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Summary 

. 
PART 1. REACTOR PROJECT ACTIVITIES 

1-1 0. Gas-Cooled Reactor, Molten-Salt Reactor, 
etc. 

In support of the Laboratory's reactor projects 
and programs, the Metals and Ceramics D iv is ion  
was concerned wi th  a diversity o f  problems in- 
vo lv ing the performance o f  fuel and structural 
materials in  gaseous, aqueous, and molten-salt 
environments. Part icular reactor projects and 
programs in  which the D iv is ion  exercised broad 
materials direct ion were related t o  the Gas- 
Cooled Reactor, Molten-Salt Reactor, High-Flux 
I sotope Reactor, Transuran i um Program, Thermo- 
nuclear Project, and Thorium Ut i l i za t ion  Program. 
Programs involv ing the D iv is ion  to a lesser extent 
(primarily fuel element development) include the 
Advanced Tes t  Reactor, Army Power Reactor, 
Maritime Reactor, and Enrico Fermi Reactor. The 
outstanding developments on each project are 
reviewed. 

PART II. MATERIALS PROPERTIES 

11. Corrosion Engineering 

c 

Loop and capsule experiments were performed to  
investigate the nature of reactions occurring 
between contaminated hel ium and construction 
materials used in high-temperature gas-cooled 
reactors. Exposures of type 304 stainless steel 
in stat ic helium containing impurit ies desorbed 
from graphite produced both iron and chromium 
oxidation products, the re la t ive proportions de- 
pending on the CO:CO, rat ios of the gas mixtures. 
Carburization o f  type 304 stainless steel occurred 
in  a l l  graphite-containing tests when the exposure 
temperatures were above 815°C. The presence of 
small quanti t ies o f  CO, in these tests effected 

re la t ive ly  heavy oxidation of low-alloy steels at  
593" c . 

Compatibi l i ty problems arising from the juxta- 
posit ion of graphite and type 304 stainless steel 
surfaces were evaluated as a function of surface 
temperature and contact pressure. Di f fus ion 
couples of these materials became securely 
bonded during anneals a t  650 and 75OoC, and 
part ial  bonding occurred at  anneals as low as 
600°C. Carbide precipitat ion a t  stainless steel 
surfaces was evident only below bonded areas. 
Copper-plating or preoxidation of stainless steel 
surfaces ef fect ive ly  suppressed carburization and 
bonding even a t  relat ively high contact loads 
(1  0,000 psi). 

The corrosion rates o f  INOR-8 forced-convection 
systems under prolonged exposures to f luoride 
sa l t  mixtures were measured as a function of 
service temperature. Weight losses of corrosion 
inserts exposed to LiF-BeF,-UF,-ThF, sa l t  
mixtures at  700 to  815°C did not increase 
measurably after 5000 hr and showed a re la t ive ly  
smal I temperature dependence. However, the 
nature of attack was noticeably affected by 
temperature. 

Corrosion studies were init iated to evaluate the 
effects o f  HF and CF, on the attack o f  INOR-8 
by fluoride sa l t  mixtures. Addit ions o f  HF t o  
INOR-8 loops containing the mixture NaF-ZrF, 
promoted rapid oxidation of n icke l  and the 
precipitat ion of NiF,. Exposure o f  INOR-8 to  
CF, vapor resulted in  l i t t l e  attack up to  800°C; 
however, type 304 stainless steel, molybdenum, 
and lnconel specimens were heavi ly attacked under 
the same conditions. 

12. Fuels Evaluation 

Neutron-activation techniques were used t o  study 
the fission-product-retention characterist ics of 
graphi te elements containing UC, part icles coated 
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with pyro ly t ic  carbon. When tested as unsupported 
particles, three types of coatings - laminar, 
columnar, and duplex - released on the order of 
lo-, 76 of the Xe133 during postirradiation heating 
for 24 hr a t  temperatures below 1800OC. Duplicate 
batches of coated part icles that had been fabricated 
in to graphite fuel elements generally had release 
rates about 100 times higher, presumably as a 
result of coating rupture during fabrication or 
uranium migration through the coatings. The 
xenon-retention characterist ics o f  a few elements 
were as good as those o f  the unsupported part icles 
contained therein. These data led to  the conclusion 
that satisfactory fuel elements can be fabricated 
with careful and proper techniques. 

Release rate data on, f iss ion products other than 
xenon indicated rather surprisingly that the 
metal l ic species barium, strontium, and si lver 
migrate through the coatings more rapidly than 
does xenon. Tests then made to  confirm the 
suspicion that uranium might a lso migrate through 
the coatings showed that uranium migrates through 
100-p-thick laminar coatings i n  20 hr a t  170OOC. 

13. Materials Compatibi l i ty 

Selection of container materials compatible wi th  
a lka l i  metals a t  elevated temperatures has been a 
continuing research program for several years. 
One area that received attention during the past 
year was an evaluation of methods for removing 
impurit ies from a l k a l i  metals. 

The use of metals such as zirconium and 
t i tanium as getters was found to be the most 
practical and effect ive means of reducing the 
oxygen content. Research was in i t ia ted to de- 
termine the distr ibution coeff icient of oxygen 
between potential getter materials and a lka l i  
meta Is .  

Oxygen contamination of a lka l i  metals has 
been observed to increase the corrosion of many 
container materials. In evaluating the accuracy 
of  the ex is t ing analyt ical techniques for de- 
termining oxygen in the a l k a l i  metals, none of 
the analyt ical methods investigated gave satis- 
factory results. Therefore a program was init iated 
to develop a method for determining the oxygen 
content of potassium. 

An investigation of the effect of oxygen con- 
centration of refractory metals on their corrosion 
resistance to  l i thium at  elevated temperatures 

showed the pure metals niobium, tantalum, 
vanadium, and zirconium to  exhib i t  excel lent 
resistance at temperatures even i n  excess of 
800°C. When small quanti t ies of oxygen were 
added to either niobium or tantalum, l i th ium 
penetrated these metals very rapidly over a wide 
range o f  temperatures, No attack was observed 
when vanadium and zirconium were contaminated 
with oxygen to  levels o f  2000 and 4000 ppm, 
respectively. 

A sample of grade CGB-X graphite was examined 
as part of the MSRE evaluation tests. Salt 
permeation tended to  be restr icted to a shal low 
penetration ( less than 0.01 in.) below the external 
surface of  the graphite wi th  the sa l t  pressure 
approximately three times that expected i n  the 
MSRE. 

Tests on ten grades of graphite having porosit ies 
ranging from low to high indicated that a simple 
mercury-impregnation test  a t  room temperature is  
suitable for qual i ty control for various grades of 
graphite and can be related to  molten f luoride sa l t  
permeation. 

Twenty-hour-long purges wi th  the thermal de- 
composition products of crystals o f  NH,F.HF i n  
the range 200 t o  705OC indicated that oxygen 
contamination can be removed from moderately 
permeable grades of graphite. During such purges, 
a s l ight  reaction w i l l  occur between the NH,F.HF 
and INOR-8. 

14. Mechanical Properties 

The experimental work o f  th is  group was related 
to those areas in which signif icant problems ex is t  
in  the various reactors under development a t  the 
Laboratory. Long-range research included studies 
of the effects o f  carburization in CO, on the 
properties of stainless steels, of the ef fect  of a 
hydrogen environment on creep and fracture o f  
nickel-base alloys, and of means for solving 
deformation and fracture problems. 

The strength and strain-fatigue properties of 
U02-sta in less steel dispersion fuel plate de- 
veloped for the Enrico Fermi Reactor core B 
were found to  be consistent wi th  what would be 
expected qual i ta t ive ly  for such a dispersion. The 
duct i l i ty  of the plate in the transverse direction, 
however, was somewhat low. 

The creep and tens i le  properties of the fue l  
plate and cladding materials for the Advanced 



V 

. 

? 

Tes t  Reactor were investigated i n  the range 400 
to 600OF. Aluminum al loys 6061-0 and X8001 i n  
the annealed and cold-worked condit ions were 
investigated. 

A thorough evaluation o f  the properties o f  the 
EGCR fuel element under thermal-cycling con- 
dit ions was completed and was begun for beryl l ium 
cladding and for type 304 stainless steel cladding 
having thicknesses smaller than the 0.020 in. 
planned for the EGCR. The bri t t leness of beryl l ium 
at  low temperatures caused the finned beryl l ium 
tubing to  fa i l  under thermal cycling. The problems 
wi th  th in  stainless steel cladding are associated 
wi th  the manner i n  which the tubes col lapse onto 
the UO, under external pressure. 

The instantaneous col lapse at  elevated tempera- 
tures of type 304 stainless steel tubes under 
external pressure and the effects of tube oval i ty  
and wall-thickness variation were studied experi- 
mentally. The predictions of appl ied mechanical 
theories based on the stress-strain characterist ics 
o f  the material correlated wel l  w i th  the experi- 
mental data. The oval i ty of the tubes was found 
to af fect  the c r i t i ca l  pressure more s ign i f icant ly  
than did the variations i n  wal l  thickness, as was 
predicted by theory. 

The stress-rupture properties of type 304 
stainless steel and an Nb-1% Zr  a l loy were in- 
vestigated in  the useful temperature range for 
each material. Analysis o f  the data for type 304 
stainless steel indicated that the stress-rupture 
properties may be successful ly correlated by using 
the Dorn parameter. 

The irradiation effects and mechanical properties 
of beryl l ium continued to be investigated. In-pile 
stress-rupture experiments a t  520°C indicated the 
ef fect  of irradiation on the stress-rupture strength 
to be small a t  this temperature. The room- 
temperature duc t i l i t y  of unirradiated beryl l ium 
tubing i n  the transverse direct ion was quite low, 
of the order of 0.2 to  0.3%. 

The distr ibution of carbon i n  beryl l ium after 
exposure to  CO, was investigated to  aid in  the 
interpretation of  corrosion phenomena i n  the 
material. With a C14 tracer technique, the carbon 
appeared to be concentrated i n  the surface reaction 
layer a t  temperatures between 600 and 800OC. 

Study of the carburization o f  Fe-Ni-Cr a l loys 
and type 304 stainless steel i n  CO, and i ts  
effects on the mechanical properties was con- 
tinued. The chromium content of the a l loys 

appears to  be a major factor i n  determining the 
magnitude of carburization that occurs. The 
in i t ia l  condit ion of the steel was found to  be a 
signif icant factor i n  the effects of carburization on 
the strength and ducti l i ty. Cold working prior to  
carburization produces greater effects than those 
noted i n  annealed material. 

The effect of a hydrogen environment on the 
creep and rupture properties o f  nickel-base a1 loys 
was investigated i n  detail. Several possible 
mechanisms of the observed weakening o f  these 
a l loys a t  elevated temperatures i n  hydrogen were 
studied and some found to be unimportant to  the 
effects observed. 

In an internal-fr ict ion study of the aging re- 
actions invo lv ing oxygen and nitrogen i n  Nb-1% Zr  
alloys, clustering of oxygen near zirconium atoms 
prevailed even a t  annealing temperatures as high 
as 1925OC and both oxygen and nitrogen precipi- 
tated at  the aging temperatures. 

An experimental technique was devised for 
evaluating the creep and stress-rupture properties 
of metal lurgical ly stable a l loys by use of a steadi ly 
increasing stress to  fracture the material. The 
theoretical basis for correlating the results of 
such experiments with standard creep and stress- 
rupture tests was worked out, and experiments on 
types 304 and 309 stainless steels and Zircaloy-2 
were performed. The correlation was good for 
the stress-rupture results for the stainless steels 
but not very satisfactory for the creep data. 
Interesting results were observed for Z i rca loy-2 
in  that the strain-aging phenomenon i n  the a l loy 
could be precisely evaluated a t  temperatures 
around 500°C. 

Some deformation characteristics of Zircaloy-2 
tubing a t  elevated temperatures under b iax ia l  
stress states were studied experimentally and 
related to analyt ical 
isotropic materials. 

15. N o n d e s t r u c t i v e  

Considerable effort was 
and adequate techniques 

models developed for 

T e s t  D e v e l o p m e n t  

spent in  developing new 
for the various test ing 

problems posed by nuclear technology, including 
studies on the use of ultrasonics, electromagnetics, 
and penetrating radiation. 

Most of the ultrasonic development work involved 
behavior i n  thin sections so that this technique 
could be applied t o  the detection of nonbonding i n  
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cladding structures. Through-transmission tech- 
niques were used for detection of nonbonding in 
f la t  fuel plates containing cores o f  UO2-stoinless 
steel dispersions, uranium-aluminum a1 loys, and 
UO, or U 0 -aluminum dispersions. Loca l  

3 . 8  inhomogeneities were the l imi t ing factors on 
sensit ivi ty. New and versati le scanning equipment 
was designed and fabricated for fuel plate in- 
spection development. Lamb-wave and r inging 
ultrasonic techniques were developed for the 
evaluation of brazed joints. 

Electromagnetic or eddy-current studies included 
the development of prototype instrumentation and 
techniques for dual-coil, phase-sensitive measure- 
ments of thickness i n  restr icted areas. Th is  new 
system represents a marked improvement since i t  
is  re la t ive ly  insensit ive to coil-to-specimen 
spacing. Continued studies for the development 
of eddy-current techniques for space gaging 
included design of probes for a number o f  reactor 
fuel cores and extensive experimental studies to  
provide design cri teria re la t ive to co i l  s ize and 
shape and operating frequency. New probes were 
designed for the measurement o f  interrod spacing 
and tubing inner diameter. 

Studies on low-voltage radiography were made 
on aluminum and steel of a l l  applicable th ick-  
nesses and on beryl l ium up to 2.0 in. thick. A 
number of charts o f  exposure techniques, attainable 
sensit ivi tes, and equivalence factors were pre- 
pared as aids to optimum radiography. The low- 
voltage system was applied to elementary micro- 
radiography on coated fuel particles, wi th  v iewing 
up to 500X being made o f  the f inished high- 
resolution radiographic plates. Excel lent detai l  
was observed on many structural variables of the 
part icles and coatings. Development of techniques 
for the evaluation of fuel homogeneity in  rods and 
plates was begun. For fuel rods Co60 gamma 
rays are passed through the rod, and variations i n  
fuel loading are detected as changes in  transmitted 
beam intensity impinging upon an Nal (TI )  detector. 
For fuel plates a lower-energy x-ray machine is  
used as the radiation source. The purpose o f  th is  
research is  t o  develop appropriate standards and 
scanning techniques, so that fuel homogeneity can 
be monitored and recorded quantitatively. 

Most of the development o f  nondestructive tests  
for the evaluation of problem materials was 
directed toward molybdenum and finned-beryll ium 
tubing. The most useful techniques developed for 

the f inned-bery I I ium tubing involved low-vol tage 
radiography, bobbin-coil eddy currents, and 
penetrants; those for molybdenum tubing involved 
penetrants, ultrasonics, and eddy currents. 

Further remote ultrasonic measurements were 
made with modified mechanical f ixtures on the 
core-vessel wal l  thickness o f  the HRT. Another 
important phase of remote inspection studies was 
the beginning of technique development for radiog- 
raphy i n  a radioactive background. 

16. Phys ica l  Metallurgy 

The two general problem areas o f  a l loy s tab i l i ty  
and surface reactions were studied as related to  
the Gas-Cooled Reactor, the Enrico Fermi Reactor, 
the Fas t  Burst Reactor, and the Molten-Salt 
Reactor and the development of materials for high- 
temperature use. 

The aging reaction, previously discovered i n  the 
Nb-1% Zr  alloy, was found to be caused by the 
reduction in  oxygen so lub i l i ty  i n  niobium when 
zirconium i s  added. The excess oxygen appears 
as precipitated ZrO,. It was possible t o  predict 
the aging tendencies of a number o f  dif ferent 
heats of such an a l loy based on the oxygen content 
and the solut ion annealing temperature. With th is  
knowledge the al loy can be u t i l i zed  for high- 
temperature use wi th  more confidence. 

A l loys  based upon the Nb-V system are a lso 
under study for high-temperature applications. 
They possess superior y ie ld  and tens i le  strength 
over the Nb-1% Zr  a l loy up to  1090°C and i n  
addit ion offer a more favorable density. A hot- 
hardness test was developed as a means of 
rapidly evaluating binary a l loys in  th is  system. 
Th is  test proved to  correlate very wel l  w i th  con- 
ventional tensi le tests. The maximum tens i le  
strength was found to occur between 30 and 50% V. 
Data from slow-bend tests, which were used as a 
substitute for creep tests, indicated the creep 
strength of the Nb-V system to  be inferior to that 
of the Nb-1% Zr  a l loy at  1200°C. 

It became desirable to  determine more exactly 
the melt ing range of commercially produced INOR-8 
as part o f  the study of factors leading to  f issur ing 
of weldments. The sol idus temperatures were 
established as being between 2435 and 248OoF, 
and the l iquidus temperatures between 2552 and 
2559°F. Since the solidus temperatures range from 
80 to 180°F above the corresponding n i l -duc t i l i t y  

r 
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temperatures, it i s  doubtful that a l iqu id  phase i s  
responsible for the fissuring. 

The creep resistance and thermal s tab i l i ty  of 
U-Mo a l loys containing 10 t o  15 wt  % Mo increased 
wi th  the molybdenum content, but a t  the expense 
o f  increased notch sensi t iv i ty  a t  low temperatures. 
A hydrogen absorption technique was developed 
which permits the transformation k inet ics  of the 
reaction y + y' (U,Mo) + a (uranium) to  be quanti- 
ta t  i ve ly  deter mined. 

The surface reactions of metals wi th  their 
service environment are an important area of 
study. The behavior of structural a l loys i n  h igh 
vacuum and wi th  inert gases containing part ial  
pressures o f  act ive gases i s  under investigation. 

The evaporation characterist ics of types 316, 
304, and 446 stainless steels, INOR-8, Inconel, 
and Haynes a l loy No. 25 were determined at  871 
and 982OC a t  pressures o f  5 x torr. The 
a l loy ing elements selectively evaporate in  pro- 
portions that appear to be dependent upon the 
vapor pressure and the concentration of the 
elements. For example, it was determined that 
the evaporation rates increased wi th  increasing 
chromium content of the al loy. 

Studies o f  the reactions between type 304 
stainless steel wi th  CO and CO, were continued 
as part of the fuel element development program 
of the EGCR. From a study of numerous variables 
it was established that undesirable oxidation 
reactions could be avoided by atmospheres high i n  
carbon monoxide content. These atmospheres 
promoted the formation of spinels and Cr,O, a t  
rates dependent upon the P,, /Pco rat io  and the 

temperature. Although increases in  the proportion 
of carbon monoxide increased the extent of 
carburization up to  a (P,,)2/P,,2 value of 0.227, 
further increases i n  th is  rat io thereafter resulted 
i n  less carburization. Th is  effect was attributed 
to  the presence of Cr,O, at the metal surface, 
which served as a barrier for carbon diffusion. 

The oxidation resistance of types 316, 446, 
and 310 stainless steels, Haynes a l loy No. 25, 
Inconel, and INOR-8 was determined at  927, 982, 
and 1038OC. The oxidation rates were lower for 
the nickel-base metals even though they contained 
less chromium than the other al loys did. 

Attempts to  clad niobium tubing wi th  type 304 
stainless steel to  prevent contamination were 
par t ia l ly  successful when si lver was used as an 
intermediate layer. Bond separation occurred a t  

2 

the silver-type 304 stainless steel interface when 
the tubing was mechanically deformed subsequent 
to thermal cycling. Nickel  coatings on a U-10 w t  % 
Mo a l loy for oxidation resistance were judged t o  be 
unreliable because the coated a l loy exhibited an 
i ncons i s tent and un pred i c to ble oxidation behavior. 

Gaseous contamination of niobium and i t s  a l loys 
between 850 and 1200°C was observed at  pressures 
as low as 3 x torr. With air as the impurity 
gas, niobium i s  contaminated w i th  both oxygen and 
nitrogen i n  the proportions 1OO:l even though the 
impurity gases are i n  the rat io  1:4. Since the 
permissible gas impurity levels in  contact wi th  the 
heated metal for extended exposure times were 
estimated to be in  the range 1 x torr, it was 
concluded that high-temperature tests should be 
conducted i n  vacua rather than i n  puri f ied inert 
gases. 

Preliminary results indicated that the oxidation 
characteristics of a Be-0.5 wt  % Bo a l loy in CO, 
depend upon the CO, pressure. This  behavior is  
un l ike that of unalloyed beryllium. However, the 
oxidation resistance was inferior to  that o f  the 
una1 loyed meta I. Addit ional prel iminary data 
showed that thin-walled molybdenum tubing can be 
made and that th is  metal i s  tolerant of high pro- 
portions o f  water vapor. 

PART 111.  METAL AND CERAMIC FABRICATION 

17. Ceramics Laboratory 

Experimental studies were performed in  the 
fo l lowing general areas: (1) B e 0  and fueled BeO, 
(2) graphite and fueled graphite, (3) bulk UO, and 
Tho,, (4) thermal conductivi ty studies, and 
(5) Eu,O, and Sc,O,. 

1. Techniques were developed for preparing 
approximately 900 cold-pressed and sintered B e 0  
specimens for use i n  irradiation tests designed to 
systematical ly study the effects of grain s ize 
(approximately 20 to  70 p),  density (90 to  97% of 
theoretical), pore structure, thermal stress, and 
temperature (approximately 100 t o  1000°C) on the 
behavior of th is  material a t  high fast-neutron 
doses. The techniques were so designed that 
sintering to f ina l  dimensions was carried out a t  
175OOC in H, for a l l  types of specimens. Tech- 
niques a lso were developed for preparing fueled 
B e 0  specimens of control led density and micro- 
structure; spheroidal UO, part icles were prepared 
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by a method which promotes uniform densif icat ion 
during sintering. Phase studies using the porous 
col lector technique showed that in  the BeO-MgO- 
ZrO, system the eutectic temperature i s  1720 k 
10°C and extensive sol id solubi l i ty  ex is ts  i n  the 
ZrO,-rich region of th is system and that a eutectic 
reactions occurs at 2080 f 10°C in the Mg0- 
ZrO, system a t  a composition of 35 t 2 mole % 
ZrO,. Studies in  the 0-U system showed that the 
weight loss of  U02+x at temperatures greater than 
1200 t o  130OOC is  quanti tat ively consistent w i th  
the loss either of 0, and UO, or of UO, as 
vo la t i le  species; pressure-temperature relat ionships 
for equi Ii brium between U,08-y and U3, + x  were 
determ i ned. 

2. Fueled graphite work was concerned primari ly 
wi th the systems and configurations o f  interest to 
the Pebble-Bed Reactor Experiment. A variety of 
techniques were investigated for fabricating 
graphite spheres containing pyrolytic-carbon-coated 
fuel-carbide particles; a method involv ing pseudo- 
hydrostatic loading a t  room temperature was shown 
to hold maior promise for th is application. 
Evaluation of coated part ic le materials was con- 
tinued on an expanded basis wi th emphasis on the 
correlation of measurable properties wi th per- 
formance during irradiation. 

3. Approximately 1300 UO, specimens of various 
sizes, shapes, and grain sizes were prepared by 
cold pressing and sintering for use in irradiat ion 
tests, and methods were developed for act ivat ing 
nonsinterable, highly enriched UO, powders so as 
to increase the sintered bulk density from 66 to 
95% of theoretical. Methods for optimizing 
part ic le properties, part icle-size distr ibutions, 
and fabrication variables were investigated for 
vibratori ly compacted rods containing oxide fuels 
prepared both by arc fusing and by the sol-gel 
process. Uniform bulk densit ies of 89 to 91% of  
theoretical were achieved. The ef fect  of measur- 
able physical properties of pressed and sintered 
Tho, pel lets on at t r i t ion resistance was investi-  
gated; i t  was shown that variat ions o f  bulk density 
per se  i n  the range 92 to 97% of theoretical were 
not so s igni f icant as sintering t ime and therefore 
grain size. 

4. The thermal conductivi ty o f  sintered UO, 
specimens was determined to  a precision of k l %  
between 27 and 875°C by the radial heat f low 
technique. A signi f icant increase in  the con- 
duct iv i ty was observed a t  temperatures below 
600°C after the material had been heated to  875OC; 

this ef fect  was attr ibuted to a s l ight  loss of  
oxygen during exposure of the specimens t o  the 
higher temperatures. 

5. The swel l ing of certain Eu,O, compacts a t  
1350°C was el iminated by vacuum heat treatment 
of the Eu,O, powders a t  th is temperature prior 
to compacting. The ef fect  appears to  be associated 
with the presence of a hydroxycarbonate phase i n  
those compacts which exhibi t  swell ing. The 
sintering characterist ics of Sc20, and the 
compat ib i l i ty  o f  th is oxide w i th  13 other oxides 
were determined. The results were similar to 
those previously reported for Y,03. 

18. Metal Forming and Casting 

The development of materials for potential appl i-  
cat ion to  low-temperature reactors (60 to 180°F), 
medium-temperature reactors (400 to  1 100°F), and 
high-temperature systems (>I  10OOF) continued. 

In the low-temperature reactor field, postirradi- 
at ion examinations o f  high-investment aluminum- 
base fuels were completed. The excel lent radiat ion 
performance of U,O, dispersions was revealed by 
the absence of swel l ing i n  miniature samples 
irradiated a t  200°F to U235 f ission burnups o f  
77 at. %. The examination of a 19-plate prototype 
element containing 63 wt % U 0 -aluminum 
dispersions, which was irradiated in  the la t t i ce  
of the ORR to an average U235 f ission burnup of 
41 at. %, further substantiated the excel lent  
radiat ion stabi l i ty  of th is system. Fuel  plates 
from this element resisted swel l ing and bl ister ing 
i n  postirradiat ion heat-treatment tests extended 
over the range 400 to  1000°F. X-ray di f f ract ion 
studies on the dispersion fuels indicated that the 
U308 part icles had become amorphous under 
irradiation. A disordered form of UAI, was 
identi f ied as one of the reaction products i n  the 
irradiated U308-bear ing dispersion fuels. Similar 
studies on the 48 w t  % U-3 wt % Si-AI a l loy  
fuels showed a conversion of the ordered s i l i con-  
modif ied UAI, structure to  a disordered UAI, 
formation in  these samples as a resul t  of irradi- 
ation. 

The development of high-strength corrosion- 
resistant aluminum-base fuel plates for appl icat ion 
in high-neutron f lux  reactors, such as the High- 
F lux  Isotope Reactor (HFIR) and the Advanced 
Tes t  Reactor (ATR), continued. The bl ister ing 
i n i t i a l l y  associated w i th  fabrication of the type 
6061 aluminum-clad fuel plates for the HFIR was 
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drast ica l ly  reduced by plate processing modifi- 
cations. The feas ib i l i ty  o f  manufacturing the 
complex HFlR fuel units to close dimensional 
tolerances was further demonstrated by assembling 
both inner and outer annulus units. The close 
dimensional tolerances required in these assem- 
bl ies dictate r ig id  control of the reproducibi l i ty 
o f  the involute curvatures i n  the formed plates. 
Although considerable progress was made i n  
forming, the y ie ld  of reproducibly formed fuel 
plates i s  presently unsatisfactory. 

The development of the more corrosion-resistant 
type X8001 aluminum-clad fuel plates for the ATR 
has provided a unique opportunity for investigating 
fabrication variables due to  the long length and 
width range required i n  the fuel plates. Cross 
ro l l ing  and tandem core b i l l e t  designs were used 
to develop procedures for fabricating to the 
required dimensional tolerances 19 fuel plates 
consist ing of type X8001 aluminum cladding on a 
U,O, dispersion core. The technical feas ib i l i ty  
o f  mechanically joining the fuel plates in to  the 
required fuel element design was demonstrated. 
D i f f i cu l ty  was encountered, however, in  forming 
the fuel plates to  meet the dimensional specif i-  
cat ions o f  the water channel spacings in the 
assem bl ed element. 

Fabrication studies were continued on swaged 
U0,;stainless steel fuel rods. To demonstrate 
the irradiation s tab i l i ty  of such rods, 18 rods 
containing fused and ground UO, were satisfactori ly 
fabricated to  manufacture an element for irradiation 
testing. The feas ib i l i ty  o f  fabricating Enrico 
Fermi type Ill spherical UO,-stainless steel fuel 
plates with integral spacers was demonstrated. 
Fuel  plates were fabricated with suf f ic ient  
cladding thickness on one side to  permit machining 
of the integral spacers. D i f f i cu l t ies  encountered 
in maintaining plate flatness during fabrication 
were overcome by machining the spacers and 
subsequent I y annea I ing. 

In the development of stainless steel-clad 
plate-type neutron absorbers, the postirradiat ion 
examination of 20, 30, and 40 wt  ’36 Eu,O, 
dispersions in elemental stainless steel continued 
to show good irradiation s tab i l i ty  a t  neutron ex- 
posures up to  2.9 x 10,’ nut. Studies were con- 
tinued on the boron-gradient concept and on 
advancing the fabrication technology. The 
feas ib i l i ty  of manufacturing an absorber which 
ut i l izes both the good irradiat ion behavior o f  
Eu,O, and the economical advantages of boron 

was demonstrated by fabricating plates wi th  
37 wt ’% E u  03-elemental stainless steel t ips  
and boron-gracfient follower sections. 

In the high-temperature materials field, Nb-V- 
base a l loys wi th  c losely  control led compositions 
were satisfactori ly melted by an argon atmosphere, 
tungs ten-e lectrode, arc-me l t ing process. Fabri ca- 
t ion studies showed that the Nb-V a l loys i n  the 
cast  condition can be heavi ly cold-rolled without 
fracture. Investigations of zone melt ing i n  an 
electron-beam furnace demonstrated the feas ib i l i ty  
of producing large, single crystals of n iobium and 
possibly ot 

A volat 
depressant 

er refractory metals. 

19. Powder Metal lurgy 

le  (removable) sinter i ng-temperature 
was used to fabricate an essent ia l ly  

all-uranium carbide fuel a t  temperatures as low 
as 1300°C, which i s  600 degrees lower than the 
temperature required for sintering straight uranium 
monocarbide. With stoichiometric or s I ight ly  
hyperstoichiometric UC and UAI, in  amounts of 5 
t o  10 wt % used as the sintering aid, monocarbide 
bodies of around 93% of theoretical density were 
achieved. 

Prel iminary results of hot-hardness tests indi- 
cated substantial dispersion hardening i n  hot- 
pressed and extruded compacts o f  Th-10 vol  % 
AIO(OH), Th-10 vol  % ZrO,, and thorium with 
Tho, introduced by mill ing. Compatibi l i ty studies 
between thorium and f i ss i le  part icles of UO,, UC, 
and UC, indicated the need for reaction barriers. 
Pyrolytic-carbon-coated UC and UC, were the most 
resistant of the coated part icles examined, g iv ing 
protection t o  1100°C. 

Dense high-quality beryl l ide fuels having poten- 
t i a l  for breeder reactors were fabricated by both 
the hot-pressing method and the cold-pressing and 
sintering method. Preliminary dissolut ion tests  in 
standard 4 M HNO, showed that  ThBe,,, UBe!,, 
and (Th,U,)Be,, dissolve readily. Oxidation 
tests showed ThBe,, t o  have good oxidation 
resistance a t  700°C. 

Experimental studies showed that the duplex 
core required for the HFlR inner-annulus fuel 
plate can be produced in  a single cold-pressing 
operation, greatly simpli fying and reducing costs 
of fabrication. With th is  innovation, the serious 
bl istering problem associated wi th  the former 
hot-forging steps i s  eliminated. Special procedures 
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were evolved for cold pressing ATR fuel cores t o  
extremely close thickness tolerances (k0.0015 
in.), thereby moll i fying the task of ro l l ing plates to 
r ig id  straightness requirements. 

In  developing the target component of the HFIR, 
a blending procedure involving a rod-mill ing action 
was shown to  be ef fect ive i n  mixing 10 to  25 VOI % 
actinide oxide i n  aluminum. A technique was 
developed for pressing target pel lets without 
spreading contamination. The actinide oxide- 
aluminum mix was completely enclosed in  a pri- 
mary aluminum containment, and the pel lets then 
clad in  a finned tube. Studies of the physical 
and mechanical properties of the target pel let and 
an evaluation of the adaptabi l i ty of the fabrication 
sequence t o  remote operation are i n  progress. 

20. Remote Fabrication Development 

The efforts of the Remote Fabrication Group were 
directed toward designing and developing equip- 
ment and fac i l i t i es  for remotely fabricating reactor 
core components containing thorium, U233, Pu242, 
or the transuranic elements. Criteria were estab- 
l ished for the proposed Thorium Fuel Cycle 
Development F a c i l i t y  (TFCDF), which w i l l  be 
used for investigating the complete Th-U233 fuel 
cycle. Fuel elements up t o  12 f t  in  length can be 
disassembled, chemical ly processed, reconstituted, 
refabricated, and inspected i n  the proposed fac i l i ty .  

A Th-U233 fuel rod f a c i l i t y  i s  being bu i l t  for 
use in  extending fuel cyc le  technology through 
the development of techniques and equipment for 
the remote fabrication of Zircaloy-2-clad fuel rods 
containing Th-3 wt % U233 oxide. These elements 
w i l l  be used for c r i t i ca l  experiments at  the Brook- 
haven National Laboratory. Equipment i s  being 
provided for the fol lowing remote operations: 
commi nuti on, screening, weighing, blending, and 
vibratory compaction of oxide powder and end 
capping, cleaning, and inspection of fuel rods. 
Construction of the f a c i l i t y  structure is  20% com- 
plete, design of process equipment i s  80% com- 
plete, and equipment fabrication and procurement 
are 30% complete. 

Two lines of equipment for fabrication and inspec- 
t ion of target elements for the High-Flux Isotope 
Reactor (HFIR) are being designed and developed. 
One i s  for production of target elements containing 
Pu242, which w i l l  be used for the f i rs t  loadings 
of the HFlR target; the other i s  for manufacture of 
elements in  the Transuranium Processing Plant 

(TRU). The aluminum-clad elements w i l l  be proc- 
essed i n  TRU both to  remove the desired isotopes 
and t o  permit recycl ing of certain isotopes t o  the 
reactor. The fabrication and inspection procedures, 
which are essent ia l ly  the same for both the 
plutonium-bearing element and the actinide-bearing 
element, involve calcination to  form an oxide; 
powder-metallurgical steps t o  form an aluminum- 
clad pel let containing a pressed mixture of oxide 
and aluminum powder; pel le t  decontamination and 
mensuration; tube loading, end capping, and 
col lapse steps t o  make a hermetical ly sealed 
element for containing pel lets i n  intimate contact 
wi th  the inside wa l l  of the tube; and decontamina- 
t ion and inspection operations t o  ensure that the 
target element i s  rad io log ica l ly  safe and that it 
meets a l l  specif icat ions for weld integrity, dimen- 
sions, and distr ibution of target material. The 
equipment being developed for TRU w i l l  be semi- 
automatic i n  operation t o  a1 low completely remote 
handling of the process. The equipment for 
handling Pu242 w i l l  be insta l led in  unshielded 
glove boxes and accordingly w i l l  be of simpler 
design than that for TRU. The design of the TRU 
equipment i s  approximately 20% complete. Pro- 
curement of equipment for the p~~~~ work has 
commenced. 

21. Welding and Brazing 

The development of suitable procedures for 
fabricating various reactor components composed 
of materials ranging from aluminum and stainless 
steels t o  beryl l ium and niobiumconsti tuted a major 
portion of the work of the Welding and Brazing 
Laboratory. 

Improved procedures for reducing shrinkage 
during welding were developed for fabricating 
prototype fuel elements for the HFlR program. 
Manual procedures were used successful ly for 
welding the fuel plates on the ins ide and outside 
of the two annuli  but in  order t o  satisfy future 
production requirements, cons idera ble emphasis 
i s  being placed on the development o f  automatic 
procedures. Procedures for fabricating the stain- 
less steel-clad UO, fuel element for core B of 
the Enrico Fermi Reactor to  the t ight  dimensional 
tolerances required were completed. 

A h igh ly  complex boi ler assembly for a l iquid- 
metal loop experiment was satisfactori lyfabricated, 
as were several complex, instrumented, stainless 
steel, irradiation capsules wi th  internal thermo- 
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couples. Methods for remotely brazing pipe joints 
for molten-salt service were devised, as were 
techniques for making the various thermocouple 
and burst-slug-detection tube penetrations through 
the pressure vessel of the EGCR. 

Several very promising a l loy  compositions were 
formulated for brazing niobium, and the joints had 
exce I lent room- and e levated-temperature strengths. 
Procedures were developed for making end-closure 
welds i n  beryl l ium tubes w i t h  a strength of about 
10,000 ps i  a t  600OC. Experimental brazing a l loy 
compositions were designed which readi ly f low on 
the oxide ceramics, and CI demonstration compart- 
mented fuel element of aluminum oxide was fabri- 
cated. Successful procedures were developed for 
joining ferr i t ic steels to  austenitic steels for 
h igh-tempera ture cyc I i c  service. 

22. Post i r rad ia t ion  Examinat ion 

Remote-replication techniques for macroscopic 
surface examinations were expanded to  obtain 
repl icas of suff icient qual i ty  for electron-micro- 
scope examinations. A total-body rep1 ication 
technique was developed for preparing nonradio- 
act ive duplicates of small objects such as 0.220- 
in.-diam irradiated Tho, spheres and 2 %  x 8 x 

in. sections of the HRE-2 core w a l l  for de- 
ta i led examination outside the hot cell. The 
surface topography produced had suitable detai l  
for examination a t  up t o  1OOOX. 

Essential ly a l l  the metallographic equipment 
for use in  the new PIE laboratory has been fabri- 
cated and tested. Supporting equipment such as 
manipulators, waste disposal canning and cleaning 
devices, optical equipment, and service plugs are 
i n  various stages of construction and testing. The 
remote scanning tank for use wi th  ultrasonic 
inspection equipment i s  being s l ight ly  modified 
after an exhaustive mockup test ing period. The 
shielded x-ray dif fract ion goniometer was com- 
pletely assembled i n  a temporary location and on 
the basis of preliminary tests w i l l  provide satis- 
factory d i ffrac t i on patterns . 

PART IV. APPLIED RESEARCH 

23. P h y s i c a l  Proper t ies  of Ceramics  Studies 

The Physica l  Properties of Ceramics Group con- 
tinued studies of methods of determining thermal 

conductivi ty over temperatures ranging from 20 to  
1000°C. The influence of the chemical and physi- 
ca l  state of UO, on thermal conductivi ty i s  being 
studied in  a thermal comparator apparatus that is 
operabte to  4OOOC w i th  a precision of +3%. Meas- 
urements that were precise to  +_1% and accurate to  
+3% were made on UO, to  875OC in a radial heat 
f low apparatus. Equipment was constructed for 
measuring the thermal d i f fus iv i t y  t o  170OOC by a 
quenching method. The to ta l  hemispherical emit- 
tance of INOR-8, Nb-1% Zr, and platinum was 
measured to  1000°C by e lect r ica l ly  heating a 
str ip specimen in  a constant-temperature black- 
body vacuum chamber. 

24. Sintering Studies 

Heating thoria powder compacts to  any given 
temperature gave a temperature-dependent densif i-  
cat ion end point free from inf luence o f  the heat-up 
cycle. An increase i n  densif icat ion rate o f  Tho, 
compacts between 1450 and 1600OC was observed 
which far exceeded the increase i n  rate o f  self- 
diffusion, suggesting that volume d i f fus ion i s  not 
the dominant material transport mechanism. Several 
experiments gave densif icat ion characteristics 
that are compatible wi th  a dislocation-movement 
transport mechanism. Weld necks formed between 
small crystals and the cleaved face o f  large CaF, 
crystals were surrounded by a high concentration 
of dislocations. Sintering of a CaF2 pel le t  con- 
taining a small hole resulted i n  smaller grains 
around the hole. Prel iminary data on self-dif fusion 
of thorium and oxygen i n  Tho, were obtained. 

25. Sol id R e a c t i o n  Studies 

Dif fus ion coeff icients of and Mn54 in alumi- 
num were determined between 450 and 65OOC. 
Reaction between hot-pressed beryl l ium and 
uranium monocarbide was found to  occur throughout 
the range 700 t o  1000°C, t o  result in a layer of 
UBe,, wi th  uniformly dispersed free carbon, and 
t o  be controlled by the d i f fus ion of beryl l ium i n  
UBe,,. D i f fus ion coeff icients of Z r 9 5  and Nb95 
i n  0-zirconium were determined over the range 
900 t o  1750OC. Preliminary experiments were 
performed i n  a study of the dif fusion of T i44  i n  
titanium. Preliminary data on the dif fusion of 
niobium i n  both pressed and sintered UO, pel lets 
and fused UO, indicated a dif fusion coeff icient 
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o f  1.46 x l o - ’ ’  cm2/sec at  1505°C. A method for 
separating grain-boundary effects involving pene- 
trat ion plots obtained for po lycrysta l l ine materials 
was developed. 

26. Metallurgy of Superconducting Materials 

Microstructural examination o f  d i f fus ion couples 
and as-cast ingots o f  the Nb-Sn system showed 
that there are at  least three and probabty f i v e  
intermediate phases. Approximate melting points 
of some of the phases are, from the most niobium- 
r i c h  side to  the least-rich side, greater than 
1000°C, 94OoC, and 85OOC for the f i rs t  three 
phases. 

Transformation k inet ic  studies of Zr-Nb a l loys 
containing from 25 to  40 at. % Z r  a t  temperatures 
from 500 to 950°C showed that a lamellar structure 
i s  produced sluggishly a t  800 and 9OO0C, more 
rapidly a t  600 and 7OOOC but too f ine t o  be resolved 
optically, and not a t  a l l  a t  5OOOC i n  24 hr; in- 
creasing the zirconium content increases the 
rate of reaction at  a l l  temperatures; the reactions 
at  500 and 600°C do not seem to  produce a-z i r -  
conium i n  the i n i t i a l  reaction; and the segregation 
during freezing i s  quite severe and an important 
problem. In tens i le  tests  of as-fabricated Nb-25% 
Zr O.OlO-in.-diam wire the ult imate tens i le  strength 
a t  4.2”K was about 330,000 psi,  

Purif ied technetium, Tc-Zr, and Tc-Mo ingots 
were arc-cast and hot-press-forged. The as-cast 
Tc-10 wt % Zr  a l loy consists of a primary body- 
centered cubic phase and a very small amount of 
divorced eutectic w i th  a second cubic phase. A 
50% Tc-50%ZraI loy i s  almost single-phase close- 
packed hexagonal. From resistance measurements, 
the c r i t i ca l  temperature (in zero f ield) of puri f ied 
technetium was found t o  be 8.26OK. 

27. Zirconium Alloy Research 

Studies of the formation of an w phase during aging 
o f  Zr-15% Nb-X a l loys showed that decreasing 
the “betatizing” temperature and time, increasing 
the aging time a t  room temperature between beta 
quenching and e leva ted- temper at  ure ag ing, and 
using slower quenching rates increase the incuba- 
t ion time and decrease the rate of formation of the 
w phase. The evidence indicated that the formation 
of w phase i s  affected by the vacancy concentration 
of the a l loy  a t  the time of aging a t  elevated tem- 

perature. The va l id i ty  of using aging curves 
determined by hardness measurements at  room 
temperoture after quenching from the  aging tem- 
perature t o  show the correct transformation k inet ics  
was confirmed by hot-hardness measurements 
during aging a t  400°C. 

The so lub i l i ty  of niobium in a-zirconium as 
determined b y  metallographic examination d is-  
agrees considerably w i th  that determined from 
res is t i v i t y  measurements during heating and 
cooling. The redetermination o f  the so lub i l i ty  
curve i s  continuing. 

Continued study of the strain anisotropy i n  Zir- 
caloy-2 disclosed that although the strain-strain 
equations derived from Hi l l ’ s  theory of anisotropy 
are experimentally verif ied, the theory, as devel- 
oped, should not be applied to  Zirca loy-2 since 
several of the essential assumptions are violated. 
It may be that  the rest r ic t ive assumptions are not 
necessary. The room-temperature y ie ld  strength in 
compression was indicated t o  be as high, for 
certain textures, as 122,000 psi, wh i le  the y ie ld  
strength i n  tension w i l l  be only 70,000 psi. 

Oxidation-rate data for Z i rca loy-2 obtained wi th  
a technique that permits determination of the t ime 
required t o  form a 2O-A-.thick layer o f  oxide to  an 
accuracy of 5% or better showed that the oxidation 
rate i s  not smooth on a f ine scale but has a cyc l i c  
variat ion i n  the rate. The oxidation process seems 
to  be smoother a t  600°C than at  450 or 500°C. 

Thin- f i lm oxides in s i tu  (produced by anodizing 
zirconium) examined i n  a polarizing spectrometer 
appeared to  absorb strongly a t  l ight  wavelengths 
less than 2500 A. X-ray dif fract ion measurements 
showed that the anodized f i lm i s  essent ia l ly  
amorphous (give no x-ray d i f f ract ion maxima). No 
difference was observed in  the optical properties 
of anodized f i lms and those produced by water 
corrosion a t  300°C. 

28. Metallography 

Tran sm i s s i on electron-m i croscope studies of 
niobium were used, w i t h  considerable promise, i n  
helping to  associate deformation bands, textures, 
and dislocation networks and t o  detect subgrains 
after low-temperature annealing. Preliminary 
studies were made on the interaction o f  impurit ies 
wi th  dislocations during aging and recrystal l izat ion. 

Hot-hardness test ing was used as a quick survey 
method for preliminary evaluation of the strength of 
metals and a l loys and for evaluating high-tempera- 
ture deformation characteristics. 
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In  support o f  the reactor projects both i n  general 
and radiat ion metallography, pyrolytic-carbon- 
coated uranium carbide fuels were examined i n  
deta i l  t o  appraise uniformity and homogeneity i n  
both the coatings and the fuel. Various types o f  
fuel elements were examined i n  the hot ce l l s  after 
extended fuel burnup t o  evaluate the integri ty of 
the element and the condit ion of the fuel and 
contiguous matrix. In  the SM-1 fuel element the 
maximum l i f e  seemed t o  be l imi ted more by corro- 
sion rates than by dimensional instab i l i ty  of the 
fuel. Uranium carbide part icles compacted in  
graphite and irradiated i n  the MTR increased i n  
volume i n  relat ion t o  void formation; however, no 
grain structure could be resolved by known tech- 
niques. 

PART V. FUNDAMENTAL RESEARCH 

29. Crysta l  P h y s i c s  

The program for developing methods for growing 
quali ty crystals of control led pur i ty  was continued. 
A variety of crystal growth systems are being used 
in  the attempt to synthesize large crystals of a 
large number of oxides, certain a lka l i  metal 
halides, and some metals and intermetall ic 
compounds. 

30. Deformation of  C r y s t a l l i n e  Solids 

The stored energy resul t ing from deformation of 
crysta l l ine sol ids was measured for a series of 
Cu-Zr and Ni-AI a l loys a t  77 and 243°K. It was 
found that the rate of energy storage increases 
wi th  strain for the f i rs t  20% elongation. A l loy ing 
increases the energy storage greatly whi le  increas- 
ing the strength re la t ive ly  less. A reduction in  
temperature increases the energy stored in  pure 
metals signif icantly but has only a minor effect 
on the more concentrated al loys. Work was started 
on interpreting these results i n  terms of the 
changes produced inside the metal during 
deformation. 

i n  controll ing the degree of protectiveness i n  oxide 
films. Evidence of large stresses i n  tantalum 
specimens result ing from the solut ion o f  oxygen i n  
the tantalum la t t ice was provided by hot-stage 
microscopy techniques and by d i rect  measurements 
of the flexure of tantalum specimens exposed to  
oxygen on one side only. Investigations o f  the 
nitr idation and low-pressure oxidation o f  tantalum 
were init iated, and sulf idation studies revealed 
the occurrence of a maximum in the rate of sulf i-  
dation o f  tantalum between 700 and 800OC. Addi- 
t ional x-ray and optical studies of ep i tax ia l ly  
induced strains i n  Cu,O f i lms werealso undertaken. 

32. Spectroscopy of I o n i c  M e d i a  

A high-temperature spectrophotometer o f  improved 
design was procured for the study o f  absorption 
spectra at 1000°C over the wavelength range 186 
t o  2600 mp. A multispecies model was developed 
for the phenomenological I ight-absorbing behavior 
of solutions of bismuth metal i n  molten BiCI,. 
Progress was made toward developing a code for 
calculat ing multicenter wave functions for mole- 
cules and molecule ions. 

33. Structure o f  M e t a l s  

Mechanical tw ins were found i n  electron-beam- 
melted niobium deformed by high-speed impact at 
room temperature and by slow or fast compression 
at  -196OC, and their crystal lographic character- 
i s t i cs  were determined. The addit ion of in ters t i t ia l  
elements inhibited twinning and gave increased 
amounts o f  cleavage cracking on (100) planes. 
Theoretical expressions were developed for 
impurity-controlled and impurity-independent grain- 
boundary migration during recrystal l izat ion. These 
expressions were confirmed by data from a l loys 
of 0.00021 t o  0.0256 at. % Cu i n  zone-refined AI. 
A new treatment was developed for obtaining ax is  
distr ibutions from pole distr ibutions. Deformation 
studies were in i t ia ted on the dif ference in  behavior 
of grains i n  aggregates and single crysta ls  and on 
the effect of reactor irradiat ion on subsequent 
preferred orientation in  copper. 

31. R e a c t i o n s  a t  Meta l  Surfaces 
34. Theory  o f  A l loy ing  

Studies of the fundamental mechanisms of oxi- 
dation of metals were continued, w i th  particular 
emphasis placed on the ro le  of mechanical stresses 

The early transit ion metals Ti, Zr, Hf, V, Nb, 
Ta, Mo, and Wand their a l loys have been considered 
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in terms of electronic structure, a l l o y  models, and 
crysta l l ine defects. These metals and their a l loys 
include high-f ield superconductors such as Nb,Zr, 
which i s  under development in order t o  provide 
h igh f ie lds for Fermi surface studies. Heat treat- 
ment of th is  superconductor a t  8OOOC was found 
t o  g ive a tenfold increase i n  c r i t i ca l  currents, 
apparently as a result of strains arising during the 
early stages of precipitation. The mechanism of 
the heat treatment was more c losely  understood 
when it was shown to  be greatly enhanced by 
additions of oxygen and carbon. The precipitat ing 
phase i s  apparently a compound such as ZrO or 
ZrC. Size-effect studies o f  Nb-Zr superconductors 
showed that the main superconducting currents 
in small wires f low in a to  
depth on the surface. Cr i t i ca l  current density was 
found to be greatly increased i n  small-diameter 
wires and t o  be inversely proportional to  the diam- 
eter i n  wires wi th  etched surfaces. The conven- 
t ional insulat ion of superconducting magnets had 
shortened their l i fet ime because of a rapid tran- 
s i t ion time from the superconducting state t o  a 
normal state. The use o f  pure metal fo i l s  between 
layers of the magnet co i l s  greatly extended the 
magnet l i fetime. A study was made o f  transverse 
magnetoresistance i n  pure tungsten. With current 
f low i n  <loo> and <110> directions, the magneto- 
resistance was anisotropic upon rotation of the 
magnetic f ie ld  direction, whi le  maintaining the 
f ie ld  perpendicular to  the current. Magnetoresis- 
tance increased i n  a l l  direct ions quadratically 
wi th  f ie ld  strength, suggesting closed Fermi sur- 
faces i n  tungsten wi th  equal numbers of holes and 

electrons. The low-temperature speci f ic  heats of 
a-zirconium were completed for d i lu te  additions of 
Ag, Cd, In, Sn, and Sb. The density of states 
increases l inearly wi th  these solutes i n  direct 
proportion to the solute valency. The Debye tem- 
peratures decrease l inearly w i t h  each solute but 
the rates of change w i th  valency are more compli- 
cated. New information was determined on the 
phase diagrams Zr-Go and Zr-Pb. 

35. X-Ray Studies of Crysta l l ine Defects 

Diffuse intensity measurements on the a l loy 
Cu-16 at. % AI and their interpretation were com- 
pleted. A model was found which convincingly 
reproduces the experimentally determined short- 
range-order parameters for t h i s  al loy. 

A study o f  monochromators and their design and 
construction led t o  an improvement by more than 
a factor of 2 i n  the monochromatic x-ray intensity 
avai lab le for dif fuse scattering studies. 

36. X-Ray Di f f ract ion 

Service functions o f  the X-Ray Di f f ract ion Group 
are summarized. Research programs were con- 
tinued in  the f ie lds of radiat ion damage i n  beryll ia, 
order-disorder phenomena i n  nonstoichiometric Cu- 
Au, and determinations of the crysta l  structure o f  
several mixed oxides o f  fundamental and practical 
interest. Abstracts of publications on these sub- 
jects are given. 
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1. Gas-Cooled Reactor Program' 
J. H. Coobs 

The materials effort under way i n  support o f  the 
overal l  gas-cooled reactor program at the Oak Ridge 
National Laboratory consists o f  EGCR construction 
support, experimental studies aimed at reducing 
fuel cyc le  costs associated wi th  EGCR and GCR-3, 
an advanced gas-cooled power reactor, and de- 
velopment o f  unclad ceramic fuel elements for 
service in the Pebble-Bed Reactor Experiment 
(PBRE). Maior act iv i t ies  i n  each o f  these support 
areas during the past year are presented below 
along w i th  pertinent background information. 

EGCR CONSTRUCTION SUPPORT 

The Experimental Gas-Cooled Reactor (EGCR) 
under construction at Oak Ridge i s  an outgrowth 
o f  conceptual design studies b y  Kaiser Engineers 
and ORNL and, when f inished i n  early 1963, w i l l  
represent the f i rs t  gas-cooled reactor system bu i l t  
i n  the United States for c iv i l ian  power. The nu- 
clear plant o f  84-Mw (thermal), 21-Mw (electr ical) 
capacity w i l l  use stainless steel-clad, s l ight ly  
enriched UO, fuel i n  a graphite-moderated core 
structure contained i n  a carbon-steel pressure 
vessel, 24 f t  i n  diameter and 45 f t  high. The 
hel ium coolant ex i ts  the reactor a t  105OOF and 
315 psia, exchanges i t s  heat t o  steam, and returns 
to the reactor core a t  510OF. Plant  construction 
i s  being performed by the H. K. Ferguson Company, 
and the Laboratory has the responsibi l i ty for pro- 
curement o f  c r i t i ca l  nuclear components, such as 
the fuel and control rod assemblies. 

The fuel assemblies for the EGCR consist of a 
seven-element cluster o f  UO, pel lets c lad with 
0.020-in.-thick type 304 stainless steel. The 

'Reported in detai l  or referenced in Parts II and I l l ,  
this report. 

cluster i s  supported wi th in  a 1-in.-thick graphite 
sleeve that has an outside diameter o f  5 in., an 
inside diameter of 3 in., and a stacked length o f  
29 in. The UO, pel lets are 0.707-in. OD by 0.323- 
in. ID by 0.740-in. length. The hol low center 
i n  the pel le ts  serves to reduce the buildup of 
f i  ssion-gas pressure and center-l ine temperatures 
within, the element. The design l i fe t ime o f  the 
elements i s  conservatively set at 10,000 Mwd/met- 
r i c  ton. The nominal peak operating temperature 
o f  the stainless steel cladding i s  about 1500OF. 

Manufacture o f  the in i t ia l  fuel loading for startup 
o f  the EGCR has been in i t ia ted at  Westinghouse 
Elect r ic  Corporation, and a l l  c r i t ica l  phases o f  
work are being monitored to ensure compliance 
with the high-quali ty standards specif ied on ma- 
ter ia ls  and workmanship. Procedures were re- 
viewed and approved for the control o f  moisture 
content i n  UO,, the welding and radiographic 
examination o f  end closures on the fuel elements, 
the welding of end caps to  the spiders, and the 
copper brazing o f  mid-plane spacers to the fuel 
element tubes. During the past year the fabrica- 
t ion  of  the UO, pel lets was completed, and a l l  
other components were purchased. Approximately 
25% of the fuel element tubes were loaded and 
assembly o f  the clusters was init iated. The total 
cost associated with fabrication o f  the fuel as- 
semblies w i l l  run $55 per kilogram of contained 
uranium metal. 

Reactor operating plans ca l l  for monitoring the 
temperature of the fuel, cladding, coolant, and 
graphite sleeves in  four selected fuel channels. 
Hence, fabrication techniques were developed for 
insta l l ing swaged Chromel-Alumel thermocouples 
on the inner surfaces o f  the fuel element tubes. 
The thermocouples were held i n  place by a mandrel 
while being copper-brazed to the inner surface. 
A s  many as four thermocouples were attached to 
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a single capsule by th is  method. Several such 
capsules were prepared and were successful ly 
tested by irradiat ion i n  the ORR Poolside Fac i l i t y  
and in GCR-ORR Loop No. 1. Using these tech- 
niques, a ful l-scale mockup o f  an instrumented 
fuel assembly was completed and the technical 
feas ib i l i ty  demonstrated. 

The dimensional behavior o f  the fuel assemblies 
under the cyc l i c  condit ions expected i n  the EGCR 
was experimentally investigated to resolve un- 
certaint ies arising from differences i n  the mechan- 
ica l  properties between the cladding and the fuel 
pel lets o f  hol low geometry. An apparatus has been 
bui l t  to simulate the thermal condit ions during 
service. The dimensional behavior o f  the experi- 
mental fuel assemblies was determined both with 
a radial gap between the cladding and the fuel 
pel let and wi th  the cladding col lapsed onto the 
pel le t  by external pressure. 

The element containing a radial gap between 
the cladding and the fuel pe l le t  was found to re- 
spond to thermal cyc l ing the same way that the 
individual components would react i f  subjected 
to the same thermal conditions and tested sepa- 
rately. When no radial gap existed between the 
fuel and the cladding, the behavior during thermal 
cyc l ing was found to  be a function o f  the fuel 
temperature, the cladding temperature, and the 
external pressure. Under such conditions, p last ic  
axial strains were induced i n  the cladding during 
cycling; therefore methods were developed for 
predict ing the amount o f  strain induced for a given 
set of conditions. 

During th is  extensive series of thermal cyc l ing 
tests, severe deformations were induced i n  the 
cladding without a single failure, and the fuel pel- 
le ts  fractured without the fuel being signif icantly 
redistributed. Consequently, it i s  predicted that 
the EGCR fuel elements w i l l  remain dimensionally 
stable under the proposed operating conditions. 

The design of the control rods for the EGCR has 
been established: they w i l l  be 20 f t  long and 
3 t  in. i n  outside diameter and have an absorber 
length o f  15 ft. The rods w i l l  be made i n  5-ft-long 
segments and be supported by a central stainless 
steel rod f lex ib le  enough to ensure i t s  entry into 
the core even i f  the control rod channels are not 
straight. Each absorber segment w i l l  be made up 
o f  3-in.-high annular r ings o f  hot-pressed B,C 
encased i n  copper-plated stainless steel tubing 
and w i l l  be vented to the primary coolant system 
through stainless steel f i l ters. The design l i f e  

o f  the rods i s  greater than 20 years. These rods 
are now being procured from Dresser Products, 
Inc. 

Selected mechanical properties o f  AGOT graphite 
were studied, as a function o f  temperature, to pro- 
vide a basis for predict ing the behavior o f  the 
moderator material i n  the EGCR. As i n i t i a l l y  
loaded into the reactor, the graphite columns w i l l  
be under compression; but after the reactor goes 
crit ical, the columns w i l  I undergo radiation-induced 
shrinkage. Because o f  the neutron-flux gradient 
from point to point within the reactor core, bending 
strains w i l l  be imposed on the graphite columns. 

Specimens o f  AGOT taken from three blocks were 
examined by means o f  incrementally loaded short- 
t ime tensile, short-time bending, and creep tests 
under compressive, tensile, and bending loads. The 
test  results showed that the mechanical properties 
of graphite are not affected by temperatures in the 
range 75 to 1100°F and, therefore, that the fracture 
stresses and strains are not temperature dependent. 
The fracture stresses calculated on the basis of 
e last ic i ty  theory for bending are greater than the ex- 
perimental fracture stresses under tens i le  loads, 
but the fracture strains are very similar. Some 
in i t ia l  creep was detected, but the creep rate de- 
creased to less than 5 x in. in.- ’  h r - ’  i n  a 
very short time. Wide variations ex is t  i n  the me- 
chanical properties, and the mechanical anisotropy 
i s  d i f f i cu l t  to predict. It may be concluded, how- 
ever, that as the section s ize of the graphite block 
increases the strength variat ion i s  also greater 
across the block. 

Because o f  the low duc t i l i t y  o f  graphite, the 
tens i le  strains produced by the variable radiation 
dose w i l l  not be expected to  be sustained during 
reactor operation without fracturing. Fracture may 
not occur, however, i f  the radiation-induced shrink- 
age i s  either inhibited or stopped by the occurrence 
o f  stress or i f  the effects of radiation permit the 
graphite to  sustain greater tens i le  strains before 
fracturing. A program of  irradiat ions i s  i n  progress 
to study the effects of  irradiat ion on the creep 
duc t i l i t y  o f  graphite. 

Welding procedures were developed for joining 
type 304 stainless steel to ASTM A-387, grade D, 
steel and to ASTM A-212, grade B, carbon steel. 
Large ducts o f  these materials w i l l  be subjected 
to cyc l i c  temperature service in  the EGCR, and 
jo in ts  between them w i l l  develop severe stresses 
because o f  dif ferential thermal expansion. A newly 
developed commercial nickel-base welding rod 
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(BP-85) was used i n  the development o f  the welding 
procedures. Extensive tests o f  large welded 
specimens showed that the joints w i l l  perform 
satisfactori ly. 

Methods were developed for fabricating the joints 
at the penetrations o f  the stainless steel burst- 
slug-detection tubes and stainless steel -cl ad 
thermocouples through the carbon steel pressure 
shel l  o f  the EGCR. Both types o f  penetrations 
require the welding o f  re la t ive ly  thin-wal led com- 
ponents to thicker members under conditions o f  
very l imi ted accessibi l i ty. Suitable jo in t  designs 
were developed, and fabrication and inspection 
procedures were established during the construction 
o f  prototype assemblies to  demonstrate feas ib i l i ty .  
Conventional welding and brazing equipment and 
joining procedures were used throughout. It i s  
expected that personnel o f  the Metals and Ceramics 
D iv is ion  w i l l  act in a consulting capacity during 
f ie ld  fabrication o f  these components. 

ADVANCED FUEL ELEMENTS 

In order to take advantage o f  the EGCR as a test  
bed for advanced fuel elements and o f  the exten- 
sive information gained from the design and con- 
struction o f  the EGCR, a study o f  an advanced 
clad-type 2000-Mw (thermal) reactor, GCR-3, was 
init iated. Cladding materials for advanced fuel 
assemblies are being studied which w i l l  promote 
increased eff iciency as a result o f  higher outlet 
coolant temperatures, increased heat f lux ratings, 
and/or reduced thermal neutron absorption in the 
core. 

Beryl l ium i s  attract ive as a nuclear reactor ma- 
terial for fuel cladding and as a moderator because 
o f  i t s  high-neutron scattering cross section, i t s  
low-neutron capture cross section, and i t s  high 
thermal conductivity. Consequently, batches of  
smooth-wal led beryl1 ium tubing were procured from 
a l l  domestic and foreign sources for evaluating 
and test ing i t s  use as a cladding material i n  gas- 
cooled reactors. In  addition, a supply o f  finned 
tubing was obtained as a product of a fabrication 
subcontract wi th  Nuclear Metals, Inc. Th is  tubing 
i s  approximately 0.5 in. i n  inside diameter wi th  a 
0.040-in. minimum wal l  thickness and has 12 
equally spaced hel ica l  f ins. 

Nondestructive inspection techniques were de- 
veloped for comparing the quali ty of beryl l ium 
tubing and for ensuring the integri ty o f  test  spec- 

imens. Low-vol tage radiography u t i l i z ing  bare-fi lm 
exposure techniques and a helium-atmosphere cou- 
p le  was found to be an excel lent nondestructive 
tool to fac i l i ta te  inspection. The presence of  
p i t t ing on the inner surface or contamination from 
foreign materials was readi ly detected by th is  
inspection. An eddy-current procedure using an 
internal bobbin co i l  was developed for detecting 
cracks in the finned tubing. The more conventional 
l iquid-penetrant and ultrasonic techniques were 
adapted to  supplement the radiographic inspection. 

Joint designs and welding procedures were de- 
veloped for the fabrication o f  test specimens and 
irradiation capsules. Welds i n  tubing submitted by 
several vendors a l l  exhibit  similar strengths a t  
both room temperature and 11 10°F, averaging 
23,000 and 11,000 psi, respectively. Brazing a l -  
loys for joining beryl l ium were investigated through 
flowabi I i t y  tests. 

The changes in the mechanical and physical 
properties result ing from neutron irradiat ion may 
be traced to the displacements produced by ener- 
getic neutrons or to the products from the (n, 2n) 
and (n, a )  reactions wi th  beryl l ium and the effects 
produced by agglomeration of the gases produced 
by these transmutations. A program o f  irradiat ions 
was conducted i n  which beryl l ium specimens o f  
various chemical compositions and fabrication 
hi stories were exposed at  temperatures between 
120 and 1435OF. Postirradiat ion bend tests  and 
hardness measurements were made, and the density 
decreases during irradiat ion were determined. 
These data were compared wi th  those obtained 
by postirradiation annealing o f  specimens irradiated 
at 120OF. Other small tubular specimens were 
pressurized and irradiated at temperatures between 
930 and 1300°F to study the effects o f  irradiat ion 
on the mechanical properties. 

The results indicated that sl ight hardening oc- 
curs upon irradiat ion or postirradiat ion annealing 
at  temperatures below 11 10°F. Dimensional meas- 
urements showed that beryl l ium swel ls  more than 
1 %  when irradiated to  a fast (>1 MeV) neutron ex- 
posure o f  3.6 x lo2' neutrons/cm2. No signif icant 
swell ing occurs during irradiation at lower tem- 
peratures or for lower exposures. The results o f  
several in-p i le  stress-rupture experiments at  11 10°F 
tests may be represented by the equation 

A l o o  = 5.37 x q ! ~ y . ~ ~ ~  , 
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where Aloe i s  the fractional decrease i n  100 hr o f  
rupture strength after an exposure o f  q5r neu- 
trons/cm2. Addit ional tests a t  97OOF showed that 
exposures as high as 3.4 x 10,’ neutrons/cm2 
have l i t t l e  effect on the rupture time at th is  tem- 
perature. 

The reactions o f  beryl l ium with potential coolants 
were also studied. The rate o f  reaction w i th  wet 
and dry CO, was found to be parabolic i n  the range 
5% to 1330°F for times up to 1000 hr. A t  1340”F, 
a breakaway” reaction was observed in  wet CO, 
after 60 to  70 hr. The reaction products were found 
to be B e 0  and Be,C, and the amount of both in-  
creased with t ime and temperature. 

The reaction between beryl l ium that contained 
carbon as an impurity and wet helium was in i t i a l l y  
rapid, but a protective oxide soon formed on the 
beryl l ium that was similar to that formed i n  dry 
CO,. This behavior i s  bel ieved to be associated 
with decarburization during the early stages o f  
the test. The products o f  the reaction of beryl l ium 
with water vapor were B e 0  and hydrogen gas. 
Methane was found to be a reaction product when 
Be,C was exposed to water vapor or hydrogen. 

A series of tests wos also run in static, dry CO, 
a t  138OOF on a Be-0.5 wt % Ba al loy. Th is  al loy 
was prepared for test ing because o f  the excel lent 
high-temperature s tab i l i t y  o f  barium carbonate 
which could stabi l ize the protective oxide f i lm on 
the al loy at a relat ively low part ial  pressure o f  
CO, . Three tests were run a t  CO, pressures of 6, 
50, and 570 torr, respectively. Reaction rate 
curves determined from weight-gain data indicated 
that the reaction was pressure dependent. 

Two simulated beryl l ium fuel elements consist ing 
o f  hol low UO, pel lets c lad wi th the f inned tubing 
were fabricated and were tested to fa i lure by ther- 
mal cycl ing out-of-pile. A radial temperature gra- 
dient between 200 and 44OOF was establ ished 
during cycl ing. No permanent axial  deformation 
of the beryl l ium was detected after testing. How- 
ever, the beryl l ium tubing cracked both circumfer- 
ent ia l ly  and in  an axial  direct ion after 67 cycles 
between 480 and 1200°F. The axial cracking ap- 
parently resulted from the concentration o f  stresses 
between the fins. 

‘ I  

UNCLAD FUEL ELEMENTS 

The pebble-bed reactor concept offers the advan- 
tages of s impl ic i ty of the fuel element design, ease 

of fuel  handling, sui tabi l i ty  for high-temperature 
operation, and good neutron economy but suffers 
the disadvantage that some f i  ssion-product ac t i v i t y  
w i l l  enter the coolant system. A 5 M w  (thermal) 
Pebble-Bed Reactor Experiment (PBRE) has been 
designed which w i l l  ass is t  i n  evaluating technical 
feas ib i l i t y  o f  the pebble-bed concept as we l l  as 
make important contr ibutions to the general de- 
velopment o f  all-ceramic gas-cooled reactors. 

The core of the PBRE i s  a 2b2-ft-diam, 4-f t - ta l l  
cy1 i nder containing approxi matel y 12,000 spherical 
graphite fuel elements 19, in. i n  diameter. Fuel 
spheres are added to and removed from the core by 
gravity f low whi le the reactor i s  at power. Ex- 
posed fuel can be recycled to the top of the core. 

Helium coolant at 500 ps ia  enters the bottom o f  
the core a t  55OOF and emerges from the tcp at 
1250OF. Concentric ducting connects the reactor 
to a single heat exchanger. The entire pressure 
envelope i s  swept wi th hel ium at the temperature 
at which i t  emerges from the heat exchanger. 

One o f  the primary obiectives of the experiment 
i s  to investigate the behavior of graphite fuel 
elements, the development and procurement of 
which are the responsibi l i ty  of the Metals and 
Ceramics Division. 

In the past year pyrolytic-carbon-coated uranium 
carbide and uranium-thorium carbide part icles were 
evaluated as fuel materials. Coatings applied a t  
low temperatures exhibited a laminar structure, 
whereas those applied at h igh temperatures had 
a columnar or duplex structure. Metal lographic 
techniques were developed for examination o f  
such part ic les and o f  graphite-matrix fuel elements 
containing coated part icles. These part ic les gener- 
a l l y  met a preliminary requirement for surface con- 
tamination o f  less than 5 x % of the contained 
fuel. Leaching with 8 M n i t r i c  acid reduced 
the exposed fuel, as determined by alpha counting, 
whi le thermal cycl ing to 273OOF generally caused 
an increase i n  the leachable fuel and surface con- 
tamination. Techniques for contact microradiog- 
raphy o f  the part ic les were developed to permit 
measurement of the coating thickness and uni- 
formity and to detect the presence of unfueled 
part ic les and uranium migration into the coating. 

In an extensive series o f  neutron-activation tests 
the as-received part ic les exhibited good f ission- 
gas retention properties at temperatures less than 
2730°F. A t  higher temperatures, uranium migrated . 
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into the carbon coatings and the coatings cracked. 
Indications are that these processes are dependent 
upon the microstructure of the carbon coatings. 

Cyl indr ical  bodies of fueled graphite consist ing 
o f  dispersions o f  part icles i n  a graphite matrix 
were obtained from two vendors and were tested 
extensively. Leaching and neutron-activation tests 
indicated that some phases of the fabrication pro- 
cedures could damage the particles, result ing i n  
poor retention o f  f iss ion products. However, after 
a series o f  tests on several batches of fueled 
bodies, i t  was concluded that by proper control 
o f  the fabrication process satisfactory fueled 
graphite bodies could be produced. A specif icat ion 
defining the properties of fueled graphite spheres 
was thus developed and i s  being used in  procuring 
prototype PBRE fuel elements for testing. 

The f ission products other than Xe133 that are 
released from fueled graphite were ident i f ied and 
were measured i n  a separate series of neutron- 
act ivat ion tests. Fueled graphite elements were 
l igh t ly  irradiated and heat-treated, and the released 
f ission products were col lected on a deposition 
tube near the specimen. The major species re- 
leased at temperatures up to 2190°F were I l3 ’ ,  
Te13’, and Ag” ’ .  The fract ions of iodine and 
tel lur ium released were approximately the same 
as the Xe133  released, but the s i lver isotope was 

detected i n  much greater amounts. Apparently 
A g l l l  di f fuses readi ly through the coatings at 
1830 to 2190OF. The release of Ba140 by a similar 
mechani sm was observed at temperatures of 255OOF 
and above. 

Irradiat ion tests i n  both stat ic and sweep cap- 
sules were performed to burnups as high as 15 at. % 
of uranium at temperatures between 1500 and 
2600OF. It was observed that some o f  the pyrolyt ic 
carbon coatings cracked during irradiation; how- 
ever, acceptable f ission-gas retention w i th  respect 
to the PBRE was observed i n  tests at the lower 
temperatures. Cracking o f  the coatings can be 
attr ibuted to the combined effects o f  swel l ing of 
the fuel particles, uranium migration, radiation- 
induced shrinkage of the coatings, and pressure 
bui ldup o f  f iss ion gases within the coated par- 
t ic les.  The relat ive importance of each of these 
processes i s  not yet  known. 

During these irradiations, fueled graphite bodies 
were observed to shrink as much as 6% after ex- 
posures o f  between 3 and 6 x 1019 fissions/cm3. 
However, most o f  the bodies without unfueled 
graphite shel ls or s i l iconized-Sic coatings retained 
their integrity, whi le a l l  those with shel ls or coat- 
ings developed cracks during irradiation. Addi- 
t ional experiments are i n  progress to determine 
the causes of th is  cracking. 
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2. Molten-Salt Reactor Program' 

A. Taboada 

Construction o f  a prototype reactor o f  10-Mw 
(thermal) capacity i s  under way at  ORNL to  demon- 
strate the dependability, serviceabil i ty, and safety 
aspects o f  the molten-salt concept for c i v i l i an  
power application, and to  acquire the engineering 
knowledge needed i n  scaling the system to large 
central-station power plants. The concept offers 
a number o f  at t ract ive features, including high 
temperature, low pressure, good neutron economy, 
low fuel cyc le  cost, and high power density. 

