d is loca t ions  a r e  heavily jogged, but t he  jogs  
a r e  not obviously responsible for the  res i s tance  
to  motion. One would expec t  the  density of jogs  
to vary s t a t i s t i ca l ly  along the  length of the  d is -  
location, lead ing  to different ve loc i t ies  for dif- 
ferent segments  of t h e  dislocation line. T h e  
continuous and  uniform res i s tance  due  to the  
Peierls-Nabarro s t r e s s  would, however, l ead  to 
the  straight d i s loca t ions  ac tua l ly  observed. If 
motion occurs  by the  double-kink expansion model 
advanced by Conrad, t he  jogs  could a r i s e  because  
k inks  could expand on different s l i p  planes. Com- 
ment on the  cross s l ip  proposal i s  difficult because 
c ros s  s l i p  is obviously suppressed  but not elim- 
inated.  T h i s  is evidenced by the  high density 
of small  loops and other debris,  which most l ikely 
arise from cross s l ip  of screw segments.  

Most interestingly,  solid-solution alloying af- 
f e c t s  t h e  dislocation distribution in the  same way 
that lowering t h e  temperature of deformation does .  
F le i scher ,  however, h a s  shown tha t  t he  substi-  
tutional hardening of copper is a result  of e l a s t i c  
interactions of so lu t e  a toms with screw disloca- 
t ions  that occur due  to the  different modulus and 
size of the impurity atoms. For all but extremely 
d i lu te  so lu t ions  th i s  will  have  the form of an 
almost continuous frictional s t r e s s  superimposed 
on the  already present Peierls-Nabarro s t r e s s .  
The  fact  that  similar dislocation distributions a re  
produced in body-centered cubic  solid-solution 
a l loys  a t  room temperature and in pure body- 
centered cubic  meta ls  a t  liquid-nitrogen tempera- 
ture l ends  support  to t he  idea  that overcoming 
the  Peierls-Nabarro s t r e s s  is the  factor limiting 
screw dislocation motion in pure meta ls  a t  low 
temperatures. W e  a r e  currently determining atomic- 
s i ze ,  electronic,  and modulus e f fec ts  on disloca- 
tion distributions in body-centered cubic  solid- 
solution alloys.  

STRUCTURAL FEATURES 
OF PYROLYTIC CARBONS 

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

Pyrolytic carbon currently is being developed 
a s  a coa t ing  material for fuel par t ic les  for nuc lear  

reactors;  consequently,  there is cons iderable  
in te res t  in structural  fea tures  of t he  various car- 
bons. Pyrolytic carbon bas ica l ly  c o n s i s t s  of 
monolayer s h e e t s  on t h e  order of 100 A in diameter 
having  t h e  hexagonal Bernal graphite structure.  
Detailed descriptions of the  structural  fea tures  
of the  various carbons a r e  given in  recent work 
being published.4 As opposed to graphite, in 
which t h e  s tacking  of the  s h e e t s  follows s t r ic t  
rules,  the s t ack ing  in pyrolytic carbon is nearly 
random; tha t  is, t h e  l aye r s  a re  twisted and trans- 
la ted  randomly with respec t  t o  one  another. 

By altering t h e  deposit ion variables,  depos i t s  
can  form having dens i t i e s  ranging between 1.4 
and 2.2 g/cm3. Optical  and replica electron 
microscopy show no significant differences be- 
tween depos i t s  having the  extremes in density,  
so  direct  electron transmission through c l eavage  
f lakes  is necessa ry  to show the  s i z e ,  shape ,  and 
distribution of the  micropores. F igures  4.5 and 
4.6 a r e  transmission micrographs of hi &-density 
(2.08 g/cm3) and low-density (1.4 g/cm3) laminar 
depos i t s .  T h e  low-density material clearly con- 
s i s t s  of blocks of carbon and voids, both on the  
order of 100 A in diameter, packed together. A 
void network in  t h e  high-density depos i t s ,  i f  
present,  is below our l imit  of resolution. Pa r t i c l e  
s i z e  did not differ appreciably throughout a series 
of laminar depos i t s  encompassing the  en t i re  range 
of dens i t ies .  We detec ted  smal l  differences,  
however, in a similar se r i e s  of columnar depos i t s .  

We have s tudied  structural  changes during the  
annea l ing  of blocks of mass ive  depos i t s .  Both 
la te ra l  growth and  ordering of the  layers  in t h e  
graphite structure occurred during annea ls  at 
temperatures above  the  deposit ion temperature. 
In addition, t he  microvoids were  consumed during 
th i s  graphitization process.  Annealing at tem- 
peratures of 2500 to  30OO0C produced graphite 
c rys ta l l i t es  on the  order of 1 p in diameter and 
a few hundred angstroms thick. 

3R. L. Fleischer, Acta Met. 1 1 ,  203 (1963). 
4 J. 0. Stiegler, C. K. H. DuBose, and J. L. Cook, 

An Electron Optical Study of Structural Features  of 
Pyrolytic Carbons, ORNL-TM-863 ( in  press). 
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Fig. 4.5. Transmission Electron Micrograph of a High- Fig. 4.6. Transmission Electron Microgroph of a Very  
Density Deposit  of Laminar Pyrolytic Carbon. 1OO,OOoX. Low-Density Deposit  of Laminar Pyrolytic Carbon. 

1 oo,ooox. 



5. Metallurgy of Superconducting Materials 

M. L. Picklesimer 

W e  have been studying metallurgical var iab les  
and the  superconducting properties of supercon- 
ducting a l loys  and intermetall ic compounds for 
th ree  years .  We a re  concerned with the  e f fec ts  
of such  th ings  as  microstructural morphology, 
compositions,  and spac ings  of two-phase struc- 
tures;  aging reactions;  mechanical s t ra in ;  preferred 
orientation; and fabrication procedure and hea t  
treatment and their  effects on  the  current-carrying 
capacity in a magnetic field and a t  severa l  tem- 
peratures. To successfu l ly  accomplish such  work, 
f irst  we need to es tab l i sh  a background of infor- 
mation on transformation k ine t ics  and products, 
morphologies, p h a s e  diagrams, precipitation and 
ag ing  reactions,  and ra tes  of formation of inter- 
metall ic compounds in the  sys t ems  of interest .  
Such work h a s  been conducted and reported pre- 
viously on Zr-Nb, Nb-Sn, Tc, and Tc-Zr a l loys  
and compounds. 

T h e  principal effort of the  p a s t  year h a s  been 
the  design, construction, and occupancy of the  
Superconducting Materials Laboratory. The  un- 
contaminated laboratory h a s  been outfitted with 
essent ia l ly  a l l  t h e  necessary  laboratory equipment 
for the  metallurgical and superconducting s tudies .  
T h e  glove-box a rea  designed for t he  metallurgical 
study of technetium a l loys  is complete except  
for a few remaining i tems of equipment already 
purchased or under construction. T h e  glove-box 
sys tem will permit t h e s e  operations on technetium 
alloy specimens: canning in evacuated  Inconel 
t o  permit fabrication of ingot materials by hot 
working in air  without contamination of either 
the specimen material o r  the  working area ;  decan- 
n ing  of these  spec imens  after fabrication; spark 
machining of specimens for hea t  treatment, metal- 
lography, or superconducting property tes t ing ;  
sawing, filing, and grinding operations;  vacuum 
encapsulation in quartz for furnace hea t  treatment 
in a i r  to 1200OC; eventual vacuum melting in 

beryllia c ruc ib les  for purification of s ta r t ing  s tock  
and preparation of 10- to 15-g mel t s  of alloys;  
electrical-resist ivity measurement and thermal 
ana lys i s  for s tudying  transformation k ine t ics  and 
phase  diagrams; and metallographic specimen 
preparation. T h e  laboratory is sufficiently out- 
fitted to permit concentration in the  coming year 
on the  planned metallurgical s tud ies .  

TRANSFORMATION KINETICS 
IN Nb-Zr ALLOYS 

G. R. Love  M. L. P ick les imer  

Preliminary time-temperature-transformation da ta  
for Nb-Zr a l loys  containing 2 5  to 50 wt '% Zr  were 
reported last year. '  T h e  da ta  were obtained on 
spec imens  with 0- to 25-p-diam grains and known 
to contain significant amounts of macro- and micro- 
segregation of zirconium. T o  avoid th i s  segrega- 
tion, we have  subjected arc-cast  a l loys  to a ho- 
mogenizing h e a t  treatment. T h i s  treatment produced 
large grains,  100 to  200 p in diameter, and caused  
some contamination by oxygen and s i l ica .  T h e s e  
two factors made our present tirne-temperature- 
transformation da ta  not s t r ic t ly  comparable to 
the  previously obtained da ta ,  but t h e s e  contam- 
inated specimens led  to some significant observa- 
t ions  regarding the transformations in t h i s  system. 
At rather high l eve l s  of contamination, Widmanstzt- 
ten s i d e  p l a t e s  formed in the  grain boundaries; 
and the  pearli t ic reaction 6 + 6, + 6, was  sup- 
pressed. T h e  pearli t ic reaction nuc lea ted  only 
a t  the  microscopic de fec t s  such  as  grain bound- 
a r i e s ,  pronounced s l ip  bands, and free su r faces  
and not a t  atomic defects,  and growth stopped 

'G. R. Love and M. L. Picklesimer, Metals  and Cer- 
amics Div .  Ann. Progr.  Rept.  May 31 ,  1963, ORNL- 
3470, pp. 45-46. 
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within 1 0  to 15 p of the defects.  In t he  centers  
of sufficiently large grains,  t he  high-temperature 
beta phase  decomposed by some type of an  ag ing  
reaction. The  morphology of the aging reaction 
product changes  drastically with transformation 
times. The  precipitate par t ic les  a re  too fine to 
be  sufficiently resolved a t  1 0 0 0 ~ .  Bright-field 
examination of etched specimens y ie lds  l i t t l e  
information, and anodizing is required to produce 
sufficient color cont ras t  between the  phases  of 
t he  transformation product to permit fruitful micro- 
structural  observation. Poss ib ly ,  the  pearli t ic 
reaction s tops  because the  ag ing  reaction is 
nucleated homogeneously throughout the  untrans- 
formed material, or an  appreciable time interval 
may intervene between the  ces sa t ion  of the  pearl- 
i t i c  transformation and the  ag ing  reaction. In 
addition to producing difficult ies i n  the  transfor- 
mation s tudies ,  high-temperature homogenization 
and/or the  contamination picked up during such  
treatment embrittled all of the  a l loys ;  as little as  
15 to 20% reduction produced seve re  cracking of 
the  homogenized ingot materials.  Further work 
on t h e s e  problems i s  under way. 

JOINTS B ET W E E N SU P ERCON DUCT I NG 
AND NORMAL-STATE MATERIALS 

G. R. Love  J .  A. Wheeler 

One of the  significant difficult ies encountered 
in  an experimental superconducting program is 
ensuring tha t  the  superconducting properties of 
the  t e s t  specimen are  being examined, rather than 
the  current-field properties of the joint  between 
t h e  superconducting specimen and the  normal- 
s t a t e  lead  material. T h i s  problem is also of 
appreciable importance in the  manufacture of 
superconducting magnet co i l s .  Most supercon- 
ducting materials have  very low spec i f ic  hea ts ,  

very low thermal conductivit ies,  and relatively 
marked variations of crit ical  current with sample 
temperature. In practice,  th i s  means that micro- 
wa t t s  of power d i s s ipa t ed  at a joint carrying sev- 
e ra l  t ens  of amperes of t e s t  current may c a u s e  t h e  
specimen to transform to  the  normal s t a t e  a t  a 
current leve l  appreciably lower than that character-  
i s t i c  of t he  specimen itself .  Values  reported in 
t h e  l i terature for the  minimum joint r e s i s t ances  
between copper (normal s t a t e )  and Nb-Zr a l loys  
(superconducting s t a t e )  a t  4.2OK in liquid helium 
range from 0.5 to 5 pohms. We investigated fairly 
ex tens ive ly  the  severa l  types  of jo in ts  reported 
in the l i terature.  T h e  bes t  r e su l t s  reported have 
been obtained with t h e  compression jo in ts  of cop- 
per on the  t e s t  wire sugges ted  by R. W. Boom, 
formerly with t h e  Electronuclear Division, ORNL. 
Most of the  present work h a s  been conducted on 
variations of t h e  Boom joint. The  var iab les  in- 
ves t iga ted  include: (1) pickling of the  as-received 
wire (found desirable);  (2) copper p la t ing  the t e s t  
wire (of doubtful utility); (3) t inning with con- 
ventional soft so lder  or indium (may be des i rab le  
but t he  da t a  a r e  not conclusive);  and (4) severa l  
methods of compressing the  copper around the  
superconductor wire. In all t e s t s ,  we used  the  
same  lot  of O.OlO-in.-diam Nb-5% Z r  wire and 
the  same lo t  of 0.109-in.-diam copper wire. Joint- 
r e s i s t ance  va lues  ranged from 1.6 to 1.9 pohms for 
the  b e s t  joints,  from 2 to 20 pohms for other combi- 
na t ions  of the  variables,  and 50 to  1000 pohms in 
some cases. T h e  bes t  reproducibility of the  low- 
r e s i s t ance  jo in t s  is three  out of four having va lues  
less than 2 pohms. There  a r e  some indica t ions  
that, even  for the  jo in ts  having  the  lowes t  res i s t -  
ance ,  the  e lec t r ica l  r e s i s t ance  inc reases  with 
increas ing  current at the  higher current l e v e l s  in 
zero  magnetic field. Since a program such  a s  we 
have  planned demands a reproducibility of low- 
r e s i s t ance  jo in t  manufacture of at least 99%, the  
investigation of joint  r e s i s t ances  a s  a function 
of manufacturing method is cr i t ica l  and will  con- 
tinue. 



6. Physical Properties 

D. L .  McElroy 

We are accurately measuring thermal conductivity 
(k) and other physical  properties of s o l i d s  over 
a wide temperature range to  improve the under- 
s tanding  of heat transfer, particularly a t  high 
temperatures. All types of so l id s  are included: 
metall ic,  nonmetallic, homogeneous, heteroge- 
neous,  isotropic,  and anisotropic.  Our ult imate 
objective is the  prediction of thermal conductivity 
either from f i r s t  principles or from related prop- 
e r t i e s  tha t  are easier to  measure than k. 

One method used in seeking  th i s  understanding 
is the separation of the total  thermal conductivity 
into parts, each  dependent on a particular heat-  
transport mechanism, and subsequent  scrutiny of 
each  part with regard t o  theory. For  example, i n  
e lec t r ica l  conductors (metals,  semimetals ,  and 
semiconductors) k may be separa ted  in to  an e lec-  
tronic portion and a l a t t i ce  or phonon portion, 
where the electronic part  c a n  be ca lcu la ted  from 
measured va lues  of the e l ec t r i c  res i s t iv i ty  with 
the  Wiedemann-Franz-Lorenz relation. T h e  elec- 
tronic contribution is subtracted from the  measured 
thermal conductivity to obtain the l a t t i ce  con- 
tribution. Having made the  separa t ion ,  we can  
then investigate the effect of variables such  as 
temperature, impurity conten ts ,  grain s i z e ,  and 
stoichiometry on e a c h  part and thereby learn 
something about the  sca t te r ing  mechanisms af- 
fecting each  type of hea t  carr ier .  T h e  following 

paragraphs give some examples  of the  progress 
we are  making with th i s  work. 

THERMAL CONDUCTIVITY OF URANIUM 
DIOXIDE’ # *  

W. Fulkerson T. G. Godfrey3 

We completed measurements of the thermal con- 
ductivity of polycrystall ine UO, us ing  the  radial  
hea t  flow apparatus in the temperature range -57 
to  llOO°C. The  technique yielded resu l t s  with 
a probable accuracy of *l.S% and a precision of 
+0.1% in the range 50 to llOO°C. Meaningful 
measurements were limited to llOO°C by the  in- 
s tab i l i ty  of the  Pt-10% Rh,  Pt thermocouples, 
although the  apparatus was structurally sound t o  
1400OC. The thermal-conductivity da t a  up  t o  
1000°C could be explained on the  b a s i s  of hea t  
transport so l e ly  by phonons. The  thermal res i s t -  
ance ,  l / k ,  showed the  l inear dependence with 
temperature from 200 t o  1000°C that is expec ted  
for an insulator well above the  Debye temperature. 
The  s lope  of the l/k-temperature plot was  
0.0223 cm/w, is independent of impurity content,  
and is indicative of three-phonon umklapp proc- 
e s s e s .  The  intercept was  sens i t i ve  to  impurity 
content,  as indicated by the  fac t  that i t  was  de- 
c reased  by a dec rease  in the oxygen-to-uranium 
ratio. Between 1000 and llOO°C there was  a 
s l igh t  negative departure of l / k  from linearity,  
which may be due to the onse t  of an e lec t ronic  
contribution. The  value of k for uranium dioxide 
h a s  a maximum near room temperature, apparently 
caused  by the rapid decrease  i n  spec i f ic  heat 
below this temperature. 

3Ceramics Laboratory. 

‘T. G. Godfrey et a f . ,  Thermal Conductivity of 
Uranium Dioxide and A ~ C O  Iron by an Improved Radial  
H e a t  Flow Technique, ORNL-3556 (June 1964). 
*T. G. Godfrey et al., “Thermal Conductivity of 

Uranium Dioxide from -57 to  l l O O ° C  by a Radial  Heat 
Flow Technique,” submitted to  the Journal of the 
American Ceramic Society. 
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Fig. 6.1. Comparison of Various Measurements of the Thermal Conductivity of Armco Iron to the Four Equations 
that Represent the ORNL Results from 0 to  1000°C. The equotions give k in  w cm-’ OC-’ for Celsius temperature t. 

THERMAL CONDUCT~V~TY OF ARMCO IRON114 da ta  to  within tl.576 for the  ranges 0 t o  436, 
436 t o  786, 786 to 910, and 910 to  1000°C. A 
s lope  change of 30% is observed at 436OC and W. Fulkerson J. P. Moore 

W e  measured the  thermal conductivity of poly- 
c rys ta l l ine  Armco iron by the radial  hea t  flow 
technique between 100 and 1000°C. As  shown 
in Fig. 6.1, all of t h e  best va lues  reported in 
the l i terature a re  within +3% of our resu l t s . ’  The  
resu l t s  were compared with measurements from 
the National Phys ica l  Laboratory (NPL),  the 
National Research  Counci l  (NRC),6 and the  Radio  
Corporation of America (RCA),’ and with da t a  
termed by Powell  as the  most probable va lues .  
We deduced from electrical-conductivity measure- 
ments,  us ing  the Wiedemann-Franz-Lorenz relation, 
that the temperature dependence of k is largely 
controlled by the electronic contribution. The  
four l inear equations of F ig .  6.1 represent the 
temperature dependence of t he  thermal-conductivity 

4J. P. Moore e t  al., The m e m a 1  Conductivity of 
Iron from 100 to 1000°C by a Radial  Hea t  Flow Method, 
paper presented a t  the Annual Meeting, AIME, New 
York, Feb. 16-20, 1964. 

’R. W. Powell  e t  al., “Armco Iron a s  a Thermal Con- 
ductivity Standard. New Determinations a t  the National 
Phys ica l  Laboratory,” pp. 466-73 in  Progress in Inter- 
national Research on Thermodynamic and Transport 
Properties (ed. by J. F. Masi and D. H. Tsai) ,  The 
American Society of Mechanical Engineers and Aca- 
demic P res s ,  New York, 1962. 

6 M. J. Laubitz,  Can. J .  Phys .  38(7), 887 (1960). 
7 G. D. Cody, B. Abeles, and D. S. Beers,  Trans. Met. 

SOC. AIME 221(2), 25 (1961). 
8R. W. Powell ,  “Armco Iron a s  a Thermal Conduc- 

tivity Standard. Review of Published Data,” pp. 454- 
65 in  Progress in International Research on memo- 
dynamic and Transport Properties (ed. by Joseph F. 
Masi and Donald H. Tsai) ,  The American Society of 
Mechanical Engineers and Academic P res s ,  New York, 
1962. 
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is possibly related t o  the  minimum in the  thermo- 
e lec t r ic  power of iron vs  platinum tha t  occurs  near 
th i s  temperature. The  change in s ign  of t he  
temperature coefficient near 786OC is assoc ia ted  
with the Curie transformation. A 4% dec rease  in 
the thermal conductivity at the a - y  transformation 
(910OC) is assoc ia ted  with a 20% dec rease  in the  
l a t t i ce  contribution. 

T H E RMA L COMPARATOR ME AS U R EM EN TS9 

T. G. Kollie R.  S. Graves 
D. L. McElroy 

We have developed a rapid comparative thermal- 
conductivity method based  on the Powel l  com- 
parator .”  Our method c o n s i s t s  of measuring the 
temperature change of a small s i l ve r  sphere  after 
it is brought in contac t  with a small specimen 
init ially at a higher temperature. The  rate of 
temperature change of the sphere  was  calibrated 
by measuring on samples  of known thermal con- 
ductivity in the range 50 t o  4OO0C. The  accuracy 
of th i s  technique was  better than 110% with a 
reproducibility of a t  l ea s t  +2.5%. We measured 
US, ThS, UN (Part  11, Chap. 20, t h i s  report), and 
UO, a t  75  and 30OoC. With the  e lec t r ica l  resis- 
tivity of US, ThS, and UN and the  Wiedemann- 
Franz-Lorenz relation, we extrapolated the  low- 
temperature k da ta  t o  higher temperatures, us ing  
the assumption that t he  l a t t i ce  portion of the  
thermal res i s tance ,  l / k ,  is linear in temperature. 
The  extrapolation of t he  da t a  for US to  1000°C 
was  within 8% of known va lues”  and tha t  for 
UN within 20% of reported va lues”  at 100o°C. 
Our measurements of k of ThS and the  extrapola- 
t ions t o  1000°C are shown in Fig.  6.2; no litera- 
ture va lues  for comparison were found. 

’T. G. Kollie e t  af., “A Thermal Comparator for 
Thermal Conductivity Measurements from 50 to 4OO0C,” 
summary of a paper presented a t  the AIME Symposium 
on Compounds of Interest in Nuclear Reactor Tech- 
nology, Boulder, Colo., Aug. 3-5, 1964. 

R. W. Powell, J .  Sci. Instr. 34, 485-92 (1957). 1 0  

‘R. J. Dunworth, Argonne National Laboratory, 
private communication, October 1963. 

”E. 0. Speidel and D. L. Keller, Fabrication and 
Propert ies  of Hot-Pressed Uranium Mononitride, BMI- 
1633 (May 1963). 
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Fig.  6.2. T h e  Thermal Conductivi ty  of Thorium Mono- 

sulfide, Corrected to 100% Density, Between 0 and 

1 ooooc. 

THETHIRDCONFERENCEONTHERMAL 
CONDUCT1 VI TY 

The Phys ica l  Properties Group organized the  
1963 Conference on thermal conductivity,  which 
was held October 16-18, 1963, in Gatlinburg, 
Tennessee .  Th i s  conference promotes free and 
frank exchange of i deas  and approaches among 
the conferees and produces a permanent record 
of the papers presented. Th i s  record is an  in- 
formal two-volume collection of t he  papers  pre- 
sen ted  and is made ava i lab le  only to  a t tendees  
and other contributors to  the  field of thermal- 
conductivity measurement. T h i s  series of meet- 
ings  allows our research to  be  coordinated with 
a l l  other programs on thermal conductivity and 
promotes exchange of standard reference spec i -  
mens. 

OTHER MEASUREMENTS RELATED 
TO THERMAL CONDUCTIVITY 

J .  P .  Moore T. G. Kollie 
W. Fulkerson 

Since erratic thermocouple behavior above  
l l0OoC is a major limitation to high-temperature 
thermal conductivity measurements, we are  tes t ing  
the s tab i l i ty  of high-temperature thermocouples. 
Our resu l t s  are reported in Par t  11, Chap. 14, of 
t h i s  report. 
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At high temperatures, having  more than one 
temperature transducer is very useful; for example, 
the core heater of the radial  hea t  flow apparatus 
proved t o  be  a good res i s tance  thermometer to  
check  the thermocouples, s ince  i t s  e lec t r ica l  
res i s t iv i ty  was  readily measured. 

T o  complement k measurements in other appa- 
ratus, we built a simple longitudinal hea t  flow 
apparatus tha t  operated a t  low temperatures. T h i s  
device  operates i n  a vacuum and allows directional 
measurements on s m a l l  spec imens  without the  
need for thermocouples attached t o  the specimen.  
Two gold-plated iron heat-meter bars  are tandem 
mounted on the apparatus and are  instrumented 
with Chromel-P/Constantan thermocouples; a 
compressive load is applied to  the  specimen 
sandwiched between the bars  with indium foil a t  
the sur faces  to  reduce interfacial  res i s tance .  We 
calibrated th i s  apparatus with severa l  spec imens  
that had been measured in the radial hea t  flow 
apparatus and found it accurate to  within 3% 
between 20 and 90°C for k > 2 w m-' OC-'. 
Resu l t s  from th i s  apparatus and the  radial  hea t  
flow apparatus on CGB graphite a re  given in 
Pa r t  111, Chap. 25, of t h i s  report. T h e  radial  
heat flow measurements were made from 100 to 
1000°C in a direction perpendicular t o  the  ex-  
trusion direction; and us ing  the  longitudinal appa- 
ratus,  resu l t s  were obtained at 30 and 75OC in 
d i rec t ions  both parallel  and perpendicular to  the  

extrusion direction. We measured the  e lec t r ica l  
res i s t iv i ty  from room temperature t o  1000°C for 
both d i rec t ions  and found tha t  the la t t ice  portion 
was  greater than 94% of the to ta l  k.  The  l a t t i ce  
portion of the  thermal r e s i s t ance  is a l inear func- 
tion of temperature, which ind ica tes  tha t  three- 
phonon umklapp processes  are the controll ing 
temperature-dependent sca t te r ing  mechanism. 

We are continuing to  try to understand the  ra- 
d ia t ive  properties of so l id s  and their  relation t o  
other phys ica l  properties. The  to ta l  hemispherical  
emit tance apparatus measured emit tance as wel l  
as electrical res i s t iv i ty  to  as high as 15OOOC 
a t  pressures  as low as 1 x lo- '  torr. The  elec- 
trical  res i s t iv i ty  of Armco iron, which was  needed 
to  ana lyze  k measurements, was  measured t o  
1000°C in  th i s  apparatus.  Similar measurements 
on a number of high-temperature materials a re  
reported in Part 11, Chap. 14, of t h i s  report. We 
s tudied ,  by electrical-resist ivity measurements, 
phys ica l  property changes  d u e  to  order-disorder 
transit ions in INOR-8. Th i s  property could be  
altered 5 t o  10% by rapid cooling and reduced 25% 
by cold working. T h e s e  changes  serve  as a 
s ta r t ing  point for the s tudy  of the  e f f ec t s  of order- 
disorder on other phys ica l  properties,  such  a s  
spec i f i c  heat.  Based  on in i t ia l  resu l t s  on iron 
and INOR-8, our apparatus appears  to  be  adaptable 
t o  yield specific-heat da ta .  
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7. Reactions at Metal Surfaces 

J. V. Cathcart  

I t  h a s  long been recognized that super f ic ia l  
oxide films on meta ls  provide a protective barrier 
tha t  hinders additional oxidation. Of major in te res t  
in our research a r e  the  factors that  control t he  
degree of protectiveness of t h e s e  oxide f i l m s .  
Our previous work es tab l i shed  t h e  fact  that  during 
oxidation large s t r e s s e s  a r e  generated in the  
oxide and ,  in some cases, in  the  metal  a s  well. 
Our efforts during the  pas t  year  have been de- 
voted largely to  understanding t h e  influence on 
the  oxidation mechanism of t h e s e  s t r e s s e s  and  
of t h e  resultant disarray induced in t h e  oxide 
la t t ice .  We have continued investigations having  
th i s  aim and  involving the  oxidation of copper 
and  the  refractory meta ls  niobium and tantalum. 

Considerable attention was  a l s o  given to  t h e  
study of the  diffusion of radioactive niobium and 
tantalum in specimens of tantalum and niobium. 
A s  a result  of the  development of experimental 
procedures pertinent t o  our oxidation research, 
a highly sens i t i ve  sec t ion ing  technique for t h e s e  
meta ls  was  devised  and enabled de ta i led  deter-  
mination of the  penetration curves  within 1 t o  
2 p of the  specimen sur faces .  T h e  method h a s  
been particularly usefu l  i n  investigating low- 
temperature diffusion in t h e s e  metals.  

COPPER OX I DAT ION 

J. V. Cathcart  G. F. Pe te r sen  

T h i s  investigation represents  a joint  effort with 
the  X-Ray Diffraction Group, whose contribution i s  
given in Chap. 12  of th i s  report. Resu l t s  during 
the  pas t  year  emphasized the  importance of regions 
of disregistry or disarray in the  c rys t a l  l a t t i ce  of 
the  oxide film as pa ths  of e a s y  diffusion; in 
seve ra l  i n s t ances  we correlated a variation in 

the  degree  of la t t ice  disregistry with a corre- 
sponding variation in the  rate of oxidation. Fo r  
example, t he  presence  of 1000 ppm COz in the  
oxygen increased  the  ra te  of oxidation of the  
(111) of copper by 50% whi le  the  l a t t i ce  d is -  
registry, a s  measured in terms of the  mosaic  
spread  of t h e  f i l m s ,  doubled. 

Conversely,  t he  presence  of t race  quant i t ies  of 
CC14 reduced both the  rate of oxidation and the  
degree of la t t ice  disregistry in the  oxide on t h e  
(111) of copper by a l te r ing  the  amount of twinning 
tha t  normally occurs  in the  oxide. T h e  e f fec t  on 
the  oxidation ra te  of changing t h e  fraction of 
twinned oxide is il lustrated in F ig .  7.1, in which 
the  oxide th ickness  is plotted a s  a function of 
the  time of oxidation for 12 different (111) spec i -  
mens. From 50 to 60% of the  oxide was  twinned 
with respec t  t o  the  metal  ( the c rys ta l  l a t t i ce  of 
the  remaining oxide was  essent ia l ly  parallel  t o  
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that of the  subs t ra te )  in nine of t he  samples ,  and  
their  oxidation-rate curves  a l l  l i e  in a relatively 
narrow sca t t e r  band shown in t h e  upper part  of 
t he  figure. For  the  other three spec imens ,  75 to  
90% of the  oxide was  in the  twinned orientation, 
and as may b e  seen ,  t h e s e  specimens oxidized 
considerably more slowly. We bel ieve  th i s  de- 
c r e a s e  in oxidation rate can  b e  attr ibuted to a 
dec rease  in  t h e  degree of la t t ice  disregistry in 
the  oxide occas ioned  by a reduction in t h e  ef- 
fec t ive  a rea  of the  incoherent twin boundaries i n  
t h e  oxide. 

A third correlation between oxidation ra te  and  
degree of la t t ice  disregistry w a s  e s t ab l i shed  
through a consideration of the  marked oxidation- 
rate anisotropy exhibited by copper. T h e  major 
crystallographic planes of copper l i s ted  in  t h e  
order of decreas ing  oxidation ra tes  a r e  ( loo) ,  
(lll), (110), and  (311); a t  25OOC the  (100) oxi- 
d i zes  2 5  t imes a s  rapidly as t h e  (311). A quali- 
tat ively similar variation in  t h e  degree of l a t t i ce  
disregistry in the  oxides  on t h e s e  four f a c e s  w a s  
also noted. 

Study of t h e  properties of anodically formed 
oxide films h a s  been useful to eva lua te  further 
t he  charac te r i s t ics  of t h e  gaseous  oxidation 
process  and, in particular, to e s t ab l i sh  t h e  even t s  
tha t  l ead  t o  t h e  breakdown of t h e  in i t ia l  pro- 
tec t ive  oxide  film on refractory metals.  T h e  
anodic  oxide films on su i tab ly  prepared su r faces  
of niobium and tantalum a r e  originally uniform 
amorphous l aye r s  of t h e  pentoxides and grow 
without apprec iab le  solution of oxygen in  the  
subs t r a t e  metals.  T h e  films a r e  a l s o  surprisingly 
s t a b l e  when hea ted  t o  a moderate temperature in 
oxygen. Fo r  example, on tantalum a n  anodic  f i l m  
as th in  as 250 A did not change in th i ckness  
when he ld  a t  5OO0C for many hours, although 
quant i ta t ive  measurements showed tha t  consider- 
a b l e  oxygen was  be ing  taken  up  by t h e  specimen. 
T h u s  oxygen apparently penetrated the  amorphous 
oxide film and  d isso lved  in t h e  metal  without 
additional oxide being formed. X-ray and  flexure 
measurements confirmed th is  interpretation. 

An example of how anodic films a f fec t  t he  
k ine t ics  of oxygen consumption is shown in F ig .  
7.2, which compares t h e  rate of oxygen uptake 
by seve ra l  anodized specimens with that by un- 
treated tantalum. S ince  t h e  anodic  films do  not 
thicken during these  experiments,  t he  dec rease  
in  the  rate of oxygen consumption was  probably 
a s soc ia t ed  with the  es tab l i shment  of oxygen 

REFRACTORY -METAL 0x1 DATION 

R. E. Pawe l  J. V. Cathcart  

T h e  s tudy  of t h e  e f fec t  of t h e  solution of oxygen 

phology and protective qua l i t i es  of t h e  result ing 
oxide layer  formed during gaseous  oxidation con- 
tinued t o  b e  a n  important phase  of our present  
work. Our previous research correlated t h e  

in the  metals tantalum and niobium on t h e  mor- concentration gradients in the Ineta'* 
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2R. E. Pawel,  J. V. Cathcart, and J. J. Campbell, 

J .  Electrochem. SOC. 110. 551 (1963). 

Acta Met. 10, 149 (1962). 
Fig. 7.2. Oxidation Rates of Polycrystal l ine Tantalum 

Before and After Anodization. 
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Because  of t h e s e  unusual charac te r i s t ics ,  t h e  
anodic treatments permitted observations of t h e  
Ta-0 system over extended periods of t ime during 
which solution of oxygen in the  metal remained 
the  principal event.  T h e s e  resu l t s  have  helped 
to verify some  of our earlier arguments concern- 
ing  the  nature of s t r e s s  development in the  metal. 

DIFFUSION STUDIES 

R. E. Pawel  T. S. Lundy3 

T h e  development of t h e  technique for repeated 
mechanical stripping of anodic  oxide films from 
su i tab ly  prepared spec imens  of tantalum and 
n i o b i ~ m ~ * ~  h a s  provided an  extremely sens i t i ve  
microsectioning technique for examining the  near- 
sur face  regions of t hese  metals.  Using th i s  tech- 
nique, films of uniform th ickness  from 100  to  
1000 A c a n  b e  removed consecutively from a n  
electropolished tantalum sur face  (about 200 to  
1000 A for niobium). T h e  stripped films a r e  
ideally su i t ed  t o  the  determination of their  ra- 
dioactive conten ts ,  while t h e  remaining metal  
specimen re ta ins  i t s  integrity for additional 
measurements. Apparently, t h e  anodizing-stripping 
sequence  c a n  b e  continued almost indefinitely 
without s ign i f icant  sur face  roughening or t h e  
development of other difficult ies.  

Thus  far, th i s  technique h a s  been appl ied  with 
spec tacular  s u c c e s s  to  the  s tudy  of t racer  dif- 
fusion in tantalum and niobium. Because  of the  
high sens i t iv i ty  of the  method, due  as much to  
the  uniformity of t he  sec t ions  as  to the i r  small 
th icknesses ,  accu ra t e  penetration profiles have 
been obtained for t hese  meta ls  at temperatures 
a s  low as 9OO0C, and diffusion coef f ic ien ts  l e s s  
than cm2/sec have been measured. W e  
expec t  t ha t  refinements of t he  experimental  
procedures will permit useful measurements at  
s t i l l  lower temperatures. Application of th i s  
method to  diffusion in  tantalum follows; applica- 
t ion t o  niobium is reported in P a r t  11, Chap. 18, 
of t h i s  report. 

3Solid Reaction Studies Group. 

4R. E. Pawel  and T. S. Lundy, J ,  Appl .  Phys.  35, 

5R. E. Pawel, “Procedure for Stripping Anodic Oxide 
Fi lms from Tantalum and Niobium,” accepted for publi- 
cation in the Review of Scientific Instruments. 

435-38 (1964). 

Penetration profiles for the  diffusion of 95Nb 
in to  tantalum s ing le  c rys t a l s  a t  temperatures 
from about  1000 to 160OOC were ~ b t a i n e d . ~ ~ ~  
In addition, ls2Ta and ”Nb diffusion i n  both 
mono- and  polycrystall ine tantalum w a s  s tudied  
a t  s e l ec t ed  temperatures. 

An example of typical near-surface penetration 
profiles is shown in Fig.  7.3, which compares the  
penetration of ”Nb into single-crystal  and  poly- 
c rys ta l l ine  tantalum spec imens  a f te r  2 hr a t  
125OOC. As  is evident from the  figure, t h e  profile 
for each  specimen may b e  conveniently divided 
into two  regions.  The  penetration plot for t he  
s ing le  c rys t a l  remained l inear (region I) for about 
four decades  of activity,  while tha t  for t he  poly- 
c rys ta l  quickly “tailed off” onto a long, rela- 
tively high-activity curve (region 11), which w a s  
not prec ise ly  l inear when plotted a s  In A v s  

6R. E. Pawel  and T. S. Lundy, “Diffusion of Nbg5 
into Tantalum Single Crystals,” accepted for publica- 
tion in Acta  Metallurgica. 
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Fig.  7.3. Penetrotion Prof i les for the Dif fusion of 

95Nb into Mono. and Polycrystal l ine Tantalum Speci- 

mens Annealed for 2.0 hr a t  1250OC. 
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e i ther  x2 or x (here, A is t h e  ac t iv i ty  of the  
"Nb and  x is the  penetration distance).  We 
es t ab l i shed  tha t  region I was  t h e  part  of t h e  
profile representing la t t ice  diffusion, whi le  
region 11 w a s  a result  of mechanisms involving 
short-circuit diffusion. 

T h e s e  resu l t s  point out t he  need for ca re  in 
interpreting low-temperature diffusion da ta  in 
terms of overly simplified mathematical models. 
Apparently, even in s ing le  c rys ta l s  the  concentra- 
tion of short-circuit diffusion pa ths  c a n  b e  high 
enough to  contribute significantly t o  t h e  observed 

penetration profile. At low temperatures,  therefore, 
pure l a t t i ce  diffusion is very difficult t o  measure 
in experiments us ing  polycrystall ine spec imens .  
Even with s ing le  c rys ta l s ,  sec t ion ing  techniques  
unable to  reso lve  the  extreme near-surface region 
may l ead  to a misinterpretation of the  data.  

The  diffusion resu l t s  obtained thus  far a r e  
extremely encouraging. T h e  anodic sec t ion ing  
technique may b e  a su i t ab le  method for s tudying  
many phenomena tha t  occur in  the  sur face  regions 
of meta ls  and  for es tab l i sh ing  their relationship 
t o  the  diffusion process.  



8. Spectroscopy of Ionic Media 

G. P. Smith 

T h i s  group is subdivided into a theoretical  unit  
and an experimental unit. T h e  theoretical  re- 
s ea rch  is concerned largely with the  development 
of techniques  for computing e lec t ronic  wave func- 
t ions  and the  application of t h e s e  techniques  to 
a wide range of problems in the  molecular s c i ences .  
T h e  experimental research is a study of t h e  opt ica l  
e lec t ronic  spectroscopy of ions  in condensed 
p h a s e s  with emphas is  on comparison between the  
liquid and so l id  s t a t e s .  

T h e  scope  of the  theoretical  research is amply 
i l lus t ra ted  by the  topical summaries that follow. 

T h e  scope  of the experimental research is sub- 
s tan t ia l ly  broader than might b e  surmised from the 
research summaries, s i n c e  the  only top ics  des-  
cribed a r e  those  that were completed during t h e  
reporting period. Other top ics  of investigation 
included the following: (1) Ions of posttransit ion 
meta ls  in molten s a l t s  including the  normal Tl(I), 
Pb(II), and Bi(II1) s t a t e s  and the  highly abnormal 
Pb(1) and Bi(1) s t a t e s .  A report on the  normal 
s t a t e s  will appear shortly,  but interpretation of 
t he  spec t r a  of the abnormal s t a t e s  i s  s t i l l  in a 
preliminary s tage .  (2) Ions of Ni(I1) in a far wider 
variety of molten-salt environments than are re- 
ported here. T h i s  research d i sp lays  many complex 
f a c e t s  of t he  coordination geometry of Ni(I1) in 
l iquid ionic systems. Several  publications will 
b e  submitted during the  coming year. ( 3 )  Experi- 
mental  phases  of a long  continuing study of t he  
influence of ca t ions  on t h e  exciton spectrum of 
molten n i t ra tes  were concluded during t h e  year. 
Analys is  of the  resu l t s  will  follow along pa ths  
we have  previously reported. 

CONSTANT ENERGY AND MINIMUM 
ENERGY ORTHOGONALIZATION ’ 

H. W. Joy L. J. Schaad’ 
G. S. Handler3 

U s e  of an orthogonal s e t  is a great convenience  
in many of the  variational ca lcu la t ions  in which 
atomic and molecular wave functions a r e  approxi- 
mated as  expans ions  in terms of some s e t  of or- 
bitals.  However, a physically or computationally 
convenient s e t  is often not orthogonal. Though 
i t  can b e  made so by a linear transformation, t he  
choice  of such  a transformation is not unique; 
in fact ,  i t  is unlimited. 

We a re  considering, first,  whether t he  transfor- 
mation t o  orthogonal orbitals can  be  carried out 
in such  a way that i t  h a s  n o  e f fec t  on the  computed 
energy of an approximate wave function, and 
second,  whether i t  is poss ib le  to find the  trans- 
formation that h a s  the  bes t  effect ,  that  of lowering 
the  computed energy as much as possible.  W e  
have succeeded a t  both. For the first ,  we have  
u s e d  a spec ia l  application of the  Schmidt pro- 
cedure,  which w e  call “constant-energy orthogo- 
nalization”; for t he  second, w e  have  used  a com- 
puter-oriented procedure that w e  have  named 
6 (  minimum-energy orthogonalization.” Our exam- 
p l e s  sugges t  that the  la t te r  technique may b e  

1 Condensed from a paper accepted for publication by 

‘ORINS summer participant in 1963 from Vanderbilt 

3 Consultant to the Metals and Ceramics Division 

the Journal of Chemical Physics .  

University, Nashville, Tenn. 

from Tufts  University, Medford, Mass. 
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usefu l  in finding ana ly t ic  Hartree-Fock4 functions 
and in directly constructing natural-orbitals ex- 
pansions as well as in  more ordinary applications.  

RADIAL CORRELATION IN H E L I U M ~  

G. S. Handler3 H. W. Joy  

Computations of the  “s-limit” [the bes t  energy 
obtainable from an expansion having  only s-type 
( 1  = 0 )  terms] in helium h a v e  commonly used ,  when 
done in “configuration interaction,” an  expansion 
of t h e  wave function of a form like 

where E , ,  is t h e  operator that  exchanges the  
coordinates of e lec t rons  1 and 2,  m and n a r e  
integers,  and a and Cnm a r e  variational parameters. 
T h e  computations normally require some 21 or 
more terms to approach the  convergence l imit  
adequately.7 By simply giving each  term in the  
expansion i t s  own exponential  parameters, 

t imes  recently. To reso lve  seeming d iscrepancies  
in t h e s e  works and to compare severa l  a l te rna t ive  
expans ion  schemes ,  w e  h a v e  reexamined the  prob- 
lem, us ing  much of our9 general-purpose computer 
program for one-center expans ions .  

We find tha t  t he  u s e  of a multitude of exponential  
parameters compared to t h e  u s e  of only one  or  a 
very smal l  number (unavoidable when computations 
a r e  not done by an e lec t ronic  computer) is very 
helpful in improving convergence, that  Gauss ian  

exponentials (e-Pr ) a re  decidedly poorer than 
ordinary exponent ia l s  (e-p‘) ,  and that Slater-type 
orb i ta l s  with noninteger principal quantum num- 
b e r s ”  do not  greatly improve convergence, al- 
though they a re  useful as an  a id  in computation. 

2 

DATA FIT SEARCHING 

G. P. Smith H. W. Joy  

Very often, one  n e e d s  to ad jus t  a small s e t  of 
parameters to a set of da ta  in such  a way as to 
g ive  t h e  sma l l e s t  poss ib l e  deviation between 
computation and observation. T h e  parameters may 
be  found in  an  expression derived from theory or 
in an  assumed analytical  form for a curve  to  rep- 
resent  the  data.  In either c a s e ,  the parameters 
a re  refined by the  method of l e a s t  squares .  Basic- 
a l ly  t h i s  means only tha t  t h e  sum of the  squa res  
of t h e  devia t ions  between corresponding computed 
and observed points is to somehow be  made small .  
But the  name “method of least squa res”  is often 

we have  greatly improved convergence, nearly 
reaching t h e  21-term va lue  with only four terms. 

u s e d  to desc r ibe  a particular technique for doing 
th i s ,  which involves Taylor-series expansion of 
the  “sum of squa res , ”  truncation of i t ,  numerical 
evaluation of derivatives when analytical  evalua- 
tion is not poss ib le ,  and solution of a s e t  of simul- 

H. W. Joy G. S. Handler3 taneous  l inear equat ions ,  sometimes followed a t  
t he  end  of severa l  i t e ra t ions  by s t a t i s t i ca l  anal-  
y s e s  of “goodness  of  fit.” 

ONE-CENTER EXPANSIONS IN H,’ 

T h e  expansion on o n e  center  of the  electronic 
h a s  been treated severa l  t wave function of H ,  

‘K. M. Howell and H. Shull, J .  Chem. Phys.  30, 627 
(1959); M. Cohen and C. A. Coulson, Proc. Cambridge 
Phil. SOC. 57, 96 (1961); and T. J. Hauser, P. G. Lykos, 
and E. L. Mehler, J .  Chem. Phys .  38, 583 (1963). 

4C. C. J. Roothaan, Rev .  Mod. Phys .  23, 69 (1951); 

’P. 0. Liiwdin, Phys.  Rev .  97, 1474 (1955). 
32, 179 (1960). 

H. W. Joy, Metals and Ceramics Div. Ann. Progr. 9 
‘Reported more  fully by G. S. Handler and H. W. Joy, 

J .  Chem. Phys .  40, 2408 (1964). Rept.  J u n e  30, 1963, ORNL-3470, p. 11. 
10 

’H. Shull and P. 0. Liiwdin, J .  Chem. Phys .  30, 617 R. G. Parr and H. W. Joy, J .  Chern. Phys .  26, 424 
(1959). (1957). 
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Since convergence of th i s  particular approach 
is not l ike ly  to b e  optimum in every case, alter-  
na t ive  techniques  a re  worth pointing out. ” One 
is a modified form of method of s t e e p e s t  descen t  
or gradient s ea rch  which was  originally used  only 
in the theoretical  work of th i s  group where an- 
a ly t ica l  evaluation of derivatives i s ,  in general, 
out of t he  question. It h a s  now been applied in 
interpretation of ligand-field spec t ra  l 2  (where 
der iva t ives  cannot be  found analytically either), 
with resu l t s  that  seem to b e  superior to those  
obtained with the  more common leas t - squares  
techniques.  Our gradient-search computer program 
s e e k s  a minimum in an arbitrary function of any 
number of var iab les  by repeti t ively eva lua t ing  i t s  
gradient numerically a t  some point and  searching  
along the gradient direction until  further improve- 
ment cannot be  obtained. For  any particular ap- 
plication, i t  is merely necessary  to write a sub- 
program that will  provide the  searching  program 
with a numerical va lue  of the  function to be  mini- 
mized. In th i s  case w e  provided i t  with va lues  of 
t he  sum-of-squares function. 

THE THEORY OF THE ABSORPTION 
AND EMISSION OF THE F CENTER 
IN ALKALI HALIDE CRYSTALS13 

R. F. Wood l 4  H. W. Joy 

T h e  s t a t e s  of the  F center have been computed 
in a kind of “ligand-field’’ approximation, Start ing 
with the  Hartree-Fock model, we described the  
defect electron by a s ing le  Slater-type orbital at 
t h e  defect s i t e ,  made orthogonal t o  the  wave func- 
t ions  of the  e lec t rons  of the  s i x  first-nearest- 
neighbor ions.  T h e  second- and third-nearest 
neighbors were assumed to be  point ions ,  and t h e  
remainder of the  c rys ta l  was  treated c lass ica l ly .  

D. J. Wilde, Optimum Seeking Methods, Prentice- 
Hall, Englewood Cliffs, New Jersey, 1964. 

12G. P. Smith, C. H. Liu, and T. R. Griffiths, “Charge- 
Transfer  and Ligand-Field Spectra of Tetrahedral 
Tetrahalonickel(I1) Ions in Molten Dimethylsulfone 
and Molten Organic Halide Salts,” submitted to the 
Journal of the American Chemical Society, and ab- 
s t racted in a later sect ion of t h i s  chapter. 

13part  of this  section is condensed from R. F. Wood 
and H. W. Joy, “On the Theory of the Absorption and 
Emission of the F Center in Alkali Halide Crystals,” 
paper accepted for publication by the Physical  Review. 

1 1  

I4Solid State  Division. 

W e  minimized the total  energy of the c rys ta l  
with respec t  t o  F-electron orbital parameters and 
first-nearest-neighbor distortions.  Computer pro- 
grams for the  necessary  in tegra ls  were kindly 
provided by J .  C. Browne of the  University of 
Texas .  For a variety of c rys ta l s ,  computed and 
observed  t rans i t ions  agreed to  within 10 t o  20%. 

W e  a r e  extending the  F-center work by expanding 
t h e  F-electron wave function in  a s e r i e s  of defect-  
centered Slater-type orb i ta l s  and by including up 
through sixth-nearest  neighbors in the  quantum- 
mechanical part of the  calculation. We a r e  not 
yet explicit ly tak ing  into account any of t h e  elec- 
tronic structure of the neighbors, s i n c e  w e  a re  
trying to determine the convergence l i m i t s  of the  
pure point-ion model. T h e s e  ca lcu la t ions  a r e  
being done with t h e  general computer program for 
one-center expans ions  described previously. 

THE SPLIT-P ORBITAL (SPO) METHOD 

A. F. Saturno” H. W. Joy 

We a r e  extending our previous computations 
and a n a l y s e s  in  cri t icism of the  SPO method. T h e  
method is equally bad for ab initio ca lcu la t ions  
o n  t h e  carbon atom and on CH3- in one-center 
expansion. While the  SPO method appears  to b e  
useful in semi-empirical ca lcu la t ions  because i t  
g ives  an  optimum value  to an important electron 
repulsion integral  and thus  a l lows  better for elec- 
tron correlation, our ana lyses  show ins tead  that 
it is success fu l  because it g ives  a better va lue  
to one  of t h e  kinetic-energy in tegra ls  in the  cal- 
culation. 

THE LOWEST TWO S STATES OF HELIUM 

G. S. Handler3 H. W. Joy 

T h e  expansion of a two-electron wave function 
seems to give adequate  convergence, contrary to 

”Consultant to the Metals and Ceramics Division 

16A. F. Saturno, H. W. Joy, and L. C. Snyder, J. 
from the University of Tennessee.  

Chem. Phys.  38, 2494 (1963). 
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some current opinion. l 7  T h i s  expansion is 

f E J r ?  exp (-a n m l r  1) 

where E , ,  is the  exchange operator, m, n, and 1 
are integers,  e , ,  is the  angle between the  radius 
vectors r l  and r2,  and anml, Pnml, and Cnml are 
variational parameters. We a r e  attempting to find 
accurate convergence l imits for each  group of 
terms with the  same value of 1. 

THE H, POTENTIAL ENERGY SURFACE 

A. F. Saturn0 l 5  H. W. Joy 

With our general computer program for one-center 
expansions,  we are trying to  construct an accura te  
potential energy surface for the H + H,=H,  + H 
reaction. In addition to attempting to find whether 
H ,  is s t ab le  relative to  H, and H, we expect to 
compute the total energy of the  system over a 
considerable variety of nuclear configurations. 

DIRECT NATURAL-ORBITAL EXPANSIONS 

H. W. Joy 

Our minimum-energy orthogonalization technique 
will probably make i t  poss ib le  to construct a 
natural-orbital ' expansion directly rather than 
by conversion of some other form of expansion, 
as is now the case. Further, it may be poss ib le  
to do so for sys t ems  with more than two e lec t rons ,  
again surpass ing  present methods. We a re  now 
concerned with finding a good minimum-energy- 
orthogonalized expansion for t he  S-limit in helium 
and see ing  whether it is changed by the standard 
techniques for conversion to natural-orbital form. 

"C. Schwartz, Phys.  Rev. 126, 1015 (1962). 

18P. 0. Lawdin, Phys.  Rev. 97, 1474 (1955). 

CHARGE-TRANSFER 
AND LIGAND-FIELD SPECTRA 

OF TETRAHEDRAL TETRAHALONICKEL(I1) 
IONS IN MOLTEN DIMETHYLSULFONE 

AND MOLTEN ORGANIC HALIDE SALTS19 

G. P. Smith T. R. Griffiths" 
C. H. L i u Z 1  

Ligand-field (LF)  and charge-transfer (CT) spec -  
tra of tetrahedral tetrachloro-, tetrabromo-, and 
tetraiodonickelate(I1) were measured in a number 
of media. T h e  energy ranges investigated were 
4,000 to  47,000, 39,000, and 34,000 c m - '  for 
chloride,  bromide, and iodide respectively.  T h e  
sys t ems  examined include c rys ta l l ine  tetra-n- 
butylammonium tetrabromonickelate(I1) in a KBr 
d isk  and dilute solutions of nickel(I1) ha l ides  in 
two k inds  of sys tems:  molten dimethylsulfone 
with e x c e s s  lithium ha l ides  added and a number 
of molten substituted-ammonium, -phosphonium, 
and -arsonium halides.  Molten dimethylsulfone 
proves to b e  an excellent so lvent  for studying 
transition-metal ion complexes; i t  is transparent 
over wide energy ranges,  and the  so lvent  molecules  
coordinate only very weakly with these  metal ions.  
The  "organic" melts provide some of the most 
clear-cut examples of complex formation in molten 
sa l t s .  

Assignments of spin-forbidden LF bands were 
attempted on the b a s i s  of a four-parameter model. 
The  estimated LF parameters are: for NiCl,'-, 
D q  = (354 f 10) em-' ,  B = (734 f 6) cm-', C / B  = 

3.96 k 0.02, and A = (-275 k 50) cm- '  ( l i m i t s  
fixed by the  uncertainty in A); for NiBr,'-, D q  = 
-330 em-', B = -680 cm-', and C / B  = -3.9; 
and for NiI,,-, D q  = -330 em- ' ,  B = -540  cm-', 
and C / B  = -5.5. The  l i m i t s  and uncertainties of 
t hese  parameters were d iscussed .  

A few tentative assignments  of the  C T  bands 
were made in t e r m s  of molecular orbital  theory. 
T h e  optical  electronegativity of nickel(II), derived 
from the  lowest  energy C T  band, was  2.1 for a l l  
complexes. 

lgAbstract  of paper submitted to the Journal of the 

leave of absence from N. E. E s s e x  Technical 

"Summer research participant in 1963 from Brooklyn 

American Chemical Society. 

College, Colchester, England, in 1963. 

Polytechnic Institute, Brooklyn, N.Y. 
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' I  

TETRAHEDRAL CuCId2- COMPLEX 

T. R. Griffiths" 

IN MOLTEN  SALTS^^ 
G. P. Smith 

The absorption spectra  of solut ions of copper(I1) 
chloride in melts of cesium chloride and tributyl- 
2,4-dichlorobenzylphosphonium chloride (Phos-  
phonz3)  indicate  the presence of tetrahedral or 
mildly distorted tetrahedral CuCl , '- complexes.  
T h e  importance of th i s  resul t  lies in the fact  that 
only a few examples of copper(I1) complexes of 
this  conformation a re  known; 2 4 , 2 s  and, of these,  
only the distorted bromo complex h a s  been found 
previously in liquid solut ions.  Tetracoordinated 
chlorocopper(I1) complexes have  been reported to 
occur in  liquid solvents  with e x c e s s  chloride 
i o n s , 2 6  but a comparison of their spectra  with 
those  reported below shows tha t  they are not tet- 
rahedral. 

J .  Am. Chem. SOC. 85(24), 4051 (1963). 
"Condensed from G. P. Smith and T. R. Griffiths, 

2 3  . Kindly donated by the Virginia-Carolina Chemical Co. 

',(a) L. Helmholz and R. F. Kruh, J .  Am. Chem. SOC.  
74, 1176 (1952); (b) E Prince, Acta Crys t .  13, 544 
(1957); (c) B. Morosin and E. C. Lingafelter, Acta 
C r y s t .  13, 807 (1960); (d) B. Morosin and E. C. Linga- 
felter, J. Phys. Chem. 65,  50 (1961); (e) D. M. Adams, 
J. Chatt, J. M. Davidson, and J. Gerratt, J .  Chem. SOC. 
2189 (1963). 

"5. C. Barnes and D. N. Hume, Znorg. Chem. 2, 
444 (1963). 

%ee, for example: (a) J. Bjerrum, Kgf. Danske 
Videnskab. Selskab, Mat. Fys.  Medd. 22(18) (1946); 
(b) J. Bjerrum, C. J. Ballhausen, and C. K. Jargensen, 
Acta Chem. Scand. 8, 1275 (1954); (c) C. J. Ballhausen, 
K g l .  Danske Videnskab. Selskab, Mat. Fys. Medd. 
29(4) (1954); (d) N. S. Gill and R. S. Nyholm, J. Chem. 
S O C .  3997 (1959). 

Copper(I1) chloride, when dissolved in molten 
Phosphon at 128OC, had a d-d band a t  8000 c m - '  
with a molar extinction coefficient, E ,  of 79 l i te rs  
mole-'  cm- '  and the lowest  energy charge-transfer 
band at 22,200 cm-'  ( E  = 732 l i t e rs  mole-' cm-'). 
In molten cesium chloride as solvent ,  the  d-d band 
was a l s o  a t  8000 cm-', while the  lowest  energy 
charge-transfer band was  a shoulder near 24,600 
c m - '  ( E  e.775 liters mole- '  cm-'). No other max- 
i m a  or shoulders  indicat ive of other d-d bands 
were found, but the 8000-cm-' band was  broad 
and could possibly encompass unresolved com- 
ponents. 

T h e s e  spec t ra  a r e  attr ibuted to tetrahedral or 
mildly distorted tetrahedral CuC1,'- on the b a s i s  
of a comparison of the posit ion of the  d-d band 
with those  2 7  of crystal l ine C s  ,CuC1 a t  9000 
c m -  and copper(I1)-doped C s  JnC1 , a t  8300 
c m -  '. T h e  band energy sh i f t s  toward lower values  
with decreasing distortion of the CuC1,'- complex, 
and presumably the CuCI4'- complex is less dis-  
torted in  the melts  than in the c rys ta l s .  T h e s e  
resu l t s  were rationa!ized in terms of ligand-field 
theory. 

T h e  lowest  energy charge-transfer band in crys- 
ta l l ine Cs,CuCl,  is reported24 a t  about 24,000 
c m -  ', in agreement with our molten-salt  spectra .  
A similar  band of CuBr4'- h a s  been ass igned  by 
Braterman" in  a reasonable way to an electron 
jump from a nonbonding ligand orbital into a d- 
type orbital. 

27W. E. Hatfield and T. S. Piper, unpublished data. 
"P. S. Braterman, Znorg. Chem. 2, 448 (1963). 



9. Structure of Metals 

C. J. McHargue 

Our s tud ies  are intended t o  show the  principles 
underlying the atom movements tha t  occur  during 
deformation, annealing, and p h a s e  transformations 
of solids.  W e  u s e  t h e s e  principles to  correlate 
the physical and mechanical  properties with the  
microstructure and t o  obtain s t ruc tures  with spe-  
cific properties by su i t ab le  thermal and mechani- 
ca l  treatments. During th i s  report period, we 
studied deformation of both face-centered and 
body-centered cubic metals  and the  behavior of 
grain boundaries and twin boundaries during 
annealing. 

DE' ELOPMENT OF DOUBLE FIBER 
TEXTURE IN ALUMINUM 

R. E. Reed C. J. McHargue 

As  reported l a s t  year , '  we had developed tech- 
niques to  extrude a 1-in.-long, 0.750-in.-diam 
specimen to  0.250-in. diam (an extrusion ra t io  of 
9). W e  have now extruded a series of aluminum 
s ing le  c rys ta l s  with s ta r t ing  orientations shown 
in Fig.  9.1 a t  room temperature a t  speed  of about  
1 in./min. In addition, spec imens  with columnar 
grains parallel  to t he  rod ax i s  were extruded, 
swaged, and drawn. T h e s e  specimens init ially 
had a diffuse [ loo]  fiber texture. Fine-grained 
specimens of aluminum and copper with a random 
start ing texture were a l s o  extruded a t  room 
temperature. 

Spherical specimens 0.200 in. in diameter were 
cu t  from the  0.25O-in.-diam deformed rods. T h e s e  
spheres  were then electropolished t o  0.190-in. 
diam. Texture  da t a  were obtained us ing  the  ORNL 

R. E. Reed, Metals and Ceramics Div. Ann. Progr. 1 

Hept. May 31, 1963, ORNL-3470, p. 16. 

UNCLASSIFIED 
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Fig. 9.1. Percentage of T w i n s  Having the < l o o >  
Direct ion Within 20" of the Extrusion Direct ion i n  
Aluminum Rod Extruded 90% at  Room Temperature 

from Single Crystals of the Orientation Shown. 

technique.2 A s m a l l  computer program for the  
CDC-1604 computer was  designed t o  ca lcu la te  
t he  component percentages.  

All of the  rods had a (100) - (111) double  fiber 
texture. Figure 9.1 shows the  amount of the  
(100)  component within 20" of the  rod a x i s  for 
each  single-crystal  orientation used. All orien- 
ta t ions  had from 3 to  15% (100) component. T h i s  
is qui te  different from the  r e su l t s  reported by 
Harsha and Culli ty3 for s ing le  c rys t a l s  of alumi- 
num swaged 96%. They reported no (100) for 

L. K. Jetter, C. J. McHargue, and  R. 0. Williams, 2 

J .  Appl. Phys .  27, 368 (1956). 

AZME 224, 1189 (1962). 
K. S. Sree Harsha and B. D. Cullity, Trans.  Met. SOC. 3 

. 
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s ta r t ing  orientations near (111) and 85 to 97% for 
orientations near (100). 

To check further t h i s  difference in quantit ies 
of the  (100) and  (111) components i n  double 
fiber textures developed by swaging and by extru- 
sion, t he  specimens with diffuse (100) s ta r t ing  
texture were examined. T h e  material extruded 90% 
at room temperature had 15% ( loo) ,  while materi- 
al swaged 90% a t  room temperature had 86% 
( l o o ) ,  i n  agreement with the  trend indicated in 
the  single-crystal  resu l t s .  In addition, when th i s  
same s ta r t ing  material w a s  drawn 90% a t  room 
temperature, 32% of the  (100) component was  
within 20' of t h e  rod axis.  T h e s e  da t a  show tha t  
ca re  must b e  taken when tex tures  developed by 
different forming methods a re  compared. While 
swaging, extruding, and drawing of aluminum rods 
all result  i n  a duplex (100)-(111) fiber texture,  
t h e  proportions of t h e s e  components a r e  signifi- 
can t ly  different, 

Brown4 h a s  sugges ted  that the  s t ack ing  fault 
energy p l ays  a n  important part  i n  determining 
relative amounts of (100) and (111) texture in a 
particular face-centered cubic  metal. Since alumi- 
num and copper a r e  examples  of face-centered 
cubic  meta ls  having  high and low s tacking  fault  
energ ies ,  respectively,  they should  have different 
relative amounts of (100) and  (111) components 
in their deformation textures. However, when we 
extruded fine-grained aluminum and copper spec i -  
mens with random s ta r t ing  tex tures  90% a t  room 
temperature, each  had 18% (100) component within 
20'of the rod axis.  For cold drawn wire, Brown4 
g ives  va lues  of 0 and 40% (100) component for 
aluminum and copper respectively.  T h i s  aga in  
shows  the  dangers  in generalizing deformation 
texture resu l t s  to include different forming 
operations.  

An ana lys i s  could explain why there  a re  differ- 
e n c e s  in  the  relative amounts of (100) and (111) 
components in deformation fiber tex tures  result ing 
from extruding, drawing, and swaging of face- 
centered cubic  metals.  In t h i s  ana lys i s  we need 
to assume tha t  the  textures evolve  mostly by the  
development of inhomogeneous deformation during 
working of the  metal. T h i s  inhomogeneous defor- 
mation c o n s i s t s  largely of different types  of 
deformation bands. 

Several  fac tors  tha t  a f fec t  t h e  development of 
deformation bands contribute to texture evolution. 

4N. Brown, Trans. M e t .  SOC.  AIME 221, 236 (1961). 

In s ing le  c rys t a l s ,  t he  orientation of t he  t ens i l e  
ax i s  determines both the  type and dens i ty  of 
deformation bands. Also,  t he  orientation range 
for a particular type of deformation band is 
different in compression than in tension, Another 
factor is that cons t ra in ts  during deformation 
increase  the  dens i ty  of deformation bands. T h e s e  
cons t ra in ts  may be  internal (e.g., grain boundaries) 
or external,  s u c h  as  the  d i e  wal l s  during forming. 
Increasing the  s t ra in  rate probably inc reases  the  
density of deformation bands,  although little work 
h a s  been done on t h i s  factor. 

If the  friction forces  a t  the  d i e  wal l s  a r e  
neglected by considering only center  tex tures  in  
the  rod, then the  extrusion p rocess  c a n  b e  con- 
sidered as  a compressive s t r e s s  along the  
extrusion direction p lus  a radial  compress ive  
stress perpendicular to it at t h e  die.  Similarly, 
drawing can  b e  considered a tens i le  s t r e s s  a long  
the  rod a x i s  p lus  a radial compress ive  s t r e s s  a t  
the  die.  Swaging introduces a new factor in that 
i t  cons i s t s  of a rotating compressive s t r e s s  a t  
t he  d ie ,  and i t  deforms the  metal  a t  much higher 
s t ra in  ra tes .  

Therefore, if t he  formation of deformation bands 
contributes a major part  in the  development of 
the  duplex fiber textures in  face-centered cub ic  
meta ls ,  drawing, extruding, and swaging should 
all resu l t  in different proportions of (100) and 
(111) components. 

STRESS DEPENDENCE OF THE AVERAGE 
DISLOCATION VELOCITY IN NIOBIUM 

SINGLE CRYSTALS 

R. E. Reed  

In view of the  recent in te res t  in the  theory of 
dislocation dynamics as  applied to body-centered 
cubic  refractory metals,  we decided to find out 
if t h i s  ana lys i s  appl ies  to niobium s ingle  c rys ta l s .  
Dislocation dynamics theory is based  upon the  
s imple  equation: 

. -  
E =  bnv 

where b is the  Burger's vector of the  d is loca t ions  
involved, n is the  number of mobile d i s loca t ions ,  
v is the  average  velocity of d i s loca t ions ,  and E is 
the  s t ra in  rate. To eva lua te  t h e  validity of t h i s  
theory, we need two types  of experimental data.  
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One is the  s t r e s s  dependency of the average d is -  
location velocity. The  other is the mobile-dis- 
location dens i ty  as a function of strain.  

The  s t r e s s  dependence of t he  dislocation velocity 
h a s  been determined directly by etch-pitting 
experiments for such  materials as LiF,5 s i l icon  
iron, and tungsten.’ I t  h a s  the  form 

v = A r m  , 

where A and m are  cons t an t s  for a given material 
and temperature and 7 is the  resolved shea r  s t r e s s .  
If we define m ’ by 

m‘= d In ;/a In r, 

then 

m’= d In v/d In r t d In n/d In r ,  
or 

m ’ = m  t d l n n / d l n  r .  

Guard’ and Johnston and Ste ing  have  pointed out 
tha t  m’= m if  the  second term of the  above equation 
is negligible. If the strain-rate sens i t iv i ty  is 
measured a t  low enough s t r a ins ,  the result ing 
value of m‘ should be  equal to m. T h i s  is 
obviously true i f  t he  s t ra in  is s o  smal l  that  only 
one dislocation is moving. Therefore, the  con- 
s t an t  m can  be measured indirectly from strain- 
rate sens i t iv i ty  da ta  as a function of s t ra in  by 
extrapolation to  zero  strain.  

We tried to  develop etch-pit t ing techniques for 
niobium t o  permit d i rec t  determination of the  
s t r e s s  dependence of t he  dislocation velocity. 
Two types  of material were used. One was  an  
MRC zone-refined 0.250-in.-diam s ingle  crystal .  
The other was  a large-grained specimen cu t  from a 
Wah Chang electron-beam-melted ingot and an- 
nealed a t  1 3 0 0 T  for 1 hr in vacuum. 

We first  attempted chemical  e t ch  pitting. Either 
of two solutions would e tch  pit  grown-in dislocation 

W. G. Johnston and J. J. Gilman, J .  Appl. Phys.  30, 5 

129 (1959). 
6D. F. Stein and J. R. Low, J .  Appl. Phys.  31, 362 

(1 960). 

’H. W. Schadler and J. R. Low, Low Temperature 
Brittleness of Refractory Metals, F ina l  Rept, GE-62- 
GC-206 (April 1962). 

8 

9 
R. W. Guard, Acta Met. 9, 163 (1961). 

W. G. Johnston and D. F. Stein, Acta Met. 11, 317 
(1 963). 

networks: (1) 60 par t s  concd HNO,, 40  par t s  
concd HF,  and (2) (ref. 10) 10 par t s  (by volume) 
H,SO,, 10 par t s  concd HF,  10 par t s  H,O, and 1 
part 30% H,O,. However, neither of these  nor 
severa l  variations of them would e tch  “fresh” 
d is loca t ions .  

T h e  electrolytic methods reported by Evans’  
were then tried. T h e  solution for both electro- 
polishing and electroetching was  90 par t s  H,SO, 
and 10 par t s  concd HF ,  and it was  used a t  35 to  
4OOC. Again, grown-in dislocation substructure 
could be e tched ,  but not “fresh” d is loca t ions ,  
even after an  aging treatment a t  30OoC. Evans ,  i n  
personal correspondence, admitted tha t  he  could 
not e t ch  pit large-grained niobium tha t  had been 
annealed a t  temperatures around 20OO0C. In per- 
sona l  correspondence with R. M. Rose  a t  MIT, we 
learned tha t  h e  could e t ch  pit only d is loca t ions  
tha t  were heavily decorated with par t ic les  that h e  
be l ieves  a re  niobium oxide. New attempts to e tch  
pit “fresh” d is loca t ions  will be made on niobium 
s ingle  c rys t a l s  grown in  our newly acquired 
equipment. 

Specimens for the  dislocation dynamics s tud ie s  
were prepared by electron-beam zone refining at 
ORNL in a carefully maintained ultrahigh vacuum. 
The  s ta r t ing  material was  a Wah Chang electron- 
beam-melted 3-in.-diam ingot, which was  swaged 
to the  s i z e  needed. The  annealed s ta r t ing  material 
had a resist ivity ratio of 80. Along a 0.250-in.- 
diam bar zoned 4 p a s s e s  a t  4 in./hr in a vacuum of 
1.5 x to 6.0 x lo-’ torr, res i s t iv i ty  ra t ios  
were 200 to  265, as shown in Fig.  9.2. 

We made preliminary strain-rate sens i t iv i ty  t e s t s  
on niobium s ingle  c rys t a l s  of two orientations 
near (011) . Two compression spec imens  were 
taken from one c rys ta l  and three from the  other. 
The  res i s t iv i ty  ra t ios  for compression spec imens  
7 and 8 were 205 and 193 respectively.  Niobium 
No. 6, from which spec imens  9 through 11 were 
cut,  was  a s ingle  c rys ta l  tha t  had been electron- 
beam zoned three  t imes in the MRC module. T h e  
resist ivity ratio w a s  164 a t  a point on the  rod 
that should be  the  purest ,  according t o  t h e  trend 
shown in Fig.  9.2. 

‘‘A. B. Michael and F. J. Huegel, Acta  Met. 5, 339 
(1957). 

11 T. J. Koppenael and P. R. V. Evans, “Microstrain- 
ing in Polycrystalline Niobium,” unpublished paper 
(also, personal correspondence with P. R. V. Evans). 
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Compression t e s t s  were made a t  room tempera- 
ture on an Instron tens i le  machine a t  c rosshead  
speeds  ranging from 0.002 to  0.2 in./min. T h e s e  
were incremental tests (i.e,, the  s t ra in  ra te  was  
changed instantaneously during p las t ic  deformation, 
and the  load change was  measured). Tests were 
generally discontinued after 10% strain.  T h e  resu l t s  
are plotted a s  m‘  v s  s t ra in  in Fig.  9.3. T h e  va lue  
for m ranges from 8 t o  16, depending upon the 
specimen tes ted .  

I t  appears  tha t  m is sens i t i ve  t o  impurity content. 
For example, compression specimen No. 9 was  
cu t  from next t o  the  s ta r t ing  point of the  zone, 
while spec imens  Nos.  10 and 11 were  success ive ly  
nearer to  the  center  of the  zoned length. There- 
fore, t he  resist ivity ratios of these  spec imens  
should range from about 80 to  164 in tha t  order. 
The  same order was  true for compression spec i -  
mens Nos. 7 and 8, from the niobium No. J W  
crystal .  In any case, these  preliminary resu l t s  
show tha t  m is probably 8 or lower for purer 
c rys ta l s  and  ranges up to  16. T e s t s  have not been 
made a t  temperatures other than room temperature 
as yet.  

Schadler and Low’ report for tungsten that m is 
5 a t  298OC and 11 a t  77OK. Silicon iron6 h a s  m 
equal to 40 to 45  a t  298’K. For  iron, Michalak” 
h a s  reported tha t  m is 4 .5  at 370°K and 50 a t  
78OK. 

J. T. Michalak, J. Metals 16, 121 (1964). 12 
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Fig ,  9.2. Resist iv i ty  Rat io a s  a Function of Posit ion 

in a Zone-Refined Niobium Single Crystal. 
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Fig.  9.3 .  Variat ion of the Parameter m’  with Strain 

for Several Niobium Single Crystals o f  Dif ferent  Pu- 
rities. 

RECRYSTALLIZATION STUDIES 

R. A.  Vandermeer 

One of the  recrystall ization fiber-texture com- 
ponents of extruded aluminum rods may be  de- 
scribed with reference to  the  standard stereo- 
graphic tr iangle as  a sca t te red  (114) t o  (012) 
orientation. T h e  recrystall ized grains tha t  make 
up th i s  texture component in rods originally 
extruded near -195OC exhibited rather unusual  
growth k ine t ics  during the very early s t a g e s  of 
recrystall ization. To gain a better understanding 
of principles dictating the migration behavior of 
grain boundaries, we have  undertaken a concen- 
trated effort both to  charac te r ize  the unusual  
kinetic features of the  growth of t hese  grains 
experimentally and to explore the  interpretation of 
these  resu l t s  in terms of current theoretical  
knowledge. 

Some of the  more important experimental findings 
result ing from th i s  investigation may be  summarized 
as follows: 

1. Initially the  (114)-  (012) recrystall ized 
grains exhibited a transient burst of growth when 
annealed in the temperature range 65  to  187OC. 
Significant growth apparently took place even 
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during the time necessary  to  heat  t e s t  specimens 
from the deformation temperature, -19S°C, to  the 
annealing temperature (the grain diameter reached 
100 p in the 15 sec needed to  reach 100°C). 

2. Immediately after the anneal ing temperature 
was at ta ined,  the growth rate decreased very 
rapidly and seemingly continuously from a maximum 
value. The  actual  ra tes  measured during th i s  time 
were much higher than expected for aluminum of 
this  impurity level. 

3. T h e  growth rate varied by more than a factor 
of IO4 in these  early heat-treatment t imes a t  
cer ta in  temperatures. At 100°C the variation of 
the growth rate with time could b e  represented by 
the equation 

v = 2.2 x 10-2 t’3’2 , 

where v is the growth rate  in  cent imeters  per second,  
and t is the time in seconds .  

4. A very slow apparently s teady-state  growth 
followed this  initial t ransient  period of rapid 
growth. 

5. Both the duration of the  t ransient  and the 
magnitude of the  growth burst  that  occurred depended 
upon the anneal ing temperature. The  higher the 
temperature, the shorter was the  duration but 
a l so  the larger was the grain diameter achieved 
during th i s  growth period. For example, a t  187’C 
the t ransient  period las ted  no more than 30 s e c ,  
during which time the grain diameter reached 
225 p, whereas a t  100°C the  t ransient  period 
las ted  about 2 hr, giving a grain s i z e  of 185 p. 

6. T h i s  observed growth behavior is apparently 
very sens i t ive  to  deformation conditions,  par- 
ticularly temperature. Rods extruded a t  room tem- 
perature showed no evidence of th i s  t ransient  
growth behavior. Strain rate ,  impurit ies,  and the 
severity of deformation may a l s o  influence the 
extent to  which t h e s e  unusual growth k ine t ics  
occur. 

7. T h e s e  recrystal l ized grains could be related 
to  the deformed matrix into which they grew in 
terms of coincident- la t t ice-s i te  orientation 
relationships.  

8. Preanneal ing a t  24OC prior to  the recrystal- 
l izat ion heat  treatments carried out a t  the  higher 
temperatures diminished the growth burst  (i.e., 
the longer the duration of preannealing, the smaller 
the grain s i z e  a t  the end of the period of t ransient  
f a s t  growth). 

9. The  growth rate was  divided by l o 5  with only 
a corresponding 30% decrease  in  the s t ra in  con- 
ta ined in the  cold-worked matrix a s  determined 
from x-ray l ine-broadening measurements.  Thus  
the  growth ra te  is obviously not directly proportional 
to  s t ra in  (driving force). T h i s  was substant ia ted 
by transmission electron microscopic observat ions 
of the dis locat ion substructure  (i.e., large decrease  
in growth rate with little or no detectable  change 
in the dis locat ion densi ty  of the cold-worked 
matrix). 

In most theories  of grain-boundary migration 
during recrystal l izat ion,  the rate  of growth c a n  
usually be expressed  as a product of the mobility 
of the rate-determining process  and the driving 
force (in th i s  case, s t ra in  energy). The  rate  of 
growth would then be, barring any changes in  
mobility, directly proportional to the s t ra in  energy 
in the deformed matrix. T h e  mobility of the 
boundary is assumed to  be governed by the  dif- 
fusion of atoms in and around the grain-boundary 
regions. Thus ,  any decrease  in  the growth rate 
during anneal ing must be at t r ibutable  to  d e c r e a s e s  
in e i ther  s t ra in  energy or atomic diffusivity. In 
view of the resu l t s  d i s c u s s e d  under i t em 9 above, 
the tremendous decrease  in growth ra te  observed 
during the t ransient  period must be due  mainly to  
a decrease  in  the rate-determining s t e p  in  the 
boundary-migration process.  

We have proposed a mechanism that  involves  the 
e x c e s s  vacancies  created during deformation and 
frozen in due  to  the low deformation temperature 
and their role in  inf luencing the atomic diffusivity 
in grain-boundary regions. T h e  model considers  
that ,  during anneal ing,  some of the frozen-in 
e x c e s s  vacancies  impinge upon the grain boundary 
of a recrystal l izat ion nucleus and increase,  at 
l e a s t  for  a time, the concentration of vacancies  
in  the boundary. T h i s  decrease  in densi ty  makes 
it  e a s i e r  for boundary atoms to  diffuse and permits 
a greater flux of atoms to  c r o s s  the grain boundary 
under the influence of the  driving force. In th i s  
manner the mobility of the boundary is enhanced, 
and a high instantaneous growth rate would be 
observed. Accordingly, annihilation processes  in  
the deformed matrix diminish the supply of vacan- 
cies avai lable  to the boundary, decreas ing  the  
mobility of the boundary and hence the growth rate 
of the grain. T h e  ini t ia l  burst  of growth is ascr ibed 
to the rapid accumulation of vacancies  in  the 
grain boundary during heat ing to temperature, 
while the observed slowdown in growth during the 

I 



transient period is attributed to t h e  diminution of 
vacancies.  Preannea l ing  a t  24OC annih i la tes  some 
of the  e x c e s s  vacanc ie s  and thus  diminishes the  
growth burst  tha t  occurs  when the  temperature is 
again ra i sed  (see item 8 above). T h e  theory thus  
seems a b l e  to qualitatively account for some of 
t h e  grosser  fea tures  of t he  unusual growth k ine t ics  
that  were observed. I t  should,  however, b e  more 
firmly based  and  experimentally t e s t ed  more 
rigorously and qualitatively before i t  can  b e  
accepted ,  s i n c e  other explanations cannot ye t  b e  
completely discarded. 

A N N E A L I N G  OF D E F O R M E D  NIOBIUM 
S INGLE C R Y S T A L S  

J. C. Ogle C. J. McHargue 

Recrystallization of Twinned Niobium Crystals 

New recrystall ized gra ins  were formed during 
annea l ing  at 1000°C in c r y s t a l s  that  contained 
ex tens ive  c r o s s  twinning. T h e  new grains were 
a lways  a s soc ia t ed  with twin intersections.  In the  
early s t a g e s  of annealing, t h e  recrystall ized gra ins  
were approximately equiaxed, and most of t he  
boundaries between the  new grains and parent 
c rys ta l  were qui te  straight.  A s  annealing continued, 
t he  grains grew more rapidly in  directions parallel  
t o  t he  twins and seemed to favor the  direction par- 
allel to the  major twin system. T h e  boundaries be- 
tween the  grains and the  parent c rys ta l  appeared to  
become curved, but examination a t  high magnifica- 
t ion revealed tha t  t hese  boundaries were made up  of 
severa l  straight segments .  T h e  one  sur face  method 
of ana lys i s  showed t h e s e  straight segments  t o  b e  
along the  (1121 and  t h e  ( l l O ]  p lanes  of t he  parent 
crystal .  T h e  new grains have  their g rea tes t  rate of 
growth in  directions parallel  t o  t he  twins;  how- 
ever, when the  new grain h a s  absorbed a defor- 
mation twin, t he  ra te  of growth a long  that twin is 
greatly decreased .  

T h e  recrystall ized gra ins  formed a t  100OOC have  
an  orientation different from the  parent c rys t a l s ,  
but the  orientations a r e  related by a common 
crys ta l lographic  direction. Approximately 70% of 
the  new grains s tud ied  have  common (110) direc- 
t ions with the  parent c rys ta l  and 20% have  common 
( 1 1 2 )  directions.  A rotation of 20' around t h e  
common (110) direction wi l l  bring over half of 
the  recrystall ized grains in to  co inc idence  with 

4 1  

the parent crystal .  T h e  remaining gra ins  with 
common (110) directions require rotations of 50.5, 
70.5, 80.5, or 909 T h e  gra ins  with common (112)  
directions require rotations of 20, 51.8, 111.8, or 
149 .59  

Since the  deformation twins also have  common 

(110) directions with the  parent c rys ta l ,  t he  
recrystall ized grains,  in many cases, a r e  also 
related to the  twins  by the  same  common (110) 
direction. When the  relationship between the  new 
grain and the  parent c rys ta l  is not by the  (110) 
direction that is common to  t h e  parent c rys t a l  and 
t h e  in te rsec t ing  twins,  t h e  recrystall ized grain 
usually is related to  the  twin by e i ther  another 
(110) or a (112)  direction. T h e  preferred rela- 
t ionship between the  recrystall ized grain and  the  
major twin sys tem,  which is the  direction of t h e  
most rapid grain growth, i s  a rotation of 149.5' 
around a common (112) direction. All the  re- 
c rys ta l l ized  grains that had their  g rea tes t  length 
a long  the  twin had th i s  relationship. T h e  re- 
c rys ta l l ized  grains were related to t h e  remaining 
twin sys t ems  by rotations around a common (110) 
direction of 50.5 and 90' or around a common 
( 1 1 2 )  direction. 

T h e  angular rotations mentioned above  also cor- 
respond to posit ions of fairly high dens i ty  of 
co inc ident  s i t e s  with respec t  to both the  parent 
c rys ta l  and the  deformation twins. T h i s  means 
that,  if t h e  crystallographic la t t ice  of the  recrystal-  
l i zed  grain i s  extended into either the parent 
c rys ta l  or t h e  twin, a fairly high fraction of the  
la t t ice  s i t e s  will  coincide. T h e  two dens i t i e s  
found most frequently for grains with common 
(110) directions were one coincident l a t t i ce  s i t e  
in 11 and one in  33. T h e  density of co inc ident  
la t t ice  sites for rotations around (112) d i rec t ions  
h a s  not been determined. 

Behavior of Twin Boundaries in Niobium 
During Annealing 

Deformation twins in s ing le  c rys t a l s  of niobium 
may either contract  or expand during annealing. 
When annealed a t  1000°C, a twin cont rac ts  or ex- 
pands  by t h e  migration of the  noncoherent twin 
boundaries. When contraction occurs ,  t he  twin 
d iv ides  into segments,  and the  noncoherent bound- 
a r i e s  a t  t h e  ends  of t h e s e  segments  migrate toward 
their cen te r s  of curvature until  the  twin i s  ab- 
sorbed by t h e  parent crystal .  Twins expand in  
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areas where two or more twins a re  very close to- 
gether; they join to  form one  twin by migration of 
a noncoherent boundary between the  two twins. 
T h i s  contraction and growth are i l lustrated in 
Fig. 9.4, where A and B mark migrating boundaries 
that  a r e  absorbing t h e  twin, and C and D mark 
migrating boundaries that  a r e  absorbing the  parent 
c rys ta l  between parallel  twins. At E i n  t h i s  
micrograph is a very s t ra ight  coherent twin bound- 
ary, which i s  charac te r i s t ic  of deformation twin 
boundaries after long  anneals.  Before annealing, 
t hese  coherent boundaries contained many sharp  
notches.  T h e s e  became rounded on annealing and 
eventually migrated outward to  form the  straight 
coherent boundary. T h e  migration of a coherent 
boundary a t  1000°C h a s  not been observed. 

At an  annea l ing  temperature of 160OoC the  twins 
rapidly disappeared, and after 1 hr the  only re- 
maining twins were those  tha t  intersected a sur-  

f ace  of t h e  crystal .  T h e  direction of migration 
for t h e s e  remaining twins was  toward the  c rys ta l  
sur faces .  At t h i s  temperature, two types  of migra- 
tion of coherent twin boundaries were observed. 
Along one  face of t he  c rys ta l  t he  twins exhibited 
a tendency to  expand along t h e  surface.  T h i s  can  
be  s e e n  in  Fig.  9-5. T h e  growth of twins near the  
face of th i s  c rys ta l  was  the  only indication of twin 
growth by t h e  migration of coherent boundaries. 
Also, coherent twin boundaries in the  interior were 
observed to  move in a direction tha t  decreased  
the  th ickness  of the  twins;  an example of th i s  con- 
traction is shown in Fig.  9.6. T h e  twin boundaries 
before and after annealing a re  revealed by thermal 
etching. Apparently only one coherent boundary 
(arrow) moved, and i t  moved a very small d i s t ance  
compared to  the  noncoherent boundary a t  the  end 
of th i s  twin. 

UNCLASSIFIED 
Y-51895 

Fig. 9.4. Photomicrograph Showing the Contraction and Growth o f  Niobium Deformation T w i n s  on Annealing. An- 
nealed 24 h r  a t  1000°C. 25oX. 
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Annealed for  5 hr a t  16OO0C. Thermally etched. 5OOx. 



10. Theory of Alloying 

J. 0. Betterton 

Our objec ts  a r e  to  measure and understand the  
important factors governing the  a l loys  of early 
transit ion metals. We have undertaken experi-  
mental  s tud ie s  of the  topology of t h e  Fermi sur- 
faces of pure metals s u c h  a s  zirconium, tungsten,  
and beryllium for comparison to t h e  alloying prop- 
e r t i e s  of t hese  metals. W e  a r e  s tudying  the  a l loys  
in  seve ra l  ways: measuring low-temperature 
spec i f i c  h e a t s  t o  show density of e lec t ronic  s t a t e s  
and Debye temperatures,  observing Mossbauer 
spectrum to  show loca l  e lec t ronic  and magnetic 
structure,  and measuring e l ec t r i ca l  res i s t iv i ty  
and, with x rays ,  c rys ta l l ine  dimensions to show 
sca t t e r ing  of transport current and changes  in 
volume due t o  alloying. Observations concerning 
the  superconducting and normal states and their  
interrelations will  b e  uti l ized wherever poss ib le ,  
t o  e s t ab l i sh  better understanding of the  factors 
governing alloy behavior i n  t h e s e  materials.  The  
present  report inc ludes  r e su l t s  on  galvanomagnetic 
properties of zirconium and beryllium; low-tempera- 
ture spec i f i c  hea t  measurements of t h e  alloy 
sys t ems  Ti-Zr, Sc-Zr, Nb-Zr, and Mo-Zr; e lec t r ica l  
res i s t iv i t ies  for Ti-Zr and Nb-Zr a l loys ;  and re- 
s u l t s  on t h e  Mossbauer spectrum of 57Fe as an  
impurity in a d i lu te  so lu t ion  of cobal t  in aluminum 
and in the  Co2A19 precipitate. 

GALVANOMAGNETIC PRO PERTIES OF 
ZIRCONIUM AND BERYLLIUM 

J.  0. Betterton D. S. E a s t o n  

Transve r se  galvanomagnetic properties of two 
cylindrical  c rys t a l s  ' of zirconium were measured 
a t  4.2OK in magnetic f ie lds  to 31 kilogauss.  The  
current w a s  in the  direction of the  geometric a x e s  
of t h e  c rys t a l s  which were near [ 2 i i 2 ]  and [4131]. 

Resu l t s  interpreted according to Li fsh i tz  theory '-' 
show tha t  for c r o s s  sec t ions  containing these  
d i rec t ions  the  Fermi su r face  of zirconium is 
c losed  and  compensated (number of e lec t rons  
equa l  to number of holes). T h e  magnetic field 
dependences of t h e  res i s t iv i ty  and of the  Hal l  
field devia te  from the  re la t ions  predicted by the 
Li fsh i tz  theory for pure compensated meta ls  in a 
manner tha t  sugges t s  imperfect compensation due  
to  i m p ~ r i t i e s . ~  T h i s  is shown in  F ig .  10.1 for 
t he  res i s t iv i ty ,  which h a s  been fi t ted by a n  ex- 
pansion A + BH2 - CH4 and i n  F ig .  10.2 for the 
t ransverse  Hal l  component, which h a s  been fitted 
by a n  express ion  aH + p H 3 .  In t h e s e  express ions ,  
H is the  magnetic field and  the  coef f ic ien ts  a re  
posit ive.  T h e  Hal l  f ield is fairly large,  about 
two to three t imes tha t  of copper,  and i t  changes  
in s i g n  during rotation of t h e  magnetic field. 
T h i s  anisotropy is shown in Fig. 10.3 which a l s o  
shows  t h e  similar Hal l  voltage tha t  e x i s t s  in the 
longitudinal direction, parallel  t o  the  magnetic 
field. 

Although Li fsh i tz ' s  theory d o e s  not interpret  
t he  anisotropy of the  Hal l  f ie ld  for c losed  com- 
pensa ted  meta ls ,  one c a n  quali tatively note  that 
t he  rotation of the  magnetic field r eve r ses  the 

'The [2 i i2]  crystal  was  provided by J. C. Wilson, 
Zirconium Alloy Development Group. Growth of zirco- 
nium crystals  is described in Par t  11, Chap. 21, of this  
report. 

'1. M. Lifshitz, M. Ia Azbel', and M. I. Kaganov, 
Zh. Eksperim. i Teor. Fiz .  31, 63 (1956); Soviet Phys. 
JETP (English Transl.) 4, 41 (1957). 

31. M. Lifshitz and V. G. Peschanski i ,  Zh. Ekspetim. 
i Teor. Fiz. 35, 1251 (1958); Soviet Phys.  JETP (Eng- 
l ish Transl.) 12, 875 (1959). 

U s p .  Fiz .  Nauk 
69, 419 (1959); Soviet Phys.-Usp. (English Transl.) 
2, 831 (1960). 

5M. I. Kaganov and V. G. Peschanski i ,  Zh. Eksperim. 
i Teor. Fiz .  35, 1052 (1958); Soviet Phys.  JETP (Eng- 
l ish Transl.) 8, 734 (1959). 

41. M. Lifshitz and M. I. Kaganov, 
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Fig.  10.1. Magnetic F i e l d  Dependence of the Resis- 

t iv i ty  (pxx) of Single-Crystol Zirconium for Three Orien- 

tations of the Magnetic F ie ld .  Measured with current 

direction [2Ti2]. Resist iv i ty  rat io 300. Temperature 

4.2O K . 

relative Hall  contribution of the  ho le  and electron 
portions of the  Fermi sur face  as i t  might d o  for 
any compensated surface.  The  ex i s t ence  of a 
large t ransverse  odd voltage para l le l  to the  mag- 
ne t i c  field ind ica tes  high distortion in  t h e  Fermi 
sur face  of zirconium. In support  of c losed  sur- 
f aces ,  t h e  magnetoresist ivity is nearly isotropic. 
As  shown in Fig.  10.3a, i t  var ies  by a factor of 
only 1.11 during magnetic field rotation. 

There is a smal l  t ransverse  even  voltage in 
zirconium which may support  the  open orbits in 
< 1 O i O >  directions as predicted by band theory 
ca lcu la t ions  for zirconium by Altmann and Bradley. 
T h e s e  ca lcu la t ions ,  which interpret  success fu l ly  
four of the  five deHaas  van Alphen periods given 
by Thorsen and Joseph,’  show open sur face  only 
in  the  fifth and s ix th  bands  in t h e  form of four 

narrow tubes  normal to and pass ing  through the  
centers  of ( l O i O ]  faces of the  Brillouin zone. 
T h e  t ransverse  even  peaks  for zirconium with the  
current direction [2 i i2]  occur when the magnetic 
field is approximately in cer ta in  directions of the  
type <11Za>, where a is any integer,  as shown 
in Fig.  10.4. P l a n e s  in  reciprocal k-space normal 
to  t h e s e  magnetic f ie lds  a lways  conta in  a direction 
of the type <1T00>. On the  b a s i s  of a theory by 
Klauder and Kunzler,8 Fig.  10.4 appears  to sup- 
port t h e  open orbits of the  Altmann and Bradley 
F e r m i  sur face .  T h e  zirconium measurements a re  
not conclus ive  in  th i s  respect.  Confirmation will  
require t e s t s  of additional c rys t a l s ,  s i n c e  the  
open orbits i n  the  <1100>  d i rec t ions  were not 
observed as resist ivity minima a t  t he  two field 
directions [2?161 and [2116] in  Fig.  10.3a at  which 
the  magnetic field and the  current become coplanar 

‘5. R. Klauder and J. E. Kunzler, Phys. Rev. Le t te rs  
6,  179 (1961). 
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7A. C. Thorsen and A. S. Joseph, Phys. Rev. 131, 
2078 (1963). 

1 

F ig.  10.2. Magnetic F i e l d  Dependence of the Trans- 

verse Hall Component ( p  in Zirconium with Current 

Direction [2i12] and with Three Orientations of the 
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Fig.  10.3. Polar  Diagrams Showing the Dependence on Magnetic F i e l d  Direction of (a) the Magnetoresistivity and 

the (b) Transverse and (c) Longitudinal  H a l l  Components in Zirconium with Current Direction [2fi2].  Magnetic f ie ld 
30 kilogauss. Temperature 4.2’K. Resist iv i ty  ratio 300. The dashed lines in the Hall-component plots represent 
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Fig. 10.4. Polar Diagram of the Transverse Even 

Component p e  in Zirconium with Current Direction 

[2TT2] in Magnetic F i e l d  of 30 ki logauss at  4.2'K. 
Note peaks of this property near magnetic f ie ld  direc- 

tions of the type < i i 2 a >  for which an open orbit of the 

type < l i O O >  could l ie  in the k-space plane normal to 

the magnetic f ield.  

Y X  

with the  c axis.  Thus  the resist ivity measurements 
do not support t he  open orbits. Klauder and 
Kunzler * have  sugges ted  tha t  transverse even 
voltages a re  more sens i t i ve  to higher order orbits 
than res i s t iv i ty ,  and higher order orbits may be 
involved here. 

The  galvanomagnetic properties of a high-purity 
c rys t a l  (geometrical a x i s  [3 i j2 ] )  of beryllium ' 
have  been investigated a t  4.2'K in magnetic 
f i e lds  up  t o  30 kilogauss.  The  resu l t s  show that 
for most field directions the  F e r m i  sur face  cons i s t s  
of two parts - a c losed  electron sur face  and a 
c losed  hole surface,  which compensate  or balance 
each  other. Th i s  is shown, for example, by (1) 
the odd Hall  field, which is moderately anisotropic 
with magnetic field rotation (Fig.  10.5) and h a s  
posit ive coefficients confirming the  presence of a 

'Courtesy of Nuclear Metals, Incorporated. 

hole sur face ,  and (2) the magnetoresistivity, which 
is nearly quadratic with magnetic field strength 
(Fig.  10.6) and is only moderately anisotropic 
(variation by factor of 1.26 as shown in Fig. 10.7). 
T h e  e lec t r ica l  voltages t ransverse  to  the current 
were not a lways  odd, and a large t ransverse  volt- 
age  peak occurred that was  even with respec t  to 
magnetic field reversal  when the magnetic field 
was simultaneously perpendicular t o  both the  cur- 
rent and the  c ax i s  of beryllium. T h i s  is shown by 
the large maximum on Fig .  10.8 when the field is 
e i ther  in direction 4130 or 4130. 

T h i s  peak sugges ted  tha t  open orbits e x i s t  in the 
c direction. Recent ly  Alekseevski i  and Egorov' 

'ON. E. Alekseevskii  and V. S. Egorov, Zh. Eksperim. 
i Teor. Fiz.  45, 388 (1963). 
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Fig. 10.5. Polar Diagram of the Anisotropy of the 

Transverse H a l l  Component in Beryllium with Rotation 

of  the Magnetic F i e l d  in a Plane Normal to the Current 

Direction [i322]. Magnetic f ield 29.55 ki logauss. 

