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Errata 

Sentence r e f e r r i n g  t o  Fig.  1.10 de le t ed  b: 

- f o r  Sl ip-Line - read  Twin 

.__ f o r  0 Zr-In a read 0 Zr-In a' 
Jor - A Zr-Sn Cl - read A Zr-Sn a' 

ai thor 

f for b read  bR 

+ ? f o r  a read a R  

VL- for 001 - read  002 

,[for - 28 A - read  280 A 

J- - 
- -  
- for RT I n  P read RT I n  y 

- f o r  F igs .  1.30 and 1.31 - read  F igs .  1.32 and 1.33 

'*delete  footnote  

tfor - 40 __. read - 80 
' k o r  - 8000 t o  4000 - read 8000/4000 

.!for - -4400 t o  4000 - read -4400/4000 

,,r - f o r  6000 t o  4000 - read  6000/4000 

' " for  - -2300 t o  4000 - read -2300/4000 
,8ched 8: for k read  kxz 

-/Sched 10: for k = 0.675 read  k = 0.675 

= 0.414 - read  kxz = 0.414 

0 0 

YZ - - 
XY - yx 

XY 

- 
Fched 62: f o r  k - *v 
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S U W Y  

PART I. FUNDAMENTAL METALLURGY 

Physicometallurgical Research 

d 

The use of axis charts for representing the textures of cold-rolled 

Four texture thorium sheet was compared with conventional pole figures. 

components were deduced from the axis charts and shown to be consistent 

with the pole figures. 

ures alone could lead to an apparent component which is the average of 

two actually present. It was also shown that the spread about the "ideal" 

textures and the amount of material associated with each could be readily 

obtained from the axis chart method. 

It was shown that consideration of the pole fig- 

' Deformation twins were found in single crystals and coarse-grained 

specimens of high-purity niobium deformed by impact or slow compression 

at -196°C. The twinning elements were established to be: Kl (twin plane) 

(112) and rll (shear direction) < 111 >. 
found always to occur on (100) planes. 

Cleavage fracture at -196°C was 

An apparent phase transformation has been detected in high-purity 

galliwn deformed at 4.2'K. 
yet been determined. 

The crystal structure of the new phase has not 

The specific heats of the group I V A  metals and alloys of zirconium- 

indium and zirconium-tin have been measured from 1.2 to 4.5"K.  As in 

other transition metals, a large electronic term is found which, for the 

sequence titanium, zirconium, and hafnium, decreases with increasing 

atomic number. The Debye temperatures decrease with increasing atomic 

mass, as would be expected from the central force model; however, the 

ratios of the Debye temperatures indicate that the atomic force constants 

for hafnium are some 50% larger than for titanium and zirconium. For the 

alloys, both the densities of states and the Debye temperatures are elec- 

tron concentration dependent if zirconium is assumed to have a valency of 

1.5 to 2.0. 

In the zirconium-rich portion of the zirconium-gallium phase diagram, 

the phase boundaries of zirconium are depressed by additions of gal- 

lium and the B phase decomposes by a eutectoid reaction. The normal rise 

1 . .  
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of the allotropic boundaries with a higher-valent solute is apparently 

overcome in this case by a large size-factor effect, a characteristic of 

the system also suggested by rapid hardening of the alloys and abnormally 

low solubility of the gallium in B zirconium. 
The cadmium pressures of a- and B-zirconium alloys containing 1 to 

11% cadnium have been measured between 1090 and 1325°K. 

cess free energies of the @ alloys obey Henry's law, implying equivalence 

in the Zr-Zr, Zr-Cd, and Cd-Cd interactions. In the a phase, on the other 
hand, the excess free energies appear to increase slightly with cadmium 

content. The partial excess entropies are negative in both 0. and 

with the more negative values for the B phase. 
could easily account for the slight rise in the CX/B boundaries. 

The partial ex- 

forms 

This entropy difference 

A measurement of the axial ratio of several zirconium-cadmium a 
alloys shows that the axial ratio increases with cadmium concentration 

almost as rapidly as with tin concentration. 

appear to depend upon zirconium content and upon numbers of d electrons 

in these alloys. 

The axial ratio would thus 

X-Ray Diffraction 

Crystal structures of several unreported transition-metal fluorides, 

rare earth hydrides and nitrides have been determined. 

Progress in the study of phase transitions in &quenched zirconium- 

niobiuni alloys aged below the eutectoid temperature is reported. A meta- 

stable u + niobium-enriched @ system forms at 400°C, but discontinuous or 

continuous precipitation of equilibrium phases occurs at 500 and 600°C. 

The formation and reversion of w in 25 and 33 wt $ niobium alloy crystals 
has been observed. The effect of low-temperature in-pile irradiation on 

a 15 wt $ niobium alloy is primarily an acceleration of the rate of w 

formation. 

Structural changes in the w phase during its development have been 

followed through observation of selected x-ray reflections. A gradual 

change in the degree of "rumpling" of the close-packed midplane is noted. 

A high-temperature investigation of the order-disorder phase transi- 

tion Of a Cu-31 at. $ Au alloy has revealed an intermediate periodic 
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antiphase condition. A structure for this phase is proposed and calcu- 

lated diffraction maxima compared with observations. 

Microstrains in Crystals 

A previously described x-ray diffraction technique for the measure- 

ment of the thickness and strain of thin oxide films has been applied to 

a series of five Cu20 films grown on copper single crystals. The method 

makes use of the shapes of the Bragg reflections. The results of these 

measurements are described and discussed. 

A new x-ray diffraction method for measuring film thickness, based 

on the integrated intensities of the Bragg maxima, is shown to agree very 

well with the thickness as determined from the line-shape analysis. 

In order to determine the film thickness from the integrated inten- 

sity, the crystal structure factor and the Debye temperature factor must 

be known. A separate experiment has been performed to determine these 
quantities in absolute units for the various reflections. 

the experiment are given. 

The results of 

High-Temperature Reactions 

A determination was made of the influence which electrostatic inter- 

actions with neighboring ions have on the energy of the n - 7(* transi- 

tion in the nitrate ion. 

of cationic size on this process has been collected and will be analyzed. 

A large mass of data relative to the influence 

The charge-transfer band for I- dissolved in the LiC1-KC1 eutectic 

was measured and, in contrast to the results of other investigators, 

found to be in agreement with current theory. 

Some information on the behavior of solute species in dilute solu- 

tions of bismuth in BiC13 was obtained from absorption spectra. 

Reactions at Metal Surfaces 

Studies of the gaseous oxidation of niobium and zirconium in the 

ORNL Graphite Reactor indicated that neutron fluxes of 

effect on the oxidation processes for these two metals. 

in which irradiation may influence the oxidation of metals are through 

nv had no 

Two primary ways 
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changes in the defect concentration in the oxide and through the activa- 

tion of nucleation stages in the oxidation process. Calculations are 

presented to show that the former is unlikely with currently available 

flux levels but that the density in the oxide of regions of localized 

disorder produced by neutron bombardment is of the same order as the 

number of oxide nuclei normally observed on oxide films. 

Efforts aimed at the characterization of thin oxide films on copper 

single crystals were continued. 

diffraction study of strain distribution in thin Cu20 films; in addition, 

a chemical method for the analysis of C u z O  films is under study, and a 

spectrophotometric investigation of the optical anisotropy of such films 

was initiated. 

These investigations included an x-ray 

A variety of new techniques was applied to the study of the oxida- 

tion of tantalum. It was shown that previously observed platelets of 

oxide which extended into the metal are formed at temperature rather than 

during cooling. The very early stages of oxidation were characterized 

over a temperature range from 300 to 700°C. 

Crystal Physics 

Efforts to grow macroscopic single crystals of ceramic-type materials 

have been initiated. With the resulting crystals, studies will be made 

of crystalline perfection, of growth mechanisms, and of magnetic behav- 

ior. A hydrothermal crystal-growth system is in operation. Systems for 

crystal growth by several other methods are in varying stages of com- 

pletion. 

PART 11. HRP METALLURGY 

An intensive study of the effects of fabrication variables on the 

anisotropy of mechanical properties and the preferred orientation in 

Zircaloy-2 has shown that the control of the preferred orientation and 

anisotropy is quite important in extending the use of the alloy as an 

engineering material. The study has shown that the use of the usual ten- 

sile test properties, for example, yield and tensile strengths, elonga- 

tion, and reduction of area, are of little value in separating the effects 
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of the fabrication variables. 

within a scatter band only slightly larger than that found for duplicate 

tests of the same fabrication schedule. A new evaluation method has been 

developed which not only separates the effects of the fabrication vari- 

ables but which can be used to predict the degree and nature of the pre- 

ferred orientation and the anisotropy of mechanical properties for all 

directions in the plate or sheet, including the normal. The technique 

involves the measuring of the shape and area of cross section of frac- 

tured longitudinal and transverse tensile specimens at the fracture and 

at several points along their length and the plotting of the true con- 

traction strains vs the true axial strains. 

straight lines characterize the preferred orientation and anisotropy of 

mechanical properties in the particular lot of material. 

should be extensible to pipe and tubing fabrication studies. 

All values fall, without appreciable order, 

The slopes of the resulting 

The analysis 

The transformation sequence study of the Z r - N b - X  alloys has shown 

that the metastable transformation of quenched and retained /3 phase is 
to a hexagonal metastable w phase and an enriched /3 phase (progressively 
enriched in Nb to above 45% with increased aging time) followed by the 

coprecipitation of a zirconium and the equilibrium bcc 85 Nb-15 Zr phase. 
The formation of a zirconium in the Zr-15 Nb binary alloy does not occur 

in three weeks of aging at 400°C but does occur in less than 24 hr at 

500°C. The metastable formation of w phase does not occur above 525°C. 

The structure of the martensitic Widmanstgtten phase formed on quenching, 

previously reported as tetragonal, has actually been found to be mono- 

clinic, the angle a being approximately 85". 
A detailed macro- and micro-examination has been completed on sam- 

ples and debris removed from the core vessel of the Homogeneous Reactor. 

Subsize mechanical-property specimens of zirconium and titanium alloys 

which were suspended on a titanium holder within the core vessel during 

operation of the reactor had been severely damaged. 

property specimens and the holder contained areas that had either been 

molten or very close to it. Near the molten areas, wide ranges of struc- 

tures were found indicating temperature gradients from less than 800 to 

Both the mechanical- 
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over 1800°C i n  l eng ths  of no t  more than 3/16 i n .  

ca ted ,  and it w a s  confirmed by l abora to ry  t e s t s ,  t h a t  t h e  time a t  t h e  e l e -  

vated temperature w a s  very  l imi t ed  and t h a t  t h e  quenching r a t e  was very 

r ap id .  

a r eas .  It w a s  concluded t h a t  no evidence e x i s t e d  f o r  a d i r e c t  r eac t ion  

between e i t h e r  zirconium o r  t i t an ium and t h e  normal r e a c t o r  environment. 

The damage t h a t  occurred w a s  a r e s u l t  of overheat ing caused by a poor 

flow p a t t e r n  and w a s  not  a func t ion  of t h e  a l l o y s .  Even when s t a r t e d  by 

ex te rna l  means, t h e  r eac t ion  w a s  quenched as soon as t h e  hea t  source w a s  

removed. 

The s t r u c t u r e s  ind i -  

The "burning" w a s  never genera l  bu t  w a s  r e s t r i c t e d  t o  s p e c i f i c  

During a v i s u a l  examinatior, of t h e  core  v e s s e l  it appeared t h a t  con- 

s ide rab le  a t t a c k  had occurred t o  t h e  Zircaloy-2 screens wi th in  t h e  v e s s e l .  

Therefore,  samples were c u t  from t h e  cen te r s  of t h e  s i x  t o p  screens,  and 

f i v e  of t hese  were submitted f o r  me ta l lu rg ica l  s tudy.  While considerable  

damage w a s  noted, it w a s  shown t o  be an accentuat ion of damage which had 

occurred during t h e  f a b r i c a t i o n .  A s ing le ,  very s m a l l  spot  showed evi-  

dence of being a t  high temperature,  bu t  t h i s  i s  thought t o  have r e s u l t e d  

from contac t  with t h e  specimen holder .  No o ther  s ec t ion  had been above 

550°C during opera t ion  ( t h i s  i s  only a l i m i t  t h a t  w a s  not  reached and i s  

not  an opera t ing  temperature) .  

t h e  a n x i e t i e s  t h a t  had l a t e l y  a r i s e n  concerning t h e  use of zirconium or 

t i t an ium i n  homogeneous r eac to r  app l i ca t ions .  

These s t u d i e s  have gone far t o  r e l i e v e  

Toe samples removed from the  b lanket  region,  none of which showed 

any damage, were broken as scheduled. For both  zirconium and t i t an ium,  

s m a l l  i nc reases  i n  y i e l d  and u l t ima te  s t r eng ths  and decreases i n  elonga- 

t i o n  were shown. The maximum exposure w a s  s t i l l  low, being only 

2 x 1 0 ~ 8  nv t .  

For optimum opera t ion  of t h e  present  homogeneous r e a c t o r  it may be 

des i r ab le  t o  remove t h e  Zircaloy-2 screens now welded t o  t h e  i n s i d e  of 

t he  core  ves se l .  

would have t o  be removed through a 2- in . -dia  hole .  

a r c  cu t t i ng ,  using a s p e c i a l l y  designed small h e l i a r c  torch ,  has been 

developed as a method f o r  c u t t i n g  t h e  screens i n t o  s t r i p s .  

be c u t  a t  r a t e s  approaching 100 in./min, and a l l  p a r t i c l e s ,  except t h e  

The screens,  some of which a r e  almost 2 f t  i n  diameter, 

Underwater e l e c t r i c -  

A screen may 
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1-1/2-in. strips being cut, are small enough to be flushed through the 

3/8-in. holes. The method appears to be readily adaptable to the remote 

operation that would be required. No evidence of a reaction between the 

molten particles and the water was noted. 

A considerable improvement has been made in the fabrication of 

Zircaloy-2 vessels. The existing vessel was fabricated by several cycles 

of pressing small segments, welding them together, and repressing, but it 

now appears to be possible to form an entire hemisphere from a flat plate. 

Such hemispheres have been fabricated by a warm power-spinning operation. 

It was also possible, by warm pressing, to press a reverse curvature into 

the polar region of a hemisphere. 

the transition from the vessel to a flared pipe. 

sible to eliminate the expensive root-insert type of welds and their very 

close fitup tolerances used for the present vessel. By using a butt, fu- 

sion-type joint with no root gap and with root faces up to half the plate 

thickness, it was possible to make satisfactory full-penetration welds 

with offsets as great as 0.045 in. with 5/16-in. plate. All welding has 

been machine-type, with protection from the atmosphere achieved by care- 

ful design of inert-gas trailers attached to the torch and backup devices 

designed for each jcint. 

Such a reverse flare would serve as 

It has also been pos- 

Type 312 stainless steel has been found to be a satisfactory barrier 

material in making tube-to-header welds in Inconel-type 347 stainless 
steel composites. Without a barrier, diffusion of nickel into the stain- 

less steel weld resulted in an all-austenitic structure and cracking. A 

layer of type 312 stainless s t e e l  placed upon t h e  Inconel root minimized 

diffusion and permitted the desired amount of ferrite to remain in the 

type 347 stainless steel weld. 

PART 111. REACTOR METALLURGY 

Corrosion Engineering 

The scope of the materials compatibility program in support of the 

Gas-Cooled Reactor was increased by the modification of static pots to 

contain independently heated test specimens which provide metal surface 
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temperatures in excess of 1600°F. 

and one forced-convection test facilities have also been constructed in 

order to afford high-pressure and high-velocity conditions, respectively. 

Two high-pressure thermal-convection- 

Examinations were made of low-alloy and stainless steels following 

their exposure to impurities outgassed by graphite in these test facili- 

ties. Corrosion films that formed on stainless steels were quite pro- 

tective in these tests; however, in certain cases, films formed on low- 

alloy steels were poorly adherent, and specimens of these materials showed 

appreciable weight losses. 

A three-phase out-of-pile corrosion test program is continuing in 

order to evaluate the behavior of Inconel and INOR-8 in contact with fluo- 

ride salt mixtures in terms of such variables as time, temperature, and 

flow rate. Results of the tests completed to this date show Inconel to be 

quite susceptible to the corrosive attack of the various fused fluoride 

mixtures, while INOR-8 continues to show excellent corrosion resistance. 

Excellent compatibility of INOR-8 was also demonstrated in a forced-con- 

vection test containing graphite together with fused salt. 

Metallurgical support has been supplied to the Reactor Projects Di- 

vision in the form of inspection of welds, material, and fabricated com- 

ponents. An evaluation of drawings for weld design, inspectability, and 

materials selection, as well as an analysis of component failures, also 

was conducted. A summary of results of material and welds inspected is 
given. 

Materials Compatibility 

Inconel and INOR-8 specimens carburized in the sodium-graphite sys- 

tem show an appreciable decrease in their room-temperature ductility, 

compared with control specimens subjected to argon for the same tempera- 

ture and time. 

fected. 

The ductility at 1250°F (677°C) was not seriously af- 

Metallography, chemical results, and tensile test data on INOR-8 

subjected to a static fuel 13sgraphite system for 6000 hr at 1300°F 

show that carburization does not occur under these conditions. 
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The nickel-base Coast Metals Nos. 52 and 53, the €42 Au-18 Ni, and 

the pure copper brazing alloys show no attack when subjected to fuel130 

for 1000 hr at 1300°F. 

It was found that LiF-BeF2-UF4 (62-37-1 mole %, fuel 130) would 

precipitate part of its uranium as U 0 2  when in contact with graphite at 

1300°F (704°C). 

The precipitation of the uranium as U02 was essentially complete in a 

relatively short time. 

appeared to reduce the quantity of uranium that precipitated from the 

fuel. 

The graphite was the source of the oxide contamination. 

High purity and careful handling of the graphite 

Initial tests to determine whether oxygen contaminants could be re- 

,noved from graphite by gettering them with molten fuel 130 appeared to 

be partially successful. 

Graphite grades GT-123, 186, CCN, R-0013, AGOT, and TSF were ex- 

posed in 100-hr static permeation tests to molten fluoride salts at 1300°F 

(70i+"C) under a 150-psig pressure. 

salts; grade GT-123 was the only one that met the permeability.require- 

ments for the Molten-Salt Reactor. 

A l l  were penetrated by the molten 

Hot-pressed U02 pellets show no corrosion after being subjected to 

pure lead, pure bismuth, the 55 Bi-45 Fb eutectic alloy, and the Pb-O.69 

Li eutectic a l loy  in separate tests at 650 and 750°F. 

steel capsules were used in each test and showed no corrosion. Uranium 

conipounds were detected on the surface of the solidified bath that con- 

tained bismuth and on the surface of the solidified lead from the higher 

temperature lead test. 

Type 304 stainless 

High-Temperature Alloy Development 

The reactions of type 304 stainless steel with GO and C02 have been 

studied at high temperatures. 

metal, forming various complex oxides. In static CO2 or CO, carburization 

as well as oxidation occur. In flowing C02, carburization did not occur. 

At 1500"F, both CO and C02 oxidize the 

The attractive nuclear properties of beryllium have created interest 

in its use as a container material for uranium oxide and/or uranium car- 

bide fuel elements for future gas-cooled reactors. Beryllium tubing has 
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been requested on a purchase order  basis t o  he lp  supply t h e  needs f o r  de- 

termining i t s  p o t e n t i a l  f o r  t h i s  app l i ca t ion .  

The s t a b i l i t y  of INOR-8  w a s  determined i n  t h e  temperature range be- 

tween 1 0 0 ~ 1 4 0 0 ° F  f o r  per iods up t o  10,000 h r .  

t h e  t e n s i l e  p rope r t i e s  of t h e  a l l o y  after aging i n d i c a t e  t h a t  t h e  a l l o y  

does not embr i t t l e  under t h e s e  condi t ions .  This i nves t iga t ion  has shown 

t h a t  chemical-consti tuent v a r i a t i o n s  from hea t  t o  hea t  has a l a r g e r  e f f e c t  

on t h e  t e n s i l e  p rope r t i e s  than does t h e  aging hea t  t rea tments .  

The v a r i a t i o n s  observed i n  

Studies  have been made t o  determine t h e  f e a s i b i l i t y  of f a b r i c a t i n g  a 

t r i p l e x  heat  exchanger tube made up of two concentr ic  tubes separa ted  by 

a porous m e t a l  annulus t o  enable t h e  passage of a gas f o r  l e a k  de tec t ion .  

A promising method of f a b r i c a t i o n  involves  t h e  cladding of a core con- 

s i s t i n g  of p re fab r i ca t ed  porous n i c k e l  tub ing .  

t o  date  has been Inconel  because of i t s  immediate a v a i l a b i l i t y .  

The cladding material  used 

L i  qui d- M e  t a1 Research 

The d i f fus ion  c o e f f i c i e n t s  of s i l v e r  and n i c k e l  i n  l i q u i d  l e a d  were 

measured by t h e  c a p i l l a r y  r e se rvo i r  technique and found t o  have t h e  values  

D (0.165 w t  $I N i  i n  Pb) = 2.43 x exp [-(7000 k 3700)/RT] 

and 

D (2.25 w t  $ Ag i n  Pb) = 5.14 x loe3 exp [ - (6800  2 5300)/RT] . 
The s m a l l  d i f f e rence  i n  t h e  d i f fus ion  c o e f f i c i e n t s  of s i l v e r  and n i c k e l  i n  

lead i s  s u r p r i s i n g ,  i n  view of t h e  l a r g e  d i f fe rences  i n  t h e  atomic radii  

of t h e  two spec ies .  The r e s u l t s  add credence t o  t h e  theory t h a t  t h e  mech- 

anism of l i q u i d  m e t a l  d i f fus ion  involves t h e  cooperat ive movement of a 

l a r g e  number of atoms where t h e  average displacement of an ind iv idua l  atom 
i s  much smaller than  t h e  r a d i i  of t h e  s o l u t e  o r  solvent  atoms. 

The mass t r a n s f e r  cons tan t ,  k, va r i ed  from 2 .8  x loe3 t o  8 . 9  x loe4 
cm/sec i n  a l i q u i d  mercury-nickel thermal-convection loop i n  t h e  tempera- 

t u r e  range of 205-280°C. 

measured between 120 and 330°C and found t o  have a heat  of so lu t ion  of 

15,200 cal/mole . 

The s o l u b i l i t y  of n i c k e l  i n  l i q u i d  mercury w a s  

x i i  



Nondes true tive Test Development 

- 
Y 

Work on the eddy-current inspection of tubing has been concentrated 

primarily on the inspection of EGCR (Experimental Gas-Cooled Reactor) 

fuel capsule tubing and has included the development of reference stand- 

ards, the study of test conditions and parameters, and the development 

of inspection procedures for use in the tubing manufacturer's plant. A 

technique for inspecting the austenitic stainless steel sheath of Kanthal 

heater wires has been developed. 

hpirical studies have been made on several types of eddy-current 

probe coils in the accomplishment of phase 1 of a three-phase program 

being conducted to produce adequate probe-design information for the fu- 

ture development of eddy-current inspections. 

Two ultrasonic techniques have been developed for the evaluation of 

the bonding in flat, compartmented fuel plates. Both of these techniques 

capitalize on the inability of a poor bond to readily transmit ultrasonic 

mer=. 

Difficulties which have been encountered in ultrasonic inspections 

for laminations and nonbond in thin material have led to the measurement 

and study of the fields of ultrasonic transducers. Techniques were de- 

veloped for the field studies, and the irregular nature of the ultrasonic 

fields has been observed. 

Some preliminary investigations have indicated that magnetostrictive 

ferrites have some promise as ultrasonic transducers in the high-frequency 

range. The measurement of ultrasonic velocity has been investigated be- 

cause of its effect on inspections and because of its anticipated use as a 

tool for metallurgical research. Two promising measurement techniques 

have been investigated. One of these is a comparison method which can be 

accomplished with present equipment to an accuracy of about 99%; the other 

is an absolute measurement method which requires some development but 

which promises extreme accuracy and amenability to automation. 

The high-resolution, electronic, x-ray imaging system has been further 

investigated and found to exhibit an unsharpness of 0.001 and usable con- 

trast sensitivity. 

... 
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Low-voltage radiography has been s tud ied  as an in spec t ion  t o o l  f o r  be- 

ryl l ium, graphi te ,  and t h i n  sec t ions  of o the r  materials. Techniques which 

employ a helium atmosphere have been developed and show promise. 

Techniques, procedures, and s tandards f o r  t h e  in spec t ion  of EGCR f u e l  

elements have been developed, and a considerable  quan t i ty  of fue l -capsule  

tub ing  has been evaluated.  

Mechanic a1 Prope r t i e s  

Problems s tud ied  i n  connection wi th  t h e  Experimental Gas-Cooled Re- 

a c t o r  inc lude  c reep  buckl ing,  c reep  b u r s t ,  and gas-meial r e a c t i o n s .  I n  

t h e  p a s t  year ,  t h e  condi t ions  of conf igura t ion ,  temperature,  and e x t e r n a l  

pressure  r equ i r ed  t o  achieve uniform co l l apse  of t h e  f u e l  element capsule  

have been e s t ab l i shed .  Tube-burst r e s u l t s  have been obtained through t h e  

temperature range of i n t e r e s t  and are found t o  c o r r e l a t e  w e l l  wi th  pub- 

l i s h e d  u n i a x i a l  c reep  da ta .  It has been concluded t h a t  c reep  tes t s  per-  

formed i n  an i n e r t  environment provide more conservat ive da t a  than  those  

obtained i n  t h e  pure gases which may be present  as contaminants i n  t h e  

helium stream. 

The t e s t  program f o r  eva lua t ing  I N O R - 8  as a s t r u c t u r a l  material f o r  

t h e  Molten-Salt Reactor has been completed. A swnmary r e p o r t  descr ibes  

these  r e s u l t s .  

Research has continued on t h e  study of t h e  e f f e c t s  of stress s t a t e  

and environment i n  t h e  deformation and f r a c t u r e  of metals. Some progress  

has been made toward obta in ing  an a n a l y t i c a l  model f o r  p red ic t ing ,  from 

simple l abora to ry  experiments, t h e  behavior of m e t a l  under s e r v i c e  con- 

d i t i o n s .  

E f fo r t s  i n  t h i s  group have been d i r e c t e d  toward problems i n  connec- 

t i o n  wi th  t h e  Gas-Cooled Reactor,  t h e  Molten-Salt Reactor,  and t h e  A i r -  

c r a f t  Nuclear Propulsion P ro jec t .  I n  add i t ion ,  r e sea rch  w a s  conducted on 

t h e  f r a c t u r e  of metals as a f f e c t e d  by t h e  stress s ta te  and environment. 

A resume of t h e  progress  on t h e  o the r  a c t i v i t i e s  i s  given. 

Welding and Brazing 

r 

The progress  of t h e  Welding and Brazing Group during t h e  p a s t  re -  

po r t ing  pe r iod  has been publ ished i n  t h e  Reactor P ro jec t s  Divis ion 
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progress and design reports and in various topical reports. The investi- 

gations have been highly diversified and cannot be summarized under a 

general subject. Abstracts covering the pertinent results of each study 

are presented under appropriate headings. 

PART IV. APPLIED METALLURGY 

Process Metallurgy 

Development work during the past year has been mainly centered on 

advancements in fuel element technology for the Army Reactors Branch, the 

Maritime Reactors Branch, and the Division of Reactor Development of the 

AEC . 
Metallurgical development in the Army Package Power Reactor (SM-1) 

Project was confined primarily to problems associated with the burnable 

poison boron, which as B4C is homogeneously distributed in the U02- 

stainless steel fuel core. An extensive analysis of boron losses in the 

Core I fuel plates, which contained 0.13 wt $I BLC, revealed an average 

loss of 22.4%. 

of boron losses, indicated that rather high losses are associated with an 

oxidation mechanism, and it is quite apparent that the moisture content 

of the sintering atmosphere must be maintained at a low and controlled 

level. Studies of an alternative boron compound, SrB6, showed that when 

this compound was dispersed in stainless steel and heat treated at 1150°C 

that it reacted in a manner analogous to previously observed reactions 

between ZrB2,  B4C, BN, and stainless steel. 

Initial experiments, aimed at determining the mechanism 

Additional accomplishments included publication of specifications 

for manufacturing control-rod fuel elements and europium-bearing neutron 

absorber sections for Core I1 of the SM-1 reactor, followed by the pro- 

duction of eight of each of these components. 

The APPR (Army Package Power Reactor) irradiation test progran was 

stimulated by shipment to the MTR (Materials Testing Reactor) of rninia- 

ture plates containing 20, 30, and 40 wt % Eu203 dispersed in stainless 
steel, as well as by the post-irradiation examination of the B1'-Fe neu- 

tron absorber sections and fuel elements from Core I of SM-1. The 3% 
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B1'-Fe section exhibited significant swelling and localized splitting of 

the cladding. The fuel elements appeared to be undamaged. 

The Maritime Ship Program continued in support of work associated 

with construction of the NS "Savannah." 

brittle-fracture characteristics of the reactor pressure vessel, studies 

were also conducted on the usefulness of electroless nickel as the brazing 

alloy for joining the NS "Savannah" reference fuel tubes. The results 

confirmed similar work conducted by Babcock and Wilcox and led to the se- 

lection of this alloy as the reference material. 

In addition to evaluating 

Other studies were directed principally to possible advancements in 

fuel element design. These included the potentially economical cold- and 

hot-swaging of bulk oxide into fuel rods; the application of lead or low 

melting alloys as heat transfer mediums in rods containing sintered U 0 2  

pellets; and the development of a compartmented plate containing U02 

platelets. 

can be prepared by hot-swaging, and, if lower densities can be tolerated, 

cold-swaging may suffice; (2) lead may be a feasible heat transfer medium 

for pellet-containing rods operating at a surface temperature in the vi- 

cinity of 525°F. 

occur up to 650"F, and if the lead becomes exposed to 525°F water, it will 

not corrode catastrophically; (3) the compartmented plate appears attrac- 

tive because of lower central-fuel-temperatures for the same specific 

power, or because of higher specific power with the central temperatures 

presently estimated for the rod design. Both brazing and resistance- 

welding techniques are being investigated for joining cover plates to 

the compartmented plate. Brazing with electroless nickel has met with 

relatively little success. 

The results revealed that (1) rods containing high density U 0 2  

If the rod develops a leak, no drainage of lead will 

The majority of the effort in the Fuel Element Development Program 

(Activity 4420) was confined to the research-reactor aluminum fuel ele- 

ment, although a study was initiated to investigate the feasibility of 

ferritic stainless steel fuel elements. The development of a fuel com- 

pound for foreign research-reactor fuel elements utilizing 20$-enriched 

uranium was climaxed with the selection of U3O8 as the dispersoid for 

two experimental fuel element loadings to be produced for the Puerto Rico 
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Nuclear Center. Irradiation tests indicate that fuel elements contain- 

ing U3O8 can withstand as high as 50% burnup of the U235 atoms without 

apparent damage and that this dispersion-type material is relatively cor- 

rosion resistant to 60 and 90°C water. Manufacturing specifications are 

in process. 

Twenty-four alloy- and dispersion-type irradiation specimens were 

prepared and then irradiated in the Materials Testing Reactor. 

specimens contained 48 wt % of 20%-enriched uranium, 3 wt $ silicon, and 
the balance was aluminum. The dispersion specimens were of two types: 

60 wt % UC;! in aluminum, and 63 wt % u308 in aluminum. 
to any of the specimens has yet been observed. 

The alloy 

NO gross damage 

Additional work on UO;! dispersions in aluminum, in which high-fired 

titanium-bearing U02 was used as the fuel compound, confirmed the re- 

sults of the previous, more extensive, study of the UO2-Al system by 

R .  C. Waugh that UO;! will react rather rapidly with aluminum at 600°C. 

Alloy-type elements have been examined for uranium surface-contami- 

nation, and the results strongly indicate that even with careful house- 

keeping, surface contamination may occur during 600°C heat treatments by 

diffusion of uranium from the alloy core. It is possible that by use of 

vacuum cast alloys in combination with high strength age-hardenable al- 

loys and mechanical joining that many of the presently specified high- 

temperature treatments can be decreased or eliminated and that problems 

of this nature can be circumvented. The feasibility of using vacuum 

cast U-A1 alloys in combination with both Alclad 6061 and 6951 aluminum 

has been demonstrated. 

Studies have revealed that no great problems exist in incorporating 

UO;! in type 430 ferritic stainless steel and rolling into composite 

plate. However, it was observed that subsequent heat treatments should 

be confined to 800°C in order to avoid possible sensitization of the 

cladding as well a,s rapid grain coarsening at higher temperatures. 

Among the reactor components produced this year was a loading of 

stainless steel fuel elements for the Bulk Shielding Reactor. The de- 

sign and fabrication procedures were similar to those specified for APPR 

fuel elements. 
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Advanced Engineering and Development 
of Reactor Materials 

The ORR (Oak Ridge Reactor) fuel-irradiation program will investi- 

gate the effects of exposure temperature and fission burnup on thorium- 

base materials irradiated in temperature-controlled capsules. Initial 

test materials will be thorium alloys containing O-log of fully enriched 

uranium. Preliminary work necessary to develop facilities and techniques 

for the irradiations has continued. Capsule-fabrication techniques have 

been developed, and standard nondestructive methods of inspection have 

been applied. The required instruments, including an automatic with- 

drawal mechanism have been designed, fabricated, and partially installed 

in the ORR. A thin-walled aluminum access tube has been made and in- 

stalled. 

and an internal length of 23 in., with a minimum shielding of about 10 in. 

of lead, has been designed and fabricated. An experiment to determine the 

gamma heating in the assigned OF3 lattice position soon will be per- 

formed. Thorium and thorium alloyed with 1, 3, 6, and 10% depleted ura- 

nium have been cast to 1/2-in. diameter, swaged to 1/8-in. diameter, and 

heat treated for various times and temperatures. Metallographic studies 

of these alloys will be used to ascertain the heat treatments required 

to produce desired preirradiation microstructures. 

A capsule carrier, having an inside diameter of about 2-1/2 in. 

Corrosion tests of zirconium and Zircaloy-2 intergranularly pene- 

trated by magnesium at 625°C were continued in order to investigate a 

possible method of removing zirconium and Zircaloy-2 cladding from fuel 

elements. 

rosion in 6 M HC1. 

granular particles. 

Specimens were completely disintegrated by intergranular cor- 

About 95% of each specimen was recovered as small - 

Ceramic Materials 

The primary aim of the Gas-Cooled Reactor fuel program is to de- 

velop a relatively cheap UO;! body which is capable of consistently with- 

standing a fission burnup in excess of 10,000 Mwd/ton at the expected 

operating tem2erature. 

of the test program in order to evaluate the influence of starting ma- 

terial, product density, shape, heat flux, and other operating variables 

Numerous specimens have been prepared in support 
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on t h e  behavior  of U 0 2  bodies  during exposure t o  reactor- induced radia- 

t i o n .  S tudies  are a l s o  i n  progress  on t h e  c h a r a c t e r i z a t i o n  of U02 powder 

r e s u l t i n g  from t h e  conversion of uF6 by t h e  ammonium diurana te  process ,  

op t imiza t ion  o f  processing condi t ions  f o r  consol ida t ion ,  s i n t e r i n g  of t h e  

powder t o  a dens i ty  95% of t h e o r e t i c a l ,  and t h e  establ ishment  of permis- 

s i b l e  dimensional t o l e rances  f o r  economic production of  U02 f u e l  bush- 

ings .  Exploratory tes ts  are a l s o  i n  progress  t o  develop a U02 powder 

which i s  capable of 97% d e n s i f i c a t i o n  by t h e  convent ional  cold press ing  

and s i n t e r i n g  method. 

A permanent deformation of approximately 1% w a s  observed i n  bulk- 

oxide f u e l  bushings a f t e r  compression a t  5000 p s i  f o r  1 h r  a t  1500°C. 

The t e c h n i c a l  f e a s i b i l i t y  of producing U02 f u e l  bodies  by t h e  ex- 

t r u s i o n  process  i s  be ing  i n v e s t i g a t e d  under subcontract  a t  t h e  Auto-Lite 

Company. Resul t s  of t h e  i n i t i a l  runs are encouraging and i n d i c a t e  t h a t  

ex t rus ion  y i e l d s  a high-densi ty  product .  

The reduct ion  of UOz by g raph i t e  has been observed t o  occur a t  t e m -  

pe ra tu re s  as low as 1 3 O O 0 C ,  under c e r t a i n  environmental condi t ions .  

Cursory s t u d i e s  on t h e  chemical r eac t ions  of  e i g h t  d i f f e r e n t  oxides 

i n  contac t  wi th  Nb, Mo, Ta,  W, and R e  a t  e l eva ted  temperatures i n d i c a t e  

t h a t  t h o r i a  i s  t h e  most s t a b l e  of t h e  oxides t e s t e d  and t h a t  Ilb i s  t h e  

most r e a c t i v e  metal. Alumina appears t o  be q u i t e  s t a b l e  up t o  i t s  m e l t -  

i n g  po in t ,  whereas b e r y l l i a  shows good s t a b i l i t y  with t h e  elements mo- 

lybdenum, tungsten,  and tantalum. Urania seems compatible up t o  2000°C 

wi th  a l l  metals t e s t e d ,  except rhenium. Zirconia ,  on t h e  o the r  hand, 

shows i n s t a b i l i t y  i n  contac t  w i t h  molybdenum and rhenium a t  temperatures 

below 2000°C. 

A s tbdy of t h e  s i n t e r i n g  c h a r a c t e r i s t i c s  of t h e  lan thanide  oxides 

r e v e a l  t h a t  Ce02 i s  t h e  most r e f r a c t o r y  of t h e  group and i s  s t a b l e  toward 

a i r  and b o i l i n g  water. S imi la r  t e s t s  show t h a t  a temperature of 1650- 

1700°C i s  r equ i r ed  t o  achieve complete s i n t e r i n g  o f  Sc203 i n  an oxygen 

atmosphere. 

X-ray d i f f r a c t i o n  work on t h e  U02-Y203 system shows t h a t  a s i n g l e  

region o f  s o l i d  s o l u b i l i t y  of Y2O3 i n  U02 e x i s t s  up t o  about 28 w t  $ 
Y203 and t h e  presence of a two-phase region i n  t h e  range o f  2% t o  45 w t  % 
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Y2O3. X-ray diffraction measurements reveal the presence of the com- 

pound Ca2Be305 in the CaO-Be0 system. Densities, as determined from 

x-ray data, are reported for the compounds LiYF4, Li7U6F31, and Rb2ThF6. 

., 

Metallography 

Metallography continues to play an important role in the support of 

various research and development activities. Techniques have been de- 

veloped to aid in the microstructural analysis of U02 and U3O8 fuel- 

bearing bodies. Electron microscopy has been utilized to determine the 

nature of surface films on anodized aluminum and to examine topographical 

difference occurring on the surface of zirconium samples exposed to re- 

actor- induced radiation and f i s sion-recoil neutrons . 
The linear expansion characteristics of several reactor materials 

have been investigated. Additions of U3O8 to aluminum, for instance, re- 

duce the linear expansion of the resulting powder compact by an amount 

which is proportional to the volume percentage of U3O8 added, in the tem- 

perature range of 50 to 425°C. Thermal expansion data on Hastelloy B re- 

veal that an inflection in the curve occurs at a temperature of 600°C on 

both heating and cooling. Similar data have been obtained on selected 

samples from the Ni-Mo and Ni-Mo-Fe systems to determine whether the in- 

flection observed is related to a phase transformation in the Ni-Mo 

system. 

Design criteria have been established on a micro-hot-hardness tester. 

Work on the ultrasonic apparatus for removal of microconstituents and on 

the equipment designed for hot- and cold-stage microscopy has continued. 

Layout and equipment design for remote metallographic equipment to be op- 

erated in the hot cells has progressed to an advanced stage. 

4 
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PHYS ICOMETALLURGICAL RFSEARC H 

C . J. McHargue 
L. K .  J e t t e r  

J .  0 .  Be t t e r ton ,  Jr. G. D .  Kneip, Jr. 

STRUCTURE OF METALS 

C .  J. McHargue L. K .  J e t t e r  

Use of Axis D i s t r i b u t i o n  Charts  t o  Represent Sheet Textures  

Because of t h e  c rys t a l log raph ic  na ture  of t h e  deformation mechanisms 

i n  metals ,  p l a s t i c  flow r e s u l t s  i n  t h e  alignment o f  c e r t a i n  c r y s t a l l o -  

graphic d i r e c t i o n s  with t h e  primary f l o w  d i r e c t i o n s .  I n  t h e  s tudy of t h e  

"$referred o r i e n t a t i o n "  thus  developed, one wishes t o  d i sce rn  t h e  d i s t r i -  

bu t ion  of t h e  c rys t a l log raph ic  d i r e c t i o n s  wi th  r e spec t  t o  some reference  

d i r e c t i o n ,  u sua l ly  a d i r e c t i o n  r e l a t e d  t o  t h e  f a b r i c a t i o n  procedure, such 

as t h e  r o l l i n g  d i r e c t i o n .  

The pole  f i g u r e  method, introduced by Wever,' involves  t h e  p l o t t i n g  of 

t h e  d i s t r i b u t i o n  of t h e  po le s  o f  some family o f  p lanes  on a s tereographic  

p r o j e c t i o n  which p l aces  t h e  re ference  d i r e c t i o n  ( s )  a t  t h e  nor th  pole  and/or 

i n  t h e  c e n t e r .  

concent ra t ions  of po le s  on seve ra l  such pole  f i g u r e s ,  t h e  c rys t a l log raph ic  

d i r e c t i o n s  which are a l igned  wi th  t h e  re ference  d i r e c t i o n s  can be deduced. 

If t h e  p re fe r r ed  o r i e n t a t i o n  i s  r e l a t i v e l y  simple and w e l l  developed, two 

o r  t h r e e  pole  f i g u r e s  inay be s u f f i c i e n t  f o r  ob ta in ing  t h e  des i r ed  informa- 

t i o n ;  however, i f  t h e r e  are seve ra l  t e x t u r e  components, more pole  € igures  

may be needed. 

By not ing  t h e  m g l e s  between t h e  re€erence d i r e c t i o n s  and 

A s i g n i f i c a n t  improvement i n  the method of r ep resen t ing  t h e  t e x t u r e s  

i n  wires  and rods r e s u l t e d  from t h e  in t roduc t ion  o€ t h e  " inverse pole  f i g u r e "  

o r  axis d i s t r i b u t i o n  c h a r t  by Harris.2 

d i s t r i b u t i o n  of t h e  re ference  axis r e l a t i v e  t o  t h e  s tandard s tereographic  

p ro jec t ion .  

Such a c h a r t  g ives  d i r e c t l y  t h e  

There has been videspread acceptance of t h i s  method f o r  t h e  

I F. Wever, Trans.  Am. I n s t .  Mining, Met. P e t r o l .  Engrs. 93, 51  (1931). 

2G. B.  Harris, P h i l .  Mag. 43 (7), 113 (1952). 
- - 

- 
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r ep resen ta t ion  of f iber  t e x t u r e s ,  and methods have been proposed f o r  con- 

v e r t i n g  observed d i f f r a c t i o n  i n t e n s i t i e s  i n t o  axis d e n s i t i e s . 2 4  

The suggest ion by Mi tche l l  and Rowland7 and Je t t e r ,  McHargue, and 

W i l l i a m s 5  t h a t  shee t  t e x t u r e s  could be represented  as d i s t r i b u t i o n s  of 

r o l l i n g ,  normal, and t r ansve r se  d i r e c t i o n s  has  been c r i t i c i z e d  on t h e  

b a s i s  t h a t  t h e y  o f f e r  no s i g n i f i c a n t  advantage over a combination of two 

ord inary  pole  f i g u r e s  and t h a t  it has not  been proved t h a t  shee t  t e x t u r e s  

can be t r e a t e d  as quasi  f i b e r  t e x t u r e s .  6 -- 
I f  t h e  purpose of a t e x t u r e  determinat ion i s  t o  s tudy some proper ty  

which i s  r e l a t e d  t o  t h e  o r i e n t a t i o n  of a p a r t i c u l a r  c rys t a l log raph ic  plane 

o r  d i r e c t i o n ,  then  conventional pole  f i g u r e s  c e r t a i n l y  are s u € f i c i e n t .  For 

example, t h e  d i s t r i b u t i o n  OP t h e  s l i p  p lanes  i n  face-centered cubic metals  

( t h e  (111) pole f i g u r e )  serves  t o  ind ica t e  t h e  v a r i a t i o n  i n  mechanical 

p r o p e r t i e s  of shee t .  On t h e  o the r  hand, i f  t h e  study i s  d i r e c t e d  a t  an 

understanding of t h e  f a c t o r s  inPluencing t e x t u r e  formation, it i s  d e s i r a b l e  

t o  know not  only t h e  p re fe r r ed  o r i e n t a t i o n  but  t h e  kind and degree of  spread 

from it and t h e  r e l a t i v e  amounts of m a t e r i a l  i n  each component i f  t h e r e  i s  

more than  one. Axis c h a r t s  give t h i s  information a s  well as t h e  o r i e n t a -  

t i o n s  d i s t r i b u t i o n .  

Consider t h e  procedure f o r  deducing a t e x t u r e  component from a pole  

f i g u r e  f o r  t h e  (ill} planes o€ a face-centered cubic metal. If t h e r e  i s  

3. concent ra t ion  o€ po les  a t  01, al,where D i s  t h e  angle between t h e  re f -  

erence d i r e c t i o n  and d i f f r a c t i n g  plane pole  and a i s  t h e  azimuthal angle ,  

it i s  obvious t h a t  any c rys t a l log raph ic  d i r e c t i o n  which l i e s  Q1 degrees  

from (111) could be a l igned  with t h e  r o l l i n g  d i r e c t i o n .  

of s eve ra l  concent ra t ions ,  a d i r e c t i o n  can be found which l i e s  O,, 03, 

and 0' de6 From t h e  r o l l i n g  d i r e c t i o n .  

which has  these  angular  r e l a t i o n s h i p s  t o  t h e  (111) po les  i s  taken t o  be 

By cons idera t ion  

The c rys t a l log raph ic  d i r e c t i o n  

3 C .  M. Mi tche l l  and J. F .  Rowland, Acta Met. - 2, 559 (1954). 
- 

'C. G .  Dunn, J. Appl. Phys. - 25, 233 (1954). 
5L. K. J e t t e r ,  C .  J. McHargue, and R.  0 .  Williams, J.  Appl. Pliys. 

6W. Mueller, W .  Chernock, and P. A. Beck, Trans.  Met. SOC. AIME 212, 

7C.  M. Mi tche l l  and J. F .  Rowland, Acta Met. 2, 559 (1954).  

- 
- 27, 368 (1956). 

39 (1958). 

- 
- - 

- - 

. 
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a l i zned  with the  r o l l i n g  d i r e c t i o n .  I n  a similar manner, t h e  plane which 

l i e s  p a r a l l e l  t o  t h e  rolling plane i s  deduced. I€ t h e r e  a re  seve ra l  com- 

ponents,  t h e  problem becomes more complicated.  It i s  t o  be emphasized t h a t  

t h e  so-ca l led  " idea l "  t e x t u r e  i s  deduced from t h e  d i s t r i b u t i o n  of  t h e  po le s  

of a f e w  p lanes  sri th r e spec t  t o  t h e  re ference  d i r e c t i o n s .  

The use of t h e  axis d i s t r i b u t i o n  method f o r  t h e  determinat ion of t h e  

d i s t r i b u t i o n  of t h e  r o l l i n g ,  normal, or t r ansve r se  d i r e c t i o n  i n  shee t  ma- 

t e r i a l  i s  no d i f f e r e n t  i n  p r i n c i p l e  from i t s  a p p l i c a t i o n  f o r  a f i b e r - - z i s  

d i ~ t r i b u t i o n . ~  

problem. 

t r i b u t i o n s  can be combined. A s  long as t h e  o r i e n t a t i o n  d i s t r i b u t i o n s  are 

r e l a t i v e l y  sharp,  t h e  requirement t h a t  t h e  r o l l i n g ,  normal, and t r ansve r se  

d i r e c t i o n s  be mutually perpendicular  allows one t o  deduce an ' ' ideal ' '  t ex -  

t u r e  from t h e  t h r e e  c h a r t s .  Resul t s  on a thorium specimen obtained by t h e  

pole  f i g u r e  and a x i s - d i s t r i b u t i o n  method a r e  compared. 

Each re ference  d i r e c t i o n  i s  considered i n  t u r n  as a separa te  

I n  order  t o  be used most e f f e c t i v e l y ,  t h e  d a t a  €rom a l l  t h r e e  d i s -  

Procedure. - The ma te r i a l  s tud ied  w a s  thorium having the  fol lowing 

composition: 

3 .125-in.-dia  b i l l e t  w a s  extruded t o  a 1- x 2- in .  bar  a t  8 5 O o C ,  and a por- 

t i o n  of t h e  bar  w a s  reduced 95% i n  th ickness  by s t r a i g h t - r o l l i n g  p a r a l l e l  

t o  t h e  ex t rus ion  d i r e c t i o n  a t  room temperature.  This  ex t rus ion  opera t ion  

r e s u l t e d  i n  a t e x t u r e  which inf luenced t h e  f i n a l  o r i e n t a t i o n  i n  t h e  co ld-  

r o l l e d  shee t .  

0.009% C, 0.14% 0 2 ,  0.006% N2, 0.01% Fe, and 0.005% S i .  A 

An 0.200-in.-dia  s p h e r i c a l  x-ray d i f f r a c t i o n  specimen was prepared 

f r 0 m . a  laminate of 0 .050-in.- thick shee t  which had been bonded wi th  an ad- 

hes ive .  

0.010 i n .  of material  was e l ec t ropo l i shed  from t h e  diameter .  This  spec i -  

men w a s  used t o  ob ta in  x-ray d a t a  f o r  t h e  pole  f i g u r e s  and t h e  axis d i s -  

t r i b u t i o n  c h a r t s .  

I n  order  t o  remove m e t a l  d i s tu rbed  by t h e  machining operat ion,  

Conventional po le  f i g u r e s  were prepared f o r  t h e  {222} and (400) planes  

by us ing  t h e  method descr ibed by J e t t e r  and Borie8 whereby t h e  specimen i s  

r o t a t e d  simultaneously through t h e  angles  @ and a, t hus  producing a s p i r a l  

pa th  on t h e  s te rographic  p ro jec t ion .  These pole  f i g u r e s  a re  shown i n  F ig .  

1.1 where t h e  i n t e n s i t y  contours  are i n  a r b i t r a r y  u n i t s .  

8L. K .  J e t t e r  and B. S .  Borie,  J. Appl. Pnys. - 24,  532 (1953). 

5 



UNCLASSIFIED 
ORNL-LR-DWG 36704 

Fig. 1.1. Conventional Pole Figures for Thorium Sheet Reduced 95% in  Thickness by Cold Rolling. 

Axis d i s t r i b u t i o n  c h a r t s  f o r  t h e  r o l l i n g ,  normal, and t r ansve r se  d i -  

These pole  c h a r t s  were 

{ill}, (2001, {220}, 
r e c t i o n s  were deduced from pole  c h a r t s  (I  v s  0) . 5  

experimental ly  obtained f o r  t h e  following planes:  

{113}, { 222},  ( 4 0 0 } ,  {133}, {420), { 4 2 2 } ,  and { 135) . 
t a t e d  r a p i d l y  around t h e  re ference  axis ( i n  t u r n  t h e  r o l l i n g ,  normal, or 

t r ansve r se  d i r e c t i o n ) ,  while  t h e  specimen was scanned slowly through 0, t h e  

angle between t h e  re ference  axis and t h e  d i f f r a c t i n g  plane po le .  

from o = 0" t o  0 = 90" f o r  each o f  t h e  t en  pole  c h a r t s  were used i n  con- 

s t r u c t i n g  t h e  axis c h a r t ;  t hus  each axis c h a r t  con ta ins  t h e  information 

contained i n  e i g h t  conventional pole  f i g u r e s .  

r o l l i n g  and normal d i r e c t i o n s  a re  shown i n  F ig .  1 . 2  and have previous ly  

been publ i shed .g  

t h e  axis dens i ty  f o r  a random t e x t u r e  i s  u n i t y .  

The specimen vas ro- 

The d a t a  

The axis c h a r t s  f o r  t h e  

The u n i t s  i n  t h i s  f i g u r e  are times random, f o r  example, 

9L. K .  J e t t e r  and C .  J .  McHargue, The Metal Thorium, p 161, Arnerican 
Socie ty  f o r  Metals, Cleveland, Ohio, 1958. 
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F ig.  1.2. Axis Distr ibution Charts for Roll ing and Normal Directions. 

Discussion. - The procedure of r o t a t i n g  t h e  specimen r a p i d l y  through 

the  angle a when obta in ing  pole  c h a r t s  i s  equiva len t  t o  averaging t h e  i n -  

t e n s i t i e s  i n  a pole  f i g u r e  f o r  a = 0" t o  a = 360" a t  cons tan t  va lues  of 

9. Thus one check of  t h e  d a t a  i s  t h e  correspondence of pole  c h a r t s  ex- 

per imenta l ly  obtained and those averaged from F ig .  1.1. Typical  r e s u l t s  

a r e  shown f o r  t h e  (200) r e f l e c t i o n .  

x- ray  d a t a  ( s o l i d  l i n e )  and t h a t  ca l cu la t ed  from pole  f i g u r e s  (do t t ed  l i n e )  

w a s  found f o r  s eve ra l  p lanes .  

Agreement of  t h i s  na ture  between t h e  

These d a t a  show t h a t  pole  c h a r t s  ( I  v s  @ )  can be obtained d i r e c t l y  

f r o m  pole f igures .  

d i r e c t l y  from a x i s  d i s t r i b u t i o n  char t s . "  The reverse  procedure,  f o r  ex- 

ample, t o  ob ta in  axis c h a r t s  o r  pole  f i g u r e s  from pole  c h a r t s ,  can be ac- 

complished only by t r i a l - a n d - e r r o r  so lu t ions  a t  t h e  present  t ime. I n  each 

case ,  a d i s t r i b u t i o n  i s  assumed and t h e  pole  c h a r t  ca l cu la t ed  and compared 

with t h e  observed d a t a .  An important po in t  i n  t h e  cons t ruc t ion  of t h e  axis 

c h a r t s  i s  t h e  use of x-ray d a t a  f o r  t he  range @ = 0" t o  90" f o r  a t  l e a s t  

e i g h t  f a m i l i e s  of p lanes  i n  t h e  face-centered cubic case .  An acceptable  

a x i s  c h a r t  i s  one which l e a d s  t o  t h e  reproduct ion of t h e  pole  c h a r t  f o r  

It has been shown a l s o  tha t  pole char t s  can be obtained 

'OL. K .  J e t t e r ,  C .  J. McHargue, and R.  0 .  Willizm, J. Aypl. Phys. 
- 27, 368 (1956). 
- 
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each plane for t h e  whole range. The agreement f o r  one such c h a r t  used i n  

t he  present  study i s  ind ica ted  i n  F ig .  1.3. 

The axis d i s t r i b u t i o n  c h a r t s  of F ig .  1 . 2  show the  d i s t r i b u t i o n  o€ the  

norLnal d i r e c t i o n s  t o  have m a x i m a  at < 011 >, < 001 >, and a t  a d i r e c t i o n  

3" from < 113 >, and t h e  r o l l i n g  d i r e c t i o n  maxima t o  be a t  < 001 >, \ 111 >, 
and 2" frorn < 1 1 2  >. Since each po in t  on the  normal d i r e c t i o n  c h a r t  would 

be cons i s t en t  wi th  r o l l i n g  d i r e c t i o n s  which l i e  a t  any p o s i t i o n  on t h e  locus  

90" away, t h e r e  i s  introduced an element of unce r t a in ty .  However, i€ we 

xish t o  consider  " idea l"  t e x t u r e s ,  f o r  example, t h e  cen te r  of  each m a x i m a ,  

t h i s  can be accomplished by consider ing those  mutually perpendicular  on 

t h e  axis c h a r t s  f o r  t h e  t h r e e  re ference  d i r e c t i o n s :  r o l l i n g ,  normal, and 

t r ansve r se .  Such cons idera t ions  l e a d  t o  t h e  conculs ion t h a t  t h e r e  a r e  o r i -  

en t a t ions  centered  about t h e  four  components (001) < TOO >, {Oll} K TOO >, 
near - (011) < 211 >, and near - {113} < 371 :. 
c h a r t s  shows t h a t  t h e r e  i s  a continuous spread of o r i e n t a t i o n s  between t h e  

{OOl} < TOO : and near  - (113) < 2il > components. 

An examination of t h e  axis 

UNCLASSIFIED 
ORNL-LR-DWG 36703R 

0 10 20 30 40 50 60 70 80 90 
+ ( d e g )  

* 
Fig. 1.3. Normalized Pole Charts for 14001 Reflections. Solid l ines derived from data used 

Dotted l ines calculated from in  constructing Fig. 1.2. 
ax is  charts of Fig. 1.2. 

Dashed l ines calculated from Fig. 1.1. 
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4 
One o r i e n t a t i o n  of  each of t h e s e  four  components i s  shown on t h e  pole  

f i g u r e s  of F i g .  1.1. 

used by Hu, Sperry, and Beck'' t o  descr ibe  t h e  pole  f i g u r e s  f o r  co ld - ro l l ed  

aluminum and used by Smallman12 t o  descr ibe  roughly t h e  t ex tu re  of cold-  

r o l l e d  thorium (99.5% pure)  i s  also ind ica ted .  These two pole  f i g u r e s  

could be descr ibed by e i t h e r  t h e  four  components deduced from t h e  axis 

c h a r t s  o r  t h e  near - {7,12,22} < 845 > comgonent p l u s  (001) < TOO >. 
ever ,  t h e  spread of t h e  h igh - in t ens i ty  regions of t h e  pole  f i g u r e s  i s  b e t t e r  

descr ibed by t h e  four  components. 

The o r i e n t a t i o n  near - {7,12,22} < b45 >which w a s  

How- 

Consideration w a s  given t o  t h e  p o s s i b i l i t y  t h a t  t h e  pole  c h a r t s  could 

give r i s e  t o  axis c h a r t s  containing only  near - {7,12,22} < 8<5 : and 

< TOO >. 
t h e  o r i e n t a t i o n  (135) i s  shown t o  be 1.27 i n  F i g .  1.2b. 

(135) planes were recorded, and s ince t h e  axis dens i ty  a t  @ = 0" i s  equal  

t o  t h e  normalized x-ray d i f f r a c t i o n  i n t e n s i t y  a t  @ = O", t h i s  value of  1 .27 

conta ins  no assumgtions as  t o  t h e  type of axis d i s t r i b u t i o n .  Since t h e  o r i -  

e n t a t i o n  {135} i s  c l o s e r  t o  {7,12,22} than  e i t h e r  {ll3} or {Oll}, it i s  ap- 

parent  t h a t  t h e  high values  of axis dens i ty  observed a t  these  l a t t e r  pos i -  

t i o n s  (2.60 and 3.07, r e spec t ive ly )  cannot be due t o  spread from an or ien-  

t a t i o n  peaked near  {7,12,22}. 

{OOl} 
The observed value of t h e  a x i s  dens i ty  €or t h e  normal d i r e c t i o n  a t  

Since d a t a  €or t h e  

To f u r t h e r  check t h i s  p o i n t ,  t h e  a x i s  dens i ty  value a t  (135) w a s  i g -  

nored and an axis d i s t r i b u t i o n  was assumed which had a m a x i m u m  a t  (7,12,22} 

and Pel1 t o  t h e  observed values  shown i n  F i g .  1 .2b f o r  t h e  p o i n t s  {Oll}, 

{113}, (1121, and {133}. Pole c h a r t s  ca l cu la t ed  from such an axis d i s t r i -  

bu t ion  d id  not  showreasonable agreement with t h e  observed pole  c h a r t s .  

It i s  concluded t h a t  t h e  four  coinponents deduced from t h e  axis d i s -  

t r i b u t i o n  c h a r t s  were a c t u a l l y  present  i n  t h e  specimen of co ld- ro l led  

thorium sheet  s tud ied .  While t h e s e  four  components are cons i s t en t  with 

t h e  pole  f i g u r e s ,  t h r e e  of them would not  have been deduced without t h e  

axis c h a r t s .  It should be pointed out  t h a t  t h e  near - {7,12,22} < 845 > 
component i s  an approximate average o r i e n t a t i o n  between t h e  near  - {113} 

"H. Hu, P. R. Sperry,  and P. A. Beck, Trans.  Am. I n s t .  Mining, Met. 

1 2 R .  E .  Smallinan, J.  I n s t .  Metals - 83, 408 (1955). 

P e t r o l .  Engrs. - 194, 76 (1952).  - 
- 
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< 211 3 and near  - (011) < 2x1 > o r i e n t a t i o n s .  

{7,12,22) < &% >-type t e x t u r e s  repor ted  f o r  many face-centered cubic 

metals may not  e x i s t  i n  some cases .  

of s eve ra l  components can be explained i n  terms of t h e  t e x t u r e  i n  t h e  

extruded ba r  €rom which t h e  sheet  w a s  co ld  r o l l e d .  

It i s  not  im2lied t h a t  

I n  t h e  present  case ,  t h e  presence 

Using t h e  p l o t s  of I s i n  0 v s  0 which were obtained i n  normalizing 

the  observed i n t e n s i t i e s ,  t he  amount of each t e x t u r e  coni2onent >;as c a l -  

cu la t ed  by t h e  method previous ly  descr ibed.13 The r e l a t i v e  amount of 

material vhich contained e i t h e r  t h e  < TOO > o r  t h e  < 2x1 > d i r e c t i o n s  

p a r a l l e l  t o  t h e  r o l l i n g  d i r e c t i o n  w a s  determined from t h e  c h a r t s  f o r  t h e  

r o l l i n g  d i r ec t ion ;  t h e  amount assoc ia ted  wi th  {Oll), {113), and (011) w a s  

determined from t h e  normal-direct ion da ta .  The f i g u r e s  obtained were 1% 

(001) < 700 >, 13% (011) < TOO >, 2% near  - {Oll} < 2x1 >, and 50$ near  

- (113) < 211 >. 
with in  15" o f  t h e  " idea l"  t ex tu res .  

l i m i t s .  

These f i g u r e s  represent  t h e  amount of  m a t e r i a l  o r i en ted  

The remaining 75 l i e s  outs ide  these  

Conclusion. - An example has  been c i t e d  whereby €our t e x t u r e  corfl7onents 

were deduced from axis d i s t r i b u t i o n  c h a r t s  f o r  t h e  normal, r o l l i n g ,  and 

t r ansve r se  d i r e c t i o n s  of co ld - ro l l ed  thorium shee t .  

slhovn t o  be c o n s i s t e n t  v i t l i  t h e  convent ional  pole  f i g u r e s  f o r  t h e  (222) and 

(400) planes  except t h a t  one com2onent deduced f r o n  t h e  pole  i ' igure rms an 

average of two of  t hese  and vas not  cons i s t en t  w i t h  the observed pole c h a r t s  

I n  add i t ion ,  it w a s  shown t h a t  t h e  syrmetry and degree of spread about t h e  

" idea l"  t e x t u r e s ,  as t ie l l  as t h e  r e l a t i v e  a iount  of  each component, could 

be r e a d i l y  deduced from t h e  a x i s  c h a r t s .  

These comi2onents were 

Twinning and Cleavage i n  Niobium 

C .  J.  McHargue 

Determinations of t h e  mechanical p r o p e r t i e s  of  tantalum, niobium, and 

vanadium have shown these  metals t o  r e t a i n  a high degree of d u c t i l i t y  a t  

t enpe ra tu res  as l o v  as t h a t  of l i q u i d  n i t rogen ,  and it has been suggested 

t h a t  t h i s  group of body-centered cubic metals do not  deform by mechanical 

13L.  K .  J e t t e r ,  C .  J. McHargue, and R.  0 .  Williams, J. Appl. Phys. 
27, 368 (1956). - - 
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f  winning.'^ Since t h i s  i s  an unexpected behaTJior f o r  a body-centered cubic 

metal ,  B a r r e t t  and Bakish15 deformed tantalum (99.9$ pure)  under condi t ions  

Iavorable  t o  twinning r a t h e r  than  s l i p ,  f o r  example, impact loading on l a r g e -  

* Grained specimens a t  low temperature.  ImTact deformation a t  -196°C produced 

both s l i p  l i n e s  and twin bands, bu t  t e s t s  a t  -77 and a t  25°C produced only 

slip markings. 

pure vanadium deformed by impact a t  temperatures of -77°C and lower. 

ever ,  i n  t h i s  case,  t h e  twins were present  only wi th in  one o r  two g ra ins  

of a cleaved sur face .  

Clough and Pavlovic16 found twin markings i n  commercially 

How- 

Because of t he  p o t e n t i a l  imJortance of niobium, it appeared des i r ab le  

t o  dePine t h e  condi t ions  under wlnich mechanical twins and cleavage might 

occur.  

Single  c r y s t a l s  were c u t  from an ingot  of electron-beam-melted n iobian  

whose ana lys i s  vas repor ted  t o  be ( i n  Fpm) B, < 1; C ,  10; Fe, < 100; N ,  60; 

0, 32; S i ,  < 100; T a ,  1000; and T i ,  < 150. 

0.50 x 0.25 x 0.25 i n .  t o  0.75 x 0.50 x 0.50 i n .  

any g ra in - s i ze  e f f e c t s ,  t e s t s  were a l s o  conducted on shee t  r o l l e d  from a 

sec t ion  of t he  ingot  &qd r e c r y s t a l l i z e d  a t  1600°C. 

by hammer b l o i ~ s  on an a n v i l  o r  by slow compression on a hydraul ic  p r e s s .  

I n  each case ,  t h e  specimen and a n v i l s  were imiersed i n  t h e  coolant  ( l i q u i d  

n i t rogen  o r  d ry  i c e  and acetone mixture) .  

These c r y s t a l s  va r i ed  from 

I n  order  t o  determine 

Deformation was appl ied  

At -196"C, defor imtion twins were produced by both impact loading and 

slow compression. 

of  genera l  experience wi th  body-centered cubic metals .  Tdo-surface ana lys i s  

OP ex11 c r y s t a l  showed t h e  twin plane t o  be of t h e  (112) family and t h e  twin 

d i r e c t i o n s  t o  be of t h e  < lli > farnily, t h e  usua l  plane and d i r e c t i o n  €or 

The slow-compression r e s u l t  i s  r a t h e r  su rp r i s ing  i n  view 

t h i s  c l a s s  of metals .  

No twins were found i n  specimens deformed a t  -77 and 25°C. It i s  

poss ib l e  t h a t  much higher  r a t e s  of loading  might cause t h i s  mode of de- 

formation t o  become ope ra t ive .  

1 4 C .  S.  B a r r e t t ,  Trans.  Ani. SOC. Metals - 49, 53 (1957) .  - 
1 5 C .  S. B a r r e t t  and R.  Bakish, Trans.  Met. S O C .  AIME - 212, 122 (1958). 

16W. R.  Clough and A. S .  Pavlovic,  Flow Frac tu re  and Twinning of Com- 
merc ia l ly  Pure Vanadium, Am. SOC. Metals P rep r in t  125 (1959) .  
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Two specimens of coarse-grained sheet  were t e s t e d  a t  -196°C. The 

average g ra in  diameter w a s  about 3 mm. Deformation twins were found i n  

about one- th i rd  of t h e  g ra ins  and t h e i r  t r a c e s  were i d e n t i f i e d  as  (112) 
planes .  

band formation. 

Deformation i n  the  remaining g ra ins  was by s l i p  and deformation- 

The profusion of twinning i s  shown i n  F i g .  1 .4  which shows photomac- 

rographs of t h e  c r y s t a l  deformed i n  slow depression a t  -196°C. Compres- 

s ion  was normal t o  f ace  4 .  
Many of t he  twin bands resembled the  Neumann bands of i ron ,  having 

a t h i n  l e n s  shape and s e r r a t e d  edges. However, many of  them contained a 

l a r g e  amount of unusual s t r u c t u r e ,  and o the r s  had a laminated appearance. 

The e l e c t r o n  micrographs of  F ig .  1 .5  show some of t hese  f e a t u r e s .  Both 

f igu res  ind ica t e  an extremely inhomogeneous s t a t e  of deformation. Figure 

1.5a shows very t h i n  s t r i p s  of untwinned c r y s t a l  between twins as wel l  as 

some d e t a i l s  of t h e  s e r r a t i o n s .  Figure 1.5b i l l u s t r a t e s  i n  more d e t a i l  

t he  markings wi th in  t h e  twin; t hese  markings seem t o  be a s soc ia t ed  wi th  

the  formation of t h e  s e r r a t i o n s .  

It w a s  noted t h a t  much of t he  s t r u c t u r e  wi th in  the  twin bands w a s  

o r i e n t a t i o n  dependent. A d e t a i l e d  ana lys i s  of a c r y s t a l  deformed slowly 

i n  compression y ie lded  t h e  fol lowing t e n t a t i v e  p i c t u r e .  Figure 1.6a and 

1.6b conta ins  t h e  s terographic  p ro jec t ions  of t h e  two c r y s t a l  f aces  sketched 

i n  F ig .  1 . 6 ~  and conta in  t h e  t r a c e s  of deformation markings. E lec t ron  micro- 

graphs of r ep resen ta t ive  a reas  of t hese  f aces  a r e  shown i n  F ig .  1 .7 .  

The approximately ho r i zon ta l  twin on face  1 (F ig .  1.7a) i s  on t h e  

(1i2) plane and probably formed i n  the  l a t e  s tages  of deformation. 

F ig .  1 .6a  it can be seen t h a t  t he  [lil] d i r e c t i o n  which i s  both t h e  shear 

d i r e c t i o n  f o r  twinning on (112) and f o r  s l i p  on (iO1) and (017) l i e s  only 

7" from t h e  plane of  t h e  p ro jec t ion .  

and (OFT) s l i p  p lanes  l i e  only 5.5 t o  6" from t h e  t r a c e  of (112) on t h i s  

sur face .  Thus, n e i t h e r  s l i p  nor twinning w i l l  have a l a r g e  shear compo- 

nent out of f ace  1, and t h e  deformation marking should be r e l a t i v e l y  f a i n t .  

Tne diagonal  markings shown i n  F ig .  1.7a have been i n t e r p r e t e d  as t r a c e s  

of (101) and (Oii) s l i p  planes wi th in  the  (112) twin,  whose width can be 

seen from the  ex ten t  of t he  s l i p  markings as wel l  as from t h e  displacement 

of t h e  sc ra t ch  running from lower l e f t  t o  upper r i g h t .  

From 

Moreover, t h e  t r a c e s  of t h e  (TOl) 

The view of t hese  

* i  

! 
r 
! 
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UNCLASSIFIED 

Fig.  1.4. Photomacrographs Showing Deformation Markings in Niobium Single Crystal De- 
formed by Slow Compression a t  -196°C. 
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Fig. 1.5. Electron Micrographs of Mechanical Twins in Niobium Single Crystals. Specimen 
unetched after deformation; preshadowed indirect carbon replica. ( u )  17,00OX, ( b )  9700X. 
Reduced 55%. 

markings on face  6 i s  shown i n  F ig .  1.7b. 

and t h e  s l i p  l i n e s  form t h e  notches wi th in  them. 

s l i p  i s  seen i n  t h e  ad jacent  matr ix .  

plane o f  t h e  twin co inc ides  wi th  a (Oli) s l i p  plane o€ t h e  mat r ix .  

markings are i d e n t i f i e d  on the  sketch o€ Fig .  1 . 6 ~ .  

The diagonal  bands are t h e  tsrins, 

A sniall amount of  (Oii) 
For t h i s  o r i e n t a t i o n ,  t h e  (TOl) slip 

These 

Fur ther  evidence of t he  inhomogeneous na ture  of  twin deforination i s  

i l l u s t r a t e d  by F ig .  1.8 and it i s  seen here  t h a t  markings OP some s o r t  

a r e  present  i n  t h e  rnatrix t o  the l e f t  of t h e  twin.  These markings appear 

t o  be assoc ia ted  wi th  a reas  o€ t h e  twin which l a t e r  form s e r r a t i o n s .  The 

exact  n s tu re  of  t hese  markings i s  not  ye t  known, bu t  that t hey  r ep resen t  

a shear of t h e  c r y s t a l  f ace  i s  shown by t h e  displacement of t h e  sc ra t ch .  

It i s  f e l t  t h a t  t hey  a re  connected wi th  t h e  nuc lea t ions  of p a r a l l e l  twin 

bands o r  wi th  t h e  growth of t h e  e x i s t i n g  twin.  

Many photographs ind ica t ed  t h a t  r e l i e f  of  s t r e s s e s  a t  t h e  t i p s  of  

twins i n  niobium t akes  p lace  by s l i p  r a t h e r  than  by kinking or crack  €or- 

mation, as i n  many substances.  A t y p i c a l  case  i s  shown i n  F i g .  1 . 9  where 

t h e r e  i s  profuse s l i p  between t h e  t i p s  o f  ad jacent  twins .  

Although much o f  t h e  deformation a t  -196°C occurred by twinning, it 
vas poss ib l e  t o  f i n d  many areas which contained s l i p  l i n e s  not  assoc ia ted  

14 
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Fig. 1.7. Electron Micrographs of Areas of (a)  Face 1, and ( b )  Face 6. Preshadowed indirect carbon 
repi ica. 9700X. Reduced 55.5%. 

with  twins.  In miiy of t hese  reg ions  t h e  s l i p  l i n e s  appear as s h o r t  seg- 

ments a l t e r n a t i n g  on p a r a l l e l  p lanes ,  t h e s e  segments be ing  joined by c r o s s  
s l i g .  A typk.a1 5-a is - r - . J & - ?  - I _  * 

Cleavage i n  body-centered cubic metals i s  found u s u a l l y  t o  be on only 

{loo} planes ,  and it has  been suggested t h a t  t h e  unusual low-te,nperature 

d u c t i l i t y  of tantalum might be a s soc ia t ed  wi th  t h e  f a c t  t h a t  t h e  primary 

cleavage of t h i s  metal i s  on (110) p lanes .17  

f ami l i e s  of p lanes  has  been repor ted  €or  vanadium.18 

Cleavage f r a c t u r e  on both 

The r e s u l t s  of experiments on a l i m i t e d  number af niobium c r y s t a l s  

i n  t h i s  s tudy show only  (100) cleavage t o  occur a t  -196°C. It i s  poss ib l e  

t h a t  c r y s t a l s  o r i en ted  in o the r  p o s i t i o n s  r e l a t i v e  t o  t h e  s t r e s s  axis might 

c leave on (110) planes .  

normal stress would be approximately equal  on (001) and (011) .  

r e f l e c t i o n  Laue photograph of t h e  cleaved sur face  shoved only { OOl} f a c e t s .  

It must be concluded t h a t  even i n  a groun of metals as s i rni lar  as tantalum, 

niobium, and vanadium t h e  cleavage h a b i t  varies f o r  reasons as y e t  unknown. 

However, one specimen was machined such t h a t  t h e  

A back- 

1 7 C .  S .  Barrett  and R .  Bakish, Trans.  Met. Soc. AIME - 212, 122 (1958). 