A molten-salt mixture o f  Li  F-BeF2-ZrF,-ThF,- 
UF, i n  the mole percentage o f  70-23-5-1-1 w i l l  be 
u t i l i zed  i n  the Molten-Salt Reactor Experiment 
(MSRE) to serve as the fuel and primary coolant. 
After f low through vert ical channels in the cyl in-  
drical, single-region, graphite-moderated core o f  
4V2 ft diameter by 5V2 f t  height, the f l u id  w i l l  reach 
the shel l  side o f  a salt-to-salt  heat exchanger at 
a maximum temperature and pressure o f  1225OF and 
50 psig. The container material i s  INOR-8, a 
nickel-base al loy developed at  ORNL for service 
in contact wi th f luoride sal ts o t  elevated tempera- 
tures. In the experiment heat from the secondory 
loop containing a non-fuel-beoring molten sa l t  w i l l  
be discharged to the atmosphere through a sec- 
ondary air-blast heat exchanger. 

The nature and current status of maior support 
ac t i v i t ies  during the past year are summarized 
below. 

Procurement o f  a l l  maior INOR-8 components re- 
quired in the construction o f  the MSRE i s  complete 
except for the heat exchanger. Product specifica- 
t ions on the nickel-base al loy containing 17 wt % 
Mo, 7 w t  % Cr, and 5 w t  % F e  were prepared for 
the purchase o f  the plate, sheet, bar, and wire, 

'Reported i n  detai l  or referenced i n  Parts II and Ill, 
this report. 

whi le fabrication procedures were developed for 
procurement o f  castings, forgings, and formed 
heads. In addition, a weldabi l i ty  test  was devel- 
oped and successful ly employed to  ensure that 
each heat o f  INOR-8 was weldable and free of the 
microfissures frequently encountered i n  nickel-base 
materials. 

Welding and brazing techniques were developed 
and incorporated into the f inal  design o f  the MSRE 
heat exchanger to assure maximum integr i ty o f  the 
tu be-to-sheet joints. 

Brazing materials and techniques were developed 
for making remote pipe-joint attachments that  wi II 
be u t i l i zed  i n  the remote maintenance program for 
the MSRE. Inspection techniques for detecting 
nonbonds were established, and modifications are 
being developed which w i l l  permit remote applica- 
tion. 

The dynamic corrosion-test loop program was 
completed, and out-of-pi l e  corrosion rates for 
INOR-8 were established to be less  than 1 mil/yr 
a t  1300°F. A study to determine the corrosive 
effects o f  CF, vapor in  the molten sa l t  was ini- 
tiated, and preliminary resul ts indicated very l i t t l e  
attack to  INOR-8 a t  temperatures up to 1472°F. 

Additional mechanical properties data on INOR-8 
weld metal and castings were obtained and incor- 
porated into a design data submission to  the ASME 
Boi ler  and Pressure Vessel Code Committee for 
codi f icat ion approval. 

Additional data on the constitutional diagram and 
physical  properties o f  INOR-8 al loy were obtained. 
The solidus l i ne  o f  a number o f  commercially pro- 
duced heats was found to l i e  in the range 2435 t o  
248OoF, whi le the l iquidus l ine  was observed to 
f a l l  between 2552 and 2559OF. The total hemi- 
spherical emittance o f  INOR-8 as measured in a 
constant-temperature, black-body vacuum chamber 
a t  1112°F was found to  be 0.24. 
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A graphite-moderator specif icat ion requiring low 
salt  permeation was prepared,. and materials ini- 
t i a l l y  procured to th is  specif icat ion appeared to 
be acceptable. Salt. permeation was less than 1 
vo l  %. Techniques involving the use of ammonium 
bif luoride as a gettering agent were developed for 
removal o f  oxygen from graphite. 

During the coming year the major metallurgical 
effort in support of the M S R E  w i l l  be directed to- 
ward the development and procurement of a central 
control rod and the planning and implementation 

of  a survei l lance program aimed at determining the 
irradiat ion behavior of I N O R - 8  and graphite under 
M S R E  conditions. A supporting irradiat ion study 
to determine the effects of irradiat ion on the me- 
chanical properties o f  I N O R - 8  over a range of 
temperatures w i l l  also be init iated. The effect 
of impurit ies i n  the fuel sa l t  on the corrosion o f  
I N O R - 8  w i l l  be further established, as w i l l  the 
effects of t ime and temperature on permeation o f  
graphite by sa l t  compositions of potential use i n  
the MSRE.  
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3. High-Flux Isotope Reactor’ 

R. J. Beaver 

The main function o f  the High-Flux Isotope Re- 
actor (HFIR) being constructed at ORNL i s  to 
provide an intense radiat ion source for the pro- 
duction o f  research quantit ies o f  the transplutonic 
elements. The design o f  t h i s  high-performance 
un i t  i s  based on the f lux-trap pr inciple and con- 
s ists of a central cyl indr ical  is land surrounded by 
a I ight-water-moderated and -cooled annular fuel 
region, which i n  turn i s  encompassed by a thin 
control region and beryll ium reflector. The un i t  
w i l l  operate at a maximum power density o f  4000 
k w l l i t e r  in the act ive core and requires a maximum 
heat-transfer rate from the fuel surfaces of 1.5 x 
lo6 Btu hr- ’  ft-2. Heat removal w i l l  be accom- 
pl ished by f lowing water w i th  an in le t  temperature 
o f  120°F and a pressure o f  600 ps ig  through a 
0.05-in. coolant channel at  a veloci ty o f  40 fps. 
The compact reactor i s  designed to operate at  a 
power level  of 100 Mw and achieves an unperturbed 
thermal f lux  of about 5 x 1015 neutrons cm-2 
sec-’ in the central trap region. 

The fuel component has many interesting features 
which pose challenging fabrication problems to 
the materials people responsible for i t s  develop- 
ment. The fuel distr ibution, for instance, must 
be contoured to f latten the power distr ibut ion i n  
the radial direct ion. In  addition, a burnable poison 
must be incorporated into the inner r ing of the fuel 
annulus to help minimize reac t iv i t y  variations 
during the l i fet ime of the core. The composite 
plates must be formed into the shape of an involute 
and assembled in a manner to  maintain o constant 
water-gap thickness o f  0.050 in. in the radial 
direct ion. The fu l l  core loading w i l l  actual ly 
consist  o f  two annular r ings s ized i n  a manner to 

’Reported i n  detai l  0 1  referenced in  Parts II and Ill, 
t h i s  report. 

f i t  concentr ical ly w i th  one another to  form the 
5.0-in.-ID x 17.0-in.-OD fuel annulus. 

Previous work on the H F I R  fuel element showed 
that s igni f icant problems existed in  several areas: 
fabr icat ing both the inner and outer fuel p lates 
to ensure freedom from bl isters and other unbonded 
regions; forming involute plates to acceptable 
tolerances; assembling plates into a fuel element 
array w i th in  r ig id  plate-spacing tolerances; and 
developing nondestructive techniques for precise 
detection o f  fuel segregation and nonbonds i n  
small regions. 

Intolerable concentrations o f  gases i n  the alu- 
minum fuel  p la te  materials led  to the need for pre- 
treating the aluminum by vacuum degassing, which 
contributed signi f icant ly to the solution of the 
b l i s te r  problem. In  addition to  th is  innovation, 
the type 6061 aluminum frame and cladding o f  the 
fuel p late were a lc lad  w i th  type 1100 aluminum so 
that the mating surfaces during ro l l ing  would be 
the more readi ly bonded to type 1100 aluminum. 
A s  a result, the y ie ld  o f  b l is ter- f ree outer-annulus 
plates was increased from 50 t o  8% Similarly, 
the y ie ld  o f  acceptable inner-annulus plates was 
increased from 5 to 9 5 7 .  

Low-pressure Marforming was shown to be a 
satisfactory method for forming unfueled plates 
to wi th in required tolerance levels, but d i f f i cu l ty  
arose i n  attempting to form composite plates i n  
the same manner - a y ie ld  of only 269 was real- 
ized. However, the process y ie ld  was doubled 
when deviations in the fuel p la te  thickness were 
controlled to less  than k 0 . 4  mil. Since further 
s igni f icant improvements by low-pressure Mar- 
forming were questionable, work was in i t ia ted  on  
two alternate methods - high-energy forming and 
high-pressure Marforming. 

A s  a resul t  of improvement i n  assembly and 
welding techniques, an unfueled element was 



1 1  

assembled to very close tolerances, welded, and 
provided to a mockup fac i l i t y  for f low testing. 
Addit ional studies i n  assembling composite fuel 
plates showed that corrective spacing strips were 
necessary i f  fuel element spacings i n  the reference 
design were to be maintained wi th in  tolerance. 
Consequently, two alternative approaches wi th  
lower cost potential are being investigated for 
assembly. One consists of s l id ing plates between 
two grooved, concentric tubes and securing the 

plated by circumferential welds uniformly spaced 
along the length o f  the element. The other scheme 
involves mechanically joining 16 to 20 plates 
between two segments of a tube and assembling 
a number o f  segments together to  form the required 
fuel annulus. 

It i s  expected that the f i rs t  core loading of the 
H F l R  w i l l  be o f  the reference design, wi th  the 
majority o f  the subsequent loadings of the most 
economical o f  the alternate designs. 
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4. Transuranium Program' 

W. C. Thurber 

Th is  ORNL program forms an integral part o f  the 
AEC transplutonic element program, which i s  aimed 
at production o f  research quantit ies of the very 
heavy elements such as Am243, Cm244, and Cf252.  
It involves the development o f  chemical separation 
processes for these act in ide elements, development 
o f  methods for producing HFlR targets, and design 
and construction o f  the Transuranium Processing 
Plant  (TRU). The role o f  the Metals and Ceramics 
Div is ion i n  the program i s  pr imari ly that o f  fabri- 
cat ing the HFlR target elements, including de- 
velopment o f  suitable equipment for remote proc- 
essing of the target in  the TRU fac i l i t y .  

The aluminum-clad HFlR target rods, containing 
200 to  300 g o f  must be o f  absolute in- 
tegri ty and must be fabricated by completely remote 
methods in order to contain the alpha, beta, gamma, 
and neutron ac t iv i t y  associated w i th  various ac- 
t in ide oxides - a requirement heretofore not en- 
countered in the manufacture o f  reactor core com- 
ponents. Consequently, a process and equipment 
development program i s  being pursued to  establish 
the technology required for fabrication of the HFlR 
target rods in  the TRU fac i l i t y .  

In  the past year, prototype fuel pe l le ts  containing 
simulated actinide oxides mixed w i th  aluminum 
were produced in  laboratory equipment, and pel let-  
cleaning schemes were studied. A welding problem 

'Reported in deta i l  or referenced in  Part Ill, th is  
report. 

in producing the second end closure in the target 
tubes was uncovered. Although not ye t  resolved, 
i t  appears that the problem i s  less  severe w i th  
type X8001 aluminum than w i th  type 1100 aluminum. 

The hydrostatic col lapse o f  aluminum tubes, both 
finned and unfinned, was studied as a function 
o f  external pressure. I t  was demonstrated that the 
target-rod end closure welds could be inspected 
by x radiography, background ac t iv i t y  from the rod 
notwithstanding. 

Conceptual design and layout i n  the three fabri- 
cation cubic les o f  the TRU were accomplished for 
v i r tual ly a l l  o f  the target-rod fabrication equipment. 
Detai led designs were completed on such key items 
as the pe l le t  press, d ie  magazine, target loading 
device, transfer arm, hydrostatic vessel, pel let-  
cleaning device, and inspection equipment. Con- 
struct ion o f  the pe l le t  press, pel let-c leaning ap- 
paratus, and hydrostatic vessel was init iated. 

Since the i n i t i a l  HFlR targets w i l l  contain only 
alpha-emitting plutonium, a separate s impl i f ied 
fabrication fac i l i t y  can be used. Process f low- 
sheets were devised for th is  fabrication line, and 
the su i tab i l i t y  o f  the operation for conventional 
g love boxes was assured. Procurement o f  com- 
mercial ly avai lable equipment and redesign o f  
some items from the TRU equipment l ine  were 
init iated. 

It i s  expected that construction o f  the TRU fa- 
c i l i t y  w i l l  begin i n  the coming year and that the 
process and equipment development wi I I  continue 
i n  a hot-cel l  mockup. 

c 
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5. Thermonuclear Project 

R. E. Clausing 

The ult imate purpose o f  the thermonuclear project 
i s  to produce electr ical power from the energy re- 
lease by fusion of deuterium or deuterium and 
tr i t ium nuclei. The basic problems associated 
wi th  the attainment and confinement of high-tem- 
perature plasmas are under investigation. Two 
principal experimental machines, DCX-1 and 
DCX-2, incorporate'o high-energy inject ion scheme 
i n  which 600-kev molecular ions are injected into 
a h igh ly  evacuated tank i n  the presence o f  a mag- 
netic f ield. The ions are dissociated by arcs, re- 
sidual gases, or previously trapped ions and are 
retained as atomic ions wi th in  the magnetic f ield. 

The success o f  these and future experiments has 
required expansion o f  exist ing vacuum technology, 
which i s  under study i n  the Metals and Ceramics 
Division. A large getter-pump-test apparatus was 
operated to  further explore the use of vapor-depos- 
i ted metal f i lms as vacuum pumps.' The equipment 
. ~~ 

'R. E. Ctausing,  A Lurge-Scale Get ter  Pumping E X -  
periment Using Vapor Depos i t ed  Titanium Films, O R N L -  
3217 (Oct. 24, 1961). 

and techniques developed a l low the accurate meas- 
urement o f  adsorption rates approaching the theo- 
ret ical maximums. F i l m  deposition procedures 
were developed which g ive pumping speeds for 
hydrogen o f  more than 85% of that possible wi th  
a perfect adsorber. Th is  i s  25 t imes the value 
obtained i n  commercial t itanium pumps by means 
o f  the common methods o f  evaporation. 

The pumping characteristics o f  several kinds o f  
evaporated t i tanium f i lms were determined for a 
variety o f  gases i n  the pressure range 3 x 
to 5 x i o - 5  torr. 

A s  power-producing devices are developed, re- 
search and development w i l l  be required to de- 
velop a blanket to surround the reaction volume, 
to remove heat, to shield against radiation, and 
perhaps to breed new fuel. Future work w i l l  also 
involve the study of materials and fabrication 
methods for superconducting electromagnets ca- 
pable o f  producing very high magnetic f ields, thus 
promoting the ut i l izat ion of thermonuclear power. 
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6. Thorium Utilization Program' 

W. C. Thurber 

The development of fuel systems which use 
thorium instead of UZ3*  as the fe r t i le  material i n  
thermal and intermediate reactors has the near- 
term object ive of reducing fuel cyc le  costs through 
the better neutron properties of U233  as compared 
with those of plutonium. Moreover, these improved 
properties resul t  i n  higher conversion ratios, 
longer react iv i ty lifetimes, and greater burnup of 
recycled fuels. The long-term object ive i s  that 
of achieving Th-U233 conversion rat ios of 1.0 or 
greater. The attract ive features of thorium-based 
fuel systems are offset somewhat by the fact that 
thorium and U233 are radioactive after discharge 
from a reactor and must be recycled remotely. 
More practical experience and information on 
remote handling are required before a worthwhile 
evaluation of the potential o f  the Th-U233 fuel  
cycle can be made. 

In support o f  the near-term obiectives, emphasis 
i n  the past year was placed on developing a proc- 
ess by which metal-clad fuel rods can be remotely 
fabricated with relat ive ease. The method selected 
to produce fuel rods was to compact coarse, dense 
fuel part ic les of Tho,. UO, with vibrat ional en- 
ergy. I t  has been demonstrated that a chemical ly 
derived oxide distr ibuted into three control led 
s ize fract ions can be compacted to bulk densit ies 
in  excess o f  88% of the theoretical value by using 

'Reported in detai l  or referenced in Parts II and Ill, 
this report. 

simple, inexpensive pneumatic equipment. Den si - 
t ies i n  excess o f  90% can be achieved with more 
sophist icated pneumatic devices. Methods of 
fuel material preparation and compaction that were 
thoroughly studied yielded information that was 
used to design equipment which can be operated 
semiremotely to fabricate 1000 U233-bearing fuel 
rods for c r i t i ca l  experiments at Brookhaven Na- 
t ional Laboratory. 

In  conjunction wi th the Chemical Technology 
D iv is ion  an integrated Th-U233 fuel rod fac i l i t y  
wi th appropriate alpha and gamma shielding for 
semiremote operation was designed and i s  being 
constructed i n  which Tho,. U 2 3 3 0  fuel can be 
synthesized, sized, vibrated into fue? rods, sealed 
by welding, and inspected. 

Gamma-scanning techniques are being developed 
which w i l l  permit measurement of axial  density 
variat ion and the absolute density o f  vibratory 
compacted fuel rods. Excel lent  correlation was 
obtained between the bulk density as determined 
by gamma scanning and the density from volumetric 
measurement and fuel weight. The method appears 
to be sensit ive to axial  density variat ions of less  
than 1%. 

In  exploit ing the long-term potential of the tho- 
rium materials, studies were conducted on methods 
of producing Tho, spheres for possible appl icat ion 
in  the fe r t i le  blanket of the reactor. Sintering 
studies demonstrated the effects of grain size, 
density, and pore structure on at t r i t ion resistance 
of these spheroidal pel lets. 

c 
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7. Advanced Test Reactor’ 

R. J. Beaver 

The Advanced Test Reactor (ATR), under con- 
struction at National Reactor Test Station, was 
designed to provide additional experimental loop 
irradiat ion space for the AEC testing program. 
Perturbed neutron f luxes exceeding 10’ thermal 
neutrons cm-2 sec- ’  and 1.5 x 1015 epithermal 
neutrons cm-2 sec-’ w i l l  be produced. The core 
configuration provides for nine f lux  trap regions 
in  a geometry similar to that of a four-leaf clover, 
with one f lux trap i n  each leaf, one at the inter- 
section of the leaves, and one between each pair 
of leaves. The nominal power level w i l l  be 250 
Mw. ORNL i s  supporting the design effort and 
has the responsibi l i ty o f  developing the fuel 
element technology. 

The fuel element consists of 19 composite fuel 
plates mounted between two side plates to form 
a 45” segment of a r ight circular cylinder. Th is  
concept requires that each fuel p la te contain a 
fuel section of a dif ferent width and that each 
composite p la te be formed to i t s  specif ic radius 
of curvature. In  order to control the excess re- 
activity, boron must be int imately mixed wi th  the 
fuel. Powder metallurgical techniques are being 

‘Reported i n  detai l  or referenced in Parts II and Ill, 
this report. 

used to process fuel cores using a uranium oxide 
and a boron compound dispersed in aluminum. 

A signif icant number o f  fuel plates c lad  wi th  
type X8001-0 aluminum, the structural material 
in i t ia l l y  selected, and containing a dispersion 
o f  34 w t  ’% U,O, have been fabricated. It was 
demonstrated that these 49-in.-long plates could 
be rol I-bonded to  the dimensional tolerances spec- 
i f ied  and they could be mechanically joined in to 
an ATR fuel element array by ro l l  swaging. Sev- 
eral plate and fuel element specimens were pro- 
vided for associated test ing programs. 

A nondestructive test ing study has established 
standards for examination o f  segregation of the 
f i s s i l e  phase by radiographic and gamma-scinti l la- 
t ion counting. Standards for examination of i n -  
bonded areas by u I trason i c through-tran sm i s s i  on 
techniques were also prepared and evaluated for 
th is  application. 

Tensi le  and creep data for annealed types X8001 
and 6061 aluminum, as well  as 10% cold-worked 
type X8001 aluminum, were obtained at  tempera- 
tures ranging from 70 to 600OF. These data were 
also supported wi th  measurements of the modulus 
o f  e last ic i ty  for these materials: Type 6061 alu- 
minum was recommended as the cladding for the 
fuel p la te because of i t s  superior strength proper- 
t ies. 
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8. Army Power Reactor Program’ 

R. J .  Beaver 

In support i n  the materials f ie ld  to the Army 
Power Reactor program, effort was directed toward 
advancing the technology of U0,-stainless steel 
dispersion fuels, as wel l  as burnable poison and 
neutron absorber materials, the maior core con- 
stituents of typical Army Reactor plants. 

The in i t ia l  core loading for the f i rs t  Army Re- 
actor, designated SM-1, was fabricated by the 
Metals and Ceramics Div is ion.  The fuel element 
consists of 18 composite plates containing a dis- 
persion of 26.16 wt W UO, and 0.13 wt ‘2 B,C 
in  type 302B stainless steel. 

In the past year a fuel element from this reactor 
was subjected to pcstirradiat ion examination after 
a burnup of 45% of the U 2 3 5  atoms. No damage 
was found which could have impaired i t s  perform- 
ance, but transgranular cracking which could not 
be accounted for was observed i n  the cladding. 
Corrosion was prevalent at the brazed joints, but 
did not appear to be catastrophic. 

Completion of studies an irradiat ion damage to 
stainless steel-clad specimens containing 3 wt W 
B’O dispersed i n  iron revealed that dimensional 

’Reported i n  de ta i l  or referenced i n  Par t  I l l ,  t h i s  
report. 

integri ty was acceptable up to  a 6’’ atom burnup 
of 6%. The poss ib i l i t y  of attaining 8% burnup o f  
the B’O atoms was indicated. 

Examination o f  irradiated stainless steel-clad 
specimens containing dispersions of Eu 0, showed 
that no dimensional or microstructural c ianges had 
occurred after an exposure estimated to be as high 
as 2 x 10” nut.  Although both the irradiated and 
unirradiated specimens with dispersions of Eu,O, 
i n  stainless steel containing more than 20 wt % 
Eu,O, are prone to crack when exposed to 500°F 
pressurized water, the Eu,O, does not appear to  
escape from the sample into the water. 

In  the development of improved dispersions of 
UO, i n  stainless steel containing borosi l icate 
glass as a burnable poison, the d i f f i cu l ty  experi- 
enced previously in the borosi l icate part ic les 
stringering was overcome, and substi tut ion of 
spherical UO resulted i n  a def in i te improvement 
i n  microstructural homogeneity. Boron losses 
during fabrication were found to be negligible. 

A method was developed for producing monocl inic 
Eu,O,, which i s  stable when heated to 2200OF. 
Differential thermal analysis techniques were a1 so 
developed to determine the acceptabi l i ty of Eu,O, 
as a dispersoid i n  stainless steel. 

2 

L 
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9. Maritime Program’ 
W. C. Thurber 

The main objective o f  the Marit ime program has 
been to evaluate nonsintered bulk UO, fuel rods 
for potential use in  future core loadings of the NS 
“Savannah” reactor. For propulsion the ship uses 
a 69-Mw, 20,000-shp pressurized water plant, wi th  
the water cootant operating at 1750 ps i  and 500OF. 
Fuel  for the in i t ia l  cores i s  sintered UO, pel le ts  
i n  type 304 stainless steel cladding. 

’Reported in detai l  or referenced in Part Ill, th is  
report. 

Fabrication studies have centered on v i  bratory 
compaction o f  fused and crushed UO, i n  0.5-in.- 
OD x 0.035-in.-wall stainless steel tubes. It was 
demonstrated that densit ies of 87 to 88% of theo- 
re t ica l  could be readi ly achieved. With developed 
techniques, fuel rods for f ive in-p i le  experiments 
i n  a pressurized water loop. were manufactured 
and successful ly irradiated. Supporting studies 
included investigation of gas evolut ion of UO,, 
measurements o f  the coeff icient of thermal ex- 
pansion o f  swaged UO,, and determination of the 
burst strength o f  swaged fuel tubes. 



10. Enrico Fermi Reactor Program' 

w. c. -. ' I hurber 

The materials assistance to  the Enrico Fermi 
Reactor program i s  concerned with the development 
o f  an improved fuel element for future operation 
o f  th is  300-Mw (thermal) power plant located near 
Detroit, Michigan. The plant was designed and 
constructed by the Power Reactor Development 
Company to  investigate the economic potential 
o f  the fast  reactor concept for nuclear power pro- 
duction. In i t ia l ly ,  it w i l l  be fueled w i th  zirconium- 
c lad 10 wt  % Mo-U a l loy  pins and blanketed w i th  
stainless steel-clad 2.75 wt  % Mo-U al loy pins. 
Because these fuel components exhibi t  dimensional 
ins tab i l i t y  on exposure to radiat ion at  elevated 
temperatures, a new fuel element w i t h  greater 
burnup capabi l i ty  for service in 900°F sodium i s  
required for future loadings. 

The fuel elements proposed for core B of the 
reactor are brazed bundles o f  14 stainless steel- 
c lad plates, each fueled with a dispersion o f  35 
wt X spheroidal UO, i n  a type 347 stainless steel 

'Reported in detai l  or referenced in  Par ts  I I  and Ill, 
this report. 

matrix. The responsibi l i ty  for developing pro- 
cedures to  fabricate these elements has been as- 
signed to  th i s  division, whi le  the fuel element 
design and tes t  responsibi l i ty  resides w i th  Atomic 
Power Development Associates. 

Fuel  bundle fabrication studies demonstrated 
that the complex, c losely  dimensioned assembly 
containing approximately 120 separate parts can 
be produced by a s ingle brazing operation. Dimen- 
sional control o f  the coolant channels to  an aver- 
age spacing o f  F 4 %  can be readi ly maintained. 

Suitable nondestructive examination techniques 
to assess the UO, homogeneity, detect unbonded 
areas, and measure the cladding thickness i n  
indiv idual  fuel p lates were devised. Eddy-current 
devices were developed to  measure coolant-channel 
spacings and l inear dimensions in generally un- 
accessible locations. 

Procedures were developed by which spheroidal 

UO, part ic les can be characterized as to  their  
resistance to  fragmentation and stringering during 
fuel p la te  rol l ing. These methods can be used in 
fuel procurement speci f icat ions to ensure proper 
oxide quali ty. 
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11. Corrosion Engineering 

J. H. DeVan 

GAS-COOL ED REACTOR MATERIALS 
COMPATI BI LlTY TESTS 

J. H. DeVan B. Fleischer 

Impurit ies i n  helium-cooled, graphite-moderated 
reactors are derived both from the desorption of 
gases from graphite and from leakage of air, steam, 
or lubricating o i l s  into the coolant stream. Studies 
were made t o  evaluate the types and amounts of 
impurities arising from each of these sources and 
their effects on reactor construction materials, 
pr incipal ly graphite and ferrous al loys. Tests 
were conducted in  large-scale stainless steel con- 
tainment vessels or dynamic loop systems to  simu- 
late service conditions. 

An adjunct of t h i s  investigation i s  concerned 
w i th  the reaction from mating stainless steel w i th  
graphite surfaces i n  the presence or absence of 
gaseous impurities. These studies are intended t o  
c la r i f y  the mechanism of adsorption and migration 
of carbon at stainless steel surfaces. 

Corrosion of Reactor Materials i n  
Contaminated Helium 

J. H. DeVan 

Loop and capsule experiments were performed to  
study gas-sol id  reactions occurring between con- 
taminated he1 ium and construction materials used 

The in  high-temperature gas-cooled reactors. 
principal contaminants investigated in  th is  program 
comprised Combinations of the gases CO,, CO, 
H,O, H,, and CH,. Tes t  specimens included 
several types of austenit ic stainless steels, 
medium-alloy steels, and graphite, data being co l -  
lected over the temperature range 600 to 1000°C 

1-3 

and general ly at re lat ively low impurity part ial  
pressures. 

A l l  phases of th is  program, except studies deal- 
ing w i th  the interaction of graphite and type 304 
stainless steel, have been completed. Tes t  re- 
sul ts can be summarized as fol lows: 

1. At least two dist inct  oxide types were identi- 
f ied i n  exposures of type 304 stainless steel i n  
stat ic tests containing impurit ies desorbed from 
graphite. In tests in  which gas-metal reactions 
served t o  establ ish relat ively high CO/CO, ratios, 
the oxides were composed chief ly of Fe30,. In  a l l  
the other tests, the oxides were composed of 
2Cr,03.Fe,03, wi th small amounts of MnO, and 
Cr ,03. 

2. In tests simulating the temperature and en- 
vironmental condit ions of the Experimental Gas- 
Cooled Reactor, specimens of type 304 stainless 
steel fuel cladding exhibited carbon increases at 
a l l  temperatures between 815 and 981OC. Carburi- 
zation rates were highest i n  associat ion w i th  en- 
vironments effect ing oxide f i lms of the type Fe,O,. 

3. Signif icant grain growth and l imi ted inter- 
granular oxidation of type 304 stainless steel fuel 
cladding were consistently observed a t  cladding 
temperatures of 926OC or above. 

4. The oxidation resistance of steels containing 
less than 7% Cr tended t o  be poor i n  simulated 
reactor atmospheres at 593OC, but was general ly 

'J. H. DeVan, GCR Quart. Progr. Rept.  lune 30, 1961. 
ORNL-3166, pp 167-68. 

,J. H. DeVan ond H. Inouye, "Reactions of Reactor 
Materials with Gaseous Contaminants in Helium-Cooled 
Reactor Systems,'* paper presented at the US/UK (AGR) 
Gas-Coolant Compatibil ity Meeting, Culcheth, England, 
April 4-5, 1962. 

3J. L. Scott, GCR Quart. Progr.  Rept.  Sept. 30, 1961, 
ORNL-3210, pp 59-61. 
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satisfactory at 760°C. Oxidation of these ma- 
ter ia ls in  hel ium containing as l i t t l e  as 100 ppm 
CO, effected corrosion losses of approximately 
0.07 in./yr. 

5. Addit ions of CO,, CO, and H,O to helium 
loops operating at a hot-leg temperature of 593°C 
and at a cold-leg temperature of 260°C produced 
no measurable effects on graphite specimens held 
for 1000 hr at 593°C. (Maximum concentrations of 
CO, and H,O i n  certain of these tests ranged up 
to  1.0 and 0.15 vol  %, respectively.) Similarly, 
graphite specimens at 760°C showed no signi f icant 
weight losses fol lowing a 1000-hr exposure in  a 
forced-convection loop to  which had been added 

stainless steel were comparable w i th  those re- 
ported for stainless steel i n  carbon-saturated 
sodium. However, phases produced in  surface 
reactions between graphite and stainless steel 
were of higher order than those reported for the 
sodium carrier. 

Bonding and carburization were completely sup- 
pressed at a l l  test condit ions by the presence of 
either an oxide f i lm or a copper plate. 

FLUORIDE SALT CORROSION STUDIES 

J. H. DeVan 

0.07 cm3 (l iquid) of H,O per hour. In neither test  
series was carbon detected at cold-leg surfaces. 

Molten fluoride salts, since they afford excep- 
t ional  s tab i l i t y  under irradiat ion and can be fused 

Graphite-Metal Compatibi l i ty Studies 

B. Fleischer 

Compati b i  I i ty  problems ar i sing from i uxtapos i ti on 
of graphite and metal surfaces at high temperature 
are being investigated as a function of surface 
temperature and contact p r e ~ s u r e . ~ - ~  In i t ia l  tests 
were conducted with graphite and type 304 stain- 
less steel couples under vacuum at temperatures 
between 540 and 700°C and with contact pressures 
ranging from 0 to  10,000 psi.  Stainless steel 
specimens were pretreated to  provide three sur- 
face conditions: hydrogen-fi red, preoxi di zed, and 
copper-plated. 

Di f fusion anneals of 1000-hr duration in  vacuum 
resulted i n  complete bonding between the hydrogen- 
f ired surfaces and graphite at 650 and 700°C with 
contact pressures as low as 500 psi. At 600"C, 
part ial  bonding occurred, the ef fect ive area in- 
creasing with increasing contact pressure. At 
540°C, neither bonding nor carburization could 
be detected metallographically, although an in- 
crease in  carbon concentration was shown by 
chemical analysis of the stainless steel specimens. 

Carbide precipitat ion below the stainless steel 

wi th f luorides of uranium and thorium, offer im- 
portont advantages as high-temperature fuel solu- 
t ions for nuclear reactors and as fuel processing 
media. Both appl ications have stimulated experi- 
mental studies of the corrosion processes by which 
molten-salt  mixtures attack potential reactor ma- 
ter ia ls.  Current studies are directed at corrosion 
problems associated with the Molten-Salt Reactor 
Experiment (MSRE) under construction at ORNL. 
lnvestigotions centered around the al loy system 
17 Mo-7 Cr-5 Fe-bal Ni (wt %) (designated INOR- 
8) and the sal t  system LiF-BeF,. Tests u t i l i zed  
both large-scale forced-convection loops and smaller 
stat ic systems. 

Forced-Convection Loops 

The concluding phase of the MSRE forced-con- 
vection-loop program was concerned w i th  the ef-  
fects of temperature on the corrosion rote of INOR-8 
systems containing mixtures of the type Li F-BeF,- 
UF4-ThF4.687 Table 11.1 compares the corrosion 
rates of INOR-8 measured in pumped loops operat- 
ing w i th  maximum temperatures ranging from 700 t o  
815°C. Weight losses of corrosion inserts i n  these 
systems remained at essent ia l ly  constant values 

surfaces was extensive i n  bonded areas but was after 5000 hr. When judged from the standpoint of 
v i r tua l l y  absent i n  the nanbonded areas. When total  weight loss, the temperature dependence of 
bonding occurred, di f fusion rates of carbon i n  the corrosion rates was relat ively small. The 

4B. Fleischer,  GCR Quart. Progr. Rept .  Der.  31, 1961. 6MSR Progr. Rept .  Mar. 1 to  Aug .  31, 1961, ORNL- 
ORNL-3254, p 53. 3215, p 96. 

5GCR Quart. Progr. Rept.  Mar. 31, 1962, ORNL-3302 7MSR Pro ram, Semiann. Progr. Rept .  Feb .  28, 1962. 
( in  press). ORNL-3282fin press). 
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Table  11.1. Corrosion Rates of Inserts Located in  the Hot  Legs of INOR-8 Forced-Convection Loops 

a s  a Function of Operating Temperature 

Loop temperature gradient: 200°C 
Flow rate: 2.0 gpm 

Reynolds No.: 3000 

Weight L o s s  Per 

U n i t  Area 
Equivalent L o s s  i n  

Wall Thickness 

Insert 

Temperature T ime Loop Salt 

(mg/cm (P)  
Number Mixture' (OCIb (hr) 

9354-4 130 700 5,000 1.8 

15,140 1.8 

MSRP- 14 Bu- 14 70 0 2,200 0.7 
8,460 3.8 

10,570 5.1 

MSRP- 15 Bu- 14 760 8,770 11.2 
10,880 lo.oc 

10,000 2.1 

MSRP- 16 Bu- 14 8 15 5,250 9.6 
7,240 9.OC 

2.0 
2.3 
2.0 

0.8 
4.3 
5.8 

12.7 
11.2 

10.9 
9.1 

'Composition 130: 
mole %. 4' Li F-Be F ,-UF 

'Same as maximum waI I temperature. 

=Average of two inserts. 

62-37-1 mole %; 

metal lographic appearance of specimen surfaces, 
however, was noticeably affected by the test  
temperature. At the highest test temperature 
(815OC) exposed surfaces underwent a depletion of 
chromium, as evidenced by the appearance of sub- 
surface voids (Fig. 11.1). At lower temperatures 
the surfaces were only s l ight ly  pit ted and were 
l ined wi th  a th in  surface film, shown i n  Fig. 11.2. 
The composition of th is  layer indicates a higher 
Ni/Mo rat io  than was original ly present i n  the 
base metal and suggests that the layer may consti-  
tute an intermetall ic transformation product of the 
Ni-Mo system. 

Fluoride Salt Contamination Studies 

Experiments are i n  progress to  examine the ef -  
fects of ox id iz ing impurit ies on the corrosion 
behavior of molten fluoride fuels and to establ ish 
tolerances for such impurit ies in  the MSRE cover 
gas.'#* In i t ia l  studies are concerned with the 

~ ~ 

8MSR Progr. Rept .  Mar. 1 to A u g .  31, 1961, ORNL- 
3215, pp 99-100. 

composition Bu- 14: L i  F -BeF2-ThF4-UF4 ,  67-18.5-14-0.5 

impurity HF, which may be formed through the 
hydrolysis of residual moisture by f luoride melts. 

Prel iminary experiments, which u t i  I i zed INOR-8 
thermal -convection loops containing the mixture 
NaF-ZrF, and dissolved HF, were unsuccessful 
because of precipitat ion of the corrosion product 
NiF, and subsequent plugging of the systems. 
Accordingly, the program was revised to u t i l i z e  
stat ic capsules rather than circulat ing loops. 
Test  equipment has been completed, and studies 
of HF-containing salts are continuing. 

Corrosion Effects of CF, 

Postirradiat ion examination of in-pi le test cap- 
sules (ORNL-MTR-47-3) disclosed the presence 
of CF, i n  the cover gas above graphite boats con- 
taining MSRE fuel. The escape o f  CF, might con- 
s t i tu te  a serious problem because of chemical 
changes simultaneously produced i n  the fuel. To 
circumvent th is  condition, an overpressure of CF, 
on the primary system would be required. T o  
evaluate th is  expedient, experiments are under 
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Fig. 11.1. Appearance of Specimen Removed from Point of Maximum Salt-Metal Interface Temperature (815OC) of 
INOR-8 Forced-Convection Loop MSRP-16. Operating time, 7240 hr; s o l t  mixture, Li F-BeF2-ThF4-UF4, 67- 18.5- 14- 
0.5 mole %. 

Fig. 11.2. Appearance of Metallographic Specimen from Point of Maximum Salt-Metal Interface Temperature 
(700OC) of INOR-8 Forced-Convection Loop 9354-4. Operoting time, 15,140 hr; s o l t  mixture, Li F-BeF2-UF4, 62-37-1 
mole  %. 

c 
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way t o  determine the effects of CF, exposure on were heavi ly attacked. INOR-8 specimens at 
MSRE core materials. 8OO0C exhibit  reaction f i lms ( identi f ied as NiF, 

Tests  carried out in  the range 600 to  8OOOC and CrF,) less than 0.0001 in. in  thickness fol- 
showed l i t t l e  effect of CF, vapor on INOR-8 lowing 500-hr exposures to  CF, vapor at  6 psig. 
graphite or nickel, although materials such as Further tests of INOR-8 are being conducted in  
type 304 stainless steel, molybdenum, and lnconel MSRE fuel sa l t  saturated wi th  CF,. 
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12. Fuels Evaluation 

J. L. Scott 

R. E. Adams 

COATED PARTICLES 

Graphite elements containing UC, part ic les 
coated w i th  pyrolyt ic carbon are being evaluated 
in  ant ic ipat ion o f  their use i n  the Pebble Bed Re- 
actor Experiment (PBRE) ,  a 5-Mw experimental 
reactor proposed by ORNL for study of the essen- 
t ia l  features of t h i s  type o f  reactor concept. The 
rate of fission-product release i s  expected to be 
higher w i th  the all-ceramic fuel elements proposed 
for the PBRE than w i th  metal-clad fuel elements. 
Therefore a maior phase o f  the evaluation program 
concerned the f i  ss  ion-product-retention character- 
i s t i cs  of the part ic le coatings. Deta i ls  of the 
neutron-activation technique used are given else- 
where. 

Small samples o f  unsupported UC, part ic les 
coated w i th  pyrolyt ic carbon obtained commer- 
c ia l l y  were used in the experiments. The coatings 
varied from 50 to 100 p in thickness and were o f  

2 three character i s t i  ca I I y dif ferent microstructures, 
laminar, columnar, and duplex. X-ray di f f ract ion 
patterns indicated a l l  coatings to  be of graphite 
of small crystal l i te size,3 w i th  the laminar coating 
showing as an apparently strained latt ice. 

T o  date, about 20 batches of coated part ic les 
have been e ~ a m i n e d , ~ - ~  and a l l  three types of 
coatings were shown t o  be very retentive o f  
fission-product gases when properly prepared: 
typical  batches released only about 1 x % o f  

1 

'D. F. Toner and J. L. Scott, Am. Sor. Tes t ing  Ma- 
ter ials ,  Spec. Tech. Publ. N o .  306, pp 86-99 (1961). 

2C. K. H. DuBose and R. J. Gray, Metallography of 
Pyrolytic Carbon Coated and Uncoated Uranium Carbide 
Spheres ,  ORNL-TM-91 (Mar. 21, 1962). 

30. B. Cavin, X-Ray Diffraction Group. 

R. A. Bowman 

Xe133  i n  3 hr a t  14OOoC. Some batches showed 
higher rates o f  Xe133 release, which, in general, 
resul ted from either high uranium contamination on 
the surface or from fissures in the poorly prepared 
coatings. Those batches showing tgood f ission- 
gas-retention properties a t  1400°C .also had ex- 
ce l len t  retention characteristics a t  1800"C, but 
a t  2O0OoC some o f  the coatings began t o  rupture. 
Th is  rupturing i s  attr ibuted to stresses resul t ing 
from di f ferent ia l  thermal expansion between the 
UC, core and the pyrolyt ic carbon coating. An 
exact correlation cannot be made, because infor- 
mation on the temperatures a t  which the coatings 
were applied to  the part ic les has been wi thheld 
by the vendors. 

Although the pyro ly t i c  carbon coatings were very 
retentive w i th  respect t o  xenon a t  1800°C and 
below, g a l 4 '  and SrE4 were released rapidly at 
1400°C and above. L i k e  Xe133, I l 3 l  and T e 1 3 2  
were released only when defect ive coatings were 
present. The more rapid di f fusion o f  meta l l ic  
f i ss ion  products i s  attr ibuted to the higher solu- 
b i l i ty  of the meta l l i c  species in the carbon coat- 
ings, and causes concern that uranium might be 
somewhat soluble in  the coatings and di f fuse 
through them. This  type o f  migration would not 
be detected by neutron-activation tests unless the 
di f fusion anneals were done pr ior  to  the tests. 

4J.  L. Sco t t  e t  al., GCR Quart. Progr. Rept. June 30,  

'D. F. Toner and J. L. Scott, GCR Quart. Progr. 

1961, ORNL-3166, pp 86-89. 

Rept. Sept. 30, 1961, ORNL-3210, pp 138-46. 
6J. Lo Scott et  al., GCR Quart. Progr. Rept. Der. 3 1 ,  

1961, ORNL-3254, pp 145-48. 

7c'Fuels Evaluation Section," GCR Quart. Progr. 
Rept. Mar. 31 ,  1962, ORNL-3302 ( in press). 
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When the coated part icles were incorporated into 
a fuel element, the rate of Xe133 release deter- 
mined by neutron act ivat ion was, i n  general, much 
higher than that for the coated part icles them- 
~ e l v e s . ~  One explanation for th is  anomaly was 
suggested by the correlotion found between the 
pressures used i n  compacting the bodies and 
the release of Xe133. Th is  poss ib i l i t y  was con- 
firmed by metallographic examination’ of one of 
the poorest elements, which contained about 1% 
of part icles w i th  defective coatings. I n  many 
other fuel elements, only one or two part icles out 
of several thousand were broken, and one fuel 
element showed as good fi ssion-gas-retention 
properties as the start ing materials. 6 

To further substantiate the presence o f  part ic les 
wi th defective coatings, after the postirradiat ion 
anneals a number of the fuel elements were ex- 
posed at room temperature to helium containing 
0.6% water vapor. I n  a number o f  instances xenon 
continued to be released because o f  the hydrolysis 
of the exposed UC,, but i n  other instances fuel ele- 
ments showing some Xe ’33  release on annealing 
showed no further release on exposure to the moist  
helium. The source o f  the xenon i n  these tests 
i s  thought t o  be uranium contamination in the 
graphite matrix. 

Another explanation for the increased Xe’ 33 
release from the fuel elements i s  the poss ib i l i t y  
of uranium migration t o  the surface. Several fuel 
elements were annealed prior to neutron act ivat ion 
to test  th is  idea. The results are incomplete, but 
good evidence was found for the migration o f  
uranium through laminar coatings i n  20 hr a t  
1700°C’ and through duplex coatings in  24 hr at 
2OOO0C. Long-time tests at lower temperatures 
are now in  progress. 

UNCOATED PARTICLES 

I n  an attempt to determine the mechanisms of 
xenon release from part ic les w i th  defective coat- 
ings, neutron-activation tests were done on un- 
coated UC, part icles i n  the range 1000 to 20OO0C. 
The so-called “uncoated” part icles actual ly had 
a 10- to 15-p-thick permeable coating of graphite 
on the external surfaces. Th is  th in  graphite 
coating forms, during the production o f  UC,, from 
excess carbon. Some graphite and UC are also 
present i n  the UC, matrix. 

The release o f  Xe133 from the uncoated part ic les 
was characterized by an in i t ia l  rapid release 
fol lowed by  dif fusion-control led r e J e a ~ e . ~ - ~  The 
in i t ia l  release i s  probably due to the release of 
some o f  the recoi ls from the graphite shell. The 
dif fusion-control led release i s  thought to be due 
to combined di f fusion from the coating and the 
UC, i n  the range 1000 to 1800°C. At higher 
temperatures the graphite layer i s  depleted of 
xenon, and dif fusion from UC, i s  the rate-con- 
t ro l l ing step. The act ivat ion energy for the 
combined dif fusion processes was found to be 
about 20 kcal/mole and that for d i f fusion from 
UC, to be roughly 37 kcal/mole. 

Other f iss ion products7 released from uncoated 
part icles and the lowest temperature a t  which 
detectable amounts were found i n  samples con- 
taining a total  of about 1015 f issions were I , 
<lOOO°C; Te13,, <lOOO°C; Ba14’, 1050OC; Sr89, 
<lOOO”C; Ru103, 1600°C; and Nd147, 2000°C. An 
isotope of part icular importance, Cs137, could not 
be detected, as a resul t  of the low burnup of the 
neutron-activated fuel samples. A new apparatus 
i s  being developed for more careful ly control led 
studies of fission-produce release, transport, and 
deposition from fueled graphite. 

1 3 1  

*E.  L, Long, Jr., Metallography Group. 

_ _ _ _ ~  

9J. L. Scott e t  al., GCR Quart. Progr. Rept. Dec. 3 1 ,  
1961, ORNL-3254, pp 151 -53. 
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13. Materials Compatibility 

E. E. Hoffman 

ALKALI-METAL CORROSION STUD1 ES 

E. E. Hoffman 

The physical properties of a lka l i  metals make 
them high ly  desirable as nuclear coolants and 
heat-transfer media. Unfortunately, the hazards 
associated wi th  any leakage of these f luids as 
wel l  as their corrosive nature have curtai led their 
extensive use. I n  most cases, u t i l izat ion has 
been l imited to those systems i n  which no other 
heat-transfer f lu id  meets the requirements. For  
several years th is  group has been studying various 
facets of the corrosion problems inherent i n  con- 
taining f lowing a lka l i  metals a t  h igh temperatures. 
During the past year, investigations were con- 
ducted on the optimum techniques for removing 
nonmetall ic impurit ies and the development of 
suitable analyt ical procedures for determining the 
purity of a lka l i  metals, on the relat ion between 
oxygen distr ibution and corrosion o f  refractory 
metals i n  contact wi th  l ithium, and on the use 
of a nickel-base a l loy for containing boi l ing 
potassium. 

AI ka I i-Meta I Pur i f icat ion 

A. P. L i tman 

Impurities, such as oxygen, nitrogen, and car- 
bon, i n  a lka l i  metals may cause alterat ion o f  the 
properties of container materials, a f fect  mass 
transfer, or cause plugging due to precipitat ion 
o f  alkal i-metal impurity compounds. Studies o f  
methods’ for puri fying the a lka l i  metals have 

’E. E. Hoffman, Corrosion of Materials by  Lithium 
a t  E leva ted  Temperatures,  ORNL-2924 (Oct. 3 ,  1960). 

included low-temperature f i  Itration, cold trapping, 
vacuum dist i l lat ion, and gettering w i th  act ive 
metals. Recent investigations by th is  group point 
to gettering, combined wi th  low-temperature f i l t ra-  
t ion i n  some cases, as the most practical and 
ef f ic ient  method for lowering the oxygen content 
of the a lka l i  metals. The gettering technique 
re l ies on the relat ive thermodynamic ac t iv i t y  o f  
the oxygen i n  the a lka l i  metal vs  that o f  the so l id  
metal. Therefore an oxygen distr ibution coeff i-  
c ient  ex is ts  between the getter and the a lka l i  
metal. The coeff icient and the system k inet ics  
are important factors i n  the purif icat ion process. 

For purif ication, solubi l i ty, and corrosion 
studies, accurate analyt ical procedures are needed 
for several impurit ies. The lack of such proce- 
dures, especial ly for oxygen i n  the a lka l i  metals, 
has seriously hampered progress i n  the areas of 
investigation mentioned above. For example, the 
correlation between the methods used i n  determin- 
ing oxygen in  potassium was poor, and when con- 
trol led oxygen addit ions were made, a l l  the oxygen 
was not extracted from the potassium samples. A 
comprehensive rev iew2 of ex is t ing analy t ica l  
methods veri f ies the need for better techniques. 
An improvement may resul t  from forthcoming modi- 
f icat ions to  the analy t ica l  equipment, revision o f  
present sampling procedures, and advanced studies 
on a gettering vacuum-fusion method investigated 
a few years ago. 3 

’C. R. F. Smith, T h e  Determination of Oxygen  in 
Sodium - A Cri t ica l  R e v i e w  of Analy t ica l  Methods,  
NAA-SR-Memo-2061 (April 1960). 
3P0 H. Goble, W. M, Albrecht, and M. W. Mallett, 

”Determination of Oxygen in Sodium,” Progress Re-  
lating to  Civi l ian  Appl ica t ions  Durin 1957, BMI-1173, 
p 67 (February); BMI-1181, p 70 ?April); BMI-1189, 
p 59 (May); BMI-1201, p 55 (June). 
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Corrosion of Refractory Metals by L i th ium 

J. R. DiStefano 

L i th ium has long been under consideration for 
appl icat ion as a heat-transfer f lu id  i n  nuclear 
reactors because of i t s  at t ract ive physical and 
nuclear properties. Early stat ic corrosion test  
data4 and solubi l i ty  studies5 indicated that the 
refractory metals are more resistant to dissolut ion 
and other types of liquid-metal corrosion than are 
the more conventional materials of reactor con- 
struction. In addition, extensive l i th ium studies’  
in  both stat ic and dynamic test  systems on a 
wide variety of metals and al loys indicated that 
only the refractory metals would be suitable for 
appl icat ion in  dynamic, nonisothermal systems 
operating a t  temperatures i n  excess o f  650OC. 

More recent investigations have shown, however, 
that although the pure metals niobium, tantalum, 
vanadium, and zirconium exh ib i t  excel lent resist- 
ance to attack by l i th ium a t  temperatures even i n  
excess of 8OO0C, the presence of small  quanti t ies 
of oxygen in  either niobium or tantalum can lead 
to a very rapid penetration of these metals by 
l i th ium over a wide range o f  temperatures. Vana- 
dium and zirconium, on the other hand, showed 
no attack when contaminated w i th  oxygen to  levels 
of 2000 and 4000 ppm, respectively. 

In  an effort to understand the mechanism o f  
attack by lithium, studies were concentrated 
during the past year on the Nb-Li system. It was 
found that the interaction between molten l i th ium 
and oxygen-contaminated niobium results i n  the 
formation of a corrosion product most often found 
in  grain boundaries or along (1101 planes. The 
product was found to  contain l i th ium and oxygen, 
but no further ident i f icat ion was made. The major 
variables affect ing the extent of l i th ium penetra- 
t ion of niobium were found to  be oxygen concen- 
trat ion and temperature. Time was a relat ively 
insensit ive variable in  the sense that the maximum 
depth of corrosion generally occurred i n  from 1 
to 5 hr. 

In  addit ion to l i th ium penetration, a transfer of 
oxygen was observed i n  a l l  the refractory-metal- 
l i th ium systems investigated. Oxygen transfer 

4A. de S. Brasunas, Interim Report on Stat ic  Liquid- 
Metal Corrosion, ORNL-1647, p p  32-44 (Moy 11, 1954). 

’U. F, Bychkov, A. N. Rozanov, ond V. P, Yakoblevo, 
Atomnaya Energ. 7(6), 531 -36 (1959). 

appears to  occur according to Nernst’s law of 
d istr ibut ion of a solute between two immiscible 
solvents: K = uA/u3 ,  where uA i s  the ac t iv i t y  
o f  the solute in  solvent A ,  a B  i s  the ac t iv i t y  of 
the solute i n  solvent B, and K i s  a constant (at  
a given temperature), cal led the “distr ibution 
coefficient.” The data are insuff ic ient  a t  th is 
t ime to  permit the calculat ion o f  the various 
distr ibut ion coefficients; however, the qual i tat ive 
extent of gettering was observed to be i n  agree- 
ment w i th  that predicted by the standard free 
energies o f  formation for the various oxides of 
the sol id metals and l i th ium oxide. 

The results presented i n  th is section w i l l  be 
reported i n  considerable detail. 

Bo i I in  g- Pota s s i urn Stud i es 

E. E. Hoffman D. H. Jansen 

The use of a bo i l ing  a l ka l i  metal as the working 
f l u id  in a Rankine cycle turbogenerator power 
system has been proposed as a method of pro- 
ducing electr ical power for use i n  space systems. 
Potassium has been judged to  be one of the more 
attract ive f luids for th is appl icat ion. Current 
research i s  directed toward a correlation of 
compatibi l i ty information developed i n  the past 
i n  single-phase ( l iquid) test  systems w i th  the 
corrosion phenomena observed i n  two-phase 
(I iquid-vapor) sys tems. 

The studies were begun with a nickel-base 
alloy, lnconel, as the container material because 
considerable sodium corrosion data are avai lable 
on this alloy. The test  loop, Fig. 13.1, was 
operated for  1500 hr under the temperature con- 
di t ions indicated. Examination o f  the boi l ing- 
l iqu id  loop after test  indicated the same types 
of corrosion observed previously i n  c i rculat ing- 
l iqu id  tests: d issolut ion o f  the container, mass- 
transfer crystal deposition, and carbon transfer. 
The principal difference noted was the concentra- 
t ion o f  some of these effects i n  local ized areas. 
A much greater concentration of carbon occurred 
i n  certain regions of the two-phase loop than had 

6J. R. DiStefano and E. E. Hoffman, “Relat ion Be- 
tween Oxygen Distribution and Corrosion i n  Some 
Refractory Metal-Lithium Systems,” paper to be 
presented o t  the International Conference on the Cor- 
rosion of Reactor Materials, Salzburg, Austria, June 
4-9, 1962; transactions to be published by Interno- 
tional Atomic Energy Agency. 
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been noted i n  the single-phase loops. A typical 
example of the degree to which th is  occurred is  
shown in  Fig. 13.2. Concentration o f  mass- 
transfer products was local ized as i l lustrated by 
the weight-change prof i le  in Fig. 13.3. The sharp 
temperature gradient in  the potassium just below 
the I iquid-vapor interface i n  the subcooler section 
resulted in  a more loca l ized concentration of 

deposits than i s  usually noted i n  single-phase 
loops. Some metal crystal deposit ion a lso  oc- 
curred on the boiler wa l l  as a resul t  of solute 
element buildup caused by the concentrating 
effects of the d is t i l l a t ion  process. Thus, although 
no new phenomenon was uncovered, it i s  apparent 
that some of the corrosion mechanisms w i l l  tend 
t o  be aggravated i n  a bo i l ing system. 
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GRAPHITE-MOLTEN FLUOR1DE SALT STUDIES 

W. H. Cook 

MSR E-Type Graphite 

A 2 \  x 2 \  x 15-in. sample cut from a treated 
and fu l l y  graphitized 4-in.-diam graphite cy1 inder 
was evaluated wi th  respect to the MSRE7 and met 
or approached essential ly a l l  the requirements. 
The graphite, grade CGB-X, was found t o  be 
deficient only i n  that it had an average bulk 
density of 1.83 g/cc, whereas the requirement for 
the MSRE graphite bars is  1.87 g/cc, minimum. 
The requirements of chemical purityI8 oxygen 
contamination, and permeation by mercury and by 
molten fluoride salts were met. In  two tests the 
graphite developed an average equil ibrium pressure 
w i th  28 cc (STP) of CO per 100 cc o f  graphite 
when heated to 180OOC i n  a system in i t ia l l y  
evacuated to  torr a t  room temperature. The 
l i m i t  set for the MSRE graphite bars i s  30 cc 
(STP) of CO under these conditions. 

8 

Pertinent f ind ings exc Ius ive of spec i f  ica t ions 
were that the pore structure tended to  be hetero- 
geneous but that 98% of the accessible porosity 
had pore-entrance diameters of less than 0.35 p. 
The smallness of these pore-entrance diameters 
kept the nonwetting molten-fluoride sa l t  from 
permeating the graphite. In  general, the sa l t  
permeation tended to  be restr icted to a shallow 
penetration, less than 0.01 in., below the surfaces 
i n  contact w i th  the molten sa l t  under a pressure 
approximately three times that expected in the 
MSRE. A n  isolated penetration to a depth of 
0.18 in. was found in a random sample of a test 
specimen that had the largest sa l t  permeation. 

7H. G, MacPhersan et al., ORNL CF-57-4-27 (Apr, 

8MSR Program Semiann. Progr. Rept. Feb .  28, 1962, 

29, 1957) (c lassif ied) .  

ORNL-3282 (in press). 

The graphite 
should equal or 
CGB-X graphite. 

bars fabricated for the MSRE 
surpass the properties o f  grade 

Ammonium Bif luoride as Oxygen-Purging Agent 
for Graphite 

Removal of Oxygen from Graphite. - Oxygen 
contamination of graphite has been observed to 
cause precipitat ion of UO, in  some graphite- 
f luoride sa l t  s y ~ t e m s . ~ ” ~  Tests  have indicated’ 
that oxygen can be removed from moderately 
permeable grades of graphite by exposing them 
for 20 hr to the thermal decomposition products 
of crystals of ammonium bifluoride, NH,F.HF, 
a t  temperatures as low as 2OOOC. Purging tests  
were conducted a t  200, 400, 500, 600, and 705OC. 

Reactions and Effects on INOR-8. - React ion 
layers formed on 0.040-in.-thick tens i le  specimens 
that were included in  the purging tests a t  500, 
600, and 705OC. The  thickest layer was approxi- 
mately 0.005 in. and was formed at  the highest 
purging temperature. Th is  reaction layer did not 
alter the tens i le  properties at room temperature 
or at 675OC. ” 

Permeation of Mercury and Molten Fluoride Salts 

Tests on ten grades of graphite having porosi- 
t ies  ranging from low to high indicated that a 
simple mercury-impregnation test  a t  room tempera- 
ture i s  suitable for qual i ty  control for various 
grades o f  graphite because i t  can be related t o  
the standard molten-fl uor ide-sa I t permeation 
screening test. a 

9MSRP Quart. Progr. Rept. Jan. ? l ,  1959, ORNL- 
2684, p 80. 

’OW. H. Cook, Met. Div .  Ann. Progr. Repi. J u l y  I ,  
1960, ORNL-2988, p 227. 

’ l M S R P  Progr. Rept. Mar. 1 i o  Aug. 31 ,  1961, ORNL- 
3215, p 115. 
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14. Mechanical Properties 

J. R. Weir 

MECHANICAL PROPERTIES OF TYPE 347 
STAlNL ESS STEEL-UO, CERMET 

J. T. Venard R. W. Swindeman 

A program i s  i n  progress to  determine certain 
mechanical properties of the type 347 stainless 
steel-U0, cermet that i s  to  comprise the Enrico 
Fermi core B fuel. To  date, the investigation has 
covered the e las t i c  modulus vs temperature, ten- 
s i l e  properties vs temperature, and strain cycl ing 
a t  115OOF and 120 cprn. 

Figure 14.1 i s  a plot  of the elast ic modulus of 
type 347 stainless steel and type 347 stainless 
steel-U0, vs temperature. Since the UO, com- 
prises approximately 20 vol %, it i s  interesting 
that a l ine  corresponding t o  80% of the elast ic 
modulus for type 347 stainless steel f i t s  we l l  w i th  
values for the cermet. The tensi le properties of 
th is material are shown i n  Fig. 14.2. Metallography 
has shown the UO, dispersion part icles t o  be 
interconnected somewhat by  a complex network i n  
the type 347 stainless steel matrix. The UO, 
would be expected to  ac t  as a b r i t t le  boundary 
aligned normal to  the stress applied ( in  the trans- 
verse direct ion) and would be expected t o  fracture 
at low strains. The load i s  therefore transferred 
almost ent i re ly to  the type 347 stainless steel 
matrix. Further deformation of the matrix resul ts 
in  high local ized stresses (and therefore strains) 
a t  part icle-matrix interfaces. The end resul t  of 
these ef fects i s  that the tensi le strength, y ie ld  
strength, and duc t i l i t y  are lower than those of type 
347 s ta in less  steel. 

Strain-cycling tests run a t  120 cpm and ll5OoF 
indicated that the strain-fatigue curve can be rep- 
resented by 

N ' j 2  E P = c ,  

where N i s  the number of cycles t o  failure, E i s  
the p las t i c  strain range, and C i s  a constant equal 
to  approximately 0.19, Further work in  th i s  area 
i s  i n  progress. 

P 
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MECHANICAL PROPERTIES OF ALUMINUM 
ALLOYS 6061 AND X8001 

W. R. Martin 

Selection of a suitable cladding material for the 
fuel element plates of the Advanced Tes t  Reactor 
(ATR) required the determination of the mechanical 
properties of several aluminum al loys a t  elevated 
temperatures. 

Two aluminum al loys, 6061-0 and X8001, were 
chosen for mechanical property tests  after con- 
sideration of fabrication, corrosion, and strength 
requirements of the fuel elements. The tensi le 
properties, e last ic  moduli, and isochronous stress- 
strain curves i n  the strain range 0 t o  1% were 
generated for both a l loys i n  the annealed condit ion 
at  400, 500, and 600OF. A cursory examination 
was made of the creep properties of 10 and 15% 
cold-worked aluminum X8001 (approx H14 t o  H16) 
a t  400 and 500OF. 

The results, as summarized i n  Table 14.1, indi- 
cate that the time-dependent deformation properties 
of al loy6061-0 i n  the range400 to  600°F are supe- 
r ior to those o f  a l loy X8001. The tens i leand short- 
time-creep strengths o f  a l loy X8001 were increased 
by cold working i n  the range 10 to 15% compared 
wi th  those of the annealed material, but were sig- 
n i f i can t ly  less than those of a l loy  6061-0. The re- 
covery o f  the cold-worked a l loy  X8001 during creep 
test ing a t  the lowest temperature investigated, 
4OO0F, was suff icient to reduce the 100-hr isochro- 
nous stress-strain data to values wi th in  experimen- 

ta l  error for the same material in the annealed 
condition. These experiments complete the mechani- 
ca l  property program on test ing of ATR cladding 
alloys. 

DIMENSIONAL STUDIES OF EGCR-TYPE FUEL 
ELEMENTS AT ELEVATED TEMPERATURES 

W. R. Martin 

The dimensional studies of fuel elements during 
thermal cyc l ing are being investigated a t  thermal 
and pressure conditions predicted for the Experi- 
mental Gas-Cooled Reactor (EGCR). Previous 
studies showed that plast ic deformation of the 
cladding can occur as a result o f  cycling. These 
studies of the fuel elements consist ing of cored 
UO, fuel pe l le ts  clad w i th  0.020-in. type 304stain- 
less steel did not resul t  i n  a single event that 
could be interpreted as a fuel element failure. 

I n  advanced concepts of gas-cooled reactor fuel 
elements, beryl l ium may be used as the cladding 
material or the thickness of the stainless steel 
cladding may be decreased. Experimental programs 
related to  these two areas are i n  progress. The 
results obtained thus far indicate the following: 

1. The low duc t i l i t y  of the finned beryl l ium 
tubing at  temperatures below 5OOOF requires that 
a radial clearance ex is t  between cladding and fuel 
t o  prevent the introduction of strain i n  the c lad  by 
the fuel. A n  example of a finned beryl l ium-clad 
fuel element fa i lure due to  fuel-cladding interaction 
i s  shown in Fig. 14.3. 

T a b l e  14.1. Typical  Isochronous Stress-Strain Data  for 
Aluminum Al loys 6061 and X8001 a t  E levated Temperatures 

Stress (psi) Necessary To Produce 0.1% Strain 

in a Given T ime a t  Various Temperatures 

400' F 500' F 600" F 
Type of Material 

100 hr 450 hr 100 hr 450 hr 100 hr 450 hr 

X800 1-0 1325 1050 750 6 20 325 200 

X8001, 10% 1650 1100 8 50 
co Id-worked 

X8001, 15% 1650 1100 750 
col d-worked 

606 1-0 5200 4600 2900 2300 1500 1150 
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Fig.  14.3. Finned Beryllium-Clad UO, Fuel Element Fractured Due to Thermal Expansion of Fuel During Ther- 
m a l  Cycling. 

2. Reduction i n  the thickness of stainless steel 
cladding does not greatly increase the ax ia l  p last ic 
deformation of the cladding during cycl ing. How- 
ever, one of the problems associated w i th  the 
thin-wall  tubing i s  instabi l i ty  under external pres- 
sure a t  elevated temperatures. With an i n i t i a l  
radial clearance of 0.004 in., stainless steel clad- 
dings 0.005 and 0.010 in. in  thickness buckled i n  
a nonuniform manner under external pressure. As 
a result, the metal fa i led i n  subsequent thermal 
cycling. Thus the diametral clearance between 
fuel and cladding must be reduced below some 
cr i t ical  value to  ensure a uniform collapse. 

These data indicate that in  a l l  concepts o f  beryl- 
lium-clad fuel elements interaction of fuel and 
cladding must be prevented un t i l  the basic problem 
of low-temperature duc t i l i t y  i s  solved. I f  the th ick- 
ness of stainless steel cladding i s  reduced, a 
material less embrittled by irradiat ion w i l l  be re- 
quired. The lower l im i t  of cladding thickness w i l l  
depend upon the smallest diametral clearances 
that w i l l  a l low loading of the fuel in to  the cladding 
and ye t  prevent nonuniform buckl ing of the tube 
under reactor conditions. 

COLLAPSE OF CYLINDERS UNDER 
EXTERNAL P RESSU RE 

C. R. Kennedy J. T. Venard 

The problem of the possible col lapse of reactor 
piping subjected to periods of external pressure 
loading has led to  an investigation of the tube 
col lapse phenomenon. 

A graphical solut ion developed to  s impl i fy in- 
e last ic col lapse design problems was shown t o  
agree w i th  tes t  results. The von Karman reduced 
modulus was used in  the graphical solut ion to  
correct for the stress redistr ibution due t o  yielding. 
The effects of the geometric imperfections of 
oval i ty and wall- thickness variat ions on col lapse 
pressure were shown t o  be related to  the stress- 
strain behavior of the material. 

Figure 14.4 i s  representative of the excel lent  
correlation of the stress-strain behavior w i th  
experimental col lapse data. These data and a 
discussion of the concept of “cr i t ical  time” i n  
creep-buckling behavior are presented i n  detai l  
elsewhere. 1 

‘C. R. Kennedy and J. T. Venard, Collapse of Tubes 
by  External  Pressure,  ORNL-TM-166 (April 1962). 
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STRESS RUPTURE OF TYPE 304 STAINLESS 
STEEL TUBING 

J. T. Venard 

The use of the Dorn parameter in  correlating 
stress-rupture resul ts of type 304 stainless steel 
was reported previously.2 This correlation, along 
wi th  experimental results, i s  shown in Fig. 14.5 
for 1100, 1200, 1300, 1400, 1500, 1600, and 18OOOF. 
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Fig.  14.5. Type 304 Stainless Steel Tube-Burst Data 

far As-Received Specimens Tested in Air Compared with 

Data  Predicted from ut vs tr e- Q/R T 

No s ize ef fect  i s  seen except a t  18OO0F, where 
increased duc t i l i t y  of the material causes end 
ef fects t o  become appreciable i n  the 2%-in.-long 
spec i men s . 

The ex-pi le test ing of specimens from heat 
23999X i s  essent ia l ly  complete and w i l l  be reported 
in deta i l  in  a topical  report. 

STRESS RUPTURE OF Nb-1% Zr TUBING 

R. L. Stephenson 

The ex-pile tube-burst properties of Nb-Zr a l l oys  
are being studied to provide control data for com- 
parison wi th  the resul ts of in-pi le tube-burst 
studies. Thus far, the stress-rupture curves for 
specimens from two heats of Nb-1% Zr  a l l oy  tubing 
have been determined. Figures 14.6 and 14.7 
give the stress-rupture curves at 1800 and 200OOF 
for heats T-25 and PGVE, respectively. 

2J. T. Venard, GCR Quart Progr. R @ t .  Xept 30, 
1961, ORNL-3210, p 177. 

TIME TO RUPTURE ( h r )  

Fig. 14.6. Tube-Burst Strength of Nb-1% Zr Al loy 

(Heat  T-25). 

U N C L A S S I F I E D  

TIME TO RUPTURE (hr)  

Fig. 14.7. Tube-Burst Strength of Nb-1% Z r  Al loy  
(Heat  PGVE). 
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BERY LLl UM I RRADl ATlON EFF ECTS MECHANICAL PROPERTIES OF BERYLLIUM 

J. R. Weir J. W. Woods J. W. Woods 

Radiation effects in  beryl l ium that produce 
changes i n  i t s  mechanical properties a t  tempera- 
tures above room temperature are due primari ly to 
the helium generated in  the beryl l ium by the ( n ,  2n) 
and ( n ,  a )  reactions. Experiments performed pre- 
viously t o  determine some of the effects on certain 
mechanical properties have been reported. 

A few in-p i le  stress-rupture experiments were 
performed during the past year on beryl l ium having 
a fabrication history dif fering from that of material 
tested previously. These experiments showed that 
the effects i n  warm-extruded tubing are smaller 
than those observed i n  tubing produced by hot 
pressing and hot extrusion. The latter tubing 
showed a 20% decrease in  stress-rupture strength 
at a fast f lux  o f  2 x lo2’ nut, whereas the decrease 
exhibited i n  a few in-pile tests of warm-extruded 
tubing under similar conditions was of the order of 
10%. 

In-pi le stress-rupture experiments conducted a t  
52OOC on tubing produced by hot pressing and by 
warm extrusion showed no effect of irradiat ion t o  
integrated fast  f lux  i n  the range 1 t o  3.4 x lo2’ 
nut. Although the strength at 52OOC appeared t o  be 
unaffected by irradiation, the fracture strains ob- 
served in  the hot-pressed tubes after irradiation 
were 0.5 t o  2.5% as compared wi th  values of 1.0 
to 4.0% in  unirradiated tubes. The warm-extruded 
tubing exhibited fracture strains of 2.0 t o  3.6% in 
irradiated tubes and values of 1.5 to  3.5% i n  un- 
irradiated tubes. It appears that on ly  small effects 
on the stress-rupture duc t i l i t y  a t  52OOC are pro- 
duced by irradiation to  these levels of neutron 
exposure. 

The proposed use of beryll ium-clad fuel elements 
in  gas-cooled reactors presents a serious problem 
because of the low-fracture duc t i l i t y  i n  the trans- 
verse direct ion i n  tubing a t  low temperatures. T h i s  
problem i s  increased by the differences i n  coeff i-  
cients o f  thermal expansion of beryl l ium and of 
uranium dioxide. Upon cool ing or during nuclear 
heating of the fuel elements, the cladding may be 
subjected to  tensi le strains of the order of the 
fracture strain. 

Extrusion of tubes results in  unfavorable al ign- 
ment of the (0001) and (1120) fracture planes w i th  
respect to  the transverse direction. Thus, when 
tested i n  the transverse direction, low duc t i l i t y  
would be expected. Hot-pressed block, on the 
other hand, exhib i ts  a random orientation, and tubes 
machined from th is  material would not be expected 
to have direct ional properties. 

In  order to  examine the effects of fabrication 
history on the room-temperature duc t i l i t y  of beryl- 
l ium tubing, burst tests were performed on tubing 
manufactured by Pechiney, Imperial Chemical 
Industries, and Brush Beryl l ium Company. The 
tubing from Pechiney and Imperial was produced by 
hot extrusion, and that from Brush by machining 
from a hot-pressed block. The results of the tube- 
burst test ing are shown i n T a b l e  14.2. The tangen- 
t i a l  strain obtained from tubing machined from a 
hot-pressed block, while extremely small, was 
greater than that obtained from extruded tubing. 
Br i t i sh  investigators4 have reported that the duc- 
tility, a s  determined a t  6OOOC i n  the longitudinal 
direction, may be increased by a factor of 2 or 3 
by overaging a t  temperatures above 575OC. The 
effects of annealing and overaging on the room- 
temperature duc t i l i t y  of beryll ium tubing fabricated 
by the various manufacturers are being investigated. 

