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Summary 

PART I. FUNDAMENTAL PROGRAMS 3. Deformation of Crystalline Solids 

We obtained textures and other structural informa- 
tion on metals deformed by rolling, including high 
deformations under unusual conditions. A general 
investigation of deformatioii in Iiexagonal-close-packed 
metals was begun. The experimental part is directed 
toward relating deformation substructures and work- 
hardening in rhenium. The primary theoretical consider- 
ation i s  given to dislocation-twin interactions in hex- 
agonal metals in general. 

A new series representation has been proposed for the 
tlierniodynamics of binary solutions. 

1. Crystal Physics 

Using our internal centrifugal zone growth technique, 
we continued studying the growth of crystals of U02,  
UOz -Tho2 solid solutions, and eutectic structures of 
the cermet UOz -W. Mechanical and temperature-sensing 
changes, made on the system to produce crystals of 
higher perfection, are being evaluated. Molten-salt 
solvent techniques continue to serve us well in the 
gowth of Thoz, CeOz, CeOz, ZrSi04, HfSi04,  and 
‘ThSi04 doped with transuranic and lanthanide ions for 
studies of thermoluminescence, optical absorption, and 
electron-spin resonance. Infrared spectra and optical 
perfection are being studied on hydrothermally grown 
quartz in various alkali hydroxide solvents. Single 
crystals of magnetic ferrites are being grown by the 
Verneuil method for the proposed electromagnetic 
neutron-beam chopper. Crystals approaching the de- 
sired physical size and perfection are being grown. The 
problem now is to optimize the neutron and magnetic 
properties within natural chemical constraints. The 
diamagnetic susceptibility of high-purity Tho2 crystals 
was 10.0 x lou8 cm3/g. 

2. Deformation and Annealing of Metals 

In cold-rolled niobium we found important texture 
components that are not predictable from present 
theory. Certain fabricating conditions produced a sharp 
surface texture and a zone at intermediate depths that 
lacked some of the texture components typical of 
body-centered cubic metals. These texture inhomoge- 
neities were analyzed in terms of the stress slates 
existing at various fabrication stages. The texture 
developed in cold-rolled C]u3Au depends upon the 
amount of order present at each stage of deformation. 
Thus both the copper-type and brass-type textures can 
be produced. The recovery kinetics of deformed nio- 
bium and niobium-vanadium alloys are being analyzed 
in t e r m  of dislocation behavior. 

4. Diffusion in Solids 

Tracer lattice diffusion coefficients in monocrystal- 
line tungsten were measured with high precision over a 
range of 1400 to 2400°C. Short-circuiting phenoniena 
become dominant at the lower temperatures and are 
being investigated in detail. The alpha-energy degrada- 
tion method is being used to investigate diffusion in 
UOZ and in UN. We found that previous measurements 
on cation self-diffusion in UOz were characteristic of 
grain-boundary diffusion and not lattice diffusion, so 
published diffusion coefficients are at least two or three 
orders of magnitude in error. Data on titanium diffu- 
sion in modified Hastelloy N over the temperature 
range of 800 to 1250°C were obtained by serial 
sectioning by grinding. There data were used to predict 
corrosion behavior under Molten Salt Reactor operating 
conditions. 

5. Electron Microscopy 

Theinial and stress-assisted growth processes of grain- 
boundary gas bubbles in chemically vapor deposited 
tungsten are described and analyzed by existing models. 
Steps in the thermal rejection and precipitation of gas 
bubbles in electrodeposited nickel are outlined and 
explained in terms of gas-bubble nucleation and growth 
in a material supersaturated with vacancies. The anneal- 
i n g  characteristics of voids in irradiated stainless steel 
are presented, and a model in which void shrinkage is 
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controlled by diffusion of vacancies from voids to 
dislocations is developed. The energy stored during 
deformation of silver single crystals is reported and 
related to work-hardening theories and dislocation 
structures. Complex precipitation reactions in IIastelloy 
N resulting from various thermomechanical treatments 
arc described. Techniques for the observation of bub- 
bles and cavities in solids are summarized. Electron 
microscope-microprobe techniques for studying precipi- 
tate particles in metals are described, and a procedure 
for the preparation of transmission electron microscopy 
specimens from tubing is outlined. 

6.  Electronic Properties 
of Metals and Alloys 

In Mossbauer research, continued investigations of the 
Cu-Ni alloys with 61Ni  showed nearly linear isomer 
shifts of 6 1  Ni with atomic fraction nickel and indica- 
tions of localization of electronic states, since after 
corrections for Doppler shifts the Ni  in the alloy has 
the same isomer shift as in pure nickel. Investigations of 
ordered Fe-A1 alloys by neutron capture in 5 6 F e  at 
Karlsruhe revealed interesting information on displace- 
ments of iron nuclei during neutron irradiation. 

The atomic heat of UN from 1.3 to 46°K obeyed yT+ 
/3(T/324I3, where y was about 24 mj(gram-atom)-' 
deg-' varying with heat treatment; the inagnitude of y 
reflects 5f bands intersecting the Fermi surface. Zone 
purification of hafnium in ultrahigh vacuum success- 
fully removed impurities other than zirconium. Low- 
temperature electrical resistivity of zirconium alloys 
dilute in Sc, Ti, or Hf and specific heats of alloys dilute 
in Nb, Mo, Re, Ku, Rh, or Pd were measured and 
associated with the electronic structures of the atoms 
involved. 

7.  Fundamental Ceramics Research 

A multigroup effort has been started to study the 
properties and behavior of uranium mononitride (a 
potentially important fast-reactor fuel) to achieve a 
basic understanding of this refractory hard-metal type 
of ceramic compound. The program is in close liaison 
with the Nitiide Fuel Development Program. 

To date, preliminary band structure calculations have 
been made and a number of property measurements on 
UN are completed or are wcll under wdy, and these 
include: low-temperatuie specific heat (1.3 to 4.7"K), 
thermal conductivity (77 to 400°K), Seeheck coeffi- 
cient (6 to 4OO"K), electrical resistivity (4.2 to 400"K), 
velocity of sound (3OO0K), self-diffusion of U 
(1400 to 2100"K), and compressive creep (1400 to 
1800°K). 

8. Physical Ceramics Studies 

Detailed electron microscope observations of disloca- 
tions in UOz single crystals show large numbers of 
dipoles and dipole loops after 1% strain and show 
dislocation tangles and dipole loops after 5% strain. Our 
study of diffusion of thorium in Tho2 indicates that 
the diffusion coefficient is smaller near the surface and 
that grain boundary diffusion is dominant over a wide 
temperature range. The application of topology to 
probleins in metallurgy is reviewed. Activation energies 
in sintering of r h o z  are discussed. Compressive defor- 
mation studies of polycrystalline UN and UO2 are 
under way. 

9. Physical Properties 

Theoretically based analyses of accurate physical 
property data available on a few metals and alloys 
allowed a separation of their electronic and lattice 
components of thermal conductivity. This provided 
several intercsting theoretical consequences and guide- 
lines for useful data extrapolation and for further 
research. Physical property studies on Cu, In, Mo, and 
Cr showed that available theoky can only qualitatively 
explain thermal conductivity results. We found that the 
thermal resistivity of Thoz is controlled by Urnklapp 
scattering, whereas that of UOz is largely controlled by 
spin-wave scattering of phonons. Contrary to the results 
of others, we found the thermal conductivity of UOz to 
be unaffected by large temperature gradients or corn- 
pressive stresses. Several new apparatuses, which can 
extend our capacity to obtain accurate physical prop- 
eity measurements over a broad temperature range, 
were tested. These devices greatly enhance our measure- 
ment capacity for fundamental and applied research 
problems. 

10. Spectroscopy of Ionic Media 

Absorption spectra of molten salts are giving details 
about the oxidation states and structures of ionic 
entities in melts. Studies of chloride crystals doped with 
Ni(I1) and Co(I1) are testing the ability of ligand-field 
theory to describe the states of dN configurations in 
distorted-cubic environments. 

11. Superconducting Mated.s  

The decomposition of single-phase Tc-30 at. % V 
alloys at 900°C yields a series of structures consisting of 
one superconducting phasc dispersed in another. For 
these structures, we determined the critical tempera- 
tures, critical fields, and critical current densities and 
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can now plausibly relate the variation in these proper- 
t ies to the developing microstructures. An analytic 
expression for the variation of superconducting critical 
current density wiih applied field and femperature was 
developcd; it is a quite satisfactory fit to most of our 
expermieiital data. The investigation of transformation 
kinetics and morphologies in r i m  earths wits exterided 
in two directions; selected rare earth alloys are being 
examined, and high-purily lanthanum crystals are being 
gown. 

12. Surface Reactions of Metals 

In it continuing attempt to understand the important 
influence of stress in the rnechanisrii of  oxidation of 
metals, we have extended OUT studies of the oxidation 
of niobium and tantalum to the range 700 to 900°C By 
working at low oxygen pressures, we were able to 
isolate stress effects related to oxygen solution i n  the 
metal. Good agreement was obtained between surface 
stresses measured by our flexure technique and those 
computed on the basis of ideal bulk diffusion of oxygen 
in the specimens. 

Further studies of the thhn-film stage of the oxidation 
of nickel confinlied the existence of paths of easy 
diffusion in the NiO films and uiiderscored their 
hmportsrnce in the oxidatitsti process. Ellipsometer 
studies of the NiO f d m  led us to conclude that the 
sefractive index of NiO changes with film thickness. 
There is sortie evidence that this change may be 
associated with a change 111 the concentration of' Ni3" 
ions in the films. 

Wt: dso applied our anodic-film sectioning technique 
to a study of diffusion in tungsten. By using section 
thicknesses ranging down to 10 A, we were able to 
measure diffusion coelficients as small as 5 x IO-' 
cm2 /sec. An Arrhenius plot is given for the diffusion of 

Nb in tungsten, over the range 1400 to 2400°C. 

13. Thcorel leal Research 

W e  have refined our techniques for band-theory 
calculations, successhilly calculated properties of cop- 
per, aluminum, and gold, and extended the method to 
more complex solids. Calculations on the clectronic 
states were also cariied out for metal atorns, carbon in 
rr-electron systems, and helium. 

14. X-Ray Diffraction 

The routine analyses performed during the reporting 
period are summarized. Crystal structures of Laz Be2O5 
anc! SrBe304 were determined; we found only tetra- 

hedral coordination of oxygen about beryllicml in the 
former, but a mixtune or' brigond and tetratiedral 
coordinations io the latter. An analytic separation of 
first- and second-order thermal diffuse scattcring was 
derived. Experimentd irnp E ow me t i ts  in thc liieasure- 
rnent of small-angle x-ray scattering were nude so h i t  
the sample temperature could be controlled be tween 
-170 and 450°C. Provision for automatic control of 
balanced filters was designed. Small-angle x. ray scattet- 
irig measurements froin aluminum-zinc alloys were 
begun; resid ts indicate cornpcsitiotial inhomogeneities 
at all temperatuies studied in the single-phase alpha 
field. Further experiments with highly oriented graphite 
continue to show the advantages of this material as an 
x-ray monochromator both ini di ffraction esperime tits 
and in fluorcscence applications. 

15. Physical and Mechanical Metaallnrgy 
of ~ ~ ~ - ~ ~ ~ ~ ~ ~ a t ~ r e  Materials 

The creeprupture propcrties of wrought C-12YY were 
found to be among the lowest for niobium-base alloys 
in the range 980 to 1200"~. Recrystahzed and aged 
SIJ-16 alloy exhibited the highest strerigth we have 
observed for niobium-base alloys in this temperature 
range. Optirnized heat treatment of the inolybdeniim 
alloy TZC did not give cieeprupture propettics as good 
as those of niobium-modified TZM (Cb-TZM). In 
studies on time-temperature parameters for rcpiesenta- 
tion and extrapolation of creeprupture data for refrac- 
tory alloys, the Manson-Haferd parameter was superior 
to those of Dorn-Shepard and Larson-Miller. The 
elevated-$eniperature fatigue life of D-43 at the 1% 
plastic strain level was equal to oi superior to that at 
room temperature, whereas nn liquid nitlogen it was 
one-fifth of the room-temperature value. 

The solubility and diffusivity of nitrogen in tungsten 
at 1800% and 1 atrn pressure were determined to be 
28 ppm and 2.6 X lo-' cm2/sec, respectively. Studies 
on strengl kierlirg of refractory alloys by controlled 
spinodal decompositions showed that Guinier-Preston 
zones i n  Nb-Hf and Ts-Hf alloys containing 30 to 65% 
Hf and quenchecl from 17.30 to I 8 5 0 " ~  grew rapidly on 
aging because of the existence of vacancy clusters. In 
10@0-hr creep tests on Haynes alloy No. 25 in hgh  
vacuum a t  785"C, evaporation losses and amount of 
Laves-phase precipitate increased with stiess. A t  a stress 
of 14,500 psi the rupture life in avacuurn of I X 1W8 
torr was about one-half that of specimens tested in 
argon and one-tenth that of specimens tested in air. 
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The alloy Ti--21% V---250/0 Cr was outstanding for 
brazing A12 O3 and refractory metals as well as graphite 
to itTelf and to refractory mctals. Brazing alloys of 
Ti-Zr-Ta and Ti-Zr-Nb were shown to be applicable for 
a variety of combinations of refractory materials, and 
the Ti 20% Zr-15% Ge alloy exhibited excellent 
wetting and flow characterisiics on graphite for low- 
temperature braziiig. 

The e!c.i-,trical resistivity and thermoelectric power of 
high-purity molybdenum were measurcd from 100 to 
1700"K, and ihc thermal coiid~ctivity was determined 
from 100 to 1256°K. 

Improved tccluiiques were devcloped for nondestruc- 
tive evaluation of small tubing and rods of refractory 
alloys by fluoresccnt-penetrant? ultrasonic, and eddy- 
current techniques. 

16. Tungsten Metalhnegy 

In ilie tungsten and tungsten alloy extiusion develop- 
ment program, 36 billets of tungsten and tungstejl 
alloys were extruded as primary and duplex extrusions 
in the form of iuhe shells, round bars, and sheet bar. 
Extrusion temperatures ranged from 1650 to 18'70°C 
and extrusion ratios varied from 3.6 to 9.6. Medifi- 
catim of the die design increased the life of the 
Zr02 -cozted extrusion dies. In the hot-plug drawing 
program, the drawbench facilities were modified and 
tenipcrature, lubricants, tooling, and other drawing 
conditions were investigated. '4 petroleum-base lubri- 
cant was far superior to glass for lubrication at 
temperahires greater than 1000°C. Unalloyed tungsten 
bar stock was successfully reduced 2576 per pass at 
1200°C and W-3W Re-30% Mo (at. 76) was success- 
fully reduced 30% in three passes at 1050°C without 
intermediate anneals. 

Chemical vapor deposition (0) studies were per- 
formed on tungsten and tungsten-rhenium alloys. A 
statistically designed experiment produced a complete 
series of curves showing the effect of deposition 
parameters on the response variables for tungsten. An 
cquation based on reaction-rate theory fitted the data 
better than a statistically derived third-order polynom- 
ial. The surface concentration of WF, byas the control- 
ling factor in deposit morphology. Orientation studies 
indicated that the {l lo} orientation desired for therm- 
ionic applications can be produced from WF6 under 
certain conditions. 

Gas bubbles less than 400 A in diameter, fluorine 
impurity clusters, or both, were responsible for retard- 
ing recrystallization in roiled CVD tungsten containing 
25 ppm F. 

Creep-ruplme studios for 1000 hr showed that at 
1650°C the creep and rupture strengths of tungsten and 
its alloys decreased in the order, U'--~50/0 Ke, W-25% Re, 
W, W-25% Re- 3W0 Mo (at. %). At 2200°C the W --5% 
Re and W--25% Ke alloys are equivalent and slightly 
stronger than tungsten. 

Successful. TIG welding of 1/16-in.-thick unalloyed 
tungsten sheet required preheating to at least 150°C. 
The ductile-to-brittle transition temperatures for welds 
in powdcr-metallurgy-aerived tungsten were about 
200°C higher than for unweldcd material. No sigma 
phase was detected in W- - 26% Re weld metal. deposited 
on unalloyed tungsten sheet. 

17. AIkdi-MetA C O ~ P ~ O S ~ O ~ ~  
of High-Temperatrrre Materials 

The cumulative operating time of refractory-metal- 
boiling-potassium corrosion experiinents has passed 
100,000 hr, and the original objectives set for this 
program are essentially complete. Mass transfer has 
been seen only in unalloyed niobium, tungsten, and 
W.25% Re systems. In tungsten and W -25% Re the 
IIE~ZSS transfer effects were opposite to those expected 
from concentration-gradient considerations and are 
thought t o  be associated with gaseous impurities. 
Examination of an Nb-- 1% Zr loop containing a TZM 
nozzle-blade section revealed excellent compatibility of 
these materials in boiling potassium after forced-flow, 
engineering-scale testing at 1200°C for 3000 hr. A 
second forced-circulation loop constructed of the nic- 
bium alloy D-43 completed a scheduled 10,000-hr iun  
at 1300°C with a load factor of 96%. 

In tests of the niobium alloys 1)-43, Nb-lc/o Zr, and 
FS-85 in circulating liihium (1) zirconium and nitrogen 
were preferentially transported from hotter to cooler 
surfaces, (2) zirconium depletion was controlled by 
solid-state diffusion, 43) niobium mass transfer bccame 
significant at 1300"C, and (4) the currosion rate was 
the same for any given temperature in the loop 
independent of location and direction of heat flux. The 
design, component procurement, and weld development 
weie conipleted for the first in a series of forced-circu- 
lation lithium loop tcsts on tantalum and tungsten 
alloys at maximum temperatures of 1370 and 1540°C. 
A T-111 pump cell for the helical induction pump for 
these tests was successfdly fabricated and tested io 
81 5°C in potassium to verify its structural integrity and 
establish its performance characteristics. 

Evaluation of a dissimilar-metal NaK radiator ciicui? 
with a typc 316 stainless steel to Nb-1% Zr alloy 
surface area ratio of 5.5 sliuwid a corrosion rate no 
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greatei than 1 X I O e 4  in./ycar and satisfactory mechan- 
ical properties after 

En studies of the Ta-0-K system at 600, 800, and 
IOMf’C’ we found ii teniperature-depenclent threshold 
oxygen concentration in the tantalum at which potas- 
sium penetrates the tantalum; this threshold concentra- 
tion is higher than that ohsewed in similar studies of 
the Nb-0-Ei and Ta-0-Li systems. The role of oxygen Jn 
the corrosioci o f  refractory metals by alkali metals has 
been analyzed in t e r n  of thermodynamic interaction 
paranieters; oxygen activity coefficients derived from 
this approach offer a reasonable explanativri for the 
distribution coefficient discrepancies previously IC- 

ported in these systems. 
A ziiconium getteriiig technique was developed fol 

uxygen deterrriitia(ron in aikali nietals in the concentra- 
tion mnge 100 to 1000 ppm. The fast-neutron acti- 
Val i o n  technique was proved effective foi the deternii- 
nation of oxygen ill potassrum and lithium at 
concentrationr as low as 20 ppnr. 

hr operation at 680°C. 

18. Nitride Fuels Development 

We are developing nitride fuels for space-nuclear and 
liquid-metal fast breeder reactor (LMFBR) applications. 
For the latter, properly designed (U,Pu)N fuel pins can 
operate at significantly higher linear heat ratings and 
power densities than can mixed oxides. In addition, 
nitrides appear lo have advantages over caibtdes in 
Fabricability and compatibility with stainless steels arid 
vanadium-base alloys, both candidate cladding materials 
So1 the LMFBR. The development program includes 
fabrication, characterization, thermodynamic studies, 
compatibility studies, and irradiation testing. 

We developed processes for fabricating a wide variety 
of sizes and shapes to meet the needs of the funda- 
mental and applied studies, maintaining impurity levels 
below S O 0  ppm O and 200 ppm C. We demonstrated 
processes for nianufacture of single-phase UC,N,-, for 
m y  value Q ~ X  dcsiied. We designed, built, and tested an 
apparatus fur hot-pressing very highdensity (U,Pu)N 
and developed capability for characterking (U,Pu)N by 
differential thermal analysis, tliermogravirrle tric analy- 
sis, inetallography, x-ray diffraction, and hot-stage 
microscopy. 

The kinetics of the conversion of UOz t o  UN was 
studied for sol-gel microspheres and powders, and the 
feasibility of producing high quality (U,Pu)(C,N) from 
aqueous reprocessing feed was demonstrated. 

The limits of solubility of nitrogen and uraniuni in 
U(C,N) were determined, and we established that 
Vegard’s law does not apply for UC-UN solid solutions. 

“Ferrnotlynatnic analysis indicates that UN in solid 
solution with LJC is inore stable than expccted from 
ideal-solution behavior. The thenodynamic stability of 
IZnN proved to be comparablo to that o f  WN. 

Vanadium arid WN were found to be thermodynami- 
cally compatible. Compatibility problems with mixed 
nitrides and vanadium aZloys should arise only when 
alloying additions of active components such as zirco- 
nium and titanium are involved or deleterious impuri- 
ties are present. 

89. Materials Development 
for Isotopic Power Sources 

Support of isolopic power progiarns has included 
work on general technology programs, fur 4 4  Cm and 
’‘Sr, and two application-oriented programs, SNAP-21 
arid SNAP-23. 

In the Curium Program components for 3-in.-diarn 
vented and 4-in.-diam nonvented capsules were ex- 
tiladed from arc-cast tungsten. ‘These extrusions are [lie 
largest produced to date in tungsten. Chemical vapor 
deposition (em) of tungsten wiis evaluated as a 
possible cladding tec!iniyue for curium fuels. On a 
200-w electrically heated niockup nodule-free deposits 
were produced with only a 0.003-in. vanation in 
thickness. A rnodel was developed foi predicting the 
creep behavior of a capsule fucled with an alpha- 
emitting isotope such as 2 4 4 ~ m .  such a capsule would 
experience a constantly increasing stress and decreasing 
temperature. The behavior predicted by this model, 
based on creep data for constant load and constant 
temperature, was verified experimentally. Brazing alloys 
based on platinum and refractory inrtals are being 
developed for joining curiuni-fueled capsules to therm- 
ionic emitters. Several alloys with braLing temperatures 
in the range 1900 to 2300°C exhibit good wetting and 
flow characteristics. To aid in assessing the heat transfer 
characteristics of T- 1 11 as a candidate cladding mate- 
rial, the electrical resistivity, specific heat, and total 
I.reniispherical emittance were determined in the range 
of 300 to 1700°K. Anomalously low values were 
determined for the electrical resistivlty, and an insta- 
bility in the total hemispherical emittance was also 
detected. 

111 the Strontium Program we assessed the compati- 
bility of strontium fuels witti alloys and determined the 
welding characteristics of these alloys. Nonradioactive 
compounds SrTi03, Sr2Ti04, and S r O  were tested f o r  
compatibility with Hastelloy @, type 3 I6 stainless steel, 
and Wayries alloy No. 25 for 1000 hr at 1100°C. The 
most inert conipound was Sr2Ti04. Type 304 stainless 
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steel was found to be a good stand-in for Hastelloy C in 
welding studies. Weld penetrations of up to 0.180 in. 
were obtained on both materials with the gas tungsten- 
arc process. 

Welding and inspection procedures were developed 
for SNAP-:! 1 fuel capsules. Electron-beam parameters 
were optimized for weld penetration and inspectability. 
Capsule components were ultrasonically inspected on a 
specially constructed s c ~ i n i ~ i g  device, and in-cell inspec- 
tion was successfully completed on two welded fuel- 
containing capsules, Electron-bcam wclding procedures 
are also being developed for sealing SNAP-23 fuel 
capsules. Initial studies resulted in acceptable welds on 
unpreheated capsulcs, but modifications will be re- 
cprircd for fuel-containing capsules. 

11. GENERAL FUELS 
,4ND MATERIALS RESEARCH 

20. Fuel Eiement Fabrication Development 

Emphasis on this program is now concentrated on 
improving fuel elements for research reactors. ‘The 
potential improvements are being confirmed in loop 
irradiation tests. Samples containing highly loaded 
dispersions of both UA13 and U3 Os have been prepared 
and irradiated. 

A major problem in preparation of UA13 powder fuels 
is minimizing the proportion of fines produced during 
comminution. A variety of comminuting techniques 
were tried with very little effect. The particle size 
distribution achieved during comminution was repro- 
ducible brit depended on the procedure used for making 
the measwement. 

The void volume in a dispcrsion-type fuel plate was 
shown to depend on both the type and concentration 
of the fuel; the highest void volume was achieved with a 
“burried” U3 Os . 

Swelling of UA13, which can cause dimensional 
problems during fabrication, is a two-stage process 
resulting from both release of gases and a diffusion- 
induced transformation. The latter may be retarded by 
the addition of small quantities of zirconium, silicon, or 
germanium to the alloy. 

To assist vendors in understanding the processes for 
fabricating dispersion fuels, basic fabrication studies are 
being conducted. We demonstrated that doghoning 
occurs at both ends of a core, even if all reduction is 
from onc direction, and is present whenever the core 
material is stronger than the cladding material. tligh- 
temperature compressive strength values of U3 O8 and 
UA13 dispersion pellets were determined. As the volume 
fraction of the fiiel is increased, the compressive 

strength of the PJ& pellets continually increascs, but 
that of oxide peliets reaches a maxjrnum and then 
decreases. Especially at 5% plastic strain, large differ, 
ences are found between the two. 

Uranium oxide powder \,vas prepared in a flame 
reactor from UF6, H2,  and 02. ‘The powder was 
charactciized and is readily fabricable, after a treatment 
to remove excess fluorine. We demonstrated that PuOp 
powder could he made by chemical vapor deposition. 
Solid silicon carbide deposits with a wide range in 
stoichiometry, giving hardness ranging from 133 1 to 
3855 DPH (1-kg load), were also deposited. The most 
critical variables were deposition temperature and inlet- 
gas stream composition. 

In an effort t o  decrease corrosion of aluminumt 
various anodizing techniques have been tested. With 
high-purity alumirium, the only one that resulted in a 
decrease was an oxalic acid bath. The fiim chaiacter- 
istics depcrided upon the bath teIiiperatirre; lowe: 
temperatures appearcd superior. The thickness o f  the 
CoiTosiQn film on a type 6061 aluminum specimen 
tripled when the specimen was held under strain. 