Temperature 4.2'K. 
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Fig.  10.6. F i e l d  Dependence of the Res is t i v i t y ,  p x x ,  
i n  Bery l l ium w i t h  Current D i rec t ion  [i322] for Three D i -  
rect ions of  the Magnetic F ie ld .  Temperature 4.2OK. 
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Fig.  10.8. Polar Diagram Showing the Transverse 

Even H a l l  Component p e  of Bery l l ium as the Magnetic 

F i e l d  i s  Rotated Normal to the Current Direct ion [T3??!]. 
Magnetic f i e l d  29.55 ki logauss. Temperature 4.2'K. 
Within experimental error, the curve i s  traced t w i c e  

during o complete rotat ion of the magnetic f ield, s ince 

for opposite direct ions the values ore equal  i n  magnitude 
but opposi te i n  sign. Negat ive values are shown by the 

dashed curve. 
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Fig. 10.7. Polor Diagram of the Ef fec t  of  F i e l d  Direc- 

t ion  on the Magnetoresist iv i ty o f  Beryll ium. Current 
D i rec t ion  [T322]. Magnetic F i e l d  29.55 ki logauss. 

Temperature 4.2'K. R e s i s t i v i t y  Rat io  p300/p4.20K 
1058. 

have  reported s u c h  open orbi ts  on the  b a s i s  of 
two beryllium c rys t a l s ,  but in their experiment 
t he  open orbits occurred only a t  f ield s t rengths  
exceed ing  50 kilogauss.  They bel ieve t h e s e  
open orbits are due to  magnetic breakdown at t h i s  
field s t rength of a small energy gap in  the c direc- 
tion. T h e  r e su l t s  in Fig.  10.8 a t  29.55 ki logauss  
then sugges t  that  in beryllium ei ther  t he  small 
energy gap  at low f i e lds  van i shes  with the  in- 
c r eased  purity of our specimen or t he  t ransverse 
even peak arises not from open orbits but simply 
from the  high anisotropy of the  c losed  compensated 
surface.  Calculat ions of t he  electronic  structure 



49 

. 

of beryllium by Loucks and Cutler l 1  show c losed  
electron and hole sur faces ,  which a re  cons is ten t  
with galvanomagnetic properties. T h e s e  ca lcu la-  
tions show cigar-shaped sec t ions  of the  Fermi 
sur face  pointing in  the c direction, which with a 
minor adjustment would permit open orbits along 
the  c axis.  

Apparatus for electrolytic machining of s ing le  
c rys t a l s  t o  cylindrical  form was  less useful for 
preparation of zirconium and niobium than i t  had 
been previously for tungsten,  and a new apparatus 
w a s  built  for trepanning and planing t h e s e  metals 
by spa rk  erosion. T h e  ra te  of spark  erosion in- 
c r eased  considerably and a much greater range 
of meta ls  could b e  used  as tools  when the tool 
w a s  vibrated mechanically during spark  erosion. 
Typica l  improvements a re  shown in  the  following 
cu t t ing  r a t e s  (mil/min) for 0.0485-in.-thick alumi- 
num with fi 6-in.-thick tools:  

Tool  With Without 

Mater ial  V i  brat ion V i  bration 

Tantalum 64 0.87 
Brass  42 4.4 
Stainless  46 1.0 

s t ee l  

LOW-TEMPERATURE SPECIFIC HEATS OF 
ZI RCONIUM ALLOYS 

J. 0. Betterton, Jr. J.  0. Scarbrough 

Titanium, zirconium, and  hafnium a re  transit ion 
metals i n  t h e  fourth group in  the Per iodic  Tab le  
with two  s and two d valency e lec t rons  on the  
f ree  atom. When t h e s e  e lements  a r e  alloyed with 
B-subgroup s o l u t e s  along t h e  same  row of the  
Per iodic  Table ,  valency ef fec ts  a r e  produced, 
which i n  t h e  case of zirconium a r e  nearly l inear 
i n  both atomic composition and so lu t e  valency. 
T h e s e  e f fec ts ,  9 1  although not completely under- 
s tood ,  c a n  be thought of as e lec t ron  addi t ions  to 
zirconium in a rigid band approximation with re- 

“T. L. Loucks and P. H. Cutler, Phys.  Rev. 133, 
A819 (1964). 

Scarbrough, Ph ys.  Rev. 130, 1687 (1 963). 

Scarbrough, Phys .  Rev. 131, 2425 (1963). 

“G. D. Kneip, Jr., J. 0. Betterton, Jr., and J. 0. 

13G. D. Kneip, Jr., J. 0. Betterton, Jr., and J. 0. 

s i s t iv i ty  effects per so lu t e  atom that a r e  large 
and nearly cons tan t  because  of t h e  d-band per- 
turbations from t h e  filled 4d” s h e l l s  on each  
so lu t e  atom. In other words,  t he  4 d ”  s h e l l s  a r e  
assumed not t o  intermix with t h e  4 d  e lec t rons  of 
zirconium but t o  generate “holes” by virtue of 
excluding these  zirconium 4 d  conduction e lec t rons  
from t h e  vicinity of the nuclear co res  of t hese  
so lu t e s .  

Our more recent measurements have  been of low- 
temperature spec i f ic  hea t s ,  e l ec t r i ca l  resist ivity,  
and superconducting transit ion temperatures in 
the  alloy sys t ems  Ti-Zr,  Nb-Zr, Sc-Zr, and Mo-Zr, 
i n  which t h e  so lu t e  ion  d o e s  not have  completed 
4d1 she l l s .  T h e  hafnium-zirconium a l loys  re- 
ported last  yea r14  a re  part  of t h i s  study. T h e  
a l loys  between titanium, zirconium, and hafnium 
show ef fec ts  of changes  in  nuc lear  charge,  atomic 
mass ,  volume, and potential  under condi t ions  
where the  ratio of valency e lec t rons  t o  atoms 
remains constant.  We have  measured the  e lec t ronic  
and l a t t i ce  spec i f i c  hea t s  of titanium-zirconium 
and hafnium-zirconium a l loys  from 1.1 to 4.2OK over 
the  en t i re  range of composition in  t h e s e  continuous 
solid-solution sys tems.  l 5  T h e  resu l t s  a r e  shown in 
Fig.  10.9. T h e  lower plot represents  superconduct- 
i ng  transit ion temperatures where our resu l t s ,  de- 
termined from spec i f ic  hea t  da ta ,  for certain titanium- 
zirconium a l loys  a r e  compared t o  the  previous 
va lues  determined by H u h  and B1augher,l6 us ing  
a n  inductive technique. T h e  e lec t ronic  spec i f i c  
hea t  and the  Debye temperature in  the  hafnium- 
zirconium sys tem both vary nearly l inearly with 
hafnium content.  In t he  titanium-zirconium sys t em 
a pronounced maximum occurs  in  the  e lec t ronic  
spec i f i c  hea t  at  60 at. ’% Ti. In agreement with 
the  BCS theory of superconductivity,  t h i s  cor- 
responds  t o  t h e  maximum in superconduct ing  
transit ion temperature a t  t h i s  composition. T h e  
average  interaction parameter i n  t h i s  theory, de- 
termined from our measurements,  remains cons tan t  

1 7  

14J. 0. Betterton, Jr., and J. 0. Scarbrough, Metals 
and  Ceramics Div. Ann. Progr. Rept. May 3 1 ,  1963, 

15J. 0. Betterton, Jr., and J. 0. Scarbrough, “Low- 
Temperature Specific Heats  of Ti-Zr and Hf-Zr Alloys,” 
talk presented a t  Fa l l  Meeting of the Metallurgical 
Society of AIME, Cleveland, Oct. 21-24, 1963. Ab- 
s t rac t  published in J .  Metals 15, 686 (1963). 

16J. K. Hulm and R. D. Blaugher, Phys.  Rev. 134, 
A1407 (1964). 

”5. Bardeen, L. N. Cooper, and J. R. Schrieffer, 
Phys .  Rev. 108, 1175 (1957). 

ORNL-3470, pp. 23-26. 
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Fig.  10.9. The  Low-Temperature Specific Heat  Coefficients and Superconducting Transit ion Temperatures of T i -  

tanium-Zirconium and Zirconium-Hafnium Alloys. 

from titanium to 60 at.  % Z r  and then r i s e s  to the  
value for zirconium. Although t h e  Debye tempera- 
tu res  r i s e  monotonically from zirconium to  t i ta-  
nium, they devia te  negatively from a linear de- 
pendence on composition. T h e  e f f ec t s  i n  the 
titanium-zirconium sys t em apparently correspond 
to  significant re la t ive  energy sh i f t s  i n  the  multi- 
band e lec t ronic  s t ruc ture  of t h e s e  alloys.  T h e  
e lec t r ica l  res i s t iv i ty  of titanium-zirconium 
a l loys  a t  low temperatures and a t  room temperature 
shows maxima at  60 at.  % T i ,  typ ica l  of disordered 
so lu t ions  (see Fig .  l O . l O ) ,  and w e  believe no 
s igni f icant  long-range ordering occurs  i n  t h e  
hexagonal so l id  so lu t ions  to  account  for t he  
maxima in  superconductivity and dens i ty  of elec- 
tronic states. We also found, as shown in the  
first  two l ines  of T a b l e  10.1, tha t  minor impurities 
affected the  superconducting transit ion tempera- 

"These electr ical  resistivity measurements were 
made by D. S. Easton. 

ture and the  resist ivity of titanium-zirconium al- 
loys  significantly but  changed the  dens i ty  of 
s t a t e s ,  t h e  hardness ,  and t h e  Debye temperature 
only sl ightly.  T h e  impurity e f f ec t s  i n  titanium- 
zirconium a l loys  were previously observed by 
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Fig.  10.10. T h e  Electr ica l  Resist iv i t ies  of Titanium- 

Zirconium Al IoysThat  Have  Been Annealed in the Hexa-  
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Table 10.1. Impurity Effects in 50% Ti-50% Zr 

Material 

Electric a 1 Electronic 
Specific Heat  

C oe ff ic ie nt 

Superconducting 
Transition 

Resis t ivi ty  
a t  4.2OK 

(phm-cm) (OK) (mj mole-' deg-') 

Alloy of greater purity 42.7 
Alloy of lesser  purity 44.1 
Alloy of Hake and Cape 51 

1.08 
1.30 
1.60 

4.19 
4.12 
4.21 

Hake and C a p e , l g  whose da t a  for 50% Ti-50% Zr  
a r e  included in  Tab le  10.1. 

Higher superconducting transit ion temperatures 
(Tc) and higher res i s t iv i t ies  a re  observed in 
titanium-zirconium a l loys  with only minor inc reases  
in  transition-metal impurity content.  In th i s  re- 
s p e c t  our resu l t s  differ from t h e  conclus ion  of 
Hake and  Cape tha t  manganese-type impurities 
dec rease  Tc of titanium-zirconium but agree  with 
their conclus ions  tha t  iron-type impurit ies r a i se  
Tc i n  pure titanium. Our resu l t s  a l s o  agree  with 
the  conclusion of Heiniger and Muller" that  bulk 
e f f ec t s  rather than second-phase  e f f ec t s  a r e  in- 
volved in t h e s e  inc reases  in  Tc, s i n c e  spec i f i c  
h e a t s  a r i s e  from all parts of t he  alloy. 

We measured t h e  low-temperature spec i f i c  h e a t s  
of zirconium alloyed with scandium, which h a s  
one  less electron per atom than zirconium, and 
niobium and molybdenum with one  or two more 
e lec t rons  per atom than  zirconium. T h e  resu l t s  
a re  shown in  F ig .  10.11. In the  continuous hex- 
agonal so l id  solution of the zirconium-scandium 
system t h e  dens i ty  of electronic s t a t e s  dec reases  
co a minimum at 10% Sc and then r i s e s  nearly 
linearly to  a va lue  for pure scandium that is 3.8 
t imes  t h e  value for pure zirconium. In s p i t e  of 
th i s  increase ,  no superconductivity was  observed 
for t he  a l loys  t e s t ed  down to  1.2OK. T h i s  shows 
tha t  t h e  average interaction potential ,  which is 
responsible for superconductivity in the  BCS theory, 
must diminish significantly with scandium addi- 
t ions.  The  in i t ia l  d e c r e a s e  of the  dens i ty  of 
electronic s t a t e s  of alpha-zirconium in  d i lu te  

~ 

"J. A. Cape and R. R. Hake, Bull.  Am. Phys. SOC. 
8, 1962 (1963) and private communication to  J. 0. 
Betterton, Jr., ORNL. 

'OF. Heiniger and J. Muller, Phys.  Rev. 134, A1407 
(1964). 

a l l oys  with scandium seems to b e  approximately 
equa l  and  opposite to the e lec t ron  addition e f fec ts  
of d i s so lved  Ag, Cd, In, Sn, or Sb. Additions of 
niobium and molybdenum, which a r e  immediately 
to  t h e  right of zirconium in  the  Per iodic  Table ,  
increased  the  experimental dens i ty  of e lec t ronic  
s t a t e s ,  r a i sed  the  superconducting transit ion 
temperature, and  lowered the  Debye temperature 
more per added electron per atom than did Ag, Cd, 
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In, Sn, and Sb. The  niobium and molybdenum 
effects  appear t o  occur with approximately con-  
s t a n t  BCS interaction potential; that i s ,  the  den- 
s i ty  of e lectronic  s t a t e s  and the superconducting 
t ransi t ion temperature change together. T h e s e  
properties are  shown in Table  10.2. T o  ascer ta in  
whether t h e  s t e e p  gain in densi ty  of s t a t e s  could 
be assoc ia ted  with local ized s t a t e s  about the 
so lu te  atoms rather than with electrons shared 
col lect ively by the whole c rys ta l ,  the res i s t iv i t ies  
of the  niobium-zirconium a l loys  were investigated.  
T h e  change of res i s tance ,  1.4 pohm-cm/at. % Nb 
(Table 10.2) was  lower than would normally2'  
be expected from an impurity that  c a u s e s  a high 

2 1  J. Friedel, Proc. Intern. Conf. Electron Transport 
in Metals and Solids, Supplementary number 12A of the 
Can. J. Phys.  34, 1190 (1956). 

densi ty  of local ized s t a t e s  at t h e  Fermi surface.  2 1  

Silver presumably contr ibutes  one extra  e lectron 
per atom, increases  the resis t ivi ty  by 14 pohm- 
cm/at.  %, and increases  the densi ty  of s t a t e s  
only s l ight ly .  Niobium a l s o  contr ibutes  one extra 
e lectron,  but i t  increases  the  resis t ivi ty  by only 
1.4 to  4.7 pohm-cm/at. % and i n c r e a s e s  the densi ty  
of s t a t e s  five to  ten t imes a s  much. T h e  reason 
for the  difference is a n  important quest ion that 
we have not yet  answered. 

We have measured the  low-temperature spec i f ic  
h e a t s  of hexagonal Zr-2% Mo; i t s  properties are 
compared in Tab le  10.3 with those  of unalloyed 
zirconium and 25-374 Nb. The  effect  of molybde- 
num with its greater number of e lec t rons  appears  
to  be less than expected f rom t h e  effect of nio- 
bium, assuming a s imple dependence upon electron- 
to-atom ratio. 

Table  10.2. Low-Temperature Properties of Zirconium Al loyed with Low Concentrations of Niobium 

Niobium Content (at. %) 
Property 

0 l a  2 3a 4 

Electronic specif ic  heat coef- 2.81 3.05 2.93 3.98 
ficient (mj mole-' OK-') 

Debye temperature (OK) 2 92 275 2 74 2 63 

Superconducting transition 
temperature (OK) 

0.55 1.2 1.1 2.7 

BCS interaction potential (ev) 0.274 0.287 0.2 96 2.64 

Electr ical  res is t ivi ty  a t  77.4'K 6.4 10.4 8.8 
(pohm-cm) 

20.6 

>4.6 

11.8 

aThese al loys were heat  treated by quenching from the beta-phase region, while the remaining alloys were an- 
nealed 30  to 45 days a t  600 to 62OoC. 

Table  10.3. Comparison of Low-Temperature Properties 

E le ctronic Superconducting BCS 
Trans ition Interaction Debye 

Temperature 
Specific Heat 

Coefficient Temperature Potential Material 

(mj mole-' O K - - ~ )  (OK) (OK) (ev) 

Zr 2.8 2 92 0.5 0.27 

Zr + 3 at .  76 Nb 4.0 263 2.7 0.27 

Zr + 2 at. 76 Ma 3.7 265 1.8 0.26 



53 

8 .  

! 

I 

APPLICATION OF THE MOSSBAUER EFFECT: 
PRECIPITATION OF COBALT IN ALUMINUM 

Gordon Czjzek 

T h e  Mossbauer effect  a l lows  investigation of 
precipitation p rocesses  a t  a concentration that 
is not access ib l e  by other methods. W e  a r e  us ing  
th i s  e f fec t  t o  s tudy  the  precipitation of t race  
amounts of cobalt  i n  aluminum. A s e r i e s  of spec i -  
mens were annealed a t  335 and 400OC. After 
e a c h  annea l  the  specimen w a s  quenched in water 
t o  room temperature and a Mossbauer spectrum 
w a s  taken. At the  present s t a g e  of the  experi- 
ments t he  following resu l t s  have  been es tab l i shed .  

Depending on t h e  annea l ing  treatment,  cobalt  
occurs  in a t  l e a s t  th ree  different s t a t e s  i n  alumi- 
num: (1) After quenching the  specimens from 
630OC a s ing le  sharp  l ine  w a s  observed with a n  
isomer sh i f t  of 0.5 m m / s e c  with r e spec t  t o  s ta in-  
less steel. (2) After annea l ing  a t  335 and 4OOOC 
a second  s t a t e  developed gradually, giving r i se  

to  a pair of l i nes  with much smal le r  isomer sh i f t  
but 1.5 times as  in tense .  (3 )  A t rans ien t  s t a t e  
w a s  observed af te r  short  annea l s  ( 1  to  2 hr) at 
400OC. Th i s  s t a t e  caused  a s ing le  l ine with a 
high isomer sh i f t  (1.4 mm/sec). T h i s  l ine  d isap-  
peared after longer annealing treatments.  

A c l ea r  picture of the  nature of the  s t a t e s  will  
require further investigation. Probably, s t a t e  1 
c a n  b e  ascribed t o  cobal t  d i sso lved  in the  alumi- 
num la t t ice ,  s t a t e  2 c a n  be  a precipitate of Co A1 
or cobal t  a toms segrega ted  a t  de fec t s ,  and s t a t e  
3 may b e  interpreted a s  an  intermediate s t a t e  of 
precipitation, analogous to Guinier-Preston zones.  

New equipment is be ing  constructed to give 
better resolution of the  l i nes  and to  permit meas- 
urements down t o  liquid-helium temperatures. We 
plan t o  study the  magnetic moment of iron impuri- 
t i e s  d i sso lved  in  various transit ion meta ls  and 
compounds in conjunction with measurements of 
the  transit ion temperature to  the  superconducting 
s t a t e .  

2 9  

. 



11. Theory of Electronic States in Solids 

J .  S. Faulkner  

ELECTRONIC STATES OF DISORDERED 
SYSTEMS 

Many of the  phys ica l  properties of so l id s  c a n  
bes t  b e  understood in  terms of the dynamical be- 
havior of their  e lec t rons ,  for which one needs  t o  
know the energy and momentum s t a t e s  ava i lab le  
to the  electrons.  T h e  a r t  of ca lcu la t ing  the  e l ec -  
tronic s t a t e s  of ordered c rys ta l l ine  s o l i d s  h a s  pro- 
gressed  rapidly in recent years ,  but relatively l i t t l e  
is known about the e lec t rons  in  disordered sys t ems  
such  as random a l loys  or liquid metals.  Fo r  t h i s  
reason we have concentrated much of our attention 
on the  la t te r  problem. The  sea rch  for reasonable  
approximation for t h i s  problem h a s  followed two 
main paths:  (1) ca lcu la t ions  on rea l i s t ic  physical  
models a re  carried out on the  b a s i s  of intuit ive 
assumptions and the  resu l t s  a r e  compared with 
experiment; (2) ca lcu la t ions  on idea l ized  models 
a re  carried out i n  as e x a c t  a fashion as poss ib l e  
in  order  to o b t a i n  q u a l i t a t i v e  information a b o u t  
the nature of the  so lu t ions ,  and the  e f fec t  of 
simplifying assumptions on t h e s e  so lu t ions  is 
noted. T h e  first  path should lead to the des i red  
resu l t s  most directly but encounters  t he  diffi- 
cu l t ies  tha t  t he  e lec t ronic  s t a t e s  seem to be  
different from what intuit ion s u g g e s t s  and tha t  
the  experimental information about t hese  s t a t e s  
is obtained rather indirectly.  The  second  path 
is less direct ,  but i t  s e e m s  to  yield some useful 
information and is the one w e  have  been following 
recently.  

During the  p a s t  year ,  we extended a method tha t  
we had developed for ca lcu la t ing  the  e lec t ronic  
s t a t e s  of one-dimensional random a l loys  and 
adapted i t  t o  treat  t he  problem of one-dimensional 
liquid metals.’ S ince  o thers  have  reported con- 
s iderable  work on t h i s  problem, we had an oppor- 
tunity to  compare our methods and r e su l t s  with 

others.  In  particular, L a x  and Ph i l l i p s3  carried 
out some e x a c t  numerical ca lcu la t ions  for f in i te  
cha ins  of atoms; t hese  ca lcu la t ions  were sub -  
s tan t ia ted  by F r i s c h  and Lloyd’s4 treatment of 
infinitely long  cha ins  us ing  the methods of proba- 
bility theory. Klauder5 used  a type of perturbation 
theory in  which the  contributions of cer ta in  types  
of terms to the  Green’s function of the  sys t em are  
summed t o  infinite order. Our r e su l t s  for t h i s  
liquid-metal problem differ i n  some ways  from the  
e x a c t  resu l t s ,  but they a r e  ident ica l  with cer ta in  
resu l t s  of Klauder’s that  h e  calls the  Brueckner 
approximation. He u s e s  th i s  name because  t h e  
structure of t he  terms tha t  h e  summed is t h e  same  
as that used  by Brueckner in a well-known treat- 
ment of the  nuclear many-body problem. S ince  
our methods a re  formally qu i t e  different from 
Klauder’s, we were ab le  t o  inves t iga te  the  phys- 
ical interpretation of the Brueckner approximation 
as applied to  th i s  problem and a t  the  same  time 
to g a i n  a n  u n d e r s t a n d i n g  of the  l e v e l  of approxi -  
mation tha t  our method g ives .  

The  Green’s function method for the  problem of 
e lec t ronic  states i n  disordered sys t ems  s e e m s  to  
offer a sys t ema t i c  approach tha t  c a n  b e  u s e d  
to  t rea t  rea l i s t ic  three-dimensional models. I t  
h a s ,  in fact ,  been used  for t h i s  purpose, although 
the treatments do  not include as many terms as  

‘J. S. Faulkner and J. Korringa, Phys. Rev. 122, 390 
(1961). 

J. S. Faulkner, “Electronic States  of Kronig-Penney 2 

Crystal  with Random Atomic Posi t ions,”  accepted for 
publication in Physical  Review, July 6, 1964. 

’M. Lax and J. C. Phi l l ips ,  Phys.  Rev. 110, 41 
(1958). 

4H. L. Frisch and S. P. Lloyd, Phys. Rev. 120, 1175 
(1960). 

5 J. R. Klauder, Ann. Phys.  ( N . Y . )  14, 43 (1961). 
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Klauder’s Brueckner approximation. We have thus  
been in te res ted  i n  how the  Green’s function method 
will work on the  random a l loy  problem if one goes  
to the  leve l  of the Brueckner approximation and 
what the e f fec t  is of making rougher approxima- 
t ions.  We have  s ta r ted  by assuming tha t  the  
formula already ava i lab le  from applying our  method 
to one-dimensional models of random a l loys  y ie lds  
resu l t s  tha t  a r e  ident ica l  with those  that would be  
obtained us ing  the  Brueckner approximation on 
th is  problem. W e  have also carried out some 
e x a c t  ca lcu la t ions  for finite cha ins  us ing  a method 
similar to that of Lax  and Phi l l ips .  F igure  11.1 
compares the  integrated dens i ty  of s t a t e s  plotted 
aga ins t  energy for a model of a random binary 
alloy made up of equal  numbers of A and B atoms 
as ca lcu la ted  from our formulas (solid curve) and 
by the  numerical method (c ross  marks). T h e  
general  agreement is very good, but the  variations 
about t he  so l id  curve a re  not simply s t a t i s t i ca l ;  

i.1 
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they a re  qui te  reproducible from chain to  cha in  
and d o  not become smaller as the  chain length 
is increased .  We have  not ye t  compared the  
rougher approximations with these  resu l t s .  

OTHER WORK 

We have  concluded6 work on certain mathe- 
matical  problems in the application of quantum 
mechanics to phys ica l  problems, i n  collaboration 
with J. 0. Nordling of Uppsala  University,  Sweden. 
W e  have also done some work on the  application 
of ex i s t ing  theories to cer ta in  experimental  work 
that is going on in the  Division. 

6J. 0. Nordling and J. S. Faulkner, J. M o l .  Spectr. 12, 
171 (1964). 
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12. X-Ray Diffraction Research 

B. S. Borie 

Our mission is twofold: We function a s  a serv ice  
group, supporting other research programs both 
within the  Division and without and we pursue 
our own b a s i c  research independently of other 
groups. T h e  division of effort between these  two 
ac t iv i t ies  is approximately equal.  

A wide range and la rge  volume of s e rv i ce  prob- 
lems a re  regularly submitted t o  us .  Most, though 
not a l l ,  of t h e s e  a re  routine in nature. Problems 
varying in  sophistication from simple lattice- 
cons tan t  measurements t o  c rys ta l  structure de- 
terminations have been undertaken in th i s  reporting 
period. 

Our b a s i c  research program is primarily con- 
cerned with the  study of c rys ta l l ine  imperfections 
by diffraction techniques.  Radiation damage in  
B e 0  and measurements of strain and th ickness  
in thin Cu,O f i l m s  have been of primary in te res t  
during the  p a s t  year. 

ROU TI N E ANAL Y SI S 

0. B. Cavin 
L. A.  Harris 

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

Over 8 0 0  samples  were submitted to  the X-Ray 
Diffraction Group in the  period of th i s  report for 
ana lyses  tha t  could b e  descr ibed  as  routine. 
T h e s e  included phase  identification, lattice-param- 
eter determination, determination of c rys ta l  orien- 
tation, and preferred orientation measurements. 
Much of th i s  effort is in support of other programs 

R,GeMoO, have been recorded and a r e  presented 
in Chap. 2 of th i s  report. The  compound Er,SiO, 
h a s  been prepared and s ing le  c rys ta l s  obtained. 
T h e  unit cell is monoclinic, s p a c e  group I2 /c  
or IC, with a = 10.24 A, bo = 6.68 A, co = 12.38 A, 
,6 = 102'. Single-crystal diffraction da ta  from this 
compound d o  not agree  with powder diffraction da ta  
reported previously for a material of similar com- 
position. 

Determination of the  atom pos i t ions  in  the 
Ca,Be,O, c rys t a l  h a s  continued with 
t h e  ten ta t ive  location of 9 6  of the  120 oxygen 
atoms in the unit cell. Further refinement of t h e  
structure h a s  proven difficult, poss ib ly  due to  
disorder among the  oxygen posit ions or an error in 
the  assumed composition. 

Diffraction d a t a 3  from c rys t a l s  of Y,Be,05 have 
shown that the  s p a c e  group is either Pmcn or 
P2 ,cn. Intensity s t a t i s t i c s  sugges t  the  centered 
group, but spa t i a l  restrictions in the  a direction 
ind ica te  that,  un le s s  all yttrium and oxygen atoms 
are  loca ted  on the  mirror p lanes  of Pmcn, the 
s p a c e  group is probably P 2  Icn. T h e s e  two resu l t s  
a r e  compatible if t he  x coordinates of t he  two s e t s  
of yttrium atoms in 4(c) pos i t ions  of P 2 , c n  a re  
nearly equal.  Yttrium atom y and z coordinates 
have been deduced from an a-axis Pa t te rson  pro- 
jection. Data a re  currently being processed  for 
a three-dimensional Pa t te rson  calculation, which 
may sugges t  poss ib le  oxygen atom posit ions.  

T h e  sh ie lded  x-ray diffractometer for the  HRLEL 
facil i ty h a s  been appended the  ce l l  structure 

0 

1 

of the Division and is reported e l sewhere  in  t h i s  
report. Tab le  12.1 l i s t s  structural  information - 

derived from previously unreported ana lyses  of 
materials submitted by groups outs ide  the  Metals 
and Ceramics Division. 

Crystallographic da t a  for a s e r i e s  of rare-earth 
germanomolybdates with the  general  formula Pro&. Rept .  May 31, 1963, ORNL-3470, p. 41. 

'N. A. Toropov e t  al., Izv. Akad.  Nauk SSSR, Otd.  

,L. A. Harris, Met. Div. Ann. Progr. Rep t .  May 31, 

3L. A. Harris et  al., Metals and Ceramics Div. Ann. 

Khim. Nauk 1961, 1365-71. 

1961, ORNL-3160, p. 29. 
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Table  12.1. Crystallographic Data for New Al loys and Compounds 

Latt ice  

(A ) 

Parameters Comments Crystal  
System 

Composition 

-~ - _  

Ni ,MnIn Cubic 6.068 f 0.004 L2 l-type Heusler 
alloy structurea 

Tb ,CuZn Cubic 3.55 f 0.01 B2(CsCl)-type 
structure 

A2-type bcc 
structure 

B2(CsCl)-type 
structure 

A2-type bcc 
structure 

Bl(NaCl)-type 
structure 

B2(CsCl)-type 
structure 

L1 ,(Cu,Au)-type 
structure 

TbCu Cubic 3.480 * 0.005 

TbZn Cubic 3.57 f 0.01 

. Cubic 3.62 * 0.01 

Cubic 5.37 f 0.01 

ErCu Cubic 3.43 * 0.01 

TbPd, Cubic 4.08 * 0.01 

Mn ,V Cubic 2.91 f O . O 1  AZ-type bcc 
structure 

ScMnO, Hexagonal a. = 5.826 * 0.003 LuMnO,-type 
b structure c o  = 11.18 f 0.02 

aO. Heusler, Ann. Phys ik .  19, 155 (1934). 
b H. L. Yakel, W. C. Koehler, E. F. Bertaut, and E. F. Forrat, Acta C r y s t .  16, 957 (1963). 

i 
( E  > 1 M e V )  a t  temperatures of 54 to  1075OC. 
Phys ica l  dens i t ies  and, for some crystals ,  refrac- 
t ive ind ices  have been measured and x-ray dif- 
fraction pat terns  have been recorded. Table  12.2 
summarizes the  resul ts  of t h e s e  experiments;  
physical  appearances of c rys ta l s  irradiated under 
various condi t ions may b e  compared in  Fig.  12.1. 

While attention s t i l l  cen ters  on the de ta i led  
explanation of the various diffraction effects 
observed after irradiation to  a given d o s e  a t  a 
given temperature, the following general  conclu- 
s ions  may b e  drawn from the  total  data  observed 
to  date:  

and h a s  operated successfu l ly  with a limited 
number of radioactive diffraction samples .  

A detai led high-temperature x-ray diffraction 
s tudy of the UC,-ThC, s y s t e m  h a s  been carried 
out in cooperation with the Ceramics Group of the 
Metals and Ceramics Division and is described 
in Part 111, Chap. 25, of this  report. 

X-RAY SCATTERING FROM IRRADIATED 
BERYLLIUM OXIDE CRYSTALS 

H. L. Yakel B. S. Borie 

Beryllium oxide s ingle  c rys ta l s ,  grown from 
m e l t s  of Li2O.2MoO,, Li ,0 .2WO3, C s 2 0 . 2 M o 0 , ,  
and V ,O 5 ,  have  been recovered after neutron ir-  
radiation to  d o s e s  of 1 to 60 x lo2' neutrons/cm2 

4Crystals were grown by C. B. Finch of the Crystal  
Phys ics  Group. 



Table 12.2. Crystallographic Data far Irradiated B e 0  Crystals 

Crys  ta 1 F a s t  Irradiation Observed 
Growth Neutron Dose  Temperature Density 
Solvent (neutrons /cm2) (OC) (g icm 3 ,  

Lat t ice  Parameters  

Cs20.2Mo03 

Li,O. 2W0, 

Li,O. 2W03 

Li20. 2W03 

Li20.  2W0, 

Li20.  2W03 

Li ,O* 2Mo03 

Li20 .  2Mo0, 

‘2O5 

v2°5 

v 2 0 5  

v 2 0 5  

x 1020 

36 f 5  

41 *5 

7 13 

8 f3 

12 f 5  

14 f 5  

15 f 2  

57 f5 

9 f3 

9 13 

0.5 1 0.2 

0.5 f 0.2 

54 15 

650 f10 

650 1 10 

110 f 5  

110 f 5 

110 f 5  

1075 f25 

1075 f25 

147 f 5  

670 110 

147 f5 

670 f10 

2.880 
fO.OO1 

2.902 
10.001 

2.979 
10.001 

2.966 
io.001 

2.945 
10.002 

2.933 
f0.002 

2.997 
fO.001 

2.986 
~0.001 

2.924 
fO.OO1 

2.990 
fO.OO1 

3.002 
fO.001 

3.008 
fO.OO1 

U n i t C e l l  
Volume 

V(A3) 

Changes  in  Parameters ,  Volume, and Dens i tya  

h a  /a Acic Avjv Ap/p 
Refrac t ive  

Index 

2.702 
fO.001 

2.701 
io. 002 

2.699 
10.003 

C 

C 

C 

C 

2.699 
fO.003 

2.7018 
+O. 0007 

2.7007 

10.0004 

2.6987 
f0.0002 

2.6983 
f0.0002 

4.42 
10.02 

4.387 
f0.005 

4.384 
i0.004 

C 

C 

C 

C 

4.39, 
10.O1O 

4.400 
10.002 

4.3843 

f0.0008 

4.3828 
10.0003 

4.3801 
f0.0003 

27.95 
10.1 

27.72 
f0.08 

27.66 
f0. 08 

27.7, 
f0.14 

27.81 
f0.03 

27.69 
fO.01 

27.644 
f0.006 

27.618 
10.006 

0.013 0.0424 
f0.0004 f0.005 10.006 f0.0005 
0.0015 0.11 

0.0011 0.002, 0.004 0.0357 
f0.0007 fO.OO1 f0.002 f0.0005 

0.000, 0.0016 0.002 0.0100 
f0.001, f0.0009 f0.003 f0.0005 

0.000, 
+0.001 

0.0015 
*0.0003 

0.0010 
*0.0002 

0.0003 

fO.0001 

0.0002 

fO.0001 

0.004, 
f0.002 

0.0051 
fO.0005 

0.0016 
f0.0002 

0.001 3 
fO.OOO1 

0.0007 
fO.0001 

0.005 
f0.004 

0.008 
fO.001 

0.0037 
fO.0006 

0.0019 

f0.004 

0.0009 
f0.0004 

0.0143 

f0.0005 

0.0213 
f0.0005 

0.0253 
f0.0005 

0.0040 
f0.0005 

0.0077 
f0.0005 

0.0282 
f0.0005 

0.0063 
fO.0005 

0.0023 

f0.0005 

0.0003 
f0.0005 

n W = 1.698 

f0.003 

n = 1.705 w 
10.003 

“ i s 0  < 1.700b 
n W = 1,705 

f0.003 
n > 1.718 
niso  < 1.700b 

C 

C 

C 

C 

C 

I I 

aValues  for unirradiated B e 0  are  ao= 2.6979 A, c o  = 4.3772 A. 
bopt ica l ly  i so t ropic  phase  found in c rys ta l  crushings. 
‘Not measured. 

. . 
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8 .  

Fig. 12.1. Le f t :  Unirradiated Li20.2Mo03-Grown B e 0  Crystal .  Lower  l e f t  center: Cs20.2Mo03-grown B e 0  crys-  

t a l  i r radiated to 3.6 x l o 2 '  neutrons/cm2 ( fast)  a t  54'C. Upper le f t  center: Li20.2WO3-grown B e 0  c rys ta l  i r radiated 
to 0.7 x 1021 neutrons/cm2 ( fast)  a t  65OoC. Upper and lower r igh t  center: L i20.2W03-grown B e 0  c rys ta ls  i r rad i -  
ated to 4.1 x I O 2 '  neutrons/cm2(fast) a t  650'C. Right: L i20.2W03-grown B e 0  c rys ta l  i r radiated to  5.7 x 1021 neu- 

+rons/cm2 ( fast)  a t  1 0 7 9 C .  Crys ta ls  v iewed in 1.68 re f rac t i ve  index  o i l  under crossed N i c o l  pr isms.  Crys ta l  on ex- 

treme l e f t  i s  about 2 mm long. 

(1) For d o s e s  greater than 5 x lo2' neutrons/cm', 
c rys ta l s  irradiated a t  temperatures below 
450°C produce diffraction e f fec ts  broadly 
compatible with our model of basal-plane 
spac ing  anomalies  caused  by in te rs t i t i a l  
c lus te rs  coherent with the  c rys ta l  matrix. 
Such crys ta l s  are as hard a s  but more brit t le 
than unirradiated B e 0  crys ta l s .  

(2) For doses  greater than 5 x 10" neutrons/cm', 
c rys ta l s  irradiated at about 650°C produce 
diffraction e f fec ts  compatible with a structure 
highly strained and expanded in the  c direction 
but without coherent defect c lus te rs .  Other 
physical  properties point to the growth of 
macroscopic incoherent c lus te rs ,  which se- 
verely fragment the  c rys ta l  of i t s  basa l  planes.  

5H. L. Yakel and B. S. Borie, Acta Crys t .  16, 589 
(1963). 

( 3 )  For doses  greater than 3 x l o z 1  neutrons/cm2,  
c rys ta l s  irradiated near 1000°C produce dif- 
fraction e f fec ts  compatible with a structure 
s l igh t ly  strained due to i so la ted  defec ts .  
Neither coherent nor incoherent defect c lus t e r s  
are suggested by the  x-ray sca t te r ing  patterns 
or by  other physical  properties. Mechanical 
properties of t h e s e  c rys ta l s  a re  not ea s i ly  
differentiated from those  of unirradiated 
c rys ta l s .  

(4) For  doses  l e s s  than 5 x 10" neutrons/cm*, 
c rys ta l s  irradiated a t  147 and 67OoC produce 
sharp  diffraction maxima cons is ten t  with a 
structure sl ightly expanded in the  E direction. 
Diffuse sca t te r ing  maxima a re  s e e n  however 
near both 00.2 and 10.1 reflections and may 
b e  due to  short-range order among defect 
c lus te r  nuclei. 
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(5) At a l l  irradiation temperatures and d o s e s  variety of impurit ies should  a id  in  a s s e s s i n g  such  
s tudied ,  the pers i s tence  of diffuse sca t te r ing  
s t r eaks  parallel  to c* for h-k not d iv is ib le  by 3 
may b e  related to the  occurrence of random dis -  
placement fau l t s  in the  layer  sequence of the 
idea l  Be0 structure.6 The origin of these 
fau l t s  over t he  en t i re  range of irradiation ON COPPER 
parameters is not understood. Similar e f f ec t s  
a re  never s e e n  in unitradiated c rys ta l s .  

e f fec ts .  

DIFFRACTION STUDIES O F  Cu,O FILMS 

Extension of Diffraction Model to Nonuniformity 
of F i lm Thickness 

T h e s e  conclus ions  a re  oversimplifications of 
ac tua l  structural  conditions whose de ta i l s ,  if C. J. Sparks,  Jr. B. S. Borie 
thoroughly understood, should  b e  as  important as G. V. Czjzek 
their broad outline. Outstanding a r e a s  of d isagree-  
ment between theory and experiment or between 
different experiments include: 

(1) T h e  failure of postulated models of spac ing  
anomalies and/or displacement fau l t s  to ex- 
plain such  de ta i led  diffraction observa t ions  
as  t h e  minima in a given h k -  Z(2 odd) in tens i ty  
distribution and the  deflection of the  diffuse 
s t r eaks  toward the  origin of reciprocal s p a c e  
near  I = 0. 

(2) T h e  lack  of agreement in  physical  properties 
and x-ray sca t te r ing  e f fec ts  of B e 0  c rys t a l s  
of nominally similar irradiation history as 
observed in seve ra l  laboratories.  

T h e  poss ib le  influence of neutron d o s e  estima- 
tion methods i n  contributing to t h e  disagreement 
noted in (2) cannot b e  denied, but even a l ibera l  
allowance for d o s e  errors cannot  remove all d i s -  
c repancies .  T h e  sens i t i v i ty  of radiation damage 
p rocesses  i n  B e 0  to  chemical impurit ies may b e  
significant here,  so  the  availabil i ty of c rys t a l s  
grown from various me l t s  with a concomitant 

Our8 model for thin oxide  films formed on copper 
s ing le  c rys t a l s  included two assumpt ions ,  a uni- 
form film th i ckness  and a l inear  s t r a in  gradient. 
T h i s  model fi t ted well a s e r i e s  of experimentally 
measured Fourier coef f ic ien ts  from oxide  films 
grown on (110) copper c r y s t a ~ s . ~  One cons is ten t  
deviation occurred, however, between experiment 
and theory; the  experimentally measured higher 
order coef f ic ien ts  a lways  fell below those  cal-  
cu la ted  from the  model. If t he  film th ickness  and 
s t ra in  gradient were chosen  to better fit t h e  higher 
order coefficients,  then t h e  ca lcu la ted  lower order 
coef f ic ien ts  fell below experiment. T h i s  can  b e  
s e e n  by comparing the  so l id  l i ne  in Fig.  12.2 
with the  experimental points. 

Another independent x-ray technique for meas- 
uring film th i ckness”  is based  on t h e  to ta l  inte- 
grated in tens i ty  from the  Bragg reflection. T h i s  
rocking-curve measure of t he  th ickness ,  des igna ted  
Tr, w a s  a lways  larger than  the film th i ckness  
measured from the  l ine  s h a p e  ( T s )  b y  about 10 to  
20%. T h e  va lue  of T s  should  equal  the volume 
average  of the  th ickness  for the  lowes t  order 
coef f ic ien ts  whose order number (converted to  
length un i t s  by multiplication by the average  
spac ing)  is less than the  minimum th ickness .  
T h e  volume average  of t h e  th ickness  parameter 
T S  is precisely the  same  as  that measured by Tr. 
T h u s  T r  = T s  if t he  lower order coef f ic ien ts  a re  
properly fi t ted by the model. But  when T s  is 
chosen SO as  t o  equal  Tr there is a not iceable  
d iscrepancy  for t h e  higher order coefficients.  

61ntensities of the s t reaks decrease monotonically 
with increasing \h,\ values. F a u l t s  that produce octa- 
hedrally coordinated beryllium atom layers agree with 
this  intensity distribution; faul ts  that preserve tetra- 
hedral beryllium atom coordination do not. 

7For example, co lattice parameters a s  high a s  4.48 A 
have been reported for B e 0  crystals  irradiated to  6 X 

10’’ neutrons/cm2 (fast) by Australian workers (B. S. 
Hickman, D. G. Walker, and R. Hemphill, Paper  17. 
“International Conference on Beryllium Oxide, Sydney, 
Australia, Oct. 21-25, 1963.” Deep  red colorations 
have been reported in B e 0  crystals  irradiated to less 
than 1 x l o z 1  neutrons/cm (fast) by workers a t  Atomics 
International (S. B. Austerman, private communication), 
whereas even after irradiation to  3 to 4 X 1021 neu- Acta  ‘ ‘ 9  691 (1962)* 
trons/cm2 the crystals  described here have only an 
amber color. 569 (1961). 

2 ‘B. S. Borie, Acta  Cryst. 13, 542 (1960). 

’B. S. Borie, C. J. Sparks, Jr., and J. V. Cathcart. 

‘OB. S. Borie and C. J. Sparks, Jr., Acta  Crys t .  14, 
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Fig. 12.2. Experimental Fourier Coeff ic ients for Th in  

Cu,O F i l m  Grown on (110) Copper Single Crystal  Shown 

a s  Crosses and Circles. Solid l ine  calculated from 

model assuming uniform film thickness, dashed l ine 

from that assuming nonuniform film thickness. 

One of the  most  probable explanations for t h i s  
effect  is tha t  t he  assumption of uniform film thick- 
n e s s  is not s t r ic t ly  valid. T h e  s imples t  way to 
correct the  model then is to a s sume  tha t  t h e  films 
a re  not uniformly thick and tha t  t h e  s t r a in  gradient 
is the  same  for all t he  different t h i cknesses  of 
the  same f i l m .  T h i s  implies either t ha t  t he  Bragg 
peak is asymmetric or the  average  la t t ice  cons t an t  
is the  same for each  column of oxide ragard less  
of thickness.  If the  films do  not vary too greatly 
in th ickness ,  the  peak asymmetries a r e  smal l  and 
one  cannot choose  between t h e s e  two models of 
variable film thickness.  

T h e  express ion  as previously derived' for the  
Fourier coef f ic ien ts  of uniform film th ickness  T 
and linear s t ra in  gradient is 

s i n  rL(T - L )  
rT 

LC = 9 (1) L 

If p ( T )  is sharp ,  the major contributions to (CL> 
a r e  close to (T ) .  If also C L  is a smooth function, 
we may expand Eq. (2) in a Taylor's s e r i e s .  With 
( T " ) =  s T"p(T)dT, the  result  for t h e  first  three 

terms of t he  expansion is 

s i n  r L ( ( T )  - L) 

03 

0 

L(cL> = ' ( T )  

where g2 = ( T 2 )  - (T ) ' .  T h e  fourth term of t h e  
series expansion is zero  if the  th ickness  distri-  
bution function is symmetrical. T h e  first  term in 
Eq. (3) i s  j u s t  t he  right-hand term of Eq. (1) with 
the  th ickness  equal t o  i t s  average  value. S ince  
0 2 / ( T ) '  is a lways  posit ive,  t h e  quantity in brack- 
e t s  will  usua l ly  b e  nega t ive  except  for the  h ighes t  
order coefficients.  Thus,  t h e  fact  tha t  the  thin 
films a re  not uniformly thick is manifested by t h e  
higher order Fourier coefficients fall ing below 
t h e  va lues  predicted for a uniform f i l m  with thick- 
n e s s  = ( T ) .  Of course for t he  h ighes t  order terms, 
s a y  L 2 ( T ) ,  t he  second term can  become pos i t ive  
so  that t he  coefficients may b e  larger than those  
predicted by a uniform film. 

As an  example of t h e  improvement i n  fit between 
theory and experiment, F ig .  12.2 compares resu l t s  
from Eq. (1) (solid l ine)  and Eq. (3) (dashed l ine)  
with the  experimental points for a typical film. 
Since Eq. (1) is symmetrical about L = T/2, it 
could not account for t he  dec rease  in  the higher 
order coefficients.  Note that i n  fi t t ing Eq. (1) to  
the  experimental points, one tends to choose  a 
th ickness  T s  < ( T ) such  that t he  experimental 
points lie above  the ca lcu la ted  curve for the 
low-order coefficients and thus  do not drop too 
much below the  ca lcu la ted  curve for the  higher 
order coefficients.  T h i s  type of misfit is most 
noticeable for t he  (110) peak, s i n c e  the lower 
order reflections a re  more sens i t i ve  t o  film thick- 
n e s s .  T h e  total-integrated-intensity measurement 
of the th ickness  gave  a va lue  of Tr = 320 A, which 
is exac t ly  the  va lue  for the  bes t  fit us ing  the  
s e r i e s  expansion to allow for nonuniform film 

where r = 2nlB, and the  notation is the  s a m e  a s  in 
ref. 8. Let u s  assume a th ickness  distribution 
function p(T)  such  that t he  observed Fourier co- 
ef f ic ien ts  a r e  given by t h e  average 

thickness.  In addition, the  u s e  of Eq. (1) g ives  
r i s e  to a larger s t ra in  gradient 4nB = 1.275 A - 2  L ( C L )  = L s c c  C,(T)p(T)dT . (2) 

T= 0 

! -  
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compared to the value of 1.042 A- '  from Eq. (3). 
T h i s  difference arises because  a large s t ra in  
gradient he lps  c a u s e  the coeff ic ients  to decrease  
more  rapidly to  match the falloff of the experi- 
mental values .  Hence, the evidence for the  non- 
uniform f i l m  th ickness  lies in a better match 
between T s  and Tr, a better fit to the experimental 
coefficients,  and less s c a t t e r  in the value of the 
interplanar spac ing  a t  the  oxide-air interface in  
comparison to Fig .  2 of ref. 9. 

A similar  Taylor 's  series expansion was made 
about r = (r),  in  which the thickness  was assumed 
uniform but the  s t ra in  gradient varied. Coeff ic ients  
calculated from this  model fell off too quickly 
for the  (220) Bragg peak and did not fa l l  off rapidly 
enough for the (110) peak. We concluded that 
the  f i l m s  are characterized by nonuniform thick- 
n e s s  but that the variation in  s t ra in  gradient is 
not large. 

An Anomalous X - R a y  Dif fract ion L i n e  Shift 
for T h i n  O x i d e  F i l m s  

B. S. Borie C. J ,  Sparks,  J r .  

A s  part of a joint research program with the  
Surface Reac t ions  Group, we have for some time 

tenths  of a degree,  and in  general  it is greater 
for thinner f i l m s .  Also,  t h e  shif t  makes d , , ,  
appear to  b e  less than 2d,,,. Described here is 
an explanation for t h i s  anomaly, which provides 
further insight  into the structure of the f i l m  a s  
manifested in  its x-ray diffraction pattern. 

Figure 12.3 i l lus t ra tes  schematical ly  the s tack-  
ing sequence  of p lanes  of atoms for a fi lm whose 
normal is the 110 direction. We presume e a c h  
plane to  be perfect and to  contain M copper atoms. 
Every other plane ( those with n odd, say)  also 
contains  M oxygen atoms to maintain stoichiometry. 
The total number of p lanes  N is taken to be even, 
so that the  number of p lanes  containing oxygen 
is equal to the  number with only copper atoms. 
T h e  average spac ing  of the  planes,  ( d z z o ) ,  
determines 28, ,,. Because  of epi taxial ly  induced 
s t ra in ,  t h e  spac ing  of the planes is not cons tan t  
bu t  var ies  from a value somewhat larger than 
(dzzo) a t  n = o to  a smaller  value at n = N - I. 
For  the  s a k e  of mathematical  simplicity we as -  
sume th is  variation to  b e  linear from one in te r face  
to  the other. I t  is descr ibed in  terms of a s t ra in  
parameter A,  which h a s  been defined elsewhere. '  
Then ,  t h e  sca t te red  intensi ty  in  e lectron uni ts  
along a l ine  in  reciprocal s p a c e  in the 110 direc- 
tion for such  an assembly of p lanes  is given by 

s i n  2nh3An(N - n) 
exp i2ninh3[1 - A(1+ 2fcu/fo)lf . c 4nh ,An 

+ M'f;  
n e v e n  

been studying t h e  x-ray diffraction patterns of thin 
f i l m s  of C ~ , O  grown on copper s ing le  crystals.*-" 
The  diffraction maxima are observed to  b e  broad, 
partly because  the f i l m s  are thin and partly be- 
c a u s e  they are  s t ra ined by epi taxial  forces. Most 
of the  measurements have  been made on fi lms 
grown on either the 311 or the 110 face  of the  
copper s ing le  c rys ta l ,  in  which c a s e s  the  oxide 
grows with i t s  110  planes parallel to  the interface. 
For  this  s i tuat ion,  with the usual  diffractometer 
geometry, we may observe the  110 and 220 oxide 
reflections. 

In many cases we find tha t  the 110 reflection for 
the oxide occurs  a t  a 28 posit ion inconsis tent  with 
that of the 220. T h e  shif t  in 28 1o from that cal- 
culated from 28,,, may b e  as great a s  severa l  
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T h e  atomic sca t te r ing  fac tors  of copper and oxygen 
a re  f c U  and fo. T h e  continuous variable h ,  is 
given by h ,  = 2(d,,,) s i n  8/X and is unity a t  

T h e  first  s e r i e s  of Eq. (4) will  g ive  r i se  t o  
broadened peaks  a t  integral  multiples of h,. I t  
will  make no contribution near h ,  = '/, the  ex- 
pected position of t h e  110 reflection. Because  
the  second s e r i e s  of Eq. (4) is summed only over 
even va lues  of the  index n, it will  c a u s e  peaks  
near integral  multiples of ' /h3 .  However, note 
that in t h e  neighborhood of h ,  = ?,, t he  Bragg 
maximum result ing from th i s  s e r i e s  will  not oc- 
cur prec ise ly  a t  that  point, but at h , [ l  - A(l  + 
2fcu/fo)] = '/2. In terms of the  more common quan- 
t i t i e s  8, the  f i l m  th ickness  T = N d Z z o  , and Ad, 
t h e  amount by which do exceeds  d N - l ,  t he  l ine  
shift  is given by 

2*,,0. 

0 

A(28) = (Ad/T)( l  + 2fcu/fo) tan  8 .  (5) 

For  t h e  110 reflection of Cu,O, th i s  may b e  written 
in degrees  

A(28) = 125 Ad/T deg  . (6) 

Note tha t  A(28) may b e  pos i t ive  or nega t ive  de- 
pending on the  s ign  of Ad. T h a t  i t  is a lways  
observed to b e  posit ive ind ica tes  t ha t  near the  
interface beginning with a copper plane,  t h e  inter- 
planar spac ing  is larger than i t  is near t he  other 
sur face  terminating with a copper-plus-oxygen 

plane. If one  makes t h e  p laus ib le  assumption 
that t he  first p lane  of atoms to  sca t t e r  coherently 
as  a part of t he  oxide  a t  t he  oxide-metal interface 
is a plane of copper atoms, t h i s  result  t ends  to 
confirm the  model for t h e  s t ra ined  oxide  film tha t  
we proposed earlier. 

If one c h o o s e s  N ,  t h e  total  number of p lanes ,  to 
b e  odd, so  that the  zeroth and ( N  - 1)th p l anes  
a re  identical ,  t he  theory predicts no  sh i f t  i n  t h e  
position of t h e  110 reflection. Thus  i f  all films 
begin with a copper p lane  a t  t he  oxide-metal inter- 
face and, for reasons  a t  t h e  moment unknown, 
sometimes terminate a t  t h e  g a s  interface with a 
copper-plus-oxygen p lane  ( N  even), and sometimes 
with a copper plane ( N  odd), for different films 
the  110 reflection may or may not b e  shifted,  a s  
observed. If N is even over most of t h e  sur face  
of the  film but odd over part  of i t ,  t he  110 Bragg 
maximum would b e  sh i f ted  but would b e  asymmetric 
with a low angle  tail.  T h i s  also is frequently 
observed. In a l l  cases theory predicts an  e s s e n -  
t i a l ly  symmetric 220 reflection, which is cons is ten t  
with our measurements. 

We have  not yet had occas ion  to apply the  above  
described result  i n  a sys temat ic  and quantitative 
way to our data.  However, if we inser t  p laus ib le  
va lues  of Ad and T into Eq. (6), s a y  A d  = 0.05 A 
and T = 100 A,  we obtain A(28) = 0.06', a sh i f t  in 
the  range generally observed. We expec t  t h i s  in- 
terpretation of t he  110 sh i f t  to contribute usefully 
to  our effort t o  understand the  structure of thin 
oxide  f i l m s .  
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13. Fuel Element Development 

G. M. Adamson, Jr. 

T h e  objec t ive  of the  F u e l  Element Development 
program remains the  development of new or i m -  
proved fabrication techniques for complete fuel 
elements and for fue l  and cladding materials.  W e  
are s tudying  a variety of materials,  s e l ec t ed  to 
include t h e  b e s t  ones  for u s e  at temperatures over 
a wide range. 

We a r e  presently emphasizing vapor deposit ion 
as a fabrication technique for fuel element mate- 
rials.  Our ult imate goal is t h e  fabrication of a fuel 
element by a one-step conversion process  followed 
by forming a n  integral  c lad ,  both us ing  the  vapor- 
deposit ion method. To ach ieve  th i s  goal, efforts 
have  been d i rec ted  toward t h e  preparation of U 0 2  
and refractory metals such  as tungsten and tung- 
s t e n  a l loys  i n  s h a p e s  su i t ab le  for fuel element 
applications.  

T h e  vapor-deposition process  c o n s i s t s  e s s e n -  
t ially of t h e  pyrolytic decomposition or thermo- 
chemical reduction of volati le compounds on a 
hea ted  surface.  S ince  many metal ha l ides  a r e  
sufficiently volati le to b e  transferred as  g a s e s  a t  
low temperatures,  t h e s e  compounds a re  wel l  su i t ed  
to u s e  in vapor-deposition techniques.  Par t icu lar  
advantages  of vapor deposit ion a r e  the  relatively 
low temperatures and s imple  equipment tha t  a r e  
required as compared to those  required for t he  
usua l  fabrication procedures for refractory metals 
and compounds. In addition, t h e  process  shor tens  
the  path from b a s i c  raw materials t o  t h e  finished 
product and  thus  may lead  to  the  development of 
a low-cost fuel cyc le .  

Improvements i n  fue l  materials a re  a l s o  being 
sought  by improved s in te r ing  techniques and  de- 
velopment of new fabrication practices.  Disper- 
s i o n  hardening is be ing  pursued as a method for 
improving t h e  strength of c ladding  materials,  
primarily the  refractory metals. 

DEPOSITION OF REFRACTORY URANIUM 
COMPOUNDS 

R. L. Heestand C. F. Lei t ten ,  Jr. 

Several  s y s t e m s  for d i rec t  conversion of UF, 
to a refractory fue l  compound have been s tudied .  
A hot-electrode cold-wall reaction chamber similar 
t o  tha t  used  for deposit ion of carb ides  was  used  
in early survey experiments. '  However, t he  re- 
duction a lways  stopped with the  formation of UF,, 
which condensed on t h e  chamber walls.  T h e  only 
reac t ions  attempted in t h e  cold-wall apparatus 
were combinations of (1) UF,, H2,  and CH,, and 
(2) UF,, NH,, and CH,. T h e  f i r s t  combination 
yielded UF,  up  t o  2000°C, and the  second combi- 
nation yielded UF,  and an unidentified compound 
of uranium with carbon and nitrogen a t  1300°C. 

A hot-wall-tube reaction chamber was  assembled 
for reduction-hydrolysis of UF,  to  U02 according 
t o  the  reaction, 

U F ,  + 2 H z 0  + H 2  --f UOz + 6HF. 

Th i s  reaction h a s  been proven thermodynamically 
feas ib le  when accomplished in  two s t e p s '  a t  
atmospheric pressure and at temperatures below 
650OC: 

U F 6  + 2 H 2 0  + U 0 , F 2  + 4 H F  

'R. L. Heestand and C. F. Leitten, Jr., Metals and 
Ceramics Div. Ann. Progr. Rept. May 31, 1963, ORNL- 
3470, pp. 75-78. 

21. E. Knudsen, H. E. Hootman, and N. M. Levitz, 
A Fluid-Bed Process for the Direct Conversion of 
Uranium Hexafluoride to Uranium Dioxide, ANI.-6606 
(February 1963). 
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and 

U 0 2 F 2  -t H z  + UOz + 2HF. 

However, t h e  result ing U 0 2  was  of too low density 
and contained too much fluorine to  b e  of commer- 
c i a l  interest .  

We are  performing experiments on the  single- 
s t e p  reduction of UF ,  to determine the  e f fec ts  of 
proportions of U F  H 2 0 ,  and H 2  on the reaction 
products. 

6' 

DEPOSITION OF TUNGSTEN ALLOYS 

C. F. Lei t ten ,  Jr. J.  I. Federer 

Our previous s u c c e s s  in the  fabrication of tung- 
s t e n  by vapor-deposition techniques '  h a s  led to  a 
new program directed toward the  s tudy  and charac- 
terization of vapor-deposited tungsten,  reported in 
Chap. 19, th i s  report. 

We have  sh i f ted  our efforts to s tud ie s  of t h e  
feasibil i ty of fabricating tungs ten  a l loys  by d i rec t  
thermochemical deposit ion techniques. The  
spec i f i c  goa l  is to  determine the  deposit ion param- 
e t e r s  t ha t  will  yield homogeneous a l loys  of a 
des i red  composition within a particular sys tem.  
Alloy cons t i tuents  of in te res t  include vanadium, 
niobium, tantalum, titanium, zirconium, hafnium, 
and rhenium. Alloys containing about 25% R e  a re  
of immediate in te res t ;  w e  d o  not expec t  t o  be  con- 
cerned with t h e  other e lements  i n  conten ts  that  
exceed a few percent. W e  a r e  deposit ing these  
a l loys ,  l ike pure tungs ten ,  from vola t i le  ha l ides .  

Certain e lements  can  disrupt t he  typical colum- 
nar grain s t ruc ture  and promote a fine-grained 
structure in tungsten depos i t s .  An example of 
t h i s  effect is shown in  Fig. 13.1. T h i s  tungsten 
deposit  w a s  prepared a t  8OOOC and was  previously 
reported a s  being a temperature effect. However, 
higher purity WF produced columnar grains a t  
all deposit ion temperatures. Chemical a n a l y s i s  
revealed that t he  fine-grained specimen conta ined  
80 ppm V and 40 ppm C, the vanadium ar i s ing  
from a contaminant i n  the  WF,. We now tentatively 
attr ibute t h e  fine-grained structure shown in  Fig. 
13.1 t o  t h e  vanadium impurity. Vanadium, which 
h a s  a high affinity for both carbon and oxygen, 
may have  depos i ted  a s  minute carbide or oxide 
particles and, in some manner, caused  nucleation 
of new tungsten grains.  Other reactive so lu t e s ,  

Fig. 13.1. Fine-Grained Structure in Vopor-Deposited 

Tungsten. Etched in equal volumes concentrated NH,OH 
and 30% H202. 2 0 0 ~ .  

s u c h  a s  t h o s e  e lements  previously mentioned, 
may behave in  a similar manner. 

Our main effort so  far h a s  been directed toward 
the depos i t ion  of tungsten-rhenium a l loys .  A 
mixture of 29% R e F ,  in WF6 w a s  prepared by d i s -  
t i l l ing  the  g a s e s  into a common container.  Vapor 
deposit ion w a s  then  conducted under the  follow- 
ing  conditions:  7OO0C, 10  torr, 70 moles H 2  per 
mole of combined fluorides.  Good quality de- 
pos i t s  were prepared on a tubular copper subs t ra te .  
T h e  sur face  texture w a s  smooth, resembling vapor- 
depos i ted  tungsten.  However, the  composition and 
th ickness  varied a long  the length of t hese  tubular 
depos i t s .  In a s ing le  depos i t ,  t he  rhenium content 
varied from 1.7 to 35.5% over a d i s t ance  of 10 in. 
T h e  h ighes t  rhenium content  and the  th ickes t  
depos i t s  occurred near  the  in le t  t o  t he  reaction 
zone. 

T h e  grain s t ruc ture  of tungsten-rhenium alloy 
depos i t s  depended upon the  rhenium content ,  be- 
coming less columnar with increas ing  rhenium 
content.  F igure  13.2a compares a specimen con- 
ta in ing  6% Re ,  having  a mostly columnar grain 
s t ruc ture  resembling vapor-de posi ted  tungs ten,  
with a specimen (Fig.  13.26) containing about 22% 
Re,  i n  which t h e  columnar structure was  not  dom- 
inant,  al though s t i l l  present. T h e s e  preliminary 
resu l t s  indicated tha t  the grain s t ruc tures  of 
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Fig.  13.2. Vapor-Deposited Tungsten-Rhenium Alloys. (a) W-6% Re al loy showing columnar grain structure; 

( b )  W-22% Re alloy. Etched in equal volumes of concentrated NH,OH and 30% H202.  5 0 0 ~ .  
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vapor-deposited tungsten-rhenium a l loys  wi l l  b e  
radically different from those  in  pure vapor- 
depos i ted  tungsten. Indeed, approximately equi- 
axed grain s t ruc tures  may possibly be  obtained by 
control of the  deposit ion parameters. 

Since uniform and homogeneous tungsten-rhenium 
depos i t s  would b e  expected in the  temperature 
range in  which the  cons t i tuent  e lements  depos i t  
uniformly, w e  have  s ta r ted  to inves t iga te  the  depo- 
s i t i on  charac te r i s t ics  of pure rhenium. T o  avoid 
corrosion of g l a s s  and Kel-F flowmeters by R e F 6 ,  
t he  fluoride w a s  transferred from the supply cyl-  
inder directly to  the  reaction s i t e  i n  a metered 
s t ream of hydrogen. T h e  R e F 6  concentration w a s  
controlled by its vapor pressure.  In the  tempera- 
ture range of 500 to  800°C at a hydrogen flow rate 
of 3000 cm3/min and a pressure of 10 torr, the  
th ickness  of rhenium depos i t s  w a s  very nonuni- 
form. Thick nodular depos i t s ,  shown in F ig .  
13.3, occurred near  t he  in le t  t o  the  reaction zone, 

indicating tha t  R e F 6  was  readily reduced under 
these  given conditions.  T h e  depos i t  cons i s t ed  of 
coa r se  columnar gra ins  having  cons iderable  grown- 
in porosity a t  t h e  grain interfaces.  Far ther  down- 
stream the depos i t s  were much smoother i n  sur face  
texture,  although columnar in grain structure.  
Lowering the  temperature to 400°C and dec reas ing  
the  hydrogen flow t o  2000 cm3/min eliminated the  
nodular growth near t he  inlet  of the  reaction fur- 
nace  and resulted in  a uniform deposit .  

T h u s ,  rhenium depos i t s  of uniform th i ckness  
were obtained a t  4OO0C, whereas  uniform tungs ten  
depos i t s  ( s e e  Chap. 19, th i s  report) were obtained 
a t  500 to 60OoC. Since nonuniform and hetero- 
genous tungsten-rhenium depos i t s  were obtained a t  
7OO0C, t h e s e  r e su l t s  ind ica te  tha t  better quali ty 
alloy depos i t s  wi l l  b e  obtained a t  lower tempera- 
tures a t  which the  two  e lements  depos i t  uniformly. 
We a re  now conducting codeposit ion experiments 
a t  lower temperatures to confirm t h i s  hypothes is .  
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Fig.  13.3. Nodular Rhenium Deposi t .  Etched in equal  

parts o f  concentrated NH40H ond 30% H,O,. 5 0 0 ~ .  

THERMOCHEMICAL PREPARATION OF 
CA RB ID ES 

R. L. Heestand J. I. Federer  
C. F. Lei t ten,  Jr. 

Thermochemical deposi t ion h a s  been inves t i -  
gated a s  an  approach to  fabrication of high-quality 
metal carbides .  We have s tudied deposi t ion param- 
e t e r s  of boron-carbon a l loys  and s i l icon  carbide 
in  t h e  in te res t  of fabricating free-standing s h a p e s  
and coat ings for high-temperature use.  Both 
carbides  have  appl icat ion in  the nuclear field. 
Boron carbide is of interest  as a neutron-absorbing 
material  due  to  the high thermal-neutron absorption 
c r o s s  sec t ion  of boron. T h e  good high-temperature 
oxidation res i s tance  of s i l i con  carbide promotes 
the use of t h i s  carbide as a fuel coat ing or clad- 
ding material. 

3R. L. Heestand, J. I. Federer, and C. F. Leitten, 
Jr., Thermochemical Preparation a n d  Properties of 
Carbides for  Nuclear Applications, paper t o  b e  pre- 
sented a t  t h e  AIME Symposium on Compounds of Inter- 
e s t  in Nuclear Reactor Technology, Boulder, Colo., 
Aug. 3-5, 1964, and published by the AIME in a spec ia l  
symposium volume. 

In general, t h e s e  carb ides  are produced under 
reduced pressure (10 to  100 torr) by the reduction 
of the appropriate ha l ides  by hydrogen in the 
presence of a hydrocarbon. Optimum resu l t s  for 
deposi t ion of both carbides  were obtained in  the 
temperature range of 1200 to 135OOC. Due to  
differences in  their behavior, they will be d i s -  
c u s s e d  separately.  

We obtained boron-carbon a l loys  with boron 
conten ts  ranging from 19 to 81%. Table 13.1 shows 
the composition of depos i t s  for severa l  different 
temperatures,  pressures ,  and gas  ratios. At con- 
s t a n t  temperature (1325OC), pressure (35 torr), and 
flow r a t e s  of BC13 (30 cm3/min) and CH, (80 
cm3/min), the composition varied from 44 t o  65% B 
as the  hydrogen flow rate  increased from 1000 to  
2960 cm3/min. Und& the same conditions,  except  
for a CH flow rate of 50 cm3/min, the composition 
of the depos i t  varied from 37 to  72% B a s  the 
hydrogen flow rate  increased from 500 to 2200 
cm3/min. 

Temperature a l s o  strongly inf luences the boron 
content  of the  deposi t .  Lowering the temperature 
from 1325 to  1275OC resu l t s  in an  increase  from 
72 to 82% B with other conditions being constant .  
Deposit ion r a t e s  were highly reproducible for any 
given set of deposi t ion condi t ions,  but varied 
between 1 0  and 25 mils/hr for 70  and 50% B re- 
spect ively.  The lack of material  ba lances  in  Tab le  
13.1 for some of the ana lyses  may be at t r ibuted 
to  ana ly t ica l  errors. 

Attempts to  determine the microstructure of 
pyrolytic boron carbide have  been unsuccessful  
a t  present  due to  t h e  iner t  nature of the material. 
Figure 13.4 represents  a spectrum of the as- 
polished s t ruc tures  available.  T h i s  specimen 
demonstrates deposi t ing a s t ructure  of composi- 
tion varied by s tepwise  increases  in  temperature. 
T h e  composition varied continuously from 76% B 
a t  t h e  outer sur face  to 50% B a t  the inner surface. 
AS ant ic ipated,  a large hardness  difference ac- 
companies the  change in composition. Knoop 
hardnesses  (1-kg load) have  been measured at  
2340 for  72% B and 327 for 44% B. On examination 
by x-ray diffraction analysis ,  the material  appears 
to b e  crystal l ine with randomly oriented f ine 
grains  . 

Larger s amples  were made i n  a res i s tance  fur- 
nace  us ing  the  same  temperatures,  pressures ,  gas  
ra t ios ,  and flow rates  to obtain comparable de- 
posi ts .  Figure 13.5 is the  end view of a %-in.- 

4 

. I  

1 

. '  



71 

Table 13.1 Analyses and Conditions for Deposition of Boron-Carbon Deposits 

H 2  
(cm3 /min) 

B o r o n  C a r b o n  T e m p e r a t u r e  P r e s s u r e  BC13 
(wt X) (wt  %) ( O C )  (torrs) (cm3/min)  

19  
37.2 
43.8 
48.2 
49.2 
59.1 
63.4 
65.3 
66.4 
68.0 
68.2 
69.6 
69.7 
70.5 
72.4 
68.2 
68.7 
76.8 
81.4 
81.0 
81.7 
81.1 
80.7 

81 
60.6 
47.2 
50.0 
47.5 
34.9 
31.7 
27.8 
32 -6 
29.0 
31.0 
29.4 
26.3 
29.5 
26.7 
30.0 
29.2 
23.2 
17.7 
18.3 
17.1 
18.2 
18.1 

1350 
1325 
1325 
1325 
1400 
1325 
1280 
1325 
1325 
1325 
1325 
1280 
1325 
1325 
1325 
1290 
1300 
1275 
1275 
1250 
1250 
1200 
1150 

15-25 
35 
35 

100 
35 
35 
35 
35 
45 
35 
40 
35 
35 
40 
35 
35 
35 
40 
20 
20 
1 0  
1 0  
10  

3 0  
30  
30  
30  
30  
30 
30  
30  
30  
30  
30  
30  
30  
3 0  
3 0  
30 
30  
30  
20 
20  
1 0  
10 
10  

135 
50 
80  
8 0  
80 
80  
80  
80  
80  
80  
60 
80  
50 
80 
50  
50 
70 
50 
50 
50 
50 
50  
50 

5 00 
1000 
2220 
2220 
1800 
2 960 
2960 
2960 
2960 
2960 
2960 
2220 
2960 
2220 
2220 
2220 
2220 
2220 
2220 
1400 
1400 
1400 

76% B 

~ i ~ .  13.4. Boron-Corbon 1/-in.-ID Tube Deposit 0.040 in. Thick Showing Programmed Composition Change. 
1 0 0 ~ .  Reduced 18%. 



72 

diam, 0.030-in.-wall B C tube, which w a s  de- 
posited a t  13OOOC in 4 hr on the ins ide  sur face  of 
a graphite tube. The  graphite was  readily re- 
moved, leaving the  free-standing tube. 

Silicon carbide h a s  been deposited a t  a ra te  of 
approximately 10 mils/hr according to  the  condi- 
t ions  shown in Table  13.2. Clearly,  variations of 
temperature and hydrogen ra t io  have little effect 
on composition. Stoichiometry was  generally 
favored throughout the  range of conditions under 
which cont inuous depos i t s  were obtained. De- 
pos i t s  formed below 120OOC were nonuniform, 
while above 135OOC groups of needle-like c rys t a l s  
formed. 

Studying the microstructures of s i l i con  carbide 
was  difficult. T h e  as-polished material appeared 
t o  be  s ing le  phase  and was  not readily e tched  in 

4 

Fig. 13.5. Boron Carbide Tube ?$ in. diam x 0.030 in. 

wal l .  3x. Reduced 57%. 

ac ids  or fused sodium carbonate.  The  hardness  
of t h e  s i l i con  carbide depos i t s  was  2745 Knoop 
with a 1-kg load. X-ray ana lyses  a l s o  indicated 
tha t  vapor-deposi ted s i l i con  carbide was  crystal-  
l ine  with randomly oriented fine grains. 

Coat ings of s i l i con  carbide deposi ted on graph- 
i t e ,  tungsten,  and alumina were adherent and with- 
s tood  thermal cycling; however, full evaluation 
h a s  not been completed. 

We have  es tab l i shed  parameters for deposit ion 
of both boron carbide and s i l i con  carbide,  and 
we s h a l l  conduct  s i m i l a r  s tud ie s  on other carb ides  
of in te res t  for high-temperature applications.  

FABRICATION OF ALUMINUM-BASE 
IRRADIATION TEST PLATES 

M. M. Martin W. J.  Werner 

In conjunction with the  Phi l l ips  Petroleum Com- 
pany, we are fabricating a series of aluminum-base 
miniature fuel p la tes  t o  be used for determining 
the  influence of high-temperature irradiations to  
high burnup on the  dimensional  and chemical  
s tab i l i ty  of U 3 0 8  and UO, d ispers ions .  T h e  
final des ign  spec i f ica t ions  and  t h e  ac tua l  rolling 
parameters u sed  t o  achieve  the  core dimensions 
are presented in Table  13.3. T h e  f i s s i l e  materials 
a re  par t ic les  of U 3 0 8  and niobium-coated U02-15  
wt  % ZrO, d ispersed  in matrices of X8001 alumi- 
num and roll bonded at 500°C with Alclad 6061 
aluminum. Both standard and instrumented p l a t e s  
a re  included in t h e  program. T h e  instrumented 
p l a t e s  a re  identical  in length and width to the  
standard p l a t e s  but are thicker and contain two 

Table  13.2. Ana lyses and Deposition Conditions of Pyrolytic Sil icon Carbide 

Si  C Temperature Pressure 
y 4  HZ 

SiCI4 

(wt %) (wt %) (OC) (torrs) (cm /min) (cm3 /min) (cm /min) 

s c - 7  75.03 25.70 1300 100 80 2200 35 
SC-8 68.85 29.21 1300 100 80  Varied 35 
sc-11 69.62 29.38 1300 100 80 2960 35 
sc-12 68.78 29.63 1250 100  80 2960 35 
SC-13 70.74 26.68 1300 100 80 222 0 35 
SC-14 73.27 28.20 1300 100 80 2220 35 
SC-24 69.75 30.48 1250 100 80  2 960 35 

- 1  

I 

i 

I 
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Table  13.3, Design Specification of Miniature Fue l  P la tes  for High-Temperature, High-Burnup Irradiations 

Sample P la tes  Instrumented P l a t e s  - 
Core A Core B Core A Core B 

Materia 1s 
Cladding 
Frame 
Dispersoid 

Loading 

Alclad 6061 A1 
Alclad 6061 A1 

Alclad 6061 A1 
Alclad 6061 A1 

Alclad 6061 A1 
6061 A1 

Alclad 6061 A1 
6061 A1 

63 wt % Nb-coated 
UOz-Zr02 

(-200 +230) 
X8001 A1 

6 

1 

2.205 f 1% 

u 0 (43 wt %) 
3 8  

64 wt % Nb-coated 
U02-ZrOz 

(-200 +230) 
X8001 A1 

1 

Particle size 
Matrix (- 100 mesh) 

Number of plates 

Number of cores  per plate 

Loading of 235U, g 

P la te  dimensions, in. 
Length 
Width 
Thickness 

Core dimensions, in. 
Length 
Width 
Thickness 

Rolling schedule, 7% 
Spread 
Densification 
Elongation 
Tota l  reduction in  

thickness 

(- 170 +325) 
X8001 AI 

7 

1 

2.205 f 1% 

(-170 +325) 
X8001 A1 

1 
i 

8 .  

2 

2.205 f 1% 

2 

2.205 k 1% 

5.750 f 0.003 
1.250 f 0.003 
0.150 f 0.003 

5.250 f 0.250 
1.000 f 0.031 
0.010 t 0.003 

4.3 
4.5 

86.3 
87.5 

5.750 f 0.003 
1.250 f 0.003 
0.150 f 0.003 

5.750 f 0.003 
1.250 f 0.003 
0.050 i 0.003 

5.750 f 0.003 
1.250 k 0.003 
0.050 f 0.003 

5.470 f 0.061 
1.000 t 0.031 
0.020 f 0.003 

5.470 f 0.061 
1.000 f 0.031 
0.020 5 0.003 

5.250 f 0.250 
1.000 k 0.031 
0.010 k 0.003 

3.90 
4.30 

86.40 
87.50 

3.30 
3.10 

86.66 
87.50 

4.0 
5.0 

86.3 
87.5 

O.OlO-in.-thick co res  per p la te  with provision for in- 
se r t ing  a thermocouple in t h e  aluminum between 
the  cores.  

The  general  appearance  of the  various fabricated 
d ispers ions  is shown in  Fig.  13.6. T h e  degree 
of fragmentation and  stringering of the  dead-burned 
U 3 0 8  and high-fired UOz par t ic les ,  i l lus t ra ted  
in F igs .  13.6a and 13.6b, respectively,  a r e  charac- 
te r i s t ic  of t h e s e  irregularly shaped materials when 
roll bonded a t  5 O O O C  with a hot reduction of 84% 
and a cold reduction in th ickness  of 20%. 

T h e  quality of t h e s e  d ispers ions  of irregularly 
shaped  U 3 0 8  and UOz  is sa t i s fac tory  for operation 
in high-flux, high-power dens i ty  t e s t  reactors. 
However, further improvements i n  particle integ- 
rity were achieved, as  shown in Fig.  13.6c, by 
u s e  of spher ica l  coa ted  par t ic les  of UO2-ZrOz 
so l id  solution. No  degradation of t he  individual 

spher ica l  par t ic les  could b e  observed after t he  
d ispers ion  had been fabricated in the  same  manner 
as those  bearing irregularly shaped U 0 and U 0 2 .  
The  distribution of the spher ica l  par t ic les ,  how- 
ever,  resu l ted  in  localized fuel concentrations in  
e x c e s s  of those  that were encountered in disper- 
s ions  of equivalent uranium loading containing 
finer U,O particles.  We are  presently s tudying  
blending to minimize localized fuel concentrations.  

T h e  u s e  of coated-particle fuel i n  aluminum-base 
d ispers ions  is being explored primarily to mini- 
mize the  previously observed chemical reac t ions  
that t a k e  p lace  under irradiation between t h e  

3 .* 

4A. E. Richt, C. F. Leitten, Jr., and R. J. Beaver, 
“Radiation Performance and Induced Transformations 
in Aluminum-Base Fuels ,”  p. 469 in Research  Reactoz 
F u e l  Element Conference, September 17-1 9, 1962, 
Gatlinburg, Tennessee,  TID-7642, Book 2 (1 963). 



74 

UNCLASSIFIED 
PHOTO 66062 

" DE A D- B U RN ED" U 30 8 200 x HIGH FIRED U 0 2  200 x 

Y-57430 

, ( d )  

Nb-COATED U02-Zr0, 200 x N b - COATED U 0 - Z r 0 750 X 

Fig. 13.6. Longitudinal Sections of Developmental Dispersions i n  Standard Test  P lates  Rolled a t  5OO0C to an 
87.5% Reduction in  Thickness, Contrasting the Integrity of an Aluminum-Base Coated-Particle Dispersion to More 

Conventional Fuels.  Reduced 40%. 

oxide particles and the  matrix. Although these  
reactions apparently will  not c a u s e  difficulty 
under conditions being proposed for present high- 
performance reactors,  t h i s  may not b e  the  case 
with future reactors intended for even higher per- 
formance. T h e  metastable  nature of the disper- 
s ions  and the  large gas  releases tha t  could accom- 
pany the  reactions under irradiation potentially 
restrict  their u s e  in very high performance test 

reactors. We have  shown tha t  the  integrity of a 
niobium coat ing  on U 0 2 - Z r 0 2  particles c a n  be  
maintained during fabrication, thus preventing the  
exposure of the  oxide fuel par t ic le  t o  the alumi- 
num matrix. An example of t he  integrity of the 
oxide particle coa t ing  is shown in Fig. 13.6d. 
We plan hea t  treatment and irradiation t e s t s  to 
eva lua te  the  e f fec t iveness  of the coa t ing  in pre- 
venting the  oxide-aluminum reactions.  
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HYDROGEN-ABSORPTION STUDIES IN THE 
WAT E R-VAPOR ALUMINUM SYSTEM 

M. M. Martin 

For  the  p a s t  s eve ra l  years,  t he  tendency for 
b l i s te r  formation above  500°C h a s  been unpredict- 
ab le  in  fuel p l a t e s  c l ad  with type 6061 aluminum. 
We have  revealed a marked change i n  the  oxide 
film on t h i s  material when it is hea ted  above 
515OC in air.’ However, a quantitative interpre- 
tation of the  r e su l t s  h a s  been difficult  because  of 
the  interdependency of blistering on time, tempera- 
ture, humidity, in i t ia l  hydrogen content ,  and sur- 
f ace  oxide condition. 

Recent  s t u d i e s  have sugges ted  that blistering 
is more sens i t i ve  to t h e  water-vapor conten t  of 
customary annea l ing  atmospheres than previously 
thought. We a re  inves t iga t ing  hydrogen absorp- 
tion by type  6061 aluminum t o  determine the  
influence of t h e  parameters (time, 2 to 10 hr; 
temperature, 450 t o  55OOC; annealing-air dew 
point, 0 to 34OC; and in i t ia l  sur face  oxide thick- 
nes s ,  20  to 200 p) on t h e  hydrogen content of the  
material  and to interpret t h e  r e su l t s  in terms of a 
hydro gen-absorption-blisterin g mechanism. 

FABRICATION OF URANIUM CARBIDE WITH 
UBe,, SINTERING AID 

J. P. Hammond 

T h e  high thermal conductivity and  uranium den- 
s i t y  of uranium carb ide  coupled with i t s  good ir- 
radiation s tab i l i ty  makes th i s  material a des i rab le  
fue l  for advanced reactor sys tems.  However, 
production of d e n s e  bodies  by conventional meth- 
o d s  requires excess ive ly  high temperatures and 
s t i l l  fa i l s  t o  give a n  entirely sa t i s fac tory  product. 
W e  previously described a method us ing  a s in te r -  
i n g  a id  removable by volati l ization6 for s in te r ing  
the  carbide t o  h igh  dens i ty  at subs tan t ia l ly  lower 
temperature. T h i s  method used  7’/2 wt  % UA12 as 

-- 
5 ~ .  M. Martin and R. L. Heestand, Metals and  Ceram- 

i c s  Div. Ann. Progr. Rept. May 31, 1962, ORNL-3313, 
p. 84. 

6J. P. Hammond, J. D. Sease,  and C. Hamby, Jr., 
“Uranium Monocarbide Fabrication with UA1 2 a s  Sinter- 
ing Aid,’’ pp. 145-53 in  The Fourth Uranium Carbide 
Conference, E a s t  Hartford, Connecticut, May 20-21, 
1963, TID-7676 (1964). 

t he  additive. Because  aluminum must b e  removed 
by evaporation, b e s t  resu l t s  were achieved  with 
smal l  ba tch  s i z e s  and  pe l le t  diameters below 

In t h e  p a s t  year ,  w e  found a method for achiev- 
ing  comparable s in te r ing  resu l t s  without t he  limita- 
tion on  batch or pe l le t  s i ze .  By us ing  powders 
prepared from arc-cast  uranium monocarbide with 
approximately wt % UBe13 as  the  s in te r ing  a id ,  
95% of theore t ica l  dens i ty  w a s  achieved  by vacuum 
s in te r ing  in  a tungsten-lined tantalum cruc ib le  at 
1525OC. T h e  UBe, ,  was  d isso lved  within the  
uranium carb ide  during sintering. Chemical anal-  
y s e s  showed the  compacts were stoichiometric 
in carbon and retained much of the  beryllium. 

Inves t iga t ing  the  UC-UBe , , sys tem,  we found 
a quasi-binary phase  diagram with a eu tec t ic  oc- 
curring at 161OoC a t  3 2  wt % UBe. F igure  13.7 
s h o w s  t h e  UC-rich portion of t h i s  diagram (de- 
termined metallographically), with theoretical  
dens i t i e s  obtained by s in te r ing  at various tempera- 
tures with various UBe , contents  superimposed. 

5 G 6  in. 
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We see tha t  t h e  b e s t  dens i ty  is obtained below the  
eu tec t ic  platform and j u s t  t o  t he  right of the  sol- 
vus. F igure  13.8 shows  a typ ica l  microstructure 
of a compact s in te red  in t h i s  region. Highest 
density was  obtained for UC charged at t h e  4.8% C 
level,  with the  dens i ty  decreas ing  rapidly with 
increas ing  carbon content. High oxygen and 
nitrogen con ten t s  i n  t h e  UC charge also impaired 
densification. Dens i t ies  as  high as  those  ob- 
tained in  tha t  region were a l s o  achieved for com- 
posit ions within the  solubili ty limit when a smal l  
amount of ex terna l  s i l i con  vapor was  provided 
a long  with the  beryllide addition. 

We bel ieve  the primary factor contributing t o  
s in te r ing  when fabricating with uranium beryllide 

a s  a n  a id  is a scavenging  effect. Beryllium vapor 
appears  to permeate the compact during the  early 
s t age ,  reducing the  sur face  oxide respons ib le  for 
inhibiting the  s in te r ing  of the  particles.  

In supplementa l  experiments,  w e  introduced 
beryllium vapor externally to  the compact as  t h e  
s in te r ing  aid.  Sintering for 3 hr a t  160OOC a ided  
by beryllium vapor gave  dens i t i e s  i n  e x c e s s  of 
92% of theoretical ,  whereas  unaided uranium car- 
bide s in te red  only to 89% of theoretical .  The  
intermediate dens i ty  possibly resu l ted  from sinter-  
ing and s e a l i n g  of the  sur face  before the  center  
had been scavenged. 

Fig.  13.8. Microstructure of UC-1.0 wt  % UBel3 Sintered i n  Vacuum 3 hr a t  1550°C. Densi ty  i s  95.3% of theo- 

retical.  Secondary constituent is UBe13 .  Etched with equal parts concentrated HN03, acet ic  acid, and H20. 5 0 0 ~ .  
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14. High-Temperature Materials 

W .  C.  Thurber 

The  goal of the  High-Temperature Materials 
Program is t o  develop an advanced mater ia l s  
technology on a sufficiently broad b a s e  and an 
appropriate time scale s o  tha t  engineers  concerned 
with the  des ign  and development of advanced re- 
actor sys t ems  will have suf f ic ien t  information on 
high-temperature materials when required. T h i s  
should greatly reduce the  amount of development 
needed for specific sys t ems  and acce le ra t e  f heir 
realization. Within th i s  broad framework we have 
focused our attention on those  high-temperature 
sys t ems  that will require refractory metals  for 
the  containment of molten a lka l i  metals.  The  
program includes development and inspection of 
refractory-metal tubing, s tud ie s  of joining methods, 
measurement of the  mechanical  and phys ica l  prop- 
erties of refractory a l loys ,  s t u d i e s  of phys ica l  
metallurgy, and an appra isa l  of t he  compatibility 
of refractory metals with a lka l i  metals. Significant 
portions of t h i s  work are covered in de t a i l  else- 
where. ' 7 ' 

Table 14.1. Compositions of Refroctory-Metal A l l o y s  

Designation Base  Additives (wt %) 

Armour alloy 

B-66 

C-129Y 

Cb-752 

D-43 

FS-85 

T-1 1 1 

T M  

TZM 

Niobium 

Niobium 

Niobium 

Niobium 

Niobium 

Niobium 

Tantalum 

Molybdenum 

Molybdenum 

39 V, 1 Ti 

5 Mo, 5 V, 1 Zr 

10  Hf, 10 W ,  0.1 Y 

10 W ,  2.5 Zr 

10  W,  1 Zr 

27 Ta ,  10 W, 1 Zr 

8 W, 2 Hf 

0.5 Ti 

0.5 Ti, 0.08 Zr 

In the  tex t  tha t  follows, frequent reference is 
made to  commercial refractory-metal a l loys  by 
their t rade  designations.  T h e  nominal composi- 
t ions of t hese  a l loys  a re  l i s ted  in Tab le  14.1.  

JOINING O F  REFRACTORY MATERIALS 

G. M. Slaughter 

Welding of Advanced Refractory Alloys 

R.  G. Donnelly 

We are investigating the general weldabili ty of 
five advanced refractory-metal a l loys  (D-43, T-111, 
FS-85, B-66, and C-129Y). Primarily, we a re  
determining and comparing (1) transition-tempera- 
ture curves  for longitudinal f ace  bends  (4T bend 
radius,  where T is the s h e e t  th ickness) ,  (2) 
minimum bend radius a t  room temperature, and 
(3 )  room-temperature bend ductil i ty of aged welded 
spec imens  of each  alloy. Each  type of weld 
(automatic gas  tungsten-arc, manual g a s  tungsten- 
a rc ,  and electron beam) h a s  been evaluated by 
radiographic, dye-penetrant, and metallographic in- 
spec t ion  a s  well  a s  by chemical  ana lys i s  for 
in te rs t i t i a l  impurities. We found tha t  sound welds  
could be  produced in all a l loys  by each  method. 
One marginal case was the B-66 alloy, which we 
found would hot-tear on the  weld center  l ine  un le s s  
the specimen blanks were tack-welded secure ly  
beforehand. Conditions for welding each  alloy 
are presented in Table  14.2. 

T h e  transition-temperature curves  are presented  
in F ig .  14.1. Usually, the transit ion temperature 

'W. C. Thurber, ORNL-3571, pp. 93-156, May 1964 

*W. C. Thurber, ORNL-3683, in press (classified).  
(classified). 
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increased  in  the  order of e lec t ron  beam, automatic 
gas tungsten-arc,  and manual g a s  tungsten-arc 
respectively.  However, i n  C-129Y the  bend-transi- 
tion curve for t he  electron-beam welded a l loy  is 
the same  as for the unwelded material, and in  
D-43 the manual and automatic (10 in./min) gas 
tungsten-arc curves  a re  approximately t h e  same. 

The  transit ion curves  for D-43 sugges t  tha t  in- 
c r eas ing  the  welding speed  improves the  duc t i l i ty  

I , D-43 ALLCY 
0 I I I 

- 
rn G, 

2 100 
n 

m 
z W 

L L  0 

0 z 
y 80 

60 

40 

20 

0 

of the  weld, although more d a t a  will  be  required 
to determine the magnitude of t h i s  improvement. 
The  l e a s t  duc t i le  welds  produced in th i s  s tudy  
were the manual g a s  tungsten-arc welds  i n  B-66; 
the  room-temperature bend specimen cracked  after 
looo of bending. 

We have  not yet tes ted  any  specimens in  the 
range of -73 to -196OC, but we plan to in  order 
to more c lose ly  define the  transit ion temperature 

UNCLASSIFIED 
ORNL-DWG 64-6739 

I I C-129Y ALLOY I I 
-400 -300 -200 -400 0 400 200 ( O F )  

-48 38 93 ("C) -240 -184 -129 -73 
TEST TEMPERATURE 

A UNWELDED --- 0,. AUTOMATIC TUNGSTEN ARC 
--- 0 ELECTRON BEAM 

I T-(4l ALLOY --------_ MANUAL TUNGSTEN ARC 80 
(OF)-400 -300 -200 -100 0 100 200 
(TI-240 -484 -429 -73 -18 38 93 

TEST TEMPERATURE 

Fig.  14.1. Bend Transi t ion Curves of Welds i n  Refractory-Metal A l loys  D-43, 6-66, FS-85, C-l29Y, and T-111. 
Points plotted a t  105' indicate completion of the test  without fai lure (4T punch radius, 0.5-in./min deflection rate). 
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T a b l e  14.2. Welding Conditions for Refractory-Alloy Sheet Specimens 

I 
! -  

I 
1 .  

. .  

Manual Gas 
Tungs ten-Arc 

(argon gas)  

Automatic Gas 
Tungs ten-Arc 

(argon gas ,  9-v arc) 

Electron Beam 
(30 in./min) Sheet 

Alloy Thickness 
Welding 

Speed Current Speed Current 
Welding Welding Welding 

Current (in.) 

(kv) 
(in. /min) (amp) (in. /min) (amp) (ma) 

D-43 0.060 15  21 0-240 

0.060 1 0  200-240 6.5 130 -3 140-150 

B-66 0.060 10  190-240 4.5 130 - 3  140-150 

FS-85 0.050 1 0  165-175 -4 155-180 

C-129Y 0.030 10  70-1 00 3.5 130 -6 * 80 

T-111 0.060 10  245-260 6.8 120 -3 190-220 

for t he  specimens that are duct i le  a t  -73OC but 
brit t le a t  -196OC. 

We are determining the minimum radius a t  which 
the welded a l loys  can  be  bent a t  room temperature 
a t  a deflection rate of 0.5 in./min without failure. 
L ike  the  unwelded alloys,  all five a l loys  with 
electron-beam welds survived 1 T bends (radius 
equal to  thickness).  The  s a m e  was  true of the 
a l loys  T-111, C-l29Y, and FS-85 welded by the 
automatic gas  tungsten-arc method, while the al- 
loys D-43 and B-66 required a 2 T  radius.  We have 
not yet tested the  a l loys  welded by the manual 
g a s  tungsten-arc method. 

We are studying aging in these  a l loys ,  and we 
have completed the b a s i c  sc reening  process  of 
aging weldments at 815, 980, and 1205OC for 1, 
2, 25, and 100 hr for the three a l loys  D-43, B-66, 
and C-129Y. The  preliminary resu l t s  are presented 
in  F ig .  14.2. Here the  te rm ductile means tha t  
the specimen survived a full  4 T  bend (l05O) a t  a 
deflection ra te  of 0.5 in./min, while brit t le means 
that the specimen cracked before a full bend w a s  
attained. In each  case an  aging reaction is 
apparent,  although the  parameters vary. A s  a 
result  of th i s  study, we s h a l l  inves t iga te  aging 
and overaging further, including metallographic 
examination t o  provide a more complete under- 
standing of the metallurgical reactions extant.  
Similar s tud ie s  on T-111 and FS-85 a l loys  are 
in progress.  

Brazing Alloy Development 

R. G. Gilliland 

An application of brazing currently under s tudy  
requires the  joining of potential  fin and armor 
materials, such  as pyrolytic graphite and beryllium, 
to the  niobium or s t a i n l e s s  s t e e l  condens ing  tubes  
of s p a c e  radiators. Aside from the  usua l  diffi- 
cu l t i e s  involved with wetting and flow on the  
composi te  materials,  the markedly different ex- 
pansion coefficients of the d iss imi la r  mater ia l s  
make the  attachment problems particularly trouble- 
some. The  brazed joints often tend to sepa ra t e  
upon cooling from the brazing temperature. 

To combat the problem of thermal expansion,  a 
novel des ign  for producing a sound dissimilar joint  
is currently be ing  studied. A pin or rivet is placed 
through a hole in the beryllium or pyrolytic 
graphite so  tha t  after brazing the par t s  are me-  
chanically locked. Using th i s  design, we brazed 
finned beryllium tubes to two s t a i n l e s s  s t e e l  l iner 
tubes.  Such a joint is shown in F ig .  14.3. Also,  
a specimen with the  finned beryllium tube brazed 
to  a niobium liner tube is shown in F ig .  14.3. T h e  
experimental brazing alloy 49% Ti-49% Cu-2% B e  
was  used in each  c a s e .  

No joint c r acks  could be s e e n  in the s t a i n l e s s  
steel-to-beryllium joint. However, numerous fillet 
c racks  were observed in the  niobium-to-beryllium 

I .  
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joint; these  probably were caused  by the large 
difference in  coeff ic ients  of expansion. One of 
the s t a i n l e s s  steel-to-beryllium jo in ts  and the 
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niobium-to-beryllium joint are being nondestruc- 
tively examined for nonbonding. The other s ta in-  
less steel-to-beryllium joint  is being evaluated 
metallographically.  

Joining of Refractory Meta ls  for Service a t  Very  
High Temperatures. - W e  are  developing brazing 
al loys for joining refractory metals for se rv ice  
up to  1370OC. T h e  ternary sys tems titanium- 
vanadium-tantalum and niobium-vanadium-tantalum 
are  promising. The  preliminary phase diagrams 
for t h e s e  two sys tems,  presented in Fig.  14.4, 
show our experimentally determined isothermal 
l ines  for the flow points  of various al loys.  I t  can  
be s e e n  that the al loy compositions being invest i -  
gated m e l t  at temperatures of 1650OC and higher. 