“W. R. Clough and A.  S .  Pavlovic,  Flow Frac tu re  and Twinning of Com- 
- 

merc ia l ly  Pure Vanadium, Am. SOC. Metals P r e p r i n t  125, (1959) .  



Fig.  1.8. Electron Micrograph of Mechanical Twin in Niobium Single Crystal. Preshadowed 
indirect carbon replica. 9700X. Reduced 17%. 

St ruc tu re  of Metals a t  Low Temperat-ures 

C . J. McHargue H. L .  Yakel, Jr. 

I n  order  to l e a r n  more o€ t h e  €ac to r s  in f luenc ing  a l l o t r o p i c  t r a n s -  

forniatioiis, a s tudy ims s t a r t e d  t o  determine t h e  s t r u c t u r e  of  elements a t  

1ov t expe ra tu res  v i t h  the use o€ t h e  l i q u i d  helium x- ray  d i f f r ac tomete r .  

No t ransformations irere observed i n  t i t an ium,  hafnium, zirconium, thorium, 

o r  mercury. A speciiiien 01 Gallium, hosrever, gave ind ica t ions  of  a t r a n s -  

formation. 
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Fig .  1.9. Electron Micrograph Showing Sl ip  Between T i p s  of T w i n s .  P reshadowed  indi rec t  
carbon rep l ica .  22,700X. Reduced  17%. 

The ga1liu.n s tudied  vas obtained from McKay, and t h e i r  a n a l y s i s  s t a t e d  

it t o  be 9'9.9 pure.  

tometer.  

Mter t h e  sur€ace had beer, scra tched  a €ew t imes a t  L,.2"K wi th  t h e  tool 

b u i l t  i n t o  t h e  c r y o s t a t ,  e i g h t  a d d i t i o n a l  d i f f r a c t i o n  l i n e s  appeared i n  

t h e  x-ray p a t t e r n .  E f r o r t s  t o  determine the c r y s t a l  s t r u c t u r e  from these 

A specimen vas c a s t  i n  p lace  i n  t h e  x-ray d i f f r a c -  

The s t r u c t u r e  vas orthorhombic a t  room temperature,  77 and 4.2"K. 



so far lime not been successful. 

extra l i n e s  are: 
The Brag5 angle and intensities of the 
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The e,,zra l i n e s  disa213eared a t  a te,ilperature below 200°K when t he  

s2eci;nen s ~ a s  heated,  and only tlie d i f f r a c t i o n  lines corresponding t o  the 

orthorhombic s t r u c t u r e  remained. 

The a92eerance o€ tlie spccir;lt3n i n d i c a t e s  that it. had undergone 3 

t ransformation and tliat t h e  s t r e s s e s  involved 'nxd been l a r g e .  

o€ t h e  zpparent i n a b i l i t y  oi' the specimen to p l a s t i c a l l y  de€orin, exten-  

s ive  cracking occurred, as i s  shown i n  Fig. 1.11. 

Because 

UNCLASSIFIED 
Y 28697 

1 I I I 
i 

Fig. 1.11. X-Ray Specimen of Gall ium After Being Deformed at 4.2'K. 

20 

. 



THEORY OF ALLOYING 

Low-Temperature Specific Heats of Group I V A  Elements 
and Their Alloys 

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

The relative freedom of electrons in metals to move throughout the 

entire lattice is responsible for many of the distinguishing features of 

the pure metals and controls their alloying behavior. According to band 

theory, the electrons in metals are pictured as occupying a series of 

closely spaced energy levels such that the energy of the highest occu- 

pied level, the Fermi energy, is several electron volts above the lowest 

occupied level. Not all energies are allowed, due to the periodic potential 

field of the nuclei. Hence, in a real metal, the permissible electronic 

energies may be considered to be bands of closely spaced energy levels 

which may overlap or may have a range of forbidden energies between the 

bands. 

into adjacent unoccupied energy levels and hence contribute to the specific 

heat. This electronic part of the specific heat then is proportional to 

the density of electronic states at the Fermi surface, and if the electronic 

wave functions are chosen to be combinations of one-electron functions, then 

the electronic specific heat is1’ 

Only the electrons at the top of the band can be thermally excited 

k2 N (Ema) T. - 712 
Cve - 3 

At liquid-helium temperatures, the approximately equal magnitudes and dif- 

ferent temperature dependence of the electronic and lattice contributions 

to the specific heats of metals make possible the separation of the two 

components. At sufficiently low temperatures, where the lattice heat capac- 

ity can be accurately represented by the Debye approximation, the total heat 

capacity is1’ 

l9A. H. Wilson, Theory of Metals, p 141-44, 2d ed., Cambridge University 
Press, Cambridge, 1953. 
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where the linear and T3 terms are the electronic and lattice contributions, 

respectively, and the coefficient of the linear term is proportional to the 

density of electronic states at the Fermi surface. 

Bands arising from both d and s atomic electrons are expected to con- 

tribute to the electronic specific heats of the group I V A  elements, titanium, 

zirconium, and hafnium. As in the other transition metals with unfilled d 

shells, the d band should exist over a narrow energy range and have a high 

density of states compared to the s band, leading to a high density of states 

and thus a high electronic specific heat in the pure metals. 

band model is assumed to be valid for alloying, then the addition of other 

elements to the group I V A  solvent allows the filling of the band to be 

changed in proportion to the difference in valency of the two metals; thus, 

it should be possible to investigate the pure metal band shape in the vicin- 

ity of Fermi surface by measuring the electronic specific heat. 

If the rigid- 

Recently it has been proposed that titanium20#21 and zirconium21 

are divalent in the metallic state with respect to the effects of substi- 

tutional solutes on the allotropic transformation temperature. 

ty of electronic states as derived for the experimental low-temperature 

heat capacities of zirconium-indium and zirconium-tin alloys is in rea- 

sonable agreement with this hypothesis. 

The densi- 

The low-temperature calorimeter and the appropriate experimental 

Earlier inves- techniques have been described in an earlier report. 22 

tigations have reported rather widely scattered results for the low- 

temperature specific heats of titanium and zirconium,23# 24 due either to 

impurities in the metals or to inadequate experimental techniques. The 

2oJ. M. Denney, Electron Effects in Solid Solution Alloys of Titanium, 
Sixth Technical Report, ONR-N6onr-24430, Project NR 031-355, Calif. Inst. 
of Tech., Pasadena, Calif. (1955). 

Met. Semiann. Prog. Rep. Apr. 10, 1954, ORNL-172'7, p 108 (cla2sified). 
21J. 0. Betterton, Jr., and J. H. Frye, Jr., Acta Met. 6, 205 (1958); 

22G. D. Kneip, Jr. and J. 0. Betterton, Jr., Met. Ann. Prog. Rep. 

231. Estermann, S. H. Friedberg, and J. E. Goldman, Phys. Rev. - - 8?, 582 

24N. M. Wolcott, Conference de Physique des Basses Temperatures, 

Oct. 10, 1958, ORNL-2632, p 11. 

(1952). 

Paris 1955, p 286, Centre National de la Recherche Scientifique, and 
UNESCO, Paris, 1956. 
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4 

II 

specific heat of copper has been measured in order to show that the experi- 

mental techniques used yield results that are in good agreement with those 

of 

cently reported values. 

99.999% copper (American Smelting and Refining Company) by vacuum melting 

These results are listed in Table 1.1 along with other re- 

Both calorimeter specimens were prepared from 

25W. S. Corak et al., Phys. Rev. 98, 1699 (1955). - 
Table 1,l. Lnw-Temperature Specific Heat of Copper 

Y 
-1 

Ref e renc e (millijoules mole 0 deg-2) OD ( O K )  

This work 

This work 

Corak" 

b 
Rape 

Phill ips 

Griffel 

Estermanne 

d 

0.692 5 0,003 

0,693 2 0.004 

0.688 5 0.002 

0.686 ? 0.005 

0.69 

0 , 691. 

0.75 

341.9 +- 0.6 

34308 t 0.5 

345.1 2 0.9 

342 

347 * 2 
315 

-~ 

"w. S. Corak et al., Phys. Rev. - 98, 1699 (1955). 

bJ. A. Rape, Australian J. Phys. - 9, 189 (1956). 
L 

- 
C N. E. Phillips, p 414 in Proceedings of the Fifth International 

Conference on Low Temperature Physics and Chemistry, ed. by J. R. Dillinger, 
University of Wisconsin Press, Madison, 1958. 

%. Griffel ,  R. W. Vest, and J. F. Smith, J. Chem. Phys. 27, 1267 - - 
(1957). 

e I. Estermann, S. H. Friedberg, and J. E. Goldman, Phys. Rev. 87 -, - 582 (1952). 
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mm Hg) in a graphite crucible, machining to size, vacuum annealing 

for 1 hr at 1000°C, and finally, slowly cooling to room temperature. 

Specimens suitable for the calorimeter were prepared from iodide 

process titanium, zirconium, and hafnium with appropriate heat treatments. 

The source of the materials as well as their heat treatments are shown 

in Table 1.2. 

Betterton and Easton26 for the study of the zirconium-silver phase di- 

agram and include suitable precautions to avoid contamination of these 

reactive metals. 

pared from different lots of zirconium and a third (Zr 0 In) was fabri- 

cated in the same manner as the zirconium-indium and zirconium-tin alloys 

to investigate the sensitivity of the measurements to minor impurities. 

The fourth zirconium specimen, Zr a ' ,  was water quenched from the high- 
temperature BCC structure in order to show the effect of severe lattice 

distortions on the specific heats. Table 1.3 lists the significant 

impurity concentrations in the specimens. 

The annealing procedures were similar to those used by 

TWO zirconium specimens (Zr a1 and Zr a2)  were pre- 

The zirconium for the zirconium-indium alloys came from the same 

crystal bar (iodide zirconium) as the pure specimen, Zr al, while that for 
the zirconium-tin alloys was taken from the same material as specimen Zr 

a2. The indium and tin were both of 99.99% purity and were supplied by 

American Smelting and Refining Company and Alpha Metals, Inc., respect- 

ively. Uniform solute composition in the al loys was a t ta ined  by repetitive 

arc melting on alternate sides of the ingot, then shearing to small pieces 

and remelting. Each ingot was cut up at least twice and melted a minimum 

of 12 times. The more dilute indium and tin alloys were annealed at 

1100°C for a minimum of five days to remove minor concentration gradients, 

annealed in the (2 solid-solution region for a minimum of 25 days, and 

then quenched in water to retain the a solid-solution structure. The 

more concentrated alloys were annealed in the f3 solid-solution region for 

periods between ten days at 1100°C and one day at 1200°C and then quenched 

in water. This heat treatment yields a distorted hexagonal structure with 

the solute atoms randomly distributed, designated a ' ,  which is similar to 

1 

26J. 0. Betterton, Jr., and D. S. Easton, Trans. Met. Soc. AIME -J 212 - 470 (1958). 

24 



c 

Table 1.2. Heat Treatment of Calorimeter Specimens 

Titanium Zirconium Zirconium Zirconium Zirconium Hafnium 

Specimen 
designation * 

Z r  0 In Ti Zr c x l  

1436-C 

-6 
10 mm Hg 
at 1100°C 

NO 

No 

800 

1 hr 

Slow 

Z r  a2 Hf 

Vendor New Jersey 
Zinc Company 

West inghouse Atomic 
Power Division 

Batt e Ile Memori a1 
Institute 

Vendors No. IT-160 1436-C 1436-C 

Hydrogen 
removal 
treatment 

-6 
10 mm Hg 
at 1100°C 

Arc melting 

Homogenization 
anneal 

NO No 9 times Cast by WAPD 2 times 

No iioo0c, 7 days No No No 

Final anneal 

Temp., "C 

Time 

800 

1 hr 

Slow 

1100 845 

1 hr 25 days 

Water quench Slow 

800 800 

2 hr 1 h r  

Slow Slow Cooling rate 

-~ ~ 

* 
Control f o r  the indium system. 

N 
tn 



Table 1.3. Impurity Content of Specific Heat Specimens 

Metallic impurities determined by neutron-activation analysis, gases 
determined by vacuum-fusion analysis. A l l  specimens were 99.9% 

pure; impurities are given in parts per million. 

& 

Specimen Designation 

Impurity Ti Zr 09 Zr 0 In* Zr a2 Hf 

Ti 

Z r  

Hf 

Si 

Cr 

Fe 

Ni 

cu 

MO 

W 
H 

N 

0 

C 

183 

NA 

3 

NA 

200 

<4 
2 

4 
2 

<1 

7 
100 

190 

63 

NA** 

130 

2 

2 

23 

11 

0.8 

4 
0.4 

<1 

3 

26 

56 

63 

NA 

NA 

NA 

NA 
NA 

NA 
14 

NA 
8 

NA 

NA 
NA 

30 

Vickers hardness 

68 

NA 

NA 

MA 

NA 

NA 

NA 

3 

NA 

8 

<1 

<5 

10 

80 

7 5  

NA 

3 

NA 

MA 
200 

7 
3 

43 
1 

<1 

<5 
18 

130 

120 

* 
** Control for indium system. 
Not analyzed . 

the equilibrium a solid-solution. 
out in evacuated or argon-filled silica capsules by using procedures 

which introduce a minimum of impurities into the alloy.26 

of each alloy was determined by chemical analysis.27 

were analyzed at three different parts of the ingot, the variation in an- 

alytical values indicating a maximum inhomogeneity of * 0.20 at. ’$. 

All annealing treatments were carried 

The composition 

Most of the specimens 

27Johnson, Matthey and Company, Ltd., London, Eng. 
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In order to facilitate the separation of the electronic and vibrational 

specific heats, Eq. (2) is written in the form: 

C 
- = Y + p T2, T 

( 3 )  

and the constants y and p are determined by a least-squares analysis of the 
data. A typical set of data is shown in Fig. 1.12 plotted as C/T vs T2. 

Except in the case of the 7.5 and 9% tin alloys, where a superconducting 

transition was observed at approximately 1 . 2 ' K ,  the data fit Eq. (2) with 

a scatter of a few tenths of a per cent, indicating that at temperatures 

below 4.5"K the Debye T3 relation is valid for the group I V A  elements. 

The coefficients of the electronic specific heats and the Debye temperatures 

of the group I V A  elements, the zirconium-indium alloys, and the zirconium- 

tin alloys are listed in Tables 1.4, 1.5, and 1.6, respectively. The 

probable errors shown were estimated from the least-squares analysis of 

the data at a 99% confidence level. 

The electronic specific heats of the three group I V A  metals decrease 

with increasing atomic number, as might be expected from the progressively 

larger degree of electronic interaction in the sequence, titanium, zirconium, 

and hafnium. The Debye temperatures also decrease with increasing atomic 

number through the sequence, as expected from the increasing atomic masses. 

The Debye temperature is expected to vary as the square root of an average 

interatomic force constant and inversely as the square root of the atomic 
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Fig.  1.12. Specific Heat of Zirconium (a-1) from 1.1 to 4.5"K. 

27 



Table 1.4. Low-Temperature Specific Heats of the Group IVA, Metals 
n 

Y 
-1 

(millijoules mole - deg-2) eD (OK) Reference 

Titanium 

Zirconium 

Zr a1 

Zr a2 

Hafnium 

3.329 k 0.014 

3.35 

3-56 

2.798 k 0.012 

2.806 +_ 0.014 

2.827 +_ 0.014 

2.804 k 0.012 

2.90 

3.03 

2.169 k 0.013 

2.64 

420.3 k 6.3 This work 

280 Est e rmann b 

430 Wolc ot t 

291.1 k ~2 

290.4 k 1.5  

292.6 k 1.5  

291.3 k 1.2  

265 

310 

251.3 k 0.8 

261 

This work 

This work 

This work 

This work 

E s t  e rmann b 

WolcottC 

This work 
c 

Wolcott 

a 

b 
Control for indium system. 

I. Estermann, S. H. Friedberg, and J. E. Goldman, Phys. Rev. 87 -> - 582 (1952). 
c N. M. Wolcott, Conf&ence de Physique des Basses Tempgratures, 

Paris, Sept. 2-8, 1955, p 286, Centre National de la Recherche Scientifigue, 
and UNESCO, Paris, 1956. 

mass, on the basis of a central-force model of lattice vibrations. The 

Debye temperatures of titanium and zirconium are very nearly inversely 

proportional to the ratio of the atomic masses to the one-half power, so 

that the force constants must be approximately equal for these two metals. 

The Debye temperature of hafnium, however, is considerably higher than its 

atomic weight would indicate, and, thus, the force constant for hafnium 
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Table 1.5. Low-Temperature Spec i f ic  Heats of Zirconium-Indium Alloys 

Indium Content Y 
( a t *  % >  St ruc tu re  ( m i l l i j o u l e s  mole -1 deg-2) 'D ( O K )  

1.79 a 

3.65 a 

5-33 a 

8.19 a 

8.19 a' 

9.40 a' 

11.26 a' 

2.858 f 0.012 

2.956 f 0.015 

3.090 rt: 0.015 

289.3 f 1.1 

287.7 f 1.5 

286.8 f 1 . 5  

3.243 f 0.014 284.5 f 1 .2  

3.223 k 0.024 284.1 f 2.2 

3.271 0.015 283.4 f 1.4 

3.319 +_ 0.017 282.6 f 1.6 

Table 1.6. Low -Temperature Spec i f ic  Heats of Zirconium+I!in Alloys 

1.60 a 

3.09 a 

4.58 a 

6.11 a' 

7.60 a' 

9.06 a' 

~ ~~~ 

2.952 0.019 290.6 f 1.9 

3.043 k 0.015 287.5 f 1.3 

282.6 k 1.4 3.152 f 0.015 

3.242 f 0.023 278.2 f 1.9 

3.329 +_ 0.018 277.5 f 1.5 

275.3 f 2.7 3.376 f 0.035 
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must be approximately 50% larger than those of the other two group IVA metals. 

Table 1.4 a l s o  shows that there is no significant di€ference in either the 

electronic specific heats or the Debye temperatures for the different zirco- 

nium samples, indicating that small variations in the amounts of impurities 

do not affect these measurements and that, from the standpoint of the elec- 

tronic and vibrational specific heats, the metastable a'  and the equilibrium 
a structures are equivalent. 

For alloys, Friede128 has shown that in the first-order approximation 

where the perturbing potential is localized around the impurity, the elec- 

tronic energy band is shifted without change in shape. 

low concentrations of solute the Fermi level is unchanged, since the potential 

field of the impurity is screened at small distances by a local heaping up 

of charge from the conduction band. 

changed, and if the conduction band is assumed to be parabolic, the change 

in the density of states upon alloying is the sane as that computed from 

the rigid band model. 

the change in electron-to-atom ratio. 

3 for indium and 4 for tin and zirconium are chosen, then either of the 
theories predicts that the addition of tin to zirconium would leave the elec- 

tron concentration and the density of states unchanged, and thus the elec- 

tronic coefficient of the specific heat would not be altered by the addi- 

tion of tin to zirconium. Furthermore, the addition of indium to zirconium 

would decrease the electron concentration and hence the electronic specific 

heat. 

not behave in this manner at all. It has been suggested that zirconium is 

divalent in the metallic state, from the study of various alloying elements 

on the allotropic transformation of zirconium. 

specific heats are in much better agreement with this hypothesis, the effect 

of tin being nearly twice that of indium. 

densities of states coincide for a given electron-to-atom ratio, it is 

necessary to choose a valency of 1.5 for zirconium, and the experi- 

mental densities of states are plotted on this basis in Fig. 1.14. 

Furthermore, for 

The density of states, however, is 

Where that is assumed, the Fermi level shifts with 

If the usual chemical valences of 

Figure 1.13 shows that the observed electronic specific heats do 

The observed electronic 

In order to make the observed 

The 

c 

c 

1 

Y 

b 

"J. Friedel, Advances in Physics, vol 3, p 465 ,  Taylor snd Francis, 

29J. 0. Betterton, Jr., and J. H. Frye, Jr., Acta Met. - - 6, 205 (1956). 
London, 1954. 
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solid line in the figure has been computed on the basis of a parabolic 

conduction band with a value of 2.50 for the effective mass. The band 

structure of zirconium then could be imagined to consist of a narrow bound 

d-band containing 2 to 2.5 electrons/atom and a conduction band consisting 

of a broad s band overlapping a partially filled d band. 

structure has been proposed for titanium by Denney. 3 0  

A similar band 

The Debye temperatures of the same series of alloys are shown in 

Fig. 1.15 plotted in the same manner. Unfortunately, the scatter is much 

larger than for the density of states, but the experimental values show 

a definite correlation with the electron concentration indicating the 

importance of the electronic energies in determining the elastic properties 

snd hence the vibrational specific heat of the zirconium alloys. 

'OJ. M. Denney, Electron ~ ~~ Effects 
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Other interpretations of these results can of course be given, and 

the valence of zirconium as the solvent in metallic solutions cannot be 

precisely established in view of the possibility of incomplete ionization 

of the solvents. The extension of the measurements to the zirconium-silver 

and zirconium-cadmium alloy systems should provide valuable information 

about the electronic structures of zirconium. 

Constitution of Zirconium-Gallium 

J. 0. Betterton, Jr. D. S. Easton 

A study of the zirconium-gallium system was made to extend the k n o w l -  

of the effects of B-subgroup solutes on the allotropic transition edge 

temperature of zirconium to a new element. 

these al loys had been made in the intermediate phase region by Wallba~m,’~ 

who found a ZrGa3 phase of tetragonal structure (TiAl3 type), and by 

Anderk~,’~ who reported a peritectically formed Zr5Ga3 phase with a hex- 

agonal D8g structure (Mn5Si3 type) and a probable phase, Zr3Ga, of unknown 

structure. 

rich portion of the system was given pre~iously.’~ 

Previous investigations of 

A preliminary account of the present work on the zirconium- 

This work has been continued and the new results are shown in the 

The experimental methods form of a partial phase diagram in Fig. 1.16. 

and the purity of the metals are similar to those used in the zirconium- 

silver investigation. ’‘ In order to illustrate the sensitive indication 

of the solid solubility limit which was obtained during quenching experi- 

ments with these alloys, a typical ( B  + y) microstructure is shown in 
Fig. 1.17. 

centered cubic zirconium matrix which has exceeded the solubility limit 

by 0.6% Ga. The matrix transforms to the CX form upon cooling, with a 

typical transformation pattern. 

The rectangular crystals are the ZrjGa phase formed in a body- 

311i. J. Wallbaum, Z. Metallk. - 34, 118 (1942). 
32K. Anderko, Z. Metallk. - - 49, 165 (1958). 
33Met. Ann. Prog. Rep. Oct. 10, 1958, Om-2632, p 17 (classified). 
3 4 J .  0. Betterton, Jr., and D. S. Easton, Trans. Met. Soc. AIME - J  - 212 

470 (1958). 
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F i g .  1.16. Constitution of Zirconium-Gallium in  the Region 0 to 7 at .  % Go. Dotted l ines 
are calculations assuming 15% s ize  factor. 

Two significant €eatures of this partial zirconium-gallium phase 

diagram are the eutectoid decomposition of the B phase and the restricted 
solid solubility of the terminal zirconium phases. 

valent solutes which previously depressed the allotropic transition temper- 

ature of a group I V A  element have always been associated with a large size 

factor. Since the detailed phase boundaries of the ( a  + f3) region have not 

been established, a/f3 phase boundaries have been calculated as shown by the 
dotted lines on Fig. 1.16 by using average a/@ boundary parameters29 for 
a trivalent solute and a size factor of 15%. 

indicated in this way agrees fairly well with the size of the gallium atom 

obtained by an average of the interatomic distances of the seven nearest 

neighbors in the irregular gallium structure. 

Trivalent and tetra- 

The approximate size factor 

The unfavorable size ratio 

c 
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c 

Fig. 1.17. Zirconium-2.4% Gallium Alloy with a (@ + y )  Microstructure After Quenching from 
9OOOC. Etchant mixture: 50 ml conc HNO,, 30 ml H,O, and 3 ml conc HF. 500X. 

f o r  zirconium-gallium i s  a l s o  implied by the r e s t r i c t e d  f3-phase s o l i d  solu- 

b i l i t y ,  which i s  only one-third t h a t  of a,luminum or indium, and by the  

rapid hardening e f f e c t 3 3  of gallium i n  zirconium. 

Unusually la rge  values of the  constants a, b occur when the  B so l id-  

s o l u b i l i t y  l i m i t  i s  p l o t t e d  as x 

obey Henry's l a w ,  a and b a r e  proportional t o  the  p a r t i a l  molal excess 

entropy and heat of the  s o l u t e  i n  t h e  f3 phase r e l a t i v e  t o  the p a r t i a l  

molal entropy and heat of  the so lu te  i n  t h e  intermediate phase. I n  terms 

of Zener's theory, a so lu te  with a 1-arge s ize- fac tor  l a t t i c e  s t r a i n  would 

be expected t o  have a l a rge  pos i t ive  entropy c o n t r i b u t i o ~ . ~ ~  

from zirconium-gallium a r e  compared with other  zirconium systems i n  Fig. 

1.18. 
ference and t o  g r e a t e r  s i z e  difference i n  an i n t e r e s t i n g  way, although, of 

course, there  i s  no way t o  knw the  degree o f  deviation from Henry's l a w  

i n  each of these systems. 

= exp (a - b/T). When s o l i d  solut ions B 

The constants 

Increase of the  constants a, b corresponds t o  grea te r  valency air- 

3 5 C .  Zener, Acta Cryst. 2, 163 (1949).  - - 
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Fig. 1.18. The Coeff ic ients from the p/(p +- y )  Phase Boundaries of Various Zirconium Sys-  
tems when Plotted i n  the Form: exp [a - (b/T)]. The numbers inserted are atomic s ize factors. 
The cadmium-zirconium data are for the a/ (a  + y )  boundary. 

A microscopical examination was made of alloys containing 25, 29, 33.2, 

Between 25 and 33.2 at. $ Ga, the al loys and 37.5% Ga in the cast condition. 

appeared as primary crystals of Zr5Ga3 surrounded by a eutectic. The pro- 

portions of the phases in these and earlier alloys indicate the eutectic 

reaction, liquid (-21% Ga) e (3 (-6%) + Zr5Ga3. 
primary crystals of a third phase, a small amount of eutectic, and a matrix 
of Zr5Ga3. The volume percentage of the primary phase would place its com- 

position near 50% Ga. This information and that obtained earlier are summa- 

rized in the form of a hypothetical phase diagram in Fig. 1.19, and since no 

temperatures were determined, the temperature scale has not been specified. 

The zirconium-gallium intermediate phases were very hard and brittle. 

The 37.5% alloy contained 

The Vickers hardness values were as high as 657 on the 3'7.5% alloy, and 

the samples were easily crushed in a mortar. 

Vapor Pressures and Constitution of Zirconium-Cadmium 

J. 0. Betterton, Jr. D. S. Easton 

The zirconium-cadmium system is important in the study of group IVA 

element alloys as it represents a case of small valency and size-factor 
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Fig. 1.19. Hypothetical Phase Diagram of the Zirconium-Gallium System. 

change. 

and ten in cadmium, are of little importance in determining the free energies 

of the alloys. The first test of this idea was an investigation of the ef- 

fect of cadmium on the transition. 

This assumes that the numbers of d-type electrons, two in zirconium 

The zirconium-rich part of the zirconium-cadmium phase diagram is 

shown in Fig. 1.20, and as reported earlier,36 the 

ature rises only gradually. This indicated that cadmium affected the rel- 

ative free energies of the two phases only slightly, in agreement with the 

absence of valency change. As shown in Fig. 1.20, a new determination of 

the a/(a + 7 )  boundary by the quenching method has revealed recently a sol- 

ubility as high as 17% Cd in the a phase. 

transition temper- 

This  solubility decreases with 

36Met. Ann. Prog. Rep. Oct. 10, 1958, Om-2632, p 19 (classified). 
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F i g .  1.20. Zirconium-Rich Region of the Zirconium-Cadmium Phase Diagram. 

temperature to approximately 9% Cd at 700°C. 

of the boundary when plotted in the form, exp (a + b/T), reveal low values 
of the constants a and b when compared with the other zirconium systems in 

Fig. 1.18. 

dynamic properties of this system have been more completely measured. The 

techniques for the preparation of cadmium-zirconium alloys of precise com- 

position are just now becoming satisfactory. 

f5 region at constant cadmium pressures of 1 to 2 atm provided by an iso- 
thermal liquid bath of pure cadmium. Depletion is prevented at intermediate 

temperatures 890 to 1000°C by similar isothermal baths. It is hoped in this 

way to determine more completely the boundaries of the a and f5 phases. 

The position and curvature 

The significance of this should become evident when the thermo- 

The preparation is done in the 

A 
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typical homogeneous a alloy containing a substantial amount of cadmium is 
ill.ustrated in Fig. 1.21. Microstructures of (a  + 7 )  alloys that contained 

a very characteristic Widmanstgtten structure are illustrated in Fig. 1.22. 

Platelets of ZrzCd form on the basal plane of the hexagonal a phase in the 
same manner as was previously 

indium system. The elongated 

represent the position of the 

pressure measurements. 

A second test which has 

observed in the a + y alloys of the zirconium- 

crosses which are shown on the phase diagram 

( a  + f3) region as indicated by the vapor- 

been made with zirconium-cadmium alloys is a 

measurement of the axial ratios of (2-zirconium with additions of cadmium. 

Axial ratios of hexagonal phases have been shown to depend upon the number 

of electrons in the conduction band of hexagonal brasses,37 in magnesium 

alloys,38 and in titanium alloys.30 The theory of the effect is that a 

37H. Jones, Proc. Roy. Soc., (London) M47, 396 (1934). - 
38H. Jones, Phil.Mag. 41, 663 (1950); W. Hume-Rothery and G. V. Raynor, 

Proc. Roy. Soc. ( L m c  27 (1940); D. Hardie, R. N. Parkins, Phil. - - Mag. 4, 815 (1959). - -- 

Fig. 1.21. Zirconium Alloy Containing 12.9 at. !% Cadmium After Annealing 33 Days at 
845°C. 
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Fig. 1.22. Typical  Laminar Widmanstatten Structure of t h e  a / ( a +  y )  Alloys.  

minimization o r  t h e  Fermi energy can be obtained by hllowing axial  r a t i o s  

t o  dev ia t e  from the  idea l  value when t h e  Fernii sur face  i s  near  o r  has j u s t  

overlapped a B r i l l o u i n  zone. ' 7 3  38 Since t h e  a x i a l  r a t i o  corresponding t o  

t h e  minimum energy would be expected t o  be dependent on t h e  degree of t h e  

f i l l i n g  of t h e  zone, t he  axial  r a t i o  v a r i e s  wi th  t h e  e l e c t r o n  concent ra t ion  

of t h e  a l l o y .  I n  earlier discuss ion ,30p39 it was bel ieved t h a t  t h e  e f f e c t s  

of  Ag, A l ,  Ga ,  and Sn i n  T i  and oT Ag, In ,  and Sn i n  Z r  were f a i r l y  w e l l  

i n t e r p r e t e d  i n  t h i s  uay, although t h e  argument w a s  never completely satis- 

f ac to ry .  piat w a s  because a d i f f e r e n t  overlap,  (loo}, had t o  be assumed 

t o  account f o r  t h e  e f f e c t  of s i l v e r  r a t h e r  t han  t h e  (002) overlap,  which 

w a s  assumed t o  account for the e f f e c t s  of  the o t h e r  s o l u t e s .  Recently 

Debye-Scherrer measurements with alpha phase alloys of  zirconium-cadmium 

shot7 t h a t  t h e  e lec t ron-concent ra t ion  r e l a t i o n s h i p  i s  i n c o r r e c t .  The inc rease  

i n  axial  r a t i o  wi th  cadniiunz i s  approximately equal  t o  t h a t  of indium, whereas 

wi th  va lenc ies  Ag 1, Cd 2, Z r  2, I n  3, and Sn 4 ,  cadmium should not  change 

t h e  a x i a l  r a t i o .  

t h e  Zr-Ag, Zr-In,  and Zr-Sn systems. It i s  thus  probable t h a t  t h e  s t rong ly  

The da ta  a r e  p l o t t e d  i n  F ig .  1 .23  wi th  e a r l i e r  da ta3g  from 

"Met. Semiann. Prog. Rep. Apr. 10,  1956, OWL-2080, p 228 ( c l a s s i f i e d ) .  
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Fig. 1.23. Axial Ratios of a-Zirconium Al loys at Room Temperature, Plotted as a Function 
of Zirconium Content. 

interacting S-type electron bands which are believed responsible for al- 

lotropic transactions are not so effective in determining the axial ratio 

of a-zirconium, possibly because of a simultaneous competition in the 

(100) and (001) overlaps. 

packing may instead be a d-electron effect arising from weakly interacting 

electrons in these metals. 

nium 

have no d-electrons or in which the d-shell is filled. Data which are avail- 

able are plotted against zirconium composition in Fig. 1.23. 

of the measurements is still not sufficient to make certain the correctness 

of the relationship. It is of interest to note that the axial ratios of 

the hexagonal elements scandium and yttrium are also depressed (1.585 and 

1.588, respe~tively)~~ so that any simple dependence on d-electron number 

would require similar numbers of these electrons in the metallic state of 

these group IIIA and the IVA elements. 

+ The deviation of group IVA elements from ideal 

This effect would be proportional to the zirco- 

concentration in the alloys where alloying is done with solutes which 

The accuracy 

A third test of absence of valency and size effects in the cadmium- 

zirconium al loys was a determination of the thermodynamic properties by 

measurement of cadmium vapor pressures. 

of providing information on whether the phase diagrams of this type depend 

This serves the additional purpose 

‘OW. Hume-Rothery and G. Rqmor,  The Structure of Metals and Alloys, 
p 88, Institute of Metals, London, 1956. 
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upon thermal entropies or upon the energies of the phases at low temperature. 

The relationship between composition, pressure, and temperature is also 

essential to the preparation of cadmim-zirconium alloys for other purposes. 

As indicated earlier,36 a series of experiments has been started, 

usin?; a des.ipoint method. Since many of the details of this investigation v 

were discussed before, the present discussion will be limited to nEw points 

on the pressure curves. These data are shown in Fig. 1.24, where the quantity 

RT Rn P, with P as the cadmium pressure in millimeters of mercury, is plotted 
against temperatures. 

represent the (a + f3) region as taken from Fig. 1.20. 

The dashed lines through the center of this figure 

Aside from this, - 
the data on Fig. 1.24 are entirely within the homogeneous B region at 
higher temperatures and the homogeneous a region at lower temperatures. 
The positions of the curves represent the partial molar free energies of 

t.he cadmium in the alloys, with the assumption that the gas phase is ideal _._ ~ 

and monatomic over this pressure and temperature range. The slope of the 
curves represents the partial molar entropy of the cadmium in the alloy 

relative to pure cadmium gas at 1 mm Hg. Partial molar enthalpies relative 

UNCLASSIFIED 
ORNL-LR-DWG 42657 1000 --- ~~ 
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Fig.  1.24. Free Energies of Zirconium-Cadmium Alloys as a Function of Temperature. 
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4 
to the gas are indicated by the intercepts on the vertical axis at zero 

temperature. 

$ cadmium were not held for sufficient time during the cooling cycle of 
these experiments, and some of the points lie above the curves because of 

nonequilibrium concentration of cadmium on the surface of the foil. These 

experiments are being repeated, and some of the new data are indicated by 

filled symbols on Fig. 1.24. 

Preliminary data taken with the alloys containing 2 and 5 at. 

In zirconium-rich alloys, the vertical position of RT An P curves 

corresponds approximately to the first derivative of the integral free 

enerry of the alloy. Thus, to account for the initial elevation of the 

a/B boundaries with cadmium in Fig. 1.20, the free energy should be in- 
creasing less rapidly in the a phase than in the B phase, and the pressures 
should be lower in the a phase than in the B phase. 
fairly well satisfied, as shown in Fig. 1.24, aside from the 5% alloy 

which is not thought to be in equilibrium until the 11% alloy is reached. 

Here, as can be seen on both Figs. 1.20 and 1.24, the a/@ boundaries have 
actually stopped rising near this composition. 

This condition is 

Examination of Fig. 1.24 will show that the free energies are de- 

In order to put the creasing very rapidly with lower cadmium contents. 

data in a form convenient for integration and for comparison to the entropy 

expected from random mixing, it is customary to express the data as the 

excess quantities defined below: 

Here the subscript 1 refers to cadmium; n is a mole; and X,, is the mole 
At, 

fraction of cadmium in phase j3; Fo Ho, and So refer to solid, pure cadmium B' B B 
in a body-centered cubic form. Since cadmium does not exist in this form, 

the terms of the type (Ho-Ho) have to be estimated theoretically. In the 
B a  
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present discussion these terms have been neglected. 

the above formulas that effects as large as 500 cal/mole or of fractions 

of a cal*mole-l* deg-l may appear in the resulting partial excess quantities. 

Where differences between the a and f3 phases are of interest, this is of 

less importance. 

lated by subtracting first the quantity RT Rn Po from the RT Rn P, where 

Po is the pressure of pure, solid cadmium, and then subtracting the quantity 

RT Rn x 
plotted against temperature in Fig. 1.25. 

It may be seen in 

The excess quantities in this discussion will be calcu- 

The resulting relative partial molal excess free energy is 
1-B 

The data are reduced to a much narrower range of values and the singu- 

larity at X 

been found when excess free energies are used in other alloy systems. 

experiments now indicate, within the limitations of about 2 100 cal/mole, 

that the p phase alloys obey Henry’s law. 
of the solution is proportional to the composition and, hence, 

free energy, RT Rn y 

integral free energies 9’ = X I I f B  + (1 - XI) 8’ is simple, since Henry’s 
law in the solute implies Raoult ’ s  law in the solventYA1 so F:’ for the 

zirconium vanishes. The scatter about this curve depends upon the accuracy 

of the synthetic compositions used since RT Rn X 

= 0 appears to be removed. This condensation has frequently 

The 
1B 

This law states that the activity 

the excess 

is independent of cornposition. Integration to 
1.B , 

changes rapidly with 1 B  

A 

“I,. S. Darken and R. W. Gurry, Physical Chemistry of Metals, p 260; 
McGraw-Hill, New York, 1953. 
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b’ F i g .  1.25. Excess F r e e  Energies of  Zirconium-Cadmium Alloys. 
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t composition. 

o r  depleted of cadmium on the  surface,  the data  deviate widely. 

believed t o  account f o r  t h e  upward s c a t t e r  of the 5.2% a l l o y  i n  the a 
region i n  the l e f t  s ide  of Fig. 1.25. 

t h i s  a l l o y  w a s  held f o r  50 t o  250 h r  a t  each temperature, whereas 

a l loys  a r e  found t o  reach equilibrium i n  the a region only after 600 t o  

2700 hr ,  the  shor te r  time applying only t o  t h e  11% a l l o y  which w a s  found 

t o  have a f a s t e r  d i f fus ion  r a t e  than the more d i l u t e  a l loys .  

If the  composition of an a l l o y  specimen i s  s l i g h t l y  enriched 

This i s  

During cooling i n t o  the a region, 

present 

When the r e s u l t s  of the 5% a l l o y  i n  t h e  Q: region a r e  omitted, the  

average excess f r e e  energies of t h e  cadmium i n  the  a a r e  somewhat lower 

and with smaller slope than those of the  B phase. The s c a t t e r  i n  t h e  data  

obscures the  e f f e c t  of composition i n  t h i s  region, but a gradual r i s e  i n  

RT Rn y, i s  thought -to e x i s t  f o r  t h e  following reasons. 

the cadmium a t  a given temperature a r e  equal on both boundaries of t h e  

( a  + 8) region. Since a la - - ylQ:Xla, RT Rn yla = RT Rn X 

If the a/f3 phase boundaries i n  Fig. 1.20 a r e  represented by two s t r a i g h t  

l i n e s  in te rsec t ing  at pure zirconium, then RT Rn X 

a constant. The f3 phase follows Henry's l a w ;  so RT Rn y i s  a function 

of T, - 5217 + 4.091T. 
tenperature only, where the  a s t e r i s k  has been introduced t o  indicate  along 

the phase boundary only. I n  order t o  evaluate RT an y* = AT - 5217 t 
4.091T, it i s  necessary t o  know only the constant A. The width of the 

(a  + @ )  region can bn found by expanding the exponentials i n  a/f3 phase 

boundary relat ions2 '  under conditions corresponding t o  Iienry ' s  law w i t h  

the r e s u l t  t h a t  

The a c t i v i t i e s  of 

lB/Xl, + RT Rn 7 1.B 

= AT, where A i s  
W/Xl, 

1B 
It follows t h a t  RT Rn yTa i s  a l so  a function of 

la 

Using the  values ASo/R = 0.405, To = ll43.2"KY and T = 1173.2OK, the  phase 

boundary width i s  found t o  be 0.010. 

X 

3.83T.42 

Taking the experimental value o f  

= 0.07, the  value of A i s  -0.265 cal*rnole'lodeg'l, and RT Rn yTa = -5217 + 
The assumption of Henry's law i n  the alpha phase extends t h i s  

I f 3  

42The ca lcu la t ion  of the  f r e e  energy of the a Zr-Cd a l loys  by Henry's 
l a w  and two s t r a i g h t  l i n e s  f o r  the  ((2 + @ )  region w a s  suggested t o  us by J. L. 
Gregg . 
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exprzssion to conposi t ions a1m.y from the  phase boundary. 

r e l a t i o n  i s  drawn as a dashed l i n e  belov t h e  experimenial  data on Fig. 

1 .25 .  
alloy, i n  which we have considerable  confidence because of more r ap id  d i f -  

fusion,  t he  excess  ene rg ie s  have reached e q u a l i t y  ir i th t h e  a phase n t  t h e  

sams composition. 

a phase even at a cadmium content  of l$, and RT Rn y 

c o q o s i t i o n  u n t i l  t h e  po in t  i s  reached where t h e  a c t i v i t i e s  of t h e  a phase 

a re  equal  t o  those  of t h e  phase. 

This  l i m i t i n 2  

The expnrinlental p o i n t s  l i e  above th i s  line and, i n  the  11.2$ Cd 

Thus, a devia t ion  from Henry’s law i s  probzble i n  t h e  

appears  t o  r i s e  with 
1Y 

It i s  worthwhile t o  consider b r i e f l y  t h e  meaning of t hese  e f f e c t s .  

Since Henry’s l a w  i s  obeyed i n  t h e  p phases over a range of temperatures ,  

t h e  i n t e g r a l  excess f r e e  energy, hea t  of Formation, and excess entropy of 

formation w i l l  a l l  be l i n e a r  i n  X. This i s  l i k e l y  t o  only occur under t w o  

condi t ions:  (1) where t h e  a l l o y s  are so d i lu t e  t h a t  Cd-Cd i n t e r a c t i o n s  do 

not  occur, and ( 2 )  where Zr-Cd and Cd-Cd i n t e r a c t i o n s  a r e  t h e  same. This,  

of course,  i s  what one might hope t o  ob ta in  i n  Cd-Zr on t h e  basis of t h e  

s m a l l  valency and s i z e  e f k c t s  i n  t h i s  system. 

t e q e r a t u r e s ,  however, s ince  a s m a l l  dev ia t ion  f r o a  Henry’s law occurs  i n  

the  a phase and because of t h e  ex is tence  of a s i z n i f i c a n t  and cons tan t  neg- 

a t i v e  deviazion from i d e a l  mixing entropy i n  t h e  f3 phase.  

This  i s  not  t r u e  a t  a l l  

E The s lopes  of t h e  curves i n  Fig. 1 .25  a r e  -S1 o r  t h e  excess of t h e  

r e l a t i v e  p a r t i a l m o l a l  entropy of t h e  cadmium i n  the  alloy phase less  t h e  

p a r t i a l  molal  entropy from i d e a l m i x i n g .  

t h i s  s lope i s  wi th in  t h e  accuracy of t h e  data represented  by one value,  

S:’ = -4.09 cal*mole-lodeg-l .  A s i m i l a r  constancy of t h e  entropy dev ia t ion  

has been found also in a-brass i n  t h e  Cu-Zn system over t h e  range 10 t o  38% 

Zn ( r e f  43). The i n t e r s e c t i o n  of  t h e  excess f ree-energy curve wi th  t h e  

v e r t i c a l  axis a t  zero temperature i s  t h e  r e l a t i v e  p a r t i z l m o l a l  hea t  of 

mixing, 5200 cal/mole f o r  t h e  f3 phase. 

0.9 mole zirconium and 0 . 1 m o l e  cadmium would combine wi th  t h e  hea t  evolu t ion  

of 520 c a l .  This i s  of  t h e  same order  of magnitude as t h e  hea t  of formation 

i n  systems such as Au-Ag o r  A u - C U . ~ ’  

I n  t h e  f3 region from 1 t o  11% Cd, 

By i n t e g r a t i o n ,  it can be seen t h a t  

a 

43R. Hultgren, Se lec ted  Values of Thermodynamic P rope r t i e s  of Alloys,  
Univers i ty  of  Ca l i fo rn ia ,  1956. 
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In the a-phase region, the excess entropies from the various alloys 

range from -2.8 cal*mole-l*deg-l for 11% Cd to -1.2 cal*mole-l*deg-l for 

3.2% Cd. The time required for equilibrium has not been fully established 

for the a region, although it is clear that some of the experiments for the 
2.25 alloy and, apparently, all of the experiments for the 5.2% al.loy were 

held for insufficient time during the cooling cycle. 

1500 to 3000 lir range are now being used. For the present, based on the 

alloys held for long periods, the tentative conclusion can be drawn that 

SFa is greater than SF'. 

molal entropy would be stablized relative to the /3 phase as cadmium is added. 

This could account for the gradual rise in the Cd-Zr a//3 boundaries, since 
only l/4 cal*rnole-l*deg-l higher entropy in the a phase would give a phase 
diagram parameter, in agreement with the initial portion of the a//3 bound- 
aries. 

Annealing times in the 

If' this is true, the a phase with a higher partial 

The constancy o€ the relative partialmolal excess entropy of cadmium 

in the /3 phase has been discussed earlier36 and the suggestion was made that 
is was of thermal rather than configuration origin. T. Usui, of the Univer- 

sity of Tokyo, was consulted on the variation of excess entropy with compo- 

sition which would be expected from short-range order. He offered the opinion 

that the effect of short-range order would be given by the approximate formula 

-s + s ideal 2 K N (3) Z D 2 x 2 ,  

where Z is the number of nearest neighbors, X is the atomic concentration, 

and CY is the short-range order assumed here independent of X. This expression 

is certainly not linear in X and would support some other origin for the en- 

tropy deviation observed. 

Cadmium-zirconium alloys are being prepared for specific heat inves- 

tigations at low temperatures. One of the objects will be to compare the 

high-temperature pressure results with those extrapolated from lower tem- 

peratures assuming the Debye model. Here, other effects, such as those 

related to volume changes, are assumed to be equal to the linear expression 

of a heterogeneous mixture of the pure elements. 

calculated from the low-temperature specific heats of Zr-In and Cu-Zn show 

negative integral excess entropy of the same order of magnitude as that 

observed at high temperatures in Zr-Cd and Cu-Zn. Thus, it may be that the 

Typical results, Table 1.7, 
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Table 1.7. A Comparison of the Thermodynamic Properties 
Calculated from Low-Temperature Specific Heats with 

the Experimental Values at High Temperatures 

Alloy Temperature 
( OK) FF KM SE 

0.88 Zr-0.12 In 

0.90 Cu-0.10 Zn 

0.90 Zr-0.10 Cd 

0.90 Cu-0.10 Zn 

1000 

773 

Calculated 

428 56 -0.39 

119 -8 -0.17 

Experimental 

1200 -30 -520 -0.41 

773 -617 -745 -0.17 

entropy deviations in the Zr-Cd 

interpreted in terms of the long-wavelength part of the vibrational spectrs 

revealed at low temperatures and the electronic specific heat. 

f3 phase are of' thermal origin and czn be 

The data shown in Table 1.7 for the low-temperature specific heats 

of the  Cu-Zn alloy are from J. A. R q m e , 4 4  and the experimental data for 

the Cu-Zn alloy are from R. H ~ l t g r e n . ~ ~  

from work done during this report period. 

The remaining information is 

There is a good possibility that careful chemical analysis following 

the present experiments will reduce the scatter of the data in Fig. 1.25. 

At the same time, a comparison of the synthetic and the final composition 

will help determine if any systematic drift of composition occurred during 

the time of the experiment. 

indicated no effect of this kind. If the data can be improved by chemical 

analysis, it may be possible to consider more seriously the tendency, or 

the absence of a tendency, for curvature to appear in the RT l?n y plots. 

Since the slope of these graphs is -S1 , the second derivative is -C1 /T, 
and the curves can be analyzed for the existence of alloying effects on 

specific heat at high temperatures. 

cation of this effect. 

Temperature-cycling processes have so far 

EB MB 

At present there is no definite indi- 

4 4 J .  A. Rayne, Phys. Rev. - 108, 22 (1957). - 
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X-RAY DIFFRACTION 

H. L. Yakel, Jr. 
0. B. Cavin R. M. Steele 

Routine Analyses 

H. L. Yakel, Jr. 
0. B. Cavin R. M. Steele 

The Metallurgy X-Ray Laboratory has examined over 600 specimens sub- 

mitted for routine analysis during the period of this report. Following 

is a brief description of several problems that have been given more ex- 

tensive study. 

In conjunction with C. E. Curtis of the Ceramics Group, a systematic 

examination of phase transitions and lattice parameters OP the lanthanide 

sesquioxides has been completed. 

lication in the Journal of the American Ceramic Society. 

The results have been submitted for pub- 

The techniques developed by Jetter, McHargue, and Wi1lia.m~~~ f o r  the 

measurement and representation of preferred orientation in rolled sheet 

have been applied to the problem of the establishment of optimum rolling 

schedules for Zircaloy-2. 

ments are described in another section of this report.46 

the report, 12 specimens have been studied completely by texture determina- 

tions about rolling, normal, and transverse directions, 

The results and interpretation of these measure- 

In the period of 

Further measurements of the density of rhombohedral MoF3, and improved 

chemical analysis, have confirmed the results tentatively reported last 

year." 

structure examined by Gutmann and Jack48 was actually an oxyfluoride of 

uncertain composition. This data has been submitted for publication in 

eo-authorship with M. K. Wilkinson and D. E. LaValle. 

Experiments suggest that the cubic material with Reo3 type of 

45L. K. Jetter, C. J. McHargue, and R. 0. Villiams, J. Appl. Phys. 
- 27, 368 (1956). - 

46M. L. Picklesimer, P. L. Rittenhouse, and R. L. Stephenson, Part I1 
of this report. 

c7H. L. Yakel, Jr., -- et al., Met. Ann. Prog. Rep. Oct. 10, 1958, 
ORNL-2632, p 25 (classified). 

"V. Gutmann and K. H. Jack, Acta Cryst. - - 4 ,  244 (1951). 
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Some other compounds of previously uncertain structure which have been 

examined at the request of the Physics Division include: 

TbH2.95, and a series of nitrides of the heavy lanthanide elements. 
crystallographic data for the chromous halides are summarized in Fig. 1.26. 

The results for CrF2 are in good agreement with those recently reported by 

Jack.49 Note that both structures are derived from the rutile structure by 

distortions which produce four short and two long Cr-F bonds about each oc- 

tahedrally coordinated chromous ion, as would be predicted by ligand field 

theory.50 

dride structure formed by lanthanides heavier than gadolinium51 ( SmH3 a l s o  

has this structure). 

0.03 w, co/ao = 1.78, give an x-ray density (Z = 2 formula weights per 

CrC12, CrF;?, 

The 

Terbium hydride (TbH2.g5) was found to have the hexagonal trihy- 

Lattice parameters, a = 3.70 -i: 0.02 i, c 0 = 6.60 k 
0 

~~ 

4 9 K .  
50J. 

51A. 
(1955). 

H. Jack and R. Maitland, Proc. Chem. Soc., p 232 (August 1957). 
D. Dunitz and L. E. Orgel, Phys. Chem. Solids - 3, 20 (1957). 
S. Coffinberry and F. H. Ellinger, U.S.A. Rep. A/Conf. 8/P/826 

- 

UNCLASSIFIED 
ORNL-LA-DWG 35392 

CrC'z \\M 
oO = 6 6388 

Fig. 1.26. Crystallographic Data and Structures of CrF, and CrCI,. 
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t c e l l )  of 6.88 g/cm3, i n  excel lent  agreement with t h a t  predicted by a l i n e a r  

density vs atomic number function f o r  similar t r ihydrides  .52 

Aging Transformations of Zirconium-Niobium Alloys5 

H. L. Yakel, Jr. 

X-ray d i f f r ac t ion  invest igat ions of s t r u c t u r a l  changes occurring on 

aging of p-quenched zirconium-niobium a l loys  have followed two pr inc ipa l  

courses during the  period of t h i s  report .  

F i r s t ,  a more intensive study has been made of the  t r ans i t i ons  of 15 

Similar ex- w t  % Nb a l loy  s ingle  crystals5'  aged at 400, 500, and 600°C. 

periments have been performed iirith 25 and 33 w t  % Nb c rys t a l s  heat t r ea t ed  

a t  250, 325, 425, and 650°C. 
d ia t ion  on the aging behavior of  a 15 wt % Nb c r y s t a l  has a l so  been i n i t i -  

ated.  

Examination of the  e f f ec t s  of in -p i le  irra- 

Second, de ta i led  analyses of the  s t ruc tures  of  t he  metastable w and 

TJidmanst%,ten phases observed i n  the  zirconium-niobium system have been 

attempted. For the  w phase, the  calculat ions were directed toward the de- 

termination of atomic paraneters - the  subject  of some disagreement i n  ti- 
tanium w-phase  alloy^.^^'^^ 

Experimental Detai ls .  - Techniques of  c r y s t a l  preparation and d i f f rac-  

Out-of-pile heat  t r e a t -  t i o n  examination have been described previously. 57 
ments were conducted by standard methods. 

52R. N. R. Mulford, A.E.C.U.-3813 (1950). 
53Data on mechanical propert ies  and transformation k ine t ics  o f  these 

a l loys  a re  given i n  "HRP Metallurgy - Zirconium Alloy Development," Pa r t  
I1 o f  t h i s  report .  This program i s  being ca r r i ed  out i n  cooperation with 
the  HFP Metallurgy Group. 
M. L. Picklesimer, P. L. Rittenhouse, and R. L. Stephenson of that  Group. 

54The term l lcrystal"  here denotes a s ingle  retained-@ matrix grain 
which may undergo several  transformations i n  the  aging process. The word 
i s  therefore  not crystal lographical ly  cor rec t ,  but i t s  use i s  j u s t i f i e d  
merely as  a l i t e r a r y  convenience. 

Crystals were prepared and heat  t r ea t ed  by 

55J. M. Silcock, Acta Met. 6, 481 (1958). 

561. A. Bagariatski i  and G. I. Nosova, Kr is ta l lograf iya  2, 15 (1958). 
57H. L. Yakel, Jr., Met. Ann. Prog. Rep. Oct. 10, 1958, &NL-2632, 

- - 

p 29 ( c l a s s i f i e d ) .  
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Tsiio quartz-encapsulated 15 s f c  $ Nb as-@-quenched crystals, one sealed 

in air, the other in al-p vacuum, were irradiated to lo2' nvt during a four- 

month exposure in the LITR at 85°C. 

contact was observed in each crystal after a three-veek 'tcooling't period. 

This activity, primarily hard gamma radiation due to a small amount of iron 

contamination, produced a moderate background on diffraction films exposed 

1-4 hr, but did not interfere vith the observation of scattering maxima. 

A residual activity of 10-20 mr/hr at 

Results. - 
1. Phase Transitions. As noted in the last report,57 successive 

aging of an as-quenched 15 w t  $ Nb crystal at 250, 400, and 500°C par- 

tially transforms the retained body-centered cubic (3 phase to a meta- 

stable w lattice which then reverts to virtually the as-quenched condi- 

tion. The critical temperature for reversion of this alloy composition 

was located between 400 and 500°C. 

Extended aging treatments have now been given separate, as-quenched, 

Examination of room-tempera- 15 wt $ ?Yb crystals at 400, 500, and 600°C. 

ture diffraction patterns at various stages o€ these treatments yielded 

the follotring results : 

A. A crystal aged 360 hr at 400°C showed only diffractions of the 

four w lattice orientations obtainable from an original p grain and those 
of a niobium-enriched residual f5 lattice. 

assuming s i z e  broadening only, indicated crystallites of the order of 100 

in linear dimension. The lattice paraxeter of the residual @ phase de- 

creased, there€ore its niobium content increased, with increasing aging 

time at 400°C. The effect 17as asymptotic to a composition near 55 w t  $ 
Nb. No evidence of formation of hexagonal a from w was observed in these 
experiments, which leaves the isolated instance reported last year in 

doubt. 

The latter were diffused and, 

B. An as-quenched crystal aged a total of 96 hr at 500OC passed 

through two distinct transition stages. The first, occurring within the 

first hour of aging, was an w formation resembling behavior at lover tem- 

peratures. This stage was succeeded by a second which may be described 

as a discontinuous precipitation o€ hexagonal a and niobium-rich @ phases 

from a i3 matrix. Thou& discontinuous, the precipitation was oriented, 

Burgers' a@, relations being observed as well as a (100) // (loo)@,, @m 
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[ 1001 BNb // [ 1001 
Reflections of all three phases in this stage were diffuse. 

rameters of both body-centered cubic phases decreased with increasing 

aging period up to 40 hr, at which time a matrix of 40 vt $, Nb disappeared 

and a niobium-rich p phase of 80 v t  $ Nb was attained. 
observed on additional aging up to 96 hr. 

relation between the two body-centered cubic lattices. 
BM 

Lattice pa- 

No variation was 

C. A crystal aged 524 hr at 600°C gave diffractions characteristic 

of a continuous, oriented precipitation of the hexagonal a phase from a f3 
matrix whose niobium content slowly increased (24 w t  $ Nb after 524 hr). 

The contrasted 500 and 600°C aging behavior is illustrated by diffraction 

patterns sho>m in Fig. 1.27. 

The effects of in-pile irradiation to 1021 nvt at 85°C were assessed 

by comparison of diffraction patterns of the irradiated 15 wt $ Nb crystal 

with patterns o€ a control crystal aged out-of-pile for four months at 

85°C. As seen in Fig. 1.28, the most significant effect of pile irradia- 

tion at this temperature is an acceleration of w formation. 

Aging of p-quenched 25 and 33 wt $ Nb crystals at 325 and 425°C has 

shown that: 

(a) mega precipitation in the 25 wt $ Nb alloy, first observed after 

168 hr at 250"C, proceeds at 325°C with a gradual niobium enrichment of 

the residual p phase (31 w t  

a partial reversion (the amount of w phase decreases; the lattice parameter 

of the residual f5 phase increases) which is not complete after 20 hr. 

Nb after 120 hr). Reaging at 425°C produces 

(b) Omega precipitation in the 33 w t  $ Nb alloy is first observed 

after 48 hr aging at 325°C. Whereas the w-precipitation process in 15 and 

25 wt $, Nb alloys is continuous, it is discontinuous in the 33 wt $ Nb al- 

loy ,  being accompanied by formation of a niobium-enriched f3 phase distinct 
from the residual p matrix. Partial reversion of this system is also ob- 

served on reaging at 425°C. The reversion rate is greater than that rioted 

for the 25 w t  $ Nb alloy. 

Measured lattice parameters of w phases formed by 25 and 33 wt $ Nb 

crystals are only slightly smaller than those of w formed by a 15 wt $, Nb 

alloy. The w compositions corresponding to these parameters are 4 t 1 vt 

$ Nb (original 15 v t  $ Nb matrix) and 6 2 1 vt $ Nb (original 33 wt $ Nb 

matrix). 
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2. The Structure of w. A hexagonal unit cell of the disordered w 

lattice is simply related to that o-f the body-centered cubic f3 lattice by 

tile following vector equations : 

vhich lead to the ideal axial relationships, 

The original body-centered cubic f3 structure could be described on 

the basis of this hexagonal cell vith atomic parameters 000, l/3 2/3 1/3, 

2/3 1/3 2/3. 

at z = l/3 and 2/3 toward z = 1/2 (rei 58). 

the symmetry of the structure is hexagonal, space group D 

proposed by S i l ~ o c k . ~ ~  

with 1/3 < u < 1/2, the symmetry is trigonal, space group D 
posed by Bagariatskii. 56 

The p - w transition involves equal movement of the atoms 
If this z parameter is 1/2, 

1 P 6 / m ,  as 6h' 

3 
3d' 

If, however, the atomic parameters are ? (1/3 2/3u), 

p%l, as pro- 

A consequence of trigonal symmetry would be that F2 (hk.1) is not 

equal to F2 (kh-j) for given h, k, R (R k 0). 

ties of pairs OP such reflections are thus critical tests of the true 

Relative corrected intensi- 

1, 

s t rue 'Lure symmetry . 

58Note that these movements may be considered as displacements of 
atoms on (112) f3 planes in < 111 3 f3 directions, just as in the Burgers' 
mechanism for converting a body-centered cubic to a hexagonal close- 
packed lattice. But, whereas in the Burgers' mechanism, all (112) planes 
are sheared in the same direction, the f3 - w transition involves move- 
ment of two out of three consecutive (112) @ planes in opposite < 111 > f3 
directions. 
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A careful examination of selected reflections of the w phase formed 

in a Zr-15 wt $ Nk crystal shows that: 

A. mega present in the as-@-quenched crystal is trigonal with u = 

0.45. 

B. As aging progresses at 25OoC, the parameter u approaches 0.50, 

and after a few hours at 40OOC it is equal to 0.50, within the error of 

visual observation. 

3. The Structure of the WidmanstZtten Precipitate. Somewhat con- 

tradictory evidence has been presented concerning the formation conditions 

and crystal structure o€ the Widmanstztten precipitate appearing in as- 

quenched zirconium-niobium alloys above 10 .wt $ Nb.57D 59 
periments point to identification of this phase as an interstitial impurity, 

other experiments, especially vacuum annealing and cathodic etching, have 

suggested that it is a true metastable transition structure, characteristic 

of the binary system. 

While a few ex- 

A careful analysis of the diffraction patterns of the several orien- 

tations of the Widmanstgtten phase produced in a @-quenched Zr-15 w t  $ 
N k 5  vt $ Mo crystal has indicated its structure to be orthorhombic, or 
monoclinic vith a rhombic B plane, rather than tetragonal, as previously 

reported. 5 7  Lattice parameters are : 

Monoclinic Ortho rhombic 
0 

a = c = 3.55 +_ 0.01 A 

b = 3.92 +_ 0.01 A 

@ = 96" 13' +_ 30' 

0 0 

0 

0 

0 

a = 5.29 k 0.01. A 

bo = 4.74 * 0.01 
c = 3.92 k 0.01 A 

0 

0 

0 

Z = 2, lattice is body-centered Z = 4, lattice is face-centered 
V = 49.11 +_ 0.50 i3 V = 98.22 * 1.00 i3 

Final structural details, such as deviations of atomic parameters from 

ideal body-centered cubic (or face-centered cubic) positions and the order- 

ing of atoms, are not obtainable. The substructure noted in electron micro- 

graphs of individual Widmanst'&tten platelets5' is postulated to be a twinned 

configuration in the monoclinic B plane. 

5 9 G .  M. Adamson et _ *  a1 , Met. Ann. Prog. Rep. Oct. 10, 1958, ORNL- 
2632, p 68 (classifies. 
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Discussion. - Single-crystal diffraction experiments with specimens 
aged at 425°C and below have demonstrated the unique stability of the meta- 

stable w + Nb-enriched p systems formed at such temperatures by zirconium 
alloys containing from 15 to 33 wt $ Nb. 

Clear evidence of structural changes in the w lattice in passing from 

an as-@-quenched to a fully aged condition w a s  

loy crystals. 

published data of Silcock and Bagariatskii on titanium u alloys since Sil- 

cock analyzed aged alloys, while Bagariatskii studied as-quenched alloys. 

The ultimate reason for the varying degree of "rumpling" of the mid-plane 

of the w structure may be associated with a change in degree of' atomic 

order, an effect which cannot be followed with x rays in these alloys. 

found in the 15 w t  $ Nb al-  

This result clarifies the previous discrepancy between the 

Reversion of the metastable w-containing system on overaging is prob- 

ably a characteristic common to all w-forming zirconium or titanium alloys. 

Course and rate of postreversion dissociation of the alloy are dependent 

on the difference between the dissociation temperature and the eutectoid 

temperature. The free energy available to drive the reaction is clearly 

a prominent factor. 

It is too soon to generalize about the effect o€ pile irradiatton on 

the various aging transformations of zirconium-niobium alloys, but a gen- 

eral increase in reaction rates and a lowering of metastable transition 
temperatures are anticipated. 

Ordering of a Copper-31 at. $, Gold Alloy 

B. S. Borie 
C. J. Sparks H. L. Yakel, Jr. 

The observation of intermediate equilibrium structures occurring in 

the temperature intervals separating the disordered and fully ordered 

phases of nonstoichiometric copper-gold alloys near Cu3Au has been made 

by Rudman" and by Scott.61 

ing from periodic anti-phase regions of the same general type found near 

These structures have been described as aris- 

6oP. S. Rudman, S. B. Thesis, Physics Dept., MIT. 
61R. E. Scott, Ph.D. Thesis, Physics, MIT (1958). 
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CUAu (the CuAu I1 0 structure) by Johansson and Linde.62 Since the re- 

ported experiments leave several questions concerning the thermodynamic 

character of the transitions unanswered, high-temperature x-ray diffrac- 

tion studtes of a Cu-31 at. % Au alloy were begun at this laboratory. 
Filings, -200 mesh, were prepared from a melt-grown single crystal 

homogenized 21 days at 860°C. The f i l i n g s  were placed in a thin-walled 

0.3-mm quartz capillary, which was evacuated, sealed, and cemented into 

the sample holder of a Unicam S.150 high-temperature camera.63 The sample 

was annealed for 1 hr at 420°C (above T for ordering); then, the tempera- 

ture was lowered to 290°C (below T ) for 21 hr. 
(Cu K radiation, A = 1.5418 d)  at 14'C after this heat treatment revealed 

a partially ordered structure with no evidence of the satellited superlat- 

tice reflections characteristic of the anti-phased transition structure. 

The measured lattice parameter corresponded to approximately 31 at. $ A u . ~ ~  

The results to date O C  the high-temperature x-ray diffraction study of 

C 

Debye-Scherrer photographs c 

a 

the order-disorder transition in this alloy may be summarized as follows: 

1. No clear indication of a two-phase region at any temperature within 

the transition range could be found, based on broadening or splitting of 

fundamental reflections at high-scattering angles. 65 

2. Satellited superlattice reflections are observed to appear at a 

temperature between 340 and 335OC, on cooling. They persist to a tempera- 

ture between 306 and 300"C, though below 318 +_ 4OC they gradually diminish 

in intensity relative to the associated superlattice reflection. The re- 

verse transition on heating is sluggish; the satellites first reappear at 

about 317OC. The cooling observations are similar to those reported in a 

320-350°C range for a 31 at. $ Au alloy by Scott.61 
A crystal structure, based on Scott's single-crystal 

the intensity distribution in the OK1 plane of reciprocal 

proposed. It is illustrated in Fig. 1.29. The unit cell 

62C. H. Johansson and J. 0. Linde, Ann. Physik 28, 1 - - 

measurements of 

space, has been 

is tetragonal, 

(1936). 

63H. L. Yakel, Jr., Met. Ann. Prog. Rep. Oct. 10: 1958, ORNL-2632, 
p 26 (classified). 

64Metals Handbook, 1948 ed., p 1170, American Society for Metals, 
Cleveland, Ohio. 

65F. Kl. Rhines and J. B. Newkirk, Trans. Am. SOC. Metals 45, 1029 - - 
(1953). 
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Fig. 1.29. Proposed Crystal Structure of  Intermediate Phase of Cu-31 at. % Au. Shaded 

sites represent copper; open sites represent half gold, half copper; crossed sites represent 
approximately three-quarters gold, one-quarter copper. 

c/a = 2n where n is an integer on the order of 9. 

contains three kinds o€ sites, A, 13, and C. 

ties reported by Scott, A sites were populated with copper atoms, B sites 
were half copper and half gold,  and C sites were approximately three- 

quarters gold and one-quarter copper. 

The proposed structure 

To match the relative intensi- 

The structure factor may be readily derived, and the following ex- 

tinction rules determined: 

1. If h and k are both even, L must be either an even multiple of 

2n (strong fundamental reflections) or an odd multiple of 2n (weak super- 

structure reflections). 

2. If h and k are both odd, 2 must be either an even multiple o€ 2n 

(weak superstructure reflections) or an odd multiple of 2n (strong funda- 

mental reflections). 

3.  If h and k are mixed (one even and one odd), L must be a multiple 

of 2n (weak superstructure reflections) or 2 may differ from a multiple or 

2n by one (weak satellites). Actually, €or this case, a l l  reflections for 

odd 2 are allowed, but the intensities for all of them except those nearest 

the normal superstructure reflections are negligibly small. 

The powder data reported here provide a more general test for the ex- 

tinction rules than do Scott's measurements. Table 1.8 compares intensi- 
ties and sin2 8 observed at 323 ? 2°C vith Cu K radiation, A = 1.%18 -"., 
with those computed from the above described crystal structure. The lnt- 

tice constant, a 

a 

w a s  chosen to f i t  the data a t  approxirlntely 23 = 93", 
0' 

t 

b 

t 

k 
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Table 1.8. Calculated and Observed Diffraction Data f o r  the 
Intermediate Ordered Structure i n  a Cu-31 a t .  $, An Alloy 

(Cu Ka radiation, h = 1.5418 A,) 

2 
‘ob s Sin cobs 2 

Sin %ale hkR 

Mwa 0.0411 
0.0411 
0.0413 

0 0417 

Wb 0.0787 0 0779 

0.0823 
0 0823 0.0831 W 

0 0870 
0.1234 

0 0880 
0,1242 

W 
VSC 

0.1646 
0.1646 Sd 0.1655 

0.1967 0.1970 

0.2057 
0.2057 
0.2057 
0.2059 

0.2064 4 

I 

~ 

I 

W 

C 2164 
0.2428 

0.2150 
0.2424 

vw 
W 

0.2469 
0.2469 0.2476 W 

0.2516 0.2525 W 

0.3292 
0.3292 mf 0.3303 

0.3613 0.3614 W 

0.3703 
0.3703 
0 3703 
0 3703 
0.3705 

0.3705 W 

0.3805 0 3796 vw 
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Table 1.8 (contiriued) 

2 Sin 0 Iobs 
2 

Sin O c a l c  ob s hkR 

0 3979 
0.4070 
0.4115 
0.4115 
0.4115 
0.4162 
0.4253 

0.4526 
0.4526 0.4530 

0.4945 

MS 

BP. 0.4938 

3,0,35 0.5259 

0.5349 
0.5349 
0.5349 
0.5351 

0.5355 vw 

3,0,37 0.5442 

0.5613 vw 2, 1,53 0.5625 

0.5716 

0.5761 
0.5761 
0.5761 

0.5755 vw 

0.5808 
0.5899 0.5902 

0.6581. 

W 

M 
0.6584 
0.6584 

0.6814 
0.6905 

0.6995 
0 6995 
0 6995 
0 9 6995 
0.6995 
0.6996 

0.6980 
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Table 1.8 (continued) 

2 Sin 9 ca lc  
2 Sin cobs hkl ‘obs 

0.7088 
0 7179 
0.7271 
0.7362 
0.7407 
0.7407 
0.7407 
0.7407 
0 7454 
0.7545 

3; 0,53 
4,1,17 

3,3,18 
3,1,54 

0.7818 
0.7818 0.7811 S 

0.8230 
0.8230 
0,8230 

0.8222 S 

0.8459 0.8435 

0.8542 4,1,35 0.8551 

0.8641 
0.8641 
0.8641 

0.8631 vw 

4,1,37 0.8734 0.8726 

0.8817 

0.8897 

0.9044 

vw 

vw 
vw 

vw 

0.8825 

0 e 8917 3,2,53 

3,2,54 
3,3,36 

0.9053 
0.9053 

3,2,55 0.9191 0.9181 

0.9853 

vw 

vs 0.9876 
0.9876 

Mode r a t  e l y  weak 

Very strong 

Very weak 

a 

bWeak c 

dStrong e 

fModerately strong 
‘Medium 
%cry, very weak 
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and c /a  w a s  taken t o  be 18. 
might have been somewhat improved had c /a  been chosen t o  be 17. 

The agreement i s  reasonably good, though it 

Recent very b r i e f l y  repor ted  work66 suggests  t h a t  t h i s  s t r u c t u r e  may 

e x i s t  even a t  t h e  composition Cu3Au. Future  p lans  include a study of t h i s  

i n t e r e s t i n g  and unexpected p o s s i b i l i t y  and a more complete explora t ion  of 

t h e  equi l ibr ium diagram up t o  40 a t .  $, Au. 

Prel iminary Considerat ions f o r  t he  X-Ray D i f f r a c t i o n  F a c i l i t y  
of t h e  High-Level Radiat ion Examination Laboratory 

H. L. Yakel, Jr. 
W .  C .  U l r i ~ h ~ ~  V. A. McKayG8 

During t h e  p a s t  year ,  r e s p o n s i b i l i t y  f o r  design and opera t ion  of i n -  

c e l l  experiments and a s soc ia t ed  equipment of t he  High-Level Radiat ion Ex- 

amination Laboratory was delegated t o  t h e  M e t a l l u r a  Divis ion.  The f o l -  

lowing paragraphs summarize cu r ren t  p lans  and prel iminary experiments f o r  

t h e  X-Ray D i f f r a c t i o n  F a c i l i t y  of t h i s  labora tory .  

Observation of x-ray d i f f r a c t i o n  p a t t e r n s  from rad ioac t ive  materials 

poses problems both  i n  bas i c  design and ope ra t iona l  technique. 

t h e  most obvious d i f f i c u l t y  a r i s e s  from t h e  at tempt  t o  d i sce rn  low-energy 

( 5 2 0  kev) x-ray photons d i f f r a c t e d  from samples which a r e  a l s o  sources 

of high a, p and/or y background. I f  t h e  d e t e c t o r  ( f i l m  o r  counter )  i s  t o  

d e t e c t  only t h e  des i r ed  x rays, a d iscr imina tor  must be used t o  e i t h e r  ( a )  

d e f l e c t  only photons of a narrow wavelength band i n t o  a heav i ly  sh ie lded  

de tec to r ,  o r  ( b )  render  t h e  de t ec to r  s e n s i t i v e  only t o  x rays  of c e r t a i n  

wavelength. 