2 % .  Hmdiation Damage to Ahimini~m 

Irradiation damage to alumiilum was until recently 
thought to be of little ixriportance. The unexpected 
failure of sonie research reactor components due to 
neutron damage has stimulated research on the type 
and magnitude of aluminum irradiation damage at high 
neutron fluences. 

neutrons/cm2 result in emtxittlement of ~ 8 0 0 1 ,  I I 00, 
and 6061 alloys when deformed within a specific 
elevated temperature range, even though no significant 
change in ductility occurs at room temperature, ln- 
creases in strength are obsewcd also. Starting with a 
ncutron exposure of 5 X loz1 neutrons/cni2, the 
density decreases linearly with increasing fluence. Irra- 
diated in the Oak Ridge Research Reactor, 1100 
aluminum decreascd 1.5% in density ai  a fluence level 
of 1.5 X 10” neutronslcm’. The irradiation produces 
about 10’ ’ cavities/cm3, with diameters in the range of 
100 to 600 A. Cavities most likely give rise to swelling 
and can be removed by annealing at 260°C for 1 hr. 

We found that high neutron fluences near 

22. Mechaiiical Properties Research 

The Mechanical Properties and IMFB3R Cladding 
programs are closely related and have as their objectives 
the understaiiding of radiation damage to reactor 
materials and the development of modified alloys more 
resistant to radiation dainage. 
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The development of types 304 and 304L stainless 
steel containing small amounts of titanium continues to 
appear promising. The radiation resistance after cyclo- 
tron and reactor irradiation of both the titanium- 
modified types 304 and 304L under high-temperature 
creep conditions is much superior to that of the 
standard compositions. The modified 304L stainless 
steel has been fabricated successfully into LMFBR-size 
tubing, and end cap welds in the alloy appear sound. 

'Type 316 stainless steel and lncoloy 800 both exhibit 
a maximum in postirradiation ductility as the titanium 
contetit is increased. In 50-lb vacuum-induction nielts 
of the stainless steel the maxiinum in ductility occurs in 
the range of 0.1 to 0.3% Ti and at about 0.1% Ti in 
lncoloy 800" 

The high-lemperature creep-rupture properties of 
Hastelloy N are signifrc:intly influenced by the amounts 
uf titanium and carbon in the alloy. Both the strength 
and ductility increase with titanium and carbon addi- 
tions. This behavior is  contrasted with the appearance 
of a mlexhnuni in the ductility as a function of titanium 
concentration observed in the other alloys studied. 

The nuclear heating rate experiments in EBK-II were 
completed, and irradiation experiments trave been 
designed, constructed, and installed in EBR-11. Type 
304k stainless steel from a driver fuel pin in EBK-II was 
examined and found to contain voids that are attribu- 
table to djsplacernent damage ai 370 to 470°C. These 
vojds begin to anneal (disappear) at 600°C and all are 
removed by annealing 1 hr at Y..IO"C. 

23. Nondestructive Test Development 

We continued development of analytical techniques 
for the calculation of paraineters for an induced 
electromagnetic field, with emphasis on closed-form 
solutions. Numerical values are being obtained on a 
time-sharing computer for many problems of interest to 
eddy-current testing. Improvements were made on the 
portable phase-sensitive eddy-current instruments. We 
are nneasuring the effective diameter of eddy-current 
fields and studying methods of decreasing the size. To 
minimize thermal drift materials with low-temperature 
coefficients are being investigated for fabrication of 
eddy-current coils. 

Fahication and measurement studies are continuing 
on notch reference standards for ultrasonic inspection. 
The schlieren system for viewing ultrasonic energy was 
niodified to increase both the viewing area and the 
sensitivity; parabolic nlirrors were substituted for co& 
mating lenses and closed circuit television was used for 
display of images. An ultrasonic frequency analysis 

system was developed to allow investigation of the 
significance of frequency in ultrasonic tests. Preliminary 
studies have already shown benefits for transducer 
analysis. 

We are studying several parameters for the generation 
of holograms, using both sinde- and multiple-beam 
techniques. An electronic circuit was developed to 
allow real-time averaging of quantitative x-ray at lenu- 
ation data during scanning o l  specimens. 

24. Sintered Aluminum Products Development 

Sintered aluminum products (SM) are oxide- 
strengthened alununum alloys produced by powder 
metallurgy. We have beem engaged in a two-pari 
program, to develop a bielet fabrication process to 
produce SAP having uniform properties and to examine 
the causes and possible means of improving the low 
creep ductility of SAP without saciificing strength. 

A process for the fabrication of SAP has been selected 
from our development studies and evaluated on a sniall. 
pilot plant scale, The properties within a particular 
billet made by this process are very uniform; the 
maximum range of sirength observed is 2% of the mean. 
This SAP is approximately 20% stronger at 450°C than 
commercial SAP of equivalent oxide content. Seveial 
nondestructive test methods were developed to detcr- 
mine the flake thickness and oxide content of ball- 
milled flake. We scanned SAP billets using an x-ray 
attenuation method and established calibration curves. 
With this technique an 0.2% change in density or 
thickness of bdkt  can be detectcd and used for process 
quality control. Secondary working studies showed that 
the structure and properties of SAP can be improvcd by 
hot working. The fracture of SAP froiri -200 to 450°C 
has been studied by electrun microscopy. Three modes 
of fracture have been identified: separation, tearing, 
and shearing. ,414 three show features characteristic of 
ductile failure even though the uniform elongations are 
often less than 1%. 

25. SOB-Gel Fast Reactor Fuels 

We continued the assessnient of sol-gel-derived 
(U,Hu)Q2 fuel for fast reactors, prticularly for the 
tlklFBl2's arid t tie Fast Flux Test Facility. We installed 
equipment for fabrication and characterization of  
plutonium-bearing fuels, learned how to pack micro- 
spheres to specified densities, prepared the first sol& 
(U,yU)02 pellets, developed analytical techniques for 
charactcrizing thc fuel, tmd devised equipment for 
measuring thermal conductivity of packed powdens. 
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Irradiation tests to 4 at. % biirnup indicate that 
Sphere-Pac fuels will perform in the reactor comparably 
to pelletized fuels of similar smear density. Instru- 
mented capsule irradiation tests were started to  investi- 
gate the behavior of sol-gel derived mixed oxide fuels as 
a function of fuel temperature. The first capsule was 
designed and operated satisfactorily. In addition, tests 
were dcsigned for off-norinal conditions such as power 
transients and for testing in the EBR-11. Calculation 
methods required for irradiation testing and for the 
analysis of the results were developed. 

26. Joining Research OBI Nadear Materials 

We have studied the effects of Al, Ti, P, and S, 
individually and collectively, on the weldability of 
Incoloy 800. Both the VAWESTMINT Test and the 
Duffer's Gleeble were employed. 

Aluminum and titanium additions to the ternary 
(Fe-Ni-Cr) Incoloy 800 coinpositiori increased the 
alloy's susceptibility, as measured by the VARE- 
STRAIN r Test, to weld-metal hot ci-acking; however, 
the degree of cracking was considerably less than that 
exliibited by commercial Incoloy 800 plate. Similar 
results with these two elements were also obtained wiih 
the Gleeblc heat-affected zone tests. The presence of 
aluminurn and titanium decreased the Zero Ductility 
Temperature (ZDT) from approximately 2450°F for 
the ternary to about 2400°F. Phosphorus and sulfur did 
not decrease the ZDT below the 2400°F level. This 
apparent innocuous effect of phosphorus and sulfur 
may be due to their association with titanium and/or 
aluminum. 

27. Zirconiuni Metdhargy 

We made continued progress i n  relating the anisot- 
ropy of uniaxial and biaxial plastic properties of 
zirconium alloys to crystallographic texture. We also 
related thc orientation of the hydride in Zircaloy tubing 
to texture. Deformation studies on single crystals 
showed how the development of texture is controlled 
by the fabrication stress state and the availability of slip 
and twinning modes. Inhomogeneous deformation was 
observed in zirconium alloy tubing and its origin was 
identified as variations in texture around the tubing. 
Also, we found variations in texture through the tubing 
wall. All of these texture variations are strongly 
influenced by processing history. An experimental 
tubins fabrication study is in progress to relate, in 
detail, fabrication variables to texture and thercby to 
permit texture control in commercially fabricated 
material. 

PART IV. REAC'TOR DEVELOPMENT SUPPORT 

28. .4skstaaacc in Research RG~C~CK 
core Procurennewt 

During the year technical assistance was hirnished to 
the AEC in preparing specifications for fuel elements, in 
making technical audits of fuel manufacturers, and in 
discussions of the fabrication of dispersion fuel ele- 
ments. Assistance in procurement and inspection was 
provided in the purchase of fuel cores for AF-NETR 
and PM-4. 

A limited number of short-range devclopmcnt prob- 
lems were pursued to assist the fuel elemcnt manu- 
facturers. We found that even with ORNL fabricating 
procedures, much nmrc dogboning was encountered 
with UA13 than with U3OS, and the amount is a 
function of the fuel concentration. We demonstrated 
that arc melting of UA13 need not result in the presence 
of free uranium, but considerable variation in struciilrc 
and composition might be expected. Segregation of 
B4C burnable poison results when finer than desired 
particles are exposcd to moisturc, which causes clump- 
ing; it may be avoided by vacuum drying. Electron- 
b c m  welding has beeii shown to have potential as a 
positive technique for attaching the fuel plates in 
research reactors. 

In an attempt to compare relative sensitivities for 
measuring fuel homogeneity by x-ray attenuation and 
by scanning radiographs, diffi-culty has beer, cncoun- 
tered in obtaining standard curves with the accuracy 
previously obtained for the x-ray attenuation machine. 
Some, but not all, of the increase in spread was traced 
to machining errors. When standards are established for 
variation in fuel content, the size aperture must be 
considered. The minimum visually detectable fuel in- 
crease in a high quality radiograph of a djspersion plate 
is 7'ro for a spot diameter of 0.125 in. or 8% for an  
0.078-in.' area. 

29, Gas-Cooled Mecctot' Program 

All-ceramic nuclear fuels consisting of (ih,U)02 and 
(Th,U)C2 fuel particles coated with composite coatings 
of pyrolytic carbon and Sic offer considerable atlvan- 
t ages as fission-product-rctaining fuel for high- 
temperature gas-cooled reactors. Miuch of our support 
for the Program consisted of developing fabrication 
techiliques for bonding coated particles into rods for 
loadjng into graphite fiiel elements and testing coated 
particles m d  coating materials. Duririg the devcloprnmr 
of bonding methods we modified the coating design to 
avoid cracking of coatings. In other coating studies WIC 
developed a technique to avoid infiltration of dense 
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carbon into buffer coatings during apphcatiorl of outer 
coating layers on coated particles. A revised version of 
STRETCH, our computer program for predicting irradi- 
ation behavior of coated particles, was published arid 
used to improve our correlation of results from two 
experiments in the ETR. Results from DFK irradiations 
showed that failure of carbori coatings can be induced 
by fast-neutron effects alone and that densification or 
swelling of coatings oxcurs as they approach an equilib- 
rium density between I .8 and 1.9 g/cm3 An important 
new activity coricerns the study of concretes proposed 
for prestressed concrete reactor pressure vessels. We are 
charaetcrizing the individual constituents and cast 
conciete shapes of three concrete nlixes being used in 
rnechaaieal properties studies at other laboratories. 

30. Heavy Section Steel Technology 

The Oak k d g e  National Laboratory has been given 
the responsibility of directing the AEC-sponsored por- 
tion of the fJeavy Section Steel Technology Program. 
This phase of the program is an engineering effort to 
develop 1 he technology of fracture mechanics to the 
p m t  where it i s  capable of defining the safe bchaviolr 
of a nuclear pressure vessel. We are represented as 
consultants on the Program e7 ffice's Technical StaTf. Io 
addition, we satisfy the needs of those experimental 
progriiims that require the experience and facilities 
avahlable in IJUT Division. Specdic topics in  this report 
cover the depth of heat-affected zone due to flame 
cutting of thick steel sections and the interpretation of 
the microstructures prevalent a t  the various depth 
locations in the quenched, tempered, and stress-relieved 
ASTM A533 Grade B steel plate 

31. High Flux Isotope Reactor 
Materids Development 

The second HFlR fuel element production corntract 
was completed on schedule and a third started. A total 
of 61) fuel assemblies have been shipped to OKNL,; a11 
are capable of being used at full design power, but only 
one outer and 18 inner elements met all portions of the 
specifications. The causes of the fuel-elerneat waivers 
and fuel plate rejects are tabulated. The reject sates for 
the various periods for the fuel plates during this year 
were 20.1, 9.99, and 4.84% with a total reject r a k  for 
42,000 plates of only 10.7%. 

AEler a cooling period of one year, a used HFIR fuel 
dement was destructively examined in the ORNk hot 
cells. Other than a slight expansion at the center line, 
no dimensional changes were found. In a metallographic 
examination, no evidence of potential Fallwe within the 

plates or of excessive swelling was found. The fuel 
element appeared to be in exellent shape. The blister- 
ing temperatures found iri postirradiation heat treat- 
ments were considerably higher than had been previ- 
ously reported. 

Full-size HFIR plates containing high loadings of both 
IJ308 and UA13 were fabricated. In the I-Ik1K plates 
with urifueled filer sections, dogboning of UA13 cores 
was not as Severe as in comparable flat-cored plates. 
However, the insert did extrude beyond the core both 
longitudinally and lateially. Such an extrusion was not 
found with the high loaded oxide plates. The so-called 
burned W308, which has possibilities as a cheaper fuel, 
was characterized. I t  falls fa1 short of the present WFlR 
specifications, but the seriousness of the deviations has 
not been determined. 

We tlernonsrrated that good quality electron-beam 
welds could be made wthin the small borc of the HFZR 
inner side plates. Using a low-inertia, electronically 
controlled spot welding machine with samples, spacers 
were attached to durnrny aluminum fuel plates with it 
uniform penetration of about 0.003 in. 

igh F f w  Isotope Reactor 
Target Development 

The goal of the Transuranium Project IS to produce 
gram quantities csf the heavier transuranium elements 
for research. Plutonium, aoiericium, and curitinn Irom 
the Savannah River were fabricated at ORNL into 
target elements that are being irradiated in the High 
Flux Isotope Reactor at approximately 3 x 10' 
neutrons c rnP sec-' . The target elements Are iemoved 
periodically and reprocessed to separate the product 
actinides and recover the target actinides, which are 
fabricated into recycle targets and returned to I-IFIK. 

Our tasks have included the design, fabricathi, and 
vdidaiion of suitable targets, the development of 
equipinent and techniques for fabricating fhern, and 
monitoring their performance in HFTR. Our investi- 
gation of thc premature failure of target elements 
exposed in the HFYR indicated that the cladding had 
enibrittled from fast ncutron irradiation to such ai 
extent that it was unable to acconitnodate by straining 
the buildup of fissiort gas pressure. During the year, the 
remote TRU target fabrication line was operated to 
fabricate recycle targets cvmitaining "'Cm, '' cf3 

Es. Although minor difficulties have 
been experienced with the remote equipment for 
fabrication of these targets, satisfactory targets have 
been made arid necessary targei schedules have been 
met. In addition to this work, we irradiated aluminum 

' Cm, and 
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materials in target elements in our search for a better 
cladding alloy and in our search for an explanation for 
the embrittlement of aluminuni cladding by fast neu- 
tron irradiation. The irradiation of target elements 
containiirg lower loadings of isotopes and greater pellet 
porosity continued during the year. 

33. Cladding Materials for SNAP-8 

We measured the postirradiation niechanical proper- 
ties of several candidatc SNAP-8 claddjng materials. 
These materials included standard Hastclloy N ;  several 
modified Hastelloy N's containing various amounts of 
titanium, 7irconium, and niobium; llastelloy X ;  type 
304 and titanium-modified type 304L stainless steel; 
and several heats of lncoloy 800 with various titanium 
levels. Several of these materials exhibited higher 
fracture strains and strengths than the standard Hastel- 
IOY N that was actually chosen. This decision was based 
on the other desirable properties of Hastelloy N and our 
mechanical property measurements showiilg that the 
properties were adequate. 

34. MOltCE.~Sdt Reactor Program 

Surveillance specimens in the MSRE showed excellent 
compatibility of graphite and Hasteiloy N witb the 
appropriate reactor environments. The same decrease in 
strength and ductility of Hastelloy N waq observed in 
these environments as had been notcd for comparable 
neutron doses in heliuni. Progress is reported on 
physical characterization of commercial graphites for 
MSBR use, sealing the graphite surface with molyb- 
denum or pyrolytic carbori (carbon i s  better), and 
irradiation of graphite in the H F i R  Commercial melts 
of titaniunr-inodi~ed Hastelloy N showed excellent 
mechanical properties after irradiation at 650°C, but 
therrnally induced changes in precipitation during irra- 
diation at 760°C reduced the properties of some heats 
to near those of the standard alloy. 

High-restraint welds were made satisfactorily in 112- 
in.-thick plates of 100-lb heats of titanium-modified 
Hastelloy N, but similar welds in a 5000-lb melt cracked 
profiusely , probably because of some deleterious im- 
purity in the large melt. In a highly restrained weld 
thcmal strcsscs above the yield stress can exist and 
cause sinail cracks to form during service and lead to 
faailrare. We developed a technique for measui ing the 
resid!ral stresses in welds. Postweld annealing at 8'70OC 
rcduccd the thermal stresses in a 1/2-in. plate from 
55,000 to SO00 psi. 

Vacuum melting decreased the oxidation resistance of 
stmdard IIastelloy N appreciably by removing silicon 

and other impurities. The oxidation rate of the titani- 
um-modified alloy seems adequate for continuous 
service lip to 760°C. 

All of our fluoride salt-Hastelloy N thermal eonvec- 
tion loops continue to show corrosion rates of only a 
few ten-thousandths of an inch per year. Tine new 
coolant salt NaBF4 ~ -8% NaF is somewhat more agres- 
sive than the other fluoride salts, but the corrosion rate 
after 4 0 ~ 8  hr of operation i s  about 5 x in./year. 
Where comparable, titanium-modified Hastelloy N ex- 
hibited a lower corrosi~n rate than the standard alloy. 
We are running a loop coniailiiiig ii fused salt to 
determine whether the cheaper type 304L stainless steel 
could be used in cooler parts of the system. 'This loop 
has operated without incident for 44,000 hr at a peak 
temperature of 67S°C, and removable specimens indi- 
cate a corrosion rate of about 2 X 

We are testing two techniqucs for joining Hastelloy N 
to graphite; direct brazing and use o f  a transition joint 
with thin slices of several nickel-tungsten, alloys. Joints 
were made by both techniques, and we developed a 
pulse-echo ultrasonic technique that can detect whether 
the joints are bonded. 

in./year. 

35. Reactor Evaluation 

We continued to assist the AEC in analyzing the 
potential of various reactor systems by evaluating fuel 
fabrication costs and fuel element performance. Our 
emphasis this year was on updating Civiliun Nuclear 
Power, A Report to the Prmident - 1962 and evalu- 
ating reactois for desalination. We updated our code for 
estimating fuel fabrication costs for pin-type fuel 
elements and developed computer codes for optimizing 
plant cxpansions and determining when recycle of fuel 
should be undertaken in a growing nuclear power 
economy. In addition, we started the development of a 
model and computer code for performance of pin-type 
fuel. elements. 

36. l'errestria! Idow-JP,wer Reactor 

Existing knowledge indicates that titanium is the 
preferscd structukal metal for a pressurized water 
reactor with maximum simplicity and requiktg mini- 
liiuin maintenance. Uranium dioxide pellcts in a metal 
tube should satisfactoiily meet requirements of a 
50-Mwyi core life at a peak linear heat rating of 5.9 
kwlft. 

37. Thorium Utilization 

To use thorium as a source of energy by converting it 
U, it is necessary to develop econorni- to fissionable 



cal fuels, to characterize 1he ptiysicd and ctiernical 
nature of such fuels, and to denionstrate the technical 
and economic feasibility of recycling such fuels. Our 
responsibilities are the characterization of fuel, the 
testing of fuel under irradiation, and the developinent 
of processes for refabrication of fuel elements that ale 
prototypic of designs useful for power reactors. The 
principal current objcctive is Io demonstrate the refabri- 
cation of high-fernperature gas-cooled reactor fuel 
elements i n  the Thorium-Uranium Recycle Facility 
(TURF), an $8 million research and development 
facility whose construction was just completed. 

We are developing rcmotely uperativc processes and 
quipxnent to refabricate fueled-graphite elements in 
the TURF. We concentrated on the critical areas 
requued for refabrication of HTGK fuel elements, 
doing very little design of pilot-scale equipment. We 
essentially conipleied the development of a pneumatic 
system to transfer pyrolytic-carbon-coated particles 
between steps in the process wilh negligible abiasioti. 
'Fhe S-in. engneering-scale particle coating furnace 
system achieved routine operation, and we built a 
prototype remotely operated coating system based on 
our experience. W e  coated several batches of special 
particles containing high-activity isotopes such as U 
and "u. 

'The TURF was received from the contractor, placed 
U-bearing fuel into operation, arid used to prepare 

for the Molten Salt Reactor Experiment. 

PART V. OTHER PROGRAM ACTIVlTIES 

38. Metallography 

A completely contained alpha metallography glove 
box line was fabricated, equipped, and leak checked. It 
consists of eight boxes in line for specimen preparation 
arid microscopic examination. Two isolated boxes are 
for hardness testing, mensuration, arid photomacrog- 
raphy. We :added electron microscopy to our responsi- 
bilities in the Iligh Radiation Level Examination Labo- 
ratory. Replicating techniques were developed to allow 
us to examine highly radioactive (130,000 r/hr) speci- 
mens routinely. A catalog of photomicrographs of 
arc-cast and heat-treated uranium carbides was re- 
ported; chemical arialyses and x-ray data wele provided. 
A newly developed commercial metallograph was evalu- 
ated; some operating and performance problems were 
corrected by working with the manufacturer. We 
continued fhe cvaluation of an image analyzing com- 
puter for quantitntive metallography and compared 

results with those of other methods. We continued to 
improve techniques and capabilities of x-ray micro- 
probe analyses, using computer programming arid 
achieving elenient detection of amounts as low as 40 

PPm. 

39. Rover Rocket 

Multiple-tube bundles of Hast elloy X and type 34'7 
stainless steel, which simulated rvcket nozzle configura- 
tions, were tested in thermal fatigue, and the results 
were correlated whh thc test pararr~eters and the 
low-cyclr ratigue properties of the alloys. Thermal 
cycles typical of n o d e  service conditions produced 
intergianular failures in 23 to 8'7 cycles in both 
materials. Studies on the effccts uf gaseous contarni- 
nation on the adhesion of rocket engine materials have 
been expanded. Adhesion is harder to produce with 
engineering materials than with pure metals wider only 
static normal-face loading Surface shearing produces 
adhesion in some of the engineering rnaterials. Oxygen 
inhibited adhesiclri more than hydiogen for the mate- 
rials that exhibit significant adhesion in ultrahigh 
vacuum. Preliminary studies indicate that outgassing of 
the reactor fuel elements will determine the gaseous 
etivironment for the engine components. Since this 
outeassing cannot be estimated rrom existing data, we 
have begun to determine the yuantlty, species, and rate 
of outgassing under sjmuhted space conditions. 

40. Dispersion Strengthenirlg 
of Ahminurn-Base Alloys 

The techoical feasibility of a rnethod of dispersion 
hardening aluminum by the fine particle etnbedmcnt 
principle was demonstrated. One such alloy was sgniCi- 
eantly stronger at 450°C than ii conventional SAP with 
1 1% A12 CIj, yet it contained only 4% oxide. Another 
dloy showed improved low-strain-rate fracture ductility 
with good strength at 450°C: when compared to SAP. 

4 1 ~ Army Pulsed Ikidiiation Facility 
Reactor A ssistaiice 

Assistance WAS provided during fabrication and coat- 
ing of U- 10% Mo core components for the Army 
Pulsed Radiation Facility Reactor, and the corc was 
subjected to metallurgical evaluation after having been 
tested to daniage in the OKNk Critical b.xperiments 
Facility. Thermal and inertial stresses induced dunrig 
energy pulsing caused damage in the form of  cracking 
and buckling of fuel rings, bending of regulating rods, 
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and peimanent set to core alloy bolts. I'he U-105% Mo 
gamma phase was retained during the test, and alumi- 
fiislii plating adhered bctte: than n d e l  plating. N o  
significant change in mechanical properties of the core 

alloy was observed. Preliminary studies in an alloy 
development piogram indicate that a 70% increase in 
neutron yield with no sacrifice in pulse width is possible 
with U-~WO Nb as compared to U-10% Mo. 



ental Progra 

1. Crystal Physics 

G. W. Clark 

The growth of single cryst;tls of high-melting-poiii~ 
inaterids is our ccntral theine. Such crystals are often 
requued t o  characterize physical properties uniquely. 
Some technical devices require very specific single 
crystals fur their operations. Frequently, i t  is difficult 
to obtain suitable crystals; hence, we are conducting a 
continuing program to provide crystals needed in 
iesearch, to devise and Improve methods of crystal 
growth, anti to  develop increased understanding of 
crystal growth processes and kinetics. We are growing 
crystals by several methods; by internal centrifugal zone 
growth, from molten-salt solvents, from supercritical 
aqueous systems, and by the general Verneuil method. 
Some of these crystals have been used by other groups 
in investigations of electron-spin resonance, optical and 
magnetic properties, deformation, fission-gas release, 
neutron damage by x-ray analysis, and a possible 
neutronbeam chopper. Also, we are investigating se- 
lected physical properties, both those ielated to the 
crystal-growth process and those important for charac- 
terizing new compounds. 

growth ( I C E )  t e c h n i q ~ e . ~  A preheated ceramic or 
cexniet rod inoves slowly tlnougli a radio-frequency 
induction coil, causing progressive melting (2800 to 
3300°C) and recrystallization inside a solid shell. Ther- 
nul gradients favorable to the formation of a single 
crystal or eutectic matrix along the rod axis are 
promoted by rotation of the rod under specific con- 
ditions. Crystals or eutectic matrices approximately 1 
cm in diameter and 4 c ~ n  long can be grown within 2" 
of specific orientations by seeding the melt. 