Alloys in  these  sys t ems  exhibi t  exce l len t  flowa- 
bility on niobium, tantalum, and tungsten,  with a 
minimum tendency to  react or alloy with these  
metals,  Another a t t ract ive property of t h e s e  
sys t ems  is their excel lent  room-temperature duc- 
t i l i ty .  The al loys c a n  be cold rolled to  very thin 
foil from the original arc-melted condition. T h i s  
high ductility w a s  expected b e c a u s e  the  binary 
sys t ems  included in  t h e s e  ternary s y s t e m s  exhibi t  
complete sol id  solubi l i ty  a t  high temperatures.  

J. J. English, Binary and Ternary Phase Diagrams 
of Columbium, Molybdenum, Tan talum, and Tungsten, 
DMIC-152, pp. 2 2 ,  28, 77 (April 28, 1961). 

3 
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Fig.  14.3. F inned  Bery l l ium Tubing Brazed to a 

Stainless Steel L iner  Tube  (Top)  and a Niobium L iner  

Tube (Bottom). These specimens were vacuum-brazed 

at  1000°C using 49% Ti-49% Cu-2% Be brazing a l loy .  
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Fig. 14.4. Ternary Diagrams for the Systems (a) Titanium-Tantalum-Vanadium and ( b )  Niobium-Tantalum- 

T h e  points denote the actual  a l loy  compositions 

T h e  figures on the graph indicate centigrade melting temperatures; those i n  parentheses around 

Vanadium, Showing the Isotherms of Al loy F l o w  Temperatures. 

under investigation. 

the edges are melting points of binary al loys with rounded compositions. 



Table 14.3. Elevated-Temperature Shear-Strength Data 

Compos ition Brazing Temperature Tes t  Temperature Shear Strength Number of 
(wt 70) (OC) ( O C )  (Psi) Specimens Tested 

65 V-30 Ta-5 Nb 

65 V-5 Ta-30 Nb 

80 V-10 Ta-10 Nb 

30  V-30 Ta-40 Nb 

40 V-30 Ta-30 Nb 

50 V-25 Ta-25 Nb 

90 V-5 Ta-5 Nb 

60 V-20 Ta-20 Nb 

40  V-10 Ta-50 T i  

25 V-15 Ta-60 Ti 

20 V-5 Ta-75 Ti 

20 V-10 Ta-70 Ti 

35 V-35 Ti-30 T a  

50 V-20 Ta-30 Ti 

65 V-30 Ta-5 Ti 

55 V-25 Ta-20 Ti 

1870 

1820 

1870 

2010 

1930 

1870 

1870 

1870 

1730 

1650 

1650 

1650 

1700 

1760 

1840 

1840 

Nb-V-Ta 

1090 

1090 

1200 

1200 

1200 

1200 

1200 

1200 

Ti -V-Ta 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

23,400 

22,900 

13,800 

13,400 

15,600 

16,800 

13,900 

12,400 

12,600 

7,800 

7,100 

7,600 

10,000 

13,100 

13,500 

13,800 

2 

2 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

We have tested the shea r  strength of brazing 
a l loys  from t h e s e  two sys t ems  a t  1090 and 1200OC. 
The  resu l t s  shown in Table  14 .3  ind ica te  that the 
joint shea r  strength is generally greater for the 
a l loys  with higher brazing temperatures. T h e s e  
t e s t s  were performed in vacuum us ing  Miller- 
Peaslee shea r  spec imens4  with Nb-1% Zr as the 
base  metal. 

We have studied elevated-temperature aging of 
tantalum T-joints,  brazed with the a l loys  l i s ted  
in Table  14.3, for 500 hr a t  137OOC in vacuum. 
The  specimens were wrapped in molybdenum foil 
to  reduce contamination during aging. Some ti- 
tanium col lec ted  on the molybdenum foil used t o  
wrap those  specimens brazed with a l loys  of high 
titanium content.  Metallographic examination and 
T-joint f lattening t e s t s  revealed no loss in brazing 

4F. M. Miller and R. L. Peas lee ,  Welding J .  37(4), 
144s-50s (1958). 

al loy ducti l i ty after aging except  in the  cases of 
jo in ts  brazed with 65% V-30% Ta-5% Nb, 65% V- 
30% Ta-5% Ti, and 90% V-5% Ta-5% Nb. 

Component Fabr icat ion 

E. A. Franco-Ferreira 

Refractory-Meta I Loops. - Several small natural- 
circulation loops have  been fabricated for tes t ing  
by the  Materials Compatibility Group. T h e  general 
techniques used  for loops of th i s  type  have been 
reported previously. 5 * 6  One of t hese  loops,  fabri- 
cated of Nb-1% Zr, is shown in F ig .  14.5. The  

5E. A. Franco-Ferreira, ORNL-3489, pp. 144-45, 

6A. J. Miller, ORNL-3337, pp. 149-52, October 1962 
October 1963 (classified). 

(classified). 
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large cylindrical  unit  on the  right ver t ical  l e g  of 
the loop is a n  externally cooled heat  s ink.  

We are  developing a small portable inert-atmos- 
phere welding chamber for making some field 
welds  in  large refractory-metal corrosion loops.  
Figure 14.6 shows the  prototype of this  unit. T h e  
g l a s s  chamber that  carr ies  the  welding torch is 
designed to be evacuated and backfil led with inert 
gas  prior to welding. The  uni t  is automatically 
rotated around the joint  during welding of a 
s t ra ight  fusion butt joint. T h e  chamber wil l  be 
removed from the completed loop through the u s e  
of sp l i t  end f i t t ings and breaking the  g lass .  Ini t ia l  
t es t ing  of the  prototype h a s  given highly s a t i s -  
factory resul ts .  

Liquid-Meta l  Pumps. - W e  are  fabricating a 
liquid-metal pump of Nb-1% Z r  al loy designed by 
the General Elec t r ic  Company. Welding operations 
thus far include outs ide sur face  buildup of two 
extruded b i l le t s  by weld overlay techniques,  fabri- 

Fig. 14.5. Nb-1% Zr Loop with Externally Cooled 
Heat Sink. 

cat ion of two thin-walled cyl inders  by rolling from 
s h e e t  and longitudinal welding, and welding of 
end c a p s  into two pump cell s l e e v e s .  Additional 
fabrication wil l  proceed as components a re  re- 
ceived.  

We are  also performing the ent i re  welding 
assembly of a second Nb-1% Zr l iquid-metal  pump, 
designed by and with components made by Liquid 
Metals, Inc. 

Tube  Shell  Fabrication. - A Cb-752 tube s h e l l  
h a s  been  fabricated by welding from rolled shee t .  
T h e  completed unit was in. in  diameter,  15 in. 
long, and had a wal l  thickness  of 0.136 in. As 
a resul t  of an  ex tens ive  welding development 
program, we found a final welding procedure in- 
corporating three p a s s e s  to  be most su i tab le  and 
to resul t  in  optimum as-welded ductility. The  tube 
s h e l l  w a s  manually welded on a copper mandrel 
with filler wire that had been sheared from the  
base-metal shee t .  After welding, we d isso lved  
away the mandrel in  nitric acid. 

The  outs ide surface of the weld w a s  machined 
even with the surface of the surrounding base  
metal. Then the weld was  radiographed. One 
s m a l l  root c rack  was detected a t  approximately 
the midpoint of the tube she l l ,  accurately located,  
and drilled out. The  resul t ing hole  was  filled by 
plug welding and the repair radiographed. No 
further f laws were detected,  and the tube s h e l l  
h a s  been shipped to  the Superior Tube Company 
for redraw on an ORNL subcontract .  

, 
I 

Fig. 14.6. Portable Inert-Atmosphere Welding Chamber 
for Field-Welding Large Refractory-Metal Loops. 
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Attachment of Bearing Mater ia ls  

C. W. Fox 

Among the materials that have been proposed for 
u s e  as bearings a t  high temperatures in  liquid 
metals are  cermets containing major amounts of 
refractory-metal carbides  (e.g., WC). We are 
developing sui table  procedures for a t tach ing  t h e s e  
bearing materials to  metals and evaluat ing the 
resul t ing joints .  Molybdenum is being used as 
the s t ructural  metal in the tes t ing  program because  
i t  c lose ly  matches the low thermal expansion of 
the cermets .  Six refractory-metal carbides  and 
one boride are being invest igated.  

T o  choose the bes t  brazing alloy for joining 
these  cermets to metals,  we have f i r s t  s tudied 
small d isk  samples  of e a c h  cermet. Of the  many 
corrosion-resis tant  brazing a l loys  t r ied,  three 
appear sat isfactory:  Nicrobraz 50 (Ni-Cr-P), 
C o a s t  Metals No. 50 (Ni-Si-B), and 48% Ti- 
48% Zr-4% Be experimental  alloy. Figure 14.7 
is a photomicrograph of a typical  tungsten carbide- 
to-molybdenum joint brazed with the Ni-Si-B alloy. 

T o  make specimens for tes t ing  thermal s tab i l i ty ,  
we brazed each  of the different carbide cermets  
to  molybdenum with the same  brazing alloy 
(Ni-Si-B), encapsulated the joints  in  quartz tubing 
a t  5 x torr, heated them 500 hr a t  65OoC, 
and metallographically examined them. T h e  re- 
s u l t s  indicate  that a s tab le  brazed joint can  be 
made between molybdenum and a carbide cermet 
i f  the cermet contains  suff ic ient  (>6%) binder 
(Co, Ni,  Mo). However, small  c racks  in the ce rme t  
bodies themselves  were occasional ly  found, prob- 
ably as a resul t  of the inability to adequately 
absorb expansion s t r e s s e s .  The  metallographic 
evaluat ion of these  joints is given below: 

Cermet (wt %) 

96.5 WC-3.5 CO 

94 WC-6 CO 

88 WC-12 CO 

89 WTiC,-ll Co 

70 Tic-10 Nb(Ta,Ti)C- 
20 N i  

90 Tic-10 Mo 

Eva1 ua ti on 

Limited flow of brazing alloy 

Cracking in brazing alloy and 
cermet 

No cracking 

Small crack in cermet, no 
cracking in brazing alloy 

No cracking 

Small crack in cermet, no 
cracking in brazing alloy 

Zirconium diboride is a l s o  of interest  a s  a 
bearing material ,  and we have conducted severa l  
brazing s t u d i e s  with it. Of the a l loys  invest igated,  
48% Ti-48% Zr-4% Be and 68% Ti-28% Ag-4% Be 
were the m o s t  promising. 

I 

Fig. 14.7. Photomicrograph of Molybdenum( Tap)- to- 

Tungsten Carbide Cermet (Bottom) Joint  Brazed with 

Ni-Si -B Alloy. A s  polished. 150x. 

Fig. 14.8. Photomicrograph of Cermet (WC-6% Co) 

Sprayed on Molybdenum Rod and Then Cyc led  Thermally 

(65OoC to Ambient) 25 Times.  A s  polished. 1 5 0 ~ .  
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A second approach for producing a metal-cermet 
composi te  is the  u s e  of plasma-sprayed coatings 
rather than direct  brazing. Several  samples  of 
tungsten carbide and zirconium diboride were 
plasma-sprayed on molybdenum rods by three 
different laboratories. Specimens from the various 
plasma-sprayed rods were encapsula ted  in evac- 
uated (5 x torr) quartz tubing and cycled 25 
t i m e s  between 65OoC and ambient temperature. 
T h e  resu l t s  of t h i s  t e s t  were quite promising, and 
a photomicrograph of one of the sprayed coa t ings  
after thermal cycling is shown in  F ig .  14.8. 

MECHANICAL PROPER TIES 

J .  R. Weir  

Creep Properties of Advanced Refractory  A I  loys 

R.  L .  Stephenson 

Long-time creep is a cr i t ica l  criterion for many 
high-temperature structural  applications.  In nost 
c a s e s ,  the only da t a  ava i lab le  on refractory-metal 
a l loys  are from high-temperature t ens i l e  t e s t s  and 
t e s t s  of very short-time creep. The  object of t h i s  
program i s  to provide creep-rupture da t a  to  1000 hr 
s o  tha t  a valid comparison of promising a l loys  can  
be made. All t e s t s  were performed at pressures  
l e s s  than 2 x torr. 

During the  pas t  year,  we have tes ted  unalloyed 
tantalum and the a l loys  D-43, B-66, FS-85, and 
T-111. W e  have deferred completion of the  tes t ing  
of TM alloy' until we complete tes t ing  of other 
a l loys .  W e  have s ta r ted  to t e s t  Ta-10% W and 
TZM alloys.  W e  have  determined complete creep- 
rupture properties of stress-relieved D-43 and 
as-worked B-66 to  1000 hr at 980, 1090, and 
1204°C. The  1000-hr rupture stress is shown as 
a function of temperature in F ig .  14.9 a long  with 
preliminary va lues  for T-111 and unalloyed tan- 
talum. Both the  rupture l ife and the c reep  ra te  
of B-66 are significantly inferior to those of D-43. 

The  high-temperature mechanical  properties of 
D-43 alloy may be improved8 by solution annealing 
a t  165OoC, cold working 2.570, and aging 1 hr a t  

'R. L. Stephenson and H. E. McCoy, Metals and 
Ceramics Div. Ann. Progr. Rept. May 31, 1963, ORNL- 
3470, p. 118. 

1425OC. T o  verify this,  we treated a number of 
spec imens  th i s  way before tes t ing .  In short-time 
t e s t s  (up to 100  hr) a t  980°C there was  indeed a 
subs tan t ia l  improvement in both rupture life and 
creep  rate,  although the ducti l i ty was  reduced 
considerably.  A t  longer times, however, the  
stress-rupture curve bent downward, in te rsec t ing  
the curve for stress-relieved material a t  about 
500 hr. Further, when spec imens  were held a t  
980°C for 300  hr prior to  loading, n o  improvement 
in rupture life was observed a t  short  t i m e s .  Pre- 
liminary da t a  indicated tha t  the same ef fec t  is 
present at higher temperatures, although it is not 
as pronounced. Th i s  effect is a l s o  observed in 
spec imens  tha t  were recrystall ized by a 1-hr 
anneal a t  154OOC. 

T h e  stress-relieved D-43 alloy appears  to  be  
microstructurally s t ab le  at the  temperatures 
studied, but the heat-treated and recrystall ized 
conditions both require detailed study before any  
extrapolations of mechanical  property da t a  are 
prudent. 

A quantity of FS-85 alloy in the  recrystall ized 
condition h a s  been procured and fabricated in to  
spec imens .  Only a few short-time t e s t s  have  been 
completed a t  t h i s  t ime, but a program similar in 
scope  t o  that for alloy D-43 is projected. 

Internal  F r ic t ion  in  Niobium-Zirconium Al loys  

R.  L .  Stephenson 

We are trying to  provide a bas i c  understanding 
of the behavior of in te rs t i t i a l s  in niobium-zirconium 
alloys.  Our previous report recorded preliminary 
work t o  find the  ac tua l  mechanism of peaks  a t  
380, 480, and 57OOC in a niobium-zirconium- 
nitrogen alloy, which were apparently related to  
nitrogen . 

The  peak a t  570°C was  se l ec t ed  f i r s t  for de- 
tailed study. T h i s  peak appears  when super- 
saturated niobium-nitrogen a l loys  and niobium- 
zirconium-nitrogen a l loys  a re  aged .  It r i s e s  t o  a 
maximum tha t  is roughly proportional t o  the  amount 
of supersaturation and then it s lowly dec l ines  in  
height.  

J. S. Clark, A. L. Mincher, and G. N. Villee, De- 
velopment of Optimum Manufacturing Methods for 
Columbium Alloy Sheet, RTD-TDR-63-4236, E. I. du 
Pon t  d e  Nemours and Co., Inc. (December 1963). 

0 
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Fig, 14.9. Temperature Dependence of Stress to Produce Rupture i n  1000 hr. 

Recent ly  Boone and Wert’ have reported a they had not been mechanically deformed. Addi- 
“cold-work’’ peak i n  the  niobium-nitrogen sys t em tional specimens will  be  prepared and examined 
in  the  same temperature range. We believe t h e s e  in an  attempt to  formulate a theory that is con- 
two phenomena a re  related.  To verify th i s ,  w e  s i s t e n t  with the  observed f a c t s  of both inves t iga-  
prepared specimens for t ransmiss ion  e lec t ron  mi- t ions .  
croscopy by J. 0. Stiegler and C. K. H. DuBose. 
They report that  the  annealed specimens were f ree  
of precipitates and almost completely f ree  of 
d i s loca t ions .  In cont ras t ,  t h e  aged specimens 
showed large numbers of d is loca t ions ,  e v e n  though 

’D. H. Boone and C. A. Wert, “Interstitial-Dislocation 
Because  of the  potential  u se  of refractory metals Interaction in  Niobium,” Proc. Intern. Conf. Crystal 

La t t ice  Defects, 1962 Symposium, Phys ica l  Society o f  
Japan ,  vol. 18, suppl. I, 1963. as structural  materials i n  nuc lear  reactors,  t he  

E f f e c t  of Irradiation on the Bend T r a n s i t i o n  
Temperature of Molybdenum- and N iob ium-Base  

A l l o y s  

H. E. McCoy J .  R.  Weir 
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EXPERIMENT: ORR 101 
UNIRRAD IRRAD 

influence of irradiation on the ducti l i ty of materials 
must be  evaluated. W e  are concerned with the  de- 
velopment of t e s t  equipment su i tab le  for evaluating 
the ductile-brittle transit ion temperature of irra- 
diated specimens and with the  u s e  of t h i s  equip- 
ment t o  study severa l  a l loys .  The  de ta i l s  of this 
work may be found elsewhere.  ' 

The postirradiation bend properties of severa l  
materials have been determined and compared with 
appropriate unirradiated controls.  T h e s e  materials 
include TM, Nb-1% Zr, welded Nb-1% Zr .  and 
D-43 alloys.  They were irradiated a t  temperatures 
over the  range of 60 t o  157OC t o  d o s e s  of approxi- 
mately 10'' neutrons/cm' (E > 1 Mev). The. rate 
of bend deflection was  0.5 in./min. 

The  transit ion temperature of t he  TM alloy was 
increased approximately l lO°C by irradiation. 
Postirradiation annea ls  of 1 hr at 500, 1000, and 
120OOC lowered the transit ion temperature but did 
not completely restore the preirradiation prop- 
e r t ies .  Although irradiation caused  only s l igh t  
i nc reases  in strength,  the  magnitude of the  yield 
load was greatly increased .  The  hardness  in- 
c reased  upon irradiation from 174 to 230 DPH. 
Postirradiation annea ls  of 500, 1000, and 1200°C 
yielded hardnesses  of 233, 196, and 180 respec- 
t ively . 

In a second experiment, irradiation of TM alloy 
to twice the d o s e  described above increased the 
transit ion temperature approximately 115OC. Hence,  
the influence of irradiation appears  saturated by 
doses  of the  order of 10'' neutrons/cm*. 

The Nb-1% Zr  alloy was  irradiated after a 1-hr 
anneal a t  1350OC. At the  deflection rate of 
0.5 in./min being used, the  bend transition temper- 
ature could not be  determined, so yield strength 
was  used as an  evaluation cri terion. The  yield 
strength was  increased  by about 50%, and the 
material was  s t i l l  duc t i le  a t  -79OC. Postirradia- 
tion annea ls  of 1 hr a t  300 and 500°C increased  
the yield strength a n  additional 15%. A post-  
irradiation annea l  of 7OOOC reduced the strength 
by 25% and a 1000°C annea l  returned the  material 
t o  i t s  original strength.  T h e s e  features are sum- 
marized in Fig.  14.10. 

Irradiation of Nb-1% Zr alloy t o  twice  the 
integrated dose  of the  above experiment increased 
the yield strength 70% over the unirradiated 

'OH. E. McCoy and J. R. Weir, E f f e c t  o f  Irradiation 
on the Bend Transition Temperature of Molybdenum- 
and Niobium-Base A l l o y s ,  ORNL-TM-880 (in press). 
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Fig. 14.10. Effect  of  Irradiation and Postirradiation 

Annealing on the Y ie ld  Strength in  Bending of  Nb-1% Zr. 

Irradiated at 60 to 82OC to  0.27 to 1.1 x 1019 neu- 

!rons/cm2 (E > 2.9 Mev). 

material. Although th is  is a larger degree of 
strengthening than observed in the  material  with 
the  lower dose ,  s l igh t  differences in the  irradiation 
temperature may account  for the variation. Pos t -  
irradiation annealing gave resu l t s  s i m i l a r  to those  
descr ibed above. 

The  yield strength of Nb-l% Z r  that had been 
cold worked 40% was  increased 25% by irradiation, 
increased another 10% by postirradiation anneal ing 
a t  5OO0C, and restored to  its preirradiation value 
by anneal ing at 1000°C. 

Since we found tha t  specimens of Nb-l% Zr 
containing a transverse weld have  properties 
comparable with the  b a s e  me ta l ,  t he  weld metal 
should not b e  more strongly influenced by irradia- 
tion than the  b a s e  metal. 

Annealed D-43 alloy was  increased  in strength 
by about 70% a s  a result  of neutron irradiation, 
but i t  remained ductile a t  -79°C. A postirradia- 
tion annea l  of 1000°C restored the  preirradiation 
properties.  The  yield strength of D-43 a l loy  tha t  
had been cold worked 20% was  increased  40% by 
irradiation, but good ductil i ty was  retained at 
-79OC. 

, -  

I 
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We are  studying the behavior of other a l loys ,  
the rate of saturation of property change with 
dose ,  the nature of the defec ts  formed during 
irradiation, and the change in  these  de fec t s  with 
postirradiation annealing. 

Creep of the Nb-1% Zr A l l o y  

H. E. McCoy 

W e  have determined creep-rupture properties of 
two hea t s  of Nb-1% Zr alloy. Although these  
materials had comparable chemical  ana lyses  and 
were reported t o  have the same fabrication history, 
their c reep  s t rengths  differed considerably.  At 
a t e s t  temperature of 982OC and high s t r e s s e s ,  a 
fine precipitate formed and was  oriented normal 
to  the applied s t r e s s .  At 1204OC the  precipitate 
was  quite coarse  but s t i l l  preferentially oriented 
normal t o  the applied s t r e s s .  An important obser- 
vation was  tha t  pre tes t  anneal ing a t  temperatures 
up to  170OOC improved the  strength without de-  
c reas ing  the rupture ducti l i ty.  

PHYSICAL METALLURGY 

Contamination of Refractory Meta  Is 
in H i g h  Vacuums 

H. Inouye 

We are concerned with the s tab i l i ty  of oxygen, 
carbon, nitrogen, and hydrogen in refractory m e t a l s  
to  high vacuums and temperatures. The  study 
areas have included the characterization of the  
contamination of numerous a l loys  result ing from 
their extended exposure t o  the  residual g a s e s  in  
a vacuum sys tem,  the development of techniques 
to measure reaction ra tes  i n  the  pressure  range 
l o p 6  to  lo-' '  torr, and finally the exploration 
of practical  methods t o  control the contamination. 

The  contamination charac te r i s t ics  of fabricable 
niobium, tantalum, and molybdenum a l loys  were 
determined in t e rms  of the  t e s t  conditions and the 
influence of the  alloying e lements .  The  resu l t s  
are summarized in a topical report" and ab- 
s t rac ted  in  the following paragraphs. 

___ 

"H. Inouye, Contamination of Refractory Metals by 

Residual  Gases  in Vacuums Below torr, ORNL- 
3674 ( in  press ) .  

The gaseous  contamination of niobium, molyb- 
denum, Nb-1% Zr ,  FS-85, D-43, Cb-752, TZM, and 
T-111 result ing from their  extended exposure t o  
the residual g a s e s  in high vacuums was  measured 
by chemical  ana lyses  and related t o  sys t em 
pressure,  metal temperature, exposure time, metal 
surface-to-volume ratio, and alloy composition. 
Also,  we developed techniques  for lowering the 
contamination of Nb-l% Zr  by use  of refractory- 
metal envelopes,  vapor-plated molybdenum, and 
intentional additions of nitrogen or methane t o  
the environment t o  counteract t he  noxious g a s e s .  

The  res idua l  gases  in  the  sys t em between l o v 6  
and lo- '  torr  were mainly H,, H,O, CO, CH,, N,, 
and CO,. Th i s  environment caused  s igni f icant  
contamination by oxygen to the  above a l loys  when 
they were heated for 1000 hr between 600 and 
1200OC. Although carburization a l s o  occurred, 
a competing carbon-oxygen interaction became 
important at the  higher temperatures and caused  
decarburization in a l loys  tha t  depend on carbon 
for mechanical  strength. The  alloying e lements  
titanium, zirconium, and hafnium promoted oxygen 
contamination while additions of tungsten and 
tantalum had no influence. Contamination by 
hydrogen and nitrogen was  not a problem. 

The  oxygen contamination of Nb-1% Zr  can  be  
expressed  in terms of four var iab les  by two em-  
pirical  expressions: 

a t  750 t o  1000°C, 

AC = 90.6tp0.'X-' e x p  (-5500/RT) ; 

and at 1000 to  12OOOC , 
AC = 6.89 x 104tp0 .5X- '  e x p  (-22,40O/RT) , 

where 

AC = increase  in  oxygen contamination (ppm), 

t = exposure t ime  (hr), 

p = sys tem pressure (torr), 

X = metal th ickness  (in.). 

Refractory-metal envelopes e f fec t ive ly  s tab i l ized  
the carbon content of Nb-1% Zr but were e r ra t ic  
in their abil i ty to  lower the oxygen contamination. 
The  oxygen content in protected samples  varied 
from 2 t o  50% of tha t  i n  the  unprotected metal. 
Molybdenum depos i t s  less than 5 x in. th ick ,  
produced from MoCl by chemical  vapor plating, 
provided complete protection of the alloy up to  
1060OC. Low concentrations of methane added 



89 

to the  residual g a s e s  lowered the  oxygen con- 
tamination of TZM and niobium but did not improve 
the  s i tua t ion  with Nb-1% Zr.  

Our resu l t s  show that t he  contamination of re- 
fractory meta ls  is controlled by four t e s t  variables.  
For the  temperature range inves t iga ted ,  t he  max- 
imum permissible pressures  a re  es t imated  to b e  
near lo-’  torr for thin metal s ec t ions .  Through 
the  additional u se  of secondary  control measures.  
s u c h  as metal  barriers, metal  sur face  depos i t s ,  
and additions to  the  residual gases ,  the per- 
miss ib le  atmospheres for niobium and tantalum 
a l loys  could be expanded to  higher impurity con- 
cent ra t ions  and inert-gas environments. Further- 
more, our resu l t s  ind ica te  tha t  control of the  
in te rs t i t i a l  content of the a l loys  during hea t  treat- 
ment may b e  feasible.  

Sorption R a t e  of Ni t rogen by Nb-1% Z r  
i n  Ultrahigh Vacuum 

H. Inouye 

A technique h a s  been developed t o  measure the  
reaction r a t e s  of refractory meta ls  with g a s e s  up 
to 165OOC in  t h e  pressure range from to 
l o p 6  torr. W e  measure the  flow ra t e s  of the  low- 
pressure g a s  into and out of a reaction v e s s e l  
containing a resistant-heated filament. To measure 
the  sorption rate, Q,, of a g a s  by th i s  technique 
requires th ree  pressure measurements which a re  
related to  Q, by the  equation 

where 

Q, = sorption rate,  p1 em-‘ sec- ’ ;  

F1 = conductance of the g a s  in le t ,  cm3/sec;  

F z  = conductance of the  g a s  outlet ,  cm3/sec;  

P1 = in le t  manifold pressure ,  torr; 

Pz = g a s  pressure over filament, torr; 

P, = outlet  pressure,  torr; 
A = filament a rea ,  em2;  

P ,  > P ,  > P,. 

The  filament is absorbing g a s  when Q, is pos- 
i t ive ,  degass ing  when Q, is negative,  and a t  
equilibrium when Q, is equa l  t o  zero.  The  sorp- 
tion efficiency or s t i ck ing  probability, a ,  which 
is defined by the ratio of the  sorption rate to the  
arrival ra te  (Qi) of the gas ,  is ca lcu la ted  from 

a=--= 
9 

Qi 3638 (T/M)’” P z  
where 

M = molecular weight of the gas ,  

T = absolu te  temperature. 

To da te ,  the  k ine t ics  of reaction of Nb-1% Zr 
with nitrogen have been determined a t  12OO0C 
for nitrogen pressures  ranging from 2 x io-’ t o  
2 x torr. T h e  sorption ra tes  in th i s  pressure  
range were cons tan t  with time and increased  
l inearly with pressure a t  a rate of 460 p2 em-’  
sec-’ torr-’, while a remained cons tan t  with 
both t e s t  time and pressure .  The  da ta  for s eve ra l  
conditions of pressure  and reaction time a re  l i s ted  
i n  Tab le  14.4. The  cons tan t  value of a,  averaging  

Table 14.4. Sorption Rates of Nitrogen by Nb-1% Zr a t  120OoC 

T e s t  Duration Nitrogen Pressure Sorption Rate Sticking Probability N 2  ’Orbed 

(a)  ( p ~ / c m ’ )  (ppm) Run No. (min) (torr) (p cm-’ sec-’) 

6 450 1.7 x 1 0 - ~  7.70 x 1 0 - ~  0.038 0.020 0.83 

7 870 5.2 x 1 0 - ~  2.28 x l o p 6  0.037 0.119 2.0 

9 360 5.5 x 10-8 1.56 x 1 0 - ~  0.024 0.378 6.3 

1 0  1735 1.1 x 1 0 - ~  4.1 x 1 0 - ~  0.032 4.68 78 

11 2145 2.2 x 1 0 - ~  1.1 x 1 0 - ~  0.040 13.8 231 
. 

I -  
! 
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about 0.035, ind ica tes  tha t  the sur face  nitrogen 
concentration remained cons tan t  during any  one 
t e s t  and increased in proportion t o  the pressure .  
Our r e su l t s  sugges t  tha t  the  rate-controlling var- 
iable over the tested range of parameters is the 
arrival rate,  Qi, of the gas .  

Preliminary experiments a t  130OOC showed the 
same dependence of sorption rates on pressure 
and t i m e .  At t h i s  temperature, however, a was  
about 0.06. T h i s  represents  a 70% increase  in  
the reaction rate over tha t  measured a t  12OOOC. 

Nitrogen Solubi l i ty  i n  Nb-1% Z r  

H. Inouye 

Equilibrium pressures  of nitrogen over Nb-1% Zr 
containing nitrogen added by the  technique de-  
scribed in the  previous sec t ion  were measured 
by ad jus t ing  P1 (the manifold pressure)  so tha t  
the sorption rate was  zero. In th i s  case P, be- 
comes Pe, the  equilibrium pressure.  The  nitrogen 
concentration in  the alloy w a s  ca lcu la ted  from 
the  nitrogen ana lys i s  of the s ta r t ing  material  and 
the  added nitrogen calculated by 

AC = ak tP /Xu  , 

where 

AC = increase  in nitrogen concentration, 
a = s t ick ing  probability, 

t = exposure time, 

P = nitrogen pressure,  

X = metal th ickness ,  

G- = alloy dens i ty ,  

k = conversion factor.  

In practice w e  could not ad jus t  the sorption ra te  
t o  zero,  but values approaching 1 x lo-' ~1 cm-* 
sec-' (equivalent to  AC approximately equal  to  
1 ppm/1000 hr) were readily attained. The  meas- 
ured values from 1200 to 165OOC of Pe for 
Nb-l% Zr containing 145 and 298 ppm N are tabu- 
lated in Table  14.5. T h e  feasibil i ty of us ing  the 
present technique for the determination of the 
solubili ty l imits of in te rs t i t i a l s  in refractory 
metals will  be explored in future experiments.  

Table 14.5. Equilibria Between Nitrogena 
and Nb-1% Zr 

Temuera ture Equilibrium Pressure (torr) 

(OC) 78 (145)b pprn N 231 (298)b ppm N 

1200 

1250 

1300 

1350 

1400 

1450 

1500 

1550 

1600 

1650 

4.4 x 10-10 1.0 x 

3.1 x io-' 
2.4 x 1 0 - ~  

6.2 x 1 0 - ~  

2.3 X lo-' 
6.2 X lo-' 2.2 x 10-8 

1.4 x 1 0 - ~  

3.8 x 1 0 - ~  

9.0 x 1 0 - ~  

1.2 x 1 0 - ~  

1.7 X 

3.4 x 10-6 

aNitrogen added at  12OO0C and equilibrated a t  165OOC; 

bConcentrations added are followed in parentheses  by 

p determined on cooling. 

estimated total  nitrogen concentrations in alloy. 

Evaporation of Iron-, N i c k e l - ,  and Coba l t -Base  
A l loys  a t  760 to  980°C in  H i g h  Vacuums'  

D. T. Bourgette 

Evaporation ra tes  of types  316, 304, and 446 
s t a i n l e s s  steels, Inconel, INOR-8, and Haynes  
alloy No. 25 were measured at pressures  ranging 
from 5 x to  1 x lo-' torr in both the  polished 
and oxidized conditions to  determine their  su i ta -  
bil i ty for u s e  in high vacuums. T h e  t e s t  tempera- 
tures for type 316 s t a i n l e s s  s t e e l ,  the alloy most 
thoroughly studied, ranged from 760 to 980OC. 
The  remaining alloys were tes ted  a t  870 and 
98OOC only. 

Evaporation losses increased  with chromium and 
manganese concentrations in the a l loys  and with 
temperature but were independent  of the  pressure  
in the range investigated.  Also, a t  cons tan t  
temperature the evaporation ra tes  decreased  with 

"Extracted from report by D. T. Bourgette, Evapora- 
tion of Iron-, N icke l - ,  and Cobalt-Base A l loys  at  760 
to 98OoC in High Vacuums, ORNL-3677 (in press). 

. 
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t i m e  and the lower the test temperatures,  the 
greater the decrease  in  the ra tes .  T h e s e  e f fec ts  
are i l lustrated by the weight l o s s  curves  of Fig.  
14.11. 

At 870 and 980°C specimens that had been pre- 
oxidized in a i r  evaporated a t  lower ini t ia l  rates 
than did polished specimens.  However, long 
exposures  resulted in accelerated ra tes ,  due to  
the decomposition of the oxide.  

Pre- and pos t tes t  x-ray a n a l y s e s  of the oxide 
layer  on severa l  alloys showed that only C r 2 0 ,  
remained after several  hundred hours under the 

0 00 

- 0 . 5 0  
E 4 - 
: 1 0 0  s 
+ 
P ' 1.50 

t e s t  conditions.  Therefore,  we preoxidized type 
316 s t a i n l e s s  s t e e l  in  wet hydrogen to  yield a 
layer  of only C r 2 0 , .  Subsequent evaporation t e s t s  
again showed that after extended periods of t ime  
above 76OOC the C r 2 0 ,  was not fully protective.  
Evaporation rates for polished type 316 s t a i n l e s s  
steel varied from 5.28 x rng c m - '  hr- '  a t  
76OOC to 65.9 x l o u 4  mg ern-' hr-' a t  982OC. 
The  evaporation rates  for preoxidized material  
(Cr 0 film) varied from 4.44 x mg c m - 2  hr-' 
a t  82723OC to 35.7 x mg hr- '  at 982OC. 
At 76OoC an oxidized specimen los t  no weight in  

UNCLASSIFIED 
ORNI -DWG 63-4370 

I I 

TIME ( h r )  

. 
INCONEL 

, 316 STAINLESS STEEL 

\\\ HAYNES ALLOY NO 25 

I 

I I 

~~ 

4 4 6  STAINLESS STEEL 
I -  1 I 

I , 

0 100 2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  700 
TIME ( h r )  

Fig.  14.11. 
5 x to 5 x 

Evaporation Losses  o f  Iron-, Nickel- ,  and Cobalt-Base Al loys a t  (a) 872OC ond Approximately 

torr and ( b )  982OC and Approximately 5 x to 5 x lo-' torr. 
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T a b l e  14.6. Evaporation Rates  a t  Various Temperatures for Type  316 Stainless Steel 

with Pol ished Surfaces and with Surfaces Preoxidized i n  Wet Hydrogen 

Polished Surfaces Oxidized Surf a c e s  

Evaporation Rate  T e s t  Oxide Test Evaporation Rate  

( O C )  (hr) (mg,cmz) Identification 

T e s t  
Temperature Oxide (mg cm-, hr-l) X Duration (mg cm-2 hr-l) Duration Thickness  

(hr) Initiala Finalb Initiala Finalb 

~ 

982 956 120 65.9 1058 0.2804 Cr,O, 26.9 35.7 

92 7 1832 42.3 20.5 1226 0.2983 Cr,O, 7.89 12.50 

872 3453 26.8 3.90 1456 0.3134 Cr20,; NiMn04 4.42 4.44 
(trace) 

760 1321 6.56 0.528 1142 0.2525 Cr,O, 0 0 

aRate during initial 50 hr of tes t .  
bRate during final 50  hr of tes t .  

1142 hr. Resu l t s  of t hese  t e s t s  a re  summarized 
in Table  14.6. 

Metallographically, the manifestations of evap- 
oration were subsurface void formation, grain 
growth a t  the specimen surface,  d i sappearance  of 
precipitates,  grain-boundary grooving, and exces -  
s i v e  void formation in the grain boundaries. For  
type 316 s t a i n l e s s  s t e e l  t hese  e f fec ts  a re  i l lus -  
trated in F ig .  14.12. 

Chromium and manganese were found chemical ly  
to be the principal e lements  l o s t  during evapora- 
tion. However, l e s s e r  amounts of iron, nickel,  
coba l t ,  carbon, and s i l icon  were found in the  vapor 
deposits.  Microprobe ana lys i s  h a s  revealed the 
ex is tence  of chromium and manganese concentra- 
tion gradients below 900OC. Above 900°C, t hese  
gradients were difficult t o  de t ec t  and in certain 
specimens nonexistent.  

E f f e c t  of Evaporat ion L o s s e s  on the Creep-Rupture 
Propert ies of T y p e  316 Sta in less S t e e l  

D. T. Bourgette H. E. McCoy 

prior exposure a t  872OC to  pressures  ranging from 
5 x lo-' to 5 x torr. Surface conditions,  
vacuum leve l s ,  vacuum exposure times, weight 
changes ,  and pertinent creep da ta  are summarized 
in Tab le  14.7, while the  stress-rupture properties 
are presented in Fig.  14.13. 

T h e  da ta  show that the  c reep  properties of type 
316 s t a i n l e s s  s t e e l  change as i t  is exposed to 
vacuum for long periods of t ime  at 872OC. If the 
material is init ially in the  as-received condition, 

UNCLASSIFIED 
PHOTO-62803  

The  evaporation of type 316 s t a i n l e s s  s t e e l  was  
briefly d iscussed  in  the  preceding sec t ion  of th i s  
report. We have  also tested the  creep-rupture 
properties as affected by evaporation l o s s e s  during 

892 h r  (Y-494741 3453 h r  (Y-50726) 

Fig.  14.12. T y p e  316 Stainless Steel Evaporation 

torr for 892 and 3453 hr. Tested  a t  872OC and 8 x 
5 0 0 ~ .  Reduced 64%. 

. 
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Table  14.7. Prior Thermal Treatments and Results of Creep Tests  of T y p e  316 Stainless Steel at 872OC 

Minimum 
Percent Creep Rate  

(in. /ic. /hr) 

Specimen and Thermal Treatment Prior Weight Change Due to  Creep St ress  Rupture Life 

Group Code to  Creep T e s t  Thermal Treatment (mg) (Psi) (hr) 

A 1  
2 
3 

B 1  
2 
3 

c 1  

D 1  
2 
3 

E l  
2 
3 
4 
5 
6 

F 1  
2 
3 

G 1  
2 
3 
4 
5 

H 1  
2 
3 

A s  received and polished through 
4/0 paper 

None 

576 hr a t  872OC and 5 X torr 

550 hr a t  872OC and 1 atm of argon 

1321 hr a t  872OC and 5 x torr 

1 hr a t  1O4O0C and 5 x torr 

1 hr a t  104OoC and 5 x torr, 
then 550 hr a t  872OC in 1 atm of 
argon 

1 hr a t  104OoC and 5 x torr 
followed by 170 hr a t  816OC in  
wet hydrogen 

-12.2 
-11.4 
-12.0 

None 

-18.6 
-19.5 
-18.8 

-4.9 
-5.1 
-5.1 
-5.1 
-4.5 
-5.4 

-1.6 
-1.7 
-2.1 

+ 5.8 
1-4.1 
+3.1 
+4.0 
+4.3 

1O4O0C Oxid. Evap. 

1 hr a t  104OoC and 5 X torr 
followed by 170 hr i n  wet hydro- 
gen a t  81boC, followed by 820 hr 
a t  872OC and 5 x torr 

-6.2 4 - 5 7  -20.7 
-6.8 i 4 . 7  -18.7 
- 5.4 i 5 . 7  -20.7 

900 
1400 
3000 

1400 
2240 
3000 

3000 

1400 
2200 
3000 

1400 
2200 
2500 
4000 
6000 
8000 

3000 
3000 
5000 

2500 
3000 
4000 
5000 
8000 

3000 
5000 

2071 
585 

56 

1237 
132 

76 

121 

1199 
280 
109 

1537 
4871 
3406 

667 
137 

25 

Discontinued 
1136 

179 

162 
1207 

29 
195 

21 

173 
75 

75 
80 
83 

100 
50 
86 

64 

67 
80 
77 

1 
32 
29 
45 
58 
73 

39 
47 

83 
28 
83 
50 
67 

33  
92 

2.8 x 
1.1 x 
1.1 x 10-2 

3.8 x 
1.6 x 
5.7 x 1 0 - ~  

3.7 x 

4.6 x 
1.9 x 1 0 - ~  
4.7 x 1 0 - ~  

5 x 
2 x 1 0 - ~  

2.5 x 
3 x 
2 x 

9.5 x 
1.8 x 
1.7 x 1 0 - ~  

2.8 x 
5.8 x 1 0 - ~  

1.1 x 

1.4 x lo-' 

1.4 X lo-' 

1.5 x lo-' 

1.3 x 
2.8 x 1 0 - ~  



Toble 14.7 (continued) 

Minimum 
Creep Rate 

(Psi) (hr) (in. /in. /hr) 

Specimen and Thermal Treatment Prior Weight Change Due to Creep Stress Rupture Life Percent 
Group Code to Creep Tes t  Thermal Treatment (mg) 

J 1  
2 
3 

K 1  
2 
3 

L 1  
2 
3 

M 1  
2 
3 

1 hr a t  104OoC and 5 x torr 
followed by 2129 hr a t  872OC 
and 8 x torr 

1 hr a t  104OoC and 5 x torr 
followed by 3521 hr a t  872OC 
and 1 x lo-' torr 

1 hr a t  104OoC and 5 X torr 
followed by 170 hr a t  816OC in 
wet hydrogen followed by 2584 hr 
a t  872OC and 8 X lo-* torr 

1 O4O0C 872OC 

-5.1 -34.1 
-5.0 -32.5 
-5.0 -37.4 

104OoC 872OC 

-5.2 -45.2 
-5.0 -44.3 
-5.1 -44.8 

104OoC Oxid. Evap. 

-4.9 4-4.2 -40.9 
-5.1 +4.4 -40.7 
-5.0 i 4 . 2  -40.8 

104OoC 872OC 

1 hr a t  104OoC and 5 x torr 
followed by 5028 hr a t  872OC 
and 4 x l o w 8  torr 

-5.2 
-5.1 
-5.1 

60.7 
58.1 
62.6 

2500 
3000 
5000 

1700 
3000 
5000 

3000 
5000 
8000 

3000 
5000 

1118 
577 

61 

800 
164 

32 

210 
63 

6.5 

183 
82 

39 
42 
33 

32 
34 
40 

23 
30 
51 

49 
55 

1.88 x 1 0 - ~  
4.8 x 

5 x 

1.4 x 1 0 - ~  
1.6 x 1 0 - ~  
8.9 x 

8.6 X 

3.2 x 1 0 - ~  
4.9 x 10-2 

1.9 x 10-3 
4.0 x 1 0 - ~  

a 
P 
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Fig. 14.13. Influence of Evaporation on the Stress-Rupture Properties of 

Type 316 Stainless Steel a t  872OC. Letters refer to treatments in Tab le  14.7. 

i t  becomes stronger when annealed (i .e. ,  evap- 
orated) at 872OC. If the material is init ially 
annealed 1 hr a t  1O4O0C, i t  grows weaker upon 
anneal ing a t  872OC. Although we observed some 
voids near the sur face  of the  spec imens  exposed 
to  vacuum for 2129 hr, we believe that a l l  these  
strength changes  can be accounted for i n  t e r m s  
of hea t  treatment rather than the l o s s  of material. 

It is a well-established fac t  tha t  s t a i n l e s s  s t e e l s  
containing 18% Cr and 8% Ni can  undergo a t  l ea s t  
two changes with time - the precipitation of 
complex carb ides  and the  formation of ch i  or s igma 
phases .  Rosenberg and Irish13 have  shown tha t  
the solubili ty of carbon in an 18% Cr-10% Ni 
s t a in l e s s  s t e e l  a t  104OOC is between 0.06 and 
0.075%. The  solubili ty a t  872OC is between 0 
and 0.03%. K o h l 4  h a s  studied the formation of 
chi and s igma phases  in type 317 s t a i n l e s s  steel 
and has  shown that the  tendency for ch i  formation 
is a maximum a t  872OC. Garofalo et aZ.15 have  

S. J. Rosenberg and C. R. Irish, J. Res. Nat l .  Bur. 13 

Std. 48(1), 40-48 (1952). 

14P. K. Koh, J .  Metals  5 ,  339-43 (1953). 

lSF. Garofalo, F. Von Gemmingen, and W. F. Domis, 
Am. SOC. Metals ,  Trans.  Quart. 54(3), 430-44 (1961). 

found tha t  cold work up t o  l eve l s  of 25% alters 
the morphology of the carbide precipitate i n  type 
316 s t a in l e s s  s t e e l  so tha t  the strength over the 
temperature range of 600 through 816OC improves 
significantly . 

We do  not know exactly the  condition of our 
material i n  the as-received s t a t e ,  but it quite 
l ikely contained some residual cold work. T h i s  
cold working would give numerous nucleation s i t e s  
for carb ide  precipitation, which would in turn 
improve the strength with holding t i m e  at 872OC. 
At some point, the carb ides  would have  all pre- 
cipitated or a s teady  state would be reached 
between precipitation and agglomeration so tha t  
no further strengthening would occur. When the  
material was  annealed a t  1O4O0C, the residual 
cold working was  removed, the  carb ides  were 
d isso lved ,  and grain growth occurred. Although 
we d o  not know the exac t  reason for t h i s  material  
being stronger than the  as-received material, we 
are not surprised that t hese  two s t a t e s  resu l t  in 
different properties. The  precipitates tha t  were 
formed in the material held a t  872OC af te r  an- 
nea l ing  a t  104OoC were not of sa t i s fac tory  mor- 
phology t o  strengthen the material, and the l o s s  
of impurities from solution reduced the  strength.  

. 
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Forming a thin sur face  oxide d id  not observably 
change  the c reep  properties at 872OC. T h i s  we 
expected, s i n c e  other experimenters have shown 
tha t  sur face  f i l m s  on a polycrystall ine specimen 
are not effective a t  elevated temperatures, due 
to the  numerous internal su r f aces  present in the 
material. 

Although we have  failed t o  show any s igni f icant  
influence of m e r e  exposure to  vacuum on the 
mechanical  behavior of 0.040-in.-thick spec imens ,  
i t  is probable that evaporation, per s e ,  would be 
more important in thinner material. Also,  the 
mechanical behavior under conditions of simul- 
taneous  s t r e s s ing  and evaporation might be dif- 
ferent from tha t  observed under our present  con- 
dit ions.  Th i s  is because  material is preferentially 
lo s t  from the grain boundaries and th i s  l o s s  might 
promote grain-boundary motion and thus reduce 
c reep  strength.  

Ef fec t  of Res idua l  System Gases on the Slow-Bend 
C r e e p  Behavior of Nb-0.6% Zr a t  1000°C 

T. K.  Roche 

We have concluded our s tudy17  of the e f fec t  of 
degree of vacuum (Le., the  partial  p ressure  of 
residual sys tem gases )  on the slow-bend c reep  
behavior of Nb-0.6% Zr a t  1000°C. The  creep  be- 
havior of t h i s  alloy was  determined in 500-hr 
cantilever-beam bend t e s t s  i n  the  approximate 
pressure  range of I O - '  to 1 0 - ~  torr a t  a 12,SOO-psi 
in i t ia l  outer fiber s t r e s s .  T h e  resu l t s  depended 
strongly upon the test vacuum as a resu l t  of 
varying amounts of contamination, principally 
oxygen and carbon, from residual g a s e s  in  th i s  
environment. The  alloy was  e i ther  weakened or 
strengthened by in te rs t i t i a l  contamination, de- 
pending upon (1) the  rate a t  which the alloy ab- 
sorbed in te rs t i t i a l s  from the t e s t  environment, 
(2) the  solubili ty of in te rs t i t i a l s  in the  alloy, and 
(3) the concentration of in te rs t i t i a l s  in the  alloy 
a t  the t ime  of application of the s t r e s s .  

16J. R. Cuthill and W. N. Harrison, Ef fec t  of Ceramic 
Coatings on the Creep Rate  of Metallic Single Crystals  
and Polycrystalline Specimens, WADC Technical Report 
56-85 (April 1956). 

"T. K. Roche, Effect  of Degree of Vacuum on the 
Slow-Bend Creep Behavior of Columbium-0.6% Zir -  
conium a t  fOOO°C, ORNL-3569 (June 1964). 

When the  alloy init ially contained 95 ppm C ,  
495 ppm 0, 2 ppm H, and 215 ppm N,  a sys temat ic  
increase  in the t e s t  p ressure  within the  range 
7 x lo-' to 6 x torr increased  the contamina- 
tion rate,  l ead ing  to  a progressive weakening of 
the  alloy during the early t e s t  s t ages .  La ter  the 
alloy was  strengthened by d ispersed  p h a s e s  such  
as ZrOz and probably niobium carb ides  or nitr ides 
and possibly by d isso lved  in te rs t i t i a l s .  Th i s  
strengthening effect  was  more pronounced at test 
pressures  greater than the sys tem b a s e  pressure ,  
which ranged from 7 x lo-' t o  3 x 

When oxygen contamination became great enough 
to precipitate NbO, the  alloy was  weakened;  
wrapping the  specimen with molybdenum foil 
protected i t .  

Exposing the  alloy in the pressure  range of 2.5 
to  4 x torr before s t r e s s i n g  it strengthened 
the alloy for the  early s t a g e s  of test in the same 
pressure range. 

During a s ingle  t e s t ,  we could a l te rna te ly  ac- 
celerate or dece lera te  the  deflection ra te  of the 
alloy by sys temat ica l ly  varying the  pressure  in 
the  range of l o p 5  to  

Vacuums of better than 1 x l o u 7  torr a re  required 
to  minimize the  environmental e f f ec t s  a t  our t e s t  
conditions.  

torr. 

torr. 

Aging of Niobium-Base A l loys  

T. K.  Roche 

Since metallurgical s tab i l i ty  (i.e.,  response  t o  
aging) can  influence the  mechanical  properties 
of a l loys ,  we have  s ta r ted  t o  inves t iga te  the 
effect of hea t  treatment on the  ag ing  character-  
istics of two advanced niobium a l loys ,  Cb-752 
and D-43. Coupons of both a l loys  were annealed 
a t  1315 and 18OOOC. For both anneal ing tempera- 
tu res ,  spec imens  of both a l loys  were aged for 
t imes up to  500 hr a t  925OC and spec imens  of 
alloy D-43 were a l s o  aged a t  1095OC. Room- 
temperature hardness  measurements and metallo- 
graphic s tud ie s  were performed. 

The  hardness  da t a  and the ana lyses  for inter- 
s t i t i a l  e lements  for t he  a l loy  Cb-752 are  l i s ted  
in  Tab les  14.8 and 14.9 respectively.  Annealing 
a t  the  higher temperature resulted in a greater 
grain s i z e ,  smaller carbon and oxygen contents ,  
and higher hardness  than those  of the material 
annealed at the  lower temperature. N o  s igni f icant  
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Table 14.8. Diamond Pyramid Hardness Data 
far Annealed and Aged Niobium-Base Alloys 

Average Diamond Pyramid 
Aging Hardness 

Alloy and 

Aging Tirne 
Temperature (hr) Annealed 2 hr Annealed 2 hr 

(OC) a t  1315°C a t  180OOC 

D-43, 1095 0 156 171 
1 155 180 
5 153 171 

25 149 170 
100 149 167 
2 00 148 165 
218 149 165 
5 00 148 167 

D-43, 925 0 159 169 
1 151 169 
5.5 159 171 

25 154 171 
50 151 170 

100 159 171 
2 00 154 172 
500 158 172 

Cb-752, 925 0 
1 
5 

25 
50 

100 
2 00 
500 

168 
168 
169 
171 
168 
168 
168 
169 

197 
213 
218 
201 
2 05 
201 
193 
2 07 

aging response  was  detected e i ther  by hardness  
or metallographic examination for the  coupons 
annealed a t  either temperature. The  microstruc- 
tu res  of all coupons annealed a t  1315OC contained 
a f ine  pepper-like precipitate,  presumably ZrO,, 
distributed in  the  matrix. T h o s e  annealed a t  
1800°C contained much less precipitate.  

Alloy D-43 responded definitely t o  hea t  treat- 
ment. Two carbide phases  are s t ab le  in th i s  
alloy18 - a zirconium-rich carbide present  as  a 
f ine  d ispers ion  and s t ab le  below about 165OOC 
and a niobium-rich carbide phase  present  as plate- 
l e t s  or need le s  and s t ab le  above about 1650°C. 
As  a result ,  the  1800°C annea l  promoted formation 
of the niobium-rich carbide and resulted in a higher 
hardness  than that of the material annealed a t  
1315OC, a s  s e e n  in Table  14.8. Specimens an- 
nealed a t  e i ther  temperature showed a s l igh t  
softening trend on aging a t  1095OC. As  i l lustrated 
in Fig. 14.14, the  niobium-rich carb ide  in  the  
microstructure of the  high-temperature annealed 
material redissolved with time. T h i s  was  accom- 
panied by precipitation of the zirconium-rich 
carbide.  No change was  c lear ly  ev ident  in the  
microstructure of the material annealed a t  the 
lower temperature, as shown in  F ig .  14.15. 

Aging a t  925OC resulted in  no s igni f icant  hard- 
n e s s  changes in alloy D-43 annealed a t  e i ther  
temperature, and the annealed microstructures 
were e s sen t i a l ly  retained after 500 hr a t  t he  aging 
temperature. A s  was  the  case for t he  Cb-752 
alloy, annea l ing  alloy D-43 a t  the higher tempera- 
ture reduced the carbon and oxygen contents .  T h i s  
is indicated in  Table  14.9.  

Stab i l i ty  of Refractory A l l o y s  in H i g h  Vacuums 

D. T .  Bourgette 

Table 14.9. Analyses for Interstitial Elements Application of refractory-base a l loys  in s p a c e  
power sys t ems  may require thin-walled structural  
members in which evaporation losses cannot be  

Annealing tolerated because they would lead to loss of 
Alloy Temperature mechanical strength and changes in thermal con- 

(OC) C O H N  ductivity and emiss ive  properties.  To assess 
t h e s e  potential  problems, severa l  a l loys  a re  be ing  

Cb-752 1315 110 160 < 1  80 studied in  the  range of 1100 to 15OO0C and 
5 x lop7 to 6 x torr. T h e  t e s t  specimens 

Cb-752 1800 44 50 (1 68 

D-43 1315 950 42 2 13 

in Niobium-Base Allays, Annealed for 2 hr 

Analysis (ppm) 

D-43 1800 740 15 4 25 18E. M. Mahla, E. I. du Pont d e  Nemours and Co., 
__ personal communication with T. K. Roche, ORNL. 
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were 0.013 c m  thick and approximately 20 c m 2  in 
area;  all samples  were heated by induction in 
cold-wall systems.  

higher temperatures,  d ras t ic  l o s s e s  of oxygen 
and carbon were measured. The  microstructure 
of the specimen tes ted a t  150OOC and 1 x lo-’’ torr 
showed a clean matrix, free of precipi ta tes .  The  
grain boundaries appeared to  have broadened. 
From these  observations,  we postulate  that  evap- 
oration occurs  primarily a t  the e d g e s  of the surface 
grains. T h i s  limited area for evaporation c a n  
account for the very smal l  weight l o s s e s  presented 
in  Table  14.10. 

T e s t  conditions and resu l t s  to  da te  ate presented 
in Table  14.10, while the changes  in  the contents  
of in te rs t i t i a l  e lements  are summarized in  Table  
14.11. At 1100 to 13OOoC, no appreciable  evap- 
oration l o s s e s  were encountered in the Nb-1% Zr 
alloy. At very low pressures  (lo-’ torr) and 

Table 14.10. Evaporation Tests of Refractory-Base A l loys  in High Vacuums 

T e s t  Conditions 
Pressure Duration Weight Change Composition of Deposit  Temperature Alloy 

(OC) (torr) (hr) (mg /cm ) (700) 

, ~~ ~~ 

Nb-1% Zr 1500 1 x io-’ 
5 x 

512 

512 

- 0.098 
-0.130 

100 Z r  

100 Zr 

I x io-’ 
5 x 

1 x io-’ 
5 x 1 0 - ~  

1 x io-’ 

7 x io-’ 
5 x io-’ 

6 X lo-’’ 

5 x 1 0 - ~  

1 x io-’ 
5 x 

2 x io-’ 

5 x 1 0 - ~  

2 x io-’ 
5 x 

2 x io-’ 
5 x 1 0 - ~  

1300 303 

3 03 

-0.012 

+0.043 

Not measurable 

Not measurable 

1200 1000 

1000 

-0.024 

+0.051 

Not measurable 

Not measurable 

1100 

1500 

300 - 0.030 Not measurable 

B-66 -1.7 

-1.6 

316 

31 6 

-0.077 

-0.024 

93V-7Zr 

93V-7Zr 

1200 513 

4 94 

D-43 1300 276 

276 

-0.016 

+0.018 

Not measurable 

Not measurable 

T-111 1500 448 

496 

- 0.079 
-0.23 

92.6Hf-5.81Zr 

1 OOHf 

30.5Hf-8.10Zr-21 .2YB 

6 1.5Hf-3.70Zr-1.50Y a 

c-129Y 1500 52 1 

52 1 

-0.16 

-0.56 

FS-85 1500 667 

667 

-0.066 

-0.10 

lOOZr 

1 OOZr 

67.0Vb 2.8 x 

4.6 x 

Armour alloy 1100 6 72 

672 

-0.14 

+0.019 

asample weight uncertain. 
b .  Tltanium, niobium, and carbon present but not measured. 
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Table  14.11. Change in  Interstit ial  Content of Refractory Al loys in High Vacuums 

I 

, 

I 

Intersti t ial  Concentration After Exposure a t  Indicated Pressure  (torr) - ppm 

Temperature Carbon Oxygen Nitrogen Hydrogen 
__ - (OC) 

Alloy 

Initial Initial 10-9 10-7 Initial 10-9 10-7 Initial 10-9 10-7 

Nb-1% Zr 1500 100 30 3 180 5 18 7% 4 4 75 170 1 0  

1300 90 520 43 140 87 84 3 6 

1200 100 290 160 300 120 92 5 5 

1100 94 155 73 4 2 

B-66 1500 100 30 19  97 6 50 250 10 24 4 2 3 

1200 80 18 74 1800 64 120 6 6 

D -43 1300 980 960 900 63 61 410 89 26 33 

T-111 1500 70 60 40 53 11 97 23 21 200 

C-129Y 1500 75 90 460 115 76 240 60 29 1200 5 1 1 

Armour 1100 460 440 290 270 81  1100 130 130 130 4 3 3 
alloy 

Eva luat ion  of Niobium-Vanadium Al loys  
for Appl icat ion i n  High-Temperature  

L i th ium-Cooled Reactor  Systems 

T. K .  Roche 

We have evaluated niobium-vanadium a l loys  for 
potential  application in lithium-cooled reactor 
sys tems for s p a c e  applications.  Alloys for th i s  u s e  
must be capable  of withstanding high temperatures 
for relatively long times. Niobium-vanadium alloys 
appeared to  be  a t t rac t ive  because  of good short- 
time strength properties as reported by other in- 
vestigators.  The  greatest  emphas is  was  placed 
on a l loys  with about 40% V and smal l  additions 
of titanium and zirconium. T h i s  concentration of 
vanadium h a s  been shown to  be  near optimum for 
high short-time strength properties. Proper t ies  of 
immediate in te res t  were fabricabili ty,  corrosion 
behavior in lithium, aging response ,  weldabili ty,  
strength,  and s tab i l i ty  in high vacuum. 

We did not eva lua te  the a l loys  completelv be- 
cause  severa l  def ic ienc ies  were uncovered early 
in the tes t ing  program. For  example, fabricating 
seamless  tubing of the  alloy Nb-39% V-1% Ti 
was  difficult, and th i s  same alloy lo s t  metal by 

evaporation at elevated temperature in high 
vacuum. The  most disappointing resu l t  w a s  a 
lack  of c reep  strength a t  e leva ted  temperature. 
Never the less ,  certain properties s u c h  a s  corrosion 
behavior in lithium and ag ing  response  appear  
to  be acceptab le  for the mentioned application. 

We conclude generally that,  while niobium- 
vanadium a l loys  embrace many a t t rac t ive  prop- 
e r t i e s  for short-time high-temperature applications,  
the  major deterrent to  the u s e  of t h e s e  a l loys  for 
extended serv ice  appears  to be the lack  of c reep  
strength.  As a result ,  we consider t hese  a l loys  
to b e  less sa t i s fac tory  than other niobium a l loys  
presently available for u se  in lithium-cooled 
reactors.  

FABRICATION DEVELOPMENT 

C. F. Lei t ten ,  Jr .  

Refractory-Meta I Extrusion 

R.  E. McDonald C .  F. Lei t ten ,  J r .  

Work h a s  continued on the extrusion of refractory- 
metal tube s h e l l s  for the subsequent  production 



of large-diameter thin-wall tubing by warm-drawing 
and tube-reducing techniques.  W e  completed satis- 
factorily the extrusion of molybdenum and molyb- 
denum-base alloy tube s h e l l s  using the floating- 
mandrel technique. ’’ 

The  pertinent extrusion da ta  are  compiled in  
Tab le  14.12. Because  of the diff icul t ies  en-  
countered in  obtaining smooth glass-free sur faces  
on the ini t ia l  extrusions,  we evaluated al ternate  
lubricants.  As shown in t h e  table ,  exce l len t  
extrusion sur faces  were obtained us ing  t h e  volat i le  
molybdenum trioxide, which formed readily on un- 
coated molybdenum bi l le ts  at e levated tempera- 
tures .  Pr ior  to extrusion, the zirconia-coated d i e  
and mandrel were coated with a thin film of 
graphite. T h e  surface appearance typical  of as- 
extruded uncoated TZM and TM alloy tube s h e l l s  
is i l lustrated by Fig.  14.16, a close view of the 
surface of the  TM alloy. A thin f i lm  of molybdenum 
trioxide essent ia l ly  covers  the surface.  

The  u s e  of pyrolytic graphite as a lubricant in  
the high-temperature extrusion process  w a s  also 
considered because  of its excel lent  insulat ion 

. 
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properties and favorable glide charac te r i s t ics .  A 
0.020-in.-thick s l e e v e  of pyrolytic graphite was 
placed in  the extrusion-press container  prior to 
the transfer of the billet and an  uncoated TZM 
alloy bi l le t  was  extruded at 2065OC. A TM alloy 
bi l le t  w a s  similarly extruded at 1925OC. Figure 
14.17 shows the  rough sur faces  where the high- 
s t rength pyrolytic graphite coextruded with the 
molybdenum al loys.  

The extruded tube s h e l l s  were sect ioned for 
chemical  ana lys i s  and metallographic examination 

”R. E. McDonald and C. F. Leitten, Jr., “Production 
of Refractory-Metal Tube Shells by Extrusion and Flow- 
turning Techniques,” paper presented at  AIME/IMD 
Symposium on the Applied Aspects  of Refractory Metals, 
Los Angeles. Calif., Dec. 9-10, 1963, and to be pub- 
lished in proceedings of the symposium. 

‘OR. E.  McDonald, Metals and Ceramics Div. Ann. 
Progr. Rept. May 31, 1963, ORNL-3470, pp. 106-108. 

Fig. 14.16. Closeup View of Surface on Extruded T M  
Alloy Tube Shell. 

I 

Fig. 14.17. Surface Appearance of T Z M  and T M  Alloy Tube Shells Extruded with Pyrolytic Graphite Liners. 

. 
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Table 14.12. Summary of the Molybdenum-Alloy Tube Shell Extrusion Data 

(Al l  reduction ratios approximately 8.8) 

Extrusion Heating Transfer Load (tons) 
Billet  Material Temperature Time Time Lubricant 

Breakthrough Running 
(OC) (min) (S ec  ) 

Remarks 

985 

986 

1054 

1055 

1056 

1057 

I058 

1059 

1060 

M o  

Mo 

Mo 

T M  

TZM 

T M  

T M  

TZM 

TZM 

1815 

1590 

1650 

1925 

2065 

1925 

1925 

2040 

2040 

25 

25 

21  

25 

25 

22 

22 

22 

23 

15.5 

22 

10.9 

10.6 

11.6 

9.7 

11.1 

11.6 

9.9 

44 0 Not available CG-7810 

550 Not avai lable  CG-7810 

600 53 0 CG-7740 outside 
only 

CG-7740 outside 51 0 41 5 
only 

520 340 Pyrolytic graphite 
with nose  cone 

5 00 370 Pyrolytic graphite 
s leeve  

535 42 0 Bare 

550 470 Bare 

Not available Not available Bare 

Surfaces fair; g l a s s  rub-in on 
nose and tail  

Surfaces good 

P r e s s  s ta l led  on bil let  tail; 
outer surface good; inner 
surface excel lent  

Surfaces good 

Nose and ta i l  severely gouged; 
inner surface good 

Ta i l  severely gouged; inner 
surface good 

Outer and inner surfaces  good 

Outer and inner surfaces  good 

Outer and inner surfaces  good 

F 
0 w 
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and to provide s tock  for warm drawing and tube 
reducing. Hollows of e a c h  alloy composition were 
avai lable  in  the as-extruded condition for drawing 
and tube reducing. Additional hollows of e a c h  
al loy composition were prepared for drawing and 
tube reducing after an optimum heat  treatment.  

The  tube hollows for warm drawing were ma- 
chined to l-in. OD x t - i n .  wall  and nondestruc- 
t ively tes ted  us ing  dye-penetrant, ultrasound, and 
x-ray techniques.  All s ta r t ing  hollows were of 
sound qual i ty  and were shipped to  Superior Tube 
Company to  be drawn to "/,in. OD x 0.035-in. wal l  
us ing  their commercial warm-drawing schedule .  
Figure 14.18 shows the high-quality s u r f a c e s  on 
the finished tubing. The drawn tubing w a s  found 
by ex tens ive  nondestructive tes t ing  to be free 
from defects .  Tab le  14.13 compares the  a n a l y s e s  
of the  s ta r t ing  s tock  and the product. A minor 
change in  the carbon and oxygen contents  may be 
noted. 

On the b a s i s  of the s u c c e s s  achieved in  ex- 
truding uncoated molybdenum-base a l loy  tube 
s h e l l s  and the subsequent  production of high- 
qual i ty  tubing, two s intered unalloyed tungsten 
b i l le t s  were extruded to  tube s h e l l s  us ing  the  
same b a s i c  techniques.  The  b i l le t s  were extruded 
uncoated us ing  as the  lubricant the  volat i le  WO, 
that  formed during the  transfer of the bi l le t  from 

the inert-atmosphere furnace to  the extrusion-press 
container.  T h e  ini t ia l  bi l le t  was  extruded at 
187OoC and the second at 1705OC at a reduction 
rat io  of 5.8. T h e  external  sur faces  of the extruded 
tube s h e l l s  are  shown in  F ig .  14.19. Apparently, 
good surface f in i shes  were obtained in both ex- 
t rusions that  used the volat i le  tungsten trioxide 

Table  14.13. Chemical Comparison Between 

Molybdenum-Base Al loy Wrought Stock 
and Drawn Tubing 

Starting Materiala Product 

M o  TM TZM M o  TM TZM 
Element 

0 15 4 15 33 32 32 

H 1 2 3 2 3 3 

N 10 4 3 5 6 6 

Ti 

Zr 

5500 4700 4700 

1200 2100b 

*Vacuum arc-melted and hot-rolled bar. 
bBeing rechecked. 

Fig. 14.18. High-Quality Surface Appearance of the Warm-Drawn Molybdenum and Molybdenum-Base Al loy Tubing. 

. 
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Fig. 14.19. Surface Appearance of Extruded Tungsten Tube Shells. 

'I . 

as the lubricant. As in the molybdenum-base ex- 
trusions,  only a thin f i lm of oxide was  noted on 
these  tungsten tube she l l s .  After removal of th i s  
thin f i l m ,  chemical ana lyses  indicated that  t h e  
atmosphere did not contaminate the tungsten at 
the extrusion temperature. Tab le  14.14 summarizes 
the inters t i t ia l  impurity content of t he  tube s h e l l s  
and the  powder-metallurgy s t a r t i ng  material. 

Tab le  14.15 is a compilation of the extrusion 
data .  Note that  the breakthrough pressure  was  
lower at the lower temperature. The  explanation 
for t h i s  seemingly contradictory behavior is that  
WO,, which melts a t  1473OC, evaporated s o  rapidly 
at the higher temperature that  a less than ideal  
amount remained on the sur face  of the bi l le t .  W e  
plan two further extrusions at 1600 and 1500°C 
to determine the optimum extrusion temperature. 

Bi l le ts  will  also be  prepared from wrought 
tungsten bar s tock  to  compare with the s intered 
bi l le ts .  Because  the  breakthrough p res su res  on 
the s intered b i l l e t s  were lower than expec ted ,  t he  

Table 14.14. Interstitial Impurity Content 
of the Tungsten Tube Shells 

Tube Number Impurity Content 
(ppm) 1190 1191 Material 

C 20 20 20 

0 9 6 38 

H <1 <1 < 1  

N <5  <5  7 

Table 14.15. Tungsten Tube-Shell Extrusion Data 

Load (tons) Billet Time t o  Transfer 
Temperature Temperature Time Remarks 

(min) (set) Breakthrough Running 
(OC) No. 

Outer surface good; inner 1190 1870 25 12.5 480 4 05 

surface superior 

Outer surface superior; 
inner surface superior 

1191 1705 23 10.6 405 380 



wrought material will be extruded at a higher 
reduction ratio. 

Flow Turning of Refractory-Metal  T u b e  Shells 

R. E. McDonald C .  F. Lei t ten ,  Jr. 

Work continued on the  feasibil i ty of producing 
tube s h e l l s  a t  room temperature by flow turning. 
By u s e  of a commercial reducing schedu le ,22  two 
tube s h e l l s  were reduced t o  ?*-in. OD x 0.100-in. 
wall  in a s ingle  p a s s ,  then vacuum annealed for 
2 hr at 12OO0C, and finally drawn at room tempera- 
ture t o  final sizes (0.750-in. OD x 0.035-in. wal l  
and 0.675-in. OD x 0.035-in. wall). 

Three additional c a s t  b i l le t s  of Nb-1% Zr, 
3-in. OD x l?2-in. ID x about  5 in. i n  length, were 
flow turned by back extrusion t o  2-in. OD x 2- in .  
wal l  tube s h e l l s  in s i x  p a s s e s .  Figure 14.20 
shows the  finished tube s h e l l s ,  which represent 
material y ie lds  of 75 to  80%. T h i s  yield should 
increase  a s  the process  is refined and the  optimum 
parameters  a re  developed. 

We are investigating the  feas ib i l i ty  of flow 
turning a c a s t  tantalum-base alloy (T-111) a t  room 

~ 

21R. E. McDonald and C. F. Leitten,  Jr., Metals and  
Ceramics Div. Ann. Progr. Rept. May 31, 1963, ORNL- 

220RNL Subcontract No. 2316 with Superior Tube 
3470, PP. 108-110. 

Company, Norristown, Pa.  

Headstock speed, rpm 

Roll  feed, in./min 

Diameter reduction per pas s ,  in. 

Rockwell hardness 
Starting material 

1 s t  pass  

2nd pass  

250 

2 2  

- k  
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Fig. 14.20. Overall V iew of the F low Turned Nb-1% 
Zr Al loy Tube Shells. 

temperature. A compilation of flow turning da ta  
on both the  T-111 and Nb-1% Z r  a l loys  is l i s ted  
below. The  higher rate of work hardening for the  
T-111 alloy requires more in-process annea l s  
whereas  the  Nb-1% Z r  alloy w a s  reduced without 
intermediate annealing. T h e  preliminary s t u d i e s  
show tha t  the T-111 will  back extrude at room 
temperature and that the internal sur faces  will  
be  superior t o  those obtained on the  Nb-1% Z r  
alloy. 

T-111 

R, 92-95 (vacuum annealed 
at  1 2 0 0 ~ ~ )  

R c  17-19 

Rc 35-40 (to be vacuum s t r e s s  
relieved) 

300-325 

1 -+ 

Nb-1% Zr 

R, 18-24 (vacuum annealed 
a t  98OoC) 

R, 80-85 

R, 90-91 

R B  91-92 

R B  91-92 

R B  92-93 

R, 94-95 

3rd pass  

4th pass  

5th pas s  

6th pas s  
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MAT ERlALS COMPATIB ILlTY 

J .  H. DeVan 

Corrosion of Refractory Metals by Lithium2 

J.  R .  DiStefano 

The pure metals niobium, tantalum, vanadium, 
titanium, and zirconium exhibit  exce l len t  resist- 
ance to  dissolution by lithium a t  temperatures even 
in  e x c e s s  of 8OOOC. However, s m a l l  quantit ies 
of oxygen in either niobium or tantalum can  c a u s e  
the rapid penetration of t hese  metals  by lithium 
over a wide range of temperatures. On the  other 
hand, vanadium, titanium, and zirconium with 
oxygen concentrations as high as 2000 ppm do 
not show th i s  suscept ib i l i ty  to  lithium penetration. 

One poss ib le  solution to  th i s  problem for niobium 
or tantalum is the addition of an alloying element  
that  would t ie  up any oxygen present in the  alloy. 
After sys temat ic  additions of oxygen were made 
to  a Nb-1% Zr alloy at 1000°C, exposure to  
lithium for 100 hr a t  815OC resulted in a t t ack  of 
the alloy in a manner s i m i l a r  to  unalloyed niobium. 
However, we found la te r  that  at 815OC lithium 
did not penetrate niobium-zirconium a l loys  with 
less than two oxygen atoms per zirconium atom 
i f  t he  alloy had been heat treated for 2 hr a t  
130OOC after oxidation at 1000°C. Since the 
limiting proportion corresponds t o  the s to ich i -  
ometry of Z r 0 2 ,  we postulate that  corrosion pro- 
tection resu l t s  from the formation of th i s  oxide 
during the hea t  treatment at 1300OC. Further tests 
showed that hea t  treatments of 1 hr at 160OoC 
or 5 hr at 1000°C were equal ly  effective in pro- 
ducing a corrosion-resistant alloy. Our theory 
is supported by the  resu l t s  of Stephenson and 
McCoy, who used mechanical-relaxation meas- 
urements, and Hobson,25  who identified ZrO, in 
Nb-1% Zr specimens tha t  had been hea t  treated 
under similar conditions.  

Although treatment a t  temperatures f rom 1000 
to  160OOC s tab i l ized  oxygen in  Nb-1% Zr a l loys ,  
a specimen containing 900 ppm 0 was  attacked 

23Condensed from the University of Tennessee  M.S. 
thesis  of J. R. DiStefano, Corrosion of Refractory 
Metals by Lithium, ORNL-3551 (March 1964). 

R. L. Stephenson and H. E. McCoy, Metals a n d  
Ceramics Div. Ann. Progr. Rept.  May 31, 1962, ORNL- 

25D. 0. Hobson, Aging Phenomenon in Columbium- 
B a s e  Alloys, ORNL-3245, p. 7 (March 1962). 

2 4  

3313,  pp. 42-44. 

after hea t  treatment at 20OO0C. Similarly, spec i -  
mens welded after oxygen additions did not r e s i s t  
penetration by lithium. T h e s e  latter treatments 
apparently redissolved ZrO, , leaving the  oxygen 
in a form that rendered the  alloy suscep t ib l e  to  
a t tack .  

The  addition of 40% V to  niobium did not alter 
the corrosion res i s tance  t o  lithium even after hea t  
treatments a t  130OOC. Therefore, oxygen is not 
preferentially assoc ia ted  with vanadium in a form 
tha t  prevents a t tack  by lithium. 

NONDESTRUCTIVE TESTING 

R.  W .  McClung 

Refractory-Metal Evaluation 

K.  V. Cook R .  W .  McClung 

We have  nondestructively evaluated rod, bar, 
shee t ,  plate,  tubing, and tube hollows of s eve ra l  
refractory materials including Mo, W ,  and the  
a l loys  Nb-1% Zr,  Cb-752, D-43, T-111, TM, TZM, 
and W-26% Re. The  spec i f ic  techniques have 
been se l ec t ed  according to the  materials and their  
configurations. Fluorescent  penetrants were used 
to  evaluate the outer sur faces  of a l l  material, 
and generally speaking, no s igni f icant  discon- 
t inuit ies were detected by th i s  inspection pro- 
cedure. At l e a s t  one ultrasonic technique was  
used for the detection of internal f laws. In some 
ins tances  radiography was  a l s o  applied. 

A large portion of the inspection work was  
devoted to  the evaluation of three groups of de- 
velopmental tubing. One group was  fabricated 
under an ORNL developmental contract;  the other 
two resulted from a joint AF-NASA-AEC project 
on refractory-metal tubing. The  ORNL tubing 
(?*-in. OD x 0.065-in. thick) was  duplex material 
with an outer molybdenum or TM alloy shea th  and 
an inner Nb-1% Zr alloy liner. F luorescent  pen- 
etrant examination d isc losed  only two small pin- 
hole indications on the  molybdenum-Nb-1% Zr 
alloy tubing, but c racks  were de tec ted  in the  outer 
sur face  of most of the  tubes in the  other lot .  

Ultrasonic inspection was  applied t o  e a c h  group. 
However, the presence of only a mechanical  bond 
between layers  of the composite tubing restricted 
the evaluation to  the outer layer of molybdenum 
or TM alloy. A number of c r acks  were found in 
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0.0: 

Fig.  14.21. F l a w s  Ultrasonically Detected on the Inside Surface of D-43 Al loy  Tubing. A s  polished. 75~. 

tubing from each  group, in agreement with metal- 
lographic observations,  which revealed some 
cracks  extending as much as 80% through the 
shea th  . 

'* -- ' Nondestructive evaluation h a s  been completed 
on 79 ft of >z-in. OD x 0.062-in. wall ,  78 ft of 
+'-in. wall ,  and 358 ft of 2- 
in.  OD x 0.018-in. wall  D-43 alloy tubing produced 
under Air  Force  contract  for a joint AF-NASA-AEC 
project. Analysis  of the inspection resu l t s  indi- 
cated that 80  to  90% of the  material  met stringent 
quality spec i f ica t ions .  Typica l  f laws on the 
inside surface of a tube a re  shown in  F ig .  14.21. 
We have  reportedz6 the resu l t s  of the  evaluation 
program in detail .  

Nondestructive evaluation is nearing completion 
on a quantity of T-111 and B-66 alloy tubing a l s o  
produced on a joint AF-NASA-AEC project.  In 
general, the quality of the B-66 is somewhat 
superior to  tha t  of the T-111. T h i s  is somewhat 
surprising, s ince  the latter alloy h a s  demonstrated 
fabricability, while  problems have frequently oc- 
curred with the former. 

OD x 0.062-in. 

PHY SlCAL PROPERTIES 

D. L .  McElroy 

We are concerned with the measurement and cor- 
relation of needed high-temperature thermophysical 

properties of materials of in te res t .  Information 
useful in the design, execution, and ana lys i s  of 
high-temperature experiments w a s  obtained, in- 
cluding a meaningful s e r i e s  of thermocouple s t a -  
bil i ty t e s t s  and measurements of properties such  
as to ta l  hemispherical emittance,  e lec t r ica l  re- 
s i s t iv i ty ,  and thermal conductivity. 

High-Temperature High-Vacuum Thermocouple 
D r i f t  T e s t s 2 '  

J .  W. Hendricks D. L. McElroy 

A fac i l i ty  for prolonged tes t ing  of the  thermal-emf 
s tab i l i ty  of thermocouples at high temperature and 
high vacuums was  constructed.  Using a Pt- 
10% Rh, P t  referee thermocouple and an optical  
pyrometer referee, t e s t s  in the range 1200 to 
145OOC for times up to  1000 hr a t  p ressures  be- 
tween and lo-' torr  have  shown a lack  of 
drift in the  thermal e m f  of platinum, rhodium, and 
tungsten-rhenium-base thermoelements. Commer- 
c i a l  thermocouples of the types  Pt-10% Rh, P t ;  
Pt-6% Rh,  Pt-30% Rh; W, W-26% Re; and W-5% 
Re ,  W-26% R e  were s t ab le  within klO°C for the 
t e s t  conditions.  Wire size and alloy content were 
not important variables within th i s  s tab i l i ty  range. 
P o s t t e s t  examinations revealed only minor changes  
in  surface appearance for the  s t ab le  thermo- 
couples .  

26K. V. Cook and R. W. McClung, Nondestructive 
Evaluation of  0-43 Alloy  Tubing, ORNL-TM-843 (June 
1964). 

"J. W. Hendricks and D. L. McElroy, High-Tempera- 
ture High-Vacuum Thermocouple Drift Tests ,  ORNL- 
TM-883 (in press). 

I . 
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One t e s t  at 145OOC did show tha t  drift of thermal 
emf  could be  expected in Pt-6% Rh,  Pt-30% Rh 
thermocouples i f  the hot junction is joined t o  
niobium and exposed to a seve re  temperature 
gradient. T h i s  drift is apparently due to  varia- 
t ions in composition resu l t ing  from diffusion of 
niobium in to  the  wires. Severe changes  in  thermal 
emf  were observed a t  120OOC in MgO-insulated 
Pt-10% Rh, P t  thermocouples sheathed with 
tantalum or niobium; these  changes  were appar- 
ently caused  by a reaction between the thermo- 
elements  and MgO. 

Emi t tance  of T y p e  316 Stainless Steel 

T. G. Kollie D. L. McElroy 

T h e  to ta l  hemispherical emittance and the elec- 
trical  resist ivity of type 316 s t a i n l e s s  s t e e l  in 
bright, oxidized, and evaporated conditions were  
measured in the range 200 to 1O2S0C. Since the 
spec imens  studied were designed to optimize 
measurement of emittance rather than e lec t r ica l  
res i s t iv i ty ,  our values of electrical resist ivity for 
t h i s  particular alloy a r e  higher than nominal 
l i terature values.  The  emit tance is influenced 
by sur face  preparation, temperature, and vacuum 
of the measuring system. T h e  emittance of 
polished, lapped, or cold-worked sur faces  tha t  
had been held a t  900°C for a few hours a t  5 x lo-'  
torr could be represented to  i0.576 in the range 
200 to  1000°C by 

E ,  = 0.1345 + 1 . 6 ( t -  200) x , 

where t is in degrees  Cels ius .  Pol i shed  or lapped 
sur faces  measured at 5 x l o p 6  torr did not obey 
th i s  relation in the range 600 to  900OC. Holding 
a specimen for severa l  hours between 600 and 
75OOC a t  5 x torr doubled the  emittance; the 
higher value pers i s ted  on cooling and was  due 
to a readily observable  oxide f i lm.  However, i f  any 
init ially bright specimen was  hea ted  above 800°C 
a t  5 x torr, t h i s  f i lm  decomposed, and a t  
1000°C the emittance returned to  the value pre- 
dicted by the above equation, even  though in i t ia l  
differences of 15% may have ex is ted .  

Up to  900OC the emit tance of the  oxidized spec i -  
mens was  two to three t i m e s  tha t  of the unoxidized 
specimens,  depending on the amount of oxide 
present.  Holding a t  900°C for severa l  hours re- 
su l ted  in large inc reases  in  emittance for two 

oxide coa t ing  th icknesses ;  after approximately 
5 hr, the emit tances  became es sen t i a l ly  equal.  
Both oxidized samples  gave va lues  within 1% of 
each  other on cooling, although they differed 
in i t ia l ly  by 12% on heating. The  emit tance of 
these  oxidized specimens may be  represented by 

E ,  = 0.57 + 2.37(t-  200) x , 

where t is in degrees  Ce l s ius .  T h e  emit tance of 
a specimen with an  init ial  oxide f i l m  of 0.12 
mg/cm2 decreased  6% a t  1025OC and 1 x 
torr. T h i s  specimen was  left overnight with power 
applied to  observe the ex ten t  of t h i s  dec rease .  
T h e  dec rease  was  apparently due t o  oxide de-  
composition, because  the next morning the  spec i -  
men had melted, and the  oxide was  miss ing  from 
most of the specimen. The decomposition of the 
oxide had lowered the  emittance and thus ra i sed  
the  temperature sufficiently t o  c a u s e  melting. 
T h i s  experiment was  repeated with ident ica l  re- 
su l t s .  

Emittance,  E l e c t r i c a l  Resist iv i ty ,  and Thermal  
Conduct iv i ty  of Refractory Metals and A l l o y s  

T. G. Kollie D. L. McElroy 

A knowledge of the total  hemispherical  emit- 
t ance ,  the  e lec t r ica l  resist ivity,  and the thermal 
conductivity of refractory metals  and a l loys  is 
needed t o  design equipment to  operate at high 
temperatures. In addition, the measurement of 
s eve ra l  thermophysical properties on the same 
m a t e r i a l  a id s  the  understanding of a single prop- 
erty. Init ially we a re  studying rhenium, niobium, 
and the  a l loys  Nb-1% Zr,  D-43, T-111, and FS-85. 
W e  sha l l  measure thermal conductivity in the  
thermal comparator apparatus t o  4OOOC and in  
the  longitudinal heat-flow apparatus t o  a t  l e a s t  
100°C on specimen d i sks  '/4 in.  thick by 1 in. 
diam. W e  are measuring emittance and e l ec t r i ca l  
res i s t iv i ty  in the  emittance apparatus from - 200 
to 150OOC at pressures  less than 5 x lo-' torr. 
The  emittance measurements are b e s t  performed 
on s t r ip s  0.010 x 1.0 x 12 in., and the e lec t r ica l  
res i s t iv i ty  measurements on 6 -  to  "/3 2-in.-diam 
rod. T h e  e lec t r ica l  resist ivity measurements  allow 
the  low-temperature thermal conductivity da t a  t o  
be extrapolated to high temperatures and may a l s o  
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allow prediction of the to t a l  hemispherical  emit- 
tance if present theoretical  approaches2*  c a n  b e  
developed. The  following paragraphs re la te  the 
resu l t s  tha t  we have obtained on some of the 
above-mentioned materials.  

W e  obtained e lec t r ica l  res i s t iv i ty  da t a  from -200 
to  1000°C and meaningful emit tance da t a  from 600 
to 1000°C using an ‘/8-in.-diam rod of rhenium. 
The  e lec t r ica l  res i s t iv i ty  measurements were fi t ted 
to  a fourth-degree equation covering th i s  tempera- 
ture region, and the va lues  ca lcu la ted  from the 
equation are tabulated in 100°C increments  in 
Table  14.16. For  comparison, da t a  of 
and Taylor3’ are included in  th i s  table.  T o  
2OO0C, our resu l t s  a re  0 .3  t o  0.5 pohm-cm below 

28W. J. Parker and G. L. Abbott, “Total  Emittance of 
Metals,” paper presented a t  the Symposium on Thermal 
Radiation of Sol ids ,  sponsored by ASD-USAF, NBS, 
and NASA, San Francisco,  Calif., March 4-6, 1964, and 
to be published in proceedings. 

”R3. W. Powell, R. P. Tye,  and M. J. Woodman, 
J. Less-Common Metals 5, 49-55 (1963). 

30R. E. Taylor and R. A. Finch,  J. LessCommon 
Metals 6 ,  283-94 (1964). 

Powell’s,  probably because  we used a s l igh t ly  
purer specimen.  Powel l ’ s  measurements to 140OOC 
are reported graphically, but the  va lues  read from 
h i s  graphs sca t t e r  less than k0.4 pohm-cm from 
ours through 1000°C. Taylor’s resu l t s  a re  4 to  
6 pohm-cm above ours and ind ica te  e i ther  a very 
impure specimen or a sys temic  measurement error. 
We ca lcu la ted  the  e lec t ronic  portion of the  thermal 
conductivity, us ing  the  Wiedemann-Franz-Lorenz 
relation, from our electrical res i s t iv i ty  da t a  and 
include it i n  Table  14.16. T h e s e  va lues  predict 
a minimum in the electronic portion of t he  thermal 
conductivity a t  3OO0C. The  total  hemispherical  
emit tance va lues  of t h i s  rhenium rod a re  a l s o  
l isted.  However, the rod geometry is not i dea l  
for emittance measurements, s i n c e  i t  permitted 
thermal conduction down the  rod and led  to  
spur ious  va lues  below 60OOC. Above 600°C t h i s  
e f fec t  is negligible, and the measured emittance 
increased  linearly with temperature to  1000°C. 
T h e  va lues  l i s ted  below 600°C were obtained by 
l inear extrapolation of t he  high-temperature re- 
su l t s .  

T a b l e  14.16. Thermophysical Propert ies of Rhenium 

Electr ical  Resis t ivi ty  
Wohm-cm) 

Total  Thermal Temperature 
Resis t ivi ty  Hemispherical Conductivitya 
@ohm-cm) Emittance (w cm-l O C - ~ )  R. W. Powell  R. E. Taylor 

(OC) 

-200 2.290 

-100 9.335 9.6 

0 16.837 0.123 0.397 17.2 25.6 

100 24.476 0.130 0.373 24.9 31.6 

2 00 31.993 0.138 0.362 32.6 37.6 

3 00 39.189 0.145 0.358 39.3 43.6 

400 45.926 0.152 0.359 45.9 49.6 

500 52.125 0.160 0.363 51.8 55.5 

600 57.766 0.167 0.370 57.8 61.4 

700 62.894 0.175 0.379 63.1 67.4 

800 67.608 0.182 0.389 68.0 71.8 

900 72.073 0.189 0.399 72.3 76.2 

1000 76.510 0.197 0.408 76.6 80.6 

aCalculated electronic portion. 

, 
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We have niobium specimens that  we s h a l l  soon 
s ta r t  to measure. 

Tab le  14.17 lists our electrical resis t ivi ty  and 
total hemispherical  emit tance va lues  for the  a l loys  
Nb-1% Zr, D-13, and T-111. Since t h e s e  rneasure- 
ments were made on rods, the emit tance resu l t s  
are  not valid below about 5OO0C because  of 
thermal conduction. The  emit tance of t h e s e  a l loys  
decreased with increased thermal cycling, as  i f  
thermal polishing of the  sur faces  was occurring 
a t  the high temperatures. T h e  emit tance va lues  
reported are those for the final cyc le  and are  25 
to 50% below the  values  obtained on f i r s t  heating. 
Theoryz8 predicts  the emit tance to  be proportional 
to (p,J1/*, and the data  for Nb-1% Zr and D-43 
are  cons is ten t  with th i s  postulate.  

T h e  electr ical  res is t ivi ty  values  obtained on an 
Nb-l% Zr rod are  consis tent ly  0.7 to  0 .5  pohm-cm 
greater than the ex is t ing  va lues  for niobium, and 

the D-43 values  a re  0.8 to 1.7 pohm-cm greater 
than those  of Nb-l% Zr. T h i s  represents  a sur- 
prisingly small increase in e lec t r ica l  res is t ivi ty  
for the 10% W addition, espec ia l ly  when one 
considers  that the addition of 8% W and 2% Hf 
in  T-111 alloy r a i s e s  the resis t ivi ty  8 pohm-cm 
above that  of unalloyed tantalum. Ordering in 
the niobium-tungsten sys t em could explain the 
low magnitude of the increase.  T h e  electronic  
portion of the thermal conductivity of t h e s e  a l loys  
increases  with increasing temperature. From 0 
to 15OO0C, i t  increases  40% for Nb-1% Zr, 50% 
for D-43, and 60% for T-111. T h e  resul ts  for 
Nb-l% Zr agree well  with the reported3'  increase  
of 37% in thermal conductivity between 0 and 
12OOOC. 

31A.  W. Lemmon, Jr., e t  at., The Specific Heat, 
Thermal Conductivity and Viscosity of Liquid Cesium, 
NASA CR-54018 (BATT-4673-T7) (Feb. 29, 1964). 

Table 14.17. Electrical Resistivity and Tota l  Hemispherical Emittance 
of Nb-1% Zr, D43 ,  and T-111 Alloys 

Elec t r ica l  Resistivity (pohm-cm) Tota l  Hemispherical Emittance Temperature 
(OC) Nb-1% Zr D-43 T-111 Nb-1% Zr D-43 T-111 

-200 6.9 

-100 11.3 

0 14.7 15.7 18.5 

100 20.0 20.1 23.0 0.2 05 

200 23.7 24.5 27.2 0.150 

300 27.6 28.5 31.2 0.129 

400 31.5 32.3 35.2 0.120 

500 35.3 35.9 39.0 0.103 0.124 0.081 

600 38.9 39.3 42.8 0.110 0.133 0.096 

7 00 42.2 42.8 46.6 0.117 0.143 0.111 

800 45.4 46.0 50.3 0.130 0.154 0.126 

900 48.4 49.2 54.1 0.142 0.167 0.141 

1000 51.6 52.3 57.8 0.154 0.178 0.156 

1100 54.7 55.4 61.3 0.167 0.190 0.170 

1200 57.7 58.7 65.0 0.179 0.202 0.184 

1300 60.8 61.8 68.6 0.192 0.214 0.199 

1400 63.8 65.0 72.3 0.204 0.226 0.213 

1500 67.0 68.2 75.9 0.215 0.238 0.227 



15. Materials Compatibility 

J. H. DeVan 

Since  refractory meta ls  have  exhibited better 
corrosion r e s i s t ance  to  liquid a lka l i  meta ls  than 
h a v e  t h e  more conventional meta ls  and a l loys ,  
they a r e  being considered as containment mater ia l s  
for a lka l i  meta ls  in high-temperature nuclear re- 
actor sys tems.  However, impurit ies such  as oxy- 
gen, nitrogen, and carbon can  significantly impair 
t h e  corrosion r e s i s t ance  of t h e s e  metals to  severa l  
of the  a lka l i  metals.  Small concentrations of 
oxygen a r e  particularly harmful. Meaningful cor- 
rosion s tud ie s  have  been difficult  because it is 
difficult t o  obtain, maintain, and a s s a y  low l eve l s  
of oxygen in t h e s e  sys tems.  We a r e  continuing 
s t u d i e s 2  tha t  will  enable  u s  to accurately de t ec t  
oxygen in the  a lka l i  meta ls ,  espec ia l ly  potassium, 
and to remove it.  Our s t u d i e s  on oxygen in the  
container alloy, Nb-1% Zr, a r e  reported in Chap. 
14  of t h i s  report. 

THE PARTITIONING OF OXYGEN 
B ET W E EN ZI  RCON IUM 

AND LIQUID POTASSIUM 

A. P. Litman J. W. P rados3  

We have  uti l ized the  observation tha t  certain 
ac t ive  meta ls  will getter oxygen from a lka l i  meta ls  
predictably to  develop a method for determining 
oxygen in potassium. Previously,  we showed2  
that oxygen could be  quantitatively recovered from 
potassium by a technique tha t  combined gettering 
by zirconium with vacuum fusion. 

In the  present work, the  distribution of oxygen 
between d i lu te  so lu t ions  in liquid potassium and 
a-zirconium a t  815OC was  s tudied  in greater detail .  
Chemically polished zirconium specimens 0.010 
to 0.065 in. thick were equilibrated with purified 
potassium for 100 to  500 hr in molybdenum cap- 
su l e s .  T h e  molybdenum w a s  e s sen t i a l ly  inert ,  
so  the  oxygen lost from the potassium w a s  com- 
pletely taken up by the  zirconium and could b e  
accura te ly  determined by a mass ba lance  for oxy- 
gen. 

When n o  oxide  scale was  v is ib le  on t h e  spec i -  
mens after equilibration, the  final weight fraction 
of oxygen in  the  zirconium varied from approxi- 
mately 3 to 30 t imes  that in t h e  potassium. For  a 
spec i f i c  th ickness ,  the  ratio of t he  weight frac- 
t ions increased  with time, whereas  for t he  same  
exposure t ime, t he  ratio decreased  with increas ing  
specimen th ickness  (Table 15.1). T h e s e  r e su l t s  
indicated that under the  t e s t  conditions the  system 
had not reached equilibrium. 

There  a r e  good reasons  to be l ieve  tha t  oxygen 
d i f fuses  approximately 1 x l o 5  times as f a s t  in 
liquid potassium as in so l id  zirconium at  815OC. 
Hence, w e  sugges t  that  t he  ra te  of oxygen uptake  
by zirconium is controlled by diffusion of oxygen 
through the  zirconium. For  oxygen uptake so con- 
trolled, one  may ca lcu la te  theore t ica l  oxygen 
profiles u s ing  l i terature va lues  for t he  diffusion 
coefficient of oxygen in zirconium and the  solution 
given below for the  diffusion equation with the  
boundary conditions of our experimental t e s t s .  

K O Y I O  
'J. R. DiStefano and A. P. Litman, "The Effect of 

Impurities in Some Refractory Metal-Alkali Metal Sys- 
tems," accepted for publication in Corrosion. 

2A. P. Litman and J. R. DiStefano, Metals and  Ce- 
ramics Div. Ann. Progr. Rept. May 31, 1963, ORNL- 

3 n=l [a: + k 2  f k] cos an 

Y = ___ 1 + k  

03 cos [an (1 - x/I)] exp  (-a: Df/Z2) 
+2kK0Y10 3470, pp. 63-66. 

Consultant from the University of Tennessee.  
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Table  15.1. T h e  Part i t ioning o f  Oxygen Between Zirconium and L iqu id  Potassium a t  815OC 

Oxygen Contents (ppm) Ratio of Final  
Oxygen Concentrations 

Zr/K 

Specimen 

Thickness  Initiala Initialb Finalb 
Tim e 

in Zr in Zr 
(hr) 

in K (in.) 