Perhaps 

"Hot" x-ray d i f f r a c t i o n  equipment descr ibed t o  da t e  has  usua l ly  u t i -  

l i z e d  method ( a )  i n  t h e  form of a monochromator i n  t h e  d i f f r a c t e d  beam 

path.69-71 I n  only one case has  t h e  n a t u r a l  d i scr imina t ion  of a propor- 

66A. P i a n e l l i  and R.  Fa ivre ,  Bull. SOC. Chim. F r .  (1), 8 (1959).  
670n loan  from Reactor Experimental Engineering Divis ion.  
68Member of Instrumentat ion and Controls  Divis ion.  
69W. V. C m i n g s ,  Jr., D .  C .  Kaul i tz ,  and M. J. Sanderson, HW-28331, 

70J. Adam, A.E.R.E.M. and C/R 2751 (November 1958). 
71R. W .  M. D'Eye, I. F. Ferguson, and R.  S. S t r e e t ,  A.E.R.E. C/R 

June 9, 1953; Rev. Se i .  I n s t r .  - 26, 5 (1955).  - 

2807 (January 1959).  

ab 
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t i o n a l  counter been r e l i e d  upon t o  record only desired x-ray pulses with- 

out monochromatizat ion. 7 2  

I f  method ( b )  i s  used, rad ia t ion  damage of the de tec tor  must be con- 

I n  order t o  obtain some estimates of t h i s  damage, s c i n t i l l a t i o n  sidered. 

counter components (phototubes and c r y s t a l s )  have been subjected 50 150- 

kev, 1-Mev, and 15-Mev x rays. Results ind ica te  t h a t  while massive doses 

(e.g. ,  l o 6  r )  i n  one period destroy the  photocathode of the phototube and 

probably damage the diodes; smaller doses (e.g., 30,000 r)  interspersed 

with recovery periods do not mater ia l ly  a f f e c t  phototube operation, al- 

though accumulative doses may exceed l o 5  r. 
Pending f u r t h e r  experiments t o  be c a r r i e d  out kn the hot c e l l s  o f  

t h e  Sol id  S t a t e  Division, detector  designs center  on a well-collimated, 

d i f f r a c t e d  beam path leading t o  an u l t r a t h i n  c r y s t a l  s c i n t i l l a t i o n  

counter, perhaps with t h e  phototube s e t  at an angle t o  the  beam path. 

For abnormally ac t ive  samples, the counter would be interchangeable 

with a bent-ground monochromator, the de tec tor  then being s e t  a t  an 

a l t e r n a t i v e  pos i t ion  properly or iented with the  monochromator. 

Goniometer design i s  being approached from t h e  viewpoint of absolute 

containment of t h e  sample f o r  p a r t i c u l a t e  radiat ion,  but l imi ted  accessi-  

b i l i t y  t o  x-ray tube and de tec tor  components. A sample holder contained 

within a s m a l l  beryllium-windowed pro jec t ion  connected with a high-level  

c e l l  by means of a s u i t a b l e  t ranspor t  mechanism i s  envisioned. A r o t a t -  

able x-ray tube and s ta t ionary  detector  w i l l  be ex terna l  t o  the  sample 

project ion but within a p a r t i a l l y  demountable gamma shield. Such prob- 

lems as 8-20 coupling between sample and x-ray tube remain t o  be solved 

i n  d e t a i l .  

sample holder a r e  under development. 

Useful preliminary models of a t r a n s f e r  e levator  and powdered- 

72M. A. Bredig, G. E .  Klein, and B. S. Borie, Jr., Rev. Sei .  I n s t r .  
- 26, 610 (1955). - 
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MICROSTRESSES IN CRYSTALS 

B. S. Borie C. J. Sparks 

X-Ray Diffraction Studies of Cu20 Films Grown on Copper 

B. S. Borie 
C. J. Sparks J. V. Cathcart 

Line Contour Analysis. - A method for the interpretation of the shapes 
of the Bragg maxima of very thin oxide films in terms of their thickness and 

strain has been reported elsewhere.73 The line shapes were represented by 

a Fourier series, and it was shown that the Fourier coefficients are given 

by 

sin 2-rrBRL(T-L) 
2n'BRLT c =  L 

The quantity L=na3 where n is the order number of the coefficients and a3 

the average unit cell dimension normal to the reflecting planes. The re- 

flection has Miller indices OOR.  The thickness of the film is given by 

T, and B is a parameter related to the strain in the film. 

(1) it w a s  assumed that the film is of uniform thickness and that the strain 

is such that the lattice constant varies linearly f r o m  one interface of the 

film to the dther. 

TO derive Eq. 

A series of cuprous oxide €ibis grown on flat (110) faces of copper 

single crystals at 250°C in 1 atm of oxygen have been examined by the above 

method. 

of the type hhO are parallel to the copper surface) were carefully measured, 

corrected for instrumental contributions to their contours, and reduced to 

Fourier coefficients C 

The shapes of the 110 and 220 reflections from the oxide (planes 

L' 
Figure 1.30 compares the experimentally determined values of LC L for 

the two reflections for five different films with Eq. (11, the parameters 

B and T having been chosen in each case for a best fit. 

and strain distribution have been determined in each film. 

Thus, the thickness 

Integrated Intensities from Thin Films. - It is desirable to have some 

independent check of the film thickness determined as described above from 

73B. S. Borie and J. V. Cathcart, Met. Ann. Prog. Rep. Oct. 10, 1958, 
ORNL-2632, p 34 (classified). 
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V 

Fig. 1.30. Comparison of Experimentally Determined Values of  LC, for the 110 and 220 
Reflections for F ive  Cu,O Films with Eq. (1). The measurements for 110 are shown by closed 
circles, those for 220 by open circles, and the curves given by theory are shown as solid lines. 
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t h e  shapes of t h e  Brag m a x i m a .  

second rnezsurcmeni of' t h e  f i l m  th ickness  was provided by t h e  po la r i z ing  

spectrometer .  However, recent  has c a s t  considerable  doubt on t h e  

1 - e l i a b i l i t y  of' t h i s  instrument ,  and i t  became important t o  f i n d  a t h i r d  method 

f o r  mezsuring t h e  fi lm th ickness .  Described here  i s  such an independent 

th ickness  determinat ion from t h e  i n t e g r a t e d  i n t e n s i i i e s  of t h e  Brag2 re- 

f l e c t i o n s .  

It w a s  f e l t  f o r  some t i m e  t h a t  such 3. 

If a very small s i n g l e  c r y s t a l  i s  bathed by an x-ray bean1 of u n i f o m  

i n t e n s i t y  I o ,  i f  t h e  de t ec to r  i s  s u f f i c i e n t l y  l a r g e  t o  i n t e r c e p t  t h e  e n t i r e  

d i f f r a c t e d  beam, and i f  t h e  c r y s t a l  i s  r o t a t e d  about an axis perpendicular  

t o  t h e  x-ray bemi through i t s  e n t i r e  range of d i f f r a c t i o n ,  then  t h e  t o t a l  

energy d i f f r a c t e d  by t h e  c r y s t a l  i s  simply r e l a t e d  t o  t h e  s t r u c t u r e  f a c t o r  

of  t h e  Bragg r e f l e c t i o n  and t h e  volume V of t h e  c r y s t a l .  L e t  a be F h l < R  
t h e  angle  between t h e  normal t o  t h e  d i f f r a c t i n g  planes and t h e  x- ray  beam, 

and l e t  P(a) be the  power de t ec t ed  by t h e  counter  f o r  a c r y s t a l  o r i e n t a t i o n  

given by a. Then, 

1 + cos2 28 cos2 28 M 

1 $. cos2 2@M 

~~e~ 
s P ( Q : )  dQ: = - 

m2c4 v2 s i n  28 a 

AS Fkk Re - MV 

The i n t e g r a l  i s  c a r r i e d  out  over t h e  e n t i r e  range of a f o r  which d i f f r a c t i o n  

occurs.  The e l e c t r o n i c  charge and mass are e and m; t h e  v e l o c i t y  of l i g h t  

i s  e;  and t h e  wavelength of t h e  x rays  i s  A. The volume of the u n i t  c e l l  

i s  v e-2M i s  t h e  Debye temperature f a c t o r ;  t he  Bragg angle  of  t h e  d i f -  

f r a c t i n g  planes i s  8, and t h a t  of t he  monochromator i s  8 

known r e s u l t  presumes t h e t  t h e  c r y s t a l  i s  so s m a l l  t h a t  t h e r e  i s  no ex t inc-  

t i o n  and t h a t  absorp t ion  i s  neg l ig ib l e .  

a' 
This  w e l l -  M' 

The geometry of our  instrument i s  such t h a t  the e n t i r e  i nc iden t  beam 

i s  in t e rcep ted  by t h e  f l a t  sample, t h e  sur face  of which makes an  angle 8 

with  t h e  inc iden t  beam. The d i f f r a c t i n g  p lanes  a r e  para l le l  t o  t h e  sur face .  

I f  t h e  c ros s  s e c t i o n a l  a r ea  of  t h e  beam i s  A, t hen  t h e  area of  t h e  f i l m  

i r r a d i a t e d  i s  A/sin 8; and t h e  volume V i r r a d i a t e d  i s  A T / s i n  8, where T i s  

t h e  th ickness  of t h e  f i lm.  So, I o V  = PoT/sin 8 where Po i s  t h e  t o t a l  power 

& 

7 4 J .  V. Cathcar t ,  '!Metal Surface S tudies ,  " t h i s  p a r t  o f  r e p o r t .  
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in the primary beam. Hence, Eq. (2) becomes 

t 

4 

( 3 )  
p0 e4 A 3 2  FhkRe-2MT 1 + cos2 2eM 28 

1 + 2eM 

l P ( a )  da = - 
m2c4 v2 sin 8 sin 28 a 

lP(a) da and from it obtain a value of T by using We wish to measure 

Eq. ( 3 ) .  

both directly with the same detector. 

measuring the scattering from an amorphous sample. For this situatlon, with 
a flat sample of polystyrene making equal angles with the incident and scat- 

tered beams, the scattered intensity Is is given by 

Since PO is very much greater than P(a), it is difficult to measure 

Hence, we measure Po indirectly by 

where 28 

polystyrene, R the specimen-to-detector distance, M 

of polystyrene, and NAAvogadro's nmber. 

scattering in electron units per molecule is given by I 
em' 

that the sample is infinitely thick, and that its atoms scatter independently 

of each other. 

is the scattering angle, p/p the mass absorption coefficient of 

the molecular weight 
S 

S 

The total coherent and incoherent 

It is assumed 

If one divides Eq. (3) by Eq. ( 4 )  and solves for T, there results 

(5) 
l P ( a )  da v~NAIem sin 8 sin 28 

2R2F~kRe-2MA3Ms(;/p) 

+ cos2 28 M cos2 28 

i- cos2 28 M cos2 28 
T =  

IS 

A measurement of F2 

portion of this report. 

either known or readily measured. 

e-2m by using bulk Cu20 is described in the following h k R  
All other quantities on the right of Eq. (5) are 

Compared in Table 1.9 are Tllo and T220, the thickness determined from 

integrated intensity measurements, with Ts, that determined from the line- 

shape analysis. It is seen that T l l o  and T220 agree quite closely with each 

other, while T 
dependent thickness measurements confirms the accuracy of the line-shape 

analys i s . 

is 10 to 15% smaller. The agreement among these three in- 
S 

69 



Discussion. - The line-shape analysis yields not only the thickness 

of the fi lm, but also the strain distribution. Figure 1.31 is a plot of 
interplanar spacing as a function of position through the f i lm thickness 

as determined from the line shapes of the five films here studied. 

Table 1.9. Comparison of Film Thickness Measured by Three Methods 

t 

Film 
NO T220 TS 

146 140 1 153 

2 237 227 190 

285 275 230 3 

4 319 

5 527 

321 280 

496 440 

UNCLASSIFIED 
ORNL-LR-DWG 42661 

Fig. 1.31. The Variation of the Interplanar Spacing of the 110 PlanesoThrough the F i l m  
Thickness for F ive Films. The corresponding spacing in bulk Cu,O i s  3.019 A. 
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For all the fihs, the interplanar spacing is everywhere greater than 

that of bulk Cu20, though at one interface the spacing is very nearly that 

of the bulk material, and very nearly the same for all five films. It is 

not possible to determine from the x-ray diffraction experiment whether this 

is the gas-oxide interface or that of the oxide-metal. Figure 1.31 shows that 

the strain in the film decreases from a large value in thin films to a very 

much smaller value as the film grows, in much the same way that the growth 

rate varies. It may be that the two are in some way related. 

Future work will include efforts to understand the cause of the strain 

in the film, to relate it to the growth rate of the oxide, and to extend the 

study to other orientations and perhaps to other systems. 

Determination of the Atomic Scattering Factors and 
Debye Factors in Cuprous Oxide 

B. S. Borie C. J. Sparks 

For the thickness determination of thin single-crystal oxide films, 

described elsewhere in this report, it is necessary to know the structure 

factors of the Bragg reflections, along with the Debye temperature factor. 

Though atomic scattering factors computed from theory are satisfactory, a 

lack of knowledge of the Debye factor requires an experimental determin- 

ation of these quantities. 

The data necessary are measurements of the integrated intensities of 

the Bragg reflections from a random powder sample and of the temperature 

diffuse scattering, both in absolute units. 

monochromator and balanced Ni-Co filters were used. The power of the primary 

beam was measured by s’cattering it from polystyrene (CgHg)x at a scattering 

angle sufficiently large that the scatterer may be assumed to be structureless. 

This allows the measurements of intensity to be converted to absolute units 

and the Compton scattering subtracted. 

Copper Ka radiation with an LiF 

An expression developed by Warren75 was used to fit the temperature 

diffuse scattering away from the Bragg reflections and to compute the diffuse 

scattering under the Bragg maxima, so that the diffuse background could be 

unambiguously separated from the peaks. A comparison of the thus computed 

75B. E. Warren, Acta Cryst. 6, 803 (1953). - - 
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and observed diffuse scattering is shown in Fig. 1.32. The integrated Bragg 

reflections were then converted to absolute units according to the method of 

Warren. 

000, 1/2 1/2 0, 1/2 0 1/2, 0 1/2 1/2, and two oxygen atoms at i: 1/4 1/4 1/4. 

Four types of crystal structure factor are readily derived. The integrated 

intensity measurements then are determinations in abolute units of the 

quantities fo exp [ -Q 1 , fCu exp [-MCu] , 2 fCu exp [ -MCul - fo exp -Mo 1 
and 2 f 

oxygen are f and fo, and the Debye temperature factors are M cu and Q. 

Cuprous oxide is cubic, with four copper atoms in the unit cell at 

exp [-Mcu] + fo exp [-Mol. The atomic form factors of copper and cu 

cu 
Plotted in Fig. 1.33 are the experimentally determined values of the 

first three of these quantities. 

first two were used to compute the third. 

good. 

For an internal consistency check, the 

The agreement is seen to be quite 

Figure 1.34 shows 2MCu determined experimentally as a fumtion of sin2 

This was done by using the curves of the diffuse scattering of Fig. 8/A2. 

1.32 and the atomic form factors of Fig. 1.33. It was assumed that the ex- 

tremely small contribution of oxygen to the diffuse background could be 

76B. E. Warren, Norelco Reptr. - 2, 63 (1955). 

r 
' 00  

2 0  30 40 50 7 0  80 90 100 110 120 
Z O ( d e g 1  

Fig. 1.32. Comparison of Observed (Solid Line) and Computed (Dashed Line) Diffuse Scat- 
tering for Cu,O. 
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f Fig. 1.33. Form Factors and Debye Factors for Cu,O as Determined from Integrated In- 
tensity Measurements. Crosses are points for curve ( A )  computed from curves ( B )  and (C). 

sufficiently well approximated by letting Mo = Mcu, and it was further assumed 
that the diffuse scattering is well described by the Warren theory for face- 

centered cubic elements. 

is that such a treatment of this data is internally self-consistent, and that 

the resultant 2Mcu is linear with sin2 8/A2. 

The only justification for this latter assumption 

With the experimentally determined 2Mcu, one may finally reduce the data 

This quantity is compared in Fig. 1.35 with the theoret- of Fig. 1.33 to fCu. 

ical values given by Berghuis et al.77 

and the Debye factor for oxygen is not possible because the diffuse scattering 

is very insensitive to the thermal motion of these atoms. 

Such a separation of the form factor -- 

77J. Berghuis et al., Acta Cryst. 8, 47’8 (1955). - - 
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Fig. 1.34. The Debye Factor for Copper in Cu,O as Determined from the Data of 
a n d + W i .  33 -* 

3L 
Figs. 1 . s  
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sin e /  k 
Fig. 1.35. Comparison of Observed Atomic Scattering Factor for Copper with That Computed 

by Berghuis et at. Observed factors shown as circles, computed factors shown as solid line. 
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HIGH-TEMPERATURE FEACTIONS 

G. P. Smith, Jr. 

C. R. Boston J. V. Cathcart G. W. Clark 
J. J. McBride G. F. Peterson 

Absorption Spectra of Fused Salts 

G. P. Smith, Jr. 
C. R. Boston J. J. McBride 

Influence of Cation Potential on the Energy of an Anion Transition. - As 
an initial phase of a study of ion-ion interactions in fused salts, a deter- 

mination was made of the influence which electrostatic interactions have on 

the energy of an 'A - j l U  type of n - K* transition in the nitrate ion. 
studies of the pure, molten alkali nitrates it was found that the energy of 

this transition increases linearly with the reciprocal of the cationic radius 

(l/r). 

it was necessary to obtain measurements on ions of rare-gas electronic con- 

figuration with charge Z greater than unity. 

the obvious choice, do not melt without decomposition. Consequently, it was 

necessary to study them in mixtures with the more stable alkali nitrates. 

studies established rules for extrapolating to the behavior of the pure mate- 

rials. In this manner it was possible to show that the energy of the n -+K* 

transition of NO3 is a linear function of the ca t ion  p o t e n t i a l  for values of 

Z/r from about 0.6 to about 2.0. 

From 

In order to show that this is an effect of cationic potential (Ze/r) 

The pure, alkaline earth nitrates, 

Such 

- 

The direction of this effect is predicted by McConnell's the~ry~'~~' of 

the influence of intermolecular interactions on n -+IT* transitions. Previously, 

this theory has been verified only for hydrogen bonding. 

extends this to include electrostatic effects. 

The present work 

It was also found that the temperature coefficient of the mean transition 

energy is negative and progressively increases in magnitude with increasing 

cation potential. This effect may be rationalized in terms of McConnell's 

theory when account is taken of the randomizing effect of thermalmotions. 

78H. McConnell, J. Chem.- Phys. - 20, 700 (1952). - 

c 

79J* W. Sidman, Chem. Revs. - 58, 689 (1958). - 
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When the above conclusions are applied to aqueous and organic solutions 

of nitrates, many of the complex solvent effects which have been reported are 

readily rationalized. 

trate band for solvents of progressively increasing polarity may be accounted 

for very simply in terms of ion-cluster formation. 

The supposedly anomalous red shift of the n -fl* ni- 

A very large mass of data has been collected from which it will be 

possible to assess the influence of cations which do not have rare-gas 

electron configurations and from which transition probabilities may be 

obtained. These data must be subjected to extensive computations before 

physically meaningful numbers are forthcoming. 

complete at the present time. 

These calculations are in- 

The Iodide Ion Charge-Transfer Band. - Recent attempts at measuring the 
charge-transfer bands of I- and Br- in fused mixtures of the KBr-LiBr and 

KC1-LiC1 eutectics8' gave results which are difficult to reconcile with any 

current theories of the charge-transfer process. Particularly striking were 

the molar extinction coefficients, E, of the band maxima with values of the 

magnitude of 50 and less (values of E are not listed in ref 80 but are easily 

computed from the number given), indicating a forbidden transition, whereas 

the charge-transfer process is expected to be strongly allowed with values 

of E of the magnitude of 10,000. 

We have, accordingly, checked these measurements for the case of KI 

dissolved in the molten LiC1-KC1 eutectic and obtained results which were 

quite different from the Toregoing and which are much more nearly in line 

with what would be anticipated. In these measurements, we reproduced the 

experimental conditions of the above authors (0.29 M K I  and 2 mm path length) 
and also made measurements under conditions more favorable for determining 

the high absorbancies involved (0.047 & KI and 0.06 mm path length). 

We were able to measure an absorption edge down to a wavelength of 215 

mp with a clear inflection point indicating the nearness of the band maximum. 

This absorption edge had a very accurate Gaussian profile. Consequently, the 

coordinates of the band maximum were computed by assuming exact Gaussian char- 

acter and found to be 8,500 for E and 210 for the wavelength. Greenberg 

8oJ. Greenberg and B. R. Sundheim, J. Chem. Phys. - - 29, 1029 (1958). 
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and Sundheim reported the low-energy band maximum at about 280 mp. 

sequence of possible errors in I- concentration, arbitrary error limits of 

As a con- 

- + 10% are placed on E. The spectra reported by Greenberg and Sundheim can 
t 

be accounted for in a semiquantitative way on the basis of stray-light errors. 

The charge-transfer band of I- in LiCl-KC1 is thus established as having 

the anticipated strongly allowed character. 

until more extensive data are available. 

Further analysis is postponed 

Bismuth Metal in Molten Bismuth Trichloride. - A basic postulate of most 
solution chemistry is that all electron orbitals may be regarded as localized 

on atoms, bonds, or, at most, small molecular units. For many solutions of 

metals in their molten halides this postulate is not even approximately cor- 

rect. 

from metal-rich to salt-rich compositions, valency electrons from the metal 

atoms undergo a transition from delocalized to localized orbitals. The ex- 

istence of the diamagnetic compounds of Bi(I), BiCl, and AlBiCl4 suggests 

that the bismuth-bismuth trihalide systems are likely candidates for this be- 

havior. For example, Bredig8l postulates that metallic bismuth in dilute Bi- 

BiX3 (X = C1, Br) solutions is largely partitioned between Biz molecules and 

Bi$+molecule ions. 

However, f o r  some metal-salt systems it appears plausible that in going 

A first problem in the study of such transitional systems is that of 

establishing the species formed by the metal in dilute solution. As a contri- 

bution to this problem, preliminary results have been obtained on the visible 

absorption spectrum of solutions of bismuth in BiC13 up to 0.7 

$) over the temperature range from 260 to 360°C. 
absorption band was found at 560 mp (260°C) and another strong band at about 

420 mp. The second band lay within the very strong background absorption of 

the BiCl3 solvent, where precise measurement is difficult. 

order-of-magnitude statements can be made about the 420 mp band. 

(about 6 mole 

A strong, easily measured 

Consequently, only 

The absorption coefficients (internal absorbance per unit path length) 

of these bands were different nonlinear functions of the formal concentration * 
of bismuth. 

least two different species. 

This result shows that bismuth in BiC13 is partitioned into at 

As the formal concentration of bismuth changed 

from 0.009 & to 0.7 &, the formal extinction coefficient (absorption coefficient/ 
* 

"M. A. Bredig, J. Phys. Chem. 63, 978 (1959). - - 



t 
formal Mof bismuth) decreased rapidly. 

concentration, a rapidly decreasing fraction of bismuth is partitioned into 

the 560 mp species. The absorption of  the 560 mp band changed with temper- 

ature in such a way as to indicate that the concentration of the associated 

species increases with increasing temperature at constant total bismuth con- 

centration. Quantitative statements must await detailed numerical analysis. 

An attempt will be made to fit these data to the Bredig equilibrium, 2 Biz + 
2 Bi'+ = 3 BizS+. 

This shows that with increasing total 

The qualitative changes, when interpreted by the Bredig model, suggest 

assignment of the 560 mp band to Biz molecules. 

that there is a good correspondence between the 560 mp band and the lowest- 

energy band of Bi2 molecules in the vapor phase. 

It is interesting to note 

Bredig has postulated that the Biz'molecule ion has a &electron bond. 

Hence, the Biz molecule should also be multiply bonded. This postulate is 

of general chemical interest because multiple bonds between heavy-metal atoms 

are uncommon. Ordinarily, one expects such bonding to arise from a single, 

2-electronY CI- bond with the n orbitals essentially nonbonding. However, it 

is possible that in the cases of Biz and Bi>+there is some mixing of d char- 

acter in the fl orbitals to give enough overlap so that one obtains a relatively 

iieak n-type bond. Such bonding would split the otherwise accidentally de- 

generate n and n* levels. This splitting would be manifest in the lowest- 

energy band in different ways, depending on the strength of the bond. At 

present, band assignments are too tenuous to justify elaboration on these 

matters, but the above comments point toward the possible utility of elec- 

tronic spectra in understanding the species and bonding in dilute solutions 

of metals in salts, provided that the present, rather serious experimental 

difficulties can be overcome. 
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REACTIONS AT METAL SURFACES 

J. V. Cathcart 
R. E. Pawel G. F. Petersen W. 0. Harms82 

TOPOGRAPHY OF OXIDE FILMS FORMED ON TANTALUM 

R. E. Pawel J. V. Cathcart 

Previous work at this laboratory 8 3 9  " has shown that the gaseous 

oxidation of tantalum takes place in a nonuniform fashion, character- 

ized at least in the initial stages by the formation in the metal of 

discrete platelets of oxide resembling a typical Widmanstatten struc- 

ture. 

manner illustrates the need for consideration of oxide morphology in any 

interpretation of the oxidation mechanism for tantalum. 

The tendency for this metal to react in such a heterogeneous 

T'ne present oxidation research with tantalum consists of work in 

two major areas. 

peratures betweel 475 and 53OoC, and a phenomenological study of the 

first-stage oxidation characteristics of tantalum was undertaken at tem- 

peratures between 300 and 700°C. 

Measurements were made of the oxidation rate at tem- 

Specimen Preparation and Experimental Procedures. - Tantalum speci- 

Ta, 99.71%; Nb, 0.15%; Fe, 0.03%; C, 0.03%; and mens (nominal analysis: 

W, 0.05%) were cut from 0.5 mm sheet in the form of coupons, 1 x 2 em. 
In most of the work reported here, the specimens were preannealed in 
vacuum for 1 hr at 1200°C; some specimens were strain anaealed for longer 

periods at 1290 and 1300°C to yield a larger grain size. 

were mechanically polished through 0.3-p levigated alumina and finally 

electropolished in a 90% HzSO'-lO$ HF solution. 

placed in quartz reaction tubes and annealed at a pressure of N 2 x 

The specimens 

The specimens were then 

8 2  
Consultant from University of Tennessee. 

83 
J. V. Cathcart, Met. Ann. Prog. Rep. Oct. 10, 1957, ORNL-2422, 

p 76 (classified); Oct. 10, 1958, ORNL-2632, p 58 (classified). 
8 4  
J. V. Cathcart and R. Bakish, J. Electrochem. SOC. (to be pub- 

lished). 
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mm Hg at the reaction temperature for approximately 16 hr prior to oxi- 

dation. 

gen at approximately atmospheric pressure. 

Except as noted, all oxidations were performed in purified oxy- 

The surface topography of the oxidized tantalum specimens was ex-. 

amined by both optical and electron microscopy. 

replication were used. Direct carbon replication, with chromium pre- 

shadowing, could be used on all but the heaviest oxide films. An indi- 

rect method involving carbon replication of a Parlodion intermediate was 

used with success even on the roughest films. Comparative tests indi- 

cated that both methods reproduced surface features equally well; how- 

ever, f o r  the sake of convenience and specimen preservation, the latter 

technique has been favored. 

Two methods of specimen 

Characteristic of the electropolished specimens was the presence of 

a "bubble raft" type of structure on the specimen surface even before 

oxidation (see Fig. 1.43). 

either electrolytic or chemical polishing, but nothing is known concern- 

ing the mechanism of their formation. The "bubble raft" structure was 

preserved unchanged on the surfaces of oxidized specimens. Thus, the 

simple oxidation of a tantalum specimen constituted a marker experiment, 

and the fact that this texture persisted after oxidation was evidence 

that anion diffusion was the predominant mode of diffusion in tantalum 

oxide films. 

These surface features developed during 

Experimental Results. - 1. Oxidation-rate measurements. A mano- 

metric system, similar to that previously used in rate measurements on 

the alkali metals,85 was employed for the oxidation-rate determinations 

for tantalum. Typical rate curves at 475, 515, and 530°C are shown in 
Figs. 1.36 and 1.37, where the number of moles of oxygen consumed per 

square centimeter of surface area is plotted against the time of oxida- 

tion. In this temperature range, tantalum characteristically formed ini- 

tially a protective oxide film; however, as the reaction proceeded, the 

rate of oxidation increased, and the rate curve became approximately 

85 
J. V. Cathcart, L. L. Hall, and G. P. Smith, Acta Met. - 5, 245 - 

(195'7). 
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Fig. 1.36. Oxidation-Rate Curves for Tantalum Fig. 1.37. Oxidation-Rate Curve for Tantalum at 
a t  475, 515, and 530°C. See Fig. 1.37 for com- 475OC. 
plete rate curve a t  475OC. 

l i n e a r .  The mechanism as soc ia t ed  with t h i s  "breakaway" phenomenon ap- 

peared t o  be s imilar  t o  t h a t  previously proposed f o r  niobium86 i n  t h a t  

t h e  diminution of t h e  p r o t e c t i v e  q u a l i t i e s  of  t h e  i n i t i a l  oxide f i l m  

could be c o r r e l a t e d  with t h e  formation of microscopic,  b l i s t e r - l i k e  cracks 

i n  t h e  oxide f i l m .  Figure 1.47 shows a t y p i c a l  example of such cracks.  

2 .  Mode of  oxide p l a t e l e t  formation. The morphology of tantalum 

and niobium oxide f i l m s  d i f f e r e d  considerably up t o  t h e  s t age  of  b l i s t e r  

formation. Where t h e  e a r l y  s t ages  of  ox ida t ion  of niobium showed rea-  

sonably uniform, though wrinkled, oxide sur faces ,  tantalum oxide f i l m s  

were covered with needle-shaped s t r u c t u r e s  as ind ica t ed  i n  Fig.  1.38. 
Taper sec t ions ,  Fig.  1.39, and c ross  sec t ions ,  F ig .  1.40, of  oxidized 

tantalum specimens showed t h a t  t hese  needles  were a c t u a l l y  t r a c e s  of 

p l a t e l e t s  of oxide extending i n t o  the  metal .  Hereaf te r ,  t hese  f e a t u r e s  

w i l l  be  r e f e r r e d  t o  as " p l a t e l e t s . "  B a k i ~ h ~ ~  has  repor ted  t h a t  t hese  

86 
J. V.  Cathcar t ,  J. J. Campbell, and G. P. Smith, J. Electrochem. 

SOC. 105, 442-46 (1958). - - 
87 

R .  Bakish, J. Electrochem. SOC. - 105, 71 (1958). - 
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Fig. 1.38. Typical Platelet Growth of Oxide on Tantalum Specimen. Preannealed 1 hr at 
1200°C; oxidized 96 hr at 320°C. 

Fig. 1.39. Taper Section Through Platelet Structure on Oxidized Tantalum Surface, Showing 
Depth of Platelets. Oxidized 4 hr at 500OC. 500X. 

J 
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Fig.  1.40. Cross Section o f  Oxidized Tantalum Specimen Showing P la te le t  Growth into the 
Etched for 2 sec in 50% H,SO,- Metal. 

25% HNO,-25% HF. 
Preannealed 1 hr at 1200OC; oxidized 6 hr at  5OOOC. 

platelets form on the (100) planes of the metal and grow in < 100 > di- 
rections. 

tions, notably those with sulfur88 and nitrogen,89 have also shown this 

characteristic s t rue ture . 

It is of interest to observe that other gas-tantalum reac- 

The resemblance of the platelet structure to the Widmanstatten 

pattern observed in many precipitation systems suggested the possibility 

that the platelets formed during the cooling of the specimen from the 

reaction temperature. 

rate was studied; hot-replication techniques and hot-stage microscopy 

methods were also applied to the problem. 

For this reason, the effect of varying the cooling 

The results obtained by varying the cooling .rate from the oxidation 

temperature were inconclusive. 

mately 2'/min to an estimated > 200"C/min. 
Cooling rates were varied from approxi- 

Although some difference in 

Y 

b 

I 

b 88 
J. V. Cathcart and J. B. Wagner, Met. Ann. Prog. Rep. Oct. 10, 

- 1957, ORNL-2422, p 87 (classified). 
89 
R. Bakish, J. Electrochem. SOC. - 105, 574 (1958). - 
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structure existed between specimens treated in these ways, no correla- 

tion of morphology with cooling rate could be made. 

The results of replicating the specimens before cooling from the 

reaction temperature were more definite. A small hot-plate was con- 

structed and mounted in the vacuum evaporator normally used for specimen 

replication. The specimen was oxidized in air at 400°C, on the hot plate. 

After the evacuation of the system, with the specimen still at 4OO0C, a 
direct carbon replica, preshadowed with gold or palladium, was made of the 

oxide surface. The hot replica was then removed and the specimen re-repli- 

cated in the normal way at room temperature. The resulting two sets of 

replicas were examined in the electron microscope. No differences in sur- 

face topography could be detected in the replicas. Figure 1.41 is an elec- 

tron micrograph of the specimen replicated at temperature. Figure 1.42 

shows another area from the same specimen replicated after cooling. It was 

concluded that the platelet growths occurred during oxidation. 

The formation of the platelet structure was also observed directly at 

temperature with a hot-stage microscope. 

resolution of the microscope were not sufficient to permit the observation 

of very fine details, the progress of the reaction could be described as 

follows: A gradual darkening of scattered grains in the specimen occurred. 

As this darkening progressed, platelets became visible in other lighter 

grains. Some platelets definitely were nucleated at grain boundaries, 

while others seemed to develop wholly in situ and grew slightly in thick- 

ness as a function of time. As oxidation continued, the platelets fre- 

quently developed small, needle-like subplatelets. No detectable changes 

in surface topography occurred when the specimens were cooled to room tem- 

perature in vacuum. 

Although the magnification and 

_-  

Thus, hot-replication methods and hot-stage microscopy showed that 

the platelet structure originated during oxidation and not during cooling 

from the reaction temperature. 

mens were all oxidized in air and that temperature control was poorer than 

with the standard apparatus; however, the morphology of these specimens 

compared favorably with that of the more carefully oxidized samples. 

It should be indicated that these speci- 
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Fig. 1.41. 
Temperature. 
replica; 6800X. 

Platelet Structure Existing on Oxidized Tantalum Surface Before Cooling from Reaction 
Replicated at  temperature; direct Preannealed 1 hr at 1200OC; oxidized 1 hr at 400°C. 

3. Oxide morphology, 300-700°C. The first stages of tantalum oxi- 

dation were studied over the temperature range 300-700°C at 100" incre- 

ments. Particular attention was paid to the initial oxidation behavior and 

its possible influence on the onset of blistering or rupturing of the oxide 

film. 

T 

Only the very initial stages of' oxide formation occurred on speci- 

mens oxidized at 300°C for times varying up to 95 hr. In the electron 
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Fig. 1.42. Platelet Structure on Tantalum Surface After Cooling from Reaction Temperature. 
Replicated at room temperature; indirect Preannealed 1 hr at 12OO0C, oxidized 1 hr at 400OC. 

replica; 9600X. 

microscope, t h e  oxide appeared as f i n e  needles  o r i g i n a t i n g  i n  t h e  g r a i n  

boundaries and extending i n t o  t h e  g ra ins  a long d e f i n i t e  c rys t a l log raph ic  

d i r e c t i o n s .  Figure 1.43 shows a t y p i c a l  e l e c t r o n  micrograph of t hese  

grain-boundary growths. 

although t h e  r a t e  of  ox ida t ion  was much increased,  and prolonged oxida- 

t i o n  a t  500°C r e s u l t e d  i n  t h e  formation of b l i s t e r - l i k e  cracks i n  t h e  

oxide.  Figures  1.44, 1.45, and 1.46 i l l u s t r a t e  a t y p i c a l  sequence of  

A t  400 and 5OO0C, t h e  grovth process  w a s  similar, 
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Fig. 1.43. Typical Grain-Boundary Platelet Growth on Tantalum Oxidized at Low Tempera- 
Preannealed 1 hr at 1200°C; oxidized 95 hr at ture. 

300°C; indirect replica; 16,800X. 
Note “bubble raft” background texture. 

7 
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Fig. 1.44. Early Stage o f  Oxidization on Coarse-Grained Tantalum at 5OOOC. Preannealed 
16 hr at  1200OC; oxidized 15 min at 500°C. 

Fig. 1.45. Platelet Growth on Coarse-Grained Tantalum at 5OOOC. Preannealed 16 hr at  
1200OC; oxidized 60 m i n  at  500OC. 
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Fig. 1.46. Surface Structure o f  Tantalum After Period of Longer Oxidation at 500°C. Pre- 
annealed 1 hr at 1200OC; oxidized 5 hr at 500°C. 

specimens oxidized a t  5 O O 0 C ,  and an example of crack formation i n  t h e  

oxide i s  shosm i n  Fig.  1.47. 
A t  600°C a change i n  t h e  oxide morphology w a s  f i r s t  observed. On 

some gra ins ,  nodular oxide growths were in t e r spe r sed  with p l a t e l e t s .  I n  

some ins tances  t h e  nodular growths showed c rys t a l log raph ic  cha rac t e r  and 

even t h e  tendency t o  develop i n  the  manner of  a p l a t e l e t .  These charac- 

t e r i s t i c s  a r e  i l l u s t r a t e d  i n  Figs. 1.48-1.51. A t  700"C, t h e  nodular  

growth was even more pronounced, and t h e  f i r s t  s tages  o f  ox ida t ion  con- 

s i s t e d  almost e n t i r e l y  o€ nodular-type a t t ack .  

t r a t e  t hese  f ea tu res .  

Figures  1.52-1.54 i l l u s -  

These sequences of  photographs a l s o  demonstrate t h e  marked v a r i a t i o n  

of t h e  oxida t ion  behavior of  tantalum with c rys t a l log raph ic  o r i e n t a t i o n .  

I n  many specimens, a g ra in  which had progressed t o  the b l i s t e r  s t age  ol" 

oxida t ion  vas adjacent  t o  g ra ins  which showed l i t t l e  o r  no evldence oi 

oxide formation. 
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Fig. 1.47. B l i s te rs  Observed on Oxidized Tantalum Surface i n  Later Stages o f  Oxidation. 
Preannealed 1 hr at  1200OC; oxidized 7 hr a t  5OOOC. Indirect replica; 9700X. 
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Fig. 1.48. Early Stage Platelet-Nodule Oxide Growth at  600OC. Preannealed 1 hr at  1200OC; 
oxidized 3 min at  600OC. 

Fig. 1.49. Continuation of  Platelet-Nodule Oxide Growth a t  600OC. Preannealed 1 hr a t  
12OOOC; oxidized 4 m i n  at 600°C. 
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Fig. 1.50. Electron Micrograph of  Nodular Growth on Tantalum at 600OC. Preannealed 1 hr 
a t  1200°C; oxidized 1 min at 600OC. Indirect repl ica. 9700X. 
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Fig. 1.51. Electron Micrograph of  Grain Showing Both Platelets and Nodules of Oxide. Pre- 
annealed 1 hr at  1200OC; oxidized 1 min at  600°C. indirect replica. 6900X. 
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Fig. 1.52. Nodular Growths Appearing in  F i rs t  Stages o f  Oxidation a t  700OC. Preannealed 
16 hr at  1200OC; oxidized 6 to 10 sec at  700'C. 

00s 

X 
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irl 

Fig. 1.53. Nodular and Platelet-Nodule Growth of Oxide at  700OC. Preannealed 1 hr a t  
1200°C; oxidized 6 to 10 sec a t  700OC. 
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Fig. 1.54. Electron Micrograph of First-Stage Oxide Nodules Formed at 700OC. Preannealed 16 hr 
at 1200OC; oxidized 6 to 10 sec at 700OC. Indirect replica. 9600X. 
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Conclusions. - On t h e  b a s i s  of t hese  r e s u l t s ,  t he  fol lowing conclu- 

s ions  appear t o  be j u s t i f i e d .  

1. Oxide p l a t e l e t  formation on tantalum occurred a t  t h e  temperature 

of ox ida t ion  and seemed t o  involve a type of p r e c i p i t a t i o n  process .  

2. A t  lower temperatures,  t h e  nuc lea t ion  of p l a t e l e t s  occurred a t  

g r a i n  boundaries,  but  a t  600°C and higher ,  nodular  growths were observed 

whose nuc lea t ion  w a s  no t  a g ra in  boundary phenomenon. 

3. Tantalum exh ib i t ed  a pronounced dependence of ox ida t ion  rate on 

c rys t a l log raph ic  o r i e n t a t i o n .  

4 .  Some form of anion d i f f u s i o n  w a s  shown t o  predominate i n  t h e  

oxide f i l m s  dur ing t h e  p r o t e c t i v e  s t age  of oxidat ion.  

5. A c o r r e l a t i o n  w a s  e s t a b l i s h e d  between the oxide morphology and 

t h e  oxida t ion  r a t e  curves f o r  tantalum. The occurrence of anion d i f f u -  

s ion ,  t h e  l a r g e  oxide/metal volume r a t i o ,  and t h e  geometry of t h e  p l a t e l e t  

and nodular growth forms i n  the oxide f i l m s  suggested t h a t  t h e s e  l a t t e r  

f e a t u r e s  should be cen te r s  of regions of stress i n  t h e  oxide and, hence, 

p re fe r r ed  s i tes  f o r  crack formation i n  t h e  oxide.  Cracks were formed 

p r e f e r e n t i a l l y  a t  nodular  growths a t  600°C and above. 

t u r e s ,  however, t h e  c o r r e l a t i o n  w a s  more ambiguous; many of t h e  cracks 

produced i n  regions of p l a t e l e t  growth were s u f f i c i e n t l y  l a r g e  so  as t o  

encompass p a r t s  of s eve ra l  p l a t e l e t s .  

A t  lower tempera- 

THE EFI?ECT OF RADIATION ON THE OXIDATION OF METALS9' 

J. V.  Cathcar t  

Two primary ways i n  which nuc lear  r a d i a t i o n  might in f luence  t h e  gase- 

ous oxida t ion  of m e t a l s  are (1) through a change i n  t h e  t o t a l  number of 

l a t t i c e  de fec t s  i n  t h e  oxide f i lm,  and (2 )  by t h e  a l t e r a t i o n  of some nu- 

c l e a t i o n  s t e p  i n  t h e  oxida t ion  process .  I n  in s t ances  where t h e  oxide f i lm 

formed on a metal. i s  r e l a t i v e l y  t h i c k  and nonporous, t h e  rate-determining 

s t e p  i s  usua l ly  t h e  d i f f u s i o n  of l a t t i c e  de fec t s  across  t h e  oxide f i lm;  

thus ,  a s i g n i f i c a n t  i nc rease  i n  defec t  concent ra t ion  should produce an in-  

c rease  i n  t h e  rate of oxidat,ion. With regard  t o  t h e  second e f f e c t ,  t h e  

90  
This research  w a s  performed j o i n t l y  wi th  F. W .  Young, Jr., of t h e  

S o l i d  S t a t e  Divis ion.  
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formation of a c rack  o r  some o the r  r e l a t i v e l y  gross  d i scon t inu i ty  i n  t h e  

oxide f i lm i s  usua l ly  a s soc ia t ed  wi th  a nuc lea t ion  process .  

c a l i z e d  add i t ions  of energy t o  t h e  oxide l a t t i c e  might t hen  be expected t o  

t r i g g e r  c e r t a i n  types of nuc lea t ion  s t e p s  and aga in  produce an inc rease  i n  

t h e  oxida t ion  rate.  

Highly l o -  

These ideas  were t e s t e d  through a s tudy of t h e  i n - p i l e  ox ida t ion  of 

niobium. 

niobium i n i t i a l l y  forms a p r o t e c t i v e  oxide f i lm b u t ,  as oxida t ion  proceeds, 

t h e  p r o t e c t i v e  cha rac t e r  of t h e  fi lm decreases due t o  t h e  formation of m i -  

croscopic ,  b l i s t e r - l i k e  cracks i n  t h e  oxide.  91 Therefore,  t h e  i n - p i l e  oxi-  
da t ion  of niobium i n  t h i s  temperature range permi t ted  a study o f  t h e  e f f e c t  

of r a d i a t i o n  bo th  on t h e  oxida t ion  r a t e  of niobium and as a t r i g g e r  for t h e  

nuc lea t ion  of cracks i n  t h e  oxide.  

I n  t h e  neighborhood of 400°C and i n  t h e  absence of r a d i a t i o n ,  

E l e c t r o l y t i c a l l y  pol ished,  p o l y c r y s t a l l i n e  niobium coupons92 were oxi- 

dized i n  t h e  ORNL Graphite Reactor a t  temperatures  from 380 t o  450°C and 

f o r  times ranging from 1 t o  6 h r .  

w a s  nv. Af t e r  oxidat ion,  t h e  specimens were r e p l i c a t e d  and exam- 

ined  wi th  an e l e c t r o n  microscope. 

t i o n  of b l i s t e r  formation and t h e  b l i s t e r  dens i ty  were e s s e n t i a l l y  t h e  

same as r epor t ed  previous ly93  f o r  ou t -of -p i le  experiments.  

The fast  neutron f l u x  during oxida t ion  

Both t h e  t i m e  r equ i r ed  f o r  t h e  i n i t i a -  

Poss ib le  changes i n  t h e  ra te  of  ox ida t ion  under i r r a d i a t i o n  were in-  

v e s t i g a t e d  by oxid iz ing  a s p h e r i c a l  s i n g l e  c r y s t a l  of niobium i n - p i l e .  I n  

t h e  absence of r a d i a t i o n ,  a p a t t e r n  of oxide i n t e r f e r e n c e  co lo r s ,  r e f l e c -  

t i n g  a v a r i a t i o n  of oxide-fi lm th ickness ,  formed over t h e  sphere as a re- 

s u l t  of t h e  marked v a r i a t i o n  i n  oxida t ion  rate wi th  c rys t a l log raph ic  p lane .  

Areas near  t h e  < 100 > poles  oxidized most slowly, while  t h e  oxida t ion  

r a t e  w a s  a maximum at  < 111 > and < 110 > poles .  

formation regarding t h e  index of r e f r a c t i o n  of Nb205 ,  no absolu te  th ickness  

Because of a l a c k  of in -  

91 
J. V. Ca thcar t ,  J. J. Campbell, and G.  P. Smith, J .  Electrochem. 

- -  SOC. 105, 442-46 (1958); J. V.  Cathcar t ,  Met. Ann. Prog. Rep. Oct. 10, 
1957,7JRNL-2422, p 76-90 ( c l a s s i f i e d ) .  

92 
For specimen prepara t ion  and detai ls  of t h e  oxida t ion  apparatus ,  

see Met. Ann. Frog. Rep. Oct. lo, 1958, ORPJL-2632, p 63 ( c l a s s i f i e d ) .  

J. V .  Cathcar t ,  Met. Ann. Prog. Rep. Oct. 10, 1957, ORNL-2422, 
9 3  

p 76 ( c l a s s i f i e d ) .  
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values could be assigned t o  these oxide f i lms .  

400°C, third-order interference colors  were evident around the  < 111 > and 

< 110 > poles,  while t h e  < 100 > poles s t i l l  exhibi ted f i r s t - o r d e r  colors .  

This same p a t t e r n  w a s  observed when the  c r y s t a l  w a s  oxidized in-pi le ;  

therefore ,  it w a s  concluded t h a t  t h e  rad ia t ion  had not s i g n i f i c a n t l y  a l -  
t e r e d  the  r a t e  of oxidation. 

However, a f t e r  1 hr a t  

A s i m i l a r  s e t  of i n - p i l e  experiments w a s  performed with polycrystal-  

Samples were oxidized f o r  2 h r  a t  temperatures l i n e  zirconium specimens. 

from 450 t o  500°C. Again, however, e lec t ron  microscopic examination re- 

vealed no differences between specimens oxidized in-p i le  and those oxi- 

dized i n  the  absence of rad ia t ion .  

Discussion. - I n  attempting t o  evaluate the e s s e n t i a l l y  negative re- 

s u l t s  described above, it i s  necessary t o  ascer ta in  whether the  neutron 

f l u x  w a s  s u f f i c i e n t l y  high t o  have a measurable e f f e c t  on t h e  oxidation 

process. A precise  determination of the  change i n  defect concentration 

i n  the oxide f i lm as a function of neutron f l u x  would require  a knowledge 

of the  normal defect concentration i n  the  film i n  the absence of radia- 

t i o n .  This l a t t e r  quantity i s  not avai lable ,  but an order-of-magnitude 

estimate of the changes t o  be expected as a r e s u l t  of neutron bombardment 

may be obtained i n  the  following way. Assume t h a t  each neutron produces 

10 defects/cc of oxideg4 and t h a t  each defect contr ibutes  t o  the oxida- 

t i o n  process. 

a r a t e  of 10 A/hr and f o r  a f l u x  of 

fects.hr-1.cm-2 could be formed i n  the  film. 

growth r a t e  requires  the  addi t ion t o  t h e  f i lm of 

and, hence, the generation of 

pected, therefore ,  t h a t  exposures t o  f luxes of the  order of 1015-1016 nv 

would be required before the  oxidation r a t e  could be changed appreciably 

as a r e s u l t  of a s h i f t  i n  defect concentration. These ca lcu la t ion  have 

been based on 5000-1 f i lms,  s ince it i s  a t  t h i s  approximate thickness 

t h a t  crack formation i s  i n i t i a t e d  i n  the  oxide. 

Then f o r  a niobium oxide film 5000-1 th ick  and growing a t  
0 

nv, approximately 2 x 10l1 de- 

However, the s t i p u l a t e d  

oxygenions.hr-l.cm-2 

defects.hr-1.cm'-2. It i s  t o  be ex- 

In  a similar manner, a rough estimate of the  number of loca l ized  re-  

gions of disorder introduced i n t o  the  f i lm by neutron bombardment may a l s o  

9 4  
F .  Se i tz  and J. S. Koehler, Sol id  S t a t e  Physics - 2, 307 (1956). - 
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be obtained. 

meter of oxide per unit of flux.94 

-2 x lolo regions of disorder per square centimeter of a 5000-1 film in 
1 hr. The maximum number of blister-like cracks usually observed on nio- 

bium oxide films, however, is only - lo7/cm2 and the density of other 
types of oxide nuclei generally ranges from l o 7  to 101'/cm2. 

Assume that lo-' such regions are created per cubic centi- 

Then a flux of nv would produce 

It was therefore concluded that extremely high neutron fluxes would 

be required to produce a measurable effect on the oxidation rate of met- 

als as a result of changing the defect concentration in the oxide film. 

On the other hand, a neutron f lux  of only 1012 nv could in 1 hr generate 

potential nucleation sites in the oxide in numbers at least of the same 

order of magnitude as the nmber of nuclei normally found in oxide films. 

However, the results obtained with niobium and zirconium suggest that the 

nucleation processes in the oxidation of these metals is not affected by 

nuclear radiation. Further experiments will be required to determine the 

applicability of these results to other metal-oxide systems. 

OXIDATION STUDIES ON COPPER 

J. V. Cathcart W. 0. Harms 

Studies designed to characterize thin oxide films on various crys- 

tallographic planes of copper single crystals have been continued. The 

research has been confined to three major areas: an investigation of 

the apparent optical anisotropy of thin Cu20 films, the development of 

a chemical method for the determination of the thickness of such films, 

and an x-ray diffraction study of strain distribution in thin Cu20 

films. The last area was undertaken in cooperation with the Microstresses 

in Crystals Group of the Metallurgy Division and is described elsewhere 
in this report. 

The crystal lattices for both copper and Cu20 are cubic, and, con- 

sequently, an optical method95 involving the use of a polarizing spec- 

trometer should be applicable in the determination of oxide film thick- 

nessess on copper. This technique has for some time been used with 

Y 

t 

t 

95 
0. Kubaschewski and B. E. Hopkins, Oxidation of Metals and Alloys, 

p 106-10, Academic Press, New York, 1953. 
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success f o r  very t h i n  Cu20 f i lms ,  bu t  r ecen t ly  it w a s  found t h a t  at 

l e a s t  f o r  f i lms  200 t o  80C A t h i c k  formed a t  25OoC, s i g n i f i c a n t  var ia -  

t i o n s  i n  apparent oxide th ickness  were obtained, depending on the  or ien-  
t a t i o n  of t h e  specimen r e l a t i v e  t o  the  plane of incidence of  t he  polar-  

i z i n g  spectrometer .  

func t ion  of  t he  angle  of r o t a t i o n  about t h e  normal t o  t h e  specimen sur-  

face  i s  shown i n  Fig.  1 .55 .  The per iodic  v a r i a t i o n  of the  th ickness  

measurements i s  apparent from the  graph, 90" of r o t a t i o n  sepa ra t ing  

maxima and minima. 

0 

A t y p i c a l  p l o t  of  apparent f i l m  thickness  as a 

These da ta  were taken with an oxide film formed on t h e  (110) of a 

copper c r y s t a l .  

t he  e p i t a x i a l  r e l a t i o n s h i p  between oxide and metal  i s  such t h a t  t h e  crys- 

t a l  l a t t i c e s  a r e  p a r a l l e l  t o  one another .  It w a s  found t h a t  t he  maxima 

i n  t h e  thickness  curve occurred when a [110] d i r e c t i o n  l a y  i n  t h e  plane 

of incidence.  The minima corresponded t o  those  o r i e n t a t i o n s  f o r  which 

a [loo] d i r e c t i o n  l a y  i n  t h e  plane of incidence.  

The oxide f i l m  w a s  i t s e l f  a pseudo s i n g l e  c r y s t a l ,  and 
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Fig. 1.55. The Variation of Spectrometer Thickness Measurements as a Function of the 
Angle of Rotation of the Specimen About the Normal to the Specimen Surface. 
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It would appear that the optical anisotropy exhibited by the oxide 

films may be related to the lattice distortions detected in these filnis 

by the x-ray diffraction studies mentioned above. 

nificance of the results is not understood, it is felt that further in- 

vestigations may produce useful data relative to strain, and possibly, 

defect distribution in the films. 

While the full sig- 

An analytical method is being developed whereby thin Cu20 films can 

be dissolved either directly or after electrolytic stripping and analyzed 

for copper content. The information so derived could be used in at least 

two ways: 

under various conditions of time and temperature, and (2) to investigate 

the validity of the electrolytic stripping procedure used in connection 

with previous electron optical studies of the 

tentative results have been obtained, but these preliminary studies in- 

dicate that the method shows promise as a useful tool in thin-film re- 

search. 

(1) to determine the thickness of cuprous oxide films formed 

To date only 

The solvent for the oxide films is freshly de-aerated 0.01 M ethyl- - 
enediamine solution. In the absence of dissolved oxygen, the ethylene- 

diamine forms a chelated complex with the copper of the oxide films but 

does not react with the copper substrate. The solution is then analyzed 

spectrophotometrically by a method described by Smith and McCurdy' 

which the specific complexing reagent is 2,9-dimethyl-l,lO-phenanthroline 

and for which the limit of detection is 0.04 p of copper per milliliter. 

in 

The experimental technique was suggested by methods developed 

Jenkinsg8 of the Solid State Division, ORNL, whose assistance 

search is gratefully ackncwledged. 

by L. H. 

in this re- 

9 6  
J. V. Cathcart, Met. Ann. Prog. Rep. Oct. 10, 1958, ORNL-2632, 

G. F. Smith and W. H. McCurdy, Anal. Chem. - 24, 371-73 (1952). 

L. H. Jenkins and F. W. Young, Jr., J. Electrochem. SOC. (in press). 

p 60 (classified). 
9 7  
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G. W. Clark 0. C. K~~~~~ 

TO use more skillfully the currently available ceramic materials 

and to aid in designing special properties into new ceramics, basic 

scientific information is seriously needed. In order to characterize 

unambiguously certain physical phenomena associated with transport, mag- 

netic, mechanical, and optical properties of many materials, the utili- 

zation of single crystals is required. The mechanisms of crystallization 

have proved difficult to establish. In fact, the significance of defect 

structure in crystal growth and its influence on physical properties has 

only recently been recognized. The availability of macroscopic single 

crystals of high-melting-point ceramics is almost nil. 

It is the aim of this program to explore methods for growing ceramic- 

type crystals, to study the defect structure of the crystals, and to study 

the magnetic properties of certain of these crystals. 

Major attention has been directed toward preparing the laboratory 

space and equipment for growing crystals. 

been constructed and is in operation. In addition, the following systems 

are in varying stages of completion: a flame fusion furnace, a con- 

stricted-arc furnace, and an arc-image furnace. 

apparatus which will permit the investigation of crystal growth from 

fused halide solutions. 

A hydrothermal autoclave has 

Also being built is an 

The hydrothermal system has as its upper design limit 650°C and 

1200 atm. In anticipation of studying acidic systems, especially those 

with the fluoride ions, one autoclave was fabricated from INOX-8. 

In order to adjust the hydrothermal system, single crystals of 

quartz (SiO;?) were grown according to the method described by A. C. 
Walker.100 A basket of nutrient quartz was placed at the bottom of an 

9 9  

100 
Summer research participant from University of Tennessee. 

A. C. Walker, Ind. Eng. Chem. - - 46, 1670-76 (1954). 
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autoclave and covered with a baffle. Quartz seed-plates were suspended 

above the basket, and the autoclave was filled to 80% of its free volume 

with 0.5 N NaOH. The sealed autoclave was placed in a furnace and the 

temperature controlled so that the nutrient region was at 410°C and the 

seed region at 390°C. 

sure was 1200 atrn. 

- 

Under these conditions the estimated internal pres- 

When, after seven days, the autoclave was opened, the original 1- 

mm-thick seed-plates had grown to a thickness of 7 to 9 mm. Thus, the 

average growth rate was 1 mm/day (about 80% of the optimum rate reported 

by Walker) .loo 

Upon the successful completion of this preliminary test, attention 

was given to the problem of growing quartz hydrothermally under retro- 

grade conditions. For most conditions of temperature and pressure, the 

solubility of Si02 in water increases with the temperature; however, in 

the region between 150 and 600 atm, and above the critical temperature 

for water, the solubility is a negative function of temperature''' (that 

is, retrograde conditions exist). Even though unfavorable results were 

reported in previous attemptslo2 to grow quartz crystals under retro- 

grade ccnditions, the potential advantages of working in this pressure- 

temperature region appeared to warrant further experimental efforts in 

this area. 

Preliminary experiments were successful. Best results to date were 

obtained when the autoclave was filled to 40% of its free volume with 

0.1 - N NaOH and with the seeds being located in a region having an indi- 
cated temperature 5°C above that of the nutrient, which was controlled 

at 410°C. The estimated internal pressure was 350 atrn. 

In one of the first experiments, quartz single-crystal whiskers 

(confirmed by x ray) were grown on the seed support. In subsequent runs, 

'two minerals, tentatively identified as acmite and osannite (both sodim- 

iron silicates), were synthesized. 

these results, is in progress. 

Additional work, designed to confirm 

101 

102 
G. C. Kennedy, Econ. Geol. 45, 629-53 (1950). 

A. C. Walker, J. Am. Ceram. SOC. 36, 250-56 (1953). 
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A second hydrothermal furnace has been completed and w i l l  be used in 

an attempt to grow MgO crystals. 

The second phase of this program will include studies of crystal 

perfection, growth mechanisms, and specific physical properties relating 

to magnetic behavior. In cooperation with the X-Ray Group of the Metal- 

lurgy Division, a double crystal spectrometer is now being set up. With 

this spectroiiieter and by other means, crystal perfection will be evalu- 

ated. 
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HRP METALLURGY 

A 

G. M. Adamson, Jr. 
M. L .  Picklesimer E .  S .  Bomar, Jr. 
S. G .  Nelson F. W .  Cooke 
P. L. Rittenhouse W .  J .  Leonard 
R.  L .  Stephenson J. J .  P r i s l i n g e r  

C .  H .  Wodtke 

INTRODUCTION 

The p r i n c i p a l  r e s p o n s i b i l i t y  of t he  Homogeneous Reactor Metallur,q 

Sect ion i s  t o  fu rn i sh  me ta l lu rg ica l  a s s i s t ance  t o  t h e  Homogeneous Rzactor 

P r o j e c t .  

reactor '  which i s  a l s o  capable o€ breeding uranium from thorium. 

I s  an a c i d i f i e d  so lu t ion  of uranyl  s u l f a t e  and t h e  thorium i s  used i n  t h e  

i'orin of a t h o r i a  slurry. 

second experimental  r e a c t o r  vhich i s  known as the  Homogeneous Reactor Test  

The P ro jec t  i s  at tempting t o  develop an aqueous hoaogeneous power 

The €uel  

The P r o j e c t  has b u i l t  and i s  now opera t ing  i t s  

( H R T ) ,  

The major i ty  of t h e  me ta l lu rg ica l  problems i n  t h i s  systUl  QT ar ise  i'rorn 

the  use of a zirconium a l l o y  as a core ves se l  which sepa ra t e s  t h e  uranyl 

s u l r a t e  core so lu t ion  from t h e  t h o r i a  blanket  slurry. 

have a low thermal-neutron c ross  sec t ion ,  be corrosion r e s i s t a n t  t o  both 

uranyl  s u l f a t e  and t o  t h o r i a  slurry under r ad ia t ion ,  and a c t  as a pressure  

ves se l  a t  300°C. A zirconium a l l o y  i s  the  only material t h a t  appears pos- 

s i b l e  f o r  such a use .  

sho r t - l i ved  experimental  r eac to r s ;  bu t ,  from a co r ros ion - re s i s t an t  stand- 

po in t ,  it i s  marginal f o r  t h e  proposed large-power r eac to r s .  

This  member inust 

Zircaloy-2 i s  s a t i s f a c t o r y  for t he  lower-power, 

The e x t e r n a l  r z a c t o r  system would most l i k e l y  be cons t ruc ted  from 

type 347 s t a i n l e s s  s t e e l ,  wi th  t h e  r e a c t o r  i t s e l f  being made from a type 

347 stainless-steel-clad-pressure?-vessel s t e e l .  

neer ing m a t e r i a l s  o f f e r  no se r ious  me ta l lu rg ica l  problems o the r  than  those 

likely t o  b2 encoantered i n  the  f a b r i c a t i o n  of any complex s t r u c t u r e .  

These conventional engi-  

Type 

347 s t s i n l e s s  s t e e l  o f f e r s  cor ros ion  problems, and some me ta l lu rg ica l  

s t u d i e s  have been made on t h e  p o s s i b i l i t i e s  of using a t i t an ium a l l o y  f o r  

t he  e x t e r n a l  system o r  f o r  s e l ec t ed  po r t ions  of i t .  

'J. A.  Lane, H .  G .  MacPherson, and F. Maslan ( e d s . ) ,  F lu id  Fuel R e -  
a c t o r s ,  p 11, Addison-Wesley, Reading, Mass., 1958. 
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HRT METALLURGICAL RESEARCH 

Exmina t ion  of Samples and Conponents Removed 
from t h e  Homogeneous Reactor Core 

V 

M. L. Picklesimer 
P. L. Rittenhouse R.  L. Stephenson 

A t  t h e  conclusion of run 17, t he  core of t he  homogeneous r e a c t o r  i i as  

opened I’or an examination and f o r  t he  removal o€ the mechanical-property- 

corrosion samples which had been exposed during t h e  r u n . 2  

been suspended on an A55 t i t an ium holder ,3  wi th  s i x  samples a t  each oi 

four  p o s i t i o n s .  

oI‘ t he  r eac to r ,  and 24 samples had also been exposed t h e r e .  A t h i r d  a r r a y  

of 24 samples had been exposed i n  the  b lanket  reg ion .  

subsize mult iple-break t e n s i l e  and impact samples which a l s o  served as 

corrosion samples. The ma te r i a l s  t e s t e d  included Zircaloy-2,  zirconium 

a l l o y s ,  var ious  a l l o y s  01 t i t an ium,  a u s t e n i i i c  s t a i n l e s s  s t e e l s ,  and welds 

of Zircaloy-2 and type 347 s t a i n l e s s  s t e e l .  On removal, only two of  the 

24 core samples remained on t h e  holder ,  with many of the o t h e r s  v i s i b l e  

on the  t o p  screen .  

a r eas  t h a t  appear3d t o  have melted.  

The smlples had 

The holder  had extended up i n t o  t h e  neck region ( o u t l e t )  

The samples were 

The holder  i t s e l f  contained t h r e e  ho le s  and shoired 

The Zircaloy-2 screens welded in s ide  the  lower core a l so  had b?en 

changed. 

most of t he  surface showed considerable  a t t a c k .  An apparatus  vas developed 

by the  Reactor Experimental Engineering Div is ion ,  and disks 2 i n .  i n  d i -  

ameter were cu t  from t h e  cen te r  o f  t he  s i x  top screens .  

The top  screen contained ho le s  caused by inissing l igaments ,  and 

The core holder ,  t h e  core samples t h a t  had been recovered, and the  

screen d i s k s  were turned  over t o  Metallurgy f o r  examination. The exami- 

na t ion ,  macroscopic and microscopic,  w a s  made i n  t h e  hot  c e l l s  OT t h e  So l id  

S t a t e  Divis ion wi th  t h e  a s s i s t ance  o€ t h e i r  personnel .  

Sec t ions  c u t  from the specimen holder  irere examined m?croscopically 

and meta l lographica l ly  f o r  evidence ol” dm?ze .  I n  a l l ,  t h ree  sec t ions  

2 S .  E .  Beall -- e t  a l . ,  HRP Quar. Frog. Rep. Oct. 31, 1958, ORNL-265Lt, 
p 3 1 3 .  

3R. M. Warner e t  a l . ,  HRT Corrosion Specimens and Holder: 
of Pressure  Vessel n o % i n g v O R T S L  CF-58-7-68 (Aug. 15, 1958) .  

Core Rzgion 
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Tron the  h ighes t - f lux  regions,  s t a t i o n s  P, G, and €I, and one r r a n  t h e  l o i r -  

f l u x  neck region,  s t a t i o n  D,  were c a r e f u l l y  examined f o r  evidence of sur- 

face  a t t a c k ,  f o r  changes i n  micros t ruc ture ,  and for hydrogen-deuteriLm 

contents  . 
It tias concluded t h a t  t h e  holes  i n  th?  web were "melted" through by 

an e x t e r n a l  hea t  source,  '* 
e t s  were "buried" off i n  a similar €ashion, t h a t  t h e  p i t s  observed were 

€orined by cor ros ive  a t t a c k ,  and that  t h e  "burning" of t h e  t i t an ium b i a s  no t  

caused by t h e  r e a c t i o n  of t h e  t i t an ium v i t h  i t s  environnent but  was the  

r e s u l t  ol" an e x t e r n a l  hea t  source hea t ing  the  t i t an ium t o  o r  above i t s  

rnelting p o i n t .  The high-tenperature  r e a c t i o n  OP t i t a n i m  and t h e  f u e l  

so lu t ion  o r  steam bras not se l f - sus t a in ing  and quenched out once t h e  ex- 

i e r n a l  hea t  source was removed. It w a s  r u r t h e r  concluded t h a t  8 similar 

event would have occurred r ega rd le s s  of t h e  metal  used f o r  t he  cons t ruc t ion  

of t he  specimen holder .  

o i  uranium caused by the  shape of the holder .  Such a concentrat ion could 

be caused e i t h e r  by ho t  spo t s  and r e s u l t i n g  second-phase foi-inztion caused 

by poor cool inc  o r  by s tagnant  so lu t ion  i n  eddies  o r  pockets .  Once such 

r eac t ions  s t a r t  they  would very r ap id ly  r e s u l t  i n  very high temperatures.  

I n  a l l  cases  t h e  r eac t ions  were very b r i e f  and were probably quenched as 

soon as t he  mel t ing  changed t h e  flow p a t t e r n .  

t h a t  t he  spike t i p  and specimen support  brnck- 

The hea t  source was undoubtedly a concent ra t ion  

Specimens-@ Zircaloy-2 and Ti-A40 ( r e €  6 )  were among those suspended 

on the  holder .  Three OP t h e  Zircaloy-2 and one of  t he  Ti-A40 mul t ip le -  

t e n s i l e  specimens were recovered irom the  t o p  scrsen a P t e r  the run and were 

cxamined macroscopically and meta l lographica l ly .  

specimen contained d e f e c t s  o i  a s i z e  t h a t  prevented obta in ing  liiechanical- 

p roper ty  datcl. 

All except t he  t i t an ium 

'J. C .  Griess  -- e t  al., HRP Quar.  Prog. Rep. Apr. 30, 1959, ORNL-2743, 

5H. C .  Claiborne,  Hole Formation i n  HRT Core Tank, ORNL CF-58-11-49 

6R. M. Warner e t  al., HRT Corrosion Specimens and Holder: 

7G. M. Adamson e t  a l . ,  HRP Quar.  Prog. Rep. Apr. 33, 1959, ORNL-2743, 

p 103-8. 

(Dee. 4,  1958) .  

o€ Pressure Vessel (Loading No. I), ORNL CF-58-7-68 (Aug. 15, 1958). 
Core Region 

p 168-80. 

1 1 1  



The conclusions d r a m  were t h a t  the dzniage t o  the Zircaloy-2 and Ti- 

A40 t e n s i l e  specinlens exxilined vas caused by the "b;mxhg" of the  i i ianium 

spncimen holder on which they were assembled, t h a t  the duration of the 

"burning" events vas not more than a €ex? seconds, and t h a t  the "burning" 

react ion o€ the  specimens vas not self-sustaining,  quenching o u i  once tlic 

external  heat source w a s  removed. 

Cross-section metallography of the Zircaloy-2 screen specimens and 

of a sect ion of  scrap trimmed from one of the screens bei'ore i n s t a l l a t i o n  

i n  the core tank has shown t h a t  the exfo l ia t ion  oi" the sdri"aces during 

exposure i n  the reactor  was caused primarily by an en1arge:icnt 02 deyec t s  

i n  the mater ia l  a s  i n s t a l l e d .  Cold working, cracking, an3 iniermet-c3l ic  

s t r i n g e r s  were present i n  the screens, as Tabricated. The cold working 

and cracking were caused primarily by the punching operation used. ior 

fomiing the holes.  

surface of the holes,  and l o c a l  bo i l ing  i n  a crack can explain the exfo- 

l i a t i o n .  

Thermal cycling, corrosjon in cracks exknd ing  io ihe  

The major conclusions reached iJere: (1) the "hot spot" observed 03 

the top  screen specimen w a s  caused by contact with the  "burning" t i p  of 

the Ti-A55 specimen holder; ( 2 )  the react ion of the Zircaloy-2 screen with 

i t s  environment ceased as soon as the  ex terna l  heat source w a s  removed, 

quenching out  very rapidly; (3)  none of the  other  port ions of the top 

screen nor those from any of  the other screen specimens shoved any evidence 

of having been a t  a temperature higher than 5 5 M O O " C  during reac tor  oper- 

a t ion  (as  y e t  no samples have been removed from areas  near the w a l l ) ;  ( 4 )  
a l l  the  screen specimens showed a cold-worked, cracked, and s t r ingered 

microstructure, ind ica t ive  of cold working during the punchin: of the  holes 

i n  the  screens; and ( 5 )  the exfo l ia t ion  o€ the surfaces observed on all 

screen specimens w a s  caused by enlargement o€ cracks i"ormcd during the 

punchins o€ the  holes .  

The metallographic examination of samples and debris  removed €rom 

the core of the  Homogeneous Reactor Test has explained much of vhat hap- 

pened during operation of the reactor  and al layed the f e a r s  which had 

a r i s e n  concerning the  use of zirconium and t i tanium under such conditions.  

While many areas were €ound i n  which "burninz" o r  lneliing 01 these metals 
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had occurred, i n  a l l  cases  the  r e a c t i o n  had bccn quenched out and appeared 

t o  have been s t a r t e d  by an e x t e r n a l  hea t  source.  
t h a t ,  l o c a l l y ,  t h e  temperatures  were s u f f i c i e n t l y  high so t h a t  t h e  more 

conventional s t r u c t u r a l  materials would also have melied.  

t h a t  i n  s p i t e  or considerable  molten metal  being present ,  no evidence of 

a s e l f - s u s t a i n i n g  r e a c t i o n  w a s  found even with these  a c t i v e  meta ls .  The 
r e a c t i o n s  t h a t  d i d  occur were not  of s u € f i c i e n t  magnitude t o  r equ i r e  shut-  

down OP t h e  r e a c t o r .  

It seeins very l i k e l y  

It i s  a s su r inz  

PHYSICAL METALLURGY 

M. L. Picklesimer 
S.  G.  Nelson P. L. Rittenhouse 

R .  L. Stephenson 

Zirconium Alloy Development 

Zirconium-niobium-X a l l o y s  have shown promise i n  having an i n - p i l e  

cor ros ion  r e s i s t a n c e  super ior  t o  t h a t  of Zircaloy-2 i n  aqueous uranyl  

s u l f a t e  f u e l  so lu t ions .  An a l l o y  development s tudy has  been under way 

for t h e  p a s t  s eve ra l  years  wi th  t h e  major ob jec t ive  of developing such 

a zirconium-base a l l o y  as an engineer ing m a t e r i a l  f o r  t he  cons t ruc t ion  of 

t h e  core  tank  of t h e  r e a c t o r  v e s s e l .  The s tudy has requi red  t h e  determi- 
na t ion  of t h e  phys ica l  metal lurgy of t h e  a l l o y  systems, and t h e  p r i o r  work 

has  been repor ted  elsewhere.  ‘-lo 

The metastable  t ransformation,  i n  quznched and reheated samples, o€ 
t h e  r e t a i n e d  high-temperature @ phase t o  w + @ phase enriched i n  niobium 

has been s tudied  i n  considerable  d e t a i l  by t h e  use of s i n g l e - c r y s t a l  ro -  

t a t i o n  x-ray d i f f r a c t i o n  techniques; d e t a i l s  of t h e  s tudy are repor ted  by 

‘M. L. Picklesimer e t  a l . ,  Met. Ann. Prog. Rep. Oct. 10, 1957, ORNL- -- 
2422, p 117; Oct. 10, 1958, ORNL-2632, p 67-70 ( c l a s s i f i e d ) .  

’G. M. Adamson e t  a l . ,  HRP Quar. Prog. Rep. Oct. 31, 1956, ORNL-2222, 
p 114-16; Jan.  31, lz7,ORNL-2272, p 119-23; Apr. 31, 1957, ORNL-2331, p 

131-33; Jan.  31, 1958, ORNL-2493, p 14143; Apr. 30 and J u l y  31, 1958, 
124-28; J u l y  31, 1957, ORNL-2379, p 122-26; Oct. 31, 1957, ORNL-2432, p 

ORNL-2561, p 245; O C t .  31, 1958, ORNL-2654, p 188. 
’OH. L. Y a k e l ,  “Aging Transformations o€ Zirconium-Niobium Alloys,”  

P a r t  I of t h i s  r e p o r t .  
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H .  L .  Yakel i n  another  s ec t ion  of t h i s  repor t . "  

i n . - d i a  v i r e s  formed from la rge-gra ined  sheet  by f i l i n g  and chemical po l -  

i sh ing .  The t ransformation on aging of r e t a i n e d  @ a t  less  than  525°C has 

been found t o  occur by t h e  formation of t h e  hexagonal metastable  w phase, 

containing approximately 5 4 %  niobium, and a body-centered cubic @ phase 

which i s  p rogres s ive ly  enriched i n  niobium wi th  increased  aging t i m e  a t  

temperature.  The composition of t he  w phase does not  change a f t e r  t h e  

quenched-in w phase has  aged f o r  a f e w  minutes, but  t h e  volume o f  w phase 

present  i nc reases  p rogres s ive ly  with aging t ime.  

enr iched @ phase, however, changes progress ive ly  wi th  aging (and t h e  vol -  

ume present  decreases)  t o  h igher  and h igher  niobium contents  u n t i l ,  even- 

t u a l l y ,  a t  about 45% niobium, t h e  CX phase and t h e  equi l ibr ium niobium- 

r i c h  phase a r e  p r e c i p i t a t e d  simultaneously.  The l a t t e r  c o p r e c i p i t a t i o n  

has not  been observed a f te r  t h r e e  weeks of aging a t  400°C bu t  has  been 

observed i n  one day of aging a t  500°C. 