3J. R. Weir, “The  Ef fect  of High-Temperature Reactor 4A. Moore, F. Morrow, V. D. Scott, and D. A. Cheer, 
Irradiation on Some Physical  and Mechanical Properties “Precipitation-Aging and Improved Mechanical Properties 
of Beryllium,” paper presented a t  the Institute of in Commercially Pure Beryl l ium ond Beryl l ium Alloys,” 
Metals Conference on the Metallurgy of Beryllium held paper presented a t  the Institute of Metals Conference on 
at the Royal  Commonwealth Society, London, October the Metallurgy of Beryl l ium held a t  the Royal  Common- 
16-18 1961; proceedings to be published by the Insti- wealth Society, London, October 16-18, 1961; proceed- 
tute o! Metals, London. ings to be published by the Institute of Metals,  London. 
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T a b l e  14.2. Room-Temperature Burst Propert ies of As-Machined Beryl1 ium Tubing 

Spec if  ication Tangential Stress Tangential  Strain Modulus in  Tan-  

Length (in.) at  Fracture (psi) a t  Fracture (%) gential Direct  ion Fabricator 

x lo6  

Brush 

Brush 

Brush 

Brush 

Brush 

Brush 

Imperial 3 

Imperial 3 

lmperia I 3 

Imperial 2 

I mper ia I 2 

Pechiney 3 

Pechiney 2 

Pec hiney 2 

48,340 

52,890 

50,860 

49,300 

45,400 

49,400 

53,400 

50,300 

41,400 

61,230 

54,600 

49,600 

44,700 

58,180 

0.22 

0.55 

0.25 

0.39 

0.18 

0.27 

0.18 

0.19 

0.85 

0.20 

0.14 

0.1 1 

0.10 

0.19 

45.5 

46.8 

46.5 

37.5 

42.6 

49.2 

54.5 

52.8 

38.6 

53.4 

76.0 

52.2 

52.6 

43.4 

STUDIES OF THE DISTRIBUTION OF 
ABSORBED CARBON IN BERYLLIUM 

EXPOSED TO CARBON DIOXIDE 

H. E. McCoy, Jr. 

Studies by Werner et al.’ have shown that beryl- 
l ium i s  carburized as a resul t  of exposure to  CO, 
and have demonstrated that a correlation ex is ts  
between the carbon concentration and breakaway 
oxidation i n  wet CO,. In  an effort t o  better under- 
stand these observations, experiments involving 
C14 were performed t o  determine the location of 
absorbed carbon in beryl l ium exposed t o  CO,. 

The experimental apparatus used for these studies 
is  a nonmetall ic loop through which i s  pumped 
CO,. A special pump that was developed for th is  

6 appl icat ion i s  described indeta i l  i n  another report. 

’W. J. Werner e t  al.,  GCR Quart. Pmgr.  Rept. Mar. 

6B. McNabb and H. E. McCoy, Jr., A Laboratory Gas-  
31, 1961, ORNL-3102, pp 136-39. 

Circulating Pump, ORNL-TM-75 (Nov. 30, 1961). 

The CO, is obtained b y  the thermal decomposition 
of BaCO, i n  which 5% of the carbon atoms have 
mass No. 14. Any CO formed as a reaction prod- 
uct  i s  ox id ized to CO, by a column o f  cupric 
oxide at  5OOOC in series w i th  the test  specimen. 

The material used for these studies was Pechiney 
Super Pur i ty  Flake, which had been hot extruded. 
The detai ls of a series of tests over the range 
1100 t o  150OOF are presented e l ~ e w h e r e . ~  The 
important observations based upon these experi- 
ments may be summarized as follows: 

Oxidation seems t o  progress along the inc lu-  
sions that are present i n  the starting material. 
T h i s  observation implies strongly that some impur- 
i t y  concentrated in the inclusions may be influen- 
t i a l  in oxidation. 

2. The surface-reaction layer i s  composed of 
interdispersed oxide and metal l ic particles. The 
metal l ic part icles appear to  be of the same com- 
pos i t ion as the matrix. 

1. 

7 G C R  Quart. Progr.  R e p t  Mar. 31, 1962, ORNL-3302 
( i n  press). 
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3. The absorbed carbon i s  concentrated i n  the 
reaction layer, as evidenced by the sharp drop in 
ac t i v i t y  a t  the metal-reaction layer interface. Sur- 
face sectioning and counting techniques indicate 
further that the carbon is  concentrated in  the oxide 
part icles present i n  the reaction layer. 

CARBURIZATION OF Fe-Ni-Cr ALLOYS 
IN FLOWING CO, 

H. E. McCoy, Jr. 

It was pointed out previously* that type 304 
stainless steel i s  carburized a s a  resul t  of exposure 
to  f lowing CO, a t  elevated temperatures. Signif i-  
cant observations were that carburization occurred 
over the range 1200 t o  170OOF and that the quanti ty 
of carbon absorbed increased wi th  time a t  a given 
temperature. Recent studies disclosed addit ional 
factors re la t ive to  the carburization of type 304 
stainless steel by f lowing CO,: 

1. The presence of chromium i s  apparently nec- 
essary for carburization to occur. The importance 
of a l loy composition is  demonstrated by Table 14.3. 

2. Metallographic studies, involving both standard 
techniques and C14, show that the carbon isadded 

8H. E. McCoy et al.. Met, Diu. Ann. Progr. Rept. May 
31, 1961. ORNL-3160, pp 85-86. 

uniformly. There are no indications that carbon 
penetration occurred exc lus ive ly  along grain 
boundaries or through areas i n  the proximity of 
breaks in the surface oxide. 

The rate of carburization i s  not very sensi- 
t i ve  totemperature nor i s  a carburized case evident 
metallographically in  specimens exposed a t  tem- 
peratures above 13OOOF. Th is  implies that the 
carburization reaction is  k inet ica l ly  control led at  
temperatures less than 130OOF and controlled by 
the carburizing potential of the gas a t  higher tem- 
peratures. 

3. 

EFFECT OF CO, ON THE STRENGTH 
AND DUCTILITY OF TYPE 304 STAINLESS 

STEEL AT ELEVATED TEMPERATURES 

W. R. Martin 

In determining the usefulness of stainless steels 
as cladding materials i n  high-temperature gas- 
cooled reactors it is  important t o  know the effect 
that their reactions wi th  the coolant have on their 
strength and ducti l i ty. The mechanisms by which 
the coolant (CO, i n  th is  investigation) affects the 
strength properties of type 304 stainless steel are 
being investigated in the range 1300 t o  1700OF. 

The creep strength of type 304 stainless steel 
when tested i n  an environment of CO, is  greater 

Table 14.3. Effect of Allay Composition an the Carburization 
of Metals in Flawing COP at  1000 and 15OO0F 

Test Conditions 
Carbon Content (wt  %) 

Temperature Time A I  lay  Compos it ion 
Original Final (" F) (hr) (wt  %) 

1500 67.0 Nickel 

64.0 Ni-5 Fe 

118.4 Ni-5 Fe 

70.3 Ni-15 Cr 

64.1 Ni-15 Cr-5 Fe 

0.0100 

0.0100 

0.0100 

0.0150 

0.0160 

(0.001 

<O.OOl 

(0.021 

c0.028 

1000 75 Iron 

Fe-1 Cr 

Fe-3 Cr 

Fe-10 Cr 

0.007 

0.006 

0.008 

0.007 

(0.017 

0.01 1 

0.026 

0.124 
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than for the same material tested i n  an inert en- 
vironment of argon. The chemistry and metallurgi- 
ca l  structure of the steel tested in CO, dif fer from 
those of the steel tested in an inert environment. 
Typ ica l  microstructures for the steel creep-tested 
i n  CO, are shown i n  Fig. 14.8. Although oxygen 
analyses of the metal substrate are not s ign i f i -  
cantly dif ferent from those for the as-received 
material, the average carbon content of the metal 
substrate was increased by 0.3 wt  % i n  1200 hr a t  
15OOOF.  In a specimen exposed for 5000 hr a t  
150OOF the carbon content a t  the oxide-metal sur- 
face was 0.33% compared w i th  0.45% a t  the middle 
of the specimen. Th is  carbon gradient could be 
caused by redistr ibution of the carbon wi th in  the 
sample or could be due t o  decarburization. 

The question of whether the strengthening ob- 
served i n  CO, i s  due t o  oxidation or carburization 
was investigated. Experiments on the effect of 
various part ial  pressures o f  oxygen inargon showed 
that the creep rate was minimum a t  approximately 
10 ppm. The creep rate i n  CO,at equivalent stress 
and temperature was lower by a factor of 3 than 
the minimum rate observed i n  oxygen-argon mix- 
tures. From th is  evidence it was concluded that 
the strengthening observed in  CO, is  primari ly 
due t o  carburization. 

Creep duc t i l i t i es  of material annealed prior t o  
test ing were not affected by test ing i n  CO, at  
temperatures of 1300 t o  1700OF. However, the 
addit ion of 5 t o  20% strain into specimens prior t o  
creep test ing greatly reduced the creep-fracture 
duc t i l i t y  of specimens tested in CO, compared 
wi th  that for specimens tested i n  argon. Fracture 
duc t i l i t i es  of specimens tested i n  CO, i n  uniaxial 
tension were as low as 1.5%. The microstructure 
of these low-ducti l i ty specimens showed a f ine 
precipitate along s l i p  lines. These tests point out 
that the level of carbon i s  not necessari ly the cri-  
terion upon which high or low duc t i l i t y  can be 
related but that the distr ibution of carbides may be 
more important. Further studies, possibly by means 
of electron-transmission microscopy, are needed t o  
resolve the low-ducti l i ty problem. 

INFLUENCE OF HYDROGEN ON 
NICK EL-BASE ALLOYS . 

H. E. McCoy, Jr. 

The deleterious effect that hydrogen has on the 
creep strength of nickel-base a l loys at  elevated 
temperatures was pointed out p r e v i o ~ s l y . ~  The 
important characterist ics of th is  environmental 
effect are that (1) the influence of hydrogen is  
manifested through an increase in the secondary 
creep rate anda decrease in  the time for the in i t ia -  
t ion of tert iary creep, (2) the magnitude of the 
effect becomes greater as the strain rate decreases, 
and (3) the rupture duc t i l i t y  i s  not s ign i f icant ly  
reduced. Recent studies have been directed toward 
developing a plausible mechanism t o  account for 
the experimental observations. 

One possible mechanism, which was proposed for 
low-temperature hydrogen embrittlement, l o  i s  that 
hydrogen may be segregated i n  the metal and be 
inf luential i n  causing crack nuclei t o  propagate. 
The high-dif fusion rate of hydrogen i n  n icke l  " 
makes the poss ib i l i t yo f  hydrogen segregation seem 
very questionable a t  elevated temperatures. T o  
further check th is  point, an experiment invo lv ing 
d i f fus ion of hydrogen in to and out of an Inconel 
specimen was conducted. The results indicated 
that hydrogen very rapidly permeates the metal 1 

and can be eas i l y  removed. 

A more p laus ib le  mechanism i s  that the presence 
of hydrogen increases the rate of void growth i n  
the metal. The mechanism of creep by vo id growth 
as a resul t  of vacancy condensation has been 
demonstrated by McLean and Greenwood ' t o  be 
important under conditions of high temperatures 

9H. E. McCoy et al., Met. Diu. A n n  Proogr. R e p t .  May 

'OR. Troiano, Trans. ASM 52, 54 (1960). 

"M. L. Hill and E. W. Johnson, Acta Met. 3, 566 

31, 1961, ORNL-3160, pp 85-90. 

(1955). 

12D. McLean, J. Inst. M e t a l s  85, 468 (1956-57). 
13J. N. Greenwood et al., Acta Met. 2, 250 (1954). 
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and low-strain rates. The rate of growth of voids 
could conceivably be increased by the presence of 
hydrogen, result ing i n  an increase i n  the concen- 
trat ion of vacanciesor an increase i n  their mobil ity. 
The vacancy-atom interchange mechanism (which 
currently seems the most rea l is t ic )  for self-dif fusion 
i n  a pure metal predicts a dependence of the rate 
of self-dif fusion on the energies of formation and 
transport of vacancies. Hence, studies of self- 
dif fusion in  pure nickel should indicate whether 
the number or mobil i ty of vacancies is  increased 
by hydrogen being present i n  solution. For 
experimental reasons, the approach used was that 
of measuring the rate of dif fusion of Co60 into 
nickel. Pai rs  of specimens were annealed i n  
argon and i n  hydrogen at  equivalent temperatures. 
The specimens were then sectioned (by J. F. 
Murdock of the Solid Reaction Studies Group) and 
the penetration plots determined. The detai ls of 
th is  investigation have been reported.14 The 
signif icant conclusion is  that the rates of self- 
d i f fus ion are equivalent for both environments. 
Th is  in  turn means that neither the concentration 
of vacancies nor their mobil i ty i s  signif icantly 
different i n  the two environments. 

A factor shown by Ba l lu f f i  and Seigle” t o  be of 
importance i n  the growth of voids i n  stressed 
specimens i s  the surface energy of the void, which 
creates a driving force for the void to  collapse. 
If suff icient stress i s  applied, the voids w i l l  grow. 
If the presence of hydrogen decreases the surface 
energy of nickel,  the stress required for void 
growth is reduced. Sintering studies showed that 
the sintering rate (rate of col lapse of voids) of 
n icke l  powders i s  greater i n  vacuum than i n  hydro- 
gen. Th is  i s  indirect evidence that hydrogen does 
decrease the surface energy of nickel.  Experi- 
ments are i n  progress t o  measure d i rect ly  the sur- 
face energy of n icke l  i n  argon and i n  hydrogen. 

AGING OF Nb-Zr ALLOYS 

R. L. Stephenson H. E. McCoy 

The existence of an aging reaction i n  Nb-1% 
Zr a l loys involving signif icant mechanical property 
changes has been demonstrated.16 Oxygen i s  

17 currently thought to  be involved i n  th is  reaction. 
Internal f r ic t ion i s  recognized as a useful too l  for 
studying the precipitat ion of in ters t i t ia l  solutes 
from supersaturated so l id  solutions in body- 
centered cubic metals 1 8 - 2 0  and i s  therefore being 

used t o  study the observed aging. The results of 
prel i minary experiments were described previ- 
0 u s 1 y . ~ ~  The development of a device for auto- 
mat ica l ly  sensing and recording vibrat ional ampli- 
tude as a function of time has also been published.z 
Recent experiments have been devoted t o  ident i fy ing 
the observed peaks and making preliminary observa- 
t ions as t o  the nature and k inet ics  of the aging 
reaction i t se l f .  

Figure 14.9 shows the internal f r ic t ion spectra 
of pure niobium containing various leve ls  of oxygen 
after annealing at  1925OC. It i s  known23 that (at 
1 cps) peaks due to  the stress-induced ordering of 
oxygen and nitrogen atoms are found a t  160 and 
285”C, respectively. The broadening and apparent 
sh i f t ing of the oxygen peak a t  high contents are 
thought to  be caused by interactions between oxy- 
gen atoms similar to  those observed24 i n  tantalum. 
Figure 14.10 shows the internal f r ic t ion spectrum 
of an Nb-0.16% Zr specimen containing 1070 ppm 
0,. The peak a t  approximately 22OOC i s  observed 
only when both zirconium and oxygen are present 
and cannot be produced by large addit ions of oxy- 
gen t o  pure niobium. It i s  therefore concluded 
that th is  peak i s  caused by the stress-induced 
motion of oxygen atoms i n  the neighborhood of a 
zirconium atom. Similar observations have been 

14H.  E. McCoy, Jr., and J. F. Murdock, Znfluence of 
Argon and Ifydrogen Environments on the Rate  of Dif- 

Cobalt-60 in Nickel ,  ORNL-TM-235 (to be 

15R. W. Balluffi and L. L. Seigle, A c t a  Mer. 5, 449 
(1957). 

16D. 0. Hobson, A Preliminary Study of the Aging 
Behavior of Wrought Columbium-1% Zirconium Al loys .  
ORNL-2995 (Jan. 6, 1961). 

”D. 0. Hobson, “Aging Phenomenon in Columbium- 
Base Alloys,” paper presented a t  the AIME High Tem- 
perature Materials Conference, Cleveland, Ohio, April 
26-27, 1961. 

l8 C. Wert, Thermodynamics in Phys ica l  Metallurgy. 
American Society of Metals, Cleveland, Ohio, 1950. 

19P. M. Robinson and R. Rawlings, Iron and Steel  31, 
65  (1958). 

2oA. S. Nowich, Progr. in Metal Phys .  4, 37 (1953). 

21H. E. McCoy et al..  Met. Diu. Ann. Progr. Rept. May 

22R. L. Stephenson and H. E. McCoy, J .  Sci. Instr. 

23R. W. Powers and M. V. Doyle, J .  Metals, Trans. 

24R. W. Powers and M. V. Doyle, A c t a  Met. 4, 233 

fusion pu bl i she Y ). 

31, 1961, ORNL-3160, p 86. 

39(2), 54-55 ( 1  962). 

AZME 209, 1285 (October 1957). 

(1956). 
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made concerning nitrogen i n  the Fe-Mn, Fe-Cr, 
Fe-Mol and Fe-V systems.25 Figure 14.11 shows 
the internal fr ict ion spectrum of an Nb-1.09% Zr  
a l loy and the effect of aging. The 220°C peak i s  
readi ly observable upon the addit ion o f  only 0.16% 
Zr  (F ig .  14.10) and i s  seen (Fig. 14.11) t o  pre- 
dominate a t  low oxygen contents upon the addit ion 
of 1.09% Zr. Thus it i s  concluded that oxygen i s  
preferential ly “clustered” about zirconium atoms 
even after an annealing treatment a t  temperatures 
up to  1925°C. Preliminary experiments indicate 
that the peaks a t  approximately 380 and 480°C are 
due to  the presence of nitrogen. It can a lso  be 
seen from Fig. 14.11 that a l l  these peaks decrease 
i n  height upon aging, indicating that both nitrogen 
and oxygen precipitate upon aging. Experiments 
are i n  progress t o  determine whether oxygen or 
nitrogen or both are important i n  causing the ob- 
served mechanical property changes. 26 

- 
25L. J. Dijkstra and R. J. Sladek, Trans. Am Inst. 

26D.  0. Hobson,  A Preliminary Study of the  Aging 
Behavior of Wmught Columbium-1% Zirconium Alloys ,  
ORNL-2995 (Jan. 6, 1961). 

Mining Met. Petrol. Engrs, 197, 69 (1953). 

STRESS- RATE T ESTlNG 

C. R.  Kennedy 

The constant-load creep-rupture test  i s  used, in 
general, to  generate high-temperature-strength 
design data. However, it i s  obvious that under 
rea l i s t i c  service conditions the load does not re- 
main constant but varies considerably. The general 
method of obtaining l i fet ime expectancies under 
varying loads has involved a summation of rupture- 
l i f e  fraction: 

where At ,  , A t 2 ,  A t 3 ,  ... are the times under 
stresses D, , a2, u3, . . . and t t t ... are 

the rupture l ives for stresses ul , c2, u3, . . . . 
Th is  method has been re la t ive ly  successful for 
predict ing fa i lure of a wide range of materials 
varying from aluminum al loys a t  low temperatures 
t o  “super a l loys”  a t  very high temperatures. It i s  
proposed that the method be extended t o  provide 
an analy t ica l  model for the stress-rupture charac- 
te r is t i cs  o f  a material. In th is  manner it should be 
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. 

possible to  obtain a fa i r ly  c lose approximation of 
the creep-rupture strength of a material by  pro- 
gramming several simple short-time tests. 

The stress-rupture characterist ics of most mate- 
r ia ls  can be fa i r l y  we l l  represented by the expression 

t l  = (;I , 

where t r  i s  the rupture l i f e  under appl ied stress 
a, and A,n are constants. Rearrangement ofEq. 
(2) to  

t a " = A n  (3) 

states that the t ime to  rupture times the stress t o  
some power (n) i s  a constant for a given tempera- 
ture. Equation (1) implies that the sum of A t i a I  
can never be greater than the constant A n .  

Thus 
Z A t i f f y =  A n  , (4) 
t .  

which i s  of the form 

1 
An = d t i f f r ,  

t 

0 

where t 1  i s  the total  rupture time for the variable 
stress conditions. The type of ?est to be pro- 
grammed requires that the stress be applied a t  a 
constant rate and that the f inal stress and total 
test  t ime be recorded: 

d f f  

dt 
L- - 6- = constant , 

B y  substi tut ing Eq. (7) into Eq. (5 ) ,  
1 

A n  = 6-n d i t ;  , 

which integrates to  

p+ 1 
= e n  - 

n + l  
( 9) 

Using Eq. (7) again, Eq. (9) becomes 

tl = ( A / c / ) "  ( 1  + n ) ,  (10) 

where t t 1  and D i s  the stress a t  t,. Thus, by 
performing several tests w i th  dif ferent stress 
rates (&), the constants A and n can be obtained. 

/ =  / 

Thus, b y  performing several tests w i th  dif ferent 
stress rates (e), the constants A and n can be 
obtained. 

The accuracy of Eq. (IO) i s  demonstrated in Fig. 
14.12, giv ing the results of 11 stress-rate tube- 
burst tests on type 304 stainless steel specimens 
from heat 23999X from 1100 t o  1700OF. Also in- 
cluded i n  th is f igure arethe standard test ing resul ts 
plotted i n  Fig.  14.5 which show that the agreement 
i s  w i th in  5%. A similar test  series w i th  type 309 
stainless steel from 1100 t o  15OOOF alsodemon- 
strated the accuracy of Eq. (10). 

Stress-rate test ing i s  a lso  being appl ied in  deter- 
mining creep constants wi th l imi ted success. The 
type 309 stainless steel test  series was success- 
fu l  i n  producing creep data a t  the higher tempera- 
tures. However, the material behavior d id not 
fo l low the analyt ical  model a t  the lower test  tem- 
peratures. T" . ' 

I .  

IO5 r- 

---ACTUAL I I 
2 , ~ - - S T R E S S - R A T E  AND STRESS RUPTURE DATA COINCIDE 

1 ~ ~ l l I l 1  I , A [ , l ~ I L 1 l  
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IC0 2 5 IO' 2 5 !02 2 5 to3 
TIME TO RUPTURE (hr)  

Fig. 14.12. Comparison of Actual Stress-Rupture 

Properties of Type  304 Stainless Steel and Those  Pre- 

dicted by Stress-Rate Testing. 

ZIRCALOY-2 

C. R. Kennedy 

The deformation and fracture characterist ics 
have been described fair ly completely for isotropic 
materials, even under complex stress conditions, 
but not for the close-packed hexagonal zirconium- 
base al loys, such as Zircaloy-2, which exhibi ts 
strong preferred orientations. Therefore these 
characterist ics of Zircaloy-2 w i l l  be investigated 
not only a t  room temperature but a lso  under creep 
conditions. 



46 

A combination of axial load and internal pressure 
was used t o  produce biaxial stress states from 
pure ax ia l  tension t o  pure tangential tension. The 
tubing was tested i n  the annealed condit ion for '/2 
hr a t  1450°F, a j d  was found to  exhib i t  a strong 
intensity of { l o l o )  poles i n  the ax ia l  direction, 
strong in tens i ty  of { O O O l ]  poles w i th  an absence 

of ( l O T O ]  or (11201 poles i n  the tangential direc- 
tion, and a moderate intensity of (11201 poles i n  
the radial direction. 

- 

In accordance wit_h the basol pole concentration 
and the lack of (10101 or 11120) poles i n  the tan- 
gential direction, room-temperature tens i le  prop- 
ert ies reported last  year2' demonstrated the 
greater resistance t o  deformation in  th is  direction. 
The high-temperature fracture characteristics 
shown i n  Fig. 14.13 fo l low th is  general behavior 
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Fig. 14.13. Stress-Rate Test Results for Zircaloy-2. 

except for the short-time fracture results. Appar- 
ently, the high stress applied t o  produce the short- 
t ime rupture a lso  causes twinning t o  a l low for 
greater ease of s l i p  in  the tangential direction. 
T h i s  w i l l  also cause a greater resistance t o  defor- 
mation in  the radial direction; thus, the axial 
direct ion i s  forced to  accommodate greater strains 
than normally expected. For example, when the 
tangential t o  ax ia l  stress ra t io  i s  2:1, no ax ia l  
strain should occur. Th is  was observed i n  the 
long-time tube-burst tests, but when the time to  
rupture was short, negative strains were observed. 

27C. R. Kennedy, Met. Diu. Ann. Progr. R e p t  May 
31, 1961. ORNL-3160, pp 92-93. 

It i s  important t o  recognize th is  phenomenon since 
short-time tests  at  high temperatures may be de- 
ce iv ing i n  demonstrating the effect o f  the anisot- 

ropy. 

The effect of the mechanical anisotropy i s  de- 
scribed by t h e H i l l  constants in  thegeneral equation 

1 = H ( C Z  - ~ 0 ) ~  + F ( C ~  - c ~ ) ~  

where F ,  G, H are anistropy constants and cZ, 

D e ,  cR are axial,  tangential, and radial stresses. 
The constants for fracture vary w i th  t ime as 

described above, but they approach values equal 
t o  those determined from creep for t imes greater 
than 1000 hr: H = F and G = 2.1H, which compares 
wi th  the room-temperature values of H = F and 
G = 3.7H. The lower values for creep and rupture 
indicate a less-pronounced mechanical anisotropy 
a t  the elevated temperatures. 

Zircaloy-2 a lso  exhibits the phenomenon of 
strain aging that produces a pronounced ef fect  on 
the creep-rupture characteristics over an inter- 
mediate temperature range. The temperature range 
of greatest sens i t iv i ty  begins when thermal d i f -  
fusion of in ters t i t ia ls  is  suff icient t o  cause aging 
during deformation. As the temperature i s  in- 
creased, the effect diminishes t o  the point tha t the  
thermal energy a l lows the in ters t i t ia ls  t o  ran- 
domize. The temperature range i n  which aging 
occurs i s  characterized by very f l a t  stress-rupture 
curves which sometimes indicate higher stress- 
rupture strength than a t  lower temperatures. The 
new stress-rate test  provides a simple and fast  
way of determining the temperature range i n  which 
aging occurs and the magnitude of the effect. The * 

results of test ing tubes between 400 and 9OOOF 
are shown in  F ig .  14.13. The results for the tests  
at  700 and 900°F agree very c losely  w i t h  the I 

standard test  data given in  Fig. 14.14. The posi- 
t i ve  slope at  5OOOF i l lustrates the signif icance of 
strain aging at  approximately th is  temperature and 
predicts that i n  standard stress-rupture tests  a 
specimen w i l l  either fa i l  on loading or last  indef- 
in i te ly .  The magnitude o f  the stress level required 
to cause fai lure w i l l  be determined by the rate of 
loading. Thus, it i s  quite obvious that i n  per- 
forming standard constant-load creep-rupture tests  
a t  approximately 500OC great care must be given 
to the rate of load application or inconsistencies 
w i l l  result. 

. 
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Fig. 14.14. 
Tubes. 

Stress-Rupture Properties of Zircaloy-2 



15. Nondestructive Test Development 
R. W. McClung 

ULTRASONIC TESTING METHODS similar, plates the core variations created trans- 
mission intensity variations as great as that from 

K. V. Cook R. W. McClung a V,6-in. nonbond. Thus, the plate could have 
been erroneously reiected. In such instances, the 
%,- or ’/-in. nonbonds could s t i l l  be discriminated, 

behavior in  thin sections and part icularly on appli- tion experience on cermet and ultra- 
cation of ultrasound for the detection of nonbonding sonic investigation to of these 
in  cladding structures. 

Most of the emphasis i n  the ultrasonic develop- 
ment Program has been 0’ studies of ultrasonic however. It may be possible wi th  further fabrics- 

d i f f icu l t ies.  

Fuel P l a t e s  

Studies’ were continued on the through-transmi s- 
sion ultrasonic detection of nonbonding in  f la t  fuel 
plates, including UO, dispersed in  stainless steel 
(proposed for core B of the Enrico Fermi Reactor), 
uranium clad wi th  aluminum (used for Oak Ridge 
Research Reactor and High-Flux Isotope Reactor 
plates), and UO, and U30, dispersed in  aluminum 
(proposed for Advanced Test Reactor and HFlR 
fuel elements). A number of each type of fuel 
plates were examined wi th  varying conditions of 
ultrasonic frequency and beam col l imation to de- 
termine the optimum for maximum sensit ivi ty. Re- 
sults thus far indicate that, in  general, smaller 
nonbonds can be detected in the al loy cores than 
in  the dispersion cores, the sensit ivi ty being l im-  
i ted by the local ized inhomogeneities o f  dispersion 
cores. For example, /16-in. nonbonds were readi ly 
detected i n  uranium-aluminum cores wi th  the back- 
ground transmission variables giving much smaller 
responses. In some cases, b6- in .  nonbonds were 
detectable i n  U3O8-aIuminum cores, but on other, 

1 

’R. W. McClung and K. V. Cook, Met. Diu. Ann. Progr. 
Rept. May 31, 1961, ORNL-3160, pp 135-36. 

A new and versati le scanner was designed and 
fabricated. This  un i t  w i l l  be incorporated on the 
ex is t ing tube-scanning tank and w i l l  be usable for 
automatic scanning of plate as well  as for exten- 
s ive development work on other techniques such 
as Lamb waves for p la te inspection. 

Brazed Joints 

Lamb-wave and r inging ultrasonic techniques 
were developed and applied to the detection of 
nonbonds in  brazed areas for a l iquid-metal boiler, 
consist ing bas ica l ly  of a concentric arrangement 
of a stainless steel tube, copper disks, and a 
stainless steel can. Other efforts included de- 
development of techniques for the evaluation of 
a brazed tube-to-sleeve joint3 which has been 
propcsed for reactor remote-maintenance operation. 
Extensive development wi I I  be required before 
these techniques can be adapted for remote appli-  
cation. 

,K. V. Cook and R. W. McClung, “Development of 
Ultrasonic Techniques for the Evaluation of Brazed 
Joints,” submitted to the Welding Journal. 

ORNL-3282 $in press). 
3MSR Pro ram Semiann. Progr. R e p t .  Feb. 28, 1962, 
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EDDY-CURRENT METHODS 

C. V. Dodd R. W. McClung 

Through-Transmission System 

One phase of the recent eddy-current investiga- 
t ions was the development o f  new techniques and 
instrumentation for making thickness measurements 
o f  various reactor components and materials. The 
system being studied uses a two-coil, through- 
transmission principle: the phase o f  the received 
signal i s  monitored relat ive to the transmitted 
signal. Th is  method i s  sensi t ive primari ly to the 
amount o f  e lectr ical ly conducting material through 
which the electromagnetic wave passes and conse- 
quently i s  relat ively insensi t ive to the coi l - to-  
specimen spacing, a problem that generally plagues 
eddy-current testing. Therefore it i s  very appl i-  
cable for thickness measurements in locations 
where l imi ted access reduces confidence in  the 
inspection probe being i n  int imate contact wi th 
the specimen. 

A d i f f i cu l t  problem in the measurement of small 
phase shi f ts in  the presence o f  large amplitude 
variat ions caused b y  changes i n  co i l  spacing was 
largely overcome through the use of two new "zero- 
crossover" trigger c i rcui ts which actuate a high- 
speed f l ip- f lop circuit .  The direct-current output 
o f  the f l ip- f lop i s  proportional to  the shi f t  and the 
specimen thickness. 

Th is  system w i l l  be applicable for the measure- 
ment o f  f i l l e t  thickness i n  finned tubing, for the 
end-spacer thicknesses o f  f lat-plate fuel elements 
such as the Fermi core B element, for wal l - th ick- 
ness measurements on graphite tubing, and for 
numerous other d i f f i cu l t  measurements. Further 
studies in  th is  prototype system are being directed 
toward single probes containing both transmitter 
and receiver co i l s  for measurements from one side 
o f  a specimen and toward application of the phase- 
sensit ive technique for f law detection. 

Space Gaging4 

A major part o f  the eddy-current program has been 
directed toward the development o f  techniques for 

4C. V. Dodd and R. W. McClung, Fuel Element Coolant 
Channel and Other S acin Measurements b y  Eddy- 
Current Techniques,  OF!NL-$M-129 (Mar. 20, 1962). 

the measurement of space between components 
such as fuel p lates and rods. Most o f  the work has 
u t i l i zed  the probe configuration (Fig. 15.1) that 
was developed for measuring the interplate channel 
spacing in fuel elements for the HFIR, ATR, Fermi 
Reactor, and Army Power Package Reactor (APPR). 
Tests are i n  progress to relate the changes i n  co i l  
impedance with variat ion i n  the spacing and to  pro- 
v ide quanti tat ive design criteria. A number of co i l s  
were constructed to specif ied diameters, lengths, 
and number of turns. Their impedance was meas- 
ured i n  a balanced-bridge network as a function of 
dr i v i ng frequency and co i I - to- spec i m en spat  i ng . 
Fa i r l y  accurate relat ionships were noted between 
frequency and co i l  diameter, and approximate rela- 
t ionships were observed between co i l  length and 
the impedance per change i n  unit  spacing. 

UNCLASSIFIED 
ORNL-LR-DWG 50492R 

Fig. 15.1. Probe for Measuring lnterplate Channel 
Spacing. 

The probe designed to measure the spacing be- 
tween tubular fuel elements i s  shown in  Fig. 15.2. 
The modif ied V shape o f  the probe holds the co i l  
equidistant from the measured rods and controls 
the amount o f  coi l  insert ion between the rods as 
a function o f  rod spacing. Th is  lat ter  movement 
w i l l  cause an impedance change which can be 
cal ibrated i n  terms o f  interrod spacing. Figure 
15.3 shows the type o f  probe designed to measure 
the inner diameter o f  tubing, A s  the probe i s  
moved longitudinal ly o r  circumferential ly through 
the tube, inner-diameter variat ions cause the 
spring-loaded ferromagnetic feeler to move lateral ly, 
which w i l l  be ref lected as  impedance changes in 
the solenoid coi l  surrounding the feeler. 
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PROBE COIL 

<ODs 

HOLDER 
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Fig. 15.2. Probe for Measurement of interrod Spacing. 

UNCLASSIFIED 
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FERROMAGNETIC 
FEELER 

NONCONDUCTOR 

Fig. 15.3. Probe for Measuring inner Diameter of 

Tubing. 

PENETRATING RADIATION METHODS 

Low-Voltage Radiography 

R. W. McClung 

An extensive study was made of low-voltage 
radiographic conditions to determine optimum tech- 
niques and the capabil i t ies and l imi ta t ions o f  such 
radiography for thin sections o f  aluminum, steel, 
and b e r y l l i ~ m . ~  The test variables were the input 

5R. W. McClung, Techni  u e s  for Low-Voltage Radiog- 
raphy, ORNL-3252 (Feb. 11, 1962). 

ki lovoltage (energy o f  the x-ray beam), the spec- 
imen thickness, and the intermediate atmosphere 
between the x-ray tube head and the specimens. 

The system was used for examining approximately 
$- i n.-th i ck a l  um i num, 2- i n.-th i c k beryl I i urn, and 
0.037-in.-thick steel specimens and other materials 
i n  a wide variety o f  shapes. Considerable advan- 
tage i n  both the sensi t iv i ty  and the required ex- 
posure time was real ized through the use of inter- 
mediate helium atmospheres and darkroom, bare- 
film-exposure techniques. Contrast sens i t iv i t ies  as 
low as 0.1% were obtained, which i s  far superior to  
the normal 2% sensit ivi ty. A number of exposure 
technique charts were constructed as aids to 
optimum radiography. 

More recently, emphasis has been directed toward 
the application of low-voltage microradiographic 
techniques for the nondestructive evaluation o f  
graphite-coated uranium carbide  particle^.^" The 
radiographs were recorded by several different de- 
tectors and then viewed a t  h igh magnif icat ions 
to  reveal the core and coatings o f  the carbide 
particles. Type M radiographic f i lm was success- 
fully viewed a t  magnifications o f  up to about 60X 
before the grain size o f  the emulsion became very 
evident. Nuclear track plates, which seem to  have 
about the same exposure speed as type M film, 
can be magnified up to  approximately 200X before 
the grain s ize becomes excessive. The highest 
magni f i  cations were obtained wi th  h i g  h-resol ut ion 
plates havi ng very f i  ne-grained emu I sion s (grain 
size, about 0.1 p). The par t ic le  and coating images 
were very sharp even at  500X. Since such excel- 
lent  detai l  could be obtained, it i s  possible to  de- 
tect  low-density core sections, unfueled particles, 
and high-density material i n  the coatings. Figure 
15.4 i s  a microradiograph of a number of par t ic les 
i l lus t ra t ing these conditions. 

Homogeneity Studies 

B. E. Foster S. D. Snyder 

Fuel  Rods. - A system comprised o f  an Nal (TI )  
crystal, a photomultiplier tube, a high-voltage sup- 
ply, and a modified Brown recorder wi th  21-mv 
suppression c i rcu i t  was used to  detect and measure 
fuel-loading variat ions in vibratory-compacted fuel 

6E. S. Bomor e t  al., GCR Quart. Progr.. Rept .  Dec. 31, 
1961, ORNL-3254, pp 141-43. 

‘ G C R  Quart. Progr. Rept .  Mar. 31, 1962, ORNL-3302 
(in press). 



* .  

51 

Fig. 15.4. Microradiograph of UC2 Part ic le Coated with Pyrolyt ic  Graphite. 75X. 

, .  
rods. The  technique i s  based on the measurement 
o f  the attenuation o f  gamma rays transmitted from 

i n  the range 50 to 150 kvp and both x-ray f i lm and 
Nal (TI )  sc in t i l la tors  are used. 

1 a 1-curie Co60 source and col l imated to a 4-in.- 
diam beam. The rods are dr iven,  longitudinal ly 
through the gamma-ray beam, and the variations 
o f  attenuation transmitted through a specimen are 
recorded as a function of rod length. Based on 
the l imited number of fuel rods thus far examined, 
the predicted density agreed to wi th in  1% wi th  
the known bulk density. A more accurate cal ibra- 
t ion w i l l  be real ized when better density standards 
have been obtained. Th is  technique i s  being used 
to evaluate the homogeneity o f  the BNL k i lorod 
fuel elements and should be applicable for any 
element manufactured by vibratory compaction or 
swaging. 

Fuel Plates. - Radiation-attenuation measure- 

The homogeneity o f  the U02-sta in less steel 
dispersion plates for core B of the Enrico Fermi 
Reactor was recorded on radiographs and compared 
wi th  those o f  known standards.' In  recent studies 
an attempt i s  being made to use sc in t i l la t ion for 
detecting inhomogeneities i n  th in  fuel p la tes for 
the ORR, HFIR, and ATR. Satisfactory standards 
have been d i f f i cu l t  to obtain because o f  the lower 
uranium content and thinner p la te sections. Sev- 
eral approaches to  th is  problem are under study, 
including uranium fo i l  with aluminum sheet, U-AI 
al loys w i th  aluminum sheet, U 0 dispersed in  
aluminum, and equivalent-absorption thicknesses 
o f  nonfissionable material. 

3 . a  

ment techniques for the nondestructive evaluation 
of homogeneity in f la t  fuel plates and realistic 
cal ibrat ion standards are being developed. x rays 

' R. W. McClung, Feasib i l i t y  S tudies  - Nondestructive 
the Enrico Fermi Reactor Core  B Fuel Ele-  ti^ 

ment, 8RNL-3221, pp 21-30 (Dec. 21, 1961). 
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X-Ray Attenuation Coeff icients 

B. E. Foster 

The study of x-ray attenuation coeff icients by 
sc in t i l la t ion spectrometry was concluded for the 
range 50 to 150 kvp and for the materials Z i rc-  
aloy-2, type 1100 aluminum, types 304 and 347 
stainless steels, and enriched U-AI alloys.’ 
Curves derived from experimental and calculated 
coeff icients were compared, and good agreement 
was found except for the uranium-bearing samples, 
which did not agree wi th  NBS low-energy values.” 
The uranium values obtained by other experiment- 
ers” are in  agreement wi th  ours. 

PROBLEM MATERIALS 

R. W. McClung 

Considerable effort was spent i n  developing non- 
destructive tests  for the evaluation o f  material s 
that are unusually d i f f i cu l t  to inspect, such as 
beryll ium and molybdenum tubing. 

Beryl I ium 

Techniques involving fluorescent penetrants, 
lo w-voltage radiography, and eddy-currents were 
used to evaluate 0.500-in.-ID beryl l ium tubing wi th  
12 identical external he l ica l  fins.” The fluo- 
rescent-penetrant method was demonstrated to be 
capable of revealing pits, pinholes, and cracks 
i n  the outer surface of the tubing. Because o f  the 
very large changes in  section thickness necessi- 
tated by the fins, the radiographic technique was 
used to examine only the root areas between the 
f ins. Three successive radiographs at 60” rotational 
intervals were adequate to achieve 85% coverage 

’8. E. Foster and J. W. Evans, ‘“-Ray Mass Attenu- 
ation Coefficients in the Range 50 to 150 kvp,” to be 
published in the Journal o/ the Society  /or Non-Destruc- 
tiue Tes t ing .  

’OG. W. Grodstein, X-Ra Attenuation Coeff ic ients  
from 10 KEV to 100 MEV, N B Y 5 8 3  (Apr. 30, 1957). 

’’ R. E. Connally e t  al . ,  Uranium A n a l y s i s  b y  Gamma 
Absorptiometry, p 15, HW-54438 (May 20, 1958). 

”R. W. McClung and C. V. Dodd, GCR Quart. Pro 7 .  
Rept .  June 30, 1961, ORNL-3166, pp 114-15; R. %. 
McClung, GCR Quart. Progr. Rept .  Dec .  31, 1961, 
ORNL-3254, pp 185-86; Mar. 31, 1962, ORNL-3302 ( in  
pres s). 

of  th is  th in  area; the remaining 15% was obscured 
by a projected f in  image transversing a projected 
groove image. (The radiograph i s  made through 
both welds simultaneously.) The most common 
discontinuit ies detected were p i t t ing  and high- 
density particles. 

The eddy-current technique required the design 
o f  a special bobbin-type co i l  to f i t  the inside o f  
the tube bore. The signals generated could be re- 
corded on s l ight ly  modified commercial equipment. 
Through the use o f  machined, longitudinal reference 
notches, the sensi t iv i ty  was determined for both 
inner and outer surface defects. A s  with the radio- 
graphic technique, emphasis was placed on in- 
specting the areas o f  the th in-wal l  section between 
the fins. The eddy-current technique was demon- 
strated to be capable o f  revealing cracks 0.004 in. 
deep on the inner surface or at  the groove port ion 
o f  the outer surface. 

Molybdenum 

Tentative techniques were developed for the 
evaluation o f  0.500 x 0.020 in. molybdenum tubing. 
Pits, pinholes, gouges, and longitudinal cracks 
were revealed by the penetrant examination, and 
elongated p i t s  and high-density material by the 
radiographic technique. A number o f  inner and 
outer surface transgranular cracks, the deepest 
being about 90% through the wall, were detected 
by both the ultrasonic and eddy-current inspec- 
tions. 

REMOTE-INSPECTION DEVELOPMENT 

R. W. McClung K. V. Cook 

Thickness of Core Vessel  

The thickness o f  the HRT core vessel wal l  was 
measured by a remote pulse-ref lect ion ultrasonic 
technique. A mechanical r ig  was designed to per- 
mi t  measurements i n  both the 90 and 300 conical 
sections and the spherical section of the vessel. 
The r ig  located the transducer near the ax is  o f  the 
pear-shaped vessel, which simpli f ied the operation 

13R. W. McClung and K .  V. Cook, Development  01 
Ultrasonic Techniques  for the Remote Measurement of 
the  HRT Core V e s s e l  Wall Thickness ,  ORNL-TM- 103 
(Mar. 15, 1962). 
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and permitted measurements to be taken i n  rough- 
ened areas that could not be measured previously. 
But  even more important, these measurements are 
believed to be the most accurate ones that have 
been taken. The largest number o f  measurements 
were made i n  the spherical section, wi th  values 
being taken at  approximately 30° longitudinal in- 
tervals and 20" lat i tudinal intervals. Apparently, 
no signif icant change had occurred in  the wal l  
thickness since the last  series o f   measurement^.'^ 

Radiography i n  Radiat ion Environs 

A brief investigation' '  was made into the possi- 
b i l i t y  of using radiography on HFlR target rod 
weldments i n  a background o f  approximately 300 
r a d s h r  at  0.1-Mev gamma irradiation. The energy 
level o f  the image-forming x irradiation was 48 kvp, 

and 8 sec was required 
radiograph of the sample 

to obtain a reasonable 
weld. Duplicate f i lms 

were then subjected to varying exposures o f  100- 
kvcp (ki lovoltage constant potential) x irradiat ion 
to  superimpose the fogging background on the 
image o f  the weld. Th is  energy would have some- 
what more effect on the f i lm blackening than would 
0.1-Mev gamma irradiation. An irradiation o f  ap- 
proximately 1 r did not seriously degrade the image 
quality. Thus i f  the total exposure time to the 
background can be kept to very nearly that o f  the 
image-forming exposure, useful radiography can 
be performed on the proposed target rod weldments 
i n  f ie lds o f  th is  energy and intensity. 

14R.  W. McClung, Met. D i v .  Ann. Progr. Rept.  J u l y  1 ,  

15Tmnsurnnium Quart. Progr. Rept.  Feb. 28, 1962, 

1960, O R N L - 2 9 8 8 ,  pp 416-17. 

O R N L - 3 2 9 0  ( in  press). 
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16. Physical Metallurgy 

H. lnouye 

AGING PHENOMENA IN DILUTE 
NlOBl UM- BASE ALLOYS 

D. 0. Hobson' 

The lack of agreement on the mechanical prop- 
erties of different heats of an Nb-l'% Z r  a l loy 
(commercial designation FS-80) was found t o  be 
due mainly to an agingreaction involving zirconium 
and oxygen. A detai led study of the aging phe- 
nomena showed that zirconium restr icts the oxygen 
so lub i l i ty  i n  the a l l o y  and results i n  the precipi- 
tat ion of a phase which ult imately forms ZrO,. 

It was concluded that the aging tendencies of 
numerous heats of th is  a l loy  containing various 
concentrations of oxygen, nitrogen, and carbon 
impurit ies could be predicted on the basis of the 
oxygen content and the solut ion annealing tem- 
perature. Similar aging phenomena were predicted 
for other a l loys of niobium, provided an element 
was present that formed a more stable oxide than 
niobium. 2 

DI SPERSION-STRENGTH ENED ALLOYS3 

Blake King 

The high-temperature strength of pure metals 
can be improved spectacularly by dispersement of 
a f ine array of hard particles, provided that these 
part icles are insoluble i n  the metal a t  the service 
temperatures. The chemical and physical prop- 
ert ies of the pure metal, on the other hand, are 

'Now with Metal  Forming and Cast ing Group. 

2D. 0 .  Hobson, Aging Phenomena in Columbium-Base 
Al loys ,  ORNL-3245 (Mar. 16, 1962). 

3Work done under subcontract w i th  the Universi ty 
of Miami. 

altered only s l ight ly  i n  comparison since these 
properties depend upon the matrix properties. 
D i s per s i on- strengthened pure meta I s , therefore, 

lack the corrosion resistance of a l loys and have 
a weaker matrix. T o  overcome these deficiencies, 
an investigation was in i t ia ted to  strengthen an 
Fe-5% Cr-7% AI-1% Nb-0.5% T i  a l loy which 
possessed exceptional resistance to  several oxi- 
d iz ing gases but lacked the desired strength. 
Mathematical expressions were derived from ex is t ing 
theories of dispersion strengthening for the optimum 
matrix-particle relationships. It was concluded 
that the dispersed phase should be AI,03 a t  a 
concentration of less than 10 vo l  % of the a l loy  
and of such a s ize t o  g ive an interpart icle spacing 
between 2 t o  3 p. 

Experiments demonstrated that pure AI 203 could 
be formed on the matrix a l loy by oxidation a t  about 
982OC. Thus the technique selected to  introduce 
the part icles in to  the a l loy  was to preoxidize mas- 
ter a l loy  powders prepared from melts and t o  d i lu te  
the required leve ls  w i th  pure elemental powders 
during consolidation. Promising master a l loys 
which were suitable for mechanical fragmentation 
to powders contained 60 t o  70 wt  % Fe, 20 t o  38 
wt % AI, and 4 t o  12 wt  % Cr. One group of a l loy  
melts was found to  be self-pulverizing at  room 
temperature due to the spontaneous reaction of 
aluminum carbide w i th  the moisture i n  the air. 
Typica l  compositions of master a l loys i n  th is  c lass 
contained 45 t o  62 wt  % Fe, 45 t o  50 wt  % AI, 4 
wt  % Cr, and 1 t o  1.5 wt  % C. 

URANIUM-MOLYBDENUM ALLOYS 

H. lnouye 

Uranium containing 10 t o  15 wt  % Mo has been 
considered as a metal l ic fue l  for fast  reactors on 
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the basis of i t s  superior resistance to  transformation 
below 563OC and superior creep resistance above 
th is  temperature. Between 400 and 7OO0C, these 
two material properties are considered to  be the 
control l ing factors which determine the extent of 
swell ing of th is  a l loy  during neutron irradiat ion a t  
subcri t ical fluxes. It was therefore the purpose of 
th is  investigation t o  determine the a l loy  composi- 
t ion possessing the greatest resistance t o  trans- 
formation of the metastable y phase t o  y' (U,Mo) 
and a (&uranium) and the composition possessing 
the greatest creep strength. 

Creep tests  were conducted on standard 0.505- 
in.-diam tens i le  specimens machined from 1-in.- 
diam extruded rod, gamma-heat-treated (annealed 
for 24 hr a t  9OO0C, water-quenched), and tested a t  
485,550, and 600OC. A creep rate of 8.2 x 10-4%/hr 
was measured for the U-10% Mo a l loy at  a 
stress of 10,000 ps i  and a t  485OC. Data were not 
obtained for U-13.5% Mo and U-15% Mo alloys, 
because the specimens ruptured i n  the threads 
upon loading. 

Comparative creep results obtained for several 
a l loys a t  a stress of 5000 psi and a t  55OoC, shown 
in  Fig. 16.1, indicated that the U-13% Mo a l loy  
was the strongest a l loy  under the test  conditions. 
The specimens tested a t  60OoC did not exhib i t  a 
well-defined second-stage creep and thus did not 
permit a calculat ion of the minimum creep rates; 

however, data a t  two stress levels are given i n  
Table 16.1. It appears that the U-15% Mo a l loy  i s  
the strongest of the a l loys tested at  th is  temperature. 

UNCLASSIFIED 
ORNL-LR-DWG 57954 

0 500 1000 1500 2000 
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Fig. 16.1. Creep Curves of Uranium-Base Al loys at 

55OoC. 

T a b l e  16.1. Creep Results for Gamma-Heat-Treated U-Ma Al loys Tested at 600'C 

Time (hr) to a Given Strain 

0.2% 0.5% 1% 2% 5% 
Rupture L i f e  (hr) Elongation (%) AI loy 

At  5000 ps i  

U-10% Mo 6 180 25.5 

U-13.5% MO 90 350 610 1030 Discontinued a t  1082 hr 

U-15% MO 290 920 Discontinued a t  1196 hr b 

At  10,000 psi  

U-13% MO 

U-15% MO 

143 198 293 331 7.5 

360 540 Discontinued ot  763 hrc 

a3.4% strain. 

b0.65% strain. 

=3.83% strain. 
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Hydrogen absorption occurs i n  the u phase a t  
225OC butnot  i n  the y and y’(U,Mo) phases. Th is  
pr inc ip le  was used t o  determine quanti tat ively the 
transformation k inet ics  of the reaction y e y’+ a.  
The conventional techniques based on hardness, 
x-ray, metallographic, and res is t i v i t y  determina- 
tions, on the other hand, g ive only a qual i tat ive 
measure of th is  reaction. The results o f  the experi- 
ments are summarized i n  Table 16.2. Transformation 
was promoted by co ld work and the transformation 
time, the most stable a l loy  appeared t o  be the 
U-15% Mo alloy, and the effect of stress on the 
transformation could not be ascertained. 

It was concluded from th is  investigation that 
the U-15% Mo a l loy  was the most promising a l loy  
from both the standpoint of creep resistance and 
the thermal s tab i l i t y  i n  the range 500 t o  600OC. 
Further studies of U-Mo al loys are not planned. 

OXIDATION PROTECTION OF A CAST 
U-10% MO ALLOY 

H. lnouye 

The Fas t  Burst  Reactor, which consists of a 
c r i t i ca l  arrangement of segmented U235-10% Mo 
al loy parts, experiences thermal cycles from room 
temperature to  8OOOF i n  air. The thermal history 
includes tests  as long as 1 hr a t  8OO0F, during 
which time oxidation o f  th is  a l loy  w i l l  cause a 
serious contamination problem. Therefore the pro- 
tect ive properties of various types of n icke l  
coatings on the a l loy  when thermally cycled (1 hr 
at  800°F, 15 min a t  room temperature) were 
evol uated. 

A characterist ic feature of a l l  coatings studied 
was their inconsistent and unpredictable behavior 
in  protecting the uranium al loy. As an example, a 

T a b l e  16.2. Transformation K inet ics  for the React ion y 6 y’+ U. 

H q  (STPI Amount of Amount of a-U 
Absorbed per Gram Transformation i n  A l loy  Temperature T ime A l loy  

(hr) of A l loy  (cc) (%I (wt  %) (O C) 

U-lO% MO 500 

500 

500 

550b 

U-13.5% MO 500 

500 

500 

550b 

U-15% MO 500 

500 

500 

48 

4aa 

a20 

252 

500 

5OOc 

2000 

3600 

500 

500d 

1000 

0.275 

32.2 

15.7 

28.2 

0.238 

1.80 

0.785 

3.36 

0.295 

0.245 

0.46 

53.7 

26.2 

47.0 

0.795 

6.0 

2.62 

11.2 

4.7 

4.1 

0.172 

20.15 

9.82 

17.6 

0.149 

1.13 

0.49 

2.1 

0.298 

0.256 

aCold worked 58% before transforming. 

bGage section of creep specimen stressed a t  5000 psi. 

=Cold worked 21% before transforming. 

dCold worked <lo% before tronsforming. 
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O.OO3-in.-thick n icke l  p la te protected the a l loy  
for 200 cycles, while ana l loy  coated wi th  a 0.0035- 
in.-thick layer fa i led i n  less than 10 cycles. Fur- 
thermore, doubling the plate thickness (0.007 in.) 
resulted i n  fai lure w i th in  60 cycles. Vacuum 
annealing the coating prior to  test ing improved the 
tenacity of the plates somewhat. The uncoated 
a l loy oxidized a t  a rate of 0.43 mg/cm per cycle. 2 

NIOBIUM-BASE ALLOY STUDIES 

T. K. Roche 

Niobium-base a l loys are of interest as structural 
materials for systems operating a t  temperatures 
greater than 2000°F, which i s  beyond the maximum 
useful temperature for the conventional iron-, 
nickel-, and cobalt-base al loys. An a l loy of Nb-1% 
Zr has been extensively studied. Inadequate 
strength properties l im i t  i t s  use to  temperatures 
below 2200°F. As  a result, an investigation of 
other niobium-base a l loys was init iated w i th  the 
aim of select ing a composition that w i l l  exh ib i t  
increased strength above th is  temperature. 

The a l loys selected for study were based on the 
Nb-V system. Hot-hardness and slow-bend tests 
were used to  qual i ta t ive ly  rate the strength of the 
al loys. 

Results of the fabr icabi l i ty  tests are included i n  
“Fabrication of Refractory-Metal Alloys,” Chap. 
18, th is  report. Data obtained by Armour Research 
Foundation4 on Nb-V binary a l loys i n  the composi- 
t ion  range of about 25 t o  50% V show these a l loys 
to  have better short-time strength properties a t  
room temperature and 2000°F than the Nb-1% Zr  
alloy. Hot-hardness measurements up to  1832°F 
carried out a t  ORNL on as-cast samples of a l loys 
containing 1, 10, 20, 30, and 50% V-bal Nb and 
on a wrought sample of a 60% V-bal Nb a l loy  con- 
firmed the strengthening effect of vanadium in 
niobium, wi th  peak strength reached i n  the30-50% 
V range. The hot-hardness data are shown i n  Fig. 
28.9, Chap. 28, th is  report. 

Aging studies were performed on Nb-40% V, 
Nb-50% V, and Nb-40% V-1% Z r  a l loys to  which 
had been added 350, 290 and 520 ppm 0,, respec- 
ti vel y. Samples were sol ut i  on-heat-treated at  
290OOF and aged for t imes up to 500 hr a t  1700°F. 
No  indication of aging was noted for the a l loys 
containing 40 and 50% V either metallographically or 
by room-temperature hardness measurements. How- 

41mproved Vanadium-Base Alloys (Bimonthly Report 
N O .  2), ARF-2210-2. 

ever, the Nb-40% V-1% Zr  composition showed 
the precipitat ion of a pepper-l ike phase, presumed 
to be Zr02,  which increased i n  amount w i th  time. 
Room-temperature hardness evaluation o f  th is  a l loy 
after aging did not show a pronounced hardness 
peak wi th  increasing aging time as might have been 
expected. 

Recent data were obtained which indicate that 
Nb-V binary a l loys lack creep resistance for long- 
time high-temperature service. A slow-bend test 
apparatus was constructed to qual i ta t ive ly  assess 
materials for their creep resistance. The entire 
apparatus i s  under vacuum, and a small specimen 
of rectangular cross section i s  suspended as a 
cantilever beam, loaded to a preselected fiber 
stress after reaching the test  temperature, and then 
measured for deflect ion as a function of time. 
T o  date, the a l loys Nb-1% Zr and Nb-40% V have 
been tested, under the conditions and wi th  the re- 
sults shown i n  Table 16.3. A quantitative com- 
parison of the data cannot be made, because the 
a l loys dif fered widely  i n  in ters t i t ia l  content and 
the Nb-40% V a l loy  test  was run under conditions 
of better vacuum. Nevertheless, a lack of creep 
resistance by the Nb-40% V a l loy  i s  indicated. 
Similar results were a lso  obtained by Armour Re- 
search Foundation5 i n  their stress-rupture tests 
on a series of a l loys of base composition V-1% 
Ti-60% Nb a t  2000°F and a stress of 10,000 psi.  
Rupture times were re la t ive ly  short, varying from 
13 hr for the a l loy V-1% Ti-60% Nb t o  47.7 hr 
for the a l loy  V-1% Ti-10% Ta-60% Nb. Several 
of the compositions showing intermediate rupture 
times were a l loys  w i th  carbon, oxygen, nitrogen, 
and boron added singly up t o  500 ppm and tungsten 
added s ing ly  a t  the 5 wt % level to  the base com- 
position. 

At the present time, the avai lable strength data 
do not favor the use of Nb-V a l loys for long-time, 
high-temperature (>20OO0F) application. However, 
th is  system does appear attract ive at  lower tem- 
peratures (<  1800°F). 

A program i s  being formulated toevaluate selected 
high-strength al loys. The a l loys of interest have 
already been through a laboratory development 
stage and include the fol lowing compositions: 
Ta-8% W-2% Hf; Nb-5% Mo-5% V-1% Zr; Nb-10% 
W-1% Zr-0.1% C; Nb-27% Ta-10% W-1% Zr; 
Nb-5% W-1% Zr-0.2% Y-0.06% C; Ta-30% 
Nb-7.5% V. 

51mpmved Vanadium-Base A l l o y s  (Final Report), 
ARF-2210-6. 
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Table 16.3. Conditions and Results of Slow-Bend Tests 

Temperature: 2200’ F 
Fiber st ress:  8000 ps i  

Sample 
Analysis (ppm) Test Duration Deflection 

Pressure (mm) 
02 N2 c2 (hr) (in.) 

Alloy Re marks 

Nb-1% Zr 950 180 190 22 1 0.122 > during heatup Specimen discolored 
after test 

1 O-5at beginning of 
tes t  

2.2 x 10-6at end of 

tes t  

0.543 110-5 during heatup Specimen bright 
after t e s t  

5 x a t  beginning 
of t e s t  

1.5 x at  end of 
t e s t  

Nb-40% V 350 130 140 13 

Toble 16.4. Comparison of Nil-Ductility Temperature wi th  
Melting-Temperature Range for Various Heats of INOR-8 

Melting-Temperature Range (OF) Nil-Ductility 
Temperature Liquidus Solidus Heat 

Number 
Vendor 

(OF) Temperature Temperature 

Y-8488 INCO 

Nl-5055 Haynes 

SP-19 Haynes 

SP-26 Haynes 

M-1666 Westinghouse 

2300 

2245 

2400 

2480 f l a  
2435 f 9 

2480 f 18 

2559 f 2 

2552 

MELTING POINT OF INOR-8 

T. K. Roche 

for determining the l iquidus and solidus tempera- 
tures, respectively. These data served as the 
basis for comparing the n i l -duct i l i ty  temperatures 
of the various heats of INOR-8. The n i l -duc t i l i t y  

technic Inst i tu te  i n  their hot-ducti l i ty apparatus 
and the ducti l i ty was found to be inferior at high 

AI-  
though nodef in i te  conclusions are yet possible, the 
solidus temperatures appear to be somewhat higher 
than the n i l -duc t i l i t y  temperatures, thereby creating 

The Observance Of cracking in certain temperatures were determined by Rensselaer p o l y -  
heats Of when welded under restraint 
prompted a more accurate determination of i ts  tem- 
perature range of melting.6 The cooling curve temperatures. 
method and the tension-fracture method were used ~ ~ ~ i ~ ~ l  data are presented in ~ ~ b l ~  16.4. 

6MxRp progr. Rep t .  Mar. l-Aug. 31, 1961, ORNL- 
3215, p 102. 
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some doubt that l iqu id  phases are the cause of 
the e levated-temperature britt leness reported. 

EVAPORATION OF IRON, NICKEL, AND 
COBALT ALLOYS IN HIGH VACUA 

D. T. Bourgette 

Conventional high-temperature a l loys are being 
considered for use i n  vacua less than torr. 
The vapor pressures of the elements w i l l  cause 
these a l loys t o  evaporate i f  they are heated to  high 
temperatures under these vacuum conditions. The 
selective a l loy deplet ion that i s  expected could 
lead to compositional changes which would affect 
their mechanical properties. It was the purpose of 
th is  investigation t o  determine the evaporation 
characteristics and the resultant effect on the 
mechanical properties of several a l loys and t o  
investigate methods of minimizing evaporation. 

Experimental techniques were developed and 
evaporation rates determined for types 316, 304, 
446 stainless steels, Inconel, INOR-8 (17% Mo-7% 
Cr-bal Ni), and Haynes a l loy No. 25 a t  871 and 

982OC and a t  pressures of 5 x torr. The 
evaporation rates as determined from weight-loss 
measurements are summarized i n  Table 16.5. A 
study of these data shows that the evaporation rates 
increase w i t h  the chromium content of the alloys, 
as would be expected from vapor pressure con- 
siderations. The rates are, however, between one 
or two orders o f  magnitude less than those pre- 
dicted for evaporation of the component elements 
in to  free space. Presently, it i s  speculated that 
th is  difference i s  due t o  the test conditions and 
not t o  the interacting effects of the a l loy ing ele- 
ments on each other. 

The selective loss of a l loy ing elements was con- 
firmed by analysis of the vaporized metal deposits. 
As an example, the analysis of the deposit vapor- 
ized from type 304 stainless steel (Table 16.6) 
showed that the proportional sil icon, manganese, 
and chromium losses were greater than either iron 
or nickel. With the exception of sil icon, these 
values are i n  proportion t o  their vapor pressures. 
The evaporation rates of oxidized specimens were 
lower by factors of between 2 and 10. Metal losses 
decrease the tens i le  and y ie ld  strengths and in- 
crease the duc t i l i t y  of the alloys. 

T a b l e  16.5. Evaporation Rates  of Al loys a t  5 x 10’’ Torr  

~ ~ 

Evaporation Rate (mg cm-2 hr- ’ )a  
In i t ia l  Chromium 

Al loy  Content (wt  %) At  87loC At  982OC 
I n  it ia l  F ina l  In i t ia l  F i n a l  

INOR-8 

lnconel 

~~ ~ ~ ~ 

2.5 x 2.0 x 

6.0 3.0 x 

6.78 

14.81 5.7 1 0 - ~  2.8 

Type  316 15.86 4.5 x 6.7 x 1 0 - ~  11.3 6.7 

Type  304 18.04 2.1 2.7 8.3 3 . 5 ~  1 0 - ~  

stainless steel 

stainless steel  

Haynes a l loy  19.40 6.8 x 4.6 x 12.5 x l oq3  5.7 X 

1.0 1.3 x 1.1 x 
No. 25 

Type  446 24.70 7.5 
stainless steel 

a lni t ia l  rates based on f i rst  30 hr of test; f inal  rates based on the rates between 500 to  600 hr. 
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Tab le  16.6. A n a l y s i s  of Depos i ts  Evaporated from T y p e  304 
Sta in less  Steel a t  982OC and 5 X lo-’ Torr. 

Vapor Pressure 

of Element 

(torr) 

A n a l y s i s  of Or ig ina l  A n a l y s i s  of Vapor Rat io  (w t  %): Element 
A l l o y  (wt  %) Depos i t  ( w t  %) Depos i t /Or ig  in0 I 

Ma nga ne se 1.63 

Chromium 18.30 

Si l i con  0.050 

I ron * 69.6 
N i c k e l  10.44 

6.00 

41.25 

0.939 

49.75 

2.0 1 

3.68 s X  
2.26 2 x  

18.75 5 x  10-8 

0.715 z X  
0.192 7 x 10-8 

REACTIONS OF TYPE 304 STAINLESS STEEL 
WITH LOW-PRESSURE CO AND CO, 

H. lnouye 

The fuel elements of the EGCR w i l l  be clad wi th  
type 304 stainless steel and w i l l  be exposed to  
helium a t  315 psi0 for periods up to  25,000 hr (3 
yr) a t  estimated temperatures between 200 t o  
1000°C. The helium w i l l  contain small amounts of 
impurity gases such as CO, CO,, H,, H,O, and 
CH,, and the coolant i s  therefore expected t o  react 
w i th  the cladding t o  cause oxidation, carburization, 
and decarburization. The purpose of th is  invest i -  
gation was to  determine the permissible l imi ts  of 
CO and CO,, the nature of the surface reactions, 
and an indication of the degree of control attainable 
over these reactions by control l ing the gas com- 
position. 

/Pco ra t io  

numerous types of oxides could be formed, some 
being protective and others nonprotective. The 
presence of the nonprotective oxides was evidenced 
by an accelerated rate of oxidation and was due 
to  the formation of Fe,O, and FeO. This  could 
consti tute a problem, since, i n  addit ion to  being 
nonprotective, Fe,O, i s  not adherent when the 
oxidation exceeds 0.3 mg/cm2. Thus it might, 
during a reactor temperature excursion, introduce 
abrasive part icles in to  the high-velocity hel ium 
stream and carry radioactive part icles t o  various 
parts of the gas system. 

The in i t ia t ion of the accelerated oxidation rates, 
commonly cal led the “breakaway” phenomenon, 
was extended to  longer times as the Pco,/Pco 
rat io  was decreased. The c r i t i ca l  gas ra t io  below 

It was found that by varying the P 
c o 2  

which th is  phenomenon was not observed was 
experimentally determined to  be between 0.45 and 
0.67at 982OC. T o  control th is  undesirable reaction, 
i t  was concluded that the reaction F e  + CO, -, 
FeO + CO should be prevented. The equil ibr ium 
Pco2/Pco rat io  for th is  reaction a t  982°C i s  0.40 
and increases as the temperature decreases. 

As  the Pco2/Pco rat io  was further decreased 

below 0.40, combinations of NiO, FeO, and MnO 
wi th  Cr,O, which had spinel structures developed 
and then gradually disappeared a t  the lowest gas 
ratios, leaving only Cr,O, detectable. Under these 
conditions (Pco,/Pco values between 0.018 t o  

0.45), the reactions obeyed the parabolic growth 
rate and were insensi t ive t o  the concentrations of 
these gases.. 

Carburization of the metal occurred concurrently 
wi th  oxidation for gas compositions studied above 
about 600OC. The carburization increased uni- 
formly w i t h  temperature, reaching maxima between 
800 t o  9OOOC and then decreasing wi th  further 
increase i n  temperature. The variables that deter- 
mined the carbon content of the a l loy for a given 
time were the oxidation reaction, the carbon poten- 
t i a l  (Pco)2/Pco,, and the reaction temperature. 

These interacting effects led t o  the occurrence of 
another carbon maxima a t  a (Pco)2/Pco2 value 

of 0.227 for a l l  temperatures above 700°C. 
Of the above control l ing variables, it was con- 

cluded that the overriding factor inf luencing the 
carbon content of the a l loy  was the ab i l i t y  of the 
oxide layer t o  ac t  as a barrier for carbon dif fusion. 
The most desirable oxides were Cr,O,, the spinels, 
and the oxides of iron, i n  that order. 
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On the basis of th is  investigation, it was con- 
cluded that both the oxidation and the carburizing 
reactions can be control led by maintaining gas 
conditions which favor the formation of Cr,O, as 
a surface layer. The detai ls of th is  investigation 
have been r e p ~ r t e d . ~  

OXIDATION STUD1 ES 

T. K. Roche H. lnouye 

It was the purpose of th is  investigation to  evalu- 
ate the oxidation resistance of numerous conven- 
t ional high-temperature a l loys since many of the 
present test ing programs employ these a l loys in  
the range 700 to  1050OC. 

The results of oxidation runs at  927, 982, and 
1038OC are shown i n  Table 16.7. With the excep- 
t ion of the stainless steels, a l l  the a l loys oxidized 
at  a rate which decreased w i th  time, indicating 
that protective oxides were being formed on the 
surface and therefore that the a l loys would be 
suitable for long-time tests. Contrary to  the accept- 
ed bel ie f  that oxidation rates decrease as the 
chromium content i s  increased, the weight-gain 
data indicated that the oxidation rates increased 
wi th  the chromium content of the al loys tested. 
This  behavior tentat ively i s  attributed to  the for- 
mation of nitr ides in  addit ion t o  the oxide. 

Type 316 stainless steel exhibited a sharp break- 
away oxidation a t  a l l  temperatures for a short 
period of about 20 hr. Thereafter the oxidation 
decreased to a very s low rate. The rate curve for 
the oxidation of type 446 stainless steel consisted 
of consecutive series of jogs of a parabolic shape. 
Apparently, the intermittent periods o f  rapid weight 
gain occurred when there were ruptures i n  the pro- 
tect ive oxide fi lm. Type 310 stainless steel showed 
an increasing rate o f  oxidation after about 200 hr 
above 982OC, indicating the onset of accelerated 
oxidation or breakaway oxidation. These data 
demonstrate that the usually recommended oxidation- 
resistant a l loys such as types 446 and 310 stain- 
less steels are not so desirable as some containing 
less chromium. 

An aluminum bronze alloy, although not a high- 
strength metal, was tested merely t o  show i ts  
superiority over the conventional alloys. In  fact, 

7GCR Quart Progr. R e t .  Mar. 31, 1962, ORNL-3302 
( i n  press); H .  Inouye, GCR Quart Progr.  Repts .  Dec. 
31, 1961, ORNL-3254 pp 48-50; Sept. 30, 1961, ORNL- 
3210, pp 47-52; and June 30, 1961, ORNL-3166, pp 
104-6. 

the oxidation rate a t  7OC below i ts  melting point 
of 1021OC was not s ign i f icant ly  dif ferent from that 
a t  982°C. 

CLADDING STUD1 ES 

T. K. Roche 

Refractory metals must be coated 
ox idat ion-resi stant materia I s  when 

or c lad w i th  
intended for 

elevated-temperature service i f  vacua or inert gases 
are not employed. The cladding of niobium w i t h  
conventiona I oxidation-resi stant a I loys results i n  
the formation of b r i t t le  reaction layers a t  the com- 
posite interface which fracture when thermally 
cycled due to  the wide difference i n  their expcnsion 
coefficients.* Th is  investigation was for the pur- 
pose of developing suitable metal composites for 
service i n  oxidizing environments up t o  about 
1000°C. Two approaches were evaluated, both of 
which were designed to el iminate the br i t t le  re- 
act ion layer a t  the composite interface. One method 
depended upon use of a duct i le  transit ion layer 
which would not react w i th  the cladding or the 
niobium. Silver was used for th is  purpose i n  a 
type 304 stainless steel-niobium composite. 
Metal lurgical bonds that withstood severe f lat- 
tening and bending tests  were achieved by vacuum 
brazing the component parts. Thermal cyc l ing a 
6-in.-long specimen of such a composite between 
room temperature and 78OoC over a period of 13 
days (11 cycles) resulted i n  a $% increase i n  
the length of the stainless steel cladding. Sub- 
sequent bending and f lattening tests caused a 
separation of the composite a t t h B  stainless steel- 
si lver interface. 