0.010 

0.010 

0.021 

0.0215 

0.022 

0.021 

0.040 

0.06 5 

0.06 5 

100 

500 

100 

100 

100 

500 

100 

100 

5 00 

135 

135 

135 

135 

135 

135 

135 

135 

135 

87 

87 

52 

52 

52 

52 

38 

32 

32 

1400 

1400 

760 

7 20 

650 

800 

420 

190 

190 

24 

30 

19 

13 

1 2  

20 

9.6 

2.7 

2.9 

aGettering-vacuum-fusion analysis. 
bvacuum-fusion analysis. 

where 

y = weight fraction of oxygen in the  so l id ,  

y , ,  = weight fraction of oxygen in the  l iquid a t  
t ime t = 0, 

lAsu 
k=- , a capac i ty  ratio, 

v , 
2 = half t he  th ickness  of t h e  solid,  

A s  = half t he  sur face  a rea  of t he  so l id ,  

V ,  = half t he  volume of t h e  liquid, 

K O  = y(0 in solid)/yl(O in liquid), equilibrium 
distribution coefficient,  

x = dis tance  from the  so l id  sur face ,  

D = diffusivity of oxygen in the  so l id ,  and 
a, = the  roots of a, cot  a f k = 0. 

Using th is  result ,  we found that the  ratio of the  
weight fraction of oxygen at the  sur face  of the  
0.010-in. specimen to tha t  in the  center should  
be  approximately unity after 500 hr. Therefore, 
th i s  specimen should  not have  exhibited an oxygen 
concentration gradient. T h e  surface-to-center d i s -  
tribution ratio for t he  0.065-in. specimen after 100 
h r  was  ca lcu la ted  to b e  approximately 8, which 
was  in fair agreement with experiment. Hardness  

t raverses ,  although inconclusive,  tended to sup- 
port t hese  calculations.  Calcu la t ions  of t h e  
average concentrations of oxygen in zirconium 
were also cons i s t en t  with the  experimental results.  
Although the  experimentally measured equilibrium 
distribution coefficient for oxygen in  t h i s  sys tem 
was  approximately 30, computations based purely 
on thermodynamic considerations give a va lue  
many orders of magnitude larger.' 

DETERMINATION OF OXYGEN IN POTASSIUM 

A. P. Litman G. Goldberg4 
J .  E. Strain4 

In engineering sys t ems  us ing  potassium as  t h e  
working fluid, t h e  most probable sou rces  of oxygen 
contamination for the  a lka l i  metal a re  d isso lved  
or adsorbed oxygen in the  container material. 
T h e  oxygen will  usua l ly  redistribute from t h e  so l id  
metal  into the  a lka l i  metal. However, there  is 
evidence'  t ha t  oxygen can  also enter into t h e  for- 
mation of metal-oxygen-potassium complexes in  
the  potassium. Therefore, we must eva lua te  t h e  
ana ly t ica l  t echniques  for oxygen in terms of their  

4Analytical Chemistry Division. 

'8 .  Blecherman and J. Corlis, PWAC-1011, pp. 41-43 
(classified). 
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abili ty to de t ec t  total oxygen in potassium irre- 
spec t ive  of the  chemical form of oxygen. 

T h e  source  of oxygen in t h e  t e s t s  descr ibed  
below was  oxygen in so l id  solution in  niobium. 
Earlier s t u d i e s 6  demonstrated tha t  oxygen in th i s  
form w a s  strongly gettered by potassium a t  815OC. 
T h e  experimental s equence  included oxidizing 
niobium spec imens  in a modified Sievert 's  ap- 
paratus,  equilibrating the  specimens a t  815OC 
with purified potassium for 100 hr in molybdenum 
containers,  and analyzing the  potassium ba ths  
for refractory-metal impurities and for oxygen by 
severa l  methods. 

Tab le  15.2 shows t h e  resu l t s  of t he  recovery 
t e s t s  u s  in g amalgamation, vacuum disti l lat ion,  
and gettering-vacuum fusion (GVF). Both the  
amalgamation and disti l lat ion methods yielded 
low oxygen recoveries under t h e s e  t e s t  condi- 
tions. Calculation of the  oxygen content by either 
method is based  on the  in t r ins ic  assumption that 
any oxygen in the  res idue  after amalgamation or 
disti l lat ion is present as K,O. 

The  determination of oxygen in potassium by 
GVF depends upon accura te  knowledge of the  
distribution ratio for oxygen between potassium 
and an ac t ive  metal, such  as  zirconium. Recent 
t e s t s  ind ica te  that oxygen will  distribute i t se l f  
between 0.050-in.-thick zirconium specimens and 
liquid potassium in 100 hr a t  815OC in accordance  
with the  partition coefficient 

C f z r / C f K  = 5 ,  

where C f Z r  is the  final concentration of oxygen 
in zirconium and C,, that  in potassium. Accord- 
ingly, t he  in i t ia l  oxygen concentration CiK in 
potassium can  b e  determined by equilibrating the  
sample with a zirconium specimen init ially con- 
taining oxygen a t  concentration Ci Z r ,  determining 
the gain AC in  oxygen concentration of t h e  
zirconium specimen, and so lv ing  for CiK in the  
equilibrium expression: 

z': 

= 5 ,  C i Z r  + ACzr  
Cfzr'CfK = CiK - ACzr(Wzr/WK) 

where W Z r / W K  is t h e  weight ratio of zirconium to 
potassium. Tab le  15.2 shows that complete re- 
covery was attained us ing  the  GVF method to 

A. P. Litman and J. R. DiStefano, ORNL-3420, 6 

pp. 219-20 (classified). 

Table  15.2. Recovery of Oxygen from Potassium 
by Amalgamation, Vacuum-Disti l lat ion, 

and Gettering-Vacuum-Fusion Analyses 

Oxygen Content (ppm) Method 
Recovery 

(X) in K~ 
of Analyzing in Nba 

in Initial Final  Calculated Found 

GVF 1500 130 746 742 99.5 

Amalgamation 1400 110 881 305 35 

Vacuum 1400 170 741 280 38 
distillation 

a ~ y  vacuum fusion. 
b . .  Initial concentration of 0 in K was 135 ppm, deter- 

mined by GVF. 

determine the  oxygen content of potassium af te r  
equilibration with niobium. We conclude that 
amalgamation and disti l lat ion ana lyses ,  i n  their  
p resent  s t a t e ,  a re  inadequate but t h e  GVF procedure 
is sa t i s fac tory  for determining total  oxygen in 
potassium. 

Another ana ly t ica l  procedure that is spec i f i c  
for oxygen is neutron activation. Small concentra- 
t ions  of oxygen have been a s sayed  in various 
mater ia l s  u s i n g  the  reaction ' 60(n,p)'6N, where 
t h e  neutron source  is a machine generator"' pro- 
ducing neutrons of approximate energy 1 4  M e V .  

There  a r e  few interferences encountered in meas- 
uring t h e  induced decay, but a d isadvantage  
of t he  method is the  extremely short  16N half-life 
(7.4 sec) ,  which requires rapid transport of the  
ac t iva ted  sample to a counting device. Another 
problem is the  se lec t ion  of a su i t ab le  sample 
container (rabbit). For  determining small quan- 
t i t i e s  of oxygen in potassium, the  container should  
have: (1) a low oxygen concentration, (2) res i s t -  
a n c e  to  a t tack  by potassium, and (3) low induced 
activity during exposure. High-density polyethylene 
rabbits have  been u s e d g  for t he  determination of 
e lements  other than oxygen and for t he  determina- 
tion of oxygen in high concentration. However, 

7E. L. Steele and W. W. Meinke, Anal. Chem. 34(2), 
185-87 (1962). 

'D. J. Veal and C. F. Cook, Anal. Chem. 34(2), 

'J. E. Strain, W. L. Hampton, and G. W. Leddicotte, 
The ORNL Analytical Chemistry Division's 150-KV 

178-84 (1962). 

Cockcroft-Walton Generator, ORNL TM-362, p. 12 (Sept. 
10, 1962). 
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polyethylene conta ins  u p  to 1000 ppm 0 and so 
w a s  deemed unsui tab le  for our application. We 
chose  molybdenum and n icke l  capsu le s ,  u s ing  
different end c losures  for t he  containers,  to ex- 
amine both accuracy and precision of the  method. 

T h e  resu l t s  of ana lyses  by t h i s  method a r e  sum- 
marized in Tab le  15.3. In the  first  three t e s t  
s e r i e s ,  e s sen t i a l ly  complete recovery of oxygen 
was  obtained from samples  of potassium doped 
with known amounts of K 2 0 .  However, repeated 
ana lyses  of a s ing le  sample gave sca t te red  re- 
su l t s .  T h e  percentage recovery in eleven deter- 

minations of one  doped sample  varied from 95 to 
170%. Several  poss ib le  r easons  for th i s  var iance  
a r e  being considered. 

Apparently, total  oxygen can  b e  determined in 
potassium by activation ana lys i s .  The  problem 
of a container seal su i tab le  for routine work re- 
mains unsolved. However, we have designed a 
system to evade  th i s  problem in future s tud ie s  by 
us ing  a completely enc losed  irradiation and count- 
i ng  cubicle,  in which the  potassium is protected 
by inert  g a s  from contamination. T h i s  s y s t m  
should be  in operation soon. 

Table 15.3. Analysis of Oxygen in Potassium by Activationa 

Sample Container 
Initialb Sample 

Weight oxygen 
Final  Oxygen‘ (pprn) Oxygen 

Content ( g) I:ppm) Calculated Analyzed Material 
Recovery 

(%) 
(ppm) 

Molybdenum 58 2.9 230 750 700 9 3  

Molybdenum 58 2.6 230 560 5 50 

Molybdenum 57 2.3 190 78 5 795 

98 

101 

Nickel 155 0.7 212 2515 2380--428Sd 95-170d 

*Neutron flux, 2 X IO8 neutrons cm-’ sec-l; sensitivity, approximately 100 counts/mg. 
b ~ y  activation. 
‘Additional oxygen added a s  K O ( s )  and the solutions thermally equilibrated a t  100 or 20OoC. 

dEleven determinations. 
2 



16. Mechanical Properties 

J. R. Weir, Jr. 

Our objective is the  study of the effects produced 
by reactor environments on the  mechanical proper- 
t i e s  of materials. T h e s e  environments cons i s t  of 
thermal and mechanical s t r e s s e s  imposed on the  
reactor structure,  chemically reactive coolants,  
and neutrons produced by fissioning. Our work 
in the pas t  year h a s  emphasized the study of 
problems assoc ia ted  with hydrogen and carbon 
dioxide as potential  coolants and the problem of 
radiation damage to  s t a i n l e s s  s t ee l .  

EFFECT OFHYDROGENON THEMECHANICAL 
PROPERTIES OF METALS’ 

H. E. McCoy, J r .  

W e  a r e  evaluating the  high-temperature mechani- 
cal behavior of severa l  meta ls  in hydrogen, pri- 
marily by comparative creep-rupture t e s t ing  in 
hydrogen and in argon. T h e  materials s tud ied  
included two hea t s  of Inconel, Nickel 200, Nickel 
270, an electron-beam zone-refined melt of nickel,  
high-purity copper, Armco iron, electrolytic iron, 
and type 304 s t a in l e s s  s t ee l .  All of the nickel- 
base  materials and the copper exhibited inferior 
creep res i s tance  in hydrogen, while the  iron-base 
materials were not influenced by th i s  environment. 
Hydrogen had a large effect  on pure nickel and 
copper; the  magnitude of t h i s  effect decreased  
with decreasing purity of t he  metals.  Th i s  effect  
was  characterized, in general, by these  observa- 
tions. (1) At the  same s t r e s s  and temperature, 
the minimum creep  rate was  greater in hydrogen 
than in argon. (2) T h e  rupture life was  less in 

‘Condensed from the University of Tennessee  Ph.D. 
Dissertation of H. E. McCoy, Jr,, Effects  of Hydrogen 
on the High-Temperature Ffow a n d  Fracture Character- 
i s t i c s  of Metals, ORNL-3600 (June 1964). 

hydrogen than in argon a t  an equivalent s t r e s s  
and temperature. (3) The  rupture ductility was 
the  s a m e  in both. 

We have  run severa l  additional experiments to 
determine the  responsible mechanism. T h e s e  
experiments have  included measurement of perme- 
ation of hydrogen through Inconel; measurement 
of t he  sur face  energy of nickel in argon and in 
hydrogen; comparison of sintering rates of nickel 
powder in argon, hydrogen, and vacuum; comparison 
of void formation in diffusion couples  of iron and 
nickel annealed in argon and in hydrogen; com- 
parison of diffusion of carbon in nickel in environ- 
ments  of hydrogen and argon; measurements  of the 
rate of diffusion of 6oCo in n icke l  in argon and 
hydrogen; and transmission electron microscopy 
on thin nickel c reep  specimens.  T h e  mechanism 
tha t  we think is most cons is ten t  with the experi- 
mental observations is based on the  interaction 
of hydrogen with dislocations.  Although severa l  
de t a i l s  of the  mechanism are lacking, i t  qualita- 
t ively accounts  for most of the  experimental ob- 
servations.  

REACTIONS OF TYPE 304 STAINLESS STEEL 
WITH FLOWING CO, AT ATMOSPHERIC 

PR ESSU R E AND ELEVATED TEMPERATURES 

H. E. McCoy, Jr.  

We have  measured the  oxidation of type 304 
s t a in l e s s  steel in CO, over the  temperature range 
of 590 to 980OC. Although the oxidation ra te  was  
usually parabolic, in severa l  c a s e s  there was  a 
transformation from parabolic to approximately 

’Condensed from article by H. E. McCoy, Jr.. “Reac- 
tions of Type 304 Stainless  Steel with Flowing CO, a t  
Atmospheric Pressure  and Elevated Temperatures,” 
submitted to Corrosion. 
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linear. T h e s e  transformations were reproducible 
and we believe they a re  assoc ia ted  with changes  
in the rate-controlling s t ep  of the oxidation process.  
Type  304 s t a in l e s s  steel became carburized dur- 
ing  exposure to CO,. We studied severa l  other 
a l loys  to  determine the mechanism of carburiza- 
tion. T h e s e  included type 406 s t a i n l e s s  s t ee l ,  
a British niobium-stabilized s t ee l  (20 Cr-25 Ni), 
Inconel, iron, Fe-1% Cr, Fe-3% Cr, and Fe-10% 
Cr. W e  found tha t  the  carburization was  dependent 
on the  chromium content; a low chromium content 
favored carburization and higher chromium con- 
ten ts  inhibited carburization. We explained th i s  
effect  in terms of the  influence of chromium on 
the type of sur face  oxide formed. 

RADIATION EFFECTS ON THE MECHANICAL 
PROPERTIES OF STAINLESS STEEL 

W. R. Martin 

T h e  influence of irradiation a t  e leva ted  temper- 
a tures  on the  mechanical  properties of structural  
materials is not well understood. A number of 
investigators have  shown tha t  the rupture life and 
fracture ductility of severa l  materials are reduced 
by irradiation. We are evaluating the effect  of 
irradiation on the  ductility of s t a in l e s s  s t e e l s  at 
elevated temperatures. 

Figure 16.1 compares typical s t ress -s t ra in  curves 
for material irradiated and tensile-tested in each 
of two temperature ranges. Material irradiated 
a t  temperatures less than 45OOC is stronger and 
less duct i le  ( a s  measured by uniform elongation). 
At elevated temperatures irradiation does  not 
affect  t he  strength. T h e  ducti l i ty a t  temperatures 
above one-half of Tm,  t he  absolu te  melting tem- 
perature, is reduced, and th i s  reduction in ducti l i ty 
is sens i t i ve  to the s t ra in  rate. 

Figure 16.2 i l lus t ra tes  t h e  effect of irradiation 
to 7 x 10'' neutrons/cm2 (E > 1 MeV) a t  2OOOC a s  
a function of deformation temperature. T h e  magni- 
tude of the effect of irradiation on the  properties 
i nc reases  to a maximum and then dec reases  a s  
the  deformation temperature is increased to  ap- 
proximately 0.5 T,. Above 0.5 T,, the effect  is 
the  same a s  observed for material irradiated a t  
e leva ted  temperatures and is shown in Fig. 16.3. 
Thus  the  irradiation temperature does  not signifi- 
cantly a l te r  t he  irradiation effect observed for 
stainless s t ee l  tested a t  elevated temperatures. 

T h e  general e f fec ts  we have  observed may be  
summarized a s  follows: 

1. Irradiation a f fec ts  t he  s t ress -s t ra in  relation- 
sh ip  of material irradiated and then tes ted  a t  
low temperatures; irradiation resu l t s  in in- 
c r eased  strength and  reduced ductil i ty,  as 
measured by uniform elongation. T h e  true 
tens i le  s t r e s s  (true s t r e s s  a t  maximum load) 
and the true fracture s t r e s s  and s t ra in  are not 
altered. Thus,  t he  deformation process  and 
not t he  fracture process  is affected. 

2. Irradiation a t  e leva ted  temperature does  not 
affect  the s t ress -s t ra in  relationship. Ductil i ty,  
as measured by uniform and fracture s t ra ins ,  
is reduced for deformation temperatures above  
0.5 T,. T h e  l o s s  of ductility resu l t s  in reduc- 
t ions in the  true tens i le  and fracture s t r e s ses .  
T h e  reduction in ductility is more significant 
at t e s t  conditions tha t  result  in intergranular 
failure, such  as low strain rates a t  e leva ted  
temperature. 

T h e  l o s s  of ducti l i ty of irradiated material 
deformed at e leva ted  temperature is complex. 

v) 
v) 

AT LOW TEMPERATURE ( T e  (/2Tm) ~ 

1 I 1 

I I I I I 
MATERIAL DEFORMED AT ELEVATED 

TEMPERATURE ( T %Tm)  

ADIATED - * I  I ~ I 

Fig.  16.1. Effect  of lrrodiotion on the Stress-Strain 

Curves of Stainless Steels. 
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Fig. 16.2. Dependence on T e s t  Temperature of the 

E f fec t  of Irradiation a t  Approximately One-Fourth the 

Absolute Melting Point  on the Tens i le  Properties of 

Stainless Steel. 

Damage from fas t  neutrons h a s  been shown3 to 
annea l  a t  temperatures as low as 45OoC, so one  
would expec t  t ha t  at a flux of 1014 neutrons 
sec-’ the  damage would annea l  within the  reactor 
a t  irradiated temperatures of 6OOOC and above. 
However, Roberts and Harr ies4  ind ica te  tha t  t h e  
low ductil i ty at e leva ted  temperatures is caused  
by thermal neutrons, and our resu l t s  for type 304 
s t a i n l e s s  s t e e l  (Table  16.1) a re  in agreement. 
We have  reported’ tha t  t he  damage caus ing  t h e  
low ductility at e leva ted  temperatures does  not 
anneal a t  approximately 1000°C. 

Postirradiation examination of s t a i n l e s s  s t e e l  
shows  tha t  the  low ductil i ty a t  e leva ted  tempera- 

3R. E. Bailey and M. A. Silliman, “Effect on Irradia- 
tion on Type 347 Stainless Steel Flow Separator in the 
EBR-I Core,’9 pp. 84-102, Symposium on Radiation Ef- 
fects  on Materials, Vol. 3, Am. SOC. Testing Mater. 
Spec. Tech. Publ. 233 (1958). 

4A. C. Roberts and D. R. Harries, Nature 200, 773 
(1963). 

5W. R. Martin and J. R. Weir, Nature 202, 997 (1964). 

UNIFORM ELONGATION - 
AND TRUE 
FRACTURE STRAIN 

Fig. 16.3. Influence of Irradiation a t  Temperatures 

Above Ha l f  the Absolute Melt ing Point on the Post- 

irradiation Tens i le  Properties of Stainless Steel. 

ture is due  t o  grain-boundary embrittlement. Metal- 
lographic examination shows  that the  deformation 
temperature a t  which the  irradiated alloy becomes 
embrittled is the  temperature of transit ion from 
transgranular t o  intergranular mode of fracture. 
Grain-boundary c racks  a re  found a t  smaller s t r a ins  
in the  irradiated material than in the  unirradiated 
alloy. In the  irradiated material, t hese  c racks  
propagate along the  boundary rather than widen 
and  c a u s e  complete specimen rupture a t  a con- 
siderably reduced strain. T h e  dependence of t he  
number of c racks  per unit  grain-boundary a r e a  
on fracture s t ra in  suppor ts  t h e s e  observations.  
Both nucleation and propagation of microcracks 
above 0.5 T ,  were affected by irradiation. 

T h e  general  charac te r i s t ics  of the  e f fec t  of 
irradiation on t h e  deformation of s t a in l e s s  s t e e l s  
a t  e leva ted  temperatures a r e  (1) yield s t r e s s  and 
tens i le  strength a r e  not affected; (2) ducti l i ty is 
reduced; (3) the reduction in ducti l i ty is more 
significant a t  t e s t  conditions that result  i n  inter- 
granular failure, such  a s  low s t ra in  r a t e s  a t  ele- 
vated temperatures; (4) t he  reduction of ducti l i ty 
is due to grain-boundary embrittlement; (5) post- 
irradiation h e a t  treatments, including those  that 
annea l  the  damage caused  by low-temperature 
irradiation, do not improve the  ducti l i ty a t  ele- 
vated temperature; and (6) the  loss in ducti l i ty 
appears  t o  b e  related to d o s e s  of thermal and 
epithermal neutrons and  not f a s t  neutrons. 

T h e s e  observations a re  cons is ten t  with the  
hypothes is  t ha t  the  high-temperature damage is 
due  to helium produced by the  “B(n,a) reaction. 
T h e  helium may agglomerate into grain-boundary 
bubbles, which a c t  as crack  nuclei  a t  e leva ted  
temperature. 
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Table  16.1. Comparison of Dose Ef fec t  on Mechanical Properties 

of T y p e  304 Stainless Steel a t  Roam Temperature and 842OC 

Dose 
neutrons /cm 0.2% Offset True True Total  Deformation 

Temperature Yield Stress  Tens i le  Strength Uniform Strain Elongation 

(Ps i )  (Psi) (X) (%I F a s t  
E > 1 Mev Thermal 

(O C) 

20 0 0 

3 10” 1.6 io20  

5 x 1 O 2 O  

3 x IO’’ Cd covered 

7 x 1 O 2 O  

842 0 0 

3 x lo’’ Cd covered 

3 x 10” 

5 x 1 O 2 O  

1.6 x i o20  

7 x l o z o  

l o 3  

26.9 

58.1 

58.5 

91.0 

9.3 

9.0 

9.0 

10.3 

l o 3  

155.0 

144.0 

148.1 

140.0 

16.1 

18.4 

17.9 

22.8 

61.5 

45.7 

47.3 

40.6 

13.5 

12.8 

9.2 

7.7 

89.8 

65.4 

70.6 

50.6 

47.4 

20.0 

14.0 

9.4 

INFLUENCE OF PRElRRADlATlON HEAT 
TREATMENT ON THE STRENGTH 
AND DUCTILITY OF IRRADIATED 

TYPE 304 STAINLESS STEEL 

W. R. Martin 

Observations of the interaction of dis locat ions 
a t  low temperatures with point defec ts  generated 
by fas t  neutrons sugges t  that  the introduction of 
a dislocation substructure  into the material before 
irradiation may increase the coefficient of work 
hardening in irradiated material and consequently 
improve the ductility. Several  heat  treatments 
se lec ted  for type 304 s t a i n l e s s  steel are given 
in T a b l e  16.2. W e  bel ieve that  treatment 2 de- 
velops a substructure  that  is s t a b l e  in the absence  
of radiation for a period greater than 2000 hr a t  
7OOOC and that treatment 3 does  not  develop a 
s t a b l e  substructure.  Both t h e s e  treatments con- 
c lude with heat ing 24 hr at 482OC and 100 hr at 
704OC, a treatment d i scussed  previously by Garo- 
fa lo  and co-workers. T h i s  treatment s t a b i l i z e s  
the  dislocation structure by precipitation of car- 
bides  of the type M2,C,. Treatments 4 and 5 
are  anneals  that resul t  in grain s i z e s  of ASTM 

6F. Garofalo, F. von Gemmingen, and W. F. Domis, 
Trans. A m .  SOC. Metals 54, 430 (1961). 

5-6 and 1-2 respectively.  Tab le  16.2 also gives 
the inf luence of these  preirradiation heat  treat- 
ments on the strength and ductility of type 304 
s t a i n l e s s  s t e e l  a t  2OoC after irradiation to a d o s e  
leve l  of 7 x lo2’  nvt  (E > 1 Mev). 

Except  af ter  treatment 2, the pre- and postir- 
radiation s t rengths  of the alloy are in the same 
sequence  after the various treatments.  The  ef- 
fect of irradiation, as measured by the  ratio of 
post- to  preirradiation s t rengths ,  decreases  a s  
the  preirradiation dislocation density in  the alloy 
increases .  Similar e f fec ts  of cold working have  
been noted ear l ier .7  However, the magnitude of 
the i n c r e a s e  in yield s t r e s s  of the alloy given 
treatment 2 is less than expected for cold-worked 
material. In fact, i t s  postirradiation yield s t r e s s  
is less than that of the most annealed material  
(treatment 5). 

Comparing the  effect of irradiation on the s t r e s s -  
s t ra in  curve after treatments 4 and 5, we find tha t  
the influence of grain size is the same as that  
found by Chow* for iron a t  room temperature. 
However, the offset yield stress of the irradiated 
alloy d o e s  not have  the grain-size independence 

~ ~ 

7T. H. Blewitt and R. R. Coltman, Phys.  Rev. 82, 
769 (1951). 

J. G. V. Chow, Quart. Progr. Rept. May-July, 1962: 8 

Irradiation Effec ts  on Reactor Structural Materials, 
HW-74679, pp. 5-7. 



Table 16.2 Influence of  Preirradiation Heat Treatment on the Postirradiation 
Room-Temperature Tensi le  Properties of  Type 304 Stainless  SteelB 

Ductility Ratio of Difference Preirradiation Heat  Treatment 0.2% Offset Yield S t ress  ( D s i )  Ratio O f  Increase in 

No. History 

.- , 
Post /Pre  Yield Stress  True Uniform Strain (%) P o s t / P r e  in Strain 

( %) 
Postirradiated Preirradiated Yield Stress 

(psi) Postirradiated Preirradiated Strain 

l o 3  103 lo3  

1 As received (equivalent to 106.0 69.2 1.5 36.8 29.0 44.0 0.66 15.0 
-30% cold work) 

2 Annealed 1 hr  a t  1038OC in H,; 
strained uniaxially 25% a t  
room temperature; finally heat  
treated 24 hr  a t  482OC and 
100 hr a t  704OC 

74.0 

3 Annealed 1 hr a t  1038OC in H,; 
strained 10% a t  room tempera- 
ture; finally hea t  treated 24 hr 
a t  482OC and 100 hr a t  704'C 

95.0 

53.0 1.4 21.0 35.0 44.0 0.80 9.0 

CI 
N 
0 

43.0 2.2 52.0 35.0 50.0 0.70 15.0 

4 Annealed 1 hr a t  1038OC in H, 90.0 28.0 3.2 62.0 39.0 59.0 0.66 20.0 

5 Annealed 5 hr a t  126OoC in  H, 79.0 26.0 3.0 53.0 42.0 63.0 0.67 21.0 

aIrradiated to 7 x 10'' nvt  (> 1 Mev). During irradiation the  specimens were exposed for 2000 hr in the temperature range 120 to 170OC. 

I 8 
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shown by Chow for iron but is s i m i l a r  to that  
observed by Hull and Mogfordg for s t ee l s .  

The  ductility of the  unirradiated alloy, a s  given 
by the  true uniform elongation, is altered signifi- 
cantly by preirradiation hea t  treatment. T h e  effect  
of irradiation, measured as the  ratio of post-  to 
preirradiation strain,  is within the  range of 0.66 
t o  0.70 for a l l  treatments except  treatment 2. 'rhus, 
another benefit of the development of the  s t ab le  
substructures appears  to b e  a smal le r  l o s s  of 
ductility, s ince  the corresponding ratio is 0.8 
after treatment 2. T h e  da ta  a l so  sugges t  that  
treatments that  improve the  preirradiation ducti l i ty 
will a l so  increase  the  postirradiation ducti l i ty 
of the  alloy. 

NEUTRON FLUX DOSIMETRY 

J. C. Zukas  

Routine activation sampling to monitor the neu- 
tron flux h a s  been an adjunct of a l l  experiments 
operated in the  ORR by the  Mechanical Properties 
Group of the  Metals and Ceramics Division. We 
measure the activity of dilute cobalt alloy spec i -  
mens, irradiated both bare and shielded by cadmium 
to obtain the  necessary  da t a  for calculation of 
the thermal and resonance flux. W e  have  chosen 
the model of Stoughton and Halperin" for t hese  
computations, which provide va lues  for calculating 
burnout of other nuclide spec ies .  We measure 
the fast flux with various threshold detector 

'D. Hull and I. L. Mogford, Phil.  M a g .  8, 1213 (1958). 

R. W. Stoughton and J. Halperin, Nucl .  Sci .  Eng. 10 

6 ,  100-18 (1959). 

materials. T h e  reaction scheme 
vided the  bes t  internal consistency 
on the  u s e  of "Ni, is shown in 

tha t  h a s  pro- 
to  da te ,  based 
Fig. 16.4. In 

theory, we should be  ab le  to measure the flux 
with unshielded samples  and ca lcu la te  the reaction 
rate,  making corrections €or thermal burnout of 
the high cross-section isomers, 58C0 and 5 8 m C ~ .  
However, uncertainties in c r o s s  sec t ions ,  reso- 
nance integrals,  and branching y ie lds  of t hese  
isomers  limit the accuracy of such  calculations.  

The  c ross  sec t ions  tha t  have  been reported for 
a s ingle  nuclide in many c a s e s  differ widely. 
Therefore, we are  measuring thermal neutron c r o s s  
sec t ions  us ing  separa ted  'Ni and high-purity 
iron along with the  cobalt  specimens.  T h e  5 8 m C ~  
is measured directly (as opposed to by difference). 
We are  analyzing da ta  from short  irradiations while  
carrying out the long-time exposures.  

UNCLASSIFIED 
ORNL-DWG 63-5058  

CG5' (n. Y )  

Ni5' ' I'T. 
~ 

1650 b 

p- + EC 

t 
71.3 d 

Fig.  16.4. N i ~ k e I - 5 8 ( n , p ) ~ * C o  Reaction Scheme. 



17. Nondestructive Test Development 
R. W. McClung 

The  nondestructive t e s t  development program 
h a s  been designed to  develop new and improved 
methods of evaluating reactor materials and com- 
ponents. T o  achieve th i s  we have  conducted 
s tud ie s  on the  various phys ica l  phenomena, de- 
veloped instrumentation and other equipment, de- 
vised application techniques,  and designed and 
fabricated reference standards.  Among the meth- 
o d s  being actively pursued are electromagnetics 
(with major emphasis  on eddy currents), ultra- 
son ic s ,  and penetrating radiation. In addition to  
the programs with method orientation, there are 
programs which u s e  these  and other methods t o  
eva lua te  problem materials and to develop tech- 
n iques  for remote inspection. 

EL ECTROMAGN ETlC TEST METHODS 

C. V. Dodd 

We have  continued research and development 
concerning electromagnetic phenomenon on analyt- 
ical and empirical bases .  As part of the  program 
we are  studying the  determination of impedance of 
an  eddy-current probe co i l  as a function of co i l  
dimensions,  frequency, specimen conductivity and 
permeability, and coil-to-specimen spac ing  or 
“lift off.” T h e  mathematical solution h a s  been 
programmed for computer operation’ and va lues  for 
severa l  typical cases have  been determined. A 
family of curves  of co i l  impedance a s  a function of 
frequency (a), conductivity (u), permeability (p), 
coi l  radius ( R ) ,  and lif t  off (S) is shown in Fig.  

‘C. V. Dodd and W. E. Deeds, “Eddy-Current Coil 
Impedance Calculated by a Relaxation Method,” pp. 
300-14 in Symposium on P h y s i c s  and Nondestructive 
Testing, Southwest Research Institute, San Antonio, 
Tex., 1964. 

17.1. T h e  figure demonstrates  tha t  frequency, 
co i l  radius, or conductivity c a n  be  interchanged. 
T h e  computer program a l s o  a l lows  the  eddy-current 
dens i ty  and the  field (vector potential)  of the  coil 
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3 

Fig. 17.1. Example of Calcu lated Normalized Im- 
pedance. The impedance components are p lo t ted i n  re- 

duced dimensionless units. The so l id  curves are for 

indicated constant values o f  the l i f t-off ,  and the dashed 

curves are for constant values of the combined param- 

eter R-. 
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to b e  calculated.  Figure 17.2 shows  equipoten- 
t i a l  contours of the  field of a coil and eddy- 
current dens i t i e s ,  superimposed on a c r o s s  
sec t ion  of the  coil that is crea t ing  them. Both the 
currents and the  field flow around t h e  a x i s  of the  
coil. From va lues  of these ,  other information such  
a s  ohmic-heating dens i ty  and eddy-current-force 
distribution may b e  obtained. W e  a re  seek ing  more 
versa t i le  calculation methods with a s soc ia t ed  
computer programming. 

Development h a s  continued on the  phase-sens i -  
t ive  eddy-current instrument. Several  new cir- 
c u i t s  have  been designed and constructed for the  
modular instrument. T h e s e  include a low-distor- 
tion high-power amplifier, video amplifiers with 
high gain and low distortion and no i se ,  and s t ab le  
voltage-height discriminators. T h e s e  coupled with 
the  development of a new method for nulling the  
probe coils allow more accura te  metal  th ickness  
measurements,  s i n c e  there is less error due to  
variations in l if t  off. In addition, a time-differ- 
entia1 filter h a s  been incorporated in to  the  instru- 

U N C L A S S I F I E D  
O R N L - D W G  63-5271 

* 

2 10 20 30 40 50 

Equipotential Magnitude Contours. 

Fig. 17.2. Example of Equipotential  and Current Mag- 

nitude Contours. Abscissa and ordinate scales are  

arbitrary lat t ice points used for the computer calcula- 

tions and related to distances. The small cross-hatched 

square represents the cross section o f  the coil, and the 

large cross-hatched area represents the neorby metal 

specimen. 

ment to  allow the  detection of de fec t s  in mate- 
r ia l s  i n  the presence  of changes  in wall th ickness  
or conductivity. Included among the  applications 
have been detection of core edge  in flat  fuel p l a t e s  
and detection of c racks  in graphite spheres .  

Continued s tud ie s  of spac ing  measurements have 
culminated in a report3 descr ib ing  in de ta i l  our 
method of des igning  and fabricating coolant-  
channel  spac ing  probes. T h e  report desc r ibes  the  
needed compromises and provides de ta i led  in- 
s t ruc t ions  for constructing an  optimum spac ing  
probe. 

ULTRASONIC TEST METHODS 

K. V. Cook R. W. McClung 

Our s tud ie s  of ultrasonic behavior in thin sec -  
t ions have  been directed primarily toward develop- 
ment of techniques  to de t ec t  nonbond a r e a s  in 
c lad  structures.  Studies of through transmission 
in f la t  fuel p l a t e s  and s h e e t  have  continued. One- 
and two-crystal reflection methods have been 
demonstrated to be  very useful for so lv ing  a num- 
ber of difficult inspection problems. For  ins tance ,  
a two-crystal  system was  developed t o  de t ec t  
nonbond in brazed tube-to-header jo in ts .  4 * 5  

Many of t hese  techniques need a reliable method 
of es tab l i sh ing  the  appropriate inspec t ion  angles.  
In order to simplify th i s  problem a two-crystal 
angle  manipulator (shown in Fig.  17.3) h a s  been 
des igned  and fabricated in  cooperation with the  
P lan t  and Equipment Division. We sha l l  u s e  this 
prec ise  mechanical system to study both reflection 
and Lamb-wave ultrasonic techniques.  The  
principal advantage to th i s  sys t em is that each  
transducer can  b e  varied through a 45’ angle  with- 
out changing either t he  d i s t ance  from c rys t a l  to 

‘C. V. Dodd, Mater. Eval. 22(6), 260 (1964). 

3C. V. Dodd, Design and Construction of Eddy- 
Current Coolant-Channel Spacing Probes,  ORNL-3580 
(April 1964). 

4K. V. Cook and R. W. McClung, Metals and Ceramics 
Div. Ann. Progr. Rept. May 31, 1963, ORNL-3470, 
P. 95. 

5K. V. Cook and R. W. McClung, t‘An Ultrasonic 
Technique for the Evaluation of Heat Exchanger Brazed 
Joints,” paper submitted for presentation a t  the Annual 
Meeting of the Society for Nondestructive Testing, 
Philadelphia, Pa., Oct. 19-23, 1964, and for publication 
in  Materia 1 s Eva lua t i  on. 
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Fig. 17.3. Angle Manipulator for T w o  Independent Ultrasonic Crystals. 

specimen or the point a t  which the  ultrasound 
en ters  the  specimen. 

Another advance h a s  been the  design and fabri- 
cat ion of a two-crystal probe in  which the  angle  of 
each  crys ta l  is variable. T h e  probe, shown in 
Fig.  17.4, al lows each  crystal  to  be pivoted about 
a diameter. Hence, the probe c a n  be used both to  
es tab l i sh  proper angles  for reflection or Lamb- 
wave  techniques and to  perform the inspection. 
T h e  i l lustrated probe h a s  a minimum outs ide 
diameter of 0.370 in.; we fee l  that  smaller  probes 
a re  possible.  

W e  have  designed and constructed a transistor- 
ized  ultrasonic dual-channel analyzer  using the 
latest semiconductor and integrated circuitry. T h i s  
instrument performs bet ter  than the  old vacuum- 
tube model for the detection, gating, and process-  
i n g  of ultrasonic s igna ls  generated during non- 
destruct ive testing. 

We have  s tar ted to  study t h e  evaluat ion of fuel- 
plate-to-side-plate joints ,  s u c h  as t h o s e  in ATR 

fuel assemblies ,  that  have  been pressure bonded 
by roll swaging. We used both s o n i c  and ultra- 
s o n i c  methods on test samples  of aluminum s h e e t  
that  had been pinned at different roll pressures.  
No conclusive resu l t s  were observed with the 
s o n i c  method, but  transmission of ultrasound 
(although very s m a l l )  was poss ib le  through the 
bonded jo in ts  and seemed to  b e  increased by in- 
c reas ing  the  roll pressure.  Twelve swaged jo in ts  
rolled a t  different pressures  were evaluated f i r s t  
ultrasonically and then destructively.  Destructive 
resu l t s  and ul t rasonic  da ta  could be correlated. 
However, further s tudy showed that  th i s  technique 
will demonstrate variation in  the bond strength 
of jo in ts  up to a cer ta in  value above which varia- 
t ions in sound transmission can  no longer be de- 
tected. T h e s e  preliminary s t u d i e s  show tha t  a 
technique using ul t rasonics  probably could be 
developed to eva lua te  the  fuel-plate-to-side-plate 
pressure bonds. 
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Fig. 17.4. Variable-Angle Dual-Crystal Probe. 
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PENETRATING RADIATION METHODS 

Low-Vol tage  Radiography and Microradiography 

R. W. McClung 

We have  applied the  low-voltage radiographic 
and contact  microradiographic technique6 to eval- 
u a t e  a wide variety of specimens of thin or light- 
weight material. Of particular interest  h a s  been 
the u se  of the microradiographic technique on 
miniature samples  of materials such  as UC, and 
graphite that had undergone in-pile tes t ing  and 
were radioactive. Use  of an internal dimensional 
s tandard in microradiography is descr ibed in Par t  
111, Chap. 25, th i s  report. 

Gamma Scint i l la t ion Gaging 

B. E. F o s t e r  S. D. Snyder 

T h e  versat i le  mechanical scanner7  w a s  suc-  
cessful ly  instal led and modified s l ight ly  to facili- 
tate its operation. Its s u c c e s s f u l  u s e  in  develop- 
ing  techniques for measuring fuel inhomogeneities 

in fue l  p la tes  provided necessary  des ign  cr i ter ia  
for the fabrication of a pilot-model scanner  and  two 
production scanners ,  which wil l  b e  used  for 
homogeneity evaluation of t h e  HFIR fuel plates .  
Deta i l s  of th i s  application are reported in  P a r t  111, 
Chap. 26, th i s  report. Application to rods is re- 
ported in P a r t  111, Chap. 29, th i s  report. 

We are continuing to develop cal ibrat ion s tand-  
ard for x and gamma-ray at tenuat ion measurement 
of fuel concentration var ia t ions,  including the fab- 
rication and u s e  of a l ternate  a t tenuat ion s tandards? 

We are expanding the  u s e  of the scanning system 
and technique toward determination of total fuel  
content. T h e  resu l t s  of some in i t ia l  evaluat ions 
of fuel  content in  HFIR fuel p l a t e s  have  been in  
excel lent  agreement with those  obtained by chemi- 
cal a n a l y s i s  us ing  to ta l  dissolution. Several  pmb- 
l e m s  a re  assoc ia ted  with th i s  new application, but 
the resu l t s  thus  far a r e  qui te  promising. 

6R. W .  McClung, Mater. Res. Std. 4(2), 66-68 (1964). 
7B. E. Foster and S .  D. Snyder, Metals  and Ceramics 

Div .  Ann. Progr. R e p t .  May 31, 1963, ORNL-3470, p. 96. 
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X-Ray Imaging with Closed-Circuit Television 

W. H. Bridges 

Several  yea r s  ago  we investigated the  capabi l i -  
t i e s  and performance of a c!osed-circuit television 
sys t em for imaging x rays.' At t ha t  time the  only 
x-ray sens i t i ve  vidicons were experimental  tubes  
with g l a s s  windows that markedly impaired their  
u s e  with x-ray energ ies  below about 90 kv cons t an t  
potential. Since then ,  in te res t  h a s  increased  
worldwide, and a beryllium-window vidicon w a s  
developed.'  T h i s  vidicon is more s e n s i t i v e  to 
x rays ,  particularly to low-voltage x rays. A s  
some we lds  in thin-wall tubing need to  b e  in- 
spec ted  in a hot cell, procuring one  of t h e  new 
vidicons and determining i t s  cha rac t e r i s t i c s  and 
potential  application appeared advisable.  

T h e  f i r s t  t a sk  was  to determine t h e  sens i t iv i ty  
of the  vidicon to x rays. With 100- and 150-kv 
cons tan t  potential  x rays,  t h e  s igna l  current from 
the  beryllium-window vidicon was  about 1.6 t imes  
that of the glass-window vidicon. T h e  grea tes t  
benefit with the  beryllium-window vidicon is the  
low attenuation of the  long-wavelength low-voltage 
x rays. We have  obtained very good images of 
masking tape  and graphite at 1 2  kvp. There  was  
every indication tha t  much lower vol tages  could 
b e  used  with a n  adequate  helium environment. 

T h e  major shortcoming of t h e  vidicon is the  
smal l  size of the  ac t ive  a rea  - only '6 by >2 in. 
T h i s  is ameliorated to a grea t  extent,  however, by 
moving t h e  specimen that is be ing  examined. In 
fac t ,  t he  motion a ids  the  observation of a defect.  
With a proper mechanical drive, a specimen c a n  b e  
scanned  about as rapidly as  a radiograph can  b e  
examined. Another advantage is a magnification of 
10 t o  30x, depending on the monitor used. 

T h e  sys tem w a s  t e s t ed  for resolution by exam- 
ination of s c r e e n s  of various mesh sizes, tran- 
s i s t o r s  and d iodes ,  welds  in tubes  of different 
sizes and materials,  and wires. A 0.0005-in. 
tungsten wire was  plainly visible.  A 200-mesh 
s c r e e n  w a s  clearly resolved, but resolution of 
400 mesh was  marginal, probably the  result  of the  

'J. W. Allen and R. W. McClung, An Electronic, 
High-Resolution, X-Ray Imaging System, ORNL-267 1 
(Aug. 11, 1959). 

'J. P. Mitchell, M. L. Rhoten, and R. C. McMaster, 
X-Ray Image System for Nondestructive Testing of 
Solid Propellent Missile Case Walls and Weldments 
Final Report, WAL TR 142.5/1-5, AD-299 987 (August 
1962). 

l ack  of response  of t he  8-yr-old closed-circuit  
t e lev is ion  system. Defec ts  in aluminum plug 
welds  up  to 1/2-in. diam were c lear ly  d iscern ib le ,  
but with materials of greater atomic number, tech- 
n iques  for masking and orienting must be  developed 
for maximum resolution. 

W e  have  recently begun a s e r i e s  of experiments 
that  provides an  exce l len t  example of t he  potential  
u s e  of an  x-ray-sensit ive television system. We 
want to measure the  movement of a specimen as  i t  
i s  subjected to  very rapid thermal excursions.  T h e  
annular specimen surrounds a r e s i s t ance  hea ter  
and is enc losed  in a metal tube that is filled with 
helium and water-jacketed. As t he  thermal ex-  
curs ions  may proceed a t  a ra te  up to  550°C/min, 
equilibrium is not e s t ab l i shed  and the u s e  of con- 
ventional measuring dev ices  is negated. T h e  
speed  precludes the u s e  of radiographic f i l m  
techniques. By observing and photographing the  
monitor sc reen  of the  x-ray te lev is ion  sys tem,  we 
c a n  continuously record the  specimen motion. 
Incorporation of an  osc i l loscope  permits a rela- 
t ively prec ise  (<0.002 in.) d i rec t  reading of t he  
specimen position. T h e  osc i l loscope  is triggered 
by the  te lev is ion  vertical-synchronization s igna l  
and t h e  video output is fed to  the  vertical-deflec- 
tion amplifier. By introducing a de lay  between the  
trigger impulse and t h e  t ime t h e  osc i l loscope  
sweeps ,  t h e  information contained in a horizontal 
l i ne  or  group of l i n e s  from any posit ion on t h e  
te lev is ion  screen  may b e  presented on the  cathode- 
ray tube. Now, insertion of t he  delayed trigger 
pu lse  of t h e  osc i l loscope  sweep  in to  the  te le -  
vision video amplifier can  put a marker on the  
television screen. By maintaining t h e  marker a t  
some dis t inc t ive  specimen feature and reading the  
amount of de lay ,  we may readily ascer ta in  the  
movement. 

INSPECTION D E V E L O P M E N T  OF P R O B L E M  
M A T  ERI  ALS 

K. V. Cook R. W. McClung 

We a r e  developing nondestructive t e s t s  for mate- 
r i a l s  that  a r e  difficult t o  inspec t ,  including molyb- 
denum, tungsten,  tantalum, and graphite. Ultra- 
s o n i c s  have been of particular va lue  in t h e  
inspection of refractory-metal rod, bar,  shee t ,  
plate,  tubing, and tube s h e l l s  or hollows. Some 
appl ica t ions  of our methods a r e  reported in Chap. 

. 
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Fig.  17.5. System for Through-Transmission Ultrasonic Evaluat ion of Tens i le  Specimens. 

14, th i s  report. To avoid damaging the  very ex- 
pensive al loys,  we have been concerned with the  
u s e  of a l ternate  materials as reference standards.  

DEVELOPMENT OF REMOTE INSPECTION 
TECHNIQUES 

Two similar methods for ul t rasonical ly  evaluat ing 
graphite have been developed. One method is a n  
immersion through-transmission technique that c a n  
b e  applied to large samples.  T h e  other method is 
a contact  through-transmission technique tha t  is 
limited to  tens i le  specimens.  Both methods were 
used to  evaluate  material  from three  large graphite 
blocks.  The  blocks were thinly coated with la tex 
rubber t o  seal out  moisture and evaluated by the  
immersion technique in  t h e  X, Y ,  and 2 planes  for 
velocity and attenuation. W e  s e l e c t e d  242 tens i le  
specimens for all three p lanes  to  cover a good 
distribution of ul t rasonic  velocity va lues  over a 
complete high-to-low range, c u t  them from the 
blocks,  and evaluated them by the contact  ultra- 
sonic  method, us ing  the  system shown in Fig. 17.5. 

Mechanical properties wil l  b e  obtained from the  
specimens and correlated with ul t rasonic  data. 

R. W. McClung 

W e  have  continued to develop techniques for 
radiography of materials in  the presence  of a 
radioact ive background. l o  We have  evaluated the 
first s e t s  of radiographs of t h e  aluminum s t e p  
wedge af ter  application of the fogging background. 
U s e  of photographic chemical reduction’ ’ increased 
tenfold the tolerance to  background fogging radia- 
tion. 

Many of our ul t rasonic  and eddy-current tech- 
niques and other  penetrating-radiation techniques 
are being developed with the added criterion tha t  
they can  b e  applied in  a hot cell or other remote 
environment. 

T h e  Mechanical Propert ies  Group is determining ‘OR. W. McClung, K. V. Cook, and C. V. Dodd, Metals 
and  Ceramics Div. Ann. Pro&. Rept. May 31, 1963, specimen properties,  s u c h  a s  Young’s modulus, 

R. W. McClung, “Radiography in the Presence of a res is t ivi ty ,  and fracture stress and strain. T h e s e  
properties will be compared with t h e  ultrasonic Radioactive Background,” paper submitted for presenta- 
velocity and attenuation data to see if a usable tion a t  the Annual Meeting of the Society for Nondestruc- 

tive Testing, Philadelphia, Pa., Oct. 19-23, 1964. and 
correlation exis ts .  for publication in Materials Evaluation. 

ORNL-3470, pp- 96-97. 
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18. Reactions in Solids 

T. S. Lundy 

Our purpose is to provide information concerning 
so l id-s ta te  reactions of importance in  the  develop- 
ment of materials for high-temperature application. 
We a r e  emphasizing the  s tudy  of mechanisms of 
t h e s e  reactions by measuring diffusion r a t e s  i n  
the  solid s t a t e  by various methods. In particular, 
we have  studied (1) diffusion r a t e s  i n  various 
body-centered cubic refractory meta ls  over wide 
ranges  of temperatures, (2) t h e  e f fec t  of alpha- 
particle bombardment on the  diffusion of lead  in 
s i lver ,  and ( 3 )  the  thermal diffusion of antimony 
and ruthenium in  si lver.  

D I F F U S I O N  IN B O D Y - C E N T E R E D  
C U B I C  METALS 

T. S. Lundy D. Heitkamp 
W. K. Biermann J .  F. Murdock 

F. R. Winslow 

Our investigation of diffusion in  certain body- 
centered cubic  meta ls  h a s  continued. T h i s  year 
we emphasized measurement of diffusion coef- 
f ic ien ts  in niobium and tantalum over very wide 
ranges of temperature. P resen t  ind ica t ions  a r e  
that in both of t h e s e  meta ls  t h e  Arrhenius-type 
expression D = D o  e x p  (-Q/RT) with cons tan ts  
D o  and Q adequately descr ibes  the  temperature 
variation of volume diffusion coefficients.  Th i s ,  
of course,  is in direct  cont ras t  to the  inadequacy 
of t h i s  expression in describing diffusion coeffi- 
c i en t s  in @zirconium, @titanium, and vanadium. 

'Visitor from Germany. 
2T. S. Lundy e t  al., Metals and  Ceramics Div. Ann. 

Progr. Rept. May 31, 1963, ORNL-3470, p. 67. 

Diffusion of 44Ti and 4 8 V  in Titanium3 

J. F. Murdock T. S. Lundy 
E. E. Stansbury4 

T h e  diffusion of 44Ti and 4 8 V  in t he  body- 
centered cubic  phase  of iodide titanium was  
studied over the  temperature range 900 to 155OOC. 
T h e  resu l t ing  Arrhenius-type p lo ts  show curvature 
with the  apparent activation energ ies  and fre- 
quency fac tors  increasing with temperature. T h e  
various poss ib le  interpretations of th i s  behavior 
a r e  considered. 

Diffusion of 48V in Vanadium5 

T. S. Lundy C. J .  McHargue 

The  diffusion rate of 48V in s ing le  c rys t a l s  of 
bodycentered cubic  vanadium was  determined a t  
temperatures from 1002 to  1888OC. T h e  lower 
temperature da t a  a re  enhanced on a n  Arrhenius- 
type plot re la t ive  to  va lues  expec ted  by extrapola- 
tion of the  high-temperature diffusion coefficients.  
Above 160OOC the  equation 

D = 58 exp  (-91,50O/RT) c m  2/sec 

3Abstract of paper accepted for publication i n  Acta 
Metallurgica and based  on the University of Tennessee  
M.S. Thes is  of J. F. Murdock, Diffusion of Titanium-44 
and  Vanadium-48 in  Titanium, ORNL-3616 (June 1964). 

4 Consultant from the University of Tennessee.  

'Abstract of paper accepted for publication in  Trans- 
act ions of the Metallurgical Society of AIME and based 
on part of the University of Tennessee  Ph.D. Disser-  
tation of T. S. Lundy, Diffusion in the Body-Centered 
Cubic Metals Zirconium, Vanadium, Niobium, and  
Tantalum, ORNL-3617 (June 1964). 

I .  
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descr ibes  t h e  da t a  while a t  temperatures below 
about 140OoC t h e  temperature dependence of t h e  
diffusion coefficient is 

D = 1.1 x lo-' exp  (-61,00O/RT) cm'/sec . 

Submicron Sectioning Technique 

R. E. Pawel '  T. S. Lundy 

A microsectioning technique for tantalum and 
niobium, based  on the  formation and subsequent  
stripping of an anodic oxide film, is described 
a long  with some applications in Pa r t  I,  Chap. 7 ,  
of th i s  report. Another application is in the  fol- 
lowing sec t ion .  

Diffusion of 95Nb and 18'Ta 

T. S. Lundy F. R. 
C. J. McHargue 

W e  have  measured t h e  volume 

in  Niobium7 

Winslow 

diffusion coeffi- 
cient of "Nb in  both mono- and polycrystall ine 
niobium over the  temperature range of 1000 to  
24OOOC. T h e  high-temperature specimens ( T  > 
15OO0C) were sec t ioned  by conventional l a the  
and precision-grinding techniques .  The  anodizing- 
and-stripping technique descr ibed  above  was  used  
for t h e  lower temperature spec imens .  T h e  log- 
arithm of the  diffusion coefficient is a linear 
function of reciprocal absolu te  temperature down 
to 120OOC but dev ia t e s  from linearity below th i s  
temperature. Over a diffusivity range of almost 
10 ', t he  diffusion coefficient D is well described 
by the  equation 

D = 1.66 exp  (-97,60O/RT) c m  '/set . 
T h e  low-temperature enhancement is probably due 
to  short-circuit diffusion along l a t t i ce  defec ts .  

In a limited number of measurements,  we found 
the  diffusivity of 18'Ta in niobium to  b e  about 
half that  of 95Nb in niobium, and the  activation 
energ ies  t o  b e  approximately the  same for the 
two cases. 

'Reactions a t  Metal Surfaces Group. 
'T. S .  Lundy, Diffusion in the Body-Centered Cubic 

Metals Zirconium, Vanadium, Niobium, and Tantalum, 
ORNL-3617 (June 1964). 

EFFECTOF ALPHABOMBARDMENTONTHE 
DIFFUSION OF LEAD IN SILVER 

D. Heitkamp' W. Biermann' 
T. S. Lundy 

We measured t h e  diffusion of '"Pb in s i lver  
s ing le  c rys ta l s  in the  temperature range of 360 
to 480°C by u s i n g  the  recoil  method of Hevesey 
and Seith, a surface-counting technique. Experi- 
ments were performed both with and without alpha- 
particle bombardment from a 10-curie source  of 
210Po. In the  absence  of such  bombardment the  
temperature dependence of the  diffusion coefficient 
in the  near-surface region may b e  described by 

D = 600 e x p  (-61,70O/RT) cm'/sec . 
Bombardment with 10 ' 2.2-Mev a lpha  par t ic les  
per square  cent imeters  per second produces ap- 
proximately 9.6 x defec t s  per second per 
atom s i t e  in s i lver  and  increased  t h e  diffusion 
coefficient by 6 x cm'/sec at all tempera- 
tures.  Such an  enhancement ag rees  satisfactorily 
with theoretical  predictions based  on a n a l y s e s  by 
Lomerg and Dienes  and Damask. l o  

THERMAL DIFFUSION OF ANTIMONY AND 
RUTHENIUM IN SILVER' 

W. Biermann D. Heitkamp' 
T. S. Lundy 

The  thermal-gradient redistribution of antimony 
and  ruthenium in  very dilute so l id  so lu t ions  in  
s i lver  was  inves t iga ted  b y  radioactive tracer 
techniques.  T h e  concentration of antimony in- 
c r eased  considerably a t  t h e  hot s i d e  of t h e  spec -  
imens and dec reased  a t  the  co ld  s ide .  T h e  s teady-  
s t a t e  concentration was  given by a s t ra ight  l i ne  

8 G. v. Hevesy and W. Seith, 2. Physik.  56, 790 
( 192 9). 

'W. M. Lomer, "Defects in  Pure Metals," p. 255 in 
Progress  in Metal Physics ,  vol. 8, Pergamon, New 
York, 1959. 

'OG. J. Dienes and A. C. Damask, Proc. U .  N .  Intern. 
Conf. Peaceful  Uses  At. Energy, 2nd, Geneva, 1958 
29, 340 (1959); J .  A p p f .  Phys.  29, 1713 (1958). 

"Abstract of paper submitted to  Acta Metaffurgica. 
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on a plot of the logarithm of the  antimony concen- 
tration v s  t h e  reciprocal absolu te  temperature. 
T h e  redistribution can  b e  descr ibed  by an un- 
usua l ly  large nega t ive  heat of transport  Q = (-29 * 
3) kcal/mole. T h e  k ine t ic  treatment of Wirtz 
c a n  explain the  da t a  if it is assumed that most 
of the  activation energy for migration of antimony 
atoms is necessa ry  t o  open up  the  vacancy in to  

which the atom jumps, T h i s  treatment, however, 
a l lows  a very wide variation in  the  predicted hea t  
of transport. T h e  concentration profile for ruthe- 
nium in  s i lver  annealed under a temperature gra- 
dient was  quite different from any redistribution 
that could b e  explained by thermal diffusion 
alone. No  hea t  of transport could b e  ca lcu la ted  
from the  ruthenium distribution. 

8 



19. Tungsten Metallurgy 

W. C. Thurber 

For se rv i ce  a t  maximum temperature, tungsten 
represents  the  ultimate in  pure metals.  Exploitation 
of t h i s  potential  h a s  been sore ly  hampered by i t s  
limited ducti l i ty,  which c r e a t e s  s eve re  fabrication 
problems when the  material  is wrought a t  reason- 
able temperatures. To circumvent these problems, 
we a re  examining chemical vapor deposit ion as a 
fabrication technique, i n  which tungsten c a n  b e  
formed directly from t h e  gaseous  s t a t e  i n to  the 
des i red  final shape .  W e  a r e  emphasizing the  
preparation of pyrolytic tungsten depos i t s ,  par- 
t icularly s h e e t  s tock ,  which c a n  be subsequently 
evaluated by welding, mechanical tes t ing ,  and 
measurement of the  ducti le-brit t le transition. 
Preliminary s t u d i e s  of joining and characterization 
of t he  s tab i l i ty  of pyrolytic tungsten have  been 
undertaken. Base- l ine  da t a  have  been obtained on 
tungsten s h e e t  prepared by powder metallurgy. 

We a re  also examining the  poss ib i l i ty  of en-  
hancing the  ductility of tungsten by introducing a 
dispersed second phase ,  which will  provide 
mobile d i s loca t ions  to promote p las t ic  flow. Ex- 
periments on the  extrusion of tungsten a re  re- 
ported in Chap. 14 of t h i s  report. 

PY ROLY TIC-TUNGSTEN DEVELOPMENT 

D. 0. Hobson C. F. Lei t ten ,  Jr. 

We have completed preliminary experimental 
deposition of pyrolytic tungsten and  sca l ed  up  the 
process. Previously,  we s tudied '  p 2  deposit ion of 
tubing over a wide range  of variables.  Tungsten 

'R. L. Heestand and C. F. Leitten, Jr., Metals a n d  
Ceramics Div. Ann. Progr. Rept. May 31, 1963, ORNL- 
3470, p. 75. 

2R. L. Heestand, J. I. Federer, and C. F. Leitten, Jr., 
Preparation and  Evaluation of Vapor-Deposited Tung- 
sten, ORNL-3662 (in press). 

was  formed as internally depos i ted  tubes  ranging 
from '4- t o  %-in. OD with lengths  up to 14 in. We 
are  continuing to s tudy  e f f ec t s  of temperature, 
pressure,  and rate;  and  we are  now a s s e s s i n g  the  
e f fec ts  of varying t h e  ratio of hydrogen to tungsten 
hexafluoride as well. Typica l  resu l t s  a r e  shown 
in F ig .  19.1. T h e  da ta  represented by t h e s e  
curves  were obtained by deposit ion with a hydrogen- 
to-tungsten hexafluoride ratio of 140 at  a pressure  
of 20 torr on the  inner sur face  of a $-in.-diam 
tube. Hydrogen reduced the WF, rapidly a t  800 
and 1000°C; the  res idua l  g a s  became so  depleted 
in WF6 a t  shor t  d i s t ances  from the  injector that  
deposit ion became very nonuniform. At 6OO0C, 
t he  deposit ion rate depended less on d is tance ,  
while a t  5OOOC no depos i t  was  obtained. 

Typica l  microstructures of pyrolytic tungs ten  
a re  shown i n  Fig.  19.2. T h e  columnar gra ins  
extend through the  en t i re  specimen th ickness .  

To better eva lua te  pyrolytic tungsten,  we want 
t o  perform both mechanical and phys ica l  t e s t s  on 
large p ieces .  So far, our experimental  deposit ion 
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equipment can  produce large tubes  with subs tan t ia l  
wall th icknesses ,  but not shapes  with extended 
surface area.  In view of t hese  requirements, a 
pilot plant production facil i ty,  shown in  Fig. 19.3, 
was designed and placed i n  operation. Th i s  
system again u s e s  the  reaction 

UNCLASSIFIED 
PHOTO 64430 

Y-53239 

Fig. 19.2. Typ ica l  Microstructures of Vapor-Deposited 

Tungsten. Etchant: Equal parts concd NH40H and 30% 
H202. ( a )  Perpendicular to substrate. 1 0 0 ~ .  ( b )  Poral- 

le1 to substrate. 500~. 

Heat  

E x c e s s H 2  
WF6 + 3H W + 6 H F  

to  depos i t  tungsten metal. At f i r s t  we depos i ted  
i t  on the inner sur face  of a large copper right- 
hexagonal prism with a total  usable  flat  area of 
approximately 320  in .2 ,  shown in  Fig. 19.4. The  
hear t  of the equipment is a furnace containing a 
s t a in l e s s  s t e e l  chamber in which the  copper 
deposit ion mandrel is suspended  from a s t a i n l e s s  
s t e e l  cover  flange. Th i s  arrangement c rea t e s  two 
unconnected volumes, each  of which c a n  be 
evacuated independently of the  other. The  reac tan t  
g a s e s  are introduced through a water-cooled 
injector a t  controlled flow rates.  

Since the strength of the  copper mandrel is low 
a t  the  deposition temperature (approximately 
7OO0C), the pressure differential ac ross  the mandrel 
walls is controlled by a balance sys t em capable  
of holding a pressure  differential less than 1 torr 
ac ross  the  mandrel wal l  a t  any sys tem pressure.  

Although we have  used th i s  mandrel, the  resu l t s  
have not been satisfactory.  T o  depos i t  s h e e t  of 
needed th ickness  on i t  in a reasonable  time would 
require a g a s  flow greater than our present 
capability. In addition, an  internal arrangement of 
baffles would be  needed to  modify the flow pattern 
t o  ensure  uniform deposition. To obtain s h e e t  
specimens for t e s t ing  without making the required 
modifications, we have subs t i tu ted  a smaller 
mandrel and deposit ion furnace in our apparatus of 
Fig.  19.3. With them, we have  produced s h e e t  
material 8 x 15 x 0.060 in. in runs l a s t ing  1 2  to  
14 hr at WF6 flow ra t e s  of 200 cm3/min. T h i s  
material is being evaluated chemically and 
metallographically and subsequent ly  wi l l  be  ex-  
amined for its response t o  hea t  treatment and to 
t e s t s  of mechanical properties. 

Typica l  chemical  ana lyses  of vapor-deposited 
tungsten,  depending on deposit ion parameters, 
have the  following ranges: C, 18 to  50 ppm; 0, 
12  to 6 0  ppm; H, 1 t o  11 ppm; N, < 5 to  13 ppm; 
F ,  10 t o  40  ppm; and Cu, 1 t o  10 ppm. Before a 
Kel-F flowmeter had been ins ta l led  in the WF6 
line, spectrographic t r aces  of B, Mg, and Si were 
found. These  impurities resulted from a t tack  
on the  g l a s s  flowmeters originally used. 

In addition, a tubing-deposition furnace w a s  
built for the production of small ('4- to  ",in.) 
tungsten tubes  by external deposit ion on copper  
tube mandrels. As in the  shee t  production 

4 
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(1) Reaction vesse l ,  (2) & p o s i t i o n  chamber, (3)  I n j e c t i o n  probe, (4 )  'm.5 i n l e t  l i n e ,  ( 5 )  Hz 
i n l e t  l i n e ,  (6) Coolant water b a f f l e ,  (7) Mixing chamber and sprayhead, (8) Furnace, (9 )  Needle 
valve on argon l i n e ,  (10) Solenoid b a l l  valve on argon l i n e ,  (11) Solenoid b a l l  valve on ou te r  
chamber exhaust l i n e ,  (12) Manual b a l l  valve on depos i t ion  chamber exhaust l i n e ,  (U)  Manual 
b a l l  valve on crossover l i n e ,  (14) Water l i n e  t o  waste d ra in ,  (15) Mechanical vacuum p n p  on 
wJter chamber exhaust l i n e ,  (16) !.lechanical vacum p m p  on depos i t i on  chamber exkaust l i n e ,  
(17) Secondary r eac t ion  furnace ,  (18) Secondary r eac t ion  chanber, (19) S t a i n l e s s  s t e e l  sc reen  
packing, (20) Scrubber body, (21) Berl saddle  pscking, (22) !,later spray  l i n e ,  (23) Offgss 
burner (24 )  Natura l  gas supply l i n e ,  (25) S t a i n l e s s  s t e e l  and PVC exhaust duc t ,  (26) Process 
water waste d ra in ,  (27) Dry i c e  cold t r a p ,  ( 2 8 )  Hz 935 supply, (29) '@6 gas supply,  (30) Vaculm- 
pressure  gages (two), (31) Gas flowmeters ( two),  (32) ?leedle va lves  (four), (33) Deposit ion 

( 3 5 )  Leveling bulb,  (36) Argon gas supply l i n e ,  (37) Tenperature 
c o n t r o l l e r  for i n j e c t i o n  probe coolant water, (38) Rot water 
supply, (39) Cold water supply,  (40) {Vater manifold valvas 
( e i g h t ) ,  (41) Hot water m n i f o l d ,  (42) Cold -,rater manifold, 
(43) ' i a t e r  temperature t h e m o n e t e r .  

~~ 

Fig. 19.3. Pyrolytic-Tungsten Deposit ion Setup. 

d i scussed  above, uniformity of wall  th ickness  h a s  
been a problem, and seve ra l  t echniques  have  been 
used  to obtain it. Previously,  t 2  tungs ten  was  
internally deposited by u s e  of a three-zone 
furnace in which s u c c e s s i v e  zones  were cooled 
so as  t o  transfer the deposit ion a rea  down the  
length of t he  mandrel. The high thermal con-  
ductivity of the  copper mandrel hampered the  u s e  
of t h i s  method with ex terna l  deposition. Although 
the  furnace temperature w a s  varied as  the  zones  
were operated,  t h e  tube remained a t  an e s sen t i a l ly  
uniform temperature. T o  counteract t h i s  tendency, 
w e  tried ex terna l  deposit ion on an internally 
resistance-heated mandrel and found tha t  a hea ter  
wound to give maximum hea t ing  to  the  front and 
rear s ec t ions  of the  mandrel produced the most 
uniform deposit ions.  At t he  front t he  incoming g a s  

is cooled, and a t  t he  rear t he  outgoing g a s  is 
depleted in WF,. The  b e s t  tube obtained to d a t e  
was 6 in. long  with a wal l  t h i ckness  varying from 
0.031 to  0.037 in. 

BRITTLE BEHAVIOR OF TUNGSTEN 

A. C. Schaffhauser 

T h e  embrittlement of body-centered cubic  meta ls  
at low temperatures by sma l l  quant i t ies  of inter- 
s t i t i a l  impurit ies is wel l  known. Weakening of the  
grain boundaries by segregation of impurit ies is the 
accepted  c a u s e  of t h i s  embrittlement, but t he  
mechanism is not understood. 

1 



135 

I c 

UNCLASSIFIED 
Y-53984 

0 4 
SCALE INCHES 

Fig .  19.4. Prisrnotic Copper Mondrel Used in F i r s t  

Attempts to Deposit Pyrolytic-Tungsten Sheet. 

Recent  electron-microscope s tud ie s3  have shown 
that in impure body-centered cub ic  metals  the 
grain boundaries cannot a c t  a s  dislocation 
sources.  Thus ,  very high stresses may be  built 
up in the material without significant p las t ic  flow 
until  grain-boundary rupture ultimately occurs  and 
the  specimen fractures. From s t u d i e s  by Johnston 
and Gilman4 of the dynamics of yielding and flow, 

3J. 0. Stiegler, ORNL-3571, pp. 230-35 (May 1964) 

4W. G. Johnston and J. J. Gilman, J. A p p l .  Phys .  31, 
(Classified). 

632 (1960). 

extended t o  body-centered cubic  metals by Hahn, 
we know that the yield behavior depends  on the  
number of mobile d i s loca t ions  present  prior t o  
yielding. 

The  ductil i ty of tungsten c a n  be increased 
by increas ing  the  purity, alloying to t ie  up the 
in te rs t i t i a l  impurities, promoting other modes of 
deformation, or producing additional sources  of 
dislocations.  The  purity l eve l  necessary  for 
subs tan t ia l  increases  in  ducti l i ty is unrealist ically 
high; the  transition temperature for tungsten with 
less than 5 ppm C and 0 is still over 150°C. The  
improvement in ducti l i ty through the  addition of 
alloying agents  intended t o  scavenge  the  inter- 
s t i t i a l  impurities may be limited, s i n c e  these  
additions may not appreciably change the smal l  
concentration of in te rs t i t i a l s  i n  solution a t  the 
grain boundaries. The  room-temperature ducti l i ty 
of the W-26% R e  alloy is attributed to  the ability 
of the  rhenium to alter the  concentration of inter- 
s t i t i a l  impurities i n  the  grain boundaries and to  
relieve the stresses built up  during deformation 
by twinning. T h e  high cos t  and limited supply of 
rhenium limit application of t h i s  alloy. 

In view of t hese  observations,  we believe that 
t he  most attractive approach to  lowering of the  
ductile-to-brittle transit ion temperature is by 
introduction of additional dislocation sources.  
We have s ta r ted  to  study increas ing  the ducti l i ty 
of recrystall ized tungsten by introducing particles 
t ha t  will  a c t  a s  dislocation sources  during defor- 
mation. The  dilute ternary alloys W-C-(Hf, Nb, or 
T a )  have been chosen for the  init ial  s t a g e s  of t h i s  
investigation because  of their strong tendency to 
form carbide particles,  the s i z e  and distribution 
of which may be  controlled by hea t  treatment. 

Experimental quantit ies of the a l loys  have been  
produced as pancakes (800 g) by electron-beam 
melting. The  resu l t s  of chemical  ana lys i s  of the 
a l loys  a re  given below: 

Nomi no1 Corn pos i t i on Analyzed Composition 

(wt  %) (wt  %) 

W-0.6 Nb-0.02 C 

W-0.3 Ta-0.02 C 

0.55 Nb--0.002 C 

0.28 to 0.35 Ta-0.002 C 

W-0.4 Hf-0.01 C 0.25 Hf-<O.002 C 

5G. T. Hahn, Acta  M e t .  10, 727 (1962). 
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. 
Since  w e  anticipated difficulty in  retaining the  
alloying e lements  during melting, we had doubled 
the  alloying content of the  melting s tock .  Evidently 
t h e  overcharge w a s  suf f ic ien t  t o  obta in  the  
desired metall ic alloying composition, but most of 
t he  carbon w a s  lost during melting. 

W e  believe tha t  we can  retain the  des i red  carbon 
content by reducing the la rge  sur face  a rea  of the  
molten alloy exposed t o  the vacuum system. 
Consequently,  a 1 ‘$-in.-diam retractable mold was  
designed and  ins ta l led  by the  Metal Forming and 
Cas t ing  Group6 for t h i s  purpose. T h e  carb ides  
have  been prealloyed in an  a rc  furnace and will  be  
drip melted with the  tungs ten  into the water-cooled 
mold. The  new melting procedure is also ex- 
pected to a id  i n  fabrication of the  a l loys .  The 
ingots  will  be encased  in molybdenum and ex- 
truded prior to further processing. 

The e f fec t iveness  of varying amounts, sizes, 
distributions,  and compress ib i l i t i es  of par t ic les  as 
dislocation sources  will  b e  eva lua ted  by e lec t ron  
microscopy and etch-pit t ing techniques on com- 
press ion  samples .  

Exploratory compressions t e s t s  have  been con- 
ducted on commercially ava i lab le  2% thoriated 
tungsten,  which had been consolidated by powder 
metallurgy and contained a uniform dispers ion  of 
thoria par t ic les  having  an average diameter of 1 p 
The  compression samples  were cu t  and cen te r l e s s  
ground to  0.15-in.-diam x 0.300-in.-long cylinders,  

6R. E. McDonald, ORNL-3683 (in press)  (Classified). 

and then annealed a t  1 x lo-’ torr for 1 hr a t  
either 1800 or 230OOC. Ei ther  annea l ing  treatment 
resulted in a recrystall ized grain size of 30 p 
without altering the  thoria par t ic le  s i z e  and 
distribution. The  da ta  obtained i n  t h e s e  t e s t s  a r e  
compared in Tab le  19.1 with d a t a  obtained on 
commercially pure polycrystall ine tungsten. Ap- 
parently, the  fine-particle d i spe r s ions  represented 
here  d o  not  reduce the  y ie ld  strength.  T h e  primary 
role of the  thoria par t ic les  i n  t h i s  case appea r s  t o  
b e  s tab i l iza t ion  of the  subs t ruc ture  of the  alloy. 

PY ROLY TIC-TUNGSTEN EVALUATION 

A. C. SchaffhauseI 

A major factor preventing the  u s e  of pyrolytic 
tungsten for many appl ica t ions  is i t s  b r i t t l eness ,  
even  at temperatures we l l  above  room temperature. 
Preliminary s tud ie s  a t  ORNL, “Pyrolytic-Tungsten 
Development,” th i s  chapter, and e l sewhere  ’,’ of 
the  microstructures and  mechanical properties of 
vapor-deposited tungsten have  defined the  general  
charac te r i s t ics  of t h i s  material .  However, t he  
fac tors  influencing the  annea l ing  cha rac t e r i s t i c s  
and brit t le behavior of the pyrolytically produced 
material  a re  not known. 

’Summary Progress  Report, High Temperature Ma- 
terials, Inc., Brighton, Mass., Contract NOW 61-0876- 
C(FBM) (March 1962). 

‘5. L. Taylor and D. H. Boone, J. Less-Common 
Metals 6(2), 157-64 (1964). 

T a b l e  19.1. Ef fect  o f  Heat  Treatment on Room-Temperature Y i e l d  Strength of  Pure and Thoriated Tungsten 

Grain Diameter Strain Rate  Average Upper or 0.3% Yield Strength 

(PI (sec- l )  (Psi) Material Heat Treatment 

x 

Purea As-swaged 1 21 0,000 

1 hr a t  170OoC 50 

4 hr a t  205OoC 50 

1 

5 

146,000 

99,000 

h 
Thoriated As-swaged Over 250,000 

1 hr at  1800°C 30 1 188,000 

1 hr a t  230OoC 30 1 186,000 

aC. R. McKinsey et al . ,  Investigation of Tungsten-Tantalum-Columbium-Base Alloys, ASD-TR 61-3 (July 1961). 
bAn accurate yield strength for as-swaged thoriated tungsten could not be obtained due to plastic deformation of 

the compression mandrels a t  s t r e s s e s  over 250,000 psi. New mandrels to correct this are being ground. 

i 

. 
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The  vapor-deposition p rocess  generally produces 
a columnar grain structure perpendicular t o  the 
plane of deposition, as shown i n  Fig.  19.2. T h e  
ex ten t  t o  which t h e  well-known low-temperature 
br i t t l eness  of tungsten is intensified by t h i s  grain 
structure is not known. Limited elevated-tempera- 
ture impact data '  show a ductile-to-brittle tran- 
si t ion temperature of 900OC. A transition tempera- 
ture t h i s  high is not surprising considering the  
severity of t he  test .  

Initial s tud ie s  of the  response  of pyrolytic 
tungsten t o  annealing sugges t  t ha t  the  micro- 
structure may be dependent on the  s t ra in  induced 
during deposition. Generally, the columnar struc- 
ture is s t ab le  t o  temperatures over 180OoC (Fig. 
19.5a). However, in one sample a fine equiaxed 
structure w a s  produced by annealing a t  1800°C 
(Fig. 19.5b). At higher temperatures,  strain- 
induced grain-boundary migration resulted in 
exaggerated grain growth i n  some a r e a s  (Figs.  

1 9 . 5 ~  and 19.5d). At t he  h ighes t  annea l ing  temper- 
ature (2500°C) the  columnar structure w a s  com- 
pletely obliterated. In l ight of these  unexplainable 
differences in presumably similar depos i t s ,  w e  
have  started a joint  program with the  Metals 
Forming and Cas t ing  Group t o  determine s y s -  
tematically the ef fec t  of deposit ion var iab les  on 
the ducti l i ty and annealing charac te r i s t ics  of 
pyrolytic tungsten.  

An elevated-temperature bend-test  r ig h a s  been 
designed according to  the  recommendations of the  
Materials Advisory Boardg t o  determine the ducti le- 
to-brittle transit ion temperature of pyrolytic tung- 
s t en  shee t .  Base-line transition-temperature da t a  
for wrought and recrystall ized powder-metallurgy 
tungsten a r e  presented in  Tab le  19.2. T h i s  infor- 
mation, obtained on material tha t  is representative 

9Evaluation Test Methods for Refractory Metal Shee 
Materials, MAB-192-M. 

Fig.  19.5. Ef fect  of Heat  Treatment on Microstructure of Pyrolytic Tungsten. Etchant: Equal parts concd 

N H 4 0 H  and 30% H202.  ( a )  W56-HT1, 2 hr a t  1800°C. 2 0 0 ~ .  ( b )  W49A, 4 h r  a t  18OO0C. 5 0 0 ~ .  (c)  W56-HT4, 2 hr a t  
210OOC. 200x. (d) W56-HT5, 1 hr a t  2500°C. 2 0 0 ~ .  Reduced 51%. 
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b 
T a b l e  19.2. Bend-Transitiona Behavior of  Powder-Metallurgy Tungsten Sheet 

Specimen 
No. 

~ 

T-I 

T-J 
T-M 
T-L 
T-K 
T-C 
T-E 
T-G 
T-F 
T-B 
T-A 
T-R 
T-N 

T-Q 
T-0 
T-P 

L-L 
L-H 
L-G 
L-c 
L-A 
L-B 
L-K 

L-J 
L-I 
L-E 
L-D 
L-M 
L-N 

L-Q 
L-0 
L-P 

Condition 
T e s t  Temperature Span 

Observation 
(OC) (in.> 

As-received 
As-received 
As-received 
As-received 
As-received 
As-received 
As-rece ived 
As-received 
As-received 
As-received 
As-received 
Annealed 
Annealed 
Annealed 
Annealed 
Annealed 

f 

As-received 
As-received 
As-received 
As-received 
As-received 
As-received 
As-received 
As-received 
As-received 
As-received 
As-received 
Annealed 
Annealed 
Annealed 
Annealed 
Annealed 

f 

Transverse to Rol l ing Direct ion 

130 
140 
140 
145d 
150 
200 
180 
170 
160d 

155 
150 
375 
350d 
350 
325 
325 

Paral le l  to Rol l ing Direct ion 

160 
150 
140 
140d 
135 
130 
150 
150 
160 
120 
130d 
375 
350 
350 
32Sd 
32 5 

1.5 
1.5 
1.5 
1.5 
1.5 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 

0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 

Britt le 
Brittle 
Brittle 
Duc tilee 
Ductile 
Ductile 
Ductile 
Ductile 
Ductile 
Brittle 
Brittle 
Ductile 
Ductile 

d Brittle 
Brittle 
Brittle 

Ductile 
Ductile 
Ductile 
Ductile 
Brittle 
Britt le 
Brittle' 
Brittleg 
BrittleGJh 
Britt lei 
Ductile' 
Ductile 
Ductile 
Ductile 
Ductile 
Brittle 

. 

a 4 T  punch radius, 1.0-in./min deflection rate. 
bMaterial produced by Fans tee l  Metallurgical Corp. on Bureau of Naval Weapons Contract NOW-60-0621-c. 
'Brittle - approximately 0' plast ic  bend angle. 
dTransition temperature. 
eDuctile - approximately 90° plast ic  bend angle. 
fOne hour a t  135OOC. 
gSurface rough-conditioned by  manufacturer. 
hBend angle approximately 70°. 
i Tension surface metallographically polished. 
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of current mill practice, will  provide a useful 
comparison to information on the  pyrolytic tung- 
sten.  

JOINING OF TUNGSTEN 

R. G. Gilliland 

Fusion Welding 

In order t o  fully u t i l i ze  the  high-temperature 
structural  properties of tungsten, t echniques  tha t  
a r e  su i t ab le  for providing high integrity welded 
and brazed jo in ts  are needed. 

Recently,  we have  studied jo in ing  of 0.060-in.- 
thick,  powder-metallurgy tungsten shee t  obtained 
from t h e  F a n s t e e l  Metallurgical Corporation. W e  
investigated butt we lds  made by t h e  semiautomatic 
g a s  tungsten-arc p rocess  without additions of fi l ler  
metal. A preheat temperature of approximately 
65OoC was  used, and the  specimens were welded 
in  a chamber fi l led with high-purity argon. 
Samples were then bend tes ted  to  determine the 
ductile-brittle transit ion temperature for welds  
made in s t r ip s  cu t  both parallel  and t ransverse  t o  
the  final rolling direction. T h e  r e su l t s  a r e  
presented in  F ig ,  19.6. All  bends  were around a 
4T rad ius  and were made e s sen t i a l ly  in accordance 
with accepted  Materials Advisory Board recom- 

UNCLASSIFIED 
ORNL-DWG 64-8957 -.- - POWDER MET. TRANSVERSE TO ROLLING 

DIRECTION: GAS TUNGSTEN-ARC 
- -0- - POWDER MET PARALLEL TO ROLLING 

DIRECTION GAS TUNGSTEN-ARC 
-V-ARC CAST TRANSVERSE TO ROLLING 

DIRECTION ELECTRON BEAM 

- 
D 
$ 80 
1 

0 

300 350 400 450 500 550 
T E S T  TEMPERATURE ( " C )  

Fig.  19.6. Results of Ducti le-Britt le Transit ion Tem- 

perature Tests  on Tungsten Welds. 

mendations, except  that  t he  deflection ra te  w a s  
0.5 in./min. These  da t a  ind ica te  that the transit ion 
temperatures for welds  made para l le l  and t ransverse  
to  the roll ing direction a re  approximately 450 and 
475OC respectively.  T h e s e  transit ion temperatures 
may b e  compared with 140  and  16OoC for the  un- 
welded material  parallel  and t ransverse  to  the 
rolling direction respectively.  

Also,  arc-melted 0.060-in.-thick tungs ten  shee t ,  
obtained from t h e  Universal  Cyclops S tee l  Corpo- 
ration, h a s  been welded t ransverse  t o  t h e  final 
rolling direction us ing  a high-voltage electron- 
beam welder. Bend t e s t s  on t h e s e  welds ,  a l s o  
presented i n  F ig .  19.6, ind ica te  that the  ducti le- 
brittle transit ion temperature of electron-beam 
welds  in th i s  material is approximately 425OC. 
T h e  transit ion temperature of the  b a s e  metal w a s  
170OC. 

We made preliminary s tud ie s  of welding on early 
specimens of 0.025-in.-thick pyrolytic tungsten,  
produced i n  t h i s  Division. T h e  s ta r t ing  material  
was  very brit t le a t  room temperature and cracked 
during welding. Metallographic examination re- 
vealed porosity in the heat-affected zone  and some 
cracks. A c r o s s  sec t ion  of one of these  we lds  i s  
shown in Fig.  19.7. Further s tud ie s  await  material  
of improved quality. 

Fig. 19.7. Tungsten-Arc Weld in 0.025-in.-Thick Pyro- 

ly t ic  Tungsten, Showing Porosity and Cracking i n  the 

Heat-Affected Zone. Etchant: Equal parts concd NH40H 
and 30% H202 .  l l x .  
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Braze Welding described in Chap. 14 of t h i s  report for very high- 
temperature serv ice .  An example of one  of t h e s e  
jo in ts  is shown i n  F ig .  19.8. The exce l len t  wet t ing  

braze welding tungsten with a fi l ler  metal  of a and flowing charac te r i s t ics  of the  Ta-Nb-V 
lower melting composition. Calcu la t ions  have  brazing alloy on the  pyrolytic tungsten c a n  b e  
indicated that the  energy input t o  braze  welds  is seen .  
only about half that  of fusion welds. Therefore, 
the  heat-affected zone  and fusion zone  should be 

We have s ta r ted  to inves t iga te  the  feasibil i ty of 

reduced proportionately. We have  tes ted  tantalum, 
niobium, rhenium, molybdenum, and the  binary 
alloy W-26% R e  as fi l ler  meta ls  with the  g a s  
tungsten-arc process.  Bend t e s t s  a t  52SoC, 
similar to those  descr ibed  above, on t h e s e  braze  
welds  are reported in Table  19.3. All jo in t  
combinations cracked during bending, but embrittle- 
ment may have  occurred from impurities within the  
filler meta ls  themselves  and from the  alloying of 
the  filler metal  with the  tungsten b a s e  metal. We 
plan t o  further examine the  influence of these  
variables. Binary and ternary a l loys  of t h e s e  
refractory meta ls  will  also be prepared for u s e  a s  
filler metals. 

Brazing 
Fig. 19.8. Vacuum-Brazed Pyrolytic-Tungsten T-Joint 

Made with 65% V-30% Ta-5% Nb Alloy a t  19OOOC. A S  Preliminary vacuum-brazing s tud ie s  on pyrolytic 
tungsten were made us ing  the  brazing a l loys  polished. 75x. Reduced 48%. 

Table 19.3. Results of Transverse Bend Tests Performed at 525OC on Braze-Welded, Powder-Metallurgy 
Tungsten Using To, Nb, Mo, Re, and W-26% Re As Fil ler Metals 

Bend Angle a t  Which Crack Occurred 

(de g) 
Fi l ler  Metal Remarks 

Tantalum str ip  

Rhenium wire 

Niobium wire 

Molybdenum wire 

W-26% Re wire 

53  

90 

14 

44 

17 

Cracks in weld, heat-affected zone, and 
b a s e  metal 

Very slight crack in  weld metal 

No heat-affected zone or base-metal cracks 

Cracks in weld metal and heat-affected zone; 
no cracks in base  metal 

Specimen fractured across  entire width 

Cracks in weld metal and heat-affected zone; 
no  cracks in base metal 

. 
I 
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MECHANICAL PROPERTIES OF TUNGSTEN 

J. C. Zukas 

The stress-rupture behavior in  vacuum (10- torr) 
of powder-metallurgy tungsten s h e e t '  is being 
explored. Specimens cut e i ther  parallel  or trans- 
verse  t o  the rolling direction have been t e s t ed  a t  
three s t r e s s e s  a t  2200°C. The d a t a  are summarized 
in Fig. 19.9 with the  r e su l t s  of another invest i -  
gation. l 1  Significant grain growth occurred in a l l  
the  specimens tes ted.  

UNCLASSIFIED 
ORNL-DWG 64-89! 

m 

ASD-TDR-63-484 
,,3 -DID NOT RUPTURE 
I" 

20 50 100 200 500 1000 2000 
RUPTURE TIME ( rn in)  

"Produced by Fans t ee l  Metallurgical Corporation 
under contract  NOW-60-062 1 -c. 

"Ronald F. Brodrick, Development of an  Electron 
Beam Heating Faci l i ty  and  I t s  U s e  in 'Mechanical 
Testing of Tungsten to 6000°F, ASD-TDR-63-484, p. 38 
(July 1963). 

Fig. 19.9. Stress vs Rupture T ime for Tungsten a t  

2 2 0 0 ' ~  i n  Vacuum. 

I -  

8 



20. Uranium Nitride 
W. C. Thurber 

Uranium mononitride is an attractive nuclear 
fuel by virtue of i t s  high uranium density and high 
thermal conductivity. Unlike uranium carbide, it  
does  not hydrolyze rapidly in  moist air. Because  
of t hese  superior properties, we are character-  
i z ing  th i s  compound further. 

Phys ica l  properties, such  as the  coefficient of 
thermal expansion, thermal conductivity, elec- 
trical  resist ivity,  and fission-gas r e l ease  after 
neutron activation, have  been measured. A study 
of the  pressure-temperature-composition relation- 
s h i p s  in  the  uranium-nitrogen system h a s  been 
initiated. Other portions of t h i s  program have  
been summarized in  appropriate progress re- 
ports. ’’, 

ELECTRICAL RESISTIVITY AND THERMAL 
CONDUCTIVITY OF URANIUM MONONITRIDE3 

T. G. Kollie J. P. Moore 

We measured the  e lec t r ica l  resist ivity of an 
86%-dense UN specimen in  the  range -200 to 
1 0 0 0 ~ ~  a t  a pressure  of 1 0 - ~  to torr, using 
a four-probe technique. T h e  resu l t s  are tabulated 
in  Tab le  20.1. Below 6OO0C t h i s  specimen ex- 
hibited a polarization effect, i n  which the  res i s t -  
ance  increased with time after current was  applied. 
We think the  effect ,  which is not observed above 

‘W. C. Thurber, ORNL-3571, pp. 195-213 (May 

,W. C. Thurber, ORNL-3683 (in press)  (classified). 

3Summary of the pertinent part of a paper to be pre- 
sented a t  the AIME Symposium on Compounds of 
Interest in Nuclear Reactor Technology, Boulder, 
Colorado, August 3-5, 1964, entitled, “A Thermal 
Comparator Apparatus for Thermal Conductivity Meas- 
urements from 50 to 4OO0C.” by T. G. Kollie, D. L. 
McElroy, R. S. Graves, and W. Fulkerson. 

1964) (classified). 

600°C, is caused  by UO, inc lus ions  in the UN 
grain boundaries. Our e lec t r ica l  resist ivity va lues  
are approximately 15% greater than those  reported 
by Bat te l le4  for 97- and !%%-dense UN; a simple 
density correction brings the  two sets of da ta  
in to  relatively good agreement. 

We measured thermal conductivity with the 
thermal comparator a t  75 a n d  3OO0C on a 94.5%- 
dense  UN specimen, 1 in. in diameter by in. 
thick. T h e  measured va lues ,  corrected to theo- 
re t ica l  density,  are reported in  Tab le  20.1. T h e  
total  thermal conductivity of many so l id s  can  
b e  divided into two portions, t he  electronic por- 
tion due  to  the  transport of h e a t  by e lec t rons  and 
the  l a t t i ce  portion due  to  the  transport  of hea t  by 
phonons. The  electronic portion may be  calcu- 
l a t ed  from the  electrical resist ivity by the  Wiede- 
mann-Franz-Lorenz relation. Theory predic t s  the  
l a t t i ce  portion to be  an  inverse  l inear function of 
temperature, but it is not readily ca lcu lab le  from 
auxiliary measurements. Thus  the  total  thermal 
conductivity may b e  expressed  as  

- !  
I 

1 L T  
f - 7  k = -  

A + B T  p . 
where 

k, = thermal conductivity a t  temperature 
T i n  w m - l  (“C)-’, 

A and B = cons tan ts ,  

L = Lorenz constant,  

p = e lec t r ica l  resist ivity in  pohm-cm, and 

T = temperature in OK. 

4E. 0. Speidel and D. L. Keller, Fabrication and 
Propert ies  of Hot-Pressed Uranium Mononitride, BMI- 
1633 (May 30, 1963). 
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Table  20.1. Electrical Resistivity and Thermal Conductivity of UN 

Electrical  Resistivity Thermal Conductivity 
Temperature (OC) @ohm-cm) w m-' ("c)-' 

Measured Correc tede Electronicb Lattice '  Totald 

-2 00 
-1 00 

0 
75 

100 
2 00 
300 
400 
500 
600 
7 00 
800 
900 

1000 

129 
177 
193 
199 
201 
208 
212 
216 
220 
224 
227 
231 
23 5 
240 

111 
152 
166 
171 
173 
179 
183 
186 
189 
192 
195 
198 
2 02 
2 06 

4.03 
4.98 
5.28 
6.47 
7.67 
8.86 

10.0 
11.1 
12.2 
13.3 
14.2 
15.1 

9.1 
8.6 
8.5 
7.9 
7.4 
7.0 
6.6 
6.3 
6.0 
5.7 
5.4 
5.2 

13.1 
13.6 
13.8 
14.4 
15.1 
15.9 
16.6 
17.4 
18.2 
19.0 
19.6 
20.3 

aCorrected to theoretical density. 
b 

'By difference a t  75 and 30OoC; from 1/(0.086 -t 8.35 x 
dExperimental values a t  75  and 30OoC. Summed from calculated electronic and latt ice portions a t  other temperatures. 

Calculated from electrical  resistivity by Weidemann-Franz-Lorenz relation. 
T )  a t  other temperatures. 

Using the  e lec t r ica l  and thermal measurements 
on UN a t  75  and 3OO0C, the  temperature depend- 
ence  of t he  l a t t i ce  portion of k, for UN was  
calculated and yielded a value of A = 0.086 m°K 
w- '  and B = 8.35 x m/w. T h e s e  va lues  were 
used  to obtain the  extrapolated thermal conductivity 
va lues  l i s t ed  in  Tab le  20.1. Although the  tempera- 
ture dependence agrees ,  our ca lcu la ted  value is 25% 
below the  measured value reported by Bat te l le4  
a t  1000°C. T h i s  difference may b e  due  to sig- 
nificant specimen differences. An alumina tube 
to replace the  quartz tube of the e lec t r ica l  resis- 
tivity apparatus was  procured, and th i s  will al low 
the  electrical  resist ivity measurements to b e  
extended to 1400OC in the near future. 

THERMAL EXPANSION OF UN 

F. L. Carlsen, J r .  W. 0. Harms 

The  thermal expansion of pressed-and-sintered 
UN was  determined in  the  temperature range 20 to 
llOO°C. A plot of t h e s e  da t a  and those  of Speidel 
and Keller4 is shown in Fig.  20.1. 

Our specimen was prepared by cold press ing  and 
sintering depleted UN powder. T h e  thermal 
expansion was  measured at a pressure  of 6 x 
torr on a s tack  of three pe l l e t s  0.298 in. i n  diam- 
eter and 0.985 in. in total  length. The  bulk density 
was  91.5% of theoretical and the  UO, content was 
estimated to be  1 wt % from point count  i n  micro- 
s t ruc tures  of control specimens.  Dilation w a s  
measured by a dial gage (smallest division 0.0001 
in.) at approximately 1OO"C in te rva ls  at an average 
hea t ing  rate 2 to  3OC/min. No da ta  were obtained 
during cooling. Maximum error w a s  estimated to 
b e  f2%.  There  was  no de tec tab le  ne t  change in 
e i ther  weight or length during the  experiment. 
T h e  BMI specimen4 did show a ne t  growth during 
cycling, and th i s  can  b e  attributed to oxidation of 
the  specimen. Making reasonable  e s t ima tes  of 
the  course  of oxidation, we have  corrected the  
BMI resu l t s  and included the  corrected expansion 
curve in  Fig. 20.1. 

From our da ta  and from the  corrected BMI results,  
we computed mean coefficients of l inear  thermal 
expansion for temperature ranges of 2OoC to the 

50btained from Nuclear Materials and Equipment 
Corporation. 
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Fig. 20.1. Thermal Expansion Data  for Uranium Mono- 

nitride. 

highest temperature investigated,  i n  100°C incre- 
ments; t hese  are shown in  Tab le  20.2. Values  
read from t h e  b e s t  curve drawn through our da ta  
points were used, s ince ,  espec ia l ly  a t  t he  lower 
temperatures (< 5OO0C), the  dial-gage reading errors 
could introduce as much as 25% error in the  derived 
coefficient. Our va lues  a r e  10 to 20% lower than 
the corrected BMI values.  

NEUTRON ACTIVATION STUDIES OF UN 

R. B. F i t t s  

We are  investigating the  fission-gas retention 
properties of uranium-nitride fue ls  by the  neutron 

activation method. We sha l l  compare fuel compacts  
made by various techniques  with each  other and 
attempt to  correlate their  f ission-gas release 
with various material properties. 

Tests have  been run in  vacuums of two qual i t i es ,  
about 100 torr and lo-’ to torr. T e s t s  in 
the  100-torr vacuum on samples  made by the  Dyna- 
pac  process  and by cold press ing  and sintering 
ind ica te  tha t  UN is comparable to UO, in i t s  
f ission-gas retention properties. A value of ap- 
proximately 2 x sec-’ for D ’ 1 4 0 0 ~ C  (a 
form of diffusion coefficient corrected for sur face  
a rea)  was  obtained for 99.7%-dense Dynapac UN. 