The specimens were 0.010- 

The composition of t h e  

When t h e  f3 Zr-Nb-X a l l o y s  a re  r a p i d l y  quenched t o  below 200"C, a m a r -  

t e n s i t i c  Widmanstztten-type phase forms on t h e  (100) p lanes  of t h e  r e t a i n e d  

f3 matrix.  The Widmanstgtten phase w i l l  r e v e r t  without decomposition t o  t h e  

o r i g i n a l  /3 phase on r ehea t ing  t o  250°C o r  above. 

t h a t  t h e  Widmanstctten phase had been i d e n t i f i e d  as a body-centered t e t r a g -  

ona l  phase wi th  t h e  c axis i n  a [loo] d i r e c t i o n .  Recent s t u d i e s  wi th  a 

specimen cut from a Zr-15$ Nb-5$ Mo alloy shee t  i n  which only one (100) 

t r a c e  could be found i n  each g r a i n  have shown t h a t  t h e  Widmanstztten phase 

i s  a c t u a l l y  monoclinic (a = 8 5 " ) ,  such t h a t  on ly  a 5" d i s t o r t i o n  i s  requi red  

of t h e  u n i t  c e l l  of t h e  o r i g i n a l  i d e n t i f i c a t i o n  of body-centered t e t r a g o n a l .  

The formation of a from w has not  ye t  been shown t o  be t h e  sequence of t r a n s -  

formation, t h e  d a t a  obta inable  t o  da t e  being t o o  inconclusive f o r  t h e  deter- 

minat ion .  

It w a s  repor ted  previous ly  

Recent determinat ions of t h e  aging behavior of t h e  b ina ry  and t e r n a r y  

a l l o y s  a t  temperatures  intermediate  t o  those  prev ious ly  s tud ied  have caused 

only minor r e v i s i o n s  of t h e  time-temprature-transformation diagrams pre-  

v ious ly  prepared.  

amounts of cold working (1% and less of co ld  reduct ion)  decrease appreci-  

ab ly  t h e  incubat ion t i m e  for t h e  formation of  w phase.  

The determinat ions have also shown t h a t  r e l a t i v e l y  minor 

1 

* 
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Zircaloy-2 Fabricat ion Study 

a 

The p r i n c i p a l  appl icat ions of Zircaloy-2 have been as cladding of 

f u e l  elements and as tubing f o r  the water-cooling of reac tors .  

i t e d  use has been made of the  a l l o y  f o r  other  engineering appl icat ions,  

f o r  example, i n  the construct ion of the  core tank of the  homogeneous r e -  

a c t o r .  

construction mater ia l .  

Only l i m -  

No e f f o r t  has been made t o  use the  a l l o y  as a general  engineering 

The e f f e c t s  of the  fabr ica t ion  var iab les  on the  preferred or ien ta t ion  

and the anisotropy of the  mechanical proper t ies  of Zircaloy-2 a re  being 

invest igated i n  order t o  b e t t e r  understand the  proper t ies  and tex tures  ob- 

served and t o  obtain the  background information necessary f o r  the predict ion 

and control  of tex ture .  Control of tex ture ,  and thereby t h e  anisotropy of 

mechanical proper t ies ,  may be as important, i f  not more so ,  as the  random- 

i z a t i o n  OP t ex ture  i n  the  mater ia l  f o r  use as pipe and tubing, i n  spherical  

and c y l i n d r i c a l  pressure vessels,  and i n  c e r t a i n  forming operations.  

Fabricat ion var iab les  which have been considered a re :  r o l l i n g  and 

forging temperatures, f i n a l  and intermediate annealing temperatures, cross  

r o l l i n g ,  reduction between anneals, and f i n a l  reduction. The e f f e c t s  of 

these var iables  have been studied by standard t e n s i l e  t e s t s ,  by impact 

energy t e s t s ,  by determination of the  preferred or ien ta t ion  with x-ray 

d i f f r a c t i o n  techniques, and by a newly developed a x i a l  s t ra in-cont rac t i le  

s t r a i n  analysis .  

shown differences between fabr ica t ion  schedules s u f f i c i e n t  t o  determine 

the  e f f e c t  of any spec i f ic  var iable  .l1?l2 

values f o r  the  longi tudinal  specimens f o r  18 f a b r i c a t i o n  schedules f e l l  

within bands of 10,000 p s i ,  showing the  d i f f i c u l t y  of t h i s  type of ana lys i s .  

A s  w i l l  be shown, differences do, however, e x i s t  and may be revealed by 

other  t e s t s .  

Data obtained i n  the  standard t e n s i l e  t e s t s  have not 

The t e n s i l e -  and yield-s t rength 

Preliminary examination of the  c ross  sect ions of f rac tured  t e n s i l e  

specimens showed t h a t  the  o r i g i n a l l y  c i r c u l a r  specimen cross  s e c t i m s  be- 

came e l l i p t i c a l  during s t r a i n i n g  and t h a t  the  degree of e l l i p t i c i t y  seemed 

II G. 14. Adamson e t  a l . ,  HRP Quar. Prog. Rep. Oct. 31, 1958, ORNL- -- 
2654, p 184-85. 

1 2 G .  M. Adamson e t  a l . ,  HRP Quar. B o g .  Rep. A p r .  30, 1959, ORJJL- -- 
2743, p 182-91. 
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t o  be c h a r a c t e r i s t i c  o f  both the p a r t i c u l a r  fabr ica t ion  schedule and the 

specimen o r i e n t a t i o n  i n  the  p l a t e .  

cross  sec t iona l  diameter of the  specimens every 5" of r o t a t i o n  a t  several  

points  between the  f rac ture  and the shoulder have proved t h a t  t h e  cross  

sections a re  t r u l y  e l l i p t i c a l  wherever p l a s t i c  flow has occurred. Meas- 

urements of the e l l i p t i c a l  cross  sections of  specimens from 1% fabr ica t ion  

schedules have shown t h a t  the  contraction s t r a i n  f o r  each of  the major and 

minor axes of the e l l i p s e  of cross  sect ion i s  a l i n e a r  function of the axial 

t e n s i l e  s t r a i n ,  a t  all poin ts  along f rac tured  specimens whose axes l i e  on 

the  pr inc ipa l  deformation d i rec t ions .  

evaluated by using the  r o l l i n g ,  transverse,  and normal d i rec t ions  f o r  the 

p l a t e  or  sheet as reference axes x, y, and z and conventional three-dimen- 

s iona l  vector notat ion f o r  the  na tura l  s t r a i n s ,  as shown i n  Fig.  2 .1 .  I n  
each case,  regardless  of the or ien ta t ion  of the  specimen ax is ,  the  axial  

t e n s i l e  n a t u r a l  s t r a i n  i s  defined as 2 
s t r a i n s  as T and E 
a l i n e a r  function which can then be expressed as 

Optical  comparator measurements of the 

The funct ional  re la t ionships  can be 

and the  contract ion n a t u r a l  ii' 
The a x i a l  and c o n t r a c t i l e  s t r a i n s  a re  r e l a t e d  by i k '  i j  

(1) 

(2) 

- - 
E ii ' E = k i j  i j  

and 
- - 

E - 
ii ' - kik 

where k and kik a re  the  respective slopes of the  s t r a i n - s t r a i n  p l o t s .  
i j  

CYY 
--t Y 

U N C L A S S I F I E D  
ORNL-LR-DWG 42693 

($ J 
X 

ROLLING DIRECTION TRANSVERSE DIRECTION N O R M A L  DIRECTION 

Fig. 2.1. Coordinate Systems for Tensile Axes. 

A 
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For an i so t ropic  material ,  

and 

(4 )  k = k = -0.5 . i j  i k  

Such a re la t ionship  would be the  l imi t ing  case f o r  Zircaloy-2 and as the  

values app-oach 0.5 it would become more near ly  i so t ropic .  I 

Values f o r  li k k and k can be determined experimentally 
xy7 xz’ yx’ YZ 

from fractured t e n s i l e  specimens with axes i n  the r o l l i n g  and t ransverse 

d i rec t ions .  

an axis i n  the  normal d i rec t ion  of the p l a t e ,  f o r  example, t o  ca lcu la te  

k and k 

I n  order to determine the  s t r a i n  behavior of a specimen with 

it i s  necessary t o  e s t a b l i s h  at l e a s t  two re la t ionships  be- 
z ;< Z Y 7  

- 

tween the  k values.  

during 21ast ic  flow, 

Since the  volume of the  specimen remains constant 

- - - 
E ii + E  i j  + Eik = 0 

. 

Subst i tut ing from Eys. (1) and ( 2 ) ,  f o r  - E then i j ’  i k 7  

It i s  a l s o  possible  t o  show that13 

The values of k 

S t r a i n - s t r a i n  p l o t s  f o r  four  experimental fabr ica t ion  schedules a re  shown 

i n  Fig.  2.2 with the  predicted s t r a i n  behavior f o r  the normal-direction 

specimens. 

2 .1 .  

and 1; 
ZX Z Y  

‘nay be calculated by using Eqs. (6) and (7). 

The d e t a i l s  of the  fabr ica t ion  schedules a r e  presented i n  Table 

Similar p l o t s  have been made f o r  a t o t a l  of 18 fabr ica t ion  schedules 

and have shown t h a t  the  li values a r e  spec i f ic  f o r  each schedule and appear 

to be r e l a t e d  t o  the  preferred or ien ta t ion  and mechanical anisotro;?y i n  the 

mater ia l .  

13R.  H i l l ,  Proc. Roy SOC. (London) 193, 281-97 (1948). - 
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Fig. 2.2. Strain-Strain Plots for Zircaloy-2 Produced by Four Schedules: 8, 10, 62, and J. 

Preferred or ien ta t ion  determinations by x-ray d i f f r a c t i o n  have shown 

the e f f e c t s  of the fabr ica t ion  var iab les  on the tex ture  developed and have 

afforded a qual i ta t ive  check on the k values determined. 

the deformation systems avai lable  f o r  s l i p  and twinning and the determined 

tex tures ,  it i s  possible  t o  pred ic t  r e l a t i v e  cross-sect ional  shapes, y ie ld  

strengths,  and probable bend d u c t i l i t i e s .  

By considering 

Since the  inverse pole f igures  
V 



* t 
- 

4 

Table 2.1.  Working and h e a l i n g  Temperature f o r  Four 
Zircaloy-2 Fabricat ion Schedules 

Inko t M a  j o in Interinedi a t e  Final 
B r  e &Clo.cm Reduction Anne a1 ing iJo rB ing 

Tet@erature Temperature Temperature Temperature 
Scheaule '( "c> ("C> ( " c )  ( " c >  C omraent s 3- 

8 10 50 800 800 
- 

$0 Reduction at 105C°C, 55%; 800°C, 
40%; 5kO"C, 70%; s t r a i g h t  r o l l e d .  
Ingot breakdo-cm by forging 

10 1050 7 50 1000 54-0 Reduction a.t lO5OoC, 75%; 750°C, 
40%; 540°C, 40%; cross r o l l e d  
during f i n d  working. Ingot 
breakdown by forging 

J 

62 

1000 

1000 

730 

780 

1000 

1000 

54.0 

540 

Reduction at 1000°C, 65%; 780"~, 
80$; 540°C, 30%; cross  r o l l e d  
during ingot  breakdown 

Same 'as schedule J, except f o r  
cross  r o l l i n g  

-xWorking by r o l l i n g  except where indicated.  
A11 mater ia l  annealed a t  775°C f o r  30-45 min a f t e r  f i n a l  working. 



present  a c,uantitative measure of t h e  degree of  p r e f e r r e d  o r i en ta t ion ,14 '  l5 

tlle e f f e c t s  of t h e  f a b r i c a t i o n  v a r i a b l e s  can be e a s i l y  seen. The inverse  

pole  l i g u r e s  f o r  four  experimental  f a b r i c a t i o n  schedules (Table 2 . 1 )  a r e  

presented i n  F igs .  2.3-2.6. 

t h e  li values  determined f o r  t h e  schedules concerned. 

The pole  f i g u r e s  shown a re  c o n s i s t e n t  wi th  

Impact energy t e s t s  have also served as an i n d i c a t i o n  of  t h e  e f f e c t s  

oI' t h e  €ab r i ca t ion  v a r i a b l e s  on t h e  mechanical an iso t ropy  of' Zircaloy-2.  

If t r ansve r se  and long i tud ina l  specimens are t e s t e d  wi th  notches both i n  

and perpendicular  t o  t h e  r o l l i n g  plane,  considerable  d i f f e rences  i n  energy 

absorpt ion and t r a n s i t i o n  temperature are seen, both in-schedule  and be- 

tween schedules.  Impact energy curves are presented  i n  F i g .  2.7 f o r  t h e  

fou r  experimental  f a b r i c a t i o n  schedules d iscussed  previous ly .  P red ic t ion  

and r a t i o n a l i z a t i o n  of t h e  r e l a t i v e  p o s i t i o n s  of  t h e  curves i s  qu i t e  d i f -  

f i c u l t ,  for, although both  t h e  pre€er red  o r i e n t a t i o n  and t h e  deforzmtion 

systems are known, n e i t h e r  the e€€ec t  of temperature on t h e  a c t i v i t y  of 

t h e  deformation systems nor t h e  form of progress ion  of t h e  t r i a x i a l i t y  

of stresses developed a t  t h e  roo t  of t h e  notch a r e  known wi th  any conf i -  

dence. 

Analyses OP t he  data from all schedJles  have shown t h a t  t h e  t e x t u r e  

v a r i e s  g r e a t l y  wi th  t h e  f a b r i c a t i o n  procedure,  e s p e c i a l l y  f o r  t h e  vari- 

a b l e s  of in te rmedia te  annealing and c ross  r o l l i n g .  Comparison OP t e x t u r e s  

€or  schedules 8 and 62 ( F i g s .  2.3 and 2.5)  shows the  e f f e c t  of anneal ing 

temperature.  The schedules are e s s e n t i a l l y  i d e n t i c a l  (Table 2 . 1 )  except 
t h a t  t h e  in te rmedia te  anneal  f o r  schedule 8 w a s  a t  800°C ( i n  t h e  a-phase 

reg ion)  while t h a t  f o r  schedule 62 was 1000°C ( i n  t h e  @-phase f i e l d ) .  

a-annealed material had a very high concent ra t ion  of basal po les  normal 

t o  t h e  r o l l i n g  plane,  whereas t h e  @-annealed material  had t h e  basal po les  

spread i n t o  a band conta in ing  both  t h e  normal and t r ansve r se  d i r e c t i o n  of 

t he  p l a t e .  I€ t h e  f3-annealed material i s  c r o s s - r o l l e d  as t h e  f i n a l  co ld  

The 

14L.  K .  J e t t e r  and B.  S .  Borie ,  Jr. J. Appl. Phys. - 24(5), 532-35 - (1953) .  
15L.  K .  Je t ter ,  C .  J. McHargue, and R.  0. ' i . J i l l i ans ,  J.  A p l l .  Pliys. 

1 6 G .  14. Admson e t  al., HRP Quar.  Prog. Rep. A 2 r .  30, 1957, ORNL- 

- 27(4) ,  368-74 (1956) .  - 
-- 

2331, p 132. 
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Fig. 2.3. Schedule 8 Inverse Pole Figures for Zircaloy-2. 
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F i g .  2.4. Schedule 10 Inverse Pole Figures for Zircaloy-2.  
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Fig. 2.5. Schedule 62 Inverse Pole Figures for Zircaloy-2. 

123 



UNCLASSIFIED 
O R N L - L R - D W G  42698 

(10T11 

ROLLING DIRECTION 

Fig. 2.6. Schedule J Inverse Pole Figures for Zircaloy-2. 
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Fig. 2.7. Subsize lzod V-Notch Impact Energy Curves for Zircaloy-2 Produced by Four 
Schedules: 8, 10, 62, and J. 

reduction a f t e r  the  B anneal (schedule lo), the  tex ture  tends toward t h a t  

found f o r  the  a-annealed mater ia l  (schedule 8 ) ,  as shown i n  Fig.  2.3. 

though any combination o f  var iab les  which leads t o  a concentration of basa l  

planes i n  the r o l l i n g  plane w i l l  tend t o  equalize the  t e n s i l e  propert ies  i n  

d i rec t ions  i n  the  plane o f  the  p l a t e ,  the contract ion s t r a i n  i n  the  normal 

d i rec t ion  w i l l  be s m a l l ,  indicat ing t h a t  considerable anisotropy e x i s t s  

which w i l l  not be detected i f  the  usual tensi le-property values a re  used 

as c r i t e r i a .  

Al- 

Cross r o l l i n g  during ingot breakdown and the  major reduction before 

an intermediate @ anneal (schedule J) produces a preferred or ien ta t ion  

texture  such t h a t  no basa l  planes l i e  i n  the  plane of the p l a t e .  

the basa l  poles a re  concentrated i n  the transverse d i rec t ion ,  as shown i n  

Fig.  2.6. 
verse d i r e c t i o n  r e l a t i v e  t o  t h a t  i n  the  r o l l i n g  d i rec t ion ,  as shown i n  

Instead, 

This tex ture  leads t o  a very high y ie ld  s t rength i n  the  t rans-  
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Table 2.2.  

t i o n  o f  the p l a t e  normal for a t e n s i l e  specimen with the  t e n s i l e  axis i n  

the  r o l l i n g  d i rec t ion .  

the same tex ture  a s  a normal d i rec t ion  specimen from schedule 10, permit- 

t i n g  an estimation of the  t e n s i l e  propert ies  f o r  t h a t  o r ien ta t ion .  

A large amount of  contraction s t r a i n  a l so  occurs i n  the  d i rec-  

A transverse t e n s i l e  specimen of schedule J has 

A complete analysis  of a l l  data obtained t o  date i n  the  fabr ica t ion  

study i s  i n  progress. 

quant i ta t ive re la t ionship  between the k values and the inverse pole f ig -  

ures,  t o  describe the  complete s t r e s s - s t r a in  curve i n  terms of the lc values, 

O f  par t icu lar  i n t e r e s t  are  attempts t,o derive a 

Table 2.2.  Tensile Properties of Zircaloy-2 P la te  Produced 
by Four Fabrication Schedulesa 

Reduction % Yield Testing Specimen Tensile Schedule Temperature Orienta- Extension i n  Area 
t i o n  Strength Strength in in. (% 1 ("C) 

x io3  p s i  x 103 ps i  

8 25 
25 

15 0 
300 

10 25 
25 

15 0 
300 
300 

62 25 
25 

15 0 
15 0 

J 25 
25 

15 0 
150 
300 
300 

TD: 
RD 
RD 
m 
TD 
RD 
m 
TD 
RD 

TD 
m 
TD 
m 
TD 
RD 
TD 
RD 
TD 
m 

68.0 
67.8 
47.6 
33.4 

73.5 
75.0 
58.0 
35.6 
38.0 

74.2 
75.8 
52.0 
57.2 

76.1 
74.9 
56.6 
55.9 
36.3 
36.7 

58.3 
54.9 
36.4 
22.5 

66.6 
57.0 
42.4 
28.5 
24.6 

63.2 
55.8 
43.3 
34.8 

70.0 
52.0 
48.4 
32.9 
30.9 
25 .O 

19.5 
24.2 
29.0 
32.0 

21.7 
22.5 
26.5 
34.0 
32.5 

22.2 
22.5 
23.0 
26.0 

21.5 
22.0 
23.5 
20.0 
29.0 
26.5 

44 
4? 
52 
64 

52 
49 
53 
71 
63 

44 
45 

50 

45 
34 
51 
37 
66 
57 

I 

a. 

b 
See Table 2 . 1  for r o l l i n g  schedules. 

Transverse d i rec t ion .  

Rolling d i rec t ion .  C 
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and t o  ob ta in  t h e  stress tensor -s t ra in  t e n s o r  r e l a t i o n s h i p s  and thereby  

p r e d i c t  accu ra t e ly  t h e  behavior of a specimen wi th  any t e n s i l e  axis o r i e n -  

t a t i o n .  It i s  hoped t h a t  t h e  information obtained i n  t h i s  s tudy w i l l  lead 

f i n a l l y  t o  a theo ry  of  e l a s t i c  and p l a s t i c  deformation i n  p o l y c r y s t a l l i n e  

hexagonal metals. 

It has been concluded, so far i n  t h e  study, t h a t  t h e  c o n t r o l  of t h e  

p r e f e r r e d  o r i e n t a t i o n  and r e s u l t i n g  an iso t ropy  of t h e  mechanical proper-  

t i e s  by choice of fabr l icat ion schedule i s  a necessary p r e r e q u i s i t e  f o r  

t h e  development of Zircaloy-2 as a genera l  engineer ing ma te r i a l  and f o r  

eva lua t ion  of t h e  usua l  engineer ing t e s t s  such as t e n s i l e  p r o p e r t i e s ,  i m -  

pac t  p r o p e r t i e s ,  notch s e n s i t i v i t y ,  bend t e s t s ,  c reep  t e s t s ,  s t r e s s  rup- 

t u r e ,  and tube-burst  t e s t s .  

t o  o the r  f a b r i c a t i o n  methods and, p a r t i c u l a r l y ,  t o  t h e  development of tube 

and pipe €ab r i ca t ion  schedules .  

The d a t a  be ing  determined should be e x t e n s i b l e  

ENGINEERING METALLURGY 

E.  S. Bomar W .  J. Leonard 
F. W. Cooke J. J. P r i s l i n g e r  

C .  H. Wodtke 

Forming of Zircaloy-  2 

The Zircaloy-2 core  ves se l  used i n  t h e  p re sen t  Homogeneous Reactor 

w a s  f a b r i c a t e d  by t h e  slow and expensive process  of forming small segments, 

welding them toge the r ,  reforming, welding t o  o t h e r  s ec t ions  and again r e -  

forming.17 

t h a t  i s  e a s i l y  contaminated, and such contamination i s  d i f f i c u l t  t o  d e t e c t  

by nondestruct ive t e s t i n g .  Such contamination may r e s u l t  i n  decreased cor- 

ros ion  r e s i s t a n c e  and i n  poor mechanical p rope r t i e s .  Development work with 

o the r  forming processes  has  t h e r e f o r e  been undertaken t o  s impl i fy  t h e  oper- 

a t i o n  and t o  reduce t h e  number of welds required.  

Such a procedure r equ i r e s  a l a r g e  number of welds i n  a m e t a l  

By us ing  e x i s t i n g  equipment at Titanium Fabr i ca to r s ,  Inc . ,  a t tempts  

were made t o  power sp in  15- in . -d ia  hemispheres (approximately 1 / 2  s i z e )  of 

17Newport News Shipbui lding and D r y  Dock Company, Fabr i ca t ion  History 
of HRT Core Tank, ORNL CF-58-12-6 ( Jan .  2, 1959). 
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Zircaloy-2 from flat plate. Twelve sheets with starting thicknesses vary- 

ing from 0.126 in. to 0.300 in. were successfully spun into hemispheres. 

Difficulties were encountered with laps and with earing, but both were cor- 

rected by slight changes in procedure. Data showing the average quality of 

the hemispheres are presented in Table 2.3. 

Good reproducibility with similar starting thicknesses was obtained 

with the values for springback and for equatorial thinout but not for maxi- 

mum thinout (wall thickness) or for ellipticity. To meet the fit-up toler- 

ances for a girth weld, the variation in ellipticity would require either 

careful selection and hand fitting of the hemispheres or the spinning of 

thicker walls and machining to size. Six of the hemispheres were success- 

fully welded to form three spheres with high-quality welds. 

In an effort to further reduce the number of welds, a program is under 

way to develop techniques for forming a reverse-curvature f:Lare into the 

polar region of a hemisphere. Such a flare would serve as a transition 

from the vessel to the inlet or outlet piping. 

By using warm pressing (1200-1400°F) in simple steel dies, it was pos- 

sible to press a 3-in.-radius flare with no earing and with a high degree 
of symmetry (Fig. 2.8). The tendency of the shell to draw up the male die 

Table 2.3. Dimensional Variations of Spun 15-in.-Diameter 
Zirc aloy- 2 Semi spheres 

* 
Average 

Average Average Radial Diametral 
Original Equator i a1 Maximum Spr ingback Ellipticity 
"hi ckne s s Thinout Thinout at Equator at Equator 

(in.) ($1 ($1 (in.) (in.) 

0.300 30 34 

0.285 24 29 

0 : 218 18 32 

0.126 38 42 

0 175 

0.175 

0.118 

0.040 

0.101 

0.062 

0.050 

0.050 8 

* 
Major diameter minus minor diameter. 
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Fig. 2.8. Zircaloy-2 Hemispheres Spun from Simple F lat  Plate. 

reduced the  th inou t  i n  t h e  region of  maximum deformation from an expected 

36% t o  only 13.5%. The springback found w a s  r e l a t i v e l y  small and could be 

co r rec t ed  e a s i l y  by d i e  design. A similar procedure w a s  also used t o  f l a r e  

t h e  end of  an extruded Zircaloy-2 p ipe  having an outs ide  diameter of  3 in .  

and a 0.200-in. w a l l .  

13.7% r a t h e r  than  a p red ic t ed  40%. 

Equal success  w a s  achieved, and the th inou t  measured 

The success of  t hese  forming opera t ions  shows t h a t  it i s  q u i t e  l i k e l y  

t h a t  a Zircaloy-2 core ves se l  could be produced which would conta in  only 

t h r e e  welds and t h a t  they  would a l l  be of a simple conf igura t ion .  

t h e  vessel  could be formed d i r e c t l y  o r  would have t o  be machined t o  f i n a l  

Whether 

s i z e  would depend upon t h e  to l e rances  placed upon the vessel. 

case,  a considerable  savings i n  c o s t  and an increase  i n  i n t e g r i t y  would be 

I n  e i ther  

achieved. 

Zircaloy-2 Welding Development 

I n  previous years1* techniques have been developed by which Zircaloy-2 

may be success fu l ly  welded by us ing  any of  t h r e e  methods: i n  a dry box, 

with a p r o t e c t i v e  t r a i l e r  on t h e  torch ,  o r  with only conventional welding 

equipment. The l a t t e r  method has now been used t o  f a b r i c a t e  components 

for both  i n - p i l e  loops and co r ros ion - t e s t ing  loops.  

“W. J. Leonard, Met. Ann. Prog. Rep. Oct. 10, 1958, ORNL-2632, p 83 
( c l a s s i f i e d ) .  
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lJhi le  t h e  use of conventional welding equipment is des i r ab le  f o r  m a k -  

i ng  loop components and t e s t  p ieces  vhich r equ i r e  a. wide v a r i e t y  of s i z e s  

and types of ve lds ,  t h i s  i s  not  t r u e  f o r  a core ves se l .  

such a v e s s e l  w i l l  conta in  only a l i m i t e d  number o f  ve lds  of r e l a t i v e l y  

simple conf igura t ion ;  all welds must, however, be of high qual-i ty and un- 

contaminated. While it i s  poss ib l e  t o  make uncontaminated ire1.d~ with t h e  

conventional equipment, h ighly  s k i l l e d  welders a r e  required.  U n t i l  a non- 

d e s t r u c t i v e  t e s t  i s  developed t h a t  w i l l  r evea l  weld contaminsl;ion, it i s  

not  l i k e l y  t h a t  such a seemingly s t ra ight forward  method would be used f o r  

a r e a c t o r  ves se l .  E f f o r t s  have the re fo re  been made t o  improve t h e  o t h e r  

methods, e s p e c i a l l y  t h a t  of the p r o t e c t i v e  t r a i l e r ,  i n  order  t o  provide a 

simple but  r e l i a b l e  procedure f o r  welding t h e  next  core  ves se l .  

of t h e  program has been t o  increase  t h e  to l e rances  on t h e  we113 j o i n t  f i t -  

ups and thereby s impl i fy  f a b r i c a t i o n  procedures.  

I t  i s  l i k e l y  t h a t  

One a i m  

Both t h e  p r o t e c t i v e - t r a i l e r  and dry-box welding methods a r e  awkward 

and i n e f f i c i e n t  when used f o r  hand welding, t he re fo re  e f f o r t s  have been 

concentrated on t h e  development of machine welding techniques.  Equiva- 

l e n t  ve lds  were made i n  Zircaloy-2 p l a t e s  and hemispheres, up t o  5/16-in.  

t h i ck ,  when t h e  work w a s  moved p a s t  a s t a t i o n a n j  t o rch  o r  when t h e  t o r c h  

vas moved over the work. The major accomplishment of t h i s  study has been 

t h e  replacement of t h e  expensive r o o t - i n s e r t  type of weld 1Jit.h a simple 

fus ion  roo t  pass .  The  root-insert type of  j o i n t  had previous ly  been 

chosen as be ing  more r e l i a b l e  than  a f i l l e r  metal  roo t  pass." 

roo t  faces  are now bu t t ed  toge ther ,  without gap, and have a th ickness  up 

t o  h a l f  of t he  p l a t e  th ickness .  This heavy-root €usion pass r equ i r e s  an 

increase  i n  power input  and thereby increases  t h e  p o s s i b i l i t y  of  contami- 

na t ion ,  b u t  t h i s  may be avoided with c a r e f u l l y  designed trai:Lers and backup 

devices .  

be relaxed.  With 5/16-in. p l a t e ,  f u l l - p e n e t r a t i o n  roo t  passes  were ob- 

t a i n e d  with m i s a l i p e n t s  as h igh  as 0.045 i n . ,  compared with t h e  0.005 

i n .  allowed i n  t h e  p re sen t  procedure. Addit ional  f i l l e r  passes  are made 

by us ing  a machine-driven f i l l e r  wire.  

The two 

With t h e  t h i c k  roo t  f aces ,  t h e  to l e rances  on j o i n t  alignment may 

"Newport News Shipbui lding and D r y  Dock Company, Fabr i ca t ion  His tory  
of HRT Core Tank, ORNL CF-58-12-6 ( Jan .  2, 1959). 



Electric-Arc Cutting of Zircaloy-2 

I n  one proposed s e r i e s  of t e s t s  f o r  the HRT it would 'be necessary t o  

remove t h e  Zircaloy-2 screens now attached by ligament welds t o  the inner 

surfaces of the cones. Such screens a r e  l/€bin. th ick  and are  perforated 

with 3/8-in. holes on a 1/2-in.  t r i a n g u l a r  p i t c h . l g  

approximately 24 in .  i n  diameter. 

a re  t h a t  t h e  only access i s  from the top and through a 2-in. hole and t h a t  

the reac tor  has been i n  operation f o r  a considerable time, r e s u l t i n g  i n  a 

tremendous res idua l  a c t i v i t y  a f t e r  shutdown. Underwater e l e c t r i c - a r c  

(tungsten electrode)  c u t t i n g  w a s  invest igated as a possible  means of  re- 

ducing the screens t o  a s ize  t h a t  would allow them t o  be removed. 

The l a r g e s t  screen i s  

Major complications i n  such a removal 

Such a process vas used on other  metals by Gyler,20 and t r i a l  under- 

irater cu ts  on a Zircaloy-2 p l a t e  had been made by Linde. 

were made by using the  standard Linde Heliarc manual c u t t i n g  torch and con- 

t r o l  equipment. The torch was mounted f o r  mechanical movement across a 

Zircaloy-2 screen submerged i n  water. A l l  c u t t i n g  was done using argon 

gas only. 

100 in./min at  a current  of 425 amp. 

Early t r i a l  cu ts  

It was found t h a t  a s ingle  screen could be readi ly  cut  a t  nearly 

Up t o  four  stacked screens were cu t  

' also,  but a t  a much slower speed. 

An experimental torch (Fig.  2.9) was designed and b u i l t  small enough 

This grea t ly  s implif ied torch retained only t o  pass through a 2-in. hole. 

features  believed e s s e n t i a l  t o  the  underwater c u t t i n g  process. 

t i p  o r i f i c e  dimensions of the  Heliarc torch were preserved. 

l i n e s  and "p i lo t  arc" c i r c u i t  were eliminated,and only argon was used. 

t r o l  c i r c u i t s  were modified t o  provide a high-frequency t e s t  switch, con- 

tinuous hold-in of cut t ing-current  contactor,  and continuous appl icat ion of 

high frequency currents  during cu t t ing .  The power source w a s  two standard 

300-amp d-c welding machines connected i n  s e r i e s ,  as normally done i n  Heli- 

arc  cut t ing.  

The cut t ing-  

Cooling water 

Con- 

Features found necessary and added t o  the standard Heliarc equipment 

were: ( a )  a separate supply of argon continuously flowing a t  5 cfh t o  keep 

20G. W .  Gyler, R .  L. O'Brian, and J. Maier 111, Welding J. - 35, 1214 - 
(1956). 
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CUTTING T I P  ISOLATOR 

(NYLON) 

CURRENT LEAD AND 
G A S  INLET (COPPER) 
WITH INSULATING 
SLEEVE (NYLON) 

( 6 )  

Fig .  2.9. 
di sassernbled. 

Experimental Tungsten-Arc Torch for Underwater Cutting. (u) Assembled, (b) 

water out  of t h e  t o r c h  and preserve e l ec t rode  l i f e ,  ( b )  a higher-than-nor- 

m a l  vo l tage  supply t o  the  high-frequency genera tor  f o r  r e l i a b l e  a r c  s tar t -  

ing under water,  and ( e )  f l e x i b - i l i t y  i n  t h e  support  arm t o  permit t h e  ex- 

per imental  t o r c h  t o  bounce. 

t o  maintain a cons tan t  a r c  l eng th  during c u t t i n g .  

A Teflon sk id  and p o s i t i v e  pressure  were used 

I n  t h e  opera t ing  cycle  of  t h e  torch ,  a r c  s t a r t i n g  and a l l  c u t t i n g  w a s  

done submerged. 

c u i t s  were energized, and argon flow s t a r t e d .  Torch t r a v e l  w a s  then s t a r t e d  

a t  f u l l  c u t t i n g  speed. 

t i n g  a r c  w a s  s e l f - e s t a b l i s h e d .  

t inguished  when the  to rch  passed o f f  t he  screen a t  t h e  end of  t h e  cu t .  

photograph of t h e  t o r c h  i n  operat ion i s  shown i n  F ig .  2.10. 

With t h e  to rch  pos i t ioned  below t h e  screen,  c u t t i n g  c i r -  

When t h e  to rch  w a s  oppos i te  t h e  screen edge, the cu t -  

The a r c  w a s  maintained u n t i l  it was se l f -ex-  

A 
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Fig. 2.10. Experimental Tungsten-Arc Torch i n  Action, Cutt ing Screen Under Water. Photo 
made through Luc i te  tank. A Teflon skid (white half- 
moon-shaped part behind tip) was used to  provide constant arc length. Scale: screen thickness, 
'/8 in.; hole diameter, in. 

Torch i s  travel ing upward 90 in./min. 
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Afte r  prel iminary t r i a l s  f o r  opt imizing c u t t i n g  condi t ions,  a l i f e  t e s t  

of  t o rch  and e l ec t rode  w a s  made. Operating d a t a  a re  given i n  Table 2.4. The 

s e r i e s  of c u t s  w a s  i n t e n t i o n a l l y  terminated with t h e  to rch  head, c u t t i n g  

o r i f i c e ,  and e l ec t rode  s t i l l  i n  s a t i s f a c t o r y  and usable condi t ion .  

A t  no t i m e  during t h e  opera t ion  w a s  t h e r e  any evidence of  s e l f - i g n i t i o n ,  

of  cont inuing combustion of t he  Zi rca loy  o r  of a r e a c t i o n  wi th  the water,  

even though t h e  drops remained molten f o r  s eve ra l  seconds. A s  shown by Fig.  

2.11, t he  s o l i d i f i e d  metal  p a r t i c l e s  removed from t h e  ker f  a r e  s m a l l  and 

sphe r i ca l  and could e a s i l y  be f lushed  through t h e  3/8-in.  ho les .  The con- 

d i t i o n  of t h e  c u t  screen may be seen i n  Fig.  2.12. No at tempt  w a s  made t o  

ob ta in  c l ean  c u t s  s ince  i n  t h i s  opera t ion  t h e  s l a g  and s o l i d i f i e d  metal  on 

t h e  underside would not  present  a problem. 

It now appears f e a s i b l e  t o  use an underwater tungsten-arc! c u t t i n g  proc- 

e s s  f o r  removing t h e  Zircaloy-2 screens from t h e  HRT, provided t h a t  a satis- 

f ac to ry  apparatus  can be developed f o r  remote manipulation of t h e  to rch .  It 

Table 2.4. L i f e  Tes t  Data of An Experimental. 
Underwater Cut t ing  Torch 

Tungsten-electrode d i a ,  in.  
Tip o r i r i c e  d i a ,  i n .  

Tip-to-base m e t a l  space, i n .  

Argon flow, cu t t ing ,  c fh  

Argon flow between cu ts ,  c fh  

Current DCSP, amp 

Volts ,  open c i r c u i t  

Vol t s ,  c u t t i n g  

Travel  speed, i n .  /min 

Cut t ing  d i r e c t i o n  

Depth a t  s t a t  of cu t ,  i n .  

Length of  cu t ,  minimum-maximum, in .  

To ta l  number of c u t s  

Approximate t o t a l  l e n g t h  of cu t ,  i n .  

1/8 
5/32 
1/4 

60 
/ - 5  2. 

350 to 425 

4,. 

90 

UP 
28 
11-22 

13'7 - 2306 

4 
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0 4 12 ' 14 M M  

Fig. 2.11. Size Range of Drops of  Metal and Slag Removed from the Kerf. Some fines (dust) 
not recovered; test No. 56X. 

is a l s o  visualized that such a process ibJill have other applications in the 

nuclear field. 

ter o€ molten metal and of dust and residue in cutting radioactive materials, 
factors of major importance in reactor maintenance or disassembly operations. 

The use of the water should also provide rapid quenching and thereby limit 

the heat-affected areas where such control is needed. 

Cutting under water should simplify the control of the spat- 

Duplex Inconel-Stainless Steel Welds 

The heat exchangers in a homogeneous reactor system will be exposed 

to uranyl sulfate on the primary side, which therefore must be of stain- 

less steel or titanium, and to water or steam on the secondary side. Suf- 

ficient activity will be present €rom the uranyl sulfate to cause dissocia- 

tion of the water and thereby complicate the control of oxygen, which is 

the usual method for the prevention of stress-corrosion cracking in stain- 

less steels. 21 One answer to these corrosion problems would be found in 

the use of composite materials, with type 347 stainless steel being used 

21J. A. Lane, H. G. MacPherson, and F. Maslan (eds.), Fluid Fuel 
Reactors, p 263, Addison-Wesley, Reading, Massachusetts, 1958. 
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Fig. 2.12. Appearance of k- in .  Zircaloy-2 Screen After Cutting. Presence of  resolidified 
metal and slag unimportant in intended application. (a) Back side; ( b )  torch side. 

i"or exposure t o  t h e  uranyl  s u l i n t e ,  and Inconel  I'or exposure t o  the  water .  

Such a system does, however, p resent  many welding d i l i i c u l t i e  s, espec ia l ly  

f o r  t h e  tube-to-header  welds. 
I n  t h i s  system, the most co r ros ion - re s i s t an t  s t a i n l e s s  s t e e l  i s  

type 347; however, i n  welding t h i s  a l l o y ,  c lose  c o n t r o l  of t h e  compasi- 

t i o n ,  and e s p e c i a l l y  t h e  nickel-chromium r a t i o ,  i s  requi red  t o  prevent  

weld cracking. When Inconel-type 347 s t a i n l e s s  s t e e l  composltes a r e  

welded, c o n t r o l  of  t h i s  r a t i o  becomes very d i f f i c u l t  and cracking  i s  en- 

countered. Cracks were found when t h i c k  depos i t s  of  s t a i n l e s s  s t e e l  were 

depos i ted  on a s i n g l e  l a y e r  of Inconel  and when a s i n g l e  l a y e r  of  type 

347 s t a i n l e s s  s t ee l  was deposi ted on a j o i n t  f i l l e d  with Incanel .  Use 

of  o the r  s t a i n l e s s  s t e e l s ,  such as type 316 o r  304L i n  p l ace  o f  type 347, 

a l l e v i a t e d  but d i d  not completely e l imina te  t h e  cracking. E f f o r t s  have 

8 
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therefore  been spent i n  f inding a su i tab le  b a r r i e r  mater ia l  f o r  use be- 
tween the  two deposits.  

The i n i t i a l  t e s t s  were s ing le  welds made by using 1/2-in.-dia, 1/16- 

in.-wall  s t a in l e s s  s t e e l  tubing, c lad ex ter ior ly  with Inconel (88% Inconel, 

12% s t a in l e s s  s t e e l ) ,  and a tube sheet 1-1/4 i n .  square and 1/2 in .  thick.  

A l l  welding was iner t -gas  tungsten-arc welding. Hastelloy W (24% Mo, 6% 

C r ,  5% Fe, balance N i ) ,  INOR-8 (16% Mo, 5% C r ,  1.5% T i ,  0.5% A l ,  balance 

N i ) ,  and Incoloy (16% C r ,  29% N i ,  balance Fe) were evaluated as being the  

most l i k e l y  b a r r i e r  metals. 

these three a l loys  were a l l  successfully deposited on the Inconel r o o t  

pass. However, on the deposition o f  the  type 347 s t a in l e s s  s t e e l  cover 

passes, under-bead cracking was observed with the  f i r s t  two a l loys  but 

not with Incoloy. 

extinguishment and r e s t a r t i ng )  f o r  a l l  three al loys,  but w a s  much l e s s  

severe with the  Incoloy. However, by use of  current taper ing and f i l l e r -  
metal additions a t  the  c ra t e r ,  c r a t e r  cracking w a s  eliminated f o r  t he  In- 

coloy b a r r i e r  metal but  not f o r  the  other two. 

After some development i n  welding techniques, 

Cracking was always observed a t  c r a t e r  posi t ions ( a r c  

Additional welds were made by using a la rger -s ize  tube sheet i n  which 
three  tubes were inser ted on 1/2-in.  t r iangular  centers.  

same dimension w a s  used, but  t h e  Inconel-stainless s t e e l  r a t i o  w a s  60/40. 

Incoloy and s t a i n l e s s  s t e e l  type 312 (29% C r ,  9% N i )  were evaluated as  

b a r r i e r  mater ia ls .  On deposition of type 347 s t a in l e s s  s t e e l  cover passes 
on Incoloy, under-bead cracking occurred i n  t h e  second weld made on a tube 

sheet.  Figure 2.13 i l l u s t r a t e s  such cracking and shows an a l l - aus t en i t i c  

s t ructure;  such s t ruc tures  a re  known t o  lead t o  cracking i n  the  welding of 

type 347 s t a in l e s s  s t e e l .  Type 312 s t a i n l e s s  s t e e l  b a r r i e r  metal showed 

no cracking a t  any locat ion.  

Tubing of the  

Tube-sheet welds were then made i n  headers containing s i x  tube posi-  

t ions  with the  same geometry as before, and with the  mater ia l  combinations 

l i s t e d  i n  Table 2.5. 
Cracking w a s  found only a t  the  t r a n s i t i o n  from Inconel t o  Incoloy. 

Figure 2.14 shows typ ica l  s t ruc tures  of t he  two t r ans i t i on  regions i n  the 

sound welds. F e r r i t e  networks were present i n  a l l  these s t ructures ,  com- 

pared with the  a l l - aus t en i t i c  s t ruc ture  previously shown i n  Fig. 2.13. 
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Fig. 2.13. Cracks in Type 347 Stainless Steel Weld Deposited on Incoloy. Note the all- 
a u st en i ti c mi cro structure. 

Table 2.5. Composite I n c o n e l S t a i n l e s s  S tee l ,  
Six-Tube, Tube-To-Header Welds 

Cover Pass Comments Root Pas s Barr ier  Pass 

Inconel Type 312 SS Type 312 SS Sound weld 

Inconel Type 312 S s  Type 3 0 8 ~  SS Sound weld 

Inconel Type 312 SS Type 347 SS Sound weld 

Inconel Incoloy Under-bead cracking 

Excessive d i l u t i o n  by nickel  has been prevented by the  high-cthromim bar- 

r i e r  alloy. 

The cracking found betveen the Inconel and the  Incoloy :is t y p i c a l  of 

the  hot  shortness found i n  welds i n  high-nickel a l loys .  

has not been studied i n  t h i s  program but usual ly  may be prevented by the 

addi t ion of niobium o r  t i t a n i m .  

Such cracking 
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UNCLASSIFIED 347 WELD METAL 

UNCLASSIFIED 312 WELD METAL 

INCONEL WELD METAL 

Fig. 2.14. Microstructure in Transition Region of Inconel-Type 347 Stainless Steel Tube- 
t o - h a d e r  Weld, with Type 312 Stainless Steel as Barrier. Note ferrite networks. 
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It appears t o  be poss ib l e  t o  make h igh  q u a l i t y  tube-to-he,sder welds 

i n  hea t  exchangers w i t h  composite s t a i n l e s s  steel-Inconel s t r u c t u r e s  i f  

type 312 s t a i n l e s s  s t ee l  i s  used as a b a r r i e r  between t h e  two. Incoloy 

may a l s o  be used as a b a r r i e r  i n  systems having low r e s t r a i n t ,  bu t  some 

changes i n  composition would be required f o r  t h e  more complex systems. 

E f f e c t  of Reactor Environment on Zirconium and Titanium Alloys 

I n  t h e  opera t ion  of a homogeneous r eac to r ,  materials are exposed 

Such materia1.s might d i r e c t l y  t o  f i s s i o n i n g  uranyl  sulfate so lu t ion .  

undergo changes caused by e i t h e r  r a d i a t i o n  damage from fast neutrons o r  

by r eac t ions  with t h e  environment, such as cor ros ion  o r  deu te - r im  pickup 

from d i s s o c i a t i o n  of  t h e  heavy-water so lu t ion .  N o  evidence o f  such 

changes w a s  found i n  samples exposed i n  i n - p i l e  LITR loops ,22  bu t  t h e  

exposures were low. Addi t iona l  and more r e l i a b l e  confirmation of t h e  

absence of such changes has  been sought by exposing mechanical-property 

samples wi th in  t h e  b lanket  and core regions of t h e  HRT. 

Multiple-break, sub-size t e n s i l e  and impact samples were exposed i n  

t h e  r e a c t o r  core ,  t h e  r e a c t o r  o u t l e t  (same so lu t ion ,  much lower f l u x ) ,  

and i n  t h e  b lanket .  A v a r i e t y  of a l l o y s  of zirconium, t i t an ium,  and 

s t a i n l e s s  s t e e l s  were exposed (Table 2 . 6 ) .  A s  planned, some samples 

would be exposed Tor t h e  l i f e  of t h e  r eac to r ,  while o the r s  would be ex- 

posed f o r  var ious  s h o r t e r  per iods;  t hese  samples w i l l  a l s o  provide cor-  

ros ion  information. 

A t  p resent ,  only samples exposed i n  t h e  b lanket  region have been 

broken. The f i r s t  group o f  samples w a s  exposed i n  D z O  b u t  only f o r  a 

s h o r t  period; t h e  second group w a s  exposed i n  uranyl  s u l f a t e  during t h e  

per iod  of e s s e n t i a l l y  s ing le- reg ion  operat ion.  Samples exposed i n  t h e  

c e n t e r  of t h e  core  and i n  t h e  neck region dur ing  t h i s  l a t t e r  per iod  are 

e i t h e r  no t  s u i t a b l e  f o r  breaking ( s e e  HRT Metal lurg ica l  Research i n  t h i s  

P a r t )  o r  are not  y e t  ava i l ab le .  

"5. J. P r i s l i n g e r ,  Met. Ann. Prog. Rep. Oct. LO, 1958, OFWL-2632, 
p 7&80 ( c l a s s i f i e d ) .  
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Table 2.6. Average Tensile Properties o f  Materials Exposed in 
the Homogeneous Reactor B l a n k e t  

0.2% O f f s e t  U l t i m a t e  
Yield Tensile T o t a l  Uniform Necking Reduction Fracture Diamete r  (in. :" 

When Breaks Strength Strength Elongation Elongation Elongation of Area Major 
Material Exposed (Averaged) ( p s i )  (Psi)  (%) ( $1 ( 46)  ($) Major Minor Minor 

Zi rca loy-2  
(c ross  rolled,  
commercial) 

Zircaloy- 2 
(c ross  ro l led ,  
commercial) 

Zircaloy-2 
(c ross  ro l l ed ,  
commercial) 

Zircaloy-2 
( experimental) 

Zircaloy-2 
(experimental)  

Zircaloy-2 

Zircaloy-2 

Zircaloy-2 
(E,  w e l d )  
Zircaloy-2 
(E 9 weld) 
Z i r  caloy -2 
(E,weld) 

(E ,B -61) 

(E&-0) 

Controls 

F i r s t  loading 

Second loading 

Controls 

Second loading 

Controls 

Second loading 

Controls 

F i r s t  loading 

Second loading 

4 

2 

2 

2 

2 

2 

2 

4 

2 

2 

65,300 

66,000 

68,300 

55,100 

58,100 

66,600 

73,600 

56,800 

59,600 

61,200 

71,000 

70,800 

71,800 

73,500 

77,900 

81,100 

86,000 

66,600 

66,400 

68,400 

23.6 7.8 

23.4 8.2 

20.6 6.8 

30.3 18.8 

25.5 15.8 

21.7 u. 5 

17.0 10.2 

13.1 7.0 

11.8 6.0 

10.6 5.4 

15.8 

15.2 

13.8 

11.6 

9.8 

10.2 

6.8 

6.1 

5.9 

5.2 

55.2 

57-2 

53.7 

37.4 

35.5 

28.8 

26.7 

37.5 

38.4 

37.7 

0.1536 

0.1518 

0.1546 

0.1512 

0.1536 

0.1600 

0.1622. 

0.1480 

0.1469 

0.1484 

0.0945 

0.0917 

0.0987 

0.1343 

0.1358 

0.1447 

0.1469 

0.1369 

0.1363 

0.1366 

1.627 

1.660 

1.584 

1.126 

1.132 

1.106 

1.108 

1.082 

1.080 

1.087 



Table 2.6 (continued) 

0.2$ Offset Ultimate 
Yield Tensile Tota l  Uniform Necking Reduction Fracture Diameter ( in .  

When Breaks Strength Strength Elongation Elongation Elongation of Area Major 
Material  Exposed (Averaged) ( p s i )  ( p s i )  ( 8 )  ( $) ($) ($1 Major Minor Minor 

T i  -A40 
TI-A40 
Ti-A40 
Ti-AllOAT 

’I i -AllOAT 

Ti  - 6W-4V 
Ti-6A1-4V 
347 ss 
347 ss 
347 ss 
347 SS (weld) 

347 SS (weld) 

Incoloy 

Lncoloy 

304 ELC 
304 ELC 
309 SCb 
309 SCb 

Controls 

F i r s t  loading 

Second loading 

Controls 

F i r s t  loading 

Controls 

Second loading 

Controls 

F i r s t  loading 

Second loading 

Controls 

Second loading 

Controls 

Second loading 

Controls 

Second loading 

Controls 
Second loading 

4 
4 
2 

2 

2 

2 

2 

4 
4 
2 

4 
2 

2 

2 

2 

2 

4 
2 

39,700 
41,300 
46,600 
122,400 
124,100 
149,500 
168,100 
44,700 
47,600 
46,600 
44,000 
62,400 
48,400 
48,600 
64,900 

67,700 
58,400 
59 , 500 

48, ooo 
51,500 
57,500 
132,100 

133,100 
156,200 
172, 800 

95,600 

88,600 
87,000 
101,100 

86,300 
93 , 000 

97,000 

94,400 
96,200 
96,000 
99,400 

44.7 

39.7 
32.8 
19.8 
20.2 

14.9 
8.6 
74.8 
74.4 
82.9 
87.2 
52.6 
57.8 
55.5 
70.8 
61.6 

59-2 
49.8 

11.3 

11.1 

11.6 
10.6 
ll.l 

8.8 
6.4 
69.4 
63.3 
70.0 
77.0 
44.4 
46.5 
45.2 
59.1 
50.6 
46.2 
39.2 

33.9 
31.1 

21.2 

9.2 
9.6 
6.2 
2.8 
11.6 
ll.2 

11.9 
12.9 
8.4 
11.2 

10.2 

11.8 
10.9 
12.9 
10.6 

67.6 
71.4 
68.6 
44.1 
39.2 
43.9 
15.1 

62.6 
76.8 
77.3 
65.7 
61.5 
65.7 
74.1 
75.5 
64.8 
69.8 

61.4 

0.1452 
0.1395 
0.1403 
0.1433 
0.1473 
0.1392 
0.1683 
0.1136 

0.0874 
0 ~ 0868 
0.1089 
0. 1 ~ 2 8  

0.~~14 

0.1077 
0.0925 
0.0894 
0.1079 
0.0998 

0.0724 
0.0666 
0.0721 
0.1266 
0 - 1339 
0.1307 
0.1638 

0.1086 
0.0860 

0.1104 

0.0859 
0.1037 
0. n o 7  
0.1039 
0.0907 
0.0884 
0.1055 
0.0984 

2.008 

1.948 
2.n 

1.131 

1.10 

1.064 
1.025 

1.025 

1.018 
1.011 

1.050 

1.029 

1.021 

1.038 
1.020 

1.012 

1.024 
1.015 

x 
Original gage diameter w a s  0.180 in.  

w c 
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During the first loading, the specimens accumulated a calculated 

maximum fast dose of only 1.2 x 
nificant changes in the tensile properties were noted, as shown in Table 

2.6. 

nvt while exposed in D20. No sig- 

Specimens in the second loading were exposed to an oxygenated uranyl 

sulfate solution and to a maximum fast dose of 2.6 x lo1' nvt. 

conium and titanium specimens showed small increases in the yield and 

ul t imate  strengths and decreases in elongation. The changes are small and 

are irithin the expected accuracy; however, they are consistent for all 

materials tested and appear to be real (Table 2.6). 

The zir- 

Metallographic examination and equilibrium pressure analyses were 

made on many of the broken specimens, but no evidence of deuterium pickup 

or other chemical or metallurgical changes was noted. 

Combustion of Zirconium and Titanium 

During this year, the responsibility for the work on the combustion 

of titanium and zirconium being carried out by Stanford Research Institute 

was taken over by the Reactor Safety Branch of the AEC. 

OWL direction was summarized in a finit rep0rt.~3 

The work under 

In a limited amount of work with titanium, the relationship between 

the minimum oxygen pressure required for spontaneous ignition of titanium 

and the temperature of the sample was determined. Exposure of a fresh 

surface resulted in autoignition at an oxygen pressure of 350 psi at room 

temperature, 130 psi at 600°C, and 70 psi at 1220°C. 

Work with zirconium has been considerably hampered by difficulty in 

obtaining reproducible results. 

mens occurred with oxygen pressures ranging from 650 to 1500 psi. 

the development of a technique for cleaning the surface by dissolving the 

oxide in the sample itself and then exposing the renewed surface to oxy- 

gen, ignition took place at 250 psi of oxygen without requiring fracture 

of the specimen. Difficulty was also encountered in obtaining reproduc- 

ible results in the dynamic tests, the lowest value being 50 psi of oxy- 

gen. 

Ignition of fracture tensile-test speci- 

With 

23F. E. Littman and F. M. Church, Reactions of Metals with Oxygen and 
Steam, Stanford Research Institute, AUCE-3882 (Oct. 22, 1958). 
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CORROSION ENGINEERING 

J. H. DeVan 
A. J. Rosenberg R. C. Schulze 

G. M. Tolson 

Molten-Salt Reactor Program 

R. C. Schulze J. H. DeVan 

A three-phase test program’ to evaluate the corrosion resistance of 

Inconel and INOR-8 when in contact with fused Pluoride mixtures has been 

continued. 

which is intended to establish the relative corrosion properties of dif- 

ferent salt mixtures in thermal-convection loops over a 1000-hr test 

period. Also, 27 phase-2 tests were completed and examined. These lat- 

ter tests were carried out in thermal-convection loops €or a test period 

of one year and at two maximum temperature levels - 1250 and 1350’F. 
sults vere obtained also Yor three tests operated under phase 3, which 

utilizes rorced-convection l oops  at flow rates and temperature conditions 

intended to simulate reactor operation. 

Ten additional tests irere completed under the first phase, 

Re- 

Inconel Thermal-Convection-Loop Tests. 2-4 - The attack found in In- 

conel loops operated under phase-l conditions ranged from surface rough- 

ening to 3 mils of void formation, as shown in Table 3.1. 

the effects of salt purity on test scatter, three loops were operated 

with a similar salt composition (No. 130) but having had different pre- 

treatments. 

tained from a common 5-lb batch. However, the salt circulated in loop 

1223 w a s  extensively purged with HF and H2 to remove sulfur contamina- 

tion. 

lb batch. 

the salt used in loop 1223, this mixture resulted in the lowest depth of 

To evaluate 

Two of the loops, 1222 and 1223, circulated mixtures ob- 

The third loop, 1230, contained a salt mixture prepared as a 250- 

Although no sulfur could be detected in the gas bubbled through 

‘Met. Ann. Prog. Rep. Oct. 10, 1958, ORNL-2632, p 89-92 (classified). 

2MSR Quar. Prog. Rep. Jan. 31, 1959, ORNL-2684, p 75-76. 
3MSR Quar. Prog. Rep. Apr. 30, 1959, ORNL 2723, p 51-54. 
‘MSR Quar. Prog. Rep. July 31, 1959, ORNL-2799 (in press). 

- - - -  
-- - - 
-- - - 
-- - - 
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Table 3.1 Operating Conditions and Metallographic 
Results of Inconel Thermal-Convection-Loop Tests 

Loop S a l t  S a l t  Composition Temperature Time 
No. No. (mole 8 )  (OF) (hr) Metallographic Results,  Hot Leg 

1223 

1230 

1234 

1232 

1243 

1217 

1225 

1218 

1198 

1199 

1182 

1184 

1201 

130 

1.30 

133 

134 

1 3  5 

122 

123 

123 

126 

126 

126 

129 

126 

Phase 1 T e s t s  

62 LiF-37 BeF2-1 UF4 1350 1000 

62 LiF-37 BeF2-l UF4 1350 1000 

71 LiF-16 BeF2-13 ThF4 1250 1000 

62 LiF-36.5 BeF2-0. 5 UF4--l ThF4 1250 1000 

53 N a F 4 5 . 5  BeF2-4.5 UF4-l ThF4 1250 1000 

Phase 2 Tests 

57 NaF-42 KF-1 UF4 1350 8760 

53 ~ a ~ 4 6  BeF2-1 UF4 1250 8760 

53 Na.F-46 BeF2-l UF4 1350 8760 

53 LiF-46 BeF2-l UF4 1250 8760 

53 ~ i p - 4 6  BeF2-1 - 1350 8760 

53 LiF-46 BeF2-1 UF4 1350 8760 

55.3 NaF-40.7 ZrF4-4 UF4 1350 8760 

53 L i F 4 6  BeF2-i m4 1250 8664 

Tq4 

Light intergranular  voids to  1-1/2 m i l s  

Moderate intergranular  voids t o  2-1/2 m i l s  

A few sca t te red  intergranular  voids t o  
l e s s  than 1 m i l  

Moderate i n t  ergr  mu1 ar vo i d s  ; maximum 
depth 3 m i l s ,  mostly 1-1/2 m i l s  

Light surface roughening and p i t t i n g  

Moderate intergranular  voids, maximum 
depth 7 mils; average, 4 m i l s  

Moderate intergranular  voids, maximum 
depth 7 m i l s ;  average, 4 mils 

Heavy intergranular  voids t o  18 mils 

Moderate t o  heavy intergranular  voids; 
max imum depth 7 m i l s ;  average, 5 m i l s  

Heavy intergranular  voids t o  1-5 m i l s  

Heavy intergranular  voids t o  1 5  mils 

Heavy intergranular  voids; m a x i m  

Heavy intergranular  voids; maximum 
depth 7 mils; average, 3 m i l s  

depth 7 mils,mostly 5 mils 

V c '(I 
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Table 3 .1  ( continued) 

Loop S a l t  S a l t  Composition Temperature Time 
No. No. (mole $) (OF) ( h r )  Metallographic Results,  Hot Leg 

1189 130 62 LiF-37 BeF2-1 UF4 
~ ~~~~ ___ 

1250 8760 Moderate intergranular  voids; maximum 
depth 5 m i l s ;  average, 2 m i l s  

1180 130 62 LiF-37 BeF2-l UF4 1350 8760 Heavy intergranular  voids t o  14 m i l s  

Fused S a l t s  with Thorium 

1202 125 53 NaF-46 BeF24. 5 UF44. 5 ThF4 1250 8332 Heavy intergranular  voids t o  13 m i l s  

1211 1.25 53 ~ a ~ 4 6  BeF24.5 UF44.5  ThF4 1350 8760 Moderate intergranular  voids t o  1 5  m i l s  

Blanket Salts 

1210 128 71 LiF-29 ThF4 

1181 128 71 LiF+g ThF4 

1250 8760 Light sca t te red  subsurface voids, 
maximum depth 5 m i l s ;  average, 2 m i l s  

1350 8,160 Moderate intergranular  voids; maximum 
depth 6-1/2 m i l s ;  average, 3 m i l s  

Coolant Salts 

1214 12  11.5 NaF-42 ~ - 4 6 . 5  LiF 1250 4670 Heavy intergranular  voids t o  13 mils 

1188 84 27 NaF-35 LiF-38 BeF2 1250 8760 Heavy general. and intergranular  voids; 
maximum depth 9 m i l s ;  average, 4 m i l s  



a t t a c k  ( l - l / 2  m i l s )  among t h e  t h r e e  loops.  

01 a t t a c k  xv'as obzerved i n  loops 1222 and 1233, ranging from 2-1../2 t o  3 

mils. 

Approximately i h e  same depth 

Inconel  thermal-convection loops opera ted  Tor one yea r  under t h e  

second t e s t  phase revea led  considerably g r e a t e r  depths  o€  a t t a c k  than  

loops conta in ing  comparable sal ts  operated Tor 11300 h r .  

Table 3.1, phase-2 t e s t s  revealed a t t a c k  i n  t h e  foim of  void formatson 

t o  depths of 5 t o  13 m i l s  a t  a hot-lee;  temperature of 1250"F, and 7 t o  

18 m i l s  a t  a ho t - l eg  temperature of 1350°F. 

betiieen loops opera ted  a t  1250°F and a t  1350°F w a s  much g r e a t e r  i n  t h e  

case  of sa l t  mixtures  conta in ing  UF4 than  f o r  s a l t  mixtures  contaJning 

ThF4 o r  f o r  s a l t  mixtures  conta in ing  no € i s s i l e  o r  f e r t i l e  components. 

The a t t a c k  produced by t h e  b l a n k e t - s a l t  mixture 128 (LiF-ThFA, 71-29 

mole 5 )  
t e s t e d .  

A s  shown i n  

The d i f f e r e n c e  i n  a t t a c k  

i s  no t i ceab ly  t h e  l o v e s t  among t h e  many types  o f  s a l t  mixtures  

INOR-8 Thermal-Convection Loops. ' ' - The I N O R - 8  loops opera ted  

Tor 1000 h r  under t h e  phase-1 program were unat tacked except  f o r  ex- 

t remely l i g h t  su r f ace  roughening, as shown i n  Table 3.2. No evidence 

of mass t r a n s f e r  xias found i n  any of t h e  loops operated.  

The su r faces  of  INOR-8 loops operated f o r  one yea r  under t h e  phase-2 

program again  showed no evidence of a t t a c k  o t h e r  t han  s l i g h t  roughening, 

as shown i n  Table 3.2. Loop 1208, which c i r c u l a t e d  s a l t  12  (IS@-LiF-KF, 

42-46.5-11.5 mole 5 )  f o r  8760 h r  a t  1250"F, d i d  shov evidence o f  cubsur- 

f ace  void  formation of 1/2 mil; however, t h i s  a t t a c k  vas t r a c e d  i o  t h e  

contamination of  t h e  s a l t  by water. By d i r e c t  comparison, Inconel  l oop  

1214 (Table 3.1), which c i r c u l a t e d  s a l t  12  under t h e  sane conclitions as 

loop 1208, underwent 14  mils of void Yomation a f t e r  4670 h r  of opera- 

t i o n .  The excess ive  a t t a c k  i n  t h i s  loop also was t r a c e d  t o  -crater contami- 

n a t i o n  of  t h e  s a l t .  

On s e v e r a l  of  t h e  long-term I N O R - 8  loops,  su r f ace  l a y e r s  iiere p re s -  

e n t  on t h e  su r faces  exposed t o  t h e  s a l t  c i r c u l a t i n g  after opera t ion  f o r  

one yea r ,  and m r e  Pound t o  vary i n  th i ckness  from j u s t  b a r e l y  v i s i b l e  

'MSR -- Quar.  - Frog. - Rep. Apr. 30, 1959, ORNL-2723, p 52-54. 
6MSR Quar.  Prog. Rep. Ju ly  31, 1959, ORNL-2799 ( i n  p r e s s ) .  -- - - 
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A 

at a magnification of 25OX to approximately 1/4 mil thick. These layers 

presently are being examined by x-ray diffraction, electron diffraction, 

and spectrographic techniques. 

Forced-Convection Loops. - Chemical and metallographic examinations 
have been completed on two forced-convection loops, Inconel loop 9344-1 

and INOR-8 loop 9354-5, each of which completed one year of operation. 

Also, one hot-leg specimen was examined after being removed from INOR-8 

loop 9354-4 following 5000 hr of operation (operation of the loop vas re- 

sumed after removal of the specimen). 

graphic results for the three loops are shown in Table 3.3. 

Operating conditions and metallo- 

Inconel loop 9344-1 was very heavily attacked along hot-leg sections, 

to a maximum depth of 38 mils. 
crease in chromium concentration of the fused salt mixture. 

and x-ray examinations of this salt also showed the presence of large 

amounts of U02. This finding provides strong evidence that contamination 

of the salt occurred either before or during the test and, in some measure, 

contributed to the high attack observed. 

Accompanying this attack was a large in- 

Petrographic 

INOR-8 loop 9354-5 (ref 6) was operated to provide data on the com- 

patibility of INOR-8 and graphite in a rapidly circulating molten-salt 

medium. 

corporated into the loop at the end of the second heater leg. As shown 

in Table 3.3, no evidence of carburization could be found in metallographic 

examinations of loop sections examined after test. However, as in the case 

of INOR-8 thermal-convection loops described above, a surface layer, as yet 

unidentified, was apparent in hot-leg sections of the loop. The appearance 

of this layer at the point of maximum loop temperature is illustrated in 

Fig. 3.1. Chemical analysis of the after-test salt shawed little change 

in the concentration of impurities except for an expected increase in the 

chromium concentration. Examinations of the after-test salt were also made 

under the petrographic microscope and x-ray diffraction unit to detect the 

presence of oxides. These analyses showed the salt to be apparently un- 

affected by impurities contained in the graphite. 

A box constructed of INOR-8 and containing graphite rods w a s  in- 

Removal of a hot-leg specimen from INOR-8 loop 9354-4 was effected 

in order to measure accurately the weight loss occurring after 5000 hr at 

surfaces operating at the maximum l oop  temperature.6 The specimen was one 
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Table 3.3. Operating Conditions and Resul ts  of MSRP Forced-Convection-Loop Tests  

Maximum sa l t -meta l  i n t e r f a c e  temperature, 1300°F 
Minimum f l u i d  temperature, 1100°F 
&T, 200°F 

Flow Reynolds 
Operated Rate Metallographic Resul ts  Number 

Time 
LOOP S a l t  S a l t  Composition 
NO. Mater ia l  No. 

(mole $1 (hr) 

9344-1 

9354-4* 

9354- 5** 

Inconel  123 53 NaF-46 BeFg-l UF4 8823 3250 2 

62 LiF-37 BeF2-l uF4 5000 3000 2 

62 LLF-37 BeF2-l m4 8760 2200 1 

TNOR-8 130 

INOR-8 1-30 

Heavy voids ranging from 
18-34 mils i n  f i r s t  hot  
leg ,  18-38 mils i n  
second hot  l e g  

No a t t a c k  

Light surf ace roughening 
and sur face  p i t t i n g  

* 
This pump-loop was equipped with three i n s e r t s  designed t o  provide weight-loss da ta .  

*Tiis ymy-loop had a box containing graphi te  rods. 



. -  
e .  - 

, -  .. . . 

Fig. 3.1. Specimen Taken from Hot Leg of INOR-8 Forced-Convection Loop 9 3 5 6 5  at Point 
of Maximum Loop Temperature (135OOF). Loop was operated for one year with salt mixture 
LiF-BeF,-UF4 (62-37-1 mole %). Etchant: 3 vol HCI, 2 vol H,O, 1-10% CrO,. 250X. 

of three carefully weighed inserts incorporated at the end of the second 

(last) heater leg. The other two inserts are scheduled to be removed after 

10,000 and 15,000 hr of operation, respectively. 

of the 5000-hr insert after test revealed a slight weight loss, which av- 

eraged 1.7 m g  * 2% per square centimeter over the &in. specimen length. 

This weight l o s s  corresponds to a loss in wall thickness of 0.08 (+2%) 

m i l  if uniform surface removal is assumed. Metallographic examination 

of the insert showed a very thin surface layer similar to that shown in 

Fig. 3.1, with no additional indications of attack. 

Weight measurements 

t The status of five Inconel and eleven INOR-8 thermal-convection 

loops which presently are being operated with various fluoride mixtures 

is summarized in Table 3.4. 
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Engineering Support 

r 

G. M. Tolson J. H. DeVan 

Metallurgical support is being supplied to the Reactor Projects Divi- 

sion for the purpose of inspecting materials and fabricated components 

used in conjunction with various power reactor programs. These inspec- 

tions are intended to evaluate fabrication methods and to locate defec- 

tive conditions which could result in failure of components under test. 

Included under this program is an evaluation of engineering drawings for 

adequacy of weld design, inspectability, and materials selection. Also, 

an analysis of component failures that occur during service is made to 

determine and correct conditions leading to failure. 

Materials which were inspected during the report period are sum- 

marized in Table 3.5. 

used as a criterion for both the acceptability and the amount and type 

of inspection performed. As can be seen, the rejection rate was quite 

low for all forms of materials except bar stock. Stainless steel bar 

stock in sizes 1/2 in. or under in particular contributed to the high 

rejection rate for the latter item. These results and others obtained 

The intended application of the materials was 

Table 3.5. Material Inspection 

Per cent age Type of Quantity Quantity 
Material In spe c t ed Rejected Rejection Item 

Tubing INOR-8 2,235 ft 66 ft 3.0 

In cone 1 434 ft 5 ft 1.2 

Stainless 16,292 ft 
steel 

765 ft 4.7 

Bar INOR-8 5 ft None 0 

Stainless 249 ft 
steel 

100 ft 40 

Ma chi ne d Stainless 1,675 units 24 units 1.4 
parts steel 

INOR-8 34 units 4 units 11.8 
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on materials previously inspected were compiled and presented at the 

National Exposition and Congress of the Society for Nondestructive Test- 

ing, Cleveland, Ohio, October 27-31, 1958. 

Table 3.6 lists the number and rejection rates of welds inspected 

during the report period in support of reactor programs. The four weld 

types designated in Table 3.6 were assigned on the basis of the follow- 

ing criteria of quality: 

Type C - For all critical welds wherein optimum soundness is re- 
quired (e.g., for sealing between corrosive environments, to meet thermal 

gradients or high strength requirements). 

Type CN - For welds which normally would be designated "C" but which 

cannot be given a complete inspection due to design or fabrication re- 

quirements. 

Type B - For welds which need only to meet the integrity require- 
ments of an X-Ray ASME Boiler and Pressure Vessel Code weld. 

Type BN - For welds which normally would be designated "B" but which 
either cannot be given a complete inspection due to design clr fabrication 

requirements or where inspection by all methods is not necessary. 

Type S - For structural welds wherein leaktightness is not required. 
In addition to weld inspections given in Table 3.6, 23 fuel elements 

containing three welds each for in-pile tests in the Oak Rid.ge Research 

Reactor and Engineering Test Reactor were inspected, and only one weld 

was found rejectable. 

GCR Materials Compatibility Tests 

J. H. DeVan G. M. Tolson 
A. J. Rosenberg 

The GCR out-of-pile materials compatibility program, initiated to 

evaluate the outgassing characteristics of graphite and the effects of 

various combinations of gaseous impurities in helium on reactor struc- 

tural materials, was continued in four types of test facilities."" 

7G. M. Tolson, A. Taboada, and R. Stepp, J. SOC. Nondestructive - -  
Testing - 16(5), 416 (1958). - 

'The -- OWL Gas-Cooled Reactor - Materials and Hazards, OWL-2505, 
p 13.33 (May 22, 1958). 

9GCR Semiann. - -  Prog. Rep. Dee. 31, 1958, OWL-2676, p 138-46. 
"GCR - Semiann. - -  Prog. Rep. June 3C, 1959, ORNL-2767, p 188-90. 

c 

E 

b 

"Met. Ann. Prog. Rep. Oct. 10, 1958, ORNL-2632, p 89 (classified). 
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A c Y c 

Table 3.6. Weld Inspection Data 

Project 

Mswa G C R ~  Amc mRd Total 
Other We Id 

Type INOR-8 Material 

c Number inspected 169 128 1420 13 11 1741 

Number rejected 42 15 208 3 3 271 

CN 

B 

S 

Percentage rejected 24.9 11.8 14.7 23.1 36.7 15.6 
Number inspected 144 ala 275 56 5 1298 

Number rejected 10 24 11 1 0 46 

Percentage re  jected 6.9 2.9 4.0 1.8 0 3.5 

2 74 11 0 4 91 Number inspected 

Number rejected 0 19 1 0 0 20 

Percentage rejected 0 39.2 9-1 0 0 22 

Number inspected 0 253 83 0 58 394 

Number rejected 0 22 4 0 2 28 

Percentage rejected 0 8.7 4.8 0 3.5 7.1 
a 

bGas -Cooled Reactor; predominantly, the  welds were of type 304 s t a i n l e s s  s t e e l .  

dMaritime Ship Reactor; predominantly, t h e  welds were of type 347 s ta in less  s t e e l .  

Molten-Salt Reactor. 

C Aircraf t  Nuclear Propulsion; predominantly, the welds were of Inconel and s ta in less  s t e e l .  



Two static-pot assemblies have been modified to enable the insertion of 

independently heated type 304 stainless steel specimens which are cap- 

able of generating metal surface temperatures up to 1800°F (ref 12). 

Two high-pressure thermal-convection- and one forced-convection-loop 

facilities were also constructed to a l l o w  testing under high-pressure 

and high-velocity conditions, respectively. 

Isothermal tests have been operated in the static-pot facilities 

with TSF and AGOT grades of graphite at temperatures of 1100, 1250, and 

1400°F. In addition, tests with independently heated test sFecimens 

have been completed with AGOT graphite at specimen temperatures of 1500 

and 1600'F and at a gas pot temperature of 1100°F. One long-term (3580 

hr) low-pressure thermal-convection test of AGOT graphite was operated 

at 1400°F. 

with TSF graphite and at 1100 and 1400°F with AGOT graphite. 

pressure thermal-convection test and one forced-convection test were oper- 

ated at 1225 and 1400°F, respectively. The materials exposed in these 

tests included four types of stainless steel (304, 310, 316, and 410), 

three types of low-alloy steel (Croloy 2-1/4, Croloy 3M, and T-l), and 

one iron-aluminum base alloy. 