By changing to a lower impedance induction coil 
design we have reduced the problem of arcing and 
attendant sudden temperature decreases4 which in turn 
has doubled the probability of obtaining crack-free 
samples. We made mechanical and temperature sensing 
changes, wkich we believed will produce crystals of 
higher perfection. 

The perfection of U02 crystals grown by our method, 
arc-melted specimens, and vapor-grown crystals have 
been appraised. This work is summarized in Chapter 14 
of this report. 

lNTERNAL ~ ~ N T ~ ~ ~ ~ ~ A ~ ,  ZONE GROWTH 

D. E. HendrLx' G .  W. Clark 
A. 'r. Chapman' 

We are contitiuing the study of growth o f  crystals of 
UOz, UOZ-ThO2 solid solutions, and eutectic structures 
of the cerniet kl(d2-W by our intelrial centrifugal zone 

'On b a n  to Mdallurgy Uepartrrient, Laboratory Division, 
Oak Ridge Gaseous Lagfusion Pknt. 

2Consultant from Georgia Institute of Technology, AtLqnta, 
Georgk. 

A. T. Chapman and G. W. C k k ,  iWetaUls and Ceramics Diu. 
Ann  Bvyr. Rept. June 30, 196.5, ORN1.-3870, pp. 3 4. 
4D. E. Hmdrh, A. T. Chapman, and G. W. Chrk, Metals and 

Ceramics Div. Ann. Prvgr. Rep$. June 30, 2967, OKNL-4170, 
pp. 3 4. 
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MOLTEN-SALT GROWTH OF 
SINGLE CRYSTALS 

C .  B. Finch G.  W. Clark 

The molten-salt solvent (flux) technique is the pri- 
mary and often sole method of producing single crystals 
of refractory materials that (1) melt incongruently, (2) 
have high-temperature solid phase transformations, (3) 
decompose or sublime at or before melting, or (4) are 
glass formers. Such materials include iiumerous silicates, 
germanates, and piire oxides (such as CeOz and GeO,). 
It typically enables crystal growth at temperatnres 
considerably below the high melting points of many 
refractory oxides. However, it has the disadvantages 
relativc to crystal growth from a pure melt of a slower 
rate of crystal growth for high crystal perfection and at 
best a trace of solvent contamination in the resulting 
crystals. 

We contiiiucd to improve the existing m e t l - ~ o d s ~ ~ ~  for 
refractory-oxide crystal growth at 1000 to 1300°C 
from such solvents as LizO~2WO3-R2O3 and L i 2 0 .  
2Mo03. We grew additional 3-mm 'Tho2 and CeOz 
single crystals doped with less than 500 ppm 2 4 4 C n i 3 + ,  
2 3 1 p a 5 +  1 Cd3', Tm3+, Eu3*, or Ca2+ for electron spin 
resonance and theni~oluminescenee studies. Wc also 
grew pure and Gd3+-doped crystals of tetragonal (zircon 
structure) ZrSi04, HfSi04, and ThSi04 to 4 nim from 
Li20-2W03 and 12i20.2Mo03 at 1150 to 1200°C by 
existing m e t h ~ d s . ~  3 8  The electron spin resonance spec- 
trum of Gd3+ is being studied in these silicates. I n  a 
special glove box at the Transuranium Research Lab- 
oratory we grew 3-mm crystals of Caw04 doped with 

Am3+ from Na2 O*2kVO3 solvent by cooling from 
1250 to 850°C at 2"/hr. The resulting crystals are being 
used for optical absorption and emission studies. The 
crystals have a green fluorescence with ultraviolet 
excitation at 77°K and offer potential as a laser 
material. 

Self-Activated T~eni~ialuminescei~ce in Lanthanide- and 
Actinide-Doped Thorium Dioxide Crystals' 

C. B. Finch 
G. K. Werner' 

L. J. Nugcnt' 
M.  M. Abraham' 

Thermoluminescence in thc range 125 to 180°C was 
found for Thoz crystals doped with bu3+, Gd3+, Dy3+, 
I?+, rm3+, Yb3+, and 244Cn13'. In each case thc 
thermolumnescence emission spectrum is characteristic 
of the rare-earth tripositive ion and identical t o  the 
spectrum obtained by ultraviolet excitation. In the 
lanthanide cases the energy released in thermo- 

lurnirrescence arisi:s from the 4-Mev (1.39 X 10' -ycar 
half-life) alpha-particle emission from naturally oc- 
curring 2321h.  In the 244Crn3?- case, the thermo- 
luminescence energy arises primarily from the more 
intense 6-Mev (1 7.6-year half-lifc) alpha-particle emis- 
sion from 244Crr1. The alpha energy is primarily 
absorbed in the crystal (at room temperature) where it 
creates storage sites capable of releasing energy to 
excite the rare-earth ion at the elevated temperatures. 
'The storage sites can also be created by 2537-A 
radiation, and they are slowly removed by visible light. 
Paramagnetic resonance measurements 017 the Tni3+- 
doped crystals confirm that neither Tm2* nor Tin4+ 
ions are present in the activated samples, indicating that 
the dipositive or tetrapositive ions are in general riot 
involved in the energy transfer or storage process. Some 
possibilities for an energy transfer mechanism are 
discussed, and this new phenomenon should occur for 
most of the tripositive rare-earth ions in T h o 2 .  

EIectron-Spin ~emnance  of 4 4 ~ r n 3 '  
in'l 'h02 and C e 0 2  (Ref. 13) 

M. M. Abraham' G. W. Clark 
C. B. Finch 

The ESK spectra of 244Cm"+-doped rhoz  and CeOz 
single crystals were measured at approximately 10 Gl lz  
and liquid helium temperatures. Sites of cubic sym- 
metry were observed in both hosts with the crystal field 
splitting larger than the microwave quanta used Thc 
ground states are r6 doublets, indicating that the 
fourth-order parameter of the ciibic crystal field Harnil- 
tonian is negative. The g-valine was 1.484 + 0.002 for 
Tho2 and 4.475 f 0.002 for Ce02.  

5C. B. Finch and G. W. C!ark,J. Appl. Phys. 36(7), 2143-45 

6C. B. Finch and G. W. Clarkj J. Appl. Phys. 37(10), 3910 

7C. H. Finch and G. W. C h k ,  A m  Mineralogist 49, 782-85 

'A. A. Rallman and R. A. Zaudise, J, Am. Cwam Soc. 48(3), 

'Abstrac? of p p e r  to be  presented at the 7th Kare-Earth 

"Chemistry Division. ' 'Physics Division. ' 2Solid State Division. ' 3Abstracted fromPhys. Rev. 168,933 (1968). 

(1 96 5 ) .  

(1 966). 

(1 9 64). 

130 --33 (1965). 

Research Conference, San Diego, CMfornia, October, 1968. 
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Flw Growth and Characterization of 
Hexagonal Germanium Dioxide 

Single Crystals1 ' 
c. R. Finch 6. W. Clark 

Single crystals of hexagonal CeOz up to 2 x 2 x 3  
mm were grown from Li20-2Mo03 and t i z 0 * 2 W 0 3  
fluxes by slow-cooling from 1100 l o  950°C no faster 
tllati I"C/IK. Optically clear crystals contain 50 ppm 
Mo (or W) and 30 ppm Li as inipurities. 

Hydrothermal Synthesis, Optical 
Perfection, atid Surface ~ ~ ~ ~ ~ p ~ y  
of Quartz Grown in RbOH and Other 

Alik;ali Hydaoddes' 

Otto C. Kopp' ' G .  W. CZark 

Quartz has been grown hydrothermally in iron-lined 
vessels from 0.5 N RbOH, CsOII, and KOII in the 
ranges 340 i o  460°C and 800 to 1800 kg/cm2. 
Although other phases (mica, zeolite) also nucleate, 
crystals of good quality lave been g o w n  at rates up to 
0.6 mni/day along the c-axis. 

Infrased Spectra of 

0, (2.  Koppl ti 

Grown Quartz 

P. A. Staats' ' 
G .  W. Clark 

lrrfrared spectroscopic investigation of quartz crystals 
grown hydro1 tierndly in various solvents (NaOli, KOII, 
RbOH, and CsOFI) reveals that their absorption spectra 
are very snnzibr. Analysis of ~ rnp le s  grown in each of 
these solvents, as well as the natural quartL used as 
tmtriem, suggests that all of the ~xystals contain mine 
N$ (0.98-A radius), whereas $he larger a h l i  ions (r = 
1.33 A, Rb+ 1.49 A ,  Cs" -= 1.65 A) a e  preferentdy 
excluded. The source of the Nai ions appears to be 
both the nutrient arid tiace impurities in the solvents. 
Kats'? previously noted that he w a s  not able to 
electrodiffuse ions larger t h n  K" into the quartz lattice. 
We shall try to glow pure1 quartz crystals ('Le., lacking 

"~i\bstraeted from paper accepted Sor publication in The 

'.dibstracted from paper accepted for publication in the 
Americten Mimv-ahgist 

.Jolmlo? of Crystal Growth. 
Consultani froin the University of 'l'ennesbee. 1 6  

17A. Kats, PhiZipsRes. Kept. 17, 133-95 (1962). 

the alkalis and traces of iron and aluminum found in 
nlost quartz) tluough careful selection of starting 
materials. Such quartz may possess a more perfect 
crystal lattice and consequently behave as a niore 
perfect oscillator, have less absorption in the infrared 
due to defects, and maintain its strength to higher 
temperatures.' ' 

Further Studies in the System 

L. A. Warris" 

RbOW-Si02 -Fez 03/F*Hg 0 

0. G .  Koppl 

I n  addition to the normal black mica, a green mica 
produced at temperatures below 350°C and a possible 
pyroxetie phase have been previously reported.2o X-ray 
powder dlffraction data and optical study confirm that 
two distinct mica phases exist in Illis system. Their 
stability appeals I elated to the oxygen fugacity' in the 
system at operating conditlions. Electron microprobe 
analysis indicates that the pyroxene ptiase i s  rubidium 
free but contains sodium. Analysis of the 0.5 N RbOH 
solvent used reveals the presence of 60 pg/nd of sodium 
in the solvent, sufficient to forni traces of the sodium 
iion pyroxene ac r i t e  (NaFeSiz Oh) .  

CRYSTAL GRQWTH BY THE VERNEUIL 
METHOD 

C. W. Clark 11. A. Mook12 

The heart of an electromagnetic neutron-beam chop- 
per is a single crystal of certain magnetic ferrites. After 
a concerted, unsuccess-iul effort to obtain the desired 
crysrals conmiercially, we embarked on a cooperative 
program. We are growing crystals in the ferrite system 
approaching the desired perfection and physical she. At 
the present time we are searching for an appropriate 
mixed compound with optirriuin neutron and niagnetic 
p r o p t i e s  while conforming to nature's constraints on 
site occupation and ow ability to control growth 
conditions. For evaluation, we have grown the fol- 
lowing ferrites: lithiumnanga riese, lithium-manganese- 
nickel, li~liiiuni-tnanganese-tit.anium, lithium-titaniuun, 
and tnagnesiurn-manganese-einc. 

____..- 

I'D. T. G k g s  and J. 1). Bbcic,Science 147,293- (1965). 

''0. C .  ~ o p p ,  G. W. Clark, and L. A. fjaxris, Metals ami 
Ccrarnics Div. Anrz. Progr. Kept. June 30, 196 7, ORNL- 
4170, p. 6 .  

''€1. P. Eugster and D. R. Wones, J. Petrol. 3,  SL-125 
(1962). 

'x-ray Diffraction ~ r o u p .  
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DIAMAGNETW SUSCEPTIBILITY OF 

CRYSTALS 
HIGH-PURITY THQRPUM DIOXIDE 

II. M. Smith G. W. Clark 

The diamagnetic susceptibility of high-purity Thoz 
crystals was measured, with our Faraday apparatus, at 
298 and 79°K. The gram susceptibility was determined 
as  -10.0 i- 0.1 X lo-* cm3/g, and the molar sus- 
ceptibility as -26.3 ? 0.3 X cm3/mole. As 
expected, the susceptibility is temperature-independent 
over the range studied. These susceptibility measure- 
ments are the most precise yet reported for Thoz and 
are being compared with theoretical1.y calculated values. 
‘The results to date indicate that the experimentally 
determined diamagnetic susceptibility i s  approximately 
one-half the theoretical value. The difference between 
the expcrimental and theoretical results niay be due to 

“high-frequency” or temperature-independent para- 
magnetism of the ahw ion. A sjmilar study i s  in 
progress on high-purity CeOz crystals. 

ALT E d’a NB’FBNG -CURRENT MUTUAL 
INDIJCI’ANCE BRIDGE 

H. M. Smith G. W. Clark 

An ac mutual inductance apparatus for the precise 
measurement of the principal magnetic susceptibilities 
is nearing completion. The bridge is a Cryotronics 
model ML-179, operating at 17 Hz. ‘It will be capable of 
measuring the principal magnetic susceptibilities of 2 to 
4-mm single crystals over the entire range of 2 t o  
300°K. Plans for the use of this apparatus include the 
measurement of the principal susceptibilities of UN, 
UOz , several lithium lanthanide molybdates, and several 
lanthanide germanomolybdates. 



2. Deformation and Annealing of Metals 

Carl J. McI-iargur: 

We are studying the defortnation behavior of poly- 
crystalline metals by comparing the preferred orienta- 
tion developed under a variety of conditions with that 
pedicted from single-cryslal behavior. An analysis of 
the rewits can give an important insight into the 
mechanical and plastic properties of complex engineer- 
ing mater&. Studies on the properties of individual 
crystal defects and their interaction provide the infor- 
mation needed to nnke  such an analysis. 

~~V~~~~~~~~ OF PREFERRED ORIENTATIONS 
IN COLD-ROLLED NIOBIUM’ 

R .  A. Vandernieer J. C .  Ogle 

The preferred crystallogiaptiic orientations (texture) 
developed in randonily oriented polycrystalline nio- 
biiim during rolling were studied by x-ray diffraction. 
The evolution of texture a t  both the surface and center 
regions of the rolled strip was carefully examined as a 
function of iricrzasing reduction in thickness through- 
out the range 43 to 99.5%. Certain aspects of the center 
texture development in niobium are in agreement with 
the predictions of a theory by Ddlatnore and Roberts: 
but others catinot be explained by the theory in its 
present form. Above 87% reduction by rolling, a 
distinct texture unlike the center texture appeared in 
the surface layers. ‘The present results are cornpared 
with previous results obtained from other body- 
centered cubic metals arid alloys. 

TEXWKE IN HOMOGENEITIES 
IN COLD-ROLLED NIOBIUM3 

R.  A.  Vanderrneer J. e. Ogle 

Two types of depth-dependent texture inhomo- 
geneities were observed in niobium specimens cold 

‘Abstract of Trans. Met. Soc. AIME. 242, 1317-26 (1968). 
21. L. Dillamore and W. ‘T. Roberts, Acta Mel. 12, 281 

(293643. 
Summary of paper to be submitted for publjcation. 

rolled various amounts up to 99.5% reduction in thick- 
ness. We feel that nonuniform plastic deformation 
during rolling was responsible for both these inhomo- 
geneit ies. 

The first type of texture inhomogeneity is character- 
ized by a zone at  intermediate depths that lacks certairi 
strong orientations that are present in the surface and 
central layers of the rolled stock. The texture in the 
surface and center zones consisted of ( 1) orientations, 
a range of orientations exttmding from 11 1 11!112) to 
{I 12)O IO), (2) {OOI}(I 10) orientations, arid io  alesser 
exteat (3) A’ orientations ranging from (1 4 1)(110) to 
{I 12}(P 10). T’ne texture 1x1 the intermediate 7one was 
primalily {OOr](l 1 9 ,  lacking the B arid A’ orientations. 
This type of inhomogeneity was observed o d y  in thick 
specimens rolled to 70% or less ieduction in thickness 
or only when for each lolling pass the ratio ofrhe geo- 
metrical zone of  defomiation to the average thickness 
o f  that zone was less iban  about I 0. According to the 
work of Tarnovskii, Rozdeycv, and Lyashkov? rolling 
under these conditions is sitnila r to the compression of 
thick plates with rigid ends. The inhomogeneity appx-  
ently anses because of an important interdction at the 
boundary between the plastically defor nwig material z n  
the zone of deformation atid the adjacent nonde- 
fornilrig material; this interaction restricts the manner 
in wl~ich deformation proceeds and evidently causes the 
stress states acting to deform the workpiece lo vary 
from one depth to  another. 

The second type of texture inhomogeneity involved 
the forniation of a unique texture in the surface layers 
of rolled strip. We believe thnt this surface texture was 
probably a result of a shear deformation in the surface 

1. High friction forces between work piece and rolls 
are necessary to produce and maintain this texture. 
Thus lack of lubrication and high reductions per 
pass Favor the formation of  tbe surface texture. 

layers for the following re. ‘lsons: 

41. Ya. Taznovskii, A. A. Pozdeyev, and V. R,  Lyashkov, 
Deformzztion of Metals Dirrfng Rolling, F h t  English ed. 
trandated from Russian, Perpmon, New Yo&, 1965. 

5 
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0 25 50 
SURFACE CENTFR 

DEPTH EENCATH SURFACE ( %  o f  thickness) 

Fig. 2.1. V&atiora of Surface Textarxe Pammeter, P, with 
Depth Beneath the Surface. P is defined such that it approaches 
1 for a very strong surface texture and approaches 0 when no 
surface texture is present. 

2. The depth dependence of the amount of surface 
texture, shown in Fig. 2.1, is in qualitative agree- 
ment with a theory5 of the mechanisiii of metallic 
friction. 

3. Other factors being constant, a critical value of 
reduction per pass' is necessary to generate a 
substaiitial amount of surface texture (see Fig. 2.2). 
This is consistent with the view that a shear mode 
of deformation occurs only when the shear stresses 
in the surhce layers exceed a certain rmximuni 
shear stress characteristic of the material. 

4. A parallel situation exists for face-centered cubic 
metals, for which the unique surface texture has 
been definitely shown to be a shear texture. 

I'he inhomogeneity arises then because, aitliough the 
surface layers deform by a shear mode, thc interiorof 
the strip deforms by the more customary squeezing or 
compressional mode o f  dei'ormation. 

-___ ...... __ - 

5E. G.  'ihomsen, C. T. Yailg, and S. Kobayashi,Ilfec!??nies of 
Phstic Deformatioom in M e f d  Processiitg, Macmillan, New York, 
1965. 

6 A  theoretical treatment of the rolling process can show that 
the higher the reduction pea pans the greater are the frictional 
forces (k, shear stresses) at work on the specimen sirrface. 

71 / 

20  40 60 a0 
REDUCTION PER P4SS ('701 

Fig. 2.2. Variation of the Surface Texture Psrameter,P, with 
Reduction Per Pass for Niobium Stock Roiled to 81 to 90% 
Wcduetkm in "hick~ess at Approximatply Constant Reductions 
Per Pass.  

TEXTURE 'TRANSITION 
IN ORDERED Cu3Au (Ref. 7) 

E. A. Starke, Jr.8 J. C. Ogle 
C. J. Sparks, Jr.' 

X-ray diffraction techniques were used to determine 
the texture of ordered and disordered Cu3Au after 
various amounts of rolling. The ordered samples had an 
initial. long-range-order parameter of S = 1. 'The grain 
size of both the ordered and disordered samples was the 
sanie, and the initial textures of both were also identical 
and approximately random. 

No differences in the deformation texlures of the 
ordered and disordered materials were detected up to 
30% reduction, and the pole figures resembled those of 
pure copper. However, with reductions larger than 30% 
and less than SO%, a marked deviation from the copper 
texture developed in the ordered material. This devia- 
tion is analogous to that produced in o brass after 
reduction greater than 70 to 80%. Figures 2.3 and 2.4 
show the (111) pole figures for the disordered and 
ordered samples after 42% reduction. After reduction 
of 55% a.nd greater the tzxture of the ordered alloy 
returned to that of pure copper and disordered Cu3Au. 
This is attributed to the destruction of long-range order 
with increasjng deformtion. Figure 2.5 shows that 40% 

'The results of this study have been accepted for presentation 
at the 1968 11en-m Conference on Application of X-Ray 
Amlysis and will be published in Advances in X-Ray Atralysis, 
YOl. 12. 

Consultant froirl the Georgia Institute of Technology, 
Atlanta. 

X-Ray Diffxaction Group. 

.... __ ....... 
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Fig. 2.3. Pole Figure for Disordered Cu3Au Rolled 42% at 25°C. 
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Fig. 2.4. Pole Figure for Ordered CujAu Rolled 42% at 25°C. 

ORNL---DWS G8---10369 
1 .O 

0 8  

Fig. 2.5. Variation of Long-Range-Order Parameter in Cu3Au - 
0 6  with the Deformation by Rolling. N 

I 

c - 
0 
r_( 0 4 
- ._, 
It 
lJ> 

0 . 2  

c 
0 20 40 Fo 80 

DEFORMATION BY R O L L I N G  (70)  



8 

reduction by rolling has reduced the long-range-order 
parameter in Cu3Au by approximately 50%. 

We are examining the differences in these textures in 
light of the general theories of deformation twinning, 
cioss slip, stacking fault energies, and dislocation 
interaction. 

THE RECOVERY CIiARACTERlSTICS 
OF NIOBIUM AND N $ - a %  V 

P. Guthrie' 

The x-ray diffraction profiles of niobium cold roiled 
at room temperature and a t  liquid-nitrogen temperature 
indicate definite differences in the microstrain distri- 
butions and effective particle sizes. For 10% cold rolling 
at room temperature the particle size obtained for the 
[2.00] direction is 1230 A, whereas a similar defor- 
mation at 77°K (at which niobium is observed to twin) 
exhibits a [200] particle size of 1020 A. After a 
recovery anneal at 700°C for 63 hr, at which time the 
recovery rate has essentially diminished to zero, these 
particle sizes increased to 2060 and 1270 A respec- 
tively. A summary of the root-mean-squared strains 
corresponding to these particle sizes is given by Fig. 2.6. 
Deformation at 77°K produces greater strains over 
larger distances than doen similar deformation at room 
temperature. After recovery at 700°C is complete, both 
strain djstributions are essentially equivalent. However, 
the specimen deformed at 77°K has undergone a 
greater decrease in KMS strain while undergoing a much 
smaller increase in particle size, 

' O O R A U  Fellow. 

a 

ORNL-DWG 68-10373 

I I  --1 
COCD ROLLED 10 8 %  AT 7 7 O  K 
COLD ROLLED 10 8 %  AT 77'K, ANNEALED 
63 h r  AT 700°C 
COLD ROLLED 9 5% h i  ROOM TEMPERATURE 
COLD ROLLED 9 5% AT ROOM TEMPERATURE 
ANNEALED 63 hr AT 700°C 

" 
0 100 ZOO 300 400 5 0 0  6 0 0  

i (A)  

Fig. 2.6. Stxiin. Dist~buticms in (200) for Cnld-Rded and 
ReccPvery-Annealed Niobium. L IS a parameter lelated. to the 
number of planes over which the s t m n  is averaged. 

Future plans are to correlate this type of profile 
analysis with dislocation substructures as observed by 
transmission electron microscopy and with flow stress 
analysis as determined by tensile testing. In addition, 
we plan to extend these analyses to Nb-40% V, which 
produces two distinctly different dislocation arrays 
under mild deformation, one above the twinning 
transition temperature of 140°C and the other below 
this tempcrature. 



3. Deformation of crystalline Solids 

R. 0. Williams 

Our interests cover most or the field of deformatioii 
of metals and alloys - how this depznds upon prior 
structures and what kind uf structures result from 
deformation. The following abstracts are typical of t h e  
current work. The interest in therniodynamics also falls 
w i t h  this field since the nonrandomness of the atoms 
i s  important in t l e  deformation of alloys and is in turn 
presumably related to the thermodynamics. 

SUBSTRUCTURE ANI) FRACTURE IN 
PACK-KOLLED FOILS OF COPPER ANI) IRON' 

R. W. Carpenter J .  C. Ogle' 

The work reported last year' concerning the rolling 
and recrystalli7ation substructure in very thin foils of' 
copper and iron has been exlended to consideration of 
the fracture mechanism characteristic of pack-rolled 
foils. Pack-rolled foils in general begin to develop 
pinholcs at a thickness of 2 tu 5 y, instead of the shear 
cracks usually associated with fracture during rolling of 
ductile metals. No cause for  this different fracture 
behavior was apparent in substructure observations 
made by electron microscopy or in the defortnation 
textures of pack-rolled copper or iron. The stress 
distribution in foils during pack rolling was considered 
in some detail. As a result of the difference in flow 
stress between the austenitic stainless steel pack and the 
iron or copper foil, a large hydrostatic stress was 
induced in the foil during pack rolling. The magnitude 
of this hydrostatic stress depended on the difference in 
flow stress of the pack and foil and the difference in 
thickness of the jacket and foil; under the conditions of 
the work reported here the hydrostatic pressure was 
estimated to be 2.00 X IO5 and 1.88 X IO5 psi for cop- 
per and iron respectively. I t  is well known that if a 
normally ductile metal is plastically deformed under a 

Submitted to Transactions oJ' the Metallurgical Society of 
AIME for publication. 

'Structure of Metals Group. 
'K. W. Carpenter and J. C .  Ogle, Metals urd Ceramics Dip. 

Ann. Bog. Rept. June 30, 1967, QRNL-41 70,  pp. 13  --14. 

large hydrostatic pressure, in addition to the deviatory 
stresses necessary to cause plastic flow. the growth of 
shear cracks will be suppressed or prevented and the 
total elongation to fracture greatly in~reased .~  Ductile 
fracture can be divided into two steps: (1) the 
nucleation of cracks and (2) the growth and coalescence 
of cracks during subsequent plastic strain to form the 
final fracture surface. 'The crack nuclei formed in step 
(1) have been shown to be associated with nonmetallic 
inclusions in the deforming metal.' Optical metal- 
lographic analysis was not possible on the thin foils 
used here; however, such investigation did establish the 
presence of inclusions in 130-p -thick starting material. 
We conclude that the pinholes observed in copper and 
icon represent shear crack nuclei that did not enlarge 
upon further reduction because of the large hydrostatic 
stress present during pack rolling. 