Also, irradiated samples  of both pressed-and- 
s in te red  UN that had been slightly oxidized and 
almost  pure arc-cast  UN have  a l s o  been annealed 
in vacuums of IO-’ to torr. At 140OoC and 
above in  th i s  vacuum, f i ss ion  g a s e s  were released 
primarily by the  d issoc ia t ion  of UN according to 
the  reaction: 

Gas  is re leased  by t h i s  p rocess  a t  a cons tan t  
rate much greater than t h e  diffusion ra te  in th i s  
temperature range. T h e  r e l ease  a t  lower temper- 
a tures  (1000-1300OC) was  l inear  with the  square  
root of time, as is expec ted  for a diffusion-con- 
trolled mechanism of release.  At the  first  t es t ing  
temperatures (800-1000°C), t he  release w a s  l inear 
with t ime,  ind ica t ing  tha t  some component of each  
sample  dissociated.  T h e s e  components were 
found by x-ray ana lys i s  to b e  UN, and the  hexag- 
onal modification of U,N,. They were located 
on grain boundaries, around porosity in the  s in te red  
samples ,  and as a sur face  layer  (0.1- to 0.5-mm 
thick) on the arc-cast  samples .  T h e  presence  of 
t h e s e  p h a s e s  in the  s in te red  samples  w a s  not too 
surprising, s i n c e  the pe l l e t s  were known to b e  of 
poor quality. However, t h i s  resu l t  w a s  unexpected 
with t h e  a rc-cas t  material, s i n c e  precautions were 
taken to prevent unnecessary  exposure  to air. 
Preliminary tests indicated tha t  t he  sur face  con- 
tamination could b e  removed from arc-cas t  samples  
by a 15-hr anneal in vacuum at 15OO0C. T h e  
pressed-and-sintered samples  were partially puri- 
fied by th i s  treatment but still contained some 
intergranular contamination. 

Future  t e s t s  will b e  made on materials tha t  have  
had sur face  contamination removed by hea t  treat- 
ment or mechanical means. Storage and tes t ing  
atmospheres  will b e  carefully controlled for a l l  

i 
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Table  20.2. Summary of Thermal Expansion Coeff ic ients for UN 

Temperature 
Range 

(OC) 

Mean Linear Thermal Expansion Coefficients (OC)-' 

BMI Specimenb 
ORNL 

Specimena During Initial Corrected for 
Heating Oxidation Effect 

2 0-1 00 
2 0-2 00 
2 0-3 00 
20-400 

20-500 

20-600 

2 0-7 00 
20-800 

20-900 

20-1000 

2 0-1 100 
20-1200 
2 0-1 300 

20-1400 

20-1500 
20-1600 

x 

6.1 

6.4 

6.7 

7.0 

7.3 

7.5 

7.7 
7.9 

8.1 

8.3 

8.4 

x 10-6 

7.5 
7.8 

8.2 

8.4 

8.6 

8.8 

9.0 

9.2 

9.3 

9.5 

9.6 

9.7 
9.8 

9.9 

10.0 

10.1 

x 

7.3 
7.7 

7.8 

8.1 

8.3 

8.5 

8.8 

8.9 

9.0 

9.2 

9.3 

9.4 
9.5 

9.6 

9.7 
9.8 

~ ~~ 

aCold pressed and sintered to 91.5% of theoretical density. 
bHot pressed to 97.6% of theoretical density. 

Pressure: 6 X torr. 
Pressure: 1 X IOh4 torr. 

UN samples.  A sweep  g a s  sys tem is being con- 
structed to allow the  t e s t ing  of t hese  samples  
at temperatures above  1300OC without d i ssoc ia t ion  
of t he  UN. 

T H E R M A L  S T A B I L I T Y  OF U R A N I U M  N I T R I D E S  

J. J. Schwaller T. G. Godfrey 
R. E. Meadows 

We have s ta r ted  to s tudy  the  pressure-tempera- 
ture-composition relations in the  uranium-nitrogen 
system. Of primary in te res t  a r e  t h e  thermal de- 
composition of uranium mononitride at e leva ted  
temperatures and t h e  e f f ec t s  of impurit ies and 
addi t ives  on th i s  decomposition. 

Pres sure-Temperature-Composi t ion Relations 
in the Uranium-Nitrogen System 

In init ial  experiments,  we determined equilibrium 
compositions for uranium-nitrogen combinations 

over t he  temperature range 800 to 12OO0C a t  nitro- 
gen pressures  of 25, 100, and 400 torr in a thermo- 
gravimetric apparatus (TGA). T h e  s ta r t ing  powder 
contained 5000 ppm 0 and 700 ppm C as major 
impurities. T h e  r e su l t s  obtained showed a marked 
dependence of the  nitrogen-to-uranium ratio on the  
final oxygen content of t he  sample  as determined 
by chemical ana lys i s .  

We corrected for t h e  oxygen ef fec t  through the  
u s e  of a material ba lance  based  on chemical 
ana lyses  performed before and after each  experi- 
ment, assuming that oxidation occurred only on 
hea t ing  to t h e  reaction temperature. Both t h e  
observed and corrected nitrogen-to-uranium ratios 
a r e  shown in Tab le  20.3. T h e s e  r e su l t s  ind ica te  
that the  correction improves t h e  agreement, al- 
though i t  apparently overcorrects. Similar resu l t s  
were obtained a t  nitrogen p res su res  of 100 and 
400 torr. However, a l l  resu l t s ,  both corrected 
and uncorrected, show nitrogen-to-uranium ratios 
considerably lower than those  reported by Bug1 
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and Bauer6 and by Lapa t  and Holden’ for equiv- 
a l en t  p re s su res  and temperatures. P o s s i b l e  c a u s e s  
for t h e s e  low nitrogen-to-uranium ra t ios  will  b e  
inves t iga ted  after severa l  modifications have been 
incorporated in the  present  TGA and gas-handling 
sys tem.  

6 J. Bug1 and A. A. Bauer, “Phase  Relationships in 
the Uranium-Nitrogen System,” paper presented a t  
the Washington Meeting of the Bas ic  Science Division, 
American Ceramic Society, Oct. 7 and 8, 1963. (To be 
published in the Journal of the American Ceramic 
Society.) 

7P. E. Lapat  and R. B. Holden, “Thermodynamics 
of the Uranium-Nitrogen System,” Semiann. Pro&. 
Rept. June 15, 1963, UNC-5060. 

UN Vapor- Pressure Determinations 

Several a t tempts  were made to determine t h e  
apparent vapor p re s su re  of UN by Langmuir and 
Knudsen experiments i n  the  TGA, bu t  t h e  r e su l t s  
were inconclus ive  because  we could not account  
for t he  vaporization of uranium ar i s ing  from the  
decomposition of UN. However, the  method ap- 
pea r s  feas ib le  for a study of t h e  effects of im- 
pur i t ies  and addi t ions  on the  vapor pressure  of 
UN, and we a r e  planning th i s  study. 

Table  20.3. Equilibrium Composition of Uranium Nitr ides with T w o  

Final Oxygen Contents a t  Various Temperatures and 25 Torr Nq 

Nitrogen-to-Uranium Ratio 

Temperature (OC) Observed Corrected 

0.95 wt % 0 2.24 Wt 7‘0 0 0.95 wt % 0 2.24 wt % 0 

7 90 

888 

987 

1085 

1.56 

1.54 

1.52 

1.49 

1.61 

1.59 

1.58 

1.56 

1.56 

1.54 

1.51 

1.48 

1.52 

1.50 

1.48 

1.46 
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21. Zirconium Metallurgy 

M. L. P ick les imer  

We a re  conducting research along severa l  l i nes  
on zirconium-base a l loys  of potential u s e  as 
structural  materials i n  severa l  water-cooled and/or 
-moderated reactor systems. T h e  principal pro jec ts  
presently under way are: (1) s tud ie s  of t he  physi- 
cal metallurgy, cons is t ing  of transformation ki- 
ne t i c s  and morphologies, mechanical properties,  
phase  diagrams where necessary ,  and heat-treat- 
ment response; (2) t he  development, evaluation, 
and uti l ization of preferred orientation and s t ra in  
anisotropy in a-zirconium a l loys  during fabrica- 
tion, and t h e  uti l ization of the  y ie ld-s t ress  ani- 
sotropy in  increas ing  maximum permissible design 
s t r e s s e s  in structures;  ( 3 )  t he  determination of 
t he  e f f ec t s  of composition, temperature, and en- 
vironment on t h e  oxidation-corrosion r a t e s  in t h e  
thin film s t a g e s  of oxide growth; (4) a study of 
the  effects of alloy composition and oxidation 
environment on t h e  structural  properties of thin 
oxide fi lms in situ; and (5) investigation of s t r e s s  
reorientation of precipitated hydrides in Zircaloy-2. 

ZIRCONIUM ALLOYS 

P. L. Rittenhouse M. L. P ick les imer  

We have followed the  transformation k ine t ics  of 
zirconium a l loys  containing from 1 to 7.5 wt % Mo 
by e lec t r ica l  resist ivity measurements and also 
obtained some information on t h e  phase  boundaries. 
T h e  resist ivity resu l t s  obtained were similar to 
our previous resu l t s  * for zirconium-niobium a l loys  
rich in zirconium. At low alloy content ( l e s s  than 
3 wt % Mo or 10 wt % Nb), we can  e s t ab l i sh  an 
a + 1(3 + p transformation temperature cons is ten t  
with metallographic results.  At no leve l  of alloy 

‘P. L. Rittenhouse and M. L. Picklesimer, Metals 
and  Ceramics Div. Ann. Progr. Rept. May 31, 1963, 
ORNL-3470, p. 55. 

content can  a eutectoid temperature b e  unambig- 
uously observed by changes  in e lec t r ica l  resist ivity.  

T h e  transformation of a Zr-0.9 wt % Fe alloy 
was  also s tudied  by measurement of e lec t r ica l  
resist ivity and by metallography. Res is t iv i ty  
changes  near  t he  eutectoid temperature ind ica ted  
tha t  a t  least three  phases  were present  in the  
specimen over appreciable temperature ranges  dur- 
ing  both hea t ing  and cooling cyc les .  R a t e s  of 
hea t ing  and cooling were from 2 to 8OC/min, and 
Fig. 2 1 . l a  shows  the  typical variation of res i s t iv -  
ity with temperature. Zirconium-copper a l loys  
containing l e s s  than 2 wt % Cu show similar be- 
havior on cooling but not on heating. Zirconium 
a l loys  containing Ni, Cr, or P d  do  not show such  
behavior on either hea t ing  or cooling, giving 
curves  shaped as  shown in  Fig. 21.lb,  which i s  
typical of a binary alloy sys tem tha t  transforms 
rapidly. T h e  temperature designated T I  in Fig.  
21 . l a  was  780°C, which is slightly below the  
presently accepted  eutectoid temperature of 
790 to  80OOC. T h e  temperature T 2 ,  the  s t a r t  of 
the  “bump” tha t  ind ica tes  t he  presence  of three 
phases ,  w a s  795’C; and the  temperature T3 for 
the  so lvus  l i n e  w a s  845 to 850°C, i n  agreement 
with t h e  presently accepted p h a s e  diagram. * 
Isothermal annea ls  for 3 hr during both hea t ing  
and cooling cycles did not appreciably change t h e  
resist ivity at any temperature above 78OOC. Either 
the  alloy h a s  a remarkable metastabil i ty in com- 
parison to t h e  Ni, Cr, and P d  alloys,  or the  oxygen 
present  (about 150 ppm) caused  the  Zr-Fe alloy to 
behave as a ternary alloy. T h i s  amount of oxygen 
i s  apparently insufficient to c a u s e  such  behavior 
in the  a l loys  containing Ni, Cr, and Pd. 

2F. N. Rhines and R. W. Gould, “The Zr-Fe System,” 
pp. 62-73 in Advances in X-Ray Analysis,  vol. 6, ed. 
by W. M. Mueller and Marie Fay  (Proceedings of the 
Eleventh Annual Conference on Application of X-Ray 
Analysis, Aug. 8-10, 1962), Plenum Press ,  New York, 
1963. 
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Fig. 21.1. Schematic Electrical Resistivity Curves for (a)  Zr-0.9 w t  % Fe, ( b )  Leon Zr-Ni, Zr-Cr, and Zr-Pd 

Al loys.  

T o  determine if three p h a s e s  e x i s t  in the  Zr-Fe 
alloy a t  temperatures near  800°C, specimens were 
hea t  treated for 30 min at temperatures from 750 
to 86OoC, water quenched, and metallographically 
examined. Those  held a t  860°C were all be ta  
phase  at temperature, t hose  a t  810 and 840°C 
showed the  normal a +  (I structure,  and those  he ld  
a t  750 and  770°C showed f ine  recrystall ized a- 
zirconium p lus  a la rge  amount of a precipitate 
difficult to reso lve  a t  1000~. In t hose  specimens 
held a t  780 and 795OC, t h e  s a m e  a lpha  matr ix  w a s  
observed, the precipitate par t ic les  were appreci- 
ably larger,  and anodizing showed conclusively 
tha t  th ree  p h a s e s  were present.  According to t h e  
presently accepted  phase  diagram, the  two minor 
phases  should b e  p-zirconium and Zr4Fe .  Our da t a  
a re  in agreement with th i s  phase  diagram except  
that  we find a lower eutectoid temperature. 

THE EFFECT OF PREFERRED ORIENTATION 
AND STRESS ON THE DIRECTIONAL 

PRECIPITATION OF HYDRIDES IN 
ZI RCALOY -2 

P. L. Rittenhouse 

Hydrogen pickup a s soc ia t ed  with the  corrosion 
of a-zirconium a l loys  is a major deterrent to their 
u s e  a s  reactor materials,  s i n c e  t h e  modest con- 

cent ra t ions  of hydrogen so luble  in t h e s e  a l loys  
a re  sufficient to precipitate zirconium hydride 
p l a t e l e t s  when the  a l loys  a re  cooled  from operat- 
i ng  temperature. T h e  effect  of t h e s e  p l a t e l e t s  
on ductil i ty depends on their orientation rela- 
t i ve  to the  applied s t r e s s  and i s  nearly zero in  
Zircaloy-2 of relatively low hydrogen content when 
the  s t r e s s  ax i s  i s  parallel  to t he   platelet^.^ T h a t  
s t r e s s  can  reorient the  hydrides h a s  been shown;4 
and t h i s  reorientation can either enhance or lower 
ducti l i ty,  depending on the  distribution of the  
hydrides re la t ive  to  t h e  s t r e s s  a x i s  before and  
after reorientation. 

We te s t ed  specimens of three l o t s  of Zircaloy-2 
of known preferred orientation to determine the  
effect  of s t r e s s  direction and preferred orientation 
on t h e  directional precipitation of the  hydrides. ' 
Controlled amounts of hydrogen were added to all 
t h e  materials.  We hea ted  some  specimens to  a 
temperature above  the  so lvus ,  loaded them elasti- 
cally in tens ion  t o  a maximum s t r e s s  of 20,000 ps i ,  

3R. P. Marshall and M. R. Louthan, Jr., Trans. Am. 
SOC. Metals 56, 693-700 (1963). 

4R. P. Marshall, Hydride Orientation and Mechanical 
Properties of Thin-Walled Zircaloy Tubing, DPST 
63-74-8 (October 1963). 

'P. L. Rittenhouse and M. L. Picklesimer, The Effect 
of Preferred Orientation and St ress  on the Directional 
Precipitation of Hydrides in Zircaloy-2, ORNL TM-844 
(June 1964). 
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and slowly cooled  them to room temperature under 
s t r e s s .  A second group of specimens was  plasti-  
cally deformed by bending a t  room temperature, 
hea ted  above t h e  so lvus ,  and cooled without load. 
T h e  angles  between a reference direction and t h e  
t races  of severa l  hundred hydride p la te le t s  were 
measured on three  surfaces.  T h e s e  were plotted 
as histograms such  as shown in Fig.  23.2 for one  
lot  of Zircaloy-2 s t r e s s e d  in  the  t ransverse  direc- 
tion. A chart  of po le  distribution of t he  hydrides, 
Fig. 21.3, w a s  constructed from t h e  da t a  on three  
orthogonal planes.  T h i s  construction presently 
requires a trial  and error syn thes i s ,  but a computer 
program is being written which will give the  pole 
distribution directly from the  t race  data. 
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Fig.  21.2. Histograms Showing Hydride Traces on the 

Three Surfaces of Schedule 18 Zircaloy-2 for Three 
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Fig. 21.3. Hydride Pole  F igures for Three Stress 

Leve ls  i n  Schedule 18 Zircaloy-2. 

Although hydride study is still in  progress,  at 
l e a s t  three conclus ions  may b e  drawn now. F i rs t ,  
t he  preferred orientation h a s  little if any influence 
on t h e  orientation of hydride p l a t e l e t s  i n  as- 
received s h e e t  material, t he  hydride texture be ing  
similar to t h e  orientation of slag inc lus ions  in 
rolled s t ee l s .  Second, t he  hydrides precipitated 
after p l a s t i c  deformation tend to align themselves  
parallel  t o  the  t ens i l e  s t ra in  component and per- 
pendicular to the  compressive s t ra in  component. 
Finally,  hydrides precipitated under an e l a s t i c  
s t r e s s  redistributed appreciably only when t h e  
s t r e s s  ax i s  is perpendicular to a high concentra- 
tion of basa l  planes.  

TEXTURE DETERMINATION BY HARDNESS 
ANISOTROPY IN a-ZIRCONIUM ALLOYS 

P. L. Ri t tenhouse  M. L. P ick les imer  

T h e  engineering des ign  of structural  members of 
a-zirconium a l loys  requires consideration of t h e  
anisotropy of mechanical properties resu l t ing  from 
preferred orientation. Rapid and semiquantitative 
methods of eva lua t ing  anisotropy and determining 
preferred orientation a r e  needed for examining 
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large  numbers of t e s t  specimens.  A method w a s  
developed tha t  u s e s  Knoop microhardness measure- 
ments t o  provide an approximation of the  (0001) 
pole figure, t he  figure of most importance. 

Last yea r ,6  we reported studying by Knoop 
microhardness t h e  anisotropy of f ive  schedu les  
of polycrystall ine Zircaloy-2 and the  { lOT0 1, 
{ll?Ol,  and (0001) p l anes  of a s ingle  c rys ta l  of 
Zircaloy-2. We have  now col lec ted  da ta  on addi- 
tional polycrystall ine material, on four more p l anes  
of Zircaloy-2 s ingle  c rys ta l s ,  and on ten crystal-  
lographic p l anes  of iodide-zirconium s ingle  crys- 
tals. T h e  hardness  r e su l t s  for both the  Zircaloy-2 
and zirconium s ingle  c rys t a l s  a r e  shown in Fig. 
21.4 in terms of the  coordinate ang le s  a and @. 
We define angle  @ as t h e  angle  between the  basa l  
plane and t h e  p lane  of examination and angle  a a s  
the  angle  between the  long  diagonal of the  Knoop 
indenter and t h e  projection of the  basa l  pole on 
the  p lane  of examination. T h e  hardness  w a s  a 
function of both crystallographic p lane  and direc- 
tion, and for any plane w a s  a minimum when the  
long diagonal of t he  indenter w a s  parallel  to the  
projection of t h e  basa l  po le  on tha t  p lane  (i.e., a t  
a = 0). T h e  deformation sys t ems  of zirconium and 
Zircaloy-2 differed significantly on p lanes  within 
40' of t h e  basa l  p lane  (0 p =< 40°). T h i s  dif- 
ference is shown by the  dec rease  in hardness  in 
zirconium but t he  continued inc rease  in ha rdness  
in Zircaloy-2 as t h e  basa l  p lane  i s  approached. 

6P. L. Rittenhouse, Metals a n d  Ceramics Div. Ann. 
Progr. Kept. May 3 1 ,  1963, ORNL-3470, pp. 56-58. 
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We have  developed an empirical method for de- 
termining t h e  texture of polycrystall ine Zircaloy-2, 
u s ing  t h e  ha rdness  d a t a  obtained from t h e  s ingle  
c rys t a l s  and from a spec i f ic  pattern of ha rdness  
measurements on t h e  unknown material. Three  
metallographic specimens of t h e  polycrystall ine 
unknown are  prepared with their  p lanes  of examina- 
tion perpendicular t o  t h e  rolling direction (E plane  
specimens),  t h e  t ransverse  direction (T plane),  
and t h e  normal direction (fi plane) of the  fabricated 
plate. Twelve Knoop microhardness measurements 
a re  made on each  specimen, three each  a t  succes -  
s i v e  45O in te rva ls  from one  of t h e  fabrication direc- 
t ions  (defined in  Fig.  21.2) i n  the  sur face  of the  
specimen. A s  i n  Fig. 21.5, t h e  Knoop ha rdness  
number is plotted aga ins t  the  angle  8, which i s  
defined as t h e  angle between the  long  diagonal of 
t h e  Knoop indenter and a reference fabrication 
direction. Then a second angular coordinate,  $, of 
the  ha rdness  anisotropy is determined with the  u s e  
of a ha rdness  contour map, such  as Fig. 21.6, 
constructed from the  single-crystal  data. In t h i s  
figure, ha rdness  contours a re  plotted aga ins t  t he  
directional coordinate angles  a and 6. From a 
plot of t h e  polycrystall ine hardness  da ta ,  such  as  
Fig. 21.5, t h e  angle 8 for the  minimum ha rdness  in 
a p lane  i s  loca ted  and des igna ted  e l .  T h e  cor- 
responding is read from the  @ scale for a =  0 at 
the hardness  corresponding to  O1. Similarly $z 
corresponding to d Z  = + loo i s  read from t h e  
hardness  at O2 and a = 109  T h i s  p rocess  is re- 
peated for s u c c e s s i v e  10' intervals,  recognizing 
tha t  8 and 180° - 8 a re  the  same. F ina l ly  the  
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va lues  of I) for t h e  different angles  a re  averaged to 
give ?for t he  plane. 

T h e  procedure i s  repeated for each  of the  three 
spec imens ,  des igna t ing  each  $ by the  appropriate 
symbol for t h e  p lane  of examination. T h e  va lues  
for TE’ FTJ and are On a “Iff net’ 
as shown in  Fig.  21.7, to define two a reas  tha t  
contain equal numbers of basal poles. The line 
separa t ing  t h e s e  two a r e a s  def ines  an “average” 

basa l  po le  figure for t h e  material. F igure  21.8 
shows  typica l  r e su l t s  for such  measurements for 
two schedules’  of Zircaloy-2 together with x-ray- 

7 p .  L. Rittenhouse and M. L. Picklesimer,  Metallurgy 
o f  Zircaloy-2: Part I - The E f f e c t s  o f  Fabrication 
Variables  on the Anisotropy o f  Mechanical Propert ies , ,  
ORN~-2944 (Oct .  13, 1960); Part 11 - The  E f f e c t s  o f  
Fabrication Variables  on the Preferred Orientation and 
Anisotropy o f  Strain Behavior, ORNL-2948 (Jan. 11, 
1961). 
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diffraction pole-figure da ta ,  indicating the sa t i s -  
factory approximation of t h e  method. 

An x-ray diffraction value for can  be  deter- 
mined us ing  quantitative inverse  pole-figure data.  
T h e  va lues  determined by x-ray and the  hardness  
techniques  a r e  compared in  Tab le  21.1. 

T h e  smal les t  number of hardness  measurements 
cons is ten t  with sa t i s fac tory  texture da ta  is 36; 
t h e s e  must b e  made on a spec i f ic  pattern on three 
orthogonal planes.  

- 
Table 21.1. The Angle $ Determined by X-ray 

Diffraction and Knaop Hardness 

9 77 77 73 76 16 15 
J 77 73 22 32 48 51 
1 71 67 43 46 29 26 
8 76 70 70 71 17 17 

62 72 70 40 44 26 34 

aSchedules a s  defined in ref. 7. 

DETERMINATION OF POLE FIGURES BY 
QUANTITATIVE METALLOGRAPHY 

M. L. P ick les imer  P. L. Rittenhouse 

T h e  study of preferred orientation and s t ra in  
anisotropy in a-zirconium a l loys  as functions of 
fabrication var iab les  requires pole figures for 
many of t h e  specimens studied. T h e  e f fec ts  of 
s t r e s s  on t h e  reorientation of embrittling hydrides 
in Zircaloy-2 can  b e  effectively evaluated only if 
t he  pole  figures of t h e  hydride p l a t e s  can  be  de- 
termined. T h e  preferred orientation of grains can  
be  determined by x-ray diffraction, but specimen 
preparation i s  qu i te  difficult and expens ive  in  
many cases and the  procedure is time consuming. 
T h e  preferred orientation of hydride p l a t e s  cannot  
b e  determined by x-ray diffraction; some other 
technique must be  used. 

We have developed a su i tab le  technique for de- 
termining approximately both types  of pole f igures  
us ing  a polarizing metallurgical microscope and 
quantitative metallography. T h e  determinations 

are rapidly and eas i ly  performed, requiring metal- 
lographic preparation of only three  specimens.  In 
many c a s e s ,  t h e  total  required time is 2 to 3 hr. 

Two observa t ions  led  to t h e  development of t he  
technique. F i r s t ,  t he  hydride p l a t e l e t s  generally 
grouped into s h e e t s  or “cornflakes” in the  grain 
boundaries of well  annealed Zircaloy-2 and as 
thin long  p l a t e s  within the  grains of cold-worked 
Zircaloy-2. Thus ,  they can  b e  considered, for t h e  
present  purposes,  as thin f la t  s h e e t s  distributed 
in some  pattern in the  three-dimensional body of 
the specimen. Second, t he  basa l  p lane  t race  of 
individual grain of zirconium or  Zircaloy-2 can  b e  
loca ted  in a polarized-light microscope by u s e  of 
a sens i t i ve  t i n t  p la te  between the  specimen and 
the  analyzer disk.  s i n c e  t h e  t race  i s  parallel  t o  
t h e  north-south c r o s s  hair  of t he  eyep iece  ju s t  as 
the  color of t h e  grain changes  from blue to red on 
c lockwise  rotation of t he  s t age .8  T h e  angles  be- 
tween hydride shee t  t r aces  (or t he  basa l  p lane  
trace) and se l ec t ive  reference directions can  b e  
measured by an eyepiece  goniometer or the  rotat- 
i ng  s tage .  If a preferred orientation of either 
kind e x i s t s  in t h e  material, the  measurement of 
severa l  hundred t race  ang le s  on each  of the  three 
orthogonal su r faces  of t h e  specimen material 
should ind ica te  an angular preference, which i n  
turn should revea l  t he  three-dimensional texture. 

Consider t h e  t races  a p lane  c u t s  on three mu- 
tally orthogonal sur faces  formed by three orthogo- 
nal reference directions.  If t he  angles  between 
the  t races  and the  reference directions a re  defined 
s o  tha t  different reference directions a re  used  for 
the three t race  angles ,  the  t race  ang le s  a, @, and 
Y are  related by the  trigonometric relationship 

tan a t a n  p tan y = 1.  

Thus ,  t h e  se l ec t ion  of va lues  for any two of t he  
t race  angles  f ixes  the  value for the third. 

Since t h e  s h e e t s  of hydride p l a t e l e t s  a r e  s o  
small tha t  almost none of t h e  s h e e t s  cu t  any two 
of t he  specimen sur faces ,  a statistical approach 
to t h e  ana lys i s  is required. Consider that  s h e e t s  
of precipitate a re  formed in a specimen such  that 
t he  individual s h e e t s  are small relative to  t h e  
size of t h e  specimen, but l e t  them have  a preferred 
distribution of orientation in  s p a c e  rather than a 
random one. Then the  measurement of a sufficient 

8S. L. Couling and G. W. Pearsal l ,  Trans. AlME 209, 
939 (1957). 



154 

number of t r a c e s  on each  of three orthogonal sur- 
faces of t h e  specimen should show a preferred 
distribution tha t  should  enable  an approximation 
of the  preferred orientation in space .  

Typical r e su l t s  of such  measurements a re  shown 
in Fig. 21.2, where the  histogram-type da ta  have 
been smoothed into curves.  The  smoothed histo- 
grams represent intensity curves ,  each  point of 
which i s  a normalized sum of the  poles  along a 
zone of a l l  p l anes  tha t  could form tha t  particular 
t race  on tha t  surface. The  pole figure is deter- 
mined by a trial  and error solution by the  same 
method of approximation tha t  is used  for the  deter- 
mination of t h e  inverse  pole  figure from x-ray dif- 
fraction da ta .g  Of course ,  only an approximate 
(0001) pole figure is given by the  basa l  p lane  
t race  method, but t h i s  figure i s  t he  important one  
in eva lua t ing  strain anisotropy. Typical po le  
figures for hydride p l a t e s  a re  shown in Fig. 21.3. 

T h e  a s soc ia t ed  equipment required (bes ides  the  
polarized-light microscope) is an eyepiece  goniom- 
e te r  and a rotating s t a g e  on t h e  microscope, each  
coupled to  a potentiometer to permit e lec t r ica l  
measurement of the  angle  measured, an x-y re- 
corder, and a s tepping  potentiometer. The  electri-  
cal angle  s igna l  is fed  to  the  x-axis of t he  re- 
corder and t h e  s tepping  potentiometer is used  to 
advance t h e  recorder pen along the  y-axis so  that 
severa l  points a t  t he  same  t r ace  angle  do not 
print on each  other. With t h i s  equipment, t he  
operator c a n  measure between 600 and 800 t r ace  
angles  per hour in comparison to  less than 200 
per day by the  more conventional manual technique. 

OXIDE FILM STUDIES 

J. C. Banter 

We are  determining t h e  optical  properties of 
oxide films formed on zirconium in  various cor- 
rosion environments to gain information on the  
oxidation-corrosion mechanisms. Init ial  experi- 
ments have  been performed with zirconium foil 
specimens bearing anodically formed oxide  films. 

T o  determine the  refractive ind ices  and thick- 
n e s s e s  of t h e s e  films, we developed a new method 
based  on the  interference pa t te rns  exhibited on 
transmission of l ight through the  films. T h e  metal  

'L. K. Jetter, C. J. McHargue, and R. 0. Williams, 
J. A p p l .  Phys. 27, 368-74 (1956). 

w a s  d i s so lved  from t h e  film over a s e l ec t ed  a rea  
of t h e  spec imen,  leav ing  a c l ea r  window of the  
oxide supported by a frame of the  remaining metal. 
T h e  transmission of each  f i l m  was  measured over 
the  spec t ra l  range of 2000 to  28,000 A with a 
double-beam recording spectrophotometer. T h e  
transmitted l igh t  exhib i t s  interference maxima at 
those  wavelengths where 

nT c o s  r = mA/2 

and interference minima where 

nT cos r = (2m + l )h/4 

with n = refractive index of t h e  oxide  f i l m  a t  wave- 
length A, T = oxide  f i l m  th ickness ,  r = t he  ang le  
of refraction in to  the  f i l m ,  and m = the  order of 
t he  interference peak. For  normally incident 
l ight c o s  r = 1. 

A s  t h e  angle  of inc idence  of the  l ight is in- 
c reased ,  t he  wavelength of the  peak for any given 
order of interference sh i f t s  toward shorter wave- 
lengths.  At some angle  of inc idence ,  t h i s  sh i f t  
is sufficient to c a u s e  the  minimum for a given 
order t o  co inc ide  in  wavelength with the maximum 
for tha t  same order a t  normal incidence.  Since 
the  order of interference is known, va lues  for nT 
and nT cos r can b e  calculated.  Then, both n and 
T can  be  ca lcu la ted  us ing  t h e s e  va lues  and Snell 's  
law, 

n = s i n  i /s in  r , 

where i = t h e  ang le  of inc idence  of the  light. 
Dividing va lues  of n T  determined at other wave- 
lengths  by T determined as above, the  va lues  of n 
at the  other wavelengths can  b e  determined. F igure  
21.9 shows  r e su l t s  in t h e  v i s ib l e  and ultraviolet  
regions of t h e  spectrum for two different ox ide  
f i l m s  approximately 5500 A thick. 

A s  an internal check  on the  method, we ca lcu-  
l a t ed  t h e  film th i cknesses  from t h e  va lues  of n T  
c o s  r a t  t h e  various wavelengths us ing  va lues  of n 
taken from curves  such  as those  in  Fig.  21.9. 
In a l l  c a s e s ,  t he  individual va lues  agreed to within 
2%. Thus ,  t h e  method also provides an accura te  
measure of the  film thickness.  

Attempts to  apply t h e  same technique to fi lms 
formed by oxidation of zirconium foil in a i r  and 
in high-temperature water were not success fu l  
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Fig.  21.9. Refractive Index as a Function of Wavelength for Anodized F i lms on Zirconium Foi l .  

due  to an in t r ins ic  absorption of v i s ib le  and ultra- 
violet l igh t  by t h e s e  f i l m s .  No interference pat- 
t e rns  were exhibited,  even for fi lms only 1500 A 
thick. Similar measurements in the  infrared region 
of t h e  spectrum should prove more fruitful, as t h e  
thermally formed fi lms do  not show the  in t r ins ic  
absorption there. However, t h i s  region can  b e  
used  only for fi lms severa l  t e n s  of thousands of 
angstroms thick, as thinner fi lms cannot exhibit  
interference patterns a t  t hese  wavelengths. 

PREPARATION OF SINGLE CRYSTALS OF 
ZIRCONIUM AND ZI RCONIUM ALLOYS 

J. C. Wilson 

A new, rapid, so l id-s ta te  method for growing 
s ingle  c rys t a l s  of zirconium and Zircaloy-2 in 
thin s t r ip s  was  descr ibed  l a s t  year." T h i s  year  
the  process  h a s  been studied in detail  in order 
to extend t h e  method to thicker s ec t ions  and re- 
duce  t h e  e f f ec t s  of composition variations among 
different l o t s  of zirconium. In addition, c rys t a l s  
up to 13 mm in diameter and 10 c m  long have been 

~~ ~~ 

'OJ. C. Wilson, Metals and Ceramics Div. Ann. Progr. 
Rept. May 31, 1963, ORNL-3470, pp. 59-60. 

produced by zone  melting. A paper summarizing 
much of t h e  work i s  to b e  published soon. l 1  

T h e  following paragraphs descr ibe  some of t h e  
more important points. Galvanomagnetic measure- 
ments on one  of t h e s e  c rys t a l s  a r e  reported in 
P a r t  I, Chap. 10 of t h i s  report. 

T h e  solid-state-growth method c o n s i s t s  of form- 
ing  a narrow, beta-phase zone  (by electron-beam 
heating) and traversing t h e  zone  a long  the  length 
of t h e  specimen. There  a re  a t  least three s t e p s  
in  the  process :  (1) production of a few l a rge  b e t a  
grains a c r o s s  t h e  width and th i ckness  of t he  spec i -  
men in or nea r  t h e  s ta r t ing  zone; (2) growth of each 
l a rge  b e t a  grain SO formed, in the  direction of 
zone  travel,  by consuming all the  a lpha  grains i n  
i t s  pa th  at t h e  lead ing  alpha-beta interface; and 
(3) transformation of each  la rge  be ta  grain to a 
s ingle  a lpha  grain a t  t h e  trail ing alpha-beta inter- 
face.  Once growth is well started,  the  moving be ta  
zone  c o n s i s t s  of a few elongated grains whose 

"J. C. Wilson and M. L. Picklesimer, Variable- 
Gradient, Electron-Beam Heating Methods for Growing 
Single Crystals of Zirconium, paper presented at  the 
1964 International Conference on Electron and Ion Beam 
Science and Technology, Toronto, Canada, May 6-8, 
1964, under joint auspices  of the Electrochemical 
Society and AIME (proceedings to be published by John 
Wiley & Sons, Inc.. New York). 
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boundaries extend the  length of the zone (in the  
general direction of zone travel). S teps  2 and 3 
are rather i n sens i t i ve  to experimental parameters 
or to  which lo t  of a material is used. 

Step 1, the  production of grains sufficiently la rge  
to  grow with t h e  moving be ta  zone, is the  most 
difficult and variable s t e p  in the process.  The  
morphology and growth r a t e s  of t h e  grains in t h e  
original be t a  zone differ visibly among the  s i x  
l o t s  of zirconium metal used. T h e  charac te r i s t ic  
behavior of each  material is altered by zone re- 
fining but not by working or heat-treating p rocesses  
that might affect  t h e  texture. Therefore, t he  dif- 
ferences in behavior are probably due to  variations 
in composition. T h e s e  variations must be small ,  
because  the  composition of all materials used  was  
well within the  limits for reactor-grade-I c rys ta l  
bar. In general, t h e  init ial  be ta  zone must be 
heated t o  a temperature (from 1100 to 1500°C) 
a t  which grains larger than twice the specimen 
th ickness  a re  formed. 

Figure 21.10 i l lus t ra tes  the  different behavior 
of three l o t s  of zirconium under identical  condi- 
tions. In material  (c)  no elongated grains grew 
until the  specimen w a s  cooled and reheated to a 
higher temperature (13OOOC) and traversed a t  a 
s lower rate (0.5 cm/hr). 

T h e  growth p rocess  apparently requires s teep  
temperature gradients; if  the  surface-to-volume 
ratio is decreased  (as by us ing  a thicker strip), the 
gradients are made less s t e e p  and producing large 
grains i s  more difficult. Using higher tempera- 
tures,  decreas ing  the zone travel rate, and some- 
t imes cycling through t h e  alpha-beta transformation 
temperature will  often help in i t ia te  grain growth. 
In some material be t te r  growth occurs  if lateral  
temperature gradients are superimposed on the  
predominantly longitudinal gradients normally 
employed. Multiple individually controlled electron 
guns have  proved useful for producing arbitrary 
heating patterns on the  specimens.  One material 
h a s  proved particularly sens i t i ve  to  the direction 
of temperature gradients; each  be ta  grain elongated 
in the  direction of t he  maximum loca l  temperature 
gradient, so  by manipulation of the heating pattern, 
we could c a u s e  periodic changes  in direction of 
the boundary between adjacent be ta  grains. T h i s  
behavior is tentatively attributed to  the  "tempera- 
ture gradient zone  melting process"  postulated by 
Pfann. 

"W. G. Pfann, Zone Melting, Wiley, New York, 1958. 

Two observations sugges t  tha t  growing la rge  
c rys ta l s  in t h e  alpha phase  in zirconium may b e  
practical. Alpha annealing following loca l ized  
p las t ic  deformation of the  temperature-stable 
structure,  material  (b),  i l lustrated in Fig. 21.10, 
produced a grain 5 m m  wide in  a few hours. Also, 
during annealing of zone-refined c rys t a l s  a t  830°C, 
boundary migration r a t e s  of the  order of 1 mm/hr 
have  been observed. 

During zone-refining operations, cylindrical  
s ing le  c rys t a l s  up t o  13 mm in diameter and as 
long as 10 c m  have  been produced at r a t e s  of 2 
cm/hr on t h e  f i r s t  or second zone pass .  The  
yield of la rge  c rys t a l s  may dec rease  on subsequent  
p a s s e s ,  b e c a u s e  thin elongated sur face  grains 
often form. T h e  c rys t a l s  t ha t  grow from the  melt 
are frequently nucleated back in the  so l id  s ta r t ing  
sec t ion  of the  bar. T h i s  sugges t s  that  seeding  
may b e  possible.  The  composition of t he  material 
used  apparently h a s  l i t t l e  e f fec t  on crys ta l  growth 
by zone melting. 

Crys ta l s  produced by both the  solid-state and 
zone-melting methods generally show diffuse or 
s t reaked  L a u e  diffraction spots.  Annealing a t  
830°C for periods of 10 to  100 hr usua l ly  produces 
sharp spots.  Apparently, c rys t a l s  with the basa l  
plane parallel  to  t he  rod ax i s  (or t he  basa l  p lane  
parallel  t o  t he  face of strip spec imens)  tend to 
show a higher degree of as-grown perfection than 
do other orientations. 

ZONE REFINING OF ZIRCONIUM 

J. C. Wilson 

We purified severa l  pounds of crystal-bar zirco- 
nium by floating-zone refining with an electron- 
beam hea t  source.  Although a crude apparatus 
designed for 6-mm rods was  used, s t ab le  zones  
were produced in rods as la rge  as 13 mm in diam- 
eter. T h e  vacuum system blanks  off below IO-'  
torr, but there  a re  s i g n s  of occas iona l  contamina- 
tion with carbon and possibly oxygen. A bakeable  
ion-pumped sys tem is being assembled to reduce 
contamination during future refining. 

Purification achieved in 4 p a s s e s  (a t  3 cm/hr) 
of a 7-mm bar 20 cm long may b e  judged f rom the  
ana lyses  in Table  21.2 and the  fact that,  of t he  18 
e lements  sought  in the  region 3 c m  from the  head 

I .  
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Table 21.2. Composition of Zirconium Bar Before 

and After Zone-Refining 

Initial After 
Concentration ,Zone-Refining Impurity Posit ion 

in Bar 
(PPm) (PPm) 

Oxygen Head 5 32 
Oxygen Tai l  5 10 
Hafnium Tai l  95 80 
Nitrogen Total  <1 
Hydrogen Total  <1 
Carbon Total 20 60 

of t h e  bar, a l l  were below either 10 ppm or a de- 
tection limit of 20 ppm. In l a t e r  ba tches ,  more care- 
ful operation of t he  sys tem reduced the  pickup of 
carbon s o  i t  was  not d i scern ib le  a t  t he  20 ppm 
level.  

o ) as high as 
450 have  been measured. After a few p a s s e s  the  
ratio is usually above 300 over one-third to  one- 
half t h e  bar. T h e  measurements were made on an 
unannealed specimen by D. S. Eas ton  of t he  Theory 
of Alloying Group. T h e  h ighes t  resist ivity ra t ios  
were invariably found toward the  tail of the  bars ,  
as  h a s  been observed by o the r s . I3  T h i s  fac t ,  
t he  oxygen distribution from analyses ,  and t h e  
observation that vacuum annea l ing  invariably 
lowers the  resist ivity ratio in  zirconium l 4  sugges t  
that  oxygen is primarily respons ib le  for t he  low 
ra t ios  observed in the  past .  

Res is t iv i ty  ra t ios  ( p , , , ~ , / p  
4 . 2  K 

One difficulty i n  zone  refining zirconium s t ems  
from t h e  anisotropy of thermal expansion in the  
a lpha  p h a s e  and perhaps  from some kinking at t h e  
trail ing alpha-beta interface.  Under certain 
conditions t h e  bar becomes skewed with respec t  
to i t s  original axis.  T h e  electron gun h a s  a la rge  
cent ra l  aperture, s o  tha t  a la rge  amount of m i s -  
alignment c a n  b e  tolerated. T h e  electron beam is 
focused  to a width much less than a millimeter 
a t  t h e  specimen in  order t o  maximize the  super- 
hea t  for volati l ization of impurities. Others  who 
have zone refined zirconium with induction heat- 
ingl  5,16  have  usually found some collection of 
iron and n icke l  i n  the  tail. S ince  the  iron and 
nickel conten ts  i n  the  t a i l s  of our ingots  a re  about 
t h e  same as in  the  original bar, t he  in t ense  heat-  
i ng  is apparently effective.  Also, increased  stir-  
ring of t h e  melt  probably r e su l t s  from the  superheat.  

T h e  gun configuration h a s  allowed crystal-bar 
material t o  b e  zone  melted directly. F igure  21.11 
shows  tha t  as-deposited zirconium and titanium 
can  b e  zone  melted without difficulty in  sp i t e  of 
variations in  diameter and shape. Direct melting 
without t h e  usua l  prior machining o r  mechanical 
working to a cylinder is much more economical 
of material and time. T h e  la rge  grains produced 
in t h e  titanium bar sugges t  that  s ing le  c rys t a l s  
can  b e  grown as eas i ly  as in  zirconium. 

13  J. P. Langeron, Compt. Rend. 256, 5570 (1963). 

4D. S. Easton, ORNL, personal communication. 

I5G. D. Kneip, Jr., and J. 0. Betterton, Jr., J. Electro- 

165. P. Langeron e t  al . ,  Compt. Rend. 248, 35 (1959). 
chem. SOC.  103, 684 (1956). 

. 
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Fig. 21.11. T a i l s  of Zone-Refined As-Deposited Crystal-Bar Z i rconium and Titanium. (a) Zirconium after n ine  

passes showing t yp i ca l  o f f se t t i ng  that  occurs i n  mult ipass specimens. (b )  Ti tan ium bar after one and two passes; 

t he  r igh t  sect ion is  the as-deposited c rys ta l  bar, the center sect ion received one zone pass, and the l e f t  sect ion 

received two passes. 
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22. Advanced Test Reactor 

R. J. Beaver G. M. Adamson, Jr.  

Our effort in t h i s  program h a s  been directed to 
the development of an aluminum-base wedge-shaped 
fuel element in which each of the 19 p la tes  h a s  
its own spec i f ic  fuel width and radius of curva- 
ture. ’ T h e  fuel cons i s t s  of a dispersion of 34.57% 
U 3 0 8  and 0.2% B 4 C  in type X8001 aluminum and 
is c lad  with type 6061 aluminum. We evaluated 
p l a t e  fabrication parameters and forming character-  
i s t i c s  and emphasized joining the p l a t e s  into a 
fuel element by a mechanical  roll-swaging process.  

All work h a s  been phased  out with the  organi- 
zation of da ta  and preparation of reports. Four 
reports have been completed2-’ and another6 is 
in preparation. 

Other phases  of t he  overall ATR Fuel  Element 
Development Program have  been reported. ’-’ 

‘R. J. Beaver, Metals and  Ceramics Div. Ann. Progr. 
Rept. May 31,  1963, ORNL-3470, pp. 213-20. 
*R. J. Beaver, G. M. Adamson, and P. Patriarca, Pro- 

cedure for Fabricating Aluminum-Base ATR Fuel Ele-  
ments, ORNL-3632 (June 1964). 
3W. R. Martin and J. R. Weir, Mechanical Properties 

of X8001 and 6061 Aluminum Alloys and Aluminum-Base 
Fuel Dispersions a t  E leva ted  Temperatures, ORNL- 
3557 (Feb. 1964). 

0. Hobson, R. L. Heestand, C .  F. Leitten, Jr., 
Fabrication Development of U3Og-A1uminum Composite 
Fuel  P l a t e s  for the Advanced Tes t  Reactor, ORNL-3644 
(in press). 
5R. W. Knight and C. F. Leitten, Jr., Development of 

the Assembly Method for Fuel Elements for the. Ad- 
vanced Tes t  Reactor, ORNL-3643 (in press). 

J. H. Erwin and C. F. Leitten,  Jr., Development of a 
Forming Method for Curved ATR Fuel P la t e s  (to be 
published). 

J. C. Griess e t  al., Effect of Heat Flux on thc Cor- 
rosion of Aluminum by Water. Pa r t  IV. Tes t s  Relative 
to the Advanced Tes t  Reactor and Correlation with 
Previous Results,  ORNL-3541 (Feb. 1964). 

*H. D. Ferris and J. C. Mayers, Advanced Tes t  Re-  
actor Fuel Element Hydraulic Buckling Tests,  ATR- 
FE-100-Ca-2 (Oct. 1963). 

’111. A. Slominski ( B  & W) and R. J. Ked1 (ORNL), 
Advanced Tes t  Reactor Hydraulic Tes t  Program, ATR- 
FE-103-Ca-7 (March 1964). 

4D. 

6 

7 

FUEL PLATE FABRICATION 
AND HOMOGENEITY 

D. 0. Hobson W. J.  Werner 

T h e  p la te  fabrication phase  of t he  ATR Develop- 
ment Program was  completed. W e  explored unique 
fabricating procedures, proved the feasibil i ty of a 
fabrication method, and produced p l a t e s  for sub- 
sequent  forming, assembling, and testing. 

T h e  work centered mainly on the development of 
procedures for blending mixtures of 34% U,O,- 
0.2% B4C-bal X8001 aluminum, press ing  into com- 
pac ts ,  and cladding with type 6061 aluminum by 
hot-roll bonding. Special  innovations included the  
u s e  of tandem cores  and c ross  rolling to achieve  
with only three press ing  dies the  nineteen dif- 
ferent required fuel sec t ion  widths  required. 

The  resu l t s  were qui te  encouraging with respec t  
to meet ing dimensional specifications desired, as 
exemplified by the da ta  based  on 128 p la tes  fabri- 
ca ted  us ing  procedures es tab l i shed  from the  devel- 
opment work. Of these  “production” p la tes ,  98.4% 
m e t  a l l  dimensional specifications.  Out of twenty 
representative p la tes  that were examined by the  
through-transmission ultrasonic method for non- 
bond, only a s ingle  defect greater than ‘/16-in. 
diam was  found. l o  More spec i f ic  de ta i l s ,  includ- 
ing a parametric evaluation of core spread and 
fuel compact charac te r i s t ics ,  billet design, and 
procedures for p la te  rolling and p la te  machining, 
a re  reported elsewhere. 

Tota l  nondestructive inspection for fuel homo- 
geneity was  performed on a number of ATR fuel 
p l a t e s  to qualify development production proce- 
dures. Previous homogeneity inspection had  been 

‘OK. V. Cook and R. W. McClung, Feas ib i l i ty  of 
Ultrasonic Detection of Nonbond in ATR Fuel P la tes ,  
ORNL-TM-888 (in press). 
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Table  22.1. Percent Deviation of Fue l  Concentration in A T R  Fue l  P la tes  from Nominala 

Local  Areas, 0.078-in. diam Range 

Pla te  P l a t e  for Longitudinal No. of 

No. Average 48- x 0.078-in. Maximum Mea sur em en t s Maximum 
Scans Posi t ive > +20% Negative 

2038-5 
2039-5 
2040-5 
2041-5 

2031B-12 
2032-12 
2033-12 
2035-12 
2036-12 

2027-19 
2028-19 
2029-19 
2030-19 

+3 
+1 
+ 4  
+ 3  

+ 5  
+ 5  
+ 4  
+ 5  
+ 5  

+ 4  
+ 5  
+ 7  
+ 4  

0 to + 4  
0 to + 2  
0 to + 5  
0 to + 5  

+ 2  to +6 
0 to +6 

+ 2  to + 6  
+ 2  to +6 

0 to + 6  

0 to +6 
+ 2  to +6 
+1 to +10  

0 to + 6  

+ 26 
+ 2 1  
+32 
+30  

+23  
+ 32 
+ 32 
+ 32 
+ 36 

+ 30 
+ 30 
+ 36 
+ 30 

8 
2 

11 
20 

6 
19 
11 
19 
28 

19 
> 50 
> 50 

33 

- 18 
- 18 
- 16 
-- 15 

- 25 
- 20 
- 16 
- 16 
- 15 

- 40b 
- 22 
- 4 S b  
- 28 

aNorninal concentration: 
bFound a t  core-to-core interface in p la tes  with tandem cores. 

34.57% U 0 -A1 determined nondestructively us ing  x-ray attenuation. 3 8  

limited to qual i ta t ive examination of high-contrast 
plate  radiographs, confirmed in part with chemical 
a n a l y s e s  from severa l  fabricated plates .  P l a t e s  
were inspected by u s e  of the through-transmission 
x-ray attenuation technique developed for the  
High-Flux Isotope Reactor.  Ent i re  fueled a r e a s  
were scanned longitudinally us ing  a ,-in.-diam 
collimated x-ray beam with 6-in. index between 
scans .  

The  p la tes  evaluated were fabricated through 
both hot and cold rolling in accordance with pro- 
cedures  es tabl ished '  for p la te  types 5, 12, and 19. 
T h e  compacts,  which contained -170 +325 mesh 
U 308, had been prepared by s imple dry-blending 
and then press ing  a t  room temperature to a densi ty  
of  93.5% of theoretical. 

As a precautionary quali ty control measure, all 
compacts were radiographed us ing  high-contrast 
fi lm. Since no significantly high- or low-density 
regions were vis ible  in  the radiographs, good 
homogeneity of the fuel w a s  indicated.  

Table  22.1 summarizes the x-ray attenuation 
data. In general ,  the  resul ts  show a posi t ive b ias  
above the nominal fuel concentration. We bel ieve 
that this  is because the p la tes  tes ted  had s l ight ly  
thicker fuel sec t ions  than the nominal 0.020 in. 
T h e s e  data  indicate  that  (1) the average fuel con- 
centration in 48- x '/6,-in. longitudinal s c a n s  can 
be maintained to +4% of nominal, and (2) the varia- 
tion in fuel concentration in 0.078-in.-diam areas 
can be controlled to within +20% of nominal in  
more than 97% of the total p la te  area. T h e  maxi- 
mum variation expected should be no greater than 
30%. 

FUEL PLATE FORMING 

J. H. Erwin 

Our s tud ies  on forming ATR pla tes  to the proper 
s h a p e s I 2  were culminated with the successfu l  
demonstration of the two-step low-pressure mar- 
forming process .  Using th i s  process ,  we formed 

"B. E. Foster  and S .  D. Snyder, Metals and  Ceramics 
Div. Ann. Progr. Rept. May 31, 1963, ORNL-3470, pp. 
182-83. 

"5. H. Erwin and C. F. Leitten, Jr., Metals and Cer- 
amics  Div. Ann. Progr. Rept. May 31, 1963, ORNL-3470, 
pp. 216-17. 

. '  
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fuel p la tes  with sufficient accuracy to assemble  
within dimensional spec i f ica t ions  s i x  e lements  
containing depleted uranium. 

In addition to developing th i s  two-step forming 
process ,  we improved the reproducibility of p l a t e  
curvature further13 by increas ing  the degree of 
cold rolling during p la te  fabrication from 7.4 to 
20%. A detailed description of t he  forming de- 
velopment work and recommended procedures is 
presently being prepared. 

FUEL ELEMENT ASSEMBLING 
AND JOINING 

R. W. Knight 

Th i s  phase  of the ATR Development Program 
was  completed with the  establishment of mechani- 
cal methods for assembling and joining fuel p la tes  
into an element. T h e  roll-swaging technique se- 

lec ted  h a s  been described previously' and h a s  
produced jo in ts  with strengths in e x c e s s  of 300 l b  
per l ineal inch. The  step-by-step procedures for 
producing fuel e lements2  and the detailed resu l t s  
of the development5 have  been reported. We 
showed that a match was  very important between 
the  angle of the  s ide  plate groove and the  en t rance  
angle  of the  fuel plate. Side p la tes  with 19 dif- 
ferent groove angles  could be gang-machined and 
fuel e lements  of the l a t e s t  design (Mark IV) could 
be made to the  desired specifications,  particularly 
the nominal 0.078-in. channels  between p la tes .  
Inspection of the spac ings  between p la tes  in the  
l a s t  severa l  fuel elements,  made after the  process  
had been es tab l i shed ,  showed that t he  average  
channel could be held to within tO.004 in. and 
that no individual measurement exceeded k 0.007 in. 

13J. H. Erwin, M. M. Martin, and C. F. Leitten, Jr., 
Ibid. pp. 85-87. 



23. Army Reactors Program 

R. J. Beaver 

T h e  main objec t ives  of the  Army Reactors  Pro- 
gram are  to (1) develop the  technology of mater ia ls  
of in te res t  a s  neutron absorbers,  (2) eva lua te  the 
performance of the s ta in less -s tee l -base  fuel ele- 
ments,  (3) study fuel mater ia ls  that c a n  meet the 
performance required of future long-life high-power- 
generation cores ,  and (4) provide general support  
a s s i s t a n c e  to the Army reactor development pro- 
grams. 

During the  p a s t  year  the work on neutron ab- 
sorbers  was  directed a t  the  production, the study 
of compatibility, and the determination of the 
irradiation res i s tance  of europium oxide and 
europium molybdate. Both the fuel  element devel- 
opment and t h e  general  support  work have  con- 
s i s t e d  primarily of hot-cell  examinations of mate- 
r ia l s  of interest .  

CONSOLIDATION OF EUROPIUM OXIDE 

R. E. McDonald C. F. Lei t ten,  Jr. 

Optimum parameters were es tab l i shed  for melting 
of europium oxide and var ious other rare-earth 
compounds in quant i t ies  ranging from 300 to  500 g. 
A s  previously reported, ' we f i rs t  s tudied melting 
of 30-g quant i t ies  of Lindsay Mix (45% Gd,O,- 
45% Sm ,O ,-lo% other rare-earth oxides)  to define 
the major problem areas .  We met considerable  
diff icul t ies  with a rc  s tabi l i ty ,  a rc  sca t te r ,  g a s  evo- 
lution, and reaction of the  oxide with t h e  copper 
hearth. The  a r c  sca t te r  was  attr ibuted to the  low 
surface tension of the molten rare-earth oxide and 

'C. F. Leitten, Jr. and R. E. McDonald, Metals and 
Ceramics D i v .  Ann. Progr. Rept. May 31,  1963, ORNL- 
3470, pp. 221-22. 

G. M. Adamson, Jr. 

w a s  greatly reduced by u s e  of a deep hemispherical  
mold cavity to prevent t h e  spread  of small  drop- 
lets of the molten material. T h e  a rc  instabi l i ty  
w a s  primarily due to the evolution of g a s  from 
the oxide during ini t ia l  fusion and w a s  minimized 
by injection of an  iner t  g a s  through a hollow tung- 
s t e n  electrode to sweep the released g a s  from the 
immediate vicinity of the arc. 

We a lso  observed s ignif icant  deposi t ion of copper 
oxide on t h e  internal sur faces  of the melting 
chamber. We bel ieve that  while s t r iking t h e  arc  
during the  in i t ia l  s t a g e s  of t h e  melting process ,  
some copper volati l ized and deposi ted a s  copper 
oxide. We vapor plated the copper s u r f a c e s  with 
tungsten; t h i s  apparently prevented t h i s  phenom- 
enon because  g a s  evolution during subsequent  
melting h a s  been greatly reduced and inspect ion 
of the  hearth sur faces  af ter  u s e  h a s  shown no 
evidence of copper oxide. 

Although the  s m a l l  experimental  quant i t ies  of 
rare-earth oxide can  be a rc  melted in  one operation, 
a two-step operation is more su i tab le  for melting 
the  larger  (300- to 500-g) quantities. In the  ini t ia l  
s tep ,  low-density cold-pressed pe l le t s  a r e  par- 
tially fused to remove the  major portion of vola- 
t i l e s  and to increase  t h e  bulk density.  In the 
second s tep ,  the material is melted completely. 
During th i s  la te r  s t a g e  of melting, t h e  power is 
kept  low (300 to 400 amp a t  30 v) until t h e  ent i re  
oxide charge becomes molten and then is increased 
gradually until a power level  of approximately 
800 amp at 40 v is reached to a s s u r e  homogeneity 
of the oxide. In both melting s teps ,  an equimolar 
mixture of helium and argon flows through the 
electrode t ip  at a sys t em pressure of 300 torr. 
We also arc melted la rge  p e l l e t s  of europium 
molybdate, us ing  the  condi t ions es tab l i shed  for 
europium oxide,  with s i m i l a r  s u c c e s s .  
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CHEMICAL COMPATIBILITY OF ARC-FUSED 
EUROPIUM OXIDE AND EUROPIUM MOLYBDATE 

I N  STAINLESS STEEL, IRON, NICKEL, 
AND CHROMIUM 

C. F. Leitten,  Jr. 

We have  init iated a program to eva lua te  t h e  
chemical compatibility of arc-melted europium 
molybdate (Eu,.  ,MOO 1) with low-sil icon iron, 
nickel,  and chromium powders and with types  
304L and  302B s t a i n l e s s  steel powders. Arc- 
melted E u 2 0 3  w a s  also t e s t ed  to compare its 
compatibility to tha t  of a hydrogen-conditioned 
E u 2 0 3  type found previously to b e  incompatible 
with s t a i n l e s s  s t e e l s  or  their  cons t i tuent  e lements  
that  contained appreciable si l icon. B e c a u s e  of 
t h i s  incompatibility, neutron absorbers  now in  the  
SM-1 reactor were made3 by d ispers ing  E u 2 0 3  in 
a mixture of low-silicon powders of 71% Fe, 18% 
Cr, and 11% Ni. 

We did not observe  reaction of e i the r  europium 
molybdate or arc-melted europium oxide  with iron 
or  nickel powder as a result  of treatment a t  1150°C 
i n  vacuum or  argon. T h e s e  ox ides  reac ted  with 
chromium, but we attr ibute t h i s  reaction to faulty 
chromium powder. Although the compatibility with 
chromium s t i l l  remains to b e  resolved, we fee l  
tha t  the europium molybdate and  t h e  arc-melted 
europium oxide a re  j u s t  as compatible with the  
low-silicon powder ingredients of s t a i n l e s s  steel 
as is the  hydrogen-prepared europium oxide. T h e  
arc-melted europium oxide,  l i ke  the hydrogen- 
prepared material, can  also b e  s in te red  in  hydro- 
gen. We expec ted  europium molybdate to reac t  
when treated in  hydrogen, and  indeed  we found 
considerable weight loss and  other ev idence  of 
reaction when we sintered th i s  compound a t  115OoC 
i n  hydrogen. 

A s  anticipated,  neither t h e  europium molybdate 
nor the  arc-melted europia w a s  compatible at 
1150°C with types  302B and 304L s t a i n l e s s  s t e e l  
powders. W e  did notice, however, tha t  t he  reaction 

2C. F. Leitten, Jr., The Stabil i ty of Europium Oxide 
in Silicon-Bearing Stainless Steel,  ORNL-2946 (Aug. 
9, 1960). 

3C. F. Leitten, Jr., R. J. Beaver, and J. E. Cunning- 
ham, Specifications and  Fabrication Procedures on 
Europium-Bearing Absorber Rods  for Reactivity Control 
in Core I1 of SM-1, ORNL-2733 (July 29, 1959). 

4C. F. Leitten, Jr., Army Reactors Program Ann. 
Progr. Rept. Oct. 31, 1963, ORNL-3712 (in press). 

between arc-melted europia and  type 304L stain- 
less s t e e l  w a s  significantly less than reported 
previously for hydrogen-prepared oxide. 

IRRADIATION PERFORMANCE OF Eu,O,- 
STAINLESS STEEL NEUTRON 

ABSORB E R SECT1 ONS 

A. E. Richt  

Previously,  we showed5 that p l a t e l e t s  containing 
40% E u 2 0 3  d ispersed  in  and c l ad  with s t a i n l e s s  
steel were not significantly damaged by relatively 
long  exposures  i n  t h e  E T R  at a temperature of 
approximately 150°F. Also, we have  been follow- 
ing  the  performance in  the  SM-1 of full-size ab- 
sorber rods tha t  contain 37% E u 2 0 3  in s t a i n l e s s  
s t ee l .  T h e  des ign  fea tures  and fabrication p rocess  
have  been published previously. 

Absorber s ec t ion  Eu-SS-4, with a reported ex- 
posure of 5.9 Mwyr, w a s  nondestructively examined 
in  the  ORNL hot cells. We found no  significant 
changes in appearance  or dimensions. Detailed 
r e su l t s  a r e  reported elsewhere.  ' 

Absorber s ec t ion  Eu-SS-8, with a n  es t imated  
exposure of 13.5 Mwyr, showed no v is ib le  ev idence  
of damage when examined in  the  reactor a t  t he  
SM- 1 

An 
gram 

s i te .  

POSTIRRADIATION EXAMINATION OF 
SM-1 CORE I FUEL ELEMENTS 

A. E. Richt 

important a s p e c t  i n  the  Army Reac tors  Pro- 
during t h e  p a s t  severa l  y e a r s  h a s  been the  

postirradiation evaluation of fuel e lements  devel- 
oped and  fabricated a t  ORNL for the  first  co re  
loading of t he  SM-1 reactor. Design and fabri- 
ca t ion  de ta i l s  on these  fuel e lements  were reported 
previously. Similarly, da ta  obtained in  post-  
irradiation examination of t h e s e  e lements  have 

'A. E, Richt, Army Reactors Program Ann. Progr. 
Rept. Oct. 31,  1962, ORNL-3386, pp. 84-88. 

'A. E. Richt, Army Reactors Program Ann. Progr. 
Rept. Oct. 31,  1963, ORNL-3712 (in press). 

7J. E. Cunningham, R. J. Beaver, R. D. Robertson, 
and E. C. Edgar, Specifications and Fabrication Pro- 
cedure for APPR-1 Core II  Stationary Fuel  Elements,  
ORNL-2649 (Jan. 29, 1959). 
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already been reported. ' - lo W e  observed both 
intergranular and transgranular cracking in the 
type 304 s t a i n l e s s  steel cladding. Although the 
cracking caused  no damaging ef fec ts  (such as 
fission-product activity), t he  e f fec t  was  discon- 
certing. W e  studied the frequency of the  c racks  
to  identify significant trends. The  resu l t s  a r e  
i l lustrated in Fig. 23.1. In all three fuel e lements  
studied, c r acks  were most numerous in the  region 
8 to  17 in. from the  lower end of t he  fuel plate.  
Also, t he  ra te  of cracking increased  with irradia- 
tion exposure much more than proportionately. 

Although the  unirradiated UO ,-stainless s t ee l  
dispersion in the  SM-1 pla te  is not prone to water- 
logging, we have s ta r ted  to determine whether 
irradiation induces it. In the  first  t e s t s ,  specimens 
from fuel e lement  S-81 were alternately exposed 
for 24 hr in 570°F water a t  1200 p s i  and heated 
in a i r  for 3 min a t  1000°F. T h e  resu l t s  l i s ted  
below indica te  tha t  at less than 15% burnup of the  
235U atoms the  fuel does  not waterlog. At  higher 
exposures  the  samples  blister,  no doubt a s  a 
result  of waterlogging. T h i s  effect  is probably 
related to  the  porosity developed in  the UO, 
during irradiation. 

'Staff, Oak Ridge National Laboratory, A P P R  Ann. 

'A. E. Richt, Army Reactors  Program Ann. Progr. 

''A. E. Richt. Army Reactors  Profiram Ann. Pro&. 

Progr. Rept. Jan. 31, 1960, ORNL-2907, PP. 32-44. 

Rept.,  ORNL-3231, pp. 33-38 (Jan. 31, 1962). 
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IRRADIATION OF DISPERSIONS OF 
SPHEROIDAL UO, IN  STAINLESS STEEL 

FOR ADVANCED PM-TY PE REACTOR CORES 

R. J. Beaver  A. E. Richt  

W e  a r e  cooperating with the  Martin-Marietta 
Company, Baltimore, Maryland, for t h e  purpose 
of irradiating both tubular and plate-type specimens 
containing UO, d ispersed  i n  s t a i n l e s s  s t e e l  i n  
t he  ORR pressurized-water loop. ' ' T h e  program 
is aimed a t  developing advanced fuel co res  for 
PM-type (portable, medium power) reactors. The  
overall  ob jec t ive  is to inc rease  both co re  l ifetime 
and power output. Fo r  example,  core  3 of PM-1 is 
to b e  capable  of a 100-Mwyr core  l ifetime with a 
30-Mw (thermal) power output, a subs tan t ia l  in- 
c r e a s e  over t he  16 Mwyr and 9.4 Mw of core  1. 

To accomplish t h i s  objective,  the  fuel invest-  
ment must b e  increased  significantly.  Thus ,  35% 
UO , must b e  homogeneously d ispersed  i n  s t a i n l e s s  
s t e e l  to form a tubular 0.090-in.-thick fuel core. 
T h e  center l ine  fuel temperature is predicted to  
b e  in  t h e  range of 900 to 1000'F. B e c a u s e  of 
known burnup limitations of t he  UO ,-stainless 
s t e e l  sys tem a t  e leva ted  temperatures (usu- 
ally observed on d ispers ions  of irregularly shaped  
UO , particles),  t h e  Martin Company h a s  chosen  
to develop a more idea l  d i spers ion  u s i n g  sphe-  
roidal UO ,, coated  with s t a i n l e s s  s t ee l ,  to improve 
the  irradiation stabil i ty.  T h e  types  of specimens 
in t e s t  a r e  summarized elsewhere.  ' ' 

T h e  major variable under t e s t  is the  UO, con- 
centration, which ranges  from 30 to  45%. Other 
var iab les  of l e s s e r  importance but s t i l l  of s ig-  
nificance include par t ic le  size of the  fissile phase,  
type  of spheroidal UO,, t ype  of the  s t a i n l e s s  
s t e e l  powder dispersant,  and  d i f fe rences  in  the  
p rocess  for preparing this fuel mixture. 

Before the  irradiation, dimensions were measured 
and t h e  exterior su r faces  of all specimens were 
replicated. Irradiation s ta r ted  i n  August 1963, 
and t h e  fuel burnup is now an es t imated  6 x 10'' 
f issions/cm3. Fue l  burnup a t  the  end  of t e s t  is 
expec ted  to b e  in  t h e  neighborhood of 5 x 10'' 
f issions/cm '. 

"C. Eicheldinger, PM Fuel  Specimen Irradiation 
Program Preliminary Design Report, MND-MD-2954 
(March 15, 1963). 

"W. C. Thurber and F. R. McQuilkin, Metals and 
Ceramics Div. Ann. Progr. Rept. May 31, 1963, ORNL- 
34701 pp. 228-31. 

FUEL COMPOUNDS FOR ADVANCED CORES 

D. M. Hewette  II J. P. Hammond 

By t h e  u s e  of a l te rna te  fuel materials,  w e  a re  
trying to  develop fuel e lements  with capabili ty 
of higher burnup and thermal performance. T h e  
u s e  of a fuel material with higher thermal conduc- 
tivity than UO,, higher uranium dens i ty ,  o r  both 
would reduce t h e  central  temperature for a given 
power density and inc rease  the  permiss ib le  
burnup. We a r e  t e s t ing  t h e  compatibility of severa l  
fuel mater ia l s  with the  s t a i n l e s s  s t e e l  matrix and 
t h e  compatibility of their  d i spers ions  with water. 
T h e s e  fue l s  include uranium mononitride (UN), 
mixed carb ides  (UC-NbC), uranium s i l i c ide  (U ,Si ,), 
and uranium phosphide (UP). Preliminary infor- 
mation shows  that t h e  nitride and mixed carb ides  
a r e  compatible with s t a i n l e s s  s t e e l  but, a t  l e a s t  
under hydrogen, U,Si, is not. In boiling-water 
tests, both t h e  UN and  U,Si, were accep tab le  
but t he  mixed carb ides  were not. 

I NT E RI M E XAMl NATl ON OF EXPERIMENTAL 
FUEL ELEMENTS AND ABSORBER 

SECTIONS IN THE SM-1 

R. J. Beaver A. E. Richt  
L. D. Schaffer' ,  

An interim examination w a s  made a t  t he  SM-1 
reactor of the experimental components l i s t ed  in  
Tab le  23.1. Since the  exposure  w a s  fairly low in  
most cases, we anticipated and  found no irradia- 
tion instabil i ty.  

EXAMINATION OF PM-1 AND PM-3A 
CONTROL-ROD-DRIVE PRESSURE THIMBLES 

L. D. Schaffer' ,  A. E. Richt 

At  t h e  request of t h e  AEC Division of Reactor 
Development, w e  have examined control-rod-drive 
pressure  thimbles from both t h e  PM-1 and PM-3A 
reactors. Routine inspection at the  reactor s i t e s  
a f te r  relatively shor t '  periods of s e rv i ce  had re- 
vea led  tha t  t he  reactor sh ie ld  tank water w a s  

' 3Reactor Division. 



170 

Table 23.1. Components Inspected at  the SM-1 Reactor 

Component 
Identity Type of Element 

Exposure 

(Mwyr) 

Fuel  Element 
5-83 
2 ov 
SM2A 
SM2B 
PM1-M2 

Neutron Absorber 
BG-1 
SCI 

Brazed, SM-1, Type 1, core la 
Brazed, SM-1, Type 1, core 2a 
Welded element for Type 3 core 
Welded element for Type 3 core 
Assembly of Type 1 core PM-1 

b 
b 

fuel tubes' 

ORNL boron gradientd 
ALCO silver-cadmium-indiume 

3.7 
5.5 
7.0 
5.8 
3.7 

5.5 
2.5 

"J. E. Cunningham e t  al., Specifications a n d  Fabrication Procedures for APPR-1 Core ZZ Stationary Fuel  Elements, 

'J. Cooke e t  al., Hazards Report for SM-1 Core I Z  with Special Components, APAE No. 8 4  (March 30, 1961). 
'J. Cooke e t  al., Hazards Report for SM-1 Core ZZ with Special  Components, APAE No. 84. Add. I1 (Sept. 1, 1961). 
dR. J. Beaver and T. D. Watts, Army Reactors  Program Pro&. Rept., ORNL-3231. pp. 24-29 (Jan. 31, 1962). 
eR. A. Shaw and R. L. Harris, Silver-Cadmium-Zndium Absorber Development, APAE-116 (June 13, 1962). 

ORNL-2649 (Jan. 29, 1959). 

corroding the  thimbles. Since these  pressure  
thimbles form a part of t he  reactor pressure  ves- 
sel, severe  corrosion could b e  dangerous. A s  
shown in  Fig. 23.2, t he  control-rod thimbles con- 
s i s t  of two sec t ions .  T h e  corrosive a t t ack  w a s  
restricted to the  outer su r f aces  of t h e  lower sec- 
tion, which was  made from type 403 s t a in l e s s  
steel. Although the  bulk watet  temperature in 
th i s  region w a s  about 70°F, we be l ieve  tha t  boil- 
ing occurred a t  the  s t a i n l e s s  s t e e l  sur faces ,  and 
the sur faces  may have  reached temperatures as 
high a s  350°F. 

The  da ta  of the  examinat ions ind ica te  tha t  the  
type and the  maximum depth of a t tack  are dis- 
tinctly different in the  two reactor systems.  The  
resu l t s  are summarized below: 

Total  exposure to shield tank water, months 

Total  reactor operating time, months 
Maximum depth of corrosive attack, in. 
Type of corrosive attack 

T h e  corrosion of t he  PM-1 thimble w a s  restricted 
to  the  type of pit t ing i l lus t ra ted  i n  Fig.  23.3. 
However, t he  thimble from the  PM-3A reactor w a s  
a t tacked  intergranularly, a s  shown in Fig. 23.4, 
a s  well a s  pitted. T h e  pit t ing a t tack  i s  not surpris-  
ing; it would b e  expected in type 403 s t a i n l e s s  
s t e e l  exposed to  oxygenated water. l 4  However, 
the  intergranular attack is disconcerting, particu- 
larly s ince  it w a s  found only in the PM-3A thimble. 
W e  a r e  trying to  obtain more de ta i l  of t he  environ- 
mental conditions. 

- 

14D. J. DePoul (ed.), Corrosion and Wear Handbook 
for Water Cooled Reactors ,  pp. 105. 155, 156, 162-64. 
171, McGraw-Hill, New York, 1957. 
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Fig. 23.3. Typical Pitting Attack Found in PM-1 and PM-3A Control-Rod Thimbles. A s  polished. 250x, re- 

duced 25%. 

8 

Fig. 23.4. Intergranular Attack Found i n  PM-3A Control-Rod Thimble. A s  p o l i s h e d .  25OX, reduced 25%. 
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24. Enrico Fermi Fast-Breeder Reactor 

G. M. Adamson, Jr. 

We have  been given the  responsibil i ty for fabrica- 
tion development of s t a i n l e s s  s tee l -base  flat-plate 
fuel elements for the  core  B loading of the  Enrico 
Fermi F a s t  Breeder Reactor. Our concluding ef- 
forts a r e  reported below. 

FUEL ELEMENT FABRICATION 

R. G. Donnelly 

As  reported previously, ' the  core  B fuel e lements  
fabricated during th i s  program had met all toler- 
a n c e s  and requirements imposed by APDA except  
for two problem areas :  (1) the  s tackup height of 
2.270 i 0.005 in., and (2) the  coolan t  channel 
width of 2.246 k 0.002 in. 

To demonstrate tha t  by us ing  unders ize  s p a c e r s  
(0.052 to 0.053-in. thick for a nominal 0.054-in. 
p la te  spac ing)  w e  could build a fuel element that  
meets both the  plate-spacing and the  stackup- 
height tolerances,  another t e s t  assembly was  
fabricated. T h i s  proof t e s t  assembly was  h i l t  
exactly as the  la te r  prototype fuel e lements  with 
the  exception of the  unders ize  spacers .  With th i s  
modification, the  assembly w a s  brought eas i ly  to 
the  correct s tackup height. After brazing, t he  
plate spac ing  was  within tolerance in  all cases. 
In fac t ,  the  distribution of p la te  spac ing  va lues  
in Fig.  24.1 shows an almost idea l  distribution 
with a peak a t  t he  nominal spac ing  of 0.054 in. 

T h e  second problem a rea  involved the  width of 
the  coolant channels.  A s  s t a t e d  previously, 
instrument readings indicated tha t  only about 50% 

'R. G. Donnelly, Metals and  Ceramics Div. Ann. 
Progr. Rept. May 31, 1963, ORNL-3470, p. 227. 
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of the scanned portion of the  l a t e s t  prototype ele- 
ment w a s  within the 2.246 i 0.002-in. tolerance 
limit. However, direct  measurements from two 
random metallographic sec t ions  of t h i s  s ame  fuel 
element revealed that th i s  dimension was  main- 
tained to a much higher degree than indicated by 
the  eddy-current measuring device.  Of the  26 chan- 
ne l s  measured, two were out of tolerance by 0.001 
in., three by 0.002 in., and only one  was  out by 
0.003 in. A s  a result ,  we feel that a k0.005-in. 
tolerance on th i s  dimension could be  met cons is t -  
ently during production of s u c h  a fuel element. 

T h e  resu l t s  of t h i s  proof t e s t  assembly have  
been incorporated in the topical report on t h e  
Core B fabrication procedures. * 

2R. G. Donnelly, W. C. Thurber, and G. M. Slaughter, 
Development of Fabrication Procedures for Core B Fuel  
Elements for the Enrico Fermi F a s t  Breeder Reactor, 
ORNL-3475 (in press). 
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2 5. Gas-Cooled Reactor Program 

A. E. Goldman W. 0. Harms 

Our mater ia l s  effort in support  of the  Gas-Cooled 
Reactor Program c o n s i s t s  of support for t h e  Exper- 
imental Gas-Cooled Reactor (EGCR), development 
of unclad ceramic fuel elements,  and corollary sup- 
porting research. Major ac t iv i t ies  in each  of t h e s e  
areas during the  pas t  year  a r e  presented below, 
a long  with pertinent background information. 

EGCR SUPPORT 

T h e  EGCR, under construction a t  Oak Ridge, is 
an  outgrowth of conceptual design s tud ie s  by Kaiser 
Engineers,  Allis-Chalmers, and ORNL. T h e  reactor 
co re  c o n s i s t s  of 2.46%-enriched UO, fuel c l ad  
with s t a i n l e s s  s t e e l  and supported in a graphite 
moderator structure contained within a carbon-steel  
p ressure  ves se l .  T h e  plant is being constructed 
by the  H. K. Ferguson Company, and ORNL was  
responsible for procurement of t he  fuel and control- 
rod assembl ies .  

T h e  fuel a s sembl i e s  a r e  c lus t e r s  of seven  ele- 
ments,  each  of which c o n s i s t s  of a column of UO, 
bushings c lad  with 0.020-in.-thick type 304 s ta in-  
l e s s  s t ee l .  T h e  c lus te r  is supported within a 1- 
in.-thick x 29-in.-long x 5-in.-OD graphite s leeve .  
T h e  UO, bushings a r e  0.707-in. OD x 0.323-in. 
ID x 0.740-in. long. T h e  des ign  lifetime of the  
assembl ies  is 10,000 Mwd/metric ton. The  nomi- 

Fabr icat ion of Instrumented F u e l  Assemblies 
for the EGCR 

E. A. Franco-Ferreira 

T h e  Welding and Brazing Laboratory had t h e  
responsibil i ty of fabricating 20 instrumented fuel 
a s sembl i e s  for the  EGCR.' T h e  fabrication of all 
required components was  completed, and they have  
been delivered to the  Reactor Division for assembly 
into complete fuel stringers.  ' p 3  

Each instrumented fuel assembly c o n s i s t s  of a 
c lus te r  of seven  cylindrical  s t a i n l e s s  s t e e l  ele- 
ments,  each  containing 36 bushings of 2.46%- 
enriched UO,. T h e s e  s t a i n l e s s  s t e e l  e lements  
a re  spaced  and supported within a graphite s leeve .  
T h e  fuel e lements  within a c lus te r  were instru- 
mented by brazing Chromel-Alumel thermocouples, 
shea thed  with '/1 ,-in.-diam type 347 s t a i n l e s s  s t e e l ,  
t o  t he  ins ide  of the element tubing. The  20 fuel 
a s sembl i e s  for t he  5 instrumented s t r ingers  con- 
tained 125  noninstrumented fuel e lements  and 15 
instrumented fuel elements.  A view of a completed 
fuel stringer,  as assembled by the  Reactor Division, 
is shown in Fig.  25.1. 

EGCR Construction Ass is tance  

G. M. Slaughter E. A. Franco-Ferreira 

nal peak operating temperature of the  s t a i n l e s s  
s t ee l  cladding is about 1500OF. 

Manufacture of the  init ial  fuel loading and spa res  
for the  EGCR was  completed a t  t he  Atomic Fue l  

Metallurgical a s s i s t a n c e  was  provided to t h e  
EGCR project in various phases  related to con- 
~ t r u c t i o n . ~  For  example, we welded ferri t ic s t e e l  

Department of the Westinghouse Elec t r ic  Corpora- 
tion. All Critical phases  of work were monitored 
t o  ensure  compliance with the  s tandards  spec i f ied  
on materials and workmanship. Approximately 1660 
fuel a s sembl i e s  have been received and s tored  a t  
t he  Oak Ridge Gaseous Diffusion Plan t .  T h e  fuel 

'E. A. Franco-Ferreira, Metals and Ceramics Div. 
Ann. Progr. Rept. May 31, 1963, ORNL-3470, pp. 129-30. 

A. Franco-Ferreira, GCR Program Semiann. Progr. 
Rept. Sept. 30, 1963, ORNL-3523, p. 60. 

R. L. Senn, GCR Program Semiann. Progr. Rept. Sept. 
30: 1963* 0RNL-3523p pp. 47-56. 

. 

4E. A. Franco-Ferreira and G. M. Slaughter, GCR 
- 
were fabricated for about $55 per Program Se.iann. Progr. Rept. Septa 30,  1963, ORNL- 

gram of contained uranium metal. 3523, p. 63. 
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Fig. 25.1. EGCR Instrumented Fuel  Assembly on Assembly Fixture. 

to s t a i n l e s s  steel in  the primary coolant piping. 
T h e  pipes  were approximately 3 ft in  diameter 
with a 1-in.-thick wall. T h e  welds  were made with 
Inconel 182 filler metal by our original procedure. 
A rigid inspection of the welds  was  maintained, 
including periodic examinations by an  ASME code 
inspector,  T h e  welds were of excel lent  quali ty 
and the  p ipes  have  been shipped to  the EGCR 
s i t e  for insertion in the  reactor system. 

Also, we a s s i s t e d  the  EGCR contractors  with 
ana lys i s  of repair welds  on the  thermal shield,  
observation of repair welding on the pressure ves-  
sel bottom nozzles ,  evaluation of s tud  welds  for 
the attachment of the pressure v e s s e l  reflective 
insulation, and development of thermocouple pen- 
e t ra t ions through the  pressure v e s s e l  wall. 

Measurement of Inter-Rod Spacing 
i n  the F u e l  Assembly 

C. V. Dodd 

An eddy-current probe was  designed, fabricated, 
and used to measure the inter-rod spac ing  in a 
number of EGCR fuel assemblies .  The  head of 
the  probe, about which the induction coil is wound, 
rotates  and h a s  a modified V-shape. Thus, when 

it is placed between adjacent  rods, it a l igns  itself 
and the  depth of coil insertion is limited by the  
d is tance  between the  rods and by the  s h a p e  of 
t h e  probe. T h e  probe permits fast and accura te  
measurements with a minimum of operator “feel” 
and should a l s o  be useful during postirradiation 
examination of the assemblies .  A technical  memo- 
randum is being written to descr ibe the device  and 
its application. 

Stress-Rupture T e s t s  on Tubing 
for EGCR Fue l  Cladding 

J. T. Venard 

Stress-rupture t e s t s  begun l a s t  year6  on brazed 
fuel element tubes  from Westinghouse were com- 
pleted, and the  resul ts  are plotted as points  in  
Fig. 25.2. T h e  curves shown in the figure are 
taken from a previously published invest igat ion ’ 
’6. M. Slaughter and T. R. Housley, T h e  Welding of 

Ferritic S t ee l s  to Austeni t ic  Stainless  S tee ls ,  ORNL- 
TM-98 (Jan.  4, 1962); to be published in the Welding 
Journal. 

6J. T. Venard, Metals and Ceramics Div .  Ann. Progr. 
Rep t .  May 31, 1963, ORNL-3470, p p .  131-32. 

’5. T. Venard, Stress-Rupture Propert ies  of T y p e  304 
Stainless  Steel Tubing, ORNL-TM-535 (June 7, 1963). 
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of the s t ress-rupture  behavior of type 304 s t a i n l e s s  
s t e e l  tubes tes ted  in air. 

The major conclusions that  may be drawn from 
the data  are: 

The tubing had the same  strength a s  the heat  
tes ted  before. 

Tests in air or in flowing argon showed about 
the same  stress-rupture resul ts .  

P o s t t e s t  metallography revealed no  abnormal 
grain growth a t  any of the t e s t  temperatures. 

Strain-at-fracture da ta  are cons is ten t  with 
ear l ier  data '  on similar material. 

Creep o f  Graphite Under Irradiation 

C. R. Kennedy 

T h e  irradiation-induced shrinkage of graphite 
introduces s t ra ins  much greater than graphite can  
absorb without fracturing u n l e s s  the  internal 
s t r e s s e s  can be reduced through irradiation-induced 
creep. 

A second parabolic cantilever-beam in-reactor 
creep experiment containing specimens of AGOT, 
CGB, and isotropic grades of graphite h a s  been 
completed. The  experiment was  essent ia l ly  the  
same a s  the f i rs t*  except  that the beams were 
thermally insulated from the frame to  produce a 

100 

50 ..... .- 
0 0 

+ 
W 
z '  

4 0.5  
a 
t- 

m o r e  uniform specimen temperature. T h i s  change 
reduced the temperature variation to less than 15OC 
over the 6-in. beam and increased the average beam 
temperature to 370OC. Creep da ta  for the isotropic  
specimens could not be obtained because of a 
transducer failure, a specimen failure during load- 
ing, and an apparent blockage of the beam deflec- 
tion. 

T h e  creep curves obtained have the  same general  
character is t ics  a s  the earlier ones  (i.e., a large 
amount of primary creep followed by a linear stage). 
The  creep data  are given in Figs. 25.3 and 25.4, 
where the zero intercepts  and linear creep ra tes  
from both experiments are compared. 

T h e  neutron flux in the  experimental  faci l i ty  
is relatively constant  except in the vicinity of the 
upper three specimens.  There is a gradient over 
these  posi t ions with an average flux about five- 
e ighths  that of the lower posit ions.  The  resu l t s  
from t h e  second experiment were a l l  obtained from 
the lower posi t ions and can  be directly compared. 
The  two specimens at  the lowest s t r e s s  in  the 
first experiment were located in the lower flux 
posit ions,  and their creep ra tes  are adjusted in 
Fig.  25.4 for comparison. T h e  specimen a t  the 
highest  s t r e s s  in the first experiment operated a t  

'C. R. Kennedy, Metals  and Ceramics Div. Ann. Progr. 
Rept .  May 31, 1963, ORNL-3470, p. 132. 
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0 NEEDLE-COKE AGOT-1st EXPERIMENT 1 
A EGCR-TYPE AGOT (LOT 1074) - 2nd  EXPERIMENT 

I 

I 

i 

a slightly higher temperature than the others and 
is compared separately.  

The  zero-intercept da t a  demonstrate good general 
agreement with Hesketh’sg model for primary creep. 
T h i s  model of dislocation cl imb u s e s  e l a s t i c  
modulus va lues  from unirradiated graphite spec i -  
mens and predicts tha t  the  transient strain should 
be l inear with s t r e s s ,  independent of temperature, 
and proportional to the  e l a s t i c  s t ra in  on loading. 
Comparing the  s lopes  from Fig.  25.3 with values 
of the e l a s t i c  modulus, Tab le  25.1 shows a much 
more prec ise  proportionality of the  transient creep 
to  the  modulus of e las t ic i ty  of the  irradiated spec i -  
mens. A s  shown in the table,  the transient s t ra in  
i s  very c lose  to  95% of the  e l a s t i c  s t ra in  calcu- 
la ted  from the  modulus of e las t ic i ty  of the ir-  
radiated specimens:  

et = 0.95 A u / E I ,  (1) 

where et = transient creep, A o  = applied stress 
increment, and E I  = modulus of e las t ic i ty  o f  ir-  
radiated specimens.  
- 

’R. V. Hesketh,  T h e  Mechanisms of Irradiation Creep 
in Graphite, R. D./B/N.188 (November 1963). 
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Fig. 25.3. Zero Intercepts for Creep of Graphite 

Under Irradiation. 
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Fig. 25.4. Creep Rate of Graphite Under Irradiation. 



178 

Table  25.1. Comparison of Measured Moduli of E last ic i ty  to the Slopes in Fig.  25.3 

Slope in 

(psi) 

Modulus of Elast ic i tya (psi) Ratio of Modulus to Slope 
Grade Fig.  25.3 

Unirradiat ed Irradiated Unirradiated Irradiated 

x lo6 x l o 6  x lo6 
Needle-Coke AGOT 2.80 

AGOT (lot 1074) 4.70 

1.7 2.60 

2.0 4.54 

0.61 0.93 

0.43 0.97 

CGB 7.90 2.8 7.5 0.35 0.95 

aMeasured in creep apparatus when specimens were loaded. 

T h e  overload t e s t  resu l t s  (obtained by increas ing  
the  load during the  experiment) also demonstrate 
that  Eq. (1) is not affected by prior c reep  or ir- 
radiation history; for every A D  overload there w a s  
a transient c reep  ca lcu la ted  by Eq. (1). T h i s  
behavior is in conflict  with t h e  concept  of P e r k s  
and Simmons" and Reynolds" that t h e  c reep  
p rocess  is tha t  of unpinning d is loca t ions  without 
climb. T h i s  hypothes is  would predict  that  t h e  
t rans ien t  c reep  would be affected by neutron d o s e  
and thus  be reduced significantly for each  overload. 
Th i s ,  however, was  not observed, as shown in 
Fig.  25.3. 

T h e  l inear  or second-s tage  creep r a t e s  also 
confirm the application of Cottrell 's  irradiation 
c reep  model to graphite as proposed by both Hes- 
keth and Williamson and Jenkins.  Although 
these  two proposals descr ibe  the  model differently, 
they yield the same  resu l t  in t he  form: 

= A u ( G c  - G a ) ,  

where cc is t h e  l inear c reep  rate, c i s  the  applied 

s t r e s s ,  Ga and eC a r e  growth r a t e s  of the  crystal-  
l i t e  in the  a and c direction, and A is a constant.  
According to this model, the  l inear c reep  ra te  
depends upon the  growth r a t e s  of the c rys ta l l i t es  

10 A. J. Perks and J. H. W. Simmons, Radiation Induced 

W. H. Reynolds, The Mechanical Properties of Re-  

12A. H. Cottrell, Radiation Induced Creep in Graphite, 

I3G. K. Williamson and G. M. Jenkins, Irradiation 

Creep in Graphite, AERE-R-4372 (1963). 

actor Graphite, AERE-R-4566 (1964). 

M/M-102 (1955). 

Creep in Graphite, R. D./B/N.220 (February 1964). 

11 

and therefore should b e  t h e  same  for different 
grades  of graphite. T h i s  model also predic t s  an  
e f fec t  of temperature similar to tha t  on the  growth 
ra tes .  T h e  c reep  r e su l t s  agree  very well  with 
Eq. (2) us ing  the  growth r a t e s  given by Simmons 
and Reynolds.  l 4  In t h e  second  experiment, both 
the  AGOT and CGB grades exhibited the  same 
creep  rate, which was  less than tha t  observed for 
the  AGOT grade in the  first  experiment. An in- 
te res t ing  result  is that, i n  the  experiment a t  t he  
lower temperature, the c reep  rate w a s  not a l inear  
function of s t r e s s .  T h e  nonlinearity a t  t he  lower 
temperatures verifies ind ica t ions  by Los ty  that 
t h e  c reep  rate is independent of temperature. At 
lower s t r e s s  leve ls ,  c reep  r a t e s  would be  similar 
i n  t h i s  temperature range. T h i s  effect ,  coupled 
with t h e  poss ib l e  weighting of the  temperature- 
independent primary c reep  in the  l inear  c reep  ra tes ,  
may have  resulted in Los ty ' s  conclusion that t he  
c reep  ra te  is not temperature dependent. 

E f f e c t  of Irradiation on Graphite 

C. R. Kennedy 

Specimens of grades CGB and AGOT (lot 1074) 
graphite were irradiated for one  c y c l e  to neutron 

14J. H. W. Simmons and W. H. Reynolds, "Dimensional 
Effects in Graphite on Irradiation," pp. 75-80 in Pro- 
ceedings of a Symposium on Uranium and  Graphite, 
London, 1962, Insti tute of Metals Monograph No. 27 
(1962). 

"H. H. W. Losty,  "The Interpretation of Irradiation 
Creep Experiments on Graphite Springs," pp. 81-85 in 
Proceedings of a Symposium on Uranium and Graphite, 
London, 1962, Insti tute of Metals Monograph No. 27 
(1962). 

I 
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exposures  ( E  > 2.9 M e V )  of between 0.6 x lo2 '  and 
1.4 x lo2 '  neutrons/cm2 in the  B-8 position of the 
ORR. We then measured the effect  of irradiation 
on the electr ical  res is t ivi ty ,  dimensional stabil i ty,  
and t ens i l e  properties of the two materials. Except 
for the t ransverse AGOT, the irradiated specimens 
were so s t rong that t he  specimen grips failed be- 
fore the specimen, so the  modulus w a s  the only 
t ens i l e  property that  could be  obtained. 

T h e  neutron d o s e  w a s  determined by nickel and 
cobalt  flux monitors. T h e  neutron energy spectrum 
is estimated in Fig.  25.5 from calculat ions fur- 
nished by R. E. Dah l I6  for a s i m i l a r  posit ion i n  

16R. E. Dahl, General Electric, Hanford, personal 
communication to C. R. Kennedy, Oak Ridge National 
Laboratory, Feb. 10, 1964. 
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Fig. 25.5. Calculated Flux-Energy Spectrum for 

ORR 8-8 Position. The  ordinate represents the flux 
o f  neutrons having energy greater than the obscissa 

value, relot ive to that for 2.9 MeV. 
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Fig.  25.6. Dimensional Change of  Graphite by Irradiation at 350-475OC. 
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the GETR. Data for comparing resu l t s  a t  t h e s e  
low neutron d o s e s  a re  s c a r c e  except  t hose  from 
the  United Kingdom. T h e  d o s e  uni t s  u sed  i n  t h e  
United Kingdom, however, a r e  nickel-activation 
d o s e s  es t imated  from thermal flux measured by 
cobal t  activation and a r e  not directly comparable 
to our neutrons per squa re  centimeter ( E :  > 2.9 M e V )  

dose  units. Simmons and R e y n ~ l d s ’ ~  give th i s  
conversion based  on a comparison of irradiation 
damage to graphite: 

3.6 UK Ni Dose = Dose  E > 2.9 Mev . (3) 

T h e  contraction r e su l t s  a r e  given in Fig. 25.6. 
T h e  contraction of AGOT material (in percent per 
l o 2 ’  neutrons/cm2, E > 2.9 M e V )  is compared to 
to that of UK PGA graphite below: 

AGOT 0.10 0.064 
PGA 0.12 0.076 

T h e  difference c i t ed  above  may be  due to a real  
difference in t h e  graphite behavior or to inaccuracy 
in the  d o s e  conversion given by Eq. (3). T h e  com- 
parison of t h e  CGB and AGOT grades is valid, 
however, and demonstrates an in te res t ing  behavior. 
Although the  contraction inc reases  with d o s e  al- 
most identically in both the  parallel  and t ransverse  
directions,  contraction of the  CGB graphite in the  
t ransverse  direction appears  to become appreciable 
a t  a much lower dose.  

Our e lec t r ica l  res i s t iv i ty  measurements indicated 
that the  irradiation damage is independent of tem- 
perature over the  range of 150 to  550°C and d o e s  
not vary with d o s e  after an init ial  change. T h e  
averages  of t h e  va lues  obtained a r e  given in T a b l e  
25.2. Irradiation affected the  AGOT more than the  
CGB and t h e  parallel  va lues  in both mater ia l s  
more than t h e  transverse.  

Our e l a s t i c  modulus va lues  also appeared to be  
temperature independent and sa tura ted  after an  
in i t ia l  dose.  T h e  averages  of the completed re- 
s u l t s  a r e  given in  Tab le  25.3. Although t h e  t ens i l e  
properties of the  AGOT material  differ for two 
different t ransverse  directions,  t he  average is 
shown here  for comparison. Our only fracture re- 
s u l t s  a r e  for the  t ransverse  AGOT samples  and 
a r e  given in Tab le  25.4. T h e  fracture resu l t s  
show an  in te res t ing  comparison of the  total  and  
e l a s t i c  energ ies  a t  fracture. Los ty17  h a s  pre- 

Table  25.2. Ef fect  of Irradiation on the Electr ica l  

Res is  t i  vity of Graph i t e  

Average 
Graphite Preirradiation Average 

Orientation Increase Grade Resistivity,  po 
(ohm -cm) (A P / P  0) 

1 0 - ~  

AGOT (lot Paral le l  6.166 2.21 
1074) 

Transverse 9.762 1.88 

CGB Paral le l  6.437 1.37 

Transverse 12.558 1.16 

Table  25.3. Ef fect  of Irradiation on the Elast ic  

Modulus of Graphite 

Average 
Preirradiation Average Change 

Grade Orientation E las t i c  in E la s t i c  
Modulus, E,, Modulus ( A E / E ~ )  

(psi) 

x lo6 
AGOT Paral le l  1.84 1.34 
(lot 
1074) 

Transverse 0.92 1.42 

CGB Paral le l  3.25 1.59 

I 

viously reported tha t  t he  elastic fracture energy, 
determined from bend t e s t s ,  w a s  unchanged by 
irradiation. T h e  resu l t s  in T a b l e  25.4 a r e  in fair  
agreement with th i s ,  but the  total  fracture energy 
appears  t o  be more nearly unaffected. T h i s  dis- 
agreement is a reflection of t h e  difference between 
t h e  bend and t ens i l e  t e s t s ,  s i n c e  the  material 
acts more l i ke  an elastic material under bend 
testing. 