Short-term (1000 hr) tests were also completed at, 1300°F 

One high- 

The analyses of gaseous impurities in these tests were consistent 

with those of earlier tests, the major impurities being CO, CO;!, H2, H20, 

and CHL (ref 10). 

outgassing of the graphite as the test vessel was heated to the test tem- 

perature; however, upon reaching this temperature the impurity level im- 

mediately decreased. 

decrease was considerably lower in tests operated at 1400 than at 1100°F. 

It is interesting to note that the gas analyses for the static-heated- 

specimen tests were comparable to those obtained for similar isothermal 

static tests at 1100°F (ref 12). 

Each of these impurities increased rapidly because of 

The level ultimately reached as a result of this 

In agreement with earlier tests, all unheated samples of austenitic 

stainless steels exposed in the gas streams of these tests showed no sur- 

face changes other than a thin, tightly adherent, gray-to-black oxide tar- 

nish, which tras accompanied by a very small weight The heated 

D 

& 

4 

12GCR Quar. Prog. Rep. Sept. 30, 1959, ORNL-2835 (in press). -- - - 
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Fig. 3.2. Photograph o f  T-1 Steel Specimen After Exposure in Low-Pressure Thermal- 
Convection Loop a t  1 100°F for 1000 hr. Oxide layers on base-metal surface w e  evident. Elec- 
tron microscopy and electron and x-ray dif fract ion analyses showed scale to  consist  o f  four 
layers, the surface ( A )  and f i rst  subsurface (E) layers being Fe,O, and the fol lowing two sub- 
surface layers (C and D )  being Fe,O, plus a iron. (Photograph and scale analyses courtesy of  
T. E. Willmarth, Analyt ical  Chemistry Division.) 20X. Reduced 8%. 
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t 

elements, however, showed va r i ed  a t t a c k .  
t i o n  heated t o  1500°F i n  a s t a t i c  pot  formed a loose ly  adherent,  s i l v e r y  

gray, nonmagnetic l a y e r .  I n  a reas  where s p a l l i n g  of t h e  o u t e r  l a y e r  had 

occurred, a t h i n ,  gray underlayer  was apparent .  I n  c o n t r a s t ,  a type  304 

s t a i n l e s s  s t e e l  test  s e c t i o n  t h a t  was h e l d  a t  1500°F i n  another  s t a t i c  

po t  showed a t y p i c a l ,  adherent,  b lack  r e a c t i o n  l a y e r .  

t h e  two s t a t i c  t e s t s  d i f f e r e d  only i n  t h a t  t h e  former had a s l f ight ly  

h igher  metal  volume. The sur face  appearance of  a type 304 s t a - in l e s s  

s t e e l  s e c t i o n  heated t o  1600°F i n  a s t a t i c  t e s t  va r i ed  not iceably  along 

t h e  length  of t h e  element. 

h i b i t e d  a br ight-green sur face  f i l m ,  while two removable s leeves  near  t h e  

coo le r  bottom por t ion  were dark gray. 

A type 304 s t a i n l e s s  s t e e l  sec- 

The condi t ions  of 

The h o t t e r  upper po r t ion  o f  t h e  assembly ex- 

The low-alloy s t e e l s  genera l ly  showed good r e s i s t a n c e  t o  a t t a c k ,  a l -  

though they  were more heavi ly  oxidized and more suscep t ib l e  t o  decarburi-  

za t ion  than t h e  s t a i n l e s s  s t e e l s .  However, i n  one low-pressure- and one 

high-pressure thermal-convection t e s t ,  t he  low-alloy s t e e l s  sh.owed heavy 

s i lvery-gray r eac t ion  f i l m s .  

t e s t i n g  and when handled, and revealed powdery b lack  l a y e r s  beneath. 

appearance of t h e l a t t e r  specimens i s  i l l u s t r a t e d  i n  F ig .  3.2. 

These films tended t o  spa11 o f f  bo th  during 
The 

MATERIALS COMPATIBILITY 

E.  E .  Hoffman 
W .  H. Cook J. R.  DiStefano 

D.  H. Jansen 

Molten-Salt Reactor Program 

W .  H. Cook D. H. Sansen E .  E. Hoffman 

In t roduct ion .  - An unclad graphi te  moderator would be a d e f i n i t e  ad- 

This  would r equ i r e  t h a t  por- vantage i n  the  Molten-Salt PoiJer Reactor.13 

t i o n s  of t h e  s t r u c t u r a l  alloys of t h e  r e a c t o r  be exposed t o  ',he molten 

s a l t  i n  contac t  with t h e  graphi te  a t  t h e  r e a c t o r  ope ra t ing  temperature of 

t 

b 

I3II.  G. MacPherson e t  sl., A Prel iminary Study of Molten-Salt Poirer 
Reactors,  ORNL CF-57-4-27 (Apr. 29, 1957) .  
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approximately 1200°F (649°C) . 1 3  

the unclad graphite with the molten salt, plus the effects of carburiza- 

tion, if any, on the structuralalloys,at operating conditions must be 

known before these components can be incorporated into the design of the 

reactor. 

The compatibility and permeability of 

At the beginning of the investigation of the preceding questions, 

Inconel and INOR-8 were considered as potential structural alloys, and 

LiF-BePz-UF4 (62-37-1 mole $, fuel. 130) was the fuel generally considered 

for use in the Molten-Salt Power Reactor. 

(704°C) was chosen so that there would be a s m a l l ,  built-in safety factor. 

Carburization of Inconel and INOR-8 in Sodium-Graphite Systems (W. H. 

A test temperature of 1300°F 

Cook, D. H. Jansen). - Carburization studies on Inconel and INOR-8 in a 

sodium-graphite medium were conducted at the following conditions: 1200°F 

(649°C) for 40, 400, and 4000 hr; 1400°F (760°C) for 40, 400, and 4000 hr; 

and 1600°F for 40 hr. The relative carburizing rates of Inconel and INOR-8 

were studied as a function of time and temperature. A detailed description 

of the test assembly was reported previously.14 

The results of room-temperature tensile tests on duplicate carburized 

specimens indicated that the room-temperature ductility was appreciably 

decreased, compared with control specimens heat treated in argon for the 

same temperatures and times. There was no appreciable decrease in the 

1250°F (677°C) tensile strengths of these carburized specimens. 

The approximate diffusion coefficient at 1200°F of carbon in Inconel 

and in INOR-8 was calculated from the carbon analyses of a series of mill- 

ings taken from the Inconel and INOR-8 exposed to sodium and graphite for 

4000 hr.15 The diffusion coefficient of carbon in Inconel was calculated 

to be approximately 7 x 
carbon in INOR-8 was 3.5 x 
carbon content at the midpoint of an INOR-8 tube having a wall 50 mils 

thick would be approximately 0.2 wt $ after the inside diameter was ex- 
posed for 20 years to the sodium-graphite carburizing system at 1200°F 

cm2/sec, and the diffusion coefficient for 

cm2/sec. These results indicate that the 

I 4 E .  E. Hoffman, W. H. Cook, and D. H. Jansen, MSR Quar. Prog. Rep. 
June 30, 1958, Om-2551, p 59. 

’%. H. Cook and D. H. Jansen, A Preliminary Summary of Studies of 
INOR-8, Inconel, Graphite, and Fluoride Systems for the MSRP for the Period 
from May 1, 1958 to Dee. 31, 1958, OrwL CF-59-1-4. 
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(6L9"C). More s t u d i e s  a r e  necessary t o  determine whether t h e  mechanical 

p rope r t i e s  OB t h e  tube iiould be de t r imenta l ly  a f f e c t e d  by t h i s  amount of 

carbur iza t ion .  Information ava i l ab le  a t  present  i n d i c a t e s  t h a t  carbur iza-  

t i o n  or t h i s  ex ten t  would be de t r imenta l  t o  t h e  room-temperature t e n s i l e  

p rope r t i e s  of t he  tube but  t h a t  t h e  1250°F (677°C) t e n s i l e  p rope r t i e s  of 

t he  tube vould not  be se r ious ly  a f f ec t ed .  

I N O R - 8  shee t  specimens t h a t  had been carbur ized  t o  depths of 6 t o  10 m i l s  

and i n  which a 10-mil- thick sur face  l a y e r  analyzed Prom 0.3 t o  0.4 w t  $ 
carbon. l6 

This w a s  found f o r  40-mil-thick 

Inconel  and I N O R - 8  i n  t h e  Fuel 13C-Graphite Test  Systems ( D .  H. 

Jansen, i d .  H. Cook). - The advantages of having t h e  f u e l  i n  contac t  

TJlth an unclad g raph i t e  moderator i n  t h e  Molten-Salt Reactor has been 

ind ica t ed  e a r l i e r .  l7 Consequently, Inconel  and I N O R - 8  were s t a t i c a l l y  

t e s t e d  i n  Puel 130 (LiF-BeF2-UFA, 62-37-1 mole $), vhich vas i n  con- 

t a c t  v i t h  bare  graphi te  t o  determine whether t h e  system would carbur-  

i z e  t h e  a l l o y s .  

v ious ly  repor ted  sodium-graphite t e s t s 1 8  was employed. The r a t i o  of  

t h e  sur face  a r e a  o f  Inconel and I N O R - 8  t o  t h e  volume 01 f u e l  ~7as 1 .3  

in.- '  while t h e  r a t i o  of t he  sur face  a r e a  of t h e  g raph i t e  t o  t h e  vol-  

ume of f u e l  vas 0.43 in.-'. A s e r i e s  of e i g h t  such t e s t s  vas i n i t i a t e d .  

The 2000-, 4000-, and 6000-hr t e s t s  were terminated as scheduled, while 

those scheduled f o r  8000, 10,000, 12,000, 14,000 h r ,  and one f o r  a 

longer  per iod,  a r e  s t i l l  i n  operat ion.  

A t e s t  conyigurat ion s i m i l a r  t o  those  used i n  pre-  

Resul t s  07 Fuel-Graphite Tes ts  i n  INOR-8.  - No evidence of ca rbur i -  

za t ion  vas de tec t ed  meta l lographica l ly  i n  any of  t h e  t h r e e  completed 

t e s t s .  

t e s t  showed no s i g n i f i c a n t  carbur iza t ion .  

Chemical r e s u l t s  of mi l l i ngs  from t h e  specimens i n  t h e  6003-hr 

The e f f e c t s  of exposure time on t h e  mechanical p r o p e r t i e s  of  INOR-8 

a r e  shown i n  Table 3.7. It can be seen t h a t  t h e r e  were no apprec iab le  

l6E. E. Hofflnan, W .  H. Cook, and D .  H. Jansen, MSR Quar. Prog. Rep. 
Oct. 31, 1958, Om-2626,  p 57-60. 

I7Molten S a l t  Reactor Program S ta tus  Report, ORNL CF-58-5-3, p 6 
(May 1, 1958). 

b 

t 

I8E. E .  Hoffman, Id. H. Cook, and D. II. Jansen, MSR Qua?. Prog. Rep. 
June 30, 1958, OmL-2551, p 59. 
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* ** 
Table 3.7. Tensile Results of INOR-8 Control and Test 

Specimens from Fuel 130-Graphite Tests 

I 
Time of Control Specimens Test Specimens 
Exposure Tensile Strength Elon gat i on Tensile Strength Elon gat ion 

(hd (Psi 1 ($ in 2 in.) (Psi 1 ($  in 2 in.) 

2000 

4000 

6000 

Room Temperature Tensile Tests 
x 10 3 103 

123.2 42.5 124.8 41.0 

123.0 

124.7 

42.0 124.5 

39.0 124.2 

43.0 

36.0 

1250°F Tensile Tests 

2000 74.6 18.0 75.6 18.5 

4000 75.9, T6*0 19.0, 20.0 76.2, 74.3 18.5, 18.5 

8 6000 72.8 16.5 74.5 16.0 

3t 

w 
Control specimens exposed to argon at 1300°F for the times indicated. 

Test specimens exposed to fuel 130-graphite system at 1300°F for the 
times indicated. 

4 

A 

differences in the mechanical properties of the control and test speci- 

mens from these tests. 

No corrosion of the INOR-8 test specimens was observed except for 

a slight roughening of less than 1 mil in depth on specimens tested for 

4000 and 6000 hr. 

Results of Fuel-Graphite Tests on Inconel. - Metallographic examina- 

tion of Inconel specimens tested in the fuel-graphite system for 2000 and 

4000 hr showed that they were attacked to depths of 3 and 5 mils, re- 

spectively. Attack of this magnitude on Inconel by fuel 130 has not been 
observed in graphite-free, thermal-convection-loop corrosion systems. 19 

Results of tensile tests show a sharp decrease in elongation and 

tensile strength due to the heavy corrosion, thus masking any possible 

minor effect of carburization on the tensile properties. 

"J. H. DeVan and J. R. DiStefano, MSR Quar. Prog. Rep. June 30, 1958, 
OWL-2551, p 57. 
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INOR-8 Thermal-Convection Loop Containing Graphite and Fuel 130. - 
An INOR-8 thermal-convection-loop test circulating fuel 130 (LiF-BeF2-UF4, 

62-37-1 mole 8)  with a TSF graphite tube-insert in the hot leg has been 
operated for 4000 hr. The hot-leg temperature of this loop was 1300’F. 

The purpose of the test was to investigate possible carbon pickup by 

INOR-8 in a nonisothermal circulating system. 

tion could be detected by metallography, microhardness measurements, or 

chemic a1 analys e s . 

No evidence of carburiza- 

20 

Brazing Alloys Tested in Loop Circulating Fuel 130 (D. H. Jansen). - 
Brazing alloys have been corrosion tested in the hot-leg section of a 

thermal-convection loop circulating fuel 130 for 1000 hr.21 

temperature of the loop was 1300°F (704°C). 

The hot-leg 

Inconel and INOR-8 lap joints were brazed with these alloys, making 

a total of ten specimens which were suspended in an expanded section in 

the hot leg. The alloys, their compositions, and metallographic results 

after test are listed in Table 3.8. 

No attack was found on the nickel-base Coast Metals alloys or the 

pure copper a l loy  after test. 

periods are in progress. 

Similar tests for 5000- and 10,000-hr 

Uranium Precipitation from Fuel 130 in Contact with Graphite at 

1300°F (704°C) (W. H. Cook). - The fact that part of the uranium in 
LiF-BeF2-UF4 (62-37-1 mole $, fuel 130) precipitated as UO;! when this 

fuel was contained in graphite crucibles at 1300°F (704°C) under a 

vacuum has been reported; no precipitate was observed in NaF-ZrFk-UF,: 

(56-40-4 mole $, fuel 30) under similar conditions.22 

Results have indicated that the source of the oxygen which caused 

the precipitation from fuel 130 was the graphite.23 

TSF, AGOT, CCN, ATJ, and C-18 have been used to fabricate test crucibles. 

Graphite grades 

20”Genera1 Corrosion Studies,” MSR Quar. Prog. Rep. Apr. 30, 1959, 
ORNL-2723, pp 61, 62, 64. 

21E. E. Hofflnan and D. H. Jansen, MSR Quar. Prog. Rep. June 30, 1958, 
Om-2551, p 62. 

c 

22W. H. Cook, Met. Ann. Prog. Rep. Oct. 10, 1958, Om-2632, p 105 

23MSR Quar. Prog. Rep. Apr. 30, 1959, ORNL-2723, p 58. 
(classified). 
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Table 3.8. Metallographic Results of Brazing Alloys Tested i n  
Thermal-Convection Loop Circulat ing Fuel 1.30 

Test Conditions: Bot-leg temperature, 1300°F; time, 1000 h r  

c 

Alloy 
Compo s i t  i on 

( %> 
Metallographic Resul ts  of Alloy Brazed t o :  

Inc one 1 INOR-8 

Coast Metals No. 52 89 Ni-5 Si-4 B-2 Fe No a t t a c k  No a t t a c k  

Coast Metals No. 53 81 N i - 8  Cr-4 E?-4 Si-3 Fe No a t t a c k  No a t tack  

General E l e c t r i c  No. 81 70 Ni-20 Cr-10 S i  

Go1 d - M i  c ke 1 82 A w l 8  N i  

Copper 100 c u  

6 m i l s  of uniform 
a t t a c k  

No a t t a c k  

Diffusion voids t o  a Diffusion voids 
depth of 3 m i l s  t o  a depth of 

4 m i l s  

No at tack;  a few No a t tack;  minute 
porous a reas  i n  poros i ty  i n  f i l l e t  
f i l l e t  



The r a t i o  of t he  bulk volume of a c ruc ib l e  t o  t h e  volume of fue l  it con- 

t a i n e d  i n  t e s t  vas 27:l. 

p r e c i p i t a t e d  from f u e l  130 charges has been from approximately 4$ f o r  

f u e l  contained i n  a TSF g raph i t e  c ruc ib l e  t o  54% f o r  f u e l  contained i n  a 

C - 1 8  g raphi te  c ruc ib l e .  

The range of t h e  po r t ion  of t h e  urani-wn t h a t  

The quant i ty  of U02 p r e c i p i t a t e d  from f u e l  130 va r i ed  f o r  t h e  same 

grade of graphi te  i n  c ruc ib l e s  t h a t  had been machined from d i f f e r e n t  

s tocks,  i n d i c a t i n g  that  manufacturing v a r i a b l e s  and/or subsequent hand- 

l i n g  were respons ib le  f o r  t h e  v a r i a t i o n s .  

t a i n e d  by us ing  c ruc ib l e s  machined from a s i n g l e  s tock  of graphi te .  

i nd ica t ed  t h a t  g raph i t e  contamination and subsequent U02 p r e  c i p i  t a t  i on 

could be appreciably con t ro l l ed  by proper handl ing of t h e  g raph i t e  during 

and following i t s  f a b r i c a t i o n .  

Reproducible r e s u l t s  were ob- 

This 

I n  general ,  t h e  smaller  q u a n t i t i e s  of  p r e c i p i t a t e  were a s soc ia t ed  

with t h e  g raph i t e  t h a t  had been manufactured t o  have t h e  sma l l e s t  amount 

of metal contaminants, such as t h e  TSF and AGOT grades.  

Tne f r a c t i o n  of uranium t h a t  p r e c i p i t a t e d  from f u e l  130 i n  contac t  

with g raph i t e  grades TSF, AGGT, and CCN appeared t o  occur quickly,  gener- 

a l l y  wi th in  a 5-hr  exposure. 

Removal of Oxide Contamination from Graphite ( W .  H. Cook). - Previous 

t e s t s  have shown t h a t  exposing graphi te  t o  f u e l  130 a t  1300°F (704OC) 

would r e s u l t  i n  t h e  p r e c i p i t a t i o n  of a f r a c t i o n  o f  t he  uraniurn as U02. 

This p r e c i p i t a t i o n  r eac t ion  had occurred i n  f u e l  130 i n  vacuum, where t h e  

graphi te  was not  i n  d l r e c t  contac t  with t h e  f u e l ,  as wel l  as i n  t h e  t e s t s  

where t h e  f u e l  w a s  contained i n  g raph i t e  c ruc ib l e s .  24-26 

suggested t h a t  it might be f e a s i b l e  t o  remove oxide contaminants from t h e  

graphi te  by g e t t e r i n g  o r  f l u sh ing  t h e  graphi te  with a s u i t a b l e  medium, 

such as f u e l  130, i t s e l f .  

These r e s u l t s  

I n i t i a l  t e s t s  were conducted i n  a vacuum, with graphi te  c ruc ib l e s  

exposed f o r  20 h r  t o  fue l  130 both  i n  proximity t o  and a l s o  i n  d i r e c t  

24MSR Quar. Prog. Rep. Oct. 31, 1958, ORNL-2626, p 62. 

25MSR Quar. Prog. Rep. Jan.  31, 1959, ORNL-2684, p 80. 
26MSR Quar. Prog. Rep. Apr. 30, 1959, ORNL-2723, p 58. 
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contact v i t h  the f u e l .  Both methods appeared t o  remove s m a l l  amounts of 

oxide, and addi t ional  experiments a r e  planned.27 

Permeation of Various Grades of Graphite by Molten Fluoride S a l t s  

(W. €1. Cook). - Six  grades of  graphite have been subjected t o  permeation 

t e s t s  with three  d i f f e r e n t  f luor ide  compositions, and r e s u l t s  a re  summar- 

ized i n  Table 3.9. 
The methods were the same f o r  each t e s t .  The graphite specimens 

irere u l t r a s o n i c a l l y  washed i n  absolute e thyl  alcohol t o  remove machining 

dust and then dr ied  f o r  a t  l e a s t  15 h r  at 248OF (120°C). 
were evacuated at l e s s  than 1 2  p Hg f o r  1 5  h r  a t  572'F (300"C), plus ha l f  

an hour during which the temperature was increased t o  752°F (400OC). The 

evacuated graphite w a s  flooded and completely covered with the  t e s t  sa l t  

a t  the l iquidus temperature of the sal t .  

1300°F (704'C) and then pure argon w a s  used t o  c rea te  a sal t  pressure of 

150 psig.  The temperature and pressure were maintained f o r  100 hr;  the  

sa l t  was drained from the  graphite,  the t e s t  u n i t  was cooled t o  room tem- 

perature ,  and the graphite vas examined f o r  s a l t  permeation. 

The specimens 

The temperature w a s  ra i sed  t o  

The mixture LiF-BeF2 -ThF4-UF4 (67-18.5-14-0.5 mole $, BULT 14-. 5 U )  

i s  t y p i c a l  of the salts  now being considered f o r  the Molten-Salt Reactor. 

Unti l  recently,  f u e l  130 w a s  used f o r  most of the permeation t e s t s ;  fue l  

30 was included t o  determine whether a d i f f e r e n t  sa l t  composition w a s  a 

f a c t o r  i n  the degree of penetration. 

under the t e s t  conditions, the  extent of  permeation w a s  not dependent on 

the  types o f  sa l t  represented by f u e l s  30, 130, or  BULT 14-.5U. 

The data  i n  Table 3.9 indicate  t h a t ,  

Graphite grades GT-123 and 186 were the  only ones t e s t e d  t h a t  were 

fabricated as low-permeability graphite.  

The permeation t e s t s  (Table 3.9) were a l l  separate t e s t s  except f o r  

the  one involving BULT 14-.5U; a l l  s i x  grades of graphites ( t h r e e  speci- 

mens of each) were exposed a t  the  same time t o  t h i s  medium. 

Of the  graphite tes ted ,  only grade GT-123 appeared t o  meet the Molten- 

S a l t  Reactor permeability requirement t h a t  the  bulk volume of the  graphite 

permeated by salt  be l e s s  than 0.5%. 

The preceding are  i n i t i a l  tests;  fu ture  work cons is t s  i n  evaluating 

the sa l t  permeabi l i t ies  of' t h e  many grades o f  "low permeability" graphite 

27MSR Quar. Prog. Rep. July 31, 1959, ORNL-2799 ( i n  press) .  
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Table 3.9. Permeation of Various Grades of Graphite by Molten Salts 

Graphite specimens tested in BULT 14-.5U were 0.500 in. in diameter and 1.500 in. long; 
those tested in the other two salts were 1.875-in. OD x 0.250-in. ID x 2.00 in. long 

All values are averages of three except those with the numerical superscripts; 
the numerical superscripts denote the number of values averaged 

Test Conditions: Temperature, 1300°F (704°C) 
Pressure, 150 psig 
Exposure period, 100 hr 

Bulk Percent age Percentage of Voids Percentage of Bulk Volume 
Graphite of Graphite Permeated Density of Voids in Permeated by Fuel Salts by Fuel Salts 1 Graphite Grade 

Fuel 30" Fuel 130b BULT 14-. 5Uc Fuel 30 Fuel 130 BULT 14- .5U 

Gr- 123 1.92 

186 1.86 

c CN 1.92 

R- 0013 1.87 

AGOT 1.68 

TSF 1.. 67 

15.8 1.02 0.13 

18.6 (1) 26.4 21.2 4.6 ('' 4.0 

(1' 29.2 16.0 26.2 4.2 (1) 4.9 

18.0 33.5 6.0 

26.2 58.4"' 58.2 54.3 14.9"' 14.8 14.2 

26.7 49.6 53.7 13.2 (2) 14.4 (2) 

%aF-ZrFq-UF4 (56-40-4 mole 5 ) .  
bLiF-BeFz-UF4 (62-37-1 mole 9) . 
c 
LiF-BeF2-ThF4-UF4 (67-18.5-14-0.5 mole %). 

4 
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and establishing the effects of temperature, time, and pressure on the 

permeabilities of the most promising grades of graphite. 

The graphite specimens will be taken from bulk shapes, pipes, and 

tubes that are suitable for reactor construction without major changes in 

their shapes and sizes. 

Corrosion Research in Support of Maritime Ship Reactor Project 

D. H. Jansen W. H. Cook 

A fuel element proposed for possible application in maritime reactors 
incorporates a low-melting liquid metal as the thermal bonding agent be- 

tween the U02 pellets and the stainless steel can. 

The conpatibility of various low-melting metals with U02 and type 304 

stainless steel was determined. 

Small, hot-pressed UOz cylinders were exposed to lead, bismuth, the 

55 Bi-45 Pb eutectic, and the Pb0.69 Li eutectic for 500 hr at 650°F 

(343°C) and 750°F (399°C) in type 304 stainless steel containers. 

Metallography shows no corrosion of the stainless steel containers 

after test. A black powdery substance was observed on the surface of each 

solidified bath after test. 

material are listed in Table 3.10. 

tests containing bismuth and in the higher-temperature (750OF) lead test. 

Results of x-ray examination on this powdery 

Uranium compounds were found only in 

The presence of UC2 in the 650°F Pb-Bi  test is probably due to carbon 

contamination present in the U02 pellet prior to testing. 

Metallography of as-received and tested specimens did not show any 

indications that any of the heat-transfer media had attacked the U02 speci- 

mens. 

Airc raft Nuc le ar Propul si on 

E. E. Hoffman 
W. H. Cook J. R. DiStefano 

D. B. Jansen 

Tne research performed by the Materials Compatibility Group during 

this reporting period has been reported elsewhere. 2 8  

2dANp Semiann. Prog. Rep. Oct. 31, 1959, ORNL-2840 (in press) 
(classified). 
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Table 3.10. Results of X-Ray Examinations of S o l i d i f i e d  
Heat-Transfer Media Following Exposure t o  U02 

i n  Type 304 S t a i n l e s s  S t e e l  Capsules 

Test Conditions: Temperature, as indicated 
Time, 500 h r  

* 
Heat Temperature I d e n t i f i e d  Compounds Detected i n  t h e  

Transfer of Test Powdery Mater ia l  Found on Solidi .f ied 
Medium (OF) Heat-Transfer Media 

Lead 

Lead 

B i  smut h 

Bismuth 

650 Pb, PbO 

750 

6 50 

7 50 

Pb, PbO, U02 

B i ,  U02, B i  0 

B i ,  U02 
2 3  

B i ,  Pb, U02, B i  0 

B i ,  Pb, UC2, B i  0 

650 2 3  55 Bi-45 Pb 

55 Bi-45 Pb 7 50 

Pb-0.69 L i  650 Pb, P D O  
2 3  

Pb-0.69 L i  750 Pb, PbO 

* 
Compounds are l i s t e d  i n  order of decreasing i n t e n s i t i e s .  

t 

HIGH-T!EM€)E~TURE ALLOY DEVEZOPMENT 

K. Inouye 
T. K. Roche D .  0. Hobson 

W .  J. Werner 

Materials f o r  GCR Fuel Capsules 

H. Inouye 

The Reactions Between Type 304 S t a i n l e s s  S t e e l  and Gases. - This in-  
ves t iga t ion  i s  concerned v i t h  determining the  compat ib i l i ty  (of type 304 

s t a i n l e s s  s t e e l  with l o w  concentrations of  impurity gases uhich accompany 

helium. Since t h e  h e l i u r  i s  i n  contact with graphi te  a t  high temperatures, 

the  impurity species assumed I o r  t h i s  study a r e  CC, C 0 2 ,  W20, H2, and CH4. 

The temperature range of  i n t e r e s t  i s  from 500 t o  1850°F. The thermodynamic 
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aspec ts  o f  t h e  gas-metal r eac t ions  an2 t h e  r e s u l  L S  01 preliminar?J experi-  

ments have been reported.  2 9 '  30  

The ob jec t ives  oi t h i s  study are (I) t o  establish ' h e  e f f e c t s  of 

t hese  Gases s i n g l y  and i n  combination v I t h  respec t  t o  oxidation, ca rbur i -  

za t ion ,  and decarbur iza t ion ,  and ( 2 )  t o  e s t a b l i s h  t h e  permissible  limits 

oir these gases xihich vi11 not  s e r i o u s l y  cause d e t e r i o r a t i o n  oi t h e  mechani- 

c a l  p r o p e r t i e s  of t h e  alloy a f t e r  exposure f o r  extended per iods .  

Reactions .crith Flowing C02. - The p r i n c i p a l  r e a c t i o n  between type 304 

Tes t s  were run i n  flow- 

A t  a flow 

s t a i n l e s s  s t e e l  and CO2 vas oxid iz ing ,  a t  1500°F. 

ing  mixtures of  A r  and C02 conta in ing  between 0.1 and 0.6$ C02. 

r a t e  o r  3130 cc/min t ine bulk oxide vas 3 Cr2O3-FeZO3, which xias magnetic 

and green. Analysis o€ t h e  metal  f o r  changes i n  t h e  carbon content  did 

not  i n d i c a t e  ca rbur i za t ion  o r  decarbur iza t ion  ( s e e  Table 3.11). 

t hese  t e s t s ,  t h e  approximate r eac t ion  was assumed t o  be 

Based on 

2 Fe + 6 C r  + 1 2  C 0 2  - 3 Cr203-Fe203 + 1 2  CO (1) 

The r a t e s  of  r eac t ion  a t  t h e  var ious  pressures  s tud ied  were not  s i g n i f i -  

c a n t l y  d i f f e r e n t ,  ranging from 109 t o  117 pg/cm2 pe r  hundred hours. 

Reactions v i t h  CO. - Thermodynamically, CO w i l l  oxidize s t a i n l e s s  

s t e e l  a t  1500°F. The p o s s i b i l i t y  of ca rbur i za t ion  e x i s t s ,  however, i€ 

t h e  oxide f i l m  i s  no t  impervious t o  CO.  

Tes t s  run i n  s t a t i c  CO shoved t h a t  Fe3O4 was the  oxide € i l m  a t  t h e  

gas in t e r€ace  and t h a t  var ious  s p i n e l s  formed a t  t h e  metal-oxide i n t e r -  

face .  S t a r t i n g  with an i - n i t i a l  CO pressure  of 20.5 cm He, t he  f i n a l  pres-  

sure  a f t e r  120 h r  was about 0.0020 cm Rg. Analysis of  t he  s t a i n l e s s  s t e e l  

a f t e r  t e s t i n g  showed t h a t  ca rbur i za t ion  had occurred. I n  order  t o  account 

for t h e  nea r ly  complete consumption of gases, t h e  r e a c t i o n  was assumed t o  

be approximately 

4 Fe + 34 C r  + 8 CO - Fe304 + FeOeC1-20~ + 8 C r 4 C  (2) 

Reactions wi th  S t a t i c  C O 2 .  - Since it was found t h a t  type 304 s t a i n -  

less s t e e l  does not  carbur ize  i n  flowing C02 and t h a t  ca rbur i za t ion  does 

"GCR Semiann. Prog. Rep. Dee. 31, 1958, ORNL-2676, p 85-90. 

"GCR Semiann. Prog. Rep. June 30, 1959, Om-2767, p 114-15. 
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occur with C O ,  the possibility of  carburization in static C 0 2  was assumed 

on the basis of reaction (1). 

occur, indicating that CO might be a metastable corrosion product. 

instability of CO resulting from the decomposition of CO, in con'cact i r i th  

stainless steel w a s  demonstrated by the Pact that .crith starting pressure 

of' 25 m He, the final pressure mis reduced to 0.020 mm. 

As shown in Table 3.11, carburization did 

The 

In a recent report by Bockros and Wallace,31 the oxidation rates of 

various stainless steels were determined in static C 0 2  at 2003 psi and 

1500°F. They found that for the 18-8 stainless steel, the weight gain  

vas 2.2 mg/cm2 in 1623 hr under these conditions. 

data indicate that the reaction rate increased Prom 0.1 to 2.2 mg/cm2 per 

150 hr 

The above authors conclude that the C 0 2  reaction with type 304 stainless 

steel results from the dissociation of C 0 2  to C O  and 02, with subsequent 

oxidation of the metal by the O 2  in accordance with reactions 

The present available 

as the C O 2  pressure was increased rrom 0.088 psi to 2000 psi. 

( 3 )  and ( 4 ) .  

2 C 0 2  - 2 co + 02 

Metal + 02 - Metal oxide ( 4 )  

The proposed reactions are not in agreement with this investigation. 

High-Temperature Stability of I N O R - 8  

H. Inouye 

A nickel-base a l l o y  containing 16 to 18% Mc-6 to 8% Cr-0.04 to 

0.08% C-4% (max) Fe has been developed for containing fused fluoride 

salts at high temperatures. This alloy, designated as INOR-8,  vas de- 

veloped f o r  service at temperatures in excess of 1530°F. 

alloy is contemplated for use below 1500'F. 

suitability of the alloy with respect to stability at these temperatures, 

the tensile properties of the alloy were determined for aging times up to 

10,000 hr in the temperature range between 1000-1400°F. 

Presently the 

In order to determine the 

The compositions of the heats studied are listed in Table 3.12. 

Heat SP-19 vas a 10,000-lb melt from an electric furnace. Heat 8-M-1 

~ ~~~~ 

31J.-C. Bockros and W. P. Wallace, The Oxidation of Metals by CO, 
at Temperatures of 1100°F to 1700°F and Pressures of 1000-2000 psi, 
GA-700 (Mar. 25, 1959). 
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Table 3.12. Percentage Chemical Composition of INOR-8 

Hayne s We st inghous e We st inghouse 
Element Heat SP-l9 Heat 8-~-1 Heat 8-~-1 AC 

~ 

C 

Mn 

Si 

S 

P 

Fe 

Cr 

Mo 

Ti 

Ni 

v 
cu 

W 

co 

0.06 

0.48 

0.40 

0.015 

0.010 

4.83 

7.43 

16.65 

70.00 

0.10 

0.02 

Trace 

0.51 

0.14 

0.69 

0.21 

0.006 

0.002 

6.1 

7.47 

16.20 

0.11 

70.60 

0.144 

0.73 

0.19 

0,001 

0.001 

5.10 

7.00 

17.20 

0 * 075 

70.60 

vas a 5000-lb air-induction melt, and heat 8 - M - 1  AC was a vac:uwn arc re- 

melt of heat 8 - M - 1 .  Tensile tests were conducted on 0.045-in. sheet 

specimens which vere aged 500, 1000, 2000, 5000, and 10,000 hr at room 

temperature and at the aging temperatures. 

Table 3.13 lists the tensile properties of the alloy in the annealed 

condition and after aging times of 1000 and 10,000 hr. 

from h e a t  to heat are apparent in the yield point and ductility after the 

various heat treatments. From previous studies o€ nickel-molybdenum al- 

loys ,  it has been shovn that the mechanical properties are influenced 

signiftcantly by the carbon content. The lower yield point and higher 

ductility of heat SP-19 (C = 0.06%) compared with that of 8-14-1 and/or 

8-PI-1 AC (C = 0.145) are probably due to the difference in carb3n content. 

The variations 
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Table 3.13. Tensile Proper t ies  of INOR-8 

Haynes Heat SP-19 Westinghouse Heat 8-~-1 Westinghouse H e a t  84-1 AC 
Ultimate Ultimate U l t i m a t e  

Tensile 0.2% Yield Tensi le  0.2% Yield T e s t  Tensi le  0.2% Yield 

(OF) (Ps i )  ( p s i )  Elongation ( p s i )  
Temperature Strength Strength Percentage Strength Strength Percentage Strength Strength Percentage 

( p s i )  Elongation ( p s i )  (psi  ) Elongation 

Annealed 

Room 
1000 
1100 
1200 
1300 
1400 

1000 
1100 
1200 
1300 
1400 

1000 
1100 
1200 

1400 
1300 

114,400 

93,000 
82,400 
69,900 
61,800 

93,000 

94,800 
88,400 
75,700 
73,200 
64,900 

97,700 
90,500 
81,900 
76,100 
65,100 

44,700 
28,300 
28,900 

28,000 
26,200 

27,500 

30,400 
31,700 
29,740 
28,900 
29,000 

50 
46 
50 
37 
24 
21 

51 
43 
29 
29 
18 

46 
40 
32 
24 
20 

117, LOO 51,900 
101,000 34,200 
102,600 37,600 

63,900 38,500 

83,100 38,400 
70,500 38,400 

w4 
Aged 1000 h r  

98,600 35,000 
87,350 36,300 

74,900 36,400 
65,200 36,100 

72,300 35,700 

** 
Aged 10,000 h r  

101,600 
86, ooo 
78,800 
78,000 
60,600 

39 
40 
37 
1.6 
18 
14 

42 
27 
14 
14 
14 

32 
19 
16 
1-5 
16 

113,300 
104,100 
loo, 900 
87,900 
78,400 
64, goo 

105,800 
101,600 
83,500 
80,600 
62,700 

48,500 
35,500 
35,900 
37,000 
37,800 
35,000 

39, m o  
39,600 
37,800 
29,200 

42,300 

33 
34 
36 
19 
14 
21 

39 
34 
14 
21 
26 

- ~ 

* 
-E% 
0.045 i n .  sheet specimens; annealed 1 h r  a t  2100°F; a i r  cooled; s t r a i n  r a t e  0.05 in./min. 

Aged a t  t e s t i n g  temperature i n  quartz capsules. 



I n  general ,  t hese  d i€ferences  a re  of minor propor t ions  v i t h  r e spec t  

t o  t h e  s e r v i c e a b i l i t y  of  t h e  a l l o y  i n  t h i s  temperature range. 

p a r t i c u l a r  hea t ,  aging does not  s i g n i f i c a n t l y  a f f e c t  t h e  t e n s i l e  pr0pe.r- 

t i e s .  A s  a resul t  of t h i s  study, it vas concluded t h a t  embrittlernent by 

aging does not  occur and 'chat t h e  v a r i a t i o n s  observed from hea t  t o  hea t  

a r e  due t o  t h e  chemical composition. 

For a 

A i r c r a f t  Nuclear Propuls ion P r o j e c t  

€1. Inouye D. 0. Hobson I.J. J. Werner 

The research  performed i n  t h e  High-Temperature Alloy Development 

Laboratory on t h e  A i r c r a f t  Nuclear Propuls ion P ro jec t  has been repor ted .  32y 33 

Molten-Salt Reactor P r o j e c t  

Fabr i ca t ion  of T r ip l ex  Heat Exchanger Tubing ( T .  K. Roche). - Studies  

have been made i n  order  t o  determine t h e  f e a s i b i l i t y  of f a b r i c a t i n g  a 

t r i p l e x  h e a t  exchanger tube according t o  a design proposed by t h e  Reactor 

P r o j e c t s  Divis ion.  The tube i s  made up of two concent r ic  tubes separa ted  

by a porous-metal annulus which i s  intended t o  provide thermal contac t  be- 

tween a hot ,  low-pressure f l u i d  on one s i d e  oI" t h e  tube and high-pressure 

steam on t h e  o ther .  A t  t h e  same t i m e ,  t he  porous-metal annulus would e f f ec -  

t i v e l y  i s o l a t e  t h e  tiro f l u i d s  i n  t h e  event of a w a l l  f a i l u r e .  S t a t i c  he- 
l i u m  a t  an intermediate  pressure  i r i th in  t h e  porous annulus would serve as 

a l eak  de tec to r .  I n  case o€ f a i l u r e  of e i t h e r  wall, an inc rease  o r  de- 

c rease  i n  the  helium pressure  w i l l  be observed. The in t roduc t ion  o€ a 

p o s i t i v e  means o€ l e a k  de tec t ion ,  i n  add i t ion  t o  providing an a t t r a c t i v e  

f e a t u r e  For  l i qu id -me ta l - to - s t em h e a t  exchangers, could oKTer the  advan- 

t age  of' d i r e c t  t r a n s f e r  of  hea t  from l i q u i d  f u e l  t o  steam, thereby e l imi-  

na t ing  secondary cool ing c i r c u i t s .  

The proposed requirements of t h e  t r i p l e x  tube a r e  (1) t h a t  t h e  annu- 

l a r  core be s u f f i c i e n t l y  porous, perhaps 25 t o  50$ by volume, t o  a l low gas 

passage; ( 2 )  that t h e  core be bonded t o  t h e  cladding tubes  for optiiilurn 

h e a t  t r a r s f e r ;  and ( 3 )  tha t  t h e  core  have s u f f i c i e n t  d u c t i l i t y  t o  a l low a 

32ANP Semiann. Prog. Rep. Mar. 31, 1959, OWL-2711, p 3 1 0 .  

33ANP Semiann. Prog. Rep. Oct. 31, 1959, ORNL-2840 ( i n  press). 
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7- t o 8 - f t  l eng th  of t r i p l e x  t o  be bent  i n t o  a U-configuration of approxi- 

n a t e l y  27 i n .  rad ius  without causing excessive core damage. Successful  

Tabf iea t ion  of' seven such tubes would enable  t h e  cons t ruc t ion  OP a hea t  

exchanger34 designed f o r  hea t  t r a n s f e r  and r e l i a b i l i t y  eva lua t ion  t e s t s .  

Development s t u d i e s  f o r  t h e  welding and back braz ing  of  t r i p l e x  tubes i n t o  

tube shee t s  have been made. 35  

Mater ia l s  p re sen t ly  being considered f o r  € a b r i c a t i n g  such tub ing  are 

Inconel  c ladding tubes  a porous n i c k e l  core  c l a d  with Inconel  o r  INOR-8. 

have been used exc lus ive ly  t o  da t e  because OP t h e i r  immediate a v a i l a b i l i t y .  

Tiro methods f o r  making t r i p l e x  tub ing  have been considered: f i r s t ,  by 

tamping pomkred n i cke l  i n t o  t h e  annular  space formed by t h e  concent r ic  

c ladding tubes and then  developing a porous core bonded to t h e  cladding 

tubes 'qj s u i t a b l e  drawing and s i n t e r i n g  operat ions;  and second, by bonding 

a. pre:abricated porous core t o  the  cladding tubes ,  also by s u i t a b l e  drav- 

jng and s i n t e r i n g  opera t ions .  

Results obtained by t h e  I'irst method have been descr ibed.36 D i f € i -  

cu lJb ies  vere  encountered wi th  an oxide l a y e r  t h a t  formed a t  t h e  core-c lad  

intei-race,  causing a poor-qual i ty  bond ( s e e  F ig .  3.3).  

vere  a t t r i b u t e d  t o  oxygen c o n t m i n a t i o n  i n  t h e  n i c k e l  powder. 

sult, t h i s  :.lethod has been discont inued,  f o r  t h e  present ,  i n  favor  o€ t h e  

second nethod. 

These d i f f i c u l t i e s  

As a r e -  

Porous n i cke l  tub ing  o f  approximately 5C-60$ of t h e o r e t i c a l  dens i ty  

i s  ava' la 'ole from t h e  Micro Meta l l i c  Corporation. This tub ing  i s  prepared 

by rolling powder-meta l lura  shee t  s tock.  

s ioc l r  can be r o l l e d  i n t o  a 3/4-in.-OD tube.  

One-sixteenth-inch-thick shee t  

An aiternpt t o  Inconel-clad a sample OF porous n i c k e l  received from 

Ilicro Meta l l ic  shoved t h a t  a c l ean  bond could be achieved betireen t h e  com- 

ponents .37 '38 

nsseribling s i x  18- in .  l eng ths  of porous n i c k e l  tub ing  i n  t h e  annular  space 

A 9 - f t  l eng th  of t r i p l e x  tub ing  was subsequently made by 

34NSR Quar. Prog. Rep. Jan.  31, 1959, OWL-2684, p 54. 

351GR Quar.  Prog. Rep. Jan.  31, 1959, OWL-2684, p 88. 
36MSR Quar.  Prog. Rep. Jan.  31, 1959, OWL-2684, p 82-87. 
37MSR Quar. Prog. Rep. Apr. 30, 1959, OWL-2723, p 67-68. 
38MSR Quar. Prog. Rep. J u l y  31, 1959, ORNL-2799 ( i n  p r e s s ) .  
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Fig. 3.3. Oxide Layer (Cr203) Formation at Interface Between lnconel Cladding Tube and 
Nickel-Powder Core. Triplex fabricated by tamping nickel powder between concentric lnconel tubes, 
then sintering, drawing, and resintering. As-pol i shed. 

betiieen Inconel  c ladding tubes,  co ld  drawing t h e  assembly, and s i n t e r i n g  

1 h r  a t  2200°F ( r e f  3 8 ) .  
s e c t i o n  of  t h i s  tube .  

c l ad  and core,  as shown i n  F ig .  3.5.  Prel iminary eva lua t ion  of t h e  tube 

a f t e r  bending i n t o  a U-configuration of 26-1/2-in. rad ius  has  shobm t h e  

core-clad bonding t o  be r e t a ined .  

Fi@re 3.4 shows a macrograph o f  a t r ansve r se  

Metallography shoved evidence of bonding between 

One d i f P i c u l t y  has  been encountered i n  ca r ry ing  through this nethod 

of t r i p l e x  tub ing  f a b r i c a t i o n .  

i ng  and s i n t e r i n g  revealed t h a t  t i r o  o€ t h e  f i v e  core- to-core j o i n t s  had 

separa ted  t o  a maximum of 3/8 i n .  

separa t ions  occurred during assembly, t he  po in t ing  opera t ion  I: swaging), 

OT drawing. 

A radiograph made o f  t h e  tube a f t e r  draT.T.6- 

A t  p resent  it i s  not  known i f  t h e  core  

Future  iiork i r i l l  be d i r e c t e d  toimrd t h e  immediate a i m  of  secur ing  

seven tubes acceptable  f o r  incorpora t ing  i n t o  a t e s t  hea t  exchanger. 

c 

a 
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Fig. 3.4. Transverse Section of 9-ft Triplex Tube Fabricated by Cladding Prefabricated 
Porous Nickel Tubes with Inconel. Approximately 5X. 

Gas-Cooled Reactor 

T. K. Roche 

Procunxient or" Beryll ium Tubing. - The a t t r a c t i v e  nuc lear  p r o p e r t i e s  

oi" bcrylI.ium have c r e s t e d  i n t e r e s t  i n  t h e  app l i ca t ion  of t h i s  metal  as a 

container- r a t e r i a l  f o r  uranium oxide and/or uranium carb ide  f u e l  elements 

for Tuture gas-cooled r e a c t o r s .  

app l i ca t ion   ill require t h a t  tub ing  be procured preferab ly  frorn vendors 

experienced i n  'ilie handl ing axd f a b r i c a t i o n  o f  the metal .  

at tempt i s  being made t o  obkain 500 i"t of tub in2  having an I D  o f  0.300 in. 

and a 7:all 4:,hLckness 3€ C!.Or+O i n .  from each of t h r e e  sources cn a purchase- 

o rde r  basis.  

To i n i t i a l l y  a s ses s  beryl l ium f o r  t h i s  

A t  p resent ,  an 

1. Eng l i z l i  soui-ce, Ches t e r f i e ld  Tube Company, L t d .  One hundred f e e t  

o l  txb tng  cxt:-uiled Crom hot-pressed Iseryl1iLui.n rod and kt30 €t cx'iruded from 

vi r2;i.n bery l l ium povcler have been requested. 



Fig. 3.5. Interface Between lnconel Cladding-Tube and Prefabricated Porous-Nickel Core, 
Showing Evidence of Bonding. As-polished. 

2. French source, Pechiney. Beryllium tubes of the above-mentioned 

s ize  a re  not  cur ren t ly  avai lable ,  but Pechiney i s  considerirlg an attempt t o  

produce tubes of th i s  size. 

sent  have an I D  of 0.520 i n .  and a w a l l  thickness of  0.040 i n .  
The smallest  beryllium tubes on hand a t  pre- 

An inquiry 
has been issued f o r  procuring 50 f t  of t h i s  tubing. 

t o  fabr ica te  500 f t  of beryllium tubing from t h e i r  immediate or  b e s t  grade 

of beryllium powder by the following methods: 

pressed block; ( b )  warm extrusion; ( e )  hot  extrusion; and ( d )  svaging the 

Dowder. followed by s i n t e r i n g  and extrusion. The product t o  be del ivered 

3. United S t a t e s  source, Brush Beryllium Company. Brush proposes 

(a)  machining from hot- 

J. 

would represent the  b e s t  r e s u l t s  of var ia t ions  of process conditions f o r  
~ 

each of these methods. 

mroduct t o  evaluate f o r  t e s t s  as well as provide t h e  vendor with knowledge 
It i s  f e l t  t h a t  t h i s  approach would. give a b e t t e r  

t 

L 

of the  fabr ica t ion  problems .and eventual manufacturing cost,s f o r  l a r g e r  

quant i t ies .  
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As soon as beryllium tubing is made available, it will be evaluated 

nondestructively to determine the quality of tubing produced by the various 

suppliers, the percentage of rejection, and the type of defects encountered. 

The tubing will be examined by x-ray diffraction techniques to determine 

the degree of prererred orientation in the material which, in turn, will 

be correlated with the ductili’cy o€ the material. 

on the weldability, brazability, and mechanical strength of the tubing 

prior to an in-pile irradiation test program. 

Tests will be conducted 

In addition, samples of the beryllium tubing are to be evaluated for 

their corrosion rates in potential gas coolants, specifically helium and 

carbon dioxide. 

history and chemical composition of the material. 

Corrosion rates will be correlated with manufacturing 

LIQUID METAL IlESEARCH 

J. L. Scott D. F. Toner 

The Diffusion of Silver and Nickel in Liquid Lead 

J. L. Scott 

Strauss, White, and Brown39 proposed recently that solutes occupy 

interstitial sites in liquid metal solvents when the solvent-to-solute 

radius ratio exceeds a value of about 1.4. 

values of the radius ratio the solute occupies substitutional sites. 

If this theory is true, and if the activated-complex theory of liquid 

metal diffusion of Eyring4’ applies, marked differences would be expected 

in the diffusion coefficients for solutes which occupy interstitial sites 

in the liquid compared with those of solutes which occupy substitutional 

They proposed that at lower 

3 9 S .  W. Strauss, J. L. White, and B. F. Brown, Acta Met. - - 6(9), 604 

&OS. Glasstone, K. Laidler, and H. Eyring, The Theory of Rate Proc- 
(1958). 

esses 
-J 

p 477, McGraw-Hill, New York, 1941. 
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s i t e s .  Since t h e  only d a t a  f o r  checking t h i s  conclusion were f o r  s u b s t i -  

t u t i o n a l  and i n t e r s t i t i a l  s o l u t e s  i n  molten i ron,41 and s ince  t h e  measure- 

ment of d i f f u s i o n  c o e f f i c i e n t s  a t  t h e  temperatures of molten i r o n  i s  sub- 

j e c t  t o  l a r g e  experimental  e r r o r s ,  t h e  wr i te r  f e l t  t h a t  a deP in i t i ve  ex- 

periment w a s  needed t o  check t h e  v a l i d i t y  of t h e  above l i n e  of reasoning. 

D i lu t e  so lu t ions  of s i l v e r  and n i c k e l  i n  l e a d  were s e l e c t e d  f o r  

study. 

t h e  da t a  of P a ~ l i n g ~ ~  a r e  used and i f  twelvefold eo-ord ina t ion  i s  assumed. 

The corresponding value f o r  n i cke l  i n  l e a d  i s  1.27. Though t h i s  value i s  

s l i g h t l y  lower than  1.4,  S t rauss ,  White, and p lace  n i cke l  i n  l e a d  

i n  t h e  i n t e r s t i t i a l  category. Since an i n t e r s t i t i a l  atom has s i x f o l d  co- 

ord ina t ion  and s ince  a 4% con t rac t ion  i n  t h e  r ad ius  occurs when t h e  co- 

o rd ina t ion  changes from twelve- t o  s ix fo ld ,43  t h e  t r u e  so lven t - to - so lu t e  

rad ius  r a t i o  f o r  i n t e r s t i t i a l  n i cke l  atoms i n  l e a d  i s  1.43. I n  add i t ion  

t o  s a t i s f y i n g  t h e  atomic s i z e  requirements, s i lver  and n i c k e l  i n  l e a d  a r e  

amenable t o  chemical ana lys i s  and t h e  measurement of d i f f u s i o n  c o e f f i c i e n t s .  

The apparatus  used f o r  d i f f u s i o n - c o e f f i c i e n t  measurements i s  shown 

i n  F ig .  3.6. Pyrex c a p i l l a r y  tubes having a 2-mm bore were f i l l e d  with 

a l l o y s  of 0.165 w t  % n i c k e l  o r  2.25 wt % s i l v e r  i n  an auxiliai-y apparatus .  

The c a p i l l a r i e s  were then  placed i n  a s t a i n l e s s  s t e e l  holder  and admit ted 

t o  t he  apparatus  under a hydrogen atmosphere. 

w a s  placed i n  t h e  ba th  i n  such a way t h a t  t h e  mouth of  the c a p i l l a r y  was 

s l i g h t l y  above t h e  su r face  of  t he  pure l e a d  ba th  and w a s  h e l d  i n  th i s  pos i -  

t i o n  unti l  t h e  temperature of t h e  ba th  re turned  t o  i t s  e q u i l i b r i m  value.  

The mouth of t h e  c a p i l l a r y  was then submerged i n  t h e  ba th ,  and a run of 

predetermined dura t ion  w a s  made. 

ba th  and c h i l l e d .  

removed and sect ioned,  and each sec t ion  was chemically analyzed. Diffu- 

s ion  c o e f f i c i e n t s  were determined by a comparison with t h e o r e t i c a l  curves 

of experimental  normalized-concentrat ion-dis tance da ta .  

The so lvent - to-so lu te  rad ius  r a t i o  f o r  s i l v e r  i n  l e a d  i s  1.18, i f  

I n i t i a l l y  t h e  c a p i l l a r y  

The c a p i l l a r y  w a s  then  removed from t h e  

A f t e r  t h e  c a p i l l a r y  had cooled, t h e  metal  sample was 

"R. E.  Grace and G. Derge, Trans. Met. SOC. AIME 212, 331 (1958). - - 

? 

42L. Pauling,  Trans. Am. SOC. Metals 48A, 220 (1956). 
43C. J. Smi the l l s ,  Metals Reference Book, p 165, Butterworth,  London, 

- - 

1949. 
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Fig. 3.6. Apparatus for Measuring Diffusion Coefficients in Liquid Metals. 

I n  order  t o  reduce end e f f e c t s  at t h e  mouth of t h e  c a p i l l a r y ,  t he  l e a d  

ba th  was s t i r r e d  vigorously dur ing  a €ew of the runs. 

fe rences  i n  di-Cfusion c o e f f i c i e n t s  were observed between runs made wi th  and 
No s i g n i f i c a n t  d i f -  

without s t i r r i n g .  

c i e n t s  f o r  l i q u i d  lead4' i n  Fig.  3.7. The s c a t t e r  i n  t h e  d a t a  i s  inhe ren t  

i n  t h e  method, and t h e  c lose  agreement of successive runs a t  some tempera- 

t u r e s  i s  f o r t u i t o u s .  The l eas t - squa res  expressions f o r  t h e  two s e t s  of d a t a  

Measured d i f f u s i o n  c o e f f i c i e n t s  a r e  compared t o  s e l f - d i f f u s i o n  c o e f f i -  

4 4 S .  Rothman and L. H a l l ,  Trans. Am. I n s t .  Mining, Met. P e t r o l .  Engrs. 
- 206, 199 (1956). - 
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Fig. 3.7. Diffusion Coefficients of Silver and Nickel in Liquid Lead. 

were computed to be: 

D (0.165 wt $ Ni in Pb) = 2.43 x 

D (2.25 wt 5 Ag in Pb) = 5.14 x 

exp [-(7000 k 3700)/RT] , (1) 
exp [-(6800 5 5300)/RT] . (2) 

The large spread in the activation energies for diffusion, which were cal- 

culated with 905 confidence limits, is a result of the scattel-. in the data 

and the small number of observations. 

It may be observed in Fig. 3.7 that the measured diffusion coefficients 

of nickel in lead are lower, not higher, than those of silver in lead at 

corresponding temperatures. Although this rather surprising result may be 

a result of random errors, it is clear that the diffusion coefficients of 

nickel in lead are not markedly higher than those of silver in lead. Thus, 
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t he  r e s u l t s  a r e  not  i n  agreement with t h e  p red ic t ions  of t h e  cornbincd theo- 

rLes of S t r auss ,  White, and Brown,45 and E ~ r i n g . ~ '  A reasonable explanat ion 

Tor t h e s e  r e s u l t s  has been given by N a ~ h t r i e b , ~ ~  who proposed r ecen t ly  t h a t  

t he  process  of l i q u i d  metal  d i f f u s i o n  involves  much smaller. readlustmenis 

than  t h e  d i s c r e t e  jumps of 3 t o  4 1 proposed by E ~ r i n g , ~ '  and a l s o  involves 

t h e  eo-operat ive movement o f  many atoms. I f  t h i s  theory i s  t r u e ,  l i q u i d  

metal  d i f f u s i o n  c o e f f i c i e n t s  should be charac te r ized  by t h e  r a t e  of move- 

ment ol" t h e  so lvent  r a t h e r  than  t h e  so lu t e ,  f o r  d i l u t e  so lu t ions .  

The Mass Transfer  of Nickel i n  Liquid Mercury 

I). F. Toner 

A q u a n t i t a t i v e  ana lys i s  of t h e  r a t e s  of mass t ransCer  o f  conta iner  

iiia'-,el-ials i n  l i q u i d  metal  systems has  here tofore  been hampered by a l a c k  

oi d a t a  concerning mass- t ransfer  r a t e  cons tan ts  and t h e  va r i ab le s ,  such as 

flo-ir r a t e ,  temperature,  sur race  prepara t ion ,  e t c . ,  which govern t h e i r  mag- 

n i tudes .  Because of t h e  l a c k  oC information, a program w a s  i n i t i a t e d  at 

ORNL t o  measure mass-transPer r a t e  cons tan ts  of  d i f f e r e n t  s o l i d  metal- 

l i q u i d  metal  systems f o r  a v a r i e t y  of opera t ing  condi t ions.  The system 

nickel-mercury w a s  s e l e c t e d  Poi- i n i t i a l  s t u d i e s  because o f  t he  r e l a t i v e  

s impl i c i ty  o€ t he  experimental  uork and t h e  f a c t  t h a t  an i n e r t  quartz  

apparatus  could be used with these  metals .  

The apparatus  i s  shown i n  F ig .  3.8. A c y l i n d r i c a l  n i c k e l  specimen, 

instrumented with a c a l i b r a t e d  thermocouple, was i n s e r t e d  i n t o  the  i s o -  

thermal hot  zone o f  a n e r c u r y  thermal-convection loop.  Before i n s e r t i o n ,  

t h e  s m p l e  vas mechanically pol ished with 4/0 g r i t  paper o r  e l ec t ropo l i shed  

i n  a s u l f u r i c  ac id  bath47 t o  achieve a s tandard sur face  prepara t ion .  The 

system operated under a hydrogen atmosphere t o  prevent  t h e  oxida t ion  of t h e  

n i cke l  sample. A s e r i e s  o f  thermocouples placed i n  wel l s  around the  loop 

ind ica t ed  t h e  temperature p r o f i l e .  

45S. W .  S t rauss ,  J. L.  White, and B. F. Brown, Acta Met. 6(9), 604 - - (195%).  
"N. H .  Nachtrieb,  Trans.  Am. Soc. Metals 50A, 49 (1958). 
47A. W .  Hothersa l l  and R.  A.  F. Hammond, J. E lec t rodepos i to r s '  

- - 
Tech. Soc. - 16, $3 (19413). - 

187 



U N C L  ASS IF IE C) 
O R N L -  L R -  DWG 37653 

J 

/STAINLESS S T E E L  TUBE 
WILSON 

THERMOCOUPLE 
T O  NICKEL SPECIMEN- 

HYDROGEN 4 

OR VACUUM - 
JAMESBURY 

QUARTZ --t 
NICKEL SPECIMEN 

THERMOCOUPLE NO. 4 

FURNACE 

THERMOCOUPLE NO. 7 

THERMOCOUPLE 

-KOVAR S E A L  

l K O V A R  S E A L  

JAMESBURY VALVE 

/GROUND FITTING,  STAINLESS S T E E L  

--HYDROGEN OR VACUUM 

T-KOVAR S E A L  

7 2  

rHERMOCOUPLE NO. 2 

.)' 

c 

T H E  R MO CO U I' L E 
NO. 3 

THERMOCOUPLE 
NO. 4 

THERMOCOUPLE 
NO. 5 

INSULATION 

4 0 4 8 12 

INCHES 
L- 

Fig. 3.8. Liquid-Metal Thermal-Convection Loop. 
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The following procedure was used to obtain mass-transfer rate con- 

stants. The change in mass of the nickel sample was measured as a func- 

tion of time by withdrawing it periodically from the loop, removing the 

mercury by vacuum distillation and weighing. Following each nickel with- 

drawal, a liquid mercury specimen was extracted through a fritted disk 

and then chemically analyzed. The nickel concentration in the mercury, 

together with the previously determined solubility-temperature curve for 

the nickel-mercury system, served to define the concentration driving 

force. The area of the sample was computed from the measured dimensions. 

Typical sample-weight-loss and nickel-in-mercury concentration curves are 

shown in Fig. 3.9. Mass-transfer rate constants were computed by the 

equation 
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Fig. 3.9. Weight Loss  of Nickel Specimen and Concentration of Nickel in Mercury in a 
Thermal-Convection Loop. 
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c 

where 

AW = weight loss of nickel, mg/sec, 

A = area of specimen, em2, 

C* = saturation concentration of nickel in the hot zone, mg/cm3, 

c = actual concentration, mg/cm3, 

k = mass-transfer rate constant, cm/sec. 

The solubility of nickel in mercury is shown in Fig. 3.10 as a func- 

The discontinuity at 280°C is in agreement with the tion of temperature. 

reported peritectic decomposition of NiHg4 (ref 4 8 ) .  
of nickel in liquid was computed to be 15,200 cal/mole. 

rate constants for nickel in mercury (Table 3.14) were compared with 

values obtained according to the assumption that the mass-transfer proc- 

ess was liquid-diffusion controlled. The mass-transfer rate constant for 

a diffusion-controlled process is given by the expression k = D/6,  where 

D = coefficient of diffusion of the solute through the solvent and 6 = 

The heat of solution 

Mass-transfer 

“F. Lihl, Z. Metallk. 44, 160-66 (1953). - - - 
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Fig. 3.10. Solubility of Nickel in Mercury. 
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the thickness of solvent through which diffusion is taking place. 

of 6 were obtained from the data of Ward and Taylor," who observed that 

the mass transfer of copper in bismuth was diffusion controlled within the 

same range of flow rates as those observed in the present investigation. 

Values 

Results showed that the measured values of the mass-transfer rate 

constant of nickel in mercury were an order of magnitude lower than those 

predicted by a diffusion-controlled mechanism and that they varied errati- 

cally from run to run. These variations are believed to be a result of 

incomplete wetting of the nickel samples. 

to be completely wet, it is possible that residual oxygen dissolved in the 

mercury oxidized a portion of the surface and prevented wetting. 

tests should be done with vacuum-distilled mercury and with an electro- 

polished, hydrogen-annealed nickel sample. 

Although the samples appeared 

Future 

"A. G. Ward and J. W. Taylor, Dynamic Solution-Rate Studies of Solid 
in Liquid Metals, AERE-MR-2113 (Jan. 1957). 

Table 3.14. Thermal Gradient Mass-Transfer Data for 
the Liquid-Mercury-Nickel System 

* Hot-Zone 
Temperature Type of Surface Flow Rate k 

("c> Preparation ( f p m )  (cm/sec) Identification 

205 4/0 grit paper 2.6 2.8 10-3 A 

252 4/0 grit paper 3.4 5.7  LO-^ B 

232 Electropoli shed 3.3 3.9  LO-^ C 

280 Electropolished 3.0 2.4 D 

255 Electropolished 2.9 8.9 x E 

255 ElectropoLi shed 2.9 6.8 x lom4 F 
-~ -- 

* 
Average of two or more determinations. 
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METAL PROCESSING 

T. Hikido 

The research performed in the Metal Processing Laboratoq on the Air- 

craft Nuclear Propulsion Project has been reported elsewhere. ’ O n  ’’ 
Electron-Beam-Melting Laboratory 

An electron-beam-melting furnace for melting refractory-metal ingots 

has been purchased and is now being installed. 

supported by ANP; therefore, the details of the furnace are being reported 
elsewhere. ’’ 

Work on this furnace is 

50T. Hikido, ANP Semiann. Prog. Rep. Mar. 31, 1959, ORNL-2711, p 3 
(classified). 

’IT. Hikido, ANP Semiann. Prog. Rep. Oct. 31, 1959, ORNL-2840 (in 
press) (classified). 

NONDESTRUCTIVE TEST DEVELOPMENT 

J. W. Allen 
R. W. McClung R. A. Nance 

Eddy-Current Development : Tubing 

R. A. Nance J. W: Allen 

A major portion of the encircling-coil development in the past year 

has centered about the inspection of type 304 stainless steel tubing (3/4 

in. in diameter, 0.020-in. wall) for GCR fuel cap~ules.’~ 

of the policy of developing inspection techniques by using commercial in- 

struments when feasible, a Radac model 302 eddy-current instrument was pur- 
chased. Although this instrument is designed for production inspections, 

it is sufficiently versatile for extensive use in development, work. 

In continuation 

The development effort has been divided into three major portions: 

(1) development of reference standards, (2) a study of the parameters of 

coil systems, and (3) the development of inspection procedures. 

to specify an inspection procedure, it is first necessary to develop a 

In order 

52GCR Quar. Prog. Rep. Sept. 30, 1959, ORNL-2835 (in press). 

1 
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standard defect which can be used as a reference for calibrating eddy-cur- 

rent instruments for the detection of defects. Several types of standard 

defects have been examined. An interim standard consisting of a trans- 

versely filed notch on the outside surface of the tube has been chosen for 

use until this investigation is completed. The study of coil systems has 

been limited to an investigation of' spacing between differential encircling 

coils. It was found that the best signal-to-noise ratio was obtained when 

the differential coils were in intimate contact. The information obtained 

from all these investigations has been used to formulate an inspection pro- 

cedure for the eddy-current inspection of thin-wall austenitic stainless 

steel tubing. 

An encircling-coil technique has been developed for the inspeetion 

of the sheath on heater and thermocouple wires used in high-temperature 

iuel element irradiation studies. 

22:: Cr, 0.5$ Co, ?8$ Fe) and thermocouple wire (Chromel-Alwnel) are packed 

in magnesium oxide and contained in a type 347 stainless steel sheath, 
1/16 in. in diameter and having a 0.015-in. wall. 

thermocouple wires are magnetic, normal inspection techniques could not 

be used. By using a saturating d-c field, it was possible to eliminate 

the signals produced by variations in the magnetic properties of the wire, 

thereby permitting the detection of defects 0.0025 in. deep on the outside 

surface of the sheath. This is illustrated in the signal traces of Fig. 

3.11, in which the signals are displayed vertically as a function of the 

tubing length. 

The heater wire (Kanthal- 5.5$ Al, 

As both heater and 

Eddy-Current Development: Probe Coils 

R. A. Nance J. W. Allen 

A program has been initiated to conduct empirical studies of eddy- 

current probe coils and their application to inspection problems. This 

program includes: 

sultant eddy-current flow in test specimens, (2) examination of various 

probe-coil design parameters, and (3) the determination of techniques for 

focusing the field of probe coils. 

(1) a study of probe-coil induction fields and the re- 

This program has been prompted by the lack of adequate detailed de- 

sign information needed for the development of eddy-current inspections. 
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MATERIAL SHEATHED HEATER WIRE 
INSTRUMENT. MODIFIED RADAC, MODEL 302 
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Fig. 3.11. Eddy-Current Inspection of Sheathed Heater Wire. 50X. Reduced 20%. 

Although t h e o r e t i c a l  s tud ie s53  have served t o  provide a genera l  background 

of understanding of t h e  various parameters, they have no t  prcduced s u f f i -  

c i e n t  a n a l y t i c a l  r e s u l t s  t o  be appl ied  i n  p r a c t i c e .  The p resen t  empir ical  

53R. B. Ol iver  e t  a1 Met. Ann. Prog. Rep. Oct. 10, 1957, ORNL-2422, - - * J  - 
p 38 ( c l a s s i f i e d ) .  
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studies will provide detailed information for the design of probes for spe- 

cific applications, such as: 

1. 

2. veld penetration depth, 

3. 

4 .  
5. tubing and rod inspection. 

core location in flat fuel elements, 

metal identification and conductivity measurements, 

cladding integrity and thickness measurements, 

This program is divided into three phases: 

Phase 1. A study of the induction-field shape and intensity of various 

probe coils, both with and without field focusing and extension devices. 

Phase 2. A study of the eddy-current flow produced in metal specimens 

by the induction field of probe coils. 

miniature search coil within a liquid metal specimen. 

This is accomplished by using a 

Phase 3. Evaluation of the data obtained from phases 1 and 2 as they 

apply to the design of probe coils. 

coil systems are evaluated are their ability to: 

The criteria by which the various 

1. concentrate or focus an induction field into a smaller effective area 
to produce an inspection more sensitive to small defects, 

2. project the field deeper into a metal to provide a more sensitive in- 
spection for defects below the surface of the metal, 

contract the field and confine eddy-current flow to regions near the 
surface of a metal for the examination of thin metal sections, 

produce relatively large areas in an induction field having a constant 
potential which would alleviate some of the probe-coil-to-specimen 
spacing problems. 

At present, phase 1 is almost complete. The measurement of the in- 

duction field parameters was facilitated by mounting the probe coil on a 

lathe and mounting a small search coil on the tool post. The test setup 

is shown in Fig. 3.12. Figure 3.13 is a block diagram of the instrumenta- 

tion. 

3.  

4 .  

The coils examined thus far include (1) a single-layer long solenoid, 

(2) a multilayer short solenoid, (3) a triangular coil, and ( 4 )  a flat, 

single-layer coil spirally wound, using flat wire. Several field exten- 

sion devices were also examined. Some of the data obtained are shown in 

Figs. 3.14-3.1'7, illustrating the field intensity, direction, and attenua- 

tion as a function of distance from the probe coil. Although these data 
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Fig. 3.13. Block Diagram of  Induction-Field Measurement Instrumentation. 

cannot be considered conclusive until phase 2 is completed, some general 

observations can be made. It is apparent that a field extension piece, 

such as shown in Fig. 3.15, effectively concentrates the field of the coil 

in a smaller area and produces a field which attenuates relatively slowly 

with distance from the probe. In opposition to this, the flat coil of Fig. 

3.16 has a large, evenly distributed field which attenuates rapidly with 

distance from the probe coil. 

fields by the use of a second coil ?Those field modifies the field of the 

primary coil. 

ther investigation before concrete conclusions can be reached. 

Some work has also been done on focusing 

This technique has met with some success but requires fur- 

Work on phase 2 has begun, but insufficient data have been obtained 

to be discussed at present. 

Ultrasonic Bond-Evaluation Studies 

R. W. McClung 

Technique development and applications work has been accomplished 

for the detection of nonbond in a mockup of a compartmented flat-plate 

fuel element having a modified honeycomb structure. An exploded view 
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INDUCTION FIELD OF SHORT SOLENOID 
IN FERRITE CUP WITH FERRITE EXTENSION 

SHOWING NORMALIZED EQUIPOTENTIAL LINES 
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Fig. 3.15. Induction Fields of Probe Coils. 
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of this element showing the ribbed structure and the cover sheets is 

shown in Fig. 3.18. 

jecting a finely collimated ultrasonic beam perpendicularly onto the 

thin cover sheet of the element. 

a modified "ringing" was produced which was observed as an extended 

pulse length in the received echo. Any area which is well bonded to the 

structure beneath should change the ringing characteristic of the cover 

sheet, and the resultant would then be a damped or shortened echo pulse. 

Figure 3.19 illustrates the typical oscilloscope trace, showing the ex- 

tended pulse length associated with the nonbond vhich is pictured. 

ure 3.20 is a composite which demonstrates the damped pulse length of the 

echo associated with the bonded condition. 

One technique which was evaluated consisted in pro- 

By proper selection of the frequency, 

Fig- 

Since this was a pulse-echo technique with a finely collimated beam, 

difficulties arose when the surface was uneven such that the echo was not 

returned directly to the transducer. Because of these difficulties, 

another technique was established in which the sound beam vas transmitted 

through the fuel plate and detected by a second transducer. Bonded areas 
? 

W 
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Fig.  3.18. Exploded View of Compartmented Fuel-Element Mockup. 
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Fig. 3.19. Ultrasonic Oscilloscope Trace and Associated Lack of Bond in  Ribbed Section of Com- 
partmented Fuel Element. Etchant: 5% CrO,, electrolytic. 
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big.  3.20. Ultrasonic Oscilloscope Trace and Photomicrograph of Associated Bond in Ribbed Sec- 
tion of Compartmented Fuel Element. Etchant: 5% CrO,, electrolytic. 
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would t ransmi t  t h e  sound, bu t  poorly bonded regions would o f f e r  an acous- 

t i c  b a r r i e r ,  and no sound would be received by t h e  second t ransducer .  By 

t h i s  technique, t he  bond a t  both cover shee t s  was evaluated simultaneously.  

Figure 3.21 i s  a recording of a sec t ion  of  such a p l a t e .  The darkened a r e a  

i s  t h a t  of good bond. Note t h e  s m a l l  unbonded a r e a  i n  t h e  frame a t  t h e  t o p  

and t h a t  t h e  two o u t e r  r i b s  give no evidence of  bonding. 

Ul t rasonic  F i e l d  Measurements 

R. W .  McClung 

Because of t h e  need f o r  well-defined angular  r e l a t i o n s h i p s  between i n -  

c iden t  ul t rasound beams and thin-metal  s ec t ions  during inspec t ion  f o r  l a m i -  

na t ions  o r  nonbond,54 a study was begun i n  order  t o  make q u a n t i t a t i v e  pro- 

54R.  W .  McClung, Met. Ann. Prog. Rep. Oct. 10, 1958, ORNL-2632, 
p 124-26 ( c l a s s i f i e d ) .  
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Fig. 3.21. Recording from Through-Transmission Ultrasonic Inspection on Section of Com- 
partmented Fuel  Element. 
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files of sonic beam intensities for the ultrasonic transducers which are 

used. 

mechanical devices which provided for scanning in the x, y, and z directions 

as well as making angular adjustment. 

tion of the transducers. 

in order to approach a unidirectional response. 

any direction through the sound field being emitted by the transmitting trans- 

ducer. 

attitude of the receiver about the pivot point. 

study of the ultrasonic field intensities is allowed. 

determined across planes perpendicular to the direction of propagation for 

different distances from the emitting transducer. 

that the electromechanical efficiency of the transducer varies across the 

crystal face, which produces somewhat irregular lobes of energy, and that 

each transducer varies somewhat from the others in having its own character- 

istic radiation pattern. 