PLASTIC DEFORMATION OF RHENlUM 

R. W. Carpenter 

The deformation behavior of the metal rhenium is of 
interest in general because it is of the hexagonal-close- 
packed type and in particular because its deformation- 
hardening rate is reported to be very high.6 Cylindrical 
single crystals of rhenium (0.12.5 in. diam X 4 in. long) 
with [2110] parallel to the cylindrical axis have been 
grown by the electron-bearn floating-zone technique. 
Some of' these crystals were used to develop a method 
of preparation of rhenium specimens for transmission 
electron microscopy7 based oii the high-voltage jet 
method developed by DuRose and Stiegler.8 Others 
were used in preliminary deformation exptriments in 
compression along the 12ifsl zone rtuis. We observed 

4P. W. Bridgman, Studies in Large Plastic Flow and Fracture, 

'K. E. Puttick, Phil. Mug. 4 , 9 6 4  (1959). 
6 A .  'I'. Churchman, Trans. Met. SOC. AIME 218, 262 (196.0). 
7R. W. Carpenter arid ti. Paris, accepted by IoiirnaI of 

'C. K .  W. DuBose and J .  0. Stiegler, Rev. Sci. tnstr. 38, 

McGraw-Hill, New York, 1952. 

Applied Physics for publication. 

694--95 (1967). 
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profuse formation of twins during such deformation at 
stresses above about 6800 psi; the stress drops accom- 
panying twinning were in general not larger than about 
850 psi. Transmission electron microscopic examination 
of some of these twins indicated that thickening is 
difficult, with most twins having thicknesses less than 4 
,u. We have not observed stacking faults in deformed 
rhenium. This work will be continued. 

INTERACTION OF SLIP DISLOCATIONS WITH 
TWINS IN HEXAGONAL-CLOSE- 

PACKED METALS9 

M. H. Yoo 

Possible interaction between thc perfect dislocations 
of six slip systems along with a e dislocation and 
tile {1oi2}(1oii), { l O ~ l } ~ l O i ? ~ ,  (11?2}(1123), and 
(1 13l)ti 25) twins in hexagonal-close-packed metals 
have been analyzed from both the crystallographic and 
the energetic points of view. We identified 24 distinct 
types of possible interactions with thc aid of transfor- 
mation matrices. Those that are more probable to o c c u  
on the basis of crystallographic constraints were selec- 
ted for further analysis of their energetic feasibilities. 

An approximate solution to the long-range elastic 
interaction between a straight dislocation and a coher- 
ent twin interface was obtained by use of the aniso- 
tropic energy factors. No long-range interaction exists 
for a dislocation if its Burgers vector is parallel to the 
interface (e& a basal screw dislocation arid the (lOl2) 
twin). For the basal mixed dislocations of cadmium and 
zinc, the interaction with the {1012} twin is strongly 
attractive, which indicates that incorporation of basal 
dislocations into the (1 Oi2} twin is energetically 
feasible, and twin growth will take place as a result. On 
the other hand, the interaction between basal mixed 
dislocations and the (10i2) and (1121) twins is 
always repulsive for Mg, Re, Zr, Ti, or Be. This indicates 
that a local stress concentration will develop due to a 
dislocation pileup at the interface, which may become a 
source for the nucleation of conjugate twins or twins of 
other type and even for the formation of a crack, 
depending on the cleavage strength of the metal. 

DISLOCATION REACTIONS 
IN HIEXAGONAL-CLOSE-FACKED METALS’ 

M. H. Yo0 

A number of dislocation reactions involving straight 
perfect dislocations in hexagonal metals (Cd, Zn, Mg, 
Co, Zr, Ti, and Be) were studied with a particular 

interest in those associated ajith (c t a) dislocations. 
According to an energy ciiterion that takes into ac- 
count the effect of elastic anisotropy, the intciaction 
between a prismatic dislocation and a sessile major dis- 
location, 

where the subscript s denotes SCTW orientation, is 
found to produce an attractive junction, which under 
applied stress may become a source for (c 4- a) 
dislocations. This implies that (c -t- ai) dislocations will 
be generated when and where prismatic slip is active in 
the presence of c dislocations. We found that (c + 3 
dislocations in the hexagonal metals are unstable with 
respect to (c + a) dislocation reactions as pure edge in 
(1 122) glide planes and rather stable in pure screw 
orientation. We also found that under suitable stress 
states twin interfaces can be the sources of (c t a) 
dislocations when the reactions 

1 _ -  - 1 
2 . 3 - [ 21 i 01 112 + 2h, --f [ I  1 231 , 

1 - .. 1 -  1 - -  
- [2110],,1 + 5 [1120], + 2 b t + 5  [2113], , (3) 
3 

and 

(41 
1 - -  

[OOOl], + - b t - + j  [1123], , 

occur, respectively, at the ( l i 0 2 ) ,  (1122), and (1121) 
twin interfaces, where the WE and t subscripts dencte the 
matrix and the twin, and nbt refers t o  the Burgers 
vector of the corresponding zonal twin dislocation. 

SEMES REPRESENTATION OF THERMODYNAMIC 
FUNCTIONS OF BINARY SOLUTIONS 

R. 0. Wdliams 

A new series was constructed cxpressly for repre- 
senting the compositional dependence of thermo- 
d y ~ r n i c  functions for binary solutions. The fhst three 

9Abstract of paper presented at the yymposiurn on “Plastic 
Deformation in H.C.P. hletals,” the 97th Annual Meeting of 
AIME, New York, Feb. 27-29, 1968. 

Abstract of paper to be presented at the 1968 Fall Meeting 
of the Metallurgical Society of AIME, Detroit, Oct. 14--17, 
1968. 
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z, = 4x - 4 2  , 
z2 = 4x - 10x2 + 10,u4 --- 4 2  , 

(1) 

2) 

._ -- 4~ - 1 8x2 + 70x4 - 8 4 ~ ’  + 28x6 , (3) z 
where x is the fraction of component 2. The integral 
functions would be expressed as 

ielative to the pure components, where T represents the 
heat of mixing, the excess free energy, or the excess 
entropy, and the cori.jtants A ,  B, and C aie to be 
evaluated to provide the best representation of tlte data. 
The series i s  defined such that the third derivative is 
zero at  x = 0 and 1, so that the excess stability 
(d2Cxs/dx2$ is a constant at these conipositions. This 
condition appears to be sitisfied by real solutions 
ac-cotding to the work of Daken.’ The members are 
a h  apprcximately orthogonal. The first term is used to 
describe regular solutions and was originally due to 
Margiiles.’ The higher ternis tllat Margules included do 
not satisfy Darken’s condition. 

From the def’fnition of partial molar quantities, it  fol- 
lows 1 hdt the above seiies can be converted into a sec- 
und representing the pxtial molar quantities and using 
the same coefficients. Specifically for component 2 

2; =: 4 - 8x + 4x2 , (5) 
-, 
Z< := 4 - 20x + 10?c2 + 40s’ -- sox4 + 1 6x5 , (6 )  

and 

such that 

In Fig. 3.1 we lave graphed both the integral and 
partial molar terms. 

There are a number of advantages of the present 
series. ‘To evaluate the coefficients most simply the 
experimental data must be a linear function of these 
coefficients. This condition has been met by only part 

0.5 

hi 

0 
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Fig. 3.1. The Partial and Molar Forms of the First l‘hree 
Members of the Series for Repxesenting Thermodynamic Func- 
tions of Solutions. 

of the prior proposals. Also, it is desirable that the 
coefficients be as independent as possible so that they 
will describe the systems as graphically as possible and 
will exhibit only small changes depending on the data 
and the number of  terms used. The present series is 
markedly superior in these respects. As already pointed 
out, this series must satisfy Darken’s excess stability 
condition, whereas most others do not. 

There are many advantages of having analytical 
expressions for the thermodynamic functions. The 
above expressions jhs t ra te  an example; if either partial 
01 iritegral data are fitted by a set of consta tits then one 
immediately has the complete representation without 
recourse to any integration. This result is not new but it 
does not appear to be widely appreciated. 

REPRESENTATION OF TEXTURES AS AXIAL 
AND BIAXIAL POLE FIGURES 

R. 0. Williarns 

‘1,. S. Darken, Trans. kfet. Snr. AlME 239, 80 (1967). 
M. Margulrs, Sitzber. Ah& Wiss. Wien 104, 1243 (1895). 1 2  

The inathematical treatment by means of which 
experimental data for fiber textures may be converted 
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into axial pole figures has shown that prior methods 
were not optimum, but it did not entirely succeed in 
showing the best forms of the solutions.’3 This 
problem was further examined in some detail, and 
various solutions were compared. One particularly 
interesting development was that the linear method in 
fact turns out to be based upon a very general series, 
which may well prove superior to the spherical har- 
monics. We anticipate that a report covering this work 
and including all necessary programs and data can be 
prepared shortly . 

The rolling textures for copper, brass, and aluminum 
have been represented as biaxial pole figures,’“ and the 
required I-oathematical treatment figures have been 
reported.’ ’ 

1 3 R .  0. Williams, J. Appl. Phys. 38, 4029-33 (1967). 
‘“R. 0. Wdlianx, Trans. Met. SOC. AIME 242, 105 (1968). ’’ R. 0. Williams, “Analytical Methods for Reprcsenting 

Complex Textures by Biaxial Pole Figures” to be published in 
Journal ofApplied Physics, August 1968. 



4. Diffusion in Solids 

T. s. Lullay 

During this reporting period we concentrated our re- 
search efforts on three main topics - tracer diffusion in 
tungsten, uranium difhsion in both U02 and UN, and 
titanium diffusion in modified Haslelloy N. The first 
program is being conducted jointly with R. E. Pawel of 
the Surface Reaction of Metals Group and pait of the 
work is repoited in Chap. 12. The last program was a 
joint effort with C .  b. Sessions of the Mechanical Prop- 
erties Group arid was 111 support of the Molten Salt Ke- 
actor Program. 

USE OF ELECTROCHEMICAL SECTIONING 
IN THE STUDY OF DIFFUSION 

IN TUNGSTEN~ 

R. E. Pawel' T. S. Lundy 

A microsectioning technique based on metal anodiza- 
tion and subsequent removal of ihe anodic oxide film 
was developed and used to determine the concentration 
profiles of Nb in tungsten single crystals after diffu- 
sion at 1800°C. The anodization characteristics of tung- 
sten pertinent to quantitative serial sectioning were 
studied, and several techniques for increasing the effici- 
ency of isompe removal during chemical dissolution of 
the anodic filni were tried. The resulting data were 
highly self-consistent arid demonstrate the value of the 
rnetltod in investigating diffusion behavior in tungsten, 
particularly at low temperatures. 

DIFFUSION OF Nb AND ' W 
IN MONOCRYSTALLINE TUNGSTEN 

R. E, Pawe12 T. S. Lundy 

Experiments to determine lattice diffusion coeffici- 
ents for Nb in monocrystalline tungsten have been 
completed and ale reported in Chap. 12. We are cur- 
rently measuring lattice diffusion coefficients for '' W 
in t ~ n g s t e n . ~  Initial measurements from 1800 to 

'Abstracted horn J. Eleci-rochem. Sor. 115,233.- 37 (1968). ' Reactions at  eta^ Surfaces ~ r o u p ;  see chap. 1 2. 
3The radioisotope was supplied through the courtesy of 

J. J. Pinajian, Isotopes Division. 

2400°C show that the diffwion coefficient at any given 
temperature is about one-thid that for "Nb. The x- 
tivation energies foi these two diffusing species appear 
to be about equivalent. Our measured values for l S s W  
agree reasonably well with prcvio tis work by Andelin, 
Knight, and Kahn4 (2660 to 3230°C) but lie signifi- 
cantly below values by Dannebeig' (2000 to 2700°C) 
and are one to two orders of magnitude below values by 
Neumann and Hirschwald6 (1740 to 2100°C). Ap- 
parently, at the lower temperatures investigated 111 the 
last two papers5 9' short-circuiting mechanisms weie 
the dominate transport processes rather than lattice 
diffusion. 

SHORT-CIRCUITING EFFECTS ON TRACER 
DIFFUSION IN TUNGSTEN 

'T. s. 1,undy K. E. Pawel' 

The influence of short-circuiting paths on measured 
diffusion coefficients can be quite large. Here we coil- 
sider detailed penetration data for the diffusion of 
9 5  Nb into one polycrystalline sample of tungsten. 
The sample was diffusion annealed for 8 hr at 1399°C 
arid then sectioned by the extremely precise tech- 
nique previously described. The overall penetration 
plot is shown in Fig. 4.1. Although onc cannot re- 
solve all the details in this one figure, one can see 
that the slope (and therefore the apparent diffii- 
sion coefficient) varies over about six orders of inagni- 
tude. The true la( tice diffusion coefricient obtained 
from the initial portion of this plot as well as from data 
for n~onocrystalline tungsten is about 3 X lCT" 
cni2 /sec. Depending upon the techniques used for 
sectioning and analyzing such data it is easy to 
imagine that one could have ineasiared diffusion coeffi- 
cients (and thought they were due to lattice diffusion) 

4K. L. Andelin, .I, I). Knight, and FA. Kahn, Trans. Met. 

'W. Dameberg, Metnllwiss. Tech. 15, 1 1-15 (October 

' C .  M. Nelimann and W. Flirschwall, 2. Nntwforsch. 21% 

SOC. AIM? 233,19-24 (1965). 

1961). 

812-1 5 (1966) 
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Pig. 4.1. Penetration Rofie f o ~  Diffusion of 95Nb in 
Polycrystalline Tungsten. 

that were many orders of magnitude too large. As 
IIarrison7 pointed out, when the grain size for poly- 
ciystalline material is small relative to the penetration 
distances involved, then plots of penetration data will 
appear to be Gaussian (logarithm of activity linear in 
distance squared) for the semiinfinite diffusion couple 
having a plane suifacc source of tracer even if all the 
atomic transport is along grain boundaries. We believe 
that data of the type presented here for diffusion in 
polycrystalline tungsten may be instruniental in ex- 
plaining previous anomalous results on diffusion in 
such body-centered cubic systems as &zirconiums and 
p - t i t a n i ~ m , ~  where i\rrhenius plots are markedly non- 
linear. 

CATION SELF-DIFFUSION IN UN 

L). K. Keimann' 

The diffusion of U in large-grained polycrystalline 
UN1, was measured for two compositions, one close 
to  the phase boundary between UN and UN + U(I) and 

7L. G. Harrison, Tram. Fmaday Soc. 57, 1191-99 (1961). 
'J. I. Fedmer and T. S. Lundy, Trans. Met. SOC. AIME 

'J. F. Muduck, T. S. Lundy, and E. E. Stambury, Acta 

.................. ~-. 

227,592-97 (1963). 

Mer. 12,1033-39 (1964). 
10.. 

1 emporaiy noncitizen employee from Germany. 

one about halfway between this phase boundary and 
the boundary between UN and Uz N 3 .  The following 
results were obtained in the respective temperature 
ranges: 

1 .  Close to UN 3- lJ(f): 

D = 3.24 X exp (-6O,OOO/h!7') 

for 1 100 < 7' < 1600°C: . 

2. Intermediate pressure range: 

D = 7.54 x exp ( - - - ~ M , O O O / R T )  

for 1420 < T < 1820°C . 

Experiments close to  the phase boundary between UN 
and U2N3 will be run, and the temperature ranges 
will be extended. 

Similar experiments will be run with small-grained 
sintered UN to obtain information on grain-buundaiy 
diffusion of uranium in UN. 

CATION SELF-DIFFUSION IN U02 
SINGLE CRVSlALS 

L). K. Keimann' 

From diffusion experiments on U02 single crystals 
in the temperature range from 985 to 1400"C, dif- 
fusion coefficients were estimated to be two or three 
orders of magnitude smaller than those reported by 
several investigators' '-' for polycrystalline material. 
On large-grained polycrystalline U02 , appreciable grain- 
boundary diffusion was detected autoradiographically. 

Experiments at high temperatures (1800 to 2100°C) 
are presently being done to  establish true lattice dif- 
fusion coefficients for uranium in IJ02 .  

DIFFUSION OF TITANIW IN MODIFIED 
MAS'TEELOY N (Refs. 14-1 5) 

C. E. Sessions' 'T. S. Lundy 

The nickel-base alloy Hastelloy N was developed as a 
containment material for the Molten-Salt Keactor Ex- 

"A. R. Auskem and J. Belle, J.  NucI. Mater. 3(3), 311-19 

12R. Lindner and P. Schmitz, Z.  Naturforsch. 16a, 1373-78 

13S. Yajima, 1%. Furuya, and M. Hirai, J. Nucl. Mater. 20, 

' 4Work supported by the Molten Salt Reactor Rogwm. 

(19G1). 

(1961). 

162 70 (1 966). 

Abstract of papa submitted to Journnl o f  Nuclear Ma- 1 5  

te?inlr ' 6Mechanical Properties C~OUP.  
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periment. The alloy is composed basically of nickel and 
molybdenum, elements that are essetithliy noble to the 
fluoride fuel mixtw e used in this reactor. However , 
continuing studies of the alloy have indicated that the 
addition of 0.5 to 1.0% titanium greatly reduces the 
susceptibility of the alloy to helium-bubble damage 
occurring from neutron irradiation. Corrosion studies 
have shown a tendency for selective removal of the 
less noble constituents such as chromium, titanium, 
and iron. ‘This removal rate rnay be contiolled by 
solid state diffusion in the alloy. 

With this problem in mind we determined the dif- 
fusion coefficients for 44‘I‘i III titanium-modified Has- 
telloy N from 800 to 1250’C. Ytaridard serial section- 
ing involving specimen grinding and gamma spectros- 
copy were used. The data could Ix fitted by the 

Arrlienius expression: 

( 72,000 -t 3300 ) 
Kir’ 

D = (15.3 5 2.2) ZXP ----- crn’ /sec . 

We have used these data to  predict the atomic mobii- 
ity at reactor service temperature (7OO‘C) and to 
predict the rate of titanium Inass transfei. In a typical 
molten-salt breeder reactor the maximum rate of loss 
by diffusion of titanium from the alloy at  700°C would 
result in an increase of no more ttlan 5 to 10 ppm 
titanium in the salt in two years of operation. Titanium 
diffusion at  and bzlow 700°C is limited principally to 
“short circuit” paths such as grain boundaries arid re- 
sults in negligible depletion of titanium even from 
thin cross sections. 



5.  Electron 

J. 0. Stiegler 

The mechanical and physical properties of metals are 
altered, usually for the worse, by the presence of 
internal cavities tlhat develop under service conditions. 
For example, voids formed by fast-neutron irradiation 
strengthen metals, reduce their ductility, and cause 
gross swelling; part pei million quantities of insoluble 
gases prccipitate as bubbles, which severely restrict 
high-temperature ductility; and deformation processes 
open cavities on grain boundaries, which then grow into 
cracks and cause premature failure. We rjre using the 
electron microscope to detect, characterize, and foliow 
the development of cavities formed by these processes. 
We are working closely with the LMFBR and aluminum 
programs in studying voids generated by fast-neutron 
irradiation and are supplementing these programs with 
studies of vaids introduced jnto metals by quenching. 
In coxlji.inction with the tungsten metallurgy program 
wc have examined gas bubbles in chemically vapor 
deposited tungsten’ ,2  and creep cavities3 and cracks in 
powder-metallurgy material. We are extendirig the range 
of test conditions and grades of material to better 
define the nature of creep deformation. We are con- 
ducting companion studies on various grades of nickel 
contaiiling gaseous and solid impurity elements to 
clarify thei: role in the creep process. We are also 
studying precipitation phenomena and irradiation dam- 
age and their influence on elevated-temperature defor- 
mation in the complex alloy Hastelloy N used in the 
Molten Salt Reactor Experiment. Subjects that are 
based primarily on microstructural observations are 

’ K. Farrell, B.T.M. Loh, and J. 0. Sticgler, “Morphologies of 
Bubbles and Voids in ‘Tungsten,”ASM (Am. Soc. Metnls) Truns 
Quart. 60, 485.- 93 (1957). 

’K.  Farrell, J .  T. Houston, and A. C. Schffhauser, “The 
Growth of Grain-Boundary Gas Bubbles in Chemically Vapor 
Deposited rungsten,” pp. 363-90 in Proceedings of the 
Conferenct- on Chemical Vapor Depositioti of H efractory 
Metals, Alloys, and Compounds, Gatlitibwg renrzessee, S e p  
tember 12-14, 1967, ed.  by A. C. Schaffllauser, American 
Nuclear Society, IBnsdale, Ill., 1967. 

3J. 0. St igler ,  K. FarreU, H.T.M. Loh, and W. E. McCoy, 
“Nature of Creep Cavities in Tungsten,” ASM (Am. Soc. Metals) 
Trans. Quart. 60,  494-503 (1967). 

- . ~ 

reported in this chapter; other work is included in Part 
11, Chapter 16; Part 111, Chapters 21 and 22; and Pari 
IV, Chaptei 34. 

BUBBLE GROWTH PROCESSES A T  GRAIN 
BOUNDARIES IN CVD TUNGSTEN4 

A. Wolfenden K. Farrell 
Recent measurements of gas bubbles on the grain 

boundaries in chemically vapor deposited (CVD) tung- 
sten after various annealing treatment? are analyzed in 
terms of three models of bubble growth in solids. ‘These 
models are (1) bubble migration and coalescence, (2) 
bubble dissolution and ceprecipitation, and (3) the 
so-called in situ touch-snd-nierge process. ]The bubbles 
had average diameters in the range 0.08 to 5.6 p. For 
such bubbles, growth by bodily migration and coales- 
cence at the times and temperatures used i s  shown io be 
highly improbable whether the m.igra.tioii occurs by 
surface diffusion, volume diffusion, or vapor transport. 

The general pattern of the experinie~itally observed 
bubble gro-wth can be most closely described by thc 
model of bubble dissolution and reprecipitation. This 
growth is characterized by an activation rnergy of 
approximately 92 kcallgram-atom, which is close to 
that for self-diffusion of tungsten in the grain bound- 
aries. At high anwaling temperatures bubble growth is 
enhanced by the so-called in situ touch-and-merge 
process, in which the bubbles grow until they touch 
without migrating. 

STRESS-INDUCED GROWTH OF GAS 
BUBBLES IN SOLIIBSs 

J .  0. Stiegler K. Farrell H. E. McCoy 

By an electron fractographic technique, we studied 
the stress-induced growth of grain-boundary gas bubbles 
in creep specimens of CVD tungsten. When the speci- 
men was stressed to 4000 psi at 1650°C in a vacuum 

4Surnmary of a paper present4 at thr 97th Annual. AIME 
Meeting. New York. February 1968 (to be published). 

’Abstract ofJ. N u l .  Mater. 25, 340 43 (1965). 

. 
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1 he bubbles expanded only slightly. When the stress was 
~ncrr;ised to hOOO psi? unlimited bubble giowth oc- 
cuircd, hiking the bubbles to form cracks. The results 
are consistent with a model in which breakaway 
growth of bubbles occuIs above a critical stress that 
depends on the size of the bubble. A surface energy of 
2100 ergslcm' at 1650°C' for the enworiment of the 
bubbles was deduced from tlie ob!,ervations. 

'THERMAL REJECTION AND GROWTH OF GAS 
BUBBLES 1N ELECTRODEPOSITED NICMEL6 

K. Farrell J .  T. Houston 

Gas bubbles and voids generated In nuclear reactor 
components by neutron irriidiat ion may contribute to 
hardening, dimensional instability, and loss in high- 
temperature ductility. Similar effects ought to arise in 
tinirradiated materials if they contain sufficient holes or 
gas bubbles of suitable sizes. A study of such unirradi- 
a1 ed materials might therefore provide information 
pertinent to the irradiation problem. Hence we have 
been examining gas bubble formation in electro- 
deposited nickel. Electrodeposited nickel should provide 
a system of entrapped lattice vacancies and gas atoms 
whose combination during suitable annealing ought to 
ensure extensive bubble nucleation. Nickel is also 
similar in other properties to the stainless steels and 
nickel-base alloys used in nuclear reactors. 

The annealing behavior of a 9-nil-diam electrolytic 
nickel rod was studied. Hardness measurements showed 
that it softened rapidly even at low annealing tempera- 
tures. This was followed by a slower softening process 
with an activation energy of 70 ? 5 kcal/mole. During 
slow softening gas bubbles about (10 A in diameter were 
observed by transmission electron microscopy after 
anneals at 500°C. Chemical analyses revealed that most 
of the hydrogen evolved from the specimens before or 
during the fornlation of the tiny bubbles. With inmeas- 
ing annealitig treatnient the gas bubbles coarsened and 
large grain-boundary bubbles developed. 'These large 
bubbles caused significant swelling, the activation en- 
ergy for which was measured from density changes as 
46 2 4 kcal/mole. Swelling and softening ceased at 
about 6% swelling, and grain growth occurred simulta- 
neously. 

Support for tlie view that electrodeposits are supersat- 
urated with lattice vacancies is drawn from published 
evidence, and the above results are discussed in terms of 

GSun~n~ary of a paper presented at the 97th Annual AIME 
Meeting, New York, February 1968. 

gas bubble nucleation arid growth in a material supersat- 
urated with vacancies. 

We conclude that the slow softening process is 
determined by bubble coarsening within the grains, 
which in turn is controlled by bulk self-diffusion in the 
nickel. Swelling results largely from the grain-boundaI y 
bubbles, but because the gas supply to these bubbles 
depends on dissolution of bubbles within the grains the 
activation energy for the swelling process i s  a cornpro- 
mi% between that for bulk self-diffusion and that for 
self-diffusion in the grain boundaries. 

ANNEALING BEHAVIOR OF VOIDS 
IN IRRADIATED STAINLESS STEEL 

R.T.M. Loh E. E. Bloom J. 0. Stiegler 

By transmission electron microscopy, we followed the 
annealing of voids in sections of a fuel pin lrradiated in 
EBR-11. Both isothermal and isochroilal annealing treat- 
ments were given to materAs containing various initial 
void distributions. In all cases, small voids were elirni- 
nated more rapidly than large ones, resulting in a 
decrease in void density and a shift o f  the distribution 
of renlaining voids to larger sizes. The temperature at 
which all voids were eliminated by a 1-hr anneal 
depended on the initial density and size distribution. 