17H. H. W. Losty and J. S. Orchard, “The Strength 
of Graphite,” Proc. Conf. Carbon, 5th, Univ. Park, 
Penna., 1961 1, 519 (1962). 
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Table  25.4. Effect  of Irradiation on Fracture Strength o f  AGOT Graphite ( lot 1074) 

Average Average Average 
Fracture Fracture Elas t ic  Total Energy Elas t ic  Energy Specimen 

and Stress, Cf Strain, Ef Modulus, E UfEf/2 $ /2E 
(psi) (”/.) (psi) (in.-lb) (in. -1b) Orientationa 

x lo6 
Unirradiate d 1520 0.206 0.98 

No. 1 

Irradiated 2510 0.125 2.42 
No. 1 

Unirradia te  d 1100 0.131 0.87 

No. 2 

Irradiated 1550 0.088 1.99 

No. 2 

1.57 

1.57 

0.72 

0.68 

1.18 

1.30 

0.69 

0.60 

aNumbers 1 and 2 refer to two perpendicular transverse directions. 

DEVELOPMENT OF UNCLAD FUELS 

All-ceramic fuels  offer the advantages of high- 
temperature operation, long l i fe ,  and good neutron 
economy. A possible  disadvantage is that  some 
f iss ion product act ivi ty  from them may enter the 
coolant system, although recent  observat ions in 
th i s  a rea  have  been encouraging. W e  a re  develop- 
ing  and evaluating all-ceramic fuel e lements  with 
major emphasis  on fueled-graphite e lements  con- 
taining carbide fuel par t ic les  coated with pyrolytic 
carbon. Other s tud ies  have involved fabrication, 
evaluation, and irradiation tes t ing  of fueled Be0 
and tes t ing  the  mechanical properties of graphite 
and the e f fec ts  of irradiation on them. Some of 
our efforts on thorium-containing fue ls  a re  reported 
in Chap. 29 of this  report. 

Pyro I y t  ic-Car bon -Coa t i  ng Studies 

R. L. Beatty 

Fuel  par t ic les  have been coated with carbon 
produced by the pyrolytic decomposition of hydro- 
carbon g a s e s  in fluidized beds.  ’ * Deposition 
conditions have been varied to  determine their 
effect on coat ing properties. Temperature of ap- 

plication appears  t o  be the dominant variable in 
that  i t  inf luences a l l  properties of the coat ings,  
including strength, densi ty ,  co  l a t t i ce  spacing,  
apparent crystal l i te  s i ze ,  and preferred orientation. 
Another major variable is deposit ion rate ,  which 
is controlled by temperature and by the  rate  and 
partial pressure at which hydrocarbon g a s  is sup- 
plied to  the  coat ing chamber relative to the sur face  
a rea  of the charge being coated. 

Coat ings have been applied a t  temperatures over 
the range from 1000 to 18OO0C, mostly a t  14OOOC. 
In general ,  the coatings deposited a t  the higher 
temperature were denser ,  with 2.10 g/cm3 being 
the maximum density obtained. Densi t ies  have  
not been determined on coatings deposi ted a t  
temperatures below 1400OC. Densi t ies  and other 
properties of coat ings deposited a t  14OO0C, meas- 
ured as described in the following sec t ion ,  de- 
pended on deposit ion rate a s  shown in Fig.  25.7. 
T h e s e  properties are  for coat ings deposi ted with 
all condi t ions held essent ia l ly  constant  except  
the partial pressure and flow rate  of methane. T h e  

~ ~ 

“F. L. Carlsen, Jr., E. S. Bomar, and W. 0. Harms, 
“Development of Fueled Graphite Containing Pyrolytic- 
Carbon Coated Carbide Part ic les  for Nonpurged, Gas- 
Cooled Reactor Systems,” to b e  published in Nuclear 
Science a n d  Engineering. 
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average deposit ion ra tes  for t hese  coatings ranged 
from 2.5 to 164 p/hr. So tha t  the average deposi- 
tion rate measured for each  run would be a mean- 
ingful number rather than an average of a wide 

UNCLASSIFIED 
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Fig.  25.7. Effect  of Methane Par t ia l  Pressure on  

Properties of  5 0 - p T h i c k  Pyrolyt ic  Carbon Coatings 

Deposited on Spheroidal Uranium Carbide Par t ic les  in 

a F lu id ized  Bed a t  1400°C and 1 otm Total  Pressure. 

Average deposition rates represented range from 2.5 
to 1 6 4 p h r .  

range of values,  t he  th ickness  of coa t ing  deposited 
in each  run was  limited to  approximately 50  p. 
Thus,  during coating of the  150- to  250-p-diam 
uranium carbide par t ic les  used ,  the  sur face  area 
on which carbon was  being deposited increased  
by an average factor of approximately 2 rather 
than the  usua l  factor of 4 for 100-p-thick coatings.  
Even th is  doubling of charge sur face  a rea  (and 
thus  presumably halving of deposition rate) hampers 
the accura te  detection of e f fec ts  of changes  in 
deposit ion rate. However, we needed to compro- 
mise  constancy of deposit ion ra te  to th i s  extent 
to  obtain sufficient coating material for accura te  
ana lys i s .  T o  maintain a constant deposit ion rate, 
one might vary the rate a t  which hydrocarbon g a s  
is supplied to  the  coating chamber continuously 
or s tep-wise  to  compensate  for the changing sur- 
f ace  area. Programming the hydrocarbon gas  supply 
would have  practical  advantages in production- 
s c a l e  coa t ing  where time economy is an important 
consideration. 

All coatings prepared in th i s  series were deposi ted 
on reference 10% l o t s  of uranium carbide in a "/4- 

in.-ID graphite tube with a 3O0-included-angle cone  
a t  the bottom. In each  run five graphite d i sks  
"/16-in. diam x 3/4-in. thick were a l s o  included to 
obtain depos i t s  representative of the  par t ic le  coat- 
ings for other s tud ie s  described in the  next sec t ion .  
The  coa t ing  chamber was  positioned near the  center  
of t he  furnace hot zone for temperature uniformity 
of the  fluidized bed. Temperature was  monitored 
by a thermocouple located outs ide  the  coa t ing  
chamber and previously calibrated aga ins t  another 
thermocouple immersed in the  fluidized bed. 

Thoria  par t ic les  prepared by the ORNL sol-gel 
process '  were coated with s ing le  layers  deposi ted 
a t  140OOC and with duplex coatings comprising 
an inner layer applied a t  140OOC and an outer 
layer a t  180OOC. In no case did the  core react 
with the  coating as a result  of the coating operation. 

Evaluation of Coated P a r t i c l e s  

F. L. Carlsen, Jr. 
J.  0. Stiegler 

E. S. Bomar 
J. L. Cook 

During th i s  period, we evaluated 41  lo t s  of 
pyrolytic-carbon-coated fuel par t ic les  from five 

"0.  C. Dean e t  al . ,  "The Sol-Gel P rocess  for Prep- 
aration of Thoria B a s e  Fuels," p. 519 in  Proceedings of 
the Thorium Fue l  Cycle  Symposiums, Gatfinburg, Tenn- 
essee, December 5-7, 1962,  TID-7650, Book I1 (July 
1963). 

. 
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commercial suppl ie rs  and 32 lots of fuel par t ic les  
coa ted  in our laboratory. Visua l  appearance,  fuel 
content,  particle and coa t ing  dimensions,  crushing 
load, total  coated-particle and coa t ing  density,  
sur face  contamination, and  exposed fuel content 
were reported. Additional evaluation procedures 
were developed and used  to better charac te r ize  
the  pyrolytic carbon coa t ing  and the  coated particles.  

Dens i t ies  of pyrolytic carbon coa t ings  were meas- 
ured with the helium pycnometer by an es tab l i shed  
procedure.20 Density va lues  from 1.36 to 2.08 
g/cm3 were observed for coa t ings  prepared a t  
14OOOC and va lues  up  to 2.18 g/cm3 were observed 
on coa t ings  deposited at 210OOC. 

Some coatings that were depos i ted  a t  140OOC in 
the  range of methane partial  p re s su res  shown in 
Fig.  25.7 were examined for interlayer spac ing ,  
co;  apparent c rys ta l l i t e  s i z e ,  Lc; and degree  of 
preferred orientation. Values  of co and Lc  were 
determined with refined diffractometer methods, 
and we used  the  technique descr ibed  by Baconz1  
t o  eva lua te  t h e  preferred orientation of coa t ings  
stripped from disks .  Six of t h e s e  samples ,  repre- 
s en t ing  the  range of dens i t i e s  and methane partial  
p ressures ,  were examined to  determine the  function 
I (@) ,  t he  relative number of (00.2) po le s  per un i t  
so l id  angle  that make an  ang le  0 with t h e  normal 
to t h e  substrate.  T h e  symmetry around the  normal 
to  the  subs t ra te  allows the  da t a  to  be presented as 
a s ingle  distribution curve, I ( @ )  v s  0. Such a 
curve generally can  be fi t ted to the  equat ionz2  

I(@)/Zmax = COSM @ . 
Bacon's anisotropy factor is ~ o , / ~ o x  = M f 1. The  
variation of M with the  methane partial  p ressure  
during deposit ion is shown in Fig. 25.7 along with 
the  variations observed for t h e  c rys ta l l i t e  size Lc 
and t h e  interlayer spac ing  co. 

Electron microscopy and x-ray diffraction tech- 
n iques  were used  to charac te r ize  structural  fea tures  
of various pyrolytic carbons in the  as-deposited 
s t a t e  and after annealing. 2 3 * 2 4  W e  es tab l i shed  
that t he  as-deposited materials cons i s t  of turbo- 
s t ta t ica l ly  s tacked  monolayers having  the  hexa- 

*'E. S. Bomar, R. L. Beatty, and J. L. Cook, GCR 
Program Semiann. Progr. Rept. Mar. 31, 1963, ORNL- 
3523, gp. 103-6. 

' lG. E. Bacon, J. Appl. Chem. 6, 477-81 (1956). 

220. J. Guntart and C. A. Klein, Appl. Phys.  Le t te rs  
2(7), 125-27 (1963). 

gonal graphite structure. In low-density depos i t s ,  
transmission techniques revealed microvoids of 
of about 100  A in diameter. T h e  density of the 
microvoids increased  a s  t h e  density decreased ,  
but t he  c rys ta l l i t e  size did not change signifi-  
cantly.  Annealing of mass ive  depos i t s  caused  
la te ra l  growth of the  c rys ta l l i t es ,  which generally 
sharpened the  diffraction patterns but did not 
change t h e  microstructure. After 3 hr a t  265OoC, 
the  massive material  was  composed of graphite 
c rys ta l l i t es  a few ten ths  of a micron in diameter 
and about 100 A thick; microvoids were no longer 
present.  

Using microradiography, we have  measured parti- 
cle dimensions, studied fuel migration quali tatively 
and quantitatively,  evaluated the e f fec t iveness  of 
chlorine and ac id  leaching, and analyzed s h a p e s  
of co te  pa r t i c l e s .25 -28  We examined 16 l o t s  of 
fuel particles;  those  with unusual s h a p e s  were 
compared with previously prepared s tandards .  T h e  
to ta l  percentage of unusual shaped par t ic les  ranged 
from 0.74 to 13.3%. We do not know if all of t h e s e  
unusual s h a p e s  would perform badly during irradia- 
tion, but certain shapes  such  as double ts  and 
angular par t ic les  sometimes crack radially. 

A technique was  developed for s tudying  the  
nature of crack propagation in  pyrolytic-carbon 
coatings.  W e  had observed that c r acks  tha t  
in i t ia te  at t h e  coating-particle interface of i r -  
radiated par t ic les  seem to s top  a t  t h e  interface 
between t h e  laminar and columnar layers  of certain 
duplex particles.  2 9  Examining 12 lo t s  of multiple- 
layer  coatings,  w e  observed that the  coa t ings  with 

23J .  0. Stiegler, C. K. H. DuBose, and J. L. Cook, 
An Electron Optical Study ot  Structural Fea tures  of 
Pyrolytic Carbons, ORNL-TM-863 (in press). 

24J. 0. Stiegler, C. K. H. DuBose, and J. L. Cook, 
E f f e c t s  of Heat  Treatment on the Structure of Pyrolytic- 
Carbon Coatings on Uranium Carbide Part ic les ,  ORNL- 
TM-876 (classified) (in press). 

"3. S. Bomar et at., GCR Program Semiann. Progr. 
Rept. Sept. 30, 1962, ORNL-3372, pp. 183-85. 

26E. S. Bomar et al., GCR Program Semiann. Progr. 
Rept. Mar. 31, 1963, ORNL-3445, pp. 111-14. 

J. L. Cook and R. L. Hamner, The Removal of Ura- 
nium and Thorium from Fueled-Graphite Materials by 
Chlorination, ORNL-3586 (April 1964). 

28E. S. Bomar, R. L. Beatty, and J. L. Cook, GCR 
Program Semiann. Progr. Rept. Mar. 31, 1964, ORNL- 

"W. 0. Harms, "Coated-Particle Fuel  Development at  
Oak Ridge National Laboratory,'s pp. 71-79 in Ceramic 
Matrix F u e l s  Containing Coated Part ic les ,  Proceedings 
of a Symposium Held a t  Bat te l le  Memorial Institute, 
November 5 and 6 ,  1962, TID-7654 (1963). 

2 7  

3619, pp. 61-73. 
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the  most pronounced phys ica l  discontinuities per- 
formed well under irradiation. 

Analysis  of Strain 
in  Pyrolyt ic-Carbon Coat ings 3 0  

J. W. Prados31  J .  L. Scott 

To a s s i s t  in the  planning and interpretation of 
t e s t s  on pyrolytic-carbon-coated nuclear-fuel parti- 
c l e s ,  a technique was  developed for ca lcu la t ing  
profiles of the  tangential  s t r e s s  and s t ra in  com- 
ponents in spher ica l  pyrolytic carbon s h e l l s  under 
simulated reactor operating conditions. T h e  method 
is based on a mathematical ana lys i s  of s t r e s s  and 
strain in a spherically symmetric anisotropic medium 
with hexagonal c rys ta l  symmetry, in which the  
crystallographic c axes  co inc ide  with the  axes  of 
geometrical symmetry. Stress-inducing fac tors  
considered a r e  (1) thermal expansion, result ing 
from differences between coa t ing  deposit ion tem- 
perature and operating temperature; (2) swel l ing  
of the  core particle as fuel atoms are  converted to  
fission products; (3) r e l ease  of gaseous  fission 
products from the  fuel particle,  leading to buildup 
of pressure  between the  particle and the  coating; 
and (4) dimensional changes  in the  pyrolytic carbon 
coa t ing  i t se l f ,  caused  by fast-neutron or f i ss ion-  
fragment damage. 

A digital  computer program was  developed for 
calculating and plott ing profiles of the  tangential  
s t r e s s  and s t ra in  a s soc ia t ed  with these  factors,  
ac t ing  singly or in combination, in a particle 
coating. Lack  of property da t a  and failure cri- 
teria for pyrolytic-carbon coa t ings  preclude ab- 
so lu te  calculation of failure conditions a t  present.  
However, we believe relative comparisons of ca l -  
culated behavior a re  meaningful and should be of 
considerable a s s i s t a n c e  in the  se lec t ion  of opti- 
mum coated-particle design parameters and t e s t  
conditions. 

A s  an  i l lustration of our resu l t s ,  F ig .  25.8 shows  
the  thermal s t ra in  ca lcu la ted  for a 100-C( pyrolytic- 
carbon coa t ing  applied to a 200-p-diam UC, fuel 
particle with no init ial  gap between particle and 
coating. The  a b c i s s a  represents  fractional d i s -  

30J. W. Prados and J. L. Scott, Analysis  of S t ress  and 
Strain in Spherical Shel ls  of Pyrolytic Carbon, ORNL- 
3553 (June 1964). 

31Consultant from the University of Tennessee.  
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Fig. 25.8. Tangential  Thermal Strain Prof i le  in  a 
100-C( Pyrolytic Carbon Coating with No In i t ia l  Gap. 

t ance  measured from the  inner coa t ing  surface,  t he  
ordinate represents  fractional s t ra in ,  and the  curve  
parameters a r e  d i f fe rences  between the  ac tua l  
temperature of t h e  coa t ing  during operation (as- 
sumed uniform) and the  temperature a t  which t h e  
coa t ing  had been deposited.  Note that in t h e s e  
ca lcu la ted  strain profiles we assumed tha t  the  
coa t ing  was  anisotropic,  so  they differ significantly 
from profiles that  would obtain i f  isotropic coa t ing  
material  were assumed. 

Microradiography of Coated Part ic les  

R. W. Mcclung 

Samples from more than 1350 ba tches  of coa ted  
par t ic les  were microradiographed for nondestructive 



evaluation. T h e  samples  included not only as- 
deposited coa ted  par t ic les  but also se lec ted  groups 
tha t  had undergone hea t  treatment or in-pile tes t -  
ing. 3 2  

A new calibration scheme was  developed to 
provide posit ive a s su rance  of the  accuracy of 
dimensional measurements made on coated parti- 
cles. 2 , 3 3  Short l engths  of 0.002-in.-diam tungsten 
wires were coa ted  with pyrolytic carbon to a total  
diameter of about 10 mils. One of t h e s e  w a s  
placed in a small cylindrical  container and micro- 
radiographed with standard coated particles.  Meas- 
ured optically,  the  diameters of both the  s tandard  
and i t s  radiographic image were 248 p, assu r ing  
that no bias was introduced into the  measurements. 

Metallography of (Th,U)C, 
and ThC, Particles 

T. M. Kegley, Jr. B. C. Leslie 

Special  t echniques  a r e  required in the metallo- 
graphic preparation of thorium-containing carb ides  
because  of the s t rong  tendency of t h e s e  carb ides  
to hydrolyze. For  ins tance ,  vibratorily polished 
specimens m u s t  b e  prepared in a controlled atmos- 
phere of low humidity. F igure  25.9 shows two 
coated (Th,U)C, par t ic les  of 0.6 thorium-to-uranium 
ratio from the same  batch; one  par t ic le  was  pre- 
pared with t h e  vibratory polisher in the  room at- 
mosphere and  the  other in a dry box. T h e  former 
reacted while t he  la t te r  did not. 

We developed procedures for both vibratory and 
mechanical polishing of the  thorium-containing 
carbide specimens.  4 - 3  T h e  choice  of methods 
depends on t h e  time ava i lab le ,  the  quali ty of polish 

32R.  W. McClung, GCR Program Semiann. Progr. Rept. 
Mar. 31, 1964, OWL-3619, pp. 73-74. 

33R.  W. McClung, GCR Program Semiann. Progr. Rept. 
Sept. 30, 1963, OWL-3523,  p. 112. 

34T. M. Kegley, Jr., and B. C. Lesl ie ,  “Metallographic 
Preparation of  Dicarbides of Thorium and Thorium-Ura- 
nium,” technical note submitted to Journal of Nuclear 
Materials . 

35E. S. Bomar et al., “Thorium-Uranium Carbides for 
Coated-Particle, Graphite Fuels ,99 paper to be presented 
a t  AIME Symposium on Compounds of Interest in Nuclear 
Technology, Boulder, Colo., Aug. 3-5, 1964. 

36T. M. Kegley, Jr.,and B. C. Lesl ie ,  “Metallographic 
Preparation of Dicarbides of Thorium and Thorium-Ura- 
nium,” paper to be presented a t  the 18th AEC Metallo- 
graphy Group Meeting, Atomics International, Canoga 
Park, Calif., June 22-24, 1964, proceedings will be 
published. 

des i red ,  and t h e  number of specimens to be  proc- 
e s s e d .  Vibratory polishing requires more time than 
mechanical,  but i t  produces a better quality of 
polish,  with fewer sc ra t ches  and less sur face  
relief. Mechanical polishing i s  more expedient 
s i n c e  i t  is quicker and  needs  no dry box. 

UNCLASSIFIED 
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Fig. 25.9. Effect  o f  Atmospheric Environment on 

Vibrotory Pol ishing of (Th,U)C2 Par t ic les  of 0.6 
Thorium-to-Uranium Ratio. A s  polished. (a) P a r t i c l e  

with reaction, pol ished i n  room atmosphere. (b) Por t ic le  
without reaction, pol ished i n  dry box. Reduced 32%. 
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Our procedures for preparing thorium-containing 
carbide specimens a re  somewhat different from 
those used elsewhere; the principal dist inction is 
that we u s e  nitric acid for passivat ing and e tch ing  
pyrolytic-carbon-coated (Th,U)C, par t ic les  instead 
of the customary air e tching employed by other 
investigators.  3 7 - 3 9  W e  etched coated par t ic les  
of (Th,U)C, and ThC, by immersion in equal  
parts of water and concentrated ni t r ic  acid.  A 
short  period of immersion in this  solution pass i -  

37H. A. Wilhelm and P. Chiotti ,  Trans. Am. S O C .  

38 N.  Brett, D. Law, and D. T. Livey ,  J .  Inorg. Nucl.  

B. Engle, Metallography of Carbide Fuel Com- 

Metals 42, 1295-1310 (1950). 

Chem. 13, 4 4 4 3  (1960). 

pounds, GA-2067 (1961). 
39G. 

va tes  the polished sur face  and retards subsequent  
reaction with moisture. Longer periods of immer-  
s ion a l so  etch by the development of interference 
colors  in  the pass ive  f i l m  formed on the polished 
surface.  

Figure 25.10 compares air-etched and nitric-acid- 
e tched microstructures for (Th,U)C, par t ic les  of 
2.2 thorium-to-uranium ratio from the same batch. 
The  microstructure of the nitric-acid-etched par t ic le  
is considerably clearer and more def ini t ive than 
t h e  microstructure of the air-etched particle. 

Figure 25.11 shows  a pyrolytic-carbon-coated 
ThC, par t ic le  that had been passivated by i m m e r -  
s ion in t h e  ni t r ic  acid solution. The  par t ic le  h a s  
a bright metal l ic  appearance s i m i l a r  to tha t  of a 
specimen in the as-polished condition. Observation 

Fig. 25.10. Pyrolytic-Carbon-Cooted (Th,U)C2 Part i -  

B O X .  (a) Air 
(b)  Etched by immersion in “1:l HNO3-H20” 

cles of 2.2 Rat io from the Same Batch. 
etched. 

for 15 min. Reduced 51%. 

Fig.  25.11. Pyrolytic-Carbon-Coated ThC2 Par t ic le  

with Excess Graphite, Pass iva ted  by Immersion in 

“1:l HN03-H20” for 1 min. (a) Bright f ie ld.  (b) 
Polar ized light. Reduced 51%. 
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with polarized light revea ls  t he  complex twinned 
structure of the  T h C ,  particle. 

Poison Par t ic les  

R. L. Hamner R. L. Beatty 
R. E. Meadows 

We studied the preparation and thermal behavior 
of rare-earth poison par t ic les  intended for u s e  in 
fueled-graphite, pebble-bed reactors. Our s tud ie s  
included the compatibility of oxide-carbon mix- 
tures,  t he  thermal s tab i l i ty  of pyrolytic-carbon- 
coated oxide particles,  and the  preparation of 
spheroidal carbide particles.  

In thermogravimetric s tud ie s  a t  a pressure of 
torr, intimately mixed powders of Eu,O, and 

carbon began to  react at approximately llOO°C. 
The  da ta  were interpreted in terms of the  following 
reactions above llOO°C: 

Eu,O,(s) + 7C(s) + 2 Eu(2) + 4C(s) + 3CO(g) 

2 Eu(2) + 2 Eu(g) . 

A rare-earth oxide mixture (45% Gd,O,, 45% Sm,O,, 
10% other rare-earth oxides) a l so  began t o  react 
with graphite a t  approximately llOO°C, but it 
reacted more s lowly in the 1400 to 1500OC tem- 
perature range than did Eu,O,. 

Dense irregular shaped Eu,O, particles,  -60 
+ l o 0  mesh, were coated with 100 ,LL of pyrolytic 
carbon a t  14OOOC and hea t  treated. After either 
1000 hr at llOO°C or 200 hr a t  14OO0C, both a t  a 
pressure  of torr, no significant change from 
the  as-coated s t a t e  was  detected by metallography. 
After the  14OOOC hea t  treatment, radiography re- 
vealed some migration from the  Eu,O, particles 
into the  coating. Weight l o s s e s  in short-term ther- 
mogravimetric experiments and metallographic ex- 
amination showed that the Eu,O, par t ic les  reacted 
appreciably with the  pyrolytic carbon coating a t  
higher temperatures (1700 to 180OOC). 

Radiographic and metallographic examination of 
pyrolytic-carbon-coated spheroidal B,C par t ic les  
tha t  had been heated for 2 hr a t  2200OC in argon 
a t  1 atm revealed essent ia l ly  complete migration 
of t he  boron into the  coating. 

Attempts to form spheroidal EuC, particles by 
heating granules prepared from mixed Eu,O, and 
graphite powders were not successfu l ,  because  
an intermediate molten phase formed at approxi- 

mately 170OOC and exuded from the granules be- 
fore the  dicarbide could b e  formed a t  2300OC. 
T h e  most promising t echn ique40p41  for preparing 
rare-earth carbide par t ic les  was  to arc melt the 
oxide-graphite mixtures to form a solid mass ,  
granulate to a given particle size, embed these  
particles in graphite, and hea t  a t  approximately 
2500°C. 

Fue led  Bery l l ium Oxide 

A. T. Chapman R. L. Hamner 
R. E. Meadows 

We have  investigated the  feasibil i ty of leaching 
fuel particles from the  surface of Be0-30 vol % 
UO, spec imens  with acid. Also, we have  used 
ac id  leaching  to evaluate fabrication techniques 
designed to minimize fission-gas r e l ease  through 
open pores and microflaws in the structure during 
irradiation. The  specimens were of two micro- 
structural  types  (1) conventionally prepared 93%- 
dense  dispersions,  representative of those  i r -  
radiated in the  group VI experiment in the  ORR 
(see below), and (2) 9 4 % d e n s e  d ispers ions  pre- 
pared4’ from par t ic les  coated with BeO. Treat-  
ment with 2 M HNO, a t  98OC or 4 M HNO, a t  
105OC showed that fuel was  leached  not only 
from the  surface but, given sufficient time, nearly 
completely from the  matrix. Fue l  was  probably 
leached  through open pores and microcracks, 
although the  B e 0  matrix a t  high magnification 
appeared to have been damaged by the leaching  
process.  4 3  

T h e  group VI irradiation t e s t  capsule4’  contain- 
ing  bushings of Be0-30 vol % UO, was  withdrawn 
from the  ORR poolside facility after 125  operating 
days  at a fuel specimen temperature of approxi- 
mately llOO°C and after a heavy-metal burnup of 
1.6 at .  7%. Steady-state values of r e l ease  rate to 
birth rate (R/B) were about lo-,  for 87Kr, I3’Xe, 

40R. L. Hamner e t  al., GCR Program Semiann. Progr. 
Rept. Sept. 30, 1963, ORNL-3523, pp. 121-26. 

,*R. L. Hamner, R. L. Beatty, and R. E. Meadows, 
GCR Program Semiann. Progr. Rept. Mar. 31, 1964, 

,‘A. T. Chapman, R. L. Hamner, and R. E. Meadows, 
Metals and  Ceramics Div. Ann. Progr. Rept. May 31, 

43A. T. Chapman, R. L. Hamner, and R. E. Meadows, 
GCR Program Semiann. Progr. Rept. Sept. 30, 1963, 

ORNL-36 19, pp. 79-80. 

1963, ORNL-3470, pp. 78-79. 

ORNL-3523, pp. 220-21. 
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"Kr, and 85Kr  and lo-* for '33Xe; the va lues  
remained essent ia l ly  cons tan t  throughout t he  
experiment. T h e  specimens swel led slightly dur- 
ing irradiation and exhibited both macro- and micro-  
cracking. In addition, grain growth was  observed44 
in the  fuel midway between the inner and outer 
surfaces.  

Eva I uat  ion of Fueled-  Graphite Bodies 

F. L. Carlsen, J r .  E. S. Bomar 
J. L. Cook R. E. Adams 

The  evaluation of graphite-matrix fuel e lements4  
h a s  continued with 76 l o t s  during the  present re- 
porting period. T h e s e  fuel e lements  were spherical ,  
ei ther 1.5 or 2.36 in. in diameter, and were of 
three bas ic  types: molded without unfueled she l l s ,  
molded with molded unfueled s h e l l s ,  and molded 
inser t s  within machined she l l s .  In addition to  the  
fueled spheres ,  we tes ted  a large number of un- 
fueled spheres  machined from various grades of 
graphite . 

Our aims were to  charac te r ize  irradiation-test 
samples  and to develop spec i f ica t ions  for the  
fueled-graphite sphe res  to be  used  in the  AVR 
(German Pebble-Bed Reactor). T h i s  program in- 
cluded nondestructive t e s t ing  ( s e e  next subsec-  
tion), determination of mechanical and thermal 
properties, thermal shock t e s t s ,  and t e s t s  to deter- 
mine the  integrity of the  contained coated fuel 
particles.  

All spheres  were measured, examined visually, 
and radiographed. The  diameters of the molded 
1.5-in.-diam spheres  were generally 1.500 k 0.030 
in. whereas  the  machined spheres  varied much 
less. A method was  developed for rapidly measur- 
ing the sphere  diameters by us ing  a rotating fixture 
and an eddy-current coil  to de tec t  the  relative 
position of a Teflon-tipped probe. 4 6  Radiography 
of intact  spheres  quali tatively indicated the fuel 
distribution. A method was developed46 for quanti- 
tat ively measuring fuel distribution by radiography 

J. G. Morgan, H. E. Robertson, and M. F. Osborne, 
GCR Program Semiann. Progr. Rept. Sept. 30, 1963, 

45F. L. Carlsen, Jr., Metals and Ceramics Div. Ann. 

46E. S. Bomar e t  at., GCR Program Semiann. Progr. 
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ORNL-3523, pp. 221-25. 

Progr. Rept. May 31,  1963, ORNL-3470, p. 140. 

Rept. Sept. 30, 1963, ORNL-3523, pp. 302-18. 

of '4-in.-thick d i sks  machined from the  fueled 
spheres .  

The  abrasion res i s tance  of fueled and unfueled 
graphite sphe res  was  determined in three types  of 
t e s t s :  s imple ball milling, cycling in a mockup 
of a fuel-handling apparatus, and in the  co re  
mockup for the  Pebble-Bed Reactor Experiment. 
T h e  molded spheres  res i s ted  abrasion less than 
the  machined spheres.  The  res i s tance  of t h e  
various lo t s  of molded fueled spheres  differed 
considerably s i n c e  they were made by various 
fabrication procedures. The  crushing strength,  
determined for many of the  1.5-in. 
ranged from 775 to 3370 l b  load a t  failure. Oxida- 
tion in steam a t  900 to 1000°C seriously reduced 
the  crushing strength when the  weight l o s s  was  
greater than 1%. For example, the strength of 
one lo t  was  reduced from 1400 to  300 lb  by an 
oxidation weight l o s s  of 8.7%. 

A graphite-resistor furnace was assembled for 
thermal-shock t e s t s  of fueled-graphite spheres  
to simulate the thermal stresses that will be gen- 
erated during reactor operation. T h e  apparatus 
permits dropping the spheres  into the  hot furnace, 
holding them for a period of time, and then quench- 
ing them in a graphite crucible a t  room temperature. 
T h e  conditions necessary  to crack the sphe res  
were determined. Molded 1.5-in.-diam sphe res  
cracked when dropped from temperatures of 20OO0C 
or above. Some of t he  6-cm-diam sphe res  cracked 
when dropped from 1950°C, but two machined-shell 
e lements  heated a s  high as 215OOC did not. Spheres  
were measured after thermal treatments to  determine 
whether thermal effects were responsible for di- 
mensional changes  that have  been observed48 for 
irradiated spheres .  A hea t  treatment a t  1000°C 
for 1000 hr did not cause  any measurable  changes ,  
but thermal shock treatments did, indicating that 
thermal gradients may have  caused  the  changes  
observed in irradiated spheres .  

The  integrity of coated par t ic les  in spheres  was  
determined by acid e lec t ro lys i s  and neutron activa- 
t i o n . 4 6 n 4 7  The  exposed uranium, a s  determined by 
ac id  e lec t ro lys i s ,  on neutron-activated sphe res  cor- 
related very well with the  ' 33Xe  release observed 
during postirradiation anneal ing of the same spheres .  

47F. L. Carlsen, Jr., E. S. Bomar, and J. L. Cook, 
GCR Program Semiann. Progr. Rept. Mar. 31, 1964, 

48M. F. Osborne e t  at., GCR Program Semiann. Progr. 
ORNL-3619, pp. 203-5. 

Rept. Sept. 30, 1963, ORNL-3523, p. 359. 
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The  ratio of fraction of '33Xe re leased  to fraction 
of uranium exposed ranged from 1.3 x lo-' to 1.5 x 
lo-'. The  ratio va lues  varied more when the meas- 
urements were made on two sepa ra t e  spheres .  
Crushing, impact testing, or thermal-shock t e s t ing  
did not increase  the  exposed uranium content ex- 
cep t  on impact-tested sphe res  tha t  did not have 
unfueled she l l s .  

Thermal expansion coef f ic ien ts  were determined 
for a number of fueled-graphite samples .47  T h e  
ef fec t  of coated par t ic le  conten ts  (0 to 40%) w a s  
measurable only for hot-pressed samples  in t h e  
direction parallel  to the molding ax is .  Anisotropy 
factors of 2 to 3 were observed for hot-pressed 
and extruded cylinders. The  ratio of the  coefficient 
for t he  fuel insert  t o  tha t  for t he  ATJ she l l  material 
in sphe res  with machined s h e l l s  is an  important 
parameter for thermal s t r e s s  considerations.  49 
T h i s  ratio varied from 0.53 to 2.2 for hot-pressed 
cylinders and from 1.0 to 1.5 for specimens c u t  
from spheres .  

Nondestruct ive Test ing o f  F u e l e d  Graphite 

C. V. Dodd R. W. McClung 

A mechanism was  designed and constructed to 
allow scanning  of 6-cm-diam graphite spheres ,  
such  as a re  proposed for t he  AVR fuel elements.  
The  dev ice  rotates t he  sphere  simultaneously 

~~ 

J. G. Merkle, G C R  Program Semiann. Progr. Rept .  49 

Sept. 30, 1963, ORNL-3523, pp. 296-301. 

about t h e  vertical  and horizontal a x e s  and h a s  
been used  in development of both eddy-current 
and infrared nondestructive tes t ing  techniques.  O, ' 

A new low-noise phase-sens i t ive  eddy-current 
instrument5 ' w a s  fabricated for t he  determination 
of the  integrity of the  outer she l l  in the  AVR-type 
fuel elements.  Several  new coils were des igned  
and built for u s e  with the  new instrument. In 
addition, w e  s ta r ted  to apply the  eddy-current 
instrument and scanning  device  to develop a s y s -  
tem for identifying spec i f ic  sphe res  or groups of 
spheres .  Some of our eddy-current developments 
a r e  given in Part 11, Chap. 17, of th i s  report. 

Considerable effort h a s  been expended toward 
the  development of infrared techniques for t h e  
detection of nonbond between the  fueled and un- 
fueled sec t ions  of graphite spheres .  In the  most 
promising technique, shown in Fig.  25.12, a l ens  
sys tem focuses  the  infrared radiation from a spot  
on a hot graphite sphere  onto a detector.  Emissivity 
variations have  caused  loss in sensit ivity.  

Special  radiographic techniques us ing  Luc i t e  
masks  have  been developed for high-quality in- 
spec t ion  of the graphite from which s h e l l s  a r e  
machined for fueled spheres .  

'OC. V. Dodd and R. W. McClung, G C R  Program Semi- 
ann. Progr. Rept .  Sept. 30, 1963, ORNL-3523, pp. 318- 
2 4. 

Mar. 31, 1964, ORNL-3619, pp. 74-77. 

Rept .  May 31,  1963, ORNL-3470, p. 94. 

"C. V. Dodd, G C R  Program Semiann. Progr. Rept .  

52C. V. Dodd, Metals and Ceramics Div. Ann. Progr. 
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Fig. 25.12. Device  Using Infrared Radiation to Detect  Nonbond in  Spherical Graphite Fuel  Elements. 



190 

Removal of Uranium and Thorium 
from Fueled-Graphite Mater ia ls  

by Chlorinat ion 

J. L. Cook R. L. Hamner 

A nondestructive process  was developed for the 
removal of exposed uranium and thorium from fueled- 
graphite spheres  for gas-cooled pebble-bed re- 
actors. s Volati le chlorides were formed and 
removed by reacting exposed uranium and thorium 
a t  high temperature with a dynamic atmosphere 
of gaseous chlorine diluted with argon. Chlorina- 
tion experiments were conducted a t  800 to 1000°C 
with uncoated spherical  UC, and (U,Th)C, parti- 
c l e s ,  pyrolytic-carbon-coated fuel par t ic les ,  and 
graphite matrices containing coated fuel par t ic les .  
The  resu l t s  were evaluated by radiography, chemi- 
c a l  ana lyses ,  x-ray diffraction ana lyses ,  and 
alpha assay .  

Su r faceexposed  uranium without thorium was 
more readily removed by chlorine treatment than 
surface-exposed uranium-thor ium combinations,  but 
both could be removed by t reat ing for 16 hr a t  
1000°C in a flow of 80 cm3/min C1, and 125  c m 3 /  
min Ar. Internally exposed fuel was not effectively 
removed. 

Assembly and Impact T e s t i n g  
of Fueled-Graph i t e  Spheres54 

C. 0. Smith J. M. Robbins ment out of ten having 0.040-in. c learance  did not. 
Thermal cycl ing ten t imes in vacuum between 

More than 300 specimens of eight different de- room temperature and 1000"c did not change the  
s i g n s ,  made from s h e l l s  machined from ATJ graph- impact res i s tance  of e lements  with 0.025-in. 
i t e  and simulated fuel inser t s  machined from CS- c learance  and ei ther  0.080- or 1.00-cm-thick she l l s .  
312 graphite, were assembled by methods previously 
reported.55 In seven  of the  d e s i g n s  the she l l  
thickness  was 0.80 c m  while in the eighth i t  was 
1.00 cm.  In addition to differences in design,  we  
considered the  e f fec ts  of severa l  fabrication vari- 
ables .  T h e s e  included the magnitude of the clear-  
ance  (in most cases ultimately filled with cement) 
between inser t  and she l l ,  c losure torque, type of 

J. L. Cook and R. L. Hamner, T h e  Removal o f  
Uranium and Thorium from Fueled-Graphite Materials b y  
Chlorination, ORNL-3586 (April 1964). 

54C. 0. Smith and J. M. Robbins, G C R  Program semi -  
ann. Progr. Rept. Mar. 31, 1964, ORNL-3619, pp. 210-17. 

J. M. Robbins and R. L. Hamner, G C R  Program 5 5  

Semiann. Progr. Rept .  Sept.  30, 1963, ORNL-3523, 

5 3  

pp. 324-25. 

cement,  need for ul t rasonic  c leaning,  whether the 
inser t  was loose  (with only threads cemented) or 
completely cemented, and submission to  thermal 
cycl ing in vacuum. 

The  tentat ive AVR specif icat ions require that 
f inished fuel e lements  be capable  of surviving 
50 drops from a height of 4 m onto a 3-deep bed 
of close-packed 6-cm-diam graphite spheres .  The 
tes t ing  procedure used was dropping s imulated 
elements  on the bed of graphite spheres  until 
failure or 75 drops,  whichever occurred f i rs t ,  then 
dropping unfailed elements  from 4 m onto a s t e e l  
plate .  

Neither a variation in c losure torque between 
1 5  and 50 in.-lb nor ul t rasonic  c leaning of t h e  
she l l  and inser t  before assembly appeared to af- 
fect the  impact res is tance.  An element with a 
loose  inser t  had a shorter impact life than a n  
element with a completely cemented insert. Ele- 
ments assembled with three different cements  
apparently had the same impact life. 

Impact life of simulated fuel e lements  is sen-  
s i t i ve  to the  nominal c learance  between she l l  and 
insert. A l l  specimens with 0.80-cm-thick she l l s ,  
0.005-in. c learance,  and threaded c losures  met 
the  impact requirement. Some with 0.025-in. 
c learance  and none of those with 0.040-in. c lear-  
a n c e  did. Elements  with 1.00-cm-thick s h e l l s  were 
superior to those  with 0.80-cm-thick she l l s ;  all 
those  tes ted  having 0.005-in. and 0.025-in. radial 
c learances  met the requirement and only one ele- 

.. 

Impact T e s t i n g  of Graphite Spheres 5 4  

C. 0. Smith 

Free-drop, drop-weight, and crushing t e s t s  were 
performed on eight grades of graphite: extruded 
TSX, AGOT, CS-312, and HLM-85; and molded 
C-18, 9050, 3499-S, and ATJ. Of t h e s e  graphites 
the ATJ grade was the best ,  and further detai led 
investigation was  performed with th i s  material. 56 

56E. S .  Bomar et  al . ,  GCR Program Semiann. Progr. 
Rept., Sept.  30, 1963, ORNL-3523, pp. 310-15. 
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Res i s t ance  to impact and crushing  varied con- 
siderably from one sphere  to another and from one  
block of ATJ graphite to another. There  was  no 
discernible pattern of variation in resu l t s  a s  a 
function of position in the  block and no correlation 
between the  density of an  individual sphere  and 
i t s  r e s i s t ance  to impact o r  crushing. 5 6  

As might be expected, the  number of drops for 
failure in both the  free-drop and drop-weight t e s t s  
decreased  as  drop height increased. In the  ex- 
treme tes t ,  5 6  nine 6-cm-diam ATJ graphite sphe res  
failed on three to ten drops (average 6.8) from 90 ft. 

In all three types  of t e s t s  with l-in.-, 1.5-in.-, 
6-cm- (2.36-in.-), and 3.5-in.-diam spheres ,  the  
r e s i s t ance  decreased  with inc rease  in sphere  
size. 

Thermal cycling between room temperature and 
1000°C h a s  been postulated t o  inc rease  the  size 
and number of microcracks and thus  dec rease  the  
impact resistance.  Thermal cyc l ing  of ATJ graphite 
sphe res  in helium appeared not to affect  impact 
and crushing res i s tance ,  but thermal cyc l ing  in  
vacuum decreased  the  impact and crushing res i s t -  
a n c e  of some  lo t s  of spheres .  

A number of 6-cm-diam sphe res  tha t  failed in 
the  free-drop and drop-weight t e s t s  were machined 
to lS-in.-diam spheres  (concentric with the original 
sphere) and crushed. T h e  f ac t  that  the crushing 
loads  were the  same as those  of sphe res  taken 
from virgin graphite indicated tha t  all damage 
leading to failure occurred in an  outer region not 
more than t 6  in. thick. 

Fueled-Graphite Irradiation T e s t s  

J. L. Scott C. Michelson '' 
R. A. Bowman 

We a re  continuing a program58 for t e s t ing  fueled- 
graphite elements. T h i s  program h a s  involved the  
preparation of 2 1  irradiation c a p s u l e s  and t e s t s ,  
requiring 94 spher ica l  fueled-graphite e lements  
containing pyrolytic-carbon-coated par t ic les  of 
(U,Th)C, or UC,. T h e  major a r e a s  being investi-  
gated a r e  (1) irradiation s tab i l i ty  and fission- 
product retention of fueled-graphite spheres ,  (2) 

5 7 0 n  loan  from the Tennessee  Valley Authority. 
"F. L. Carlsen, Jr., Metals and  Ceramics Div. Ann. 

Progr. Rept.  May 31, 1963, ORNL-3470, p. 141. 

design and  fabrication of s h e l l s  for fuel elements,  
(3) irradiation stabil i ty of fuel-element materials 
and dimensions,  (4) thermal conductivity of fuel- 
element materials and irradiation-induced changes  
in i t ,  and (5) ef fec ts  of irradiation on the  impact 
and crushing  strength of fuel e lements  fabricated 
by different processes .  Our responsibil i ty is to 
he lp  in planning the  capsu le  irradiation t e s t s  and 
to load fuel e lements  into the  primary containment 
prior to irradiation. Capsu le s  that have  been 
loaded during th i s  report period a re  descr ibed  
below. 

F i rs t ,  l.S-in.-diam sphe res  were t e s t ed  in four- 
ball and eight-ball capsu le s  and in the  ORR gas- 
cooled loop No. 2. T h e  four-ball capsu le s  con- 
tained two fueled-graphite sphe res  in a s t a t i c  
(sealed) compartment and two in a sweep compart- 
ment that  was  purged with helium. T h i s  feature 
permitted t h e  sampling of f i ss ion  g a s e s  for an- 
a l y s i s  during irradiation. T h i s  type capsu le  was  
posit ioned in the  ORR pool next to the  reactor 
pressure  ves se l  and was  cooled by the pool water. 
Each eight-ball capsu le  contained eight sphe res  
in a sea l ed  container with no provision for fission- 
g a s  ana lys i s .  T h i s  type capsu le  was  p laced  in 
the  F-1 position of the ORR core,  and  its hea t  
was  removed by the  core  cooling water. T h e  
assembly for t e s t ing  1.5-in.-diam sphe res  in ORR 
loop No. 2 he ld  four spheres .  It w a s  posit ioned 
in a la rge  ORR beam hole  and cooled by a con- 
t inuous flow of helium over the  spheres .  

La ter ,  we t e s t ed  2.36-h-diam sphe res  in  AVR 
capsu le s  and in  the  ORR loop No. 2. T h e  AVR 
capsu le s  contained two sphe res  in a s t a t i c  com- 
partment and one  in a sweep  compartment. The 
capsu le  was  posit ioned in the  ORR pool at  loca- 
t ions  formerly occupied by the  four-ball capsules .  
T h e  ORR loop No. 2 assembly for t e s t ing  2.36- 
in.-diam sphe res  holds  three sphe res  and i s  posi- 
tioned in the location formerly occupied by the  
assembly for tes t ing  1.5-in.-diam spheres .  

T h e  1.5-in.-diam e lements  were of in te res t  during 
the  development of an  ORNL pebble-bed reactor. 
The larger e lements  a re  of in te res t  for u s e  in the 
AVR. T h e  AVR fuel e lements  were des igned  for 
operation a t  a maximum sur face  temperature of 
900OC and a maximum power output of 2.1 kw per 
sphere.  We a r e  s t i l l  t e s t ing  the  smaller sphe res  
because the  eight-ball irradiation facil i ty cannot 
b e  modified to accommodate the larger sphe res  
and because  t h e s e  s u b s c a l e  prototype t e s t s  in a 
high f a s t  flux region yield much useful information. 
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The  design and assembly of each  capsule ,  in- 
cluding a detailed description of the fuel e lements  
and their coated particles,  have  been 
along with the resu l t s  of t e s t  operation and post-  
irradiation examination. Fabrication of test ele- 
ments is a l s o  reported briefly in the  following 
subsection. A final evaluation of some of t he  
t e s t  resu l t s  is in progress. 

Fabricat ion of Capsu I es  
for Fueled-Graphite Irradiation T e s t s  

E. A. Franco-Ferreira 

W e  a re  concerned with the design and irradiation 
tes t ing  of various advanced fuel elements.  The  
irradiation tes t ing  is normally carried out on s ing le  
capsu le s  in the  ORR as described in the previous 
subsection. Our primary responsibil i ty is the  
fabrication of t hese  highly complex irradiation 
capsules .  

Th i s  year's work h a s  included 2 ORR poolside 
capsules ,  6 ORR loop No. 1 elements,  and 16 
coated-particle capsules ,  as well a s  the  gas-  
shroud assembl ies  for a l l  t h e  loop elements.  
Typical of the complex des igns  encountered is 
the  eight-ball capsule  shown in Fig.  25.13. Thermo- 

J. L. Scott, C. Michelson,and E. A. Franco-Ferreira, 
GCR Program Semiann. Progr. Rept. Sept. 30, 1963, 

6oJ, L. Scott and C. Michelson, GCR Program Semiann. 

59 

ORNL-3523, pp. 326-41. 

Progr. Rept. Mar. 31,  1964, ORNL-3619, pp. 217-28. 
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Fig.  25.13. An Eight-Bal l  Irradiation Capsule Showing 

Thermocouples, Graphite Column, Fission-Product De- 
position Specimens, and Containment Capsule. 

couples  are provided in each  capsu le  for monitor- 
ing  t h e  central  temperature of the  top sphere  and 
the graphite container temperature ad jacent  to  
each  sphere. Six temperature-instrumented tubes  
were placed in a head s p a c e  between the graphite 
tube assembly and the top cap  of the  capsule  to 
fac i l i t a te  fission-product deposit ion s tudies .  

Graphite Fabr icat ion 

A. J. Taylor  

We have  essent ia l ly  completed bas i c  investiga- 
t ions on the fabrication of graphite spheres.  T h e  
furan res ins  were abandoned as binders in favor 
of a liquid phenolic resin. T h i s  resin not only 
was  better su i ted  to the  fabrication techniques 
being developed but i t  a l s o  gave a much stronger 
body a t  the  same baked density.  W e  a re  studying 
the  expansion charac te r i s t ics  of t he  bodies con- 
taining phenolic resin when cold molded in a 
spherical  cavity die. With understanding of t hese  
charac te r i s t ics  we can  design a d i e  to form a shape  
that will,  after the  remaining fabrication s t e p s ,  
provide a h ighqua l i ty  molded fuel sphere  of well- 
controlled dimensions. 

SUPPORTING RESEARCH 

T h e  Thorium Dicarbide-Uranium 
Di carbi de System 

N. A. Hi l l6 '  0. B. Cavin 

Thorium dicarbide was  found by differential 
thermal ana lys i s  and high-temperature x-ray dif- 
fraction to  transform at 1415 f 10°C from a low- 
temperature monoclinic structure to a face-centered 
cubic  structure with a. = 5.808 f 0.003 A at 
15OO0C. T h e  high-temperature s t ruc ture  could 
not be retained by quenching. 

We identified the  phases  in a range of arc-melted 
a l loys  of uranium dicarbide and thorium dicarbide 
and found their areas of s tab i l i ty .63  We used  the  

610n loan from AERE, Harwell, England. 
62N. A. Hill  and 0. B. Cavin, Monoclinic-Cubic Trans- 

formation in Thorium Dicarbide, ORNL-3588 (April 1964). 
63N. A. Hill and 0. B. Cavin, P h a s e  Equilibrium 

Studies  in the System UC,-ThC2, ORNL-3668 (in press). 
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resu l t s  of high-temperature x-ray diffraction, dif- 
ferential  thermal ana lys i s ,  isothermal annealing, 
and the examination of s t ruc tures  a t  room tem- 
perature by metallography and by x-ray powder 
patterns. Figure 25.14 is a tentative equilibrium 
diagram sec t ion  for t hese  a l loys  in the  presence  
of e x c e s s  graphite. 

At high temperatures, a s ingle  face-centered 
cubic phase  was found a t  a l l  compositions with a 
l a t t i ce  parameter (a t  1500°C) that varied linearly 
with composition (Fig. 25.15) from 5.81 a t  ThC, 
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Fig. 25.14. Tentat ive Equilibrium Phase Diagram for 
the UC2-ThC2 System i n  the Presence of Excess Carbon. 
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tion of Composition. 

to 5.51 at UC,-14% ThC,  alloy. On cooling to  a 
temperature that depended on composition (1820OC 
for UC,, 142OOC for ThC,, and l l l O ° C  for an 
equimolar mixture), the cubic  phase  transformed 
to a low-temperature structure. From UC, to a l loys  
containing 30% ThC,, t h i s  structure was  a so l id  
solution having the UC, structure;  from approxi- 
mately 30 to  38% ThC,, a two-phase region was  
found comprising the UC, so l id  solution and a 
second phase ,  which could be indexed most simply 
as body-centered tetragonal. At 80 to 100% ThC,,  
the  low-temperature phase  had a structure c lose ly  
related to tha t  of monoclinic ThC,  and could be  
considered a so l id  solution. The  x-ray powder 
da t a  showed no two-phase region between th i s  
so l id  solution and the body-centered tetragonal 
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100 over which the  so l id  solution structure changes  
to  the  higher symmetry structure is indicated by 
the  cross-hatched a rea  in Fig.  25.14. 50 

20 - Welding of Advanced A l l o y s  
u) 0. 

0 

Q - 10 
R. G. Gilliland 0 

w 

We a r e  investigating the  weldability of two new 2 
nickel-chromium a l loys  strengthened with molyb- $l 
denum, niobium, and tungsten.  T h e s e  a l loys  were 
developed by International Nickel Company and 
are designated IN-102 and A-625-M. The chemical 
ana lyses  of these  a l loys  a r e  l i s t ed  below: 

5 

2 

Analysis (wt X) I 
IO 20 50 100 200 500 1000 

Element IN-102, A -6254 ,  TIME TO RUPTURE (hr) 

Heat No. 015502 

Chromium 15.50 20.70 

Niobium 3.19 3.02 at 1200 and 1500OF. 

Molybdenum 2.61 8.32 

Tungsten 4.04 4.07 

Iron 7.96 2.38 

Heat No. NX-8473 
Fig. 25.16. Creep Results on Transverse Weld Speci- 

mens of  INCO Alloys IN-102 and A-625-M Tested in Air 

Carbon 

Nickel 

0.05 

bal 

0.03 Current hot-ductility experiments will  conclude 
bal t h i s  study. 

T h e s e  a l loys  p o s s e s s  high-temperature properties 
that  make them a t t rac t ive  for u s e  in gas-cooled 
reactors. 

Welds were made under conditions of high re- 
s t ra in t  u s ing  the  sh ie lded  metal-arc welding proc- 
ess. After side-bend and metallographic t e s t s  
showed that high-quality we lds  had been deposited,  
w e  t e s t ed  room- and elevated-temperature mechani- 
cal properties. T h e  t ens i l e  properties of welds  
in  these  materials a r e  l i s t ed  in  Tab le  25.5 and 
the  1200 and 1500OF creep t e s t  r e su l t s  a r e  pre- 
sen ted  in Fig.  25.16. T h e  tens i le  da t a  ind ica te  
no significant difference in the  two alloys,  al- 
though the yield strength of alloy No. A-625-M is 
higher a t  both t e s t ing  temperatures. Interestingly,  
the total  strain of alloy A-625-M is cons is ten t ly  
lower than tha t  of IN-102, ye t  no difference is 
visible in rupture life. T h e s e  da t a  ind ica te  a 
very flat  stress-rupture curve at 1200°F, which 
converges with the  curve  for wrought metal after 
1000 hr; at 1500OF t h e  curves  ac tua l ly  cross.  

In-Reactor Stress Rupture 
of  UK Stainless 

J .  T. Venard 

Interest  is widespread in the  e f fec t  of neutron 
bombardment on  the  mechanical properties of t h e  
aus ten i t ic  s t a i n l e s s  steels because of t he  frequent 
application of t h e s e  s t e e l s  i n  reactor s t ruc tures  
and fuel claddings.  For  th i s  reason, a niobium- 
s tab i l ized  20% Cr-25% Ni aus t en i t i c  s t a i n l e s s  
s t e e l  developed in the  United Kingdom for gas- 
cooled reactor s e rv i ce  h a s  been t e s t ed  in-reactor 
for i t s  stress-rupture charac te r i s t ics  a s  part  of 
the  AGR/EGCR Information Exchange Program. 

64J. T. Venard and J. R. Weir, “In-Reactor Stress- 
Rupture Properties of Niobium-Stabilized Steel,” paper 
presented at  the 67th Annual Meeting of the American 
Society for Test ing Materials, Chicago, Ill., June 21-26, 
1964; also ORNL-TM-881 (in press). 

. 
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Table  25.5. Room- and Elevoted-Temperature Tensi le  Properties 
of Transverse Welds in High-Strength Nickel -Base A l loysa  

T e s t  

( O F )  

Alloy Temperature Tens i le  Strength Yield Strength Elongation Reduction 
(psi)  (psi)  (%I in Area (%) 

IN-102 Room 

A-625-M Room 

IN-102 1200 

A-625-M 1200 

115,000 

116,400 

87,300 

85,100 

68,700 31.5 

74,300 34.1 

51,000 21.0 

55,100 22.6 

35.7 

40.1 

29.7 

27.6 

aFour samples were tes ted  at  each condition. 
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Fig. 25.17. In-Reactor Stress Rupture of 20 Cr-25 Ni, Niobium-Stobilized Stoinless Steel 

TIME TO RUPTURE ( h r )  

T h e  t e s t s  were performed by internally pres- 
sur iz ing  tubes  a t  temperatures of 550, 650, 750, 
and 850OC in a neutron flux of approximately 
5.0 x l o1 '  ( E  > 2.9 MeV) and 6.0 x 1 0 l 3  neutrons/ 
c m 2  thermal. Duplicate t e s t s  were performed out- 
of-reactor. 

The  resu l t s  of t h e s e  experiments did not reveal 
the mechanism of neutron damage, but the following 
observations and conclusions can be made: 

1. At 650, 750, and 85OOC the out-of-reactor s t r e s s -  
rupture behavior was  the  same in flowing Ar-1 
vol % 0, a s  in C 0 2 - 5  vol % CO. 

Tubing. 

Within the  sca t t e r  of individual da t a  points,  
we found l i t t l e  i f  any effect  of irradiation on 
the s t r e s s  to  produce rupture in a given time 

(Fig. 25.17). 

Within the  l imits of the  experiments, irradiation 
seemed to have  no effect  on the  average de- 
pendence of s t ra in  rate on applied s t r e s s  (Fig.  
25.18). 

A s  s e e n  in Fig. 25.19, th i s  material exhibited 
a definite minimum in s t ra in  a t  fracture a t  
650°C, both out-of- and in-reactor. Neutron 
bombardment decreased  ductil i ty a t  550, 650, 
and 75OOC but not at 85OOC; the  greatest  l o s s  
occurred a t  650OC. 
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The Effect of Irradiation on Effective Strain Rate in 20 Cr-25 N i  Niobium-Stabilized Stainless Steel 
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Fig. 25.19. Effect of Temperature and Irradiation on 

Strain at Fracture for 20 Cr-25 Ni Niobium-Stabilized 
Stainless Steel Tubing. 

T h e  Ef fec t  of Bushing Length on the Ratchet t ing 
o f  Meta l -C lad  F u e l  Elements 

W. R. Martin 

The  effect of bushing length on the ratchett ing 
of metal-clad ceramic fuel e lements  was  investi-  
gated. An internal heater device  was  used  in 
out-of-reactor experiments to determine the  rate 
of ax ia l  elongation of the cladding during thermal 
cycling. 

Zirconia bushings were used  to s imula te  UO,. 
T h e  95%-dense bushings were either 0.2.50 or 9.0 
in. long. The  ins ide  and outs ide  diameters were 
0.323 and 0.707 in. respectively.  W e  prepared two 
simulated fuel capsules  us ing  0.7.50 x 0.020-in.- 
wall type 304 s t a i n l e s s  s t e e l  tubing. One con- 
tained a s ing le  9-in.-long bushing while the second 
contained 36 short  bushings. The  tubing was  
partially collapsed about  the bushings prior to 
thermal cyc l ing  to in i t ia te  mechanical  interaction 
between cladding and bushings. The  length of 
each  capsule  was monitored continuously during 
the t e s t ,  and the rate of p l a s t i c  deformation com- 
puted is given in Fig.  25.20. 
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Fig. 25.20. Influence of Bushing Length on the Axia l  

Deformation of Stainless Steel Cladding During Thermal 

Cycling. 

T h e  rate of deformation init ially increased  with 
success ive  thermal cyc le s  because  of c reep  col- 
l apse  of the tubing about the bushing. The  rate 
of deformation was larger for the  capsu le  contain- 
ing the longer bushing. The result ing increase  in  
the frictional force between bushings and cladding 
increased the rate of p las t ic  s t ra in  in the cladding. 
After approximately 50 thermal cyc le s ,  the  co l lapse  
became complete and the  ra te  of deformation be- 
came constant for the capsule  containing the short  
bushings. However, a t  t h i s  point the  deformation 
rate for the  capsule  containing the  long bushing 
had passed  i t s  peak and was  decreasing. Finally,  
t he  rate became equal to the  maximum ra te  of 
deformation observed for the  capsule  containing 
the shorter bushings. 

Radiographs of each capsu le  after t e s t  indicated 
tha t  the  long bushing had fractured into quarter- 
inch segments ,  while the  short  bushings,  although 
fractured, did not change in length. The  dec rease  

in rate of cladding deformation observed for the 
capsule  originally containing the  long bushing 
was  due to  fracture of that  bushing into smaller 
segments  during cycling. 

Thus ,  we concluded tha t  the ra te  of c lad  deforma- 
tion increases  with increas ing  bushing length. 
Elsewhere,  6 5  we sugges t  that  the frictional force 
between bushing and cladding is directly propor- 
tional to  bushing length, and that hypothes is  is 
supported by the  present results.  

Lubricat ion of M e t a l - C l a d  Ceramic F u e l  Elements 
to Reduce Ratchett ing 

W. R. Martin 
The  u s e  of a lubricant between the  fuel and 

cladding of metal-clad ceramic fuel e lements  h a s  
been proposed66 as a method of reducing ratchet- 
ting, thus  lowering the probability of fuel element 
failure. Lubricants  considered in th i s  investiga- 
tion were graphite, molybdenum disulfide,  mica, 
calcium fluoride, copper, and gold. Our cri teria 
for se lec t ion  of the  lubricant were low shear  
strength,  good chemical compatibility with fuel, 
good chemical  compatibility with cladding, low 
neutron absorption and sca t te r ing  c r o s s  sec t ions ,  
s imple method of application, and low cos t .  In 
view of these  cri teria,  copper was  se lec ted .  

Two capsu le s  were fabricated us ing  UO, bush- 
ings and 0.75-in.-OD x 0.020-in.-wall type 304 
s t a i n l e s s  s t ee l  tubing. The  bushings i n  one cap- 
s u l e  were wrapped with 0.001-in. copper foil prior 
to  insertion into the  s t a in l e s s  s t ee l  tubing. Both 
capsu le s  were thermally cycled in an internal- 
heater device between identical  temperature limits. 
T h e  rate of ax ia l  deformation during cyc l ing  was  
measured for each  capsule  a t  p ressure  differentials 
ac ross  the  c lad  wall of 100, 200, and 300 psi .  
T h e  rates of ax ia l  deformation in the cladding are 
given below: 

Coolant Pressure (psi)  

100 200 300 

Lubricated with (5  x ( 5  x 5.8 x 
copper foil 

Without (10 2.5  x 1 0 - ~  4 
lubrication 

6 5 W .  R. Martin, Mechanical Cladding-Fuel Znteractions 
During Thermal Cycling of Metal-Clad Fuel  Elements, 
ORNL-3514 (to b e  published). 

66W. R. Martin, GCR Program Semiann. Progr. Rept. 
Sept. 30, 1963, ORNL-3523, pp. 193-94. 
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T h e  resu l t s  show a significant reduction in the  
ax ia l  deformation of t h e  copper-lubricated capsule.  

T h e  s u c c e s s  of the  copper foil  is attributed to  
its behavior as  a boundary lubricant, preventing 
or greatly reducing the  contac t  a rea  of the  fuel 
and clad. T h e  frictional force, F ,  at the  boundary 
is given by 

where 

A = total  a rea  of fuel and  lubricant in contac t  
with the  cladding, 

total  a rea  A ,  
p = ratio of the cladding-fuel contac t  a r ea  to  the  

D, = shear  strength of the  fuel-cladding junction, 

u2 = shea r  strength of the  boundary lubricant. 

and 

The  shea r  strength of the lubricant must be  less 
than the  shear  strength of the  fuel-cladding junction 
before the  lubricant will  reduce the  frictional force. 
When the  lubricant prevents fuel-cladding contact,  
p is zero and the  friction force is governed by the  
shea r  strength of the lubricant. 

Irradiation of UO, Pellets above 1600°C 

J. L. Scott  C. Michelson ' 
When UO, pe l le t s  a r e  irradiated at high hea t  

ratings,  a columnar-grained structure and a void 
are observed in the  center of the pellets.  T h i s  
columnar structure can  a r i s e  from the  migration of 
voids in the  structure through a temperature gra- 
dient. It is generally believed tha t  t he  mechanism 
involves UO, sublimation from the  hotter s i d e  of 
each  void and condensation on the  cooler s ide .  
T h e  ne t  result  is void migration to  the  center  of 
the fuel pellet. T h e  migrating voids sweep  f i ss ion  
g a s e s  from the  affected zone  and ultimately trans- 
port them to a central  void. Thus ,  a high rate of 
re lease  of xenon and krypton would be expec ted  
to  occur during t h i s  structural  redistribution. 
Since the  result ing structure is free of voids,  the  
subsequent  rate of fission-gas re lease  from the  
densified UO, should be much lower. On the other 
hand, f ission g a s e s  may continue to be  re leased  

6 7 0 n  loan from the Tennessee  Valley Authority. 

by the  migration of newly formed voids or some 
other mechanism. 

W e  investigated th i s  problem with four LITR 
irradiation capsu le s ,  each  of which had two gas- 
tight compartments containing three 20%-enriched, 
bushing-shaped UO, specimens (0.076-in. I D  x 
0.155-in. OD x 0.249 in. long) which were sur- 
rounded by depleted UO, insu la t ing  bushings 
(0.157-in. ID x 0.288-in. OD x 0.249 in. long). 
T h e  fuel insu la tors  and bushings were contained 
in a tantalum s l eeve  and supported a t  each  end  
by insu la tors  fabricated from depleted UO,. T h e  
c a p s u l e s  were fabricated from Inconel and were 
air  cooled. At l e a s t  one compartment of e a c h  
capsu le  contained a thermocouple for measure- 
ment of the  fuel central  temperature. Thermo- 
couples  were also provided to measure t h e  c a p s u l e  
sur face  temperatures. 

T h e  capsu le s  were irradiated to various burnups 
a s  indicated in  Tab le  25.6. T h e  effective thermal 
neutron flux w a s  approximately 1.7 x 1 O I 3  neut rons  
a n - ,  sec-' and the  fuel power dens i ty  exceeded 
1 kw/cm3. Although the  thermocouple readings 
a re  probably i n  error a t  the  high indicated tem- 
peratures,  t he  fuel microstructures show that t he  
central  temperature exceeded 160OOC in every case. 

Postirradiation examination of each  capsu le  h a s  
been completed6* and the resu l t s  a r e  now be ing  
evaluated. T h e  resu l t s  sugges t  that  the  fission- 
gas  r e l ease  w a s  virtually complete above 160OOC 
and that f i s s ion  g a s  continued to  be  re leased  al- 
most completely as long  as the  high temperature 
was  maintained. 

T h e  type of microstructure developed a t  e a c h  
specimen location indicated t h e  ex i s t ence  of 
s eve re  ax ia l  as well  as  radial temperature gradients 
in t h e  fueled region. T h i s  makes it difficult  to 
find specimens with identical  thermal h i s to r i e s  
and cor re la te  the  observations with time a t  power 
or  burnup. However, the metallographic specimens 
clearly showed the  migration of voids to t h e  center  
of t h e  fueled region and the formation of a columnar 
grain structure.  A somewhat unexpected occurrence 
was  a c los ing  of the  gap between the  fuel and  
insu la t ing  bushings. A redistribution of fuel 
through the  sublimation-condensation p rocess  
apparently c losed  the  gap and permitted the  colum- 
nar s t ruc ture  to extend far into the  depleted- 
uranium region. 

J: G. Morgan, M. F. Osborne, and E. L. Long, Jr., 
Examination of U 0 2  Irradiated at High Temperatures, 
ORNL-TM-763 (March 1964). 

6 8  
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Table  25.6. Operating Conditions for High-Temperature Irradiations of U 0 2  Pe l le ts  

Burnup 

(Mwd/MT U 0 2 )  (At. % U) 

F u e l  Central  Temperature (OC) Average Time 
Capsule Compartment Capsule Surface a t  Power 

(h r) 
Initiala Peak  Fina l  Average Temperature (oc) 

LHT-1 a 

b 

LHT-2 a 

b 

LHT-3 a 

b 

LHT-4 a 

b 

2177 239gb 2093 2232 

2204 2982' 2677 2704 

2135 2427d 1954 2010 

2163 2427d 1968 2010 

2204 2427d 2204 2177 

(no central  thermocouple) 

2343 2427d 153Se 1732 

(no central thermocouple) 

37 1 

468 

538 

677 

510 

593 

5 10 

566 

749.4 3520 

749.4 3520 

185.3 830 

185.3 830 

19.1 87 

19.1 87 

1844.8 8410 

1844.8 8410 

0.4 

0.4 

0.1 

0.1 

0.01 

0.01 

1.0 

1.0 

aApproximately 3 hr after startup. 
bAfter 72 hr. 
'After 612 hr. 
dAfter < 3  hr. 
e1760°C after 750 hr. 

While further work must be  done to  e luc ida te  the  
r e l ease  mechanisms in detail ,  a comparison of the  
enriched and depleted zones  of the  columnar struc- 
ture, both of which must have  been above  16OO0C, 
l ends  insight into the  nature of t h e s e  mechanisms. 
The metallographic specimens showed tha t  f ission- 
gas bubbles formed both within grains and a t  t h e  
grain boundaries. A s  f i ss ioning  continued more 
bubbles were formed a t  grain boundaries. Even- 
tually the  bubbles became interconnected, either 
by coa lescence  or by c rack  formation on thermal 
cycling, and when th is  occurred the xenon and 
krypton (and probably iodine and cesium a s  well)  
were released. 

The fission-gas bubbles within the  grains must 
also migrate either t o  the  grain boundaries or up 
the  temperature gradient. T h e s e  bubbles appeared 
to be spherical ,  unlike the voids that migrated and 
produced t h e  init ial  columnar structure. Undoubt- 
edly the  gas  pressure  was  much higher in f i ss ion-  
g a s  bubbles, so that sur face  diffusion would b e  
favored as  the  mode of migration ins tead  of sub- 
limation and  condensation. Since the  columnar 
grains were already in t h e  preferred orientation, 
t he  movement of fission-gas bubbles le f t  no trail  

l i ke  the  init ial  migration of preexis t ing  voids. 
I t  is c l ea r  that  f ission-gas r e l e a s e  was  quantitative 
from within the  columnar grain growth region a t  
al l  burnups. Th i s  fac t  must b e  taken into account 
in the  des ign  of operating fuel e lements  containing 
uo,. 

Thermal Conductivi ty  of UO, 

T. G. Godfrey J. P. Moore 

Measurements of the  thermal conductivity of 
polycrystall ine UO , were completed in the  radial  
hea t  flow apparatus over the  temperature range 
-57 to llOO°C. T h e  resu l t s  are t rea ted  in P a r t  I ,  
Chap. 6, of t h i s  report. 

Thermal  Conductivi ty  of Graphite 

J. P. Moore T. G. Godfrey 

T h e  to ta l  thermal conductivity, k, of CGB graphite 
(an impregnated grade with a dens i ty  of 1.824 9/ 
c m 3 )  w a s  measured normal to  the  extrusion a x i s  
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in a radial heat flow apparatus from 50 to  1000°C. 
Supplementary electrical  resist ivity measurements 
in the normal direction were used with the Wiede- 
mann-Franz-Lorenz relation to ca lcu la te  the elec- 
tronic contribution, k,, to the  total thermal con- 
ductivity. The l a t t i ce  component, k,, was obtained 
by subtracting k, from k. The  la t t ice  component 
varied inversely with temperature and a l l  da ta  
were  within + 4 %  of va lues  given by the equation: 

l /k ,  = 0.48812 + 1.4060 x T , 

where k, is in w cm- '  O K - '  and T is the  tempera- 
ture in OK. However, s ince  k, is so  small  a t  t h e s e  
temperatures, the total thermal conductivity can  
a l s o  be represented by an inverse l inear equation 
in temperature: 

l / k  = 0.54436 + 1.2496 x T . 
Additional thermal conductivity measurements 

were made in a longitudinal comparative hea t  flow 
apparatus. Th i s  apparatus cons is ted  of two 1-in.- 
diam gold-plated Armco iron meter bars mounted 
coaxially in a vacuum chamber with the d isk  spec i -  
men compressed between them. A temperature 
gradient was  es tab l i shed  a long  the meter bars and 
the specimen by a Nichrome hea ter  a t  the top of 
one me te r  bar and a water-cooled hea t  s ink  a t  the  

bottom of the  other. T h e  temperatures a t  known 
posit ions a long  the bars were determined with 
Chromel-P/Constantan thermocouples and extrapo- 
la ted  to  the meter-bar-specimen interface to deter - 
mine the temperature drop ac ross  the  specimen. 
Us ing  the measured gradients a long  the me te r  bars 
and the known thermal conductivity of t hese  bars, 
w e  calculated the  ra te  of hea t  flow through the  
specimen.  Interfacial res i s tance  was  minimized 
with O.OOl-in.-thick indium fo i l s  and careful lap- 
ping of the specimen and meter bar surfaces.  Th i s  
apparatus y ie lds  data with a reproducibility of 
better than 0.25% and a probable accuracy of +3%. 

Thermal conductivity va lues  obtained from meas- 
urements with th i s  apparatus on a 2-cm-high CGB 
graphite specimen that was  c u t  so tha t  the  hea t  
flow was  normal to the extrusion ax i s  agreed to  
within 4% with the  va lues  from the radial  hea t  
flow apparatus.  Measurements on a 2-cm-high CGB 
graphite specimen tha t  was  cu t  so  tha t  the  hea t  
flow was  parallel  to the extrusion a x i s  yielded 
thermal conductivity va lues  of 1.942 and 1.884 w 
cm- '  O K - '  a t  34 and 75OC respectively.  T h e  
thermal conductivity along the  extrusion a x i s  was  
1.79 t imes tha t  normal to the ax is .  The  ratio of 
the e lec t r ica l  conductivity parallel  to the extrusion 
a x i s  to that normal to  th i s  ax i s  was  2.11 a t  23OC 
and decreased  uniformly to 1.96 a t  1000°C. 
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26. High-Flux Isotope Reactor 

G. M. Adamson, Jr. 

. 

T h e  High F lux  Iso tope  Reac tor  (HFIR) is being 
constructed at ORNL to provide a high flux dens i ty  
that may be  used  to  provide research quant i t ies  of 
the  transplutonium elements.  T h i s  reactor is de- 
s igned  to  produce 5 x 10" neutrons cm-' sec-' 
with an  average power dens i ty  of 2000 kw/li ter 
and a to ta l  power of 100,000 kw. In s p i t e  of t he  
high power dens i ty ,  aluminum is be ing  used  as the  
structural  material for both the  fuel e lement  and 
t h e  control rods. 

T o  minimize flux peaking and thereby reduce the  
hot-spot temperature, the  fuel conten t  of e a c h  p la te  
is varied nonlinearly a c r o s s  the  width. In addi- 
tion, t he  p l a t e s  a r e  formed in to  an  involute con- 
figuration to  equal ize  the  coolant channels  and 
provide uniform cooling to all sur faces .  Also, a 
burnable poison (B4C) is added t o  each  p la te  and 
i t s  concentration va r i e s  opposite t o  that of the  
fuel. F ina l ly ,  extremely close to le rances  a r e  re- 
quired for both the fuel concentrations and the  
dimensions.  

The  control rods for t h i s  reactor a r e  also unique. 
They c o n s i s t  of eight p l a t e s  arranged in two 
cylinders,  which fi t  around the  fuel element; each  
cylinder is about  18 in. in diameter x 5 ft  long. 
Limited t ime h a s  required tha t  full-size com-  
ponents b e  fabricated simultaneously with the  
development of t he  fabrication and forming tech- 
niques.  

F U E L  E L E M E N T  

T h e  des ign  of t h e  fue l  element h a s  changed 
very l i t t l e  during the  p a s t  year. T h e  program h a s  
progressed from the  laboratory phase  through the  
pilot  plant and production is now start ing.  Speci- 

f i ca t ions '  for fuel e lements  were prepared and a 
commercial contract  placed for 33 elements.  From 
this cost-plus-fixed-fee contract ,  we expec t  
suf f ic ien t  d a t a  on recovery ra tes  and other produc- 
tion a s p e c t s  to permit placing a fixed-price con- 
t rac t  for subsequent  elements.  We procured all 
t he  component materials and furnished them along 
with technica l  a s s i s t a n c e  t o  the  fabricator. 

T h e  developmental effort w a s  largely directed 
at so lv ing  the  problems encountered in  s c a l i n g  up 
the  production. Two complete s e t s  of enriched 
fuel p l a t e s  were produced, one for a c r i t i ca l  
experiment and the second for t he  first  reactor fuel 
element. T h e  c r i t i ca l  p l a t e s  were inspec ted  for 
uranium homogeneity us ing  the newly developed 
production scanner  and  then assembled in to  an  
acceptab le  element. The  homogeneity scanne r  
worked very wel l  and should prove to  b e  a va luable  
tool in all fuel p la te  development work. 

Fuel Plate Fabrication and Assembly of the 
H F I R  Critical Experiment Element 

J. H. Erwin W. J. Werner R. W. Knight 

During the  year,  major emphasis  w a s  p laced  on 
e s t ab l i sh ing  the bas i c  fabrication and forming 
parameters for the  fuel plates.  T h i s  development 
work culminated with the  i s su ing  of spec i f ica t ions '  
for t h e  commercial manufacture of t he  fue l  p la tes .  

The production of two complete sets of enriched 
fue l  p l a t e s  to the  required dimensional spec i f ica-  
t i ons  further confirmed the  validity of t h e  fuel- 
p la te  fabrication procedures. One of these s e t s  

'G. M. Adamson, Jr., and J. R.  McWherter, Spec i f i ca -  
tions for High Flux Isotope Reactor  Fuel E lement s ,  
ORNL-TM-902 (in press). 

2 01 
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h a s  been assembled into the core  for the third 
HFIR cr i t ica l  assembly and the other  will be used 
in  the  f i rs t  reactor core. 

Like a HFIR fuel core ,  the cr i t ical  assembly 
cons is ted  of inner- and outer-annulus e lements  
containing 171 and 369 fuel p la tes ,  respectively.  
As i l lustrated in  Fig. 26.1, the  outer s i d e  p la te  
of the outer-annulus element and the inner support  
tube of the inner-annulus element extend beyond 
the normal length of the standard reactor element. 
Both th i s  difference and the requirement tha t  all 
fuel p la tes  be removable complicated the assembly 
of the  elements.  

I Powder-metallurgy duplex fuel compacts  con- 
taining -170 +325 mesh oxide were used in  both 
the inner- and outer-annulus cri t ical-experiment 
plates .  T h e  compacts were rolled into fuel 
p la tes  by the conventional “picture frame” method 
us ing  a combination of hot rolling (500°C) and 
20% cold reduction. T h i s  combination improved 
the formability in subsequent  low-pressure mar- 
forming to the specif ied shapes.  Rolling param- 
e t e r s ,  which in  turn d ic ta te  powder-metallurgy 
die  dimensions and compact volumes, were de- 
veloped to yield p la tes  of t h e  nominal plan dimen- 
s ions .  

Tab le  26.1 summarizes the  resu l t s  of t h e  produc- 
tion of the  cri t ical-element fuel plates .  Excel lent  
control was  maintained over all fabrication vari- 
ab les ,  resul t ing in a high yield (>go%) of nonbond- 
f ree  p la tes  of specif ied dimensions.  Although 
a n a l y s i s  is not complete, comparable resu l t s  were 
a l s o  obtained with t h e  fuel p l a t e s  for the  reactor. 
T h i s  control w a s  further demonstrated by the 
chemical  ana lyses  of ent i re  plates  for total  235U 
and ‘OB contents ,  which are included in Tab le  
26.1. Information on uranium homogeneity and its 
measurement is presented in a separa te  sec t ion  
of t h i s  chapter. 

Tab le  26.2 summarizes the curvature d a t a  ob- 
ta ined on the cri t ical-element fuel plates  and  com- 
pares  t h e s e  da ta  with the b e s t  previous low-pres- 
s u r e  marforming  result^.^ T h e  large spread in 
point duplication for the outer-annulus p la tes  re- 
su l ted  from improper plate  handling procedures 
prior t o  forming. Subsequent revisions in  p la te  

M. M. 
Ceramics 
3470, pp. 

J- .H. 
Ceramics 
3470, pp. 

2 

3 

Martin and C. F. Leitten, Jr., Metals and 
Div. Ann. Progr. Rept. May 31. 1963, ORNL- 
174-76. 

Erwin and C. F. Leitten, Jr., Metals and 
Div. Ann. Progr. Rept. May 31, 1963, ORNL- 
175-79. 

Fig. 26.1. Fuel  Core for the Thirc 
Experiment. 

handling procedures improved the point duplica- 
tion, as manifested by the 6-mil maximum varia- 
tion in measurements obtained from the inner- 
annulus plates .  Even though the point range in 
the outer-annulus p la tes  was  large, they were 
e a s y  to  inser t  into t h e  s i d e  plates .  Differences 
between s tandard deviations for all measuring 
points  a long a s ingle  t raverse  and for the individ- 
u a l  points,  as shown in Table 26.2, a re  caused  by 
a s a d d l e  effect at the center  of the fueled plates .  
T h i s  saddle ,  which averaged 0.008 in. in height as 
viewed from the convex s i d e  of the plate, is due  
to  the greater forming springback in  the fueled 
sec t ions  of the plates  than in  the unfueled ends.  