This was accomplished by means of two transducers and some special 

Figure 3.22 shows the relative posi- 

The receiving transducer was masked rather severely 

It then could be scanned in 

The angular components in the field are determined by adjusting the 

Thus, a rather comprehensive 

In the initial investigations, the relative ultrasonic intensities were 

The results demonstrated 
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Fig. 3.22. Transducer Alignment for Sound- 
Beam Evaluation. 
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Measurements have been taken across the most uniform portion of a 

transducer to determine the angular components which are present. Figure 

3.23 is a plot o€ the angular components and their amplitude at discrete 

positions across the transducer diameter. At each position, the amplitude 

vas measured and recorded with the receiver transducer being adjusted at 

1" intervals on either side of the setting normal to the beam axis. 
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Fig. 3.23. Amplitude of Angular Components 
Across the Diameter of an Ultrasonic Beam. 

By use ofthesedata, attempts were made to mask or collimate the 

sound beam in order to reduce the angular components and to optimize the 

axial portion of the beam. The best method determined to date has con- 

sisted of a combination of orifice masks, one at the transmitter and one 

at the receiver or specimen. 

Ultrasonic Transducer Development 

J. W. Allen R. W. McClung 

Some preliminary investigations were made in order to determine the 

feasibility of ultrasonic transducers which utilize the magnetostrictive 

effect. For this study, several magnetostrictive cermet disks have been 

obtained which have been cut for ultrasonic resonance at frequencies of 

0.5, I, and 2.25 Me. The transducers are of interest since it is theo- 

retically possibly to obtain ultrasonic pulses of much greater power than 

can be obtained with conventional piezoelectric transducers. The interest 
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in high-power transducers has been prompted by the very high ultrasonic 

attenuation which has been encountered in weldments of' several alloys . 5 5 r  5 6  

Using existing test equipment and several exciting-coil configura- 

tions, preliminary tests have shown promising results. The most promis- 

ing coil configuration has been a flat-type coil wound in a ferrite cup 

core. Test results have sho%m that as ultrasonic transmitters, the cermet 

disks produce approximately five times more power than quartz transducers 

of comparable size, using existing ultrasonic instruments. However, the 

magnetostrictive cermet disks are comparatively poor receivers of ultra- 

sonic energy. 

this disadvantage is overcome through the use of a quartz receiving trans- 

ducer. Consideration is being given to the fabrication of sandwiches of 

mapeTostrictive and piezoelectric transducers which would possibly be 

superior to the conventional piezoelectric transducers presently used. 

When used in ultrasonic through-transmission-type tests, 

Ultrasonic Velocity Studies 

J. W. Allen R. W. McClung 

A program of study and development has been initiated on the measure- 

ment of the velocity of the propagation of ultrasonic energy through vari- 

ous materials of interest. There are two reasons for this interest: (1) 

more and better velocity information is needed in the application of ultra- 

sonics to nondestructive inspection; and (2) the measurement of ultrasonic 

velocity may be used in metallurgical research. Ultrasonic techniques are 

amenable to the measurement of the elastic constants of both single crystals 

and polycrystalline material and offer several adTrantages over other tech- 

niques in the making of such  determination^.^^-^' Although a considerable 

55R. W. McClung, and E. A. Reed, Jr., Met. Ann. Prog. Rep. Oct. 10, 

56J. K. White, R. W. McClung, and J. W. Allen, Met. Ann. Prog. Rep. 

57M. B. Reynolds, Trans. Am. SOC. Metals 45, 839 (1953). 
58H, J. McSkimin, J. Acoust. SOC. Am. 22(4), 413 (1950). 

59P. E. Armstrong, 0. N. Carson, and J. F. Smith, J. Appl. Phys. 

60H. J. McSkimin, J. Appl. Phys. 2 4 ( 8 ) ,  988 (1953). 

1958, ORNL-2632, p 123 (classified). 

Oct. 10, 1958, ORNL-2632 (classified). 

- - 
- - 

- 30(1), 36 (1959). - 
- - 
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quantity of experimental apparatus has been described in the literature, 

there is no commercial equipment for the very accurate measurement of ultra- 

sonic velocity. 

development of suitable equipment. 

Therefore, considerable effort has gone into the study and 

One exception to the lack of commercial equipment is the water-path 

comparator system illustrated in Fig. 3.24. In this technique, a standard 

ultrasonic reflectoscope ( a  pulse-echo inspection instrument) is used to 

excite two transducers with a pulse of high-frequency energy, one of the 

transducers being coupled to the metal sample and the other in a water 

bath having a calibrated, variable-length water path. The resultant echo 

pulses from each source are fed through a cormon receiver, and the water- 

path length is varied for time coincidence of the echoes. The velocity 

in the sample can then be related to the velocity in the water by the path 

lengths. 

which is adequate for many comparative measurements. The absolute accuracy, 

however, is difficult to analyze in a given instance, and the error may be 

several per cent. 

velocity of sound in water, to the transit time of the ultrasound through 

the couplant used to couple the transducer to the sample, ana to the un- 

certainty of the time coincidence of the echo pulses. The presence of a 

The precision of measurements by this technique is about O.l$, 

This is due to the effect of dissolved gases on the 
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Fig. 3.24. Water-Path Comparator Technique of Veloci ty Determination. 
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sizable error on which it is difficult to establish limits, plus the fact 

that the technique is not amenable to automation, has indicated a need to 

investigate other systems. 

A system is under development which alleviates many of these diffi- 

culties by making a direct measurement of the elapsed time between echo 

pulses. As shown in Fig. 3.25, this system is composed of an Immerscope, 

a time-interval electronic counter, and a two-channel gated system (dual- 

channel analyzer). The time between any two echo pulses which are selec- 

ted by use of the gating system, t, and t, 

COINCIDENCE 
GATE 

GATED 

SYNCH 

I 

h-L f 2  

DUAL 
CHANNEL 
ANALYZER 

(as illustrated in Fig. 3.25), 

COUNTER 

START 1?31i;c 
COUNTER 

STOP 
HEWLETT-PACKARD 

MODEL 5248 ELECTRONIC COUNTER 
AND 5268 TIME INTERVAL UNIT 
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ACCUMULATION 

COUPLANT, JSAMPLE 
TRANSDUCER 

Fig. 3.25. Velocity Determination by Direct Time-Interval Measurement. 

is measured by using these two pulses to start and stop a very accurate 

(1 part in l o 5 )  10-Me signal which is counted by a high-speed electronic 
counter. The interval is thus counted to within k 0.1 ysec. Since the 

pulse excitation is repetitive (at about 600 pps) ,  a reset counter was 

designed for use with the time-interval counter which allows the count to 

accumulate for 100 successive intervals. Thus, the interval is statistic- 

ally measured to within ? 0.001 psec. The 10-Me signal is gated on and 

t 
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of f  t o  the  counter  by t h e  l ead ing  edge of t h e  echo pulses  a t 'a  p re se l ec t ed  

amplitude and processed through c i r c u i t r y  of i d e n t i c a l  time response.  To 
produce t h e  two s e l e c t e d  pulses  i d e n t i c a l  i n  amplitude, gated s e n s i t i v i t y  

con t ro l s  a r e  u t i l i z e d ,  thus  al lowing t h e  r ece ive r  s e n s i t i v i t y  during each 

ga te  i n t e r v a l  t o  be v a r i e d  independently.  

The v e l o c i t y  i n  t h i s  system i s  determined by 

where 

T = measured time i n t e r v a l ,  

n = number of echo i n t e r v a l s  used, 

L = l eng th  of sample. 

It i s  advantageous t o  measure t h e  time of more than  one echo i n t e r v a l  

s ince ,  f o r  t h i n  samples, each echo i n t e r v a l  i s  only a very few micro- 

seconds, and g r e a t e r  accuracy i s  obtained by measuring a longer  i n t e r -  

v a l .  It should be noted t h a t  t h e  e r r o r  introduced by t h e  t r a n s i t  time 

of t h e  u l t rasound through t h e  couplant i s  e l imina ted  by t h e  expedient 

of measuring between echoes r a t h e r  than  between t h e  t r ansmi t t ed  pulse  

and an echo. 

It has become evident  during t h i s  development t h a t  t h e  Immerscope, 

while an exce l l en t  t o o l  for u l t r a s o n i c  inspec t ion ,  i s  not  well s u i t e d  

f o r  use i n  t h i s  system f o r  s eve ra l  reasons: 

1. A s m a l l  amount of short- term d r i f t  and pulse-time j i t t e r  con- 

t r i b u t e  t o  inaccuracy. 

2. Because of t h e  r ece ive r  design, e r r o r s  up t o  one-half cyc le  of 

the  u l t r a s o n i c  wave may e x i s t ,  depending on t h e  cha rac t e r  of t h e  l ead ing  

edge of t h e  echo pu l ses .  

3. The t r ansmi t t ed  pulse  i s  too  long  and too  i r r e g u l a r  i n  shape f o r  

use on t h i n  samples. 

Because of  t h e s e  d i f f i c u l t i e s ,  t h e  accuracy o f  t h e  system i s  l i m i t e d  

t o  about 99%. 

which should al low absolu te  v e l o c i t y  measurements with accurac ies  of 99.9 

Future  development of replacement equipment i s  planned 

t o  99.99$. 
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X-Ray Imaging System 

J. W. Allen R. W. McClung 

An x-ray imaging system61 consisting of an x-ray-sensitive Vidicon 

in a closed-circuit television system has been further investigated. It 

has been demonstrated62 that this system exhibits an unsharpness of less 

that 0.001, which is comparable to class I radiographic film. Also, the 

contrast sensitivity, though generally lower than that attainable with 

film technique, is adequate for many inspection problems: contrast and 

detail sensitivities of 1 to 2% have been demonstrated in 0.5- to 1.5-in.. 

thick aluminum. At the present stage of development, the system is 

plagued with anomalies in the selenium photoconductor Vidicon target, 

which detract from the image quality. Further development will be re- 

quired before this system is suitable for the high-quality radiographic 

performance demanded for the inspection of nuclear reaction components. 

Low-Voltage Radiography 

R. W. McClung J. W. Allen 

A program of study has begun for the development of radiographic 

technology for the inspection of low-absorption materials, such as 

beryllium and graphite, and of very thin sections of aluminum, stainless 

steel, or other materials. To accomplish this, equipment has been pro- 

cured which is capable of emitting long-wavelength x radiation in the 

range from 0 to 50 kvp. 

sorption coefficients for longer wavelength radiation, these problem 

materials then become fit subjects for radiography in the low-energy 

range. 

conventional radiographic techniques and accessories are not applicable, 

since the normally used film holders, filters, etc., will absorb much 

more radiation than the specimen. 

poor contrast would result. 

Since all materials exhibit greater linear ab- 

However, because of this increased absorption by all materials, 

Therefore, a mottled radiograph of very 

For this reason, most of the work has been 

61J. W. Allen and R. W. McClung, Met. Ann. Prog. Rep. Oct. 10, 1958, 

62J. W. Allen and R. W. McClung, An Electronic, High-Resolution, 
ORNL-2632, p 120 (classified). 

X-Ray Imaging System, ORNL-2671 (Aug. 11, 1959). 
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accomplished by darkroom techniques, with the object being placed directly 

on the bare film. 

At these very low energies, even the absorption by the air becomes a 

large factor in the total absorption by the inspection system. 

reason, techniques have been evolved which utilize a helium atmosphere 

through which the radiation is passed. 

box radiographywith specimen and film being in the helium atmosphere or 

may involve the use of a helium-filled chamber placed between the x-ray 

tube and the specimen. Of course, thin, low-absorption diaphragms must 

be used as radiation windows on the chamber. This permits the radiography 

of sections of much larger or longer items than could be accomplished 

readily by dry-box techniques. 

illustrated in Fig. 3.26, which is a plot of the radiographic film-density 

variation as a function OP helium-purging time in the small chamber. Thus, 

it could be considered as density vs per cent helium. 

technique greatly enhances the available contrast sensitivity (the ability 

to detect changes in thickmess). 

graphic film density vs thickness of aluminum for both heliuni and air 

atmospheres for 6.5-kvp x radiation. 

For this 

This may consist of complete dry- 

The advantages of a helium atmosphere are 

Of course, this 

Figure 3.27 is a graph o€ the radio- 

Much work remains to be done to establish optimum techniques, sensi- 

tivity levels, etc. But, already, practical applications have been made 

in the measurement of localized wall-thickness variations, inspection of 

very thin-walled tubing , ""' and for the evaluation of beryllium tubing. 65 
Gas-Cooled Reactor Development 

R. A. Nance R. W. McClung J. W. Allen 

One of the major efforts of the Nondestructive Test Development Group 

has been the development of adequate techniques, procedures, and standards 

for the inspection of the EGCR (Experimental Gas-Cooled Reactor) components, 

with particular emphasis being placed upon the fuel element. One of the 

- 
63GCR Semiann. Prog. Rep. Dee. 31, 1958, ORNL-2676, p 92. 
64GCR Semiann. Prog. Rep. June 30, 1959, ORNL-2767, p 125. 

65GCR Quar. Prog. Rep. Sept. 30, 1959, ORNL-2835 (in press). 
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major inspection problems has been that of the type 304 stainless steel tub- 
ing (3/4-in. OD x 0.620-in. wall) which w i l l  be used as the cladding. 

the detection of discontinuities, eddy-current and penetrant inspections 

are believed to be adequate.66 

vi11 conform to dimensional tolerances of 0.710 (t 0.002, - 0.000) in. on 
the inside diameter and 0.020 k 0.002 in. on the wall. 

For 

According to the Title I design, the tubing 

Air gaging w i l l  be 

PURGE TIME (seconds of He f l o w  a t  c fh )  

Fig. 3.26. Effect of Helium Atmosphere on Radiographic Density. 

66GCR Semiann. Prog. Rep. Dee. 31, 1958, ORNL-2676, p 90-91. 
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used to measure the inside diameter, and a resonance ultrasonic technique 

will be used to evaluate the wall thickness  variation^.^^ 
Development efforts for the inspection of the closure weld for the cap- 

sule have been primarily directed toward the use of helium leak-testing, pene- 

trants, and radiography. 67 

have been written or are being prepared to ensure that the trelds on the cap- 

sules will be of high quality. 

Procedure specifications for these inspections 

A considerable amount of work has been expended for the development 
and evaluation of an ultrasonic inspection technique for the heavy pressure- 

vessel weldments. Preliminary results indicate that this will be a very 

good, definitive inspection for this purpose. 6 5  

Gas-Cooled Reactor Program Materials Evaluation 

R. W. McClung R. A. Nance J. W. Allen 

As an aid in developing inspection techniques and to determine quality 

levels available in reactor materials, a quantity of type 304 stainless 

67GCR Semiann. Prog. Rep. June 30, 1959, ORNL-2767, p 121. 
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steel tubing has been thoroughly evaluated by nondestructive methods, in- 

cluding penetrants, pulse-echo and resonance ultrasonics, radiography, eddy- 

currents and dimensional gaging. 

in. (refs 63, 65, 68), 1/2 x 0.014 in. (ref 63), 1/2 x 0.003 in. (ref 68), 
and 3/4 x 0.004 in. (ref 65). 

Some of the sizes have included 3/4 x 0.020 

Most of the evaluation has centered around the 3 / 4  x 0.020 in. type 
304 stainless steel tubing, this being the proposed cladding size for the 

Title I design. One batch of approximately 1300 ft was inspected in the 

vendor's plant and subsequently inspected at ORNL.68 

crepancy in this tubing was the failure to meet the wall-thickness tolerance. 

A second batch of approximately 1500 ft which was purchase& without vendor 

inspection was completely evaluated at ORNL, with a rejection rate of about 

45$ (ref 65). 

The greatest dis- 

Several small batches of beryllium tubing from domestic and foreign 

fabricators have been nondestructively evaluated. 65'68 

definitive inspection method seems to be that of low-voltage radiography. 

68GCR Semiann. Prog. Rep. June 30, 1959, ORNL-2767, p 124-25, 128. 

Thus, the most 

MECHANICAL PROPERTIES 

D. A. Douglas, Jr. 
C. R. Kennedy R. W. Swindeman 
H. E. McCoy, Jr. J. R. Weir 

J. W. Woods 

Gas-Cooled Reactor 

H. E. McCoy, Jr. J. R. Weir J. W. Woods 

Tube-Burst Tests. - One of the more predictable circumstances leading 
to failure of the fuel element capsule in the EGCR (Experimental Gas-Cooled 

Reactor) occurs when the pressure within the capsule exceeds the external 

pressure. 

sion gas from the U 0 2 ,  thus producing pressures in excess of 300 psi. 

it may occur as a result of an accident leading to the loss of the primary 

This may occur through the release of a large percentage of fis- 

Or 

I, 

T 
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coolant pressure. In these circumstances, the time interval before failure 

is a function of the pressure differential, the temperature of the metal, and 

the structural changes produced by the service environment. These variables 

are being investigated on type 304 stainless steel tubes having a 0.020-in. 

wall. Some of the results obtained in air have been These 

stress-rupture curves agree quite well with conventional tension creep- 

rupture curves reported in the literature72 except for the 1800'F data, 

which are considerably lower in the OWL tests. 

Since there is an economic advantage to using welded and drawn tubing 

instead of seamless tubing, specimens from this type of stock have also been 

tested. Rupture life was significantly shorter for this material under test 

conditions similar to those used for seamless tubes, and all failures oc- 

curred in the weld seam. Metallography indicates that the metal in the 

fusion-welded area has a much finer grain size than that in the rest of the 

tube. Since a metal is generally weaker in creep in the fine-grain condi- 

tion, the early failure of the welded tubes can be attributed to this factor. 

Attempts will be made to equalize the grain size by thermal treatment, and 

additional burst tests will be made. 

Creep Buckling. - Early in the service life of a fuel element, the 
maximum principal stress is a compressive one acting in the tangential di- 

rection. There is a possibility that a substantial gap may exist between 

the ceramic fuel and the inside of the capsule walls. Under such condi- 

tions, the unsupported wall will deform until resistance is offered by the 

U02 pellets. As previously discussed, 73 this deformation may be either 

uniform or nonuniform, depending on the size of the gap, the temperature 

of the capsule, the circumferential temperature distribution, and the 

thickness of the capsule w a l l .  
Strain Fatigue. - Failure of a fuel element may result from repeated 

strains imposed either thermally or mechanically. Creep and relaxation 

69GCR Semiann. Prog. Rep. Dee. 31, 1958, ORNL-2676, p 81-85. 

70GCR Semiann. Prog. Rep. June 30, 1959, ORNL-2767, p 1035. 

71GCR Quar. Prog. Rep. Oct. 31, 1959, ORNL-2840 (in press). 

72Digest of Steels for High Temperature Service, p 58, The Timken 
Roller Bearing Company, 6th ed., 1957. 

73Met. Ann. Prog. Rep. Oct. 10, 1958, ORNL-2632, p 129 (classified). 
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are prominent factors in the temperature range of interest, and consider- 

able plastic strain can be induced by rather rapid stress reversals. Con- 

sequently, an investigation of the isothermal strain-cycling capacity of 

type 304 stainless steel is being conducted. Initial results indicate that 

its fatigue strength is about the same as Inconel's. Using the plastic 

strain per cycle as a measure of damage, no change in properties is noted 

within the temperature range from 1300 to 1600°F. 

Environmental Effects on Creep. - Although the major constituent of 

the coolant stream in the EGCR will be helium, small quantities of other 

gases will be present due to the outgassing of' the large quantity of graph- 

ite present and due to inleakage during operation. Hence, small quantities 

of CO, C02, H2, H20, CH4, 02, and N2 will be present in the helium coolant. 

The concentration of each of these impurities will depend upon the time 

the reactor has been in operation, the operating temperature, the puririca- 

tion system used, and the particular location in the reactor system. 

the exact service environment to vhich the material is exposed is not pre- 

cisely known. 

the physical behavior of the material in the pure gases which will appear 

as contaminants in the reactor environment, with the long-range objective 

of prescribing "safe contaminant limits" within which fuel elements of the 

type proposed will operate satisfactorily. 

Hence, 

The approach taken to this problem has been that of studying 

Creep tests carried out to date on type 304 stainless steel at 1300, 

1500, and 1700'F in CO, C02, H 2 ,  N2, air, and Ar indicate that data obtained 

in argon represent the most conservative values for design purposes. The 

other environments decrease the creep rate and increase the rupture life. 

The details of this study have been reported.74' 7 5  

An extensive amount of carburization occurred in specimens tested in 

pure C02. This %7as, of course, unexpected. To study this further, a n m -  

ber of unstressed samples, 0.020 in. thick, were annealed in a ceramic tube 

at 1500°F in flowing C02. In approximately 140 hr, the average carbon con- 

tent of the samples was increased €rom 0.04 to 0.18$. The effect of flow 

rate was examined, and variations of 0.75 to 1.5 cfh did not alter the above 

74GCR Semiann. Prog. Rep. June 30, 1959, ORNL-2767, p 106-8. 

75GCR Quar. Prog. Rep. Sept. 30, 1959, ORNL-2835 (in press). 
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results. In a comparable time, similar samples annealed in flowing CO at 

13\)O°F increased in carbon content from 0.04 to 0.30$. 

t h n  copper films were found to efrectively reduce the carburization rates 

in CO and C 0 2 ,  although neither completely prevented carbon pickup. 

Preoxidation and 

It is difficult to predict whether the reactions which occur in the 

pure gases will present problems in an environment composed primarily of 

hcliuq plus m a l l  partial pressures of contaminant gases. Flowing environ- 

ments of this type are difficult to meter, and the problem of controlling 

the composition over Long periods makes static environments undesirable. 

Equipment is currently being developed for the mixing of dynamic environ- 

rients containing helium and five contaminant gases in concentrations as 

l o~v '  as 0.1 vol $. The gas-metal reactions which occur in these environ- 

men',s T i i l l  be studied, and the effects of these reactions upon the mechani- 

cal properties of type 304 stainless steel will be evaluated. 

Molten-Salt Reactor Program 

R. W. Swindeman 

The alloy INOR-8 developed specifically for the Molten-Salt Reactor 

has been under study by the Mechanical Properties Group to evaluate its 

high-temperature strength properties. 

creep, and relaxation tests on several heats ~f metal. 

on the results of this study has been written.76 

mechanical properties described in this report will be presented here. 

This investigation includes tensile, 

A detailed report 

A brief review of the 

It has been round that the tensile properties of INOR-8, especially 

the yield stress and ductility, vary signif'icantly from heat to heat. 

general, the difference may be explained by variations in the grain size 

and carbon content. 

est strength but the lowest ductility. 

In 

Fine-grained and high-carbon heats exhibit the great- 

A l l  solution-annealed heats exhibit a minimum ductility around 1500°F, 

with the tensile elongation for some heats being less than 10%. 

in ductility appears to be caused by carbide precipitation along grain 

boundaries. 

This loss 

76R. IJ. Swindeman and D. A. Douglas, The Mechanical Properties of 
IMOR-8, ORKL-2780 (to be published). 
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Creep da ta  i n  a i r  and i n  molten s a l t  have been presented  i n  seve ra l  

Molten-Salt Reactor progress  r e p o r t s  .77-79 

and a i r  do not  i nd ica t e  any s i g n i f i c a n t  weakening i n  t h e  f u s e d - s a l t  environ- 

ment. Metallography of ruptured specimens t e s t e d  i n  s a l t  r evea l s  no evidence 

of i n t e r g r a n u l a r  cor ros ion  up t o  1800"F, although sur face  roughening has 

been observed, e s p e c i a l l y  a t  t he  h igher  temperatures.  

Comparative t es t s  between sa l t  

Design s t r e s s e s  f o r  INOR-8 ,  based on a minimun creep r a t e  of lOy5$/hr, 

compare favorably with t h e  ASME Bo i l e r  Code s t r e s s  for type 316 s t a i n l e s s  

s t e e l  between 1100 and 1300°F. 

v a r i e s  s l i g h t l y  according t o  t h e  hea t ,  specimen conf igura t ion ,  and environ- 

ment. For  example, a t  1250°F the  s t r e s s  ranges from 5000 t o  5600 p s i .  The 

maximum allowable s t r e s s  f o r  type 316 s t a i n l e s s  s t e e l  a t  t h i s  temperature 

i s  5300 p s i .  

The allowable s t r e s s  at each temperature 

The f a t i g u e  p rope r t i e s  o f  I N O R - 8  i n  a i r  have a l s o  been inves t iga t ed .80  

Tn t h e  rotating-beam fa t igue  t e s t ,  bo th  frequency and g ra in  s i z e  were found 

t o  be important v a r i a b l e s  a f f e c t i n g  t h e  rupture  l i f e .  This a l l o y  w a s  sl?o~.m 

t o  be markedly supe r io r  t o  Inconel i n  f a t igue  s t r eng th .  

Research on Frac ture  o f  Metals 

C .  R.  Kennedy H. E.  McCoy, Jr. R .  W .  Sirindeman 

One of t h e  primary goals  of t h i s  research  prograT i s  t h e  establ ishment  

of f a i l u r e  c r i t e r i a  appl icable  t o  coinplex se rv ice  condi t ions ,  bu t  based up- 

on conventional t e s t  da ta .  

with i n t e r n a l  p re s su re  and a x i a l  loads  demonstrated t h a t  t h e  creep r a t e s  i n  

the  p r i n c i p a l  d i r e c t i o n s  can be determined from u n i a x i a l  d a t a  by means of  a 

simple formulat ion.  

though t h e  shear  s t r e s s e s  con t ro l l ed  t h e  s t r a i n  r a t e s ,  t h e  rupture  l i f e  f o l -  

loved a maximum-principal-stress c r i t e r i o n .  

Previous r e s u l t s 8 1  obtained from t e s t i n g  tubes 

The r u p t u r e - l i f e  r e s u l t s  tended t o  i n d i c a t e  t h a t ,  al- 

The t e s t  progran i n  t h e  p a s t  

77D. A. Douglas, MSR Quar. Prog. Rep. June 32, 1958, ORNL-2551, p 64. 

78R.  1.i. Swindeman and D .  A. Douglas, MSR Quar. Prog. Rep. Oct. 31, 
- 

1958, O€U'iL-2626, p 64. 
79MSR Quar.  Prog. Rep. Jan. 31, 1959, ORNL-2684, p 82. 

8 o R .  G. Carlson, Fat igue S tudies  of INOR-8 ,  BMI-1354 (June 26, 1959) .  

81C. R.  Kennedy, 11. 0. Harms, and D. A. Douglas, Mul t i ax ia l  Creep 
Studies  on Inconel  a t  1500"F, ORNL-2622 ( Jan .  19, 19597. 
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yea r  has  been d i r e c t e d  toward expanding the  f a i l u r e  c r i t e r i o n  t o  more com- 

p l e x  and dynamic s t r e s s  s t a t e s .  

Multiaxial  S t r e s s e s .  - This t e s t  program c o n s i s t s  of two types of 

t e s t s ,  bo th  designed t o  c r i t i c a l l y  eva lua te  t h e  maximum-principal-stress 

c r i t e r i o n  f o r  rupture  l i f e .  The f i rs t  type  of t e s t  eva lua tes  t h e  e f f e c t  

of p r i o r  c reep  under a u n i a x i a l  s t r e s s  i n  one p r i n c i p a l  d i r e c t i o n  on t h e  

rupture  l i f e  when subsequently s t r e s s e d  i n  a second p r i n c i p a l  d i r e c t i o n .  

This xias accomplished by creep  t e s t i n g  Inconel  tubes a t  1500°F f i r s t  with 

an axial  t e n s i l e  s t r e s s  of 4,000 p s i  t o  a given a x i a l  s t r a i n  of 1% and 35. 

The axial  stress w a s  then  r e l eased  and t h e  t e s t  continued t o  rupture  with 

a pure t a n g e n t i a l  s t r e s s  of 4,000 p s i .  The axial  c reep  curves of t h e  two 

t e s t s  a r e  shown i n  Fig.  3.28 i n  comparison with a t e s t  specimen which had 

no p r i o r  a x i a l  s t r a i n .  The small dev ia t ion  i n  r e s u l t s  i s  considered with- 

i n  t h e  normal experimental  e r r o r .  It appears t hen  t h a t  a metal  can absorb 

considerable  s t r a i n  o r  damage along one p r i n c i p a l  s t r e s s  a x i s  without s e r i -  

ously a f f e c t i n g  t h e  r e s i s t a n c e  t o  c reep  and f r a c t u r e  i n  o the r  p r i n c i p a l  d i -  

r e c t i o n s .  

The purpose o f  t h e  second type of t e s t  w a s  t o  determine t h e  e f f e c t  of 

superpos i t ion  of a cons tan t  stress concurrent  w i t h  s t r a i n  cyc l ing  on t h e  

rupture  l i f e  of Inconel  a t  1500°F. 

tubes iiJith i n t e r n a l  pressure  and a x i a l  loading.  Two s t r e s s  states were 

ca l cu la t ed  f o r  each t e s t  such t h a t  each state would produce t h e  same a x i a l  

s t r a i n  r a t e s ,  one i n  t ens ion  and t h e  o the r  i n  compression, with a cons tan t  

i n t e r n a l  pressure  o r  t a n g e n t i a l  stress. The time per  cyc le  was chosen so 
t h a t  t h e  s t r a i n  p e r  cyc le  would be e s s e n t i a l l y  t h e  same f o r  each t e s t .  The 

nominal s t r a i n  p e r  cyc le  w a s  chosen t o  be 0.75%. A schematic drawing shown 

i n  Fig.  3.29 demonstrates t h e  stress states with time. 

t h e  t e s t  condi t ions  and r e s u l t s .  

This again w a s  accomplished by t e s t i n g  

Table 3.15 l i s t s  

The ana lys i s  of t h e  t e s t  r e s u l t s  i s  made by cons ider ing  t h e  maximum 

p r i n c i p a l  s t r e s s  as t h e  c r i t e r i o n  f o r  f r a c t u r e  and by assuming t h a t  c reep  

damage i n  one d i r e c t i o n  i s  add i t ive  bu t  i s  not  a f f e c t e d  by s t r e s s e s  i n  t h e  

o the r  d i r e c t i o n s .  The t i m e  t o  f a i l u r e  i s  then  p red ic t ed  by t h e  t o t a l  time 

under t h e  maximum p r i n c i p a l  s t r e s s e s .  

s i l e  s t r e s s  i s  appl ied  w i l l  be 1 / 2  tN N = t ,  where t = t o t a l  t ime, N = num- 

b e r  of cyc les ,  and tN = time pe r  cyc le ,  s ince  t h i s  stress i s  only appl ied  

The t o t a l  time t h a t  t h e  axial  ten-  
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Fig. 3.28. Effect of a Prior Axial Creep Stress on Creep in the Tangential Direction. 

half of the time. 

equal to the time in test, since it is applied continuously. 

the axial tensile stress causes failure, the time to failure is twice the 

rupture life determined by conventional uniaxial testing. If the tangen- 

tial stress causes failure, the time to failure is equal to the conventional 

rupture life, 

dicted values in Fig. 3.30, indicating a very close agreement. 

The total time that the tangential stress is applied is 

Therefore, if 

The rupture-life results of the tests are compared with pre- 

It should be 
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Table 3.15. Test Conditions and Results of Testing Inconel Tubes 
Under Superimposed Creep and Strain Cycling 

Axial Plastic Time to Number of 
Test Stress States ( p s i )  Time/Cycle Strain/Cycle Rupture Cycles to 

Number (axial  stress/tangential stress) (hd (k) (hr) Failure 

1 4000/4000, 0/4000 96 0.75 7 50 7.5 

441 4 it 2 6000/4000, - 2300/4000 LO 0.43 

3 8000/4000, -4400/4000 2 0.66 188 94 

4 10000/4000, -6400/4000 1.1 0.80 99 87 

b + 



emphasized t h a t  t hese  c y c l i c  t e s t s  were performed with f a i r l y  slow Irequen- 

c i e s  and t h a t  th i s  ana lys i s  may no t  be appl icable  t o  high-frequency f a t i g u e  

problems. 

i n  high-frequency f a t i g u e  t e s t s ,  t h e  s t r e s s  i s  no t  appl ied  i n  a square wave 

but  i s  appl ied  i n  a s i n e  wave. Therefore,  t h e  t r u e  e f f e c t  of t h e  appl ied  

s t r e s s  or t h e  f r a c t i o n  of t h e  l i f e  used each cyc le  i s  not  simply t h e  t i m e  

under t h e  m a x i m u m  s t r e s s  i n  t h e  cycle .  

One of t h e  seve ra l  problems which remains t o  be resolved i s  t h a t ,  

S t r a i n  Fat igue.  - For t h e  l a s t  seve ra l  yea r s  t h e  Mechanical Tes t ing  

Group has been s tudying t h e  problem of high-temperature f a t igue .  

l a r  emphasis has been placed on low-cycle f a t i g u e  where f a i l u r e s  occur i n  

l e s s  than l o 5  cyc les .  Because measurable p l a s t i c  s t r a i n s  must be i n t r o -  

duced i n  order  t o  €a i l  a material i n  l e s s  than  l o 5  cycles ,  low-cycle fa- 

t i g u e  i s  o f t e n  termed s t r a in -cyc l ing .  

considerea where c y c l i c  c reep  o r  c y c l i c  thermal s t r e s s e s  occur, s ince  t h e s e  

stresses o€ten produce apprec iab le  p l a s t i c  s t r a i n .  

Pa r t i cu -  

The s t r a i n - c y c l i n g  behavior must be 

Two r epor t s  have been publ ished concerning t h e  low-frequency mechani- 

It 

N, could be r e l a t e d  t o  t h e  

c a l  s t r a i n - c y c l i n g  p r o p e r t i e s  of Inconel  between 1300 and 1650°F.82' 8 3  

w a s  found t h a t  t h e  number of cyc les  t o  f a i l u r e ,  

p l a s t i c  s t r a i n  pe r  cyc le ,  cP, by t h e  r e l a t i o n  

where K and a a r e  cons tan ts .  

show t h a t  t h i s  equat ion a l s o  holds  f o r  thermal-cycl ing condi t ions .  

Inves t iga t ions  a t  t h e  Universi ty  of Alabama 

Recent work on the s t r a i n - c y c l i n g  problem has been aimed a t  explor- 

i n g  t h e  e f f e c t  of frequency on t h e  cons tan ts  OP Eq. (1). 

and mechanical s t r a i n - c y c l i n g  t e s t s  have shown t h a t  longer  time cyc les  tend 

t o  decrease the number of cyc les  t o  fa i lure .  Fa t igue  tes t s  at t h e  B a t t e l l e  

Memorial I n s t i t u t e  a l s o  i n d i c a t e  t h i s  behavior .  8 5  

Both t h e  thermal 

'2C. R. Kennedy and D .  A.  Douglas, P l a s t i c  S t r a i n  Absorption as a 
C r i t e r i o n  f o r  High-Temperature Design, Om-2360 (Apr. 17, 1958).  

83R. W. Swindeman and D. A. Douglas, Trans. Am. SOC. Mech. Engrs. 
S e r i e s  D,  81 (2 ) ,  203 (1959).  

84J. F. Goree, Jr., Thermal Fa t igue  Tes ts  - 111, Memorandum Report 
No. 9, Bur. Engr. Res., Univ. of A l a . ,  Univers i ty ,  Alabama (Aug. 1957).  

- - 

85R. G. Carlson, Fat igue S tudies  of Inconel ,  BMI-1355 (June 26, 1959).  
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The existence of a frequency effect indicates that strain absorption 

is not the sole mechanism controlling fracture. Since strain rate affects 

the ductility at high temperatures, as is often observed in creep testing, 

it may be possible to explain the frequency effects on this basis. 

subject aril1 be pursued during the next year. 

This 

A second approach is one of considering the cyclic stress-rupture prop- 

erties. 

Currently, strain-cycling tests are being performed by imposing cyclic 

creep stresses on the specimens. 

no significant effect on the curve relating the cyclic stress to the rupture 

life. Considerably more study must be given to this approach before it can 

be considered useful from an engineering viewpoint. 

It has been found that the frequency has 

Environmental Effects on Creep. - Several recent investigations have 
shoim that the creep and stress-rupture properties of metals are not only 

dependent upon such normal factors as temperature, stress, and prior his- 

tory, but that they a l s o  may be dependent upon the testing environment. 

Although creep tests are quite effective in pointing out such environmental 

effects, they are not very informative as to the mechanisms responsible for 

the observed behavior. Hence, in order to obtain inPomation of a more de- 

l'initive nature concerning these mechanisms, it has become necessary to con- 

sider properties such as thermal expansion, electrical resistivity, and in- 

ternal friction, which are more refined measurements of atom movements than 

are gross deformation rates. 

During the past year a detailed study has been made of the various 

techniques in use €or making internal-friction measurements. It vas con- 

cluded Prom this investigation that the use of the specimen as the suspen- 

sion member for a torsional pendulum w a s  a technique which had been used 

vith considerable success and did not pose serious problems for making 

measurements at elevated temperatures in a controlled environment. An ap- 

paratus of this type has been constructed during the past year. It is now 

possible to measure the internal €riction of wire specimens as large as 

0.060 in. in diameter and 8 in. long, at temperatures up to 1300°C. Pre- 

liminary measurements on 2s aluminum in vacuum at several temperatures 

agree well with those found in the literature. From these experiments, it 

is concluded that this device has the required degree of accuracy and sen- 

sitivity for the study of gas-metal reactions. 
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The torsional pendulum has the limitation of not being able to describe 

the elastic properties of the test specimen as completely as is possible by 

other methods, where the specimen is driven at a higher frequency. Equip- 

ment has been purchased which will make it possible to determine the elas- 

tic properties and the damping capacity of rod test specimens up to 1000°C 

in air. This equipment is being modified to operate with the specimen in 

a controlled environment. 

Another apparatus has been constructed whereby the electrical resis- 

tivity of wire specimen can be determined as a function of strain. Speci- 

mens can be tested at temperatures as high as 1000°C in controlled environ- 

ments. 

High-temperature test equipment has been developed which has a sensi- 

for measuring the expansion or contraction, as a func- tivity of 5 x 
tion of time, of a metal specimen in a controlled environment. Such mea- 

surements are informative as to the long-range isothermal stability of a 

material. 

A quartz reaction chamber has been constructed for studying gas-metal 

reactions. Reaction environments are generated by a metering system capable 

of mixing up to five contaminants with an inert carrier gas, in concentra- 

tions as low as 0.1 vol $. 
elongation of a calibrated spring. 

Weight changes are measured by observing the 

It is felt that the information obtained from these experimental ap- 

paratus, combined with additional information from x-ray and metallographic 

examination of test specimens, will lead to a more basic understanding of 

the effects of certain gaseous environments upon the deformation process. 

The Relaxation Phenomena. - Stress-relaxation tests have been used to 
provide information for the design of bolted flange joints or shrinkage as- 

semblies operating at elevated temperatures. Similarly, ttle data can be 

used to indicate the effectiveness of stress-relief treatments. In the 

past year it has also been determined that, by direct computation, reli- 

able creep-rate values can be obtained from the relaxation-test results. 

Thus, creep-strength values can be derived over a wide range of stresses 

in tests of relatively short duration and with the use of a single speci- 

men. It is not proposed that the relaxation test will supplant the con- 

stant-stress creep test, but rather that it provide an additional means 

for the evaluation of the high-temperature properties of metals. 
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Relaxation results are compared with constant-stress creep data in 

Fig. 3.31 by use of an expression originally proposed by Kanter:86 

4 
1-n cr 

An t =  ? 

E(n - 1) 

uhere 

IJ = stress, 

t = time in hours to relax to stress m, 

E = modulus of elasticity, 

A,n = creep constants. 

The creep constants, A and n, are those which fit into the expression 

where E = strain rate corresponding to stress cr. 
rr 

86J. J. Kanter, Trans. Am. SOC. Metals - - 24, 900 (1936). 

Fig. 3.31. Stress vs Strain Rate for As-Received Inconel. 
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Equation ( 3 )  is a common expression used in machine design because 

of its simplicity. 

stress and the relaxation results demonstratesthe validity of Eq. (2.) at 

temperatures where primary creep is negligible and the material is metal- 

lurgically stable. However, at 1650"F, the results demonstrate the value 

of the relaxation test in checking the applicability of the creep constant 

determined by constant-stress creep tests. 

stress tests produced optimistic strength values due to the effects of an 

unstable metallurgical structure. 

The agreement shown in Fig. 3.31 betireen the constant- 

In this case, the constant- 

The relaxation test, therefore, has the unique advantages of (1) ob- 

taining reliable creep data over a wide range of stresses in a relatively 

short tine and with a single specimen; (2) furnishing a check as to the ac- 

curacy of the lav assumed to fit constant-stress creep data; and (3) fur- 

nishing a complete stress-strain history, which is recorded automatically. 

Aircraft Nuclear Propulsion Program 

Progress on the ANP Program has been described 

87ANP Semiann. Prog. Rep. Mar. 31, 1959, ORPJL-2711, p 232'7 

88ANP Semiann. Prog. Rep. Oct. 31, 1959, ORNL-2840 (in press) 
(classified). 

(classified). 

WELDING AND BRAZING 

P. Patriarca 
R. E. Clausing R. L. Heestand 
R. G. Donnelly A. P. Litman 
E. A. Franco-Ferreira 
R. G. Gilliland G. M. Slaughter 
A. E. Goldman J. W. Tackett 

J. J. Prislinger 

Molten-Salt Reactor Program 

Welding of Nickel-Molybdenum Alloys (G. M. Slaughter). - A summary 
report89 was prepared, describing the results of welding studies on two 

age-hardenable alloys (Hastelloy B and Hastelloy W) and a non-age-harden- 

able alloy (INOR-8). The all-weld-metal mechanical properties of these 

"G. M. Slaughter, P. Patriarca, and R. E. Clausing, Welding of 
Nickel-Molybdenum Alloys, OEWL-2763 (Aug. 11, 1959). 
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alloys at room temperature and at 1200°F were presented for both the as-  

welded and welded-and-aged conditions. 

also aged in the temperature range of 1100-1500"F, and the effects upon 

the room temperature hardness profiles of the weld metal and parent plate 

Hastelloy B welded joints were 

were discussed. 

Since the ductility of commercial INOR-8 weld metal in the 1300-1500"F 

temperature range is 10$ or less, a program was conducted to develop im- 

proved filler metal compositions. Several approaches to the problem were 

investigated, including (1) improved melting practices during the casting 

of the original ingot, (2) weld postheat treatment, (3) carbon content 

reductions, and (4) additions of other elements.9w92 A 2$ addition of 

niobium to INOR-8 appears to be very promising, since the ductility of 

this alloy at 1500°F is approximately 30$ (ref 93). 
Brazing of Graphite (R. G. Donnelly and G. M. Slaughter). - A program 

is under way to investigate various techniques for producing graphite-to- 

graphite and graphite-to-metal joints for Molten-Salt Reactor service. 9 4 J  95 

Several brazing alloys containing carbide-forming elements wet graphite, 

and one alloy (48 wt $I Ti-48 wt $I Zr-4 wt $ Be) is very promising for the 
brazing of graphite components. However, the corrosion resistance of this 

alloy to molten salts is poor, and other alloys having improved corrosion 

resistance are under development. 

Gas-Cooled Reactor Program 

Fuel Element Fabrication (R. L. Heestand and A. E. Goldman). - A 
study of the influence of design and manufacturing variables upon the 

fabricability of tubular fuel elements was conducted with particdar em- 

phasis on methods of effecting the end closures.96 Optimum joint designs 

90MSR Quar. Prog. Rep. Oct. 31, 1958, Om-2626, p 68-71. 
91MSR Quar. Prog. Rep. Jan. 31, 1959, OWL-2684, p 9C-96. 

92MSR Quar. Prog. Rep. Apr. 30, 1959, ORNL-2723, p 6&72. 

93MSR Quar. Prog. Rep. July 31, 1959, ORNL-2799 (in press). 

94MSR Quar. Prog. Rep. Apr. 33, 1959, Om-2723, p 7374. 
95G. M. Slaughter, Brazing of Graphite - Prog. Rep. No. 1, ORNL 

CF-59-8-42 (Aug. 13, 1959). 
96GCR Semiann. Prog. Rep. Dee. 31, 1958, ORNL-2676, p 73. 
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and welding conditions were determined for three basic types of end clo- 

sures, and capsules containing these types of closures were fabricated. 

Tube burst, thermal cycling, and tensile tests on these capsules revealed 

no signi€icant differences in joint behavior. 9 7  

Irradiation test capsules and prototype fuel elements were then fab- 

ricated, using the optimum conditions . 98  Additional investigations to de- 

termine the influence of other rnanuPacturing variables will be carried out 

during t.he manufacture of fuel. elements for the Chemical Technology Divi- 

sion's power reactor fuel-reprocessing progran. 

Welding and Brazing Laboratory personnel were in residence at the 

General Electric Vallecitos Laboratory (GEVAL) for approximately two months 

to observe and assist in the fabrication of irradiation capsules. Several 

GEVAL-type prototype capsules were fabricated at ORNL prior to the period 

of assistance. 

Beryllium-Joining Studies (R. L. Heestand and R. G. Gilliland). - 
Studies of methods for joining beryllium for fuel-cladding applications 

are c o n t i n ~ i n g . ~ ~ - ~ ~ ~  

in. wall, was procured from Nuclear Metals Corporation and from Chester- 

field Tube, Ltd.,for evaluation. Fusion welding has been utilized to join 

end caps to this tubing, and the resultant weld characteristics were simi- 

lar to those previously observed in welds on material machined from hot- 

pressed QMV beryllium. 

Approximately 100 ft of tubing, 3/4-in. OD x 0.040- 

A brazing-alloy development program has been initiated for beryllium- 

joining applications where temperatures in the 600-700°C range are to be 

expected. The flowability and general brazing characteristics of a variety 

of alloys are being investigated in vacuum-brazing equipment which has been 

installed in an isolated beryllium-joining facility. One of the alloy sys- 

tems which has indicated promise for joining beryllium is the zirconiurn-ti- 

tanium-beryllium system. A pressure-bonding experimental program is also 

being planned. 

97GCR Semiann. Prog. Rep. June 30, 1959, ORNL-2767, p 120. 

98GCR Quar. Prog. Rep. Sept. 30, 1959, OWL-2835 (in press). 

4 

"GCR Semiann. Prog. Rep. Dee. 31, 1958, ORNL-2676, p 97-104. 

lo0GCR Semiann. Prog. Rep. June 30, 1959, ORNL-2767, p 129. 
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Pressure-Vessel Fabrication (P. Patriarca and J. J. Prislinger). - A 

number of problems associated with the use of thick plates of ASTM A212B 

steel for field fabrication of a GCR pressure vessel have been recognized. 

One of the more important problems is the determination of the pre- and 

postirradiation 

tion welding procedures. 

notch toughness of weldments prepared by using field-erec- 
9 %  

A plate, 144 x 4% x 4 in., was purchased from the Lukens Steel Company 
with a limit on the carbon content of 0.25% in order to promote good weld- 

ability. 

Company, using suitable welding procedures and E7018 electrodes. 

toughness tests will be used to determine the pre- and postirradiation 

properties of the parent plate, weld deposits, and heat-affected zones. 

Three test weldments were fabricated by Chicago Bridge and Iron 

Notch- 

Sherwood Project 

Valve Development (J. W. Tackett). - The development of suitable seal 
materials for use in high-vacuum valves and flanges is continuing. The 

types of demountable seals under study are (1) gasket seals of soft, low- 

vapor-pressure materials, (2) cast-metal seals, and (3) seals of metals 

which are liquid at room temperature. '01' lo2 A literature survey indi- 

cated that most high-vacuum apparatus incorporated the use of gaskets of 

copper, gold, aluminum, and Teflon. However, in view of the 400°C bake- 

out temperature required in service, the investigation of the latter two 

types of seals was considered necessary. 

A program isunder wayto develop low-vapor-pressure brazing alloys 

which have melting points in the temperature range 425600°C. 

involving a circumferential pool of filler metal and a circumferential 

sintered-metal compact impregnated with filler alloy are under study, the 

latter design being promising since it is applicable to seals in the ver- 

tical as well as bhe horizontal direction. 

Joint seals 

Seals utilizing metals which are liquid at room temperature appeared 

promising in preliminary tests. However, compatibility tests between the 

lolR. E. Clausing, J. W. Tackett, and J. D. Hudson, TED Semiann. Prog. 
Rep. Jan. 31, 1959, OmL-2693, p 8G93. 

4 

c 

l o 2 R .  E. Clausing and J. W. Tackett, TED Semiann. Prog. Rep. July 
31, 1959, Om-2802 (in press). 
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In-Ga-Sn eutectic alloy and several potential structural materials at tem- 

peratures up to 450°C indicated that corrosion would be encountered. 

refractory metals appeared the most promising, but some reaction was ob- 

served on these materials after 1000 hr at 400°C. 

The 

Materials Outgassing Studies (R. E. Clausing). - Gas-metal reaction 
studies are being conducted in an effort to (1) measure both qualitakively 

and quantitatively the outgassing characteristics of materials used in 

ultrahigh-vacuum systems and (2) investigate the adsorption and desorption 

of gases on metal surfaces.101’ 

graphite have been primarily studied to date, and extensive qualitative 

data have been obtained; quantitative data will be obtained by use of a 

mass spectrograph. Experimental techniques are still under development 

for the adsorption and desorption studies. 

The outgassing characteristics of 

Aircraft Nuclear Propulsion Program 

E. A. Franco-Ferreira R. G. Gilliland 

The research performed in the Welding and Brazing Laboratory on the 

Aircraft Nuclear Propulsion Project has been reported elsewhere. lo3 * lo‘ 

Chemical Technology Division Liaison 

A. P. Litman A. E. Goldman 

Assistance was given to the Chemical Technology Division in connec- 

tion with corrosion, selection of materials of construction, welding and 

brazing, and failure analysis. The majority of this support was for the 

Pilot Plant and Unit Operations Sections as well as for Chemical Develop- 

ment, Section A, concerning their work on the Fused-Salt Fluoride Vola- 

tility Process for recovering uranium from spent reactor fuels. 

Summaries of corrosion analyses and experimental work done at O m ,  

Argonne National Laboratory, and Battelle Memorial Institute associated 

103ANP Semiann. Prog. Rep. Mar. 31, 1959, ORNL-2711, p 17-22 

loAANP Semiann. Prog. Rep. Oct. 31, 1959, ORNL-2840 (in press) 
(classified). 

(classified). 
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with the fluorination and hydrogen fluoride dissolution phases of the proc- 

ess are being prepared. lo5' lo6 

Numerous drawings have been reviewed, most of which pertained to ves- 

sels built at ORNL and supplementary equipment presently being installed 

in the Volatility Pilot Plant's Hydrofluorination Addition. This new equip- 

ment will enable the plant to handle zirconium-clad heterogeneous fuels. 

The hydrofluorinator was made of INOR-8. 

To date, corrosion of the fluorination vessel has been of primary con- 

cern. Examinations of the two full-size units used in the Volatility Pilot 

Plant and fabricated from L nickel disclosed extensive attack, at a rate 

> 1 mil/hr, based on fluorine sparge time. 
films plus intergranular attack resulting from sulfur in the system seem 

to be the major modes of attack. Scouting tests of several nickel-rich al- 

loys containing iron, cobalt, and/or molybdenum have shown promise in the 

fluorinator's environment, especially because of their lesser susceptibility 

to intergranular attack.lo5 

fiscal year. 

Loss of protective fluoride 

Similar tests will be continued in the next 

I o 5 A .  P. Litman and A. E. Goldman, Corrosion Associated with Fluorina- 
tion in the Fluoride Volatility Process, Om-2832 (to be published). 

c 
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ARMY PACKAGE POWER Rl3ACTOR (APPR) PROJECT 

C .  F .  L e i t t e n  J. H .  Cherubini 

This  s ec t ion  of t h e  r e p o r t  i s  concerned wi th  ma te r i a l s  technology 

work undertaken i n  support  of t h e  Army's Pressur ized  Water Reactor pro- 

grams. A year-end r e p o r t  covering t h e  major me ta l lu rg ica l  developments 

during 1958 w a s  p resented  i n  March.' Recent e f f o r t s  have been d i r e c t e d  

toward developing improved ma te r i a l s  combinations f o r  p o t e n t i a l  appl ica-  

t i o n  i n  advanced core loadings of SM-1, formerly designated as APPR-1 

(Army Package Power Reactor-1) .  Progress  on these  a c t i v i t i e s  are re-  

por ted  below. 

Development of Europium-Bearing Absorber Rods 

The use of europium as t h e  neutron-absorbing inaterial f o r  r e a c t i v i t y  

c o n t r o l  i n  Core I1 of SM-1 has been inves t iga t ed .  

ab le  f o r  incorpora t ing  Eu203 as a d i spe r so id  i n  e lemental  a u s t e n i t i c  s t a i n -  

less  s t ee l  and cladding by r o l l  bonding wi th  wrought s t a i n l e s s  s t e e l  f o r  

cor ros ion  p ro tec t ion .  

Techniques are a v a i l -  

Spec i f i ca t ions  and f a b r i c a t i o n  procedures f o r  t h e  prototype absorber 

component have been e s t ab l i shed .  

t u r e d  t o  demonstrate t e c h n i c a l  f e a s i b i l i t y  of t h e  process .  

w i l l  be  employed f o r  r e a c t o r  c o n t r o l  i n  t h e  second core loading of SM-1. 

The e s s e n t i a l  d i f f e rence  between absorber rods designed f o r  s e rv i ce  i n  

Core I and Core I1 i s  t h a t  a 37 w t  $I d i spe r s ion  i n  elemental  s t a i n l e s s  

s t e e l  of type 304 composition w i l l  r ep lace  t h e  3 w t  % BIO d i spe r s ion  i n  

i r o n  as t h e  neutron-absorbing material. 

Eight  absorber s ec t ions  were mmufac- 
These units 

'AFPR Frog. Rep., ORNL-2703, p 3-49 (Mar. 24, 1959) ( c l a s s i f i e d ) .  

2 C .  F .  L e i t t e n  -- e t  al., Spec i f i ca t ions  and Fabr i ca t ion  Procedures on 
Europium-Bearing Absorber Rods f o r  R e a c t i v i t y  Control  i n  Core I1 of SM-1, 
ORNL-2733 ( J u l y  29, 1959) .  
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Despite t h e  f a c t  t h a t  t h e  development work on europium-bearing com- 

ponents appears complete, an explora tory  e f f o r t  w i l l  cont inue on t h e  sys- 

t e n  t o  eva lua te  nore c l o s e l y  the  e f f e c t  of s i l i c o n  on t h e  chemical s ta-  

b i l i t y  o f  Eu203 i n  type 304 s t a i n l e s s  s t e e l .  

Developnent of Control-Rod Fuel  Element wi th  Eu203 
Flux Suppre s sor  

Fabr ica t ion  s t u d i e s  were conducted t o  determine t h e  f e a s i b i l i t y  of 

incorpora t ing  an i n t e r n a l  f lux-suppressor  i n  t h e  cont ro l - rod  f u e l  assembly. 

The func t ion  of a neutron-absorber i n t e g r a l  wi th  t h e  f u e l  i s  t o  minimize 

f l u x  peaking, due t o  t h e  Wilkins e f f e c t ,  a t  t h e  void junc t ion  between t h e  

f u e l  and absorber s ec t ions  of t he  cont ro l - rod  assembly. Flux peaking i n  

Core I w a s  minimized by u t i l i z i n g  Haynes-25 combs loca ted  a t  one end of 

t he  cont ro l - rod  f u e l  element, bu t  t h i s  con t r ibu ted  t o  coba l t  a c t i v i t y  i n  

t h e  primary coolant  loop.  The s t u d i e s  ind ica t ed  t h a t  a d i spe r s ion  con- 

t a i n i n g  26 w t  '$ Eu203 i n  e lemental  type 304 s t a i n l e s s  s t ee l  can be suc- 

c e s s f u l l y  incorporated d i r e c t l y  a t  t he  end of t h e  fue l -bear ing  sec t ion  

of t h e  composite f u e l  p l a t e .  

This  t a s k  a l s o  culminated wi th  t h e  manufacture of e i g h t  f u l l - s i z e  

cont ro l - rod  f u e l  elements conta in ing  a b u i l t - i n  f l u  suppressor f o r  ser- 

v i ce  i n  Core I1 of SM-1. The s p e c i f i c a t i o n s  and f a b r i c a t i o n  procedures 

f o r  preparing t h e  component have been repor ted  previous ly .  

Aqueous Corrosion S tud ie s  

The cor ros ion  t e s t i n g  of a l a r g e  v a r i e t y  of brazed s t a i n l e s s  s t e e l  
j o i n t s  and miniature  f u e l  p l a t e s  conta in ing  d e l i b e r a t e  d e f e c t s  has  been 

completed. This  t e s t i n g  program was i n i t i a t e d  seve ra l  years  ago t o  eva l -  

ua t e  t h e  cor ros ion  r e s i s t a n c e  of var ious  braz ing  a l l o y s  i n  d i r e c t  con tac t  

with t h e  cladding material as w e l l  as t o  determine t h e  behavior of defec-  

t i v e  f u e l  p l a t e s  i n  pressur ized  water, i n  t h e  event of a cladding f a i l u r e .  

A t o p i c a l  r e p o r t  covering t h e  condi t ions  of t e s t  as we l l  as t h e  r e s u l t s  

'C. F. L e i t t e n  e t  al., Spec i f i ca t ions  and Fabr i ca t ion  Procedures f o r  -- 
SM-1 Core I1 Control  Rod Fue l  Elements, ORNL-2726 ( J u l y  29, 1959) .  

J 
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obtained from t h e  autoclave screening-program i s  i n  process  of publ ica-  

t i o n .  4 
t 

Deterinination of Boron Loss i n  Core I Fuel  P l a t e s  

V 

* 

4 

During t h e  manufacture of Core I f u e l  p l a t e s ,  it was observed t h a t  

some l o s s  ol" boron was occurr ing.  A cursory  examination at t h e  time r e -  

vealed t h a t  t h e  l o s s  was occurr ing during s i n t e r i n g  and t h a t  t he  magnitude 

of l o s s  ranged between 0 and 15% of t h e  intended boron conten t ,  wi th  an 

ar i thmet ic  average o€ 7%. 
l o s s ,  3.5% excess  boron w a s  added t o  each f u e l  p l a t e .  

A s  an expedient t o  compensate f o r  t h i s  observed 

More r ecen t ly ,  con t ro l l ed  experiments have been performed t o  e s t a b l i s h  

t h e  r e l i a b i l i t y  of t h e  m a l y i i c a l  procedure f o r  determinat ions of small 

q u a n t i t i e s  of boron i n  U02-s ta in less  s t ee l  mixtures and t o  f i rmly  e s t a b l i s h  

t h e  magnitude of l o s s  which occurred during t h e  processing of Core I f u e l  

p l a t e s .  It w a s  des i r ab le  t o  know, f o r  example, t h e  boron content  i n  Core 

I f u e l  p l a t e s  i n  order  t o  f a c i l i t a t e  t h e  phys ica l  ana lys i s  of c e r t a i n  d i s -  

crepancies  which appeared between t h e  ca l cu la t ed  and t h e  observed nuc lear  

l i i 'e t ime of Core I and t o  e s t a b l i s h  more accu ra t e ly  t h e  l e v e l  of boron r e -  

quired f o r  proper c o n t r o l  of f u t u r e  r e a c t o r s  scheduled f o r  cons t ruc t ion  i n  
t h e  Army's pressur ized  water program. 

Synthet ic  samples conta in ing  188.0 mng B4C, 35.09 g U02, and 203.8 g 

of  type 304 stainless  s t e e l  powders were prepared and forwarded t o  L .  P i t k i n  

Company and t o  The Martin Company f o r  boron determinat ions.  S imi la r  d e t e r -  

min3tions were made on t h e  s m e  sample i n  t h e  Analy t ica l  Chemistry Divis ion 

01 ORNL. 

low-level  boron ana lys i s  i n  such mixtures a re  l i s t e d  i n  Table 4.1. 

Resul t s  of t h e  cooperat ive prograni t o  eva lua te  t h e  accuracy of 

The boron content  w a s  determined by systematic  chenicnl  analyses  of 

15  f u e l  p l a t e s  which had been f a b r i c a t e d  f o r  t h e  Core I loading,  but  vhich 

had been r e j e c t e d  because of f a i l u r e  to meet dimensional s p e c i f i c a t i o n s .  

The Martin Company had previous ly  ca l cu la t ed  t h a t ,  based on t h e i r  r e a c t i v -  

i t y  measurements, t h e r e  w a s  an average boron def ic iency  of (29 t 3 ) %  i n  

4 C .  F .  L e i t t e n  e t  al. , Corrosion Inves t iga t ions  of Brazing Alloys and 

UIL-2834 ( i n  p r e s s ) .  
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Table 4.1. Percentage Deviat ion of Boron Analyses i n  Synthe t ic  
Samples Containing 0.188 g of' Boron, 35.09 g of U 0 2 ,  

and 203.8 g of Type 304B S t a i n l e s s  S t e e l  

Analytical Laboratory 
Percent  age 
Deviat ion 

ORNL 

The Martin Company 

* 
Lo Pi tk in  Company 

- 6-01 
- 5.94 
- 4.01 
- 2.49 
+ 0.8 
- 8.1 
- 3.3 
- 9.9 

- 0.55 
+ 1.52 
-I- 0.28 

- 0.68 

* 
2' Samples d id  not contain UO 

t h e  f u e l  p l a t e s  f a b r i c a t e d  f o r  t h e  SM-1 ( r e f  5 ) .  

e n t  study, based on chemical a n a l y s i s  of each p l a t e ,  are l i s t e d  i n  Table 

4 .2 .  

sponding t o  a 22.4% boron l o s s ,  can t h e r e f o r e  be computed. 
t h e  d i s t r i b u t i o n  of t h e  r e s u l t s ,  t h e  boron conten t  of any i n d i v i d u a l  p l a t e  

can be p red ic t ed  as 112 .4  ? 21 mg, with 66% confidence.  

The r e s u l t s  of t h e  p re s -  

An a r i t h m e t i c a l  average boron content  of 112.4 mg p e r  p l a t e ,  cor re-  
Considering 

L 

Mechanism S tud ie s  of Boron S i n t e r i n g  Losses 

A s  p rev ious ly  repor ted ,  e r r a t i c  losses of boron from boron-bearing 
s t a i n l e s s  s t e e l  conpacts  have been observed on s i n t e r i n g  i n  a hydrogen 

5J. F .  O'Brian, Some Aspects of a Boron Determination f o r  t h e  APPR-1, 
MNO-E-1718-1 (February 1959) .  
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* Table 4.2. Reported Boron Content of Fabricated SM-1 Fuel Plates  

P la te  No. Analytical  Boron Reported Boron Loss 
Laboratory (mg) (%> 

991 
992 
994 
1030 

1045 
1400 
1510 

1541 
1648 
1649 
983 
986 
992 
1260 
1278 

OWL 

ORNL 

ORNL 

ORNL 
ORNL 

ORNL 

ORNL 

ORNI; 

ORNL 

OWL 
The Martin Company 

The Martin Company 

The Martin Company 

The Martin Company 

The Martin Company 

96.7 
118.2 
131.5 
79.0 
89.1 
128.5 
119 9 9 
121.5 

86.2 
77.0 
127.8 
125* 3 
131.2 

99.4 
148.7 

33.2 
18.4 
9.2 
45.5 
38.5 
11.3 

10.3 

16.1 
40.5 
50.3 
11.5 

13.2 

9.2 
- 2.6 
30.6 

* 
Original ly  charged with 0.188 g of B4C. 

atmosphere.6 

Core I f u e l  p l a t e s  confirm t h i s  t rend.  Tne e r r a t i c  deviation of  boron 

losses  from hydrogen-sintered compacts of d i f f e r e n t  experiments, and the 

consis tent  losses  of samples i n  an experiment, a re  i l l u s t r a t e d  i n  Table 

4.3 .  This suggests t h a t  minor changes i n  the s in te r ing  environment can 

induce disproportionate variances i n  boron l o s s .  

Analogous experiments and the variance of boron i n  SM-1 

* 
The f i r s t  var iab les  studied i n  order t o  determine the nature of the 

l o s s  have been s i n t e r i n g  atnosphere arrd matrix mater ia ls .  Compacts con- 

ta in ing  0.0485 g of high-purity boron and 1.000 g each of C r ,  N i ,  S i ,  Fe, 

Cr203, N i O ,  SiO,, o r  Fe,O3 have been s in te red  i n  vaeuum (< o.lp), helium 

6Met. Ann. Prog. Rep. Oct. 10, 1958, ORNL-2632, p 140. 
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Table 4.3. Boron Losses from Hydrogen-Sintered, 0.05 W t  4 Boron- 
S ta in less  S t e e l  Compacts Prepared from a 0.25 W t  $ 

Boron-Gtainless S t e e l  Alloy 

Experiment Alloy 
Base Boron Loss ( W t  $) NO. 

(Type of Stain-  
l e s s  S t e e l )  Individual Compacts Average 

1 304 
2 304 
3 304 
4 347 

304 

304 
7 304 

5 304* 

6 304* 

27 30 
24 26 
40 41 
60 59 
68 68 
75 66 
79 75 
77 72 
59 60 

23 29 
20 26 
40 36 
60 64 
72 71 
69 
71 
74 76 
58 53 

27 
24 
32 
61 
70 
70 
74 
75 
57.5 

* 
Contained 25 w t  $I U02. 

(+ 70°F dew poin t )  and argon (< 1 ppm H20) f o r  1-1/4 h r  a t  1135°C. 

4.4 l i s t s  the  a n a l y t i c a l  r e s u l t s  obtained t o  date .  

6% (3 mg)  of  boron i s  considered t o  be within experimental e r r o r ,  appre- 

c iab le  losses  have occurred only i n  an oxidizing environment. This be- 

havior suggests the  following react ion sequence: 

Table 

I f  a l o s s  of l e s s  than 

3/x MOT x + 2B B2O3(.iJ) + 3/x M ( r e f  7)  (1) 

where react ion (2 )  i s  the ra te -cont ro l l ing  process. This sequence may ex- 

p l a i n  the  l a r g e r  losses  incurred when s i n t e r i n g  the  metal oxide-boron com- 

pacts  i n  vacuum, compared with the  argon environment. 

7Thermodynamically, AI?" f o r  the reac t ion  i s  negative i n  a l l  cases ex- 
cept for Si02.  
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Table 4.4. A,verage Boron Sinter ing Losses From Compacts Containing 
5% Boron, Balance Matrix Material, Sintered a t  1135°C 

Boron Loss (%) Matrix 
Material Vacuum* Argon* Wet Helium* 

S i  

Si02 

N i  

Ni 0 
C r  

C r  0 

Fe 

Fe 0 

2 3  

2 3  

2.6 

2.6 
31.5 
1.7 
2.1 

12.3 
3.4 
9.1 
5.3 
8.6 
3.0 

3.3 

3.0 
** 

10.1 

7.2 
9.3 

41.5 

* 
Sinter ing environment. 

Compacts reacted and spattered. 
w 

Compatibility of SrB6 and Type 304LB Sta in less  S t e e l  

The s t a b i l i t y  of SrB6 in s t a i n l e s s  s t e e l  a t  1150°C w a s  evaluated as 

a normal extension of the  boron compound-stainless s t e e l  compatibil i ty 

program. 

povder and 0.4035 g of -325 mesh SrB6 w a s  fabr ica ted  by employing con- 

ventional powder-metallurgical techniques. The s in te r ing  operation w a s  
performed at 1150°C f o r  1-1/4 hr i n  hydrogen ( i n l e t  dew point < -60°F). 

After r o l l  cladding a t  1153°C i n t o  a composite p l a t e ,  the  p l a t e  w a s  sec- 

t ioned and the  samples were heat t rea ted  f o r  1, 2, and 3 cycles a t  1150°C. 

Each cycle consisted i n  heating a t  a r a t e  o€ 150°C/hr i n  the temperature 

range of 500 t o  1150°C, holding f o r  1 hr at  115OoC, then furnace cooling. 

Figure 4.1 depic t s  the  core-clad in te r face  of a sample heat t r e a t e d  f o r  

3 h r .  

grey phase, which i n  some cases i s  intimate with the SrB6 p a r t i c l e ,  i s  

a l so  dispersed throughout the  s t a i n l e s s  steel and appears t o  be a product 

of react ion between the  compound and s t a i n l e s s  s t e e l .  

t h i s  phase can also be observed i n  the clad area. 

A compact of 87.3 g of -100 mesh type 304LB s t a i n l e s s  s t e e l  

The dark, ovate phase i s  believed t o  be unreacted SrB6. The l i g h t -  

A small amount o f  

A s imilar  p r e c i p i t a t e  
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Fig. 4.1. Type 304LB Stainless Steel Containing 0.56 wt % SrB,, Heat Treated for 3 hr at 
Depicted is the ovate SrB, and a light-grey phase, which appears to be a product of 115OOC. 

reaction between SrB, and stainless steel. Etchant: aqua regia. 

has been found i n  p a s t  s t u d i e s  of ZrB2, B 4 C ,  and BN i n  s t a i n l e s s  s t e e l ,  

i nd ica t ing  analogous r e a c t i o n  mechanisms. 

MARITIIE SHIP RF,ACTOR (MSR) PROJECT 

W .  C .  Thurber J. T .  Lamartine 

The Metallurgy Div is ion  continued t o  provide t e c h n i c a l  a s s i s t ance  to 

t he  Maritime Reactors  Branch of  t h e  Atomic Energy Commission. The scope 
of t h e  a s s i s t ance  included design review as  w e l l  as experimental  work. 

The experiment program cons is ted  i n  materials s t u d i e s  r e l a t e d  t o  the  i m -  

mediate needs of  t h e  NS "Savannah" P ro jec t  and t h e  development of f u e l  

elements f o r  advanced cores  f o r  t h e  NS "Savannah." 

gram i s  repor ted  below. 
Progress  on the pro-  

-c 

4 
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Brazing Alloy Development 

V 
T h e  main e f f o r t  i n  t h i s  s tudy cons is ted  i n  determining t h e  appl ica-  

b i l i t y  of e l e c t r o l e s s  n i c k e l  (Kanigen) process  p l a t e  as t h e  braz ing  ma- 

t e r i a l  €or  t h e  NS "Savannah" f u e l  bundles.  Resu l t s  of t h i s  s tudy wi th  

t h i s  braz ing  substance,  which i s  r e a l l y  a nickel-phosphorus a l l o y ,  are 

repor ted  i n  t h e  l i t e r a t u r e 8  and i n d i c a t e  t h a t  e l e c t r o l e s s  n i c k e l  i s  gen- 

e r a l l y  s u i t e d  f o r  t h e  proposed app l i ca t ion .  

quently se l ec t ed  by Babcock and Wilcox Company €or use i n  assexbl ing 

Core-I f u e l  bundles f o r  -the NS "Savannah." 

This  a l l o y  has  been subse- 

B r i t t l e - F r a c t u r e  Evaluat ion 

Scrap ina te r ia l  from t h e  upper and lower c losu re  heads of t h e  N S  

"Savannah" pressure  v e s s e l  w a s  obtained from t h e  Babcock and Wilcox Com- 

paiiy t o  eva lua te  t h e  tendency of t h e  A212B s t e e l  toimrd b r i t t l e - € r a c t u r e  

i n i t i a t i o n .  

(NDT) temperature by us ing  both f u l l - s i z e  and subsize drop-weight spec i -  

mens and c o r r e l a t i o n  of t h i s  temperature wi th  impact energy of  s tandard 

Chargy V-notch specimens a t  t h e  same temperature .  

are repor ted  elsewhere.  

Tes t ing  involved measurement of t h e  n i l - d u c t i l i t y - t r a n s i t i o n  

Resul t s  of  t h i s  s tudy 
9 

Pyrometer-Wire s t u d i e s  

The f e a s i b i l i t y  o€ us ing  small-diameter w i r e s  p laced a t  s t r a t e g i c  

r a d i a l  l oca t ions  i n  U02 p e l l e t s  f o r  temperature monitoring during i n - p i l e  

experiments was ex&ned. 

i r r a d i a t i o n  metallography, vas chosen as t h e  c r i t e r i o n  for temperature 

measurement. To s e l e c t  w i r e s  b e s t  s u i t e d  f o r  t h i s  app l i ca t ion ,  t h e  com- 

p a t i b i l i t y  of  Au, Cu, N i ,  Fe ,  P t ,  V,  and Nb with  U02  was examined. 

was i'ound t'nat n i cke l ,  vanadium, and plat inum reac ted  wi th  U02 at  temper- 

a t u r e s  ire11 below t h e  r e spec t ive  melt ing p o i n t s  of t hese  metals. Gold, 

Melting of  t h e  wires, as determined by pos t -  

It 

8J. T .  Lamartine and W .  C .  Thurber,  S t a t u s  ReDort - Applicat ion of - -  
E l e c t r o l e s s  Nickel Brazing t o  Tubular Fue l  Element; for t h e  N.S. Savannah, 
ORNL CF-59-6-55 (June 2,  1959) .  

'W. C .  Thurber and J .  T .  Lamartine, Determination of t h e  Ni l -Duc t i l i t y -  
T rans i t i on  Temperature f o r  A212B S t e e l  Used i n  t h e  N.S. Savannah Pressure 
Vessel,  ORNL CF-59-7-143 ( J u l y  23, 1959) .  
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copper, and i ron  reacted with UO2 at  temperatures s l i g h t l y  above t h e i r  

melting poin ts .  Niobium, on the other hand, was compatible with U02 t o  

1800°C, which was the highest temperature examined. 

s tudies ,  which a re  reported i n  d e t a i l  elsewhere,” it appears t h a t  t h i s  

technique i s  not p a r t i c u l a r l y  promising. 

On the b a s i s  of these 

Swaging of U02 i n  S ta in less  S t e e l  Capsules 

A program f o r  studying the influence of type o f  U02, swaging temper- 

a tures ,  t o t a l  reduction, and U02 p a r t i c l e  s i z e  on the maximum oxide den- 

s i t y  a t ta inable  by compaction i n  r o t a r y  swaging machines has been com- 

pleted,  and a s t a t u s  repor t  describing the  work t o  date has been submitted 

f o r  publication.” I n  conjunction with t h i s  study, the nature and extent  

of swaged fuel-rod cladding defects  were invest igated.  Results,  although 

not yet  complete, indicate  t h a t  cracking of t h e  cladding i s  not a problem 

i n  type 304 s t a i n l e s s  s t e e l  rods cold swaged t o  reductions as high as 50 

t o  6%. 

l i m i t a t i o n  on swaged f u e l  rods. 

mately 800°C a lso  appears t o  aggravate the wall-cracking problem. 

A t  higher reductions, however, w a l l  cracking may impose a ser ious 

Hot swaging at temperatures of approxi- 

Several of the swageable grades of  U02 produced commercially have 

Densi t ies  achieved with been obtained and given a cursory evaluation. 

three such oxides when swaged i n  type 304 s t a i n l e s s  s t e e l  tubing (0.750- 

i n .  OD, 0.035-in. w a l l )  t o  a reduction i n  area of 55% at  room temperature 

and at 800°C a r e  l i s t e d  i n  Table 4.5. 