The changes in density and size distributrons of voids 
were calculated as functions of annealing time and 
temperature for a model in which void shrinkage is 
controlled by diffusion of vacancies from voids to 
dislocations. The dissolution rate of a void is calculated 
by assuming a steady-state diffusion of vacancies from a 
spherical void to the surrounding rnatrix with the 
boundary conditions tllat the vacancy concentration at 
the void surface is Co exp (ZyRlrk-7') and is some 
average value, 2, at the midpoint between voids, where 
r is the radius of the void, Co is the equilibrium 
concentration of vacancies in the matrix at temperature 
T ,  and y and R are the surface tension and the atomic 
volume of the nlatrix, respectively. Dislocations are the 
sole sinks for the excess vacancies and can be eliminated 
by absorbing vacancies. The drain rate of vacancies into 
the dislocations is estimated by solving the diffusion 
equation (assuming steady state) for cylindrical sym- 
metry with the boundary conditions C' = C, at the core 
radius of the dislocation, and C = at the midpoint 
between dislocations. The stress-induced drift due to 
vacancy-dislocation interaction is neglected. Lnitially, C 
is assigned a value corresponding to the concentration 
at the surface of a void of the most probable size, and 
rapidly it reaches .some value that regulates the whole 
kinetic process to a quasi-steady state such that the 
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total niiniber of vacancies leaving the voids is approxi- 
mately the number absorbed by the dislocations. ‘The 
value of c fluctuates slightly and decreases with 
annealing time. 

Calculations performed for this model have shown the 
following points. 

1. If the measured activation energy for self-diffu- 
sion of 67.1 kcal/mole for Fe in Fe--l1.3% Ni-17.5% 
Cr 1.3% Mo alloy is used, this model predicts a faster 
rate of void dissolution than is observed. A value of the 
activation energy about 70 kcal/mole provides a better 
fit. 

2. If the rate of climination of dislocations is 
assumed to be proportioiial to the number of vacancies 
absorbed by dislocations (the case f ~ r  climb of intersti- 
tial dislocation loops), the dissolution rate of voids is 
too high for the observed initial dislocation density 
(approx 10‘ /cm2). Also the experimental data indi- 
cate a much faster rate of annihilation of dislocations 
during the earlier stages of annealing. Thus, in additinil 
to climb, direct annihilation of dislocation loops by 
i i i ipt ion and glide can play an important role in 
reducing the dislocation density in the earlier stages. An 
exponentially decreasing function is then adopted to 
describe the decrease in dislocation density and enables 
the model to fit the observed data reasonably. The 
justification for wch a function remains to be explored. 

3 .  With the modifications given above, the predicted 
void densities for long-time annealing are low compared 
with the experimental results. Adjustment of the 
parameters to slow down the dissolution rate of voids 
decreases the agreement for the short-time annealiiig 
results. For long annealing time gases may diffuse to the 
voids and slow the rate of shrinkage. We are now 
incorporating this effect into th.e model. 

4. Since voids with surface Concentration higher 
than c sh i rk ,  and since the surface concentration is an 
exponential function of Ilr,  small voids dissolve rapidly 
while the large ones may even grow. The net result of 
this is a shift of the distribution of remaining voids to 
larger sizes, which agrees well with the observed results. 

ENERGY STORED IN SILVER SINGLE CRYSTALS7 

A. Wolfenden 

As part of a seiies of experimentss-’ on the determi- 
nation of the stored cncrgy of cold work, a single-step 
calorimeter wac used to measure the energy relations 
involved in the room-temperature tensile deformation 
of single crystals of silver. The data are discussed in 
terms of theories of work hardening. The values of 
the stored energy were linearly related to the square 

of the shear stress, thc constants of proportionality 
being orientation dependent. An explanation of thcsc 
effects was sought in terms of the dislocation structure 
after deformation. 

PHASE INSTABILITY IN HASTELLOY N (lief. 14) 

R. E. GeNbach PI. E. McCoy 

Hastelloy N, although basically a solid-sohit ion alloy, 
does exhibit changes in mechanical properties and 
microstnxture as a resul t of various the rmomec~n icd  
treatments. Since this alloy is intended for use at 
temperatures up to 850°C and is presently used jn the 
MSRE, it is important that we understand the nature of 
the precipitation processes and the effect on niechanical 
behavior. 

Identification and characterization of the precipitate 
involved several complementary techniques. ‘These in- 
clude optical metallography, transmission electron ini- 
croscopy, extraction replication, x-ray diffraction, and 
electron probe microanalysis. In additicn, chemical 
analysis using a microprobe attachment for the electron 
microscope and electrori diffraction were employed for 
identifying individual particles, agglomerates, arid 
grain-boundary f h s  on extraction replicas without 
iiiterference from the matrix. We have used these 
techniques to resolve differences in precipitates that 
show the same diffraction pattern and relate the 
microstructure to mechanical properties. 

The rnicrostmcture i s  characterized by striiigers of a 
massive priri-nasy precipitate of the Ni3M03C type. 
Exposure to the range 500 to 1000°C results in the 
precipitation of particles of the Ni2M04C type in the 
g r i n  boundaries. In air-melted heats, which contain 
approximately 0.6% Si, the carbide-type precipitates are 

L 

7Abstract of a papa  suubnitted fox publication. 
‘A. Wolfenden, P1r.D. Thesis, University of Tiverpool, 1965. 
9A. Wolfenden and A. S. Appleton, Rev. Sci Ins@. 38, 

‘‘A. LVdfenden,Acta Met. 15. 971-78 (1967). 
l 1  A. Wolfenden and A. S. Appleton, Acta Met. 16, 91 5--25 

(1968). 
”A.  Wolfendan, “The Ratio of Stored to Expended Energy 

During the Defoimation of Copper and Alumiwrn Single 
Crystals at 7S°K,” accepted for publication in Acta Metal- 
Lrgioz. 

3 A .  Wolfenden, “Auiogaphically Recording Sensitive Gas 
Flowmeter,” accepted for publication in Review of Scientific 
Immtnients. 

14Abstract of paper to be presented at the Iiitemational 
Symposium on Structural Stability in Superdloys, Pittsburgh, 
Pa.. Sept. 4-6, 1968. 

826-30 (1967). 
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enriched in silicon and are not dissolved at high 
annealing temperatures but melt and transform to a 
noncarbide phase. In vacuum-melted heats with low 
silicon contents, the carbides do go into solid solution. 

We find that the only precipitates that form in 
air-melted alloys a t  temperatures as high as I I 8OoC are 
complex pseudocarbides of the Ni3(Mo,Cr)3(C,Si) and 
Ni2(Mo,Cr)4(C,Sij types. The quantity of the precipi- 
tates and their behavior are highly silicon dependent; 
this impurity stabillzes the particles, preventing their 
being taken into solid solution at high annealing 
temperatures and causing t tiem to melt and transform 
to the high-temperature phase. We have found that this 
ktter plme i s  probably &e 6-NiMo intermetallic arid is 
probably responsible for the increased ernbrittleiiient at 
high annealing tempera tures. 

9. 0. Stiegler K. Farrell 

%he techniques available for detecting and measuring 
gas bubbles in solids are briefly described and their 
application and limitations are reviewzd. These tech- 
niques includc transmission and replication electron 
pnicroscopy, conwntional optical microscopy, field ion 
microscopy, x-ray absorption microscopy, small-angle 
x-ray scattering, residual electrical resistivity, ant1 preci- 
i o n  density rneasurcments. Most of the info ma ti or^ 
that we now have O L ~  the sites, sites, rind shapes of gas 
bubbles in soltds has been obtained by the rirst t h e e  of 
these techii tques. Some of these results are illustrated 
for irradation-induced. bubbles in type 304 stainlcss 
steel nnd for bubbles in cliemically vapor-deposited 
tungsten. 