T h e  critical-experiment element was assembled 
with relat ive e a s e  due to the high quality of the 
machined s i d e  plate  tubes  and the formed fuel 
plates .  Assembly specif icat ions were complicated 
by the  fact that  all fuel  p la tes  had t o  be re- 
movable, in particular s i x  inner- and s i x  outer- 
annulus  plates ,  symmetrically located.  T h e  posi-  
t ions  of these  p la tes  in  the assembled element a re  
identified in Fig. 26.1 by the aluminum t a b s  
that  extend above t h e  normal fuel p la te  height. 
T h e s e  t a b s  were welded to the fuel p l a t e s  to 
faci l i ta te  their removal from the element. Repeated 
fuel plate  insertion w a s  faci l i ta ted by the u s e  of a 
semipermanent Teflon spray lubricant. Alcohol 
w a s  used  as a temporary lubricant to prevent 
gall ing of the plate in  the s ide-plate  s lot .  
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Table 26.1. Summary of Critical-Element Fuel Plate Processing Data 
~~~ ~~ ~ 

Inner Annulus 0 1 1  ter Annulus 

Number of fuel plates  required 

Duplex powder metal compacts 
Number of compacts pressed 
U 0 
B C in filler region, YO 

in fuel region, wt % 
3 8  

4 

Dimensions of fuel region in the fabricated plate  

Width, in. 

Length, in. 

Rejection, YO 
Duplex compacts 

Weight 
Dimensions 
Other 

Fabricated plate  
Dimensions 
Blis ters  
Nonbond 
Other 

Total fuel and burnable poison content 
Uranium ( 2 3 5 ~  isotope), g 

Specified 

Founda (wet chemistry) 

187 

20 9 
30.16 

0.39 

M.023 

-0.0 16 
to. 360 

-0.28 1 

3.054 

20.250 

0.5 
0 
1.0 

0.5 
0 
2.0 
0 

15.18 3 . 1 5  

+O. 04 

-0.04 
15.27 

Boron ('OB isotope), g 

Spec i f  ied 0.0124 8.0008 

385 

456 
41.44 

0 

+O. 0 13 

4 . 0 1 5  

M.431 

-0.412 

2.773 

19.975 

0 
0 
0 

0.4 
4.6 
2.9 
0.2 

18.44 a . 1 8  

+O. 07 
18.35 

-0.08 

none 

+0.0008 

-0.00 10 
Founda (wet chemistry) 0.0123 

aContent represents data  from total dissolutior. of 10 fuel plates. Reported accuracy of uranium value 0.2% and 
boron value 5% at the 95% confidence level. 

T h e  s i x  spec ia l  posit ions in the  inner and outer 
annuli  were supplied with three different sets of 
formed fuel p la tes .  T h e s e  were: (1) a set of 
dummy p la t e s  (6061-0 aluminum), (2) a s e t  of 
fueled p la tes ,  and (3) a spec ia l  s e t  of fueled p l a t e s  
with removable punchings in e a c h  plate. A spec ia l  
punch, broach, and d i e  were made to punch 28 
rectangular ho le s  (1.500 I 0.005 in. x 0.125 5 

0.002 in.) in the  fuel p la tes .  Each  punching w a s  
inser ted  in  i t s  own ho le  such  that it could b e  re- 
moved eas i ly .  With the  in se r t s  in posit ion,  
p l a t e s  were formed. 

Although the  channel  spac ings  were not measured 
on the  assembled element,  their  overall  appear- 
a n c e  w a s  excellent.  T h e  element was  subse -  
quently delivered to the cr i t ica l  t e s t  facility. 
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Table  26.2. Forming Duplication of HFlR Fue l  P la tes  as Shown by Deviat ion in Curvature 

Comparator Measurements Taken a t  the Center o f  the Involute 

Inner Annulus Outer Annulus 

HFIRCE-3 
Unit 

Commercial 
Aluminum 

HFIRCE-3 

Unit Unit 

Commercial 
Aluminum Unit 

Number of fuel plates  measured 20 186 67 393 

Number of fuel plates  in s ta t i s t ica l  20 
sample 

20 37 50 

Duplication of a l l  measurements (mils) 
(7 repetitive equidistant measuring 
points) 

Maximum to  minimum 10 17 8 28 

Standard deviationa 4.06 7.64 3.00 9.24 

Duplication at  individual measuring 
points (mils) 

Maximum range (7 points considered) 9 6 8 24 

Average standard deviationa 4.20 2.82 3.00 7.28 
~~ ~~ 

a95% confidence level. 

Ass em b I y and We1 di ng 

J. W. Tacke t t  

T h e  reactor will u s e  fuel e lements  assembled 
by s l id ing  the  fuel p l a t e s  into s lo t ted  tubular s i d e  
p l a t e s  and then fusing them to  the s i d e  p l a t e s  by 
circumferential welds  (the all-welded concept4).  
A complete fuel assembly requires 96 circumfer- 
en t i a l  welds  or  25,920 jo in t s  of fuel p l a t e s  to s i d e  
plates.  So far, we have not discovered a non- 
des t ruc t ive  method of eva lua t ing  t h e s e  jo in ts ,  
which a r e  loca ted  on the  root s i d e  of t he  welds. 
T h e  fuel element des ign  requires,  however, that 
the  assembly and welding procedures reasonably 
ensure  that each  jo in t  h a s  a minimum pullout 
strength of 100 lb. Also, the volume of weld 
metal depos i ted  should  be  suf f ic ien t  t o  provide a 
smooth sur face  after final machining, and the  root 
penetration must b e  carefully controlled to  prevent 
melting of the  fuel p l a t e  cores .  

J. ,W. Tackett  and G. M. Slaughter, Metals and  
Ceramics Div. Ann. Progr. Rept. May 31, 1963, ORNL- 

4 

3470, pp. 177-81. 

During the  p a s t  year,  a major portion of our 
effort h a s  involved e s t ab l i sh ing  assembly proce- 
dures ,  joint  configurations, welding procedures,  
and  evaluation methods to  sa t i s fy  the  reactor re- 
quirements. Several problems involving both 
assembly and welding a rose  during this effort, 
and our  efforts were d i rec ted  at so lv ing  them. 

In the  joint  configuration developed for t he  
circumferential welds,  t he  fuel p l a t e s  protrude 
into the weld grooves to  ensure  that they a r e  
fused  with the weld metal  depos i ted  in  each  
groove. However, a t  t he  s t a r t  and end of each  
circumferential  weld, the  p l a t e s  were not a t tached  
reliably when welded in  the  manner found most 
su i t ab le  for the  remainder of the weld. We cor- 
rected th i s  difficulty by developing an  integrated 
program to control the weld. T h i s  program modi- 
fied the  electrode-wire feed s p e e d ,  the  weld travel 
speed ,  and the weld voltage to give re l iab le  
attachment for t he  en t i re  weld. 

T h e  root penetration is sens i t i ve  to the welding 
var iab les .  Some penetration, approximately 25% 
of t h e  root th ickness ,  is needed for attachment 
strength,  but melt-through (in e x c e s s  of 100% of 
the  root th ickness)  is undesirable.  Although 
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sat isfactory parameters had been establ ished for 
welding the joint  with the originally designed root 
th ickness  of 0.075 in., e x c e s s i v e  control over the 
welding parameters was  required for cons is ten t  
p la te  attachment without e x c e s s i v e  penetration 
or melt-through. Fo r  example, the e f fec t  of travel 
s p e e d  on root penetration was  pronounced. At 
t ravel  s p e e d s  of 20 and 25 in./min, melt-through 
was observed. At weld s p e e d s  less than 14 
in./min, root penetration was  negligible,  and 
fuel p la tes  were not consis tent ly  a t tached,  
espec ia l ly  at the weld s tar t .  Minor changes in 
the welding voltage also had a pronounced effect .  
While t h e  sens i t iv i ty  of the weld parameters to 
root penetration decreased gradually with in- 
creasing root thickness ,  a reasonable  la t i tude of 
welding var iables  w a s  not obtained until the  root 
thickness  reached approximately 0.1 in. There- 
fore, the specif ied root th ickness  was increased 
to  0.100 in. 

To determine whether plate-forming tolerances 
might be relaxed, we  assembled a ful l -s ize  inner 
annulus  in  which 10% of the p la tes  were delib- 
erately formed with off-specification curvature, 
chord width, and edge  angularity. Although t h e s e  
p l a t e s  were readily inser ted between the s i d e  
p la tes ,  marked irregularities were prevalent  in the 
plate-to-plate spacings,  espec ia l ly  in  the mid- 
channel  posi t ions where measurements varied 
from greater than 0.080 in. to less than 0.020 in. 
Figure 26.2 shows th i s  condition in  a typical  
region. The  p l a t e s  were e a s i l y  f i t ted into the 
correct  involute posit ions by Teflon s p a c e r  
s t r ips .  We found a considerable  variation in  how 
far the p l a t e s  protruded into the weld groove; some 
p l a t e s  did not  even reach t h e  groove. After the 
Teflon s p a c e r s  had been removed, all of the  3591 
pla te  spac ing  measurements i n  the completed 
assembly were within the required 0.050 10 .010in .  
T h e  da ta  are summarized in  Tab le  26.3. Metal- 
lographic examination revealed that ample tie-in 
had been obtained in  a v a s t  majority of the  fuel-  
plate-to-side-plate welds  but  not  in  a few jo in ts  in  
which the fuel  p la tes  did not protrude sufficiently 
into the weld groove. 

We a l s o  developed assembly and preweld in- 
spec t ion  procedures to a s s u r e  compliance with the  
joint  criteria. A quality control weld sample was  
developed which will permit both a joint-strength 
evaluation and metallographic evaluat ion of the 
welds  used in making the reactor components. 

T h e  preweld inspect ion and the destruct ive test- 
ing  of the quality-control specimens will be used 
to eva lua te  the  integrity of t h e s e  very c r i t i ca l  weld 
joints. 

Fig. 26.2. Area of Ful l -Size Inner Annulus Containing 

Wide and Narrow P l a t e  Spacings in As-Assembled 

Condition Prior t o  Insertion of Tef lon Spacers. 

Table  26.3. Summary of P la te  Spacing Measurements 
in the Annulus Formed with Off-Specification Plates 

~ ~~ 

Channel Thickness Measurements 
(in.) 

Maximum Minimum Average 
Radial Position 

Adjacent to 0.054 0.043 0.048 
inner tube 

Middle 0.056 0.043 0.048 

Adjacent t o  0.058 0.045 0.051 
outer tube 

. 
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Boron Distr ibut ion in  HFIR C r i t i c a l  Inner- 
Annulus Fue l  P l a t e s  

M. M. Martin 

T o  minimize the radial peak-to-average power 
densi ty  ratio in  the HFIR, the fuel and poison sur- 
face dens i t ies  in each p la te  a re  varied along the 
arc of an involute curve. The  'OB, included only 
in  the inner p l a t e s  in  the form of B,C of natural 
isotropic  content,  is added to  the aluminum filler 
piece for maximum effect iveness  rather than to  
the fuel-bearing portion of the duplex core. Pre- 
viously,  the feasibi l i ty  of the addition was  demon- 
s t ra ted ,  but analyt ical  procedures for boron were 
needed to  verify the distribution. The  spec i f ica-  
tion is complicated in  that the loading 'is different 
for e a c h  longitudinal traverse.  Further,  the 
amount of boron in every 0.2-in.2 area must be 
distributed to  within +35% of the nominal loading. 

A method was developed6 to  determine boron in  
$ -in.-diam punchings from HFIR inner fuel p la tes  
within i6% over the range of 50 to 300 pg boron. 
Six p la tes  were examined for boron distribution, 
and the data  a re  s ta t i s t ica l ly  evaluated in  Table  

2 

'7'. D. Watts and M. M. Martin, Metals a n d  Ceramics 
Div. Ann. Progr. Rept. May 31, 1963, ORNL-3470. 
p. 185. 

W. R. Laing, Anal. Chem. Div. Ann. Progr. Rept. 6 

NOV. 15, 1963, ORNL-3537, p. 124. 

26.4. Row No. 2 is located on the longitudinal 
t raverse  of minimum boron content,  and rows Nos. 
1 and 3 are near the edges  of the fuel  core. As 
indicated in  the table, the average boron content 
is appreciably larger near the ends  of t h e  core  than 
near  the middle; the fuel content exhibi ts  the 
opposi te  trend. Although the average boron con- 
tent was high a t  the core  ends of row No. 2, the 
samples  analyzed m e t  the specif icat ion.  A cor- 
rection in the filler piece contour in the region of 
row No. 2 would bring the average boron content 
near nominal. 

U ran i urn Homogeneity 

J. H. Erwin R. W. Knight 
B. E. Fos te r  S. D. Snyder 

J. Reynolds '  

One of the  unusual features of the HFIR is the 
very tight and complex specif icat ion on uranium 
homogeneity. T h e s e  requirements are complicated 
by the variation in  uranium content a c r o s s  the 
plate  width. Demonstrating whether the p la tes  
meet t h e s e  requirements h a s  necess i ta ted  the 

'Instrumentation and Controls Division. 

Table  26.4. Statistical Analysis of Boron Distribution in Six Inner-Annulus Fuel Plates for HFIRCE-3 

Coordinates of Punchings 

Distance Distance No. of Tolerance 
Boron Contente @g) 

b L i m i t s  
Row Specified Found 
No. from Reference from Center Replicate 

Edge of P la te  of P la te  Punchings Min Max Min Max Av (%) 
(in.) (in.) 

1 0.52 0, f 4  18 239 495 337 377 355 8 
+8 12 239 495 343 377 363 8 

2 1.92 0, i 4  18 77 159 107 136 127 22 
* 8  12 77 159 122 145 138 20 

3 2.92 0, 54  18 138 284 201 225 213 13 
+8 12 138 284 209 233 222 1 3  

BIsotopic analysis  of boron was  18.5 wt % 'OB. 
bTolerance limits calculated at  the 95% confidence level  to include at  least  99% of the distribution for a sample 

of 76. 
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development of a s p e c i a l  instrument us ing  through- 
transmission x-ray-attenuation techniques.’-’’ 
T h i s  scanner  was  developed and built  through a 
jo in t  effort with the  Instrumentation and Controls 
Division, and operators of the  instrument a re  
furnished by Inspection Engineering. F i r s t ,  a 
pilot  model was fabricated and used  for inspec t ing  
the  cri t ical-assembly plates.  After t h i s  m o d e l  
performed satisfactorily,  a production model w a s  
des igned  and par t s  were obtained for two units. 

‘B. E. Foster ,  S. D. Snyder. and R. W. McClung, “A 
Continuous X-Ray Scanning Technique for Determming 
Minute Inhomogeneities in Solids,” paper to  b e  pre- 
sented a t  the 24th Annual Convention of Society of 
Nondestructive Test ing in Philadelphia, Pennsylvania, 
October 19-23, 1964. 
’B. E. Foster ,  S. D. Snyder, and R. W. McClung, 

“Measurement and Application of X- and Gamma-Ray 
Attenuation to Reactor Materials Evaluation,” paper 
presented a t  4th International Conference on Non- 
destructive Testing, London, England, September 9-13, 
1963, to  be published in the proceedings. 
‘OB. E. Fos ter  and S. D. Snyder, Metals and Ceramics 

Div. Ann. Progr. Rept. May 31, 1963, ORNL-3470, 
pp. 182-83. 

The  fuel element fabricators will u s e  these  t o  
in spec t  the production p la tes .  

T h e  pilot  model c a n  completely s c a n  a plate,  
measuring the  uranium concentration in  e a c h  
5/64-in.-diam a rea  along the length. Also,  i t  will 
determine an  “average” concentration in  i6 4-in.- 
wide strips.  In th i s  measurement, t he  concentra- 
tion s igna l  is fed through a de lay  circuit ,  so  that 
the emerging s igna l  is a concentration measure 
weighted by both duration and  magnitude. Simul- 
taneously with the recording of the  point concen- 
trations,  the  instrument can  reject  p l a t e s  for out- 
of-tolerance va lues  of the “average.” With the 
present  model, p l a t e s  can  b e  scanned a t  a speed  
of 128 in./min; with changes  in width of the 
s tandards ,  t h i s  can  be  increased to 180 in./min. 
Two  ways  in which the  d a t a  a re  recorded a r e  
shown in F igs .  26.3. and 26.4. Figure 26.3 is a 
typical plot of a rea  concentrations and inc ludes  
the  indicated leve l  of all s tandards  for t ha t  par- 
t icular s can ,  If des i red ,  the “averages” could be  
plotted similarly. P l o t s  of t hese  types  a r e  used  

5 
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Fig.  26.3. Typical  Spot Scan for Uranium Homogeneity i n  a HFlR F u e l  Plate.  

UNCLASSIFIED 
ORNL-DWG 64-6896 

GREEN 

RC CONSTANT 0.33  sec;SPEED 128 in./rnin 

Fig. 26.4. Go-No-Go Homogeneity Scan of a HFlR Fuel  P late .  



i f  detai l  is needed, as in p la tes  under develop- 
ment or in p la tes  of quest ionable  acceptabili ty.  
The  disadvantage is that  a large amount of char t  
paper must b e  examined, s i n c e  each plate  requires 
over 50 s c a n s  for complete coverage. 

During production, the plate  inspection d a t a  were 
condensed into the form shown in Fig.  26.4. 
In th i s  form, any a r e a s  or averages that  do not 
meet tolerance are marked on a map of the plate ,  
with different color inks  indicat ing the  different 
tolerances.  In th i s  figure the a reas  a t  the ends  
were red, indicating low “averages,”  and those 
in  the center  were green, indicat ing high “aver- 
ages .”  A disadvantage of th i s  method is that i t  is 
s t r ic t ly  go-no-go and te l l s  only what a r e a s  are  
out of tolerance; i t  cannot  be used for interpreta- 
tion. This  figure would indicate  that one end is 
much better than the other. However, spot  s c a n s  
of the same plate  show that the “good” end was 
j u s t  under the tolerance level  and the “bad” end 
was jus t  above; actually, the two differed little. 

In the determination of the “average” concen- 
trations, the effect ive length over which the con- 
centration is apparently averaged depends on the 
rate a t  which a condenser charges  or discharges 
with fluctuations in the ac tua l  concentration. 
T h e s e  lengths could be increased by increasing 
the RC t ime  constant  for the condenser.  Scans 
made over the same t raverse  with differing time 
cons tan ts  a re  shown in Fig. 26.5. The  value used 
for inspect ing the  cr i t ical-assembly p la tes  was  
0.33 sec. 

One difficulty in inspect ing HFIR p la tes  h a s  
been in  obtaining adequate  s tandards.  Since the 
uranium concentration varies a c r o s s  the core  
width, a separa te  standard is needed for each 
s c a n ,  and an individual standard is a l s o  needed 
for each of the limits t o  be checked (Le., + l o ,  
-10, +30, and nominal). Therefore, a standard 
with a curved sur face  corresponding to  the change 
in fuel loading was  made for each of the limits. 
Since to  obtain the required accuracy and uni- 
formity would have  been extremely difficult using 
a dispersion, we used  other materials with thick- 
n e s s e s  calculated to  give the same attenuation. 
T h e  original s tandards were machined from an 
A1-13% U alloy, but w e  have learned that  type 
6061-T6 aluminum is much e a s i e r  to  work with 
and is sat isfactory for the normal var ia t ions in 
spectrum of our x-ray tubes.  

All  p la tes  for the cr i t ical  experiment were in- 
spec ted  using the pilot model scanner  with very 

few equipment or operating troubles.  T h e  da ta  
showed that meeting the +30% tolerance for the 
0.005-in.2 a rea  wil l  be no problem. N o  inner 
p l a t e s  and only a few outer p la tes  contained 
var ia t ions th i s  large. Most of these can b e  avoided 
by adjust ing the average uranium content  t o  a 
value nearer to  nominal. Very few p l a t e s ,  how- 
ever,  meet the +lo% tolerance on “average” 
uranium. When all the data  are  avai lable  from both 
the cri t ical-experiment p la tes  and the reactor 
p la tes ,  a s t a t i s t i ca l  s tudy will be made and the 
specif icat ion modified accordingly. 

An examination of the s c a n s  in F ig .  26.5 re- 
v e a l s  one of the  problems in meeting the 10% 
tolerance.  Each plate  for the c r i t i ca l  experiment 
h a s  a longitudinal fuel gradient,  with the con- 
centration low a t  the ends.  When the effect  of 
the gradient is superimposed on the other  normal 
var ia t ions,  a reas  that are  out of tolerance will be 
found a t  the ends.  T h i s  gradient is not com- 
pletely understood, but i t  or iginates  in  the com- 
pac t  press ing  and is accentuated by the rolling. 
Another problem encountered was tha t ,  in general ,  
the average uranium concentrat ions in the outer 
p la tes  were well  above nominal; th i s ,  when com- 
bined with the normal variations,  c a u s e d  some 
high spots .  In future p la tes ,  this will be mini- 
mized by altering the core area so that  the average 
and nominal fue l  concentration va lues  are  nearly 
the same.  

For  both s e t s  of p la tes ,  calculat ions based  upon 
measured uranium surface densi ty  and core sur- 
face  a rea  verified that  the total  uranium content 
was within specif icat ions.  

HFIR CONTROL ROD 

R. J. Beaver 

As i l lustrated previously, l 1  the  control rods 
for the HFIR contain 33 vol ’% E u 2 0 ,  and 40 vol 76 
Ta dispersed ,  respectively,  in  22-in.- and 5-in.- 
long regions in 4-in.-thick aluminum-base com- 
pos i te  p la tes  that make up the  b a s i c  control  
components. Each p la te  h a s  approximately 1700 > -in.-diam holes ,  spaced at  1-in. intervals ,  in 
a l l  portions of the  plate  except those containing 

1 

4 

R. J. Beaver,  Metals and Ceramics Div .  Ann. 1 1  

Progr. Rept .  May 31, 1963, ORNL-3470, p. 187. 
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europium oxide. Minimum cladding th ickness  is 
0.025 in. T h e  inner control rod c o n s i s t s  of four 
p l a t e s  welded together t o  form a cylinder 17.832- 
in. OD x 659/,, in. long. Surrounding th i s  cylinder 
and separated by a water gap of 0.170 in. are  four 
outer segments,  spaced  symmetrically around the 
inner control rod. T h e s e  p la tes  are 6 4 2 ,  in. long 
and are formed to  an outer  radius of 9.270 in. 

Since c l o s e  control of the annuli  between t h e s e  
control rod components,  the fuel element,  and the 
beryllium reflector is important, rigorous dimen- 
s iona l  tolerances have been specified.  T o  achieve 
the  desired contour, final sizing (small  adjustment 
to specif ied dimensions) of both the outer segment 
p l a t e s  a s  well  as the inner cylinder is accom- 
plished by explosive forming techniques.  

Much of the preliminary work relating to se lec-  
tion of materials,  compatibil i ty,  and feasibi l i ty  
of plate  fabrication techniques has  been reported 
previously. l 2  T h i s  year we have tried mainly to 
s c a l e  up from small-s ize  par ts  t o  ful l -s ize  compo- 
nents.  Simultaneously with this  scale-up develop- 
ment, we s tar ted to produce the inner- and outer- 
control-rod components for t h e  third cr i t ical  t es t .  
Eight plates  were fabricated and explosively 
s ized;  these  operations demonstrated the adequacy 
of the process.  

Per t inent  mechanical and physical  properties of 
the control rod p la tes  were measured and a program 
was ini t ia ted to determine the behavior of an Al- 
33 vol % Eu203 dispersion under irradiation. 

P l a t e  Fabr icat ion and Preforming 

W. J. Werner M. M. Martin 
R. W. Knight 

Our work h a s  been directed mainly at manu- 
facturing prototype plates  t o  firmly es tab l i sh  the 
essent ia l  fabrication parameters and to  develop a 
su i tab le  technique for preforming the composite 
p l a t e s  t o  c l o s e  tolerances.  

The  compact s tacking  arrangement and bi l le t  de- 
s ign developed to  achieve the desired core 
dimensions are shown in Fig.  26.6. T h e  bi l le t  
conta ins  (in tandem) 18 compacts  of 33 vol % rare- 
earth oxide and 10 compacts of 40 vol % Ta in 
aluminum. T h e  compacts a re  prepared by powder 
metallurgy and are pressed a t  45 tsi to  91% of 

"W. J. Werner et a l . ,  Metals and Ceramics Div. Ann. 
Progr. R e p t .  May 31, 1963, ORNL-3470, pp. 187-92. 

theoret ical  density.  Th ickness  variations within 
a s i n g l e  compact are  limited to 79.002 in. t o  mini- 
mize deleter ious rolling e f fec ts .  The  europium 
oxide had been prepared using an arc-fusing 
technique descr ibed in  Chap. 23 of t h i s  report. 
T h i s  method yielded economically a high-density 
material  that was e a s y  to crush, producing very 
few fines. Therefore, we could u s e  all material 
-100 mesh, rather than material with s i z e s  in the 
previously limited range of -100 +325 mesh. l 2  

Reject ion of the  fines, which were an appreciable  
fraction of the s ta r t ing  material ,  n e c e s s i t a t e d  
recycle .  Prior to  rolling, t h e  bi l le t  cav i ty  is 
evacua ted  and s e a l e d  from the atmosphere. The  
b i l le t s  are rolled at 5OOOC to  proper length and 
width us ing  a combination of c ross -  and s t ra ight-  
rolling sequences.  

Nondestructive inspection of the  fabricated 
p la tes  indicated that a sound bonding was  achieved 
between the  core and the cladding. However, 
during subsequent  forming, apparent longitudinal 
c r a c k s  were observed a t  points  corresponding 
approximately to  the  original longitudinal core  
interfaces  (Fig. 26.7). Metallographic examina- 
tion showed tha t  the cladding only thinned and did 
not rupture; an internal crack extended part way 
through t h e  core (see i n s e t  in Fig.  26.7). Since 
the defec ts  occurred only on the  convex or tension 
s i d e  of the  plate ,  an  aluminum pla te  was  glued to  
the outs ide of the control plate  to ensure  that 
during forming all forces  in  the control p la te  were 
compressive.  T h i s  eliminated the cracking. The  
backup p la te  was  readily removed by hea t ing  and 
chemical  cleaning. 

On the basis of the  fabrication and forming 
developments,  the control p la te  bi l le t  specif ica-  
t ions shown in Fig. 26.6 were es tab l i shed  and 
eight Eu 20y-bearing p la tes  were produced for the 
inner and outer control rods in  the critical experi- 
ment. Tab le  26.5 summarizes the fabrication re- 
s u l t s  for t h e s e  plates  and clear ly  shows  that 
exce l len t  control of rolling var iables ,  poison 
loadings,  and core dimensions was  achieved. 
T h e s e  p la tes  were subsequent ly  formed with the 
help of backup p la tes  to their required radii. 

Explos ive  Siz ing 

R. J. Beaver C. F. Lei t ten ,  Jr. 

T h e  )4-in.-thick preformed c lad  outer-annulus 
p la tes  are finally shaped by explos ive  s i z i n g  to 
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UNCLASSIFIED 
ORNL-DWG 6 4 - B l Z R  

ANNULUS tA tB  t C  

OUTER 0.236 1.571 0 .529 
INNER 0.235 1.560 0 .525 

. 

Fig. 26.6. Design of  HFI R Control-Rod-Plate Billets. 

achieve  close control of the  9.270-in. ou ts ide  
radius. T h e  explos ive  s i z ing  work is conducted a t  
the  Y-12 plant by a group under the direction of 
W. T. Carey. 

F igure  26.8 i l lus t ra tes  t h e  explosive s i z ing  
equipment ready to b e  lowered into the  water 
tank. I t  c o n s i s t s  of a large s t e e l  d i e  containing 
the  preformed plate. A rubber l iner over the p la te  
seals the p la te  from t h e  water. Holes  through the  
d i e  body permit evacuating the  s p a c e  between the  
p la te  and the  die.  Two s t r ands  of Deticord with 50 
gra ins  per l inea l  foot a r e  posit ioned 4 in. from the  
longitudinal center l ine above  the  die.  Two  PX- 

plosive detonations appear  necessa ry  for accept -  
ab le  results.  After the first  detonation, the second 
s e t  of Deticord, aga in  with 50 grains pet l inear 
foot, is posit ioned with each  strand 5 in. from t h e  
longitudinal cen ter  line. T h i s  second s i z ing  with 

the  Deticord 1 in. c lose r  to the  p la te  e d g e s  mini- 
mizes  the variations in the radius near the edges.  

F i v e  full-size p la tes  have been s i z e d  by th i s  
technique, and the  radii  of curvature have  been 
measured a t  points a long  the  longitudinal and 
t ransverse  directions.  T h e  measurements obtained 
from all p l a t e s  a re  summarized in Table  26.6. T h e  
majority of the  la rge  negative devia t ions  a re  near 
t he  edges ,  showing that the p la t e s  tend t o  curl  
inward there. 

T h e  inner control rod is a hollow cylinder 
17.832-in. OD x 659/,, in. long x 4- in .  thick. It 
wi l l  b e  prepared by welding together four preformed 
similarly shaped composite p la tes  with the same 
europium oxide and tantalum concentrations a s  
t h e  outer control rod plates.  T h e  tube  will  b e  
f in i shed  to  final size by explos ive  forming. 

. 
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Fig. 26.7. Europium Oxide Section of Formed HFlR Control-Rod P la te  Showing Interface Cracking. Insert 1 5 ~ .  
Reduced 35%. 

Procedures  for welding the p l a t e s  together were 
developed and one  all-aluminum mockup cylinder 
w a s  welded, mechanically expanded to a diameter 
approximately 0.030 in. less than the f inal  diam- 
e te r ,  and f inished by explosive s iz ing.  Two  det-  
onations were used to  form the cylinder to final 
size: the f i r s t  with 100 grains  per l inea l  foot of 
Primacord, t h e  second with 1.50 grains  per  l inea l  
foot of th i s  explosive.  The  resul ts ,  although pre- 
liminary, are encouraging. After t h e  f i r s t  shot ,  
t h e  diameter, calculated from pi-tape measurements 
at intervals  a long the length,  ranged from 17.838 
to 17.834 in. and averaged 17.837 in. After the  
second  shot ,  individual measurements ranged from 
17.862 to 17.821 in. and averaged 17.850 in. Our 
preliminary resu l t s  ind ica te  that in  future explo- 
s i v e  forming of composite control p la tes  a smaller 
second charge should b e  used to minimize varia- 
t ions in  the diameter. 

Since A1-33 vol % Eu,03 is not duct i le  enough 
to endure the s t ra in  necessary  in f inal  s i z i n g  of a 
completed cylinder,  t h i s  s i z i n g  will be performed 
in two s teps .  T h e  separa te  p la tes  will be ex- 
plosively s i z e d  to nearly the right radius  before 
welding. After the p l a t e s  are  welded together,  
the  cylinder will be s i z e d  a final increment within 
the  range the cermet c a n  withstand. 

Propert ies of HFlR Control Rod P l a t e s  

R. J. Beaver 

Mechanical  and P h y s i c a l  Properties. - To 
assist the  proper design of t h e  control rods,  our 
Mechanical Propert ies  Laboratory and Phys ica l  
Proper t ies  Laboratory have  measured some prop- 
e r t i e s  of t h e  HFIR control p la tes ,  and the resu l t s  
a re  given in  T a b l e  26.7. 
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Table  26.5. Summary of Data  on Core Fabrication for Control Rod Plates for the HFIR Cr i t ica l  Experiment 

Outer P l a t e s  Inner P l a t e s  

Black Gray Black Gray 
Sectiona Section Sectiona Section 

Tolerance 
Limits b b 

Dimensions, in. 
Length 
Width 
Thickness  

Loading, g 
Preform plate radius, in. 

Average dimensions, in. 
Length 
Width 
Thickness  

Average loading, g 

Preform radius, in. 

Rolling schedule, % 
Spread 
Cross  
Elongation 
Total  reduction in thickness 
Estimate of densification 

Spec if icat ions 

22.00 5.00 22.00 5.00 k0. 50 
13.19 13.19 13.10 13.10 to. 12 
0.194 0.194 0.194 0.194 k0.005 
2230 1300 2215 1295 k 22 

f 5  9 >x 8 y4 2 

21.96 
13.20 
0.193 
2225 

2.14 
19.67 
84.24 
87.84 
1.83 

Summary of Results 

4.90 
13.17 
0.197 

1305 

9 jX 

1.85 
19.67 
83.56 
87.62 
4.42 

21.96 4.90 
13.12 13.09 
0.193 0.197 
2211 

1292 

9 ?8 

2.14 1.85 
19.14 19.14 
84.24 83.56 
87.7 1 87.53 
1.83 4.42 

f0.28 
k0.07 
k0.005 
f 1  
f 1 6  

* i  

k0.37 
k0.37 
?rO. 37 
k0.37 

a33 vel% EU o in aluminum. 
b40 vol Yo T a  in aluminum. 

2 3  

Corrosion Resistance.  - T h e  Reactor Chemistry 
Division found that when unclad A1-33 vol % 
Eu,O, in the  fabricated HFIR control rod p la te  
was  exposed to water at 100°C for 100 hr, the  
oxide hydrolyzed and swelled.  T h e  swel l ing  
c rea ted  sufficient s t r e s s  to generate c racks  
throughout t h e  material. A s imi la r  phenomenon 
had been reported previously for d i spers ions  of 
Eu 0 in s t a i n l e s s  s t e e l  when exposed  to  295OC 
water. 3 1 3  Deliberate de fec t s  representing con- 
ce ivab le  0.013-in.- and 0.025-in.-diam p i t s  were 

13A. E. Richt, Army Reactors  Program Progr. Rept., 
ORNL-3231, pp. 41-43 (Jan. 31, 1962). 

made through the  c ladding  into the  co re  of 
o therwise  hermetically sea l ed  roll-clad p la te le t s  
containing A1-33 vol % Eu 0 mixtures. T h e s e  
specimens were tes ted  for periods of 400 hr  (on 
the  0.025-in.-diam defec ts )  and 600 hr  (on the  
0.013-in.-diam defects) in water a t  100°C pres- 
sur ized  t o  600 psi .  At one of the 0.013-in.-diam 
defec ts ,  a b l i s te r  approximately 0.002 in. high 
developed. At the  0.025-in.-diam defec ts ,  b l i s t e r s  
0.025 in. high occurred. Although t h e s e  resu l t s  
are not  surprising, they d o  ind ica te  tha t  p i t t ing  
through the cladding should be avoided because of 
consequent  undesirable blistering. On the  other 
hand, such  a condition will  probably not lead  to a 
ca tas t rophic  failure. 

2 3. 
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Fig. 26.8. Explosive Forming Equipment. 

Table 26.6. Distribution of Deviations from the 9.020-in. Nominal Inside Radius 
of Explosively Sized H F l R  Outer Control Rod Plates 

Deviations in Each Range (%) 
Deviation from 

Nominal Radius (mils) Plate Plate Plate Plate Plate 
MC-29 HC-30 HC-31 D-4 HC-28 

46.7 20.3 35.5 43.4 38.6 

0.0 1.7 10.2 15.0 29.8 

0.0 0.0 3.4 1.7 7.0 

O t o + 5  

+ 6  to+lO 

+ 11 to+ 15 

+ 16 0.0 0.0 0.0 0.0 0.0 

21.6 40.7 18.6 21.7 15.8 -1to-5 

-6 to - 10 18.3 5.1 11.7 8.3 5.3 

-11 to-15 5.0 15.3 6.9 3.3 3.5 

5.0 15.3 6.9 6.6 0.0 

-21 to-25 0.0 1.7 5.1 0.0 0.0 

0.0 0.0 1.7 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 

- 16 to - 20 

-26 to-30 

- 30 
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Table  26.7. Properties of H F l R  Control Plates*  

Property 33 vol % Eu,O, 40 vol % Ta 
in Aluminum in Aluminum 

Tensile strength (psi) 
Rolling direction 11,800 17,700 
Transverse direction 10,300 17,700 

Elongation (70) 
Rolling direction 5 6 
Transverse direction 3 6 

Thermal conductivity (w min-' OC-') 
At 31°C 80.2 112.4 
At 71°C 85.8 113.8 

Coefficient of thermal expansion 
between 36 and 2OO0C PC-' )  26.6 x Not measured 
(bare core) 

~ 

80.030-in. cladding - 0.190-in. core - 0.030-in, cladding. 

Corrosion resis tance of t h e  AI-40 vol % T a  mix- 
ture appears  to be acceptable.  Roll-clad speci- 
mens have  been tes ted in 100°C aerated water with 
a pH of 5.0 for periods up to 11,500 hr. Several 
i-in.-diam ho les  were made through the  tantalum- 
aluminum sec t ion  in one specimen and part  of the 
cladding was  removed to expose  the tantalum- 
aluminum mixtu r e  to the environment in another. 
In neither was  there  any ev idence  of dissimilar-  
metal a t tack between the tantalum-bearing core 
and t h e  cladding. Weight changes  of the  samples  
were negligible. 

IRRADIATION TESTING OF AI-CLAD 
PLATELETS CONTAINING A DISPERSION 

OF 33 VOL % Eu,03 IN ALUMINUM 

R. J. Beaver C. F. Lei t ten ,  Jr. 

Although out-of-reactor t e s t s  have  shown that 
Eu,O, is compatible with aluminum a t  the  500°C 
rolling and heat-treatment temperature, no com- 
prehensive data  e x i s t  on the  behavior of the 
Eu,O,-AI mixture under irradiation. T e s t s  have 
therefore been init iated in the ORR to obtain 
exposures  a t  6OoC (based on unperturbed fluxes) 
to  4.7 x lo2'  and 1.3 x 10,' neutrons/cm2 thermal 
and f a s t  respectively.  T h e  t e s t  spec imens  were 

made by the procedures es tabl ished for making the 
ful l -s ize  HFIR control-rod p la tes ,  excep t  small  
cylindrical  cores  were used. Typical  spec imens  
before exposure and a radiograph of a core are 
shown in Fig.  26.9. 

"NCLASIIFIED 
PHOTOblOU 

TYPICAL RADIOGRAPH 
I 

PHOTOGRAPH 

Fig. 26.9. HFlR Control Rod Irradiation Test  Speci- 

mens Containing 33 vol % E u l O j  in Aluminum. 

c 



27. Molten-Salt 

A. Taboada 

The  major effort of t he  overall program is pres- 
ently devoted t o  the  design, construction, and 
operation of t h e  Molten-Salt Reactor  Experiment 
(MSRE) ’ t o  demonstrate the feas ib i l i ty  of t h i s  
reactor type for central  power s t a t ions  and t o  
provide experience with the engineering (oper- 
abil i ty,  dependability, serviceabili ty,  and safe ty)  
and  materials compatibility of t h e  reactor under 
conditions of long-term operation. 

The  MSRE is a high-temperature (1300°F), low- 
pressure (50 psi)  system designed t o  provide a 
thermal output of 10  Mw. A fuel mixture of LiF, 
BeF’, Z r F 4 ,  and UF,  is circulated through a 5-ft- 
diam cylindrical  reactor ves se l ,  containing a 
graphite matrix, to  a heat exchanger, where heat 
is transferred to a fuel-free fluoride s a l t ,  T h i s  
secondary s a l t  coolant then d ischarges  hea t  t o  
t h e  atmosphere through a salt-to-air hea t  exchanger. 

All portions of the  reactor in contact with s a l t  
a r e  fabricated from the Ni-Cr-Mo alloy INOR-8 
that we developed spec i f ica l ly  t o  r e s i s t  corrosion 
by fluoride s a l t s  and s t i l l  maintain good strength 
at e leva ted  temperatures. T h e  core matrix con- 
sists of unclad low-permeability graphite stringers 
that form vertical channels  for fuel-salt flow. 

Our part of th i s  program h a s  been limited to  
those  problems af fec t ing  the  success fu l  completion 
of the  MSRE. It  inc ludes  metallurgical a s s i s t a n c e  
to other d iv is ions  working toward t h i s  aim, as 
well as the  materials development and tes t ing  work 
that follow. 

‘A. L. Boch et af., “The Molten-Salt Reactor Experi- 
ment,’’ pp. 247-92 in Symposium on Power Reactor  Ex- 
periments, Vol. I, International Atomic Energy Agency, 
Vienna, 1962. 

Reactor 

EVALUATION OF MSRE GRAPHITE 

W. H. Cook 

We continued evaluation of the MSRE graphite, 
grade CGB. Although our t e s t s  were not part of 
the quali ty control required in the  specification, ’ 
s tud ie s  to  determine the  properties of graphite 
pertinent to  molten-salt reactors a re  useful in 
determining the  acceptabili ty of the  material for 
reactor use.  

T h e  bulk dens i ty  of specimens from ten different 
bars  ranged from 1.83 to 1.87 g/cm3. Most spec-  
imens had  a dens i ty  of 1.86 g/cm3, which is 
slightly higher than the  1.85 g/cm3 indicated in 
in i t ia l  t e s t s .  

We determined the spectrum of the  open-pore 
entrance diameters over t he  range from 100 t o  
0.02 p .  The  access ib l e  porosity was  9.6% of the  
bulk volume of the  small  specimens,  and more 
than 96% of the  access ib l e  porosity had pore- 
entrance diameters smaller than 0.2 p .  If the  MSRE 
graphite had no cracks ,  a pressure of about 600 
ps ia  would b e  necessary  to force the  nonwetting 
molten fuel s a l t  into 0.5% of the  bulk volume of 
the graphite, t h e  design limit for the  MSRE. 

The  average access ib l e  porosity for the MSRE 
core ba r s  appears to b e  about 4.0%, which is lower 
than the  9.6% value reported above for the small 
specimens used  in the  determination of the spec -  
trum of pore-entrance diameters. Apparently, not 
all of t he  pore channels  in the  graphite are con- 
tinuous, so  i f  specimen dimensions exceed certain 
values,  some interior pore channels  become inac- 
ces s ib l e .  T h i s  h a s  been  demonstrated in tests 

~~ ~ ~ 

’Tentative Specification for Graphite Bar  for Nuclear 

3W. H. Cook, Metals and  Ceramics Div. Ann. Progr. 
Reactors, MET-RM-1 (May 10, 1961). 

Rept. May 31, 1963, ORNL-3470. pp. 165-67. 
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in which a graphite-wetting fluid, xylene, was  
used  to measure access ib l e  volumes of t ransverse  
sec t ions  machined from full-sized MSRE core bars  
and smaller specimens machined from t h e s e  sec- 
tions. Therefore, if  for any reason the  fluoride 
s a l t  wetted and penetrated the  access ib l e  voids  
of the graphite, relatively l i t t l e  fuel salt would b e  
taken up. 

T h e  small  pore-entrance diameters and the  rel- 
atively small access ib l e  porosity of the  MSRE 
graphite are attained through a unique microst.ruc- 
ture.4 Th i s  is unusual  i n  tha t  nearly all of the  
voids in  the b a s e  s tock  have  been fi l led through a 
s e r i e s  of impregnations and hea t  treatments. 

La t t i ce  cons tan ts ,  measured4 on samples  from 
the  graphite, were a,,, 2.464 A and c,,, 6.746 A. 
T h e  x-ray pattern a l s o  indicated a well-graphitized 
material with a small  amount of amorphous material. 

of the oxygen concen- 
tration in random samples  of the  core graphite had 
averaged about 20 ppm. Recently,  we measured 
another s e t  of random samples  of the  core graphite 
to determine if oxygen contamination had increased 
during the  interim period. The  average va lue  was 
about 10 ppm 0, which is within the  normal varia- 
tion and is s t i l l  well below the 115 ppm maximum 
permitted by the  specificatlon. 

Supporting and retaining graphite ba r s  a re  used  
in the  reactor a t  the bottom and around the top 
of the graphite core  bars.  Since these se rve  as 
part of the  support assembly,  they must have  high 
structural  integrity. Therefore, t h e s e  were fabri- 
cated with a higher permeation than were the core 
bars,  to  minimize the c racks  common to  the  core  
bars.  Radiographic examination of severa l  of 
t hese  bars  showed that some had no  de tec tab le  
c racks  and the o thers  had only a few short  tight 
ones.  T h e s e  ba r s  contained approximately 40  
ppm 0, about twice  the  highest  value reported 
above for the  low-permeability core bars. T h e  
total surface area of specimens from both kinds 
of bars  was  essent ia l ly  the  s a m e .  The  reason 
for the higher oxygen content in the  more perme- 
ab le  graphite ba r s  h a s  not been determined, but 
the value is still well within the  maximum per- 
mitted by the  specification. 

Previous measurements 

4R. B. Briggs e t  al., MSR Program Semiann. Progr. 

5R. B. Briggs e t  al., MSR Program Semiann. Progr. 

Rept. Jan. 31, 1964, ORNL-3626, pp. 67-70. 

Rept. Jan. 31, 1963, ORNL-3419, pp. 70-71. 

T h e  thermal conductivity and the  effects of ir- 
radiation on phys ica l  properties and creep of CGB 
graphite a re  reported in Chap. 25 of t h i s  report. 

MSRE HEAT EXCHANGER FABRICATION 

R. G. Donnelly 

To reduce the  pressure  drop through t h e  she l l  
s i d e  of the  MSRE primary heat exchanger, Reactor  
Division personnel decided that four outer U-tubes 
from the  tube bundle should be  removed. Since 
these  were removed by cutt ing the  INOR-8 tubes  
a t  t he  barrier p la tes ,  t he  resultant eight tube 
s tubs  had to  b e  sea led .  

We designed a tube plug and developed sea l -  
welding procedures for th i s  application. Also,  a 
welder was  spec ia l ly  qualified on sample welds  
of t h i s  joint  design. The  tapered plugs were 
machined to  a n  interference fit,  each  being 0.0002 
in. greater i n  diameter than the ins ide  diameter 
of the  tube stub. T h e  design provided an edge-type 
fusion weld between the  plug and the  tube-stub 
end. Metallographic examination of sample welds  
showed an even weld contour and sa t i s fac tory  
penetration. Since the  plug fitted very t ightly in 
t h e  tube, no root c racks  were detected in  any of 
the  30 samples  welded. 

Although the  actual gas  tungsten-arc welding 
was  complicated by  the c l o s e  proximity of adjacent 
tubes ,  the  welds  were of excellent quali ty as 
revealed by dye-penetrant and radiographic inspec- 
tion. T h e  unit  will be  rewelded ins ide  its pressure 
she l l  for insertion into the MSRE system. 

MECHANICAL PROPERTIES OF INOR-8 WELDS 

R. G. Gilliland J .  T. Venard 

We are  learning more about the  general  weld- 
abil i ty of INOR-8, in particular about the  mechan- 
i ca l  properties of welds  in MSRE-approved h e a t s  
of material. Several of these  h e a t s  were welded 
under conditions of high restraint, and spec imens  
were machined transverse to the welds. T h e s e  
were then t ens i l e  tes ted  in  the as-welded condition 

6R. G. Donnelly and G. M. Slaughter, Welding J. 43(2), 
118-24 (1964). 
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Table  27.1. Room- and Elevated-Temperature Tens i le  Properties of INOR-8 Transverse Weld Specimens i n  

the As-Welded and Stress-Relieved Conditions 
.~ ~ ~ 

Elongation in Reduction in  
1 )/z in. (70) Area (%) T e s t  Tensi le  Strength (psi)  Yield Strength (psi)  

(OF) As-Welded Relieved As-Welded Relieved As-Welded Relieved As-Welded Relieved 
Stress- Stress- Stress- Stress- Temperature 

Room 102,000 93,800 65,400 44,200 23 21  35 21 

600 91,200 88,900 54,800 42,600 24 25 38 34 

8 00 88.600 85,400 52.900 44,400 24 27 28 24 

1000 82,600 85,400 48,100 39,400 22 32 37 34 

1200 71,200 73,100 46,800 39,400 14 24 28 27 

1400 59,900 60,000 43.700 36,900 9 14 15 15 

1600 38,400 40,000 36.800 34,800 9 14 5 12 

1800 21,700 22,000 21,300 21,600 18  13 13 15  
_____-- 

and af te r  s t r e s s  relief (2 hr a t  1600°F in hydrogen), 
and the  resu l t s  are presented in Table  27.1. 

T h e  thermal treatment appears  to  have lowered 
the t ens i l e  strength a t  the  lower tes t ing  tempera- 
tures but left tha t  a t  t he  higher temperatures un- 
changed. T h e  yield strength was  lowered a t  
nearly all t e s t ing  temperatures. Ductility a t  
room temperature h a s  been lowered but not at 
e leva ted  temperatures. In the as-welded t e s t s ,  
fa i lures  occurred in  the weld area.  However, s ince  
stress-relieving either embrittled the b a s e  metal 
or strengthened the  weld, failures generally oc- 
curred i n  the  b a s e  m e t a l  of stress-relieved spec-  
imens. Although t h e  ducti l i ty shows a minimum 
in t h e  1400 to 1600°F temperature range, t he  
strength appears to dec rease  with increas ing  t e s t  
temperature. 

We are  t e s t ing  th i s  material further, including 
investigation of base-metal hot ductility and t h e  
determination of stress-rupture properties of trans- 
verse  weld specimens.  

MECHANICAL PROPERTIES OF INOR-8 
IRRADIATED AT ELEVATED TEMPERATURES 

W. R. Martin 

Subsize t ens i l e  specimens of INOR-8 (heat 5081) 
have  been irradiated in  the  J3-8 l a t t i ce  position 
of the  ORR. T h e  specimens were solid-solution 

hea t  treated at 1175OC and then irradiated at 
7OOOC for approximately 2000 hr to  d o s e s  from 5 to 
12 x l o2 '  neutrons/cm2 (fast and thermal). 

The  tens i le  properties of the  irradiated and the  
unirradiated alloys,  given similar thermal histo- 
r ies ,  are compared in  Tab le  27.2 for severa l  defor- 
mation temperatures a t  one s t ra in  rate (0.02/min). 
No significant differences in  t h e  yield s t r e s s  were 
observed except  s l igh t  ones  a t  300 and 400OC. 
However, irradiation markedly reduced the  ultimate 
and t rue  tens i le  s t r e s s e s  for deformation tempera- 
tu res  of 6OO0C and above. Irradiation reduced the  
elevated-temperature ducti l i ty,  as measured by 
t h e  fracture strain,  uniform strain,  and total  
elongation. 

T h e  influence of s t ra in  ra te  a t  e leva ted  tempera- 
tures is shown in Table  27.3. T h e  ef fec t  of ir- 
radiation inc reases  with decreas ing  s t ra in  rate. 
Figure 27.1 indica tes  that  the effect  of irradiation 
on the  uniform elongation and true fracture s t ra in  
may reach a maximum at a temperature tha t  is 
sens i t i ve  to the  s t ra in  rate. 

We investigated t h e  e f f ec t  of postirradiation 
anneal ing on the elevated-temperature embrittle- 
ment. Numerous investigations have shown tha t  
postirradiation heat treatments in the range 950 
t o  llOO°C annea1 the  damage tha t  c a u s e s  embrit- 
tlement of s t a i n l e s s  s t e e l  irradiated and t ens i l e  
t e s t ed  at 20 t o  100OC. We hea t  treated irradiated 
INOR-8 samples  45 min a t  1175OC prior to  tes t ing  
at 700 and 900OC. The  properties of the  irradiated 
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Table  27.2. Tensi le  Strength and Duct i l i ty  of Irradiated and Unirradiated INOR-8 (Heat 5081) 

Deformation Stress  (psi) Ductility ( X )  

Temperature Yield Strength True Tens i le  Strength True Uniform Strain True Fracture Strain 
(OC) Irradiated Unirradiated Irradiated Unirradiated Irradiated Unirradiated Irradiated Unirradiated 

Room 

100 

2 00 

3 00 

400 

500 

600 

7 00 

800 

x i o 3  
46.3 

43.9 

38.4 

36.0 

35.0 

35.8 

32.5 

31.0 

28.5 

x i o 3  
45.5 

43.9 

40.7 

40.7 

40.7 

35.8 

36.2 

34.1 

30.9 

x 103 

168.6 

159.5 

150.6 

154.3 

146.9 

129.5 

82.4 

53.4 

38.4 

x i o 3  
166.5 

161.0 

157.5 

147.0 

153.0 

144.0 

109.0 

102.8 

59.9 

42.3 

40.1 

40.3 

42.2 

40.2 

35.3 

11.8 

8.0 

3.7 

40.6 

40.3 

41.9 

37.9 

39.3 

42.4 

26.7 

30.8 

12.2 

42.5 

44.6 

42.5 

44.6 

42.5 

21.9 

11.6 

6.9 

39.0 

37.2 

50.7 

41.4 

46.9 

31.6 

42.1 

86.6 

Table  27.3. Strain Rate Sensit ivity of Irradiated and Unirradiated INOR-8 (Heat  5081) 

Deforma- Stress  (psi) Ductility (%) 

tion Strain True Tens i le  True Uniform True Fracture 
Strength Strain Strain Yield Strength Tempera- Rate 

I 

(min-') Irradi- Unirradi- Irradi- Unirradi- Irradi- Unirradi- Irradi- Unirradi- ture 
(OC)  ated ated ated ated ated ated ated ated 

x i o 3  x io3  x l o 3  x lo3 
500 0.2 32.7 34.9 136.1 145.6 41.2 42.3 46.6 53.4 

500 0.02 35.8 35.8 129.5 144.0 35.3 42.4 51.4 

500 0.002 34.4 37.4 122.5 131.5 32.3 33.3 36.5 34.2 

600 0.2 32.9 34.1 112.7 134.4 31.2 38.9 36.5 48.7 

600 0.02 32.5 36.2 82.4 109.0 17.7 26.7 21.9 31.6 

600 0.002 34.2 34.6 63.1 106.0 10.3 29.9 13.2 29.7 

700 0.2 30.5 30.9 66.8 106.5 13.5 32.2 19.2 39.2 

7 00 0.02 31.0 34.1 53.4 102.8 8.0 30.8 11.6 42.1 

700 0.002 32.1 33.7 47.0 80.5 5.6 20.0 7.8 29.0 

800 0.2 29.3 29.3 45.7 79.8 6.7 11.6 

800 0.02 28.5 30.9 38.4 59.9 3.7 12.2 6.9 86.6 

800 0.002 29.3 32.5 32.2 42.9 1.8 6.5 4.9 93.7 
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Fig.  27.1. Ef fect  of Irradiation on the Duct i l i ty  of INOR-8 as a Function of Strain Rate  and Deformation Temperature. 

alloy with and without t he  postirradiation hea t  
treatment a r e  compared in  T a b l e  27.4. T h e  s t a -  
bil i ty of the  irradiation-induced defect that  c a u s e s  
poorer properties a t  e leva ted  temperatures is 
remarkable. 

The  e f f ec t s  of irradiation at the  lower and upper 
l imits of neutron exposure given the  INOR-8 are  
compared in  Tab le  27.5. W e  be l ieve  the  differ- 
e n c e s  i n  t h e s e  da t a ,  obtained a t  7OO0C and a 
s t ra in  rate of O.O02/min, a r e  insignificant.  

In summary, t he  ducti l i ty of unirradiated INOR-8 
is low at deformation temperatures of 800 and 
900OC. T h e  low uniform elongations dec rease  
with decreas ing  s t ra in  rate.  T h e  dec rease  i n  

uniform s t ra in  is accompanied by a la rge  inc rease  
in fracture strain and a reduction in true fracture 
s t r e s s .  T h e  a l loy  appears  to work-soften at  or 
above  a spec i f ic  e leva ted  temperature tha t  is 
s e n s i t i v e  t o  the  s t r a in  rate. 

Irradiation a t  e leva ted  temperatures a f fec ts  only 
the  mechanical properties of INOR-8 measured 
a t  temperatures in  e x c e s s  of 60OoC. T h e  magni- 
tude of t h e  effect  i nc reases  with decreas ing  s t r a in  
rate.  T h e  effect is primarily a dec rease  in duc- 
tility. However, the  ult imate engineering s t r e s s  
and t h e  true t ens i l e  s t r e s s  a re  markedly reduced 
for t hose  deformation temperatures a t  which the  
work-hardening coefficient of the  alloy is high. 

Table  27.4. Influence of Postirradiation Heat  Treotment on the Tens i le  Propertiesa of INOR-8 

Elongation 
De format ion Tens i le  Strength Measured in  1 in. Temperature Postirradiation Heat Yield Stress  

(%) (psi) 
Treatment (Psi) 

Uniform Tota l  (OC) Ultimate True 

x l o 3  x l o 3  x 103 

700 None 32.1 44.3 47.0 5.8 6.1 

700 1 hr a t  1175OC 30.5 41.5 44.2 6.3 6.4 

900 None 23.2 23.2 23.3 0.4 -0.4 

900 1 hr a t  1175OC 23.5 23.5 23.6 0.6 0.7 

aMeasured a t  a s t ra in  ra te  of O.OOZ/rnin. 
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T a b l e  27.5. E f fec t  of Neutron Dose on T e n s i l e  Properties of Irradiated INOR-8 

Neutron Dose Elongation 
(neutrons/cm ) (%) 

2 Yield Stress Ultimate Strength True Tensi le  Strength 

(Psi) (psi) (Psi) 
F a s t  Thermal Uniform Total  

5 x 10'' 6 x 10'' 33,300 44,000 46,000 4.5 4.7 

1.2 X 1 O Z 1  1.2 X 1 O 2 l  32,100 44,300 47,000 5.8 6.1 

MECHANICAL PROPERTIES OF INOR-8 

J.  T. Venard 

Tens i l e  properties of two h e a t s  of INOR-8 MSRE 
p la t e  and stress-rupture da t a  on a third hea t  were 
reported previously.' At that  time, we pointed out 
that  t ens i l e  properties of neither hea t  5075 nor 
5081 differed between specimens taken parallel  
or t ransverse  to  the p la te  rolling direction. Also, 
hea t  5075 was  somewhat less duct i le  than heat 
5081 in the temperature range 590 to  87OoC. 

Figure  27.2 shows tha t  t h e  c reep  behavior of 
t h e  three hea t s  was  qu i t e  similar. Heat  5075, 
however, exhibited a lower rupture strength,  as is 
s e e n  in Fig.  27.3. In  stress-rupture t e s t s ,  as in  

'5 .  T. Venard and W. J. Leonard, Metals and Ceramics 
Div. Ann. Progr. Rept. May 31, 1963, ORNL-3470. 
pp. 162-63. 

UNCLASSIF IED 
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Fig.  27.2. Creep Rate in Air  of INOR-8 MSRE Plate. 

Open symbols represent measurements para1 le1 to the 

rolling direction and closed symbols transverse. 

the  t ens i l e  tests, h e a t  5075 was  less ductile.  
Fo r  example, at 704OC the  elongation a t  fracture 
for hea t  5075 was  4 t o  8%, compared with 16 to 
50% for h e a t s  5055 and 5081. 

A de ta i led  topical report giving t h e  mechanical 
properties da t a  on t h e s e  three hea t s  of MSRE ma- 
terial  is in  preparation. 

INFLUENCEOFHEATTREATMENTON THE 
TENSILE PROPERTIES* OF INOR-8 

H. E. McCoy 

The  t ens i l e  properties of INOR-8 (Hastelloy N )  
have  been  evaluated after various hea t  treatments.  
Four  air-melted h e a t s  and one vacuum-melted hea t  
were studied. T h e  vacuum-melted material  ex- 
hibited good ductil i ty after a l l  hea t  treatments.  

8H. E. McCoy, Influence of Several Metallurgical 
Variables on the Tensile Properties of Hastel loy N ,  
ORNL-3661 (in press). 
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Fig .  27.3. Stress Rupture of INOR-8 MSRE P la te  

Tested in Air. Open symbols represent measurements 

porollel to the rolling direction and closed symbols 

transverse. 
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Annealing the air-melted material a t  temperatures 
in e x c e s s  of 2150°F reduced significantly the  
minimum fracture s t ra in  exhibited by the  alloy. 
Holding a t  temperatures of about 1600°F for an  
extended period recovered the  fracture ductility. 
Aging material in the 1100 to 1200'F range tha t  
had been  previously annealed a t  2150°F reduced 
the  ducti l i ty significantly but changed the  tens i le  
strength very l i t t le.  

We bel ieve  we can explain t h e s e  e f fec ts  i n  t e r m s  
of the  formation of a brit t le grain-boundary layer 
along which a crack can  propagate e a s i l y  a t  
elevated temperatures. Breaking up the continuity 
of t h i s  layer by aging or cold working recovers 
good fracture ductility. T h e  formation of t h i s  
layer is assoc ia ted  with the presence  of t r ace  
alloying elements.  

POSTIRRADIATION METALLOGRAPHIC 
EXAMINATION OF MSRE IN-PILE TESTS 

E. J. Manthos 

During the  pas t  year, we have  examined cor- 
rosion coupons from in-pile experiment ORNL- 
MTR-47-3 and capsule  components from in-pile 
experiment ORNL-MTR-47-4. 

Corrosion Coupons from In-Pile Experiment 
0 RNL-MTR-47-3 

In-pile experiment ORNL-MTR-47-3 cons is ted  of 
four INOR-8 capsu le s  tha t  were irradiatedg a t  
temperatures ranging from 790 to  95OoC. Each  
capsu le  contained one  coupon each  of INOR-8, 
molybdenum, and pyrolytic graphite i n  MSRE fuel 
sa l t .  The  coupons were clamped to a graphite 
blade and partially immersed in a s t a t i c  molten- 
s a l t  fuel mixture. T h e  b lade  material was R-0025 
graphite in the  two capsu le s  with fuel a t  835OC 
and AGOT graphite impregnated with fuel in the  
capsu le s  with fuel a t  850 and 945OC. 

All  four of the INOR-8 coupons carburized, as 
shown in F ig .  27.4. A precipitate had formed 
throughout all of the  coupons and could not b e  
identified by x-ray diffraction. Subsurface void 
formation was a l s o  s e e n  on one sur face  and on 

'R. B. Briggs et al . ,  MSR Program Semiann. Progr. 
Rept .  Feb. 28, 1962, ORNL-3282, pp. 97-101. 

one  end of the coupons. We do  not know which 
sur face  of t he  coupon had been  in contac t  with 
the  fuel. 

As s e e n  i n  F ig .  27.5, a reaction layer, probably 
a molybdenum carbide,  formed on one sur face  of 
t he  two molybdenum coupons tha t  had been  irradi- 
a ted  at 810 and 900°C (fuel a t  8 5 0  and 945OC). 
On t h e  other s i d e  voids formed, and the  sur face  
w a s  roughened. No reaction layer formed on  the  

F i g .  27.4. Photomicrograph of INOR-8 Coupon from 

Capsule 3 of Experiment ORNL-MTR-47-3. One side of 

the coupon had been in  contact with graphite and the 

entire coupon was carburized. Etchant: Aqua regio. 

. . , -_ .. . : 

Fig.  27.5. Photomicrograph of Molybdenum Coupon 

from Capsule 3 of Experiment ORNL-MTR-47-3. A re- 
action layer, probably a molybdenum carbide, had formed 

on the surface that had been in  contact with graphite. 

Etchant: Equal parts of 30% H 2 0 2  and NH40H. 
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other two molybdenum coupons at 79OOC (835OC 
fuel), but t he  portions of t he  coupons that had 
been immersed in molten salt were partially d is -  
solved. 

The  pyrolytic graphite coupons were apparently 
unaffected by the  molten-salt mixture. We s a w  no 
s a l t  permeation in to  the  pyrolytic graphite, and the  
su r faces  of t h e  coupons were smooth. 

In-Pile Experiment ORNL-MTR-47-4 

Two types  of c a p s u l e s  l o *  l 1  were irradiated in 
ORNL-MTR-47-4. The larger (Nos. 24, 26, and 45) 
c a p s u l e s  cons is ted  of an INOR-8 j acke t  that  
contained molten-salt fuel into which a graphite 
bu l le t  had been inserted. T h e  smaller capsu le s  
(such as No. 4), a l so  of INOR-8, contained the  
molten-salt fuel in a graphite crucible.  

Metallographic examination of the  INOR-8 wall 
from capsu le  24 has been reported. l 3  Sections 
of t h e  INOR-8 capsu le  wall  from the  fuel and 
vapor-phase regions of capsu le  45 were examined 
metallographically and showed no ev idence  of 
corrosive attack or f i l m  formation. 

Sections of the  graphite from c a p s u l e s  24, 36, 
and  45 were metallographically prepared under 
s i l i cone  oil. We s a w  no ev idence  of a t tack  or 
permeation of t he  graphite by the  s a l t  mixture. 
T h e  graphite from capsu le  45 had been  subjec ted  
to  a vacuum hea t  treatment a t  600, 800, and 1000°C 
in a s t a in l e s s  s t e e l  container.14 After the  hea t  
treatment, a si lvery depos i t  less than 0.001 in. 
deep  had formed on the  sur face  of t he  graphite 
(Fig.  27.6). T h e  identity of the depos i t  i s  not 
known, but iron, nickel, o r  chromium may have 
volati l ized from the  s t a i n l e s s  steel container 
and deposited on the  graphite to form carbides.  
W e  autoradiographed t h e  metallographic specimens 

'OR. B. Briggs et  al., MSR Program Semiann. Progr. 

"R. B. Briggs et al., MSR Program Semiann. Progr. 

12R. B. Briggs et  at., MSR Program Semiann. Progr. 

13E. J. Manthos,Metats and Ceramics Div. Ann. Progr. 

14R. B. Briggs e t  at., MSR Program Semiann. Progr. 

"Kodak Spectroscopic Sa fe t y  F i l m ,  T y p e  649. 

Rept .  Feb. 28, 1962, ORNL-3282, p. 111. 

Rept .  Aug. 31, 1962, ORNL-3369. pp. 100-62. 

Rept. Jan. 31, 1963, ORNL-3419, pp. 84-86. 

Rept .  M a y  31, 1963, ORNL-3470, pp. 168-70. 

Rept .  J u l y  31, 1963, ORNL-3529, p. 81. 

by placing them in  contac t  with a high-resolution, 
be ta -sens i t ive  film. l 5  Typica l  resu l t s  are shown 
i n  F ig .  27.7. A radioactive depos i t  was  present 
on the  outer circumference of the graphite; a l so ,  a 
fa in t  t race  of radioactivity was  present  on the  
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Fig.  27.6. Photomicrograph of Graphite from Capsule 

45 of Experiment ORNL-MTR-47-4 Showing Silvery 

Deposi tThat  Formed on Surface of Bullet.  A s  polished. 

F ig .  27.7. Autoradiographs of Sections of Graphite 

from Experiment ORNL-MTR-47-4. A radioactive de- 

posit  had formed where the graphite hod been in  contact 

with molten fuel. 
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surface of t he  thermocouple wells. T h e  depos i t  
was  not detected metallographically. ' I t  may be  
uranium metal. 

W e  s a w  no s ign  of reaction between the INOR-8 
wall from capsule  4 and the graphite crucible. The  
graphite crucible wall was severe ly  attacked in 
the vapor phase region (Fig.  27.8); t he  severity 
of a t tack  decreased  as the  fuel level was  ap- 
proached. At the  fuel level,  the  graphite was 
relatively unaffected. Since fluorine is evolved 
from the sa l t  mixture during solidification after 

neutron irradiation, the graphite crucible wall  
above the  solidified fuel was apparently attacked 
by the  fluorine to form CF,. Both fluorine and 
CF, were found i n  capsu le  4 during postirradiation 
g a s  sampling. l 7  

16R. B. Briggs e t  al., MSR Program Semiann. Progr. 

"R. B. Briqgs e t  al., MSR Program Semiann. Progr. 

Rept.  Jan .  31, 1964, ORNL-3626, p p .  81-86. 

Rept .  Jan .  31, 1963, ORNL-3419, p p .  80-84. 

F i g .  27.8. Photomicrograph of Longitudinal Section of Graphite Crucible Wall a t  T o p  of Crucible in  Vapor-Phase 

Region. Capsule 4 of experiment ORNL-MTR-47-4. As polished. Reduced 33%. 
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28. Space Power Program 

W. C. Thurber 

Our purpose i s  t o  provide materials support for 
the  Medium Power Reactor Experiment. T h i s  re- 
actor,  currently being designed and developed a t  
ORNL, is a single-loop Rankine-cycle system em- 
ploying boiling potassium as the  reactor coolant 
and thermodynamic working fluid. T h e  reactor 
system, to b e  constructed of conventional materials,  
will  operate in the  815 to  87OOC temperature range 
to  produce more than 100 kw of electricity to dem- 
ons t ra te  i t s  utility for s p a c e  applications.  

Support work h a s  included fabrication of turbine- 
pump components, a calandria for phys ics  experi- 
ments, and radiators for hea t  transfer experiments. 
P o s t t e s t  metallurgical ana lyses  have been per- 
formed on various components from experimental 
t e s t  r igs,  and spec i f ica t ions  and fabrication pro- 
cedures  for fuel e lements  have  been developed. 
T h i s  work i s  d i scussed  in de ta i l  e l sewhere . '*2  
Research end development on high-temperature ma- 
t e r ia l s  with potential space-power application a re  
reported in Pa r t  11, Chaps.  14, 19, and 20 of th i s  
report. 

TURBINE-PUMP FABRICATION 

C. W. Fox  

One component a s soc ia t ed  with liquid-metal re- 
actor sys t ems  i s  a turbine pump with cermet bear- 
ings.  T h e  development of joining procedures for 
producing cermet-to-metal a s sembl i e s  h a s  been 
reported previously. Two as sembl i e s  have been 
produced during t h i s  reporting period incorporating 

a revolution counter and certain des ign  modifica- 
t ions  to  provide increased  reliabil i ty for brazing. 

Two impeller assembl ies  and two turbine wheels  
were successfu l ly  brazed in vacuum a t  112OOC 
with a nickel-silicon-boron brazing alloy. Each  
Mo-o.5% Ti alloy impeller had three tungsten car- 
bide bearings (two radial  and one thrust)  and a 
magnetic inser t  t o  s e rve  as  a revolution counter. 
E a c h  turbine wheel had a thrust  bearing. T h e  
brazed a s sembl i e s  along with t h e  accompanying 
sleeve-bearing assembly a re  shown in Fig.  28.1. 

FABRICATION OF CALANDRIA FOR 
CRITICALITY E XP E RIM EN TS 

C. W. Fox  

A calandria assembly was  fabricated for phys ics  
experiments t o  define potassium reactivity. We 
developed welding procedures and programmed the  
welding sequence so that a large number of c lose ly  
spaced  type  347 s t a i n l e s s  s t e e l  t ubes  were welded 
to thin type 304 s t a in l e s s  s t e e l  header  plate^.^ 
T h e  completed assembly was reasonably leaktight 
in tha t  it could b e  evacuated to 7 x lo-' torr and 
required 14 min to leak  to 1 x torr. Conse- 
quently, we filled t h e  unit with potassium without 
difficulty. T h e  Neutron P h y s i c s  Division com- 
pleted the  reactivity t e s t s  satisfactorily us ing  th i s  
calandria.  

STATOR BORE SEAL BRAZING 

C. W. F o x  
Aluminum oxide  h a s  been DroDosed a s  t h e  s ta tor  . .  

w. c. Thurber, ORNL-3571, pp. 93-156 (May 1964) bore seal in  t h e  e lec t r ica l  generators for Rankine- 
cyc le  nuclear e lec t r ic  power generation sys tems.  

1 

(classified). 
'W. C. Thurber, ORNL-3683 (in press) (classified). 

3 C .  W. Fox, Metals and Ceramics Div. Ann. r'rogr. 
C. W. Fox, ORNL-TM-779 (March 1964) (classified). 4 Rept. ,  May 31,  1963, ORNL-3470, pp, 193-94. 
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THRUST BEARING (88 WC-12Co) 

- 

Fig.  28.1. Turoine-rump nssemmy m o w i n g  impeller, >beeve bearing, and 1 urbine Wheel. T h e  tungsten carbide 

was brazed to Mo-0.5% Ti with a nickel-silicon-boron al loy at 112OoC and 1 x torr. 

A major area of concern is tha t  of joining a large 
(approximately lO-in.-diam) ceramic cylinder t o  the 
metal supporting structure. T h e  metals  of major 
in te res t  are Nb-1% Zr alloy and a commercially 
produced nickel-iron-cobalt alloy (Ceramvar) that  
was  developed spec i f ica l ly  to  have a n  expansion 
coefficient near that  of aluminum oxide. 

A s e r i e s  of general  s tud ie s  h a s  been conducted 
to accumulate  bas i c  information tha t  will in turn 
permit a rea l i s t ic  evaluation of the  problem. W e  
tes ted  wetting by various brazing a l loys  and pro- 
duced jo in ts  between aluminum oxide and the  metals 
of interest .  In general, the  niobium alloy appeared 
more su i tab le  for joining t o  the ceramic, although 
sound brazes  could be  made with both alloys.  To 
further eva lua te  these  joints, a series of s m a l l  
spec imens  was  prepared, encapsulated in  quartz 
tubing under vacuum, and cycled 20 times from 
ambient to  550OC. The  resu l t s  are shown in  Table  
28.1. T h e  aluminum oxide was  cracked with se- 
verity differing among t h e  eight specimens.  T h i s  
cracking sugges t s  tha t  joint design should b e  of 
primary concern in  t h e  u s e  of such  a seal for cyc l i c  
se rv ice  at elevated temperature. T h i s  modest 
study of ceramic-joining techniques is continuing. 

FABRICATION OF HEAT TRANSFER 
EQUIPMENT 

E. A. Franco-Ferreira 

A large 144-tube finned radiator was  fabricated 
under our supervision for fluid hea t  transfer s tud ie s  
to  be  conducted by the  Reactor  Division. T h e  
general des ign  of t h i s  unit was  similar t o  tha t  of 
one reported previously.' 

The  high-conductivity f ins  were attached to  the 
7-ft-long tapered tubes  of t he  radiator by an out- 
s i d e  vendor, who used a combination of spo t  weld- 
ing and furnace brazing. All component parts of 
t h e  unit were then welded together by ORNL shop 
personnel. A l l  procedures used for t he  fabrication 
of t h i s  radiator had been qualified on earlier units 
and detailed elsewhere. 

'E. A. Franco-Ferreira, Metals and Ceramics Div .  
Ann. Pro&. Rept., May 31,  1963, ORNL-3470, pp. 194- 
95. 

E. A. Franco-Ferreira, Fabrication of Radiators for 
Boiling Hea +Transfer Experiments, ORNL-TM-602 (Aug. 
23, 1963). 
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Table 28.1. Results of Thermal Cycl ing Testsa on AI2O3-to-Metal Joints 

Brazing Flow 
Alloy Point Metallographic Observations Combination 

Al2O3 to - (wt 70) (OC) 

Ceramvar 

Ceramvar 

Ceramvar 

Ceramvar 

Nb-1% Zr 

Nb-1% Zr 

Nb-1% Zr 

Nb-1% Zr 

Ni-clad Ti 

8 0  Zr-17 Fe-3 

49 Ti-49 Cu-2 

68 Ti-28 Ag-4 

Ni-clad Ti 

80 Zr-17 Fe-3 

49 Ti-49 Cu-2 

68 Ti-28 Ag-4 

1040 

Be 1050 

Be 980 

Be 1030 

1040 

Be 1050 

Be 980 

Be 1030 

Cracking in braze alloy and A1203. 

Cracking in braze alloy and A1,0,. 

No cracking in braze alloy. Cracking in A1203. 

Slight erosion of base metal by brazing alloy. 
No cracking in braze alloy. Cracking in 

A1203. 

No cracking in braze alloy. Cracking in A1203. 

No cracking in braze alloy. Cracking in A1,0,. 

Cracking in braze alloy and A1,0,. 

No cracking in braze alloy. Cracking in A1203. 

aTwenty cycles  from room temperature to  55OOC. 



29. Thorium Utilization Program 

D. A. Douglas 

Simplification and c o s t  reduction of t he  fuel 
cyc le  as it per ta ins  to bred fue ls  h a s  been the  
a im for severa l  years  of a jo in t  effort with the  
Chemical Technology Division. T h e  Th-' 3U 
cyc le  with oxide  fuel h a s  received the major at- 
tention and we are  comprehensively developing 
p rocesses  and equipment. Our work i s  i n  three 
parts: p rocess  development, engineering develop- 
ment and demonstration, and product evaluation or 
irradiation testing. 

A major accomplishment of the  Chemical Tech- 
nology Division during t h e  p a s t  year was  the  
development of a p rocess  to produce nearly perfect 
uranium and thorium oxide  sphe res  to any spec i f ied  
s i z e  between 10 and 1000 p. Along with th i s ,  we 
have  developed new p r o c e s s e s  for applying pyro- 
lytically depos i ted  carbon coa t ings  a t  markedly 
reduced c o s t s  and demonstrated that t h e s e  coa t ings  
are compatible with the  ox ide  particles.  

We successfu l ly  completed t h e  remote fabrica- 
tion of 1100 fuel p i n s  in the  Kilorod Fac i l i ty ,  
culminating a 2-year effort of p rocess  and equip- 
ment development. Our exper ience  is being used  
to develop the  remote fabrication equipment to b e  
ins ta l led  in t h e  Thorium-Uranium Fue l  Cyc le  
Development Fac i l i ty  tha t  w e  are designing. 

Also, we a re  eva lua t ing  t h e  resu l t s  of irradia- 
tion t e s t s  on bulk oxides,  with emphasis  on t h e  
sol-gel produced oxide, and s tudying  the  mecha- 
n i sms  by which f i ss ion  g a s  is re leased  from ce- 
ramic fuels.  

OPERATION OF A Th-233U FUEL ROD 
F A  B R I CAT1 0 N F ACI L I TY 

J. E. Van Cleve, Jr. A. L. L o t t s  

A lightly sh ie lded  fac i l i ty '  (4  in. steel) for fab- 
rication of fuel rods containing low-activity 233u 
and thorium commenced operation with 2 3 3 U  in 
J u n e  1963. T h e  facil i ty completed i t s  f i r s t  objec- 
t ive of remotely fabricating 1100 fuel p ins  of two 
lengths  containing (Th-3% 2 3 3 U ) 0 2  in April 1964. 
A schemat ic  ske tch  of t h e  longer fuel pin is shown 
in Fig. 29.1. T h e  shorter p ins  have an 18-in. 
fuel length and a re  o therwise  ident ica l  with t h e  
longer ones.  T h e  fuel rods  a re  now being used  
in cri t icali ty experiments a t  Brookhaven National 
Laboratory (BNL). 

J. D. Sease and J. E. Van Cleve, Jr., Metals and 
Ceramics Div. Ann. Progr. Rept .  May 31, 1963, ORNL- 
3470, p p .  196-98. 
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Fig.  29.1. Remotely Fabricated Th-233U Oxide F u e l  Rod. 
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T h e  233U contained 37 ppm 232U and thus  re- 
quired gamma sh ie ld ing  as well as alpha contain- 
ment. Thus,  t h e  fabrication of t h e s e  fuel rods 
h a s  served as  an exce l len t  vehic le  for demonstra- 
tion of semiremote operation of a p rocess  that 
could b e  applied to refabrication of power reactor 
fuels.  Valuable engineering and operational da t a  
were collected during the  program, and t h e s e  a re  
already being applied to the  des ign  of equipment 
for t he  Thorium-Uranium F u e l  Cycle  Development 
Facil i ty.  

T h e  fabrication process ,  which s ta r ted  with the  
delivery of bulk oxide to t h e  rod fabrication facil- 
ity, cons is ted  of comminution, screening, and 
blending of sol-gel uranium-thorium oxide, vibratory 
compaction of t he  oxide in  cladding tubes ,  end 
capping of t h e  tubes,  and inspec t ion  of t h e  fuel 
rods. 

T h e  fuel rods were spec i f ied  to be loaded to 
90 t 2% of theoretical  dens i ty  with not greater 
than 2% variation in  density along their length 
as  determined by gamma-scanning with a t/* x :3-in. 
beam. The  900 long  fue l  rods averaged 89.6% 
and t h e  200 short  rods 90.4% of theoretical  density,  
both with a range of 88 to 92%. To meet t he  re- 
quired density profile, 8% of the  rods required re- 
cyc l ing  between the  vibratory-compaction s t e p  and 
t h e  gamma-scanning step.  No fuel rods were re- 
jec ted  because  of unsatisfactory welds,  as de- 
termined by helium leak  testing. Surface contami- 
nation on completed fuel rods averaged approximately 
500 d i s  min-' cm-'  within the  spec i f ied  maximum 
of 2000 d i s  min - ' cm- '  transferable contamination. 

T h e  facility was  operated in  campaigns of 120 
fue l  rods each. At the end  of each  campaign, a 
material balance was  made and the  resu l t s  of the 
campaign were a s ses sed .  Detailed preventive 
maintenance was  accomplished and the  facil i ty 
was  prepared for t he  next  campaign. T h e  facility 
required four operators and one  operating super- 
visor for normal operation. 

Before operations with 2 3 3 U ,  t h e  final pro- 
cedures  to b e  used  were determined by "cold" 
fabrication of fue l  p ins  with thorium oxide  con- 
ta in ing  depleted U02. 

In the first  operation powders were c lass i f ied  
into three  s i z e  fractions and l a t e r  into only two. 
Th i s  change was  for two reasons: (1) the  binary 
powder could b e  compacted to a dens i ty  as high 
as that produced from the  ternary, and (2) t he  
binary distribution w a s  e a s i e r  to produce, espe-  

cially in  t h e  remote system. Determined from the  
cold operation, t h e  optimum binary powder w a s  55% 
c la s s i f i ed  -6  + 16 mesh and 45% of an unclas- 
sified fraction tha t  w a s  e s sen t i a l ly  half - 50 + 140 
mesh and half -140  mesh and was  produced with 
controlled charge  and milling time. 

Also as part  of t h e  co ld  runs, f inal  equipment 
adjustments were made. In s p i t e  of t h e s e  meas- 
ures ,  during t h e  f i r s t  p i lo t  hot runs (i.e., with 
3u), considerable difficulty w a s  experienced 

with meeting fuel-rod spec i f ica t ions  and with 
equipment failures. T h e  remote ba l l  m i l l  and the  
pneumatic vibratory compactor gave  the  most 
trouble. After we corrected a number of design 
deficiencies,  t he  operations became more routine. 
In t h e  l a t e r  campaigns, t he  facil i ty performed a t  
rated capacity.  

During the  f i r s t  campaign, equipment on-stream 
time averaged about 30% and the  facil i ty operated 
at only 16% of its ultimate capabili ty of 15.5 rods 
per day. During the  last five campaigns, equip- 
ment on-stream time averaged 74% and the  facil i ty 
operated at from 51 to 62% of the  ult imate capa- 
bility. We conclude that when s ta f fed  with properly 
trained personnel, the  facil i ty in its present  s t a t e  
can  b e  operated for an extended period at a capac-  
i ty of 15 rods per day with an on-stream time of 
70%. 

In the  process ing  of approximately 1 metric ton 
of fuel, 89.5% of the  fuel was  loaded into accept- 
ab le  fuel rods. Unrecoverable p rocess  l o s s e s  
accounted for 0.33%, 5.4% was  returned for chemi- 
cal process ing  because  of sp i l l age  and consequent 
contamination by extraneous material, and analy- 
t ical  samples  consumed 4.7%. 

In summary, t he  feasibil i ty of semiremote fabri- 
cation of fuel rods containing Th-233U oxide  h a s  
been demonstrated. Sustained production a t  the  
design ra te  h a s  been attained, and the  engineering 
of both facil i ty and equipment h a s  been proved. 

Th-233U PELLET FABRl CATION 

J. D. Sease  A. J .  Taylor 

Approximately 300 close-tolerance (Th-3% 
233U)02 pel le t s ,  0.4251 in. i n  diam by 2 in. long, 
were required for 233U crit icali ty experiments at 
BNL. Unfortunately, t h e  fabrication i s  compli- 
ca ted  by a lpha  and penetrating radiation assoc ia ted  
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with 233U. However, t h e  quantity of oxide handled 
was  smal l  enough to permit t h e  u s e  of gloved fab- 
rication techniques  with controlled personal ra- 
diation doses .  T h e  procedure developed for t h e  
fabrication of t he  pe l le t s  is shown in Fig. 29.2. 

All of the  fabrication operations a re  accomplished 
in two alpha-tight glove boxes. T h e  powder i s  
prepared and pressed  in  a 6-ft-long glove box 
and sintered in a 3-ft glove box. We have  procured 
all  of t h e  equipment for t h e  fabrication l ine  and 
checked out t h e  equipment, and currently t h e  l i ne  
is operating in an  a lpha  facility. 
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Fig. 29.2. 
Oxide Pellets. 

F l o w  Sheet for  Fabrication of Th.233U 

THORIUM-URANIUM FUEL CYCLE 
D EVE LOPM E N T F ACI L I TY 

Development of t he  thorium fuel c y c l e  must in- 
c lude  an economic ana lys i s  of various fuel ele- 
ment reprocess ing  and fabrication techniques  at 
pilot production leve ls .  Since an economic ad- 
vantage appears  t o  resu l t  from reducing the  amount 
of decontamination in  reprocess ing  and because  the  
decay  of 2 3 2 U  builds up activity in  reprocessed  
fue ls ,  a heavily sh ie lded  facil i ty is des i red  for 
development and economic evaluation of a variety 
of integrated fuel reprocess ing  and fabrication 
schemes. T h e  Thorium-Uianiurn Fue l  Cycle  Devel- 
opment Fac i l i ty  will be  constructed to  fulfill t h i s  
need. 

T i t l e  I des ign  of t h e  facil i ty w a s  completed in 
December 1963. T i t l e  I1 des ign  is currently pro- 
gressing and is expected to  be completed in Oc- 
tober 1964. T h e  design of the  facil i ty is es sen t i a l ly  
the  same  as tha t  previously reported. 2 * 3  

Bu i Idi ng 

R. A. Irvin4 A. L. L o t t s  
A. R. Olsen  

T h e  facil i ty will b e  loca ted  i n  t he  Melton Valley 
a rea  near the  Transuranium Process ing  P l a n t  and 
the  High Flux  Iso tope  Reactor. T h e  building will 
be  irregular in shape ,  th ree  s to r i e s  i n  height,  and 
approximately 124  ft wide by 162 ft  long. T h e  
structure conta ins  chemical process ing ,  mechani- 
cal processing, contaminated fabrication, and 
c lean  fabrication c e l l s  (Fig. 29.3). 

T h e  f i r s t  floor provides s p a c e  for offices,  cell- 
operating a rea ,  a receiving area,  and change rooms. 
T h e  second floor provides s p a c e  for mechanical 
and e lec t r ica l  equipment, chemical makeup, a 
development laboratory, a warm shop, and a main- 
tenance  operating area.  T h e  third floor is a high- 
bay a rea  equipped with a 50-ton c rane  for cell 

’A. R. Irvine and A. L. Lotts ,  Metals and Ceramics 
Div. Ann. Progr. Rept. May 31, 1963, ORNL-3470, pp. 

3A. R. Irvine and A. L. Lotts ,  “The Thorium Fuel 
Cycle Development Faci l i ty  Conceptual Design, )’ pp. 
333-SO in Proceedings of Thorium Fuel  Cycle  Sym- 
posium, Gatlinburg, Tennessee,  December 5-7, 1962, 
TID-7650, bk 1 (July 1963). 

198-201. 

4Chemical Technology Division, 
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Fig.  29.3. F i r s t  Floor P lan  of Thorium-Uranium F u e l  Cyc le  Development Fac i l i ty .  

entry and service.  Four of t he  cells provide oper- 
a t ing  space  for t h e  p rocess  equipment. Two ad- 
ditional c e l l s  provide support  functions for t he  
cells. 

T h e  mechanical process ing  and the  contaminated 
fabrication cells are  des igned  for remote mainte- 
nance,  t h e  chemical process ing  cell is designed 
for either direct  or remote maintenance, and t h e  
c lean  fabrication cell is des igned  for direct  main- 
tenance. 

T h e  cells are  capable  of u s e  for process ing  and 
refabricating fuel assembl ies  as long  as 12 ft and 
containing as much as 35 k g  of thorium-uranium 
fuel irradiated to  25,000 Mwd/tonne and decayed 
for 90 days. They a re  equipped with a modular 
arrangement of windows and master-slave manipu- 
lators. Additional in-cell  manipulation is provided 
by bridge c ranes  and electromechanical manipu- 

la tors  mounted on bridges. We a re  currently pre- 
paring spec i f ica t ions  for t h i s  equipment. A cell 
mockup is being des igned  for eva lua t ing  building 
and process  equipment details .  

Oxide-Fabr icat ion Equipment 

R. B. P ra t t  J. D. S e a s e  
A. L. Lo t t s  

We are  developing' fabrication equipment to 
demonstrate, on a pilot  plant scale in the  Thorium- 
Uranium Fue l  Cycle  Development Fac i l i ty ,  the  
technical and economic feasibil i ty of remote fab- 
rication and assembly of rod-cluster fuel e lements  
P 

'A. L. Lotts, Metals and Ceramics Div. Ann. Progr. 
Rept .  May 3 1 ,  1963, ORNL-3470, pp. 201-202. 
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containing (Th-23  3U)0,. The  method that h a s  
been se l ec t ed  for fabrication of these e lements  
is to  vibratorily compact bulk oxide into s t a i n l e s s  
s t ee l  or Zircaloy-2 tubes  and then to mechanically 
assemble  the  rods into a fuel element bundle. We 
intend tha t  t he  machinery for t h i s  process  be  very 
flexible and capable  of s ca l ing  to larger capac i t ies .  

T h e  fabrication and inspec t ion  equipment is to 
be  capable  of process ing  fuel rods 2 to 10 f t  long 
and 5 to 7 in. in diameter. A slightly modified 
Elk River Reactor fuel element (Fig. 29.4) was  
recently chosen  as  the  des ign  reference for the  
assembly equipment. All equipment h a s  been con- 
ceptually designed, and preliminary design and 
development is currently progressing. 

4 4 

As shown in  Fig. 29.5, t h e  se l ec t ed  fabrication 
procedure c o n s i s t s  of (1) s i z ing  of the  sol-gel 
oxide,  (2) vibratory compaction of fuel rods,  (3) 
welding and inspec t ion  of fuel rod end caps ,  (4) 
fuel rod decontamination, (5) assembly of fuel rods 
into fue l  e lements ,  and (6) final inspection. 

Fabrication opera t ions  tha t  involve direct  con- 
t ac t  with t h e  fuel material a r e  done in the  con- 
taminated fabrication cell of the  TUFCDF,  as 
shown in  the  equipment layout (Fig. 29.6). Opera- 
t ions  that a re  done after t he  fuel material is s e a l e d  
i n  fuel rods a r e  done in t h e  c lean  fabrication cell. 
Powder-preparation and fabrication equipment is 
designed to  p rocess  40 kg  of fuel material per 8- 
hr day. 

UNCLASSIFIED 
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Fig. 29.4. Elk  River Reactor Fue l  Element. 
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f .  VIBRATORY TROUGH FEEDER 
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18. CLEANER TRANSFER MACHINE 
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22. FUEL ROD DIMENSIONAL CHECK 
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Fig.  29.6. Oxide Fabrication Equipment Layout.  
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Bulk powder received from the  sol-gel p rocess  
is prepared for vibratory compaction in equipment 
that inc ludes  hoppers, c rushers ,  c lass i f ie rs ,  vi- 
bratory conveyors,  and a batch weighing device. 
T h e  batch weighing dev ice  dumps i t s  conten ts  into 
t h e  blend can ,  which is mounted on the  fuel trans- 
fer machine. Once t h e  material is blended, it i s  
moved to the  vibratory compactor and d ispensed  
into a feed mechanism. Meanwhile, a tube is re- 
moved from a tube magazine and inserted into t h e  
vibratory compactor. T h e  fuel i s  fed  in to  the  tube 
while a pneumatic vibrator compacts it to approxi- 
mately 90% of theoretical  density.  Next a gamma 
adsorptiometer c h e c k s  t h e  fuel tube for density 
and fuel distribution. T u b e s  a re  to  b e  transferred 
between machines by electromechanical manipu- 
lators. 

T h e  fuel tube  is then moved to t h e  capping 
machine, where t h e  end plug assembly is inserted 
and pressed  into place.  Next, the  tube is moved 
to t h e  welder where a fusion weld is made by 
tungsten inert-gas procedures. 

T h e  rod is then moved to a fuel rod baske t  and 
indexer, which c o n s i s t s  of an indexable basket 
with c l i p s  for holding ten  tubes.  When the baske t  
i s  f i l led,  t h e  cell c rane  moves i t  to the  cleaner- 
transfer device,  where the  rods a re  decontaminated 
in an ultrasonic bath and spray rinse.  Once clean- 
ing  is completed, t he  ultrasonic cleaning tank i s  
transferred to t h e  c lean  fabrication cell and un- 
loaded. 

The  fuel t ubes  a re  checked for alpha contamina- 
tion. Clean fuel rods a re  moved to the  weld- 
radiography device,  where a n  x-ray sens i t i ve  
television system inspec t s  t h e  end-cap weld. 
Acceptable rods a re  then moved to a dimensional 
inspection device ,  which checks  for compliance 
with length, diameter, and waviness  specifications.  

Completed fuel rods a re  assembled along with 
prefabricated structural  components into a com- 
plete fuel element. Finally,  t h e  fuel element i s  
inspec ted  for rod-to-rod spacing. 

Vi bratory Compaction 

W. S. Ernst ,  Jr. 

T h e  development of pneumatic vibrators for 
compaction of oxide par t ic les  i n  metal tubes  is 
one of t he  key i tems  in the  fabrication p rocess  
being developed for t he  Thorium-Uranium Fue l  

Cycle  Development Facil i ty.  We a re  trying to 
understand the  importance of severa l  var iab les  and 
to improve the  efficiency of t h i s  type of machine. 

Bulk dens i t i e s  of 90% of theoretical  were ob- 
tained on a pneumatic impact vibrator as compared 
with 87% on an electrodynamic shaker.  Deta i l s  
of t he  experiment have  previously been reported. 

Simplified methods for generating particle-size 
distributions that can  b e  vibratorily compacted to 
high bulk dens i t i e s  were studied. In general, 
t h e s e  distributions a re  continuous from a controlled 
maximum par t ic le  size. T h e  distributions examined 
were generated by e i ther  ball-milling or j aw-crush- 
ing  crude sol-gel Th02-3% UOz and then sca lp-  
ing  t h e  run-of-the-mill product through a su i tab le  
coa r se  screen .  Bulk dens i t i e s  of 90 and 87% of 
theoretical  were obtained for t he  crude sol-gel 
materials after milling for only one  hour and jaw 
crushing for one p a s s  respectively.  

Resu l t s  of t h e s e  experiments indicated that t he  
bulk dens i ty  is relatively insens i t ive  to large 
variations in particle-size distributions. T h i s  
means tha t  ba tches  la rge  compared to a s ing le  fuel- 
rod loading can  b e  blended a t  one  time. In general ,  
t h i s  is not s o  for d i sc re t e  three- and two-size 
fraction distributions. 

Vibratory compaction of sol-gel T h o  2-3% UO 
in s t a i n l e s s  s t ee l  t ubes  8 ft  long  x3/-in. OD x 
0.010-in. wall fa i led  because  the  thin wall could 
not absorb  the  vibratory energy without failure. 
Fa i lure  h a s  usually occurred within severa l  i nches  
of t h e  tube-to-vibrator coupling. Extremely high 
radial  acceleration l e v e l s  have been indicated in  
th i s  area. Fa i lure  is by complete circumferential 
cracking due  to fatigue of work-hardened material. 
T h i s  kind of failure can  b e  obtained as well  with 
the  electrodynamic shaker  a t  a resonance frequency 
of the  tube. 

We s ta r ted  to characterize the  minimum vibration 
energy necessary  for compacting a given configura- 
tion. Because  the  impact pu l se s  lead  to extremely 
high acceleration l eve l s  and are of short  duration 
(100 psec),  experimental measurements a r e  dif- 
ficult. Systems for coupling tubes  to reciprocat- 
ing  pneumatic vibrators have been developed tha t  
may lead  to a general  characterization of t h e  
vibration energy necessary  for compaction. T h e s e  
coupling schemes  u s e  variations of fixed-anvil 
and floating-anvil wave guides. 

4 

- 
%. S. Ernst, Jr., Status and Progress Report for 

Thorium Fuel Cycle  Development December 31 ,  1963, 
ORNL-3611 (in press ) .  

. 
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Inspection Development Prototype Fabrication Line 

B. E. Fos t e r  S. D. Snyder 
R. W. McClung 

Quality control i s  an  e s sen t i a l  s tep  in the pro- 
duction of any manufactured object.  It is most 
important in the  fabrication of fuel e lements  and 
the  problem of making such  inspec t ions  remotely 
but economically offers an interesting challenge. 

During the  p a s t  year, we have completed the  
design o f  a prototype model t o  s c a n  the  length of 
fuel rods remotely and record changes  in fuel 
density. T h i s  machine will b e  capable  of inspect-  
ing rods 10 f t  long  with diameters ranging from 
f to 7 in. Scanning s p e e d s  up to 24 in./min will 
be  attempted and 6oCo and 1 3 7 C s  will b e  used  as 
the  radiation sources.  

T h e  development of reference s tandards  for 
vibratorily compacted fuel rods h a s  been difficult. 
We finally succeeded by two  routes.  We cast a 
s e r i e s  of lead-tin a l loys  varying in density in the  
iange  desired,  and we obtained a s e r i e s  of care- 
fully pressed  and s in te red  pe l l e t s  of T h o  . Each  
type proved adequate ,  but we prefer t he  T i 0 2  pel- 
lets a t  present.  

4 4  

C O A T  E D - P A R T I C L  E D E V E L O P M E N T  

One a t t rac t ive  class of reac tors  that  u t i l i ze  
thorium is fueled with a homogeneous distribution 
of fuel par t ic les  throughout a graphite matrix and 
cooled by helium. T h e  homogeneity of the mixture 
of fuel and moderator improves the  conversion 
ratio, and t h e  refractory nature of the  graphite 
body promotes high thermal efficiency. T h e  suc-  
cess of such  a concept  depends to a large extent 
on the  strength and integrity of a pyrolytically 
deposited carbon coa t ing  on spher ica l  fuel parti- 
c les .  Much of our research  on th i s  problem is 
reported in  Chap. 25 of t h i s  report. 

We a re  attempting to develop a process  that is 
amenable to remote fabrication, is economical,  
and produces a f ina l  product comparable in per- 
formance to the  e lements  that  have  been evaluated. 

R. L. Pil loton J. W. Snider7 
A. L. L o t t s  

We a r e  assembl ing  equipment developed by 
engineers i n  t h e  Metals and Ceramics  and Chemical 
Technology Divisions into a prototype fabrication 
l ine to study the  problems involved in the  remote 
production of coated particles.  We sha l l  produce 
engineering d a t a  in two main f ie lds ,  (1) preparation 
of oxide microspheres by t h e  sol-gel technique 
and (2) preparation and inspec t ion  of coa ted  micro- 
spheres.  

Corresponding a reas  a re  shown in  the  layout of 
Fig. 29.7. T h e  equipment on the  l e f t  i s  that  of 
the  oxide  microsphere process .  In th i s  p rocess  a 
colloidal d i spers ion  of thorium oxide  is mixed with 
a solution of uranium ni t ra te  in adequate  ra t ios  
and partially neutralized t o  produce a so l ;  t h i s  
sol will then b e  introduced a t  t h e  top of a “sphere 
formation” column in which the  sol drople t s  will 
be  progressively dehydrated by an  organic liquid 
to produce gel microspheres. T h e s e  microspheres 
will b e  dried at 120°C and ca lc ined  to 1200OC. 

T h e  preparation of coa ted  par t ic les  will b e  in- 
ves t iga ted  in  the  a rea  shown on t h e  right in Fig. 
29.7. T h e  equipment will c o n s i s t  init ially of a 
small  fluidized-bed appara tus  for coa t ing  micro- 
sphe res  by hydrocarbon cracking. La ter ,  a high- 
temperature furnace for calcination of the  oxides  
and a la rge  fluidized-bed coa ter  will  b e  installed.  

Fluidized- Bed Studi es 

R. L. Pil loton A. L. Lotts 

To prepare for new engineering s tud ie s  on par- 
ticle coating, background information on fluidiza- 
t ion h a s  been co l lec ted  through ca lcu la t ions  
and through ac tua l  observs t ions  of fluidization 
charac te r i s t ics  in g l a s s  models. 

Several equat ions  and a nomogram were pre- 
pared to ind ica te  the  minimum flows of g a s  neces-  
sa ry  to  fluidize various spher ica l  par t ic les  made 

7Chernical Technology Division. 
‘R. L. Pilloton, Gas  F low Calculat ions for Fluidized- 

Bed Coating of Nuclear Fuel  Par t ic les ,  ORNL-3639 
(June 1964). 

. 
I 
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Fig. 29.7. Proposed Layout of Particle Coating Development Laboratory. 

of heavy co res  and covered with l ight or heavy 
coatings.  On t h e  b a s i s  of t h e s e  equations a 
computer program was  used  to  obtain minimum g a s  
flows Gmf for fluidization by helium and argon at 
room temperature and temperature coefficients 
for temperatures up to  2200OC. T h e s e  curves  show 
that Gmf first  dec reases  and then inc reases  as  
the  coating of par t ic les  proceeds  in the  fluidized 
bed (see Fig. 29.8). They also indica te  that Gmf 
dec reases  very sharply with increas ing  temperatures. 

We a l so  plotted particle diameter as a function 
of t ime for cons tan t  f lows of coa t ing  gas (e.g., 
methane) and variations of t h e  coa t ing  gas flows 
necessary  to  maintain constant coa t ing  growth 
rates.  Comparing t h e s e  two s e t s  of curves  we 
concluded that coa t ing  t imes  could,  in theory, be 
shortened appreciably by programming the  flow of 
coa t ing  gas. 

G l a s s  columns were built  to s tudy  the  effect 
of the  geometry of the  fluidized-bed apparatus on 
gas-solid contac t  and on par t ic le  motion. Each 

column cons is ted  of a cylindrical  tube connected 
by a conica l  section to a s ing le  g a s  in le t  tube or 
to a gas-distributor plate. Iron and g l a s s  beads  
having diameters of 100 to 400 p were suspended 
in t h e  columns by various flows of a i r  a t  room 
temperature, and motion p ic tures  were taken to 
study the  movement of the  par t ic les  in the  fluidized 
beds. Examples of typical bed charac te r i s t ics  
a re  shown in  F igs .  29.9 and 29.10. T h e s e  obser- 
vations showed that a cylindrical  column with a 
s ingle  g a s  outlet  and a conical intermediate sec- 
tion would b e  difficult to s c a l e  up because  exces-  
s i v e  s lugging  and poor gas-solid contac t  would 
occur when t h e  charges  of par t ic les  a re  large. We 
a l so  condluded that a multiple-orifice flat gas- 
distributor p l a t e  with vertical g a s  channels  would 
l eave  many par t ic les  s t a t i c  and, therefore, l ead  
to nonuniform and inefficient coating, We devel- 
oped a bed with greatly improved geometry, con- 
s i s t i ng  of a cylindrical  column connected by a 30’ 
contained-angle cone  to a multiorifice gas-distribu- 
tion plate. 
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UNCLASSIFIED coated  s t a t e  w a s  noted by macroscopic,  radio- 
graphic, or metzllographic examination. 

In 2 to 4 hr a t  1800 to  20OO0C, no significant 
reaction could b e  de tec ted  between fuel par t ic les  
and coa t ings  65 p or thicker. Some thinner coat- 

s 
ings ,  however, particularly those  applied at low 

W temperatures (900 to  IlOO'C), ruptured and sub- 
sequently reac ted  with the  fuel. T h e  thinner coat- B 

s i ngs  probably ruptured because  they could not 
contain the  equilibrium carbon monoxide pressure.  

T h e  resu l t s  of t h e s e  laboratory s tud ie s  ind ica te  
that t he  u s e  of carbon-coated mixed-oxide sphe res  
is promising for remote fabrication of fueled graph- 
i t e  elements.  T h e  oxide  par t ic les  a re  more re- 

I fractory than  t h e  carb ides  and have certain in- 
0 2 0 0  400 600 800 1000 herent economic and  performance advantages.  

Their performance under irradiation must b e  ascer- 
tained and an experimental program us ing  the  ORR 

ORNL-DWG 64-2967 
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Fig.  29.8. Minimum Flow of Hel ium for Fluidizotion is under way. 
ot Room Temperature. 

Thermal Stability of Pyrolytic-Carbon-Coated 
Oxide Fue l  Particles 

I R R A D I A T I O N  STUDIES 

Powder-Packed Sol-Gel Oxide 
R. L. Hamner R. L. Beatty 

R. E. Meadows 

We have  s ta r ted  to  inves t iga te  coa t ing  sol-gel 
T h o z  and (Th,U)02 par t ic les  with pyrolytic 
carbon and to determine the  thermal and irradiation 
behavior of the  coated par t ic les  under conditions 
likely to b e  encountered during the  fabrication of a 
fuel body and during operation as a fuel element. 

Thermogravimetric experiments on intimately 
mixed powders showed tha t  UOz and T h o z  s ta r ted  
to reac t  with carbon a t  approximately 1260 and 
136OoC, respectively,  during heating a t  a rate of 
approximately 20'C/min a t  a pressure  of 1 x 
torr. Weight l o s s e s  due to r e l ease  of carbon mon- 
oxide showed that after 2 hr a t  1'750°C, UOz was  
essent ia l ly  completely converted to the  carbide 