A working design for swaging i n t e r n a l l y  and ex terna l ly  cooled tubular  

f u e l  rods has been formulated and several  capsules processed. 

of t h i s  design i s  t h a t  the  f u e l  rods be fabricated,  i f  possible ,  without 

the use of a mandrel for cont ro l l ing  the concentr ic i ty  and s ize  of the  inner 

tube. It has been observed i n  capsules fabr icated without a mandrel t h a t  

,the swaging-reduction schedule, as wel l  as t o t a l  reduction, has a marked 

One c r i t e r i o n  

’OR. E. Meadows and W .  C .  Thurber, F e a s i b i l i t y  Study - Use of Small 
Diameter Wires i n  UOz P e l l e t s  f o r  In-Pi le  Temperature Monitoring, ORNL 
CF-59-10-7 ( i n  p r e s s ) .  

S t e e l  Fuel Rods Containing UO,, ORNL CF-59-10-8 ( i n  p r e s s ) .  
”J. T .  Lamartine and W .  C .  Thurber, Development of Swaged Sta in less  
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influence on the concentr ic i ty .  Fromthe sections of th ree  i n i t i a l l y  iden- 

t i c a l  capsules swaged through d i f f e r e n t  reduction schedules, shom i n  Fig.  

4 . 2 ,  it can be seen t h a t  greater  increments of reduction per pass produce 

more inner tube d i s t o r t i o n .  Uranium dioxide d e n s i t i e s  a t ta ined  i n  the 

tubular capsules are  s l i g h t l y  l e s s  than those achieved i n  so l id ,  swaged 

rods.  

Table 4.5. Densities Obtained From Various Comercial  Swageable Qxides 

Sicraged Density 
Tapped ($ Theoretical  Surf ace Bulk Density at 55% 

Are a o/u Density Reduction i n  Area) 
Identif  i - 

cation Code T n e  b2/d Ratio (g/cm3) Room 

Temperature 800"c 

2.0119 5.89 85.9 90.7 mgh f i r e d  0.067 

93.2 

88.3 86.6 

A, 
2.0264 6.45 89.6 B Fused and 0.05 

ground 
C High f i r e d  0.02 2.0405 5.0 

UNCLASSIFIED 
Y 30915 

SWAGED TO 37.6 '% REDUCTION 
IN AREA AT 5 "70 PER PASS 

SWAGED TO 36.9 % REDUCTION 
IN AREA AT 9 % PER PASS 

SWAGED TO 44.2 % REDUCTION 
IN AREA AT 5 To PER PASS 

Fig. 4.2. Cross Sections of Swaged Tubular Fuel Capsules. 
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Metal Bonding of S ta in less  Steel-Clad U02 Fuel Rods 

During the p x t  year, a program was i n i t i a t e d  t o  inves t iga te  the  pos- 

s i b i l i t y  of using a low-melting metal as the  thermal bond between the  f u e l -  

and-sheath i n  s ta in less -s tee l -c lad  U02-pellet rods. The purpose of the 

metal bond i s  t o  reduce the  large temperature drop associated with an i n e r t -  

gas-f'illed annulus t o  more reasonable l e v e l s .  Conventionally, the gap be- 

tween f u e l  and cladding i s  i n i t i a l l y  f i l l e d  with helium, but as burnup pro- 

ceeds and fission-product gases, xenon and lirypton, a re  re leased t o  the 

gap, the conductivity of the  gas space i s  ser iously degraded. With a 

metal-f i l led annulus it should be possible t o  reduce the  temperature drop 

across the  gap t o  a fev  degrees. Emphasis i n  t h i s  study has been placed 

on t'ne use of lead because of i t s  low absorption cross  sect ion and reason- 

able melting poin t .  

Studies of the  compatibil i ty between U02 and type 304 s t a i n l e s s  s t e e l  

i n  contact with Pb, 0.7 Li-Pb, B i ,  and 55 Bi-Pb a t  650 and 750°F have shown 

no reac t ion  between these inaterials a f t e r  500 h r .  It should be noted t h a t  

these t e s t  temperatures a re  somewhat above the ant ic ipated reac tor  o2erating 

temperatures. Corrosion t e s t s  of lead and lead-type 304 s t a i n l e s s  s t e e l  

couples f o r  1300 h r  i n  525'F pressurized water have indicated a corrosion 

r a t e  f o r  lead of  30-65 mils/year. 

posed t o  the primary coolant unless the i n t e g r i t y  of' t h e  cladding vas i m -  

paired.  

The lead, of course, would not be ex- 

Several s t a i n l e s s  s t e e l  tubes (0.500-in. OD x 18-in.  long) have been 
loaded with p e l l e t s  and the  c lad-pe l le t  annulus f i l l e d  with lead.  Sub- 

sequent u l t rasonic  inspection for cont inui ty  of  the lead  bond showed a n  

excel lent  cor re la t ion  with radiography, and r e s u l t s  indicated t h a t  in-  

spection of  lead-bonded f u e l  rods should pose no p a r t i c u l a r  problem. 

To simulate the  e f f e c t s  of hot spots, with attendant loca l ized  melt- 

ing,  i n  lead-bonded f u e l  rods, 1- in .  sections o f  the rods were cycled 

from 1 t o  15 times between 400 and 800°F by using an enc i rc l ing-coi l  i n -  

duction heater .  Voids formed i n  the annulus, although no evidence o f  lead 
penetrat ion i n t o  the p e l l e t s  was noted. This phenomenon i s  being i n v e s t i -  

gated f u r t h e r .  



Lead-fil led s t a i n l e s s  s t e e l  capsules, each having had a 5O-nil hole 

d r i l l e d  i n  it, have been autoclaved a t  650, 670, and 700°F t o  determine 
whether lead drainage would occur from leaking f u e l  tubes.  None occurred 

a t  650”F, but drainage w a s  v i r t u a l l y  complete a t  700°F. 

Compartmented Fuel-Plate Development 

Although c y l i n d r i c a l  U02 f u e l  rods are  extensively specif ied i n  ex- 

i s t i n g  and planned power reac tors ,  t h i s  shape suf fers  from high c e n t r a l  

temperatures associated with the l imited hea t - t ransfer  surface and the 

r e l a t i v e l y  la rge  thicknesses employed i n  such f u e l  bodies. 

however, o f f e r  the  use of thinner  €uel bodies having extended hea t - t ransfer  

surface area.  Consequently, f l a t - p l a t e  elements permit operation a t  higher 

specif ic  power without r a i s i n g  the c e n t r a l  temperature, which occurs i n  rod 

designs. However, the f l a t - p l a t e  design i s  s t r u c t u r a l l y  i n f e r i o r ,  and the  

p l a t e s  must be compartmented t o  compensate f o r  the  e f f e c t s  OP fission-gas- 

pressure buildup and waterlogging i n  defective elements. Because of the  

s ign i f icant  thermal advantages, a program has been undertaken t o  evaluate 

the  technical  f e a s i b i l i t y  of  manufacturing U02-bearing, f l a t - p l a t e  f u e l  

elements by using s t a i n l e s s  s t e e l  as the canning mater ia l .  

F l a t  p l a t e s ,  

The cornpartmentea f u e l  p l a t e  cons is t s  of four  main components: the  

gr id  which contains the  f u e l  bodies, a frame which provides s t r u c t u r a l  

support f o r  the gr id ,  the  cover sheets which s e a l  the p l a t e s ,  and the  U02 

f u e l  bodies. To date ,  two methods of constructing the gr id  have been in-  

vestigated: (1) an interlocked s t r i p ,  or egg-crate construction, and ( 2 )  

a spot-welded, b e n t - s t r i p  approach. 

s t r i p  p l a t e  i s  shown i n  F ig .  4.3 .  

s t r i p s  by spot welding. 

i n  Fig.  4.5. 

An exploded view of an interlocked- 

Figure 4.4 i s  a gr id  b u i l t  up from bent 

The method of forming the s t r i p s  i s  i l l u s t r a t e d  

One of the  major areas  of compartmental-fuel-plate technology which 

requires  intensive study i s  t h a t  of joining the cover sheets t o  the gr id-  

frame assembly. 

wel l  as s t r u c t u r a l l y  adequate t o  withstand i n t e r n a l  pressure buildup. 

the  p l a t e s  produced i n  t h i s  program have been assembled by brazing type 

304 s t a i n l e s s  s t e e l  components with e l e c t r o l e s s  nickel  a l loy .  

Every j o i n t  between r i b  and cover must be leak t ight  as 

All 

The braze 
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Fig. 4.3. Exploded View of Interlocked-Strip, Compartmented Fuel Plate. 
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Fig. 4.4. Spot Welded, Bent-Strip Grid for Compartmented Fuel Plate. 

Fig. 4.5. Forming Die and Formed Strip Used in Manufacturing Bent-Strip Grid. 

n e t a l  i s  preplaced on t h e  g r i d ,  frame, and one s ide  o f  t h e  cover shee t s  

by p l a t i n g ,  p r i o r  t o  t'ne 'oraz 

Resis tance welding i s  an 

the var ious  components of' t h e  

been con t r ac t ed  t o  Sciaky Bro 

' o i l i t y  of r e s i s t a n c e  welding 

s t a i n l e s s  s t e e l  cover shee t s  

i ng  ope ra t ion .  

a l t e r n a t i v e  method 

€ l a t - p l a t e  element 

t h e r s ,  I n c . ,  where, 

0.010-, 0.015-, and 

t o  0.192-in.  - t h i c k  

being i n v e s t i g a t e d  t o  j o i n  

toge the r .  This  work has 

a t  p re sen t ,  t h e  feasi-  

0 .020-in.- thick type 304 
type 304 s t a i n l e s s  s t e e l  

251 



p l a t e s  i s  be ing  determined. 

@-a. 

No r e s u l t s  have been obta ined  from the pro-  

F ive  4 - in .  -vide x 24-in.  - long compartmenied plates have been f a b r i -  

ca ted ,  one wi th  an i n t e r l o c k i n g - r i b  g r i d  and four i7ith s:>ot welded, bent -  

strip g r i d s .  

shee t  bond i n t e g r i t y ,  l e a k  checked f o r  in te rcon1~ar tmenta l  leakage, and 

f i n a l l y  sec t i oned  and examined nietallographic a l l y .  

t h e  one t r i th  t h e  i n t e r l o c k i n g - s t r i p  g r i d  vas of t h e  h i s h e s t  q u a l i t y ,  wi th  

only 10  of i t s  75 conipartments being in te rconnec ted .  A l l  t h e  coiii;?artinents 

i n  t h e  rour b e n t - s t r i 9  d l a t e s  were in te rconnec ted .  

t h e s e  fou r  p l a t e s  has been a t t r i b u t e d  t o  lmi.salienmer!ts i n  s,qot welding t h e  

Grid.  

a s u i t a b l e  tiielding J i g .  

r i b s  and cover p la te  i s  shown i n  Fig. 4.6. 

Each p l a t e  was u l t r a s o n i c a l l y  inspec ted  €or r ib- to-cover -  

O f  tile f i v e  2late  s , 

The goor  q u a l i t y  of 

It i s  a n t i c i p a t e d  t h a t  t h i s  d i f f i c u l t y  can be c o r r e c t e d  by des igning  

AI example o f  a good bond between the b e n t - s t r i p  

Fig. 4.6. Microstructure of a High-Quality Bond Between Bent-Strip R ib  and Cover PI, 
Obtained by Brazing with Electroless Nickel. Etchant: 5% CrO,, electrolytic (6 v, - 4  sec). 
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The ceramic f u e l  f o r  t hese  compartmented f u e l  p l a t e s  i s  i n  t h e  forin 

A l i m i t e d  of rec tangular  p l a t e l e t s ,  two being requi red  pe r  compartment. 

amount of work has  been done by t h e  Ceramics Group t o  develop t h e  manu- 

€ac tur ing  technology f o r  producing them. Although only  a few have been 

produced (F ig .  4 . 7 ) ,  it appears t h a t  no ex t raord inary  d i f f i c u l t i e s  w i l l  

be encountered i n  meeting t h e  t e n t a t i v e  s p e c i f i c a t i o n s  and dimensional 

t o l e rances .  

FUEL EUME1'JT DEVELOPMENT 

C .  F .  L e i t t e n  

The primary a i m  of t he  f u e l  element development program i s  t o  advance 

r e a c t o r  core  technology and t o  reduce fue l -cyc le  c o s t .  

e € f o r t  during t h e  p a s t  year  has  centered  p r imar i ly  on (1) improving t h e  

performance and se rv ice  l i f e t i m e  OP aluminum-base-type f u e l  elements de- 

signed for app l i ca t ion  i n  low-texperature research  r e a c t o r s ,  and ( 2 )  i n -  

v e s t i g a t i n g  t h e  p o t e n t i a l  of f e r r i t i c  s t a i n l e s s  s t ee l  f o r  app l i ca t ion  i n  

compact r e a c t o r s  which have high opera t ing  c h a r a c t e r i s t i c s  and loir-cost 

The scope of t h e  
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Fig. 4.7. Ceramic Fuel Bodies for Compartmented Fuel Plate. 
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performance. 

sented below. 

Progress i n  t h i s  genera l  area of appl ied  research  i s  p re -  

U t i l i z a t i o n  of High-Strength Aluminum 

D .  T .  Bourgette 

A s  repor ted  previously,12 t h e  s u b s t i t u t i o n  of  an age-hardenable, high- 

s t r eng th  aluminum f o r  type 1100 aluminum inc reases  t h e  buckling r e s i s t a n c e  

o€ t h e  f u e l  element due to pressure  d i f f e r e n t i a l s  and decreases  t h e  sus-  

c e p t i b i l i t y  of t h e  element to damage caused by mishandling during r e a c t o r  

opera t ion .  Recent work assoc ia ted  with t h i s  i n v e s t i g a t i o n  has  been d i -  

r ec t ed  toward t h e  e l imina t ion  o€ "f lux annealing, " which causes  p i t t i n g  

on the  sur faces  of f u e l  elements and appears to have a d e l e t e r i o u s  eff 'ect  

on t h e  cor ros ion- res i s tance  of t h e  ma te r i a l  i n  pool-type r e a c t o r s .  

The s u b s t i t u t i o n  of vacuum-induction melt ing f o r  t h e  more convent ional  

a i r  mel t ing of uranium-aluminum a l l o y s  has  demonstrated t h a t  b l i s t e r  Por- 

mation i n  t h e  a l loys ,  irliich has  been a t t r i b u t e d  t o  occluded hydrogen during 

air melting, apparent ly  can be e l imina ted .  

unnecessary.  

ca t ed  at 6OOOC and hea t  t r e a t e d  a t  610°C without p r i o r  f lux anneal ing.  

O f  t h e  128 p l a t e s  c l a d  wi th  type 1100 aluminum, 1 0  showed b l i s t e r s  over 

t h e  f u e l  po r t ion  of  t h e  p l a t e .  

f i t  between t h e  core and frame. 

b l i s t e r s  over t h e  f u e l  reg ion  were exmined  ex tens ive ly .  

evidence t h a t  t he  b l i s t e r  formation w a s  caused by evolu t ion  o f  hydrogen 

from t h e  a l l o y .  It i s  i n t e r e s t i n g  t o  note t h a t  no b l i s t e r i n g  over t h e  

a c t i v e  po r t ion  w a s  observed on p l a t e s  c l a d  i i i t h  type 6951 aluminum; i n  

f a c t ,  only 2.5$ of t h e  80 p l a t e s  prepared f a i l e d  t o  pass  a l l  t e s t s .  

Thus, f lux  anneal ing becomes 

Table 4.6 l i s t s  t h e  r e s u l t s  of 208 composite p l a t e s  f a b r i -  

The balance w a s  rejec'ced because of  m i s -  

The t e n  tiliich were r e j e c t e d  because of 

There was no 

Resul t s  obtained from analyses  of t h e  segrega t ion  p a t t e r n s  i n  

1-1/2 x 4 x 1 0  i n .  vacuum-induction-melted c a s t i n g s  ol" 14 w t  $I U-A1 and 

18 vt $ U-AL a l l o y s  a r e  g raph ica l ly  i l l u s t r a t e d  i n  F igs .  4 .8  and 4.3, re- 

spec t ive ly .  They c l o s e l y  conform wi th  those  repor ted  previous ly  f o r  a i r -  
induction-melted a l l o y s .  13 

l2Met. Ann. Prog. Rep. Oct. 10, 1958, ORNL-2632, p 14'7 ( c l a s s i f i e d ) .  

* 

t 

l 3 W .  C. Thurber and R .  J. Beaver. SegreEcatio 
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Table 4.6. Data on Bl i s te r  Formation i n  Alclad Fuel P la tes  Containing 
Vacuum-Induction-Melted U-AI Alloys. Composite P la tes  Heat Treated 

for 1 h r  a t  6 1 0 " ~  with no P r i o r  Flux Annealing 

U Concentration Number Number 
i n  U-A1 Alloy Clad and Frame of P la tes  of P la tes  

(wt $1 Aluminum Fabricated Blis tered Location of B l i s t e r s  
~~ 

14 Type 1100 34 23 Core -f rame i n t e r f a c e  

14 Type 1100 36 20 Core-frame interface, 8 
Core-clad in te r face ,  12 

18 Type 1100 34 10 Core -f rame i n t e r f a c e  

18 Type 1100 18 0 

14 Type U O O  6 0 

14 a c l a d  6951 28 0 

18 Alclad 6951 18 0 

14 Alclad 6951. 34 2 Core -f rame i n t e r f a c e  

* 
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Fig. 4.9. Uranium Distribution in a Rolled Casting of Nominal 18 wt % U-AI Alloy Poured 
at 1150OC. 

Type 6951 aluminum has been selected as the  reference,  age-hardenable 

aluminum f o r  use i n  the  makeup of fu ture  high-strength,  plate- type elements 

f o r  research reactor  appl icat ions.  

Uranium Contamination on Surfaces of Alclad P la tes  
Containing Uranium-Aluminum Alloys 

J. H .  Erwin W .  J .  Kucera 

The l e v e l  of uranium contanxination on the surfaces of Alclad ORR f u e l  

p l a t e s  has previously been reported to be 0.2 t o  0.4 ppm (highly enriched 

i n  U235) . I 4  

minurn stock was approximately 1 ppm; addi t ional  analyses have confirmed 

t h i s  l a t t e r  value. 

At the  same time, the amount of na tura l  uranium i n  the  a lu-  

Although there  i s  no reported s o l i d  s o l u b i l i t y  of uranium i n  aluminum, 

it i s  assumed t h a t  it does e x i s t  but i s  of such a low magnitude t h a t  it i s  

d i f f i c u l t  to detec t  with conventional equipment. Assuming t h a t  the s o l i d  

14Met. Ann. Frog. Rep. Oct. 10, 1958, ORNL-2632, p 147-48 ( c l a s s i f i e d ) .  
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3 

so lub i l i t y  i s  greater  than 1.0 ppm, there  e x i s t s  the poten t ia l  of  diffusion 

or the uranim,  which i s  i n  solution i n  the  aluminum matrix of the  uranium- 

aluminum a l loy  f u e l  core,  in to  the  type 1100 aluminum cladding. Preliminary 
data  l i s t e d  i n  Table 4.7 was obtained on the concentration of uranium i n  

t y - e  1100 nlwtlinum cladding as a function of dis tances  from the  core-clad 

interface i n  composite p l a t e s  containing both 14 and 18 w t  % U-Al a l loy  

Plates  Containing 14 and 18% U-AI Alloys After the  Indicated Treatment 
Table 4.7. Uranium Concentration i n  Aluminum Cladding of Composite 

Uranium Concentration i n  Cladding (ppm) Distance from Bond Interface 14  w t  $J U-AI 18 w t  $ U-AI 
(mils ) Alloy Plate  Alloy Pla te  

As Fabricated a t  6oo0c 

18.5 
1 5 - 5  
13.5 
12.5 

7.5 
10.5 

18.5 
15.5 
13.5 
12.5 

7.5 
LO. 5 

18.5 
1.5- 5 
13.5 
120 5 
10.5 

7.5 

0.15 

0.22 

0.39 
0.13 

1.3 
5 - 2  

After 3 hr Heat Treatment a t  6oo0c 

1.4 
8.  3 

2.9 

1005 

18.6 
After 6 h r  Heat Treatment a t  6oo0c 

6.1 
6.7 

31.8 
17.0 

37.4 
55.4 
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a € t e r  3 and 6 h r  at 600°C. 

t h e r e  i s  a d e f i n i t e  t r end  toward d i f f u s i o n  of uranium through t h e  claddin;;. 

I n  t h e  as-€abricated p l a t e ,  a t  a d i s t ance  of 13 t o  16 m i l s  from t h e  core-  

c l a d  in t e r€ace ,  f o r  example, t h e  uranium concent ra t ion  i s  approximately 

0.3 ppm. 

concentrat ion w a s  an order  of  magnitude g r e a t e r .  

Although t h e  resu l t s  are somewhat s ca t t e r ed ,  

However, a f t e r  3- and 6-hr hea t  t rea tments  a t  6OO0C, t he  uranium 

The p o s s i b i l i t y  of difPusion i s  v i v i d l y  demonstrated i n  F i g .  4.10. 
I n  comparing an a s - f ab r i ca t ed  p l a t e  wi th  a similar plate trhich w a s  hea t  

t r e a t e d  14 days a t  6OO0C,  it i s  apparent t h a t  marked mic ros t ruc tu ra l  changes 

have occurred i n  t h e  v i c i n i t y  of' t he  bonded i n t e r f a c e .  

i d e n t i f i e d ,  t h e  p r e c i p i t a t e  a t  the  g ra in  boundaries i s  probably a complex 

compound conta in ing  uranium. Based on t h e  d a t a  i n  Table 4.7 and t h e  as -  

sumptioii t h a t  t h e  s o l u b i l i t y  l i m i t  a t  600°C i s  30 ppm U, c a l c u l a t i o n s  i n -  

d i ca t ed  t h a t  a d i f f u s i o n  c o e f f i c i e n t  o€ 2 x 
data. It was then  poss ib l e  to r e l a t e  t he  e f€ec t  of d i f f u s i o n  of  uranium 

on the  contamination o€ plate sur races  as a func t ion  of c ladding th ickness  

and t i m e  a t  600°C. 

Although not  ye t  

cm2/sec b e s t  f i t s  t h e  

This  e f f e c t  i s  g raph ica l ly  i l l u s t r a t e d  i n  F ig .  4.11. 

Compatibi l i ty  of  Alclad Fuel  P l a t e s  Containing U02 
Dispersed i n  Aluminum 

W .  J. Kucera R .  C .  Waugh 

One of t h e  d i f f i c u l t i e s  i n  incorpora t ing  U02 i n  aluminum and Yabri- 

e a t i n g  i n t o  N c l a d  plates  f o r  research  r e a c t o r s  i s  t h e  reaction of U 0 2  

with aluminum at t h e  600°C hea t - t rea tments  spec iy ied  f o r  manufacturing 

brazed Puel elements.  

ol" t h e  €uel  p l a t e ,  which u l t ima te ly  causes out-of - to le rance  f u e l  elements .15 

An i n t ens ive  s tudy was made of t h r e e  grades of U 0 2 ,  wi th  t h e  ob jec t ive  of  

understanding t h e  mode of t h e  r eac t ion .  

ves t iga ted :  

duced i n  heliuni, and fused U 0 2 .  

. reported in d e t a i l  .I6 

Accompanying t h i s  r e a c t i o n  i s  rrarpage and growth 

Three grades o€ oxides  were i n -  

hydrothermal U02 reduced i n  hydrogen, hydrothermal U02 re-  

The experiments and r e s u l t s  have been 

I n  general ,  all t hese  oxides  exh ib i t ed  s i m i l a r  

l 5 R .  C .  Waugh and J. E. Cunningham, The Applicat ion of Low-Enrichment 
Uranium Dioxide to Aluminum Plate-Type Fuel  Elements, ORNL CF-56-8-128 
(Aug. 20, 1956) .  

c 

16R. C .  Waugh, The Reaction and Growth of Uranium Dioxide-Aluminum 
Fue l  P l a t e s  and Compacts, ORNL-2701 (Mar. 9, 1959) .  
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* Fig. 4.10. Comparison of Alclad Plates Containing 18 wt % U-AI Alloy After Fabrication at 6OOOC 
and After 16Day  Heat Treatment at 600°C. 
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Fig. 4.11. Preliminary Analysis of the Ef fectof  
Diffusion of Uranium from the U-AI Alloy Core 
Through the Cladding of Aluminum Fuel Plates at 
600OC. 

react ions with aluminum ai; 600°C i n  a short  period of time. 

ant ic ipated,  temperature had an important e f f e c t  and, a t  500"C, long time 
A s  might be 

periods were required f o r  react ion t o  be observed. 

t h a t  gases, entrapped i n  t h i s  dispersion-type mater ia l ,  might be playing 

an important r o l e .  

This report  implied 

A popular U02, Mallinckrodt high-f i red U02 (with approximately 900 
ppm t i tanium),  w a s  not included i n  the  referenced repor t  and has been in-  

vest igated f o r  comparison with the previously mentioned oxides. Minia- 
tu re  Alclad f u e l  p l a t e s  containing 62 w t  $ of t h i s  U02 i n  aluminum were 

fabricated a t  500°C and p l a t e  growths measured as a function of time a t  

500 and 6 O O 0 C ,  respect ively.  One specimen w a s  a l so  heat t r e a t e d  f o r  24 

hr  a t  550°C. 

corporation i n  the  p l a t e .  

w a s  observed a t  6 0 0 ° C  a f t e r  as l i t t l e  as 2 h r .  

growti? w a s  observed a f t e r  48 h r  a t  5 0 0 ° C  but w a s  observed a f t e r  168 h r .  

The U02 was screened t o  -100 +325 mesh s i z e  p r i o r  t o  in-  

A s  l i s t e d  i n  Table 4.8,  considerable growth 

On t h e  other hand, no 
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Table 4.8. Growth Studies  i n  Alclad P l a t e s  Containing 
62 Wt $I Titanium-Stabilized U02 i n  Aluminum 

Temperature 
("c)  

Time 
( h r )  

3 

c 

Volume 
Increase 

(%I 
500 

500 

500 

500 

5 50 
600 
600 

600 

600 

16 
24 
48 
168 
24 
1 

2 

4 
24 

0 

0 

0 

2.08 

13.24 
0.91 
4.08 
7.40 
30.25 

Alclad P l a t e s  Containing Dispersions of U30g i n  Aluminum 

W .  J.  Kucera 

Rel iab le  techniques have been developed f o r  incorpora t ing  20% en- 

r iched  f u e l  i n  t h e  form of U308 i n t o  p l a t e - type  f u e l  elements f o r  research  

r e a c t o r  app l i ca t ions .  

f a c t u r e  of  two experimental  loadings of  U308-bearing elements f o r  opera t ion  

of  t h e  proposed r e a c t o r  a t  t h e  Puerto Rico Nuclear Center.  

w i l l  conta in  approximately 1200 g of U308 having an i so top ic  enrichment 

of 20%. Mechanical means w i l l  be u t i l i z e d  r a t h e r  t han  t h e  conventional 

braz ing  process  f o r  j o in ing  t h e  f u e l  p l a t e s  i n t o  a f l a t - p l a t e  assembly. 

It i s  f e l t  t h a t  t h i s  a l t e r a t i o n  i n  technique w i l l  improve the  cor ros ion  

r e s i s t a n c e  i n  s t a t i c - p o o l  water and thereby  extend t h e  l i f e t i m e  of  t h e  

component. 

The present  e f f o r t  w i l l  culminate wi th  t h e  manu- 

Each element 

The e s s e n t i a l  s t e p s  involved i n  t h e  manufacture of Alclad p l a t e s  con- 

t a i n i n g  U,Os as t h e  d i spe r so id  are l i s t e d  below: 

I. 

2 .  

3 .  Cold press ing  a t  3 1 t s i .  

Weighing of U308 and aluminum powder f o r  each ind iv idua l  core .  

Dry blending f o r  3 h r  i n  an oblique b lender .  
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. 
4. 
5 .  

6. 

7. 

8. 

9. 

10. 

S i n t e r i n g  f o r  1 h r  a t  400°C i n  a i r .  

I n s e r t i n g  i n t o  aluminum p i c t u r e  frame, and assembling of b i l l e t  by 
welding cover p l a t e s  t o  frame. B i l l e t  corners  are l e f t  unwelded. 

Hot r o l l i n g  a t  600°C t o  a t o t a l  reduct ion  i n  th ickness  of 92%. 

Annealing f o r  1 h r  at 500°C t o  determine presence of b l i s t e r s .  

Cold r o l l i n g  t o  a reduct ion  i n  th i ckness  of 8%. 
Fluoroscopica l ly  inspec t ing  f u e l  core  dimensions. 

Shearing and machining t o  f i n a l  s i z e .  

Aqueous Corrosion Tests of Aluminum-Base Fuels  Containing High 
Concentrations of  UAl , ,  UC, and U308 

W .  J. Kucera 

An aqueous cor ros ion  s tudy w a s  conducted on t h e  48  w t  % U-3 w t  % 
Si-Al a l loy ,  t h e  65 w t  % u308-u d ispers ion ,  and t h e  60 w t  % UC2-Al d i s -  

pers ion  ma te r i a l .  The samples cons is ted  of segments (1/2 x 0 .1  x 2 i n . )  
sect ioned from t h e  f a b r i c a t e d  f u e l  p l a t e .  Specimens were t e s t e d  i n  t h e  

c l ad  condi t ion ,  wi th  edges exposed and ho le s  d r i l l e d  through t h e  spec i -  

men, and a l s o  i n  t h e  completely unclad condi t ion .  Tes t ing  w a s  conducted 

i n  h igh-pur i ty  ae ra t ed  water .  Table 4 . 9  g ives  t h e  t e s t  condi t ions  and 

t h e  resul ts  of t h e  cor ros ion  t e s t s .  

The U C 2 - A l  cor ros ion  t e s t s  were terminated after 120 h r  due t o  c a t a -  

s t rophic  a t t a c k  of t h e  d i spe r s ion .  Figure 4.12 shows the  severe d i s t o r t i o n  

and ca t a s t roph ic  a t t a c k  experienced by an unclad sample of U C 2 - A l  a f t e r  

48 h r  i n  60°C w a t e r .  

conducted f o r  per iods  as long as 26 weeks. As shown i n  F ig .  4.13, t h e  

48  w t  $ U-3 w t  % Si-Al w a s  suscept ib le  t o  random b l i s t e r i n g .  

l a t e d  t h a t  t h e  b l i s t e r i n g  may have been caused by a t t a c k  on uranium carb ide  

inc lus ions  t h a t  may have been present  i n  t h e  a l l o y .  

The U-Si-A1 a l l o y  and U308-Al d i spe r s ion  t e s t s  were 

It i s  postu-  

Figure 4.14 demonstrates t h e  s t a b i l i t y  of a c l a d  U308-Al sample t e s t e d  

f o r  26 weeks a t  90°C. 

cor ros ion  r e s i s t a n c e .  

It i s  apparent t h a t  t h e  material has  s a t i s f a c t o r y  
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Table 4.9. A.queous Corrosion Tests on Aluminum-Base Fuel Materials 

Type of 
Spe c ime n 

( w t  %I Condition Time Temperature ("C) Remarks 

Experimental Conditions 

60 UC2-Al Clad 48 hr 60 Cladding f a i l e d ,  
peeled from core 

Unclad 120 hr 60 Specimen 
dis integrated 

A few small 
48 LJ-3 Si-A1 b l i s t e r s  on 

exposed edges 

Silicon-modified Clad 12 weeks 60 

Numerous b l i  s t e  r s Unclad 26 weeks 60 

65 U308-Al 26 weeks 90 S l i g h t  corrosion Clad 
of U OB, few p i t s  
i n  A 2 cladding 

Unclad 26 weeks 90 Minor a t t a c k  a t  
machining grooves 

UNCL ASS 1 FIE D 
Y 30811 

Fig. 4.12. Unclad 60 wt % UC,-AI Specimen After Testing in High-Purity Water at 6OoC 
for 48 hr. 
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Fig. 4.13. Surface Appearance of an Unclad 48 wt ?6 U-3 wt % Si-Balance AI Alloy Sample After 
Testing in High-Purity 6OoC Water for 26 Weeks. 

F e r r i t i c  S t a i n l e s s  Steel-Base Fue l  P l a t e s  

J .  H .  Cherubini 

A program w a s  i n i t i a t e d  t o  develop d i spe r s ions  of U02 i n  f e r r i t i c  

s t a i n l e s s  s t e e l .  

v a r i e t y  o f f e r s  t h e  fol lowing advantages: 

( 2 )  lover  c o e f f i c i e n t  of  thermal expansion; (3 )  love r  thermal neutron c r o s s  

sec t ion ;  and ( 4 )  low n i c k e l  concent ra t ion ,  thereby  minimizing coba l t  t r a n s -  

mutation products .  

Compared wi th  a u s t e n i t i c  s t a i n l e s s  s t e e l ,  t h e  € e r r i t i c  

(I) higher  thermal conduct iv i ty ;  

F e r r i t i c  s t a i n l e s s  s t e e l ,  however, i s  more d i f i ' i c u l t  t o  f a b r i c a t e  and 

weld, i s  e a s i l y  s e n s i t i z e d ,  and has  poor f a t i g u e  p r o p e r t i e s .  

s u € f i c i e n t  promise as a s t r u c t u r a l  material f o r  f u e l  elements t o  xa r rnn t  

i n v e s t i g a t i o n .  

Yet, it has 
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I UNCLASS I FIE D 
Y 27781 

F ig .  4.14. Cross Section of 65 wt % U,08-AI Dispersion Specimen After Test ing in High- 
Purity Water a t  9OoC for 26 Weeks. 

Type 430 s t a i n l e s s  s t e e l  and t h e  ro l l - c l add ing  technique were se lec-  

P l a t e s  were suc- t e d  as t h e  re ference  material and f a b r i c a t i o n  method.17 

ces s€u l ly  prepared by us ing  s tandard SM-1 procedures,18 except t h a t  t h e  

f i n a l  20% hot  reduct ion  was e,:ecuied a t  700°C t o  r e f i n e  t h e  g ra in  s i z e .  

A r l a t t en -annea l ing  temperature of 800°C was se l ec t ed  a f t e r  nnneal- 

ing  a t  900°C proved d e l e t e r i o u s  because of apparent s e n s i t i z a t i o n  of t h e  

s t e e l .  A comparison betlcreen F i g s .  4.15 and 4.16 i l l u s t r a t e s  t h e  d i € f e r -  

ence i n  g ra in  growth and e tchant  a t t a c k  of type 430 s t a i n l e s s  s t e e l  a f t e r  

1 hr  of hea t  treatnlent a t  800 and 900"C, r e spec t ive ly .  

e € f e c t ,  h o t - r o l l e d  ma te r i a l  was hea t  t r e a t e d  1 h r  a t  750, 800, 850, 900, 

and 950"C, a i r  cooled, and S t r auss  t e s t e d ,  

To def ine  t h i s  

The specimens hea t  t r e a t e d  a t  

I7J. H .  Cherubini and C .  F .  Le i t t en ,  Se lec t ion  o€ a F e r r i t i c  Type 
S t a i n l e s s  S t e e l  as  a Reactor Construct ion Material, ORNL CF-59-5-101 
(June 16, 1959) .  

f o r  APPR-1 Core I1 Sta t iona ry  Fuel  Elements, ORNL-2649 [Jan .  29, 1959) .  
l8J,  E .  Cunningham e t  a l . ,  Spec i f i ca t ions  and Fabr i ca t ion  Procedures 
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Fig. 4.15. Type 430 Stainless Steel, Cold Rolled and Annealed at 8OOOC for 1 hr. Etchant: 
oxalic acid. 750X. 

7'50 and 800°C were Ik ic ros t ruc tura l ly  sound; those  hea t  t reated a t  900 and 

950°C had completely d i s i n t e g r a t e d .  

heated a t  850°C had p a r t i a l l y  d i s in t eg ra t ed .  

A s  shown i n  Fig. 4.17, t h e  specimen 

IRRADIATION TESTING 

C .  F .  k i t t e n  

Examination of I r r a d i a t e d  SM-1 Core I Fue l  
and Control-Rod Components 

During March 1959, an on - s i t e  examination of  t h e  Core I component i n  

t h e  Army SM-1 r e a c t o r  w a s  conducted a f t e r  t h e  SM-1 had operated through 

approximately 10 of  t h e  designed 15 Mwyr  of power. The examination re-  

vealed t h a t  swel l ing and cLad f a i l u r e s  had occurred i n  t h e  iron-boron 

absorber  s ec t ions .  Scratches and poss ib l e  c racks  were a l s o  ind ica t ed  
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Fig. 4.16. Type 430 Stainless Steel, Cold Rolled and Annealed at 900°C for 1 hr. Notice 
the severe grain boundary attack by etchant, oxalic acid. 750X. 

Fig. 4.17. Type 430 Stainless Steel, Annealed at 85COC for 1 hr, Water Quenched and 
Strauss Tested. Notice how attack had progressed from the edge and actually dissolved certain 
central areas. As-polished. 1OOX. 
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i n  t he  cladding of t he  f u e l  elements.  Consequently, those fue l  and ab- 

sorber  components with p o t e n t i a l  d e f e c t s  were re turned  t o  ORNL f o r  h o t -  

c e l l  e x m i n a t i o n .  

A v i s u a l  h o t - c e l l  e x m i n a t i o n  confirmed the  f a i l u r e s  observed i n  t h e  

iron-boron absorber sec t ions ;  however, macroscopic examination o f  t h e  su r -  

f aces  oi" both t h e  s t a t i o n a r y  and the  movable cont ro l - rod  fuel elements 

f a i l e d  to r evea l  any d e f i n i t e  evidence of d e f e c t s  i n  t h e  fuel element 

c ladding.  

and sect ioned f o r  a d d i t i o n a l  s t u d i e s  of i r r a d i a t i o n  damage t o  t h e  ma te r i a l .  

These components w i l l  be inspec ted  f o r  dimensional s t a b i l i t y  

Miniature Specimens of SM-1 S t a i n l e s s  Steel-Clad Absorber P l a t e s  
Containing 3 w t  $ Enriched Boron Dispersed i n  I ron  

S ix  of  t h e  18 specimens forwarded t o  the  IQR l a s t  year have completed 

t h e i r  i r r a d i a t i o n  period. '  Lithium analyses  of two of t hese  specimens 

revealed t h a t  t he  burnu-2, based on cobal t -wire  monitoring, w a s  low by a 

€ac tor  of approximately 3 . 5 .  

rras increased  accordingly,  with t h e  ob jec t ive  of obta in ing  burnups rang- 

ing  from 4 t o  25% of t h e  B I 0  atons.  

A l l  subsequent i r r a d i a t i o n  of t h i s  m a t e r i a l  

Miniature Alclad P l a t e s  Containing High Investments 
of 2% Enriched Uranium 

Table 4.10 b r i e f l y  o u t l i n e s  t h e  present  status of  t h i s  program which 

W ~ S  i n i t i a t e d  las t  yea r .  20-22 The specimens w h i c h  have completed i r r a d i -  

a t i o n  t e s t i n g  i n  t h e  bery l l ium r e f l e c t o r  of  t h e  MTR have been r e tu rned  t o  

ORNL and v i s u a l l y  examined. 

any of  t h e  i r r a d i a t e d  specimens. 

dimensional s t a b i l i t y  and poss ib l e  mic ros t ruc tu ra l  changes. 

No gross  warpage o r  b l i s t e r i n g  w a s  noted on 

These specimens w i l l  be examined f o r  

"C. F. Le i t t en ,  Phase 111 Absorber Rod Sample I r r a d i a t i o n .  I r r a d i -  
a t i o n  Request ORNL-MTR-28, O I W L  CF-57-7-19 ( J u l y  5, 1957) .  

2*C. F. L e i t t e n  and W. C .  Thurber, Phase I - F o r e i p  Reactor F u e l  

21C. F .  L e i t t e n  and W .  C .  Thurber, Phase I1 - Foreign Reactor Fue l  

Sample I r r a d i a t i o n  of a U-Si-Al Alloy. I r r a d i a t i o n  Request ORNL-MTR-35, 
ORNL CF-58-2-109 (Oct.  13, 1958) .  

Sample I r r a d i a t i o n  of UC2-Al Dispersions.  I r r a d i a t i o n  Request ORNL-mR-35, 
ORNL CF-58-10-20 (Oct.  17, 1958).  

^ ^  

A 

LiL C .  F .  L e i t t e n  and W .  J. Kucera, Phase I - .  - n 7 - 
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Table 4.10. I r r a d i a t i o n  S ta tus  of Miniature Alelad 
P la tes  Containing High Investments of 20% Ehriched Uranium 

Desired 
Core Desired I r r a d i a t i o n  Agproximate 

Capsule Composition Ekposure Exposure Burnup 
NO ( w t  %I x lo2' nvt x lo2' nvt ( a t .  % u 235) Comment 

ORNL- 35 -1 

ORNL- 35 -2 

ORNL- 3 5 - 3 
ORNL- 35 -4 
O m -  35 - 5 
0 m - 3 5 - 6  
Om-35-7 
Om-35-8 
O m -  35 -ll 
ORNL-3 5 -12 

Om-35-14 
O m - 3 5  -15 
0 ~ ~ ~ - 3 5 - 1 6  
ORNL-35 -17 
0 ~ ~ ~ ~ 3 5 - 1 8  
Om-35-19 
ORNZ- 3 5 -20 

ORNL- 35 -21 

ORNL- 35-22 
ORNL- 3 5 - 23 
ORNL- 35 -24 

48 U-3 Si -ba l  A 1  

48 U-3 S i + a l  A1 

48 U-3 S i + a l  A 1  

48 U-3 S i - b a l  Al 

48 U-3 S i + a l  A 1  

48 U-3 Si-bal A 1  

48 U-3 S i + a l  AJ. 

48 U-3 Si -ba l  A 1  

60 UC2-Al 

60 UC2-A1 

60 UC2-A1 

60 UC2-Al 

60 uc2-u 
63 ~ ~ 0 8 - U  

63 U3O84  
63 ~ ~ 0 8 - U  
63 U3O84 
63 u308-~1 

63 u O -U 3 8  
63 u308-~1 

63 u308-~1 

4.9 
4.9 

11.2 

11.2 

20- 1 

20.1 

35.3 
35.3 
u. 2 

11.2 

10.2 

2001 

20.1 

4.9 
4.9 

11.2 

11.2 

20.1 

20.1 

35.3 
35.3 

4.0 
4.31 

11.83 

11.5 
16.3 

11- 59 

13.7 
14.0 
12.2 

12.7 
9.8 

21.3 
14.6 

5.5 
5.0 

11.3 
11.6 
14.4 
9.5 

12.4 
10.4 

20 

20 

40 
40 
60 
60 
80 
80 
40 
40 
35 
60 
60 
20 

20 

40 
40 
60 
60 
80 
80 

Sample 

Sample 

Sample 

Sample 

Sample 

Sample 

Sample 

Sample 

Sample 

Sample 

Sample 

Sample 

Sample 

Sample 

Sample 

Sample 

Sample 

Sample 

Sample 

Sample 

Sample 

returned t o  ORNL 

returned t o  O m  

returned t o  ORNL 

returned t o  ORNL 

under i r r a d i a t i o n  

under i r r a d i a t i o n  

under i r r a d i a t i o n  

under i r r a d i a t i o n  

completed i r r a d i a t i o n  

completed i r r a d i a t i o n  

completed i r r a d i a t i o n  

completed i r r a d i a t i o n  

under i r r a d i a t i o n  

completed i r r a d i a t i o n  

completed i r r a d i a t i o n  

completed i r r a d i a t i o n  

completed i r r a d i a t i o n  

under i r r a d i a t i o n  

under i r r a d i a t i o n  

under i r r a d i a t i o n  

under i r r a d i a t i o n  



Miniature Specimens of SM-1 Core I1 Absorber P l a t e s  Containing 
Various Percentages of Eu203 i n  S t a i n l e s s  S t e e l  Clad 

with S t a i n l e s s  S t e e l  

A s e r i e s  o€ miniature-sample i r r a d i a t i o n  experiments have been i n i -  

t i a t e d  t o  ob ta in  radiation-damage information on E u ~ O ~  d i spe r s ions  i n  

type 304 s t a i n l e s s  Such d a t a  are of  i n t e r e s t ,  s ince  t h i s  ma- 

t e r i a l s  combination has  been se l ec t ed  as t h e  neutron absorber f o r  Core I1 

OP SM-1. 

Specimens conta in ing  20, 30, and 40 w t  $ of Eu203 were d ispersed  i n  

elemental  type 304 s t a i n l e s s  s t e e l  hermet ica l ly  sea led  wi th in  type 304L 

s t a i n l e s s  s t e e l  by h o t - r o l l  bonding. The miniature  p l a t e s  w i l l  be irra- 

d ia t ed  i n  t h e  bery l l ium r e € l e c t o r  region of t he  MTR t o  t o t a l  i n t eg ra t ed  

f luxes  corresponding t o  1 / 2 ,  1, 2, and 3 core l i v e s  i n  t h e  SM-1. 

Ful l -S ize ,  Plate-Type Elements Containing 20% Enriched 
U308-Al Dispersions 

The i r r a d i a t i o n  t e s t i n g  of t w o  2C$-enriched f u e l  elements,  cont,ain- 

ing  37 vol $ U308 dispers ions  i n  aluminum, r o l l  c l a d  wi th  type 1100 a lu -  

minum, has  been completed. The elements were i r r a d i a t e d  i n  t h e  a c t i v e  

l a t t i c e  of  bo th  t h e  MTRZ4 and the  ORR t o  approximately 30 and 50% burnup 

o f  t he  U235 atoms, r e spec t ive ly .  

A cursory  examination of  both of t hese  i r r a d i a t e d  f u e l  elements re-  

vealed no gross  d i s t o r t i o n  of t he  elements o r  f u e l - p l a t e  b l i s t e r i n g .  These 

elements w i l l  be inspec ted  €or  dimensional s t a b i l i t y  and upon f u r t h e r  sec- 

t i o n i n g  i n  a ho t  c e l l ,  t h e  ind iv idua l  f u e l  p l a t e s  will be examined f o r  

poss ib le  dimensional and n i ic ros t ruc tura l  changes. 

z3C.  F .  Le i t t en ,  The I r r a d i a t i o n  of Miniature,  Eu203 -Bearing Absorber 
P l a t e s .  I r r a d i a t i o n  Request ORNL-mR-39, ORNL CF-59-9-25 (Sept .  14, 1959) .  

24R.  J. Beaver, I r r a d i a t i o n  Fzperiment on Aluminum Fue l  Element Con- 
t a i n i n g  U,08 Dispersions,  ORNL CF-56-12-116 ( J u l y  15,  1957) .  
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BULK SHIELDING REACTOR (BSR) STAINLESS STEEL FUEL EUMEmS 

J.  H .  Erwin 

Thi r ty-n ine  s t a i n l e s s  s t e e l  p l a t e - type  f u e l  e lements  were f a b r i c a t e d  

These elements w i l l  be used i n  ex- €or t h e  Bulk Shie ld ing  Reactor (BSR). 

per iments  designed t o  o b t a i n  in€ormation on (1) high-energy gammas i n  

pool-type r e a c t o r s ,  ( 2 )  e f f i c i e n c y  of a s m a l l  s t a i n l e s s  s t e e l  core  f o r  

sh i e ld ing  s t u d i e s ,  and ( 3 )  economics of s t a i n l e s s  s t e e l  f u e l  elements f o r  

p o o 1 -type r e  ac t o r  ap p 1 i c a t  ion  . 
The f u e l  elements a r e  similar i n  des ign  t o  t h e  SM-1 f u e l  components 

and c o n s i s t  of 20 p l a t e s  con ta in ing  2'7 w t  % of  U02 d i spe r sed  i n  type  34'7 
s t a i n l e s s  s t e e l ,  t h e  blend be ing  c l a d  wi th  type  347 s t a i n l e s s  s t e e l .  Manu- 

f a c t u r i n g  procedures  vere gene ra l ly  based on s p e c i f i c a t i o n s  developed f o r  

f a b r i c a t i n g  f u e l  elements f o r  Core I1 of SM-1 ( r e f  2 5 ) .  

The s tandard  and t h e  conrol-rod f u e l  u n i t s  designed f o r  ope ra t ion  i n  

t h e  BSR a r e  i l l u s t r a t e d  i n  F i g .  4.18, w i th  p e r t i n e n t  des ign  information 

25J. E. Cunningham -- e t  al., S p e c i f i c a t i o n s  and F a b r i c a t i o n  Procedures,  
f o r  APPR-1 Core I1 S t a t i o n a r y  Fuel  Elements, ORNL-2649 ( Jan .  29, 1959) .  

UNCLASSIFIED 
Y 30x8 

Fig. 4.18. BSR Stainless Steel Fuel Elements. Left, control-rod insertion unit; right, 
standard unit. 
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l i s t e d  i n  Table 4.11. A s  shown, the  cont ro l - rod  u n i t  has  a channel sec- 

t i o n  a t tached  t o  the  s ide  p l a t e s  through which t h e  neutron-absorber p l a t e s  

are i n s e r t e d .  The neutron-absorber p l a t e  conta ins  a mixture,  5 w t  $ boron 

d ispersed  i n  i ron ,  which i s  prepared by powder metal lurgy and c l a d  by r o l l  

bonding wi th  s t a i n l e s s  s t e e l .  

One of t he  cont ro l - rod  f u e l  elements w a s  modified f o r  a p p l i c a t i o n  

during t e s t i n g  of t h i s  s t a i n l e s s  s t e e l  loading i n  t h e  SPERT (Spec ia l  Power 

Excursion Reactor T e s t s )  f a c i l i t y .  A s  shown i n  F ig .  4.19, channel s ec t ions  

are a t tached  t o  t h e  s ide  p l a t e s  as descr ibed previous ly ,  with t h e  except ion 

t h a t  t h e  base of  t h e  channel i s  a composite f u e l  p l a t e .  Through these  

channel s ec t ions ,  a c o n t r o l  p l a t e  i s  i n s e r t e d  which c o n s i s t s  of a t h r e e -  

p l a t e  f u e l  element a t  one end and a neutron absorber a t  t h e  o the r  joined 

toge ther  as a u n i t .  The neutron-absorber p l a t e  i s  simply a tube of  r ec -  

tangular  c ros s  sec t ion  packed wi th  25 g o€ boron powder, h igh ly  enriched 

i n  glO. 
Reject ions incur red  a t  t h e  var ious s tages  during manufacturing of t h e  

f u e l  components are l i s t e d  i n  Table 4.12. 

UNCLASSIFIED 
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Fig. 4.19. BSR Test Element for SPERT Program. 
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Table 4.11. Per t inent  Data on S ta in less  S t e e l  Fuel and Neutron- 
Absorber Components f o r  the  Bulk Shielding Reactor 

Standard Fuel Element Cor?kxol-Rod Fuel Element Neutron-Absorber Plate  

Over-all s i z e ,  in .  2.990 x 2,990 x 17-3/8 2.990 x 2.427 x 15-3/4 2.80 x 0.085 x 18 

20 20 Number of f u e l  p l a t e s  

Material  cladding Wrought 347 s t a i n l e s s  Wrought 347 s t a in l e s s  Wrought 3 4 7 s t a i  nle  s s 
s t e e l  s t e e l  s t e e l  

Side p l a t e  

Matrix 

Wrought 347 s t a in l e s s  
s t e e l  s t e e l  

Wrought 347 s t a in l e s s  

Powder 347 s t a i n l e s s  Powder 347 s t a in l e s s  Elemental i ron  powder 
s t e e l  s t e e l  

UO powder Elemental boson powder 
2 UO powder 2 Fuel or poison 

Brazing a l l o y  Coast Metals N.P. Coast Metals N.P. 

Clad-core-e lad 8-14-8 
thickness,  mils 

Core width and length, 
in .  

2.56 x 1 5  

8-14-8 

2.00 x 15 

Uranium-235 or boron- 290 224 
10 loading, g 

~rani im-235 enrichment, $ 93.7 93 

Boron-10 enrichment, % 
Pla te  spacicg, mils 122 122 

30-25 -30 

2.5 x 14.87 

4.66 

90 

h) 0.26 0.26 Metal-water r a t i o  
W 



Table 4.12, Rejections Incurred During Manufacturing 
of P l a t e - m e  BSR S ta in less  S t e e l  Fuel Elements 

Fuel Cores 

Number of compacts prepared 

Number of compacts re jected 

Percentage re jec ted  

Composite P la tes  

Number of p l a t e s  fabr ica ted  

Number of p l a t e s  re jec ted  

Percentage re jec ted  

Fuel Elements 

Number of f u e l  elements brazed 

Number of f u e l  elements re jected 

Percentage re jec ted  

901 

20 

2.2 

881 

31 

3.5 

39 

2 

5.1 

mVANCED ENGINEERING AND DZVELOPMENT OF REACTOR MATERIALS 

T.  S. Lundy 

R.  E .  A d a m  J. I. Federer R. C .  Waugh 

Fuel I r r a d i a t i o n  Program 

The ORR f u e l  i r r a d i a t i o n  program w i l l  inves t iga te  the  e f f e c t s  of ex- 

posure temperature and f i s s i o n  burnup on thorium-base mater ia l s  i r r a d i a t e d  

i n  temperature-controlled capsules. 

a l loys  containing 0 t o  lO$ f u l l y  enriched uranium. 

unclad pins,  1/8 i n .  i n  diameter and 1-1/2 i n .  long. 

I n i t i a l  t e s t  mater ia ls  w i l l  be thorium 

The specimens w i l l  be 

The previously 
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planned systematic  s tudy on small p l a t e s  of s t a i n l e s s  s tee l -uran iwn d i -  

oxide26 has  been reduced i n  scope. Specimens of 25 vo l  $I U02 dispersed  

i n  s t a i n l e s s  s t e e l  w i l l  be i r r a d i a t e d  a t  1200’F t o  f i s s i o n  burnups of ap- 

proximately 10, 20, and 30$ o€ t h e  U235 .  These i r r a d i a t i o n s  w i l l  bz p s r -  

forliied a t  t he  MTR (Mate r i a l s  Tes t ing  Reactor)  i n  connection wi th  the ORNL 

Fas t  Bree de r A s  s i  s tance  Program. 

The capsule  t o  be used f o r  t h e  ORR i r r a d i a t i o n s  i s  shown i n  Fig. 4.20. 

It provides  double containment f o r  t h e  l i q u i d  m - t a l  and f o r  any f i s s i o n  

products  t h a t  n i g h t  be r e l e a s e d  I r o n  t h e  specimens. The i n n e r  conpartment 

conta ins  specimens, thermocouples, and h e a t e r s  imiiersed i n  sodium. Temper- 

a t u r e  c o n t r o l  i s  achieved by main ta in ing  a cons tan t  hea t -genera t ion  ra te  

i n  t h e  capsule .  The f inned  thermal  b a r r i e r  i n  t h e  helium annulus provides  

t h e  therlnal conduc t iv i ty  r e q u i r s d  t o  ob ta in  t h e  d e s i r e d  temperature wi th  

t h e  i n i t i a l  specimen f i s s i o n - h e a t i n g  ra te .  Heaters w i l l  r ep l ace  h e a t  lost 

due t o  consumption of’ U 2 3 5  and w i l l  compensate f o r  normal f l u x  v a r i a t i o n s .  

A moclwp of t h e  capsule  w a s  prepared i n  order  t o  develop f a b r i c a t i o n  and 

in spec t ion  procedures .  

Instruments  Tor t h e  capsule  experiments have b-en designed, f a b r i -  

ca ted ,  and p a r t i a l l y  i n s t a l l e d  i n  t h e  O m .  

vi11 be used i n  conjunct ion wi th  a mul t ipo in t  recorder  t o  monitor and r e -  

cord specimen temperatures .  One of the  specimen thermocouples w i l l  c o n t r o l  

e l e c t r i c a l  polrer t o  t h e  h e a t e r s .  

i n  conjunct ion vJith an  automatic  withdrawal mechanism f o r  removing t h e  ex- 

periment from the  r e a c t o r  i n  t h e  event  t h a t  e i t h e r  water o r  sodium l e a k s  

i n t o  t h e  he l ium- f i l l ed  annulus .  

Chromel-Alumel thermocouples 

A l i q u i d - d e t e c t o r  device w i l l  be used 

A th in-wal led  aluminum access  tube  has  been f a b r i c a t e d  and i n s t a l l e d  

i n  t h e  r e a c t o r .  The tube  ex tends  from t h e  r e a c t o r  pool  through tank  access  

r lange V-8 t o  l a t t i c e  p o s i t i o n  F-1. 

experiment i s  made through t h i s  tube ,  which also se rves  as a condui t  f o r  

therinocouple and h e a t e r  v i r e s  from t h e  experiment t o  a j unc t ion  box j u s t  

above t h e  r e a c t o r  poo l .  

I n s t a l l a t i o n  and withdrawal of t h e  

A t u b u l a r  capsule  c a r r i e r  about 2-1/2 i n .  i n  diameter  and 23 i n .  long 

i n t ? r n a l l y ,  wi th  a minimum s h i e l d i n g  of about 10  i n .  of l ead ,  has  been 

2 6 R .  C .  Waugh -- e t  a l . ,  Met. Ann. Prog. Rep. Oct .  10, 1958, ORNL-2632, 
p 152 ( c l a s s i f i e d ) .  
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FLEXIBLE 
METAL HOSE '- 

OUTER CAPSUL 
SUB ASSEMBL 

-UPPER LIQUID L E V E L  
PROBE ( TC NO 6 )  

INNER CAPSULE 
SUB ASSEMBLY 

HOT SODIUM LEVEL 

FUEL PIN THERMO- 
COUPLES ONE IN CENTER 
OF EACH SPECIMEN GROUP 

LIQUID LEVEL PROBES 
LOCATED 180' APART-, 

SECTION A A 

DOUBLE WOUND 
NTHAL HEATERS 

FINNED THERMAL BARRIER 

LOWER LIQUID 
LEVEL PROBE 

:L SPECIMEN 
PIN (TYP) 

Fig. 4.20. Control led-Temperature Fuel-Irradiation Capsule I I Assembly. 
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designed and f a b r i c a t e d .  

a t  t h e  c a r r i e r  sur face  t o  below t h e  200 mr/hr t o l e rance  r equ i r ed  f o r  ship-  

ment of any experiment.  The c a r r i e r  was designed t o  be loaded under water  

and t o  f a c i l i t a t e  t h e  t r a n s f e r  of m a t e r i a l  between th?  c a r r i e r  and t h e  

hot  c e l l s .  

The s h i e l d i n g  w i l l  reduce t h e  r a d i a t i o n  i n t e n s i t y  

The equipment f o r  a gamma-heating experiment has been Pa'QriCated and 

w i l l  soon be i n s t a l l e d .  

conduct iv i ty  gas and brazed on t h e i r  c i rcumferences t o  t h e  water-cooled 

capsule  w a l l ,  have thermocoaples p laced  along t h e  r a d i a l  dimensions. The 

gamma-heating ra te  w i l l  be c a l c u l a t e d  from t h e  s t eady- s t a t e  radial- temper-  

a t u r e  d i s t r i b u t i o n  of the d i s k s  and t h e  thermal  conduct iv i ty  of t h e  s t a i n -  

l e s s  s t e e l .  

Thin s t a i n l e s s  s t e e l  d i s k s ,  separa ted  by a low- 

Thorium and thorium a l loyed  wi th  1, 3 ,  6, and lo;?, dep le t ed  uranium 

have been prepared as arc-melted c a s t i n g s  of about 1 / 2  i n .  d i aTe te r .  

c a s t i n g s  were swaged t o  t h e  nominal specimen diameter  o€ l/8 i n .  

s e c t i o n s  of t h e  swaged m a t e r i a l  were sea l ed  under vacuum i n  qua r t z  tub ing  

and then  h e a t  t reated f o r  times of e 5  h r  a t  temperatures  01 550-900"C. 

H a r b e s s  d a t a  and o p t i c a l  microscopy w i l l  be used t o  a s c e r t a i n  the  t r e a t -  

ments r equ i r ed  t o  produce d e s i r e d  p r e i r r a d i a t i o n  mic ros t ruc tu res  - l a r g e  

g r a i n  s i z e s  and uniform d i spe r s ion  of  secondary phases .  

The 

Slna l l  

I n t e r g r a n u l a r  Di€Pusion of Zirconium and Zi rca loy-2  by Magnesium 

J .  I. Federer  

Fuel elements c l a d  wi th  zirconium and Zi rca loy-2  a r e  d i f € i c u l t  t o  
chemically reprocess  because t h e  c ladding  m a t e r i a l s  a r e  r e s i s t a n t  to d i s -  

s o l u t i o n  i n  many a c i d s .  

r a p i d l y  along t h e  g r a i n  boundaries  o€ these rna t e r i a l s  a t  625"C, causing 

g r a i n  boundary- ernbri t t lement .  

i n . - t h i c k  zirconiuni o r  Zircaloy-2,  a nominal c ladding  th i ckness .  Subse- 

quent mechanical de€orrnation w a s  success fu l  i n  removing the e m b r i t t l e d  

zirconium c ladding  from a uranium rod .27  

It w a s  p rev ious ly  r epor t ed  t h a t  magnesium d i f f u s e s  

About 2.5 h r  a r e  r equ i r ed  t o  p e n e t r a t e  0.03- 

27J. I. Federer ,  Met. Ann. Prog. Rep. Oct.  10, 1958, ORNL-2632, 
p 152-53 ( c l a s s i f i e d )  . 
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Cheriiicel d i s s o l u t i o n  tests were cont inued t o  determine whether mag- 

iiesiurn pene t r a t io?  of zirconium and Zircaloy-2 would T a c i l i t a t e  chemical 

reprocess ing .  

by 3.35 i n . ,  irere exposed i o  t h e  fol lowing a c i d  s o l u t i o n s :  1 6  

5 &HN03-2 g H C 1 ,  6 g H C 1 ,  4 MH2S04,, and 13 gHN03-Q.04  M H F .  

s o l u t i o n s  except  t h e  13 M H N 0 3 4 . 0 L  HF i n t e r g r a n u l a r l y  a t t a c k e d  magne- 

sium-penetrated specimens, whereas c o n t r o l  specimens o€ pure zirconium 

and Zircaloy-2 were a t t a c k e d  uni€oimly. The 13 E H N 0 3 4 . 0 4  

uniformly a t t a c k e d  t h e  pene t r a t ed  and t h e  c o n t r o l  specimens. 

i n t e r g r a n u l a r  cor ros ion  w a s  much g r e a t e r  i n  6 - M H C 1  t han  i n  any of  t h e  

o t h e r  so lu t ions ,  r e s u l t i n g  i n  complete d i s i n t e g r a t i o n  o€ pene t r a t ed  z i r -  

conium and Zi rca loy-2  specimens i n  about 50 and 120  hr, r e s p e c t i v e l y .  

About 95% of t h e  i n i t i a l  weight of the specimens w a s  recovered i n  t h e  form 

of s m a l l  g r anu la r  p a r t i c l e s .  

Coxpletely pene t r a t ed  specimens, approximately 0 .5  by c). 25 

H N O 3 ,  

All t h e  

HF s o l u t i o n  

The r a t e  of' 

Thus, magnesium-penetrated zirconium and Zi rca loy-2  can be d i s i n t e -  

g r a t e d  by i n t e r g r a n u l a r  cor ros ion  i n  6 

Both methods reduce t h e  m a t e r i a l s  t o  s m a l l  p a r t i c l e s  which may be more 

s u i t e d  f o r  permanent waste d i s p o s a l  t han  a r e  b d k y  co r ros ive  s o l u t i o n s  r e -  

s u l t i n g  from convent ional  chemical reprocess ing  ne thods .  

been concluded, and a t o p i c a l  r e p o r t  i s  be ing  p repa red . )  

HF and by mechanical defonnat ion.  

(Ti is  work has  

CERAMIC MATERIALS 

L. M .  Doney 
F. L. Carlsen,  Jr. C .  E .  C u r t i s  
S. D .  Fulkerson R.  L .  Harmer 
L. A.  Harris M.  I?. Haydon 
J .  M. Kerr R .  E .  Meadows 
R.  A.  P o t t e r  A. J .  Taylor  

The major a c t i v i t i e s  of t h e  Ceramic Sec t ion  dur ing  t h e  p a s t  y e a r  have 

been i n  t h e  r o l e  o f  d i r e c t  support  t o  t h e  GCR (Gas-Cooled Reac to r ) ,  MSR 

(Molten-Salt  Reac to r ) ,  and ANP ( A i r c r a f t  Nuclear Propuls ion)  p r o j e c t s .  

For t h e  most p a r t ,  t hese  a c t i v i t i e s  have been concerned wi th  t h e  advance- 

ment of t h e  technology of  UOz and €?e0 f o r  high-temperature  a p p l i c a t i o n s  

Y 
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i n  power reac tors .  

gating the compatibil i ty of various oxides i n  contact with selected metals 

a t  elevated temperatures and exploring the p o t e n t i a l  of Th02, Si-Sic, and 

A s m a l l  e f f o r t ,  however, w a s  d i rec ted  toward inves t i -  

bulk UC f u e l  bodies. Ceramic research consisted of x-ray s t ruc ture  anal-  

y s i s  and phase e q u i l i b r i a  s tud ies  on a var ie ty  of  compounds as well as a 

preliminary invest igat ion of the re f rac tory  propert ies  of Sc203 and the 

oxides of -the lanthanide elements. Accomplishments i n  each of these areas  

a re  summarized. 

URANIUM DIOXIDE TECHNOLOGY ST'JDIES 

Fabrication of CCR Fuel Bushings 

A.  J.  Taylor 

The primary t a s k  i n  the f u e l  program f o r  the GCR i s  the invest igat ion 

of the  various f a c t o r s  which influence the i r r a d i a t i o n  behavior of the 

bulk U02 bodies. Numerous specimens were fabricated from a var ie ty  of 

powders and enrichments i n t o  several  shapes and d e n s i t i e s  f o r  in -p i le  

t e s t i n g .  

t o  accurately allow f o r  shrinkage during s i n t e r i n g  so t h a t  the expensive 

operation or grinding t o  s ize  could be eliminated. It was generally not 

possible t o  Pabricate d i r e c t l y  t o  the required dimensions because of powder 

v a r i a b i l i t y  and because only one die  s e t  w a s  avai lable  f o r  each of the 

various shapes required.  Experience i n  the handling 01 powders having 

various s in te r ing  c h a r a c t e r i s t i c s  indicated t h a t  i f  the d ie  were properly 

designed t o  match the c h a r a c t e r i s t i c s  of the powder, there  would be no 

great  d i f f i c u l t y  i n  s in te r ing  pieces t o  within specif ied tolerances pro- 

vided t h a t  the  tolerances were not too  t i g h t .  

t h a t  the  GCR reference f u e l  p e l l e t s ,  f o r  example, can be consis tent ly  

s intered t o  within +O. 3% of the diameter, while the miniature prototype 

f u e l  p e l l e t s  can be maintained consis tent ly  within LO.  5% of the d i m e t e r .  

An attempt w a s  made i n  the preparation of a l l  t e s t  specimens 

It has been demonstrated 

In  some instances,  chemical analyses have indicated t h a t  the s i n t e r i n g  

methods employed i n  fabr ica t ing  the U02 p e l l e t s  have introduced impuri t ies  

t o  the extent  t h a t  the p e l l e t s  do not  meet p u r i t y  specil ' ications. 

quently, a study w a s  i n i t i a t e d  t o  determine the conditions under which 

the high impurity content of carbon and nitrogen i s  introduced i n t o  the 

Conse- 
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product. 

d i t i o n s  t o  eliminate the impurity problem and t o  e s t a b l i s h  the nature of 

the equipment required. Samples of UOz, s in te red  i n  various atmospheres 

i n  a graphite-susceptor induction-heated furnace, have been prepared and 

subrnitted f o r  chemical analyses. 

same type of induction-heated furnace i s  r e l a t e d  not only t o  the immediate 

need of a short-cycle furnace f o r  the fabr ica t ion  of the GCR t e s t  p e l l e t s ,  

but i s  r e l a t e d  8s well  t o  the o r i g i n a l  concept t h a t  a v e r s a t i l e ,  e a s i l y  

and economically b u i l t  and maintained furnace i s  required for the  con- 

tinuous s i n t e r i n g  of U02 and other re f rac tory  compounds. 

The objective of the study i s  t o  determine the  necessary con- 

The hope of being able t o  s i n t e r  i n  the 

The process f o r  producing the type of U02 powder required f o r  optimum 

fabr ica t ion  behavior2' has been ref ined t o  the point  where reproducibi l i ty  

i s  generally qui te  good i f  the  mount of mater ia l  i s  la rge  enough t o  allow 

the processing conditions t o  s t a b i l i z e .  The comparatively s m a l l  quantity 

of enriched U02 powder being made avai lable  f o r  €abricat ion i n t o  GCR t e s t  

specimens has been the main reason f o r  the v a r i a b i l i t y  of the f inished 

product. While t h i s  process i s  ord inar i ly  re fer red  t o  as a continuous 

process, i n  r e a l i t y  it i s  not,  because each l o t  of mater ia l  must be car r ied  

completely through each s tep  of the process before moving t o  the  next s tep.  

However, the nature of the process and equipment i s  such t h a t  they may be 

coupled i n  s e r i e s  t o  minimize the  handling problem. Refinements i n  the  

process a re  evolving ra ther  slowly because i t  has been necessary t o  keep 

both the equipment and personnel doing work more akin t o  production than 

t o  development. 

b i l i z e  the parent process f o r  handling the f luor ide  feed solut ion,  but 

a l s o  t o  e s t a b l i s h  the  conditions f o r  a recycle process i n  which n i t r a t e  

solut ions will probably be used. Feed f ron  the recycle should mesh with 

the parent process immediately a f t e r  f i l t r a t i o n  of the ADU (ammonium d i -  

uranate) p r e c i p i t a t e .  

Development work i s  lacking, not only t o  completely sta- 

An i n t e r e s t  has been expressed i n  the p o s s i b i l i t y  of fabr ica t ing  U02 

shapes having a densi ty  of 97% of t h e o r e t i c a l  o r  b e t t e r  i n  la rge  quant i ty .  

High-density U02 i s  of i n t e r e s t  from the  standpoints of g r e a t e r  uranium 

f 

28Met. Ann. Prog. Rep. Oct. 10, 1958, ORNL-2632 ( c l a s s i f i e d ) .  
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density,  improved €ission-gas retent ion,  and increased thermal conduc- 

t i v i t y .  

can be achieved, but they would increase f u e l  fabr ica t ion  cos ts  consider- 

ably i f  extended t o  a production bas is .  

U 0 2  can a l s o  be achieved by u t i l i z i n g  a process which i s  very close t o  
current prac t ice ,  provided t h a t  the necessary control  over the powder- 

producinz process can be maintained. This approach w i l l  require f u r t h e r  

invest igat ion.  

Laboratory techniques a r e  avai lable  by which these high d e n s i t i e s  

It i s  believed t h a t  higher density 

High-Temperature Compression Testing of U02 

F. L. Carlsen, Jr. 

Uranium dioxide bushings were compressed a t  5000 p s i  a t  15OO0C f o r  

1 hr,  resu l t ing  i n  a permanent deformation of approximately 1% ( r e f  29 ) .  

L i te ra ture  Survey on Thermal- Conductivity 

M. P. Haydon 

A l i t e r a t u r e  survey has reached proportions of about 800 references 

These represent on thermal conductivity and r e l a t e d  thermal proper t ies .  

reports  from more than 75 sources. 

been the prime object  of search, but repor t s  covering even remotely con- 

t r i b u t o r y  f a c t o r s  t o  t h e  measurement of t h i s  property of U02, as well as 

f o r  other  promising f u e l  element mater ia ls ,  have been col lected.  Cross 

references,  an author f i l e ,  and analyses of the assembled data  and ab- 

s t r a c t s  a re  planned i n  order t o  e s t a b l i s h  a usefb l  information center  f o r  

design engineers. 

The thermal conductivity of U02 has 

Fizure 4.21 i s  a coxpi la t ion of some of the  reported therrnal conduc- 

t i v i t i e s  f o r  UO,, extrapolated Linearly t o  t h e o r e t i c a l  d e n s i t i e s .  V a r i -  

ables  a f fec t ing  these measurements which a r e  being studied a t  the various 

labora tor ies  a re  the methods of fabr ica t ion  of the  U02, the  stoichiometry, 

i r r a d i a t i o n  e f f e c t s ,  and addi t ives .  

29GCR Quar. Prog. Rep. Sept. 30, 1959, ORNL-2835 ( i n  p r e s s ) .  
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Fig. 4.21. Compilation of Reported Thermal Conductivities of UO,, Extrapolated Linearly to Theo- 
retical Density. The references are: (a) J. Am. Ceram. SOC. 37(2), 107-110 (1954). ( b )  AECU-3381; 
G022D3, Armour Research Foundation Report (Sept. 1956). (cFAERE M/R 2526 (1958). (d) CEA-79 
(June 1951). ( e )  TID-7546, Book 2, p 516-525 (Mar. 1958). (1) BMI-1315, p 7-9 (Feb. 1959). (g) SCNC- 
296, p 28. ( h )  WAPD-200 (Sept. 1958). (i) CRFD-817, AEC of Canada, Ltd. (to be published). 

V 
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E quiprnent f o r  Thermal -Condue t i v i  t y  Measurement 

S. D .  Fulkerson 

An apparatus f o r  measuring thermal-conductivity coe r f i c i en t s  as a 

€unction o€ temperature i s  now m d e r  construction. 

on the radial-heat-L'low method at s teady-s ta te  conditions,  o r i g i n a l l y  de- 

veloped by R .  ll. Powell. 3 0  

marily f o r  ineasuring UO2 coeL'ficients up t o  135OoC, it should adapt i t s e l f  

qu i te  wel l  t o  a va r i e ty  of o ther  ma te r i a l s .  

This apparatus i s  based 

Although t h i s  new apparatus i s  designed p r i -  

Fabrication of MSR Fuel P l a t e l e t s  

C .  E .  Cur t i s  

Rectangular p l a t e l e t s  of UOz, approximately 2 i n .  long and 0 .2  i n .  

square, were successfu l ly  prepared f o r  appl ica t ion  i n  compartmented f u e l  

p l a t e s  which a re  of i n t e r e s t  t o  t he  Maritime Ship Reactor P ro jec t .  

was shown t h a t  it i s  poss ib le  t o  produce such p l a t e l e t s  by usual methods 

of dry pressing and f i r i n g  i n  an atnosphere of hydrogen-plus-nitrogen a t  

1750°C. 

and f i r i n g  w i l l  be necessary t o  hold t h e  f in i shed  p ieces  t o  the  to le rances  

speci€ied (iO.001 i n .  t o  0.003 i n . ) .  

vi11 be necessary. 

It 

However, very ca re fu l  con t ro l  of t he  r a w  ma te r i a l s  o€ forming 

Otherwise, a f i n a l  grinding operation 

Extrusion of Uranium Dioxide 

E .  A. F i sher3 l  

This work was performed according t o  Subcontract No. 1217 (between 

the Union Carbide Nuclear Company and The E l e c t r i c  Auto-Lite Company) under 

Prime Contract N o .  lJ-7405-eng-26. 

Extrusion forming of ceramic products has been i n  cormnon use for inany 

years i n  the  making of br ick ,  sewer pipe,  a r c h i t e c t u r a l  t i l e ,  and porce la in  

spec ia l ty  items. 

por tan t  €actor i n  promoting ex t rus ion  and f o r  subsequent handling of t h e  

r e s u l t a n t  product. 