ELECTRON FMLTBGRA 
~~~~~~1~~ CAVITIES' 

K. Farrell J. 0. Stiegler 

The advantages anid limitations of a direct carbon 
replication technique for the study of fracture surfaces 
in brittle materials containing cavities are outlined. 
Some recent observations obtained this way oii creep 
cavities in high-grade ctarnmereial tungsten are described 
m d  discussed in terms of published observations made 
by other methods. Finally, caution is urged in the use 
of a shadowgraphic electron microscopy technique tlnt 
bi3s been used to examine holes in solids. 

. ___________ 

'Summary of a paper presented a t  the 97th AnnuaI ATME 

'Summary of pdper accepted for publication iri MetoZhrgia. 
Meeting, New York, Febrwry 1965 (to be published). 

ELECTRON MICROSCOPE-MICROPROBE 
ANALYSIS OF PRECIPITATION1 ' 

R. E. Gehlbach 

Undeistandmg the role of microstructure in mechni- 
cal and p tiysical properties of alloy systems necessitates 
the identrfcation of precipitated phases occurring i n  
these inateiials. We found that an election probe 
microanalyzer accessory to the electron microscope, 
used in conjunction with standard electron microscope 
specimens, provides the means for obtaining a quick 
and reliable analysis of individual precipitate particles. 
The uniqueness of this tool is apparent when extraction 
replicas are used, permitting without matrut inteEfer- 
ence chemical analysis along with usual electron mi- 
croscopy and diffraction of individual particles ( l )  in 
the same spatial distribution as the bulk material, (2) of 
the tliin dendritic morphology often present it1 grain 
boundarres, ( 3 )  of a s m  or distribution too fine to be 
resolved by conventional microprobe techmqies, and 
(4) in quantities not detectable by x-ray diffraction 
analysis of extraction residues. 

E n  applying this tool to our research problems, we 
have made observations that would not have been 
possible without the use of this type of microanalyzer. 
For example, the fine carbide precipitating tn grain 
boundaries of llastelloy N on aging is the vz  type 
instead of the rjl type that 1s present in the matrix, 
although the lattice paramel ers of both these b16 C type 
carbides are indistinguulnble. Of nioie significance, 
silicon appears to play a niajoi role in the formation of 
precipitate particles coinmuiily identified as carbides. 
We Identified precipitates containing elements having a 
deletzrious effect on properties, such as siilfides. We 
were also successful in Seteiininmg and identifying 
oxldation and corrosion products. 

PREPARATION OF TRANSMISSI[ON ELECTRON 
MICROSCOPY SPECIMENS FROM TUBING' ' 

C.K.H. DuBose C. Jones 

The dpplication of tiansmissiou electron microscopy 
to engineering materials requires techniclues foi pre- 
paring specimens fronl intricate structures. Suitable 
flat tabs can be cut or ground froin massive pieces and 
thinned by standard techniques. but sm:ill-dianieter, 
, 

17Abstract of a pper  presented at  the 22nd AEC Metal- 
lography Group Meeting at %in Diego, Calif. on June 19-21, 
1968 (to be published in the Proceedings). 
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thin-walled tubing presents special problems that can 
not he handled in this way. We describe modifications 
to the ORNL jet polishing technique that enable good 
specimens to be prepared from tubing rapidly and 
reliably using a minimum of material. 

The tube is first sectioned into small pieccs that can 
be accommodated in the electron microscope by the 
following procedure, which was devised to  prevent 
deformation of the tube during cutting. ?\ rod is 
insertcd in a short length of the tubing to give a snug 
fit, and a slitting saw is used to  make longitudinal cuts 
spaced about in. apart on the circumference of the 
tubing. A band about in. long at one end of the tube 
is left unslitted to keep the tubing attached to the rod. 
The tubing-rod composite is then sliced into 'I8 -in. 
lengths to produce curved tubing sections roughly 5 / ,  in. 
square. A future that allows accurate location of the 
slits can be used for remote operation. 

Jet polishing is then used to prethin or dimple these 
pieces. Ihe inner contour can be retained in the dimple 

by proper selection of the current density. The outer 
contour can not be maintained as accurately, but 
flat-bottomed dimples can be produced. Final thinning 
until a hole forms in the dimpled region is done in a 
polishing cell equipped with a light source and a 
photocell detector.' 

Special features of a glove-box facility for thinning 
alphacontaminated materials are described along with 
modifications to the specimen holder to allow it to 
accept curved pieces. 

The use of this technique is illustrated with exampks 
of the microstructures of a fuel pin irradiated in EBR-11 
and a target hex-sheath irradiated in IIFIK, both t o  
fast-neutron fluences in excess of neutrons/cm2. 

"C.K.H. DuSose and J. 0. Stiegler, Serninufomntk Prepom- 
tion of Specimens for Transmission Elechon hficroscopy, 
ORNL-4066 (Fchmary 1967). 



ectronic Properties s f  Metals and Alloys 

9. 0. Betterton, Jr. 

Our main objectives were the study of transition 
metal dilloys and of radiation defects in Fe-Al alloys and 
the purification of the metals zirconium and hafniuni 
for palvanomagnetic studies. Low-temperature specific 
heat expeamrnt~  with the cemiuc niarerial UN. witti 
the niagnetic rnaterial kiolrniurri, and with the supercon- 
ducting materials cubic Zr-Nb and Zr-N are starting. 
The program on low-temperature specific heats of 
zirconium with sniall alloying additions is now ending. 
Mossbauer research continues with studies of 61Ni in 
Cu-Ni alloys and of '' Fe in ordered Fe-AI alloys. 

MQSSBAUER MEASUREMENTS WITH Ni 

John G. Love1 Gordon Czjzek Felix E. Qbenshain2 

Several advances in technique 1 or measuring the 
Mossbauer resonance of the 67.4-kev ganma transition 
of 6 1  Ni were made, and the studies of the resonance in 
nickel alloys are in  progress. The results for the 
copper-mckel alloys are discussed here. 

The major technical difficulty has been the prepara- 
tion of a suitable nonmagnetic source. The nature of 
tlie problem arid our solution has been d iscuss~d.~  
Briefly, we iound that Ni 14 at. % V highly etmriched in 
"4wi is nonmagnetic at 4 2 ° K  and may be used directly 
following bombardment with 22-Mev protons. The 
reaction 64Ni{y,u)B * NI popdates lhe fhst ex- 
cited scate of '' Ni with 100% efficiency. Since the beta 
decay half-life is only 99 niiri, the data-collection time 
is severely limited. The gamrna counting equipment has 
been improved so that data may be collected at about 
I O 5  counts/sec in the 07.4-kev line with a nzgligible 
tkcrease in resolution in the gamma spectrum. For 
these experinients we used a rnultiscaler iCl&sbauer 
spectrometer that accepts these high counting rates and 

IN THE COPPER-NICKEL SYSTEM 

can measuie energy shifts of the nickel resonance line 
to a precision o f  +Q.OUl inmlszc (and to an order ot 
magnitude better than that for the "Fe rewm[iicc, 
whch 15 used for calibration). 

The linear dependence on concentration exhibited by 
several magnetic properties of the copper-rdckel system 
has often been cited ah evidence favoring a sarnple 
rigid-band model. These elements are neighbois in the 
periodic table and Corm substitutional solid solutions 
throughout the concentration range with no change in 
crystal structure and only a small change in lattice 
prarneler for  all concentrations of the system tiorti 

that of pure nickel (3.517 A) to the value for puie 
copper (3.608 A). The saturation nlagneiic moment per 
atom and the 4 'urie temperature decrease linearly with 
copper concentration over most of the pertinent range 
of composition antl extrapolate t o  ~ t x o  at 53 and 57 :st. 
% Cu, respectively. The spectroscoprc g factor for nickrl 
in the alloys was independent of composition and cqual 
to that o f  pure uickel. Thiis, the average number of 
uncompensated spins per atom of dhe alloy is a iine:ax 
function of composition.4 

A well-known interpretation of these properties is the 
rigid-band model. 'This rnotlel suggests that the w l e r  
electronic states of the copper arid nickel ntoxiis in the 
alloy share common d bands antl conmion s-p c m -  
duction bands, which overlap in energy. bor piirc 
nickel, the 3d subband (all 3d states with tlae same 
spin) has approximately 0.0 hole per atom. 'The 
rigid-band model further suggests that the 4s-p electrons 
a1e donated by the copper antl progressively GI1 the 
holes in the partially empty 3d subband as the copper 
concentration is increased. This provides a very siiiipie 
explanation fot the disappeat a i m  of ferromagnetism in 
the alloys at about 60% Cu. Since the isomer shifd oi 
the Mossbaucr absoiption line is proportkonal io the 
total electronic ctiarge densii y p ( 0 )  within llie ruicleai 

'Oak Ridge Graduate Fellow from Ohio State University 

2Physics Division. 
3F. E. Obensl~ain, J.  C. Love, and C;. Czjzek, Phys. Div. A n n  

under appointment with Oak Ridge Assodated Universities. 

Bop-. Rept. Des  30, 1967, OKNL-4230, pp. 35 39. 

J. Grangle, "The Jntrimic hhgnetic hopertics ~f Transition 
Elements and their Alloys," pp. 51 68 in EZectronic StnpIIcluze 
and Alloy Chemistry of the Tiwnsitron Eletnents, cd. by P. 
Beck, Interscience Publishers, London, 1963. 
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Fi . 6.1. The Energy Shift and Mapctic Ilyperfine Field at 
the ‘1 Ni NM~B~us in the Copper-Nickei Series of Auoys. 

and others that we have made for the iron-nickel and 
cobalt-nickel systems show that ZZeff for Ni generally 
follows a Slater-Pauling dependence for alloys of nickel 
with 3d transition metals. 

volume, one may expect to test this model by observing 
the isomer shift as a function of concentration. One 
expects to see a nonlinear dependence of the isomer 
shift on concentration, possibly a break in the slope 
near 60% Cu, if there is in fact a transfer of s to d 
character of the conduction electrons. 

Our measurements of the energy shift and the 
magnetic splitting (as represented by an effective 
niagnetic field H e f f  at the nucleus) for the 61Ni 
resonance are displayed as a function of alloy concen- 
tration in Fig. 6.1. To eliminate temperature shifts, 
source and absorber were inimersed in a common liquid 
helium bath. Both the observed shift and Hesy can be 
wel! represented by linear functions of composition. 

The entire range of shifts is only about 1/40 of the 
minimum observable line width 2110 = 0.77 mmlsec, 
and it may be explained by the change in the zero-point 
energy of the nickel as a function of alloy concentra- 
tion. The Debye model yields an approximate ex- 
pression for the velocity shift due to a difference in 
zero-point energy, which leads to  a change of 78°K in 
the Debye temperature for the observed shifts if one 
assumes no change in p(0) .  A more detailed comparison 
with phonon spectra for copper and nickel also indi- 
cates that the change in p(0) is very small. These results 
indicate that the rigid-band model does not provide zn 
adequate description of the electronic structure of these 
alloys5 or that p(0 )  is not related in such a simple way 
to the band structure and other effects must be 
considered, Czjzek was on a one-year research assig,i,nent at Kernfor- 

The effective magnetic field at ’ Ni decreases linearly schungszentrum Karlsruhe, lnstitut f& Angewandte Kern- 

from Hesf = for and extrap’- p~~cmforschun~szerl lrum Karlsruhe, Institut fik Angcwandte 
lates to zero for 5 7 at. % Cu in Ni. These measurements 

sik, Xarlsruhe, Germany. 

Kernphysik, 

WAD3I,aTI(PN EFFECTS IN ORDERED 
IHPON-ALUhalNUM ALLOYS: 
MhaSSBAUER EXPERJMENTS 

FOLLOWING NEUTRON CAPTURE6 

W. G. ~ e r g e i ~  G. Czjzek 

We have taken Mossbauer spectra with 57Fe  in 
ordered iron-aluminum alloys with the 14.4-kev level 
populated by thermal-neutron capture in ’ Fe. The 
capture process is followed by emission of high-energy 
y rays, which impart recoil energies between about 100 
and 545 ev to  the ’ Fe nuclei. These energies are well 
above the displacement threshold; therefore the Moss- 
bauer y rays are originating from nuclei that have 
certainly been displaced from their lattice positions. 

Comparison of the Mosshauer spectra obtained in this 
way with spectra taken with the same materials used as 
resonance-absorbers gave the following results. In alloys 
with 35 to 52 at. ”/o A1 (FeA1 order, paramagnetic), the 
center of thc (n,y)-Mossbauer line is shifted towards 
lower energy by an amount that depends on the 
aluminum concentration. In a specimen with 26 at. 70 
A1 (Fe3Al order, ferromagnetic), the (n,y)-spectrum is 
qualitatively different from the absorption spectrum. 
At most a small fraction of the displaced nuclei can be 
in positions equivalent to normal iron lattice sites in 
Fe3Al. Analysis of the data leads us to the conclusion 
that the final positions of the recoiled nuclei are either 
interstitial positions or lattice positions in close associa- 
tion with several point defects. 

Experiments at temperatures between 80 and about 
750°K are in progress to give information about the 
stability and the type of defects involved. 

._______. . ~ ~ - 

’Recently, N. I). Lang and H. Ehrenieich, Phys. Rev. 168, 
605 (1968), have considered the dependence on pressuae of the 
Curie temperature of nickel and the copper-nickel alloys. The 
rigid-band model yislded poor results for the copper-nickel 
alloys, but they obtained good agreement with experiment for a 
‘‘minimum pulaxity” model accordins to which the number of d 
holcs per Ni atom stays constdnt at all concentrations. Our 
results would support this conclusion. 

6Research perfoimed by W, G. Berger and G. Czjzek while 
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SPECIFIC MEAT OF URANIUM M ~ N ~ N I T ~ ~ ~  
FROM 1.3 TO 4.S"K (Ref. 8) 

J. 0. Scarbrough 
W. Fulkerson' 

H. L. Davis' 
J. 0. Betterton, Jr. 

The atomic heat of uranium mononitride was m a s -  
ured from I .3 to 4.6% and found to  be of the form yT 
+ @(T/OD)3, where y was 24.79 2 0.05 inj grani- 
atom-' degW2, the Debye temperature BU was 324 i. 
7"K, and 0 = 12n4R/S {R gas constant). The large 
value of y (35 times the value for coppei) appaiently 
results from the Fermi surface intersecting narrow 5.f 
electronic bands. The above values refer t o  a UN sample 
heat treated in nitrogen for 6.5 hr at 2250°C. The same 
sample before this heat treatment had a measured y - 
24.07 ?I 0.08 mj gramatom-' degd2 and O D  = 322 li 
13°K. The shift jn y may be due to a small change in 
stoichiometry caused by ttie heat tieatincnt. 

Although the Debye ternperatuie obtained from the 
present work, 324"#, disagrees with previous specific 
heat estimates of 276 to 289"K, it does agree fairly 
well with the value 347 to 362°K obtained from room- 
temperature velocity-of-sound measurements. 

No changes were observed in the specific heat upon 
application of magnetic fields up to 35 kdogauss, 
suggesting the absence of any appreciable magnetic 
contribution to the total specific heat for temperatures 
below 4.7"K. 

PURIFICATION OF ZIRCONIUM AND 
REFRACTORY METALS IN AN 

WITH ANALYSIS OF PARTIAL PRESSURES' 
ULTRAHIGH-VACUUM ZONE REFINER 

D. S .  Easton J. 0. Betterton 

An electron-beam lone refiner has been developed to 
produce high-purdy zirconium and other metals for use 
in high-field galvanornagnetic studies. A quadrupole gas 
analyzer monitored the environment during zoning. We 
measured resistance ratios (R300~K/R4.5~K) and ap- 
plied other analytical methods to provide indications of 
purity levels. A successful zone refining of zirconium 
from oxygen was accomplished by use of large numbers 
of zone passes. The low partial pressures i n  the system 
made these lengthy operations possible without con- 
tamination from the environment. Resistivity ratios of 
up to  1300 in zirconium were achieved. 
_____ 

'Abstract of paper submitted to PhysieaE Reviecv. 
'Theory Group. ' O~unc~ainenta~ ~erai i ics  Studies Group. ' 'Abstract of paper for presentation at the Llectrochemical 

Society Meeting, Boston, May 5, 1968. 

PREPARATION AND 2DNE ~ ~ ~ I ~ ~ ~ A ~ I Q ~  
OF HAFNIUM METAL WITH 

LOW ZIRCONPUM CONTENT* a 

D. S. Easton J. 0. Betterton 

Iodide was zone refined in a S X 
10- '-torr vacuum, increasing the resistance ratio f~iorn 
31 to 300. Partial pressure analysis with a mass 
spectromcter showed extensive outgassing of E L ,  GO, 
(:02, CH4, aiid C2 and C3 hydiocarbons The final 
resistance ratio was dominated by ? h e  0.15 at. % ZI 
impurity, which did not zone-separate UT evaporate. 
This means that remaining impurities, mainly oxygen 
and carbon, were about 0.004 a t .  % in the purest pait 
of the zone-refined bar. This purification was supported 
by the decrease III liardness ( IS0  to 98 D%'II> and by the 
very low pressures observed over the liquid metal in ttie 
f i n d  stages of zcone refining. FUI ther improvements in 
the resistance ratio of hafnium will depend on Lowering 
the zirconium content of the initial material 

ELECTRICAL RESISTlVITY 
OF ZIRCQNHUJM ALLOYS 

J. 0. Betterton D. S. Eastaston 

Resistivities of zirconium alloys in the temperature 
range 4 to 300°K vary in the followng manner. With 
solutes to the left of zirconrum and in the same column 
of the periodic table, the compositional dependence is 
near Ax( 1 - x> whcre x = atomic fraction solute. There 
is neai agreement with Matthiessen's rule that thc 
temperature dependence of the alloy resistivity is 
independent of composition. Solutes of' this type, of 
which Sc, Ti, and Hf were tested, produce relatively 
small increases in resistivity, as shown in Fig. 6.2. The 
second class of solutes, with positions to the right of 
zirconium in the periodic table and with greatei 
numbers of valency electrons, behave differently. Here 
the alloying resistivity rises to a high maximum on the 
zirconium-rich side of the system. Also the resistivity 
mcreases for 1 at. % solute are much larger, Matthies- 
sen's rule is not obeyed, and thc actual resistivity of 
many of these alloys decreases wiih increase in tempera- 
ture. In alloys such as Zr-5 at. % Ru and Zr-15 at. % 
In, the effect is so strong that these d o y s  ale 

12Ab~tract of paper to be presented at the Symposium on 
Preparation and Purification of Illtmpure Metals, Electrc- 
chemical Society, Montreal, Canada, Oct. 6 to 11, 1968. 

I 3 h r i t y  given by the following contents (at. %): 99.7 Iif, 
0.15 Zr, 0.04 C, 0.04 H, 0.01 each of Fe, Si, Al, and 0; and 0.2 
sum of remaining impurities. 



Table 6.1. Effect of Temperatwe on Resistivi$y of ZiSconi~m A $ B Q ~ s  

Resistiviiv (Mhm cm) 

'Temperature Alloys with Same or Fewer Alloys with More 
Electrons Per AtomQ Electroris Per Atoma . . .. .__. .. 

Pure 
. . . . . . ...... ..... . .. . . . Zirconium 

( O K )  

Zr-IO Hf Zr--lO Ti 8-10 Sc Zr-15 In 23-15 Nb Zr--5 Ru 

300 42.3 46.4 58.5 62.5 169 106 115 
4.2 0.1 4.1 12.2 22.1 175 105 111 

gCoinpositions in atomic percent. 
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Fig. 6.2. Chapge in Resisti-dy Per Atomic Percent Solute 
plotted Against Group Number of Solute for Dilute Zirconium 
AUoys ai 4.2OK, 

temperature-independent resistors. 'I hese temperature 
effects are illustrated in Table 6.1. 

Although a complete interpretation of the above 
effects is not available, the resistivity results suggest 
that virtual d-bound states are involved in a manner 
similar to that proposed by Friedel' to explain similar 
resistivity changes in copper and aluminum alloys. For 
the solutes with more electrons, the effects shown in 
Fig. 6.2 appear to indicate that a single viriual state 
forms at various energies near the Fermi surface for 
various solutes. The other excess electrons are appar- 
ently bound to  the solute at considerably lower 
energics. For the solutes with the same number or fewer 
electrons per atom than zirconium, the virtual bound 
staies are absent, and only the smaller effects from 
atomic potential differences and interband transitions 
are observed in these alloys. 

14J. Fricdel, Can. J. Phys. 34, 119C (1956). 

LOW-TEMPERATURE SPECIFIC 
MEATS OF ZlIRCONHUM 

WITH 0 TO 5% ADDITIONS OF 
Nb, Mo, Re, Ru, Rh, AND Pd 

J. 0. Betterton J. 0. Scarhrough 

In the approximation that the conduction electrons 
are independent, the electronic specific heat coefficicnt 
y is equal to 'i3 n2k2N(Ef)  where N(Ej)  is the density 
of electronic states at the Fermi stirface. As discussed 
by Krebs" and Clogston,16 a similar formula relates 
the linear specific heat coefficient to the density of 
electronic states of an electron gas where there is an 
electron-phonon interaction. The electron-phonon in- 
teraction in zirconium has been estimated by the 
isotope effect in  the superconductivity,' and the 
phonon enhaxccment may be appreciab?e in pure 
zirconium." However, we assume that the phonon 
enhancement factor does not change for alloying 0 to 5 
at. % of the various solutes below, This assumption is 
partly justified by the experimental obscivation that 
the interaction V in the BCS superconductivity for- 
mula, TI#, - exp[-l/N(Ef)V], is approximately 
constant throupbout these alloys. Knowing that the 
difference in the attractive electron-phonon interactions 
and the repulsivie screened Couloimb and exchange 
interactions remains the same, the asslrmption that both 
interactions are nearly constant with alloying seems 
more plausible than to assume equal aild opposite 
changes in the interactions. 

"K. Krebs, Phys. Letters 6 ,  31 (1963). 
16A. M. Clogston, V. Jaccarino, and Y. Yafet, Phys. Rev. 

134, A650 (1964); A. M. Clogston, Phhys. Rev. 136, A8 
(1964). 

17E. Bucher, J. Muller, J. L. Olsen, and 17. Falmy, Phys 
Letters 15, 303 (1965). 

18J. 0. Betterton, Jr., and J. 0. Scarbrough,Phys. Rev. 168, 
715-25 (1968). 
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Pig. 6.3. Change of Fktronic Specific Hwt Coefficient Per 
Atomic Percent Solute in Zirconium-Rich Alloys Plotted 
Against Group Number of Solute. 

The changes in y per atomic percent addition of 
various solute elements to zirconium are very depend- 
ent upon the position of the solute elements in the 
periodic table, as is shown by Fig. 6.3. The solid curve 
represents the change of the electronic specific heat 
coefficient in hexagonal alloys. The body-centered 
cubic phase19 is retained in the alloys of zirconiuni 
with more than 1 to 2% Mo, Re, Ku, or Rh. For the 

cubic d o y s ,  the changes in y per atomic percent solute 
are given by the dashed curve in Fig. 6 .3 .  Earlier 
measurements of the effects of other elements' 32 in 
hexagonal zirconium are included in Fig. 6.3 to 
illustrate zirconium alloying more fully. Like in the 
resistivity increments in Fig. 6.2, a. large increase in y 
occurs with solutes from groups 5 to 9, in agreement 
with the apperent formation of virtual-bound states in 
these alloys. Th:: main difference between the two 
curves is jn the large extra alloying iesistivity with the 
Rsubgroup soiutes of groups 1 I through 15, which 
have a fdetl 4d-shell on the ion and which have no 
correspondingly large increase in y during the same 
alloying. Alloys with solutes to the left and in the same 
column as zirconium m the periodic table and with 
B-subgroup elements have relatively sinall y effects, 
related to  the band structure of the solvent arid 
reflecting changes in the average number of electrons 
per atom. 

_I_ .. . 

''A small arnount of omega phase, with complex hexagoaal 
structure, forms in these retained cubic alloys, and we axe 
neglecting this in the present discussion. 

' O C .  D. Kneip, Jr., I. 0. Betterton, Jr., and J .  0. Scarbrougti, 
YI~YS. Hw. 131, 2425--32 (19631. 



7. FundamentaB C e r a ~ c s  Research 
W. Fiilkeison 

The Fundamental Ceramics Research Program has 
been established to encourage a more coordinated 
effort of basic ceramics research in the Metals and 
Ceramics Division. Uranium mononitride, a potentially 
iniportant fast reactor fuel, has been selected as a basis 
material for achieving this coordination. By concentrat- 
ing on one material the efforts of various groups 
specializing in particular types of research, wc can get a 
good overall understanding of this important nuclear 
fuel and, at the same time, provide a basis for mutual 
interest between the groups to stimulate more exchange 
of information and ideas. For example, there is a close 
liaison between this program and the Nitride Fuel 
Development Program (Part 111, Chapter 18 of this 
report). Most of the specimens used in this work have 
been supplied through the courtesy of the Ceramics 
Technology Group, and there has been a cross fertiliza- 
tion of ideas for pertinent basic and applied research 
between the two programs. 

Uranium inonoilitride is interesting not only because 
it is an important nuclear fuel but also because it is a 
member of an increasingly important class of materials, 
the refractory hard metals, which also include other 
isomorphous nuclear fuels such as UC, US, and UP as 
well as HfC and ZrC, the materials with the highest 
known melting points. 'These compounds are brittle and 
hard at ordinary temperatures, but they exhibit electri- 
cal conductivity characteristic of a metal. More funda- 
mental information about this class of materials is 
needed before the full technological potential of the 
class can be realized. 'The philosophy of this program is 
that if an understanding of one member of the group is 
achieved, then obtaining an understanding of the whole 
class will become much easier. Indeed it is difficult to 
see how the class can be understood generally unless at 
least one nirrnl~er i s  thoroughly investigatcd. 

In addition to the work reported below on transport 
properties and on the velocity of sound, a significant 
amount of the UN research that has been started as a 
result of this pr0gra.m is reported in other chapters of 
this report. Preliminary first-principals band theory 
calculations, which are reported in Chapter 13, indicate 

that nairow 5f bands are near or at the Fermi energy. 
l'his is qualitatively corroborated hy a very high density 
of states deduced from lowtemperature specific heat 
measurements (Chapter 6). The selfdiffusion of U 
in UN as a function of nitrogen pressure and tempers- 
lure is reported in Chapter 4. This information should 
be valuable in interpreting the mechanical behavior of 
UN, such as the compressive creep, the measurement of 
which has been initiated (Chapter 8) as a prelude to 
studying the rate and mechanism of dislocation motion. 
In-reactor measurements of fission gas release and of 
the effect of irradiation on tile tlierriial diffusivity are in 
progress in the Reactor Chemistry Division.' 

'The success of this research depends, of course, on 
the availability of high-quality, well-characterized speci- 

the Ceramics 'l'echnology Group i s  improving the 
quality of pressed and sintered materials and the Crystal 
Physics Group is preparing to grow controlled single 
crystals by an arc-melting technique. 

mens of suitable size and configuration. For this r, YxxHl 

TRANSPORT PROPERTIES OF UN 

J. P. Moore' W. Fulkerson 
D. L. McElroy' 

The thermal conductivity (80 to 4OO"K), electrical 
resistivity (4.2 to 400°K), and absoluie Seebeck coeffi- 
cient 46 to 400°K) weie measured on a pressed and 
sintered 98.6C/o-dense UN rod. The measurements be- 
tween 77 and 400°K were made with the ORNL 
absolute longitudinal heat flow apparatus3 with proba- 
ble errors or 1.2,0.4, and 1.1% for the t h e e  properties, 
respcitively. fhese data together with literature values 
for the thermal conductivity and electrical resistivity at 
higher temperatures were used to try to separate the 
electrical and lattice portions of the t h e m d  conduc- 
tivity. The results, although somewhat ambiguous, 

R. M. cmou and J. G. Moigan, Renetor Chemistry ~ivis ion 
'Physical Roperties Group. 
'J. P. Moore, D. L. McElroy, and R. S. Graves, Can J. Phyx 

45, 3849 65 (1967). 

c 
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Fig. 7.1. The 'I'empcratnre Coefficients of Electrical Kesis- 
tivity and Absolute Seebeck Coefficient in the Vicinity of  the 
A n t i f e r r o n ~ ~ , e ~ i r - t ~ - ~ ~ ~ ~ ~ t i c  'hnsformation. 

indicate that the lattice conductivity peaks in the range 
200 to 500°K and ttial the hgh-temperature lunit of 
the Lorenz function is greater than tbe Sonimerfeld 
value of 2.443 X IO-' (v/ded2, pertlaps by as much as 
30%. Further measurements at higher temperatures will 
be necessary to verify the higher l a r e n t  function. The 
pealrag in the lattice thermal conductivity is undoubt- 
edly due to the scattering of phonons by spin disorder 
in analogy io the bituation in UOz, which also 
undergoes an antiferromagnetic-to-paramagnetic trans- 
formation at low ten ipera t~res .~  

The electrical resistivity and the absolute Seebeck 
codficient exhibit a sharp change in slope in the 
vicinity of the Ndel point, as 1s shown in Fig. 7 1. The 
resjstivity p below the NCel point may lie fitted by the 
expression 

p = 7.5 + 6.15 X l K 3  T z * 3 x  @ohm-cm, (1) 

where the temperature-dependent term i s  thought to be 

'0 .  Bthhous, P. 't'homas, and L. We& Compt. Rend 253, 
2043 (1961). 

predominantly magnetic in origin. The Seebeck coefi'i- 
cient goes through a minimum at 33°K and then rises 
agaitr to a local maximum at 10°K. Ttus low-tenipera- 
lure peak is probably due to magnon drag. 

Even above the NCel pomt the electrical resistivity 
continues to rise rapidly but at a decreasing rate until at 
high temperatuies the p vs T function becomes nearly 
linear. If this linear behavior is interpreted as being due 
to the usual electron-phonon scattering in a metal, then 
the magnetic contribution can be separated out. If we 
further assume that the magnetic resistivity is roughly 
propoi tional to the magnetic entropy5 (because the 
magnetic resistivity is due to s p n  disorder scattering 
and the entropy is a measure of this disorder), we can 
deduce that the magnetic specific heat Cp mQg is 

The proportionality constant is deterniined by assunung 
that Cp mag is equal to the diffcrencc between ihe 
extrapolation of the low-temperature specific heat o f  
Scarbrough et a!. (Chapter 6 of this report) and the 
normalized average data at 14.1"K of Westrum and 
Barber' and of Counsel1 et nL7 The temperature 
dependence of CI, thus obtained IS shown in Fig. 
7.2. The large high-temperature tail is particularly 
important since the magnetic entropy obtained from 
this phenonienological analysis was 0.63 cal deg-' 
mo1e-l with about two-thirds o f  the total occurring 
above the N6el temperature. This i s  to be compared 
with a value of only 0.15 deduced by Counsel1 et al. ' 
by assuming that the Cp nlQg was zero above the NCel 
point. The large tail on CLI rltQR is not unreasonable 
judging from the resultsH>' on other magnetic corn- 
pounds such as U 0 2  and CrRrj. The subtraction of 
Cl, mug from the total specific heat values yields a 
smooth curve for the remainder wen through the Nee1 
point region. 

5W. Fulkerson, J. P. Moore, and D. I,. McElroy, J. Appl. Phys. 
37, 2639-53 (1966). Note thafi the proportionality, E,¶. (2)6 
must fail in detail at or near the N& point since For a 2 or 3 
range dprnag/d~ is negative, as shown in Fig. 7. I. 

bE. F . Westrum, Jr., and C. M. Barber, J.  Uzem. Phys. 45,635 
(1966). 

7 ~ .  t . Counsell, R. M. i>eU, and J. F. Matin, T ~ Q ~ S .  F W Q ~ ~  
Soc. 62, l(1966). 

W. Osborne arid E. F. Westmni, Jr., J. Chem Phys. 21, 
1884 (1 953). 

'1,. 11. Jennings and W. N. Wansen, Phys. Rev. 139, A1694 
(1965). 
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Fig. 7.2. The Magmetic Specific Heat of UN as Deduced from 
the Magnetic Electrical Resistivity. 

ELECTRICAL RESISTIVITY OF U(C,N) 

C. V. Dodd' 
R. A. Potter' 

J. M. Leitnaker' 
J. P. Moore' 

W. Fulkerson 

Recently, Ohmichi and Kikuchi" found that the 
electrical resistivity of U(C,N) solid-solution alloys of 
compositions ranging all the way from pure UN to pure 
UC was considerably lower than would be obtained if a 
Vegard-type law existed for resistivity. Of course, the 
normal behavior for an alloy is that the resistivity will 
be higher than a linear combination of the pure 
component resistivities, so the behavior of U(C,N) is 
anomalous. We verified the phenomenon at room 
temperature for nearly equimolar alloys and estimate 
the resistivity of theoretically dense sCo.,, to be 
about 30% below the linear combination result. Fur- 