In the other approach, several layers dif fering 
i n  composition were inserted between the stainless 
steel and the niobium i n  an attempt t o  develop a 
transit ion layer w i th  a graded expansion coeff i-  
cient. Furthermore, the transit ion layers were 
fabricated from metal powders so as t o  control the 
distr ibution of the br i t t le  reaction phases. MetaI- 
lographic examination of representative reaction 
zones indicated that the distr ibution of the br i t t le  
phases can be changed by th is  method. Service 
tests under transient thermal conditions have not 
been completed. 

~~~ ~ 

*T. K. Roche, Met. Diu. Ann. Progr. Rept. May 31, 
1961, ORNL-3160, p 145. 



T a b l e  16.7 Oxidat ion Rates o f  High-Temperature A l loys  Tested  in A i r  a t  927, 982, and lb38'C 

Weight Ga in  (mg/cm 2 ) 
T e s t  T ime 

Type  316 Haynes A l l o y  Type 310 Type  446 
Stainless Steel No. 25 Stainless Steel Stainless Steel I ncone I INOR-8 94% C U - ~ %  AI  (hr) 

10 

25 

50 

100 

20 0 

300 

10 

25 

50 

100 

200 

300 

0.17 

0.28 

2.77 

4.26 

4.30 

4.35 

0.8 

6.8 

7.2 

7.3 

7.5 

7.6 

10 15.5 

25 26.0 

50 28.3 

100 28.3 

200 28.3 

300 28.3 

1.0 

1.29 

1.33 

1.55 

1.74 

1.89 

0.36 

0.69 

1.01 

1.36 

1.84 

2.21 

0.9 

1.25 

1.7 

2.27 

3.15 

3.72 

At  927'C 

0.28 

0.49 

0.59 

0.64 

0.83 

0.97 

At  982'C 

0.50 

0.73 

0.95 

1.22 

1.58 

1.97 

At  1038'C 

1.07 

1.72 

2.52 

3.77 

5.82 

7.62 

0.20 0.05 0.04 0.10 

0.37 0.22 0.07 0.12 

0.52 0.33 0.10 0.13 

1.05 0.44 0.18 0.15 

1.38 0.62 0.29 0.17 

1.52 0.74 0.35 0.18 

0.47 0.42 0.10 0.21 

0.71 0.53 0.21 0.26 

0.95 0.67 0.31 0.30 

1.34 0.88 0.45 0.31 

1.89 1.15 0.64 0.32 

2.42 1.35 0.77 0.33 

0.85 0.67 0.50 

1.55 0.92 0.68 

2.20 1.17 0.85 

3.95 1.50 1.13 

4.80 2.07 1.58 

5.55 2.47 1.97 

, #  . . 4  , 
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CONTAMINATION STUDIES OF 
REFRACTORY METALS 

H. lnouye 

Refractory metals are eas i ly  contaminated by 
gases a t  high temperatures, which affects their 
mechanical and chemical properties. The gas- 
metal reactions lead t o  material fai lure or to  test 
results that are not representative of the metal 
under investigation. Because the extent of the 
gas-metal reactions depends upon the concentra- 
t ion of the act ive gas species, the usual precaution 
taken to  minimize contamination i s  to  heat the 
metal under vacuum or i n  inert gases. The pur- 
pose of th is  investigation i s  to  determine which 
environment should be used for extended exposure 
times of the metal a t  temperatures up t o  1200OC 
and the permissible concentrations of the act ive 
gases when the metal of interest i s  niobium and 
i t s  al loys. 

The methods that were explored to  assess the 
extent of gaseous contamination were based on 
weight change, hardness, analysis of the metal 
after test, and tens i le  properties. Of these various 
methods, analysis of the metal was considered to  
be the most re l iab le  measure o f  the extent of con- 
tami nati on. 

Hardness and tens i le  property changes were ob- 
served t o  correlate w i t h  the weight changes only 
when the metal did not age and when there was a 
weight gain. At  1000°C weight gains were obser- 
ved at  1 x 
torr. It i s  suspected that the weight losses at  
the lower pressure were due to  evaporation since 
oxidation has been demonstrated t o  occur a t t h i s  
pressure. 

The rate of the chemisorption of gases on the 
surface of the metal was found to  be the control l ing 
variable during the i n i t i a l  stages of contamination 
below 1 x torr and the dif fusion rates of the 
contaminant wi th in  the metal to be rate-controll ing 
thereafter. Thus niobium a l loys that contain ele- 
ments which form oxides more stable than niobium 
are contaminated w i th  oxygen at  a higher than nor- 
mal rate since such elements serve as a sink for 
the dissolved gas. 

torr and weight losses a t  3 x 

9 

10 

9J. E. Spruiell, “The Oxidation Rf Columbium a t  
85OoC in Oxygen a t  Low Pressures, Masters degree 
thesis, Department of Chemical and Metallurgical 
Engineering, University of Tennessee, June 1960. 

In gaseous mixtures such as a i r  a t  1000 and 
1200°C and at  pressures between 1 and 5 x 
torr, niobium i s  contaminated wi th  both oxygen and 
nitrogen i n  the ra t io  of about 100:1, respectively, 
even though the gas concentrations are in the rat io  
1:4. Th is  behavior was concluded t o  be due t o  the 
d i f fus ion rate of oxygen i n  the metal being higher 
than that of nitrogen. For equivalent oxygen pres- 
sures, the reaction rates in  gas mixtures were 
lowered by an order of magnitude when nitrogen 
was present. l o  This  indicates that chemisorption 
of nitrogen on the metal surface was responsible 
for the observation. 

Although h igh ly  puri f ied argon or helium i n  a 
thoroughly outgassed system (baked for 72 hr at  
approx 900°C) was demonstrated t o  provide pro- 
tect ion equivalent t o  a vacuum of 1 x torr, i t  
was concluded that high-temperature tests of re- 
fractory metals should be conducted i n  vacua for 
the fol lowing reasons: The permissible gas im- 
puri ty levels are estimated to  be in  the range 1 x 
lo- ’  torr ( 1  part/lO bil l ion), which i s  beyond the 
analy t ica l  sens i t i v i t y  of a l l  instruments except 
the mass spectrometer. Furthermore, an immediate 
response occurs i n  vacuum systems when the 
impurity concentration changes since the vacuum 
gages and the mass spectrometer measure only 
the impurit ies of interest. 

MOLYBDENUM RESEARCH 

W. J. Werner 

The potential value of molybdenum i n  high-tem- 
perature devices re l ies on i t s  use in  atmospheres 
that are not oxidizing. Suitable environments 
appear t o  be vacua, l iqu id  metals, and gases that 
are reducing toward i t s  oxides. Prel iminary experi- 
ments confirmed that molybdenum i s  tolerant of 
high proportions of water vapor. Th is  tolerance 
can be further increased by the presence of hydrogen. 

Although the bri t t leness of molybdenum near room 
temperature, and hence i t s  lack of fabricabi l i ty, is  
an obstacle t o  i t s  use as a material of construction, 
techniques have been developed for the fabrication 
of thin-walled tubing. The tubing made t o  date has 
not been of the high qual i ty  required i n  reactors. 

’OH. lnouye Met. Div. Ann. Pfogr.  Rep t .  May 31, 
1961, ORNL-3f60, p 144. 
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BERYLLIUM CORROSION RESEARCH 

W. J. Werner 

One obstacle which prevents the use of beryl l ium 
in  CO, environments above 600°C i s  i t s  lack of 
corrosion resistance when water vapor i s  a lso pres- 
ent. Th is  investigation i s  a continuation of a 
research program directed toward an understanding 
of the factor(s) leading to  the occurrence of an 
accelerated rate of oxidation commonly referred 
to  as the “breakaway” phenomenon. A s  was pre- 
v ious ly  reported, l 1  i t  was theorized that the reaction 
observed between Be,C and water vapor init iated 
the breakaway phenomenon i n  beryl l ium of com- 
mercial purity. 

The solut ion t o  the problem during th is  period 
was approached by using ultrapure metal, i n  the 
bel ief that impurit ies concentrated a t  the grain 
boundaries were responsible for the lack of corro- 
sion resistance, and by a l loy ing beryll ium. Corro- 
sion tests of a Be-0.5% Ba a l loy  were conducted 
i n  dry CO, wi th  the hope that barium would forma 
protective carbonate layer. Prel iminary results 
indicated that the reaction rates of the a l loy de- 
crease w i th  increases i n  the CO, pressure, which 
i s  not observed i n  unalloyed beryllium. The corro- 
sion rate of th‘e a l loy  was greater than that of the 
unalloyed metal. A zone-refined single crystal of 
beryl l ium was obtained for further studies. 

”W. J. Werner, Met. Diu. Ann. Progr. R e p t .  May 31, 
1961, ORNL-3160, p 143. 
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17. Ceramics Technology 

W. 0. Harms 

B e 0  AND FUELED Be0 STUDIES 

Fabrication Development of Be0 

R. L. Hamner 

High-purity B e 0  specimens w i th  careful ly con- 
t ro l led properties were fabricated for irradiation 
experiments i n  the Engineering Test Reactor 
(ETR). These experiments were designed to  eval- 
uate B e 0  as a moderator material for reactors i n  
which large fast neutron doses would be accum- 
ulated. Cold pressing and sintering techniques 
were used to fabricate the specimens to  dimen- 
sional tolerances of k0.002 in. without machining. 
Fabrication procedures were based on studies o f  
the effect o f  green density and sintering t ime on 
the shrinkage characterist ics and sintered densi- 
t ies  of the specimens. Grain size was controlled 
by the time o f  heat treatment at 1750T. 

Approximately 900 specimens were prepared to 
density, dimensional, and microstructural specif i-  

These experiments were s ta t i s t i ca l l y  
designed for studying the effects of density, grain 
size, and temperature on B e 0  bodies irradiated at 
fast neutron (>1 MeV) doses of greater than l o2 ’  
neutrons/cm2. The specimens were of two sizes 
and of four types: high-density specimens, 97% 

’R. L. Hamner, GCR Quart Progr. Rept. Sept 30. 
1961, ORNL-3210, pp 233-34. 

2R. L. Hamner, Met. Diu. Ann. Progr. Rept. May 31, 

3R. L. Hamner, GCR Quart. Progr. Rept .  l u n e  30, 

4R. L. Hamner, GCR Quart. Progr. Rept. Dec. 31, 

5GCR Quart. Progr. Rept. ,  Mar. 31, 1962, ORNL-3302 

1961, ORNL-3160, p 63. 

1961, ORNL-3166, pp 83-84. 

1961, ORNL-3254, pp 263-64. 

( in  press). 

of  theoretical density, composed o f  two groups 
varying i n  grain size by a factor o f  3 (average 
grain diameters of 24 and 70 p), and low-density 
specimens, 90% of theoretical density, composed 
o f  two groups varying i n  grain s ize by a factor o f  2 
(average grain diameters o f  17 and 34 p). The 
high-density specimens were prepared without the 
use o f  binders; the low-density specimens were 
sintered under the same conditions, but an epoxy 
resin was used as a fug i t ive organic material to 
provide high porosity. Specimens w i th  small grain 
s ize were sintered for 1 hr at 1750% and those 
having larger grain s ize were heat-treated for 60 hr 
at 1750T. Al l  heat treatments were carried out 
i n  a hydrogen atmosphere. 

It was observed that the bulk density o f  B e 0  
bodies was affected markedly when the rate o f  
heating to  the sintering temperature in a hydrogen 
atmosphere was widely varied. The final bulk den- 
s i ty  obtained for a material pressed to  a given green 
density decreased from 96 to  64% of theoretical 
when the t ime to  reach the sintering temperature 
was increased from 2 t o  24 hr.’ These results are 
direct ly opposite to those reported by L i v e y  et a1.6 
based on sintering studies o f  B e 0  conducted i n  
an air atmosphere. They are consistent, however, 
with results obtained recently by Morize.’ The 
effect observed may be attributed to  the pro- 
longed exposure o f  the B e 0  to  trace amounts o f  
moisture i n  the hydrogen atmosphere during sin- 
tering,8 or simply to  the ac t iv i t y  o f  the powder 
being reduced during long exposure to  temperatures 
lower than that necessary for satisfactory sintering. 

‘D. T. L i v e y  et a~. ,  N ~ C Z .  Energy [rvl 3, 111-34 
(1960). 

7P. Morize, Centre d’Etudes Nucl  Aaires de Saclay, 

8C. A. Aitken,  J .  A m  C e r a n  Soc. 43(12), 630 (1960). 

private communication. 
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Fabrication Development of Fueled B e 0  Phase Relationships i n  BeQ-Metal Oxide Systems 

A. T. Chapman 
R. E. Meadows 

R. L. Hamner 
A. J. Taylor 

Studies o f  large-particle (100 to  500 p) disper- 
sions o f  UO, and (U, Th)O, so l id  solutions i n  B e 0  
were cont inued9~" as part o f  a long-range develop- 
ment program for advanced gas-cooled power reac- 
tors. The fabrication procedures used i n  co ld 
pressing and sintering were essential ly the same 
as those described p r e v i o u ~ l y . ~ ~  l o  

Prototype specimens containing 30 vol % of de- 
pleted UO, were fabricated for high-temperature 
irradiation experiments designed to  investigate the 
effect of a controlled vo id volume around the fuel 
part icles on the dimensional and structural in-  
tegri ty and on fission-gas release during irradia- 
t ion. The vo id  volume was obtained by incorpo- 
rating fuel part icles which exhibited a higher 
shrinkage than the B e 0  matrix. Calculat ions based 
on experimentally determined I inear shrinkages o f  
19% for the B e 0  matrix and 23% for the UO, fuel 
part ictes indicated that vo id  gaps o f  2.0 to 2.5 p 
had been obtained i n  the specimens. The incorpo- 
ration o f  voids of th is  s ize in the sintered spec- 
imen results in  a decrease i n  the f inal density from 
95 to approximately 92% of theoretical. 

A. T.Chapman R. E. Meadows 

Phase studies were continued i n  BeO-metal 
oxide systems by using the porous col lector tech- 
nique.', The temperature o f  f i rs t  l i qu id  formation 
was determined for a number of compositions in  
the ternary system Be0-MgO-ZrO, . These data 
are presented in Fig. 17.1 and establ ish the ternary 
eutectic plane at 1720 k 10°C. The contour o f  the 
temperature-composition surface indicates an ex- 
tensive area o f  sol id so lub i l i ty  in the Zr02- r ich  
portion o f  the system. However, t h i s  region o f  
so l id  so lub i l i ty  was not unequivocal ly substanti- 
ated by x-ray diffraction, petrography, and metal- 
lography of quenched and furnace-cooled specimens. 

The eutectic temperature and composition for the 
BeO-MgO and BeO-ZrO , systems were reported 
previously.12 The th i rd  binary side, MgO-ZrO,, of  
th is  ternary system was examined wi th  the porous 
col lector technique, and the eutectic temperature 
and composition were establ ished at  2080 k 10°C 
and 35 k 2 mole % ZrO,, respectively. 

',A. T. Chapman, R. A. Potter, and R. E. Meadows, 
Met. Diu. Ann. Progr. Rept. May 31, 1961, ORNL-3160, 
pp 62-63. 

UNCLASSIFIED 
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Several techniques for producing spheroidal fuel 
part icles were experimentally evaluated. Satis- 
factory spheroidal fuel par t ic les for the experiment 
were made by tumbling irregularly shaped granules 
o f  a selected green density i n  a high-velocity air 
stream. By continuously removing the fines in-  
stead of al lowing them to accumulate on the par- 
t icles, uniform densif icat ion of the par t ic les during 
sintering was obtained. Th is  feature reduced the 
tendency for internal voids and laminations t o  
form and offers the economically attract ive possi- 
b i l i t y  o f  reprocessing the f ines for subsequent 
spheroi di zati on. 

B e 0  

COMPOS,T,ON ,N MOLE ~~ 

TEMPERATURE IN " c  

9R. L. Hamner, GCR Quart. Progr. R e p t  Dec. 31, 

'OR. L. Hamner, Met. Diu. Ann. Progr. Rept. May 31, M g o  20 30 4o 50 60 70 80 90 ZrOz 

1960, ORNL-3049, pp 196-201. 

1961, ORNL-3160, p 64. 
Fig.  17.1. Temperature of F i r s t  Melting in the Ter- " C C R  Quart. Progr. Rept. Mar. 31, 1962. ORNL-3302 

( i n  press). nary System M g 0 - Z r 0 2 - B e 0 .  
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Phase Relationships in the U-0 System 

A. T. Chapman R. E. Meadows 

A program was designed to  evaluate the potential 
o f  fueled B e 0  for use i n  gas-cooled power reactors 
having all-ceramic fuel elements. The effects o f  
temperature and oxygen pressure on the phase rela- 
t ionships i n  the uranium-oxygen system are o f  
interest in connection wi th  the migration or loss 
o f  fuel and wi th  the compatibi l i ty of coolant and 
BeO-UO, and BeC-(U, Th)O, fuel elements that 
are not sealed i n  a meta l l ic  can. 

Thermogravimetric equipment was designed and 
constructed for use at  temperatures as high as 
1800 to  2000oC i n  vacuum or 1400 to 1600T i n  
various gases. Preliminary results showed that 
above 1200 to 1300T at  a pressure of t o  

torr, UO,tx (0 < x < 0.2) loses weight; the 
magnitude of th is  loss indicates that a vo la t i le  
uranium species i s  present. Experiments at 1500 
to  17000C showed that th is  process was essent ia l ly  
complete after the OAJ rat io reached 2.02 to  2.04. 
Two reactions which could explain t h i s  behavior 
are given below: 

Both reactions indicate that UO,+* under the de- 
scribed environmental conditions produces a vola- 
t i l e  component (or components) wi th  a “composite” 
O/U ratio o f  4. The theoretical amount of weight 
lost, which i s  a lso the same for both reactions, 
can be calculated by knowing the OAJ rat io of the 
starting material and f ina l  residue. 

The theoretical ly predicted weight losses and 
O / U  rat io o f  the vo la t i le  phase based on reactions 
1 and 2 are compared with experimental values i n  
Table 17.1. These data show that the proposed 
reactions adequately describe the experimental 
results; however, the experimental method does 
not provide a d is t inct ion between UO, and UO, 
plus 0, as the gas-phase components. Since 
other investigators have identi f ied UO, as a gas, 
reaction 1 i s  probably the correct one to  use i n  
the interpretation o f  these data. 

These findings indicate that the loss of  uranium 
as a vo la t i le  phase can readi ly occur from cubic 
UOZtx and suggest that equil ibrium studies i n  the 
uranium-oxygen system should include UO, and 
UO, as well  as oxygen as possible gas-phase 
components. 

During additional experiments it was possible to  
detect the re la t ive ly  rapid weight changes accom- 
panying the loss or gain of oxygen from powdered 

or a mixture o f  both, as the ma- 
terials were cycled across the two-phase region 
i n  which the orthorhombic U 3 0 8 - y  and the cubic 
UO,+x are in  equilibrium. (Th is  region i s  repre- 
sented as a l ine  on an oxygen pressure-temperature 
diagram.) The specimens were successively heated 
and cooled in a f ixed oxygen pressure, and the 

uo, t x  , u30, - y  , 

T a b l e  17.1. Comparison of Experimental Data Obtained by Heat ing U02+x 
Powders to 1600 to 17OO0C a t  to Torr with Theoreticol 

Predictions Based an Reactions 1 and 2 

O/U Ratio of O/U Rat io  of Weight L o s s  (76) 
Vola t i I e Mater io I Starting Material 

In i t ia l  F inal  Theoret ical  Experi menta I 

Experiment 
No. Theoret ical  Experimental 

2.031 4.0 4.2 8.4 8.7 

2.022 4.0 4.0 8.8 9.1 
V F-4 2.186 

V F-7 2.186 

V F-8 2.003 2.003 

VF-13 2.081 2.026 4.0 4.1 3.0 2.7 
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weight change was noted as a function o f  tempera- 
ture. It was necessary to  compensate for the con- 
t inual l o s s  of  gaseous U O ,  or UO,;  however, the 
rate o f  oxidation or oxygen depletion as the sample 
crossed the two-phase region was rapid enough to 
permit pos i t ive recognition o f  the event. 

The data obtained are presented in Fig. 17.2. 
The high-temperature (1550oC) experimental point 
was reported earlier’, and was obtained during 
quenching studies i n  air. No attempt was made to 
investigate the s tab i l i ty  region o f  U,09- , ;  the 
technique used, at least at present, cannot d is t in-  
guish U , 0 9 - ,  from UO,+%. In addition, the ex- 
perimental conditions are such that gaseous UO, 
or UO, i s  continual ly removed from the sample 
and deposited in  cooler regions o f  the furnace. 
The influence o f  U O ,  or UO, on the equil ibrium 
oxygen pressure i s  unknown, and the representation 
i n  Fig. 17.2may be va l id  on ly  when the pressure 
o f  the vo lat i le  species i s  low. 

GRAPHITE AND FUELED GRAPHITE STUDIES 

’,A. 1. Chapman, R. A. Potter, and R. E. Meadows, 
Met. Diu. Ann. Pmgr. Rept. May 31, 1961. ORNL-3160, 
p 63. 
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Coated Particle Fuel Element Development l 4  

R. L. Beatty 
E. S. Bomar 

F. L. Carlsen, Jr. 
J. L. Cook 

In the development o f  fuel elements based on the 
coated par t ic le  concept the Ceramics Laboratory 
specif ies and prepares, or procures, the fuel par- 
t i c l e s  and fuel bodies, performs the necessary pre- 
i rradi at ion examinations, speci f i  es the condit ions 
for and assists i n  the design o f  the irradiat ion 
tests, and ass is ts  i n  the postirradiation examina- 
tions. 

The out-of-pi le properties and the behavior o f  
materials under irradiat ion are being correlated 
by examining samples o f  both coated par t ic les 
and fueled bodies containing coated par t ic les 
which have been or w i l l  be exposed i n  various 
research reactors. Coated-particl es and fueled- 
graphite bodies were procured from several sources 
and a number o f  their preirradiation properties 
m e o s ~ r e d . ’ ~ - ’ ~  Forty-two l o t s  o f  par t ic les have 
been received and are in  varying stages o f  exam- 
i nat i on. 

I f  a re la t ive ly  clean reactor system i s  to resul t  
from use o f  fuel elements ut i l iz ing the coated par- 
t icles, close control over exposed fuel i s  required. 
The exposed fuel may result from either surface 
contamination or from defective coatings. Surface 
contamination i s  measured by counting the alpha 
part icles emitted from the surface of the  coated 
part icle. Defective coatings are detected by leach- 
ing wi th  8 M HNO,. With a few exceptions, the 
various lo ts  o f  coated part i  cl  es from commerci ai 
sources have met the requirement of  the to ta l  ex- 
posed fuel not exceeding 5 x lo-,% of  the con- 
tained fuel. 

14T. Hikido, J. M. Kerr, and F. L. Carlsen, Jr., Met. 
Diu. Ann. Progr. Rept. May 31, 1961. ORNL-3160, p 58. 

1 5 J .  M. Kerr, GCR Quart. P r o p  Rept. J u n e  30. 1961, 
ORNL-3166, pp 84-86. 

1 6 J .  M. Kerr, F .  L. Carlsen, Jr., and T. Hikido, GCR 
Quart. Progr. Rept. Sept. 30, 1961, ORNL-3210, pp 

17E. S. Bomar e t  al.. GCR Quart. Progr. Rept. Dec. 

133-38. 

31, 1961, ORNL-3254, pp 137-45. 

18GCR Quart. Pmgr .  Rept. Mar. 31, 1962, ORNL-3302 
( in  press). 
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Samples have been thermally cyc led to 1450 to  
1500OC to test  the resistance o f  the coatings to  
stresses caused by dif ferential thermal expansion 
and the ab i l i t y  o f  the coatings to prevent migration 
o f  the fuel. Sixteen lo ts  o f  par t ic les from each o f  
four sources showed both good and poor performance; 
the reasons for the fai lures were not determined. 

Contact radiography techniques were developed 
i n  conjunction wi th  Nondestructive Testing (Chap. 
15, th is  report) and with and proved 
to  be an effect ive means o f  detecting migration o f  
fuel in the coating, as shown i n  Fig. 17.3. Radiog- 
raphy was also used to check on the contour o f  the 
core particles, as shown i n  Fig. 17.4, to measure 
the core diameter and cladding thickness, and to 

I9C. K. H. DuBose and R. J. Gray, Metallography of 
Pyroly t ic  Carbon Coated and Uncoated Uranium Carbide 
Spheres, ORNL TM-91 (Mar. 21, 1962). 

detect the presence o f  high-density inclusions, 
such as fuel fragments, i n  the coating layer. 

Mi cro scopi c exam i not ion s supp I emented by x-ray 
dif fract ion showed that UC,, UC, and graphite are 
the principal constituents o f  the uranium carbide 
fuel particles. Pyro ly t ic  carbon coatings were 
found to range i n  microstructure from lamellar or 
onion-type to columnar. 

The crushing strengths o f  various lo ts  of par- 
t i c les  were determined i n  order to serve as a pos- 
sible index of the mechanical integri ty and uni- 
formity of the coated particles. The equipment for 
determining these crushing strengths i s  described 
i n  Chap. 28 of th is  report. 

i n  th is  program: the L lTR stat ic  capsules, the 
ORR-C1 and B9 instantaneous f ission-gas release 
faci l i t ies, the ORR poolside sweep capsules, and 
the ORNL-MTR-48 sweep capsules. During the 

Four types o f  irradiat ion fac i l i t i es  are being used . 

Fig.  17.3. Contact Radiograph of Pyrolytic-Carbon-Coated Uranium Carbide Particle. Halo  effect around dense 

fuel particles i s  the result of fuel migration into coating. 
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Fig.  17.4. Contact Radiograph of Pyrolytic-Graphite-Coated Thorium-Uranium Carbide (Th-U)C2.  The high- 

density core exhibits on irregular shape which i s  f i l led  i n  by the less dense graphite coating. 

past year the Ceramics Laboratory assisted i n  the 
preparation o f  some 15 i rradiat ion experiments, 
which are in various stages o f  completion. Only 
three capsules were examined i n  the hot cells; 
therefore, only preliminary results are available. 

Results o f  the irradiat ion experiments and the 
hot-cel l  examinations were reported regularly 
during the past year,20-23 and are summarized 
here. At  temperatures o f  approximately 15OOOF the 
release behavior o f  pyrol ytic-carbon-coated uranium 
carbide part icles was quite erratic. For example, 

2oF. R. McQuilken and W. E. Thomas, GCR Quart. 
Pmgr. Rept. June 30, 1961, ORNL-3166, pp  123-25. 

21F. R. McQuilken and W. E. Thomas, GCR Quart. 

22J. G .  Morgan et al.. GCR Qunrt. Progr.  Rept. Dec. 

23GCR Quart. Progr. Rept. Mar. 31, 1962, ORNL-3302 

Progr. Rept.  Sept. 30, 1961, ORNL-3210, pp 158-63. 

31, 1961, ORNL-3254, pp 54-57, 161-69. 

( in  press). 

the release rate divided by the b i r th  rate, R / B ,  
for K r 8 8  ranged from approximately t o  3 x 

but there was no observable effect o f  burnup 
up to  15 at. % o f  uranium. In  higher temperature 
tests  the f ission-gas release rates increased w i th  
burnup. For example, i n  a test  on similar pyro ly t ic -  
carbon-coated uranium carbide part icles at 2600°F, 
the R/B for K r 8 8  showed a steady increase w i t h  
burnup from an in i t ia l  value o f  5 x to  1.8 x 
lo-* at 7 at. % burnup o f  uranium. In hot -ce l l  ex- 
aminations it was observed that some of  the pyro- 
l y t i c  carbon coatings had cracked, ranging from 
2 to loo%, depending upon the  irradiat ion tempera- 
ture and environment, and, tentatively, the micro- 
structure o f  the pyro ly t ic  carbon coating; for ex- 
ample, unsupported coated par t ic les irradiated 
under stat ic conditions at  approximately 25OOOF to 
burnups o f  6 at. %, 2% cracked, but i n  a hel ium 
sweep test  of  a fueled-graphite specimen contain- 
ing coated particles, 100% o f  the coatings cracked 
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. -  

after .an irradiat ion to  15 at. % at a maximum tem- 
perature of  2600°F. The mechanisms responsible 
for the cracking have not yet been c lear ly  estab- 
lished, and further experiments are i n  progress. 

' .  

Fueled-Graphite Fabrication 

A. J. Taylor J. M. Robbins 

A program was in i t ia ted to  investigate the vari- 
ables associated wi th  producing fueled-graphite 
spheres o f  the type required for the Pebble-.Bed 
Reactor Experiment. 24 Basical ly, the reference 
fuel element for the PBRE i s  a 1 $-in.-diam graphite 
sphere containing approximately 60,000 uniformly 
dispersed pyrolytic-carbon-coated (U, Th)C, par- 
t i c les  wi th  a '/,,-in.-thick unfueled outer shell. The 
purpose o f  the fabrication studies i s  to systemati- 
ca l l y  investigate variables which bear on the me- 
chanical, chemical, and thermal s tab i l i ty  o f  the 
fuel sphere wi th  particular reference to the effects 
o f  irradiation. 

The preliminary work consisted i n  characterizing 
various graphite flours and binders and fabricating 
shapes from blends o f  these materials. Natural 
and synthetic graphite powders and mixtures o f  
both were used to fabricate cyl indrical and spher- 
ica l  shapes. The binders, which include coal tar 
pitches, vegetable pitches, and a furan resin, were 
characterized primari ly wi th  respect to coking 
value (the percentage by weight o f  the binder which 
after baking remains as a carbonaceous residue). 
Preheating the p i tch binders at  130 to 180°C to 
drive o f f  certain highly vo lat i le  components im- 
proved the coking values. The furan resin wi th  a 
coking value o f  42% was selected for future 
studies. 

The forming techniques investigated were (1) 
cold pressing at room temperature fol lowed by 
baking at l O O O T ,  (2) warm pressing at 150°C fol- 
lowed by baking at 1000°C, and (3) hot molding at 
800°C. Both uniaxial and isostat ic  types o f  load- 
ing methods were used. For the spherical product 
under consideration, some form o f  isostat ic  press- 
ing at room temperature appeared to ho ld  the most 
promise as an in i t ia l  forming step and to offer the 
following advantages over conventional uniaxial 
loading: damage to coated part icles i s  minimized, 
laminar strains which result i n  cracks i n  the baked 

1 

24Conceptual Des ign of the P e b b l e  B e d  Reactor EX- 
periment, ORNL TM-201, pp 185-92 (May 17, 1962). 

product are eliminated, and the equatorial f lash or 
rim i s  eliminated or a t  least minimized. The in i t ia l  
shaping procedure adopted consists in forming the 
graphite-base body i n  a soft polyvinyl chloride 
mold i n  a steel jacket by using conventional un i -  
axial loading techniques. With the proper mold 
design, the forces transmitted to the body under 
these conditions are essent ia l ly  hydrostatic. 

URANIUM OXIDE AND THORIUM OXIDE 
FABRICATION DEVELOPMENT 

Fabrication of UO, Pe l le ts  

A. J. Taylor J. M. Robbins 

Approximately 1300 UO, specimens o f  various 
sizes, shapes, grain size, and enrichment were 
fabricated by co ld pressing and sintering during 
th is  report period for use in irradiat ion experiments 
for the Gas-Cooled Reactor program.25 

An activation procedure was developed for two 
types o f  highly enriched UO, powders o f  re la t ive ly  
low sinterabi l i ty i n  order to achieve a required 
bulk density o f  greater than 88% o f  theoretical. 
I n  the as-received condition, the highest density 
obtainable was 66% of theoretical. The activation 
procedure consisted i n  oxidizing and reducing the 
powders at 65OOC i n  air and i n  hydrogen, respec- 
t ive ly .  After f ive oxidation-reduction cycles, a 
density o f  approximately 95% o f  theoretical was 
attained. A 5 wt % solution of camphor i n  acetone 
was used as binder and lubricant i n  these studies. 

Vibratory Compaction Studies 

W. S. Ernst R. L. Beatty 

Evaluation o f  Th0,-3 wt % UO, produced by the 
Chemical Technology Div is ion u t i l i z ing  the sol-gel 
process continued. Crushing y ie lds o f  the crude 
sol-gel product and vibrated bulk densit ies o f  proc- 
essed materials were correlated wi th  the sol-gel 
process parameters. The result ing improvements 
i n  material characterist ics obtained from these 
studies increased the ut i  I izat ion o f  crude sol-gel 
material and the bulk density obtained by vibratory 
compaction. 

25A. J. Taylor and J. M. Robbins, GCR Quart. Progr. 
R e p t  Mar. 31, 1961, ORNL-3102, p 91; June 30, 1961, 
ORNL-3166, pp 77-78; Xept 30, 1961, ORNL-3210, pp 
174-75; Dec.  31, 1961. ORNL-3254, pp 187-88. 
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Development studies designed speci f i ca l l y  for 
the fabrication o f  fuel rods containing Th0,-3 
wt % UO, constituted the major effort during th is  
period. These studies are i n  support of the large- 
scale demonstration o f  remote fabrication which 
w i l l  produce fuel rods for a zero-power cr i t ica l  
assembly at  the Brookhaven National Laboratory 
employing Tho,-UO, containing U233.  As a resul t  
o f  these studies, equipment was specif ied for 
processing ox ide from the sol-gel process in to a 
product suitable for vibratory compaction. In  ad- 
dition, the operating parameters o f  th is  equipment 
are currently being optimized. The results indicate 
that more than 95% o f  the crude sol-gel feed can 
be processed into a product which w i l l  y i e l d v i -  
brated bulk densit ies between 89 and 91% of  theo- 
ret ical i n  45-in.-long x 0.500-in.-diam tubes having 
wal l  th icknesses o f  0.035 in. 

Studies o f  the axial distr ibution o f  bulk fuel 
density showed that i n  general the bulk density 
a t  any given point varied less than +l% about the 
average value. However, small regions o f  fuel 
were found for which the bulk density was from 
3 to 5% less than the average value. Instrumenta- 
t ion developed in  the Nondestructive Testing Group 
based on the gamma-ray attenuation properties of 
Tho, and UO, was used for these studies. 

Irradiation specimens o f  various sizes, containing 
enriched Tho,-5 wt % UO, made by the arc-fusion 
or the sol-gel process, were fabricated and are 
presently being irradiated in  the N R X  reactor, the 
ORR, and the MTR. These specimens range in  
bulk density from 83 to 89% o f  theoretical. 

Vi bratorjl compaction o f  arc-fused UO, was con- 
sidered for the advanced core development o f  the 
NS "Savannah." This  work was concerned pri- 
mari l y  with fabrication o f  irradiat ion specimens 
for the Marit ime Loop i n  the ORR. Vibrated bulk 
densit ies between 87 and 88% of  theoretical were 
obtained i n  these specimens.26 Studies to optimize 
the part icle-size distr ibution and establ ish speci f i -  
cations for purchasing arc-fused UO, were also 
performed. 

26J. T. Lamartine, W.S. Ernst, Jr., and J. W. Tackett, 
Maritime Reactor Program, Ann. Progr. R e p t  Nov. 30, 
1961, ORNL-3238, pp 86-94. 

Thoria-Pellet Development 

A. J. Taylor R. A. M c N e e ~ , ~  
R. A. Potter 

The development o f  techniques was continued for 
preparing and characterizing Tho, pel le ts  suitable 
for use i n  fluidized-blanket systems where high 
at t r i t ion resistance i s  required.28 The studies 
were designed to establ ish a correlation between 
measurable and control lable physical properties 
and attr i t ion resistance. The effects studied were 
bulk density, grain size, surface-connected poros- 
ity, and macrostructure as affected primari ly by 
the fabrication procedure. 

Sintered cyl inders wi th  domed ends formed during 
pressing were, i n  many instances, severely lami- 
nated and exhibited large internal voids. During 
spouted bed tests  the pel lets exhibited poor at -  
t r i t ion resistance, and attack was pronounced in 
the areas o f  defects. However, rounded-edged 
cy l indr ica l  pe l le ts  and spheroidal pellets, made 
by tumbling r ight cyl inders in  the f i rs t  instance 
and cubes i n  the second,28 were found to  be more 
sati sfactory. 

The spouted bed tests  o f  pe l le ts  designed to 
furnish information concerning the effects o f  grain 
s ize and bulk density on at t r i t ion resistance ind i -  
cated that variations o f  bulk density per se i n  the 
range 92 to 97% of  theoretical were not as s ign i f i -  
cant a s  sintering t ime and, therefore, grain size. 

THERMAL-CONDUCTIVITY STUD1 ES 

T. G. Godfrey D. L. M ~ E l r o y , ~  

"02 Thermal-conductivity measurements on 
pressed and sintered to 93.4% o f  theoretical den- 
s i ty  were made at 27 to 875T  i n  the previously 
described radial heat f low a p p a r a t ~ s . ~ '  In  the 

27N0w with the Director's Deportment. 

28R. A. McNees and A. J. Taylor, Met. D i u  
P m g r .  Rept. May 31, 1961, ORNL-3160, pp 61-62. 

29Physical Properties Group., 

30T. G. Godfrey and D. L. McElroy, Met. Diu. 
Progr. Rept. May 31, 1961. ORNL-3160, pp 64-65. 
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higher regions o f  the tes t  temperature range (gener- uring thermocouples prior to  each thermal-conduc- 
a l l y  a t  around 65OoC), electr ical  d i f f icul t ies hin- t i v i t y  determination was used to obtain data repro- 
dered the measurements. A procedure which ducible to f l %  and accurate to f3%. The reported 
involves the isothermal intercomparison o f  a l l  meas- resu l ts3 '  agree wel l  w i th  the resul ts of Howardand 

G ~ l v i n ~ ~  and are plotted in Fig. 17.5. 

31T. G. Godfrey and D. L. McElroy, GCR Quart f rogs .  
Rep& S e p t  30, 1961, ORNL-3210, pp 175-76; Dec. 31, 
1961. ORNL-3254, pp 264-66; Mat. 31, 1962, ORNL- 
3302 (in press). 

32V. C. Howard and T. F. Gulvin, Thermal Conduc- 
t iu i ty  Determinations on UOz by  a Radial-Flow Method. 
IG Rept.-51 (RD/C) (1961). 
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The f i rs t  heating curve shown in Fig. 17.5 may 
be f i t ted to  +1% by k = pA6.5647 + 0.02033T1, 
where p i s  the ratio o f  the measured bulk density 
to the theoretical density, k, i s  the thermal conduc- 
t i v i t y  i n  w cm-’ (“C)-’, and T i s  the temperature 
i n  degrees Kelvin. Data taken at 600°C on cooling 
from 875°C were the same as those obtained on 
heating; however, the value o f  k obtained at  223°C 
was 5.4% higher than that obtained earlier. Upon 
opening the apparatus, i t was observed that the 
tantalum shields which surrounded the specimen 
had oxidized to P-Ta,O,. Subsequent analysis o f  
the oxygen-to-uranium rat io o f  the specimen yielded 
a value of 2.006, as compared with the original 
value of  2.012. The change i n  thermal conductivi ty 
may be due to  th is  change i n  composition. Second- 
heating thermal conductivi ty values to 800OC con- 
firmed the data obtained at 223°C and were wi th in  
1 %  of  the f i rs t  heating curve above 600°C. The 
second heating curve may be f i t ted to +1% by k = 
p/[5.1295 + 0.02157T). The variation i n  k with 
composition appears to be more pronounced at 
lower temperatures and to be small at 600°C or 
higher. These data indicate that the large (k30%) 
differences reported in  the l i terature for the thermal 
conductivity o f  UO, at room temperature may be 
due to subtle differences i n  oxygen concentration 
i n  specimens used by various investigators. 

Modifications to the radial heat f low apparatus 
were in i t ia ted in  an attempt to avoid the electr ical 
d i f f icu l t ies encountered above 650°C and to  thus 
extend the measurements on UO, to at least 1400°C. 

EUROPIUM OXIDE STUDIES 

R. A. Potter R. A. McNees” 

Experimental studies o f  europium oxide were 
continued i n  order to provide information useful in  
the fabrication and performance of Eu203-bear ing 
stainless steel neutron absorber plates for the 
Army Package Power Reactor Program. 3 3 1  34  Two 
major problems were investigated: (1) the swell ing 
o f  cold-pressed powder compacts during the in i t ia l  
sintering operation at 1350°C and (2) the insta- 

33R. A. Potter and R. A. McNees, Met. Diu. A n n  
Progr. R e p t  May 31, 1961, ORNL-3160, p 65. 

34R. A. McNees and R. A. Potter, A m y  Reactor Pro- 
gram Progress  Reporf,  ORNL-3231, pp 16-22 (Jan. 31, 
1962). 

b i l i t y  o f  defected plates i n  contact wi th  water a t  
250°C. 

Behavior During Sintering 

The behavior o f  cold-pressed Eu,O, compacts 
during heating at  1350°C was established as being 
similar to that for metal-ceramic compacts used i n  
the standard absorber-plate fabrication procedure. 35 
These compacts were prepared by co ld pressing 
various batches o f  Eu,O, powder at  10,000 psi, 
us ing material derived from crushing and grinding 
o f  pel lets which had been sintered at  1700 to 
1750°C. On heating to 1350°C for 1 hr in’air or i n  
hydrogen, some compacts exhibited swell ing and 
others did not. 

X-ray dif fract ion analyses of materials which 
underwent swell ing revealed the presence o f  a 
second (unidentif ied) phase i n  addition to  mono- 
c l i n i c  Eu,O, ., When these powders were subjected 
to thermogravlmetric analysis (TGA), weight losses 
up to 8.4% were recorded during heating to 1350°C 
at a pressure o f  lo-, torr. It was a lso noted that, 
on dif ferential thermal analysis (DTA) o f  these 
powders, a pronounced endothermic effect occurred 
i n  the range 940 to 1285“C, depending upon heating 
rate. Material which had been treated i n  the TGA 
apparatus no longer contained the second phase 
and behaved satisfactori ly on subsequent compact- 
ing and heating to 1350°C. Analys is  by infrared 
spectroscopy showed that the powders which had 
swelled contained signif icant amounts o f  CO, and 
H,O, and as much as 0.4 wt % carbonate was de- 
tected by wet chemical analysis. 

In  v iew o f  these observations, i t was postulated 
that some Eu,O, powders may be suf f ic ient ly  ac t i -  
vated during processing to result i n  reaction wi th  
or adsorption o f  CO, and H,O, which may combine 
with the oxide to form an europium hydroxycarbon- 
ate. This  undesirable phase can be detected 
readi ly by DTA and subsequently eliminated by 
heat treatment to  1350°C at a pressure o f  lo-, torr. 

Aqueous Corrosion Behavior 

Compacts made from Eu,O, powders o f  different 
origins were found t o  be severely attacked by water 

35C. F. Leitten, R. J. Beaver, and J. E. Cunningham, 
Specification and Fabrication Procedures  on E U T O ~ ~ U T R ‘  
Bearing Absorber Rods for Reac t i v i t y  Control in Core 
I [  of S M - 1 ,  ORNL-2733, pp 28-31 (July 29, 1959). 

. 
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a t  lOOT within 5 hr o f  exposure regardless of the 
process history o f  the powders. X-ray di f f ract ion 
analyses o f  powder taken from each o f  the compacts 
after the corrosion test  showed that a second 
phase, tentat ively ident i f ied as Eu(OH), , was 
present i n  addition to monocl inic Eu,03. 

SCANDIUM OXIDE STUDIES 

C. E. Curt is36 

The effects o f  temperature and environment on 
the sintering behavior o f  Sc,03 and the compati- 
b i l i t y  o f  Sc,03 with 13 other oxides at 1600°C were 
studied. The Sc,O, powder used was at least 99% 
pure, wi th Ce, Ba, Ca, and Si being the major im- 
purities. Pe l le ts  which had been dry-pressed 
without binder a t  20,000 ps i  were heated at 1500, 
1600, and 1700°C i n  air, oxygen, or hydrogen for 
2 hr. The sintered densit ies achieved were ap- 
proximately 88% of  theoretical at 1500°C and ap- 
proximately 96% of theoretical at 1600 and 1700T 
for a l l  environments used, the whi te oxide turned 

to dark gray i n  a l l  cases, and the sintered Sc,O, 
pel lets exhibited no gross reaction with laboratory 
air over a period o f  several months. 

In  the compatibi l i ty tests equimolar mixtures o f  
Scz03  with 13 selected oxides were heated for 2 hr 
i n  air  at 1600°C, and the products were examined by 
means o f  the x-ray diffractometer technique. All 
mixtures were dry-pressed a t  20,000 psi  prior to 
the heat treatments. Compound formation occurred 
for those mixtures containing AI,03, BeO, CaO, 
Fe,O,, Gd,O,, SiO,, Sm,O?, TiO,, and Y,03; 
sol id solut ions were formed with HfO,, ZrO,, and 
MgO; and no reaction occurred w i th  Tho,. De- 
struct ive reaction occurred on ly  i n  the Sc 0 - 

were merely sintered. Under the condit ions used, 
compound formation was complete for mixtures con- 
taining Gd,03, Sm,03, and Y z 0 3 ,  indicating 
equimolar compound formation in  these systems; 
in  a l l  other mixtures showing compound formation, 
one or both o f  the or ig inal  components remained. 

The results obtained in th is  investigation are 
similar to those reported for Y,O, under compa- 
rable  condition^.^' 

Fe,O, pellet; pel lets of a l l  the other compositions ? 3  

,'C. E. Curtis, J. Am. Ceram SOC. 40(8), 274-79 
( 1  957). 
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18. Metal Forming and Casting 

C. F. Leit ten, Jr. 

I R RADlATl ON T EST1 NG OF ALUMINUM-BAS E 
FUEL DISPERSIONS OF UAI,, u,o,, AND UC, 

IN ALUMINUM-CLAD PLATES 

C. F. Leitten, Jr. A. E. R ich t ’  
R. J. Beaver 

The evaluation of irradiat ion effects in  aluminum- 
clad dispersions of UAI, and U,O, i n  aluminum 
was continued. The in i t i a l  results of the postir- 
radiat ion examination of a series of miniature test 
specimens containing dispersions of 64 wt % 
UAI,, 63 w t  % U30,, and 60 wt % UC, in  aluminum 
were reported previously.2 Addit ional specimens 
irradiated to  higher burnups showed no major 
deviat ions from the data previously reported, w i th  
the exception that at U235 f i ss ion  burnups i n  
excess of 60 at. ’% the U308-bear ing aluminum 
samples appear to  be decreasing s l igh t ly  i n  
density. However, the densit ies resul t ing from 
irradiat ing the samples to  U 2 3 5  f i ss ion  burnups 
as high as 77 at. % are s t i l l  s igni f icant ly greater 
than the preirradiation densities. Increased reac- 
t ion between the U,O, part icles and the aluminum 
matrix was a lso  apparent a t  these higher burnup 
levels. 

The UAI ,-bearing aluminum specimens continued 
to  show density decreases w i th  increasing f ission 
burnup. The reactions noted previously i n  the 
matrix of th is type of p late were again apparent 
i n  the specimens irradiated to  U235  f i ss ion  

containing 63 w t  % U308-aIuminum dispersions 
was irradiated in the la t t i ce  of the ORR to  an 
average U235  f i ss ion  burnup of 41 at. % w i th  a 
maximum peak burnup of 57 at. %. The fuel  d is-  
persions had been prepared by standard powder 
metallurgy techniques and were bonded w i th  type 
1100 aluminum by ro l l  cladding. The uranium was 
20% enriched i n  the U235  isotope. After irradia- 
t ion the v isual  appearance of the element was ex- 
cellent. Dimensional measurements on the fuel  
assembly revealed no evidence of gross dimen- 
sional changes. Fuel  p late spacing measurements 
were we l l  w i th in  the 0.116 -C 0.012 in. fabrication 
speci f icat ion except for the minimum clearance 
of 0.090 in. i n  the channel between the top two 
fuel plates. Th is  decrease in  channel height 
resulted from a sl ight  r ippl ing of the top outer 
fuel p late during irradiation. Post i r radiat ion 
thickness measurements of fuel plates were a l l  
w i th in  the nominal 0.050 & 0.001 in. preirradiat ior 
thickness specification. 

Results of the metallographic examination of 
various sections from the fuel element were con- 
s istent wi th the results obtained from the minia- 
ture U,08-AI dispersion specimens. As  i l lustrated 
i n  Fig. 18.1, s igni f icant reaction between the 
U30, and the aluminum matrix occurred i n  regions 
of h igh burnup. As was noted i n  the miniature 
specimens, the reaction i s  predominant I y assoc i- 
ated w i th  the finer U,O, part icles. 

burnups as high as 70 at. %. 
Paral le l ing the irradiat ion test ing of the minia- 

ture specimens, a 19-plate prototype fuel element 

In order to evaluate the effect of postirradiat ion 
heat treatment on the dimensional s tab i l i t y  of the 

2 3 5  fuel plates, two fuel plates having maximum U 
f i ss ion  burnups o f  approximately 57 at. % were 
heat-treated for 24 hr in  100°F increments from 

’Metallography Group. 400 to  1000°F. Between each successive in- 

crement of heat treatment the plates were v isua l l y  2 R .  J. Beaver and A. E. Richt, Met. Diu. A n n  Progr. 
R e p t  May 31, 1961, ORNL-3160, pp 95-99. inspected and measured for dimensional changes. 
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No indication of fuel  p late bl ister ing or meas- 
urable swel l ing was noted even after the 1000°F 
heat treatment. Metallographic examination of the 
heat-treated plates indicated that no gross micro- 
structural changes had occurred, although cracking 
had appeared in  the fuel part icles as a result of 
heat treating. However, as shown in Fig.18.2, 
propagation of the cracks through the aluminum 
matrix was not suf f ic ient  to cause bl ister ing or 
swelling. 

Powder samples were obtained from irradiated 
U,O,, UAI,, and UC, dispersions i n  aluminum 
and submitted to  6/41 for x-ray di f f ract ion anal- 
yses in order to identi fy the reaction products 
observed i n  these fuel samples after irradiation. 

The results of th is x-ray study are summarized 
in Table 18.1. It was interesting to  f ind that 
UAI, was identi f ied as a reaction product in  the 
irradiated U308-AI specimen. Although previous 
studies, had revealed the formation of UAI in 
th is system after long exposure a t  1112"F, it was 
always accompanied by a volume increase. No 
such volume increase was observed i n  th is system. 
The absence of U308 and UO, in the x-ray pattern 
for the irradiated sample indicates that these 
oxides had become amorphous. The UA1,-AI 

,R. C. Waugh, The React ion and Growth of Uranium 
Dioxide-Aluminum Fuel Pla te s  and Compacts ,  ORNL- 
2701 (Mar. 9, 1959). 

Fig. 18.1. Microstructure of a 63 wt % U 0 -AI  Dispersion. ( a )  Preirradiated; unetched; ( b )  irradiated to a 3 8  
U235  f ission burnup of 57 at. %; etched with 10% H2S04 ,  10% H 2 0 2 .  SOOX. Reduced 20% 

T a b l e  18.1. Results o f  X-Ray Diffraction Studies on Irradiated 

U308, UA13, and UC, Dispersions in Aluminum 

Identified Constitutents 
Type  of Dispersion 

P reirrad iat ian Postirradiation 

U308 -A 1 U308, U02-AI UAI, (disordered) + AI 

UC2, UC-AI u C2-U C-AI-A l4 C, (pass ib le)  UC2-AI 

UAI3-AI  UAI, (ordered)-AI UAI, (disordered) + AI 
(48 wt  % U-3 w t  % Si-bal A I )  
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Fig.  18.2. Microstructure of a 63 wt % U308-AI Dispersion Irradiated to a U235 Fiss ion  Burnup of 57 at. % and 
Etchant: 10% H2S04 ,  10% H 2 0 2 .  Subsequently Heat-Treated for 24 hr in 100°F Increments from 400 to 1000°F. 

500X. 

dispersions showed no indication o f  the expected 
reaction product UAI,. However, the UAI, ap- 
peared to have undergone an ordered-disordered 
transformation as a resul t  of irradiation. 

ALUMINUM-BASE FUEL ELEMENT 
FABRICATION 

C. F. Lei t t in ,  Jr. 

During the past year emphasis was placed on 
advancements i n  aluminum-base fuel element 
technology aimed a t  high-flux high-performance 
reactors. Of particular concern were the strength, 
irradiat ion stabi l i ty, and corrosion resistance of 
the aluminum-base fuel elements i n  reactors of 
th is  type which can operate a t  elevated central 
fuel temperatures (400 to  475"F), a t  high neutron 

f luxes (>2  x 1015 neutrons cm-2 sec-'), and at  
heat f luxes of approximately 1.5 x l o 6  BTU f t - 2  
hr- ' .  

Development of the fuel element for the High 
F l u x  Isotope Reactor, a joint effort of the Powder 
Metallurgy, Welding and Brazing, Metal Forming 
and Casting, and Reactor Projects Groyps, con- 
tinued. In  addition, work began on the fuel 
element for the Advanced Tes t  Reactor. 

The design5 of the HFlR fuel element i s  i l l us -  
trated in F i g .  18.3. Design specif icat ions were 
reported last  year.5 Manufacturing of the two fuel 

4 

4D. R. deBoisblanc et  al.. The Advanced Test  Re-  
lD0-16667 (Nov. 

5R. J. Beaver and A. E. Richt, Met. Div. Ann. Progr. 

actor ( A T R )  Fuel  Conceptual Design, 
1, 1960). 

Rept. M a y 3 1 ,  1961, ORNL-3160, p 101. 
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AI AJMINUM ADAPTOR 

UNCLASSIFIED 
ORNL-LR-DWG 61472A 

OUTER ANNULUS, 369 PLATES 

INNER ANNULUS, 171 PLATES 

10.590-in. DIA 

41.188-in. DIA c 17.124-in. DIA 

0.050-h-TH IC K PLATES 
0.050-in.-THICK COOLANT GAPS 

Fig.  18.3. Dimensional I l lustration of the Assembled HFlR Fue l  Element. 
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segments basical ly consists i n  attaching the inner 
edge of the formed fuel plates i n  a tubular side 
plate by peening and securing the bent-lipped 
outer edge of the plates by welding. 

The conceptual design of a port ion of the ATR 
fuel element array i s  shown i n  Fig. 18.4. Design 
specif icat ions for the individual ATR fuel e le-  
ments are given in  Table 18.2. Since a constant 

UNCLASSI Fl ED 
0 RN L- LR - DWG 680 3 9 

Fig. 18.4. Dimensional I l lustration of  o Segment of the A T R  Fuel  Element Array. 
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Table 18.2. Tentative Design Specifications of the Fuel Element for the ATR 

Overall fuel plate s ize  (in.) 

Length 
Width 
Thickness 

Number of elements 

Number o f  plates per element 

Fuel section s ize  (in.) 

Length 
Width 
Thickness 

Ma teria I s 

Cladding 
Frame 
Fuel section 

Side plates 

49% 
2.221 to 4.055 
0.050 and 0.080 (outer two plates) 

40 

19 

48 
1.770 min to 3.60 rnax 

0.020 

Type X8001 aluminum 

Type X8001 aluminum 
34 w t  % U308, 0.15 w t  % B4C, 

Type 6061-T6 aluminum 

bal type X8001 aluminum 

plate-to-plate outer channel height, 0.078 k 0.006 
in., must be maintained, each of the 19 fuel plates 
comprising an element must be accurately formed 
to  a different radius. Mechanical joining tech- 
niques are being explored to  attach the fuel plates 
to the side plates in  element manufacturing. 

F u e l  P l a t e  Fabr ica t ion  

M. M. Martin R. L. Heestand 

Development of techniques for fabricating the 
high-strength type 6061 aluminum-clad fuel plates 
was continued i n  support of the HFlR program. 
A s  was previously reportedr6 two types of core 
materials were i n i t i a l l y  selected for the inner- 
and outer-annulus fuel plates. A dispersion o f  
26 wt % U,O8-O.07 wt  % B,C i n  aluminum was 
selected for the inner-annulus plate, and an a l loy 
of 24 wt % U-bal AI was u t i l i zed  i n  the outer- 
annulus plate. T o  achieve the required lateral 
fuel gradient, the fueled cores were hot-forged 
to a nonuniform curved shape. A complementary 
f i l l e r  piece was also forged to  provide the rec- 
tangular core shape that is  more amenable to ro l l -  
cladding practices. Boron carbide was dispersed 

6D. T. Bourgette et al.. Met. Div.  Ann. Progr. Rept .  
May 31, 1961, ORNL-3160, pp 101-3. 

i n  the inner-dnnulus complementary f i l l e r  piece 
to provide a uniform boron content throughout the 
inner-annu I us plate. 

The prime problem i n  rol l-cladding the forged 
cores and inserts with type 6061 aluminum was 
b l is ter  formation i n  the fuel plates. Gas b l is ters  
appeared wi th in  and between the cladding, core, 
or f i l l e r  pieces on nearly a l l  fabricated and an- 
nealed plates. Therefore alclad type 6061 alu- 
minum was substituted for the cladding and frame 
material, the core and f i l l e r  pieces were degasi- 
f ied by vacuum heat treating at 1095"F, and a 
maximum fabrication and annealing temperature of 
932°F was used for the fuel plates. A lc lad  type 
6061 aluminum provided rel iable and continuous 
metallurgical bonds in the composite plates. 
Vacuum degassing of the core components greatly 
enhanced the y ie ld  of blister-free fuel plates, 
which was further improved by l imi t ing the hot- 
ro l l ing  temperature to 932°F. With these improve- 
ments, blister-free type 6061 aluminum-clad fuel 
plates containing either dispersion or a l loy  cores 
were fabricated wi th  production y ie lds equivalent 
to those achieved wi th  type 1100 aluminum. 

Although the bl istering tendency in  type 6061 
aluminum-clad fuel plates was decreased by 
l imi t ing the fabrication temperature to 932"F, 
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further studies are required to more f irmly estab- 
l i s h  the ef fect  of temperature on bl istering. As 
i l lustrated i n  Fig. 18.5, a marked change in  the 
surface oxide f i lm occurred on type 6061 aluminum 
heat-treated above 932OF: the oxide appeared 
to be porous, thus permitting direct exposure of 
the aluminum to  the atmosphere and the subsequent 
absorption of hydrogen. Th is  degree of oxide f i lm 
porosity increases w i th  temperature. Similar 
studies on the s tab i l i t y  of the oxide f i lm on type 
1100 aluminum fai led to  show porosity formation 
a t  temperatures as high as 11 12°F. 

The wide range of requirements for the more 
corrosion-resistant type X8001 aluminum-clad fuel 
plates for the ATR has provided a unique opportu- 
ni ty for investigating fabrication variables. The 
fuel plate length i s  greater than that normally 
encountered, and fuel widths vary from 1.77 to 
3.60 in. Since considerable cost  would result 
from separate powder compacting dies for the 19 

UNCLASSIFIED 

powder-metallurgy core inserts required, fabri- 
cat ing techniques were developed for using only 
three such dies. Th is  was accomplished by 
varying the thickness of the in i t ia l  compacts, 
using the compacts in  tandem, and cross ro l l ing  
them to obtain the desired fuel width. The feasi- 
b i l i t y  of the procedures was demonstrated i n  
fabricating the required 19 plates for s i x  prototype 
elements needed for the ATR fuel element test  
program. 

The main problem in  fabricating the plates was 
i n  determining the core tolerances and fabrication 
schedules required to minimize bowing of the core 
w i th in  the plate. Studies indicated that variat ions 
i n  the i n i t i a l  compact thickness greater than 
0.003 in. would resul t  i n  core bowing, whereas 
compacts of uniform thickness could be fob-icated 
without detectable bowing. Core end feathering 
was in i t i a l l y  fe l t  t o  be a serious problem i n  fab- 
r icat ing the long dispersion-bearing fuel plates. 

Fig.  18.5. Appearance of Surface Oxide on Type  6061 Aluminum After Annealing in  Air for 1 hr a t  ( a )  932'F and 

( b )  960'F. Carbon repl ica  shadowed with palladium. 
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However, by sintering the compacts and careful ly 
control l ing the in i t ia l  compact-to-frame thickness 
variation, fuel plates were fabricated w i th  feath- 
er ing of the same magnitude as i s  normally found 
in  fuel plates of ha l f  the length. The fuel plates 
which received cross ro l l ing  exhibited consid- 
erably less feathering. 

Plate Forming and Assembly  

J. H. Erwin R. W. Knight7 

An effort was made to improve the reproduci- 
b i l i t y  o f  the HFIR fuel p late curvature i n  order 
to  meet the r ig id  water-channel tolerances. In 
addition, plate forming and element assembly 
studies were in i t iated on the ATR fuel element. 

Since the variations encountered i n  the HFlR 
fuel p late curvature were bel ieved to be related 
to the qual i ty of the fabricated composite fuel 
plate, low-pres sure Marformi ng-type exper i ments 
were conducted on composite fuel plates of various 
quali t ies, and confirmed the relat ionship. The 

70n loan from Engineering and Mechanical Division. 

y ie ld  of acceptable plates formed by th is tech- 
nique was discouraging, however, since it appears 
that the involute radi i  must be duplicated to 
w i th in  k0.004 in. in  order to meet the water- 
channel specif icat ions i n  the fuel element. Table 
18.3 presents a summary of the data obtained from 
the forming experiments. For comparison, data 
on the reproducibi l i ty of forming commercial type 
6061-0 aluminum plate stock are also included. 
The high-quali ty composite plates showed a gross 
improvement over the plates Marformed for the 
c r i t i ca l  experiment. The yield, however, was s t i l l  
considerably below that for the type 6061-0 alu- 
minum plate stock, and consequently that required 
t o  economically produce the curved plates. As  
a result, alternate forming methods coupled with 
low-pressure Marforming are being explored. Se- 
r ious consideration is  being given to high-pressure 
Marforming, high-energy electr ical  discharge form- 
ing, and stress re l ie f  or creep forming. Data 
obtained from a l imi ted number o f  plates which 
were low-pressure-Marformed and subsequently 
stress-relieved between mating steel platens of 
the desired involute curvature indicated suff ic ient  
reproducibi I i t y  to warrant further investigation. 

T a b l e  18.3. Summary of Data  from Low-Pressure-Marformed HFlR F u e l  P la tes  

Showing Degree of Dupl icat ion of the Involute Radi i  

Inner Annulus Outer Annulus 

Fuel  P l a t e s  Fuel  P la tes  Recently 

Developed Type 6061-o Ut i l i zed  in Type 6061-o Ut i l i zed  in 

Aluminum Cr i t ica l  Core Cri t ical  Core F u e l  P l a t e s  

Number of plates measured 37 18 68 72 101 

Maximum spread in plate 

radius measurementsn 9 36 
(mils) 

Statistical variance of 

measurements in the 

plate group 
(28 measurement s/plate) 1.65 5.03 

9 18 20 

1.17 3.26 2.75 

Percent of acceptable 

plates (within k0.004 
in. duplication) 97.3 27.8 98.5 12.5 51.5 

‘Measurements taken a t  7 equidistances along the length of each p la te  a t  four radii positions (28 measure- 

ments/plate). 
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Similar encouraging results were obtained by em- 
ploying high-pressure Marforming. 

During the past year three fuel elements were 
assembled i n  connection wi th  the HFlR fuel 
element development program. An inner- and 
outer-annulus element was assembled wi th  type 
6061-0 aluminum plate stock to investigate the 
feas ib i l i ty  of meeting the dimensional tolerances 
set b y  the design and t o  gain experience in assem- 
b l ing th is  type of element, and an outer-annulus 
fuel element was constructed from composite fuel 
plates formed to various curvature tolerances to  
investigate the poss ib i l i ty  of correcting the fuel 
plate curvature and result ing water-channel 
spacings by insert ing Teflon spacers. The inner- 
and outer-annulus unfueled elements w i l l  be 
ut i l ized i n  the HFlR f law test  program. 

The unfueled type 6061-0 aluminum outer-annulus 
element was assembled by procedures previously 
described6 and welded by procedures described 
i n  Chap. 21, th is  report, and numerous measure- 
ments were taken i n  order to substantiate the 
ef fect  of the various manufacturing steps on the 
result ing water-channel spacings. A summary of 
the c r i t i ca l  dimensions i s  presented in Table 18.4. 
In the assembled condit ion a l l  the individual spot 
and cross-sectional area measurements were wi th in  
tolerance. Upon completion of the welding, seven 

individual spot measurements exceeded the kO.010- 
in. tolerance, whereas only one cross-sectional area 
measurement was greater than the 50.006-in. tol- 
erance. Modif icat ions to  the welding procedures 
are under study to minimize distort ion of the 
channel spacings. 

Although the fabrication of the unfueled inner- 
annulus element has not been completed, th is  
element i n  the assembled condit ion compares 
favorably wi th  the outer-annulus unfueled element. 
The only d i f f icu l ty  encountered was the subtle 
variat ion in the base angle at  the unlipped edge 
of the formed plates. It appears that th is  angle 
must be held to wi th in  k15 min in  order to  fac i l i -  
tate the assembly of the plates in to  the inner 
slotted support tube. 

The fueled outer-annulus element was con- 
structed from composite plates produced at  various 
stages of the fuel p la te fabrication deve4opment. 
In order to  correlate the plate qual i ty w i th  the 
result ing water-channel spacings, the plates were 
c lass i f ied according to forming reproducibi l i ty and 
then group-assembled i n  the element. Variat ions 
were noted i n  the water-channel spacings of the 
assembled element - depending on th is  p la te 
classif icat ion. By insert ing Tef lon spacers a t  
the outer edge of the assembly, i t  was possible 
to  correct, a t  least temporarily, a l l  out-of-tolerance 

Table  18.4. Summary of  P l a t e  Spacing Measurements for an HFlR 
Unfueled Type 6061-0 Outer-Annulus Element 

Channel s 

N um ber measured 

Percent within f0.003- in.  tolerance 

Percent within f0.006-in. tolerance 

Cross sectionsn 

Numbered measured 

Percent within f0.003 in. tolerance 

Percent within k0.006 in. tolerance 

Number of individual spot measurements 

Percent of individual measurements 

out side kO.0 1 0-in. tolerance 

Element Assembled Element Completed 

131 
100 
100 

917 
100 
100 

275 1 

0 

369 
92.7 
99.7 

2583 
98.9 
99.96 

7749 

0.09 

‘Cross section spacing = 0.050 + A + €3 + C . 
4 
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. 

water-channel spacings i n  the assembled element. 
Welding of the element i s  under way. 

In conjunction w i th  the fabrication development 
of the ATR fuel plates, exploratory experiments 
were conducted to form the various width plates 
to their respective radi i  by the low-pressure 
Marforming process. Equipment to accommodate 
the 50-in.-long fuel plates as we l l  as the forming 
punches for the 19 dif ferent radi i  was constructed. 
On the basis of a l imi ted number of forming tests, 
the various punch curvatures were machined with 
springback al lowance increasing from 18% for 
the narrowest plate to 22% for the widest plate. 
The plate springback was found to  be less on the 
O.O8O-in.-thick plates than on the 0.050-in.-thick 
fuel plates and to increase by approximately 2% 
per inch of increase in  plate radius, or from 16% 
a t  a radius of 3 in. to  20% at  a radius of 5 in. 
The forming results on the prototype U,O, alu- 
minum-bearing fuel plates indicated very errat ic 
dupl icat ion o f  curvatures w i th in  any given set of 
plates. It i s  hoped that correcting the springback 
allowances i n  the punches w i l l  el iminate the 
errat ic variat ion and that sat isfactor i ly  formed 
plates can be obtained by the Marforming process. 

Both peening and rol l-swaging techniques for 
mechanical ly attaching the fuel plates to the side 
plates were investigated for assembling the ATR 
fuel element. Joint  strengths greater than 200 
Ib/ l in in. were obtained by both techniques. How- 
ever, two inherent disadvantages were observed 
i n  peening: the peened jo int  consistently feath- 
ered where the peening tool struck the side plate, 
and the vibrat ion o f  the peening action prevented 
r ig id  attachment of the plates and resulted in  poor 
alignment of the fuel plates in  the assembly. 
Guide lands i n  the side plate between the fuel 
p late grooves for the swaging ro l l  produced joints 
wi th consistently good alignment characterist ics 
and a posi t ive metal-to-metal lock between the 
fuel plates and side plates. Therefore ro l l  
swaging was selected as the mechanical joining 
technique for assembling ATR fuel elements. The 
success of the process was further demonstrated 
by manufacturing prototype assemblies for the 
ATR fuel element test  program. 

*J. T. Lamart ine and W. C. Thurber, Development of 
Swaged Sta inless  Steel Fuel Rods  Containing U 0 2 ,  
ORNL CF-59-10-8 (Oct. 12, 1959). 

STAINLESS STEEL-BASE FUEL ELEMENT 
FABRICATION 

M. M. Martin D. 0. Hobson 

During the past year fabrication studies were 
continued on stainless steel-base fuel elements. 
The studies centered on the fabrication of swaged 
U02-stainless steel fuel rods and the ro l l  clad- 
ding of spherical UO, dispersions in stainless 
steel. 

In  connection w i th  the Maritime Program, 18 
swaged U02-stainless steel c lad  fuel rods were 
fabricated far a l6-rod element by procedures 
previously developed., The element i s  designed 
for irradiat ion test ing i n  the Val leci tos Bo i l ing  
Water Reactor. The rods were prepared by loading 
stainless steel tubes w i th  fused and ground UO,, 
sealing, and subsequently cold swaging to  c lose 
diametral tolerances. Fi f teen of the rods were 
swaged to  wi th in the 0.500 kO.001 in. outer-diam- 
eter specif icat ion, and the other three w i th in  the 
k0.002-in. tolerance. Brazing of the fuel rod 
element i s  under way by the Welding and Brazing 
Group. 

To  fac i l i ta te  the assembly o f the  spherical U0,- 
stainless steel fuel plates developed fo r the  Enrico 
Fermi r e a ~ t o r , ~  an attempt was made t o  fabricate 
a fuel p late wi th suf f ic ient  cladding thickness on 
one side t o  permit machining integral spacers. Pre- 
l iminary investigations were thus conducted on 
ro l l  cladding the type I l l  plate w i th  a 0.058-in.- 
th ick cladding on one side and a standard 0.005- 
in.-thick cladding on the opposite side. The un- 
symmetrical cladding thickness coupled w i th  the 
difference i n  the coeff ic ient  of expansion between 
the clad and core materials caused the fuel p late 
t o  bow during hot rol l ing. An attempt t o  anneal out 
the plate bow by insert ing the plate between heavy- 
gage steel platens was unsuccessful. Machining 
of the integral spacers and subsequent annealing 
produced a plate of acceptable flatness. These 
results suggested that it i s  feasible t o  manufacture 
the type I l l  Fermi fuel plates w i th  integral spacers. 

9J .  H. Cherubini et al . ,  Fabrication Development of 
UO2-Stainless Steel Composite Fuel P l a t e s  for Core B 

the Enrico Fermi Fast Breeder Reactor, ORNL-3077 
O.L ( pr. 4, 1961). 
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NEUTRON ABSORBER DEVELOPMENT 

Irradiat ion Behavior of Eu,O, Dispersions 
in Stainless Steel 

C. F. Leitten, Jr. A. E. R ich t ”  

Irradiat ion test ing resul ts on miniature E u 2 0 3  
dispersion absorber plates continue t o  be encour- 
aging.” Specimens containing 20, 30, or 40 w t  % 
Eu,03 cores were irradiated i n  the MTR a t  170°F 
to  exposures of up t o  2.9 x l o 2 ’  nut (unperturbed) 

10Metal  lography Group. 

”A. E. Richt, A m y  Reactors  Program Progress  Re- 
port, ORNL-3231, pp 41-43 (Jan. 31, 1962). 

12C. F. Leitten, Jr., The Zrradiation of Miniature 
EuZOj-Bearing Absorber P l a t e s .  ORNL CF-59-9-25 
(Sept. 8, 1959). 

wi th  no evidence of dimensional or structural 
changes. Four addit ional specimens remain in-pi le 
for increased exposures. 

Postirradiat ion corrosion tests on sections from 
these specimens have shown no effect of irradiat ion 
upon the corrosion resistance of these dispersion- 
type absorbers. ’ However, specimenscontaining 
30 and 40 w t  % E u 2 0 3  cores are susceptible t o  
gross swel l ing when exposed to  water at 57OOF 
and 1200 psi  pressure for short periods of time, as 
i l lustrated i n  Table 18.5. Thickness increases o f  
15 and 30% have been recorded for 30 and 40 w t  % 
specimens, respectively. Specimens con ta i n i  ng 
the 20 wt % Eu20, cores appear to  be dimension- 
a l l y  stable under the same conditions. 

12 

13R. J. Beaver et al., Met. Diu. Ann. Progr. Rept. 
May 31, 1961, ORNL-3160, pp 106-9. 

Toble  18.5. Corrosion Resistance of Eu203-Stainless Steel 

Dispersions in  Water a t  57OoF and 1200 psi  Pressure 

Integrated 
Specimen Unperturbed Dose Weight Gain Thickness Gain 

(nut )  Number 

20 wt  % E u 2 0 3  

x 1O2O 

2Aa-  control 

2Ba - control 

39- 1 
39-2 

3 A- control 
3B - control 

39-5 
39-6 
39-7 

4A - control 

4B - control 

39-9 
39-10 
39- 1 1 

7.0 
12.1 

7.6 
14.6 
27.9 

7.2 
14.8 
28.7 

30 wt % E u 2 0 g  

40 wt  % E u 2 0 3  

0.03 
0.04 
0.0 1 
0.05 

0.002 
0.01 
0.42 
0.62 
0.71 

2.35 
1.53 
0.24 
1.58 
1.51 

0 
0.91 
0.84 
2.50 

0 
0.02 

13.3 
15.4 
11.3 

25.5 
27.3 
34.0 
30.5 
31.3 

‘A specimens were i n  cold laboratory; B specimens were run simultaneously with irradiated specimens in  hot 

cell.  
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Boron-Gradient Neutron Absorbers 

T. D. R. J. Beaver 
C. F. Leitten, Jr. 

Development of the gradient concept for extending 
the l i f e  and burnup o f  enriched boron-bearing neu- 
tron absorbers has been continued. The in i t ia l  
boron gradient was based on the results obtained 
from the postirradiat ion examination of a series of 
stainless steel-clad dispersions of 3 wt  % B’O i n  
iron. These examinations indicated that swel l ing 
would occur beyond a B’O burnup of 4 at. %. More 