The ma te r i a l s  contained from 30 t o  100% c lay  - an i m -  

30R.  W. Powell, Proc. Phys. SOC. (London) 

31Electric Auto-Lite Company employee. 

- 51, 407 (1939). - 
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More r ecen t ly ,  an extrusion-forming method has  been used €or  ihe pro-  

duct ion oi" spark plus i n s u l a t o r s  frorn bodies  contail l ing 0 to 10; oi" c lay .  

The problems encountered i n  extruding these oxide ceramics because oi" poor 

p l a s t i c i t y  have been graduel ly  overcome. 

t u rn ing  o a t  rnany mi les  of highly pure and uniformly dense t u b u l a r  rod s tock 

with e x c e l l e n t  phys i ca l  and e l e c t r i c a l  p r o p e r t i e s .  

of t h e  Tinished product i s  extremely good. 

High-speed equipment i s  d a i l y  

Dimensional c o n t r o l  

D r y  p re s s ing  i s  t h e  s tandard method today Tor the  €ab r i ca t ion  of ce- 

ramic fuel  bodies .  

diameter r a t i o  of 1 o r  l ess  because of f r i c t i o n a l  drag wi th in  the  m a t e r i a l  

as wel l  as between t h e  ceramic body and t h e  d i e  -cmlls. 

The p e l l e t s  a r e  usua l ly  r e s t r i c t e d  t o  a length- to-  

The p r i n c i p a l  aim of t h i s  work vas t o  adapt previous experience i n  

t h e  ex t rus ion  of oxide ceramics t o  the  developnlent 01 t h e  ex t rus ion  i o m i n s  

01 UO2. This was a scanning p r o j e c t  t o  deterlnine what add i t ions  were nec- 

z s s a r y  t o  produce q u a l i t y  ex t rus ions  having high s i n t e r e d  dens i ty .  It 

w a s  shown t h a t  U02 can be extruded and s i n t e r e d  t o  h igh  d e n s i t i e s  wi th  no 

inor? d i f f i c u l t y  than  any o t h e r  oxide.  

good ifnen 1$ CMC (carboqnnethylcellulose) o r  Methocel were used, but  were 

improved by us ing  a mixture of O S $  bentoni te  and 0.5% Methocel. 

r e s u l t s  were obtained when the  U02 was s i n t e r e d  i n  an  i n e r t  atmosphere, 

argon being p re fe rab le .  

Extrdsiolz p r o p e r t i e s  oi U02 were 

Best 

If properly carried out, extrusion oyfers  t he  €olloviii,- advantages 

when conpared with conventional methods of dry-prsssing and s i n t e r i n g  o r  

UO;! powder: 

1. Fdel rods o r  p e l l e t s  01 much g r e a t e r  l eng th  can be produced. U1- 

t ima te ly ,  a rue1  rod could poss ib ly  be made i n  0113 piece.  

2. Rods of very small diameter,  no t  p r a c t i c a l  t o  ronn by press ing ,  

can e a s i l y  be extruded.  

3. A h igh  degree OP uniformity i s  u sua l ly  achievzd. No dens i ty  d i i -  

r e r e n t i a l  e x i s t s  between the  ends and t h e  cen te r  of t h e  rods .  

4.  Extrusion i s  r e a d i l y  adaptable  t o  producing cored rods and t h e  

more complicated shapes. 

5 .  The use 01 long rods should improve h e a t - t r a n s f e r  c h a r a c t e r i s t i c s  

because of t h e  e l imina t ion  of t h e  m d t i p l i c i t y  ol" j o i n t s  between pe l l e t ; .  

t 
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Compatibility of Graphite and U02 

F. L. Carlsen, Jr. 

I 

& 

The compatibil i ty of U02 and graphite was studied, as previously re- 

ported.32 

a tures  above and including 13OO0C, under c e r t a i n  conditions. 

mate amount of react ion w a s  determined by comparative-weight-loss and x-ray 

a n a l y t i c a l  methods. The react ion r a t e  i s  a function of the U02 p a r t i c l e  

s ize ,  temperature, and gaseous environment. 

The reduction of  U02 by graphite has been observed a t  teniper- 

The approxi- 

Preparation of Hydrothermal Oxide P a r t i c l e s  

T .  S. Shevlin A. J.  Taylor R .  E .  Meadows 

A study i s  i n  progress covering the hydrothemal preparation of 

U03.H20 fron U04.4H20 i n  order t o  l e a r n  how t o  control  the c r y s t a l  s ize  

of the product. Controll ing the gra in  s ize  i n  U02 resu l t ing  from heating 

U03.H20 i n  H2 i s  of consequence because dense grains  of a r a t h e r  la rge  

s ize  a re  required i n  the preparation of dispersion-type f u e l  elements. 

Direct observations i n  a capi l la ry ,  plus  PTC data  from a 6 - l i t e r  

autoclave, a re  being used t o  follow the hydrothermal react ions which occur. 

To date the f indings support the view t h a t  two types of competing react ions 

take place.  

r a t h e r  that  there  a r e  a t  l e a s t  two recognizable types.  

This i s  not t o  say t h a t  there  a r e  but two reactions,  but 

One of these react ions i s  a complete dissolut ion of the UO4'4H,O; 

t h i s  occurs on rapid heating. 

i e s ,  and i s  also indicated by a change i n  autoclave pressure which shows 

the evolution of one mole of O2 per  mole of U i n  Uo4'4H20. 

of t h i s  O2 must mean t h a t  the U e x i s t s  as U02++ ions i n  solut ion.  

It has been d i r e c t l y  observed i n  c a p i l l a r -  

The evolution 

The other of these two react ions occurs on - slow heating of  the  auto- 

clave.  Pressure-volume re la t ionships  i n  the autoclave indicate  an oxygen 

release corresponding t o  1 / 2  mole 02 per mole of U i n  UO4-&20. This in-  

d ica tes  a decomposition of the U04-4H20 t o  U03.XH20 and, i n  f a c t ,  t h i s  

compound has been observed i n  the autoclave and ident i€ ied  as U03.1-1/2H20. 

This UG3 -1-1/2H20 i s  an intermediate between the U04.4H20 star-Ling mater ia l  

32GCR Quar. Prog. Rep. Sept. 30, 1959, ORNL-2835 ( i n  p r e s s ) .  
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and the U03*H20 f i n a l  product. The intermediate compound from the react ion 

described must then be dissolved and f i n a l l y  prec ip i ta ted  from solut ion 

as UO3*H20, which i s  wanted. This second react ion would have no f u r t h e r  

bearing on oxygen pressure i n  the autoclave except as it i s  a f fec ted  by 

the r a t e  of solut ion of U03.1-1/2H20 or the  r a t e  of p r e c i p i t a t i o n  of 

UO3 ‘H20. 

This recent knowledge of  the e f f e c t  of heating r a t e  on the type of 

react ion opens the p o s s i b i l i t y  of predict ing and control l ing the  c r y s t a l -  

growth process and ul t imately making an e f f i c i e n t  process of it. 

BERYLLIUM OXIDE TECHNOLOGY STUDIES 

ANP Reactor Work 

R.  L. Hamner R. A. P o t t e r  

Development work being performed i n  support of the ANP Reactor Project  

has been reported elsewhere. ” 

Lithium-Release Experiments 

R .  A. Po t te r  

Tests  a r e  being conducted t o  determine whether l i th ium from the  

Beg(n,a)Li6 react ion w i l l  be released from B O  moderators a t  1600°F i n  a 

C02 atmosphere. 

(carry-over from the  ore) has been obtained and su i tab le  p e l l e t s  prepared. 

After being s in te red  a t  145OoC, the l i thium content w a s  found, by spectros- 

copy, t o  be about 0.005 w t  $. 
Blocks of the oxide, approximately 4 x 4 x 1 i n . ,  are being f a b r i -  

Beryllia powder containing approximately 0.05 w t  % L i  

cated.  The r e a c t i v i t y  worth of these pieces w i l l  be determined i n  a c r i t -  

i c a l  assembly. They w i l l  then be subjected t o  a 30-day heat treatment a t  
1600°F i n  C02, a f t e r  which time they w i l l  be returned t o  the assembly and 

the r e a c t i v i t y  again determined. 

33ANp Semiann. Prog. Rep. Mar. 31, 1959, ORNL-2711, p 4G44 (clas- 
s i f i e d ) ;  Oct. 31, 1959, ORNL-2840 ( i n  press ,  c l a s s i f i e d ) .  
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Preparation of High-Density Beryllium Oxide Shot 

J 

M. P. Haydon 

Experimental work i n  the GCR group indica tes  there  mny be a necd to 

f i l l  the cent ra l  void i n  the f u e l  slug v i t h  a high-porosity mater ia l .  

densi ty  Be0 rods a re  being t e s t e d  f o r  t h i s  pdrpose. 

temperatures i n  the  f u e l  slug present the p o s s i b i l i t y  of the Be0 rods 

undergoing addi t ional  s in te r ing  and shrinkage, thus leaving a gap i n  which 

powdery fragments Prom spa l l ing  U02 could accumulate. High-density Be0 

spher?.s which w i l l  not undergo f u r t h e r  shrinkage have been suggested as 

a f i l l e r .  

deterinine whether the Be0 shot w i l l  work i t s  way i n  between the slugs 

during thennal cycling and thus expand the c o l m  and whether U02 powder 

and chips w i l l  migrate downward through the shot.  Five s ize  Tractions oT 

Be0 shot and a glass mockup of the EGCR Fuel element have been prepared 

f o r  t h i s  experiment. 

Low- 

However, high core 

An experiment i s  being designed i n  the Ceramics Laboratory t o  

CERAMICS RFSEARCH 

X-Ray Diffract ion Studies 

L. A. Harris 

Although the  f f rac t ion  equipment i s  heavily coLmitted t o  service- 

type support work, some time w a s  devoted t o  research during the past  year.  

The research has been primarily d i rec ted  toward s t r u c t u r a l  analysis  and 

phase e q u i l i b r i a  re la t ionship  studies;  r e s u l t s  a re  smmarized below. 

UO2-Y2O3 System. - Samples containing U02 and Y203 mixtures from zero 

up t o  and including 45 w t  $ Y203 were f i r e d  i n  an induction furnace a t  

1800°C, i n  a hydrogen atmosphere. 

samples by using a 114.6-mm-dia camera and Cu KCX (1.5418 A )  radiat ion.  

La t t ice  parameters were calculated f o r  the U02 phase i n  the above samples 

(Table 4.13).  

region of s o l i d  s o l u b i l i t y  of Y2O3 i n  U02 e x i s t s  up t o  about 28 w t  $ Y203, 
and f o r  higher percentages of Y203 there  w a s  a two-phase region consisting 

of a s o l i d  solut ion of Y2O3 i n  U02 and a s o l i d  solut ion of U 0 2  i n  Y203. 

Debye-Scherrer films were taken of a l l  
0 

From the  x-ray fi lms, it was observed t h a t  a single-phase 
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Table 4.13. L a t t i c e  Parameters f o r  t he  So l id  Solu t ion  of Y 2 O 3  i n  U 0 2  

Amount OP Y 2 O 3  
( W t  $) 

L a t t i c e  Parameters* 

(5 
0 

5 

10 

22 

35 

45 

5.4682 

5.443 

5.4188 

5.3718 

5.358 

5.359 

0 

';The l a t t i c e  parameter values  a re  accura te  t o  -C0.0005 A and were 
ca l cu la t ed  from Debye-Scherrer f i l m  d a t a  by the  ex t r apo la t ion  nethod 
OP Nelson and Ri ley .  

Chemical ana lyses  show t h a t  uranium i s  present  as U(1V) and U ( V 1 )  i ons ,  

wi th  t h e  percentage of U ( V 1 )  ion  increas ing  wi th  Y 2 O 3  add i t ions .  

Ca2Be305 Compound. - A  compound w a s  observed t o  form a t  69 mole $ Be0 
i n  t he  CaO-Be0 sys ten .  Opt ica l  examination OP t h e  above m a t e r i a l  which 

w a s  quenched from 1475OC showed it t o  be an i s o t r o p i c ,  single-phase ma-  

t e r i a l  wi th  an index of r e f r a c t i o n  n = 1.638 i 0.003 ( re f  34). The da ta  

obtained from a Cu Kax- ray  d i f f r ac tomete r  p a t t e r n  were indexed and t en -  

t a t i v e l y  found t o  b e s t  fit a €ace-centered-cubic u n i t  c e l l  whose l a t t i c e  

parameter i s  a0 = 13.9 A. 

g/crn3, a s  determined by the  s ink-and-f loat  technique.  

cu le s  of Ca2-305 were ca l cu la t ed  t o  f i t  t h i s  u n i t  c e l l .  

0 

The measured dens i ty  i s  approximately 2.70 

Twenty-four mole- 

LiYF4 Crystals. - Single  c r y s t a l s  of LiYF4 were obtained by mixing 

equal  mole percentages of LiF and YF3, f i r i n g  t o  650°C i n  vacuum, and al- 

lowing t h e  m a t e r i a l  t o  cool  slowly. 

(Cu K a )  

parameters a0 = 5.26 i 0.02 A and c o  = 10.94 i 0.02 A. The space group 

I 4  w a s  chosen on the  b a s i s  of systematic  e x t i n c t i o n s  observed i n  t h e  

s ing le -c rys t a l  photographs. The compound LiYF4 has a Schee l i t e  type of 

The da ta  from Weissenberg photographs 

were indexed and found t o  f i t  a t e t r a g o n a l  u n i t  c e l l  wi th  l a t t i c e  
0 0 

l / a  

Y 

~ 

340ra l  comnunication from T .  N. McVay t o  L. A .  Harris, J u l y  7, 1959. 
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s t r u c t u r e ,  with t h e  Li' and Y"' i ons  tak ing  the  p l aces  of t h e  W6+ and 

~ a + +  ions,  r e spec t ive ly .  

RbzThF6 Compound. - D a t a  obtained f r o x  Cu K a  powder x-ray f i lms  of 

Rb2ThF6 were indexed and found t o  b e s t  f i t  a hexagonal u n i t  c e l l  whose 

l a t t i c e  parameters a r e  a0 = 6.847 i 0.002 A and co = 3.829 2 0.002 A.  

c a l cu la t ed  dens i ty  i s  5.56 g/cm3, based on one molecule pe r  u n i t  c e l l  and 

the  space group Czh. 

0 0 

The 

Li7U6F31 Crys t a l s .  - Single  C r y s t a l s  of Li7U6F31 have been made a v a i l -  

ab le  t o  t h e  wr i te r  and H .  Yakel, Jr., by the  Reactor Chemistry Divis ion 

f o r  s t r u c t u r e  ana lys i s .  The da ta  obtained from Cu KCX Debye-Scherrer f i lms  

f o r  Li7U6F31 were indexed and found t o  b e s t  f i t  a t e t r a g o n a l  u n i t  c e l l  

whose l a t t i c e  parameters a r e  a0 = 14.91  k 0.03 A and c o  = 6.50 -I- 0.03 A. 

The space group I4 w a s  chosen on t h e  b a s i s  of systematic  absences ob- 

served i n  s i n g l e - c r y s t a l  photographs. Future work i s  being planned to 

determine the  s t r u c t u r e  of  t h i s  phase i n  d e t a i l .  

0 

1/" 

High-Temperature X-Ray Work. - An at tempt  w a s  made t o  fol low t h e  

UO;! + U3O7 + U308 + UO2 t ransfor inat ion by high-temperature x-ray d i f -  

f r a c t i o n  methods. 

t a i n i n g  of any p o s i t i v e  r e s u l t s ;  however, t h e  U02 + U3O7 t r a n s i t i o n  was 

observed, but  t h e  temperature a t  which t h i s  took p lace  could not  be re- 

corded. 

A breakdown of t h e  equipment has  precluded t h e  obtain-  

Crystal Physics  Program. - A double-crys ta l  x-ray spectrometer a t -  

tachment has  been secured f o r  work i n  cooperat ion with the  Crys t a l  Physics 

Group. T h i s  instrument has been se t  up i n  working order on a Norelco high- 

angle x-ray diffractorneter .  S ing le -c rys t a l  specimens of s i l i c o n  have been 

chosen f o r  i n i t i a l  examination i n  order  t o  f a m i l i a r i z e  t h e  use r s  with the  

methods of ob ta in ing  "rocking curve" data. 

determine t h e  pe r fec t ion  of s ing le  c r y s t a l s  grown by the  Crystal Physics 

Group. 

This  method w i l l  be used t o  

Refractory-Property S tudies  

C .  E .  C u r t i s  

Lanthanide Oxides. - The oxides of 13 of t h e  14  ra re -ea r th  elements 

were successfu l ly  made i n t o  ceramic bodies  ( P m 2 O 3  w a s  omi t ted) .  
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. 

Most r e f r a c t o r y  of t he  s e r i e s ,  as shown by t h e i r  s i n t e r e d  d e n s i t i e s ,  

were Ce02, t h e  f i rs t  i n  t h e  series,  and Gd2O3, Tb203, Dy203, H 0 2 O 3 ,  and 

Er203, near  t h e  center ;  t hese  were no t  conipletely s i n t e r e d  a t  1603°C. 

the  o the r  hand, t h e o r e t i c a l  dens i ty  ‘iias approached a t  1600°C by Pr203, 

Nd2O3, Sm2O3, Eu203 (nea r  t h e  f i r s t  or t h e  s e r i e s ) ,  and by t h e  l a s t  t h r e r  

oxides,  TbhO,, Yb2O3, and Lu2O3. 

On 

Complete s t a b i l i t y  toward a i r  and b o i l i n 2  water  vas shown by s i n t e r e d  

Ce02 and by the  l a s t  e i g h t  oxides of t h e  series,  inc luding  Gd2O3. I n s t a -  

b i l i t y  i n  a i r  and i n  b o i l i n g  water was exh ib i t ed  by Nd2O3 and Pr2O3, while 

Sm2O3 and Eu203 were unstable  i n  b o i l i n g  water .  

An e € f e c t  due t o  f i r i n g  i n  a hydrogen atmosphere was de t ec t ed  i n  the  

case ol” Lu2O3 only; it d i d  not  s i n t e r  w e l l  a t  1690°C i n  hydrogen b i t  w a s  

we l l  s i n t e r e d  a t  t h i s  temperature i n  an oxygen atnosphere.  

A r epor t  embodying these  da t a  i s  ready for pub l i ca t ion  i n  the  Jou rna l  

of t h e  American Ceramic Society.  

Scandium Oxide. - Prel iminary tes t s  have been made wi th  99.9% pure 

Sc2O3 i n  t h e  form of dry-pressed cy l inders ,  1/4 i n .  i n  diameter and l/4 i n .  

high; t hese  were f i r e d  i n  oxygen. The r e s u l t s  i nd ica t e  t h a t  temperatures  

of 1650 t o  1700°C are necessary f o r  complete s i n t e r i n g  t o  O$ p o r o s i t y .  

Scandium oxide i s  the re fo re  i n  a c l a s s  wi th  A1203 as a r e f r a c t o r y .  

The s i n t e r t n g  process  i n  Sc203 i n  2 hydrogen atmosphere i s  apparent ly  

more d i f f i c u l t  than i n  oxygen at 1650--1700”c, s ince  the cy l inde r s  f i r e d  

i n  hydrogen s t i l l  contained 3 vol  $ pores  at 1703°C. 

Th02-U02-A1203 Systems 

C .  E .  C u r t i s  

A study has  been i n i t i a t e d  t o  determine t h e  var ious  phases encountered 

i n  Th02-U02-fU203 systems. The f i r s t  s t u d i e s  w i l l  be coni ined t o  t h e  Tho2 

corner  of t he  t r i a x i a l  diagram ( t o  approximately 8$ U02 and 15% A1203). 

The r e s u l t s  of hea t ing  var ious combinations a t  temperatures up t o  t h e  m e l t -  

i ng  po in t  w i l l  be determined by x-ray, petrographic  microscopy, and o t h e r  

techniques.  It i s  proposed to determine melt ing p o i n t s  by both t h e  e l e c -  

tron-beam welder and the  arc-image furnace.  The above study i s  of i n t e r e s t  

t o  t h e  thermal-breeder program. 

t 
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STUDIES ON OTKER CERAMIC BODIES 

Si-Sic  Fuel P l a t e s  

J .  M.  Kerr 

r, 

* 

Eight  Si-Sic  f u e l  p l a t e s ,  fou r  each of a 0.44-g loading and a 0.83-g 

loading OP f u l l y  enr iched U02, were sen t  t o  t h e  So l id  S t a t e  Divis ion f o r  

i r r a d i a t i o n  i n  the  ORR. These were never i r r a d i a t e d  because d i r f i c u l t i e s  

were encountered i n  g e t t i n g  a thermocouple t h a t  would not  r e a c t  with s i l -  

icon. 

t hese  f u e l  p l a t e s  w i l l  be ava i l ab le  f o r  i r r a d i a t i o n .  Eight  Cr-Al203 Fuel 

p l a t e s ,  four  each of t h e  above-mentioned f u e l  loadings,  were also sent  

€or  i r r a d i a t i o n .  These were put  i n t o  t h e  O M ,  b u t  due t o  extreme gas 

leakage, were i r r a d i a t e d  f o r  only 1 h r .  The f i n a l  a n a l y s i s  has  not  bnen 

completed on these  bars ;  so t h e  exac t  cause of t h e  leakage cannot be def- 

i n i t e l y  e s t ab l i shed .  It i s  thought t h a t  t h e r e  were microcracks which al- 

lowed f i s s i o n  gas  as wel l  as p a r t i c u l a t e  mat te r  t o  escape. 

When a means of measuring t h e  temperature has  been e s t ab l i shed ,  

Twelve c y l i n d r i c a l  samples having a t h i n  inne r  core of f u l l y  enr iched 

U02 surrounded with Cr-Al.203 have been prepared and a r e  scheduled f o r  ir- 

r a d i a t i o n  t e s t i n g  e a r l y  i n  1960. These are not  t o  be prototype f u e l  e l e -  

ments b u t  a r e  t o  be used s o l e l y  t o  t e s t  t h e  Cr-Al203 f o r  i t s  r e t e n t i o n  oL' 

f i s s i o n  gas  and i t s  behavior under i r r a d i a t i ~ n . ~ ~  These cy l inde r s  a r e  t o  

conta in  0.5 g of fue l  as U02 and a r e  t o  be 0.750 i n .  long and 0.500 i n .  i n  

diameter.  The U02 w i l l  be added as -50 +70 mesh g r a i n s  f i r e d  t o  1750°C t o  

achieve a high dens i ty .  N o  Curther work i s  planned on t h e  Cr-AI-20, o r  Si- 

Sic  cermets a f t e r  t h e  above assignment i s  conpleted.  

Sone work w a s  done on A1203-clad f u e l  p l a t e s ,  but  d i f f u s i o n  of U02 

through the  c l ad  w a s  qu i t e  s e r ious  a t  the  f i r i n g  temperatures necessary 

€or  a t t a i n i n g  high-densi ty  A l 2 O 3 .  A t  about t h i s  same t i m e ,  it w a s  l earned  

t h a t  A1203 i s  damaged badly when i r r a d i a t e d  i n  contac t  with f u e l  and, as 

a r e s u l t ,  t h i s  work w a s  stopped. 

~~~ 

35Pr iva te  comnmications t o  J. M. Kerr from P. E .  Reagan, June 17, 
1959. 
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Uranium Monocarbide 

J. M. Kerr 

Studies a re  being i n i t i a t e d  t o  inves t iga te  the  p o t e n t i a l  of bulk UC 

Tor fuel ing c i v i l i a n  power reactors .36 

Yor s tudies  on three types of fue l :  

carbide-forming metal binder, ( 2 )  a cemented carbide using a carbide- 

forining metal binder, and (3) a s in te red  double carbide. A high-temper- 

a ture  vacuum furnace heated by induction i s  under construction f o r  t h i s  

program . 

The proposed program w i l l  c a l l  

(1) a cemented carbide using a non- 

Spherical  Thorium Oxide P a r t i c l e s  

C .  E .  Curt is  

I n  view of the possible use of  Tho2 o r  Tho2 + U02 i n  a " l ive bed" 

(suspended bed) breeder blanket, methods of forrning strong, solid spheres 

of these mater ia ls  seemed t o  merit invest igat ion.  

method it w a s  possible t o  form such spheres of pure Th02, of Tho2 + U02, 

of Tho2 + PiL20, and of Tho2 + Sic.  The U203 and Sic  were added t o  enhance 

the abrasion-resistance of the Tho2. The smallest possible s ize  of spheres 
producible by the r o l l i n g  method t h a t  was employed i s  approximately 100 

mesh (149 p )  with an upper l i m i t  f o r  the diameter of perhaps 1/4 i n .  

By means of a " ro l l ing"  

Compatibility of Various Oxides with Selected Metals 

J. M. Kerr 

Some knowledge regarding the compatibil i ty of various re f rac tory  

metals and oxides can be valuable i n  designing apparatus f o r  use a t  high 

temperatures. 

oxides were heated i n  contact with several  of the re f rac tory  metals i n  

order t o  note the temperature a t  which they r e a c t .  Tlnis invest igat ion 

To obtain such information, a b r i e f  study was made i n  which 

a 
36Private comunication t o  J. P. Hammond from J. M. Kerr, Ju ly  6, 

1959, "Program Outline; Fabrication Development f o r  Cemented UC. 'I 
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was intended t o  y i e l d  only the  approximate temperature of react ion.  The 

equipment and techniques u t i l i z e d  gave rapid,  though not exact, r e s u l t s .  

The furnace consisted of a resistance-heated metal s t r i p  connected 

A s igh t  glass was posit ioned d i -  t o  two water-cooled brass  e lectrodes.  

r e c t l y  above the metal s t r i p ,  and appropriate f i x t u r e s  €or pumping a vacuum 

and allowing gas t o  flow i n t o  the furnace were provided. 

of the metal s t r i p  w a s  taken by an o p t i c a l  pyrometer, which was s ighted 

on a spot imnediately adjacent t o  the oxide mater ia l  on the s t r i p .  

a ture  correct ions were made f o r  deviations due t o  the pyrometer i t s e l f  as 

well  as those due t o  the s igh t  g lass .  For three of the  metals, tungsten, 

tantalum, and molybdenum, emissivi ty  correct ions were made. The r a t e  of 

temperature increase was extremely rapid,  and t h i s  must be taken i n t o  ac- 

count irhen i n t e r p r e t i n g  the r e s u l t s .  

The temperature 

Temper- 

Generally, the data  i n  Table 4.14 indicate  t h a t  lower temperatures 

a t  which react ions were extreme were encountered with the e ight  oxides i n  

contact with niobium and t h a t  t h o r i a  exhibi ted the  l e a s t  tendency toward 

react ion of any of the  e ight  oxides with the f i v e  metals. 

In  many instances it w a s  d i f f i c u l t  t o  be sure t h a t  a react ion had 

taken place, r a t h e r  than mere breakage and subsequent arcing of the  m e t a l  

s t r i p .  Metallography w a s  used t o  check f o r  react ions i n  these instances,  

and i f  any phases were present other  than the oxide and metal, o r  i f  e i t h e r  

phase were present  i n  the other,  react ion was presumed t o  have taken place.  

I n  a l l  the  oxide-metal combinations, except f o r  those with rhenium, metal- 

lography proved most useful .  

Although it must be emphasized t h a t  the temperatures of the various 

react ions reported i n  Table 4.14 are  only approximate, they can be very 

useful i n  the design of equipment f o r  high-temperature applications;  they 

can serve as a preliminary point  upon which the  designer can base h i s  i n -  

i t i a l  design considerations.  If more precise  information i s  needed, these 

temperatures can a l s o  serve as poin ts  of departure.  
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Table 4.14. Approximate Temperatures ( " C )  for I n i t i a l  and Fast  RPactions &tween Oxides and Metals" 

Met a1 
Oxide Niobium** Tdngsten Tantalum Molybdenum Rhenium** Remarks 

F i r s t  Fast  F i r s t  Fast F i r s t  Fast F i r s t  Fas t  F i r s t  Fast  

A1203 No reac t ion  up 

BCO 1480 2135 

t o  2000 
Melted 2045 Melted 1805 Melted 

No reac t ion  up 
t o  2130 

1465 2130 

2155 2155 

1675 1845 

No reac t ion  up 

1575 2135 

t o  2155 

1335 2010 

Very s l i g h t ,  
1415 

Melted E l e c t r i c a l l y  

Hot pressed 

fused 

t o  a dens i ty  
of > 954'0 

E l e c t r i c a l l y  

Sintered t o  

fused 

1800 

Sintered t o  
1400 

E l e c t r i c a l l y  
fused 

Sinterad t o  
1600 

Sintered t o  
1500 

2245 2355 2175 2140 2310 V e r y  s l i g h t ,  
929 

MzO 1760 1855 2030 2495 1790 2000 1535 2260 

Tho 2 No reac t ion  up 

Ti02 Extreme, Reaction, 

U02 Extreme, Reaction, 

Y2O3 No reac t ion  up 

Zr02 2035 2135 

t o  2135 

1185 1515 

2065 2065 

t o  2000 

No react ion up 
t o  2645 

1775 1780 

No reac t ion  up 
t o  2795 

1785 1785 

1350 None up to 

1775 

2280 

1640 

1785 2603 2295 2420 Very s l i g h t ,  
925 

2295 

1865 2165 Very s l i g h t ,  Very f a s t ,  

1955 2125 

1705 2410 
1185 2220 

2395 2390 Reaction, 
1430 

Continuous, 
2230 

*All temperatures shown a r e  i50"C and a r e  corrected for pyrometer and quartz-glass s i g h t  p o r t .  

*These have had no emissivi ty  correct ion applied. 
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METALLOGRAPHY 

R. J. Gray 

W. H. Bridges T. M. Kegley, Jr. 
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C. K. H. DuBose J. R. Riddle 
G. Halleman J. E. VanCleve, Jr. 
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Dilatometry 

J. R. Riddle 

Thermal Expansion Data on Al-U308 Cermets. - The linear-expansion 
characteristics of UgO8-bearing aluminum compacts were investigated in 

the temperature range of 50 to 425°C. 

0, 5, 10, 20, 30, 40, and 50 vol '$I U308 as the dispersed phase were ma- 

chined from Alclad fuel plates. These fuel plates were prepared in accord- 

ance with the manufacturing procedures outlined in this part of the report, 

under "Alclad Plates Containing Dispersions of U3O8 in Aluminum." 

specimens were completely decladded by machining, and determinations were 

made on samples oriented both parallel and transverse to the direction of 

rolling. 

Wrought powder samples containing 

All 

Results on the dilation behavior of wrought cermets containing from 

0 to 50 v o l  $ u308 dispersed in aluminum are presented in Table 4.15; twenty- 
four determinations were made. It should be noted that U308 additions to 

aluminum tend to reduce the linear thermal expansion by an amount which is 

approximately linear with the volume percentage of the U308 present. This 

effect is shown in Fig. 4.22. 

In general, the data are in good agreement except at low concentrations 

of U308, where it is apparent that minor changes in the material are playing 

a more important role in the dimensional changes observed. 

uranium-content materials, the coefficient of expansion increased slightly 

with each run and, in most cases, there was a slight increase in the room- 

temperature length after testing. 

was evident in these same samples during fabrication, and it is believed 

that entrapped gases may be the cause of some of the scatter in the data. 

Creep, due to the weight of the push rod that was resting on the sample, 

has also been proposed to account for this effect; however, samples held 

In the low- 

Blistering, due to the evolution of gases, 
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Table 4.15. Thermal-EXpansion Data on U 0 -Bearing 
Aluminum Powder Compacts 3 8  

Specimen Number * Average % Error 
Runs of L’l-Lo2 ( in .  ) @I, (mils/in. 50425°C ) (E x 100) Composition 

%> 
- ~~ ~- -- 

Oriented P a r a l l e l  t o  Rolling Direction 

100 A 1  10 4- 0.0001 9.73 1 

95 A1-5 U3O8 6 - 0.0002 9.70 0.7 

90 AI-10  U 0 8 + 0.0002 9- 50 38 
80 A1-20 U 0 7 + 0,0006 8.80 0.3 3 8  

3 8  70 A1-30 U 0 9 + 0.0007 8.15 0.6 

60 A1-40 U308 9 7.90 0.1 

50 A 1 3 0  U308 10 - 0.0003 7.30 0.2 

Oriented Transverse t o  Rolling Direction 

100 A 1  6 + 0.0003 10.00 0.8 

95 AI-5 u 38 o 7 + 0.0001 9-70 0.9 

90 AI-10  U 0 6 - 0.0003 9.35 0.8 3 8  

38 80 AI-20 U 0 7 8.55 0.6 

70 u-30 u 38 o 7 + 0.0004 7.80 0.3 

60 u40 u o 7 + 0.0001 7.00 0.1 3 8  

5O a+o U3O8 6 + 0.0011 6.40 0.2 

* 
Lol = Room temperature length before t e s t ing ,  

Lo2 = Room temperature length a f t e r  tes t ing .  
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Fig. 4.22. The Effect of U,O, Concentration on the Linear Thermal Expansion of AI-U,O, 
Cermets in the Temperature Range of 50-425OC. 

overnight between 400 and 525°C showed no tendency to creep. 

be associated with oxide introduced during the powder-metallurgy process, 

since the aluminum samples without U308 additions exhibited a lower coef- 

ficient of expansion than did cast material of the same purity. Samples 

are being prepared to test the effect of entrapped gases and to test the 

possibility that stress due to the weight of the push rod, combined with 

recrystallization, is a factor. The average coefficient of expansion for 

the various samples cut parallel to the direction of rolling is shown in 

Fig. 4.23. 

The cause may 

Coefficient of Expansion in Transformer 58 Steel. - The linear thermal 
coefficient of expansion of a laminated 29-gage steel sheet containing 4.3% 
silicon was determined in directions parallel and transverse to the lami- 

nations, as shown in Fig. 4.24. This information was needed to facilitate 

the design of a motor capable of operating at 600°F for the GCR program. 

Phase Transformations in Ni-Mo Alloy and Hastelloy B. - An inves- 
tigation of the thermal expansion of Hastelloy B has revealed that an in- 

flection occurs on both heating and cooling at about 6OO0C, as shown in 
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Fig. 4.23. Average Coefficient of Expansion Between Room Temperature and Indicated 
Temperature. 

Fig. 4.25. 
related to the Ni-Mo system. 

present in Hastelloy B (65% Ni, 28% Mo, 4-5s Fe, 2-3% other), dilatometric 
and x-ray diffraction investigations have been proposed as a means for 
following transformations in the Ni-Mo and the Ni-Mo-Fe systems; hence, 

attempts are being made to relate thermal expansion characteristics to phase 

transformations, the goal being to define the matrix in Hastelloy B in terms 

of the Ni-Mo system. If the matrix of Hastelloy B can be shown to transform 

by a mechanism analogous to the a-(3 reaction in the Ni-Mo system, then it 
may be possible to identify the precipitates that form within the matrix after 

The inflection is probably the result of a phase transformation 

In view of the uncertainties of the phases 

P 
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extended heat treatments. 

the metallography of the isothermally heat-treated material. 

This information is needed to complete a report on 

The thermal-expansion characteristics of three alloys are currently 

under investigation. composition (29 ITt 

$ Mo) while the other two are ternary alloys containing the same Ni-Mo ratio, 
but with 2-1/2% and 5% Fe additions as well. 

of the binary alloy have been determined over the temperature range of 700-9OO0C, 

as shown in Fig. 4.26. 

nessee, the low-temperature phase is @, a body-centered tetragonal structure; 

and the high-temperature phase is a,  a face-centered cubic structure.38 
heating, the material transforms to solid-solution CX at a constant temperature 

of about 865°C. 

an endothermic reaction. 

forms to the low-temperature phase (Ni4Mo) at (790 & 5)"C, in an exothermic 

reaction, as evidenced by the rise in temperature shown in Fig. 4.26. 

Treated Hastelloy B, ORNL-2496 (to be published). 
38E. E. Stansbury, private communication. 

One is a binary Ni-Mo alloy of the 

The quantitative characteristics 

According to E. E. Stansbury of the University of Ten- 

On 

During the transformation, the volume increases by O.@, in 

On cooling at rates of 1-2"C/min, the material trans- 

At 

37J. R. Riddle and R. J. Gray, Metallography of Isothermally Heat 
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Fig. 4.26. Thermal Expansion Characteristics of the a$ Transformation in the Ni-Mo 
System. 
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extremely slow cooling rates, the material transforms to i3 at slightly higher 

temperatures (a sample held at 820°C transformed to p in about 3 hr) in a 
less spontaneous reaction. 

hardness data. 

ness) of 180-210, while furnace-cooled samples show a DPH of 380-460. In both 

cases, the microstructure is that of a homogeneous material. It has also been 

shown that the material reverts to the low-temperature phase without super- 

cooling when the material was not previously completely transformed to the 

high-temperature phase during heating. 

Alpha can be retained by quenching according to 

Samples quenched from 950°C show a DPH (diamond pyramid hard- 

Although the thermal expansion characteristics of Hastelloy B and of 

the a-p transformation in the Ni-Mo system have been quantitatively determined, 
the relationship between these transformations is not yet apparent. 

ed data obtained on the ternary alloy containing 5% iron, it is evident that 
an inflection occurs in the thermal expansion curve much like that of Hastelloy 

B but at a slightly higher temperature. A parallel investigation is being con- 
ducted by E. E. Stansbury at the University of Tennessee, using x-ray dif- 

fraction techniques to identify the phases in these ternary alloys. 

From limit- 

Electron Microscopy 

E. L. Long, Jr. W. H. Bridges 

The electron microscope continues to be utilized primarily as a service 

instrument to almost every program of the Division. The Ceramics Group has 

submitted a number of samples of Be0 for general examination as to the char- 

acteristics of the powders. The Mechanical Properties Group submitted for 

topographical examination samples that had been tested in various atmospheres. 

They were examined for differences that might explain creep behavior. The 

Corrosion Engineering, Welding and Brazing, Materials Compatibility, and 

High-Temperature Alloy Development Groups have submitted miscellaneous samples 

for general microstructural examination, usually for the appearance and dis- 

tribution of precipitates in the grain boundaries. 

Grain Boundary Structure in Heat-Treated Inconel. - Typical of such 
samples were two specimens of Inconel, both of which were annealed in hy- 

drogen at 1650°F. The specimen illustrated in Fig. 4.27 was annealed for 
60 hr, while the specimen shown in Fig. 4.28 was annealed for 120 hr. In 
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Fig.  4.27. lnconel Annealed for 60 hr in Hydro- 
gen at 165OOF. Etchant: 10% oxalic acid. Palla- 
dium-shadowed carbon rep1 ica; 6200X. Reduced 
12%. 

the specimen treated for the longer 

what wider and are not as clean. 

Fig. 4.28. lnconel Annealed for 120 hr in Hydro- 
gen at 1650OF. Note broad grain boundary com- 
pared to the 60-hr anneal. Etchant: 10% oxalic 
acid. Palladium-shadowed carbon replica; 6200X. 
Reduced 12%. 

time, the grain boundaries are some- 

Topography of Irradiated Zirconium Samples. - The Reactor Experimental 
Engineering Division requested an examination for topological differences 

in oxide films of zirconium exposed to reactor radiation and directly to 

fission-recoil neutrons. Typical electron micrographs are shown in Figs. 

4.29 and 4.30. The specimen which was exposed to the fission recoils and 

fragments has a more eruptive appearance than does the other, which in- 

dicated that radiation had an apparent effect on the formation of the oxide 

film. 

Microstructure of Reaction Products in Heat Treated U02-Aluminum 

Powder Fuel Plates. - The Fuel Element Development Group submitted samples 
of UOZ-Al fuel elements to ascertain, if possible, whether there was a 

reaction zone surrounding the U02 particles. If there were, it might ex- 

plain the warpage of the fuel elements observed during heating. Not just 

t 

39W. C. Yee, A Study on the Effect of Fission Fragments on the Oxi- 
dation of Zirconium, ORNL-2742 (in press). 
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Fig. 4.31. As-Fabricated AI-UO, Element. 
H,SO,. Faxfilm, palladium-shadowed carbon replica. 

Etched with a mixture of 85 parts H,PO,, 15 parts 

submitted for examination and identification. 

diffraction pattern of this film and was identified as thorium dioxide. 

Figure 4.35 is a transmission electron micrograph taken directly through a 

thin portion of the film. In addition to the general extinction contours, 

Figure 4.34 is an electron 

4 
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Fig. 4.32. As-Fabricated AI-UO, Element. Etched with a mixture of 20 parts H,O,, 5 parts H,SO,, 
75 parts H,O. Faxfilm, palladium-shadowed carbon replica. 16,OOOX. Reduced 14%. 

there can be seen a series of straight interference bands; these do not 

change as the illumination is changed. 

to determine whether they are just interference bands related to the thicknes 

of the grains or whether they are related to the structure thickness of the 

crystals. 

An analysis of the bands is underway 

Topology of Anodized Aluminum. - The work reported in last year's repor 
has been continued on a very limited scale. The primary facts determined so 

' S  

-t 
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Fig.  4.33. Aluminum-Uranium Dioxide Element Heat  Treated 30 min a t  600OC. Etched with 
Faxfi lm, palladium-shadowed carbon a mixture of 20 parts H202,  5 parts H,SO,, 75 parts H,O. 

replica. Reduced 15%. 

far are in direct agreement with those of Welch4’l in that the spacing of the 

furrows is directly related to the impressed voltage of anodization. 

beginnings and endings of lines, with the accompanying adjustment of adjacent 

lines, do not seem to be related to any disorder of the substrate material, 

as the same spacings are seen on cold-worked and annealed aluminum anodized 

at the same voltage. 

The 
& 

1 

41N. C. Welch, J. Inst. Metals 85, 12S35 (1756-57). - - 

306 



1 

t 

Fig. 4.34. Electron Diffraction Pattern from Thin Film of Tho,. 12,500X. 
Measured d Values Tho, d Values from ASTM Index 

3.21 3.22 
2.80 2.79 
1.98 1.97 
1.68 1.68 
1.28 1.28 

Metallography of Ceramic Fuel Materials 

R. J. Gray C. K. H. DuBose 

U308-Bearing Materials.  - The general  appearance and c r y s t a l  shape of 

This p a r t i c u l a r  U308 p a r t i c l e s  i n  powder f o r m a r e i l l u s t r a t e d  i n  Fig. 4.36. 

powder w a s  prepared from UO3'HzO by calcining a t  1000°C i n  air .  

of U3O8 powder r e t a i n s  the  morphological c h a r a c t e r i s t i c s  of the  U03*H20 and 

i s  used pr imari ly  i n  t h e  fabr ica t ion  of dispersion-type f u e l  elements. 

cross sec t ion  of t h e  U308 i n  an aluminum-powder matrix of a f u e l  p l a t e  t h a t  

had been hot  r o l l e d  a t  590°C, then cold r o l l e d  from 0.072 in .  t o  0.060 in .  

a f t e r  f lux annealing 1/2 h r  a t  6OO0C, i s  shown i n  Fig. 4.37. 
t h a t  the  U308 powder re ta ined  much of the  o r i g i n a l  shape. 

s i z e  of t h i s  powder i s  shown i n  Fig. 4.38. 

This type 

A 

It i s  evident 

The f i n e  gra in  

The etchant for showing t h e  
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Fig.  4.35. Transmission Electron Micrograph of Thin F i l m  of Tho,. 25,OOOX. 
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Fig.  4.36. U308 Powder Prepared from UO,.H,O. Reduced 11%. 

UNCLASSIFIED 
Y 30634 

? 

d 

Fig. 4.37. U308 Powder in Aluminum Matrix o f  Fuel Plate. As-polished. Reduced 8.5%. 
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Fig. 4.38. U,O, Powder in Aluminum Matrix of Fuel Plate. Etched to show grain size in U 3 0 , .  

grain size consisted of 70 parts H 2 0 2  (30$), 10 parts H2SO4,  and 20 parts 

H 2 0 .  The etchant did not attack the aluminum during the 20-min immersion 

period. 

Figure 4.39 is another photomicrograph of U3O8 powder compacted in 

aluminum powder and roll clad in an aluminum plate as described above. 

This U308 powder, however, exhibits two apparent degrees of porosity in the 

as-polished condition; one powder is very dense while the other is quite 

porous. These powders are representative of two different manufacturing 

techniques. 

history of the other powder was not available. The sequence of operations 

generally employed in the preparation of "dead burnt" oxide is dissolution 

of UO3 in HNO3, precipitation by peroxide addition, calcination at 1000°C, 

screening to - 80 mesh size, high firing at 1180°C in air for 4 hr, and 
screening to - 100 mesh size. The two types of powders also had distinctly 

The dense powder was made by the "dead-burn process'' and the 

V 

1 

1, 
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Fig. 4.39. U,O, in Aluminum Matrix As-Polished. Note difference in porosity of ceramic particles. 

different etching characteristics. The porous powders, for example, were 

polycrystalline, as shown in Fig. 4.40, whereas the dense powders were 
almost all single crystals. A few of the dense crystals did show twinning 

characteristics, as shown in Fig. 4.41. 

known. 

The origin of this twinning is not 

U02-Bearing Materials. - Several types of U02 powder have been studied. 
Figure 4.42 shows the microstructure of fused U02. 
pared from UO, powder which had been cold pressed at 8000 psi, sintered for 

1 hr at 1750°C in hydrogen, and finally arc melted in argon. The elongated 

grains are obviously the result of rapid cooling on the water-cooled copper 

hearth in the arc furnace. The microstructure of fused U02 was obtained by 

etching with 70 parts H 2 0 ,  10 parts H 2 S 0 4 ,  and 20 parts H202 (30%) (ref 4 2 )  

'This product was pre- 

42D. R. Stenquist et al., Correlation of Surface Characteristics with -- 
the Sintering Behavior of Uranium Dioxide Powders, HW-51712 (July 25, 1957). 
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Fig. 4.42. UO, Powder Compacted, Sintered, and Arc Melted. 

at  room temperature. 

and p i t s  appeared, as shown i n  Fig. 4.43. 
af t h i s  specimen showed these subgrains and p i t s  t o  be t y p i c a l  e tch p i t s ,  

thus making it possible  t o  make or ien ta t ion  determinations o f  the  cubic 

UO,, i f  desired. 

By heating the etchant t o  8O0C, a subgrain s t ruc ture  

An e lec t ron  micrograph (Fig. 4.44) 

Metallographic examination of  fused U02 samples received from a com- 

mercial vendor revealed the WidmanstZtten p r e c i p i t a t e ,  as shown i n  Figs .  

4.45 and 4.46. 
respect ively.  

t ec ted  by x ray  when the O/U r a t i o  of  the oxide body i s  l e s s  than 2.10. 

Because U409 w a s  i d e n t i f i e d  i n  the  sample i l l u s t r a t e d  i n  Fig.  4.46, the  

second phase observed i n  both samples i s  t e n t a t i v e l y  i d e n t i f i e d  as U40g. 

These two specimens have O/U r a t i o  of 2.089 and 2.141, 
According t o  Clayton and A r o n ~ o n , ~ ~  U409 cannot be de- 

4 3 J .  C .  Clayton and S.  ATonson, "Densities of Uranium Oxide i n  the 
Region U02-U40g," B e t t i s  Tech. Rev. (October 1958). 
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F ig .  4.43. UO, Powder Compacted, Sintered, and Arc Melted. Etched to show grain bound- 
aries, subgrain boundaries, and etch pits. Reduced 8.5% 

Fig.  4.44. Electron Micrograph Showing Etch P i t s  and Subgrain Boundary. 9700X. Reduced 6.5%. 
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Fig .  4.45. Fused UO, with O/U Ratio of 2.089. 

F ig .  4.46. Fused UO, with O/U Rat io of 2.141. 
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P h s i i c  deformation i n  U02 (ref 44)  can be r e a d i l y  de tec ted  by metal- 

lo&raph) ,  as shown i n  F ig .  4.47. 
a t  d00"C t o  8% reduct ion .  

Grains i n  the  d i r e c t i o n  OP hot  vorking. 

The U02 powder was hot  swaged i n  a tube 

This  l ong i tud ina l  view shows e longat ion  of t h e  

Other evidence o f  p l a s t i c  deformation of  U02 powder appears i n  a d i s -  

pers ion  of U 0 2  i n  type 304 s t a i n l e s s  s t e e l  €ue l  p l a t e s .  

3 ~hotomicrograph of such a p l a t e  and shows t h e  ind iv idua l  e tch ing  chnr-  

n c t e r i s t i c s  o€ t h e  f u e l  powder and the  s t a i n l e s s  s t e e l  matr ix .  The liot- 

r o l l i n g  temperature and del'ormation were s u f f i c i e n t  t o  produce an equiaxed, 

r e c r y s t a l l i z e d  s t a i n l e s s  s t e e l  matr ix  wi th  some p l a s t i c a l l y  deformed U02, 

as shown by t h e  elongated g ra ins .  

Figure 4.48 i s  

44A. R .  H a l l  e t  al., The P l a s t i c  Deformation of Uraniwn Oxides, 
AEFiE/€4RR2648 (Auguz  1958). 

Fig.  4.47. UO, Powder Reduced 80% by Swaging in  a Tube at 80O3C. Note elongation of 
grains. 

316 



. I  

c 

i 

I) 

Fig.  4.48. UO, Powder Hot Rolled in  a Type 304 Stainless Steel Fuel Plate. Note elon- 
gation of grains in  the UO, particles. 

Metallography has  proved t o  be very u s e f u l  i n  t h e  examination of c e r -  

The genera l  appearance of t h e  p a r t i c l e s ,  g r a i n  s i z e ,  amic f u e l  ma te r i a l s .  

shape, t h e  presence of second phases,  and a s s i s t ance  o f f e red  i n  fundamen- 

t a l  s t u d i e s  can be obtained.  

t e r i a l s  w i l l  be publ ished.45 
Such a study of s eve ra l  ceramic f u e l  ma- 

Reactor Support A c t i v i t i e s  

Metallographic a s s i s t ance  i s  requi red  i n  t h e  implementation of  many 

phases of t he  o v e r - a l l  development e f f o r t  undercray a t  t h e  Laboratory on 

var ious  r e a c t o r  p r o j e c t s  and, f o r  t h e  most p a r t ,  t h e  r e s u l t s  of t h i s  sup- 

p o r t  e f f o r t  appear elsewhere i n  t h e  r e p o r t .  Consequently, only p r o j e c t -  

support work i n  t h e  f i e l d  of metallography which i s  not  covered elsewhere 

i n  t h e  r e p o r t  i s  presented  below. 

45R. J. Gray and C .  K .  H .  DuBose, Metallography of Ceramic Fuel  M a -  
t e r i a l s ,  ORNL-2827 ( t o  be publ ished)  . 
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Homogeneous Reactor P ro jec t  ( T .  M. Kegley, J r . ) .  - Excamination of  a 

type 347 s t a i n l e s s  s t e e l  cor ros ion  specimen which had been exposed f o r  1 

h r  a t  1200°C i n  a wet hydrogen atmosphere revealed sur face  decarbur iza t ion .  

The evidence of decarbur iza t ion ,  which r e s u l t e d  i n  t h e  formation of f e r r i t e  

(mar tens i te )  a t  t h e  specimen sur face ,  i s  i l l u s t r a t e d  i n  F ig .  4 . 4 9 ( a ) .  
presence o f  subsurface oxide p a r t i c l e s  w a s  also noted on examination of 

t h e  specimen i n  t h e  as-pol ished condi t ion ,  as  sl io~m i n  F ig .  4 . 4 9 ( b ) .  

- 

The 

This  

Fig. 4.49. Microstructure of Type 347 Stainless Steel Corrosion Specimen Exposed to Wet 
Hydrogen for 1 hr at 12OO0C. ( a )  As-etched with glyceregia, showing decarburization; ( b )  as- 
pol ished condit ion showing subsurface oxide part icles. 
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i n t e r n a l  ox ida t ion  phenomenon was undoubtedly a s soc ia t ed  wi th  decarburiza-  

t i o n .  

A loop p i n  of  c a s t  s t a i n l e s s  s t e e l ,  type 34’7, exhib i ted  extensive cor -  
ro s ion  after exposure t o  a h igh ly  ac id  so lu t ion  of  uranyl  s u l f a t e .  Figure 

4.50 shows t h e  loop p i n  and a photonlicrograph of  a pa tch  of metal found i n  
t h e  corroded po r t ion  of t h e  p in .  

A pinhole  developed i n  the housing of  a canned-rotor pump af te r  abou-t 

650 h r  of  operat ion,  238 of which was with  uranyl  s u l f a t e .  A type 347 

UNCLASSIFIED 
T 16596 

h 

Fig. 4.50. Cast Type 347 Stainless Steel Loop P i n  from Dynamic Corrosion Loop. (a)  Cor- 
roded loop pin, 4.5X; ( b )  patch of metal found in corroded portion of pin. Etched with glyceregia. 
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s t a i n l e s s  s t e e l  thermal spacer ,  which r e s t e d  aga ins t  t h e  corroded i n s i d e  

surface of t h e  housing, ~ i a s  corroded severely,  as shown i n  F ig .  4 . 5 1 ( a ) .  
The t r ansg ranu la r  cracks Pound i n  t h e  " threads" of t h e  thermal spacer a re  

i l l u s t r a t e d  i n  F ig .  4.51(b). 

Many Zircaloy-2 t o r o i d  p ins ,  which had been exposed t o  thorium oxide 

Some o f  t h e  Zircaloy-2 p i n s  were s l u r r y  and hydrogen, were examined. 

\ 

t ;- I 

Fig. 4.51. Thermal Spacer of Type 347 Stainless Steel from Canned-Rotor Pump. ( a )  Cor- 
roded surface, 2.5X; ( b )  transgranular cracks found at base of "thread" of thermal spacer; etched 
with aqua regia. 
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cracked severely,  as shown i n  Fig. 4.52(a). 

cracked area i n  one of t h e  pins  i s  shown i n  F ig .  4.521b). 

w a s  assoc ia ted  wi th  t h e  formation of hydrides  wi th in  t h e  Zircaloy-2 metal .  

A s ec t ion  taken  through a 

The cracking 

A i r c r a f t  Nuclear Reactor P ro jec t  ( R .  S. Crouse).  - A s  p rev ious ly  r e -  

ported,46 cyc l ing  t e s t s  were performed f o r  t he  s tudy of t he  e f f e c t  of 

“R. S.  Crouse, Met. Ann. Prog. Rep. Oct. 10, 1958, ORNL-2632, p 181 
( c l a s s i f i e d ) .  

UNCLASSIFIED 
T 17286 

Fig. 4.52. Cracked Zircaloy-2 Toroid Pins. (u)  Cracked surface of a pin, lox; ( b )  section 
taken through cracked region of a pin, chemically polished and etched with 46 glycerine-46 
HN0,-8  H F .  
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d r a s t i c  thermal f l u c t u a t i o n s  on Inconel  tub ing  i n  var ious  AFQ ( A i r c r a f t  

Reactor Tes t )  hea t  exchanger designs.  

accomplished by merely making v a s t  temperature changes i n  t h e  molten f lu -  

o r ide  coolan t .  Addit ional  t e s t s  have been completed. T e s t  condi t ions  and 

r e s u l t s  are summarized i n  Table 4.16. 

Rapid thermal f l u c t u a t i o n s  were 

Gas-Cooled Reactor P r o j e c t  (E. S. Crouse).  - Sta t i c -po t  and n a t u r a l -  

convection loop t e s t s  are underway t o  examine t h e  compa t ib i l i t y  behavior 

of  c e r t a i n  s t r u c t u r a l  a l l o y s  i n  contac t  wi th  o the r  environmental ma te r i a l s  

while under simulated r e a c t o r  opera t ing  condi t ions .  The a l l o y s  under t e s t  

include types  304, 310, 316, and 4.10 s t a i n l e s s  s teels ,  Croloy 2-1/4, Croloy 

3M, T - 1  s tee l ,  and an Fe-Cr-Al a l l o y .  

Table 4.16. Results of Thermal Cycling Tests on Inconel Tubing 

M a x .  
Test Time Temp. Temp Frequency Number of  
No. ( h r )  (OF) (OF) ( cycles / s  ec ) Cycles Remarks 

6 X I V  610 420 1700 1 2.2 x 10 New design; 
no de f in i t e  
cracking; 
void for- 
mation and 
"hydraulic 
wedging 'I 

xv 214 

XVI 75 

568 

570 

1700 

1700 

5 1 7.7 x 10 

4 0.1 2.7 x 10 

Same condition 
and r e s u l t s  a s  
Test X I I I ; *  
mode r a t  e 
cracking t o  
6 m i l s  

Same conditions 
and r e s u l t s  as  
Test X;* heavy 
cracks t o  150 
m i l s  deep 

! 

i 

*Met. Ann. Prog. Rep. Oct. 10, 1958, ORNL-2632, Table 45,  p 183 
( c l a s s i f i e d ) .  
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I n  the s ta t ic -pot  t e s t s ,  the  a l loys  a re  i n  contact with graphite,  i n  

I n  the natural-convection tes ts ,  the  a l loys  and helium gas a t  1400'F. 
graphite are  separated, i n  a helium-gas stream at 1000-1400°F. I n  both 

t e s t s ,  the  extent of carburizat ion o r  decarburization i s  of primary i m -  

portance and i s  determined by metallographic examination and microhard- 

ness t e s t s .  

A t  present,  not enough microhardness da ta  a re  avai lable  f o r  analysis  

and conclusions. l i c r o s t r u c t u r a l l y ,  carburizat ion and decarburization are 

detected, but the  re la t ionship  t o  the t e s t  conditions and thermal h i s t o r y  

has not been correlated.  

Molten-Salt Reactor Project  (R .  S. Crouse) . - Metallographic service 

f o r  the Molten-Salt Reactor Program cons is t s  i n  the  examination of therrnal- 

convection and forced-circulat ion loops. The loops aze constructed of In- 

conel or  INOR-8, and the  present emphasis i s  upon f u e l s  containing various 

amounts of BeF2. 

Several of the  INOR-8 thermal-convection loops and one forced-circu- 

l a t i o n  loop have shown what appears t o  be a d i f fus ion  zone, or deposit ,  

along the surface exposed t o  the  f u e l .  

e f f e c t  of the  f u e l  on INOR-8 and may occur regardless  of t i m e  of tempera- 

t u r e .  It i s  seldom th icker  than 1 / 2  m i l  and i s  usual ly  found only i n  the  

hot zone, 

loop 1212. 
Although the evidence i s  not complete, it appears t h a t  f u e l s  containing 

BeF2 are the ones responsible f o r  the phenomenon. 

This i s  the  only evidence of any 

Figure 4.53 shows an example of such a zone t h a t  w a s  talcen from 

This loop operated 8760 h r  at 1250"7 with f luoride mixture 125. 

M a r i t i m e  Reactor Project  ( R .  S .  Crouse) . - Several samples of U 0 2  

powder compacts were polished and examined. 

of d i f fe ren t  metals inser ted  i n  them and were heated t o  a very high tem- 

perature .  

and then were polished on the vibratory pol isher  f o r  about 8 h r .  

d e f i n i t i o n  was obtained t h i s  way, and the in te r face  between the  U02 and 

These compacts had wires 

The samples were ground down u n t i l  a good sect ion w a s  obtained 
Good 

the i n s e r t  w a s  sharp. 

r e s u l t s  of these examinations. 

t i o n  and movement of  gold i n t o  the U 0 2  body. 

Table 4.17 i s  a compilation of the t e s t s  and the  

Figure 4.54 shows the evidence of l iqua-  
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Fig. 4.53. Deposit or Diffusion Zone Found on INOR-8 Hot Zone After8760 hr at 1250°F 
with Fuel 125. As-polished. 

3 

Fig. 4.54. Gold Wire in UO, Pellet After2 hr at 1800°C. As-polished. 
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Table 4.17. Metallography of Bulk U02 Samples Containing 
Various Metal Pyrometer Wires 

I n s e r t  Time 
(hd 

Temperature 
( " c )  Results 

cu 

cu 

cu 

cu 

N i  

N i  

Fe 

Fe 

Fe 

Fe 

AU 

AU 

1050 

1100 

1195 

1800 

1300 

1800 

1490 

1535 

1635 

1800 

1075 

1800 

No change i n  wire shape 

Wire f i l l e d  hole 

Wire f i l l e d  hole 

Wire d i  s appeared 

Wire melted p a r t i a l l y ,  seemed 
t o  reac t  with U02 

Wire disappeared 

Wire loose; l o s t  i n  mounting 

Wire f i l l e d  hole 

Wire had cas t  s t ruc ture  

Wire disappeared 

Wire f i l l e d  hole 

Wire f i l l e d  hole; needle-like 
secoad phase; some Au i n  
p e l l e t  surrounding wire 
(see Fig. 4.54) 

A successful chemical pol ish47 f o r  nickel  has been very useful  i n  

a s s i s t i ng  the  a c t i v i t i e s  measurements program. 48  

60 p a r t s  CH,COOH, 40 p a r t s  HNO,, and 0.5 pa r t  HC1, and r e s u l t s  i n  scratch- 

f r ee  microstructures. Figure 4.55 shows a specimen which w a s  hand polished 

and then immersed i n  the  reagent.  When bubbles cover the  surface, the  pol- 

ishing i s  complete and t he  sample should be removed immediately. 

This po l i sh  cons is t s  of  

Edges, 

4 7 P .  A. Jacquet, "Electrolyt ic  and Chemical Polishing," Met. Revs. 
l(2) (1956). - - 

48R. S. Crouse, Met. Ann.  Prog. Rep. Oct. 10, 1958, ORNL-2632, p 183 
( c l a s s i f i e d ) .  
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Fig. 4.55. Chemically Polished Nickel. 

of  course,  are unsui tab le  f o r  examination, bu t  t h e  genera l  micros t ruc ture  

i s  good. 

Equipment Development 

Hot-Hardness Tes t e r  ( G .  Hallerman). - During t h e  past year, some 

e f f o r t  w a s  devoted to t h e  establ ishment  o f  design c r i t e r i a  f o r  a micro- 

hot-hardness t e s t e r .  A l i t e r a t u r e  survey and d i r e c t  communications wi th  

people connected with the  problems i n  hot-hardness t e s t i n g  revea led  that 

t h e r e  w a s  no equipment i n  opera t ion  t h a t  m e t  genera l  requirements.  

po ra t e s  f e a t u r e s  of o the r  t e s t e r s  with a number of  important modi f ica t ions  

which were conceived a t  t h i s  Laboratory. The u n i t  w i l l  permit ,  f o r  example, 

t he  making of a series of  impressions on a s i n g l e  specimen without  t h e  need 

for breaking t h e  vacuum o r  t u rn ing  o f f  t h e  hea t ing  elements.  Synthe t ic  

sapphire  in s t ead  o f  diamond w i l l  be used as a pene t r a to r  s ince  diamond i s  

The pre l iminary  design o f  t h e  apparatus  i s  now completed. It incor -  
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susceptible t o  oxidation and the formation of carbides a t  elevated tem- 

peratures.  The geometry of the  indenter w i l l  be a 136"-square-based pyra- 

mid. Indentations w i l l  be made by using small loads (200-1000 g) i n  order 

t o  permit the  t e s t i n g  of a v a r i e t y  of specimens, such as b r i t t l e  and mul- 

t iphase mater ia ls .  

b i l i t y  f o r  possible fu ture  changes. 

The proposed design o f f e r s  a c e r t a i n  amount of f l e x i -  

The p o s s i b i l i t y  of bui lding a second, simpler u n i t  capable of making 

rout ine hot-hardness measurements i s  also being considered. This apparatus 

would use loads applied i n  standard-hardness measurements, since the prob- 

lems i n  hot-hardness t e s t i n g  become more prominent with low loads. 

the  l a t t e r  equipment would handle the bulk of rout ine work, the  micro- 

t e s t e r  would be reserved f o r  hard, b r i t t l e  mater ia ls ,  which require  low 

loads, and f o r  specimens i n  which the hardness of individual  phases i s  t o  

be determined. 

While 

Ultrasonic "Jack Hammer" ( G .  Hallerman) . - Preliminary invest igat ions 

were made t o  improve operation of  the u l t rasonic  jack hammer.4g 

w a s  es tabl ished with Columbia University, where a similar apparatus i s  i n  

~ p e r a t i o n . ~ '  

preparing the pointed s ty lus  i s  under invest igat ion.  

arrangement, placed over the specimen during extract ion,  i s  being consid- 

ered. 

necessary t o  prevent oxidation of the extracted p a r t i c l e s  caused by the  

f r i c t i o n a l  heat of the  v ibra t ing  s ty lus .  

Contact 

To improve the  performance of the  u n i t ,  a b e t t e r  method of 

Also, a hooding 

This arrangement, with p u r i f i e d  argon passing through it, may be 

Hot-Stage Microscopy (J. E. VanCleve, Jr. ) . - Development work on 

the hot-stage microscope, reported p r e ~ i o u s l y , ~ '  w a s  begun e a r l y  i n  the  

year. There w a s  one major shortcoming with the commercial u n i t :  

extreme d i f f i c u l t y  i n  obtaining the high degree of vacuum necessary t o  

h a l t  the formation of t h i n  oxide fi lms on reac t ive  metals a t  elevated 

temperatures. 

nation extremely d i f f i c u l t  o r  impossible. 

the 

These t h i n  f i l m s  obscure the  surface and make the exami- f 

' 3  

"C. Hays, Met. Ann. Prog. Rep. Oct. 10, 1958, ORNL-2632, p 186 

5 0 G .  L. Kehl, H. Steinmetz, and W .  J. McGonnagle, Laboratory Methods 

51J. E. VanCleve, Jr., and J. R.  Riddle, Met. Ann. Prog. Rep. Oct. 

( c l a s s i f i e d ) .  

- 55(329), 151 (1957). 

10, 1958, ORNL-2632, p 189 ( c l a s s i f i e d ) .  

- 
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The furnace windings were surrounded wi th  a t h i c k  ceramic i n s u l a t i n g  

ma te r i a l  t h a t  r e l eased  a l a r g e  quant i ty  of gas on each hea t ing  cyc le  and 

e i t h e r  obscured t h e  viewing window or r eac t ed  with t h e  sample. The more 

s a l i e n t  f e a t u r e s  of s eve ra l  d i f f e r e n t  types  of furnaces  were examined i n  

an e f f o r t  t o  e l imina te  t h i s  problem. 

gassing problem and t h e  l imi t ed  space ava i l ab le  wi th in  t h e  furnace chamber, 

t he  most promising furnace would be one of t h e  s o l a r  type .  

a focused-beam hea t  lamp was purchased. 

It w a s  decided t h a t ,  due t o  t h e  

Consequently, 

Cold-Stage Microscopy. -The cold-s tage u n i t ,  as designed by J. R .  

Riddle,  w a s  received a f t e r  f a b r i c a t i o n ,  and several experiments were t r i e d .  

A n  e f f o r t  w a s  made t o  study t h e  topographical  changes i n  t h e  pol i shed  

surface of a sample of cerium during the  low-temperature t ransformat ion .  

The sample w a s  cycled between room temperature and l i qu id -n i t rogen  t e m -  

pe ra tu re .  

The surface changes proved t o  be qui te  sub t l e  and d e f i e d  a n a l y s i s ,  

without a permanent record f o r  a more l e i s u r e l y  examination. A 35-mm 

camera w a s  purchased and adapted t o  the  u n i t .  Prel iminary t e s t s  were 

s a t i s f a c t o r y ;  however, a higher  p r i o r i t y  program necess i t a t ed  h a l t i n g  

work on t h i s  p r o j e c t ,  and it w i l l  be resumed at some l a t e r  t i m e .  

Metallography of I r r a d i a t e d  Materials 

High-Radiation-Level Examination Laboratory. - A list of all the 

equipment considered necessary t o  make a complete metallographic ana lys i s  

w i th in  t h e  conf ines  of a hot  c e l l  i n  t h e  h igh - rad ia t ion - l eve l  examination 

labora tory  w a s  prepared.  These items a re  schematical ly  loca t ed  wi th in  a 

6- x 6 - f t  working area i n  order  t o  provide ease of  viewing and access .  

The major i ty  of t he  i t e m s  were approved and purchased. 

Upon r e c e i p t  of t h e  equipment, and wi th  t h e  a s s i s t ance  o f  t h e  Engi- 

neer ing Divis ion,  t h e  adapta t ion  f o r  remote opera t ion  was undertaken; t h i s  

work i s  p r e s e n t l y  underway. 

A darkroom complex was f i t t e d  i n t o  t h e  a l l o c a t e d  space, and again,  

equipment requirements were l i s t e d .  

f u t u r e .  

These i t e m s  w i l l  be purchased i n  t h e  

The gamma hot  c e l l s  operated by t h e  So l id  S t a t e  Div is ion  o f f e r  prob- 

lems similar t o  those  which w i l l  be encountered i n  the  new f a c i l i t y .  A 

i 
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t r a i n i n g  program i s  p r e s e n t l y  underway i n  these  c e l l s .  
man i n  t h e  program w a s  es t imated to be €ro,n t h r e e  t o  €our months, and by 

moving men i n  and ou t ,  it would be poss ib l e  t o  t r a i n  €rom twelve t o  € i f -  

t e e n  men be€ore cons t ruc t ion  i s  f in i shed .  

The tenure  of  each 

These " t ra ined"  men would not  be f u l l y  competent h o t - c e l l  opera tors  

bu t  would a t  l e a s t  have some idea  of t h e  type  work which they  would be 

doing. 

t hey  p r e f e r  t h i s  type of work before  any permanent assignment change t a k e s  

p lace .  

experienced cell-men, and any man who shows temperament d i f f i c u l t i e s ,  such 

as inord ina te  f e a r  of r a d i a t i o n ,  may be advised aga ins t  such work. 

The program a l s o  allows t h e  men t o  reach a dec i s ion  as t o  whether 

The a t t i t u d e s  of t h e  men are observed and evaluated by t h e  more 

Experience wi th  Vibra tory  Po l i she r s  and Design f o r  Hot-Cell Applica- 

t i o n s  (E .  L. Long, Jr. ) .  - The v i b r a t o r y  p o l i s h e r s  have been i n  opera t ion  

f o r  over 2-112 years  and a re  now considered as s tandard metallographic 

equipment i n  t h i s  l abora to ry .  S ix  p o l i s h e r s  a re  opera t ing  i n  t h e  ORNL 

Metallographic Laboratory, two p o l i s h e r s  have been i n s t a l l e d  i n  t h e  Y - 1 2  
Metallographic Laboratory, and t h r e e  a r e  planned f o r  an a d d i t i o n a l  small 

l abora to ry .  Eleven a re  necessary f o r  t h e  opera t ion  of t h e  t h r e e  labora-  

t o r i e s ,  consider ing t h e  v a r i e t y  of  samples t h a t  r equ i r e  var ious  abras ives  

and vehic les .  

l a b o r a t o r i e s  a re  now pol i shed  by v i b r a t o r y  p o l i s h e r s .  

An est imated 9% of t h e  samples processed through these  

One innovat ion has  been made which has  increased  t h e  f l e x i b i l i t y  of 

Twenty-four-hour t imers  were i n s t a l l e d ,  which allows t h e  t h e  p o l i s h e r s .  

t echnic ians  t o  use t h e  p o l i s h e r s  24 hr/day o r  any po r t ion  of  t h e  16-hr 

per iod  a t  n ight ;  t h i s  w a s  formerly thought of as overtime expense. 

With t h e  advent of the proposed KRLEL (High-Radiation-Level Ex&- 

na t ion  Laboratory) ,  t h e  f e a s i b i l i t y  of making remotely operated v ib ra to ry  

p o l i s h e r s  w a s  i nves t iga t ed .  Severa l  designs were considered and one f u l -  

f i l l e d  t h e  fol lowing requirements ; 

1. That t h e  po l i sh ing  c l o t h s  should be e a s i l y  rep laceable  by remote ma-  
n ipu la t ion .  

That t h e  clamping devices ,  bowl weights ,  and o the r  equipment should 
be e a s i l y  operable by means of t h e  Mark V I 1 1  o r  I X  manipulators.  

That t h e  design c r i t e r i a  should be s u f f i c i e n t l y  f l e x i b l e ,  al lowing 
f o r  t h e  a l t e r a t i o n  o f  t h e  v i b r a t o r y  system without impairing t h e  
po l i sh ing  a c t i o n  and, i f  poss ib l e ,  pe rmi t t i ng  improvements. 

2. 

3 .  
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A prototype po l i she r  w a s  f ab r i ca t ed  and m e t  t h e  above requirements 

and has  operated s a t i s f a c t o r i l y  f o r  over 500 h r .  

po l i she r  i s  shown i n  F ig .  4.56. 

po l i she r  i s  shown i n  F ig .  4.57. The th ree  major components f o r  remote 

opera t ion  are t h e  adapter  p l a t e  wi th  t h e  toggle  clamps, t h e  po l i sh ing  

bowl, and a hoop and O-ring which holds  t h e  po l i sh ing  c l o t h .  

The assembled prototype 

An exploded view of t h e  remote v i b r a t o r y  

A t y p i c a l  h o t - c e l l  opera t ion  f o r  changing c l o t h s  would involve mount 

i ng  a new c l o t h  on t h e  hoop, which i s  he ld  i n  p lace  wi th  a s t e e l  O-ring. 

The new c l o t h ,  hoop, and O-ring a re  considered as a rep laceable  u n i t  t h a t  

UNCLASSIFIED 
Y 30914 

Fig. 4.56. The Assembled Prototype Vibratory Pol isher Designed for Remote Operations. 
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Fig.  4.57. An Exploded View of the Prototype Vibratory Polisher Showing the Three Maior 
Components for Remote Operation: (1) Adapter P la te  with Toggle Clamps; (2) Polishing Bowl; 
(3) Hoop, Cloth, and Steel 0-Ring.  

can be assembled and kept c lean i n  a p l a s t i c  bag outside the  hot c e l l .  

The clean hoop and O-ring holding the  c l o t h  can be taken i n t o  the c e l l ,  

removed from the p l a s t i c  bag, placed i n  a polishing bowl with the manip- 

u la tors ,  and clamped to the  bowl and adapter p l a t e  with the  toggle clamps 

The polishing bowl i t s e l f  can be removed f o r  cleaning, as required,  by 

using a l i f t i n g  spider on the three  hooks on the l i p  o f  the  bowl. A t  
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present,  a f i n a l i z e d  design t h a t  w i l l  e s t a b l i s h  tolerances ensuring t h e  

interchangeabi l i ty  of a l l  components i n  the  hot c e l l s  i s  being fabricated.  

To complement the  polishing process, remote samgle holders were de- 

signed. The holder i s  shown i n  Fig.  4.58, without and with the  sample in-  

se r ted .  The samples are  held i n  place by a three-prong spider arrangement. 

The specimen i s  simultaneously positioned and secured by pushing the holder 

onto the  specimen. 

sonic cleaning i s  f a c i l i t a t e d ,  since a l l  s m a l l  c revices  are  eliminated; 

a lso,  i n - c e l l  operation i s  simplified,  since Allen screws are  not required 

f o r  securing the specimen i n  place and since the specimen i s  self-al igned.  

The advantages of t h i s  type of holder a re  t h a t  u l t r a -  

t 

UNCL ASS1 Fl  ED 
Y 31023 

Fig. 4.58. Remote Specimen Holder for Vibratory Polisher. Note three-prong spider arrange- 
ment for holding and aligning specimen. 
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