thermore, neutron diffraction showed no long-range 
ordering of the nitrogen or carbon atoms.' 

A possible explanation for this anomaly is that the 
large magnetic resistivity component of UN is somehow 
reduced more by the addition of UC (UC is weakly 
paramagnetic at all temperatures) than the total resis- 
tivity is increased by random impurity scattering. A 
similar anomaly has been observed near the NCel point 

due to alloying chromium with certain elements.' 
Interestingly, the thermal conductivity does not show 
the same anomaly, and this apparently indicates (assurn- 
iplg that the Lorenz function is not reduced by alloying) 
that the lattice portion of the thermal conductivity 
(more than 50% of the total at room temperature for 
UN) is not increased above a linear combination of the 
pure component values. 

ULTRASONIC VELOCITY 
MEASUREMENTS IN UN 

H. L. Whaley' K. A. Potter' ' 
W. Fulkerson 

Longitudinal and shear ultrasonic velocity measure- 
ments at 5 MHz have been made at room temperature 
on four pressed-and-sintered UN specimens ranging in 
density from 92.8 to 98.5% of theoretical. The timer- 
tainty of the measurements, which were by a pulse-echo 
technique, was estimated to be about 1%. The velocity 
results are given in Table 7.1 and divide themselves into 
two groups, with the two lower density specimens 
giving velocities lower than those for the higher density 
specimens but idcntical to each other. These results do 
not lead to an unambiguous conclusion about the effect 
of porosity on velocity and they indicate that some 
specimen difference besides density is important. 

Table 7.2 shows the elastic constants calculated on 
the basis of the two sets of measured velocities and the 
theoretical density of UN, 14.32 g/cm3. Also given in 
Table 7.2 are various estimates of the Debye tempera- 
ture. O D ,  O M ,  and Ov. The values OD and O M  were 
calculated from elastic constants by the formula by 
James" and correspond to specific heat and x-ray 
measurements, respectively. The value of Bv was 

14A. 1," Trego and A. R. Mackintosh, Phys. Rev. 166, 495 

l 5  K. W. James, 1-heoretical Principky of the Diffraction of 

..... . . .. . . . . 

(1965). 

X-rays, G. Bell ahd Sons, Ltd., London, 1948. 

Table 7.1. IJitramwic Yelocities for UN Specimens 
of Different Density 

Density 
(% of theoretical) 

Ultrasonic Velocity (crnlsec) 

Longitudinal Shear 
~ _ _  

"Nondestructive Testing Group. 
'Ceramics Technology Group. ' 'T. Kikuchi, Japan Atomic Energy Research Institute, Tokai 

W. C. KoeNer, Solid State Physics Division, private 1 3  

x lo5 x l o s  

communication, Feb. 28, 1968. . ... ~ ......... ~ 

92.8, 95.0 4.52 2.57 
97.0, 98.5 4.15 2.64 

Establishmcnt, private coinmilnication, Oct. 19, 1967. 
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Table 7.2. Elastic Constants and Debye Temperatures Chlculated 
for Theoretically Dense UN from Ultrasonic Velocity Data 

._ I__._ _____ ._.--..___I_ 

Poisson’s Elastic Moduli (dynes/crn2) Debya Temperature ( O K )  

OD fJ,, fJV Ratio, Young’s S h e a  X ulk 
U 

Set I@ 0.26 2.39 x l ox2  0.9s x l0lZ 1.66 x l o i2  347 357 34Y 
Stat Ilb 0.27 2.59 x lo1*  1.00 x 1.88 x 10” 362 312 3S9 

aCalcnlated from velocities measured for the 92.8 and 95.0Yb-dense samples. 
bCalculated from velocities measured for the 97.0 and 9XS%dense samples. 

calculated directly from the velocities of sound.’ 
These values of the Debye temperature 347 to 372°K 
shouid be compared with the values of  324 ?. 7’K 
obtained by Scarbrough et a!. (see Chapter 6 o f  this 
report) from low-temperature specific heat measure- 
ments. Although the measurements were taken at 
different temperatures, the ~lsuiil thermal expansion 
correction to the Debye temperature would only be 
jibout lo/o, and the agreement between the results is 
reasonable. Furthermore, since 5 MIlz i s  about one- 
millionth the Debye frequency, the velocity measure- 

I6O. L. Anderson, “lkternunation and Some Uses of 
Isotropic Elastic Constants of Polycrystalline Aggregiatcs Using 
Single Crystal Data,” p. 43  in Physiurl Acozrsdics, Vd. 111, Part 
B, W. P. Mason, ed., Academic &as,  New York, 1965. 

ments should correspond to the long-wavelength hard 
moriic portion of the frequency spectrum, just as 
low-temperature lattice specific heat should be indica- 
tive of ttnis harmonic region. The agreement between 
the two results is not as close as that obtained for the 
drnilar compound UC, for which values of 330 and 320 
were cPbta\ined from elastic constants and specific heat 
rneasiirernents, respectively. * Further velocity meas- 
urements on UN, especially at temperatures below the 
We1 point, seem warranted. 

71,. G.  Graham antl K. clrmg, “‘me Elastic properties of 
IJPaniuin Carbide Between 4 2 and 300°K,” py. 409-422 in 
htei-n. Symp. Compounds u j  Interest in Nucl. Rem& 7’eccA- 
n d ,  Boulder, Cola., IY64, NucE. Met., Vol. 10, Ainerican 
Inslitute of Mining, MetaJJurgical, aid Petmileurn h p e e r s ,  
New York, 1964. 



sical Ceramics Studies 

C. S. Morgan 

These studies are aimed at improving the basic under- 
standing and practical technology of solid state proc- 
esses in ceramics through investigation of the inecha- 
nisms of deformation and sintering. To better interpret 
deformation and sintering studies in Tho2,  we investi- 
gated diffusion of thorium in Thoz. The diffusion 
studies cast doubt that volume diffusion transport of 
material plays a significant role except in very long- 
term processes. Topological studies of sintering are 
intended to implement the means of describing sin- 
tering masses and to clarify the application of topo- 
logical concepts in metallurgy. 

DEFORMATION OF URANIUM DIOXIDE 
SINGLE CRYS‘1’ALS’ 

C. S. Yust C .  J .  McIIargue 

Single crystals of uranium dioxide, grown in this 
division by the Internal Centrifugal Zonal Growth 
technique: were defornied in compression to nominal 
strains of 1 and 570. The crystals were oriented t o  
promote slip on only one slip system of the family 
{100}(110). The strain rate and temperature ranges 
studied were to 10-’/min and 750 to 1400°C.  
The dislocation density of the as-grown crystals was 
2 X 1 O6 /cm2. Sections of the deformed specimens cut 
both parallel and perpendicular to the slip planes 
were examined by transmission electron microscopy. 
The dislocation substructures at a strain of 1% con- 
sisted of nurnerous dipoles and dipole loops, the edge 
components of the dipoles lying along (1 10) directions. 
A typical dislocation configuration at  1% strain i s  
shown in Fig. 3.1. At 5% strajn extensive dislocation 
tangles were present as well as the dipole configu- 
rations, as shown in Fig. 8.2. In the dislocation ar- 
rangements we noted particular features that can be 
related to several of the theories of dipole formation, 

__ ____- 

I Abstiacted from paper to be submitted for publication. 
’A. T. Chaprnaii and 6. W. Clark, “Growth of IJ02 Single 

Crystals Using the Floating-Zone Technique,” J. Am. Ceram. 
SOC. 48, 494 --95 (1 965). 

but no definitive statement as to the mechanism of 
formation of the dipoles in U 0 2  can be made. How- 
ever, these results present the first detailed electron 
microscope observations of dislocations in deformed 
uranium dioxide. 

The critical resolved shear stress on the {loo} (110) 
slip system was measured as a function of temperature, 
as was the variation in the appearance of the load- 
deflection curve with temperature level. Of particular 
interest is the markedly serrated load-deflection be- 
havior observed at 1150°C and the minimum in the 
shear stress curve at 950°C. Both of these effects can be 
rationalized in terms of impurity effects on the charge 
of the dislocations. 

The dislocation density as a function of strain was 
determined from the electron micrographs by counting 
the intersections of the dislocation images with a series 

Fig. 8.1. A Typical Dislocation Configuration on a Sfip Plane 
in Deforrnad Sin~eCrystal UQ2 at 1% Strain. The deformation 
strain ratz and temperature were, respectively, 1.4 X 10-3/min 
and 1150 C. 10,OOOX. 

30 
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Fig. 8.2. The Dislocation Confirnation on a Slip Plane in 
Deformed Single-Crystal UOz at 5% Strain. The deformation 
strain rat% and temperature werr, respectively, 5.6 x to -3/min 
and 1150 C. I0,OOOX. 

2300 1800 1500 4300 
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of concentric circles. An estimate of the thickness of 
the observed foil is required to deternline the density of 
dislocations, and the results of several techniques 
indicated that the 1J02 foils were approximately 2500 
A thick. The dislocation densities of the deformed 
specimens at 1 and 5% strain, respectively, were 6 X 
IOR/cni2 and 1.2 X 109/cm2. The calculated dislwa- 
tion densities were used in conjunction with the 
measured strain rate, the known Burgers vector, and the 
orientation of the specimen to calculate the average 
dislocation velocity as a function of the average shear 
stress and temperature. These data, plotted as average 
velocity against the reciprocal of the shear stress, show 
tllat the shear stress required to produce a given 
dislocation velocity is a nzinimum at 950"C, in agree- 
nlent with the observed nlinirnuni in the critical 
resolved shear stress curve. 

DIFFUSION OF THORIUM IN Tho, 

L. E. Poteat3 C. S. Morgan 

We have studied extensively sintering and deforma- 
ti011 in ThOz specimens. To interpret these results, we 
studied diffusion of 230Th  in Thoz. Diffusion coeff- 

____I_ 

3~onsultant from Clemson University, Clemson, S.C. 

dents were deremined QII single crystals, sintered 
powder specimens, and specimens prepared from Th02 
sol, giving a range of grain sjzes from extremely large to 
a few microns. 

An organic chelate of 230'I'h was placed on tbe 
specimen surface, dried, and annealed. Diffusion an- 
neals were conducted in air 17el0w I8WO"U and in 
argon at higher temperatures. Penetration of the isotope 
was determined by sectioning, the alpha particle energy 
spectra degradation, or botti. 

The diffusion coefficien I s  were determined from the 
penetration data by the solution for Fick's law for a~ 
infinitely thin f'ilrn on a serni-infinite sdjd, The diffu- 
sion coefficients thus obtained represent a mensure of 
the rate of niovernent of the isotopc through the 
specimen. However, their meaning in terms of transport 
mechanisnis is not certain, because a diffetentiation 
between grain-boundary, dislocation-pipe, and volume 
diffusion has riot been made. 

Effusion coefficients for single crystals are shown in 
Fig. 8.3, results for sintered specimens in Fig. 8.4, and a 
comparison of crystals and polycrystal specimens in 

I 
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Fig. 8.3. Diffusion Coefficients of Thorium in Tho2 Single- 
Crystal Specimen. 
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Fig 8.5. Two distinctive features stand out. First, the 
diffusion is increased by decreasing grain size. Gain-size 
measurements oil specimens annealed at 1300°C indi- 
cate that the diffusion coefficient is roughly propor- 
tional to the grain boundary (or subgrain boundary) 
content. Second, the rcsults indicate an increase in the 
diffusion coefficient as the measurement zone moves 

ORNL-DWG 65-4390 
TEMPERAIUHE ( " C )  
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SECTIONING- lsl  SLOPE 
(2 ENERGIES- FROM DEEPER PENETRATION '?\ A a ENERGIES-RATIO O F  PEAKS 

deeper into the specimen. This is further illustrated in 
Table 8.1. 

A short investigation js being made of the effect of 
lattice imperfections on diffusion in thoria. A crystal 
with dislocations added by pressing in 800-grit Sic 
powder during an anneal at  1400°C showed more 
degadation of the alpha spectra, indicating more 
diffusion, than an untreated crystal mnealed with it. 
Specimens containing small amounts of CaO, addcd by 
coprecipitation, had sharply higher rates of isotope 
penetration. 

4 0  4 8  5 2  5 6  6 0  6 4  
lo,ooo/T(" K ,  

Fig. 8.4. Qiffusion Coefficients of Tbioriitm in Thoz Sintercd 
Powder Spwimen. 
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Fig. 8.5. Compa&m of Diffusion Coefficients of Thorium in 
Mono- and PolycrystaMine -moria. 

Table 8.1. Effect of Depth on Diffusion Coefficients Measured for Thoriuii~ in 'L'hO.2 -_ ....... 
............... Diffusion Coefficient (cm2/sec) 

Approximate 
Method of J>cterrnining Sintered Single 

Depth Sol Gel, 

1300°C 2300*C 
1000"c the Diffusion Coefficient Powder, Crystd, ( I-t) 

Ratio of Cy energy peaks 0.26 1.3 x 1 0 - l ~  5.2 x 1 0 - l ~  1.7 x 1 0 - l ~  
Extrapolation of fEst peak 0.2-0.6 3.7 x 1 0 - l ~  1.4 x 1 0 - l ~  2.6 x 1 0 - l ~  

Sectioning 0.5-10 1.5 x 1 0 - l ~  
Use of lovier Cy mer@ 0.4-1.2 9.7 x 10- l6  5.5 x 1 0 - l ~  9.8 X 
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In sunmry,  over a wide temperature range a sub- 
stantial part of the thorium transport in thoria appears 
to be in grain or subgrain boundaries. The reduced 
diffusion rate near the surface may be due to  the 
influence of surface forces on atom movement in these 
defects. 

SOME FUNDAMENTAL IDEAS FROM TOPOLOGY 
AND THEIR APPLICATION TO PROBLEMS 

IN METALLURGY4 

Lida K. Barretts C. S. Yust 

Some fundamental concepts arid Itiecnrems from 
topology that relate to propertics of surfaces and solids 
of the standard physical types have been reviewed. The 
Euler-Poincare characteristic of surfaces and solids has 
been used as a unifying theme, both for the presenta- 
tion of the relevant topology and as the means of 
interrelating the cases in which a topological approach 
has been made to metallurgical problems. The delermi- 
nation of the Euler-Poincare characteristic from maps 
on suifaces has been discussed, and the evaluation of 
this quantity by means of the Betti numbers has also 
been demonstrated. The application of the Euler- 
Poincare characteristic to solids has been considered, as 
has the relationship of this characteristic to con- 
nectivity of surfaces and solids. We show that topo- 
logical properties pernut the grouping of all real three 
dimensional surfaces into a few classes and make clear 
the basic structural relationships common to the mem- 
bers of each class. 

The topological concepts are used as a basis for the 
presentation of the work of several authors in which 
topology has been applied to the analysis of the 
interfaces in solid systems. The identification of con- 
cepts in mathenlatical terms has permitted the appli- 
cation of mathematical facts to validate or correct 
results that were originally presented empirically. 

COMPRESSIVE CREEP OF URANIUM 
MONOMTRIDE 

L. L. Hall C. S. Yust 

We are measuring the compressive creep character- 
istics of polycrystalline uranium mononitride. The 
specimens are prepared from UN powder by pressing 
and sintering in nitrogen; they have a fired density 95% 

4Abstracted fiom a paper submitted for publication. 
'Consultant from the University of Tennessee. 

of theoretical and a grain site of approximately 10 I.L. 

The experiments will cover from 1100 to 1600°C and 
stresses of from 3000 to 6000 psi. The test atmosphere 
is ,4r-4% H2. A sufficient partial pressure of nitrogen 
exists in this mixture as an impurity to maintain the UN 
phase over the temperature iange of these tests; the 
hydrogen minimizes the possibility of oxidation. This 
range of experimental conditions overlaps and extends 
the data of Vandervoort, Barmote, and Cline6 on 
compressive creep of UN. The data collected to date are 
in agreement with thosc of Yandervoort et a[. ovcr part 
but not all the range of conditions. The slope of the 
plot of logarithm of strain rate at constant stress against 
reciprocal temperature is somewhat lower than that of 
the earlier data, suggesting a lower activation energy. 
Additional iiieasurements are required to  completely 
establish the creep properties of the UN specimens. 

COMPRESSIVE CREEP OF URANIUM DIOXIDE 

L. L. Hall C. S. Morgan 

We are studying the compressive deformation of 
polycrystalline U02 specimens made by sol-gel. Speci- 
men preparation involved evaporation of lJ02 sol, 
grinding, forming, isostatic pressing, and sintering. The 
specimens were sintered in hydrogen at 1750°C after a 
slow rate of temperature increase with a two-day hold 
at 800°C to 92% of theoretical density. Extensive 
deformation occurred over the 700 to 1500°C range. 
The specimens usually exhibited classical metallic yield 
behavior. The yield stress was above 20,000 psi at 
1300°C. A preliminary value of the activation energy of 
the deformation process, which is thought to be a 
complex mixture of plastic flow and grain boundary 
sliding, is 40 kcal/mole at a stress of 23,300 psi and 
temperature around 1250°C. Further studies will in- 
clude deformation of (UPu)O2. 

ACTIVATION ENERGY IN SINTERING 

C. S. Morgan 

Study of the mechanisms of material transport in 
sintering of powder compacts involves a number of 
problems that are not yet satisfactorily resolved. Our 
observation of nonisothernial densificatiori kinetics 

6R.  R. Vandervoort, W. L. Harmore, and C. F. Cline, 
Compressive Creep of Polycrystalline Uranium Mononitride 
in Nitrogen, UCRL-70709 (preprint), (Oct. 9, 1967). 
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indicates that dislocation motion i s  frequently im- further by deteimining the activation energies by 
p ~ r t a n t . ~  ,8 The sintering process has been observed comparing the densification rates before and after small 

temperature changes. Values obtained were often hipher 
_.___ when the temperature was raised than when i t  was 

lowered. These results are being extended and analyzed 
7C. S. Morgan and C. S. Yust, J. NucL Muter. 10, 182-30 

(1963). 
'C. S. Morgan. C. J. McHargue, and C. s. Yust, proc. &if, in terms Of a material transport model involving 

Cwum. SOC. 3,177-84 (1965). dislocation motion. 



9. Physical Properties 

D. L. McElroy 

We now know that two necessary steps are involved in 
obtaining a useful understanding of heat transport in 
solids over a broad temperature range. First, one must 
have accurate physical property data on well-character- 
ized solids, and to obtain these we have developed 
several independent, overlapping, and accurate methods 
of measurement. Second, these data must be critically 
examined to test the adequacy of the theories. This 
two-step study is yielding the desired understanding 
needed to make reliable property predictions beyond 
the range of existing data on materials of considerable 
scientific and engineering importance. 

Consequently, our research is applicable to other 
fundamental and applied areas and is coordinated with 
certain programs. Other sections of this report describe 
our studies on UN (Part I, Chapter 7), Mo (Part [I, 
Chapter lS), T - I l l  (Part 11, Chapter 19), (U,Pu)02 
(Part 111, Chapter 2S), concrete (Part IV, Chapter 29), 
and thermal contact resistance (Part 11, Chapter 18). 
Some of our work involves heat transport in electrical 
insulators, such as our recently completed study on 
sjlicon.’ We have recently made an extensive review’ of 
accurate temperature measurements, since these are 
required for our work. Developments in this field may 
allow improvements in our measurements. 

ELECTRONIC HEAT TRANSPORT ANALYSIS3 

R. K. Williams W. Fulkerson 
J. P. Moore D. L. McElroy 

Two independent methods for separating the elec- 
tronic and lattice portions of the thermal conductivity 

‘W. Fulkerson, .I. P. Moore, R. K. Williams, R. S. Graves, and 
D. I,. McElroy, Phys. Rev. 167(3), 765-82 (1968). 

20. T,. McElroy and W. Fulkerson, “Temperature Measure- 
ment and Control,” pp. 105-267 in Techniques in Metals 
Research, Vol. 1, Techniques of Materials Preparation apid 
HandZing, Part Z, R. F. Bunshah, ed., Interscience Publishers, 
New York, 1968. 

llas section is largely summarized from a paper prepared by 
W. Pulkersoii and R. K. Williams to be submitted to the 
Camdim Journal of Physics. 

3.7 

Table Y.1. Comparison of Theamal Conductivity Component 
Separation Results at 300’K 

....... ..... .- 

L h O a  100 (AL/h)tJ 
...... ~~~~ 

Ekrnent Alloying Curve Fitting Alloying Curve Fitting 
Method Method Method Method 

-. ................... ~ 

W 1.20 1.10 8 14 
M o  c 1.09 C 2 
Cr 1.15 28 
Fe 0.87 0.74 18 31 
Cu 0.94 d 
A1 0.88 d 
In 0.99 d 

‘Lo =(n/3)(k/e)‘ = 2.443 x lo-* vZ/OK2. 
h~, is the lattice component of the total thermal conduc- 

CAlloying method yields very uncertain results at 300°K. 
dNegligible. 

tivity X. 

X of metals and alloys were developed, An alloying 
method analyzes the composition dependence of the 
two X components at a given temperature, whereas the 
curve fitting method is based on temperature depend- 
ences assumed for the two X components of a single 
composition. Table 0 , l  summarizes the results obtained 
by applying this analysis to several elements. Data for 
tungsten and iron and some of their dilute alloys were 
used to compare the two methods, and the results of 
this comparison were very encouraging. Only the curve 
fitting method could be applied to accurate data 
available for Cu, Al, In, Cr, and Pt. For the relatively 
simple metals Cu, AI, and In in the limiting valueL_ of 
the high-temperature Lorenz function L(’I“) was slightly 
less than the Sommerfeld limit Lo.  For Cr, Mo, and W 
the 1 iiniting high-temperature Lorenz number was 
significantly greater than L o .  For platinum the 
high-temperature Lorenz function was not constant, 
although it was larger than L o .  The lattice portion of 
the thermal conductivity was significant for W, Fe, Cr, 
and Pt, amounting to as much as 58% and 25% of the 
total for Fe and W, respectively, at 100°K. The lattice 
thermal conductivity of Mo seems anomalously small 
compared with that of W and Cr. 

35 
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These findings have interesting theoretical conse- 
quences and are also useful for extrapolation. The 
analyses are being used to guide further research but 
cannot be extended to other e!ements until needed 
accurate physical property data are available. Our 
ultrahigh-vacuum furnace for electrical resistivity p and 
thermoelectric power S measurements to 2500°K has 
provided some of the needed data for tantalum (see 
Part 11, Chapter 19). In addition, a inodification to our 
absolute longitudinal apparatus now allows eight 
steady-state A, p ,  and S data points per day, providing 
supporting data for the component separation study on 
other elements. 

THERMAL CONDUCTIVITY AND ELECTRICAL 

FROM 78 TO 400°K (Ref. 4) 

J .  P. Moore D. I,. McElroy 

RESISI'LVITY OF HLGH-Pent%lTY COPPER 

K. S. Graves 

A guarded axial heat flow technique for accu- 
rately measuring theiinal conductivity, electrical re- 
sistivity, and Seebeck coefficient from 78 to 400°K 
on small rod samples is dcvxibed in delail. Re- 
sults on a 99.999%-pure polycrystalline copper speci- 
lnen ( P ~ ~ ~ . , ~ O K / P ~ . ~ O K  - 900) are compaied with 
the results of previous investigators. 

The behavior of the electrical resistivity and the 
thermal conductivity is discussed in terms of existing 
theoletical equations. Although copper is a relatively 
simple monovalent metal, little agreement between the 
experimental thermal conductivity results and theory 
was found. rile behavior of the experimental electrical 
resistivity from 100 to 1200°K was explained in terms 
of an approximation to the Bloch-Crheisen equation. 

PHYSICAL PROPERTIES OF INDIUM FROM 
77 TO 350°K (Ref. 5) 

M. Barisoni R. K. Williams 
D. L. McElroy 

The electrical resistivity, thermal conductivity, and 
Seebeck coefficient of three high-purity indium speci- 
mens were studied between 77 and 350°K in a guarded 
longitudinal heat flow apparatus. Two of the three 
specimens were single ciystals of known orientation. 
Data obtained from these samples were used to extract 

____ - - 
4Ab~tidrted from Can J.  Phys 45, 3849-65 (1967). 
5Abstract of paper to be in the Proceedings of the Seventh 

Conference on ~hemial Conductivity, National Bureau of 
Standards, Gaithersburg, Md., Nov. 13-16, 1967. 

values for the transport properties along the two 
principal crystallographic axes. The third sample was 
coarse grained. Electrical resistivity data are iii reason- 
able agreement with the teniperature variations re- 
ported for high-purity indium resistance thermometers. 
Application of the results of this study to the behavior 
of resistance thermometers is discussed. The thermal 
conductivity data for all samples are consistently lower 
than values obtained in another investigation, and the 
differences do not correlate with the differences in the 
electrical resistivity measurements. 

PHYSICAL PKBPEX. HES OF MOLYBDENUM 
FROM 77 TO 1300°K (Ref. 6) 

R. K. Williams J .  P. Moore 
K S.Graves r. E. Banks 

D. L McElroy 

Electrical resistivity. absolute Seebeck coefficient, 
and ilxermal conductivity data were obtained from 47 
to 1300°K on an arc-cast, hot-rolled sample from 
Climax Molybdenum Company. Other samples studied 
included a zone-refined high-purity rnolybdenirm, an 
arc-cast sample obtained from GB-NMPO, and Mo- 
0.5% Ti. The results differ significantly from previous 
measurements reported for molybdenum, and analysis 
of the results leads to an interesting behavior for the 
electronic and lattice components (see Part 11, Chap- 
ter 15). 

PlWSlCAL PROPERTIES OF CHROMIUM 

J. P. Moore R. K. Williams 
D. L. McElroy 

The electrical resistivity, thcrmal conductivity, and 
absolute Seebeck coefficient of two high-purity chro- 
mium specimens were measured7 from 77 to 1100°K. 
No anomaly was observed in any of these properties 
near 122"K, where a local minimum occurs in the 
elastic constants. A t  the NCel temperature tile See- 
beck coefficient and the electrical resistivity dropped 
sharply and the thermal conductivity had a broad 
shallow minimum. In addition, the electrical resistivity 
between 310 and 317°K was also sensitive to tempera- 
ture gradients. Within experimental accuracy limits, 

6Abstract of paper accepted for presentation at the Eighth 
Conference on 'I hemal Conductivity, Purdue Univerrity, West 
Lafayette, Ind., Oct. 7-10, 1968. 

7Paper to be published in the Proceedings of the Seveiitli 
Confewice on Thermal ConductiVlty, National Aursau of 
Standards, Gaithersburg, Md.. Nov. 13-16, 1967. 
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these properties do not show hysteresis near the NBel 
temperature on thermal cycling from 77 to 400°K. 

The above work on chromium was extended’ by 
measurements of electrical resistivity p and absolute 
Seebeck coefficient S on a high-purity chromium 
specimen from 400 to 1200°K. Values of p ,  S, and X 
determined from 77 to 400°K on a chromium sample 
previously measured at the Naval Ordnance Laboratory 
agreed within 5% with our previous data on chromium. 
These new results yield a Lorenz function for the NOL 
chromium that agrees within * O S %  with our previous 
findings on chromium. 

THERMAL CONDUCTIVITY OF ThOz AND UOz 
FROM 77 TO 1300°K (Ref. 9) 

J. P. Moore R. S. Graves 
D. k. McElroy 

The thermal conductivity X of 93%-dense ThOz and 
98%-dense UOz was measured from 77 to 1300°K. An 
absolute longitudinal heat flow apparatus yielded re- 
sults with a probable accuracy of 21.2% from 77 to 
400°K. A radial heat flow apparatus yielded results 
with a probable accuracy of + I S %  from 300 to 
1300°K. The results from the two methods agreed to 
better than 1% in the range of overlap. The h data were 
compared with results of previous studies on Tho2 and 
U02 to obtain a temperature-dependent density cor- 
rection. The thermal resistance 1/X was analyzed in 
terms of phonon scattering processes including Um- 
Mapp scattering, spin-wave scattering, and impurity 
scattering. 

COMMENTS ON “THE THERMAL CONDUCTIVITY 

GK4DIENTS”’I 

W. Fulkersori D. L. McElroy 
J. P. Moore 

OF UOZ AT VERY HIGH TEMPERATURE 

Patrassi claims that below 900°C large temperature 
gradients on UOz in a radial heat flow system yield 
therrnal conductivity X values lower than small gradi- 
ents because of thermal stresses. Our radial heat flow 

‘Paper to be presented at the Eighth Conference on Thermal 
Conductivity, Purdue University, West Iafayette, Ind., Oct. 
7 -10,1968 and published in the proceedings. 

’Abstract of paper submitted to the Journal of the American 
Ceramic Society. 

Summary of comments on a paper by E. Patrassi, J. Nucl. 1 0  

Mater. 22, 311-19 (1967); published in J. Nucl. Mater. 26, 
223--26 (1 968). 

results, which need repeating, show some superficial 
evidence of this at very small temperature differences. 
However, new data were obtained from our longitudinal 
comparative heat flow apparatus on a UOz single 
crystal with various temperature gradients and com- 
pressive stress levels to simulate the Patrassi test. These 
results revealed no effect of temperature gradient or 
stress level on X of U 0 2 .  

RELATED, STUDIES 

A major part of our physical properties studies 
involves the development of accurate measuring equip- 
ment. Several pertinent activities are described below. 

Low-Temperature Axial Heat Flow Apparatus 

R. W. Williams D. L. McElroy 

A low-temperature Lxial heat flow apparatus pat- 
terned after our 77 to 400°K apparatus was designed to 
measure thermal conductivity, electrical resistivity, and 
Seebeck coefficient in the range 20 to 80°K. This 
apparatus will be used to study the effects of magnetic 
transitions, such as occur in UN near 50°K and UOz 
near 30°K. Initial tests will attempt to measure thermal 
arrests associated with the condensation of gases in 
metals, such as hydrogen in irradiated aluminum or 
fluorine in CVD tungsten. 

We are attempting a first-principle, independent-par- 
ticle approximation calculation to determine the sign of 
one of the terms contributing to the Seebeck coeffici- 
ent of copper. 

Radial Heat Flow Apparatus 

D. L. bfcElroy 
K. S. Graves 

P. 11. Spindler 
J. P. Moore 

We constructed a dual-purpose radial heat flow 
system to extend thermal conductivity measurements 
on powders to 4 atm and 1400°K (see Part 111, Chapter 
25). In addition to freeing our other radial apparatus 
for needed work, this second radial system will allow 
tests on a I-in.-diam solid specimen rather than the 
3-in.diam specimen currently required. It will also 
allow us to test small coniniercially available platinum 
resistance thermometers for temperature transducers 
that may increase our ability to detect teniperature 
differences by 150 fold over present thermocouples. 
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Electrical Heating Methods 

K-H. Bode R. K. Williams 

Several IICW equations that relate thermophysical 
properties to iiieasurable quantities were derived from 
the one-dimensional heat conduction equation for a 
current-carrying wire. When used with a ringle experi- 
mental ariarigement, these new relations indicate exper- 
imental ineasurementr to yield thermal conductivity 
values in different ways. In addition, this experimental 
alrangernent allows thermal conductivity dcternina- 
tions using solutions developed by others, thus af- 
fording a meaningful comparison of different evalu- 
ation methods.' 

Our vacuum radial heat flow apparatus was converted 
to allow needed intercomparison of various electrical 
heating methods for measuririg the therrnal con- 
ductivity of electrical conductors. 

"Abstract of paper by K-H. Rode to be presented at the 
Eighth Conference on Thermal Conductivity, Furdue Univer- 
sity, West Lafayette, Indiana, Oct. 7---IO, 1968 and published in 
the proceedings. 

Pulse Heating Calorimetry 

T. G. Kollie M. Barisonj 
D. L. McElroy 

The cnergetics of ferromagnetic materials are being 
studied by determining specific heat, electrical resis- 
tivity, and thermoelectric power of iron, nickel, and 
alloys near Ni3 Fe, which have order-disorder transi- 
tions 

A new pulse-heating calorimeter that incorporates a 
spccimcn furnace to reduce heat losses was used to 
measure the specific heat of iron to 1800°K. Specimen 
heat losses limited the attainable accuracy of the first 
pulse-heating calorimeter.' Both calorimeters are 
mated to a recording system that obtains data accurate 
to 1 part in I O 4  at the rate of 2000 readings/sec. A new 
data acquisition system is being obtained that will equal 
this capacity and provide on-line computation of 
specific heat. The specific heat of alloy 'r-111 was 
measured fTom 400 to  1200°K (see Part 11, Chapter 
19). 

12T. G. Kolbe, Rev. Sci. Ins@" 38(10), 1452.- 6 3  (1967). 



. Spectroscop 