recent refinements in  the irradiation program have 
extended the permissible B’O burnup t o  5 at. 
% . 1 3 * 1 5  The original gradient prof i le was there- 
fore recalculated to  accommodate th is  increase i n  
permissible burnup. On the basis of these calcu- 
lations, an advanced-gradient neutron absorber was 
designed for service i n  the SM-1 reactor a t  For t  
Belvoir, Virginia. Increasing the maximum burnup 
i n  any increment of thickness resulted in decreasing 
the number o f  boron-gradient steps from four t o  
three and increasing the boron concentration i n  the 
central portion o f  the p la te from 3 to  6 wt % B’O. 
Absorber plates wi th  th is  boron distr ibution were 
fabricated by procedures previously developed for 
the in i t ia l  gradient plates. 

Paral lel ing the development of the boron-gradient 
absorbers, an absorber was designed to  u t i l i ze  
both the good irradiat ion behavior of E u 2 0 3  dis- 
persions in  elemental stainless steel and the 
economical advantages of boron-bearing disper- 
sions. Such duplex absorbers should a lso provide 
long service l ife. The postirradiation examination 
of the original SM-I, 3 wt  % 81°-Fe absorber 
sections, showed that the majority of the burnup 
along the length of the rod had occurred wi th in  the 
f i rs t  61/2 in. By u t i l i z ing  Eu,O, i n  only th is  region 
and the boron-gradient concept in  the remaining 
portion of the rod, materials costs, as ref lected 
by the price of Eu,O,, can be signif icantly reduced. 

16 

4Powder Metallurgy Group. 

15A. E. Richt, Army Reactors Program Progress  Re- 

16R. J. Beaver and T. D. Watts, op. c i t . ,  pp 24-28. 

“C. F. Leitten, Jr., et al.. Specifications and Fabri- 
cation Procedures on Europium-Bearing Absorber Rods  
for React iv i ty  Control in Core 11 of S M - I ,  ORNL-2733 
(July 29, 1959). 

port, ORNL-3231, pp 39-40 (Jan. 31, 1962). 

Sample absorber plates wi th  37 wt % Eu,O,- 
elemental stainless steel t ips  and boron-gradient 
follower sections were fabricated by techniques 
developed previously. l 6 ,  l 7  Radiographic examina- 
t ion of the plates showed them t o  be dimensionally 
acceptable for irradiat ion test ing i n  the SM-1 re- 
actor. Metal lographic examinations revealed that 
considerable intermixing of the boron dispersion 
wi th  the Eu,O, dispersion had occurred during 
fabrication a t  the junction of these two materials. 
As  a result, a sl ight reaction was observed between 
the Eu,O, and the sil icon-bearing stainless steel 
matrix i n  the boron region. Th is  s l ight  reaction i s  
not f e l t  to  be harmful. Fabrication of a fu l l -s ize 
absorber section for test ing i n  the SM-1 reactor i s  
i n  progress. 

BERYLLIUM FABRl CATION STUD1 ES 

fabrication of Spiral-Finned 
Beryllium Tubing 

D. 0. Hobson 

An extrusion process was developed” for fabri- 
cating economical and rel iable spiral-ribbed beryl- 
l ium tubing as a potential cladding material for 
advanced gas-cooled reactors. Good quali ty 
tubes approximately S-in.-ID by 0.040-in.-walI 
thickness and surrounded by 12 equally spaced 
f ins 0.160 in. high were successful ly extruded 
from canned hol lew beryl l ium b i l le ts  i n  lengths 

To evaluate the mechanical properties of the 
extruded tubing, room-temperature and short-time 
elevated-temperature tube-burst tests were per- 
formed. The room-temperature burst tests showed 
the tubing to  have calculated hoop stresses ranging 
from 28,000 t o  65,000 psi, depending upon the sur- 
face f in ish of the tubes. The higher values corres- 
ponded to  tubes wi th  a honed surface f in ish of 4 
l in./ in. rms. Elevated-temperature short-time burst 
tests showed the hoop stresses to  vary l inear ly  
from 27,000 to  10,000 ps i  a t  800 and 1300°F, 
respectively. 

up t o  23 ft.19 

’*By Nuclear Metals, Inc., subcontract No. 2091. 

19T. A. Tarpey et al.. Final Report to Union Carbide 
Nuclear Company, Beryllium Tubing Program, NMI-4971 
(Feb. 27, 1962). 
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Pressure Bonding of Beryllium 

D. 0. Hobson 

The self-bonding characterist ics of beryl I ium 
and a beryl l ium-clad uranium dioxide compartmented 
fuel element are being investigated.” In  conjunc- 
t ion w i th  the pressure-bonding studies, the com- 
pa t ib i l i t y  of beryl l ium wi th  both coated and uncoated 
bulk uranium dioxide was studied, as wel l  as the 
compatibi l i ty of beryl l ium wi th  various bonding 
container materials. 

The pressure-bonding process consists essen- 
t i a l l y  i n  employing gas pressure a t  elevated tem- 
peratures to achieve solid-state bonding. Self- 
bonding experiments were conducted a t  a constant 
10,000-psi pressure for 2 to  4 hr a t  temperatures 
from 1550 to  1750°F. The surface of the beryl l ium 
plates was prepared for bonding by various techni- 
ques, which included gr i t  blasting, co ld  work, hand 
abrasion, and a variety of p ick l ing treatments. 
Optimum self-bond ing, including grain growth 
across the interface, was obtained wi th  surfaces 
which had been gri t-blasted wi th  ch i l led  iron shot, 
acid-leached, and bonded a t  10,000 psi pressure 
for 4 hr a t  1650°F. 

Beryl l ium was found t o  react with UO, a t  1650°F 
i n  times over 1 hr.,’ The compound UBe,, was 
detected i n  the reaction zone of a specimen bonded 
at  165OOF for 4 hr. When the cores were coated 
with pyrolyt ic carbon, reaction was not observed 
unti l  bonding condit ions were extended to 4 hr a t  
1750°F. 

FABRICATION OF REFRACTORY- 
METAL ALLOYS 

D. 0. Hobson 

Investigations were conducted the past year on 
the high-temperature capabi l i t ies  of a l loys based 
on the Nb-V system. The studies have centered 
around a l loys i n  the 30 t o  50 wt % V range, includ- 
ing those modified w i t h  small additions of both 
zirconium and titanium. 

’‘By Bat te l le  Memorial Institute, subcontract No. 
2029. 

”5. J. Papracki  e t  al., Preliminary S tudies  of Bonding 
of Beryllium-Clad lJOz Fuel Elements,  BMI-1545 (Sept. 
20, 1961). 

Fabrication was I imi ted to  cold-roll in goperat ions 
for ingot breakdown and for production of sheet 
material for evaluation. The a l loys were shown 
to  have two rather unusual properties: they are 
extremely hard (Rc 25 to 40) compared w i th  other 
niobium-base alloys, and they appear to i n i t i a l l y  
deform by a twinning mechanism. Neither niobium 
nor vanadium undergoes deformation twinning a t  
room temperature at  s low deformation rates, but 
Nb-V a l loys tw in  e a s i l y a t  room temperature. Th is  
twinning was evidenced by the audible cracking” 
sound as the twins were formed during both cold- 
ro l l ing and hardness testing. 

# I  

The high hardness value of the Nb-V a l loys  
would indicate that fabrication d i f f i cu l t ies  might 
be encountered i n  th is  system. The unique twinning 
ab i l i t y  of the system, however, evidently al lows 
the material to  be heavi ly deformed without fracture. 
Hardness vs deformation curves were obtained 
from specimens of various compositions that were 
cold-rol led i n  increments of 10% reduction i n  thick- 
ness and wi th  R, hardness measurements taken at 
each increment. It was found that the a l loys de- 
formed by twinning up to  aRproximately 20 t o  30% 
reduction i n  thickness and that thereafter no further 
twinning was audible. Metallographic examination 
confirmed the twinning and a lso  indicated that under 
higher deformations s l i p  i s  evidently the predomi- 
nant mechanism. The hardness was found t o  in- 
crease rapidly for the f i rs t  20 t o  30% of reduction; 
then, as s l i p  replaced twinning, the hardness in- 
creased more s lowly  a t  an approximately l inear rate. 

Specimens from two heats of Nb-40% V-1% Zr 
and from one heat of Nb-40% V were cold-rolled 
90% and annealed for 1 hr a t  temperatures ranging 
from 1800 t o  2300°F. Preliminary metallographic 
results showed recrysta l l izat ion t o  be in i t ia ted a t  
180OOF i n  certain bands i n  a l l  three heats. How- 
ever, an equiaxed structure was not obtained unt i l  
approximately 190OOF for the Nb-40% V a l loy  and 
not un t i l  2000 t o  2100°F for the Nb-40% V-1% 
Zr alloys. A correlat ion was observed between 
the annealing temperature and the twinning i n  
these various a1 loys. Twinning was “heard” 
during hardness test ing and seen meta I lographi - 
ca l l y  in specimens of the Nb-40% V a l loy  annealed 
at  2000OF and above and i n  the two Nb-40% V-1% 
Z r a l l o y s  at  220OOF and above. The 1% Zr addit ion 
evidently raises the recrystal l izat ion temperature 
and decreases the rate of grain growth. 
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MELTING AND CASTING OF REFRACTORY 
METALS AND ALLOYS 

T. Hik ido 

In the past year an attempt was made t o  improve 
the purif icat ion of refractory metals and t o  grow 
large single crystals for research studies by zone 
melting in  an electron-beam furnace. The ab i l i t y  
of the electron-beam furnace t o  puri fy refractory 
metals, for example, to  lower the impurit ies i n  
niobium to  less than 100 ppm to ta l  oxygen, nitrogen, 
and carbon content, was demonstrated previously. 
The electron-beam furnace was adapted for zone 
melting by insta l l ing the rotatable, water-cooled 
copper hearth assembly i l lustrated i n  Fig. 18.6 
and described e l ~ e w h e r e . ~ ~  The material t o  be 
purif ied i s  contained in  an annular cav i ty  approxi- 
mately 4-in.-ID by 7-in.-OD, and the molten zone 
is ,caused to  move along the sample by rotat ing 

2 2  

the hearth beneath the stationary electron beam. 
The electron beam i s  shaped i n  an electromagnet 
assembly so as t o  alter the normally circular mol- 
ten zone t o  a more recti l inear configuration and 
thereby provide a straighter l iquid-sol id interface. 

Although only a l imi ted number of experiments 
have been performed t o  date, the e lectron-bombard- 
ment , hor i zonta I-zone- me1 t ing technique appears 
promising for producing single crystals of niobium 
and possibly other refractory metals of suff icient 
size, purity, and structural qual i ty to  be useful for 
research studies on the mechanisms of corrosion, 

22D. T. Bourgette and T. Hikido, Met. Diu. Ann. 

23T. Hikido, “Horizontal Zone Melting of Refractory 
Metals by Remote Gun Electron Bombardment,” p 276 
in Proceedings ,  Fourth Symposium on Elec t ton  Beam 
Technology ,  Match 29-30, 1962, Boston, Mass. (R. 
Bokish, ed.), Alloyd Electronics Corp., Cambridge, 1962. 

PtOg7. R e p t  May 31. 1961. ORNL-3160, p 109. 
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Fig. 18.6. Electron-Beam Furnace Zone Refining Assembly. 
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oxidation, and deformation. Single crystals cut 
from zone-melted niobium are i l lustrated i n  Fig. 
18.7. It has been found possible t o  prepareseveral 
test  specimens of selected orientation from a 
single large crystal. Preliminary x-ray d i f f ract ion 
data indicated the existence of la t t ice strains i n  
some of these small crystals, which were eliminated 
by careful pol ishing of the cut  surfaces. 

Chemical analyses are avai lable only on the 
in ters t i t ia l  impurit ies 0,, N,, H,, and C inzone- 
melted niobium and, as yet, are not suff icient t o  
permit an accurate correlation of puri f icat ion wi th  
zone-melting parameters. However, the data pre- 
sented in  Table 18.6 do indicate that niobium of 
high purity wi th  respect to the gaseous impurit ies 
can be prepared. It i s  a lso  evident that special 
steps w i l l  berequired t o  remove carbon t o t h e  same 
levels. The s imi lar i ty  of analysis between the 
f i rs t  molten zone and the f ina l  zone indicates that 
puri f icat ion wi th  respect t o  the gaseous impurit ies 
was achieved by vo lat i l izat ion rather than zone 
ref ining per se. Addi t ional  studies are required 

t o  evaluate the effect of zone melting on the re-. 
moval of substi tut ional impurit ies such as W, To, 
Fe, and Zr. 

T a b l e  18.6. Chemical Analysis of 

E I ectron- Beam-Me1 ted N lo bl um 

Chemical Analysis (ppm) 
Materia I 

02 N2 H2 

A s-received 
~ ~~ 

iaoo 580 20 100 

Electron-beam-melted' 36 22 5 29 
button (500 g) 

b 

In i t ia l  zone 

F inal  zone 

Zone-me I tad 

7 <5 2 38 

9 <5 2 38 

1 aApproximately 3/,-in.-diam disk, held molten for 
12 min.  

bZone-melted in  three posses. 

Fig. 18.7. Single Crystals Sectioned from Ingots Zone-Melted in  an Electron-Beam Furnace. 
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Small heats of Nb-Val loys wi th  c loselycontro l led 
compositions were prepared for screening evalua- 
t ion  tests i n  a high-temperature-alloy development 
program. For these i n i t i a l  screening tests a total 
of 21 Nb-V binary a l loys and a l loys containing 
ternary and quaternary additions of zirconium and 
t i tanium were prepared. Because of the wide 
difference i n  vapor pressure between niobium and 
vanadium, the argon-atmosphere, tungsten-electrode, 
arc-melting process was selected t o  minimize com- 
posit ional changes during melting. E lectron-beam- 

purif ied niobium was used as the melting stock, 
whereas both electron-beam-purified and as-received 
crystals were used as the vanadium melting stock. 
The a l loys were prepared i n  the form of disks 
approximately 4 in. i n  diameter by to  '/2 in. 
th ick and weighing about 0.6 kg each. Chemical 
analyses of the as-cast a l loys  indicated good con- 
t ro l  of the a l loy  composition, although contamination 
w i th  in ters t i t ia l  impurit ies was encountered. The 
cause for th is  contamination i s  not presently 
under stood . 
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19. Powder Metallurgy 

J. P. Hammond 

FABRICATION OF URANIUM CARBIDE WITH A 

DEPRESSANT 
VOLATILE SlNT E RI NG-T EMPERATU R E 

J. P. Hammond J. D. Sease 

Uranium carbide continues to  show great promise 
as a fuel for commercial power reactors, but i t s  
fabrication looms as a serious problem. To  achieve 
acceptable densities, sintering temperatures i n  
the range 1800 to  2O0O0C are required. At such 
high temperatures, some uranium i s  usually lost  by 
volat i l izat ion, result ing in an undesirable hyper- 
stoichiometric microstructure. 

In seeking a solution t o  th is  problem, studies 
were made of liquid-phase sintering as a means of 
lowering fabrication temperature.' In  order that 
the fuel material not  be penalized in  thermal 
performance, i t  was stipulated that the eutectic 
or other low-melting consti tuent responsible for the 
liquid-phase sintering be el iminated during fabri- 
cation. By el iminating this constituent, permissible 
fuel operating temperature and power density are 
the same as wi th  pure carbide rather than much 
lower. 

From a large number of agents examined for 
lowering the fabrication temperature,, intermetal l ic 
UAI, was the one selected, as it yielded high 
densification a t  temperatures as low as 1200OC. 
In addition, by taking advantage o f  high vapor 
pressure, it proved feasible to  remove the alumi- 
num by sintering in  a vacuum. The uranium 
residual from the UAI, i s  combined wi th  carbon 
introduced i n  the system as excess carbon ( x )  in  
the uranium monocarbide and as carbon (y) issuing 

' J .  D. Sease and J. P. Hammond, Met.  Diu. Ann.  

,J. P. Hammond and J. D. Sease, GCR Quart. Progr.  

Progr. R e p t .  M a y 3 1 ,  1961,  ORNL-3160, p 158. 

Rept. Der. 31,  1961, ORNL-3254, pp 188-91. 

from the graphite crucible: 

12"C(l + x )  + lUAI, + y + (12 - A )  UC 

+ (1 + A )  I iq  (U, AI, C) + 2AI t + 13UC . 
Uranium carbide bodies of densit ies around 93% of  
theoretical are achieved wi th  sintering at  1300OC. 
Essent ia l ly  a l l  the aluminum i s  removed, and 
structures v i r tua l ly  free of secondary consti tuents 
result. 

The effects of the sintering temperature, the 
amount of UAI, used, and the uranium monocarbide 
carbon level on fabricated density are shown i n  
Fig. 19.1. The designations for the curves refer 
to the carbon balance of the charging composition. 
It i s  seen from the graphs that density improves 
as both the amount of UAI, i s  increased (from 2 t o  
10 wt  %) and the carbon level of the uranium mono- 
carbide is  decreased. Whereas for the 5 and 
10 wt % levels of UAI,, good densit ies are ob- 
tained wi th  sintering temperatures as low as 
12OO0C, a temperature o f  1300°C or higher was 
found necessary to  assure a monophase structure 
and effect ive removal of the aluminum. Also, as i s  
shown subsequently, excess carbon i n  the uranium 
monocarbide proved to  inh ib i t  aluminum removal. 

Table 19.1 presents the results obtained from 
sintering UC with 7'/2 wt  % UAI,. The compacts 
were pressed wi th  2 wt % camphor at  10 to  25 t s i  
and contained i n  a closed graphite cruc ib le  2g-in.- 
OD x 3-in. height wi th  !$-in. sight hole. F i r ings 
were made in  a tantalum strip-heated furnace at  

to  5 x torr vacuum. Figure 19.2 shows 
typ ica l  microstructures of the sintering aid. I n  
conformity wi th  the data o f  Fig. 19.1, i t i s  seen 
(Table 19.1) that density generally increases wi th  
sintering temperature and decreases wi th  uranium 
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Fig.  19.1. Sintering Characteristics of UC-UA12 as a Function of UC Carbon Level  and Amount of UAI  Com- 2 
pacts Pressed with 2 wt % Camphor a t  10 t s i  and Fired for 3 hr at Temperature. 

monocarbide carbon level. While uranium mono- 
carbide containing 5.1 wt % C resulted in sub- 
stantial ly lower density than for stoichiometric 
uranium monocarbide (compare experiments 8-12 
wi th  1-5), a t  least some lat i tude in  uranium mono- 
carbide composition is  permitted. Results for 
4.9 wt  % C compare favorably wi th  4.8 wt % C 
(experiments 6-7 wi th  1-5). A s  a general rule, 
grain size was found to  increase wi th  degree of 
dens i f  icat  ion. 

The aluminum removal, as reflected by the 
aluminum analysis and presence o f  secondary 
constituents, i s  not e f fect ive a t  temperatures 
below 13OOOC (experiments 1-5 for 4.8 wt  % C 
material). Whereas sintering at 1300 to 14OOOC 
for 4.8 w t  % C-uranium monocarbide resulted i n  
95% and higher aluminum removal, the UC of 5.1 
wt % C showed only 28 to 30% removal for 
comparable conditions (compare experiments 3-5 
wi th  10-12). Figure 19.2, which shows the 
corre s pond i n g d iff e ren ce i n the m i c r os tr u c t u re s , 
reveals a 93% dense, essential ly al l-carbide 
structure for the 4.8 wt % C material as compared 
wi th  a less dense structure containing 10% 
secondary constituent for the 5.1 wt  % C material. 

In a subsequent study to determine why excess 
carbon adversely affects aluminum removal and 

densification, the carbon level of the uranium 
monocarbide was l inked wi th  the wett ing behavior 
of the l iqu id  phase which forms from it. It was 
found that the excess carbon of the uranium mono- 
carbide i s  imparted to  the l iqu id  phase during or 
subsequent to  the eutectic reaction. For 4.8 wt  % 
C-uranium carbide as the start ing material, the 
l iqu id  phase contains only about 0.5 wt  % C; but 
for 5.1 wt % C-uranium carbide, it can contain 
higher than 4.5 wt % C. In the sintering process 
th is  sharp increase i n  carbon content of the l iqu id  
phase is  responsible for a reversal to a com- 
pletely nonwetting condition. This, i n  turn, 
causes premature “skeletonization” of the carbide 
grains, thus blocking passages for aluminum re- 
moval and cut t ing short the shrinkage process. 

DEVELOPMENT OF DISPERSION-HARDENED 
THORIUM AND DISPERSION-TY PE 

THORIUM FUELS 

J. A. Burka J. P. Hammond 

Thorium metal has several unique advantages as 
a nuclear fuel material: i t s  resistance to  radiation 
damage to  high-nuclear burnups a t  useful operating 
temperatures, excel lent thermal conductivity, and 
potential for breeding when used in conjunction 



1 Tab le  19.1. Resu l ts  far  S in te r ing  UC w i t h  7 4  w t  % UAIZ 

Microstructure 
Carbon Aluminum A n a l y s i s  

o f  uc Temperature 
(oc) (% o f  theoret ical) '  (% o f  theore t ica l )  (wt %) 

Secondary Const i tuent  
Green Densi ty Sintered Densityb  content^ Amount Lost Grain Size 

Exper iment Content Sintering 

d (grains/in.2) Est imated Amount 
(% 1 Ident i t y  

No. 

(w t  %) ( vo l  %) 

1 4.8 1200 68.5 88.5 0.99 29.0 6-7 250 

128 UA12 + a-u 2 4.8 1250 68.0 91 .O 0.90 35.0 6 

3 4.8 1300 68.5 

4 4.8 1350 68.5 

5 4.8 1400 68.5 

93.0 0.07 95.0 <'/2 a-u 

92.5 < \  a-U 

93.5 0.045 97.0 <'/2 a-u 

6 4.9 1300 67.0 91.0 

64 

64 

16 

7 4.9 1350 67.0 92.5 

66.5 87.0 UA12 + a.U > 500 10 8 5.1 1200 

9 5.1 1250 66.5 86.5 10 > 500 

10 5.1 1300 66.5 90.0 1.07 28.0 10 500 

1 1  5.1 1350 66.5 89.0 0.97 30.0 10 500 

12 5.1 1400 66.5 90.0 8-9 a 4  + UAIZ 250 

'Based on dens i ty  of UC-7.5 w t  % UAl2; values are an average o f  d u p l i c a t e  tests.  

bBased on  x-ray dens i ty  o f  UC (13.63 g/cc); values are an average of d u p l i c a t e  tests.  

= B y  w e t  chemica l  a n a l y s i s  average o f  dup l i ca te  tests.  

dBy meta l lograph ic  techniques i n  con junc t ion  w i th  x-ray d i f f rac t ion .  

I , 
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1 
Fig. 19.2. Microstructure of UC-7 /2 w t  % UA12 as a Func t ion  o f  Carbon Content of  the Carbide. Etched w i t h  

30 HN03-30 acet ic-30 H20. ( a )  UC of 4.8 wt % C sintered for 3 hr at 13OO0C; dens i ty  i s  93% of theoret ical ;  groy 

mat r ix  i s  UC; b lock  area, porosity; ( b )  UC of 5.1 wt  % C sintered for 3 hr at 14OO0C; dens i ty  i s  90% of theoret ical ;  

gray mat r ix  i s  UC; b lack  area, porosity; and wh i te  par t i c les  are a mixture o f  UA12 and a-uranium. 5OOX. 
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wi th  U233. To improve thorium as a fuel material, w i th  increasing temperature a t  around 5OOOC. The 
studies are being made to  enhance i t s  high-temper- 
ature mechanical properties by a1 loying3 and 
dispersion-hardening. The previous year’s work 
has shown that zirconium and indium are excel lent 
sol id-solution strengtheners a t  elevated tempera- 
ture. Dispersion-hardening of thorium and Th-Zr 
al loys i s  being developed to further improve high- 
temperature strength, as we l l  as inh ib i t  f ission-gas 
swell ing through a process of a r t i f i c ia l  nucleation 
and surface tension restraint. Also, work is  under 
way to  develop thorium composite fuels wi th  
f i ss i le  UO,, UC, or UC, as the dispersoid. 

The achievement o f  dispersion-hardening i n  
thorium has required investigations of techniques 
for preparing ultraf ine powders o f  thorium, for 
introducing hard particles, and for consol idating 
the thorium powders. The present procedure con- 
s is ts  of heating thorium metal pieces i n  a hydrogen 
atmosphere to  produce thorium hydride powder, 
which i s  put i n  a ba l l  m i l l  along wi th  f ine oxide 
powders as the hard-particle dispersant. The 
powders are simultaneously comminuted and 
blended by mill ing, and consolidation is  obtained 
by hot pressing in  a graphite die under vacuum. 
Incident to hot pressing, the hydride i s  dissociated. 
Final ly, the compacts are extruded in 3-in.-diam 
copper or iron bi Ilets. 

Hot-hardness tests on extrusions of Th-10 vol % 
AIO(0H) (du Pont F powder), Th-10 vol % ZrO, 
(Monsanta’s Micria Zr), and thorium wi th  Tho, 
formed in situ during mi l l ing  are shown i n  Fig. 19.3, 
along wi th  results for thorium prepared by arc 
melt ing for a reference. On heating, AIO(OH), 
which i s  added as very small needle-shaped 
particles, decomposes to  AI,03, which, in  turn, 
reduces to Tho, and ThAl (intended dispersants) 
wi th  fabrication. The Tho, introduced by mi l l ing  
resulted from a reaction wi th  the impurit ies in  
commercial argon during and subsequent t o  mil l ing. 

The Th-10 vol 5% AIO(0H) compact shows the 
highest hardness values a t  a l l  temperatures. The 
curves for the Th-10 vol % ZrO, and mil led- 
thorium compacts intersect, wi th  the Th-10 vol  % 
ZrO, material displaying excel lent resistance to  
softening to about 5OOOC. It appears that the 
milled-thorium compact, as we l l  as the Th-10 vol % 
ZrO,, undergoes a possible drop-off in  hardness 

3J .  A. Burka and J. P. Hammond, Met. D iv .  Ann.  
Progr.  R e p t .  May 3 1 ,  1961, ORNL-3160, pp 158-60. 

thermal s tab i l i ty  of the structure and i t s  interrela- 
t ion with properties are being studied further. 

Whereas the dispersion hardening o f  thorium i s  
in  a rudimentary stage of development, clear 
evidence i s  shown for strengthening by th is  
mechanism. Present efforts are being devoted t o  
f inding more suitable dispersants and ref in ing 
techniques for rendering and- maintaining them i n  
finer form. 

Compatibi l i ty studies on f i s s i l e  part icles 
dispersed in  thorium indicate a need for coating 
the part icles to  reduce the extent of reaction. 
Uranium oxide and uranium monocarbide, uncoated 
and coated wi th  niobium or pyro ly t ic  carbon, and 
UC,, coated wi th  pyro ly t ic  carbon, were in- 
corporated i n  thorium powder by co ld  pressing 
followed by co ld  swaging i n  Zircaloy-2 tubing. 
The specimens were then subjected to thermal 
treatments from 700 t o  1300OC. 

Part icles of UC and UC, coated wi th  pyro ly t ic  
carbon gave the best results, g iv ing good resistance 
to reaction a t  temperatures to llOO°C. The 
niobium coating proved ineffective. Of the un- 
coated particles, the UO, showed the greatest 
reaction wi th  the matrix. 

Figure 19.4 i l lus t ra tes the degree o f  reaction in  
representative specimens heat-treated a t  9OOOC 
for 100 hr. Substantial reac’tion may be observed 
for both the uncoated uranium monocarbide part icles 
and for the miobium-coated UO, particles. The 
only s l ight  amount of reaction products around the 
pyrolytic-carbon-coated UC and UC, par t ic les 
attests to the effectiveness o f  th is  coating 
(Fig. 1 9 . 4 ~  and d ) .  

BERYLLIDE FUELS 

J. D. Sease 

Fuels  based on Th-U-Be are at t ract ive for 
breeder reactors, wi th  gas or organic cooling, both 
because of the favorable nuclear characterist ic o f  
the Th-U233 fuel i n  a thermal system and the 
surplus neutrons that evolve as a resul t  o f  fast- 
neutron reaction wi th  beryllium. While such a fuel 
i s  not attract ive from a fuel density point of view, 
i t s  high thermal conductivi ty would enable a high 
rat io  o f  surface cool ing area to  un i t  omount of 
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Fig. 19.3. Hot-Hardness Curves of Thorium and Thorium Containing Dispersions of Hard Particles. 



100 

UNCLASSIFIED 
a, Y-45963 

a 

UNCLASSI FlED 
Y-45962 

wb? 

e r r "  

-R 

c 
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contained fuel, which may be important in gas 
reactor designs. The question of irradiat ion 
stabi l i ty, however, i s  the major question un- 
answered. 

A fabrication development program was in i t ia ted 
to produce homogeneous sol id-solut ion fuels of 
(Th,,U,)Be, ,. In the in i t ia l  phase of the program, 
beryl l ide powders were produced by reacting the 
elemental components i n  a vacuum wi th  an excess 
amount of beryll ium. Quali ty hot pressings wi th  
densit ies in  excess of 95% of theoretical were 
produced i n  ThBe,,, UBe,,, and (Th,,U,)Be,,. 
Homogeneous solid-solution fuels of (Th,,U,)Be,, 
w i th  95% theoretical density were fabricated by the 
more economical method o f  mixing separate 
beryl l ide powders and sintering them a t  160OOC 
in argon. The bodies generally contained Tho, in 
a trace amount. A typ ica l  microstructure i s  shown 
i n  Fig. 19.5. 

One advantage of the beryl l ide fuels i s  that, 
contrasted to  fueled BeO, they appear to  be very 
amenable to  reprocessing. Cursory tests indicated 
that the beryl l ides d isso lve in the standard 4 M 

HNO, digestion solut ion as follows: 

Materia I Solution 

Boi l ing 4 M HNO,, 
i 0 M  HF 

ThBelg Boi l ing 4 M HNO, 

( T h 1 9 U 1 ) B e 1 3  Boi l ing 4 M HNO,, 
io M HF 

Resu I ts 

Good 

Very good 

Good 

A second advantage is  that in reaction tests for 
300 hr a t  700°C in f lowing dry air, ThBe,, was 
shown to have good oxidation resistance (+1.5 
rng/cm2 for 300 hr). 

An irradiat ion program has been set up to 
evaluate the beryl l ide fuels. A capsule of UBe,, 
i s  scheduled to  be irradiated in the LITR, start ing 
during the summer of 1962, to  a burnup o f  12,000 
Mwd per metric ton of UO,. When the tests on 
UBe,, have been completed, (Th, ,U,)Be,, and 
possibly thorium matrix dispersions w i l l  be i r -  
radiated. 

Fig. 19.5. Microstructure o f  Cold-Pressed (ThlpU1)Be13 Sintered a t  16OO0C in 17 psia Argon Atmosphere. 

L i g h t  area i s  (Th ,,U ,)Be 13; gray areas, Thop; dark areas, voids. Etched with 20 HN03-1 HF for 10 sec. 
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ALUMINUM MATRIX FUELS 

T. D. Watts J. P. Hammond 

The function of the Powder Metallurgy laboratory 
i n  the jo int  High-Flux Isotope Reactor (HFIR) 
and Advanced Test Reactor (ATR) programs i s  to 
develop techniques for producing the fuel element 
cores. Present plans for the HFlR inner annulus 
ca l l  for using the duplex core shown i n  Fig. 19.6. 

In the previous year, a core fabrication procedure 

However, plates prepared w i th  cores made by th is 
method weke subject to severe bl istering, and the 
plate reject ion was high. Th is  process was 
modified (“Fuel Plate Fabrication,” Chap. 18, 
th is report), and subsequently a large volume of 
test plates were successful ly fabricated without 
the high degree o f  b l is ter ing formerly experienced. 

involv ing precision d ie  forging was developed. 4 

While the core pieces were being prepared for 
these plates, a study was begun on a method for 
fabricating the duplex core component in  a s ingle 

4T. D. Watts  and A. L. Lotts,  Mei .  Diu. Ann .  Progr .  
Rept .  May 31, 1961,  ORNL-3160, pp 165-66. 

cold-pressing operation. Such a technique yielded 
a simpler and cheaper operation and el iminated two 
major sources of bl istering: trapped forging 
lubricant and occluded air  stemming from a m is f i t  
between individual core pieces. The method i s  
schematical ly i l lustrated i n  Fig. 19.7. 

Th is  method was used to fabricate duplex 
pressings with a curved interface contour. The 
dimensional control o f  the contour was very good. 
When a square-cornered die was used, the th ick- 
ness along the width o f  the fueled sect ion of the 
core was shown, by metallographic examination, 
to be control lable to 53% a t  any posi t ion and 
reproducible to +5% for the greater area of the 
pressing. With a d ie  o f  k - i n .  radius, th is thickness 
was reproducible to  ,5%. These resul ts were 
most encouraging when compared with the f15% 
fuel control specif ied along the width of the ro l led  
plate. Therefore a program was in i t iated t o  de- 
velop a production process for the HFlR cores 
using the direct, duplex pressing procedure. 

While the ATR cores have simple rectangular 
cross sections, their fabrication i s  complicated by 
the long plate length and the 19 dif ferent fuel  
widths required. To  meet the straightness require- 
ments, i t  has been shown that the thicknesses of 
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Fig. 19.6. HFlR Inner-Annulus Composite Core Design. As-pressed. 
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ORNL-LR-DWG 70349 tube covered top and bottom wi th  a cap of aluminum 

powder. Forty o f  these pel lets forming an act ive 
length of 20 in. are to  be loaded in to a finned 
aluminum tube 35 in. long. Void spaces approxi- 
mately 6 in. long w i l l  be provided a t  each end o f  
the target rod for co l lect ion of f iss ion gases. 
Reinforcement of these void spaces w i l l  be ef- 
fected by high-strength aluminum al loy tube liners. 
End caps w i l l  be welded on the tube, and the 
assembled target rod w i l l  be hydrostat ical ly 
pressed to bring the finned tube in to intimate 
contact with the pellets. 

Experimental work accomplished during the past 
year' dealt wi th  the establishment o f  powder 
blending, pel let pressing techniques, and tube 
col lapsing studies in connection wi th  cladding the 
target rods. Due to the radiological hazard and 
l imited supply of the actinide materials, stand-in 
rare-earth oxides were used. Work in progress 
includes studies of the physical and mechanical 
properties of the target pel lets and a determination 
of the fission-gas release characterist ics of the 
target pel lets. 

The stand-in rare-earth oxides, which are 
supposed to be characteristic o f  the actinide 
oxides, have been received in the form o f  very 
small part icles ly ing i n  the micron t o  submicron 
range. Blending of these f ine oxides wi th  aluminum 
proved to  be very dif f icult .  A satisfactory blending 
procedure was developed by using aluminum matrix 
powder of -325 mesh (-44 p )  and a special ly 
designed blending hopper containing small aluminum 
rods to act  as a blending aid. Pel le ts  pressed 
from powders blended by the above technique 
resulted i n  a satisfactory dispersion of the oxide 
in aluminum, as shown i n  Fig. 19.8. Mixtures 
containing 10, 15, 20, and 25 vol % oxide were 
handled successful ly by the above procedures. 

The extreme radiological hazards expected wi th  
the transuranium elements have forced the de- 
velopment of unusual fabrication procedures. Each 
dispersion pel le t  i s  cold-pressed while being com- 
pletely enclosed by a pure aluminum cladding. 
The sides are protected by a thin-walled aluminum 
cylinder and the top and bottom by aluminum 
powder. A cross section of the pressed pel le t  i s  
shown in  Fig. 19.9. F ina l  dimensions of the 
pressed pel le t  are '/4 in. in  diameter by '4 in. i n  

IE TOP 

INSERT 

.L  
TURE 

(31 INSERT MIXTURE LOADED 
A N 0  LEVELED 

141 TOP PUNCH INSERTED,CORE 
AND PUNCHES LOWERED, 
A N D  COMPACT PRESSED 
(30 I s 1 1  

Fig. 19.7. Duplex Pressing of the HFlR Inner Annulus 

Fuel  Core. 

the cores have to  be control led to  k0.0015 in. 
Th is  necessitated the use o f  special powder 
level ing techniques consis t ing o f  hand level ing i n  
two perpendicular directions. The dies and die 
stand were designed so as to  assure their being 
paral lel with the press ram face. With these 
precautions, the thickness tolerance was met on 
95% of the cores produced. 

TRANSURANIUM HFlR TARGET FABRICATION 

E. E. Barton D. M. Hewette I1 

The conceptual HFlR target design ca l l s  for the 
incorporation o f  the actinide target elements 
Pu242,  Am243,  and Cm244 i n  the form o f  an oxide 
dispersion in  aluminum. The proposed fabrication 
sequence involves the pressing o f  the actinide 
oxide-aluminum dispersion i n  a thin-wall  aluminum 

5Transuraniurn Quart. Progr. Rept .  F e b .  28, 1962, 
ORNL-3290 (in press). 
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length. As  an added precaution i n  preventing the 
spread of contamination, d r i l l  bushing w i l l  be 
used as the d ie  and w i l l  be disposed o f  after each 
pressing operation. A wal l  thickness o f  15 mi ls  
has been selected for the protective cylinder. 
Smaller thicknesses were shown to resul t  in 
excessive folding and buckl ing during pressing, 
while thicker tubes consumed too much volume. 
These procedures, wi th  pressures of 30 t s i  and a 
2-to-1 compression ratio, yielded pel lets wi th  
densit ies of 89 to  91% of theoretical. The powder 
caps had suff icient density to  retain the powders 
and s t i l l  permit the escape of the f iss ion gases 
into the end void volume. 

After end caps are welded in place, the aluminum 
target rod tube w i l l  be hydrostat ical ly col lapsed 
around the pel lets t o  improve heat transfer. A 
col lapse experiment was performed wi th  a dia- 
metrical clearance of 6 mi ls  between the pel lets 
and the target tube. Pressures on the order of 
16,000 ps i  did not produce intimate contact 
between the tube and the pellets. Furthermore, 
the void spaces a t  the ends o f  the target rod 
collapsed in  a two-lobe fai lure a t  approximately 
15,000 psi. Thus, pressures higher than 16,000 
ps i  w i l l  be needed to provide in t iqa te  mechanical 
bonding of the tube to the pellets, and a higher 
strength a l loy w i l l  be required for the tube liner. 
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20. Remote Fabrication Development 

A. L, Lo t t s  

THORIUM FUEL CYCLE DEVELOPMENT 
FACILITY 

A, R. l rv ine'  A. L. Lo t t s  

Planning and establishment of cr i ter ia for the 
Thorium Fuel  Cycle Development Fac i l i t y  (TFCDF) 
have continued as a joint program of the Chemical 
Technology and Metals and Ceramics Div is ions.  
I h e  faci l i ty ,  as proposed, w i l l  afford a place 

where the complete Th-U233 fuel cyc le  can be 
investigated and where the technology now being 
developed by the ORNL Thorium Ut i l i za t ion  Pro- 
gram can be extended and perfected. The detai l  
cr i ter ia and basis for the fac i l i t y  are avai lable 
e l  sewhere. 

At the beginning of the planning, i t was rec- 
ognized that the selection of reference fuel ele- 
ments would fac i l i ta te  the establishment of the 
size of and cr i ter ia for the faci l i ty .  Further, two 
diverse fuel systems for eventual instal lat ion in  
the fac i l i t y  were considered desirable for assur- 
ance of adequate space and design for carrying 
on a broad range of experimental endeavor. Ac- 
cordingly, fuel elements wi th geometries proposed 
for or being used by various reactors were con- 
sidered. Fuel  elements of the type used for the 
Consolidated Edison 'Thorium Reactor (CETR) and 
the High-Temperature Gas-Cooled Reactor (HTGR) 
were f ina l l y  selected as reference for design of 
the faci l i ty .  These concepts represent two di-  
verse fuel  elements of types anticipated for future 
reactors u t i l i z ing  the Th-U233 fuel  cycle. The 
CETR fuel element i s  an assembly of stainless 

- 

2 

'Chemical Technology Div is ion .  

2A .  R. l rv ine and A. L. Lotts,  Criteria for the  Des ign  
of the  Thorium Fuel  C cle Deve lopment  Faci l i ty .  
ORNL-TM-149 (Mar. 2, 196T). 

steel tubes containing U02-Tho,, and the HTGR 
fuel element consists of UC2-ThC2-graphite com- 
pacts in  a graphite can. In selecting these ref- 
erences, the poss ib i l i t y  o f  working w i th  other 
materials and geometries was not excluded; the 
fac i l i t y  w i l l  have suff ic ient  f l ex ib i l i t y  t o  permit 
work wi th other fuel  materials such as  al loys, 
dispersion-type fuels, and beryl l ides. 

The processes required for recycl ing the ref- 
erence fuel elements were studied from the stand- 
point of space and services required t o  accomplish 
them. It was not intended that these processes 
represent the exact process steps that might be 
included, but they did afford a reasonable basis 
for estimates of the fac i l i t y  parameters. The fol-  
lowing conclusions were reached from th is  anal- 
ysis. 

1. Four large operating cel ls, as we l l  as sup- 
port ing ce l l s  for equipment storage and decontami- 
nation, should be constructed. In the f i rs t  operating 
cel l ,  disassembly of fuel  elements and reconsti-  
tut ion of fuel  would be done; i n  the second, chem- 
ica l  processing; i n  the third, fobrication operations 
involv ing unclad material having a high potential 
for contaminating i t s  environment; and i n  the 
fourth, f inal  fabrication and inspection operations 
involv ing c lad fuel  having a contamination-free 
surface. 

2. Suff icient shielding should be furnished to 
provide biolog ica I protection from f i s s ion-product 
radiat ion of sources as large as 35 kg  of mixed 
Tho2-UO, irradiated t o  25,000 Mwd/metric ton 
and decayed for 90 days. 

3. The fac i l i t y  should be capable of handling 
fuel assemblies up to  12 ft in  length provided they 
can be broken down into or assembled from 6-ft 
lengths. 
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4. Provisions should be made i n  the fac i l i t y  
for future use of an inert-gas blanket i n  ce l ls  
which may contain pyrophoric fuels. 

5. Suitable provisions should be made for 
change of process equipment t o  accommodate new 
fuels or techniques. 

Equipment for accomplishing only the work w i th  
oxides w i l l  be insta l led in i t ia l l y  i n  the fac i l i t y  
since U0,-Tho, i s  the only important fuel system 
i n  a stage of development t o  make remote operation 
of i t s  processing feasible at th is  time. Although a 
UC,-ThC,-graphite fuel was selected as the second 
reference, the processes for fabricating it must be 
simpli f ied before remote processing can be con- 
sidered practicable. 

The TFCDF is  now being conceptionally de- 
signed by an architect-engineer firm. 

Th-U233 FUEL ROD FACILITY 

J. T. Lamartine 3 

A program i s  being conducted joint ly w i th  the 
Chemical Technology D iv is ion  for the develop- 

2 3 3  ment and fabrication of fuel rods containing U 
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and thorium oxides u t i l i z ing  sol-gel fuel prepara- 
t ion and vibratory compaction techniques de- 
veloped under the ORNL Thorium Ut i l izat ion 
Program. T o  implement th is  program and to pro- 
vide valuable operating experience wi th  these 
processes before embarking on the more ambitious 
program in the proposed TFCDF, a remote fabrica- 
t ion p i lo t  plant i s  being designed and w i l l  be 
constructed in  Ce l l  4, Bui ld ing 3019. 

T h i s  p i lo t  fac i l i t y  w i l l  incorporate a l l  of the 
equipment for sol-gel preparation of Th-U233 
oxide fuel, comminution of the dense fuel chunks 
to  a select blend of three s ize fractions, fuel rod 
loading by vibratory compaction, welding of end 
plugs, and inspection. Because of the radiologi- 
ca l  hazards of U233 (containing nominally 45 ppm 
of U232) and thorium oxides, these o erations w i l l  
be performed remotely i n  shielded ( 4 4  in. of steel) 
cubicles hermetically sealed t o  contain alpha 
radiation, Tong-l ike manipulators, mechanical con- 
trols, and e lect r ica l  controls w i l l  be used for 
the remote operations. Ce l l  4 w i l l  be operated by 

P 
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Fig. 20.1. Th-U233 Fuel  Rod Faci l i ty  Process F low Diagram. 



108 

personnel located w i th in  the c e l l  and w i l l  there- 
fore be used essent ia l ly  for secondary contain- 
ment. A process f low diagram for the fuel  com- 
minution and fuel rod fabrication and inspection 
or the metal lurgical aspects of the process i s  
presented in  Fig.  20.1. 

I t  i s  planned that, when the fac i l i t y  becomes 
operational, 100 Zircaloy-2 fuel  rods, 0.499-in.- 
OD x 0.430-in.-ID x 4 5 t - i n .  length and containing 
Th-3 wt % U233 oxide, w i l l  be fabricated for 
Brookhaven National Laboratory. 

Work w i th in  the ce l l  on the fac i l i t y  structure 
i s  approximately 20% complete. Design of the 
process equipment i s  essent ia l ly  80% complete, 
and equipment fabrication and procurement are 
about 30% complete. 

TRANSURANIUM TARGET FABRICATION 
EQUl PMENT 

M. K. Preston4 

The design and development of equipment for 
the fabrication and inspection of the target ele- 
ments to be used i n  the production of gram quan- 
t i t ies  of the transuranic isotopes were init iated. 
These target elements w i l l  be irradiated i n  the 
f lux trap of the High-Flux Isotope Reactor (HFIR), 
thereby producing the transuranic elements ameri- 
cium, curium, berkelium, and californium. Period- 
ical ly, the elements w i l l  be removed from the 
reactor and processed i n  the Chemical Technology 
D iv is ion  portion of the Transuranium Processing 
Plant (TRU) to  remove the desired isotopes. In  
other portions of TRU the remaining isotopes w i l l  
be reconsti tuted as an oxide and fabricated by 
the Metals and Ceramics D iv is ion  into new target 
elements. The design of the HFlR target element 
has not been f irmly determined, but it w i l l  most 
probably consist of a %-in.-OD finned tube w i th  
a s-in.-hexagonal can welded to the f i ns  as a 
spacer. Each target w i l l  be approximately 35 in. 

tained in the 20-in. ac t i ve  length of the target. 
The pel lets w i l l  consist of an act in ide oxide and 
aluminum powder mixture pressed to  a density 
approximately 89% of theoretical. During pressing, 
each pel let  w i l l  be completely encapsulated i n  
an aluminum can. The remainder of the 35-in. 
tube w i l l  be end caps and void space. 

long, w i th  k-in.-diam x 1 /2-in.-long pel lets con- 

40n loan f r o m  Engineer ing and Mechanical  D iv is ion .  

The fol lowing i s  a resume' of the status of the 
design and development of the target fabrication 
and inspection equipment for the TRU, these 
phases of th is jo int  effort being the responsibi l i ty  
of the Metals and Ceramics Div is ion.  More de- 
ta i led information i s  avai lable i n  a TRU r e p ~ r t . ~  

The fabrication and inspection of HFlR target 
elements w i l l  employ a combination of powder- 
metallurgical, welding, chemical, and inspection 
techniques. The operations have been assigned 
to  the three avai lable cubicles (or cel ls)  according 
to  the degree of contamination expected. T o  
minimize recontamination of the target elements, 
auxi l iary enclosures for some items of equipment 
w i l l  be provided w i th in  the cubicles. The cr i ter ia 
establ ished for the equipment and fabrication of 
the transuranium target elements are that equip- 
ment should be simple, rel iable, small, and 
capable of producing elements t o  the speci f ied 
tolerances w i th  a minimum of maintenance t o  the 
equipment. In addition, the equipment must be 
resistant t o  damage by radiation, be designed t o  
minimize the spread of contamination, and have 
components that are easi ly repaired or replaced. 

In accordance w i th  the above criteria, a l l  
equipment w i l l  be designed to  operate semiauto- 
matical ly, requir ing only minimum recourse to  
the manipulators. To minimize the spread of 
contamination, special transfer arms and simi lar  
devices w i l l  be used t o  effect transfer of com- 
ponents between steps i n  the process. The 
manipulators w i l l  be used for maintenance, for 
transfer of components or equipment to  and from 
the intercel l  conveyor, and for ef fect ing simple and 
infrequent motions on process equipment. Sensi- 
t i ve  parts of the equipment w i l l  be of such size 
that they can be transported by the intercel l  
conveyor for discharge and replacement, and a l l  
equipment w i l l  be dismountable w i th  an impact 
wrench and of such size that it can be removed 
from the cubic le through the 36 x 18-in. equipment 
transfer hatch located in  the c e l l  roof. To assure 
that the cr i ter ia are met, a l l  equipment w i l l  be 
instal led, operated, and maintained i n  ce l l  mock- 
ups which have been designed and fabricated and 
are now being instal led. 

P lan  views of the equipment being developed 
for the cubicles are shown i n  F igs .  20.2, 20.3, 
and 20.4 for TR'J cubicles Nos. 3, 2, and 1, re- 
spectively, The equipment concepts are approxi- 
mately 40% complete, and detai l  designs have 

5Transuranium Quart. Progr. Rept. Feb. 28, 1962, 
ORNL-3290 ( in  press). 
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been completed for approximately 12% of  the 20%. Deta i l  design of equipment by cubicles i s  
equipment. The completion of conceptual design 10% complete for cubic le No. 3 and 25% for 
of equipment by cubicles i s  as fol lows: cubic le cubicle No. 2. Procurement and fabrication of 
No. 3, 55%;cubicle No. 2,45%; and cubic le No. 1, equipment have just commenced. 

R A N S F E R  ARM 

BATCH /’ SCALE 
/- -\ 
L l J  

i t -  

UNCLASSIFIED 
ORNL- LR- DWG 70350 

Fig. 20.2. Plan View of Equipment, Cubicle No. 3, TRU Processing Plant. 
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UNCLASSIFIED 
ORNL-LR-DWG 70351 

Fig.  20.3. P lan  V i e w  of Equipment, Cubicle No. 2, TRU Processing Plant .  
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UNCLASSIFIED 
ORNL-LR-OWG 70352 

Fig.  20.4. P lan  V iew of Equipment, Cubicle No. 1, TRU Processing Plant. 
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PLUTONIUM TARGET FABRICATION 
EQUIPMENT 

A. L. Lot ts  

Plans were made for insta l l ing equipment for 
the fabrication and inspection of target elements 
containing P u 2 4 2  and having the same design as 
that for the target that w i l l  contain actinide ele- 
ments. The P ~ ~ ~ ~ - b e a r i n g  target elements w i l l  
consti tute the f i rs t  loadings for the f lux trap of 
the HFIR. The principal problem posed by Pu242 

i s  that it i s  a strong alpha-radiation emitter and 
therefore operations invo lv ing uncontained Pu242 
must be done in  glove boxes. 

The flowsheet for the process and the descrip- 
t ion and location of equipment were establ ished 
and have been reported e l ~ e w h e r e . ~  General Iy, 
the steps t o  be employed fo l low those that are 
anticipated for the fabrication of target elements 
in  the TRU, Procurement of commercially avai l -  
able equipment and design of special equipment 
were in i t ia ted during the latter part of this re- 
port ing period. 
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21. Welding and Brazing 

G. M. Slaughter 

COMPONENT FABRICATION DEVELOPMENT 

Aluminum A l loy  Fuel Element Development 

J. W. Tackett  

The welding development studies over the past 
year for the High-Flux Isotope Reactor (HFIR) 
program consisted primari ly in  improving procedures 
for fabricating prototype fuel elements. One im- 
provement over the procedure used in  fabricating 
the HFIR cr i t ical  assembly’ resulted from making 
the outer welds circumferential ly around the annulus 
instead of longitudinal ly along it, which s igni f i -  
cantly reduced the amount of weld shrinkage. Th is  
modif ied technique can be automated. 

The improved welding procedure was ut i l ized to 
successful ly fabricate the outer-annulus f low test  
assembly described i n  “Aluminum-Base Fuel Ele- 
ment Fabrication,” Chap. 18, th i s  report. One- 
inch-wide rectangular grooves were machined on 
the outside-diameter surface of the unit, aluminum 
bands were instal led into the grooves, and the 
bands were manually tungsten-arc welded to the 
exposed fuel p late l ips. In preparation for weld- 
ing, 3/16-in.-wide Tef lon str ips were instal led i n  
the channel spacings adjacent to the outer cyl indr i -  
cal surface to provide dimensional control. Figure 
2 1 . 1 ~  i s  a photograph of the bands that were 
circumferential ly welded around the element ex- 
teri  or. 

During welding, the outside diameter of the un i t  
shrank approximately 100 mils, which caused a 
sl ight rotat ion of the outer surface and a marked 
reduction (3-5 mils) i n  the channel spacing mea- 
surements obtained adjacent to the outer edge. 

’J. W. Tackett, M e t .  Diu.  Ann. Progr.  R e p t .  hlay 31, 
1961, ORNL-3160, pp 173-74. 

The need for additional dimensional control be- 
came apparent. Based an the behavior o f  earl ier 
prototype assemblies, use of addit ional Tef lon i n  
the channels might reduce the diametral shrinkage 
by a factor o f  4 and maintain the channel spacing 
reduction near the outer edge to  w i th in  2 mils. 
Th i s  improved procedure i s  being used in  the 
fabrication o f  the prototype element containing 
cored fuel plates (see Chap. 18, th is  report). 

An improved procedure was developed for attach- 
ing the las t  f ive fuel plates to the grooved, inner 
tubular side plates of both the inner and outer 
annulus. Welding supplemented the peening proc- 
ess u t i l i zed  to instal l  the f i rs t  364 plates i n  the 
outer annulus and the f i rs t  166 plates i n  the inner 
annulus. Th is  plug-welding procedure was suc- 
cessful l y  demonstrated with both the manual and 
automatic welding processes and involves the use 
of short welding grooves machined in  the inner 
side plate a t  1-in. intervals. In  preparation for 
welding, additional Teflon spacer str ips were pre- 
placed in  the channels bordered by these las t  f i ve  
plates. Figure 21.lb shows the plug welds on the 
interior o f  the outer annulus. Mechanical property 
tests on mockup specimens demonstrated that 
these welds possessed strengths ranging from 100 
to 175 Ib each. 

Prel iminary experiments indicated the feasibi I i t y  
o f  an automati c consumabl e-el ectrode we1 ding 
process. Work performed on numerous small mockup 
samples indicated that good dimensional control 
can be obtained and that extremely consistent 
welds can be produced. Suitable welding and 
posit ioning equipment i s  being acquired for future 
prototype element development. 

An alternate fuel element fabrication procedure 
i n  which the individual fuel plates are instal led 
between two concentric, grooved tubular side 
plates and then attached to  the grooved side plates 
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Fig.  21.1. H F l R  Flow T e s t  Assembly Showing ( a )  Circumferential Welded Bands on Element Exterior ond (6) 
Plug Welds on Element Interior. 

by circumferential welds i s  being investigated. 
Thus far it has been used wi th  some success on 
both “f lat” prototype assernbl ies and on the inner 
tubular side of a fu l l -s ize outer-annulus demonstra- 
t ion assembly containing dummy fuel plates. In 
each case, the length o f  the side p la te was reduced 
approximately 0.010 to 0.015 in. during each weld, 
and a s l ight  upset ridge appeared on the underside 
o f  the p la te below the weld. However, wi th  the 
use of proper welding sequence, the overall length 
o f  the fuel p la te w i l l  probably not change appreci- 
ably nor w i l l  noticeable r ipp l ing occur in  the indi- 
vidual fuel plates as a resul t  o f  longitudinal shrink- 
age i n  the side plates. The fabrication procedure 
w i l l  be investigated further. 

Fabrication of Stainless Steel Flat-Plate 
Fuel  Elements 

R. G. Donnelly 

At the request of the Atomic Power Development 
Associates (APDA), Detroit, Michigan, th is  d iv i -  
sion was given the responsibi l i ty for developing 
fabrication procedures for the Enrico Fermi Reac- 
tor core B fuel element. Suitable procedures for 
assembling the individual fuel plates into a r ig id  
bundle are being determined in  the Welding and 
Brazing laboratory. 

A detai led assembly procedure was developed 
for ensuring the complete and successful brazing 
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. 

o f  a l l  89 individual components i n  one operation. 
The low-cross-section Ni-Cr-Si brazing a l loy (known 
as Coast Metals No. 60) was found to provide the 
best combination of sodium-corrosion resi stance 
and elevated-temperature strength. Brazing i s  
carried out at 215OOF for l \  hr  wi th  careful ly 
scheduled heating, presoaking, and cooling cycles 
to ensure close dimensional control over the ele- 
ment and adequate f low o f  al loy throughout the 
unit. 

Several modif icat ions i n  f ixture design have been 
necessary to meet a l l  the required tolerances and 
to  accommodate the changing demands o f  the APDA 
designs. For example, several modifications were 
required to permit the spacers and plates to be 
located wi th  reference t o  the fuel center l ine  
instead o f  to the fuel bundle edge. 

The abi l i ty  to  successful ly fabricate elements 
t o  the required plate-to-plate and stackup height 
tolerances has been demonstrated, as has the 
ab i l i t y  to machine the brazed bundle to  very 
string en t d i men s i ona I requ i rem en t s. A photog rap h 
showing the machining o f  a completely brazed 
assembly i s  presented in Fig. 21.2. D i f f i cu l t ies  
are s t i l l  being encountered i n  meeting the 0.002-in. 
tolerance on the spacer-to-spacer width dimension, 
but are expected to  be resolved by the end o f  the 
year. 

The feas ib i l i ty  of ut i l i z ing  fuel plates wi th  
integral machined spacers i s  being studied. If 
suitable ro l l ing and machining procedures can be 
developed, th is  concept should el iminate the 
problems of inexact spacer location and variat ions 
i n  spacer thickness. 

Fig. 21.2. Machining of Enrico Fermi Fuel Element After Brazing. 

. 



Loop Fabrication 

E. A. Franco-Ferreira 

In order to provide more information on two-phase 
heat transfer in  l iqu id  metals, an experiment was 
designed by the Heat Transfer and Physica l  Proper- 
t ies  Section of the Reactor Div is ion for determin- 
ing boi l ing and condensing coeff icients at  tem- 
peratures up to  1700-1800°F. The Welding and 
Brazing Group undertook the responsibi l i ty for 
fabricating the 4-ft-long boi ler for th is  loop, which 
was complicated by the unique geometry of the 
assembly and the exceptiona I I y hi gh-qua I i t y  brazes 
required. Th is  work required an extensive develop- 
mental program. 

Figure 21.3, a photograph of the boiler during as- 
sembly, shows the maze of thermocouples penetrat- 
ing the copper disks. A slurry o f  Nicrobraz 50 (Ni- 
Cr-P) was placed in machined grooves i n  the copper 
disks, and a l l  mating surfaces o f  stainless steel and 
copper were preplated with a deposit o f  electroless 
Ni-P alloy. Vacuum brazing was used since it 
provided the most re l iab le  means for adequately 
purging the long and re la t ive ly  inaccessible 
capi I I ar i es. 

Nondestructive inspection o f  the completed as- 
sembly revealed the high degree o f  success o f  the 
operation. I n  the very c r i t i ca l  stainless steel tube 
t o  copper-disk joint, bonding of 99% or better was 

- I  
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observed. 
been reported. 

A complete description o f  the work has 
2 

Pressure Vessel Penetrations 

G. M. Slaughter T. R. Housley3 

Satisfactory methods were developed4 for pene- 
trating the stainless steel burst-slug-detection 
tubes and stainless steel-clad thermocouples 
through the carbon steel pressure shel l  o f  the 
Experimental Gas-Cooled Reactor (EGCR). The 
burst-slug-detection system permits a channel con- 
taining a defective fuel element t o  be pos i t ive ly  
identif ied, while the thermocouples w i l l  be used 
to  measure temperatures from numerous points 
wi th in  the reactor. Both types o f  penetrations re- 
quire the welding of re la t ive ly  th in  walled com- 
ponents to thicker members under condit ions of 
very l imi ted accessibi l i ty, as can be seen i n  Fig. 
21.4. 

2E. A. Franco-Ferreira, Fabrication o/ Boiler Section 
for Boiling-Liquid-Meial Loop, ORNL TM-40 (Oct. 16, 
1961). 

3Engineering and Mechanical Division. 
4G. M. Slaughter and T. R. Housley, Fabrication and 

Inspect ion Procedures /or  E x  erimenial Gas-Cooled  Re-  
actor Burst-Slug-Detection Tu%e and Thermocouple Pene-  
trations, ORNL CF-61-8-29 (Aug. 14, 1961). 

Fig. 21.3. Boiler During Assembly. 
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. 

Fig. 21.4. Quadrant of Mockup of EGCR Burst-Slug-Detection Nozz le  Assembly. 

Suitable jo in t  designs were determined and ade- 
quate fabrication and inspection procedures estab- 
l ished in the construction of prototype assemblies. 
Conventional welding and brazing equipment and 
joining procedures were used throughout. Al- 
though access ib i l i ty  i n  th is  appl icat ion i s  def in i te ly  
limited, i t  appears that welds and brazes of high 
quali ty can be made i f  careful ly trained operators 
are ut i l ized. 

Instrumented Fuel Capsule Fabrication 

E. A. Franco-Ferreira 

The effort to improve the methods of attaching 
thermocouples for measuring temperatures in gas- 
cooled reactor irradiat ion test  capsules con- 
t i n u e ~ . ~ ' ~  Th is  work i s  also d i rect ly  applicable 
to  the fabrication o f  instrumented fuel assemblies 
for the EGCR. 

Typica l  o f  the complex capsules required are 
those for irradiation i n  GCR-ORR loop No. 1. A 
sketch o f  such an instrumented capsule i s  pre- 
sented i n  Fig. 21.5. The cladding thermocouples 
have insulated junctions and are of 0.060-in.-OD 
stainless steel -sheathed Chromel-AI umel. The 
portions o f  the thermocouples that are inside the 
capsules are swaged to 0.040-in. OD i n  order to  
minimize the size of the slots which must be cut 
in to  the UO, pel le ts  t o  accommodate them. The 
entire length o f  the thermocouple must be brazed to  
the tube inner wal l  w i th  a permissible straightness 
deviation o f  only 39 Copper i s  used as the brazing 
material and i s  preplaced on the thermocouple by 
electroplating to a thickness of 0.001 in. Brazing 
i s  carried out in  a hydrogen atmosphere, wi th  an 

I 

~~ ~ 

5E. A. Franco-Ferreiro, GCR Quart. Progr.  R e e f .  S e p f .  
30, 1961, ORNL-3210, pp 55-58. 

6E. A. Franco-Ferreira, 
31. 1961. ORNL-3254, pp 

GCR Qua7t. P r o p .  R e p f .  Dec. 
154-57. 
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UNCLASSI FlED 
ORNL-LR-DWG 63658  

0 069 in CROMEL-ALUMEL THERMOCOUPLE 
SHEATHED IN TYPE 304 STAINLESS STEEL 

INNER PORTION OF THERMOCOUPLE 
IS SWAGED TO 0040- in  

THERMOCOUPLE COPPERBRALED TO 
INNER SURFACE OF FUEL CONTAINER 

Fig. 21.5. Instrumented Capsule for Irradiation i n  GCR-ORR Loop No. 1. 

Inconel-X j ig  used to al ign the thermocouples and 
ho ld  them i n  place. 

Several o f  these capsules have been successful ly 
operated in  in-p i le  irradiat ion experiments, as have 
a variety of others containing such other miscel la- 
neous instrumentation as pressure transducers. 

Sol idif ied Metal Seal Development 

R. G. Donnelly 

Preliminary studies on the use of so l id i f ied metal 
seals for elevated-temperature, leaktight, quick- 
disconnect joints for molten-salt service were re- 
ported i n  the last  annual r e p ~ r t . ~  These studies 
were completed, and the feas ib i l i ty  was demon- 
strated by the successful operation o f  a small 
mockup unit. 8 

7R. G. Donne l ly ,  Me!. DIU.  Ann. Progr.  Rept .  *May 31, 

'R. G. Donnelly, The Developmenf of a Sump-Type  

1961. ORNL-3160, pp 175-76. 

Solzdz/zed-iUetnl Seal, ORNL TM- 179 (Mar. 15, 1962). 

Remote Brazing 

R. G. Donnelly 

The Molten-Salt Reactor Experiment (MSRE) was 
designed to  permit the remote maintenance of  a l l  
maior components such as the heat exchangers and 
pumps because of  radioactive f ission products and 
induced activi ty. Remote brazing appears to be a 
very promising means for rejoining some of the 
necessary p ipe connections, and a study i s  under 
way, in cooperation with the Reactor Div is ion Re- 
mote Maintenance Group, t o  develop a re l iab le 
joint for such  application^.^"^ 

The design of such a joint i s  influenced by both 
brazing and remote-maintenance requirements. Main- 
tenance procedures are simpli f ied by use of  rela- 
t i ve ly  loose f i t s  and a minimum of remote machin- 
ing, but optimum brazing procedures require rela- 
t i ve ly  t ight f i t s  and very clean surfaces. A very 

9,\IS/<P Seriizann. Progr .  Rept .  A u g .  31. 1961, ORNL- 

'o,llSRP Yemzann. Progr. Rep!.  Feb. 28, 1962, ORNL- 

3215, pp 109-12. 

3282 ( in  press). 
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promising joint design was developed which pro- 
vides for the preplacement of brazing al loy on the 
mating surfaces of the joint and a radial clearance 
of  0.0025 to 0.0035 in. Th i s  clearance i s  con- 
sidered optimum i n  terms of ease of  f i t-up and 
re l iab le brazing a l loy f lowabil i ty. 

Several joints o f  th is  type were brazed i n  the 
laboratory to determine the quali ty o f  joint. Ultra- 
sonic inspection of the joints revealed that they 
undoubtedly were adequate for molten-salt sys- 
tems. However, the incorporation of a s l ight  taper 
i n  the joint appears to be even more advantageous 
since it makes remote assembly somewhat easier 
and el iminates nearly a l l  nonbonded areas. 

MAT E R I ALS- J 01 N I NG DE V E LO PME N T 

Ni obi um 

C. W. Fox 

Niobium and i t s  a l loys are of continuing interest 
for a variety of high-temperature reactor applica- 
tions, and suitable brazing a l loys and procedures 
are being developed. Las t  year, several corrosion- 
resistant refractory-metal brazing a l loys containing 
t i tanium and zirconium were developed which 
readi ly flowed on niobium. l1 These a l loys melt in 
the range 1000 to 1300°C and produce very sound 
braze jo in ts  wi th  no evidence of  cracking. Me- 
chanical property tests  at room and elevated tem- 
peratures were done on jo in ts  brazed w i th  these 
a l loys  and several appeared to be especial ly attrac- 
t ive. Shear strength determinations were made on 
Mi Iler-Peaslee type of  brazed specimen; some 
typ ica l  room-temperature values are l i s ted  in  Table 
21.1. Table 21.2 i l lus t ra tes the excel lent perform- 
ance of some of them at 1300°F. It i s  apparent 
that such a l loys as the 75 Zr-19 Nb-6 Be (wt %) 
and the 46 Ti-46 Zr-4 V-4 Be compositions ex- 
h ib i t  excel lent strengths. In addition, aging at 
1500°F prior t o  test ing does not appear to  impair 
the room-temperature properties of jo in ts  brazed 
wi th  several of the al loys. The resistance of 
brazed joints to cracking as a resul t  of thermal 
cyc l ing a lso appears to  be very good. 

"C. W. Fox and R. G. Gilliland, Progress  Report  on 
Brazing of Columbium, ORNL CF-61-7-24 (July 5, 1961). 

Table 21.1. Results of Room-Temperature Shear Tests 
on Brazed Niobium Joints in the Aged and 

As-Brazed Conditions 

Strength of solid niobium specimens: 38,000 ps i  

Room-Temperature Shear 
Strength' (psi) 

Alloy (wt "lo) Aged for 

a t  1500°F 
As-Brazed 100 hr 

48 T i  -48 Zr -4 Be 33,300 (6) 24,500 (3) 
46 Ti-46 Zr-4 V-4 Be 27,800 (6) 32,500 (4) 
75 Zr-19 Nb-6 Be 24,000 (6) 24,800 (4) 
67 Zr-29 V-4 Fe 20,200 (5) 14,600 (3) 

'Number of specimens averaged i s  given i n  Parentheses. 

Table 21.2. Results of Elevated-Temperature Shear 
Tests on Brazed Niobium Joints in  the 

As-Brazed Condition 

Strength of solid niobium specimens: 17,300 p s i o a  

b Shear Strength (psi) 
a t  130OoF Alloy (wt %) 

75 Zr-19 Nb-6 Be 
63 Ti-27 Fe-10 Mo 
48 T i  -48 Zr -4 Be 
45 Ti-40 Zr-15 Fe 

19,000 (4) 
16,500 (4) 
13,600 (4) 
16,000 (4) 

aThis value connot be considered a s  the true shear 
strength since severe bending of the specimen occurred 
during testing; however, i t  can be used as a guide in  de- 
termining joint efficiency. 

bNvrnber of specimens averaged given in parentheses. 

Beryll ium 

R. G. Gi l l i l and  

Suitable procedures for welding beryl l ium are 
being developed to  ef fect ive ly  u t i l i z e  i t s  unique 
properties for the cladding o f  advanced fuel ele- 
ments. The br i t t le  behavior o f  beryl l ium welds, 
together with the frequent occurrence o f  gross 
porosity and cracking, has severely l imi ted i t s  
appl icabi l i ty  up to  the present time. Modif icat ions 
i n  procedure have been successful ly developed 
previously for producing sound end-closure welds 
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i n  tubes made by different vendors by various 
fabrication processes. 1 2  

Room- and elevated-temperature shear strengths 
of tungsten-arc end-closure welds i n  tubes were 
determined l 3  by placing edge-welded samples in a 
f ixture and pushing the end cap out of the f ixed 
tube. The welds in  tubes manufactured by eight 
dif ferent fabrication processes a1 I exhibited similar 
strengths, even though, as indicated by radiography, 
the joints in  extruded tubing were known to  con- 
ta in some porosity. The room-temperature shear 
strengths were in  the range of 21,000 to  26,000 psi, 
whi le the 6OOOC shear strengths were i n  the range 
of 10,000 to  13,000 psi.  The only published shear- 
strength data for pure beryl l ium l i s t  a room-tem- 
perature strength of 32,000 psi for type QMV hot- 
pressed powder. 

Efforts to develop high-temperature al loys for 
brazing beryl1 ium for elevated-temperature ser- 
v ice l 3  are continuing, but they have been hampered 
by the generally poor wettabi l i ty  of th is  material 

~ ~~ 

12R. G. Gilliland, Met. Diu. Ann Progr .  R e p t .  )\lay 31,  

13GCR Quart. Progr .  Rep t .  ,Mar. 31. 1962. ORNL-3302 

1961, ORNL-3160, p 168. 

(in press) .  

and the rapid formation of b r i t t le  intermetal l ics 
along the base metal-braze metal interface. 

Ceramics 

C. W. Fox 

In view of their h igh strength at very high tem- 
peratures and their good corrosion and oxidation 
resistance, ceramics are exceptional ly attract ive 
for advanced high-temperature appl ications. Their 
good insulat ing properties also make them invalu- 
able for components of a variety o f  experimental 
apparatus. Since ceramic materials are inherently 
d i f f i cu l t  to join and since suitable methods are not 
avai lable to attach them to themselves and to  other 
materials for high-integrity, leaktight, high-tem- 
perature service, a program i s  under way t o  develop 
techniques for brazing them. 

Several experimental brazing al loy compositions 
have been formulated which readi ly f low on the 
oxide ceramics. Typical  of the high-quali ty jo ints 
obtained i s  that shown in  Fig. 21.6, a photomicro- 
graph of a Zircaloy-2 to aluminum oxide joint. The 
brazing a l loy  composition was 48 Ti-48 Zr-4 Be 
(wt  '36). A demonstration mockup assembly 

Fig. 21.6. Zircaloy-2 to  Aluminum Oxide Joint Brazed with 48 Ti -48 Zr-4 Be (wt X) Alloy.  As-Polished. 
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aluminum oxide compartmented fuel element was 
fabricated and i s  shown i n  Fig. 21.7. Brazing was 
accomplished a t  approximately 195OOC i n  a vacuum 
muff le furnace, wi th the time a t  temperature being 
approximately 10 min. 

In v iew of the very promising resul ts accom- 
pl ished to  date on th is  program, the scope w i l l  be 
extended next year to  cover the brazing of beryl- 
l ium oxide and uranium oxide. 

provided to the shops to el iminate the trouble, 
which appeared to be associated with overheating 
of the metal during welding. A modif icat ion of the 
joint design and str ict  adherence to  the welding 
procedure provided an apparent solution to the 
problem. l4 Welds are being produced which ex- 
h ib i t  no cracking i n  bend tests, and several welders 
have been qual i f ied for component construction. 

Welding of Ferr i t ic  Steels t o  Sta in less Steels INOR-8 

R.’G. Gi l l i l and  
G. M. Slaughter T. R. Hous ley”  

Studies were completed to determine the best 
methods for joining ferr i t ic  steels t o  austenit ic 
stainless steels for such c r i t i ca l  appl icat ions as 
the primary coolant piping for the EGCR, and a 

The Ni-Mo-Cr alloy INOR-’ to be used the 
structural material for the Molten Salt Reactor 
possesses generally good weldabi I ity, but some 
weld-cracking d i f f i cu l t ies  were encountered on 