but T h o z  was  converted only 52%. 

Conventionally prepared spheroidal UO par t ic les  
and spheroidal sol-gel T h o -  particles,  100 to 

S. A. Rabin l o  J.  W. Ullmann '' 
D. A. Douglas 

We are  continuing to eva lua te  the  irradiation be- 
havior of sol-gel ox ide  for application as a nuclear 
fuel. W e  hope to  learn t h e  answers  to  t h e  following 
questions:  

1. Does t h i s  chemically produced ceramic meet 
the  bas i c  requirements of a nuclear fuel? 

2. Do variations in  t h e  manufacturing process  
affect  the irradiation performance? 

3. How d o e s  sol-gel oxide compare with arc-fused 
material? 

4. How do  vibratorily compacted fue ls  behave 
under irradiation? 

5. What a re  t h e  maximum performance character- 
of vibratory compacted oxides?  

250 p in diameter, were c:ated with pyrolytic 
carbon at goo and 1 4 0 0 0 ~  in thicknesses ranging 
from 20 to 120 p. After h e a t  treatment a t  ll0O'C 

'R. L. Hamner, R. L. Beatty, and R. E. Meadows, 
GCR Program Semiann. Pro&. RePt- March 3 1 ,  1964, 

"Now with General Electr ic  Company, Atomic Power 

"Chemical Technology Division. 

ORNL-3619, pp. 79-81. 

for 1000 hr OK a t  1400'C for 200 hr a t  a pressure 
of torr, no significant change from the as- 

Equipment Department, San Jose, California. 

i 
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Fig.  29.9. Typica l  Fluidized-Bed Characteristics in  a Conical Column with a Single Gas Inlet. 

Previously,  ' * ' we found tha t  only s l igh t  
variations in properties resu l ted  from variations 
in t h e  sol-gel process ,  and we demonstrated that 
sol-gel power compared favorably with pulverized 
arc-melted oxide. Currently we a re  comparing sol-  
gel fragments ca lc ined  in  three different atmos- 

"S. A. Rabin, Metals and Ceramics Div. Ann. Progr. 
Rept .  May 3 1 ,  1963, ORNL-3470, p p .  205-209. 

13S. A. Rabin, S. D. Clinton, and J. W. Ullmann, 
Status and Progress Report for  Thorium Fuel Cycle  
Development December 31, 1963, ORNL-3611 (in press) .  

pheres: Ar-4% H z  (standard atmosphere), air, and 
nitrogen. Significantly, the  type of g a s  evolved, 
as well as  the  quantity, depended on the  ca lc in ing  
atmosphere. 

Tab le  29.1 summarizes the  experimental condi- 
t ions for t he  irradiation t e s t s .  T h e  init ial  surveil- 
l ance  t e s t s  conducted in the  MTR and NRX, in 
which t h e  hea t  rating and fuel exposure were 
relatively modest,  clearly showed that the chemi- 
cally produced fuel was  an  exce l len t  nuclear 
material and that the  irradiation behavior was  not 



240 

I 

i 

c 

Fig.  29.10. Typ ica l  Fluidized-Bed Characteristics in  a Conical Column wi th  Eight Gas Inlets.  

sens i t i ve  to small  variations in the  process ing  
s teps .  T e s t  resu l t s  also revealed that t he  sol-  
gel fuel was  equivalent in performance to arc-fused 
oxide. Very l i t t l e  f i s s ion  gas  was  released in 
these  t e s t s ;  in postirradiation examination we 
found 2 to 4% of t h e  85Kr  theoretically generated. 
Dimensional changes were negligible and micro- 
structural  e f fec ts  were only minor. 

Experiments to examine the  behavior of the  mate- 
rial a t  higher hea t  ratings were s ta r ted  in  the  ORR 

$c 
(see Tab le  29.1). T h e  peak va lues  of /B k(O)dO 

0 

on the  three samples  ranged from 47  to 57 w/cm 
and the  sur face  temperature was  2GOOC. Less 
than 5% of t h e  f i ss ion  g a s  was  re leased  from 
these  rods. Sintering and growth of equiaxed 
grains occurred in each  of t he  fuel rods. Columnar 
grains and lenticular vo ids  were found only in the  
capsu le  that operated at t h e  h ighes t  thermal rat- 
ing; t h e s e  s t ruc tures  compare with those  found in 
powder-packed U02 irradiated a t  a peak va lue  of 

about 48 w/cm, and  a central  void would b e  gener- 
ated under comparable conditions. 

Also, we conducted experiments i n  the  ORR us-  
i ng  thermocouples to  measure the  central  and 
su r face  temperatures. T h e  maximum cladding 
temperature w a s  70O0C and the  peak central  tem- 
perature was  1925OC with an external pressure  of 
315 p s i a  of helium. W e  observed s in te r ing  ac ross  
some 757% of t h e  fuel region but no columnar grain 
growth. T h e  fuel achieved about 5000 Mwd/tonne 
of metal and re leased  about 18% of t h e  f i ss ion  gas. 

Now we can  compare sol-gel and arc-fused oxides  
as a function of fuel depletion. The  e f f ec t s  of 
burnup on fission-gas r e l ease  a re  i l lustrated in  
Table  29.2. As  expec ted ,  t he  gas r e l ease  in- 
c r eased  with exposure. S ince  t h e s e  fue l s  operated 
in a temperature range i n  which t h e  diffusion 
mechanism i s  prominent, t he  increase  in fission- 
gas  r e l ease  with time is expected. 

No significant dimensional or  gross  microstruc- 
tural c h a n g e s  were observed for t he  powder- 
packed rods a t  t he  higher burnups. The  latter 
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Table 29.1. Summary o f  I r r a d i a t i o n s  of P o w d e r - P a c k e d  C a p s u l e s  ( R o d s )  in  T y p e  304 S t a i n l e s s  S t e e l a  

Fuel  Rod Dimensions. Linear Heat 

Length OD Wall (Btu hr-' ft-') 

Peak  Rurnup 
in. Obj ect ive Rating Mwd/tonne metal Status 

No. Type of Density 
of Rods Oxide (% TD) Designa tion 

HTR-I 

MTR-I1 

MTR-111 

ETR-I 

NRX-I 

NRX-I1 

NRX-111 

NRX-111 

ORR Loop 

ORR Poolside 

7 

2 

6 

4 

8 

4 

6 

3 

3 

2 

Arc-fused 
Sol-gel E 

Sol-gel S 

Sol-gel 35 

Sol-gel 35 

Sol-gel A 
and B 

Sol-gel C 
Arc-fused 

Sol-gel S 

Sol-gel 
Tho,- 

PUOZ 

Sol-gel 26 

Sol-gel D 

86 to 87 11 

88  to  8 9  22 

86 to  89 12 

86 to 89 12 

86 to 87 11 

83 to 86 22 

88 to 89 39 

74 to 7 b b  11 

84 to 85 22 

85 7 

0.312 

0.312 

0.438 

0.438 

0.312 

0.312 

0.312 

0.312 

0.460 

0.625 

0.025 

0.025 

0.025 

0.025 

0.025 

0.025 

0.025 

0.025 

0.015 

0.020 

45,000 

62,000 

85.000 

> 100,000 

17,000 

22,000 

28,000 

27,000 

52,000 

35,000 

15,000 to 100,000 

100,000 

100,000 

22,000 

16,000 

5,000 

23,000 

22.000 

2.100 

5,000 

2 examined; 
2 being ex- 

amined; 
3 in-pile 

In-pile 

In-pile 

Being ex- 
amined 

Examined 

Examined 

Being ex- 
amined 

Being ex- 
amined 

Examined 

Examined 

Provide base-line data  
to u s e  in comparing 
sol-gel and arc-fused 
oxide 

Obtain higher heat  rat- 
ing by increasing en- 
richment 

Compare oxide calcin- 
ing atmospheres and 
higher heat  ratings 
obtained by increas- 
ing dimaeter 

Same a s  for MTR-111 

Provide base-line data  

Study effect of in- 
creased length 

Study effect of in- 
creased length 

Study ThOz-PuOz and 
lower packed density 

Study in pressurized 
water at 260OC and 
1750 p s i  

Measure effective ther- 
mal conductivity us- 
ing a central thermo- 
couple i n  Na-K at 
315 psi; 540 and 
705OC 

aTwo of the three ORR loop specimens were zircaloy c l a d  
bTamp packed. 
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Table  29.2. Effect  of Burnup on Fission-Gas Releose o f  Vibrotorily Compocted Th02-U02 Fue ls  
- 

Peak Linear 
Heat Rating Maximum Burnup "Kr 

Fuel  Oxide Release  (Mwd/tonne Source T i m e  Averaged 
(Btu hr-' ft-') 

U+Th) (F iss ions  /cm 3 ,  (%) 

- 

x 1020 

Sol-gel E 35,500 14,000 3.08 0.5 

Sol-gel E 

Arc-fused 

30,000 

31,100 

39,900 

12,300 

8.74 

2.70 

13.2 

2.4 

Arc-fused 31,500 42,400 9.30 7.2 

point is espec ia l ly  important because  t h e  time 
dependence of s in te r ing  and grain growth, unlike 
the  temperature dependence, is all too frequently 
overlooked. At t h e  higher burnups, the  grain 
structure in  sol-gel ox ide  w a s  slightly more ev i -  
dent and slightly larger gra ins  were observed in 
arc-fused oxide (see Figs. 29.11 and 29.12). In 
addition, whi te  par t ic les  were precipitated at grain 
boundaries i n  the  cent ra l  regions of both fuels. 
Since the  arc-fused oxide  had contained white 
inc lus ions  prior to irradiation, the  postirradiation 
presence  of a precipitate i n  th i s  ox ide  cannot b e  
interpreted. However, t h e s e  par t ic les  decidedly 
were not present  i n  the  sol-gel oxide before ir- 
radiation or  at  lower burnups. We believe the  
white globules a re  a l loys  of fission-product oxides.  
One change unique to  the  sol-gel oxide with the  
longer exposure was  the  presence  of a gray ac icu lar  
phase  a t  t h e  periphery of t h e  fuel. Th i s  phase  
h a s  not as  yet been identified,  but x-ray diffraction 
ana lyses  and electron metallography are  in prog- 
ress.  In general, the  irradiation behavior of sol-  
gel oxide h a s  been exce l len t .  

T h e  t e s t s  that  a r e  s t i l l  in-pile or  being examined 
are expected to define the  operating l imi t s  for 
sol-gel fuel. T h e s e  experiments bracket s eve re  
thermal ratings and neutron exposures,  as shown 
in Tab le  29.1. All of t he  specimens have  per- 
formed satisfactorily.  T h e  four very highly rated 
rods in  the  E T R  were recently discharged, so w e  
should soon learn more about the  limiting capa- 
b i l i t i es  of the  sol-gel fuel. 

High-Burnup Tho,-UO, Pellet Rods 

J.  W. Ullmann" S. A. Rabin" 

Several yea r s  ago, ORNL s ta r ted  a program to 
provide irradiated fuel for d i sso lu t ion  s tudies .  
As a consequence, ThOz-U02  pe l le t  specimens 
have been irradiated in  the  MTR, ETR,  and NRX 
to burnups up to 95,000 Mwd/tonne (2.43 x l o z 1  
fissions/cm 3 > .  

At the  inception of t he  project, we did not intend 
to eva lua te  t h e  performance of t he  fuel p e r  se. 
However, i n  view of our present  in te res t  in thorium- 
bearing fue ls  and in  high-burnup fue ls  i n  general ,  
we dec ided  to examine in  de ta i l  severa l  of the  
irradiated ThO2-UO2 fuel rods and glean as much 
information as poss ib le  about their  behavior. Three  
such  rods have  been examined to date. 

Per t inent  design parameters of t he  thoria-urania 
fuel rods (not sol-gel)  are 4.45% U02, 93.2% 
uranium enrichment, 4.5-in. overall  length, 3.5-in. 
ac t ive  length ( l e s s  insu la t ing  plug when used), 
seven  93%-dense 0.260-in.-diam x 0.500-in.-long 
pe l l e t s  per tube, 0.3125-in.-OD x 0.025-in.-wall 
type 304 s t a i n l e s s  steel cladding, two 0.4375-in.- 
long end plugs,  and 31 g oxide  fuel per tube. T h e  
pe l l e t s  were fabricated by an ou t s ide  vendor. T h e  
ceramic end  s p a c e r s  were incorporated in only one  
of the  three rods. 

Chemical ana lyses  ind ica ted  high conten ts  of 
aluminum, s i l i con ,  and calcium impurities. The  
microstructure of an unirradiated specimen revealed 



243 

Fig.  29.1 1. Vibratori ly Compacted Sol-Gel Th02-U02 Irradiated to 8.74 x 10 20 Fissions/cm 3 a t  30,000 Btu/hr-ft. 

5 0 0 ~ .  (a) Centrol region of fuel. Etched. (b) Outer region of fuel. A s  polished. 
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Fig.  29.12. Vibratori ly Compacted Arc-Fused T h 0 2 - U 0 2  Irradiated to 9.30 x lo2' Fissions/crn3 a t  31,500 
B t u h r - f t .  Central region of f u e l .  Etched. 500~. 

an appreciable quantity of a g lassy  gray second 
phase  loca ted  primarily at t h e  grain boundaries. 
X-ray diffraction a n a l y s e s  subs tan t ia ted  t h e s e  
findings by de tec t ing  A1 0 and 6A1203.Ca0 in 
addition to t h e  so l id  solution T h 0 2 - U 0 2 .  Further- 
more, application of t h e  electron probe confirmed 
that an aluminum-bearing phase  was  prevalent at 
the  grain boundaries. 

Two of the  p ins  were irradiated in MTR process  
water and the  third in E T R  process  water. Reactor 
operating parameters and ca lcu la t ions  a re  sum- 
marized in Table  29.3. T h e  irradiation was  com- 
pleted as  scheduled and without incident. 

Although t h e  dimensional da t a  were not prec ise ly  
documented for the individual rods before irradia- 
tion, we conclude tha t  fue l  swel l ing  could not 
have  exceeded 0.5% per  l o z o  fissions/cm3; else 
the  c ladding  would have  deformed perceptibly. 
Calculations had predicted that t he  h ighes t  burnup 
capsu le  would swel l ,  but remarkable dimensional 
stabil i ty w a s  noted. T h e s e  and other observa t ions  
ind ica te  that some of the  fission products were 
apparently accommodated in the cubic  fluorite 
crystal  lat t ice.  

? 3  

Although a valid measurement of f i ss ion-gas  
r e l ease  w a s  obtained for only one  specimen, 
fortunately i t  w a s  for t he  rod exposed to the  high- 
est dose.  T h e  measured r e l ease  of 12.4% i s  com- 
parable to that from other  ox ide  fue l s  irradiated 
under similar conditions.  At such  a high fuel 
depletion one  would an t ic ipa te  enhanced gas re- 
lease because  of fission-fragment damage to the  
l a t t i ce  and changes  in fue l  composition. Of course,  
the  absence  of major structural  changes  would 
account for much of t h e  observed  stabil i ty.  

The  fue l  pe l le t s  had fractured into severa l  
p i eces  each ,  but t h i s  behavior is typical of oxide  
exposed to seve re  thermal grad ien ts  and cycling. 

T h e  microstructure of t h e  oxide  approximated 
that of high-burnup U02 and Z r 0 2 - U 0 2  irradiated 
a t  thermal ratings below which columnar grains 
grow or central  voids form. 1 4 , 1 5  T h e  structural  

14R. C. Daniel e t  al., E f f e c t s  of High Bumup  on 
Zirconium-Clad, Bulk  UO , Plate Fuel Element  Samples, 
WAPD-263 (September 1962). 

ZrO -UO 

2 

"B. F. Rubin e t  al., T h e  Irradiation Behavior of 
Fuels.  WAPD-264 (October 1962). 

2 2  
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Table  29.3. Irradiation Operating Data  for Tho -U02 Pellet Copsules 2 
-~ ~ 

Capsules  

ETR 43-44 MTR 43-41 MTR 43-40 

Irradiation starting da te  5-12-60 6-23-60 6-4-60 

Discharge date  9-17-62 4-2-62 

Reactor operation, Mwd 26,400 19,874 71,078 

Full-power days 660 497 406 

11-26-62 

Surface cladding temperature, OF - 200 -200 “200 

1.13 X 10” 7.15 x, 10” 5.88 x 10” 2 Maximum exposure, neutrons /cm 
(advertised, unperturbed) 

Maximum burnup, Mwd/tonne metal 95,000 42,000 50,000 
Fiss ions/cm3 2.43 X 10‘’ 1.08 X 10‘’ 1.28 x l o 2 ’  

Peak  linear heat rating,a 
Btu hr-’ ft-’ 

Peak surface heat  flux, a 
Btu hr-’ ft-’ 

41,000 28,100 47,800 

586,000 344,000 502,000 

Peak  hea t  generation rate,a w/cm3 1310 770 1120 

Peak  integral of kd&Tc, Ts), a w/cm 38.0 21.5 31.3 

Center l ine temperature, a* O F  2500 1560 2180 

aCalculated time-average value (peak refers to position of maximum burnup). 
bAssuming effective k = 1.7 Btu/(hr f t2  OF/ft). 

fuel  

stabil i ty of the  Th02-UOr i s  notable. The  most 
significant changes  were t h e  disruption of t he  
grain boundary structure and the  increased  presence  
of t he  white spher ica l  precipitate in the  most 
severely t e s t ed  rod (compare Fig. 29.13 with Fig. 
29.14). At the  higher temperatures the impurity 
phase,  which formerly outlined the  grain boundaries, 
went into solution and reprecipitated as fine 
particles.  Some of t h e  f i ss ion  products had mi-  
grated to grain boundaries and voids,  but o thers  
had undoubtedly been re ta ined  in t h e  latt ice.  
In x-ray diffraction patterns,  t he  overall  intensity 

of t h e  peaks  changed l i t t l e  with burnup, implying 
that a relatively c rys ta l l ine  structure was  main- 
tained. T h e  doublets in the  peak were obscured, 
showing tha t  t h e  l a t t i ce  w a s  strained. T h i s  w a s  
further evidenced by the  perceptible dec rease  in 
the  l a t t i ce  parameter from 5.590 A for the unir- 
radiated material and specimen 43-44 to 5.584 A 
for specimen 43-40, which had the  highest  burnup. 

L 
We pos tu la te  tha t  a t  lower burnups the  f i ss ion  
products a re  swept  out t o  grain boundaries and 
pores. Eventually, t h e s e  s i t e s  a r e  filled, and 
the  par t ic les  must then remain in  the  l a t t i ce  un le s s  
new volume i s  provided by swelling. Be t t i s  
workers I4  observed no changes  in the la t t ice  
parameter of U 0 2 ,  but t h i s  must b e  considered 
fortuitous in  view of the  numerous irradiation ef- 
f ec t s  that a r e  assoc ia ted  with highly irradiated 
ceramic fuels. We conclude that x-ray diffraction 
ana lyses  confirm the  conspicuous structural  
stabil i ty of T h o  ,-UO fuels. 

Thorium Alloy Fuels 

S. A. Rabin” D. A. Douglas 

We have  met numerous difficult ies in irradiation 
t e s t ing  the  Th-U-Zr alloy fuel capsu le s  designed 
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Fig. 29.13. Microstructure a t  Midradius of Fuel  from Pel le t  Rod Irradiated to 50,000 Mwd per tonne of Metal  

a t  41,000 Btu h r - ’  ft-’. Etched. 250x. 

and fabricated by Advanced Technology Labora- 
tories (ATL). l 6  Initially, w e  planned to irradiate 
the  group ATL-3 c a p s u l e s  (3-1, 3-2, 3-3) a t  8OO0C 
central  temperature to burnups of 10,000, 20,000, 
and 30,000 Mwd per metric ton of fuel respectively. 
Capsules  2-1, 2-2, and 2-3 were to be held in 
reserve. Subsequently, a l l  of the  spec imens  were 
used. At present,  none of the  capsu le s  i s  being 
irradiated, and we doubt if any of them can be  i r -  
radiated further. T h e  s t a t u s  of t he  capsu le s  is 
summarized in  Table  29.4. 

Capsu le s  3-3 and 2-2 performed the  bes t ,  but 
were removed indefinitely when an interim examina- 
tion revealed that the  container had bowed ap- 
preciably, We are t e s t ing  whether t hese  capsu le s  
can  be  operated in th i s  condition, but the  outlook 
i s  not promising. T h e  remaining capsu le s  either 
have been d isassembled  or a re  considered ir- 
reparable. 

16S. A. Rabin, Metals and Ceramics Div. Ann. Progr. 
Rept. May 31, 1963, ORNL-3470, pp. 208-10. 

F i s s i o n - G a s  R e l e a s e  from Ceramic F u e l s  

R. B. F i t t s  

T h e  r e l ease  of f i ss ion  g a s  from ceramic fue l s  
i s  being s tudied  by low-temperature neutron activa- 
tion and postirradiation h e a t  treatment. Our experi- 
mental t echniques  have been descr ibed  pre- 
viously. ” *  l 8  T h e  mechanisms and charac te r i s t ics  
of f i ss ion-gas  r e l ease  from various fue l s  a re  
needed for evaluation and optimum util ization of 
reactor fuels. A s  described previously,  f ission 
g a s  i s  re leased  in two general s i tua t ions .  The  

17Staff of the Oak Ridge National Laboratory, GCR 
Program Quart. Progr. Rept. December 31,  1959, ORNL- 

18D. F. Toner and J. L. Scott, “Study of Factors  
Controlling the Release  of Xenon-133 from Bulk UO )) 

pp. 86-99 in Am. S O C .  Test ing Mater. Spec. Tech. Publ. 
306 (1961). 

“R. B. Fi t ts ,  Metals and Ceramics Div. Ann. Progr. 
Rept. May 3 1 ,  1963, ORNL-3470, p. 149. 

2888, pp. 68-72. 

2’ 
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Fig. 29.14. Microstructure a t  Central Area of Fuel from Pellet Rod Irradiated to 95,000 Mwd per tonne of Metal 
at 47,800 Btu hr-' ft-'. Etched. 250~. 

Table 29.4. Irradiation of A T L  Capsules 

Irradiation 
Central Temperature Capsule Time 

(OC) (Months) 
Reasons for Removal 

3- 1 

3-2 

3-3 

2- 1 

2-2 
2-3 

800 

800 

800 

800 

700 
800 

2 Thermocouples failed, leading 
to excessively high tempera- 
tures 

1 
4 
4 Capsule bowed 

0 Erratic temperature response 

2 Capsule bowed 
Capsule leaked 

Top weld cracked and failed 

1 
4 
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first  of these  i s  the  low-temperature (< 100°C) in- 
pile r e l ease  and the  second is re l ease  during post- 
irradiation isothermal annealing. 

Low-Temperature I n - P i l e  F iss ion-Gas  Release.  - 
During irradiation a t  low temperature to low burnup 
(10 fissions/cm ’), 33Xe i s  apparently re leased  
from ceramic fue l s  due  to  a “boiling out” of g a s  
atoms loca ted  near  t h e  poin ts  a t  which f i ss ion  
fragments cu t  an open sur face  in  the  fuel. In th i s  
mechanism the  fractional r e l ease  of g a s  should 
b e  proportional t o  t h e  fraction of the  recoil atoms 
that cu t  an open sur face  and, therefore, to t he  B E T  
sur face  a rea  of t h e  sample. T h e  equation relating 
that fraction to  the  BET sur face  a rea  h a s  been 
reported, ” along with some d a t a  that show a good 
correlation between the  sur face  a rea  and the  low- 
temperature in-pile r e l ease  of f i ss ion  gas. S ince  
that time, we have  extended the  range of sur face  
a reas  covered to inc lude  UOz  samples  having 
B E T  surface areas from 10 to 60,000 cm2/g. T h e  
logarithm of the  fractional 133Xe release i s  a 
l inear function of t h e  logarithm of the  B E T  sur face  
area. T h e  ratio of fractional 13’Xe r e l ease  to 
the  B E T  sur face  ranges  from 2.50 ppm cm-’  g a t  
low sur face  a reas  to 1.25 a t  high sur face  areas.  
T h e  relationship between t h e  fraction of fission 
fragments cu t t ing  an open sur face  and the  sur face  
a rea  pred ic t s  a break in the  plot a t  about 1000 
cm2/g, where every recoil  fragment will cu t  a t  
l e a s t  one  surface. T h i s  break w a s  not observed, 
probably because  ‘33Xe w a s  not released from 
the  whole recoil range when a sur face  was cut. 
A s  a sur face  is in te rsec ted ,  a toms will b e  re leased  
from only a small  portion of t he  end of t he  recoil 
track. 

Elevated-Temperature Post irradiat ion Re1 ease  of 
F i s s i o n  Gas.  - We have been trying mainly to de- 
fine the  mechanisms of fission-gas re lease  through 
examination of t he  e f fec ts  of s t r e s s  on the  r e l ease  
rates. 

Morgan observed tha t  t he  k ine t ics  of the  r e l ease  
of f i ss ion  g a s  from ceramic fue ls  during postir- 
radiation annealing a re  similar to the  k ine t ics  of 
densification of thoria compacts  during sintering. 
Since dislocation motion appears  responsible for 
t he  init ial  s t a g e s  of densification of a powder 
compact, we fe l t  t ha t  t h i s  mechanism might a l so  

’OR. B. Fi t ts ,  G C R  Program Semiann. Progr. R e p t .  
Sept.  30, 1963, ORNL-3523, pp. 98-99. 

‘lC. S. Morgan and C. S .  Yust, J .  Nucl .  Mater. 10(3), 
182-90 (1963). 

play a part  in t h e  r e l ease  of fission g a s e s  from 
ceramic fuels.  In particular,  the  motion of dis- 
loca t ions  might b e  respons ib le  for part or a l l  of t h e  
s o  far unexplained ‘‘burst” r e l ease  of f i ss ion  g a s  
observed as  t h e  temperature of an irradiated sample  
i s  raised for the  f i r s t  time. Fo r  t h i s  reason we 
decided to inves t iga te  the  e f fec ts  of s t r e s s ,  which 
produces d is loca t ion  motion, on the  s teady-s ta te  
r e l ease  of f i s s ion  gas at e leva ted  temperatures 
from T h o ,  containing approximately 2% UO, and 
from some other fuel materials. Some preliminary 
resu l t s  of t h e s e  t e s t s  and the  experimental ap- 
para tus  employed have been reported. 

The  application of s t r e s s  sufficient t o  c a u s e  
c reep  h a s  increased  the  rate of fission-gas r e l ease  
from samples  of UO,, T h 0 2 - U 0 2 ,  Tho2-UO 2-Ca0,  
A1-U, and V-U, the  only mater ia l s  t e s t ed  to date. 
Representative temperatures and loads  for the  
ceramic samples  were 15OO0C and 10,000 ps i .  A 
burst  of gas was  re leased  from UO, and T h o z - U 0 2  
samples  when t h e  load w a s  applied but not from 
the  other materials. The  observed burs t s  and 
rate changes  appear t o  inc rease  with increas ing  
load and temperature and to  dec rease  with t i m e  a t  
temperature and with the  second and third applica- 
tion of a load. T h e s e  a re  the  behavior pa t te rns  
a s soc ia t ed  with c reep  and d is loca t ion  motion a t  
t hese  temperatures. 

In connection with the  s t r e s s  t e s t s ,  two other 
methods of producing dislocation motion in ceramic 
samples  were used .  Samples of Tho,-UO, were 
quenched from high temperature in an inert  atmos- 
phere, and the  e f fec ts  of t h i s  treatment on the 
r e l ease  during subsequent  hea t ing  to 1500°C were 
noted. T h e  r e l ease  of f i ss ion  g a s  during hea t ing  
of a sample  increased  markedly. T h e s e  resu l t s  
support t h e  hypothes is  t ha t  t he  presence  of dis-  
loca t ions  and s t r e s s  may play a major part i n  the  
burst  of f i s s ion  g a s  re leased  when ceramic fue l s  
are heated. T h e  final method of producing d is -  
location motion w a s  to hea t  a sample  beyond the  
temperature a t  which i t  had previously been s in-  
tered. T h e  r a t e  of f i ss ion-gas  r e l ease  increased  
as the s in te r ing  temperature w a s  passed .  

We were concerned tha t  t hese  resu l t s  might be  
due  primarily to  cracking of the  samples  by the  
applied s t r e s s .  Metallographic examination re- 
vealed no g ross  cracking. T o  reduce the  e f f ec t s  

‘*R. B. Fi t ts ,  J. L. Scott, and C. S. Morgan, Stress-  
Induced Release  of Fiss ion  G a s e s  from UO and Tho - 
UO , ORNL-TM-740 (January 28, 1964). 2 

2 
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of cracking, w e  t e s t ed  low-density sintered T h o z -  
u O z  compacts and found no change in the  results. 
T h e  metal  samples  were tes ted  because  they were 
known not to crack. After removal of the  load from 
a sample,  the rate of r e l e a s e  returned t o  the  pre- 
s t r e s s  rate,  thereby ind ica t ing  no increase  in sut-  
face area. For these  reasons ,  we believe cracking 
p lays  an insignificant par t  i n  t he  observed results.  

We plan to correlate t h e  creep ra te  and fission- 
g a s  release rate in ceramic  fue ls  and to investi-  
ga te  t h e  relationship of f i ss ion-gas  re lease  with 
the  structure of d i s loca t ion  networks and radiation- 
induced defec ts  i n  metallic fuel. U s e  of metall ic 
samples  will a l so  allow a better knowledge of 
sample var iab les  such  as  s t r e s s ,  strain,  strain 
rate,  and pretesting condi t ions  than is poss ib l e  
with the  ceramic samples.  T h e s e  s tud ie s  should 
help e s t ab l i sh  whether the  e f f ec t s  of s t r e s s  on 
ceramic fue ls  may b e  an  important consideration in 
fuel element design. They should also e s t ab l i sh  
the  role of d i s loca t ions  in the  re lease  of f i ss ion  
g a s e s  from ceramic fue l s  and help to define the  
poss ib le  mechanisms of such  re lease .  Also, t he  
behavior of f i ss ion  g a s e s  and the  nature of pos- 
s ib l e  fission-gas t r aps  within fue ls  should be  
elucidated. 

HIGH-TEMPE RATU RE THORIUM-BASE ALLOYS 

J. A. Burka J. P. Hammond 

Continuing our investigation of methods to ob- 
tain dispersion hardening in thorium, we measured 
mechanical properties of dispersion-hardened 
thorium and thorium-base a l loys  prepared by powder 
metallurgy. 

To dispersion-harden thorium, we needed to 
develop methods for making submicron thorium 
powder and distribute ultrafine thorium oxide in it. 
Two approaches were attempted. One was  ball 
milling of thorium hydride, a friable compound, 
which c a n  b e  eas i ly  ground and decomposed to 
metal; t he  other w a s  mill ing of calcium-reduced 
metal powder us ing  various grinding aids. T h e  
la t te r  method failed because  thorium reacted with 
the  grinding a ids  tes ted ,  forming thorium carb ide  
or other compounds. With alcohol,  thorium formed 
an uns tab le  compound, which exploded violently 
upon being disturbed. Because  of t h e s e  adverse  
results,  we abandoned the  grinding of metal powders. 

Previously,  we have  repor tedz3  the  e f f ec t s  of 
milling time on the  par t ic le  s i z e  of ThH4 and the  
hot-hardness and stress-rupture behavior of ex- 
truded hot-pressed compacts  of Th-10 vol % T h o z .  
To determine the  optimum thoria content, we ex- 
truded compacts containing 0, 4,  7, 10, and 1 3 v o l  
% T h o 2 .  Hardness  and t ens i l e  properties of t he  
products at  800°C a re  compared in  Tab le  29.5 with 
resu l t s  on arc-melted thorium. No d i rec t  correla- 
tion w a s  found between ha rdness  or strength and 
oxide addition. W e  be l ieve  t h i s  is due  to the  wide 
variation of total  ox ide  and carbon content result- 
i ng  from t h e  ball  milling, handling in  the  vacuum 
dry box, and hot pressing. T h e  s t ronges t  and 
hardest  alloy contained 4 vol % T h o z  (Bl-2). 

T h e  strengthening of thorium by the  combination 
of alloying and d ispers ion  hardening was  attempted 
by t h e  addition of 10 vol % T h o 2  to a l loys  con- 
taining 2 and 5% Zr. T h e  a l loys  were prepared 
from t h e  hydrides us ing  the  same procedure as  for 
t he  thoria-containing alloys. Hot-tensile r e su l t s  
shown i n  Tab le  29.6 ind ica te  tha t  addition of T h o z  
weakened t h e  thorium-zirconium alloys.  

Indium, an e f fec t ive  strengthener of thorium, was  
alloyed with thorium in amounts from 2 to 5% by 
powder metallurgy. T h i s  method circumvents t he  
problems imposed by high indium vapor p re s su re  
when the  a l loys  a re  prepared by melting. Indium 
powder w a s  prepared by mill ing in alcohol and 
w a s  blended with calcium-reduced thorium powder. 
T h e  mixture w a s  hot  p re s sed ,  homogenized, and 
extruded. F igure  29.15 g ives  hot-hardness curves  
for t h e s e  a l loys ,  while Tab le  29.7 g ives  t ens i l e  
test r e su l t s  at 800°C. T h e  alloy with t h e  h ighes t  
indium content  appears  b e s t  on t h e  b a s i s  of hard- 
nes s ,  strength, and  ductility. 

Indium s t rengthens  thorium more a t  e leva ted  
temperature than d o e s  zirconium and impar t s  
properties comparable to those  from T h o  addi- 
tions. Thorium-indium a l loys  a re  prepared e a s i l y  
by powder metallurgy. Cons is ten t  behavior of 
thorium dispersion-hardened with T h o z  w a s  dif- 
f icult  t o  obtain because  contamination was  hard 
to control. Never the less ,  c reep  resu l t s  previously 
obtained for a T h o z  d i spe r s ionz3  ate superior to 
any o the r s  reported to d a t e  for thorium-base 
materials.  

23J. A. Burka and J. P. Hamrnond, Metals and Ce. 
rarnics Div. Ann. Progr. Rept.  May 31 ,  1963, ORNL- 
3470, pp. 210-12. 

i 
i *  



250 

T a b l e  29.5. T e n s i l e  Properties and Hardness of Th-Thop Al loys  a t  8OO0C 

Ultimate 
Tens i le  Hot 

Hardnessb 
Elongation Yield Alloy 

(%) 
Composition Strength Strengtha 

(Psi) (DPHN) (Psi) (vol %) Designation 

Arc-melted Thorium 2885 2140 40.0 

B1-1 Thorium 4040 2630 45.0 10 

B1-2 Th-4 T h o  7960 7170 6.5 21 2 

BS-1 Th-4 Tn02 6425 5360 11.0 15 

Th-7 Tho 4835 4530 33.0 14 B2-1 

Th-10 Tho 4245 3415 15.5 15 B2-2 

B2-3 Th-13 Tho 4685 4510 15.5 13 

Th-13 Tho 7010 6265 23.5 13 B5-3 

2 

2 

2 

2 

e ~ . 2 %  offset. 
'1-kg load. 

Table  29.6. Tens i le  Tests  a t  8OO0C an 

Thori um-Zi rcon ium AI I oys 

Ultimate Yield 

Alloy Tens i le  Strength a El  on ga tion 

Composition Strength (%) (Psi) 
(psi) 

~~ 

Th-2 wt yo Zr 5350 4245 55 

Th-2 wt % Zr- 5190 4810 16.5 
10 vol yo T h o l  

73-5 wt 7' Zr' 4570 No yield 0.4 

Th-5 wt 7% Zr- 2385 2210 5.0 
10 vol % Tho2 

a ~ . 2 %  offset. 
'Average of two tests.  

Table  29.7. Tens i le  Results a t  8OO0C on 
Thorium-Indium Al loys 

Indium Content 'ltimate 
Tens i le  a El  on ga tion 

(wt %) 
Strength Strength (%) 

Nominal Actual (psi)  (Psi) 

UNCLASSIFIED 
ORNL-DWG 64-8968 

Th-4 w t %  In 

0 100 200 300 400 500 600 700 800 
TEMPERATURE 1°C) 

Fig .  29.15. Hardness (1-kg load) of Thorium and 

Thorium-Indium Al loys a t  Elevated Temperatures. 
. 

2 1.78 6475 5550 10.0 

3 2.60 7315 6330 6.0 
4 3.68 6940 6120 5.5 
5 4.38 7810 7130 20.0 

a ~ . 2 %  offset. 

i 
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30. Water Desalination and General Reactor 

Economic Evaluations 

D. A. Douglas, Jr. 

We have  evaluated t h e  anticipated performance l imitations,  t o  determine if they will  result  in 
of fue l  e lements  and ca lcu la ted  fuel fabrication lower overall  costs in desalination plants than 
c o s t s  for desalination reactors and severa l  ad- metal-clad oxide elements. 
vanced converter reactors. 

DESALINATION 

D. A. Douglas, Jr. 
N. P ienaar ’  J. L. Scott  

R. E. Adams 

Our s tudy  of t h e  problem of obtaining pure 
water  from salt water  by u s e  of nuclear hea t  for 
evaporation was  continued a t  a very modest level. 
Some fue l  fabrication c o s t s  were ca lcu la ted  for 
new fuel element concepts,  and in t h e  process  a n  
interesting face t  of manufacturing c o s t s  was  
es tab l i shed .  L a s t  year  t h e  importance of pro- 
duction leve ls  was  described. We now know that 
a n  additional important factor is the  fue l  density 
per unit  length of cladding. One infers then tha t  
e lements  containing metall ic fuel should b e  cheaper  
t o  fabricate than those  containing ceramic fuel. 
A li terature survey was  conducted t o  ascer ta in  
known temperature and  burnup limitations on 
metal  fuels. 

In desalination reactor economics,  it is gen- 
erally agreed tha t  minimum c o s t s  a r e  achieved by 
minimizing the  c o s t s  per unit of hea t  (i.e., $/ lo6 
Btu). The  thermodynamic efficiency, which in- 
c r e a s e s  with increas ing  fuel sur face  temperature, 
is of secondary importance. Since th i s  is true, 
i t  makes s e n s e  t o  reevaluate metal fuels,  which 
are cheap  t o  fabricate but have temperature 

‘Visitor from Africa. 

Toward th i s  end we surveyed ex tens ive ly  the  
ava i lab le  information on t h e  irradiation behavior 
of metal fue ls .  T h e  types  of metal fue ls  con- 
s idered  included unalloyed uranium, uranium with 
small alloy additions, u-1075 Mo, and thorium- 
b a s e  uranium alloys.  The  e r ra t ic  behavior of 
“unalloyed” uranium observed in the  early days  
is attributable e i ther  t o  variations in t race  element 
content or to uncontrolled operating conditions 
during irradiation. Recent  Brit ish work on ad jus ted  
uranium (200 t o  500 ppm Fe and 500 t o  1200 ppm 
Al,  be t aquenched)  showed good irradiation s t a -  
bility (and reproducibility) up t o  60OoC. Careful 
control of the  metallurgical processing is required 
t o  get t h e  f ine  distribution of precipitate particles 
(10’ t o  1OI4 particles/cm3) tha t  is respons ib le  
for the good behavior. Other uranium-base a l loys  
such  as U-1% Zr  and U-1% Nb showed no real 
advantage over unalloyed uranium. 

Uranium-10% Mo shows exce l len t  radiation s t a -  
bility at high f i ss ion  ra tes  t o  temperatures above  
6OO0C, but i t  swe l l s  excess ive ly  in the  temperature 
range 350 to  4OO0C at low f i ss ion  rates. 

Thorium-base uranium a l loys  have shown exce l -  
l en t  irradiation s tab i l i ty  t o  temperatures in e x c e s s  
of 6OO0C, but the  amount of information on t h e s e  
a l loys  is much more limited than tha t  on t h e  
uranium-base a l loys .  Thus,  additional metal- 
lurgical  development and irradiation t e s t ing  will  
b e  required t o  assess their  ultimate potential. 

W e  are now s ta r t ing  t o  consider ques t ions  of 
fuel-cladding and fuel-coolant compatibility. 
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GENERAL REACTOR ECONOMIC EVALUATIONS 

D. A. Douglas, Jr. 

Reactors  c a n  conveniently b e  categorized in to  
three general groups: burners, converters,  and  
breeders.  Essent ia l ly  all of t he  privately owned 
and operated cent ra l  power s t a t ions  now in ex- 
i s t ence  u s e  burners. Tha t  is, little or no new fuel 
is recovered when t h e  operating life of a co re  is 
complete. Studies of future energy requirements 
compared with known and  estimated nuclear ore 
reserves  ind ica te  that reactors tha t  produce more 
fuel than  is consumed will b e  needed by the  end 
of t h i s  century t o  ensure  the  continuance of low 
power cos t s .  T h i s  need could be markedly delayed 
by the early development of converter reactors,  
which offer be t te r  n e t  fue l  uti l ization than the  
present reactor types.  

The  purpose of t he  ORNL study of advanced 
converter reactors w a s  t o  compare s i x  reactor 
concepts  and des igns  a s  proposed by various 
sponsoring organizations with regard t o  power 
c o s t s  and fue l  utilization.2 A particular set of 
economic ground rules was  adopted, and a range 
of economic parameters w a s  employed. T h e  de- 
s ign  and operating charac te r i s t ics  of each  reactor 
were evaluated and  capi ta l ,  fuel cycle,  and op- 
erating c o s t s  were calculated.  From t h e s e  da ta ,  
power c o s t s  and the  fuel utilization capabili ty 
were derived. 

The  advanced converters a r e  based  on the  a t -  
tractive thermal conversion charac te r i s t ics  of the  
thorium fuel cycle.  Thus ,  with the  exception of a 
pressurized-water uranium-fueled reactor, which 
was included t o  provide a standard of reference, 
a l l  the  reactors were fueled with thorium and 
uranium. T h e  reactor types  evaluated were pres- 
surized-water, seed-blanket, spectral-shift-control, 
pressure-tube heavy-water moderated and cooled, 
high-temperature gas-cooled, and sodium-cooled 
graphite-moderated. T h e  s i z e  of the  reference 
plants was s e l e c t e d  as 1000 Mw (electrical) .  

Our t a s k  w a s  t o  eva lua te  the  claims made for 
the  fue l  element performance by each  des igner  
and t o  e s t ima te  the  cos t  of fabricating t h e s e  fuel 
e lements  for each reactor. T h e  following sec t ions  
summarize our contributions. 

'M. W. Rosenthal et  al.. A Comparative Evaluation of 
Advanced Converters, ORNL-3686 (in press) (Official 
Use Only). 

Fuel Element Performance Evaluation 

R. E. Adams 

T h e  fue l  element performance of each  reactor 
was  analyzed t o  determine the  ex ten t  to which it 
conforms t o  current fuel technology and t o  identify 
a r e a s  of concern tha t  might b e  expected to  limit 
the  life of t h e  fuel element. All t he  reac tors  
represent some advance  in  fuel technology. The  
performance charac te r i s t ics  of a fuel e lement  a re  
not reliably e s t ab l i shed  by a few success fu l  
experiments or by those  in which only one or two 
of the  seve ra l  important factors a r e  tes ted .  Rather, 
the determination of reliabil i ty must awai t  the  
s t a t i s t i ca l  account ing afforded by a multitude of 
t e s t s  tha t  s imula te  operational conditions.  For  
some of t h e  proposed reactors, t e s t  da ta  and op- 
e ra t ing  exper ience  a re  sufficient to  predict tha t  
the  objec t ives  can  b e  obtained. For  others,  con- 
siderably more tes t ing  will  be required before the  
design is proved and the operational l imitations 
a re  es tab l i shed .  Fue l  element charac te r i s t ics  
for t h e  different reactors a r e  l i s ted  in Tab le  30.1. 

T h e  advanced converter reactors submit ted for 
evaluation u s e  three ca tegor ies  of core  des igns  
from t h e  viewpoint of design conservatism. T h e s e  
are: (1) reactors designed on the  b a s i s  of current 
technology, (2) reactors designed on the  b a s i s  of 
current technology with assumptions regarding the 
outcome of development efforts currently in 
progress, and (3) reactors designed on the  b a s i s  
of extrapolations well beyond ex is t ing  data.  

The  spectral-shift  control and pressurized-water 
reactors a r e  based on current technology. 

T h e  seed-blanket reactor falls into the second 
category, for which success fu l  completion of the  
current developmental work within a few years  
should make ava i lab le  da ta  on the  performance of 
the  s e e d  fue l  to  des ign  burnups. Although we 
es t imate  tha t  the  cladding will  absorb more than 
250 ppm H during the  10-year life, we regard th i s  
standard,  which was  s e t  by Be t t i s  Laboratory, a s  
very conservative,  and w e  believe that hydriding 
need not curtail  the  des i red  life expectancy.  

T h e  third category includes the heavy-water 
reactor, the  high-temperature gas-cooled reactor, 
and the  sodium-graphite reactor. Although these  
reactors a r e  adequately des igned  for hea t  transfer, 
many assumptions regarding other performance 

31bid., chap. 4. 
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Table 30.1. Fuel Element Characteristics of Advanced Converter Reactors 

Reactor Type 
Spectral-Shift 

Control Pressurized Water Seed Blanket 
Heavy Water, High Temperature, Heavy Water, 

Thorium Fuel Thermal Fuel G~~ Cooled Sodium, Graphite 

Fuel element configuration 

k t ive  core length, ft 
Fuel rod or tube diameter, in. 

Fuel life, years 
Fuel 

Fuel fabrication 

Fuel theoretical density, % 
Maximum f k  d6' at rated power 

Average burnup in maximum power rod, 
Mwd/metric ton 

Core average burnup, Mwd/metric ton 

Cladding material 

Cladding thickness, in. 

Maximum cladding surface tempera- 
ture, "F 

at rated power, Btu hr-' ft-2 
Maximum cladding surface heat flux 

Coolant 
Coolant inlet pressure, psi 
Coolant inlet temperature, "F 
Coolant outlet temperature, OF 

=30 x 10,' fissions/cm3. 
b15 x 10'0 fissions/cm3. 
'20 x 102' fissions/cm3. 
'6.5 x lo2' fissions/cm3. 

Square array, 
16 x 16 rods 

11.0 
0.378 
0.320 
3 

uo2 

Pelletized 

96.5 
41.2 
35 
30,000 

25,000 

Zircaloy-4 

0.020 

640 

544,000 

H20 
2050 
546 
598 

Cylindrical with 238-rod bundle 

7.2 10.92 
0.280 (seed) 0.420 
0.674 (blanket) 
10.7 2.1 
U0,-ZrO, (seed) U02-Tho, 
Tho, (blanket) 

three chevrons 

Vibratory compaction 

80 88 
39.5 (seed) 39.5 
40 (blanket) 
813,000a (seed) 45,000 
81,000b (blanket) 
569,0OOc (seed) 30,000 
35,000d (blanket) 
Zircaloy-4 Zircaloy-4 

0.018 0.025 
0.038 
640 650 

669,000 (seed) 470,000 
300,000 (blanket) 

HZO-DZ 0 H 2 0  
1980 2200 
520 535 
568 594 

Three concentric 
tubes 

15.0 
Up to 3.630 

1 

UO, 

Vibratory compaction 
and swaging 

92 
34 

19,100 

15,400 

Zircaloy-2 

0.025 

626 

820,000 

D20 
1900 
507 
579 

Three concentric Graphite cylinder 
tubes 

15.0 15.5 
Up to 3.830 4.5 

1.7 6 
Tho,-UO, ThC2-UC2 

Vibratory compaction Coated particles 

92 
25 2900°F 

and swaging 

80-90 at. % U 
6-10 at. % Th 

27,600 

22,200 

Zircaloy-2 Pyrolytic carbon 
coating 

0.025 

626 

621,000 140,000 

D 2 0  
1874 
507 
579 

He 
450 
720 
1470 

Rod cluster, Na 

14 
0.590 

annulus 

2.68 
uc 

Cast, 0.50 in. 
in diameter 

2ooooF 

40,000 

35,000 

Z i rca lay-2 

0.020 

1250 

760,000 

Na 

750 
1150 

h3 
VI 
W 
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fac tors  a r e  wel l  beyond demonstrated technology, 
and these fuel concepts  will  require ex tens ive  
development and testing. 

T h e  fue l  element for the  heavy-water reactor is 
nested.  One problem with i t  is tha t  t h e  c ladding  
may fail by nonuniform collapse.  S ince  a complete 
fuel element assembly h a s  never been t e s t ed ,  t he  
possibil i ty of ratchett ing and fretting corrosion 
h a s  not been explored. 

Although t h e  Sodium Reactor Experiment and the  
Hallam Reactor have  been operated, t he  current 
proposal for a large sodium-cooled power reactor 
is based on some major extrapolation of the  
demonstrated technology. The  u s e  of vented zir- 
conium c ladding  and  outlet  coolant temperature 
some 300OF above  previous experience r a i s e s  
numerous ques t ions  that must be  resolved. 

The  fue l  element for t he  high-temperature gas- 
cooled reactor is s t i l l  be ing  evolved. T h e  one  
proposed for t h i s  s tudy  departs markedly from the  
one being fabricated for t he  P e a c h  Bottom Re- 
actor,  which is s t i l l  many months from even  going 
cr i t i ca l ,  much less reaching full-power operation. 
A great dea l  of development and t e s t  is under 
way, but much remains to b e  done t o  fully demon- 
s t r a t e  t he  capabili ty of t h e  fuels proposed for a 
gas-cooled fueled-graphite reactor. 

We concluded tha t  al l  of t hese  fuel e lements  
could b e  success fu l ly  developed and  would meet 
the  proposed operating goa ls  in the  time period 
1970-80. Thus ,  t he  fuel cyc le  c o s t  e s t ima tes  
were based  on the  sponsor’s proposals with no 
penalty for t h e  present embryonic s t a t e  of tech- 
nology in cer ta in  concepts .  

F u e l  Fabr icat ion Costs for Advanced 
Converter  Reactors 

A. L. Lot t s  

We ca lcu la ted  the  c o s t s  of fuel fabrication for 
t he  s i x  reactors be ing  evaluated in the  Advanced 
Converter Reactor study.4 In addition to  the  dif- 
fe rences  in fue l  e lement  des ign  imposed by t h e s e  
different reac tor  concepts ,  added variations were 
introduced for each  reactor, because  of changes 

‘M. W. Rosenthal e t  a f . ,  A Comparative Evaluation of 
Advanced Converters, chap. 8, ORNL-3686 (in press )  
(Official Use  Only). 

in fuel material  during t h e  fuel c y c l e  and  b e c a u s e  
of a needed eva lua t ion  of t he  re la t ive  c o s t s  of fuel 
materials.  

F u e l  e lement  des igns  proposed by proponents of 
t he  reactors were used  as a b a s i s  for ca lcu la t ion  
of cos t s .  We used  computer programs spec i f ica l ly  
devised  for t h i s  s tudy  (next subsection).  Data 
were obtained for a range of plant capac i t i e s  and 
plant amortization ra tes ;  Tab le  30.2 g ives  repre- 
s en ta t ive  da t a  for p lan ts  amortized a t  22%. 

Computer Programs for Calculat ion of F u e l  
Fabr icat ion Costs  

A. L. Lot t s  

In the  evaluation and  comparison of var ious  
proposed reactors,  t he  c o s t  of fue l  element fabri- 
ca t ion  is a n  important consideration. Therefore,  
w e  need to ca l cu la t e  and predict fue l  fabrication 
costs for reactor sys t ems  that may b e  used  many 
yea r s  in t h e  future. 

T h e  prediction of t h e s e  c o s t s  involves the  
se l ec t ion  of fabrication procedures or f lowshee ts ,  
t h e  ca lcu la t ion  of operating and  cap i t a l  c o s t s ,  
and t h e  c o s t  of materials used  in the  processes .  
Also,  cer ta in  fac tors  that  a r e  based  upon the  
environment in  which the  fabrication must b e  done, 
upon t h e  degree of optimism be ing  employed, and  
upon the  method of financing must b e  appl ied  t o  
t h e s e  c o s t s .  

Because  of t h e  la rge  number of var iab les  in 
ca lcu la t ing  fabrication cos t s ,  th ree  computer 
programs, FABCOST 1, FABCOST 2, and  FABSUM, 
were written to perform t h e  ca lcu la t ions .  Basic 
information on operating and  capi ta l  c o s t s  of 
individual s t e p s  in the various fabrication flow- 
s h e e t s  and  on the  c o s t  of materials were co l lec ted  
for u s e  in the  programs. 

T h e  
fuel element is descr ibed  in terms of i t s  param- 
e t e r s ;  for example,  ou ts ide  diameter of t h e  tubing, 
the  fuel diameter, t he  length of the  fuel rods, t he  
length of t he  fue l  element, the  type of fuel, and 
the  type  of cladding. T h e s e  da t a  a r e  u s e d  as 
input for t he  computer program. Also,  t h e  amorti- 
za t ion  r a t e s  t o  b e  applied,  t he  type of fabrication 
plant to be  used ,  t he  number of operating d a y s  for 
t he  plant, and  other fac tors  a r e  se l ec t ed  and used  
as  additional input data.  T h e  computer programs 

T h e  programs work in the  following way. 
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then select the  proper f lowsheet  for application 
t o  the particular fuel element and compute op- 
erating, cap i ta l ,  hardware, and fuel-preparation 
c o s t s  for tha t  particular case. The  resu l t s  a r e  
tabulated a s  dollars per kilogram and m i l l s  per 
kilowatt hour for different plant capac i t ies .  

Our programs ca l cu la t e  c o s t s  for fuel e lements  
of three general types: (1) rod bundles, which 
are c lus t e r s  of small-diameter metal-clad fuel 

rods; ( 2 )  nes ted  fuel elements,  which cons i s t  of 
concentric metal tubes  fi l led with a fuel material; 
and (3)  fueled graphite fuel elements, which con- 
sist of graphite bodies filled with a fuel material. 
Each  of t h e s e  general types  of fuel e lements  can  
have  a variety of cladding materials,  fuel ma- 
te r ia l s ,  and shapes .  The  u s e  of our codes  permits 
the evaluation of e f fec ts  of s ing le  or s eve ra l  
interacting parameters on fabrication cos t s .  

Table 30.2. Fabrication Cos ts  for Nonrecycle Fuel in Single-Purpose Plants, Amortized a t  22% 

Plant  Capacity (kg of heavy metal/day) 

Type of Fue l  Element 500 1000 3000 5000 10,000 Type of Plant Fuel  
Cost  ($/kg heavy metal) 

- - -  

PWR (vibratory compaction) (235u-2 3 8  U ) 0 2  114 71 50 45 Contact 

PWR (pellets) (2 35&2 38 U ) 0 2  127 85 60 53 Contact 

Seed-Blanket (235U-Th)0, 305 200 126 110 Hooded 

SSCR ( 5U-Th)0, 106 65 45 40 Hooded 

HWR (’ 5U-Th)02 52 28 23.5 18.5 Hooded 

U P 2  47 27.5 23 18 Contact HWR 

HTGR (250-p particles, virgin BeO) (235U-Th)Cz 180 160 Hooded 

HTGR (250-p particles, recycle BeO) (235U-Th)C2 102 92 Hooded 

HTGR (1000-~1 particles, virgin BeO) (235U-Th)C2 182 161 Hooded 

HTGR (1000-p particles, recycle BeO) (235U-Th)C, 108 94 Hooded 

SGR (Zr clad, vented) (2 35u-2 38 U)C 100 64 35 28 Contact 

SGR (s ta inless  s t e e l  clad, nonvented) (235U-238 U)C 96 58 30 23.5 Contact  

Seed-Blanket (233U-Th)02 370 250 165 144 Remote 

SSCR ( 23 3U-Th)02 132 80 57 50 Remote 

HWR (233U-Th)02 58 32.5 26.5 21 Remote 

HTGR (250-p particles, virgin BeO) (233U-Th)C2 195 175 Remote 

HTGR (250-p particles, recycle BeO) (233U-Th)C2 120  103 Remote 

HTGR (1000-p particles, virgin BeO) (233U-Th)C, 205 180 Remote 

HTGR (1OOO-p particles, recycle BeO) (233U-Th)C2 130 112 Remote 

(2 3 5u-2 3 8 
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31. SNPO-C NERVA Program 

E. A. Franco-Ferreira 

The  Metals and Ceramics Division is providing 
materials and fabrication technology support  to 
the NASA Space Nuclear Propulsion Office on 
the NERVA Nuclear Rocket Program. In general, 
we are  providing technical  l i a i son  between NASA 
and i t s  contractors and,  where necessary,  per- 
forming appropriate experimental  s t u d i e s ,  T o  
date ,  the a s s i s t a n c e  on th i s  program h a s  been 
directed entirely toward the  fabrication of nozz les  
to  be used in  s t a t i c  reactor t e s t  firings a t  the 
Nevada t e s t  s i t e .  Our work may b e  divided into 
two broad categories:  s tud ies  in  direct  support  
of NASA contractor operations and s tudies  aimed 

Table  31.1. Composition o f  Nickel -Base A l loys  
for Rocket Nozz les  

, Content ('70) 

R e d  62 Inconel X-750 
Element 

Chromium 

Iron 

Molybdenum 

Titanium 

Niobium 

Aluminum 

Manganese 

Silicon 

Copper 

15.00 14.0-1 7 .O 

22.50 5.0-9.0 

9.00 

2.50 2.25-2.75 

2.25 0.70-1.20 

1.25 0.40-1.00 

1.0 max 

0.5 max 

0.5 max 

Assistance 

a t  developing a generalized rocket mater ia ls  tech- 
nology. Some a s p e c t s  of th i s  general experimental  
program will be d iscussed  below. T a b l e  31.1 
gives  the  compositions of two a l loys  we are  
studying. 

BRAZING OF RENE 62 

E. A. Franco-Ferreira 

Renk 62, a precipitation-hardenable nickel-base 
alloy, is of interest  a s  a construction material  
for advanced-performance nuclear nozzles .  Since 
furnace brazing is widely used for nozzle  fabri- 
cation, the brazabili ty of the material  is of im- 
portance and we s tudied it. 

In e s s e n c e ,  we brazed numerous Rend 62 T- 
joints ,  us ing  a variety of brazing a l loys  and 
atmospheres.  Table  31.2 shows some of the data .  
Based  on these  data ,  we concluded that Rend 62 
is brazable  with most commercially avai lable  
brazing al loys.  However, the brazing condi t ions 
used a r e  of great importance, particularly the  
atmospheric protection of the joint during brazing. 
The  hardening const i tuents  of R e d  62 are  alu- 
minum and titanium, which form oxides that  are 
extremely difficult to reduce and impede the flow 
of brazing alloy. Thus ,  for optimum resu l t s  
vacuum brazing should be used. If brazing ei ther  
in  an inert-gas or hydrogen atmosphere is nec- 
essary ,  the joint should be protected by prebraze 
nickel plating. 

HOT-DUCTILITY OF INCONEL X-750 

. 
I 
1 

R. G. Gilliland Carbon 0.05 0.08 max 

Boron 0.010 

Sulfur 0.01 rnax The  u s e  of Inconel X-750 for the fabrication of 
rocket nozz les  requires that i t s  weldabili ty be 
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Table 31.2. Results of Brazing Studies on R e n d 6 2  T-Joints 

Brazing 
Temperature Atmosphere Remarks Composition Specimen Brazing Alloy 

(OC) 
(wt 7 0 )  Pretreatment 

Coast  Metals 52 

Copper 

Gold-nickel 

Nicrobraz 50 

Coast  Metals 52 

GE -86 00 

Gold-nic kel  

GE-8102 

GE-8400 

GE -8 6 0 0 

Gold-nickel 

Nicrobraz 50 

Coast  Metals 52 

Coast  Metals 62 

GE-8202 

4 Si-3 B-93 Ni 

82 Au-18 Ni 

1 0  P--12 0 - 7 8  Ni 

4 Si-3 B-93 Ni 

4 Si-32 0 - 2 4  Pd-40 Ni 

82 Au--18 Ni 

15 0 - 8  Si-77 Ni 

18 0 - 1 6  Ni-8 Si-4 W- 
1 B-53 C O  

4 Si-32 0 - 2 4  Pd-40 Ni 

82 Au-18 Ni  

1 0  P-12 0 - 7 8  Ni 

4 Si-3 B-93 Ni 

16 Ni-16 Co-1 B-67 Mn 

2 0 - 2 . 5  Si-1.5 B-94 Ni 

0.002-in. Ni plate 1060 

0.002-in. Ni plate 1100 

0.002-in. Ni plate 1010 

0.002-in. Ni plate 1000 

Bare specimen 1060 

Bare specimen 1170 

Bare specimen 1010 

1170 

1170 

1170 

1010 

1010 

1060 

1100 

1100 

Hydrogen 

Hydrogen 

Hydrogen 

Hydrogen 

Helium 

Helium 

Helium 

Vacuum 

Vacuum 

Vacuum 

Vacuum 

Vacuum 

Vacuum 

Vacuum 

Vacuum 

Good wetting and 
flow 

Fai r  wetting and 
flow 

Good wetting and 
flow 

Fai r  wetting and 
flow 

Fai r  wetting, no  
flow 

Fai r  wetting, no  
flow 

Fai r  wetting, no 
flow 

Fai r  wetting and 
flow 

Poor wetting and 
flow 

Good wetting and 
flow 

Very good wetting 
and flow 

Fai r  wetting, n? 
flow 

Excel lent  wetting 
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, 

demonstrated. Both to define th i s  property and 
provide elevated-temperature mechanical prop- 
e r t ies ,  a useful method is the  hot-ductility tech- 
nique developed a t  Rensse l ae r  Poly technic  In- 
s t i tu te . '  W e  used  th i s  method to measure the  
weldability of Inconel X-750, hea t  No. 3977X. 

Th i s  study was  performed by t ens i l e  t e s t ing  
V4-in.-diam samples  during progression through a 
predetermined thermal cyc le .  The  temperature 
cyc le  was  automatically controlled and  represents  
the  thermal history experienced by a point in t h e  
heat-affected zone  of a weld a s  the  welding a r c  
p a s s e s  nearby. We assumed that t he  thermal 
properties of Inconel X-750 were similar to those  
of s t a i n l e s s  s t ee l .  Therefore, we used  thermal 
cyc le s  tha t  had been ca lcu la ted  and measured for 
11/2-in. s t a i n l e s s  steel p la te  with a welding energy 
input of 70,000 joules/in.  and a preheat of 80°F. 
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T h e  e leva ted  nil  ducti l i ty temperature (NDT) 
of hea t  No. 3977X w a s  found to b e  2300OF. T h i s  
temperature w a s  es tab l i shed ,  as shown in  Fig.  
31.1~1, b, and c, by determination of the  point a t  
which t h e  reduction in  a rea ,  t ens i l e  strength,  and 
total s t ra in  become zero  during t h e  hea t ing  portion 
of the  welding thermal cyc le .  T h e  ab i l i ty  of th i s  
material  to withstand loading and  s t ra in ing  whi le  
cooling from the  NDT is exhibited in  F ig .  31.ld, 
e ,  and  f. T h i s  property measures  the  weldabili ty 
of t h e  material;  t h e s e  t e s t s  ind ica te  that i t  pos- 
sesses exce l len t  base-metal weldabili ty char- 
ac te r i s t ics .  T h e  r e su l t s  of the  hot-ductility t e s t  
showed tha t  t he  Inconel X-750 deteriorated neg- 
ligibly i n  properties after be ing  subjec ted  to a 
simulated weld thermal cyc le .  

'E. F. Nippes et al . ,  We ld ing  J. 34(4), 183-85 (1955). 
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Fig. 31.1. Results of Hot-Ducti l i ty Studies on Inconel X-750. 
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32. Thermonuclear Proiect 

R. E. Clausing 

The  goal of the Thermonuclear Pro jec t  is to 
make the  energy re leased  by the fusion of the 
deuterium and tritium iso topes  of hydrogen ava i l -  
ab l e  in a tractable way. Progress  toward th i s  
goal cont inues  to be paced  primarily by develop- 
ments in plasma phys ics .  The  “fuel e lement” 
for a thermonuclear reactor will likely be  a d e n s e  
high-temperature plasma contained by magnet ic  
fields.  The  experimental program a t  ORNL con- 
s i s t s  of s eve ra l  large and complex experiments  
whose immediate goa ls  are to find ways  of gen- 
erating and containing s u c h  plasmas.  

METALLURGICAL SUPPORT 

The metallurgical support is in three a reas :  (1) 
consultation and  other forms of help with the  
metallurgical problems encountered in the  des ign  
and construction of experimental equipment, (2) 
research and development in the field of super- 
conductivity, and (3 )  research and development in 
the field of vacuum technology. 

The  first  a r ea  is increasingly important as equip- 
ment becomes more complex and the  des igns  mote 
demanding. Because  of its d iverse  nature th i s  
effort does  not lend itself to  d iscuss ion  here. 
The  research and development work in  super -  
conductivity, which is no longer part of the  Ther- 
monuclear Pro jec t ,  is reported in Pa r t  I, Chap. 5, 
th i s  report. However, s i n c e  it is aimed a t  control 
of metallurgical variables in the construction of 
superconduct ing magnets ,  i t  is s t i l l  of v i ta l  
in te res t  t o  the Sherwood project. 

VACUUM STUDIES 

environment as free a s  poss ib le  of all mater ia l s ,  
espec ia l ly  those  with high atomic numbers or large 
molecular weights.  P a s t  efforts have  been  to 
dec rease  th i s  contamination and the  partial  pres- 
su re  of hydrogen s imultaneously through the u s e  
of sorption on titanium f i lms .  The  hydrogen re- 
s u l t s  from the  neutralization of ions  e s c a p i n g  from 
the plasmas.  T h i s  technology is now well de- 
veloped and h a s  been applied in the  s p a c e  program 
and in  commercial vacuum sys t ems  as wel l  as in 
thermonuclear research. We are now inves t iga t ing  
the  interaction of e lec t rons  with vacuum in te r faces  
(i.e., material sur faces  bounding the  vacuum 
regions). T h e s e  interactions are important both 
because  they may play an  important role in the 
relationship of p lasmas  with material boundaries  
and because  e lec t rons  may be  used  to desorb  
gases  from sur faces  and thereby provide a means 
of c leaning  vacuum sys tems.  

We ate determining both the amounts and s p e c i e s  
of g a s e s  re leased  by bombardment of su r faces  with 
e lec t rons  with energies from a few e lec t ron  vol t s  
to 70 kev. Depending upon the  conditions of the  
experiment, the number of gas  molecules re leased  
h a s  varied f rom to 10 €or e a c h  e lec t ron  
incident upon the surface.  The  large y ie lds  
occurred in very “dirty” sys t ems  and a t e  appar- 
ently due t o  the  decomposition of hydrocarbon 
molecules.  Yie lds  of g a s  molecules  a s  la rge  a s  
l o -*  pet electron were observed in  sys t ems  not 
detectably contaminated with hydrocarbons. T h e s e  
resu l t s  a re  not merely due to  heating by the  elec- 
tron bombardment. T h e s e  experiments and their  
resu l t s  have been reported elsewhere.  

The  experimental appara tus  now in  u s e  is shown 
schematically in F ig .  32.1. T h e  chamber in which 
electron bombardment t a k e s  p lace  h a s  a volume 

*R. E. Clausing, Thermonuclear Div. Semiann. Progr. The  creation and containment of high-energy 
high-density plasmas requires an  ultrahigh vacuum Rept. April 30, 1964, ORNL-3652, pp. 132-36. 
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Fig. 32.1. Block Diagram of the EB-IV Electron 
Bombardment Apparatus. 

of approximately 2.5 l i ters  and a surface a rea  of 
nearly 1000 c m 2 .  T h e  chamber wall that  is bom- 
barded with electrons is made of type 304 s t a i n l e s s  
s tee l .  I t s  temperature is held constant  by com- 
bined water and air cooling. The  system is 
assembled with metal  gaske ts  to  avoid introduction 
of hydrocarbons. T h e  electron source is a s imple 
tungsten wire filament. Several  filament sizes 
have been used ranging from 0.005 to 0.015 in. 
in diameter with heated lengths from 2 to 15 cm. 
The  smaller f i laments are preferred s i n c e  they 
require less heater  power. Electron currents  from 
0.5 pa to 30 ma have been used result ing in  
average fluxes on the  sur face  of lo9  to  l O I 4  

e lectrons cm- '  sec-'. The  m a s s  spectrometer 
is a General Elec t r ic  model 22 PT 120 capable  
of detect ing partial p ressures  of less than 
torr without s p e c i a l  care .  The  liquid helium 
cryopump was designed and built for this  experi-  
ment. It evaporates  less than 100 c m 3  of liquid 
helium per 8-hr day and should have a b a s e  
pressure considerably below lo-' ' torr. T h e  
pumping speed  is equivalent t o  the conductance 
of a 2-cm2 orifice for the helium-cooled sur face  
and a 5-cm orifice for the liquid-nitrogen-cooled 
surface.  Normally an  orifice with a O. l -cmz 
opening will b e  placed over the pump opening to  
give a known pumping speed for all molecular 
weights.  The Vacion pump is valved off during 
measurements,  In normal operation the filament 
is kept a t  emitt ing temperature and the high voltage 
is pulsed on and off while the change in  partial 
pressure of the various g a s e s  is observed with 
the m a s s  spectrometer.  Knowing the pumping 
s p e e d s  and change in pressure,  one can  ca lcu la te  

the amount of g a s  re leased.  Dividing th i s  amount 
by the electron current gives  the yield of g a s  
molecules per electron. T h i s  yield is then de- 
termined as a function of current, voltage,  and 
surface conditions.  Data from this  experiment 
have  been used primarily to  confirm earlier da ta  
obtained without the mass spectrometer.  

Figure 32.2 shows  da ta  on yields  obtained in  a 
wide variety of ear l ier  experiments. T h e  d a t a  
marked EB-I are  typical  of those obtained thus  
fa r  in  the newer experiment, EB-IV, descr ibed 
above. T h e s e  data  i l lustrate  the wide range of 
yields  obtained and the relationship of sys t em 
c leanl iness  to  yield values .  The  da ta  from the 
Ultrahigh Vacuum T e s t  Fac i l i ty  show the yield 
curves for a copper system ser iously contaminated 
with diffusion pump oil and for the same system 
af ter  a mild thermal bake (20 hr a t  temperatures 
between 100 and 145OC). T h e  yield af ter  the  
bake w a s  7 that before. In t h e s e  two experi-  
ments, the yield d id  not depend greatly on electron 
energy. Additional baking decreased  the y ie lds  
in th i s  sys t em s t i l l  further, but a change in  the 
experimental  techniques precludes direct  com- 
parison. The  data  from the DCX-1 end region 
i l lus t ra te  the yields  obtained after ex tens ive  
electron bombardment in a complex system of 
s t a i n l e s s  steel and copper. The yields  a t  3 kev 
were ini t ia l ly  about 10 gas molecules per  e lectron 
but decayed to  the curve shown after e lectron 
bombardment of the exposed surfaces  preceded 
by baking some of the  copper parts, a smal l  
fraction of the total  surface involved. The  da ta  
for the DCX-1 liner were obtained after a 12-hr 
bake a t  40OoC. Although the surface had previ- 
ously been coated with titanium, the getter f i l m  
was no longer act ive,  and no fresh titanium was 
evaporated,  The surface was probably not seri- 
ously contaminated with oil.  The  data  labeled 
EB-I, EB-11, and EB-I11 are representative of t h o s e  
obtained in  sys t ems  built t o  avoid contamination 
with hydrocarbons; t h e s e  systems a l s o  show 
electronic  c leaning (i.e., the  ini t ia l  y ie lds  de- 
crease as bombardment progresses).  The  curves  
for the  c leaner  sur faces  a l l  show an  increase  in  
yield in  the region near 1 kev electron energy. 
The data  in  Fig.  32.2 are shown only for com- 
parison and are not quantitatively accurate .  They 
are computed from ion-gage readings and est imated 
pumping s p e e d s  with the assumption that the g a s e s  
are  "nitrogen-like" (i,e., the ion-gage sens i t iv i ty  

? O  
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and pumping s p e e d s  for nitrogen were used). If 
the gases  are predominantly hydrogen, the y ie lds  
shown may b e  as l i t t l e  as one-eighth the correct 
values.  In fact, the  gases  released from sys t ems  
contaminated with hydrocarbons may be  mostly 
hydrogen as d i scussed  below, 

The  gases  re leased  during bombardment of 
s t a i n l e s s  s t e e l  have  been hydrogen and carbon 
monoxide in a ratio increas ing  from 6 to  30 (with 
a corresponding dec rease  in yield from approxi- 
mately IO-’ to  5 x a s  bombardment pro- 

gressed  a t  an  e lec t ron  energy of 5 t o  10 kev. 
T h e s e  da t a  are probably typical of what c a n  be  
expec ted  from sur faces  with sma l l  amounts of 
hydrocarbons in i t ia l ly  present.  No da ta  a r e  y e t  
ava i lab le  on c l ean  s t a i n l e s s  s t e e l  sur faces .  Bom- 
bardment of a “c lean”  tungsten sur face  re leased  
approximately five carbon monoxide molecules  to  
one of hydrogen. Th i s  probably re f lec ts  the  con- 
tamination of the “c lean”  sur face  by residual 
gases  in  the system. 

UNCLASSIFIED 
ORNL-DWG 64-5225 

IO’ 

5 

2 

5 

2 

IO-’ 

c e 
z 5  

< - 

0 J 

w 
> 2  
a m 
(3 

to-2 

5 

2 

10-3 

E B  TEST I AFT 

5 

2 

10-4 
004 O 1 0.2 0.5 1 2 5 io 20 50 100 

ELECTRON VOLTAGE ( k v )  

t 

Fig. 32.2. Comparison of the Results o f  the Var ious  Electron Bombardment Experiments. 



26 5 

Based on the preliminary experiments summarized 3. Electronic  desorption is not a bulk heat ing 
effect. A combination of thermal baking and above, the following conclusions s e e m  reasonable.  

1. 

2. 

I 

electron bombardment may be used advanta- 
ge o u s  1 y . 

4. Electronic desorption may be capable  of pro- 

Reduction of partial pressures  of hydrocarbon 
vapors in  vacuum sys t ems  by electron bom- 
bardment is both feasible  and pract ical .  

ducing c l e a n  surfaces  without heat ing or 
caus ing  radiation damage to  the substrate .  If 
hydrocarbons are present,  however, a non- 
volat i le  residue of carbonaceous material  may 
be formed on the  surface.  

Both the kind and quantity of g a s e s  evolved 
during electron bombardment depend upon the 
type and amount of contamination on the sur face  
and thus provide a means of character iz ing the 
condition of the surface.  

I 



33. Transuranium Program 

D. A. Douglas 

The  Transuranium Program is being carried out 
i n  two parts.  One is t h e  design and construction 
of the  High F lux  Isotope Reactor (HFIR), for which 
the  development of the  fuel and control e lements  
is a responsibil i ty of t h e  Metals and  Ceramics  
Division. T h i s  work is described in  Pa r t  111, 
Chap. 26 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 fabrication 
of t h e  target e lements  and t h e  requis i te  equipment. 
P rogres s  on t h i s  p h a s e  is reported below. 

The in i t ia l  t a rge ts  will contain plutonium oxide. 
Following their  exposure in the  reactor, des i red  
i so topes  will b e  chemically separa ted  and suitably 
processed  to  provide material for inclusion in  
new ta rge ts  for additional exposure. Through 
these  sequent ia l  s t eps ,  gram quant i t ies  of the  
higher ac t in ide  oxides  (americium, curium, berke- 
lium, and californium) c a n  b e  produced. S ince  the  
material to b e  processed  will be  highly radioactive 
and toxic, a heavily sh ie lded  and contained facil- 
i ty  is required for carrying out  the  chemical proc- 
e s s i n g  and  fabrication s t eps .  

Our work c o n s i s t s  of developing procedures for 
fabrication of sa t i s fac tory  target elements,  con- 
ducting irradiation t e s t s  to demonstrate t h e  ade- 
quacy of t h e  fabrication techniques,  and inventing 
or  adapt ing  equipment to carry out  t h e  fabrication 
in  enc losed  and sh ie lded  cubicles.  

t ached  to t h e  f ins  at t h e  bottom of t h e  target rod 
and a c t s  as  a space r  and coolant channel.  T h e  
35-in. e lements  contain 0.250-in. -di am, 0.57 1-in. - 
long  pe l l e t s  i n  t h e  20-in. ac t ive  length. T h e  
remainder of the length is occupied by end c a p s  
and void s p a c e  for t h e  accumulation of f i s s ion  
gas.  T h e  pe l l e t s ,  which a re  completely encapsu-  
l a t ed  in aluminum, a r e  compacts of ac t in ide  ox ides  
and aluminum powder pressed  to a dens i ty  of 89 
to 91% of theoretical .  

T h e  fabrication and inspection of t h e  ta rge t  
e lements  employs a combination of powder-met- 
allurgical ,  welding, inspection, and  chemical 
techniques  which will b e  carried out i n  three  cu- 
bicles.  T h e  b a s i c  cri teria and methods of oper- 
a t ions  have  not changed subs tan t ia l ly  from that 
outl ined previously.3 All equipment is to b e  
designed to opera te  semiautomatically,  requiring 
minimum u s e  of t he  manipulators. To minimize t h e  
spread  of contamination, spec ia l  d e v i c e s  will 
be  used  to transfer materials between s t e p s  i n  
the  p rocess ,  and  auxiliaxy enc losu res  around some 
equipment i t ems  will el iminate recontamination of  
c leaned  components. All equipment is to b e  de- 
s igned  for e a s y  removal v ia  t h e  35- by 18-in. 
equipment-transfer opening in  the  cell roof. Fur- 
ther, many equipment components a r e  to b e  de- 
s igned  for removal v ia  t he  8-in.-diam, 8-in.-deep 
intercell  conveyor. 

F igure  33.2 shows  the  layout of t h e  ta rge t  fabri- 
TRANSURANIUM TARGET FABRICATION ca t ion  and inspec t ion  equipment for t he  Trans-  

EQUl PMENT uranium Faci l i ty .  A rCsumd of t h e  s t a t u s  of the 

M. K. Pres ton ,  Jr. '  A. L. L o t t s  

'On loan from General Engineering and  Construction 

'Oak Ridge Gaseous Diffusion Plant. 

3M. K. Preston, Metals and Ceramics Div. Ann. Progr. 

R. I. Deaderick'  
Division. 

T h e  HFIR target e lement  shown in  Fig. 33.1 
c o n s i s t s  of  a 3/,-in.-OD intermittently finned tube 
and a hex-can shea th ,  which is mechanically at- Rept. May 31, 1962, O R N L - ~ S ~ ~ ,  pp. 108-11. 
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DETAIL A -  MECHANICAL STAKING 
HEX SHEATH TO FINNED TUBE 

Fig. 33.1. Target  Element for the High Flux Isotope Reactor. 

design and development follows. More de ta i led  
information is reported elsewhere.  4 - 6  

4M. K. Preston, R. I. Deaderick, and A. L. Lotts,  
Transuranium QGart. Progr. Rept.  Aug.  31 ,  1963, ORNL- 
3358, PP. 76-83. 

'M. K. Preston, R. I. Deaderick, and A. L. Lotts,  
Transuranium Quart. Progr. Rept. Nov. 30, 1963, ORNL- 

6M. K. Preston, R. I. Deaderick, and A. L. Lotts, 
Transuranium Quart. Progr. Rept.  Feb. 29, 1964, ORNL- 
3651 (in press). 

3597, PP. 50-63. 

Cubicle 3 

Design and development of equipment for cubic le  
3, which includes all operations up to  completion 
of the pe l le t s ,  a re  further advanced than that for 
the  other two cubicles.  Conceptual des ign  of 
equipment is 87% complete, detailed des ign  is 
77% complete, and procurement is 65% complete. 
Table  33.1 dep ic t s  t he  s t a tus  of equipment design 
or test. I tems  3, 4, and 16 are new equipment 
p i e c e s  ca l led  for by recent changes  and addi t ions  
to the process.  I tems 6 and 15 a r e  be ing  rede- 
s igned because  the  original equipment des ign  did 
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CUBICLE 4 
1 .  TUBE RECEIVING AND SURFACE SMEAR 
2. X-RAY STATION 
3. X-RAY UNIT 
4. DIMENSIONAL INSPECTION STATION 
5. HEX CAN ATTACHMENT 
6. ULTRASONIC CLEANER 
7. HYDROSTATIC COLLAPSE 
8. PUMP FOR HYDROSTATIC COLLAPSE 
9. HELIUM LEAK TEST STATION 

40, TARGET REMOVAL STATION 
11. TRANSFER ARM 

CUBICLE 2 
1. PELLET DIAMETER GAGE 
2 .  STACK LENGTH GAGE 
3. PELLET FEEDING ASSEMBL? 
4. SECONDARY ENCLOSURE 
5. TUBE HOLDER AND UPENDING STATION 
6. HELIUM LEAK TEST CHAMBER 
7. TRANSFER ARM 
8. ASSEMBLY AND WELDING STATION 
9. ULTRASONIC CLEANER 

40. PASS-THRU TUBES 

UNCLASSIFIED 
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CUBICLE 3 
4 .  CALCINER 
2. PRESS STATION 
3. PELLET TRANSFER CONTAINER 
4. DIE FEED STATION 
5. CAP-POWDER STATION 
6. DIE HOLDER, DIE HOLDER STATION 
7. BLENDER-DISPENSER 
8. BLENDER-DISPENSER ELEVATING MECHANISM 
9. DIE SCALE ASSEMBLY 
10. BATCH SCALE 
4 4 .  SCALES SUPPORT PLATFORM 
42. ALUMINUM POWDER ADD STATION 
13. TRANSFER ARM 
14. PELLET TRANSFER TUBE 
15. ULTRASONIC CLEANER 
16. THERMAL CLEANER 

CUBICLE 3 CUBICLE 2 CUBICLE 1 

Fig.  33.2. Target Fabrication Equipment Plan. 

not function properly. T h e  equipment design h a s  
progressed so far tha t  design and layout for elec- 
trical  and in-cell piping are now under way. 

Cubicle 2 

Conceptual  des ign  of equipment for cubic le  2 
is 80% complete, detailed design is 65% complete, 
and procurement is 35% complete. Tab le  33.2 
summarizes t h e  equipment s ta tus .  Conceptual  and 
detailed des ign  is centered around the  target 
assembly machine, which is to make the  l a s t  
preparations and the c losure  weld on the  assembled 
rod. Bench tes t ing  of t h e  pe l le t  inspection and 
loading equipment showed tha t  a l l  components a re  
satisfactory except  the  pellet-diameter gage. A 
redesigned gage is being fabricated. 

Cubicle 1 

Conceptual design of equipment for cubic le  1 is 
70% complete, detailed design is 25% complete, 

and procurement is 10% complete. Tab le  33.3 
shows  the  s t a t u s  of equipment design. T h e  major 
effort is to complete the  equipment des ign  with the  
emphas is  on tha t  for dimensional inspection of the  
rod. A new device  for hot co l l apse  of t he  target 
rod is to  rep lace  the  hydrostatic co l l apse  equip- 
ment so  as to reduce the  radial gap between pe l le t  
and rod from 0.0005 to 0.0001 in. and thus  im-  
prove the  hea t  transfer charac te r i s t ics  of the 
rod. 

All in-cell equipment is now being designed or 
procured for t e s t ,  the  design is approximately 62% 
complete, and a l l  equipment should b e  designed 
by next  September. Approximately 1200 man-days 
will b e  required to finish the  design, and an  ad- 
dit ional 800 man-days will be  required for tes t ing  
and modifications of the  equipment t o  ensure  a 
workable production l i ne  for t he  fabrication and 
inspection of the  HFIR targets.  
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Table  33.1. Cubic le  3 Equipment Percentage Completiona 

Bench 
T e s t  Procurement Conceptual Detailed Description Item 

No. Design Design and 
Modify 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15  

16 

17 

18 

19 

Actinide calciner 

Pe l le t  press  

Pe l le t  check weigh 
and length measurement 

Pe l le t  storage 
container 

Die feed station 

Cap powder station 

Die holder and die  
holder station 

Blender-dispenser 

Blender-dispenser 
elevating mechanism 

Die-scale assembly 

Batch-scale assembly 

Scales  support 
platform 

Aluminum powder 
addition station 

Transfer arm 

Pel le t  ultrasonic 
cleaner 

Pel le t  vacuum anneal  

Pe l le t  transfer 

Equipment mounting b a s e  

Cel l  crane 

100 90 

100 100 100 100 

100 

50 

100 

25 

100 

100 

100 

100 

100 

100 

100 

100 

25 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

25 

100 

25 

25 

25  

25 

100 

100 

100 

100 

25 

25  

100 100 100 100 

100 100 25 

aMockup operation and any required redesign and modification a re  not s tar ted on any of these items. 

PLUTONIUM TARGET FAB RI CAT1 ON that  of t h e  elements  t o  b e  fabricated in  t h e  Trans-  
uranium Process ing  Facil i ty.  However, t he  low 
amount of penetrating radiation from plutonium 
a l lows  relatively simple fabrication in  glove boxes 

Target  e lements  containing 2 4 2 P ~  a r e  to b e  rather than the  complex remote fabrication that  
fabricated for t he  ini t ia l  and part  of  the  subse-  will b e  carried out  i n  the  TRU Facili ty.  T h e  
quent target loadings of t he  HFIR. T h e  design s t e p s  i n  plutonium target-element fabrication a r e  
of the  242Pu-containing elements  is ident ical  to 

J. D. S e a s e  A. L. Lo t t s  

shown in Fig.  33.3. 
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Table 33.2. Cubicle 2 Equipment Percentage Completiona 

Bench 
T e s t  Procurement Item Conceptual Detailed 

No. Design Design and 
Description 

Modify 

1 Pellet-diameter 100 100  100 75 
gage 

2 Stacked length gage 100 100 100 100 

3 Pellet  feeding assembly 100 100 100 100 

4 Secondary enclosures  100 100 100 100 

5 Tube-loading station 100 50 

6 Void measurement 100 25 

7 Assembly and welding 100 25 
station 

8 Helium leak tes t  
chamber 

9 Helium leak t e s t  
console 

100 100 

100 100 

25 

25 

10 Target transfer arm 75  

11 Target ultra sonic  100 
cleaner and transfer 

1 2  Equipment mounting base  50 

25 

13 Cel l  crane 100 100 25 
~~ 

aMockup operation and any required redesign and modification are  not s tar ted on any of these items. 

The  plutonium target fabrication l i ne  c o n s i s t s  
of  a series of alpha-tight gloved enclosures,  in 
which all operations involving direct  contact with 
P u O ,  a re  carried out, and a work bench where the  
final inspection and assembly operations a r e  
performed. T h e  fabrication equipment inc ludes  
an automatic pellet-weighing s ta t ion ,  a pe l le t  
p re s s ,  a furnace for thermal c leaning  of pe l le t s ,  
an end-closure welding apparatus,  a hydrostatic 
co l lapse  rig, and a helium mass-spectrometer-type 
leak  tes te r .  T h e  only operation not carried out  in 
the fabrication l ine  is radiography. 

Detailed descr ip t ions  of the  equipment a re  con- 
tained in severa l  documents. '-' 

During the  year, procurement of t h e  target-line 
fabrication equipment was  completed, i t s  operation 
was  checked,  and the  l i ne  was  placed in  operation 

in  an  alpha facility. T h e  equipment w a s  used'O 
in  fabrication of four 239Pu-containing prototype 
target e lements  currently be ing  irradiated in the  
MTR and seven  242Pu-containing e lements  for 
irradiation t e s t ing  in one  of t he  Savannah River  
Laboratoxy's production reactors. T h e  fabrication 
of t h e s e  irradiation samples  was  an  exce l len t  
demonstration of the  entire fabrication line. 

7 J. D. Sease  and  A. L. Lot ts ,  Transuranium Quart. 
Progr. Rept .  Aug. 31,  1963, ORNL-3558, pp. 69-83. 

'J. D. Sease  and A. L. Lotts ,  Transuranium Quart. 
Pro&. Rept. Nov. 3 0 ,  1963, ORNL-3597, pp. 45-50. 

'J. D. Sease  and A. L. Lotts, Transuranium Quart. 
Progr. Rept. Feb.  29, 1964, ORNL-3651 (in press). 

'OJ. D. Sease  and D. M. Hewette 11, Fabrication and 
Preirradiation Data for High  Flux  Isotope Reactor  
Prototype Target Rods, ORNL-TM-811 u u n e  1964). 



Item Conceptual Detailed 
No. Procurement Design Design Description 

~ 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 
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Table 33.3. Cubicle 1 Equipment Percentage Completiona 

Target tube receiver 

Target x-ray station 

Target x-ray unit 

Target dimensional 
inspection 

Target ultrasonic 
c leaner  

Target dryer and 
surface smear 

Target high-temperature 
col lapse station 

Helium leak tes t  
chamber 

Hex-can sheath 
attachment station 

Target transfer arm 

Equipment mounting b a s e  

Cel l  crane 

75  

7 5  

100 

90 

100 

100 

100 

100 

100 

50 

25 

100 

100 

50 

100 

75  

25 

25 

100 25 

aBench tes t  and required modification, mockup operation, and any required redesign and modification are  not yet 
started on any of these items. 

WELDING DEVELOPMENT 

C. H. Wodtke 

Efforts toward producing highly reliable welded 
c losu res  for remote fabrication of target rods 
have  continued. W e  a re  attempting to  fac i l i t a te  
welding by changes  in joint  geometry, mechani- 
zation of equipment, automation of the weld cycle,  
and employment of electron-beam welding as an 
alternative process.  

Go s Tungs ten - Arc We I d i ng 

In preliminary work, summarized in  Tab le  .33.4, 
we showed tha t  g a s  tungsten-arc welds  having 

good appearance and fair soundness  can  b e  pro- 
duced us ing  severa l  joint  geometries. '' However, 
g a s  tungsten-arc welds  in these  jo in ts  often have  
de fec t s  such  as incomplete fusion in the  root. 

To improve reliability and to adapt the  process  
for remote operation, we have  automated the weld 
cyc le ,  us ing  the  equipment shown in  Fig. 33.4. 
Shown in Fig.  33.4 is a program time-control unit  
having very good se t t i ng  and repeat accuracy. A 
modification of a commercial programmer w a s  built  
to ORNL spec i f ica t ions  to automate the  welding 
power source; t h i s  programmer is shown in Fig. 
33.46. Modifications included precision 10-turn 
potentiometers and d i a l s  to provide se t t ing  resolu- 
tion and direct  calibration in  time. The  programmer 
is based  on a highly accurate solid-state,  time- 
delay relay having a n  RC circuit. The  precision 

"C. H. Wodtke, Metals and Ceramics Div. Ann. 
Pro&. Rept. May 31 ,  1963, ORNL-3470, PP. 244-46. 

' 2C. H. Wodtke, Transuranium Quart. Progr. Rept. 
A@. 31,  1963, ORNL-3558, pp. 63-66 .  



272 

AI POWDER 

I 
PUO2 

I 

BATCH WEIGH Pu02-AI  Q 
I WEIGH CORES I 

t 
DIE WITH LINER AND CAP 

LOAD DIES 

I 
AI POWDER 

WEIGH TOP CAP 

-- 
METALLOGRAPHIC 

EXAMINATION I I INSPECT AND MEASURE 

I' 
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UNCLASSIFIED 
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Fig.  33.3. F low Diagram for Fabricating Plutonium Target Elements. 

. 
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Table  33.4. Gas Tungsten-Arc Welding Conditions for Welds in Various Groups 

Weld Cycle 

Rotating Fixture Current 
Weld Cycle a t  Start/ Time t o  Start Revolutions 

Weld Joint  Geometry Control and Taper t o  of Tail Slope to Start of 
Group 

Tube TY Pe 
and Electrode Angle Torch Type (amps) ( 4  Tail Slop ‘pm 

Manual and 

Stationary 
Torch - 60/- 50 - 8.4 -1-1/6 -8.3 Lathe 

Automatic and - 97/- 52 -8.4 -1-1/6 -8.3 Lathe 

stationary 
Torch 

B 

ii - 90/- 50 -8.4 Automatic and 

Stationary 
Torch 

- 1 - 1/6 -8.3 Vert ical  
Chuck C 

,y 
I l -  l 

D 

Automatic and 

stationary 
Torch 

- 90/- 50 - 8.4 
- 1 lo/-60 - 8.4 

-1-1/6 - a3 Lathe 

- 1- 1/6 - 8.3 Lathe 

D I -  I 

Automatic and 

Stationary 
Torch 

- 1  l0/-60 -8.4 -1-1/6 -8.3 Lathe 
E 

F 

Au tana t i c  and 

Stationary 
Torch 

ll5,”O -0.4 

1 10/65 - 8.4 

- 1- 1/6 - 8.3 Lathe 

,., 1-1/6 - 8.3 Lathe 

F 

200/120 1.4 - 1.5 1.4 - 1.5 60 = Lathe 
1 rps 

Automatic and 

Semiautomatic 
Torch 

G 

1 1 ” J  

-r, H 
Automatic and 

Semiautomatic 225/125” 1.4 - 1.5 1.4 - 1.5 60 = Lathe 
Torch 1 rpr 

‘At approximately 12 t o  14 v. 
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Fig.  33.4. Equipment for Welding HFlR Target  Rods. ( a )  Program control unit. (b )  Power source. 

4 
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I 

potentiometers i n  combination with t h e  time-delay 
relay provided direct  t ime calibration with resolu- 
tion of 0.01 sec in  o n e  range and 0.10 sec in  the  
other. T h e  program control c a n  repeat a weld 
cyc le  very reliably and also conveniently enab le  
o n e  to rapidly p re se t  e i ther  a new weld c y c l e  or 
a recorded previously used  cycle. 

W e  plan to determine the  most des i rab le  joint  
geometry, improve the  welding apparatus,  optimize 
the  welding cycle,  and mechanically t e s t  t h e  
welded joints.  

E lectron-Beam Welding 

Electron-beam welding was  explored a s  a p rocess  
having  severa l  inherent advantages  for s ea l ing  
target elements. Two  advantages  a r e  tha t  t he  
apparatus is readily adaptab le  for remote automatic 
welding and that extremely high power dens i t i e s  
a re  developed. In jo in t s  of three geometries, we 
made13 welds of very good appearance  and pene- 
tration. T h e  incomplete fusion common to g a s  
tungsten-arc welds  was  eliminated. In addition, 
superior control of t he  fused zone  permitted a butt  
joint  to b e  readily welded in  t h e  0.060-in.-wall, 
4-in.-OD tube. However, t h i s  p rocess  cannot  b e  

incorporated in the  cell layout for the  target l i ne  
because  design and construction were too far 
advanced. 

3 .  

PELLET PRESSING 

D. M. Hewette I1 

Six ba t ches  of irradiation prototype target pe l l e t s  
were fabricated. l o  T h e  pe l l e t s  cons i s t ed  of  an 
AI-14 vol % PuO,(-70 + 3 2 5  mesh) core, covered 
top and bottom with pure aluminum powder caps .  
T h e  f i r s t  f ive  ba t ches  of pe l l e t s  were pressed  to 
90% of theoretical  density,  and the  sixth was  
pressed  to  97%. 

A metallographic examination of s i x  control 
pe l l e t s  verified that aluminum w a s  the  continuous 
phase .  T h i s  assured  u s  tha t  the  pe l l e t s  had  
adequate  thermal conductivity; conduct iv i t ies  of 

3C. H. Wodtke, Transuranium Quart. Progr. Rept. 
Feb. 29, 1964, ORNL-3651 (in press). 

138 w m-'(OC)-' had been measu red i4  on similar 
cermet s t ruc tures  containing rare-earth ox ides  a s  
stand-ins.  T h i s  va lue  is nearly 10 t imes  tha t  
previously determined15 for a 15-vol '% 325-mesh 
G d , 0 3  d ispersed  in  aluminum, in which the  oxide  
was  t h e  continuous phase.  

IRRADIATION TESTING 

S. A. Rabin 
S. D. Clinton16 

J. W. Ullmann' 
D. A. Douglas 

Four prototype target e lements  containing PuO , 
were fabricated in  a glove box l i ne  and inser ted  
into the  E T R  to t e s t  t h e  adequacy of the  des ign  
and the  fabrication techniques  a t  the opera t ing  
conditions expec ted  in  t h e  HFIR. They operated 
for 6 months a t  a ca lcu la ted  hea t  flux that averaged 
6.4 x l o5  Btu hr-'  ft-', peaked a t  7.0 x lo5,  and 
reached over 1 x IO6 at hot spots .  

One of the ta rge ts  was  removed in  April a f te r  
a burnup of about  40% of the  original plutonium 
a toms a t  a n  integrated flux of 1.2 x 10'' neutrons/ 
c m  z. Postirradiation examination e s t ab l i shed  that 
all of t h e  des ign  innovations and fabrication tech- 
n iques  were successfu l .  Very l i t t l e  f i s s ion  g a s  
e s c a p e d  from the  individual pe l l e t s  in to  t h e  tubular 
cladding. We detec ted  no gross  swel l ing  and no 
changes  i n  t h e  spac ing  between t h e  hex  c a n  and 
the tubing. From the  microstructure of the  pe l l e t s  
and reference standards,  we es t imate  that the  
cent ra l  temperature in t h e  pe l le t  w a s  approximately 
875OF. 

T h e s e  encouraging r e su l t s  have prompted u s  to  
propose operating one  element i n  e x c e s s  of ex- 
pec ted  HFIR se rv ice  conditions, and we have  
arranged to expose  a target a t  an  average  h e a t  
flux of 1 x l o 6  Btu hr-'  ft-'. 

Seven o ther  irradiation prototypes were sub- 
sequently fabricated and  inser ted  into a reactor 
to provide material  for chemical p rocess ing  s tudies .  
T h i s  provided u s  with a n  opportunity to improve 
the  efficiency of t h e  fabrication p rocess  and to 
t e s t  some new equipment. T h e  irradiation condi- 
t i ons  a r e  less seve re  than those  expec ted  in  the  
HFIR. 

I4D. M. Hewette 11, Transuranium Quart. Progr. 

"D. M. Hewette 11, Transuranium Quart. Progr. Rept. 

'6Chernical Technology Division. 

RePt. A @ .  31, 1963, ORNL-3558, p. 63. 

31, 1962, ORNL-3375, P. 25. 
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Papers and Oral Presentations 

Given at Scientific and Technical Meetings 

Atomic Energy Commission Coated Particle F u e l s  Working Group, Fifth,  Cincinnati, Ohio, June 6-7, 
1963 

W. 0. Harms* and E. S. Bomar,* “Summary of Coated Pa r t i c l e  Fue l  Development a t  the  Oak Ridge 
National Laboratory for Period Nov. 15, 1962-May 15, 1963” 

Symposium on Nucleation P r o c e s s e s  in the  Reac t ions  of G a s e s  on Metals, P a r i s ,  France ,  June 10-15, 

J. V. Cathcart ,” G. F. Pe tersen ,  and C. J. Sparks, Jr.,  “La t t i ce  Disregistry in Very Thin  Oxide 

1963 

Fi lms on Copper” 

Vacuum Metallurgy Conference, New York, June 17-18, 1963 

R. E. Clausing* and H. Inouye, “Vacuum a s  a Means of Protection for Refractory Metals a t  High 
Tem pe r ature ” 

American Nuclear Society, 19th Annual Meeting, Salt  Lake  City, Utah, June 17-19, 1963 

F. L. Carlsen, Jr.,* W. 0. Harms, J. A. Conlin, V. A. DeCarlo, J. G. Morgan, and D. F. Toner,  
“Irradiation Experiments on Graphite Matrix F u e l  Elements  Containing Pyrolytic-Carbon Coated 
Fue l  Pa r t i c l e s”  

Insti tute of Nuclear Materials Management, Annual Meeting, Buffalo, N. Y., June 18 ,  1963 
R. W. McClung, “Nondestructive Tes t ing  in the  Control of Nuclear Materials” 

American Society for Tes t ing  and Materials,  66th Annual Meeting, Atlantic City, N. J., June  23-28, 1963 

R. W. McClung, “Studies in Contact  Microradiography” 

Conference on Refractory Metals, AGARD, Oslo,  Norway, June 23-29, 1963 

E. E. Hoffman* and J. R. DiStefano, “Corrosion Mechanisms in  Refractory Metal-Alkali Metal 
Systems” 

Libby/Cockcroft Exchange Meeting on Graphite Phys ic s ,  Hanford, Wash., June 24-26, 1963 

J. R. Weir* and C. R. Kennedy, “Radiation Creep of Graphite” 

J. R. Weir* and C. R. Kennedy, “Mechanical Proper t ies  of Moderator Graphi tes”  

International Congress  of Pure and Applied Chemistry, 19th, London, England, July 10-17, 1963 
G. P. Smith and C. R. Boston,* “The Structure of Nickel (11) Complexes in Alkali Hal ide Melts”  

*Speaker. 
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Joint International Conference on Creep, New York, August 25-28, 1963 

R. W. Swindeman, “The  Interrelation of Cycl ic  and Monotonic Creep Rupture” Gordon Research  

G. P. Smith, “Recent  Advances in UV and Visible Spectroscopy of F u s e d  Sa l t s”  

Conference on Molten Salts,  Meriden, N. H., Aug. 26-30, 1963 

Symposium on the Ellipsometer and I t s  Use  in the  Measurement of Surface and Thin Films, Washington, 

J. V. Cathcart* and G. F. Petersen ,  “Studies  on Thin  Oxide Films on Copper Crys t a l s  Us ing  a 

D. C., Sept. 5-6, 1963 

Polarizing Spectrometer” 

Nondestructive Tes t ing ,  Fourth International Conference, London, England, Sept. 9-13, 1963 

C. V. Dodd, “Recent  Eddy-Current Development at the Oak Ridge National Laboratory” 

B. E. Fos te r ,*  S. D. Snyder, and R. W. McClung, “Measurement and Application of X- and Gamma-Ray 

R. W. McClung and K. V. Cook, “Ultrasonic Detection of Nonbond in  Clad Structures” (presented by 

Attenuation to  Reactor Materials Evaluat ion” 

a rapporteur) 

International Union of Crystallography, Sixth General Assembly, Rome, Italy, Sept. 9-18, 1963 

B. S. Borie* and C. J. Sparks, Jr., “The  Short-Range Structure of Copper-16 Atomic Percent  
Aluminum” 

Faraday Society, Discuss ion  on Solvation of Molecules and Ions, Bradford Insti tute of Technology, 
England, Sept. 26-27, 1963 
T. R. Griffiths, “The Orientation of the Solvent Shell Around Iodide i n  Non-Aqueous Solvents a s  

Determined by Ultraviolet Spectroscopy” 

Electrochemical  Society, New York, Sept. 29-Oct. 3, 1963 

R. J. Gray, “Application of Optical  Microscopy and Rela ted  Techniques  in Corrosion Studies”  

J. 0. Stiegler, “The  Application of Electron Metallography to Problems in Surface Chemistry” 

R. E. Pawel ,*  J. V. Cathcart ,  and J. J. Campbell, “Electron Microscope Observat ions of t h e  
Crystall ization of Anodically Formed Tantalum and Niobium Oxide F i l m s ”  

American Welding Society, National F a l l  Meeting, Boston,  Mass., Sept. 30-Oct. 3, 1963 
R. G. Donnelly* and G. M. Slaughter, “Fabricat ion of the Molten-Salt Reactor  Experiment Heat  Ex-  

changer Core” 

C. W. Fox* and G. M. Slaughter, “Brazing of Ceramics” 

Symposium of P h y s i c s  and Nondestructive Tes t ing ,  San Antonio, Tex., Oct. 1-3, 1963 
C. V. Dodd* and W. E .  Deeds, “Eddy-Current Coil Impedance Calculated by a Relaxat ion Method” 

NASA-AEC Liquid Metal Corrosion Meeting, Fourth,  Cleveland, Ohio, Oct. 2-4, 1963 
J. H. DeVan,* A. Taboada,  and W. C. Thurber, “Liquid Metal Corrosion T e s t  Summary” 

Atomic Energy Commission, Problems in Irradiation-Capsule Experiments Meeting, Germantown, Md., 
Oct. 8-10, 1963 

J. R. Weir, “Irradiation of Non-Fiss i le  Materials in the ORR Core and Pool Fac i l i t i e s”  

E. A. Franco-Ferreira, “Fabricat ion of Instrumented Irradiation Capsu le s  for Gas-Cooled Reactor  
Program a t  the Oak Ridge National Laboratory” 

*Speaker. 

I 
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Thermal Conductivity Conference, Gatlinburg, Tenn., Oct. 16-18, 1963 
T. G. Kollie, R. S. Graves,  and D. L. McElroy,* “Progres s  Report  for t h e  Phys ica l  Proper t ies  Group 

M. L. Picklesimer,  “Microstructural Examination” 

T. G. Godfrey, W. Fulkerson,* D. L. McElroy, and J. P. Moore, “Thermal Conductivity of UO, and 

of the  Metals and Ceramics  Division at the  Oak Ridge National Laboratory” 

Armco Iron by a Rad ia l  Hea t  Flow Apparatus” 

American Vacuum Society,  Tenth National Vacuum Symposium, Boston, Mass., Oct. 16-18, 1963 
D. T. Bourgette, “Vaporization of Iron-, Nickel-, and Cobalt-Base Alloys Between 760-980OC and 

5 x to 1 x lo-’ Torr” 

American Society for Metals Seminar on Thin Films, Cleve land ,  Ohio, Oct. 19-20, 1963 
B. S. Borie* and C. J .  Sparks,  Jr., “Methods for the  Structural Investigation of Thin Films” 

International Conference on Beryllium Oxide,  Newport, Sydney, Australia,  Oct. 21-25, 1963 
R. L. Hamner, A. T. Chapman, and W. 0. Harms,* “Fabrication Development and Irradiation Tes t ing  

W. D. Manly, “Util ization of Be0 in  Reactors”  (presented by W. 0. Harms) 

G. W. Keilholtz, J. E. Lee, Jr., R. E. Moore, and R. L. Hamner, “Behavior of Be0 Under Neutron 

of Fueled Beryllium Oxide” 

Irradiation” (presented by G. M. Watson) 

American Insti tute of Mining, Metallurgical, and Petroleum Engineers ,  Metallurgical Society,  Fall 
Meeting, Cleveland, Ohio, Oct. 21-25, 1963 
R. J. Arsenault ,  “Effect of Strain Ra te  on Yield Points”  

R. 0. Williams, “The Effec t  of Grain S ize  on the  Stored Energy of Copper Deformed at  24OC” 

B. King* and H. A. B. Wiseman, “A Dispersion-Strengthened Iron-Aluminum-Chromium Alloy” 

J. 0. Betterton, Jr.* and J. 0. Scarbrough, “Low Temperature Specific H e a t s  of Ti-Zr and Hf-Zr 

R. E. Pawel* and T. S. Lundy, “A Submicron Sectioning Technique for Analyzing Diffusion Speci- 

Alloys” 

mens of Tantalum and Niobium” 

Society of Nondestructive Tes t ing ,  23rd National Fall Meeting, Cleveland, Ohio, Oct. 21-25, 1963 

R. W. McClung, “Fac to r s  in Radiography a t  Ene rg ie s  Below 400 kvp” 

Metals Division of Spec ia l  L ibrar ies  Association, Fall Meeting, Cleveland, Ohio, Oct. 25, 1963 
J. H. DeVan, “Compatibility Problems in  High-Temperature Nuclear Energy Systems” 

Symposium on Powder F i l led  Uranium Dioxide F u e l  Elements ,  Worcester, Mass., Nov. 5-6, 1963 
J. E. Van Cleve, Jr.* and A. L. Lot t s ,  “Operation of a Lightly Shielded Fac i l i ty  a t  t he  Oak Ridge 

W. S. Erns t ,  Jr., “Recent  Studies in Vibratory Compaction at  ORNL” 

S. A. Rabin,* S. D. Clinton, and J. W. Ullmann, “Irradiation of Nonsintered ThO2-UO2 and T h o 2 -  

National Laboratory for Fabrication of F u e l  Rods Bear ing  Uranium-233 and Thorium Oxide” 

PuO, Fue l  Rods for Power Reac tor  Applications” 

International Conference on Carb ides  in Nuclear  Energy, Harwell, England, Nov. 5-7, 1963 

J. P. Hammond* and G. M. Adamson, Jr., “Fabr ica t ion  of Uranium Monocarbide with a Volati le 
Sintering Temperature Depressant”  

*Speaker, 
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American Chemical Society, 15th Annual Southeastern Regional  Meeting, Charlotte, N. C., Nov. 14-16, 

G. P. Smith* and T. R. Griffiths, “Recent  Evidence  for Tetrahedral CuC14-* in  Liquid Solut ions” 

American Society of Mechanical Engineers,  Annual Winter Meeting, Philadelphia,  Pa., Nov. 17-22, 1963 

E. C Hise ,*  F. W. Cooke, and R. G. Donnelly, “Remote Fabrication of Brazed Structural Jo in t s  in 

1963 

Radioact ive Piping” 

American Nuclear  Society, Winter Meeting, New York, Nov. 18-21, 1963 
F. L.  Carlsen, Jr., E. S. Bomar, and W. 0. Harms,* “Development of Fueled  Graphite Containing 
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