in i t ia l  welder qual i f icat ion tests i n  the shops that 
w i l l  fabricate the actual reactor components. The 
in i t ia l  welds were def in i te ly unsatisfactory, as 3282 ( in  press)* 

determined by bend tests. 

l4hISRP Semiann. Progr. Rept .  Feb.  28, 1962. ORNL-  

l 5  Engineering and Mechanical Division. ORNL assistance was 

Fig.  21.7. Demonstration Aluminum Oxide, Compartmented F u e l  Element, Mockup Assembly. 
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f inal report was published. l 6  A new nickel-base- 
al loy welding electrode, given the developmental 
designation BP-85 and now known as Inconel-182, 
was selected as the most promising weld metal for 
the application. Welding procedures were developed 
for jo in ing ASTM A-212, grade B, carbon-silicon 
steel to type 304 stainless steel and ASTM A-387, 
grades C and D, low-al loy steels to type 304 
stainless steel. The overall deposition charac- 
ter ist ics o f  the electrode were excellent, and the 
mechanical properties o f  welds were very good. 
Thermal-cycling test  specimens containing welds 

16G. M. Slaughter and T. R. Housley, T h e  U’elding o/ 
Ferritic S t e e l s  to Aus ten i t ic  S ta in less  S tee ls ,  ORNL 
TM-98 (Jan. 4, 1962). 

made with Inconel-182 electrode have not revealed 
any evidence of cracking, i n  contrast to  the speci- 
mens containing welds made with the more con- 
ventional stainless steel electrodes. 

Graphite 

R. G. Donnelly 

The development of a l loys for brazing graphite 
and the techniques for successful ly fabricating 
high-integri ty graphite-to-graphite and graphite-to- 
metal jo ints are described in  a f inal report. 17 

I7R. G. Donnelly and G. M. Slaughter, Welding 1. 
41(5), 46-69 (1962). 
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22. Postirradiation Examination 

A. R. Olsen 

f 

The act iv i t ies  of the Postirradiat ion Examination 
(PIE) Group were concerned wi th  service work in  
support of irradiation test programs for various 
reactor projects and with the design, construction, 
and test ing o f  equipment and development of 
techniques for use i n  the ex is t ing and future hot- 
c e l l  fac i l i t ies .  

Construction of the new PIE laboratory (previ- 
ously referred to  as the High Radiation Leve l  
Examination Laboratory’-3) i s  approximately 90% 
complete. It now appears certain that the basic 
fac i l i ty  w i l l  be completed late in 1962 and should 
be in operation early i n  1963. Concurrently wi th  
ttle f ina l  construction phases, some of the remote 
experimental equipment w i l l  be instal led to  permit 
the examination of radioactive experiments early 
in  1963. A detailed hazard analysis of the new 
fac i l i t y  now being made w i l l  cover operational 
procedures and effects of possible f ire and 
c r i t i ca l i t y  accidents. J. P. Nichols o f  the Chemical 
Technology D iv is ion  is  ass is t ing in  th is  analysis. 

The hot-cel l  fac i l i t i es  i n  Bui ld ing 4501 were 
used continuously during the past year to provide 
an ever-increasing variety of experimental data. 
The service requests handled ranged in  scope 
from simple remote transfers to  examination of 
complete in-pile experimental loops. The majority 
of the work performed by the PIE group is  reported 
direct ly by project personnel; hence, only a brief 
account of project support work i s  presented below. 

’A. R. Olsen and R. E. McDonald, Met. Diu. Ann. 
Progr. Rept. J u l y  1 ,  1960, ORNL-2988, pp 436-37. 

REACTOR PROJECT SUPPORT ACTIVITIES 

R. E. McDonald J. R. Parrott 

Hot-cel l  service work was performed in  support 
of the aqueous thermal breeder under study in  the 
Thorium Ut i l i za t ion  Program, the Homogeneous 
Reactor Experiment-2, the Experimental Gas-Cooled 
Reactor, and the Molten-Salt Reactor Experiment. 

Thorium Ut i l i za t ion  Program 

The examination of the f i rs t  in-pi le slurry loop 
containing thoria i n  D,O was completed during 
th is  period. Preliminary examinations were re- 
ported last  year,4 including the method of 
predisassembly scanning wi th  a col l imated mult i-  
channel gamma-ray spectrometer. The accumulation 
of slurry i n  the pressurizer and pump volute areas, 
indicated by the spectrometer, was confirmed in  
the dismantl ing process. After the loop was ex- 
amined, it was concluded5 that, under the condit ion 
of this experiment,  no deleterious e f f e c t  of  
radiation on the corrosion o f  Zircaloy-2 and 
titanium a l loys occurs. However, the 13 mpy 
maximum corrosion rate for the stainless steel 
specimens was higher than the rate incurred under 
similar but unirradiated conditions. AI  I speci- 
mens from th is  loop were remotely repl icated by 
the cel lulose-acetate technique for comparison 
wi th  the prei rrad i at i on rep1 i cas .6 

2Technical  Function and Operation of t h e  I f i g h  Radia- 4R. E. McDonald, Met. Diu. Ann. Progr. Rept. May 31, 

5E. L.  Compere e t  al., and H. C .  Savage e t  al., 3A. R. Olsen, “A New Postirradiation Examination progr. R ~ ~ ~ .  j an .  3 1 ,  1962, 

p 3 in Proceedings of the Ninth Conference on Hot 
Laboratories and Equipment,  American Nuclear Society, 6A.  R. Olsen and R. E. McDonald, Met. Diu. Ann. 
Chicago, Ill., 1961. Progr .  Rept. J u l y  1 ,  1960, ORNL-2988, pp 439-42. 

t ion L e v e l  Examination Laboratory, BIdg. 3525, ORNL 1961, O H N L - ~ ~ ~ O ,  149. 
CF-61-1-75 (Jan. 31, 1961). 

Reactor Chem. Diu. 
Laboratory a t  the Oak Ridge National Laboratory,” ORNL-3262, pp 114-22. 
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During operation of the second in-pi le loop, 
samples of slurry were periodical ly col lected in  
small stainless steel bombs. These uni ts are 
dismantled after they have been drained so that 
a l l  sol ids that may have sett led in  the sampler 
can be recovered for material-balance purpose. 
A powered pipe cutter7 and a col let- l ike f ixture 
w i th  internal gripping teeth have been successful ly 
employed to open conical ly ended samplers with- 
out contamination or l o s s  of the contents. 

Hot-Cell  Examination of In-Pi le Slurry 
Autoclaves 

A variety of in-pi le autoclaves containing various 
thoria-urania slurries, powders, and pel lets were 
opened, dismantled, and The 
repl icat ion techniques developed by the group 
were extended to obtain total-surface posi t ive 
repl icas o f  ’G-in.-diam irradiated pel lets (described 
in “Development of Postirradiat ion Examination 
Technique,” t h i s  chapter) and for obtaining 
local ized-area cel  lulose-acetate repl icas remotely. 
These repl icas were of suf f ic ient  qual i ty t o  permit 
electron-microscope examination by the palladium- 
shadowed carbon repl ica technique. These repl icas 
and similar ones made on an as-fired pel let  and an 
autoclaved-control pel le t  were examined and 
photographed a t  8000X. Figure 22.1 shows the 
detai l  obtained by th is  repl icat ion technique. 

Homogeneous Reactor Experiment 

With the cessation of operation of the HRE-2, a 
number of specimens and corrosion samples from 
the core and various circulat ing-l ine posi t ions 
have been removed. The results of the exami- 
nations w i l l  be reported by the experimental groups. 
In addit ion to the more normal examination tech- 
niques, the repl icat ion processes were used t o  

7 T e r h n i r a l  Function and Operafion of f h e  High 
Radiation L e v e l  Examination Laboratory, Bldg. 3525, 
ORNL CF-61-1-75, p 44 (Jan. 31, 1961). 
8E. L. Compere et al., and H. C .  Savage et al., 

Reactor Chem. Diu. Ann. Progr. Rept.  Jan .  3 1 ,  1962, 

9J. P. McBride e t  al.. H R P  Progr. Rept. D e r .  1. 1960 
to May 31, 1961, ORNL-3167, pp 73-78. 

’OJ. P .  McBride, Radiation Stabili ty o/ Aqueous  
Thoria and Thoria-Urania Slurries, ORNL-3274 (May 18, 
1962). 

ORNL-3262, pp 126-30. 

make detai led examinations easier. The core 
patch and bol t  recovered from the reactor core, 
prior to the f inal  reactor operation cycle, were 
repl icated by the two-step process to  provide 
total-surface posi t ive epoxy repl icas before they 
were sectioned for metallographic examination. 
Figure 22.2 i s  a photograph of two of the repl icas 
showing both the core and blanket sides of the 
patch. Th is  technique i s  being adapted t o  the 
repl icat ion of some 58 sections o f  the actual 
reactor core waI I ’ ’  to permit a fu l l -scale recon- 
struct ion and evaluation. 

Experimental Gas-Cooled Reactor 

J. R. Parrott R. E. McDonald 

In support of the Experimental Gas-Cooled 
Reactor Program, a number of irradiated UO, 
powders were prepared for f ission-gas release 
experiments, and f ive complete beryl l ium experi- 
ments were examined.’ 2 - 1 7  The tube-burst speci- 
mens were often scaled and rough and had fa i led  
by cracking a t  re lat ively high temperatures and 
pressures i n  the reactor. It was often impossible 
to  opt ical ly locate the cracks even a t  30X. The 
need to locate these fai lure areas precisely so 
that the specimens could be properly sectioned for 
metallographic examination was sat isf ied by the 
unusual method of brushing the specimen surfaces 
w i th  a small stainless steel “toothbrush” and 
then pressurizing wi th gas whi le the specimens 
were submerged under water. The escaping gas 

’‘ P. P .  Holz, Description of Manipulator S y s t e m ,  
Heliarc Underwater Cutting Torch and Procedure for  
C u f f i n g  HRE-2 Core,  ORNL TM-175 ( in press). 

12J. R. Weir, “Ef fect  of High-Temperature Reactor 
Irradiation on Some Physical  ond Mechonicol Properties 
of Beryllium,” paper presented at  the Institute of 
Meta ls  Conference on the Metallurgy o f  Bery l l ium held 
a t  the Royal  Commonwealth Society, London, October 
16-18, 1961; proceedings to be published by the 
Institute of Metals,  London. 

13J. R. Weir and W. W.  Davis ,  GCR Quart. Progr. 

14J. R. Weir and W .  W.  Davis ,  GCR Quart. Progr. 

15J.  R. Weir, GCR Quart. Progr. Rept. Sept. 30,  1961, 

16J. R. Weir and J .  W.  Woods, GCR Quart. Progr. 

”GCR Quart. Progr. Rept. Mar. 31,  1962, ORNL-3302 

Rept. Mar. 31,  1961, ORNL-3102, p 203. 

Rept. J u n e  30, 1961, ORNL-3166, p 164. 

ORNL-3210, p 189-92. 

Rept.  Der. 31,  1961, ORNL-3254, p 225. 

(in press). 
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* 

Fig. 22.1. Surface of Irradiated Thoq Pel le t  Taken a t  8000X and Reduced 16%. T h i s  electron micrograph was 

made from a cellulose-acetate repl ica obtained by remote handling means. 



126 

Fig.  22.2. Posit ive Repl icas of H R E - 2  Upper Core Patch. 

located the leaks, and the area was marked whi le 
s t i l l  under the water. Subsequently, the tube was 
placed on a small Bodine motor-driven ro l l  
positioner under the remote stereomicroscope and 
the fai lure region was Dhotographed. Figure 22.3 
i s  a typical photograph of one of the medium-sized 
cracks located by th is technique. 

Another unusual method employed in t h i s  work 
involved the use of a modif ied micrometer to  make 
a series of diameter measurements along the tube 
after irradiation to determine deformation. The 
simple motor-driven micrometer used to  make these 
measurements quickly and accurately i s  shown in  
Fig. 22.4. A Speedi-Mike micrometer ratchet was 
attached t o  a small  reversible electr ic motor, wi th 
a piece o f  surgical rubber tubing used as a 
to1 laps i b le  dr ive-trans mi ssi on sys tem. Th i s  
provided quick, reproducible measurements wi th an 
accuracy of 0,001 in. 

Fig.  22.3. Section of a Beryllium Tube-Burst Speci- 

men Showing Fai lure Crack. 1OX. 
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UNCLASSI Fl ED 

. 
i 

Fig. 22.4. Remotely Operated Micrometer for 0- to  1-in. Measurements. (1) Reversible motor, (2) surgical rubber 
tubing drive, (3) digital reading micrometer, and (4) control box. 

Molten-Salt Reactor Experiment 

R. E. McDonald J. R. Parrott 

After the bulk of the examinations had been 
completed i n  the hot-cell fac i l i t i es  at Battel le 
Memorial Inst i tute, ’*  samples of the salt  and a l l  
o f  the corrosion coupons were sent to  this group 
for additional examination. Replicas were made 
for the examination of  the so l id i f ied sa l t  sur- 
faces. l9 Additional equipment requirements are 
being establ ished to permit the complete exami- 
nation, including the extraction of  the f iss ion gas 
from the next group of capsules in  th is  experi- 
mental program. 

’*MSR Program, Semiann. Progr. Rept .  Feb. 28, 1962, 

19S. S. K i rs l is  e t  al., Reactor Chem. Diu. Ann. 

ORNL-3282 (in press). 

Pmgr. Rept. Jan. 31, 1962, ORNL-3262, pp 20-26. 

DEVELOPMENT OF POSTIRRADIATION 
EXAMINATION TECHNIQUES 

R. E. McDonald A. C. Winther2’ 

Remote Replication 

The remote repl icat ion techniques developed by 
the PIE group are f inding a number of appli- 
c a t i o n ~ . ~ ~ - ~ ~  During the past year the cel lu lose- 

200n loan from AEK, Research Establishment, Riso, 
Denmark. 

21 E. L. Long, Jr., GCR Quart. Progr. Rept .  Sept.  30, 

22A. R. Olsen and R. E. McDonald, Met. Diu. Ann. 
Progr. Rept.  May 3 1 ,  1961, ORNL-3160, pp 150-52. 

23R. E. McDonald, B. W. McCollum, and G. A. Moore, 
‘I Replication of Surface for Hot-Cell Application,” 
p 166 in Proceedings of the Ninth Conference on Hot 
Laboratories and Equipment, American Nuclear Society, 
Chicago, Ill., 1961. 

1961, ORNL-3210, pp 147-52. 

. 
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acetate technique was used to  provide repl icas of 
suff icient qual i ty for electron-microscope exami- 
nations o f  irradiated thoria-pel le t  surfaces and 
metallographically prepared zirconium micro- 
structures. The total-body rep1 icat ion technique, 
using room-temperature vulcanizing (RTV) rubber, 
was extended by backcasting wi th epoxy resins 
into the rubber mold replicas. Th is  two-step 
process provides an epoxy duplicate of the 
original surface with suff icient detai l  for opt ical  
examination a t  up to 1OOOX. The epoxy repl icas 
are decontaminated ultrasonical ly and then 
a1 urn in  i zed. 

The total-body technique was also used to make 
posi t ive repl icat ions of irradiated P-82 thoria 
pellets. The pel lets were placed in a small  d ish 
and covered with l iquid rubber. Af ter  the rubber 
vulcanized, a small incis ion was made a t  each 
pel let  and the mold f lexed to  pop out the pellets. 
The resul t ing cavi t ies were f i l l ed  wi th an epoxy 
resin from an eyedropper. The pel let  repl icas 
were ultrasonical ly decontaminated, and then 
aluminized. The surfaces were viewed and 
photographed a t  100 and 200X and then compared 
with an unirradiated control pel let.  Th is  com- 
parison provided the f i rs t  clue of possible surface 
changes due to irradiation. This indicat ion 
prompted an electron-microscope investigation of 
the surfaces of thoria pel lets. 

A s  a result o f  the demonstrated u t i l i t y  o f  the 
RTV rubber technique in examinations of surfaces, 
a study of the feasibi l i ty  of repl icat ing large 
surface areas was begun. A 3 x 6 in. section of a 
cast aluminum ingot was repl icated and viewed a t  
lOOOX, the body of a 3 x 6 x 3/8 in. piece of copper 
was repl icated to reproducefive of the s i x  surfaces 
in a single cast  (the s ixth surface was the casting 
riser), and a 2 %  x 8 x 3/8 in. mockup piece o f  the 
HRE-2 core vessel was replicated. These results 
proved, beyond a doubt, that the surfaces could be 
reproduced in  detail. Approximately 50 pieces cut 
from the HRE-2 core vessel are scheduled for 
replication. The aim i s  to  reconstruct the vessel 
from these repl icas and then t o  study the surfaces 
for defects and the effects of corrosion and erosion 
on both the core and blanket side. It appears as 
i f  the depths of pits, wall- thickness measurements, 
and other dimensional detai ls can be accurately 
determined from replicas, i f  the shrinkage andlor 
expansion of the RTV and epoxy castings can be 
better controlled. Some experimental repl icas had 
a dimensional accuracy wi thin 2%. However, th is  

accuracy seems t o  be affected by the proportions 
of diluents, resin-to-catalyst ratios, and the 
surface area to  volume relat ionships for a par- 
t icular rep1 ica. Prel i minary scouting experiments 
to determine the optimum condit ions for some of 
these variables have been init iated. 

Ultrasonic  C l e a n i n g  

Four \-gal tanks and 80-w generators, operating 
a t  approximately 90,000 cycles, were obtained 
for both in- and out-of-cell studies in the decon- 
tamination of p las t i c  and epoxy replicas. The 
objects to be cleaned are placed i n  a glass or 
stainless steel beaker containing a nonsudsing 
detergent, a glass-cleaning compound, or one of 
the various acid solutions. The container i s  then 
placed i n  the tank, which has been ha l f  f i l l ed  
wi th water, and ul t rasonical ly agitated for 2 t o  
5 min. After each cycle, the object i s  r insed i n  
water and the cleaning solution renewed. Many 
short cycles are better than one long one. 

DEVELOPMENT OF REMOTE 

R. E. McDonald J. R. Parrott 
J. E. VanCleve 

Posi t ioning T a n k  for Ul t rasonic  T e s t i n g  

J. R. Parrott R. W. McClungZ6 

The remote scanning tank for the ultrasonic 
inspection of high-level irradiated components i n  
the HRLEL was tested in  the Bui ld ing 4501 
m ~ c k u p . ~ ~ , ~ ~  Operating techniques and proce- 
dures, along with maintenance procedures, were 
developed and issued i n  the form of a preliminary 
operating manual. Minor modifications of the un i t  
to  ease maintenance and increase the accuracy and 
dependability are being made. 

24J. R. Parrott and J. E. VanCleve, Met. Diu. Ann. 
Progr. Rept. May 31, 1961, ORNL-3160, pp 152-57. 

25Technical  Function and Operation of the  High 
Radiation Leuel  Examination Laboratory, B ldg .  3525, 
ORNL CF-61-1-75 (Jan. 31, 1961). 

26Nondestructive Testing Group. 
"C. S. Lisser e t  a[., Instrumentation and Controls 

Diu. Ann. Progr. Rept. J u l y  1 ,  1961, ORNL-3191, 

28R. W. McClung and K. V. Cook, Met. Diu. Ann. 

pp 46-50. 

Progr. Rept. May 3 1 ,  1961, ORNL-3160, p 157. 

8 
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Metal lography Mounting Equipment 

J. E. VanCleve R. E. McDonald 

The mounting press wi th  i t s  attendant control 
panel has been completely fabricated and has been 
tested in the mockup cel l .  The operating manual 
for th is  un i t  i s  80% complete. It now appears that 
wi th  simple inexpensive RTV rubber molds 
accurate epoxy mounts may be made without the 
heat and pressure associated with the standard 
mounting techniques. Th is  technique would e l  imi- 
note the need for a re la t ive ly  complex machine 
requiring remote maintenance, making it part icularly 
attract ive for hot-cel l  applications. The techno- 
logical and economic factors involved are being 
studied. 

Kentron Microhardness Tester ,  Cutof f  Saw, and 
Meta l lographic  Po l ish ing  Equipment 

J. E. VanCleve 

The Kentron microhardness tester was completely 
reassembled and then re insta l led i n  a wooden 
mockup, including the sample transfer system. 
The control panel and e lect r ica l  hookup were 
completed and most of the test ing was finished. 
The operating manual i s  40% complete, but the 
maintenance section i s  being delayed pending 
f inal instal lat ion so that physical surroundings 
and their effects can be incorporated. 

Fabrication of the metallographic cutoff saw was 
completed, and the uni t  i s  undergoing extensive 
test ing i n  the mockup. A l l  parts are working wel l  
and no further modifications are under con- 
sideration. A manual covering the operation of the 
unit i s  being prepared. 

A small commercial surface grinder i s  being 
investigated to serve as an inexpensive means of 
providing the rough grinding required in  the 
metallographic process. Very preliminary results 
are encouraging. Materials eas i ly  ground and 
pol ished by conventional methods are a lso  rela- 
t i ve ly  easi ly handled by the surface grinder and 
electrolyt ic polisher without f in ish grinding. The 
decision as to  whether th is  unit or another unit  i s  
used in the in-cel l  process for rough grinding w i l l  
affect the type of pol ishing cloths and abrasives 
used for f in ish polishing. A Disa-Pol electrolyt ic 
polisher and etcher un i t  was set up i n  the cold 

laboratory to  evaluate the surfaces produced wi th  
the surface grinder and to  develop operational 
procedures. The grinding, polishing, and etching 
of more d i f f i cu l t  materials, such as aluminum and 
ceramics, wi II require addit ional development 
before re1 iable procedures are established. 

Stereomicroscopes and Stages 

J. E. VanCleve R. E. McDonald 
J. R. Parrott 

Al l  three stereomicroscopes operated we l l  during 
acceptance tests and produced high-qual i t y  35-mm 
stereoscopic slides. One uni t  ins ta l led in  the 
mockup i s  being used wi th  the stage in  the de- 
velopment of compatible l ight ing f ixtures to provide 
the high-intensity controlled l ight  necessary for 
high-quality color photography. The e lect r ica l  
hookup of the stereomicroscope stage t o  i t s  control 
panel was f inished and the uni t  instal led i n  the 
mockup. Several s l ight  modifications were made 
on the uni t  as the result o f  mockup testing. 

Ma ster-Slave Manipulators 

J. E. VanCleve 

The preproduction prototype model A manipulators 
and seal tubes i n  the mockup were exchanged for 
the production models. Several acceptable arm 
assemblies were received from the manufacturer, 
but the p last ic  boots for the slave arms have not 
been received for test ing as yet. Test ing of the 
manipulators w i l l  be continued automatical ly as 
other equipment i s  being tested in  the mockup. 

In -Ce l l  Canner 

R. E. McDonald J. R. Parrott 

Waste cans (14 in. diam x 40 in. length) and 
storage cans (6 in. diam x 40 in. length) w i l l  be 
sealed and cleaned prior to  their removal from the 
ce l ls  in  the new fac i l i t y  to  prevent the external 
spread of contamination. 

The means considered for remotely sealing the 
cans included commercial canners, induction 
brazing, and rol l ing. Commercial canners of the 
required size are large, complicated, hard to  



130 

remotely maintain, and expensive. Induction 
brazing was proved to  be feasible but i s  undesirable 
because of the expensive equipment and the 
poss ib i l i ty  of gas and air in  the cans blowing out 
the braze joint and causing leaks. The method of 
shape-rolling the edge o f  the cans to  provide a 
pressure weld has proved effect ive in  the manu- 
facture of fuel rods and for closures on experi- 
mental in-pi le capsules. Design cri teria are being 
prepared for a un i t  i n  which the can w i l l  be held 
ver t ica l ly  and driven by a modified Oster power 
vise, with the ro l ls  stationed a t  120' on the 
periphery of the can during sealing. The preformed 
top w i l l  have a small groove to match the rollers. 
Th is  same uni t  wi th  cutters replacing the formed 
ro l ls  w i l l  be employed to  open cans. 

Some means had to  be found for cleaning the 
waste cans before they are placed into the air- 
lock-transfer station. Cr i ter ia  were established for 
cleaning the cans ultrasonical ly i n  a vert ical 
posit ion in  a tank wi th  an equilateral triangular 
cross section. Three submersible ultrasonic 
transducers wi  II be mounted vert ical ly on panels 
forming a triangle. The panels are removable so 
that the transducers can be removed for replace- 
ment. Temperature indicators, l iquid-level indi- 
cators, and act iv i ty  meters w i l l  be incorporated to  
safeguard the system. The control panel and 
generator w i l l  be heated a t  the c e l l  operating face. 

In -Ce l l  Sound Transmission System 

R. E. McDonald 

A simple in-cell sound transmission system was 
developed for the new fac i l i ty  t o  be used for 
general and local sound pickup. The system con- 
sists o f  a small laval iere microphone potted i n  
rubber, a jumper cord, an amplif ier, and a headset. 
The microphone i s  coupled direct ly to  a phone 
plug for plugging into a wall-mounted receptacle 
for general sound pickup. The jumper cord i s  used 
for local pickup of such sounds as the dressing of 
a grinding wheel. Th is  30-in. c o i l  cord a l lows the 
microphone to be placed anywhere in the cel l .  
The in-cel l  components are shown i n  Fig. 22.5. 
F i f teen of these units w i l l  be fabricated for the 
new faci l i ty. Th is  development w i l l  be described 
in  a forthcoming technical memorandum. 

X-Ray D i f f rac t ion  Apparatus 

H. L. Yokelz9 

The shielded x-ray dif fract ion goniometer3' for 
the PIE Fac i l i t y  was fabricated and assembled. 
A general v iew o f  the experimental equipment i s  
shown i n  Fig. 22.6. When attached to  the cel ls, 
the transfer mechanism o f  the goniometer w i l l  
br ing metallographically mounted specimens from 
the operating ce l l  in to  the center of the dif- 
fractometer. The sample w i l l  be permanently 
separated from the exterior environment o f  the 
goniometer, but incident and dif fracted x-ray beams 
w i l l  be admitted to  and from the sample chamber 
through a beryl l ium window. 

Bio log ica l  shielding over complete 47~ geometry 
i s  provided except for two narrowly defined 
apertures through which the incident and dif fracted 
x-ray beams enter and emerge. Operation of the 
goniometer consists o f  equal and opposite 8 
movements of the x-ray tube and counter arms. 
In order for the x-ray-beam apertures to  fo l low the 
motions o f  these components, a unique double 
shield has been devised in which an inner shield 
containing hel ica l  slots moves past an outer 
shield containing cy l indr ica l  slots. The cy l indr ica l  
slots are i n  the dif fract ion plane, and the motion 
of the inner shield i s  normal t o  that plane. These 
shields are composed of depleted uranium to obtain 
optimum gamma attenuation per un i t  length and 
suitable fabrication properties. 

Addit ional lead shields around the x-ray tube 
and counter assemblies effect ively prevent the 
emergence of any radiat ion from the sample along 
the incident and dif fracted beam paths. The 
sample i s  shielded with an equivalent of 3.5 in. 
o f  uranium or 6 in. of lead at  a l l  t imes ( including 
transit  to  and from the goniometer). Attenuation 
factors ranging from i o 3  to i o 4  for co60 gamma 
radiat ion are anticipated . ' 

Diffracted x-ray beams are observed wi th  either 
a side-window proportional counter or a sc in t i l -  
lat ion counter. These devices may be placed i n  

29X-Ray D i f f rac t i on  Group. 

30Designed and constructed by P h i l l i p s  E lec t ron ics ,  

3 1 0 a k  Ridge Nat iona l  Laboratory,  Radiation Safety  

Inc. 

and Control Training Manual, p B-1. 
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Fig.  22.5. In-Cel l  Components for Remote Sound System. 

Fig.  22.6. Overall V iew of PIE X-Ray Dif fract ion Apparatus. Metallographic specimens are transferred into 

Signals from the counter are onaly shielded goniometer (center). 

and displayed through the circuit panel and osci l loscope a t  right. 
The  power supply for the x-roy tube i s  at left.  

the 

,zed 



the direct dif fracted x-ray 
ac t iv i t y  i s  low or placed 
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beam when the sample is  recorded by a scaler and rate meter. An 
so that the beam re- auxi l iary output before pulse-height select ion is  

dif fracted by a cyl indr ical ly bent and ground LiF 
crystal monochromator can be observed when the 
sample act iv i ty i s  high. 

The output o f  the preamplifier i s  fed through a 
single-channel DD2 linear ampli f ier whose output 

displayed on an osci l loscope screen. Th is  latter 
display can also be used to  assess the nature and 
intensity of radioactive background from the sample 
and to indicate the extent of interference that a 
counter might f ind i n  the direct ly dif fracted beam. 
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23. Physical Properties of Ceramics 

. 

, .  

D. L. McElroy 

T. G. K o l l i e  W. Fulkerson 

The aim of t h i s  research i s  t o  determine the ef -  
fects of temperature and physical and chemical 
variations on the thermal conductivi ty ( k )  of  refrac- 
tory solids and to  evaluate the mechanisms of heat 
transport operative i n  these materials. Reproducible 
and accurate k data are requisite to  t h i s  study. T o  
achieve these goals, s ix  methods of measurement 
were selected for development and intercomparison 
to span the range -100 to  220OOC, and the in i t ia l  
efforts on three of these methods are described. 

A THERMAL COMPARATOR APPARATUS FOR 
TH ERMAL CON DUCT1 VI TY MEASUREMENTS 

FROM 40 TO 40OOC’ 

T. G. Ko l l ie  D. L. McElroy 

The thermal comparator developed by Powel l  to  
measure thermal conductivi ty a t  room temperature 
was modified t o  al low measurements t o  at  least 
400°C i n  an inert atmosphere. The detector spheres 
were made from a hard silver-magnesium a l loy  
which res is ts  f lattening and retains the needed high 
thermal conductivity. The dif ferential response of 
the detector sphere was shown t o  be a l inear func- 
t ion of the original temperature difference between 
the spheres and the specimen and to  be dependent 
on the difference i n  sphere heights, on the sphere 
load, and on the system atmosphere. The sphere 
response was correlated wi th  thermal conductivi ty 

to  wi th in  +3% for thermal conductivi t ies ranging 
from 1.15 to  150 w m- ’ ( ”C)- ’  (Pyrex t o  molybde- 
num). Spurious resul ts  were obtained on soft mate- 
r ia ls  w i th  high thermal conductivi t ies (aluminum 
and graphite). 

FURTHER STUDIES ON THE THERMAL 
COMPARATOR  APPARATUS^ 

D. L. McElroy T. G. K o l l i e  

The thermal comparator al lows controlled var- 
iables and materials of l imited quantity to  be tested 
rapidly because the specimen i s  only a small disk, 
8 in. thick by 1 in. i n  diameter. A cal ibrat ion curve 
was established at 75°C by using specimens of 
known k and by control l ing such system variables 
as the original temperature difference of the spheres 
and the specimen, difference in  sphere heights, 
sphere load and impact upon contact, sphere flatten- 
ing, atmosphere of the system, and specimen rough- 
ness. Table 23.1 shows the results at 75°C on ten 
specimens of known k and the controlled variables 
o f  th is  test. These results, l i k e  those of Powell3, 
gave a nearly l inear relat ion between the tempera- 
ture difference of the detecting spheres a t  a given 
time after contact and k ” 2 .  The results were re- 
producible t o  wi th in  1.5% and were wi th in  3% of the 
average cal ibrat ion curve for kva lues  between 1.15 
and 418 w m-’(”C)- ’ .  Measurements were in i t ia ted 
on a series of specimens important to  the scope of 
this program. 

‘Abstract of paper presented a t  the Conference on 
Thermal Conductivity Methods Held  a t  Bat te l le  Memorial 
Institute, October 26-28, 1961. 

2D. L. McElroy and T. G. Kol l ie ,  Mef. Diu. Ann. 
Ptogr. R e p t .  May 31, 1961, ORNL-3160, p 35. 

3R. W. Powel l ,  J .  Sci. Instr. 34, 485-92 (1957). 
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Table 23.1. Thermal Comparatora Calibration 
Data at 75OC 

Specimen Sphere Response 

of k1’2at 750c 7 sec After 
Known k [ w  m-’ (“c)-’l Contact (OC) 

Pyrex 1.07 0.75 

Type 347 3.80 1.69 

Steel 17 5.13 1.85 
Steel 10 5.96 2.01 

Iron 1 8.31 2.33 
Iron 2 8.38 2.37 
Magnox B 11.09 2.93 
Ag 99.98% 20.18 4.09 

INOR-8  3.33 1.58 

stainless steel  

Steel 2 7.63 2.28 

aControlled variables: k-in.-diam Counsil D spheres; 
15-9 load; 0.033-in. vert ical  spacing; helium atmosphere; 
original sphere-specimen .AT, 8.45OC. 

A RADIAL HEAT FLOW APPARATUS FOR 
THERMAL CONDUCTIVITY MEASUREMENTS 

FROM 60 TO 16OO0C4 

T. G. Godfrey’ 

T. G. K o l l i e  D. L. McElroy 

A radial heat f low apparatus operable over the 
range 60 t o  1600°C was developed for measuring 
the thermal conductivi ty of refractory materials 
contemplated for use as nuclear reactor components. 
The specimen used was a 9-in.-tall stack of 18 
disks,3 in. in  outside diameter and in. i n  inside 
diameter; thermocouple holes were machined i n  some 
of the disks. The radial temperature gradient was 
generated by a Pt,,Rh,, heater i n  the center of the 
specimen and was measured by 12 Pt,,Rh ,,/Pt 
thermocouples which entered the specimen stack 
rad ia l ly  and were turned to  assume an ax ia l  

4Abs t r~c t  of paper presented a t  the Conference on 
Thermal Conductivity Methods Held a t  Battelle Memorial 
Institute, October 26-28, 1961. 

5Cera m i c s  Laboratory. 

position. The specimen was heated external ly by 
a muffle heater and end heat losses were prevented 
by end guard heaters. A procedure was devised 
which a l lows an isothermal thermocouple inter- 
cal ibrat ion t o  be made prior t o  each thermal con- 
duct iv i ty  determination. The effects of thermocouple 
calibration, core heater power level, and end guard 
heater control were studied. Measurements on an 
Ni-Mo a l loy  t o  8OOOC and on sintered UO, t o  550°C 
were reproducible t o  *2%. An error analysis indi- 
cated that the results were accurate t o  f3.0%. 

FURTHER STUDIES ON THE RADIAL 
HEAT FLOW APPARATUS 

T. G. Godfrey5 T. G. K o l l i e  
D. L.  McElroy 

The techniques developed on the Ni-Mo a l loy to  
8OO0C6 in  the radial heat f low apparatus were 
successful ly appl ied t o  a UO, specimen t o  875OC 
before e lect r ica l  d i f f i cu l t ies  were encountered. The 
data obtained on the effects of temperature and on 
a change in the O/U ra t io  from 2.012 t o  2.006 are 
described i n  Chap. 25, th is  r e p ~ r t . ~  Modif icat ions 
in  the equipment may extend the measurements t o  
at  least 14OO0C, where radiat ion transmission effects 
may be observable i n  UO,. Changes receiving study 
include a noninductively wound muffle heater, a 
Dauphinee chopper i n  the temperature control system, 
and improved thermocouple insulat ion and placement. 

STUDIES ON A QUENCHING APPARATUS FOR 
MEASURING THERMAL DI FFUSIVITY 

T. G. Godfrey’ T. G. K o l l i e  

D. L. McElroy 

The quenching apparatus for measuring thermal 
d i f fus iv i t y  t o  140OOC has been assembled and i s  
being tested. Components of th is  apparatus include 
two 17OOOC furnaces, equipment for maintaining an 

6D. L. McElroy and T. G. Godfrey, “The Thermal 
Conductivity of INOR-8 Between 100 and 800°C,” sub- 
mitted to  American Society of Metals Transactions 
Quarterly. 

’E. E. Stansbury and C. R. Brooks, Department of 
Chemica I and Meta I lurg ica I Engineering, University of 
Tennessee, private communication, Mar. 1, 1961. 
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inert atmosphere around a cyl indr ical  specimen, and 
a hel ium-fluidized bed of AI,O, particles. After the 
specimen attains thermal equilibrium, it i s  quenched 
into the f lu id ized bed, which i s  approximately 50°C 
hotter or colder than the specimen. The time-tem- 
perature response of the specimen i s  measured to  
obtain the thermal d i f fus iv i t y  ( a  = k / p - C  ). The 
heat transfer coeff icient of the f lu id ized ged was 
measured as a function of gas f low rates and AI,O, 
part icle size. In i t ia l  a measurements w i l l  be made 
on INOR-8 because k (ref 6) and C (ref 7) have 
been measured independently, and t i i s  w i l l  a l low 
an intercomparison of measurement methods. Meas- 
urements w i l l  be made on UO, when this cross-check 
i s  complete. 

TOTAL HEMISPHERICAL EMITTANCE OF Pt, 
Cb-l%Zr, AND POLISHED AND OXIDIZED 

INOR-8 IN THE RANGE 100 to lMOOC' 

T. G. Ko l l i e  D. L. McElroy 

The temperature dependence of the total hemi- 
spherical emittance was determined for specimens 
of Pt, Cb-1% Zr, and pol ished and oxidized INOR-8 
by a method which employs an instrumented str ip 

specimen d i rec t l y  heated e lec t r i ca l l y  in  a black- 
body vacuum chamber held a t  a constant tempera- 
ture. A value of 0.24was found forpol ished INOR-8 
at 60OoC, and t h i s  could be increased threefold by 
a 1-hr oxidation i n  air  a t  1000°C. Oxidationof 
pol ished Cb-1% Zr occurred even a t  an indicated 
chamber pressure of 6 x torr and resulted i n  
unusually high values. An analysis of the plat inum 
specimen heat losses, other than by  emission, 
indicated that t h i s  technique might offer a means of 
measuring the specimen k i f  precise specimen 
dimensions can be obtained. In addit ion t o  thermal 
conductivi ty values, the str ip specimen data y ie ld  
electr ical  res is t i v i t y  values. Tests made w i th  an 
INOR-8 hol low cyl inder specimen, which to ta l l y  
encloses an ax ia l  heater, gave comparable total  
hemispherical emittance values. Specif ic heat data 
can be obtained by auxi l iary experiments w i th  the 
hol low cyl inder specimen. In  addition, it i s  qui te 
possible that a UO, specimen of th is type w i l l  
y ie ld  much needed radiat ion transmission infor- 
mat i on. 

'Abstract of paper to be presented at  the Symposium 
on Measurement of Thermal Radiation Properties of 
Solids, Dayton, Ohio, September 5-7, 1962, sponsored 
by NBS, NASA, and USAF. 

! I  
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24. Sintering Studies 

C. S. Morgan 

Present technology demands high-grade ceramic 
parts, many of which are produced by sintering. 
Sintering of ceramics w i th  the f luori te structure i s  
being investigated to gain information on the mecha- 
nisms involved i n  order to  produce improved ceramics. 

SINTERING RATES OF FLUORITE- 
STRUCTURE MATERIALS 

The results of sintering-rate studies of f luori te- 
structure materials are summarized below from a 
paper t o  be published.' 

Sintering rates of powder compacts of materials 
wi th  the f luori te structure obtained during an init ial ,  
rapid densif icat ion period gave a definite indication 
of the sintering mechanism. For example, Tho, 
compacts heated t o  1450°C a t  approximately 3"C/ 
sec and held at  1450°C for 10 min had a density 
of 7.36 g/cc. Compacts heated similarly but held 
for an additional 70 sec a t  1450°C had a density of 
7.38 g/cc, whi le  compacts heated for 10 min a t  
1450°C and then raised to  1600°C i n  an additional 
70 sec had a density of 7.57 g/cc. The compacts 
heated t o  1450°C and held for 10 rnin had identical 
densif icat ion rates. The densif icat ion rate for com- 
pacts held for an addit ional 70 sec differed by a 
factor of 10 from the densif icat ion rate of compacts 
taken to  1600°C. Since the dif fusion coeff icients 
for thorium i n  Tho2 a t  1450°C and a t  1525°C di f -  
fered by a factor of 1.6, bulk d i f fus ion cannot be 
the dominant material transport process. The other 
known densif icat ion mechanism i s  p last ic  flow. 

Compacts of thoria heated d i rect ly  to  1600°C and 
held there for 1 min had higher densit ies (7.53 

1 'I Mechanism of Material Transport During Sintering of 
Fluorite-Structure Material," to be submitted to the 
]ournal of the American Ceramic Society. 

c. s. Yust 

g/cc) than those heated at  the same rate but held 
at  1000°C for 205 days before the 1-min treatment 
a t  1600°C (7.31 g/cc). Calc ium f luoride compacts 
heated d i rect ly  t o  1250°C and held there for 2 min 
had higher densit ies (2.97 g/cc) than those heated 
at  the same rate but held a t  1100°C for 10 min (2.91 
g/cc). A plausible explanation of these anomalies 
assumes that  material transport by surface d i f fus ion 
or evaporation-condensation results i n  an increase 
in  the radius of curvature of weld necks between 
part icles during the addit ional time at  lower ternper- 
ature. When the temperature r i se  is  resumed, move- 
ment of dislocations contributing t o  dens i f  icat ion 
by a p last ic  f low mechanism i s  reduced because 
o f  reduced stresses i n  the modified geometry of the 
system. 

Maxima and minima such as those found i n  the 
densif icat ion rate vs time curves2 for Tho, powder 
compacts heated a t  a constant rate were a l s o  found 
i n  densif icat ion rate curves for two other materials 
having the f luor i te  structure CaF, and CeO,. The 
minima occur a t  approximately the same fract ion of 
the absolute melt ing point. The minimum was 
absent from the densif icat ion rate curve for powder 
compacts of Tho2-3% ZrO,. A minimum was found 
in the densif icat ion curve for A120, (hexagonal 
structure) but occurred at  a temperature correspond- 
ing t o  a different fract ion of the melt ing point. 

DISLOCATIONS AROUND WELD NECKS 

Evidence for the occurrence of p last ic  f low during 
the sintering of calcium f luoride was obtained by ob- 
serving dislocations by means of an etch-pit  tech- 
nique. P las t ic  deformation of a crysta l  requires the 
generation and motion of dislocations; therefore a 
high increase i n  dislocation concentration may be 

*C. S. Morgan and c. S. Yust, Met. Diu. A n n  Progr. 
Reph May 31, 1961, ORNL-3160, p 40. 

. 
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indicat ive of p last ic flow. Small s ingle crystals of 
CaF, were placed on a cleaved surface of a larger 
single crystal, and the specimen was heat-treated 
to  cause a small  degree of sintering. The crystals 
were then etched i n  sulfamic ac id  to revea l  d is loca- 
tions. In Fig. 24.1 depict ing the surface of a sample 
sintered for 1 hr a t  1200T a small  CaF, part ic le 
i s  shown sintered to  the cleaved crystal w i th  the 
cleaved surface containing a high density of etch 
p i t s  i n  the area of the sintered neck. A cluster of 
etch p i ts  ona  sample sintered for30 min a t  120OOC 
is  shown i n  Fig. 24.2 t o  be located a t  the point 
where a small  part ic le was joined t o  the cleaved 
surface. The alignment of the etch p i ts  ind i rec t ions  
paral lel t o  the sites of the p i ts  i s  due t o  slip. Al- 
though the s l i p  planes cannot be indexed from their 
trace i n  only one surface, the direct ions present are 
consistent w i th  the known s l i p  system in  calcium 
fluoride, <110> {loo]. A massive concentration of 
d is locat ions in  the area of neck formation implies 
that the mechanism of sintering involves plast ic 
flow, although not necessari ly to  the exclusion of 
other processes. 

- *  * 

Fig.  24.1. C a F 2  Part ic le  Sintered to Cleaned C a F 2  

Surface. Heated for 1 hr at  12OO0C. Sulfamic acid 

etch. 1OOOX. 

I 

* *  

UNCLASSIFIED 
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Fig. 24.2. Cleaned Surface o f  C a F 2  Single Crystal  a t  Point Where C a F 2  Part ic le  Had  Started To Join Surface. 

Heated for 30 m i n  at  12OOOC. Sulfamic acid etch. 1 O O O X .  
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MICROSTRUCTURE AROUND HOLE argon atmosphere, and the face was pol ished and 
etched t o  show grain boundaries. As shown i n  
Fig. 24.3, grains in  close proximity t o  the hole 

small part icle s ize was sintered at  65OoC, and a were much smaller, on the average, than other 
13.5-mil hole was dr i l led i n  the center. The pel le t  grains. The grains become progressively larger 
was then heated for a short t ime a t  130OOC in an 

A compact prepared from CaF, powder w i th  a 

the greater the distance from the hole. 

Fig.  24.3. Microstructure 

Around H o l e  in  Calcium 

Fluoride P e l l e t  After Sinter- 

ing. 1OOX. 

).02 

.03 - 

X 
.o- s? 

).05 

Fig. 24.4. Microstructure 

After Production of Larger 

Grains Around H o l e  b y  Cool -  

ing. 1OOX. 

. 

J 
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. 

It was found that i f  pel lets were annealed for 
longer periods of time at 1250°C and cooled 
slowly the grains around the hole would grow t o  
sizes approximating those of other grains, as 
shown in  Fig. 24.4. Further f i r ing a t  1300°C w i th  
more rapid cool ing caused smaller grains t o  again 
appear i n  the area surrounding the hole. D r i l l i ng  
the hole near the edge of the CaF, pel let  did not 
alter the grain-size behavior. 

Formation of smaller grains i n  the v i c in i t y  of the 
hole suggests that p last ic f low i s  taking place, 
presumably as the hole shrinks during sintering. 
After being heated close to  the melt ing point, 
where the tendency to  sinter i s  greatest, the pel let  
was al lowed t o  cool rapidly enough t o  avoid grain 
growth. Annealing a t  1250°C wi th  slow cool ing 
permitted grain growth near the hole as we l l  as in  
t h e  body of the pel let.  Smaller grains around the 
hole reappeared on subsequent f i r ing and more 
rapid cooling. The fact  that the grains in  the v ic in -  
i t y  of the hole can be reduced in  s ize after con- 
version t o  larger grains suggests that strains caused 
by dr i l l i ng  of the hole do not account for the dif- 
ferential in  grain sizes. Oel has demonstrated a 
similar grain structure behavior w i th  s i lver capi l -  
lories. 3 

HOT PRESSING OF THORIUM OXIDE 

An investigation of the hot-pressing character- 
is t ics of thorium oxide powder compacts i s  in  prog- 
ress for the purpose of determining the influence 
of the parameters temperature, pressing time, and 
applied stress on the hot-pressed density and t o  
interpret the resul ts i n  terms of a densif icat ion 
mechanism. Thoria powder compacts were placed 
between graphite rods posit ioned by a graphite die, 
the system was heated t o  the desired temperature, 
and the appropriate load was applied for a specif ied 
period of time. The system was enclosed in  an 
argon atmosphere. A n  experimental design con- 
s ist ing of 20 hot-pressing experiments covered 
temperatures ranging from 1000 to  16OO0C, pressing 
times ranging from 20 t o  900 sec, and applied 
stresses ranging from 0 t o  3000 psi.  

A stat ist ical  analysis of the data yielded the 
density contours depicted i n  Fig. 24.5.4 The den- 
s i ty a t  any point w i th in  the experimental l im i ts  

3H. J. Oel,  Z. i le tnl lk .  51(1), 53 (1960). 

depicted by the cube may be estimated by the 
expression 

Y c  = 6.439 + 0.165X1 + 0.890X2 + 0.314X3 

- 0.0306X: + 0.138X: + 0.0482X: + 0.0025XlX, 

+ O.0425X,X3 + O.195X2X, + 0.2602, 

i n  which Y c  i s  the predicted density, X,, X,, and 
X, represent time, temperature, and load, trans- 
formed as shown below, and Z i s  a factor repre- 
sentative of the part icular batch of powder used i n  
the experiment and is  equal t o  -0.4 for the Th-3D 
powder and +0.6 for the Th-3B powder used i n  the 
tests. The transformations for X,, X,, and X ,  are 

x, = (time),’, - 50.29 
26.29 

I 

temperature - 1300 
184 

x, = I 

load - 1500 
919 

x, = 

The expression for estimating the density of a hot- 
pressed compact i s  obtained by stat ist ical  analysis 
of the hot-pressing data, and an error i s  associated 
with each point w i th in  the volume of experimental 
conditions, the minimum error being a t  the center 
of the volume. The increase in  error i s  spherical 
from the center point, and the errors of the est i -  
mates at the vert ices of the cube are therefore the 
largest. 

Constant-density contours plotted from Fig.  
24.5 are shown in  Fig. 24.6. Each point on 
these curves represents the predicted densi ty of a 
pel let  that had been hot-pressed for 20 sec a t  the 
temperature and load corresponding to  the coordin- 
ates of the point. The family of curves predicts 
that a t  above 1200°C any stress w i l l  increase the 
hot-pressed density but that a t  lower temperatures 
the applied stress must exceed a certain minimum 
before s igni f icant densif icat ion w i l l  result.  The 
stress that must be exceeded a t  any given temper- 
ature i s  indicated on Fig.  24.6 as a dashed line. 
The apparently anomalous behavior indicated in  
the lower lef t  corner of Fig. 24.6 of a decrease in 

4 T h e  experimental design and the stat is t ica l  analys is  
were prepared by D. A. Gardiner of the Mathematics 
Panel.  
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Fig. 24.5. Response Contours of Hot-Pressed Density o f  Thoq. 

the hot-pressed density wi th  increased pressing 
stress results from the increased error i n  the cal- 
culated density a t  the vert.ices of the cube. 

Although the data obtained for hot-pressed thoria 
compacts are l imited (Fig. 24.71, they confirm the 
prediction that stress would increase the density 
above 120OOC but not below 1200OC. 

DIFFUSION OF THORIUM IN THORIUM OXIDE 

The dif fusion of thorium i n  thorium oxide was 
measured by an isotope-tracer technique. A th in  

layer o f  thoria enriched i n  Th230 was deposited on 
the pol ished surface of a thoria pel let having97.5% 
of theoretical density. After a suitable heat treat- 
ment t o  promote diffusion, the concentration d is-  
tr ibution of the isotope was determined by mass 
spectrographic analys is  of th in  s l ices o f  the pel let.  

Typica l  concentration data are shown i n  F ig .  
24.8. Since the thoria pe l le t  was polycrystall ine, 
the concentration distr ibution may have been the 
resul t  of both volume and grain-boundary d i f fus ion 
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Fig. 24.6. Constant-Density Contours (Plotted from 

Fig. 24.5) for Hot-Pressed Thoria (Th-3B) Powder. 

processes. Be l le5  treated data of th is  type by  
f i t t ing  it w i th  two straight lines, one describing 
the effects of grain boundary dif fusion, the other 
volume dif fusion. The l ines which f i t  the data 
according t o  Bel le 's analysis are shown in  F ig .  
24.8. 

The concentration measurements may also be 
treated according to  a procedure devised by Lundy 
and Federer (Chap. 25, th is  report), which con- 
siders the data t o  define a continuous curve. The 
continuous total-concentration curve and i t s  com- 
ponents, as determined by th is technique, are also 
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Fig. 24.7. Hot-Pressed Density as a Function of 

Applied Stress. 

shown i n  Fig. 24.8. The excel lent agreement be- 
tween the slopes of the volume di f fusion concen- 
trat ion l ines obtained by the two methods i s  apparent. 

The act ivat ion energy for the dif fusion of thorium 
in  thoria was calculated from the data i n  Fig. 24.9 
to be 37.8 kcal/mole. A value of 14.7 kcal/mole 
for the more rapid process of oxygen di f fusion was 
obtained previous I y. 6 

5J. Belle,  Proc. U.N. In te rn  Con/. Penceful Uses 
Atomic Energy,  2nd, Geneva, 1958 6 ,  569-89 (1959). 

6C. S. Morgan and C. s. Yust ,  Met. Diu. Ann. Progr. 
R e p t .  .May 31, 1961, ORNL-3160, p 42. 

. 
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25. Solid Reaction Studies 

T. S. Lundy 

DIFFUSION OF  AI^^ AND M~~ IN ALUMINUM' 
T. S. Lundy J. F. Murdock 

Dif fusion coeff ic ients of A I x  and Mn"2n alumi- 
num were determined between 450 and 650 C. Low 
specif ic ac t i v i t ies  of the isotopes necessitated the 
use of thick-layer technique. The exact solut ion 
to  F i ck ' s  second law for the appropriate boundary 
conditions was used i n  treating the data. Temper- 
ature dependence of the di f fusion coeff icients may 
be expressed by the fol lowing equations: 

REACTION BETWEEN BERYLLIUM AND 
URANIUM MONO CARBIDE^ 

J. F. Murdock 

The reaction between hot-pressed beryl l ium and 
arc-melted uranium monocarbide has been studied 
in  the range 700 t o  1000°C wi th  dif fusion couples. 
The carbide used was of two compositions: 4.8 
and 5.1 wt % C. Reaction occurred throughout the 
temperature range studied, result ing i n  a layer of 
UBe13 w i th  uniformly dispersed free carbon. The 
reaction was found to  be control led by the di f fusion 
of beryl l ium i n  UBe13, w i th  reaction occurring at 
the UBe13-UC interface. A n  act ivat ion energy of 
33,000 cal/mole was determined for the process. 

'Abstract of paper to  be published in the Journal of 

2Abstract of paper to  be published in the Journal o/ 

Applied Phys i c s .  

Nuclear Materials. 

DIFFUSION OF Zr95+ AND Nb95 IN p-ZIRCONIUM 

J. I .  Federer T. S. Lundy F. G. Arce l la3  

Self-dif fusion of Z r95  i n  B-zirconium has been 
studied by other  investigator^.^-^ The unusually 
large differences between their results, the anomo- 
lously high di f fusion coeff icients obtained a t  low 
temperatures, and the desire t o  extend the study 
over the entire range of temperatures a t  which 0- 
zirconium i s  stable prompted this investigation. 
In addition, the crystal  structure of &zirconium i s  
body-centered cubic, and i n  general dif fusion proc- 
esses in body-centered cubic materials are less 
wel l  understood than for face-centered cubic ma- 
teria l s. F ina l  Iy, zirconium possesses properties 
that recommend i t s  use as  a cladding material i n  
some fuel element concepts; therefore the study of 
dif fusion of f i ss ion  products, such as Zr9' and 
Nb95, could provide useful information for fuel 
element design purposes. The zirconium used i n  
th is investigation was high-purity iodide material 
wi th a coarse grain size. Since Zr95 cannot be 
discriminated from i t s  daughter Nb95 by gamma 

3 ~ u m m e r  employee. 

4Ye. V. Borisov et al., "Study of Diffusion in Zir- 
conium and in Certain Allovs with a Zirconium Base." 
pp 196-209 in Metallur iya' i Metallovedeniyc, Izdat i l '  
s tvo Akademii Nauk S f S R ,  Moscow, 1958 (NP-TR-448, 
F-TS-9849/V). 

'G. B. Federov and V. D. Gulyakin, Met. i Metalloved 
Chris tykh Metal. Sbornik Nauch. Rabot 1959, No. 1, pp 
170-78. 

6V.  5. Lyashenko et al., Phys. Metals and Metallog. 

'D. Volokoff et al., Compt. rend 251, 2341-43(1960). 

8G. Kidson and J. McGurn, Can. J .  Phys.  39, 1146-57 

8(3), 362-69 (1959). 

(1  96 1). 
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spectrometry, a l l  the Zr-Zr95 dif fusion anneals 
were completed wi th in  two days from the time that 
the Z r 9 5  was purif iedof Nb95; thus the ac t iv i t y  of 
Nb95 i n  any of the zirconium self-diffusion experi- 
ments did not exceed 3.8% of the to ta l  act iv i ty .  

Di f fus ion coeff icients for Zr95 and Nb95 i n  zir- 
coni tm were determined over the range 900 to  
1750 C. The temperature dependence of the dif fu- 
sion coeff icient for each isotope i s  shown i n  the 
Arrhenius-type plots i n  Fig. 25.1. Of particular 
interest i s  the overal l  curvature of the Zr95 plot, 
which cannot be attributed t o  experimental scatter. 
Usually a linear relat ionship between In D and 

9 

h 

9 T h e  chemical separation was performed by the I S O -  
topes Division. 

Fig.  25.1. Diffusion of Z r 9 5  and Nb95 in PZirconium.  

reciprocal temperature i s  taken as evidence of pre- 
dominantly la t t ice diffusion, and nonlinearity as 
evidence of more than one dif fusion mechanism 
operating. A n  alternate interpretation i s  that the 
activation energy for a single mechanism i s  tem- 
perature dependent. The Arrhenius-type p lo t  for 
Nb95 may be divided in to two segments: above 
115OoC, In  D plots l inear ly  as a function of recip- 
rocal temperature and the data are expressed by 
the equation 

D = 0.024e-46'S00'RT cm2/sec ; 

below 1 150°C, the observed dif fusion coeff icients 
are higher than would be predicted by an extrapola- 
t ion of the higher temperature data. The apparent 
act ivat ion energies a t  the lowest and highest tem- 
peratures investigated are as follows: 

Activation Energy Temperature 

(cal/mole) (OC) 

95 Zr-Zr 

21,100 900 
46,700 1750 

95 Zr-Nb 

24,500 900 
46,500 1 150-1 700 

DIFFUSION OF FISSION PRODUCTS IN UO, 

J. 1. Federer R. A. Padgett T. S. Lundy 

The study of the d i f fus ion of Nb95 in pressedand 
sintered UO, pel le ts  and i n  fused s ing le crysta ls  
of UO, was continued. The techniques of speci- 
men preparation, isotope placement, and treatment 
of sectioning data were described previously." A 
method was developed for removing paral lel sec- 
t ions as thin as cm by lapping w i t h  a suitable 
abrasive on an op t ica l l y  f l a t  surface. An electronic 
comparator was used t o  measure the section thick- 
nesses t o  an estimated accuracy of k5%. 

The microstructure of the sintered UO, i s  shown 
i n  Fig. 25.2. Th is  material was prepared by cold- 
pressing UO, powder fol lowed by sintering in 
hydrogen for 2 hr at  175OOC. The result ing bulk 
density was 10.63 g/cc (97% of theoretical density). 
Characterist ic of th is  material was the small 

'OT. S. Lundy et  al., Met. Diu. Ann. P r o p .  Rept. May 
31, 1961, ORNL-3160, p 43. 
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Fig .  25.2. UO, P e l l e t  Prepared by  Cold-Pressing 

UO, Powder F o l l o w e d  by  Sinter ing for  2 hr  a t  175OoC 
in  Hydrogen. Etchant:  7:1:2-H20:HN03:H202(30%). 
200x. 

. 

grain s ize (averaging about ASTM 6) .and the 
abundance of isolated porosity. The microstructure 
of the fused UO,, shown in  Fig. 25.3,’exhibits 
l i t t l e  or no inherent porosity, but a substantial 
amount of an unidenti f ied second phase can be 
observed. The material also contained numerous 
cracks, which caused d i f f i cu l ty  in  preparing the 
specimens. 

A penetration p lo t  for each type of UO, i s  shown 
in Fig. 25.4. The curvature observed for sintered 
UO, was found t o  be typ ica l  for th is  material over 
the temperature range investigated, 140O-195O0C, 
and i s  an indication that penetration did not occur 
solely by a la t t ice d i f fus ion mechanism. A method 
for subtracting the nonvolume dif fusion contributions 
was developed and w i l  I be reported. ’ ’  Application 

UNCLASSIFIED 
Y-45928 

rl 
F 

Fig.  25.3. Fused UO, Single Crys ta l  Prepared by 

Spencer Chemical  Company. As-pol ished. 500X. 

UNCLASSIFIED 
ORNL-LR-DWG 69518 

I I 

”T. S. L u n d y  and J. I. Federer, “A Method for Sepa- 
ra t ing  Grain Boundary and L a t t i c e  D i f f us ion  E f fec ts  i n  
Po lyc rys ta l l i ne  Materials,” techn ica l  note to  be sub- 
mit ted t o  the Transac t ions  of the Metallurgical Society  
of the AIME. 
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F ig.  25.4. Di f fus ion  of Nb95 i n  U O q .  
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of th is  technique t o  the data shown for sintered 
UO, i n  F ig .  25.4 resulted in  a dif fusion coeff icient 
of 3.4 x l o - ”  cm2/sec (1445OC). This  technique 
was a lso  applied t o  Th230 diffusion i n  Tho, (Chap. 
24, th is  report). 

The plot for a fused UO, single crystal shown 
in  Fig. 25.4 i s  l inear for depths greater than 5 p. 
The high ac t iv i t y  i n  the f i rs t  section i s  attributed 
t o  a slow rate of cation interchange between niobium 
oxide and UO,. The d i f fus ion coeff icient calculated 
from the slope of th is  plot i s  1.46 x l o - ’ ’  cm2/sec 
(1505OC), which is  i n  reasonable agreement wi th  
the value mentioned above for sintered UO, after 
separating the grain-boundary effects. For com- 
parison, the dif fusion coeff icient a t  1505OC for 
the self-dif fusion of UZ3’ i n  UO, is  6.5 x lo-’’ 
cm2/sec(ref 12) and for Xe133 i n  UO, i s  5 x 
cm2/sec (ref 13). These coeff icients for self- 
dif fusion and d i f fus ion of Nb9’ i n  UO, are indica- 
t i ve  of the possibly large difference i n  release 
rates of f iss ion products from ceramic fuel materials. 

Ti44 DIFFUSION IN TITANIUM 

T. S. Lundy J. F. Murdock 

A program was in i t ia ted t o  study the self-diffu- 
sion of t i tanium over the range 700 t o  1600°C. 
Titanium has a low-temperature close-packed hex- 
agonal crystal structure and transforms at  885OC 

12A. B. Auskern and J. Belle,  1. Nuclear Materials 
3(3), 311 (1961). 

to  a body-centered cubic crystal structure which 
i s  stable t o  the melt ing point a t  1720OC. 

The technique for studying the self-dif fusion of 
t i tanium involves the fo l lowing steps: ( 1 )  depos- 
i t ing the radioactive isotope on a polished f la t  
end of an inactive r ight  circular cylinder of pure 
titanium, (2) isothermally annealing the specimen 
at some temperature, (3) determining the a c t i v i t y  
prof i le  in  the specimen after the anneal, (4) deter- 
mining d i f fus ion coeff icients from these a c t i v i t y  
profi les, and (5) determining the temperature depend- 
ence of the d i f fus ion coeff icients from a series of 
specimens. 

The radioisotope being used in  th is  experiment, 
Ti44, was produced14 by a (p,2n) reaction w i th  
natural Sc4’. After exposure the target was treated 
to  remove the T i44  as a carrier-free isotope con- 
tained i n  a concentrated HCI solution.” The 
solut ion i s  being used d i rect ly  by depositing small 
portions on the inactive t i tanium and evaporating 
the solvent t o  dryness. 

The inactive specimens were prepared from arc- 
melted and cast iodide titanium. Four specimens 
diffusion-annealed between 900 and 1100°C are 
being evaluated. 

13A. H. Booth and G. T .  Rymer, Determination of the  
Di f fus ion  Constant  of F i s s i o n  Xenon in  UO Crys ta ls  
and Sintered Compacts, 4ECL-692 (Aug. 1958): 

14The  scandium bombardment was performed in  the 
86-in. ORNL Cyclotron under the direction of J. J. P ina-  
jian. 

”The chemical separation was performed by I. Gruver- 
man of Nuclear Science and Engineering Corp., Pitts- 
burgh, Pa. 

. 
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26. Metallurgy of Superconducting Materials 

M. L. Picklesimer 

A study' of the effects of metal lurgical variables 
on the properties of superconducting materials was 
started i n  the past year. The principal effort i n  
the early part of the program w i l l  be concentrated 
on a study of the effects of heat treatment, mor- 
phology, impurity content, stoichiometry, and stress 
state on the c r i t i ca l  current-cri t ical f ie ld  relat ion- 
ships for materials of the Zr-Nb, Nb-Sn, Tc-Zr, 
Tc-Mo, and Tc-Nb systems. Other a l loy  systems 
w i l l  be added to  the study later. 

NIOBIUM- TIN SY ST EM 

Examination of diffusion-couple specimens made 
from niobium tubing f i l l ed  w i th  pure t in  showed that 
there are a t  least three and probably f ive inter- 
mediate phases i n  the Nb-Sn system, i n  contra- 
dict ion to  the single Nb3Sn phase reported i n  the 
literature.' The present studies establ ished that 
the melt ing points are greater than 1000°C, about 
94OoC, and about 85OOC for the most niobium-rich 
a l loys  to the least rich, respectively, of the three 
phases de f in i te ly  observed. Microstructura I exam i- 
nation in  polarized l ight  showed these three phases 
to  have crystal  structures w i th  cubic symmetry. 

When wire specimens (having a niobium clad 
over a core of mixed niobium and t i n  powders i n  
proportion to  form Nb3Sn) were metal lographical ly 
sectioned after heat treatment a t  1000°C for 1 6 h r  
(ref 3), f ive intermediate phases were found to be 

E. E.  Barton, Jr. 

present i n  the core of the wire i n  addi t ion t o  a t in-  
r i ch  l iqu id  phase and an unreacted niobium powder. 
The material having t h i s  specif ic composit ion and 
heat treatment i s  reported t o  have a c r i t i ca l  current 
density of more than 150,000 amp/cm2 a t  4.2'K i n  
a f i e ld  of 88 kilogauss. 

Arc-melted Nb-Sn ingots of f i ve  dif ferent com- 
posit ions were obtained and are being sectioned 
for heat-treatment studies. Di f ferent ia l  thermal 
analysis measurements are being made to  establ ish 
the melting points accurately. Mi crostructura I 
examinations of as-cast specimens o f  the f ive com- 
posit ions indicated that there are f i ve  intermediate 
phases i n  the system, confirming the conclusions 
of the di f fusion couple and wire studies. Two  of 
the phases appeared t o  have some so lub i l i t y  range. 
X-ray di f f ract ion measurements of both as-cast and 
heat-treated specimens are under way. 

3 

ZIRCONIUM-NIOBIUM SYSTEM 

Zirconium-niobium al loys i n  the composit ion 
range 25 t o  75 wt % Nb have been shown to  possess 
superconducting properties i n  magnetic f ie ld  
strengths up t o  80 to 90 k i l o g a ~ s s . ~  Heat treat- 
ment during fabrication has appreciable ef fects on 
the c r i t i ca l  current density but does not af fect  
appreciably the c r i t i ca l  f ie ld a t  low current levels. 
These compositions l i e  in  the range of the misci- 
b i l i t y  gap of the body-centered cubic phase over 

5 

4P. R. Aron and H. C. Hitchcock, Superconductivity o/ 
Nb-25 % Z r  Alloy in High DC Magnetic Fie lds ,  UCRL- 
9790 (July  18, 1961). 

'P. R. Aron and H. C. Hitchcock, Anomalous Critical 
Currents i n  Nb-25 % Zr Wire, UCRL-10087 (Feb. 16, 

'Jointly with S. T. Sekula of the Solid State Division. 
'M. I. Agafonova et nl., Akad.  Nauk S S S R ,  Izvest. 

OTD. Tekh. Nu&. Met. i Topl ivo  No. 5, pp 38-41(1959). 

3J. E. Kunzler et al., P h y s  Rev. L e t t e r s  6(3), 89 
( 196 1). 1962). 
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the range 610 t o  9 8 O O C  for pure alloys.6 Each of TECHNETIUM 
these a l loys can undergo the so l id  state reactions 
/3 +/3Zr + PNb between 610 and 98OOC max and 
/3 -aZr + PNb below 610OC. 

Since the transformation structures should strong- 
l y  influence the superconducting properties, the 
transformation k inet ics  and morphologies are being 
studied. While the a l loys studied t o  date have 
been too inhomogeneous t o  permit quantitative 
measurements, the studies of the a l loys containing 
60 t o  75% Nb have shown that (1) a lamellar struc- 
ture i s  produced sluggishly at 800 to  9OO0C, rela- 
t i ve ly  rapid a t  600 and 700°C but too f ine t o  be 
resolved optically, and not a t  a l l  a t  5 O O O C  in 24 
hr, (2) the composition ( including impurity content) 
affects the reaction rate appreciably, an increase i n  
z ircon i urn content i ncrea s i  ng the rate, (3) reactions 
at  500 and 6OOOC do not seem t o  produce a z i r c o -  
nium in  the in i t ia l  reaction, and (4) segregation 
during freezing is  quite severe and an important 
problem. Chemical etching techniques produced 
p i ts  too deep to  permit satisfactory repl icat ion of the 
structures for electron microscopy. Cathodic etching 
wi th  ionized argon has not produced the sharpness 
o f  structure necessary t o  resolve the lamallae. 

Cr i t ica l  temperatures in  zero f ie ld  and a t  low 
current leve ls  were determined (by S. T. Sekula) as 
a function of composition for the a l loy system. The 
data obtained confirm the results of another study 
reported before t h i s  information could be submitted 
for p ~ b l i c a t i o n . ~  

A few tests i n  high f ie lds were made on both 
straight-wire and co i l  specimens of various com- 
positions of the Zr-Nb system todevelop the experi- 
mental technique. The resul ts  i n  general agreed 
with the data and experience o f  others, primari ly i n  
that the maximum currents i n  the c o i l  specimens 
are only  a fract ion of the straight-wire values. 

Tensi le tests (by S. T. Sekula) of commercial 
25% Zr-75% Nb 0.010 in. i n  diameter i n  the as- 
fabricated condit ion showed that the ult imate ten- 
s i l e  strength i s  about 330,000 ps i  a t  4.2OK. 

6B. A. Rodgers and D. F. Atkins, Trans. A m  Inst. 
Mining Met. Engrs. 203, 1034-41 (1955). 

'J. K. Hulm and R. D. Blaugher, Phys .  Rev. 123(5), 
1569-80 (1961). 

The c r i t i ca l  temperature i n  zero f ield of meta l l ic  
technetium' has been reported9 t o  be 11.2OK, and 
to  be the highest c r i t i ca l  temperature for pure ele- 
ments. In the interest of determining whether 
technetium-base a l loys a lso have high f ie ld  prop- 
ert ies so that hypotheses developed from the study 
of niobium-base a l loys can be evaluated on another 
a l loy base, a study of technetium and technetium- 
base a l loys has been incorporated in to the present 
progra m. 

Technetium-99 does not occur natural ly and i s  
obtained only  as a f iss ion product of uranium. 
Technetium-99 decays t o  Ru99 by beta decay w i th  
a 0.29-Mev electron emission and has a speci f ic  
ac t i v i t y  of 2.08 x curie/g." Th is  ac t i v i t y  
level i s  low enough to  permit standard glove-box 
operations but i s  d i f f i cu l t  t o  detect and monitor, 
making the spreading of contamination a hazard. 
L i t t l e  i s  known of the tox ic i ty  o f  technetium com- 
pounds w i th  the exception that injected technetium 
has been reported' ' t o  be "concentrated by the 
thyroid gland of ra ts  equally as w e l l  as iodine." 

The crysta l  structure of metal l ic technetium has 
been reported to  be close-packed hexagonal ' and 
i t s  melt ing point13 t o  be 214OOC rt 20. No a l lo-  
tropic transformation has been observed. 

F i f t y  grams of hydrogen-reduced technetium-metal 
powder was obtained and pressed in to 5-9 pellets. 
The f i rs t  attempts to  arc melt the pressed pel le ts  
resulted i n  a 4-g ingot and considerable contami- 
nation o f  the melting furnace because of vo la t i l i -  
zation of technetium. Later melts were made by 
induction-melting i n  h igh vacuum t o  reduce the 
oxygen content and then remelting i n  an arc fur- 
nace. Numerous melts of pure technetiumwere made 

14 

8D. M. Hewette,  formerly of the Metallography group, 
developed the techniques for and metallographically pre- 
pared the technetium a l l o y  specimens. 

9J. G. Daubt and J. W. Cobble, Phys .  Rev .  92, 507 

'OG. E. Boyd, J .  Chem. Educ. 36, 3 (1959). 

' ' E. J. Bauman e t  al . ,  A m  J .  Phys io l .  185, 71 (195q). 

"R. C. L.  Mooney, Phys .  Rev. 72, 1269(1947).  

(1 953). 

'3G. W. Parker e t  al.. C h e m  Div.  A n n  Progr. Rept.  

14P. W. Bridgman, Proc. A m  Acad. Ar ts  Sci .  84, 111 

Dec. 31, 1951. ORNL-1260, p 29. 

(1955). 

. 
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in  th is  way without contamination of the arc fur- 
nace; the largest s ing le ingot weighed 28 g. 

The f i rs t  attempt a t  fabricating the arc-melted 
buttons of technetium was by cold-roll ing. The 
button was reduced approximately 50% i n  thick- 
ness before severe cracking started. A l l  subse- 
quent attempts at  fabrication have been by press 
forging from 9OOOC after vacuum encapsulation i n  
Inconel capsules, and a l l  have been successful. 

As-received technetium-metal powder was ex- 
amined metallographically and found to  be con- 
taminated wi th  both dissolved oxygen and entrapped 
oxide. The powder had been hydrogen-reduced a t  
7OO0C, a temperature apparently too low t o  complete- 
l y  reduce the oxides to  metal. 

Metallographic examination of as-cast technetium 
confirmed the report14 that there i s  no al lotropic 
transformation and that the crysta l  structure i s  
noncubic. Preliminary studies indicated that the 
recrystal l izat ion temperature of severely worked 
purif ied technetium i s  below 7OOOC and that it i s  
d i f f icu l t  t o  break up the as-cast grain structure. 

A rectangular specimen was cut from one of the 
cold-rolled sections of puri f ied technetium, p la t i -  
num leads were attached by spot welding, and the 
specimen was encased in  ce l lu lose acetate, applied 
from an acetone solution, for contamination control. 
The c r i t i ca l  temperature i n  zero f ie ld  was found t o  
be 8.26OK by a resistance measurement (made by 
S. T. Sekula). Th is  value indicates that the pre- 
v ious ly  reported value of 11.2OK was probably due 
t o  the oxygen contamination observed in a l l  me- 
t a l l i c  powder examined t o  date. 

Attempts to  chemical ly e tch metallographic speci- 
mens of purif ied technetium showed the purif ied 
metal t o  be resistant t o  a l l  common mineral acids, 
and a l l  combinations of them that were tried, in- 
cluding concentrated HF. Strong oxidizing agents 

were tr ied wi th  and without mineral acids without 
success. The only successful etchant technique 
found was 10% oxalic ac id  used electrolyt ical ly. 

TECHNETIUM- ZI RCONl UM SYSTEM 

F i v e  a l loys of the Tc-Zr  system were arc-cast 
in to  10-9 buttons. Three of the a l loys were so 
br i t t le  that they cracked in to small  pieces during 
press forging from 900OC. Only the terminal a l loys 
were forgeable. Examination of the as-cast micro- 
structure showed the 90 wt % Tc-10 wt % Z r  ingot 
to consist of a primary cubic phase w i th  a small 
amount of divorced eutectic formed wi th  a second 
cubic phase, the 82% Tc-18% Zr ingot t o  contain 
appreciable volumes of two cubic phases, and the 
50%Tc-50% Zr  ingot t o  consist of a major noncubic 
phase and a very minor amount of a cubic phase. 
From x-ray dif fract ion data the f i rs t  two phases 
were found t o  be body-centered cubic and the third 
phase t o  be close-packed hexagonal. It seems odd 
that the addit ion of 10% Zr  t o  technetium should 
have resulted i n  the formation of two cubic phases 
instead of result ing i n a  sol id solut ion of zirconium 
in  close-packed hexagonal technetium. Micro- 
structural examination of the Tc-Zr  a l loys indicated 
that the phase diagram of th is  system i s  l i ke ly  to 
be quite complicated. 

TECHN ETIUM-MOLY BDENUM SYSTEM 

Five  10-9 arc castings of the Tc-Mo system were 
made and press-forged from 9OOOC in Inconel 
capsules. Two of the a l loys shattered during the 
forging. A l l  have been removed from their capsules 
and are being prepared for metallographic examin- 
ation. 

c 
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27. Zirconium Alloy Research 

M. L. Picklesimer 

The developmental studies of zirconium-base 
a l loys for use as structural materials in several 
water-cooled and/or moderated reactor systems are 
being conducted along three l ines of research simul- 
taneously: (1) physical metallurgy, consist ing of 
transformation k inet ics  and morphologies, mechani- 
ca l  properties, phase diagrams where necessary, 
heat treatment response, and amounts and composi- 
t iot is of phases present a t  various temperatures of 
interest in the oxidation studies; (2) effects of 
composition, temperature, and environment on the 
oxidation-corrosion rates in  the th in  f i lm stages; 
and (3) effects of a l loy  composition and oxidation 
environment on the structural properties of thin 
oxide f i lms in situ. 

PHYSICAL METALLURGY OF 
ZIRCONIUM ALLOYS 

M. L. Picklesimer P. L. Rittenhouse 

The al loy systems under study are Zr-Nb, Zr-Mo, 
Zr-Pd, and Zr-Cu of hypoeutectoid, hypereutectoid, 
and eutectoid compositions; Zr-15“o Nb-X; and 
Zircaloy-2. Data on the transformation kinetics, 
structures, and sequences as determined by hard- 
ness mea suremen t s, m icrostructura I examination, 
res i s t i v i  t y  mea suremen t s, and x-ray d i f f ract  ion 
studies have been reported for most of the alloys!-3 

’M. L. Picklesimer e t  al., Met. Diu. Ann. Progr. Rept. 
Oct. IO, 2957, ORNL-2422, p 117; OCL 10, 19.58, ORNL- 
2632, pp 67-70 (classified). 

2G. M. Adamson et al., “Metallurgy,” f f R P  Quarterl 
Progress R e  or i s  for periods October 31, 1956, througt 
October 31, f958. 

3M. L. Picklesimer e t  al., Met. Diu. A n n  Progr. Rept. 
ORNL-2988, pp 167-82; May 31. 1961, 
48-53. 

The work during the past year was concentrated on 
the equil ibr ium phase boundaries, transformation 
kinetics, and transformation morphologies occurring 
in  the zirconium-rich end of the Zr-Nb a l loy  system. 
Hardness measurements, res is t  ivity-temperature 
data, aging data by res is t i v i t y  measurements at  
temperature, and microstructural examination were 
used i n  the study. Addit ional work was done on 
ref in ing and understanding the strain-strain analy- 
s i s 4  for determining the strain anisotropy of a z i r -  
conium al loys. 

Zr-15% Nb-X 

Previous studies of the beta-quench and reheat 
transformation of the Zr-Nb and Zr-Nb-X a l loys 
showed that the retained 0 phase transforms t o  a 
/3 phase enriched in  niobium and a metastable 
transit ion phase poor i n  niobium (a phase). The 
pr inc ipa l  means of study have been by x-ray di f -  
fraction, res is t i v i t y  measurements, and hardness 
measurements. The o phase i s  not detectable by 
opt ica l  or electron microscopy. Several anomalous 
results in these studies had suggested that the 
formation of an a phase was appreciably affected 
by quenching rate, quenching temperature, and t ime 
of room-temperature aging before aging a t  elevated 
temperatures. The resul ts  of investigations com- 
pleted during the report period confirmed the con- 
clusions reached during the prel iminary study. 

The aging response a t  400°C (the temperature 
for maximum rate of aging i n  t h i s  set of a l loys)  for 

4 P .  L. Rittenhouse and M. L. Picklesimer,  Metallurgy 
of Zircaloy-2: Part I -  The Effec ts  of Fabrication Vari-  
ables on the Anisotropy ojMechanica1 Properties,  ORNL- 
2944 (Oct. 13, 1960); Part I I  - The El fec t s  o /Fabr ica t ion 
Var iab le s  on the Prelerred Orientation and Anisotropy of 
Strain Behavior. ORNL-2948 (Jan. 11, 1961). 
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the Zr-15% Nb-2% Pd a l loy after various beta 
treatments and room-temperature agings i s  shown in 
F ig.  27.1. The curves of Fig. 27.1 show that higher 
"betai 
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Alloy. 

time, as does increasing the holding time a t  temp- 
erature. The increased hardness level for a l l  aged 
specimens held for 240 min a t  95OOC has not yet 
been accounted for. Increased aging time (0-72 
hr) a t  room temperature after quenching from 750°C 
did not produce a change in aging response i n  2 
hr for the Zr-15% Nb-2% Pd a l loy  i n  contrast t o  an 
increased aging rate w i th  room-temperature aging 
observed for the Zr-15% Nb binary a l loy  quenched 
from 950°C (Fig. 27.2). The effect of adding 2% 
Pd to  the binary Zr-15% Nb a l loy  can be seen by 
comparing Figs. 27.1 and 27.2. The effects of 
room-temperature aging and controlled-cooling rate 
from various betatizing" temperatures are s t i l l  
being evaluated. The evidence col lected to  date 
veri f ies that the aging response for the formation 
of w phase i s  affected by the vacancy concentration 
of the a l l o y  a t  the time of aging at  elevated temper- 
ature. 

Previous studies of the formation of o phase were 
conducted by measuring hardness values at  room 
temperature after the specimens were quenched 
from the aging temperature. Since it i s  possible 
that such data could beaffected by the f ina l  quench- 
ing, hot-hardness data during aging a t  .400 and 
500°C were determined for a Zr-15% Nb a l loy  water- 
quenched from 950°C5. The data are presented i n  
Fig. 27.3 and show, when compared w i th  earl ier 

1, 

5Dota obtained by G. Hallerman,Metallography Section. 

UNCLASSIFIED 
ORNL-LR-DWG 69521 
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data,6 that for aging times up to  one week the tem- 
perature at  which the hardness measurements are 
made do not affect the rate data but only the hard- 
ness values actual ly  measured (i.e., maximum hard- 
ness va lueat  4OOOC i s  320DPH, whi le the maximum 
hardness value measured at  room temperature after 
aging at  4OOOC i s  400 DPH). 

Solubi l i ty  of Niobium i n  & Z i r c o n i u m  

In the study of the transformation k inet ics  of 
a l loys o f  the Zr-Nb system by res is t i v i t y  measure- 
ments, it was necessary t o  determine the change i n  
the resistivity-temperature relat ionships w i t h  com- 
position. Several features of the resist ivi ty-tem- 
perature curves for a l loys containing up t o  5% Nb 
seemed anomalous when checked w i t h  microstruc- 
tural examination of control specimens heat-treated 
at  500 t o  900OC. In addition, the increased im- 

6G. M. Adamson e t  al., € f R P  Quar. Progr. Rept .  Jan. 
31, 1957, ORNL-2272, p 119. 
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portance of lean Zr-Nb a l loys as possible replace- 
ments for Zircaloy-2 and the d i f f i cu l ty  of predict ing 
heat-treatment response7 of the al loys by use of the 
avai lable diagrams (which are i n  disagreement as 
t o  the so lub i l i ty  l imi ts  of niobium i n  &zirconium) 
led t o  a reexamination of the &zirconium portion 
of the Zr-Nb phase diagram. 

Heating and cool ing curves combined w i t h  aging 
curves a t  various temperatures (using res is t i v i t y  
measurements) were obtained for zirconium a l loys 
containing from 0.5 t o  5% Nb. Typica l  res is t i v i t y -  
temperature curves are presented i n  Figs. 27.4 - 
27.6 and a typ ica l  aging curve i n  the a + /3 f ie ld  
i s  given i n  Fig. 27.7. These curves indicate that 
use of the temperature point of maximum res is t i v i t y  
may be a va l id  means of locating the a/a+ /3 tem- 
perature for each al loy. If such i s  the case, the 
so lub i l i ty  curve S O  determined is  in  agreement w i t h  

7 W .  Evans and L. G. Bell ,  Progress  Report J u l y  1 .  
1960 to Sept. 30, 1960, Chemistry  and Metallurgy Divi-  
sion, PR-CM-23, Sec. 5.2.5, p 83. 
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that obtained by Rodgers and Adkins,' who report 
the maximum solub i l i ty  a t  the eutectoid temperature 
t o  be 6% Nb; a maximum solub i l i ty  of less than 
0.6% Nb was reported by Lundin and  COX.^ 

Microstructural examination of specimens of a l  loys 
containing 0.5 t o  10% Nb and heat-treated at  20° 
intervals from 500 t o  9OOOC showed that they were 
two-phase microstructural ly, which contradicts the 
so lub i l i ty  data determined by res is t iv i ty .  This a lso 
implies that none of the avai lable phase diagrams 
are correct. While the examination is  not yet com- 
plete the data avai lable can be explained only by 
the postulation that an intermediate phase exists 
between the a and /3 phases at  temperatures near 
the eutectoid temperature. The investigation w i  I 1  
be continued. 

Z i  rconium-Pal I adium System 

Since reporting" the in i t ia l  work on the deter- 
mination of the Zr-Pd phase diagram b y  res is t i v i t y  
measurements and metallography, addit ional resis- 
t i v i t y  measurements were made and the problem of 
metal lographica I l y  etching heat-treated specimens 
was solved. The data determined agree w i th  a 
phase diagram reported1' for the system during t h i s  
period. Further work on a l loys of th is  system has 
been suspended unt i l  the study of the transformation 
k inet ics  of the eutectoid can be started. 

Strain Anisotropy of Zircaloy-2 

A study of the effects of fabrication variables on 
the preferred orientation, strain anisotropy, and 
mechanical properties of Zircaloy-2 has been re- 
ported.12 At that time, however, the va l id i ty  of 

'8. A. Rogers and D. F. Adkins, Trans. Met. SOC. 
AIME 203, 1034-41 (1955). 

9C. E. Lundin and R. H. Cox, The Determination o/ 
the  Equilibrium Phase  Diagtam. Zirconium-Niobium, 

'M. L .  Picklesimer, Met. Diu. A n n  Progr.  Rept. May 

"K .  Anderko, Z. Metallk. 50(12), 681-86 (1959). 

12P. L. Rittenhouse and M. L. Picklesimer, Metallurgy 
of Zircaloy-2: 'Part I - The Elfects of Fabrication Vari- 
a b l e s  on the  Anisotropy of hiechanical Properties, ORNL- 
2944 (Oct. 13, 1960); Pn+t ZI - The E//er ts  o/ Fabti- 
cat ion Variables  on the Prejerted Orientation and An- 
isotropy o/ Sttain Behauiot, ORNL-2948 (Jan. 11, 1961). 

TID-11919 (August 1960). 

31, 1961, ORNL-3160, p 50. 

applying H i l l ' s  theory o f  a n i s ~ t r o p y ' ~  to  material 
that i s  in t r ins ica l ly  anisotropic was not known. 
The data obtained since those reported i n  ref 12 
show that H i l l ' s  theory as developed cannot 
be applied t o  Z i rca loy-2 and that the strain-strain 
analysis developed i s  of more fundamental impor- 
tance and of wider appl icabi l i ty  than had been 
rea I ized. 

Glancing x-ray d i f f ract ion photographs of speci- 
mens ofone schedule (schedule J, Part II of re f  12) 
have shown that the distr ibution of the preferred 
orientation i s  not symmetric about the fabrication 
direct ions and that no axes of anisotropy can be 
defined for th is  particular texture. The existence 
of axes of anisotropy and their location w i th  refer- 
ence t o  the principal fabrication direct ions must be 
known before H i l l ' s  theory can be applied, since 
both are required by the assumptions of t h i s  theory. 

The pr inc ipa l  components of the textures not 
previously determined in  several schedules of Z i r -  
caloy-2 were measured by x-ray dif fract ion methods 
and compared w i t h  the textures predicted from the 
strain-strain data determined for these schedules. 
In  every case, the texture predicted from the strain- 
strain analys is  was confirmed by the x-ray dif frac- 
t ion  data. 

Compress ion test ing of Z irca I oy-2 specimens 
from two schedules o f  Zircaloy-2 studied showed 
that the y ie ld  strengths i n  compression and tension 
are not equal (see Table 27.1). The equali ty of 

13R. Hi l l ,  Pmc. Roy. SOC. (London) 193A, 281-97 
(1 948). 

Table 27.1 Room-Temperature Yie ld  Strength of 
Zircaloy-2 in Tension and Compression 

Yie ld  Streng th  

Schedule 'pet (psi) 
Orientation 

Compressionb Tension 

lo3 

8 RD 66.7 54.9 
T D  62.7 58.3 
ND 122.0 

J RD 65.6 52.0 
T D  101.3 70.0 
N D  72.5 

rolling direction; TD,  transverse direction; ND, 

'Personal communication, S. H. Bush, General Electric, 
normal direction. 

Hanford, Washington, 1961. 
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y ie ld  strengths i n  compression and i n  tension i s  
another requirement of H i l l ’ s  theory of anisotropy. 

The k values, rat io of contracti le strain t o  to ta l  
or ax ia l  strain, measured for specimens stressed i n  
compression are given below (the strain data were 
determined by the authors; the specimens were 
tested by S. H. Bush, General Electr ic, Hanford, 
Wash i ngton) : 

Schedule 
8 J 

-0.706 -0.456 

-0.294 -0.544 
kxY 

k X Z  

kYx 

kYZ 

-0.688 -0.514 

-0.312 -0.486 

k Z X  -0.480 -0.587 

-0.520 -0.413 
kZY 

The second k equation i n  ref 14, which was derived 
from H i l l ’ s  theory of anisotropy, i s  experimentally 
va l id  since the products of the respective k values 
l is ted above are equal t o  1.00 k 0.02, an excel lent 
agreement as each k value can be determined only 
to  an accuracy o f  kO.02. 

The experimental veri f icat ion by compression 
test ing of the strain-strain equations” developed 
from H i l l ’ s  theory of anisotropy and the ab i l i t y  t o  
predict the preferred orientation from a knowledge 
of the strain-strain data are indicative of the funda- 
mental importance of the strain-strain analysis. 
They a lso  indicate that the rest r ic t ive assumptions 
of H i l l ’ s  theory of anisotropy may be unnecessary, 
a l lowing wider appl icabi l i ty  of h is  theory. 

0 XI DAT ION- RAT E MEASUREMENTS 

S. Peterson 

The equipment for determination of the oxidation 
rates of zirconium-base al loys in  pure oxygen at  
300 t o  800°C was rebui l t  t o  permit measurement of 
the time required t o  form oxide layers approximately 
20 A th ick to  an accuracy of 5% or better. The 
entire apparatus is  encased i n  an air thermostat 

. 

control led t o  0.1OC or better. Automatic data- 
plott ing instrumentation was designed, built, and 
insta l led for the direct plott ing of the dif ferential 
oxidation rate data. The solenoid valve between 
the oxygen storage system and the specimen cham- 
ber was rebui l t  for improved operation and sensi- 
t i v i t y  but s t i l l  causes a small and s l igh t ly  variable 
compression t o  occur i n  the specimen system on 
every closing. It is  bel ieved that th is  error (approx 
2%), which i s  now the l imi t ing error measurement, 
can be el iminated by use of a valve of different 
design. 

Oxidation-rate measurements were made w i th  the 
new system on iodide zirconium and Zircaloy-2 in 
pure oxygen a t  10 torr pressure. Data were taken 
at  450, 500, and 6OOOC for Zircaloy-2 and a t  6OOoC 
for iodide zirconium but have not been examined 
quanti tat ively because of irregular operating charac- 
ter is t ics  of the furnace temperature controller. The 
oxidation-rate data at  6OOoC are smoother than 
those at lower temperatures, indicating that the 
mechanism producing the irregulari t ies i s  less 
effect ive at  the higher temperatures. It has been 
proposed16 that a defect structure a t  one of the 
interfaces of the oxide f i l m  periodical ly bu i lds up 
and anneals out, causing a pseudocyclic physical 
compaction of the oxide f i lm and consequently a 
pseudocyclic change i n  the instantaneous oxidation 
rate. The oxidation-rate data obtained t o  date sub- 
stantiate the proposed process. 

OXIDE FILM STUDIES 

J. C. Banter 

A thin-f i lm oxide on a metal substrate may have 
a different index of refraction from that of the bulk  
oxide and, i f  the f i l m  i s  not stoichiometric, may 
have a defect structure which might change w i th  
f i lm thickness, environment, composition of both 
the oxide and the metal substrate, and strain in  the 
fi lm. Optical measurements may y ie ld  information 
that would characterize the state of the f i l m  and 
reveal the defect structure. 

A polarizing spectrometer was obtained for use 
as an accessory instrument in  the optical spectro- 
photometers t o  permit a more direct measurement of 
the optical constants of oxide f i lms in situ by re- 
f lec t ion techniques. Such determinations require 

‘E. C. Williams and P. C. S. Hayfield, lns t .  Metals  
(London), Monograph and Rept. Ser. No. 23 (1958). pp 

14P. L. Rittenhouse and M. L. Picklesimer, Metallurgy 
of Z i ~ c a l o y - 2 :  Part 11 - The Effec ts  of Fabrication 
Var iables  on the Preferred Orientation and Anisotropy of  
Strain Behavior, p 12, ORNL-2948 (Jan. 11, 1961). 

l5Zbid.. pp 11-12. 13 1-57. 
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the measurement of the optical constants of the 
base metal, free of any film, before the optical 
constants of the oxide f i lm can be calculated. 

Attempts t o  determine the optical constants of 
the metal substrate were complicated by the pres- 
ence of a surface f i lm of f in i te  thickness formed 
on chemical ly polished specimens and on a vacuum- 
annealed specimen exposed t o  air i n  the equipment. 
A high-vacuum capsule for keeping the specimen 
in  the annealing vacuum i s  being constructed and 
should permit the desired measurements. 

The thin-f i lm oxides in situ (produced by anod- 
izing) examined i n  the polarizing spectrometer ap- 
peared to  absorb strongly a t  l ight  wavelengths less 
than 2500 A. Optical transmission measurements of 
th in  oxide f i lms (the metal substrate etched away) 
a lso indicated th is  absorption. It has not yet been 

shown, however, that the oxide f i l m  was not modi- 
f ied by removal o f  the supporting metal. 

A cy l indr ica l  lens i s  being made of a 500-carat 
strontium t i tanate boule, which, when used in inti- 
mate contact w i t h  the oxide f i lms in situ, w i l l  per- 
mit the optical constants of the oxide f i l m  t o  be 
d i rect ly  determined by the cri t ical-angle method in 
the wavelength range 3000 t o  6000 A. With t h i s  
knowledge, the ref lect ion spectra of the oxide f i lms 
can be analyzed to  determine accurately the f i l m  
thickness and, hopefully, the defect structure. 

X-ray d i f f ract ion data showed that the oxide f i l m  
produced on zirconium a l loy specimens by anodiza- 
t ion  i s  essent ia l ly  amorphous (gives no x-ray max- 
ima), but comparison of the optical data for anodized 
and water-corrosion-produced f i lms in situ has shown 
no optical differences t o  exist.  
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28. Metallography 
R. J. Gray 

. 

SPECIALIZED METALLOGRAPHIC STUD1 ES 
AND RELATED EQUIPMENT DEVELOPMENT 

Electron Metallography 

J. 0. Stiegler 

Transmission Electron Microscopy Studies o f  De- 
formed and Annealed Niobium. - Preliminary resul ts  
of a study by transmission electron microscopy of 
the deformation and annealing behavior of niobium 
were obtained. Pure niobium containing less than 
100 ppm in ters t i t ia ls  produced by electron-beam 
melt ing and material del iberately doped w i th  several 
hundred ppm oxygen and carbon were used i n  the 
study. 

Large single crystals were cut from the electron- 
beam-melted material and cold-rol led t o  thicknesses 
ranging between 0.003 and 0.050 in. They were 
examined i n  th is  state or were annealed, doped, 
and deformed t o  the desired level. F o i l s  suitable 
for transmission-electron microscopy were prepared 
by chemical ly pol ishing the sheet material i n  solu- 
t ions varying between 50 ml HN0,-50 ml HF and 
90 ml HNO,-10 ml HF, depending on the state of 
the material. They were then mounted between 75- 
mesh copper grids and examined d i rect ly  i n  the 
electron microscope. Sel ected-area-d i f f ract i  on 
patterns were obtained of a l l  areas photographed 
in  order to  determine their crystallographic orien- 
tations. In  annealed material, th in  areas approxi- 
mately 100 ,LL i n  diameter were found, whi le  i n  de- 
formed material, the th in  areas were s l igh t ly  smaller. 

During deformation by co ld roll ing, several dif-  
ferent textures develop which are dependent on 
the orientation of the original crystal wi th  respect 
t o  the ro l l ing plane and ro l l ing direction. T o  date 

(001) C l l O I ,  (ill) [1101, and ( i13) C1101 textures 
have been observed. When a l l  three occur i n  a 

single specimen, they l i e  i n  bands 10 t o  100 ,LL wide 
and several hundred microns long which run along 
the ro l l ing  direction. All orientations contain a 
common [110I direction, approximately i n  the ro l l ing 
direction; the plane of the f o i l  is-rotated about th is  
direct ion t o  the (OOl),  (1 ll), or (1 13) position. Fre- 
quently, narrow bands (approx 1 ,LL wide), s l igh t ly  
misoriented with respect to  one another, are observed 
i n  the larger bands. During deformation the small 
bands rotate about the principal orientation. These 
orientations are stable i n  that there i s  a symmetri- 
cal distr ibution of s l i p  planes i n  each. 

The (001) [110] and (ill) [1101 orientat ionsare 
stable annealing orientations. When a f o i l  i s  given 
an intermediate anneal during the deformation, grains 
having one ofthese orientations develop and under- 
go no further change in  orientation on subsequent 
de formation. 

Dislocation structures and densities dif fer among 
these orientations i n  a single specimen, as i s  shown 
i n  Figs. 28.1 and28.2 for the (ill) and (001)areas, 
respective1 y ,  after approxi ma te ly  95% dsformation 
fol lowing an intermediate anneal. The (113) struc- 
ture c losely  resembles that of (001). In  a l l  cases 
the dislocations are arranged i n  c e l l  wal ls  sur- 
rounding regions re la t ive ly  free of dislocations. In 
the (001) orientation the c e l l  boundaries are rather 
diffuse, whereas they are more sharply formed and 
appeal t o  contain a higher d is locat ion density i n  
the (1 11) orientation. However, the wa l ls  appear 
t o  l ie  pr inc ipa l ly  in  (110) planes so that  the fo i l  i s  
normal t o  the wal l  i n  the (001Lorientation and makes 
a small angle t o  it i n  the (111) orientation, which 
accentuates the difference. It i s  not a t  a l l  sur- 
pr is ing that the structures differ, for different com- 
binations of s l ip  systems are operative i n  the di f -  
ferent orientations. In  Fig. 28.1 the dislocations 
in  the ce l l  wal l  are not arranged in  dense tangles, 
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Fig.  28.1. Dislocation Structure in  Niobium Having a (111) [I101 Texture  Produced by Approximately 95% De- 
formation by Cold Roll ing. 100,OOOX. 

as i s  commonly observed, but rather i n  a regular 
paral lel array. Th is  structure i s  frequently ob- 
served i n  cold-rolled niobium. There i s  a higher 
density of dislocations wi th in  the ce l l s  than i n  
face-centered cubic metals that have h igh stacking- 
fault  energies and a lso show well-developed ce l l  
structures. The dif fract ion pattern from the general 
region of Fig. 28.1 shows spots from cel ls  having 
(111) planes parallel t o  the plane of the f o i l  w i th  
their (110) directions rotated w i th  respect t o  one 
another. The ce l l s  are too small for a dif fract ion 
pattern t o  be obtained across a single wa l l  t o  show 
that neighboring ce l l s  are rotated th is  way, and it 
i s  possible that the boundary shown i n  F ig .  28.1 i s  
a tilt boundary composed of a paral lel array of edge 
dislocations. The c e l l  structure i s  formed after a 
few percent deformation. Further deformation does 

not change the structure appreciably but does 
increase the angular misorientation between neigh- 
boring ce l ls  by increasing the d is locat ion density 
i n  the c e l l  wal ls. 

After a low-temperature anneal (approx 500°C for 
1 hr), sharp subgrains are formed i n  material de- 
formed approximately 95% by cold rol l ing, and ind i -  
vidual dislocations can no longer be observed in  
the boundaries (Fig. 28.3). A h igh density of tan- 
gled dislocations, however, remains i n  the sub- 
grains. The fringe structure i n  a number of the 
boundaries arises from overlapping grains mis- 
oriented w i th  respect t o  one another. 

Annealing for longer times or a t  a s l igh t ly  higher 
temperature (600OC for 1 hr) results i n  the beginning 
of recrystal l izat ion, as is  shown i n  Fig. 28.4. The 
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Fig. 28.2. Dislocation Structure in Niobium Having a (001) [1101 Texture Produced by Approximately 95% De- 
formation by Cold Rolling. 35,OOOX. 

recrystal l ized grainsare a l l  small ( 1  t o 2 p  i n  diam- 
eter) and widely separated at  th is  stage. In addi- 
tion, they contain a moderately h igh density of dis- 
locations which are long and straight compared wi th  
the short tangles in the polygonized subgrains. The 
recrystal l ized grains observed thus far have no 
orientations not present in  the deformed fo i l .  Upon 
further annealing, the entire f o i l  i s  f i l l e d  wi th  re- 
crystal l ized grains a few microns i n  diameter. 
Individual grains grow at  the expense of their neigh- 
bors and after 1 hr a t  1000°C, only a few large 
grains (approx 1 mm i n  diameter) are present.-In a l l  
cases observed t o  date, these grains have (111) or 
(001) planes paral lel t o  the plane of the foil; how- 
ever, they do not appear to  contain a common direc- 
tion. 

Complete recrystal l izat ion by annealing a t  9OOOC 
for 1 hr in  a vacuum of torr reduces the 
dislocation density considerably over that present 
in  the newly recrystal l ized grains. In  th is  case, 
however, the dislocations have a ragged appearance 
due t o  precipitat ion of impurit ies at  them, as i s  
shown in  Fig. 28.5. In  no case have extended dis- 
locations been observed after th is  treatment. The 
impurit ies appear t o  be ef fect ive i n  pinning the 
dislocations. 

Fig. 28.3. Subgrain Structure in Niobium Deformed 
Approximately 95% by Cold Rolling and by Annealing 
for 1 hr a t  50OoC. The orientation of this foi l  i s  the 
same a s  that of Fig.  28.1. 25,OOOX. 
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Fig .  28.4. Recrysta l l ized Groin in Niobium Deformed Approximately 95% by Cold Roll ing and by Annealing for 

1 hr at  60V‘C. 18,OOOX. 

are frequently observed, as i s  shown i n  Fig. 
28.6. The alternating extended and contracted 
nodes reported by Fourdeux and Berghezan’ 
were not observed. Both clean networks produced 
by short-time, high-temperature anneals and “d i r ty”  
ones produced by long-time anneals or i n  impure 
material were observed. Presumably, the extended 
nodes and stacking faults reported prev ious ly ln2  
were related t o  impurit ies and were either not 
present i n  our fo i l s  or were too small t o  be 
defected. 

F o i l s  containing approximately 50, 1000, and 
1500 ppm 0, as determined by weight change have 
been aged 100 hr at temperatures between 370 and 
1040°C. All fo i l s  aged a t  370°C showed a fine, 
dot- l ike precipitate (Figs. 28.6 and 28.7). The den- 
s i ty  of the precipitate i n  the specimen containing 
approximately 1500 ppm 0, wus considerably higher 
and the s ize was smaller than i n  the less contami- 

Fig.  28.5. Precipitates at  a Dis locat ion in  Niobium 

Annealed for 1 hr a t  900°C. 50,OOOX. 

nated specimens. In a l l  cases, regions near grain 
After high-temperature-annealing treatments, boundaries and dislocations were free of precipitate, 

although the dislocations appeared t o  be very broad 

’A. Fourdeux and A. Berghezan, 1. Inst. Metals 89, 

hexagonal-dislocation networks formed by a reaction 
of the type 

U 31 (1960). 
2 2 ,R. L. Segoll, Acta Met. 9 ,  975 (1961). 
4 1 1 1 1  t3i iTi+ar1001 
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and contrasty due t o  enhanced precipitation. Be- 
cause of th is  heavy precipitate, it was impossible 
t o  determine whether or not the dislocations 

UNCLASSIFIED 
Y 138798 

Fig.  28.6. Hexagonal Dislocation Network in Niobium 
Containing 1500 ppm O 2  Annealed for 1 hr at 1200°C 
and Aged for 100 hr a t  Approximately 370’C. 35,OOOX. 

. 

were extended. Aging at  temperatures above 
approximately 600°C produced none of the dot- l ike 
precipitate, but d id resul t  in  “dirty” dislocations. 

An oxide of niobium or of an impurity in the 
electron-beam-melted material evidently precipi- 
tates out a t  less than about 600’C. The appearance 
o f  a similar precipitate in  the nearly pure f o i l  could 
be due to  s l ight  contamination during the aging 
process. 

Some plate-I ike precipitates were observed in  
fo i l s  annealed a t  higher temperatures, but in  a l l  
such cases the fo i l s  had been contaminated, as 
was evidenced by the appearance o f  a dark f i lm 
on the surface. 

Specimens containing approximately 500 and 
1000 ppm C annealed a t  1000°C for 1 hr showed 
only a few large, isolated precipitates (approx 
0.1 p i n  diameter). 

Elevated-Temperature Hardness 
Testing 

G. Hollerman 

E levated-temperature hardness test ing continues 
to  be a useful tool for preliminary evaluation of 
strength of metals and al loys. In  addition, hot 
hardness has been used i n  age-hardening studies 
and in evaluation of high-temperature deformation 
characteristics for composite plate fabrication of 
fuel elements. The sensi t iv i ty  of the hot-hardness 
test ing apparatus was demonstrated by a change i n  
hardness during the al lotropic transformation of 
iron and steel. 

Commercial High-Temperature Alloys. - Hardness 
of Haynes a l loy No. 25, INOR-8, Inconel, and type 
316 stainless steel was determined as a function 
of temperature to  compare their hot-hardness values 
w i th  those of other high-temperature al loys. 

The INOR-8 specimen was annealed a t  2300’F 
for 1 hr, the other specimens at  200OOF for 2 hr 
prior t o  hot-hardness testing. Figure 28.8 shows 
the hardness of these a l loys as a function of temp- 
erature. A semi logarithmic method of p lo t t ing the 
data resulted i n  a negative-slope, straight- l ine plot 
for each of the specimens tested. The point Qf  
deflect ion of the segments indicates a change i n  
the rate of hardness decrease w i t h  temperature for 
a given al loy. Thus, the points of deflect ion for 

Fig. 28.7. Dot-Like Precipitate in Pure Niobium 
35,OOOX. Treated for 100 hr at Approximately 3700C. 

3G. Hollerman, Met. Diu. Ann. Ptogt .  R e t .  May 31, 
1961. ORNL-3160, pp 120-24. 
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Fig. 28.8. Elevated Temperature Hardness of Haynes 

Al loy No. 25, INOR-8, Incanel, and Type 316 Stainless 

Steel. 

Haynes a l loy No. 25, INOR-8, Inconel, and type 
316 stainless steel occur at about 825, 835,750, 
and 800"C, respectively. 

Niobium-Vanadium Al loys.  - A series of Nb-V 
a l loys (containing 1, 10, 20, 30, 50, and 60% V) 
were tested at  temperatures up to  1000°C. A l l  
specimens were given a prior heat treatment i n  
vacuum for 2 hr a t  1200°C. The results are plotted 
i n  Fig. 28.9 and show that 

1. the hardness decreased re la t ive ly  l i t t l e  w i th  
increase of temperature for al I compositions 
tested, 

2. the hardness increased wi th  increase i n  vana- 
dium content in the entire temperature range for 
a l loys containing up t o  30% V, 

3. a t  1000°C the hardness of Nb-60% V a l loy i s  
the sameas that oftheNb-1O%V and lower than 
the hardness o f  the a l loys  containing 20, 30, 
or 50% V (hardnessvs composition curve, insert 
in  F ig .  28.9). 

These results are i n  good agreement wi th  those 
obtained at  Armour Research Foundation,' where 
it was found that maximum strengthening occurred 
at  about Nb-40% V composition when a vanadium- 
rich, V-Ni a l loy series was tested for ult imate 
tens i le  strength a t  2000°F. 

'Paper presented b y  B. P. Rajala and R. J. Van Thyne 
a t  the Nat ional  Technical  Conference on High-Tempera- 
ture Materials, Cleveland, Ohio, April 26-27, 1961 
(AIME). 

The usefulness of the hot-hardness tester as a 
screening tool i n  a l loy  development i s  here again 
demonstrated, part icularly when the s impl ic i ty  and 
cost involved are compared wi th  those o f  elevated- 
temperature tens i I e-s trength determination s. 

A g e  Hardening of Haynes  A l l o y  No. 25. - The 
customary method of studying age hardening i s  to  
interrupt the process o f  aging b y  cool ing the speci- 
men and measuring i t s  room-temperature hardness. 
However, the aging process may be conveniently 
measured whi le  it i s  occurring a t  an elevated tem- 
perature by making a series of hardness impressions 
a t  suitable t ime intervals. Both methods were used 
t o  study age hardening of Haynes a l loy  No. 25. 

Prior to  aging, 18 samples o f  Haynes a l loy  No. 
25 were annealed for 2 hr a t  2250OF. Three groups 
of f ive specimens were then aged a t  1400, 1650, 
and 1800°F. One specimen from each aging tem- 
perature was water-quenched after 4, 16, 32, 64, 
and 100 hr of aging time, Room-temperature hard- 
ness a s  a function of aging time for these samples 
i s  shown in  the upper part of Fig. 28.10. 

The remaining three samples were used t o  deter- 
mine the hardness at the aging temperatures wi th  
the a i d  of the hot-hardness test ing equipment. The 
specimens of th is  group were heated isothermally - 
one specimen a t  14OO0F, one a t  1650°F, and one 
at  1800OF. Hardness impressions were made at  
various time intervals up to  100 hr. The resul ts  of 
these determinations are shown i n  the lower part 
o f  Fig. 28.10. 

Comparison of the two sets of curves shows that 
the hardness values of the a l loy  a t  aging tempera- 
tures are lower than the room-temperature hardness 
of the quenched specimens. Furthermore, overaging 
i s  evident i n  the lower group of curves at  a l l  aging 
temperatures. F ina I ly, the room-temperature hard- 
ness curves show that, up t o  75 hr of aging time, 
the 1800°F specimen i s  the hardest, fol lowed by 
the 1650 and 1400°F specimens; the reversed order 
of arrangement of aging curves i s  seen i n  Fig. 28.10 
for specimens measured a t  elevated temperatures. 

The results show that the hot-hardness method 
i s  more suitable than room-temperature hardness 
measurements for determining the properties of such 
a I I oy s . 

Aluminum Al loys.  - I n  composite-plate fabrication 
of fuel elements both the cladding and the core 
materials must have similar deformation character- 
i s t i c s  so that a uniform cladding thickness and an 
acceptable metallurgical bond are obtained at  hot- 
ro l l ing  temperatures. 
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Fig.  28.10. Age-Hardening of Haynes A l loy  No. 25. 

An evaluation of the high-temperature-deformation 
characterist ics of some aluminum al loys as possible 
cladding materials for an AI-24% U core has been 
undertaken. Aluminum al loys 1100, 6061, and 5154 
and AI-24% U were tested. A l l  samples were 
annealed for 3 hr at 5OOOC and furnace-cooled prior 
to  hot-hardness testing. Results of these deter- 
minations are shown i n  Fig. 28.11. The room- 
temperature hardness after completion of the 
hot-hardness runs was essent ia l ly  the same as that 
prior to  the runs for a l l  a l loys examined. Of the 
commercial alloys, a l loy 5154 was the hardest, 
fol lowed by alloys 6061 and 1100. The same hard- 
ness sequence ex is ts  a t  any temperature level. 
Figure 28.1 1 a lso shows that a t  temperatures above 
200 t o  25OOC the rate of hardness decrease of the 
three commercial a l loys i s  approximately the same 
on the semilogarithmic-hardness scale. 



166 

60 

40 

111 
W 

I 
3 

m 
v) 
W z 
0 
LL 

I 

I 

> a 
0 6  z 
0 
I 
a 
0 4  

m 

2 0  

a 

0 10 

$ 8  

2 

UNCLASSIFIED 
ORNL-LR-DWG 69529 

I I b 

0 A - ALUMINUM 5154 
0 B - ALUMINUM 6061 
4 C - AI - 2 4 %  U (SPECIMEN A)  

~ A D - AI - 24% U (SPECIMEN B)  
E - ALUMINUM 1100 

I 1  

100 200 300 400 500 * 25 
TEMPERATURE ("C) 

Fig. 28.11. Hardness as  a Function of Temperature 

of Aluminum Alloys. 

The difference i n  hardness of the two aluminum- 
uranium specimens was explained by a microstruc- 
tural examination. Although the specimens were 
prepared from the same casting, the variat ion i n  
size and distr ibution of the primary phase (UAI,, 
UAI,, or both) shown in Fig. 28.12 undoubtedly 
accounts for the hardness difference. 

Instrument for Determining Crushing Strength 
of M icropart icles 

G. Hal lerman 

An instrument for crushing-strength determinations 
of uncoated and pyrolytic-carbon-coated fuel parti- 
c les (50 t o  500 p in diameter) was designed and 
bu i l t  in an effort to relate their crushing strength 
to  the i r  fabricabil ity. The tester, shown i n  Fig. 
28.13, consists of a loading mechanism, load 
c e l l  (dynamometer), and a power-supply-readout 
unit. 

At  present, th is  instrument provides the only  
means for measuring strength of fuel particles. 
Such tests combined w i th  metallographic examina- 
t i o n ~ ~  provide the basis for evaluation of various 
fuel element concepts employing coated particles. 

NEW METALLOGRAPHIC TECHNIQUES 

Identi f icat ion of Corbides, Nitrides, and Oxides 
i n  Niobium by Elect ro ly t ic  Staining 

R. S. Crouse 

Elect ro ly t ic  staining i s  a technique that has been 
used w i th  success in the ident i f icat ion of phases 
in  t i tanium and zirconium alloys.' It has been 
suggested that the same process might be useful 
i n  identi fying phases present due t o  gaseous con- 
tamination i n  niobium.' T o  do this, it was neces- 
sary t o  establ ish characterist ic color standards of 
each phase. 

The metallographic specimen used for standards 
was taken from other tests  in progre~s . ' '~  The 
samples had been prepared by heating niobium 
coupons i n  control led individual atmospheres of 
N,, CH,, or ai r  and had been chemical ly analyzed 
for nitrogen, carbon, and oxygen content, w i t h  the 
surface layers formed analyzed by x-ray diffraction. 
By correlating the colors of the phases, as seen 
after staining, wi th  the chemical and x-ray data, 

5C. K. H. DuBose and R. J. Gray, Metallography of 
Pyroly t ic  Carbon Coated  and Uncoated Uranium Carbide 
Spheres, ORNL-TM-91 (Mar. 21, 1962). 

6E. Ence and H. Margolin, J .  Metals 6, 346-48 (1954). 
'Private communication with F. J. Huegel, CANEL,  

Pratt & Whitney, Middletown, Conn. 
8H. E. McCoy, Jr., and D. A. Douglas, Jr., "Effect of 

Various Gaseous Con,t,aminants on Strength and Form- 
abil i ty of Columbium, pp 85-118 in Columbium Metal- 
lurgy (eds., D. L. Douglass and F. W. Kunz), Inter- 
science, New York, 1961. 

9H. lnou e, "Oxidation of Columbium a t  Low Oxygen 
Pressures,' pp 649-65 in Columbium Metallurgy (eds., 
D. L. Douglass and F. W. Kunz), Interscience, New 
York, 1961. 
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characterist ic colors were determined and are sum- 
marized as follows: 

Contaminant Compound Color 

Carbon Nb2C Yellow 
NbC Bright Yellow 

Nitrogen Nb2N Rose-p i nk 
NbN Yellow 

Oxygen NbO Sky blue 
NbO, 

Nb205 

G ra y-g ree n 

Red-brown (mottled) 

Etching Behavior of Grain Boundaries in Nickel  

T. M. Kegley, Jr. 

One characteristic of the corrosion encountered 
i n  the fluorine-molten sa l t  environment of the 
Molten Salt Fluoride Vo la t i l i t y  Process” i s  a 
change i n  the appearance of grain boundaries at  the 
exposed surfaces. Whether or not th is  change i s  
revealed depends upon the etching techniques em- 
ployed. Figure 28.14 shows the effect of two etch- 
ing techniques on the same “L” n icke l  specimen. 
The acetic-nitr ic ac id  etchant reveals the grain 
boundary mod i f  ication, wh i le  the hydrochloric- 
sulfuric-nitr ic ac id  etchant does not. A n  etching 
ar t i fact  can be discounted since freshly cut sur- 
faces not exposed t o  the fluoride salt-f luorine 
environment do not exhibit  th is  behavior. 

REACTOR PROJECT SUPPORT 

Irradiat ion Studies on EGCR Prototype 
Fuel Elements 

E. L. Long, Jr. 

Metallographic examination of irradiated type 304 
stainless steel-clad UO, fuel pel lets has been 
reported.’ Several phenomena were observed that 

’OG. I. Gathers, “Fluoride Volatil ity Process for High 
Alloy Fuels,” pp 560-73 in Symposium in the Repro- 
cessing of Irradiated F u e t s  Held at  Brussels,  Belgium. 
May 20-25, 1957. TID-7534, Book 2. 

“E. L. Long, Jr., GCR Quart. Progr. R e p t .  Mar. 31, 
1961, ORNL-3102, pp163-74; J. G. Morgan et al.. GCR 
Quart. Progr. R e p t .  June  30, 1961, ORNL-3166, pp 
131-36; Sept. 30, 1961, ORNL-3210, pp 73-86; Dec. 31, 
1961, ORNL-3254, pp 70-74. 

could ref lect on the performance of the EGCR fuel 
elements. The f i rs t  group of experimental capsules 
(ORR Group 1) were loaded w i t h  UO, pe l le ts  that 
contained various amounts of a second-phase mate- 
rial, later identi f ied by x-ray d i f f ract ion as UN,. 
Comparison of metallographic results from the Group 
1 capsules w i th  later capsules (ORR Group 2) 
showed that an acicular second phase present i n  
the UO, after irradiation was found only i n  pel lets 
that or ig ina l ly  had contained UN,. Th is  acicular 
structure, which was opt ica l ly  act ive under polarized 
l ight, was identi f ied by x-ray d i f f ract ion as U,N,. 
A heavy precipitate was found in  the inner surface 
regions of the type 304 stainless steel cladding of 
a l l  the Group 1 capsules. The precipitate, tenta- 
t i ve ly  identi f ied as a nitride, was bel ieved to  have 
resulted from the disassociat ion of UN, during irra- 
diation. The precipitate resulted i n  a marked in- 
crease i n  the microhardness, which indicated a 
decrease i n  duct i l i ty .  

Other unexpected microstructural changes deserv- 
ing add i ti ona I meta I I ograph i c investigation were 
observed. A considerable amount of u phase was 
found i n  the type 304 stainless steel cladding, but 
i s  not considered to  be d i rect ly  responsible for any 
of the capsule failures to  date. Intergranular voids 
were found i n  areas of clad deformation, primari ly 
opposite pellet-to-pellet interfaces. The nature of 
the stresses involved i s  not yet fu l l y  understood, 
and addit ional examinations are i n  process. 

Advanced EGCR Irradiat ion Experiments 

E. L. Long, Jr. 

Th is  year eight beryll ium-clad UO,-fueled cap- 
sules were examined and reported.” Two signif- 
icant microstructural features were observed. Sub- 
surface voids were found i n  the beryl l ium clad 
adjacent to  the UO, fuel. These voids were found 
t o  extend through approximately two thirds of the 
0.035-in. wal l  of the cladding i n  several capsules. 
A reaction a t  a U0,-Be end plug was observed i n  
one capsule; the reaction product was bel ieved t o  
be primari ly UBe,,. 

12J. G. Morgan et al.. GCR Quart. Progr. Rept .  Dec. 
31, 1961, ORNL-3254, pp193-215;Mar. 31, 1962, ORNL- 
3302 ( in press). 
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Examination of Irradiated Advanced Reactor Fuels  

E. L. Long, Jr. 

Postirradiat ion Examination of LlTR Uranium 
Monocarbide Fuel Pellets. - Metallographic exam- 
ination of the hol low uranium monocarbide fuel 
pe l le ts  irradiated in  the LlTR i s  complete and has 
been reported.I3 Although in  a l l  the experiments 
the burnup was less than 1 at. %/ severe reactions 
occurred between the tantalum c lad and the mono- 
carbide fuel. No addit ional uranium monocarbide 
irradiat ion tests are scheduled. 

Uranium Carbide Par t i c les  Dispersed i n  Graphite.- 
Four experimental assemblies irradiated i n  the 
MTR were examined and reported. l4 Each assembly 
contained graphite pel lets fueled w i th  uncoated 
uranium carbide particles. The fuel i n  the pel lets 
of th is  series of experiments received burnups 
ranging from less than 1 at. % t o  greater than 20 
at. % U235. The f i rs tev idence of a microstructural 
change was observed i n  the fuel a t  a burnup of 
approximately 4 at. % U 2 3 5 .  Numerous small voids 
were present i n  the carbide part icles that could be 
associated wi th  the apparent increase i n  volume. 
Also, it was impossible t o  discern any grain struc- 
ture. The fuel had begun to  spheroidize and t o  
migrate in to  the graphite matrix a t  approximately 
20 at. % burnup. No addit ional irradiat ion experi- 
ments of th is  nature are scheduled. 

Examination of EGCR In-P i le  Tube-Burst 
Specimens 

E. J. Manthos 

Selected in-pi le tube-burst specimens o f  various 
compositions were examined metallographically. 
The specimens were irradiated i n  the ORR a t  various 
stresses and temperatures. Operating conditions 
and test  results have been reported. 5-  

Metallographic examination of submitted Nb-1% 
Z r  and Zircaloy-2 specimens tested i n  helium and 

of INOR-8 specimens tested i n  air revealed that 
no microstructural changes had occurred that could 
be attr ibuted so le ly  t o  radiat ion effects. 

The f i rs t  series of lnconel specimens examined 
was tested i n  air. A transverse v iew o f  a ruptured 
lnconel specimen i s  shown in  Fig. 28.15. Inter- 
granular fai lure occurred and, since the specimen 
remained in  the reactor unt i l  conclusion of the 
experiment, the oxide present i n  the ruptured grain 
boundaries had ample t ime t o  form after failure. It 
has been postulated that boron, present in  grain 
boundaries, may have caused a decrease i n  rupture 

Tube-burst specimens were fabricated from s ix  
special heats of Inconel, containing various con- 
centrations of boron, and tested in-pile; the results 
from th is  experiment did not show a correlation be- 
tween boron concentration and rupture l i fe. l 6  MetaI- 
lographic examination of control and in-p i le  speci- 
mens from the special boron heats i s  now in  progress. 

In-pi le specimens of type 304 and type 304ELC 
stainless steels were a lso tested i n  air. Type304 
stainless steel specimens tested at  1500 or 16OOOF 
exhibited a microstructure similar t o  that shown 
in  Fig. 28.16. Out-of-pile type 304 stainless steel 
creep specimens tested i n  air or nitrogen a t  1500 
to  170OOF showed a similar precipitate that was 
identi f ied as CrN or CrN, (ref 19). Ho\hever, the 
amount of precipitate seen i n  the creep specimens 
was not as much as that seen i n  the in-p i le  tube- 
burst specimens. One explanation for the more 
severe n i t r id ing i n  the in-pi le specimens i s  that 
radiat ion caused disassociat ion of nitrogen, present 
in  the essent ia l ly  stagnant air used for pressurizing, 
to  a more reactive form. 

A l l  the type 304ELC stainless steel specimens 
examined were tested at 1500OF. These specimens 

l i f e  by transmuting t o  hel ium during irradiation. 15 

150. Sisman et al., Solid State Diw. Ann. Progr. Rept. 
' 4 ~ g .  31, 1960, ORNL-3017, pp 119-24. 

l60. Sisman et al., Solid State Diu. Ann. Progr. Rept. 

"N. E. Hinkle et al., GCR Quart. Progr. Rept. June 

Aug. 31, 1961, ORNL-3213, pp 124-33. 

30, 1961. ORNL-3166, pp 160-64. 

13J. G. Morgan et al.. GCR Quart. Progr. Rept. June l a w .  E. Brundage e t  al.. GCR Quart. Progr. Rept. Dec. 
30, 1961, ORNL-3166, p p  136-43; G C R  Quart. proRr. 31, 1961. ORNL-3254, PP 227-29. 
Rept. Mar. 31, 1962, ORNL-3302 (in- press).- 19H. E. McCoy, Jr., W. R. Martin, and J. R. Weir, 

14J. G. Morgan et al.. GCR Quart. Progr. Rept. l u n e  " Ef fec t  of Environment on the Mechanical Properties 
30, 1961, ORNL-3166, pp 147-48; Dec. 31, 1961, ORNL- of Metals," pp 163-76 in  1961 Proceedings  of t h e  Insti-  
3254, pp 157-60; E. L. Long, Jr., GCR Quart. Progr. tu te  of Environmental S c i e n c e s  National Meeting, April 
Rept. Sept. 30, 1961, ORNL-3210, pp 147-58; GCR 5-7, 1961, Washington, D. C., Institute of Environmental 
Quart. Progr. R e p t .  ,Mar. 31, 1962, ORNL-3302 ( in  press). 

- 

Sciences, Mt. Prospect, Ill., 1961. 
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Fig. 28.15. Transverse View of Fractured Area in lnconel  In-Pile Tube-Burst Specimen O R R  14-8. Specimen 
Gray phose stressed in-pile a t  3000 p s i  and 150OOF; rupture life, 290 hr. 

present in fractures i s  oxide. As-polished. 1OOX. Reduced 13.5%. 

Air used for pressurizing and cool ing.  

Fig. 28.16. Transverse View of Fractured Area in Type 304 Stainless Steel In-Pile Tube-Burst Specimen O R R  
Rupture l i fe of specimen was 870 hr when stressed in-pile a t  2600 p s i  and 1600OF. Heavy prec ip i ta te  in 17-6. 

specimen believed t o  be CrN and CrN2. Etchant: g lycer ia  regia. 200X. Reduced 13.5%. 
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also  showed nitr iding but not t o  so great an extent 
as the type 304 stainless steel specimens; nitr iding 
was confined to areas adjacent to  fractures, as 
shown in Fig. 28.17. Specimens of type 304 stain- 
less steel that were tested in-pi le wi th  hel ium as 
a pressurizing atmosphere and an He-H,-O, mixture 
on the outside as a coolant w i l l  be examined 
metallographically i n the near future. 

Examination of UO, Meltdown Experiment No. 1 

E. J. Manthos 

A n  attempt was made t o  melt a cy l indr ica l  UO, 
pel le t  by inserting i t  in to  the ORR and irradiat ing 
it a t  a power level of 60 w/g for 20 mi,.” After 
irradiation, the top of the pel le t  was found t o  be 
hol low and i t s  exterior surface had a crysta l l ine 

’OW. E. Browning et al., “Release of F i ss ion  Pro- 
ducts on the In-Pile Melting of Reactor Fuels,” paper 
presented at Second Conference on Nuclear Reactor 
Chemistry held a t  Gatlinburg, Tennessee, October 10-12, 
1961; proceedings t o  be published a s  TID-7622. 

appearance. A fragment of the pel le t  was removed, 
and i t s  appearance after metal lographic preparation 
i s  shown in Fig. 28.18. Apparently the interior of 
the pel le t  had been heated t o  such a temperature 
that sublimation occurred. The dendrit ic formation 
seen i n  Fig. 28.18 was caused by sublimation and 
deposit ion of UO, on the cooler exterior surface 
of the pellet. 

Metal lography of Pyro ly t i c  Carbon-Coated and 
Uncoated Uranium Carbide Spheres2’ 

C. K. H. DuBose and R. J. Gray 

Techniques have been developed for the metal- 
lographic preparation and examination of carbon- 
coated and uncoated uranium carbide part icles both 
in the unsupported condition and as-fabricated in to  
graphite matrices. The part icle coatings studied 

”Abstract of ORNL-TM-91 (Mar. 21, 1962) and of 
paper to be published in  the Proceedings of the 15th 
AEC Metollography Group Meeting at  Savannah River 
Laboratory, May 17-19, 1961. 

Fig. 28.17. Transverse View of Fractured Area in Type 304ELC Stainless Steel  In-Pile Tube-Burst Specimen 

Precipitate around fracture be- ORR 11-4. 
lieved to  be CrN and Cr2N. Etchant: g lycer ia  reg ia.  200X. Reduced 13.5%. 

Specimen stressed in-pi le a t  2500 p s i  and 15OOOF; rupture life, 700 hr. 
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F i g ,  28.18. Composite Photomicrograph of UO, Fragment Obtained from Top of U 0 2  P e l l e t  Irradiated in UO, 
Meltdown Experiment No. 1. As-polished. 23.5X. 

were deposited pyro ly t ica l ly  from a hydrocarbon 
gas, producing two morphological types of pyrolyt ic- 
carbon coatings. In one type the coating was 
smooth on the outer surface and a cross-sectional 
plane exhibited a laminar onion-ring type of struc- 
ture; in  the other type the surface had a pebble-like 
finish, wi th  the cross section exhib i t ing a columnar 
or conical grain structure. The microstructures o f  
the carbide part icles showed variat ions i n  the 
amount of UC, and UC wi th  an average ra t io  of 
approximately 70:30. Heat treatments above 18OOOC 
may produce uranium oxides a t  the particle-coating 
interface. 

Unusual Etching Characterist ics of  
UC-UC, Spherical Par t i c les  

C. H. K. DuBose 

Examination of several batches o f  commercial 
pyro ly t ic  carbon-coated spherical UC-UC, fuel 
part icles revealed some unusual etching effects. 
The spheres i n  the as-polished condit ion were 

apparently identical and structural ly sound. The 
pol ished and chemical ly etched surfaces of a few 
particles, however, showed abnormal etching be- 
havior of the UC platelets. These anomalies seemed 
t o  f a l l  in to  three types: the UC platelets were wider 
than normal i n  some areas and had a l ight-gray color, 
they swelled above the polished surface and had a 
black coloring, or they became very narrow and had 
a tendency t o  coalesce near f lakes of free graphite. 

L a t t i c e  parameters for uranium monocarbide i n  
spheres exhibit ing these three anomalies were cal- 
culated from x-ray d i f f ract ion patterns of crushed 
UC-UC, spheres that had been extracted from their 
coating of pyrolyt ic carbon. 

The f i rs t  type, l ight  gray, o f  etching character- 
i s t i c  of some UC platelets i s  shown i n  Fig. 28.19~. 
The gray color associated wi th  these p la te le ts  has 
been encountered i n  the past when working w i th  
uranium carbides i n  the eutectic compositional 
range (6.4 wt % C, 50% UC-5O%UC2). The la t t ice 
parameter calculated for the gray-type UC plate le ts  
i n  the spheres was a. =4.948 A, whereas for the UC 
gray platelets in a s l ight ly  hypereutectic arc-melt 



175 

. 

button it was 4.958 A, which i s  i n  between the 
values i n  the I i t e r a t ~ r e . ~ ~ , ~ ~  

The swelling, or second, type of UC platelets i s  
shown i n  Fig. 28.19b. The pol ished surface does 
not indicate any abnormality, but during the 30-sec 
etching period the UC platelets turned black and 

22F. A. Rough and  A. A. Bauer, Constitution o/ Uran- 

23ASTM x-ray powder data file No. 9-214. 
ium and Thorium AIloys. BMI-1300 (1958). 

UNCLASSIFIED 
Y-4 1989 

swelled above the polished surface. As  shown i n  
Fig. 28.19, some platelets are out of focus because 
of their displacement and others have fa l len over 
to  one side. Before and after etching, the swell ing 
type of UC platelets had a la t t ice parameter of 

ao= 4.963 A, which i s  only s l ight ly  higher than 
the highest la t t ice parameter reported for UC. 

The  th i rd  type (Fig. 28.19~) of unusual UC etching 
behavior - narrow UC plate le ts  coalescing near 
f lakes o f  graphite - had a parameter o f  4.954 A, 
which i s  on ly  s l ight ly  lower than normal. 

UNCLASSIFIED 
Y d  1997 

UNCLASSIFIED 
Yd4280 

UNCLASSIFIED 
Y-36651 

Fig. 28.19. Unusual Etching Behavior of U C  Plate lets  Associated wi th  Shift in  UC L a t t i c e  Parameter. Etched 

with 1 : l : l  H20 ,  CH3COOH, HN03 and immersed for 30 sec. ( a )  Gray-type UC platelets; a. = 4.948 A; ( b )  
swell ing-type UC platelets; a. = 4.963 A; (c) narrow UC platelets coalescing at  f lakes of graphite; no = 4.954 A; 
( d )  normal structure (with f lakes of graphite); a. = 4.959 A. 

1OOOX.  
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A structural ly sound UC-UC, microstructure i s  
shown in Fig. 28.19d. A la t t ice parameter measure- 
ment, from x-ray dif fract ion studies, of the mono- 
carbide in th is  sample was found t o  be between the 
two reported la t t ice parameters o f  a? = 4.955 and 
4.961 A. The x-ray data are summarized in  Table 
28.1. 

These sh i f ts  i n  la t t ice parameter for UC do not 
fu l l y  explain why some spheres d i f fer  so radical ly 
i n  microstructure from others, but merely point out 
that there i s  indeed a variance in a t  least this one 
factor. In  some instances there was a very s l ight  
sh i f t  i n  the UC, la t t ice parameter, but it seemed 
t o  be insignif icant and unassociated wi th  any corre- 
sponding sh i f ts  found i n  the UC la t t ice parameters. 
Some question now arises as to  the la t t ice param- 
eter tolerance for UC. The la t t ice parameters for 
UC platelets have dif fered by 0.017 A from one 
batch of spheres to  another and i n  some cases for 
spheres from the same batch. According t o  obser- 
vations a t  A m e ~ , , ~  carbon i n  UC can be replaced 
by oxygen or nitrogen wi th  a s l ight  decrease i n  
la t t ice constant to  as low as 4.945 A. A thorough 
study of a possible sh i f t  i n  UC and/or UC, la t t ice 
parameters in  relat ion t o  dif ferent carbon-to-uranium 
rat ios across the phase diagram has not been under- 
taken, a t  least by th is  laboratory. 

24J. J. Katz,  T h e  Chemistry o Uranium, 1 s t  ed., chap. 
9,  p 216, McGraw-Hill ,  New Yorl!, 1951. 

Metallographic Examination of Uranium 
Sesquicarbide Bulk Sample 

C. K. H. DuBose R. J. Gray 

An arc-melted button of U-7.04 wt % C washeat- 
treated for 60 hr a t  1600OC to  obtain maximum 
transformation t o  uranium sesquicarbide. 

The reported,' la t t ice parameter for uranium 
sesquicarbide (body-centered cubic) i s  a. = 8.088 
A, whereas that determined i n  th is  study was of 
8.089 A. Metallographically, the specimen prepara- 
t ion  was identical t o  that for UC and UC,; however, 
the etching time was found to  be intermediate o f  
that required for the other two carbides. The glob- 
ules a t  the grain boundaries, Fig. 28.20, are com- 
posed of untransformed UC-UC, i n  a matrix of 
U2C3.25 From th is  experiment and other data re- 
ported , it appears that residual stress wi th in  
an arc-melted button is  suff icient to  accelerate or 
induce the formation of U,C3 without any addi- 
t ional external forces.26 The above-mentioned 
sample was not subjected to  any external stress 
prior to  heat treatment. 

,'M. W. Mal let t ,  A. F. Gerds, and D. A. Vaughn, 1. 

26Private communication wi th  W. Chubb, Bat te l le  

Electrochem Soc. 9 8 ,  505-9 ( 1 9 5 1 ) .  

Memorial Institute. 

T a b l e  28.1. Some Phys ica l  Propert ies of Uranium Carbide Spheres 

Type of 
Structure 

UC-UC, Rat io (W) 
Etching from UC L a t t i c e  

Characteristics X-Ray Intensit ies Parameter, a. (A)  

Gray UC See Fig. 2 8 . 1 9 ~  40-60 4.948 
platelets 

Coalescing UC See Fig. 2 8 . 1 9 ~  40-60 

Normal UC See Fig.  28.19d 

Swelling UC See Fig. 28.19b 
platelets 

40-60 

40-60 

4.954 
4 . 9 5 9  

4.959 
4.96 1 

4.963 

aASTM x-ray powder data f i l e  No. 9-214. 
b F .  A. Rough and A. A. Bauer, Constitution of Uranium and Thorium Alloys,  BMI-1300 ( 1 9 5 8 ) .  
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Fig.  28.20. Po la r i zed -L igh t  I l l um ina t ion  of Uranium Sesquicarbide (U2C3). Globules o t  gra in  boundaries com- 

posed of UC-UC2. Etched w i t h  1:1:1, H20, CH3COOH, HN03 and immersed for 15 sec. 

Examinat ion of H e a t  F l u x  Corrosion 
T e s t  Samples 

T. M. Kegley, Jr. 

Specimens from 12 runs of the Heat F lux  Corro- 
sion Test,27 i n  which water i s  circulated through 
an aluminum f low channel resistance-heated by a 

27J. C. Gr iess et al.. Effec t  of Heat F l u x  on the 
Corrosion of Aluminum b y  Water, Part 1. Experimental 
Equipment and Preliminary Test  Results, ORNL-2939 
(Apr. 29, 1960). 

high-amperage current, were examined. One st r ik ing 
resul t  from th is  test was the difference i n  corrosion 
behavior between types 6061 and X8001 aluminum 
under similar test conditions. The oxide formed in 
aluminum 6061 was broken up a n d  discontinuous, 
whi le  that formed i n  X8001 was continuous. The 
aluminum 6061 specimen exhibited subsurface 
attack and void formation not exhibited by the alum- 
inum X8001. Figure 28.21 shows the inner f low 
surfaces and the corresponding metallographic 
sections for the aluminum 6061 and X8001 f low 
channel specimens. 

’ 
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Fig. 28.21. Difference in Corrosion Behavior of Heat-Flux Corrosion Specimens of Aluminum 6061 and X8001. Test conditions: duration, 311 hr 
(6061), 380 hr (X8001); in le t  water temperature: (a) Inner 

flow surface of aluminum 6061; 6.7X; ( b )  inner flow sur face of a luminum X8001; 6.7X; (c) metallographic sec t ion  a t  flow surface of a luminum 6061 spec i -  

men; 25OX; ( d )  metallographic sect ion a t  flow surface of aluminum X8001 specimen; 250X. 

122OC; out let  water  temperature: 138OC; flow ra te :  40 fps (6061), 45 fps (X8001); pH 6 water. 
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29. Crystal Physics 

G. W. Clark 

J. J. McBride C. B. F inch 0. C. Kopp 

f 

Progress i n  sol id-state research i s  often depend- 
ent upon the ava i lab i l i t y  of single-crystal speci- 
mens of high perfection and controlled purity. Many 
crystal l ine materials of considerable interest have 
not been synthesized as large crystals. Th is  pro- 
gram i s  one of exploring and developing crystal 
growth processes, of growing quali ty crystals of 
controlled purity, of studying the basis of crystal- 
l ization, and of determining the purity and per- 
fect ion of grown crystals. The higher qual i ty 
crystals synthesized are being shared w i th  other 
aroups. 

Systems for crystal growth studies include a 
pressurized Bridgman-Stockbarger furnace, a Czoch- 
ra Is k i  system, autoclave furnaces, f lame-fus ion 
furnaces, a direct-current arc torch, a radio-fre- 
quency plasma torch, and equipment for growth 
from molten salts. Compounds included in  th is  
crystal growth endeavor are BeO, MgO, Tho,, UO,, 
SiO,, Cu20, A1203, TiO,, ZrO,, Y,03 ,  Er203,  
HfO,, Fe,04, CeO,, Zr, Nb3Sn, KCI, KBr, and 
certain rare-earth nitrides, phosphides, and man- 
ganese oxides. 

The growthof B e 0  s ing lecrysta ls  inanLi,MoO,- 
based solvent was previously reported.'a2 Crystals 
o f  BeO, Tho,, and CeO, are being grown in  a less 
complicated melt system of Li,0.2W03 a t  1000 t o  
1300°C. The maximum size of B e 0  and Tho, 
crystals grown was 3 x 3 x 3 mm, while the CeO, 
crystals were somewhat larger. For both B e 0  and 
Tho, crystals the only known impurity exceeding 
0.01 wt % i s  0.1 wt % W. 

' G .  W. Clark, C. 6. Finch,  and 0. C. Kopp, Met. Div .  

,S. 0. Austerman, A m  Ceram Soc. Bull. 40, 269 

Ann. Progr. R e p t .  May 31, 1961, O R N L - 3 1 6 0 , ~  15. 

(1961). 

The two crystal-growing techniques u t i  I ized re ly  
on the pos i t ive temperature dependence of B e 0  
(Tho, or CeO,) so lub i l i ty  i n  Li20-2W03. I n  
one, saturated solutions of the desired oxide in 
Li2O.2WO, were s lowly  cooled a t  rates not exceed- 
ing 5'C/hr, and the other involved mass trans- 
port from nutr ient to  seed i n  saturated solutions 
having thermal gradients not exceeding 10"C/cm. 
Larger and better crystals were obtained by success- 
ful growth on rotat ing seed crystals suspended i n  
the solution. 

Differential thermal analysis was performed on a 
number of compositions of the system MgO- 
Li,0-2W03. The study did not define any portion 
of th is  system from 10 t o  70 mole % MgO that was 
suitable for growth of MgO. 

Supercr iti ca l  water and ammon i a investigations 
i n  autoclaves were conducted at temperatures up to 
450°C and at  pressures up t o  30,000 psi. One of 
the investigations was for the purpose of deter- 
mining the re la t ive so lub i l i ty  of quartz in the hydrox- 
ides of Li, Na, K, Rb, and Cs, and the effect of 
these solvents on the quali ty of the result ing grown 
quartz. As  by-products several apparently new 
compounds were synthesized: Cs,O. Fe203.4Si02 
[an iron analog3 of the natural mineral po l luc i te  
( C s 2 C l ~ A 1 2 0 3 ~ 4 S i 0 2 ) l r  Rb,0.Fe,03.4Si0,, Cs-, 
Rb-, and K-iron micas. Considerable attention was 
directed toward the iron analog; the x-ray structure 
that was determined is  presented i n  Chapter 36, 
th is  report. Among the chemical and physical pro- 
perties investigated was the tendency for ion ex- 
change. A t  1 atm pressure and 100°C no exchange 

30. C. Kopp, G. W. Clark,  and L. A. Harris, Ilydrothep 
mal Synthes is  o/ an Iron Analo o/ the Ces ium Zeol i te ,  
Pol luci te ,  paper presented a t  t i e  Annual Meeting of the 
Geological  Society of America, Cincinnat i ,  Ohio, 
November 2-4, 1961. 
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with sodium or calc ium ions was observed, whi le  
a t  1500 ps i  and 275OC in a concentrated NaCl  
solution a majori ty of the cesium ions exchanged 
with the sodium ions. The other compounds are 
being studied. 

Magnetite was grown hydrothermally on seeds i n  
0.5 M l i th ium tetraborate a t  temperatures near400°C 
and at  12,000 psi. The growth rate has been slow 
and spurious nucleation of magnetite has hindered 
the results. L i th ium tetraborate appears to be 
better than potassium tetraborate’ as a solvent for 
magnetite. 

Work relat ing to  the pul l ing of single crystals of 
salts from a melt4 was continued, wi th  the main 
effort concerned wi th  improving the purity and 
perfection of grown KC1 and KBr crystals. A 
recently grown KC1 crysta l  was quite low in  im- 
puri t ies as iudged by infrared, visible, and ultra- 
v io le t  absorption spectra, by emission spectra, by 
flame photometry, and by the low fluorescence after 
ultraviolet irradiation. It i s  expected that the chemi- 
ca l  puri ty and perfection w i l l  be improved, and 

4J. J. McBride, Me6 Diu. A n n  Progr. Rep t .  May 31, 
1961. ORNL-3160, p 19. 

investigations o f  the phys ica l  perfection by etching 
techniques are planned. 

In general, improved crysta l  growth techniques 
are badly needed for materials having melting points 
above 2500OC. A move i n  th is  direct ion i s  being 
made in applying the radio-frequency induct ive ly  
coupled plasma torch5 as a modification of the 
Verneui16” method o f  crysta l  growth. In th is  
system a 3- t o  5-Mc/sec, IO-kw induction generator 
is  coupled t o  a gas contained in a simple fused 
s i l i ca  chamber t o  establ ish a thermally stable, 
gaseous plasma a t  a pressure of 1 atm. Th is  
plasma i s  shaped so as t o  permit i t s  use as a 

flame” in the crysta l  growth process. T h i s  
system i s  bel ieved t o  offer considerable promise 
for the growth of crystals of many high-temperature 
compounds currently unavailable. 

In the evaluation of the perfection and growth 
habits of grown crystals, optical microscopy, ab- 
sorption spectroscopy, emission spectroscopy, x-ray 
techniques, and wet chemistry methods were used. 

# I  

. 

5T. B. Reed, I .  AppI. P h y s .  32, 821 (1961). 

6A. Verneuil, Compt. rend 135, 791 (1902). 

7A. Verneuil, A n n  chim. et p h y s .  3, 20 (1904). 
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30. Deformation of Crystalline Solids 
R. 0. Will iams 

Considerable progress was made w i t h  measure- 
ments on the stored energy of deformation in  a 
series o f  nickel-base aluminum and copper-base 
zinc a l loys at  77 and 243OK. The principle used 
for these measurements was described previously. 
The stored energy i s  the difference between the 
mechanical energy (the work) involved i n  pul l ing a 
tens i le  sample and the heat l iberated during deform- 
ation. Th is  heat i s  u t i l ized i n  vaporizing a suitable 
f lu id  (CCI,F, at  243°K and l iqu id  nitrogen at 
77OK) at  i ts  boi l ing point, the volume of gas being 
a measure of the quantity of heat. The calorimeter 
used previously was modified so that the sample 
could be coated w i th  a f i l m  of the l iqu id  instead 
of being submerged i n  the l iquid; more satisfactory 
operation resulted from th is  change. The same 
f lu id  i s  a lso  used external ly to  provide isothermal 
conditions. 

The work i s  given as the integral of the force 
required t o  deform the sample through the extension, 
a correction being required for the e last ic  deforma- 
t ion  of the sample, machine, and calorimeter. The 
heat i s  calculated from published information on the 
heats of vaporization. A correction i s  appl ied for the 
background and for the elast ic cool ing of the system 
as a resul t  of the applied load. Various problems 
have been encountered i n  carrying out these meas- 
urements, but a t  present the results being obtained 
wi th  l iqu id  nitrogen and CCI,F, appear t o  be re l i -  
able. Experimental problems remain t o  be solved 
t o  obtain data at  24°C wi th  CCI,F. 

The results obtained for Cu-2 wt % Zn, Cu-30 
wt % Zn, pure nickel, and Ni-5.5wt % A I  at  77 and 
243'K are shown in  Figs. 30.1-30.4. Figures 30.1 
and 30.2 show the stress-strain diagrams, and the 
corresponding curves for the increase i n  stored 

1 

J. A. Wheeler, Jr. 
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Fig. 30.1. Stress-Strain Curves for Cu-2% Zn and 
Cu-30% Zn a t  77 and 243OK. 
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Fig. 30.2. Stress-Strain Curves for Nickel  and Ni-5.5% 
AI  at 77 and 243°K. 
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energy are shown in  Figs. 30.3 and 30.4. The data 
for the Ni-5.5% AI  al loy may be i n  error, since it 
seems somewhat un l ike ly  that the stored energy i s  
so nearly the same at two such widely  different 
temperatures, and are t o  be checked. 

From these experiments, it was possible t o  deter- 
mine the fract ional part of the mechanical work 
being stored as a function of strain. The data are 
plotted i n  Fig. 30.5 for Ni, Ni-5.5% AI, and 
Cu-30% Z n. 

From these data it i s  clear that a l loy ing greatly 
increases the capacity of the metal t o  store energy 
whi le  producing a re la t ive ly  smaller e f fect  on the 
strength and that reduced temperatures have a large 
effect on pure metals (pure copper i s  expected t o  
be very similar to  the 2% Z n  al loy) wh i le  having a 
lesser e f fect  on the al loys. These conclusions are 
supported by other measurements of th is  group and, 
i n  some cases, by other published work. 

These data wi I I be used i n  an effort to  understand 
the changes that deformation produces wi th in  metals 
and al loys. 
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31. Reactions at Metal Surfaces 

J. V. Cathcart 

B. D. L ichter  R. E. Pawel G. F. Petersen 

It is  the purpose of th is  research t o  study the 
factors that control the degree of protectiveness of 
oxide f i lms on metals. Growing oxide f i lms are 
subjected to  substantial stresses associated wi th  
the oxidation process itself, and, although the 
total energy involved may be small compared w i th  
the chemical free energy of the reaction, evidence 
from previous work’ indicates that the existence of 
these mechanical stresses can profoundly influence 
the rate-determining steps of the oxidation process. 
The various investigations being carried out by the 
group are related i n  that they are directed toward 
gaining an understanding of the origins of these 
stresses and evaluating them as factors in con- 
t ro l l ing the degree of protectiveness of oxide films. 

TANTALUM-GAS REACTIONS 

The study’ of the early stages o f the  oxidation of 
tantalum was continued. Only small differences 
in  the rate of oxidation as a function of crystal lo- 
graphic plane were revealed by measurements on 
tantalum single-crystal specimens w i t h  approxi- 
mately (100) and (320) orientations, as w e l l  as by 
those on several specimens bounded by high-index 
planes. Single-crystal spheres of tantalum were 
a lso oxidized in  an effort to  establ ish the relat ive 
rates of oxidation as a function of orientation; 
although small variations i n  the appearance of the 
oxide over the surface of the specimens were ob- 
served, it was not possible t o  identi fy the most 
rapidly oxidizing orientation. Th is  result was un- 
doubtedly related t o  the complexity of the oxidation 

’J. V. Cathcart, R. E. Pawel,  and G. F. Petersen, 
Met. Diu. Ann. Proogr. Rept. May 31, 1961, ORNL-3160, 
p 13. 

process, which involves the solut ion of oxygen in 
the tantalum followed by a martensitic precipitat ion 
of platelets of an oxide phase. 

Direct observations w i th  a hot-stage microscope 
of tantalum specimens during oxidation revealed 

prep latelet” surface features resembling defor- 
mation l ines i n  the metal. These features were 
observed primarily on specimens having approxi- 
mately a (100) surface orientation, and their occur- 
rence suggested the development of large stresses 
i n  the tantalum specimens early i n  the oxidation 
process. 

‘, 

Insight into the nature o f  the stresses was pro- 
vided by measurements of the flexure of tantalum 
specimens exposed to  oxygen on one side only. 
Preliminary results from this study indicated that 
surfaces stresses of the magnitude of 50,000 psi 
had developed i n  the specimens as a result of 
the expansion of the tantalum la t t ice that ac- 
companies oxygen solution. P lots  of maximum 
bending stress and of maximum surface stress vs 
time of oxidation are shown i n  Fig. 31.1. As may 
be seen, the maximum surface stress was attained 
i n  less than 5 min a t  500°C. The maximum bending 
stress was approximately proportional t o  t 1 ’ 2 . 5  and 
increased smoothly as a function of t ime even i n  
experiments of longer duration i n  which the break- 
away stage of oxidation was reached. Thus it was 
concluded that stresses in  the oxide f i l m  itself, 
which are responsible for the cracking of the f i l m  
during breakaway, do not contribute importantly to  
the stresses producing flexure. 

Studies of the nitr idation and low-pressure oxi- 
dation of tantalum were in i t ia ted i n  a further effort 
to  study the mechanism of the formation of plate- 
le ts  of reaction product i n  tantalum. Contrary t o  
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results reported by other investigatorst2 tantalum 
specimens heated for 500 hr a t  750 and 9OOOC i n  
nitrogen at  1 atm did not exhib i t  n i t r ide platelet 
formation; the surfaces of the specimens were, 
however, badly distorted, probably due t o  the solu- 
t ion of nitrogen i n  the tantalum. 

to  
mm Hg resulted i n  the production of star- 

shaped features on the surface of tantalum speci- 
mens. The composition o f  the reaction product has 
not been determined, and the investigation i s  being 
continued. 

Oxidation at  9OOOC and a t  pressures of 

Previous resul ts '  of a study of the sulf idation of 
tantalum for the purpose of investigating the in- 
f luence of anion s ize i n  gas-tantalum reactions 
suggested that the mechanism of breakaway in  
tantalum sulf ide f i lms might be dif ferent from that 
occurring during oxidation. Th is  work was extended 
through further sulf idation rate studies at  700 and 
800°C and l i t t l e  difference was observed i n  the 
rates of sulfidation, suggesting that the rate of 
sulf idation of tantalum may pass through a maximum 
i n  th is  temperature range i n  a manner analogous t o  
that observed during the oxidation of tantalum. 3 

2R. Bakish, I .  Electrochem roc. 105, 574 (1958). 

COPPER OXIDATION STUDIES 
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Fig. 31 .l. Surface and Bending Stresses Calculated 

from Flexure Measurements on o Tantalum Specimen 
Oxidized a t  500°C and 0.5 atm 02. 

Studies of ep i tax ia l ly  induced strains i n  copper 
single crystals were continued w i t h  the oxidation 
of a series of crystals w i th  (311) surfaces exposed. 
The mosaic structure and the state of strain i n  the 
f i lms as a function of f i l m  thickness are being deter- 
mined in  associat ion w i th  the X-Ray Di f f ract ion 
Group of th is  Division. 

Progress continues to be made i n  developing 
equations suitable for describing the optical prop- 
ert ies of Cu,O films; equations which take into 
account the optical absorbancy and the inhomo- 
genous character of the strains i n  the f i lms were 
coded for the IBM 7090 computer. With the assis- 
tance of the Central Data Processing Section,these 
equations are being used in an ef for t  todetermine 
the index of refraction and thickness values for the 
f i lms from polarizing spectrometer measurements. 

3R. C. Peterson, W. M. Fasse l l ,  Jr., and M. E. Wads- 
worth, Trans. Met. Soc., AIME 200, 1038 (1954). 
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32. Spectroscopy of Ionic Media 
G. P. Smith, Jr. 

HI GH-T EMP ERATU R E SP ECT ROP HOTOMET ER the relat ion 

C. R. Boston G. P. Smith, Jr. N 
‘21 - z y..M . ,  

/o - l=’ I / I  

A spectrophotometer was designed and bu i l t  t o  

for the study of absorption spectra at the looooc 
level over the wavelength range 186 to 2600 m p  
Th is  instrument, designated the Cory Model 14Hl 
was received th is  year and placed i n  operation. 

A high-temperature ce l l  compartment was designed 
and bu i l t  local ly. 

where ,\I i s  the concentration of the zeroth solu- 

the law of addi t ive absorbances, describe the phe- 
nomenological behavior of a solution w i th  “d l ight-  
absorbing species i n  terms of the absorbances and 
concentrations of ,y reference solutions. 

/o Our specif icat ions by Applied Physics CorPOration tion. These equations, which may be derived from 

WAVE FUNCTION CALCULATIONS 

H. W. Joy OPTICAL ABSORPTION IN Bi-BiC1, MELTS 

C. R. Boston G. P. Smith, Jr. 

In  the treatment of absorption data t o  determine 
the number of light-absorbing species i n  Bi-BiC1, 
melts, a model has been developed that i s  more 
satisfactory than that used i n  the past. Th i s  model 
i s  described i n  a forthcoming publication. 

The model for N l ight-absorbing species i s  of 
the form 

1 

where  AI'^)^ i s  the absorbance per uni t  path length 
of the zeroth solution; e and dJl/i are the molar 
absorptivi ty and molar concentration, respectively, 
of the jth reference solution; and the y.arenumbers I 
that  contain the concentrations of the j l ight-ab- 
sorbing species. Any one y .  may be el iminated by 

/I 

I 

’C. R. Boston and G. P. Smith, “Spectra of Dilute 
Solutions of Bismuth Metal in Molten Bismuth Trihalides. 
Part I .  Evidence for Two Solute Species in the System 
Bi-BiCl,,” t o  be published in the journal o/ Physical  
Chemistry. 

Ordinary var iationa I determi nations of electronic 
wave functions for small molecules are based on 
the requirement that the integral 

shal l  be a minimun. Here ! I  i s  the “correct” non- 
re I at i v  i s t i c, s pi n-dependent Ham i I ton ia n operator 
for the motion of the electrons of a part icular mole- 
cule i n  the coulomb f ie ld produced by  i t s  nuc le i  
held a t  f ixed posit ions i n  space; and $5 i s  an ap- 
proximate wave function for a state of the system, 
having the analyt ic form of a linear combination of 
products of one-electron orbital functions (0) mult i-  
p l ied  by  those one-electron spin functions that w i l l  
combine to  produce the desired state, wi th param- 
eters that can be varied so as to produce a mini- 
mum value of E .  

The choice of a set of one-electron orbital 
(“basis”) functions {a} has never been obvious, 
and the l i terature shows a signif icant variety of 
possibi l i t ies.  The present work, begun a t  Stanford 
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Univers i ty  w i th  F. E. Harris, uses a set of Gaussian 
exponential functions i n  spherical polar coordinates 
based a t  arbitrary points A distr ibuted over the 
space of the molecule: 

aTAI e, , + A )  = f.i: e - - a T ~ 2  Y'; (eA , 4,) . 
The radial parts T; e-"A2 give the Gaussian 
property, and the angular parts Y;" (,e, + A )  are 
spherical harmonics, P;" (cos 0,) ezm@ A. The 
points A are located by their coordinates ( X A  , 
Y ,  , Z)Aand have their own Cartesian coordinate 
axes defined by the Euler angles (aA, P A ,  yA) ,  
a l l  re la t ive t o  a single fixed-reference Cartesian 
fro me. 

Harris has reported2 on the evaluation of the 
spatial integrals obtained on construction of func- 
t ions $ from the functions and their substi tut ion 
in to  the equation for E. A code has been writ ten 
for the IBM 7090 computer that w i l l  construct an 

'F. E. Harris,BuII .  A n  Phys. Soc. 6, Ser ll,345(1961). 

array of a l l  the integrals necessary for a given 
problem, from input specifying the posit ions and 
ax is  orientations of the points A ,  the parameters 
a, I ,  and m, and the locations and charges of the 
nuc le i  i n  a molecule. It w i l l  shortly be combined 
wi th  the Harris code t o  incorporate the spin func- 

and w i l l  then be analmost fu l l y  automatic computa- 
t ional  system for f inding to ta l  molecular electronic 
energies from basic information specifying the 
molecule. 

Since the code i s  designed t o  be as general ly 
appl icable as possible wi th in  the multicenter 
Gaussian representation, i t s  use i n  the determina- 
t ion  of molecular wave functions w i l l  be l imited 
primari ly by the s ize and speed of avai lab le com- 

t ions and t o  solve the result ing matrix equations, 3 

puting machinery rather than by a 
cule or a group of molecules o f  a 
and/or shape. 

3F. E. Harris, I .  G e m  Phys. 32, 3 

)articular mole- 
part icular s ize  

1960). 
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33. Structure of Metals 

C. J. McHargue 

TWINNING IN COLUMBIUM' 

C. J. McHargue 

Mechanical tw ins were produced i n  electron-beam- 
melted columbium b y  high-speed impact a t  room 
temperature and by slow or fast compression a t  
-196°C. - -  The composition plane o f  the twins was 
i l l21 and the shear direct ion was <11 l>. Notches 
i n  the tw in  bands often corresponded to  traces of 
{llO] of the matrix and appeared t o  be untwinned 
regions. Markings wi th in  the tw in  bands were 
interpreted as having resulted from {llO] s l i p  i n  
the twins. 

EFFECT OF INTERSTITIAL ELEMENTS ON 
TWINNING AND FRACTURE IN COLUMBIUM~ 

C. J. McHargue H. E. McCoy' 

The effects of additions of oxygen, carbon, nitro- 
gen, and hydrogen on the occurrence of twins and 
cleavage fracture in  single crystals of electron- 
beam-melted columbium were studied a t  -196OC. 
A t  slow strain rates a l l  additions of in ters t i t ia ls  
inhibited twinning. No twins were observed for 
deformations of 5 to 10% a t  oxygen contents greater 
than 2500 ppm, at  carbon contents greater than 
about 160 ppm, or a t  nitrogen contents above about 
550 ppm. A few twins were found after slow com- 
pression of specimens containing up t o  350 ppm 

H 2 '  

'Abstract  of published paper: 

2Abs+ract of paper to  be published in  Transact ions o/ 

'Mechanical Properties Group. 

Trans. Met  SOC. AIME 
224, 334 (1962). 

the Metallurgical Society of AIME. 

Impact deformation caused twins t o  form i n  a l l  
specimens i n  appreciable amounts; however, many 
of the tw ins  appeared t o  be a resul t  of cracking. 
Extensive cleavage cracking occurred on { 1001 
planes atoxygen contents greater than 1000 ppm, at  
carbon greater than about 150 ppm, and a t  nitrogen 
greater than 130 ppm. 

I n  each crysta l  more s l ip  l ines were observed 
than had been noted for the base material. The 
s l i p  l ines corresponded t o  traces of {llOl planes 
only. 

MECHANISM OF BOUNDARY MIGRATION 
IN RECRYSTALLIZATION* 

Paul Gordon5 R. A. Vandermeer 

On the basis of a unif ied concept, theoretical 
expressions for grain-boundary migration i n  recrys- 
ta l l i za t ion  are derived for impurity-controlled and 
for impurity-independent migration. The expression 
in  the former case i s  analogous t o  that proposed 
by Lucke and Detert and i n  the latter case i s  shown 
to  be equivalent t o  that usually obtained on the 
basis of absolute reaction rate theory. The equa- 
t ions are tested wi th  quanti tat ive experimental 
data for boundary migration obtained for the recrys- 
ta I1 izat ion of polycrystal I ,  I ine zone-refined aluminum 
and for binary al loys" of t h i s  aluminum wi th  
0.00021, 0.00043, 0.0017, 0.0034, 0.0068, 0.0124, 
and 0.0256 at. ";: Cu. A l l  the essential character- 
i s t i c s  of the experimentally determined boundary- 
migration rates agree both quanti tat ively and quali- 
ta t ive ly  w i t h  the predictions of the theoretical 
equations. 

the Metallurgical Society of AIME. 
4Abs+ract of paper to be published in Transact ions  of 

5111inois Institute o f  Technology. 



190 1 

. -  INFLUENCE OF RECOVERY ON RECRYS- 
TALLIZATION IN ALUMINUM~ 

R. A. Vandermeer Paul  Gordon’ 

venient method of obtaining T ( 4 ,  a) from I (4)  i s  t o  
expand T(4 , a) in to  a series of cubic functions 
related to  the cubic harmonics: 

A summary i s  given of earlier metallographic 
studies in  which the nature and mode o f  recrys- 
ta l  l izat ion in  polycrystal l ine zone-refined aluminum 
containing small quantit ies of copper were deter- 
mined from an analysis of the k inet ics  and geometri- 
ca l  features. During the early stages of recrysta l l i -  
zation the isothermal fraction recrystal l ized a t  
t ime t obeys the expression 

n 

and 

where Io =S,“” I($) s in 

The problem of f inding T ( 4 ,  a) i s  now reduced to 
the problem of determining the coeff icients K n .  If 

it were possible t o  choose the functions Sfl ($) 
normalized and orthogonal (Legendre polynominals), 
the solut ion would be 

xu = 1 - exp ( -B  t 2 )  , 

where B i s  a constant. The rate of recrysta l l izat ion 
tends to  be retarded as annealing proceeds and i s  
shown t o  be due t o  a decrease i n  the isothermal 
grain-boundary migrate rate. The effect i s  more 
pronounced the lower the annealing temperature for 
a speci f ic  copper content. 

Microcalorimetric studies of the release of stored 
energy in  these aluminum al loys have shown that 
the decreasing growth rate results from competing 
recovery processes that lower the avai lab le driving 
energy in  unrecrystall ized portions of the samples 
being annea led. The stpred-energy-re lea se spectra 
reveal that there are two d is t inc t  recovery stages 
in the annealing of these al loys. 

Although Bunge assumed that th is  solut ion would 
be sufficient, it i s  not possible t o  fulf i l l  both the 
normalization and orthogonalization for a l l  values 
of n. The functions S: (di) can be chosen i n  such 
a way that a l l  w i l l  be orthogonal, but w i l l  be equal 
t o  zero for some values of n. The corresponding 
K n  coeff icients cannot be determined from Eq.  (3) 
but can be found only by using another cubic func- 
t ion  referred t o  another pole figure, that is, another 
crystal lographic axis. A relat ionship similar t o  
Eq. (1) can be writ ten for the pole distr ibution, 
I (*) :  EVALUATION OF FIBER TEXTURES 

FOR CUBIC METALS 

G. V. Czizek 
(4) 

and Fiber textures are most accurately represented 
by the distr ibution of the rod axis, T ( 4 ,  a), with 
respect t o  the la t t ice of the grains (inverse pole 
figure).’ The experimental determination of tex- 
tures by x rays gives the pole distr ibution I ( + )  of 
a particular family of planes w i th  respect t o  the 
rod or f iber axis. As  suggested by Bunge,8 a con- 

(5) 

Since there i s  on ly  one ax is  distribution, there w i l l  
be a linear relat ionship between S n  and R m  and, 
therefore, a relat ionship between Lmand K n .  The 
particular coeff icients K n  that could not be evalu- 
ated from the f i rs t  expansion can be obtained through 
th is  relat ionship and the second expansion. Addi- 
t ional  pole figures may be required for the evalua- 
t ion  of a l l  K , ’ s .  

A program for the IBM 7090 i s  i n  preparation using 
32 functions for the expansion shown by Eq. (1) 
and the pole figures for (0011, (0111, and (1111. 

6Abs+roct of paper to  be published in  Recovery and 
Recrys ta l l i za t ion ,  Metallurgica I Society of the AIME, 
New York. 

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

8H. J. Bunge, Monatsber. deut. Akad Wiss. Berlin 
1. Appl. Phys.  27,  368 (1956). 

1 ,  400 (1959). 
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- *  
DEFORMATION STUD1 ES 

C. J. McHargue R. E. Reed, Jr. 

Stab i l i ty  of  <111> F i b e r  T e x t u r e  

It has been reported that the <111> f iber texture 
in  aluminum rods did not appear t o  be stable at  
high amounts of deformation.' Since th is  obser- 
vation i s  contradictory t o  one of the assumptions 
characterist ic of theories of texture formation, 
similar data were obtained i n  a somewhat different 
manner. 

Aluminum rods were cast in  such a manner that 
there were columnar grains paral lel t o  the rod axis. 
These ingots had a dif fuse <001>fiber texture. They 
were swaged a t  approximately -196"C, and samples 
were taken after reductions i n  thickness of 23.5, 
39.0, 53.0, 61.0, 81.0, 90.0, and 93.5%. 

Results of the x-ray study showed that although 
the rods i n i t i a l l y  contained no grains i n  the < I l l >  
orientat ion such orientations could be detected 
after a reduction i n  area of 23.5%. The amount of 
material i n  th is  orientation increased w i th  the 
amount of deformation to  53% reduction i n  area. 
A t  higher reductions the amount of the < I l l >  
texture gradually decreased. 

The original observations regarding the s tab i l i t y  
of the <111> orientation were thus confirmed. How- 
ever, both movements toward and away from t h i s  
orientat ion seemed to  start a t  lower respective 
reductions than in the earlier study, presumably 
as a resul t  of the lower deformation temperature, 
which in  turn probably resulted i n  a higher rate of 
work hardening. 

Inhomogeneous Deformation in  Gra ins of  
P o l y c r y s t a l l i n e  Aluminum 

A study of the influence of neighboring grains 
on the deformation mechanisms of individual grains 
i s  i n  progress. A Hilger microfocus x-ray uni t  w i th  
a microscope and camera i s  being used t o  examine 
several areas wi th in  individual grains after a tensi le 
elongation of 5, 10, 12, 15, and 20%. The in i t ia l  
studies employed specimens whose grain s ize 

corresponded t o  the specimen thickness, so that 
the grains had t w o  free surfaces. The next studies 
w i l l  be of grains wi th  one free surface. 

A s  was expected, much of the behavior was simi- 
lar to  that observed i n  single crystals; however, 
the grain-boundary constraints resulted i n  devia- 
t ions of the reorientation of the tens i le  ax is  from 
single-crystal behavior and i n  much more asterism 
i n  the Laue spots. 

In  some cases it was possible t o  produce an 
elongation of 20% wi th  l i t t l e  asterism appearing 
in the spots of the back-reflection Laue photo- 
graphs; most of the s l i p  occurred o n l y o n  the s l i p  
plane having the highest resolved shear stress. It 
appears that the orientation of these grains was 
such that s l i p  onthe next favored s l i p  system would 
not resul t  in  formation of Cottrel I-Lomer sess i le  
dislocations. In other grains where s l i p  was pri- 
mari ly on one plane but where favored secondary 
s l ip  would resul t  i n  Cottrell-Lomer locks, there 
was considerable asterism i n  the Laue spots and 
a deviat ion from the expected path of reorientation 
of the tens i le  axis. 

Deformation bands such as those shown in  grain 
A i n  F ig .  33.1 appeared i n  grains that contained a 
{ 11 11 plane approximately paral lel t o  the free sur- 
face and i n  which tensi le axes were near a <111> 
direction. Moreover, these bands were apparent 
after 5% extension. The apparently wavy s l i p  l ines 
i n  the grain on the r ight side of Fig. 33.1 consisted 
of short, straight traces of ( 1 1 1 )  a t  higher magni- 
f icat ion. 

A second k ind of deformation band i s  shown in  
Fig. 33.2. These bands alternate between s l i p o n  
the primary s l i p  plane (highest resolved shear 
stress) and the c r i t i ca l  s l i p  plane (Hargreaves' 
terminology). l o  The plane of intersection appears 
t o  be the (110) plane perpendicular t o  the act ive 
s l ip  direct ion for the primary s l i p  plane. 

Some grain boundary and neighboring grain effects 
are i l lustrated in  F ig .  33.3. The bands of clustered 
s l i p  l ines i n  grain A are rotated 6 t o  7" relat ive t o  
the matrix. Th is  rotat ion has caused a t i l t i ng  of 
the grain boundary and has caused severe local 
deformation i n  grain B. These effects are seen t o  
extend approximately halfway across grain B. 

9C. J. McHargue, Trans. Met. SOC. AIME 221, 812 
(1961). 

"L. M. Clarebrough and M. E. Hargreaves, Progr.  in 
Metal Phys .  8, 1 (1959). 
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Fig. 33.1. Inhomogeneous Deformation i n  Polycrystal l ine Aluminum. The  sl ip l ines in grain A have  clustered 

to farm a deformation band. 1 O O X .  Reduced 18%. 

Fig.  33.2. Deformation Bands Caused by Slip on the Primary and Cr i t ica l  Slip Planes in Aluminum. 200X. Re- 

duced 18%. 

. -  

a. - 
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Fig, 33.3. Effects of Grain Boundaries and Neighboring Grains on Deformation of Polycrystalline Aluminum. 
150X. Reduced 18%. 

Texture  of I r radiated Copper 

It i s  we l l  known that reactor irradiat ion produces 
marked changes i n  the physical and mechanical 
properties of copper. Among other changes, it has 
been reported that s l i p  l ines i n  irradiated copper 
crystals show the pattern typ ica l  of copper a l loys 
(e.g., a-brass) rather than that characterist ic of 
pure metals. Unpublished work by Smallman 
has been c i ted as showing that the ro l l ing texture 
of irradiated copper i s  the type usually associated 
wi th  brass.13 .4 dose of 1019 neutrons/cm2 was 

l1M. J. Makin, The E/ / ec t  o/  Neutron Irradiation on 
the Mechanical Properties of Metals. Part 111. Copper 
and Nicke l ,  AERE M/R-2080 (1956). 

12R. E. Jamison and T. H. Blewitt, Phys .  Rev. 86, 
64 1 (1 952); 9 1, 237 (1 953) .  

13A. H. Cottrell, “Point Defects and the Mechanical 
Properties of Metals and Alloys a t  L o w  Temperatures,” 
p 3 in Vacancies  and Other Point Defec t s  in Metals and 
Alloys,  Institute of Metals, London, 1958. 

reported t o  change the texture by the sameamount 
that i s  produced by a 59;: addit ion of zinc. Since 
these data have not been published i n  deta i l  and 
since a quanti tat ive analysis of such changes as 
wel l  as of the annealing behavior are important t o  
texture theory, a study of the preferred orientat ion 
in  irradiated copper has been init iated. 

Copper bars w i t h  a uniform, f ine grain s ize and 
a random orientation were irradiated t o  1019 
neutrons/cm2 i n  the ORR. The postirradiation 
treatments included (1) cold-rol l ing 91%; (2) cold- 
ro l l ing 91%, annealing for 1/2 hr a t  500°C; (3) 
annealing for 1 hr a t  3OO0C, cold-rol l ing 91%; (4) 
annealing for 1 hr a t  3OO0C, cold-rol l ing 91%, 
annealing for 11’2 hr at  500°C. 

Only a few data have been obtained on the pre- 
ferred orientation but they show s ign i f icant  dif fer- 
ences i n  the textures of specimens given treatments 
(1) and (2). It seems that the texture of th is  irradi- 
ated and ro l led copper may dif fer from that of both 
copper and brass. 
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34. Theory of Alloying 
J. C. Betterton, Jr. 

INCREASED CRITICAL CURRENTS IN Nb-Zr 
SUP ERCON DUCT0 RS FROM P REClP I TAT ION 

H EAT TREATMENT' - 
G. D. Kneip, Jr. 
D. S. Easton 

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

An important pr inciple was discovered i n  1961' 
coherency i n  the study of N b - Z r  superconductors: 

U N C L A S S I F I E D  
O R N L - L R - D W G  60702R 

0 NO HEAT TREATMENT 
0 PRECIPITATION HEAT TREATMENT, 15 mln AT8OO"C 
A PRECIPITATION HEAT TREATMENT, 30 mln AT 800'C 
+ PRECIPITATION HEAT TREATMENT, 15 mln AT 800°C PLUS 

e SWAGED TO 0.0547cm 
SWAGED TO 0.165cm. PRECIPITATION HEAT TREATMENT, 

A SWAGED TO 0.165 cm, PRECIPITATION HEAT TREATMENT, 

COLD WORKING TO 0 0 5 5  c m  

l 5 m i n  AT8OO"C PLUS COLD WORKING TO 0 . 0 3 9 c m  

30min AT 800°C PLUS COLD WORKING TO 0 .055  Cm 
z x t o 5  

t 

5 i  
" 

-- I -  
z x  to3 

0 5 10 15 2 0  2 5  
MAGNETIC FIELD I ki logauss] 

F ig.  34.1. C r i t i c a l  Current Dens i ty  a t  4 .yK for 72% 

Nb-28% Zr. Open symbols:  specimens swaged t o  

0.0547 cm from as-cast state; c losed diamond: speci-  

men swaged t o  0.30 cm from as-cast state; other c losed 

symbols:  specimens homogeneized a t  125OoC for 5 
days. 

or precipitat ion strains permit large gains in  the 
c r i t i ca l  current densit ies of h igh-f ie ld supercon- 
ductors. The effect i s  i l lustrated i n  Fig. 34.1, 
which shows c r i t i ca l  current densit ies of 28% Zr- 
72% Nb plot ted against the transverse magnetic- 
f ie ld  strength. Heat treatment at 80OOC during or 
after the cold drawing of the wire increases the 
amount of current that th is  superconductor can 
carry without transforming to the normal state. The 
ef fect  has been confirmed by Treuting, Wernick, 
and Hsu' at the Be l l  Telephone Laboratories and 
by Aron and Hitchcock6 at the Universi ty of 
California. 

'G. D. Kneip, Jr., et al., Superconductivity in  t leat-  
?'rented Niobium-Zirconium Alloys ,  O R N L  CF-61-8-99 
(Aug. 10, 1961). 

' G .  D. Kneip, Jr., et al., J .  A p p l .  Phys.  33,754 (1062). 

3G. D. Kneip, Jr., et al., "Increased C r i t i c a l  Currents 
i n  Nb-Zr Superconductors from Prec ip i ta t ion  Defects," 
pp  603-8 i n  Proceedings o/ the  International Conlerence 
on High Magnetic Fields .  Cambridge, November  4-7, 
1961. MIT  Press, Cambridge, and Wiley, N e w  York, 1962. 

4 ~ a t e n t  app l i ca t ion  i n  process. 

5 R .  G. Treuting, J. H. Wernick, and F. S. L. Hsu, 
Effect,, o f  Heat  Treatment on Nb-Zr Superconducting 

Al loys,  pp 597-60 1 i n  Proceedings o/ the  International 
Conlerence on High ,\lagnetic Fields ,  Cambridge, 80- 
vember 4-7, 1361. MIT Press, Cambridge, and Wiley, 
N e w  York, 1962. 

6P. R. Aron and H. C. Hi tchcock, "Anomalous C r i t -  
i c a l  Currents i n  Nb-25% Z r  Wire," paper presented at  
the Special Session on  Superconducting Mater ia ls  for 
Magnets, Annual Meet ing of the Meta l lu rg ica l  Society 
of AIME, February 18-22, 1962; proceedings t o  be  
publ ished by Interscience. 

, I  



195 

INTERSTITIAL IMPURITIES AND SIZE EFFECTS 
IN N b - Z r  SUPERCONDUCTORS’ 

J. 0. Betterton, Jr. 
D. S. Easton 

G. D. Kneip, Jr. 
J. 0. Scarbrough 

I t  i s  known in  refractory metal studies8-”  that 
a l loying with a solute that i s  more electroposit ive 
than the solvent and in the presence of the normal 
in te rs t i t ia l  impurities w i l l  produce large effects 

7J. 0. Betterton, Jr., et al., “Size Ef fec t  and Inter-  
s t i t i a l  Impuri t ies i n  Nb Zr  Superconductors. Super- 
conduct ing Solenoids w?th Metal  Insulat ion,” paper 
presented at  the Special Session on Superconducting 
Mater ia ls for hlagnets, Annual  Meet ing of the Metal-  
lu rg ica l  Society of AIME, February 18-22, 1962: pro- 
ceedings to be  publ ished by Interscience (also to be  
publ ished as ORNL-3303). 

‘J. W. Martin, J .  Less-Common hietals 2, 392 (1960). 
s J. E. McNutt  and G. D. GeT,mel, “Prec ip i ta t ion  Hard- 

ening i n  Columbium Al loys,  paper prese’nted at  the 
F a l l  Meet ing o f  the Meta l lu rg ica l  Society o f  AIME, 
Detroit ,  Michigan, October 23-26, 1961. 

’OW. I. Pol lock ,  “Recent Developments i n  Columbium 
P h y s i c a l  Metal lurgy,” paper presented at the Golden 
Gate ASM Conference, Son Francisco, 1961. ’ ’D. 0. Hobson, Aging l’henomena in Columbium-Base 
Al loys ,  ORNL-3245 (Mar. 16, 1962). 

UNCLASSIFIED 
ORNL-LR-DWG 66064R2 

I 
8 I 2  16 20 2 4  28 32 

MAGNETIC FIELD (kilogauss) 

Fig. 34.2. E f f e c t  of Adding I n t e r s t i t i a l  Elements t o  

NbgZr. A l l o y  heat-treated a t  15OO0C for 1 h r  a t  0.493 
cm and cold-swaged 51%; prec ip i ta t ion  heat treatment, 

15 m i n  a t  800% p lus  98.6% co ld  working; f i n a l  diameter, 

0.040-0.044 cm. 

on the mechanical properties and microstructures 
o f  these metals. The precipitat ion which improves 
the cr i t ical  current density of Nb-Zr  al loys was 
also found to be associated direct ly wi th the inter- 
st i t ia l - type elements. This i s  shown i n  Fig. 34.2 
by the increase in  cr i t ical  current density of Nb,Zr 
that resulted from adding small amounts of oxygen 
and carbon to the Nb,Zr i n  the precipitated con- 
dition. The precipitat ion heat treatment has a 
much smaller effect on Nb,Zr wi th no addit ion of 
oxygen than when 250 ppm 0, was added, as i s  
shown in  Fig. 34.3. No oxygen effect occurs when 
the precipitat ion heat treatment i s  omitted. In 
agreement wi th McNutt,’ Pollock,” and Hobson,’ 
the property changes are believed to be caused 
by addit ional lat t ice strain from a coherent pre- 
c ip i tat ion of metastable ZrO or ZrC. 

A size effect study7 in Nb-Zr was made to inves- 
t igate the distr ibution of superconducting currents 
i n  cold-worked wires of th is alloy. Contrary to 
the usual assumption that cr i t ical  currents would 

UNCLASSlFlED 
ORNL-LR-DWG 66063A 

A.COLD-WORKED 99.4% 

A NO OXYGEN ADDITION 
A 250 ppm O2 ADDED 
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Fig.  34.3. E f f e c t  of Oxygen on the Change in C r i t i c a l  

Current Dens i ty  w i t h  8OO0C Heat  Treatment. F i n a l  

diameter, 0.040-0.044 cm; NbjZr heat-treated a t  0.493 
cm for 1 hr a t  15OOOC. 
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be proportional to the square of the diameter in a 
high-f ie ld superconductor, the c r i t i ca l  currents 
in  th is  superconductor were found to be propor- 
t ional  to the wire diameter. The effects are i l l us -  
trated in Fig. 34.4, which shows c r i t i ca l  current 
densi t ies plotted against reciprocal wire diameter. 
The experimental data fo l low fair ly we l l  the 
relat ion 

. .  ’), f o r d > z ,  
I - I b  4A / -- _ -  

I s  - l b  ‘ d ll-7 

where A i s  the thickness o f  a surface layer, d i s  
the diameter of the wire, and j ,  and j b  are c r i t i ca l  

current densi t ies i n  the surface and bulk regions. 
Th is  can best be explained by assuming current 
f low on the surface of the wire either in the normal 
penetration depth or in a group o f  f i laments that 
are more densely packed near the surface. The 
res t  of the current i s  assumed to  f low in fi laments 
evenly distributed in the bulk of the wire. The 
f i t t i ng  o f  the curves gave values ranging from 
A = 4 x 10-5 cm, j ,  = 4 x 1 0 - ~  amp/cm2, j b  = 

0.1 x lo5  amp/cm2 at  25,000 gauss to  h = 1 1  x 
cm, j ,  = 18 x lo5 amp/cm2, j b  = 0 a t  zero 

applied f ield. The l imi t ing current densi t ies for 
very small wires (approx 0.3 mi l )  were then the 
va lues o f  j ,  obtained. The size effects observed 

.. - 

UNCLASSIFIED 
ORNL-LR-DWG 6 7 7 4 0 R 2  

0 50 0 50 0 50 0 50 0 50 0 5 0  0 100 200 300 400 500 
f/d, RECIPROCAL W I R E  DIAMETER (cm- ’  I 

Fig.  34.4. Cr i t ica l  Current Density of Etched Wires vs Reciprocal  Wire Diameter. 
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a t  higher f ie lds io in  smoothly with ideal bulk 
superconducting behavior at zero field, as pre- 
dicted by Hauser and Buehler,12 and a s  shown by 
the dashed l i ne  i n  Fig, 34.4 corresponding to  a bulk 
c r i t i ca l  f ie ld  of 2230 gauss. Th is  value compares 
favorably wi th the 2500-gauss f ie ld given by 
Hu Im. 
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Magnetic f ie lds of 31,000 gauss have been 
achieved in  a 0.3 x 1.2 x 4.1 cm volume by means 
of an iron-core superconducting magnet.14 Pro- 
longed use of Formvar- or lacquer-insulated coi ls 
on this magnet resulted in  a decrease of the cri t-  
i ca l  currents of the co i l s  wi th time. Such behavior 
would be expected i n  a dislocation-f i lament model 
of the high-f ield superconductors. Electr ical  re- 
sistance at the breaks in  the filaments, as the 
c r i t i ca l  conditions of current and f ie ld  are ex- 
ceeded, should raise the temperature of these 
regions during the dissipation of the f ie ld  energy. 
Th is  d i f f i cu l ty  was avoided by winding co i l s  with 
bare wire or lnconel insulat ion and using pure 
metal fo i l s  between layers. These co i l s  had 
longer transit ion times from superconducting to 
normal states and were used for f ive months w i th -  
out the cr i t ical  current d e ~ r e a s i n g . ~  The 24,000- 
gauss f ie ld  decays in  about 1.5 sec with th is  type 
o f  coil. 

In co i l s  o f  Nb-Zr superconductors the c r i t i ca l  
currents are usually smaller than in  short sample 
tests of  the same superconductor. A solenoid was 
made from 0.006-in. ORNL wire heat-treated at 
800°C, was insulated with Inconel, and was wound 
i n  nearly perfect layers. The c r i t i ca l  currents in  
th is  coi l  agreed excel lently7 wi th the short sample 

2J. J. Hauser and E. Buehler, Phys.  Rev.  125, 142 
(1962). 

13J. K. Hulm et al., “A H i g h  F i e l d  Niobium-Zirconium 
Superconducting Solenoid,” pp 332-40 i n  Proceedings 
of the International Conference on High Magnetic Fields ,  
Cambridge, November 4-7. 1961, MI T Press, Cambridge, 
and Wiley, New York, 1962. 

14J. 0. Betterton, Jr., and D. S. Eastan, “Nb-Nb3Sn 
and Nb-Zr Superconducting C o i l s  i n  on Iron-Core Mag- 
net,” pp 348-57 in Proceedings of ihe International 
Conference on High Magnetic F ie lds ,  Cambridge, No- 
vember 4-7, 1961, MIT Press, Cambridge, and Wiley, 
New York, 1962. 

tests, as shown i n  Fig. 34.5, possibly because 
condit ioning effects i n  th is  wire had been el imi-  
nated through pinning of dislocations by the pre- 
c ip i tat ion or because the lnconel screened the 
currents in  adjacent turns induced by shi f t ing o f  
current paths in  individual wires as the current 
was increased. 

These magnets are operated w i th  persistent cur- 
rents. A carbon resistor was wound w i th  an Nb-Zr 
superconductor and used as a thermal switch be- 
tween the solenoid leads. Constant f ie lds were 
achieved quickly by establ ishing a persistent cur- 
rent without wai t ing for f ie ld equi l ibr ium to be 
attained. 

S H O R T - W I R E  T E S T  > 
t 
z W 1 1 ~ /-:ECTION 1 I I 

4- - /s 0 

Fig.  34.5. Comparison of C r i t i c a l  Current D e n s i t i e s  

of Short Wire T e s t s  and i n  the Inconel- Insulated 

Solenoids. 

THIN-FOIL ELECTRON TRANSMISSION STUDY 
OF Nb-Zr SUPERCONDUCTORS 

J. 0. Stiegler15 J. 0. Betterton, Jr. 

Transmission electron microscopy was used to 
investigate dislocation configuration and precipita- 
t ion in  severely cold-worked Nb3Zr. A s  shown i n  
Fig. 34.6, the dislocations ore t igh t ly  packed in  
wal ls surrounding regions relat ively free of d is-  
locations about 1000 A i n  mean dimension. In many 
instances the dislocations are not tangled but are 
i n  a regular, parallel array. The t ight  packing o f  
dislocations makes i t  d i f f i cu l t  to observe the pre- 
c ip i tat ion i n  these regions. 

’ 5Metal lography Group. 
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Fig. 34.6. Transmission Electron Microstructures of Cold-Worked NbgZr .  140,OOOX. Reduced 9%. 

The microstructure of Nb3Zr resembles that o f  
other cold-worked, body-centered cubic metals, 
such as iron, which i s  not a superconductor, and 
pure niobium (“Transmission Electron Microscopy 
Studies of Deformed and Annealed Niobium,” 
Chap. 28, th is  report), wh ich  i s  a relat ively soft 
superconductor. Sl ight differences do ex is t  in 
their microstructure, but not to the extent that they 
ex is t  in  the superconducting properties. Large 
differences i n  superconducting properties may 
arise from the capacity of hard superconductors 
to have more highly stressed regions around dis- 
locations and precipitates than can occur in  soft 
superconductors. These highly stressed regions 
are on a smaller scale than can be revealed with 
electron microscopy. Figure 34.6 clearly shows 
that isolated dislocations are not common in  th is 
material. Dis locat ion wal ls rather than individual 
d is locat ions are probably responsible for the cur- 
rent f i laments in  hard superconductors. 

MAGNETORESISTANCE OF TUNGSTEN 

J. 0. Betterton, Jr. D. S. Easton 

L i f s h i t z  and h i s  co-workers’6t17 relate the trans- 
verse magnetoresistance a t  h igh f ie lds to open and 
closed orbits in  the Fermi surface. This theory 
has led to renewed interest in these measurements 

for study of topology of Fermi surfaces. The 
elements V, Nb, Ta, Mo, and W were selected for 
magnetoresistance study, since they are in  that 
part  of the Periodic Table which has been of par- 
t icular interest i n  our previous al loy studies and 
are now avai lable in  suff icient pur i ty by electron 
beam, zone ref in ing so that high f ie ld condit ions 
may be approached at 30 kilogauss. 

Tungsten crystals of t h i s  type, obtained through 
the courtesy of D. T. Hurd and U. E. Wolff o f  the 
General Electr ic Company, were electromachined 
into 0.027- to 0.085-in. cyl inders and mounted i n  
a rotation holder which f i t ted wi th c lose tolerances 
i n  the gap of the iron-core superconducting mag- 
net. 0. B. Covin, X-Ray Diffract ion Group, ori- 
ented the crystals to  w i th in  about 1” w i t h  Laue 
x-ray photographs. The crystal w i th  current ax is  
<loo> was previously reported,14 and more recently 
a crystal w i t h  the wire axis <110> was measured. 
The magnetoresistance at 4.2OK with magnetic 
f ie lds in  various direct ions transverse to the wire 
axis i s  shown in  Figs. 34.7 and 34.8. With currents 

l61. M. L i f s h i t z  and V. G. Peschanski, /. Exptl. 
Theoret.  I’hys. 35, 1251 (1958); translation Soviet Phys. 
JETI’  12, 875 (1959). 

l7I. M. Li fshi tz ,  M. l a  Azbel’,  and M. I. Kaganov, /. 
E x p t l .  Theoret.  I’hys. 31, 6 3  (1956); translation Soviet 
Phys .  J E T P  4, 4 1  (1957). 

. 
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". U N C L A S S I F I E D  
O R N L - L R - D W G  69784 

Fig. 34.7. Magnetoresistance of Tungsten Crystal No. 43 vs Different Orientations of Field in a Plane Normal 
t o  the Current. Resistivity r a t i o  p3 , / p 4  = 634; w i re  and current axis, < loo>; T = 4.2OK; field strength = 30 ki lo- 
gauss; Po = 9.7 x o h m -  cm. 

U N C L A S S I F I E D  
O R N L - L R - D W G  69782 

PO 

Fig. 34.8. Magnetoresistance of Tungsten Crystal No. 31 vs Different Orientations of Field in a Plane Normal 
ta  the Current. Resistivity ra t io  p3,,/p4 = 1229; w i re  and current ax i s ,  <1 lo>;  T = 4.2'K; field strength = 30 ki lo- 
gauss; Po = 4.96 x ohm. cm. 
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i n  the <loo> direction, broad peaks i n  the magneto- 
resistance, wi th small minima i n  the center, oc- 
cur for f ie lds in  the <110> type of direction. 
Val leys occur in f ie ld direct ions <loo>. In the 
crystal  wi th current direct ion <110>, the largest 
magnetoresistance occurred in  the f ie ld  direct ion 
o f  type <112> with val leys a t  <1W> and <110>. 
Our resul ts for the current direct ion <loo> agree 
with earl ier measurements’ - 2 0  at I iquid-hydrogen 
temperatures. The transverse magnetoresistance 
of tungsten was measured by deNoble” wi th the 
current in  the <111> direct ion and found to have 
very l i t t l e  anisotropy. 

In terms of the L i f sh i t z  theory, the val leys would 
normally refer to saturation effects and direct ions 
of closed orbits and the peaks to the occurrence 
o f  open orbits and I f 2  dependence. However, the 
magnetoresistance i s  nearly proportional to H~ i n  
a11 direct ions that have been investigated. The 

dependence also occurs in  the L i f sh i t z  theory 
for even-valent metals wi th closed surfaces and 
with equal numbers of electrons and holes. 
Fawcett” proposed that th is condit ion also per- 
tains to transit ion metals wi th even atomic num- 
ber such as molybdenum and tungsten and that 
sheets o f  Fermi surface are simply connected in  
these metals. Fawcett22 extended L i fsh i tz ’s  
theory in  the cases o f  even-valent metals to ex- 
plain anisotropy i n  their magnetoresistance. High 
H2 type of magnetoresistance would be Observed 
except for minima in  those f ie ld  direct ions where 
the current i s  normal to open orbits or where there 
are some closed orbits for which high-f ield condi- 
tions are not met; that is, some orbi ts occur where 
ll’cT = 1. < 

The res is t i v i t y  ratios, p 3 ’ , / p 4 ,  of the present 
<loo> and <110> crystals were 634 and 1229, re- 
spectively. In v iew of the above, further experi- 
ments with s t i l l  purer crystals and a t  higher f ie lds 
are needed to determine whether magnetoresistance 
anisotropy of tungsten increases or decreases and 
whether or not saturation effects are encountered 
a t  higher effect ive fields. 

1 8 W .  J. DeHaas and J. deNobel, Physicn 5,449 (1938). 

19J. deNobel, I’hysica 15, 532 (1949). 

*OJ. deNobel, Phys icn  23, 261, 349 (1957). 

2 ’  E. Fawcett, I’hys. Rev. L e t t e r s  7, 370 (1961). 

22E. Fawcett, I’hys. Rev. Let ters  6, 534 (1961). 

SPECIFIC HEATS OF ZIRCONIUM ALLOYS 

G. D. Kneip, Jr. J. 0. Betterton, Jr. 
J. 0. Scarbrough 

The specif ic heats of d i lute al loys of cadmium 
and antimony in  zirconium were found to  consist  
of an electronic and a vibrational term and to  obey 
Eq. (1) over the range 1.2 to 4.50K: 

Both these solutes raise the coeff ic ient  of the 
electronic term and lower the Debye temperature, 
as do the solutes silver,23 indium,24 and t i n24  
reported earlier. The rate o f  increase of the coef- 
f i c ien t  of the electronic term and hence i n  the 
density of states i s  found experimentally to  be a 
l inear function o f  the solute valence, as shown in  
Fig. 34.9. This resul t  was discussed previ- 
ous l y23 t25#26  in terms of a r ig id  band model 
for zirconium i n  which the s and d bands are 
treated independently and the d band i s  assumed 
not to penetrate into the atomic polyhedra of the 
solute atoms. The conduction band of the al loy 
then consists of the interaction of the part ia l ly  
f i l l ed  zirconium s band with the s and p bands of 
the solute. The change in  the electronic coeff i-  
c ient  w i th  solute additions, then, can be shown to  
be a l inear function of the solute concentration 
and solute valance as observed experimentally. 
Th i s  model, however, leads to a negative number 
o f  electrons in  the s band of zirconium. 

A better approximation i s  to assume that the 
perturbing potential o f  the solute atom affects the 
s and d bands of zirconium to dif ferent extents. 
The wave function of the s band should be almost 
the same in the atomic ce l l s  of the solute and 
solvent atoms. However, a large change in  the 
energy of the d wave functions should be expected, 
since, even i f  they tunnel through the solute cel l ,  

23G. D. Kneip, Jr., J. 0. Scarbrough, and J. 0. Bet- 
terton, Jr., Met. Diu. Ann. Progr. Rept. May 31, 1961, 

24G. D. Kneip, Jr., and J. 0. Betterton, Jr., Met. Diu. 

ORNL-3160, pp 4-6. 

Ann. Pmgr .  R e p t .  Sept .  1. 1359, ORNL-2839, p 21. 

25G. D. Kneip, Jr., and J. 0. Betterton, Jr., Met. Diu. 
Ann. Progr. Rept. J u l y  1, 1960, ORNL-2988, pp 102-7. 

26G. D. Kneip and J. 0. Betterton, Jr., pp 357-58 in 
Proceedings o/  the V I 1  Internatzonal Conlerence on L o w  
Temperature I’hyszcs (G. M. Graham and A. C. Holl is 
Hallett, eds.), University of Toronto Press, 1961. 

.” 
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Fig. 34.9. Rate  of Change of the Electronic Co- 
eff ic ient ,  dy/dx;  of the Specific Heat  of Zirconium 

Al loys.  

a large number o f  nodes w i l l  be suppressed from 
the wave functions in  the v ic in i ty  of the im- 
purity.27 Assuming then that the bands do not 
change i n  shape during al loying but that they may 
shif t  wi th respect to each other, it can be shown 
that 

d 1 & / ( E )  

dx N(E) d E  
- N ( E )  = - - (. - ",) 

* 
and i f  the shi f t  in  the relat ive posit ions i s  propor- 
t ional to the solute concentration, then for small x 

d -, 1 dN(E)  
- - ( E )  = - - (n  - n,) 
d x  N ( E )  dE  

where A i s  the constant of proportionality, n the to- 
ta l  number of electrons outside closed shel ls i n  the 

27J. Friedel, Advances in  P h y s i c s ,  vol 3, p 465, 
Taylor  and Francis, London, 1954. 

solute, and n s  the number of zirconium s electrons. 
The electronic coeff icient of the specif ic heat i s  
l inear ly dependent on both the solute concentration 
and valence, as in  the other model, and the slope 
o f  the dy/dx vs solute valence curve i s  again pro- 
port ional to the derivative o f  the density of states 
wi th respect to energy. The value of d /dx  [ N ( E ) J ,  
when n = n S' however, i s  now a more complicated 
function of the densit ies o f  states and their de- 
r ivat ives for the two bands. No obvious incon- 
sistencies now ex is t  since the sign of the constant 
term and thus the direct ion of the relat ive move- 
ment o f  the s and d bands are determined from the 
experimental data. The band structure of zirconium 
then would consist of a low broad s band overlap- 
ping a narrower high d band. Assuming that the 
bands are similar to those calculated by Schiff28 
for t i tanium and in  particular that the bottom of 
the s band i s  5 ev below the bottom o f  the d band, 
there would be about one and three electrons i n  
the s and d bands, respectively. For zirconium 
the d band must be f i l l ed  to approximately the 
minimum in  the d band that arises from the spl i t t ing 
o f  the crystal potential and the d atomic orbitals, 
since the specif ic heats indicate that the slope 
o f  the density of states curve i s  large and posi t ive 
at the Fermi surface. 

The x-ray emission spectra of zirconium are i n  
agreement wi th th is  model. The L spectra meas- 
urements by Shaw and JossernZ9 indicate a very 
narrow d band, and the ,\I spectra studied by Ho l -  
I iday3' imply that some of the 4d electrons are 
in  a hybridized band with p symmetry. The mag- 
ne t ic - f ie ld  dependence o f  the Ha l l  coeff ic ient  and 
the magnetoresistance of zirconium31 also indicate 
an overlapped band structure. A simple two-band 
model, however, i s  not adequate to explain the 
experimental results for these transport properties, 
as the anisotropy of the Fermi surface must be 
considered. 

The Debye temperatures for each of these al loy 
series vary l inearly with solute concentration. A s  
might be expected, the solvent and solute atoms 

28B. Schiff, / 'roc. l 'hys .  S O C .  (London) A68, 686 
(1955). 

29C. H. Shaw and E. L. Jossem, So / t  ,\-Kay Speclra 
of hletals and Al loys ,  Pznal Report, RF Pro jec t  471, 
Oh io State University Research Foundation (December 
1959). 

30J.  E. Holl iday,  Bull. [Zm. l 'hys .  SOC. Ser. 1 1 ,  6(3), 
284 (1961). 

31T. G. Berlincourt, I ' h y s .  I ? w .  114, 969 (1959). 
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do not act as independent osci l lators i n  these 
alloys, and the lat t ice specif ic heats do not obey 
the KQPP rule at low temperatures. At these tem- 
peratures, only the long-wavelength phonons are 
thermally excited so that the lat t ice speci f ic  heat 
and hence the Debye temperature are determined 
by elast ic waves whose wavelength i s  several 
atomic distances. The al loy then behaves as an 
isotropic sol id whose vibrat ional spectra are 
similar to those of pure zirconium. The changes 
i n  the Debye temperature upon al loying are due 
to  the changes in the average atomic mass and 
i n  the elast ic constants. As Fig. 34.10 shows, 
the rate of change in  the Debye temperature wi th 
concentration i s  not simply related to  the solute 
valence. Hence, factors other than the electronic 
energy as ref lected by the density o f  states are 
apparently important i n  determining the e las t i c  
con stants. 
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Fig.  34.10. Rate of Change of the Debye Ternpera- 

ture, -de/&, of Zirconium Al loys.  

THE Zr-Pb PHASE DIAGRAM 

G. D. Kneip, Jr. J. 0. Scarbrough 
J. 0. Betterton, Jr. 

The zirconium-rich side o f  the Zr-Pb diagram i s  
being investigated. Lead, l i ke  tin, raises the al lo-  
tropic transformation temperature of zirconium, 
and preliminary results indicate that there i s  a 

peri tectoid reaction, /3 + intermediate phase a ,  
at  890 f 10°C. The solubi l i t ies of lead i n  the a 
and the /-3 phases at 890°C are approximately 5 and 
4.5 at. %, respectively. The a + f? region i s  un- 
usual ly narrow in  th is system. 

THE Zr-Ga PHASE DIAGRAM 

D. 5. Easton J. 0. Betterton, Jr. 

The investigations of the zirconium-rich portion 
o f  the Zr-Ga phase d i r ~ g r a m ~ ’ - ~ ~  are now complete. 
The part ia l  phase diagram i s  shown i n  Fig. 34.11. 

32D. S. Easton and J. 0. Betterton, Jr., Met. Div .  A n n  

33J. 0. Betterton, Jr., and D. S. Easton, Met. Diu. 

34D. S. Easton and J. 0.  Betterton, Jr., Met. Diu. Ann. 

Progr. Rept. Oct. 10, 1958, ORNL-2632, p 17. 

Ann. Progr. Rept.  Sept. 1, 1959, ORNL-2839, p 33. 

Progr. Rept. July  1, 1960, ORNL-2988, p 110. 
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A deviat ion in  th is  diagram from binary equi l ibr ium 
occurs i n  the region of the eutectoid reaction /? 
a + Zr3Ga. Similar deviat ions have been observed 
in  other zirconium-phase diagrams as  a resul t  o f  
the very l imi ted so lub i l i ty  of transit ion elements 
such as iron and nickel i n  a-zirconium. The a l loys  
were quite pure, as they were made from 99.95% 
Zr  and 99.99% Go and cast and annealed under 
condit ions that do not alter the composition. Neu- 
tron-activation and vacuum-fusion analyses show 

the fol lowing impurit ies (ppm) i n  al loys selected 
from the metallographic specimens: Cu 1-9; Cr 
0.8-1.5; Ta 0.02; Mo 0.6-1.7; Fe  39-47; Si 2; 
W 1-3; Ni 5-6; H 3-4; 0 20-33, and N < 5. 

The large difference in atomic size of gall ium 
and zirconium restr icts the terminal so lub i l i ty  o f  
the a and /3 phases and decreases the slope of  the 
a / @  boundaries so that /3 stabi l izat ion occurs 
rather than the a stabi l izat ion observed wi th  the 
valent solutes indium and aluminum. 

. 

k 
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35. X-Ray Studies of Crystalline Defects 

B. S. Borie 

SHORT-RANGE STRUCTURE OF THE in tens i ty  by 
ALLOY Cu-16 at. % AI 

8. S. Borie C. J. Sparks 

I(h1 , h,, 0) = Z A P S  COS 277 OJ 1 P + h ,  4 )  . 
The quanti t ies h ,  h ,  are continuous variables de- 

P S  

Diffuse intensity measurements on the a l loy Cu-16 
at. % AI and their interpretation were completed. 
The measurements were made both a t  room tempera- 
ture and at  -190OC i n  the planes i n  reciprocal 
space h ,  = 0 and h + 13, + h ,  = 0. A linear extrap- 
olat ion of the data to absolute zero was performed 
to  minimize contributions of thermal motion t o  the 
dif fuse scattering. In order t o  show that the resis- 
t i v i t y  decrease found by Wechsler and Kernohan' 
for th is  a l loy  when exposed in a reactor i s  caused 
by a change in  short-range order, measurements 
were made for samples in both irradiated and un- 
irradiated conditions. 

Figure 35.1 i s  a comparison of the dif fuse scat- 
tering in  the plane h ,  = 0 before and after irradi- 
ation. It is clear that reactor irradiat ion had 
caused a small increase i n  the short-range order. 
However, the general features of the intensity 
distr ibution are the same. 

In addition to  the d i f fuse scattering caused by 
ordering, there are modulations of the dif fuse in- 
tensity associated w i th  small stat ic displacements 
of atoms from the sites of the average latt ice. A 
method i s  avai lab le2 for separating the atomic d is -  
placement effects from the ordering effects on the 
dif fuse scattering i n  order that each may be treated 
separate I y . 

A Fourier transform of the remaining intensity 
after removal of the atomic displacement ef fects  
yields the parameters A which are related t o  the 

P4'  

f ining a point i n  reciprocal space and take on 
values equal to  one ha l f  the Mil ler indices a t  the 
fundamental Bragg reflections. For the distr ibu- 
t ion shown i n  Fig. 35.1, h,  = 0. The ind ices p 
and q are integers. 

A model for the short-range structure of th is  a l loy  
was assumed from which values of the A 's could 
be computed and then compared wi th  those experi- 
mentally observed. It was assumed that the alumi- 
num atoms occur i n  groups of four, arranged i n  the 
form of a tetrahedron on the sites of the la t t ice as 
shown i n  Fig. 35.2. A l l  si tes that are nearest 
neighbors of any of the aluminum atoms are as- 
sumed to  be occupied by copper atoms, so that 
there are no AI-AI nearest-neighbor pairs. Such 
tetrahedra are assumed t o  ex is t  i n  any one of the 
s ix  orientations possible on the face-centered cubic 
latt ice. Except for the requirement that no two 
tetrahedra be so near each other that an AI-AI 
nearest-neighbor pair i s  created, the tetrahedra are 
assumed to  be ef fect ive ly  randomly distr ibuted 
throughout the crystal.  

Shown i n  Table 35.1 are the experimentally ob- 
served A 's for both irradiated and unirradiated 
samples, compared w i th  those computed from the 
above described model. The comparison i s  made 
for both planes in  the reciprocal space for which 
measurements were made. 

The atomic displacement modulations are dif f i -  
c u l t  to  interpret quantitatively. Qual i ta t ive ly  they 
appear t o  be consistent wi th  the assumption that 

P 4  

P S  

the aluminum atoms composing the above described 
tetrahedra displace themselves from the sites of 
the average la t t ice i n  such a way that the tetrahe- 
dra become more nearly regular. 

'M. S. Wechsler and R .  H.  erno oh an, solid state ~i,,. 
Ann. Progr. R @ t .  Aug. 31. 1958. ORNL-2614, P 85. 

,B. S. Borie, Acta Crysi. 14, 472 (1961). 



* 
205 

. 
U N C L A S S I F I E D  

O R N L - L R - D W G  6 7 2 5 1 A  

h,, h2 = I,I 

h,,h, = 0,o h, ,  h, = ‘ h , O  h, ,  h2 = I, 0 

Fig.  35.1. Comparison of  the D i f fuse  In tens i ty  D is t r i bu t i on  in the h ,, h g ,  0 Plane of Rec ip roca l  Space for Cu-16 

at. % A I  Before and After Neutron Irradiat ion.  
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F ig .  35.2. T w o  Face-Centered Cubic U n i t  C e l l s  

Showing Proposed D is to r ted  Tetrahedral  Aluminum 

Array. The face centers ore marked by in te rsec t ions  

of the dashed lines. Other atomic s i tes  i n  the  v i c i n i t y  

of the four aluminum atoms are presumed to be occupied 

by copper. 
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T a b l e  35.1 Comparison of Observed and Computed Short-Range-Order Porameters for Cu-16 at. % AI. 

Aeq Values for h l ,  h2, 0 Plane A P T  Values for h l ,  h2.  h ,  + h2 Plane 

Observed P T  Observed P T  

Irradiated Unirradiated Calculated Irradiated Unirradiated Calculated 
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-0.080 
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-0.032 
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+0.004 

-0.040 

+0.026 
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+0.044 
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-0.010 

-0.003 
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-0.564 

-0.072 

+O. 23 1 

+o. 100 
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0.000 

MONOCHROMATOR DESIGN 

C. J. Sparks, Jr. 

An extensive study of monochromators and their 
design and construction was carried out, primari ly 
wi th  the intention of improving our dif fuse scattering 
diffractometer. For t h i s  application, high intensity 
i s  the important consideration, wi th  resolut ion of 
only secondary importance. 

A comparison of si l icon, germanium, and l i thium 
fluoride showed that L iF  is the most desirable of 
the three for our application. It has the disadvan- 
tage of dif fract ing A/2 as wel l  as A, which i s  not 
the case for dif fract ion from the (111) ref lect ion of 
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s i l i con  or germanium. However, t h i s  i s  outweighed 
by a very considerable intensity gain. 

It was found that careful preparation of the L iF 
wafer before it is  doubly bent for focusing y ie lds 
a gain i n  in tens i ty  of more than a factor of 2 over 
that of crystals prepared i n  other ways. Maximum 
intensity w i t h  maximum uniformity of in tens i ty  
distr ibution i n  the dif fracted beam was obtained 
wi th  cleaved wafers polished to a maximum th ick-  
ness of 10 mi ls  and annealed for about 70 hr a t  
5OOOC before bending. Very th in  wafers may be 
bent more uniformly wi th  less p last ic  distortion, 
g iv ing a more uniform intensity distribution, and 
the heat treatment ensures bending success. 

. 
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36. X-Ray Diffraction 
H. L. Yakel 

ROUTINE ANALYSES 

0. B. Covin 
L. A. Harris 

R. M. Steele 
H. L. Yakel  

Approximately 750 specimens were submitted to 
the X-Ray Di f f ract ion Group for routine analyses 
during the period of  th is  report. 

Phase identi f icat ions and la t t ice parameter mea- 
surements were carried out i n  the a l loy  systems 
Y-Tb, Y-Dy, Y-Ho, Tc-Zr, and Tc-Mo. Quantita- 
t i ve  analyses of  UO,:U,O,:AI compositions i n  a 
series of  AI-U 0 specimens were accomplished 
through preparation of standard mixtures o f  the 
three components. 

A diffract ion study of the oxygen so lub i l i ty  l i m i t  
i n  an Nb-0.88% Z r  a l loy  at 1600°C was completed 
and i s  reported elsewhere.’ X-ray techniques 
were also successful ly used to ident i fy  contami- 
nants and reaction products found i n  UC-UC, 
spheres coated w i th  pyro ly t ic  graphite. 

The compounds SmScO, and GdScO, were found 
to  have a distorted perovskite structure. The com- 
pound Sc,Ti05 gives an x-ray dif fract ion pattern 
indexable on the bas is  of  a face-centered cubic 
un i t  ce l l  w i th  a fluorite-type structure. 

Single-crystal x-ray dif fract ion data3 for 
CsFeSi206, an iron analogue o f  the mineral 
po l luc i te  CsAlSi 206, were used t o  demonstrate 
random substi tut ion of F e 3 +  for S i 4 +  i n  the crystal 

3 . 8  

2 

’Do 0. Hobson, Aging Phenomena in Columbium-Base 
A l l o y s ,  ORNL-3245 (Mar. 16, 1962). 

,C. K. H. DuBose and R. J. Gray, Metallography of 
Pyrolytic Carbon Coated Uranium Carbide Spheres.  
ORNL-TM-91 (Mar, 21, 1962). 

30. C. Kopp, G. W. Clark, and L, A. Harris, ‘‘Hydro- 
thermal Synthesis of an Iron Analog of the Cesium 
Zeolite, Pollucite,” paper presented a t  the Annual 
Meeting of  the Geological Society o f  America, Cin- 
cinnati, Ohio, November 2-4, 1961. 

latt ice. A s imi lar  si tuation seems probable i n  
po l luc i te  i t s e l f  (AI3+ substi tut ing randomly for 
si4?. 

Single-crystal structure analyses of Ca,Be 0 
3. 5 and Y,Be,05 were continued w i th  the co l lect ion 

of complete three-dimensional in tens i ty  data for 
both compounds. A note describing the prel iminary 
x-ray and opt ica l  observations on Ca,Be305, 
Sr,Be305, and Y,Be,05 has been accepted for 
p ~ b l i c a t i o n . ~  Un i t  ce l l s  were proposed for mica- 
ceous phases found in  the systems RbOH-Fe,03- 
Si0 ,-H 2O and CsOH-Fe203-Si0 ,-H ,O. 

STRUCTURAL CHANGES IN IRRADIATED Be0 
(ref 5 )  

B. S. Borie H. L. Yakel 

X-ray d i f f ract ion studies of po lycrysta l l ine B e 0  
irradiated to 1.5 x 10,’ nut ( E ,  > 1 MeV) a t  l lO°C 
have shown a selective symmetric or asymmetric 
broadening of ref lect ions h k - l  wi th  1 not zero. 
Displacements of ref lect ion maxima and centroids 
t o  lower scattering angles also occur, but in  such 
a way that unique c la t t ice parameters cannot be 
defined from spacing measurements. Models of  
clustered in ters t i t ia l  and vacancy defects i n  a 
damaged B e 0  la t t ice were proposed, and the pre- 
dicted x-ray scattering from these models was 
calculated. Comparison of theoretical and experi- 
mental resul ts  indicates that the best agreement 
i s  obtained for an interst i t ial-cluster model. Some 
physical implications of  th is  model are discussed. 

‘L. A. Harris, R. A. Potter, and H. L. Yakel, “Pre- 
I iminary Observations o f  Mixed Oxide Compounds Con- 
taining BeO,” to  be published in Acta  Crysiallographica. 

5Abstract of paper to be submitted to Acta  Crystal-  
lograp hica . 

. 
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HIGH-TEMPERATURE X-RAY DIFFRACTION 
STUDY OF THE ORDER-DISORDER 

TRANSITION IN A Cu-32.2 at. % GOLD 
 ALLOY^ 

H. L. Yakel 

The order-disorder transit ion i n  a polycrystal l ine 
specimen o f  Cu-32.2 at. % Au has been invest i -  
gated by means of a high-temperature x-ray dif frac- 
t ion method. The experiment confirmed the 
existence of an equil ibr ium Cu,Au I l- type phase 
i n  a temperature interval from 313 * 3 O C  to  328 * 
3°C. Di f f ract ion data from th is  phase are not i n  
conf l i c t  wi th a previously described structure a t  
31.6 at. 76 A u  based upon an ordered Cu,Au I-type 
superlattice i n  which s t r i c t l y  periodic antiphase 
domain boundaries occur paral lel to any one o f  
the three possible cube faces. Antiphase periods 
ranging from 18 to 16 are found for the Cu,Au I I -  
type phase. There i s  an indication that t h i s  
period may change as a function of temperature 
and that periods which are not integral mult ip les 
of cubic subcell  edges may exist. A two-phase 
f ie ld between the Cu,Au I l- type and disordered 

single-phase regions was located on  the bas is  
of fundamental ref lect ion broadening. Unam- 
biguous evidence for a similar f ie ld  was not found 
between the Cu,Au I -  and 11-type single-phase 
f ields. 

ON THE CRYSTAL STRUCTURE OF THE 
ORTHOMANGANITES OF THE HEAVY 

LANTHANIDES AND YTTRIUM7 

H. L. Yakel 

An approximate structure i s  described for 
the compounds AMnO,, where A i s  Ho, Er, Tm, 
Yb, Lu, or Y. The un i t  ce l l  i s  hexagonal, 
wi th c / a  2' 1.87; the space group i s  probably 
C i  v ( P 6 ,  cm).  A f ivefold coordination o f  oxygen 
atoms i n  the form o f  a trigonal dipyramid surrounds 
each manganese ion, whi le the environment o f  the 
rare-earth ion resembles that in  the hexagonal 
rare-earth oxides. Refinement of the structure 
from the x-ray di f f ract ion data was unsatisfactory, 
due either to least-squares parameter interactions 
or to  basic indeterminate properties. 

6Abstract of paper to be published in the Journal of 
Appl ied Phys i c s .  

7Abs+roct of paper to be submitted t o  A c t a  Crys ta l -  
lographica. 
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Papers a n d  O r a l  Presentations Given a t  Scientific 
a n d  Technical Meetings 

Research Colloquia, Oxford University, Oxford, England, June 5, 1961 
J. 0. Betterton, Jr., “Superconductivity of Nb,Sn” 

American Nuclear Society, National Meeting, Pittsburgh, Pa., June 4-8, 1961 
W. R. Martin, “Dimensional Studies of Simulated Experimental Gas-Cooled Reactor Fuel 

C. V. Dodd” and R. W. McClung, “Fuel Element Coolant Channel and Other Spacing Meas- 

R. W. McClung* and K. V. Cook, “The Development of Ultrasonic Techniques for the Remote 

Element at  Elevated Temperature” 

urements by Eddy-Current Techniques” 

Measurement of the HRT Core Vessel Wall Thickness” 

Nuclear Congress, 6th, Symposium on Uranium-Thorium Cycle, Rome, Italy, June 13-15, 1961 
D. E. Ferguson,* E. D. Arnold, and W. S. Ernst, Jr., “Preparation and Fabrication of Tho, 

Fuels” 

American Physical Society, Mexico City, Mexico, June 22-24, 1961 
C. E. ROOS,* J. 0. Betterton, Jr., G. D. Kneip, R. W. Boom, and R. E. Worsham, “High 

Field Studies on Nb,Sn Superconductivity” 

Plansee Seminar, 4th, Powder Metallurgy in Nuclear Age, Reutte, Austria, June 20-24, 1961 
‘ I  C. S. Morgan, Influence of Powder Properties in Sintering of Thoria” 

American Society for Testing and Materials, 64th Annual Meeting, Atlantic City, N. J., June 

H. E. McCoy,* and J. R. Weir, “Discussion of Paper ‘Anomalous Fracture in the Creep of 

D. F. Toner* and J. L. Scott, “Study of the Factors Controlling the Release of Xe ’33  from 

25-30, 1961 

Nickel’ by T. C. Reuther, P. Shahinian, and M. R. Achter” 

Bulk UO,” 

Symposium on Ceramics for Nuclear Application, Alfred, N.Y., June 27, 1961 
C. E. Curtis, “Technology of the Rare Earth Cxides in Nuclear Applications” 
W. 0. Harms, I I  Chemical Elements for Nuclear Ceramics” 

~ 

*Speaker. 



212 

Review of Beryl l ium Research and Development, Wright-Patterson A i r  Force Base, Ohio, July 
20-21, 1961 

Tubing” 
R. W. McClung, “Development of Nondestructive Test ing Techniques for Thin-Wall Bery l l ium 

J. R. Weir, “Mechanical Testing, Corrosion, and Irradiation of Beryl l ium” 

International Nickel  Company Power Conference, Estes Park, Colo., Aug. 1-4, 1961 
J. H. Coobs, “Fuel  Element Cladding Materials for Advanced Nuclear Power Reactors” 

H. Inouye, “The Material Problems of the Molten Salt Reactor Equipment” 

International Congress o f  Pure and Applied Chemistry, 18th, Montreal, Canada, Aug. 6-12, 
1961 

C. R. Boston* and G. P. Smith, “V is ib le  Absorption Spectra of Solutions of Bismuth Metal 
i n  Molten Bismuth Tr iha l ides”  

International Calorimetry Conference, Ottawa, Canada, Aug. 14-1 7, 1961 
R. 0. Will iams and J. A. Wheeler, Jr.,* ”The Use of a Bo i l ing  Calorimeter t o  Measure 

Changes of Internal Energy During the Deformation of Metals” 

Gordon Research Conference, Meriden, N. H., Aug. 28-Sept. 1, 1961 
G. P. Smith, “Charge Transfer Spectra in  Fused Salts” 

Faraday Society, General Discussion on Structure and Properties of Ionic Melts, Liverpool, 

G. P. Smith* and C. R. Boston, “Influence of Ba2’, Sr2’, Ca2+, Mg2+, La3’, and Y 3 +  
England, Sept. 5-7, 1961 

on the Ul t ra-Vio le t  Spectrum of NO3- in  Ionic Melts”  

Atomic Energy Commission Welding Forum, Son Antonio, Tex., Sept. 20-22, 1961 
W. J. Leonard, “Evaluation of Corrosion Resistance a t  Various Locat ions i n  a Zircaloy-2 

Weldment” 

G. M. Slaughter* and T. R. Housley, “Fabrication and Inspection Procedures for EGCR 
Burst-Slug-Detection Tube and Thermocouple Penetrations” 

American Welding Society, F a l l  Meeting, Dallas, Tex., Sept. 25-28, 1961 
R. G. Gi I l i land*  and G. M. Slaughter, “The Welding of Beryl l ium” 

Electrochemical Society, 120th National Meeting, Detroit, Mich., Oct. 1-5, 1961 
J. H. DeVan, “Corrosion Behavior o f  High Temperature Al loys in  Fused F luor ide Mixtures” 

A. P. L i tman and R. P. Milford,* “Corrosion Associated wi th  the Oak Ridge National 
Laboratory Fused Salt F luor ide Vo la t i l i t y  Process” 

International Conference on the Metallurgy of Beryll ium, London, England, Oct. 16-18, 1961 
R. W. McClung, “Development of Nondestructive Testing Techniques for Thin-Wall Bery l l ium 

J. R. Weir, “The Effect of High-Temperature Reactor Irradiation on Some Physica l  and 

W. J. Werner* and H. Inouye, ”The Reactions o f  Beryl l ium wi th  Wet Carbon Diox ide”  

Tubing” 

Mechanical Properties of Beryl l ium” 

*Speaker. 
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Society for Nondestructive Testing, 21st National Convention, Detroit, Mich., Oct. 23-27, 1961 
B. E. Foster* and J. W. Evans, “X-Ray Mass Attenuation Coefficients i n  the Range of 50 

R. W. McClung, “Techniques for Low-Voltage Radiography“ 
to  150 kvp” 

International Congress on Vacuum Technology, 2nd, Washington, D. C., Oct. 16-19, 1961 
R. E. Clausing, “A Large-Scale Getter Pumping Experiment Using Vapor Deposited Titanium 

Films” 

American Society for Metals National Metal Congress and Exposition, 43rd, Detroit, Mich., 
Oct. 21-27, 1961 

E. A. Franco-Ferreira, “Electron-Beam Welding” 
T. S. Lundy* and J. F. Murdock, “The Diffusion of 
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G. D. Kneip, Jr.,* J. 0. Betterton, Jr., D. S. Easton, and J. 0. Scarbrough, “Increased 

Iron-Core Magnet” 
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Metallography at  the Oak Ridge National Laboratory” 

Cavi ty  Molds” (R. s. Crouse*) 
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J. H. Devon* and H. Inouye, “Reactions o f  Reactor Materials wi th  Gaseous Contaminants 

B. Fleischer, J. H. DeVan, and J. H. Coobs,* “Graphite-Stainless Steel Compatibi l i ty 
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G. D. Kneip, Jr.,” J. 0. Betterton, Jr., D. S. Easton, and J. 0. Scarbrough, “Size Ef fec t  i n  
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A. E. Goldman, “Material Problems of Gas-Cooled Reactor Power Plants” 
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R. E. Pawel“ and J. V. Cathcart, “Oxide Plate le t  Formation 
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