G. P. Smith 

Our prinw objective is information on tRe structure 
and behavior of ionic entities in molten salts, especially 
those entities formed by transition and posttransition 
metal ions. The method of study is optical absorption 
spectroscopy. A n  important second line of iesearch is 
the spectroscopy of transition metal ions in halide 
ciystals. At present this research is probing the utility 
and Imitations of ligand-field theory as a description of 
the states of [IN configurations in distorted-cubic 
environments. The results also provide basic data on 
spectroscopic parameters needed for the molten salt 
investigations. A third area of research is a study in 
sulforie' nedia of some transition metal complexes that 
also occur in molten salts. By using sulfones as solvents 
one can measure some basic ionic properties that 
cannot be determined by direct measurements on 
molten salts. Measurerrients of nonspectroscopic pro- 
perties, such as crystal structure arid density, support 
the spectroscopic research directly. 

During the year we began research on some molten 
salt reactor problems, particularly the behavior of 
transition metal fission products in molten fluoride 
systems. Another cooperative program was begun with 
G. Mamantov at the IJniversity of Tennessee, \vho is 
measuring ttie electrochemical behavior of nonclassical 
bismuth ions in molten salt media. We reported 
discovery of these ions last year and are helping 
Mamantov get his program under way. 

In molten salt solutions transition metal ions form 
light-absorbing centers consisting of the central ion, its 
coordination shell of anions, and an outer shell pre- 
dominantly of solvent cations. Most of the following 
reports describe a continuing study of nickel(I1) cen- 
Lers, which are particularly useful for establishing basic 
principles, but we have begun studies of molybde- 

'Sulfones are organic materials of the type R2,SOz. 

num(IT1) centers in support of the molten salt ieactor 
pPOgrXlL 

Supporting research described here concertis coni- 
plexation in sulfone media, phase relations in salt 
systems, and densities and electrical conductivities of 
rnolteri salts. 

The final report concerns a general. yhenomenologicai 
analysis of the effect of temperature and solvent 
composition on absorption. Although this arialysis was 
undertaken to clarify the interpretation of molten salt 
spectra, it has broad applications to liquid-state spec- 
troscopy in general. 

~ ~ c k e ~ ~ ~ ~ ~  in Molten Lib-KBr 
and LiI-KII Mixtwes2 

e. K. Boston e. 4-1. Liu3 
6. P. Smith 

The previous study4 of the equilibrium between T- 
and O-type nickel(l1) centers in LiCl-KC1 nielts has been 
extended to the corresponding bromide arid iodide 
systems. The principal finding is that the T 
Lium is shifted increasingly in favor of T centers as the 
halide becomes heavier. An analysis of possible conlrol- 
ling Factors leads us to beleve that the increasing size 
of the anion (Cl- < Br- < I-) is at least a major con- 
sideration. 

Liquidus Curve for the LiI-Kl System 
and Liquid State Densities of Lil-KI 

and LiBr-KBr Melts5 

L. R. Lieto6 e. H. Eiu3 

The liquidus curve of the lithium iodide-potassium 
iodide system was measured by a visual-thermal 

2Accepted for publication in horganic Chemistry. 
Consultant from Arizona State University. 
J .  Brynestad, C. K. Boston, arid G. P. Smith, J. Clzern. Phhyr. 

'Accepted for publication in Journal of Chemical atid bngi- 

6~~~ Redoctoral Feuow from AI~ZOIM State University. 

3 

47, 3179-89 (1967). 

neering Data. 
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method. The densities of the eutectics in this and the 
lithium bromide --potassium bromide systems were de- 
termined by the buoyancy method as functions of 
temperature 

J. Brynestad 

We are continuirig to study the behavior of nickel(I1) 
centers in molten ZnC1-CsC1 mixtures. At least three 
kinds of T centers and an 0 center occur in this system. 
One of the 'T centers, T1 ,  is the familiar NiC142- anion 
surrounded by Cs' ions. The others are T2,  found at 
low temperatures in melts containing 50 to 70 mole % 
ZnC12, and T3,  found in melts containing O V ~ K  about 90 
mole 70 %nC12. Each type has a distinctive spectrum. At 
350 to 400°C and 50 mole "/o ZnC12, Ni2+ is present 
largely as T2 centers. Increasing the ZnC12 content 
converts T2 centers to 0 centers until. at roughly 70 
mole % ZnClz mostly 0 centers are present. These 
change little between about 70 and 90 mole % ZnC12, 
but at about 90 mole % ZnC12, T3 centers appear. In  
going from 90 to 100 mole % ZnC12 the T 3 / 0  ratio 
rapidly increases, but we do not yet understand some 
features of the spectra for melts containing 98 to 100 
inole "/o ZnC12. Future research will include a study of 
all corupositions at high temperatures and a more 
detailed examination of 98 to 100 mole % ZnClp melts 
at all temperatures. 

Densities of Molten ZnClz 
and ZnC& -CEI ~ h t 1 1 r e s ~  

W. E, Smith8 G. P. Smith 

Tiquid state densities of ZnC12 and ZnC12-CsC1 
mixtures containing from 1.0 to 75.0 mole % CsCl were 
measured as functions of temperature. The excess molar 
volume was positive and large near 60.0 mole 5% CsCl 
and negative and small nem pure ZnC12. 

Nickel(I1) in Molten CsAIC14 

J. Brynestad G. P. Smith 

A qualitative theoretical analysis indicates that liquid 
media consisting of an alkali metal tetrachloroaluminate 
plus small amounts of the alkali-metal chloride or AlC13 

7Part5 of this report appeared in W. E. Smith, J.  Brytiestad, 
and G .  P. Smith, J. Am. Chem SOC. 89,5983--84 (1967). 

'Visitor from England, now at University College, London. 
9Published in J. Chem Eng. Data 13,123-24 (1968). 

should provide an exceptionally favorable situation for 
studying the acid-base properties of the chloro com- 
plexes of Ni". A knowledge of these acid-base pro 
perties is of key importance in understanding the 
coordination behavior of Ni2+ in molten chloride salts 
and in understanding the natuie of chemical bonding in 
nickel complexes in general. 

Research on this topic is still in its early stages, but it 
i s  already cleai that the theoretical expectations will be 
fulfilled. As the pC1 of CsAJC14 i s  altered by additions 
of small amounts of CsCl or AK13 a succession of 
chloronickel complexe? i s  formed. Each has a sharp, 
well defined spectrum indicating an orderly molecular 
ion. There are reasons for believing that the very elusive 
complexes NiC13- and NiCI' are among the observed 
species. 

Phase Studies and Electrical 
Conductivities of Systems 

Containing Aluminum Halides' 

C. R. Boston 

Preliminary research shows that nickel(I1) centers in 
chloride melts containing significant amounts of AlC13 
have very interesting coordination behavior. (See pre- 
ceding report.) To obtain some basic properties of such 
melts in support of planned spectroscopic research, we 
are studying phase equilibria and electrical conduc- 
tivitics of the CsC1-AICI3, KCI-AlC13, and NaBr-A1Rr3 
systems at temperatures up to 1000°C and pressures up 
to 175 atm. 

Most alkali halide-- aluminum halide rnixtures exhibit 
a two-liquid region on the AIX3 -rich side, usually 
between 80 and 100 mole % AlX3. Seldom has the 
consolute temperature been reported for this two-liquid 
region. Our applications require these consolute tem- 
peratures, and attempts to measwe therl gave inter- 
esting results. For CsC1-AICl3 and KCI-AICI3 at com- 
positions near the midpoint of the two-liquid region the 
boundary between the two liquid phases did not 
disappear with increasing temperature as expected for 
normal consolute behavior. Instead, the boundary 
between the upper (AlG13 -rich) liquid phase and the 
vapor phase disappeared with critical opalescence and 
other behavior characteristic of critical phenomena. The 
temperature at which this occurred was 349 * 1°C for 
both systems and was unaffected by successive vohnne 
reductions. The critical point of pure AlC13 was 

"Research performed at Atomics ilntemational. Canoga Park, 
Calif. We are grateful to S. J. Yosim and L. F. Grantham of 
Atomics International for theii hospitality and technical aid. 
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deternlined with the same material and technique as 
was used for the mixtures and gave a value of 351) 1 
2OC. Since this value is essentially the same as the 
"critical" temperature of the mu;tures i t  would appear 
that the upper liquid phases in the nixtures do not 
exhibit consolute behavior. Of the alkali halide- 
alunrinum halide mixtures reported in the literature, 
only NaBr-MBr.3 shows a consolute temperature. We 
found a value of 255 L 2"C, compared with the 
literature* value of 2 3 2 " ~ .  

The conductivity of pure A1C13 was measured From 
the melting point ( 192°C) through the critical point 
(350'C) and up to 600°C. Specific conductances were 
about 10 -7/ohm-cm, about one-tenth the literature 
vahres,'2'13 probably due to the high purity of our 
AZ&'13. A ma?nmurn in the specific conductance vs 
temperature curve occurs near 300°C. 

Conductivities were measured for KCL-A1C13 mixtures 
from 15 to 100 niole '%, A1Gl3 except the two-liquid 
region (80 to 9Y mole % A41C13). The temperature effect 
on conductivity was determined at each composition 
from the liquidus to 1000°C except for A1C13-rich 
melts, where a maximurn temperature of 600°C was 
reached. When equivalent conductance (based on MX vs 
palXJ) was plotted against composition, a well defined 
minimum occurred at 33 mole % AK13 and an even 
sliarper nlaximurn at 50 niole % AlC13. (A similar plot 
using specific conductance instead of equivalent cond- 
uctance had the same shape with the minirnum stlifted 
to 40 mole 9, NC13.) Similar measurements are under 
way 011 NaBr-A1Br.3 mixtures, and the results so far are 
quite similar to those just described for KCI-AICl3, with 
minimum and maximum in the equivalent conductance 
plot at 33 and 50 mole 76 A1Br3, respectively. The 
minimum is actually slightly more pronounced for the 
bromide system. This would seem to rule out the 
formation of anions of the type AIXn3-" with n > 4 as 
an explanation for this minimum since a lligli coordina- 
tion number for aluminum, unlikely for chloride, would 
be even less likely for the larger bromide. 

Maxima in the conductivity vs temperature curves 
were observed for compositions corresponding to the 
conipounds KAlCl4 and NaA1Br4 at approximately 
1000 and 88O0C, respectively. Granthain and Y ~ s i m ' ~  

* ' J .  Kendall, E. D. Crittenden, and €I. K.  Miller, J. A m  

K. N. Semenenko and 'T. N. Naumova, Zh. Neorgun. Khim. 

I 3 W .  Biltz and A. Voigt, Z.  Anorg. AZlgem. Chem 125, 

I4L.  F. Granthain and S. J. Yosim, J. Chcm. Pliys. 38, 1671 

l'hern. Soc. 45,963 (1923). 

9,1316-22 (1964). 

39-53 (1923). 

(1963);45, 1192 (1966). 

have shown that this temperature t,,,,, of maximum 
conductivity is linearly dependent on the heat of 
vaporization. TJsing their formula and the observed 
tmal one finds approximate values for the heat of 
vaporization of 12 kcal/niole for KAlCl, and 11 
kcul/niole for NaAlBr4. 

Molybdenum(Il1) in Fluoride Melts 

L. M. Toth' * J. P. Young*' 

As 3n initial phase of a progiam in support of the 
Molten Salt Reactor Project, we are studying the 
spectra of niolybdenum(Il1j centers in fluoride melts. 
Molybdenum is an impor tar i t  neutron poison produced 
by fission. 

at concentrations up to 1 
wt '6 in molten LiF -34 mole 96 BeF2 was studied in 
windowless containers' * made of graphite, copper, and 
platinum. The spectra agree with that theoretically 
predicted for octahedral MoFG3-. We are attempting to 
verify these theoretical predictions by spectroscopic 
and x-ray diffraction measurements' ' on K3MoF6.  

Solutions of MoF3 in the molten LiF-BeF2 solvent 
are reasonably stable in copper and platinum containers 
at 450 to 700°C but react with graphite in such a way 
that the Mo(fl1) concentration (measured spcctro- 
scopically) decreases by first-order kinetics with the 
deposition of metallic molybdenum. This suggests the 
reaction 

Molybdenum trifluoride' 

Nickel(I1)-Nitrate Catnplexes in Molten 
Dimethyl Sulfone and Application 

to Identification of Nickel(L1) 
Coordination in the Molten 

UNO3-NaNO3-KNO3 Eutectic2 

C. 1-1. Liu3 J. Hasson2' 
G. P. Smith 

Nickel(l1) was shown potentiometrically to form 
successive 1 :2  and 1 :3 complexes in dimethyl sulfone at 

On loan from the Reactor C%emistry Division. 1 5  

16A~alytical  Chemistry Division. 
"Supplied by C. F. Weaver, Reactor Ckemistry Division. 

"The diffraction nieasurementr are being made by 6. D. 
flrunton, Reactor Chemistry Division. 

20Accepted for pubIication in Imrganic Chelennishy. Parts of 
tlds research were carried out at the Brookhaven National 

J. P. Young, Anal. Chern. 35, 390 (1964). 

hboratorji. 
Brookhaven National bboratory. 
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125”C, and the values of the formation constants were 
determined. These potentioirietiic results were con- 
firmed by spectrophotoineiric measurements, and the 
ligand-field spectra of the nickel(I1) species involved 
were determined. The spectrum of nickel(I1) in the 
molten LN03 -NaN03  -KN03 eutectic at 125°C was 
measured and found to correspond closely to that of 
the 1 :3  complex. We concluded that the Ni(N03)3- 
complex is the principal species in the nitrate melt and 
that its nitrate ions are bidentate wilh the coordinated 
oxygens arranged in a distorted octahedral array. 
Present evidence rules against the occurrence of 
Ni(N03)4’- in significant amounts in the melt although 
it occurs in certain crystalline compounds. 

Exchange Reactions Between Tetrahalo 
Complexes of Niekel(l1) 

in Tetmmethylierne Sulfone 

L. R. Lieto6 

We are measuring equilibrium constants for exchange 
reactions between tetrahedral tetrahalonickelate(I1) 
complexes in tetramethylene sulfone as functions of 
ternperature. The primary effort to date has been on 
purification of tetramethylene sulfone to a sufficient 
degree to prevent oxidation of iodide ions and on the 
development of computer programs for the analysis of 
the spectrophotometric data. 

Densities of Solutions of L i l ~  LiBr, 
and LiC104 in Tetraniethylene Sulfone 

L. R. Lieto‘ 

Liquid-state densities of the system 1 M LiClD4 and 1 
M (Lil + LiBr) in tetrarnethylene sulfone were de- 
termined from room temperaturc to approximately 
145°C by the buoyancy method. Density was measured 
at approximately 30°C intervals. The concentration of 
either halide constituent varied from 0.0 M to 1 .0 M by 
0.25 M units. 

Densities of Molten BiCl3 
and BiCB3-AIC13 Mixturesz2 

C. R. Boston 

The “float” method was used to  measure the liquid- 
state densities of BiC13 and BiC13 -AlCI3 mixtures 
containing 20.0, 35.0, and 60.0 mole 76 AlC13, as 
functions of temperature. Substantial negative excess 
molar volumes were found. 

enological Analjjsis of the Effects 
of Temperature and Composition on the 
Absorption Spectra of Liquid Systems’ 

J. Brynestad G. P. Smith 

We critically analyzed the theory of isosbestic points 
and showed that the rules previously proposed for 
interpreting these points in terms of the number of 
absorbing species o i  the number of independent re- 
action parameters arc unreliable. We went on to develop 
the theory of linearly relatcd spectra and demonstrated 
that it is much more useful to show that linear relations 
hold than it is to show that isosbestic points are 
present. 

We are measuring at low temperatures high-resolution 
spectra of chloride crystals that contain Ni(I1) or Co(11) 
ions to study the splitting of cubic degeneracies by 
environments with small distorlioris from cubic sym- 
metry. We are attempting to rationalize the results in 
terms of ligand-field theory. Since these spectra are of 
the same type that we study in molten salts, the crystal 
measurements support the molten salt research in basic 
ways. 

Nickel(I1) at Approxiinately Octahedral 
Sites in Crystal$ 

G .  E. §hankle2 

When alkali chloride crystals are doped with divalent 
3d transition metal ions the nearest-neighbor chlorides 
about the transition metal ions are distorted from an 
octahedral configuration, at least partly because alkali 
metal ion vacancies must be present for charge com- 
pensation. Optical spectra of NiZf ions at liquid- 
nitrogen and liquid-helium temperatures in single crys- 
tals of LiCl coniaining approximately 0.5 to 1.0 
mole 70 NiCI2 suggest that this distortion may be 
Considerable. Normally degenerate electronic states of 
Ni2+ appear to be split by the noncubic environment. 
The magnitude of this splitting is directly related to the 
amount and type of distortion about the Ni2+ ions. We 
are calculating the exteiit of distortion by ligand-field 
theory containing adjustable parameters representing 
noncubic environments. These parameters are adjusted 

22F’ublished inJ. Chem Eng. Data 13, 117 - 18 (1968). 
23Published in J. Phys. Chem 72,296 300 (1965). 
24AEC Redoctoral Fellow from the University of Tennessee, 
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until the observed spectra are reproduced as closely as 
possible. 

Splitting of  the ground state of Ni2+ are being 
studied by magnetic-resonance techniques in coopera- 
tion with M. M. Abraham of the Solid State Physics 
Division. These data will provide an independent and 
complementary check of the optical results. 

In addition to electronic-state splitting, the L,ICI:Ni 
system shows well-defined vibrational progressions of 
several electronic bands. These progressions are due to 
the annihilation or creution of phonons during elec- 
tronic excitation. These phonons may be modes of the 
liust lattice or localized modes of the NiClb4- complex. 

To help identify the source of the progression, the 
system CdCIz :NiClz is being studied. CdC12 has a very 
different crystal structure from LiCl, hence different 
host normal modes, but the local structure about Ni'' is 
similar (but not identical). Thus, both the optical 
spectra and progressions of eldC12 :Ni arid LiC1:Ni may 
slmw similarities and differences that would help 
Pxplcitn both results. 

~ i c ~ ~ ~ ~ 1 ~  at Approximately Tetrahedral 
Sites in Crystals 

T. W. Couch2 

We are studying in detail the well-resolved spectra of 
Cs3NiCls and Cs3MgC15 :Ni at low temperatures and 
less thoroughly Cs2MgC14 :Ni, rsZ ZnCl4 :Ni, and 
Cs3ZnG15 :Ni. In all these systems nickel is surrounded 
by re distorted tetrahedron of chlorides. Analysis of the 
results in terms of ligand field theory takes the 
distortion into account. H. L. Davis of the 'Theoretical 
Croup guided the development of a computci program 
to generate the matiix elements for a d8 ion in arbitrary 
symmetry via the tensor operator approach. 

Polanzed optical spectra were obtained for orient :d 
crystals of Ni2+-doped Cs3MpCl5 at 5, 80, nnd 300°K. 
'The crystals at e uniaxial positive> and the coordination 
symmetry about Mg2+, for which Ni2" substitutes, is a 
distorted tetrahedron of nearest-neighbor chlorides with 
P d z d  symmetry. At low temperatures the electronic 
bands show an extensive polarized fine structure con- 
sisting of subbands that arise from interactions between 
vibrational modes of the crystal arid the electronic 
s t a a  of Ni2+. I n  a particularly notable instance we 
measiired 67 sharp, polarized subbaiids that arise from 
transitions to two electronic states whose (0,O) lines are 
veiy close together. We are endeavoring to locate the 
electronic origins of all the electronic bands and 
account for their energies ia terms of a six-parameter 
ligand-field model appropriate for &d symmetry. The 
six parameters being used are a single spin-orbit 

coupling constant (t), two electron repulsion integrals 
( B  arid C), and three crystal-field potential parameters 
(AZO, A,', and A a 4 ) .  We then sort out the vibrational 
fine structure in terms of progressions on fundamental 
frequencies. 

The analysis for Cs3NiCls at 5°K is nearly com- 
plete and yields the values B = 766 cm-', C = 3259 
cn i ' ,  4" = 522 cm-', A z o  = --3489 cm-', A,' = 8347 
cm-', c= 6566 cni ' .  

Crystal Structures of Cs3MgCl5 :Ni 
and Cs3NiCIS Down to 10°K 

T. W. Couch2' tl. L. Yake12' 
C. J. Sparks2 

By x-ray diffraction nieasurenients we showed that 
Cs3MgCls:Ni and Cs3NiC1, have the space group 
M/pllcrn (isostructmd with Cs3 CoCIs) from room 
temperature down to 10°K and determined the lattice 
parameters. These data are essential foi interpretation 
of the optical spectra described above. 

Cobalt(l1) Centers at Approximately 
Octahedral Sites in Chloride Crystals 

F. C .  Gilmore2 

Fairly detailed studies were made of the spectra of 
Co(I1) in pseudooctahedral sites in chloricle crystals. 
The actual site symmetries are almost Ofz for 
KKgC'l3:Co and D3d for KbCoC13, ChCL)0l3, 
CsMgC13 :eo,  M g U 2  :c'o, and CdClz :Co. In  LiC1:Co we 
believe the site symmetry of cobalt IS C2y.  'The spectra 
o f  these systems wete measured at room temperature, 
77OK, and approxjnmtely 4°K. At the lower tempera- 
tures several bands showed vibrational fine structure. 
The  results are being analyLed in terms of ligand field 
theory. 

Despite the known distortions and some polarization 
effects, the approximation of Oh symnletry leads to a 
satisfwtory Iatiunalization of the results. Within this 
approximation the ligand-field parameter Dq i s  roughly 
correlated with the distances between c'02' and its 
nearest-neighbor chlorides, and values of the electron 
repulsion integral U and the spin-orbit coupling con- 
stant are reduced about 20% from their free-ion values. 

REDOX PROCESSES IN hlEkTS 

Our previous research on redox processes in melts 
concerned the oxidation states of bismuth in chloride 

Graduate student from the Uiuversity of Tennessee. 
'X-Kay Diffraction Group. 
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and bromide systems. This posttransition element was 
found to have a wide variety of nonclassical ions 
unknown in other media. Research elsewhere showed 
that the neighboring element lead forms the nonclas- 
sical ion I'bz '+ in molten chloride salts, and we recently 
deternioed its absorption spectrum. To find out 
whether or not these ions are confined to the sixth 
period, we studied the metalloid tellurium with results 
that are reported below. 

We also began studying redox processes for titanium 
in chloride melts, but the results are not ready for 
presentation because we encountered new oxidation 
states and have not yet untangled the chemistry 
involved. This research i s  being done by J. Brynestad, S .  
von Winbush,' and H. Id.. Yakel.' 

TELLURIUM IN THE ELECTROPOSITIVE 
OXIDATION STATE ONE-HALF' 

N .  J .  BjerrumZ9 G. P. Smith 

The novel entity Teznn+ has been prepared in molten 
salt solutions and as a cornpound with the stoi- 
chiometry Te2A1C14. The solutions were made up by 
elemental tellurium reacting with dilute solutions of 
tellurium tetrachloride in the molten AlC13 -NaC1 eu- 
tectic. There are clear indications of other novel entities 
in solution with formal oxidation states between zero 
and one-half. We are determining the value of n for 
Tez,,n+. 

SPEC'IXOSCOPY OF NO3- IN MELTS 

We are phasing out a study of the Stark effect shift on 
the lowest energy transition of NO3- produced by the 
electric fields of surrounding ions in molten salt media. 
Experimental measurements on this program were 
completed several years ago, but the analysis of the data 
has been involved. Work on weakly interacting ions was 
completed this year and i s  reported here. Profile 
analyses of the data for strongly interacting ions were 
also computed, but correlation of the data is still in 
progress. 

ULTRAVIOLET SPECTRUM OF THE NI'TMA'TE 
ION IN MOLTEN MIXTURES OF 
ALKALI METAL NITRATES3 

C .  R. Bostorn D. W. James3 
G. P. Smith 

The effects of composition and temperature on the 
first ultraviolet band of NO3- in molten mixtures of 
alkali metal nitrates were determined. The energy of the 

band maxirnuin Emax is a linear function of mole 
fraction for NaNO, -RbN03 and KN03 -RbN03 mix- 
tures and shows small positive deviations from linearity 
for LiNO, -NaN03, LiN03 -KN03, and LiN0,-CsNO, . 
'The f number shows moderate deviations from linearity 
for all these systems. With increasing temperature E,,,, 
decreases and f increases. These results are in line with 
an earlier theoretical analysis and with studies of 
mixtures containing multicharged cations. 

APPARATUS DEVELOPMENT 

Spectrophotometer ~urraaces~ 

G.  P. Smith C. R. Boston 

We developed two types of resistance-heated furnaces 
for molten salt spectrophotometry that have low 
thermal gradients in the cell space. One furnace fits the 
standard sample compartment of a Cary model 14 
spectrophotometer and operates up to 400°C. The 
other is used with the Cary model 14H high-tempera- 
ture spectrophotometer at temperatures up to 1000°C. 

Diamond-Windowed Cell for Molten 
Fluoride Spectroscopy 

L. M. Toth" 

Althoiigh windowless cells have been extremely useful 
for molten fluoride spectroscopy, a windowed cell is 
needed to improve the accuracy of absorptivity values 
and permt better control of vaporization and the 
covering gas phase. The problem is that no window 
material is completely immune to attack by all fluoride 
melts of interest. After making an extensive survey3 of 
available information and testing several alternative 
approaches, we decided that diamond windows in a 
graphite cell would offer many advantages for studying 
systems not reduced by We are developing 
such a cell in which diamond plates 5 X 5 X 1 mm will 
be used as windows. 

' 7Consultant from Fisk University. 
28Accepted for publication in Journal of the American 

29Visitor from the Technical University of Denmark. 
30F'ub!ished inJ. Phys. Chem 72,293-95  (196s). 

University of Queensland, Australia. 
32Submitted for publication. 

I.. M. Toth, Containers for Molten Fluoride Spectroscopy, 
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34~uccessfu~ use of diamond windows for fluoride contain- 
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Aogress Relating to ANP Application, Febr~q . - -~4pr i& 1957, 
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1 1. Superconducting Materials 
G. R. Love 

We are studying the effects of metallurg~cal variables 
on the properties of superconducting materials. Of 
concern are the effects on current-carrying capacity in a 
magnetic field of such things as morphology, compo- 
sitions, and spacings of two-phase structures, mechani- 
cal strain; preferled orientation, aging and tiansfoirna- 
tion reactions. and fabrication and heat-treatment 
procedures. For the studies to be meaningful, we must 
hate n considerable knowledge of the physical metal- 
llurgy and phase diagrams of the systems of interest. 
Few systems have been studied, and they have not been 
studied in sulXcient detail. Consequently, much of the 
effort is devoted to establishing a background of 
infornution on tlie transforination kinetlcs and prod- 
ucts, morphologies, phasz diagrams, precipiLation and 
aging reactions, and rates of forrnation of intermetallic 
compounds. The alloy systems of primnry interest are 
Those based on niobium and technetium. 

S ~ ~ R ~ ~ N ~ ~ ~ ~ ~ ~ ~  PROPERTIES OF A 
Tc-30 at. 76 V ALLOY 

C .  C. Koch 2. K. Love 

The alloy 'fc 30 at. 76 V has been examined as a 
function of aging time at 9OO0c' to correlate super- 
ccmducting property changes with physical property 
variations. The alloy, as quenched i-ronn above 12OO"C, 
is apparently single phase with the CsCl structure and is 
strongly supersaturated in technetium. Holding at 
980°C allows the alloy to approach equilibrium by 
rejecting the technetium-rich hexagonal phase as a 
plate-like precipitate. Both the CsC1-type phase and the 
hexagonal phase are superconductors, and. we are able 
to dcternliiie separately many properties of each phase 
within the aggregate as 3 function of precipitation time. 
The observed changes in upper critical field asid critical 
temperature suggest that the daughter phases approach 
their equilibrium compositions relatively slowly at 
9OO"C. The maximum in critical current density, on the 
othei hand, occun at quite short aging times - indeed 
before The maxinium physical hardness for tlus heat 
treating temperature. We tentatively identified the 

defect morphology responsible for the high current 
densities in this alloy to be {lie array of hexagonal-phase 
particles on sub-boundarit:s in the matrix (see tlie 
following section). 

ANALYTIC EXPRESSION FOR ~ ~ ~ ~ R ~ ~ N ~ ~ C ~ I N ~  
CRITICAL CURRENT DENSITY 

G. R. Love 

We hdve taker1 the model description foi flux-flow in 
a superconductor given by Anderson arid Kim' with a 
slightly more careful definition of some of the terms. 
Judicious choice of houridary conditions and ele- 
mentary application of rate theory to t'nis model [lien 
allow us to write generalized expressions for critical 
current density as 8 function of temperature and 
applied field. 'Two adjustable (semiempirical) pararm 
eters are available to the model description. From one 
of these we deduce the dislarice lxtwezn flux-piming 
sites in a superconductor; from the other, the total 
strength of the pinning interactions. The fit of the 
model expression to expcrirnental results i s  adequate lo 
excellent, and the appai rnt separation between pinning 
sites deduced from it is plausibly related to  the 
observed rniciostructures of type I1 superconductors 
such as Nb-Zr, Nb-Ti, and the Tc-V described above. 

RARE EARTH S T R U C T W E  STUDIES 

C. C. Koch C. J. McHargue 

An investigation of the iritllaence of defaxrnatiori on 
the face-centered cubic to dcruh(e hexagonal close 
packed phase transformation in cerium' ha5 been 
~ o m p l e t e d . ~  Work IS contiriuing on tlie phase trans- 
formations between close-picked structures in intra 
rare-earth alloy systems Of special interest i s  the mode 
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of transformation from hexagonal close packed to the 
rhombohedral samarium-type structure. This transfor- 
mation is diffusionless and may be induced by plastic 
deformation. The kinetics and morphology are being 
studied by electrical resistance measurements and opti- 
cal and electron microscopy. 

Pure lanthanum metal is being zone-refined in our 
new electron-beam melting apparatus. We hope to 

achicve pure single crystals as starting material for z 
study of the superconducting properties of the various 
phases of lanthanum related to its metallurgical struc- 
ture. At present, we have increased the grain size from 
about 50 p to about 1.5 mm (in a 3-mm ingot) and have 
decreased the fraction of second phase (presumably 
oxide) to less than 1% by volume. 



12. Surface Reactions of 

J. V. Cathcart 

Our assignment is to study the fundamentals o f  the 
oxidation of metals and alloys and related phenomena. 
Much of QUI work is concerned with the role of stress in 
oxidation mechanisms. We have shown that stresses 
arise during oxidation in both surface oxide layers and 
the substrate metal in many systems. These stress 
effects may involve the gross distortion, rupture, or 
botli of the oxide film and the metal, in some instances 
leading to the mechanical failure of the speclmen. They 
may also be more subtly manifested in terms of the 
development of paths of easy diffusion in the oxide 
films. In both cases, these stress effects can be 
rcsponsible for orders of magnitude changes in the 
oxidation rate. An investigation of these phenomena is 
clearly essential t o  a complete understanding of the 
oxidation procesr. 

Activities of this group during the past year involved 
studies o f  both types of stress effects. Our studies of 
stress effects in tantalum arid niobium were concen- 
trated in ttie range 700 to 900°C arid at sufficiently low 
oxygen pressures that the major reaction was solution 
o f  oxygen in the metals. These experiments weie 
designed to chaiacterize further the very Iarge stresses 
attendant upon oxygen solution in the surface layers of 
a metal. Sinjlar experiments iii which the oxygen 
pressure was raised to the point that a significant 
thickness of oxide formed provided an opportunity to 
observe additional flexure effects associated with the 
presence of films. 

Our x-ray studies of the thin-film stage of oxldarion 
of nickel were extended arid showed coricluslvely that 
the development c9f paths of easy diffusion i n  NiO films 
is as ciucial a part of the oxidation mechanism for 
nickel as it is for copper. Ellipsometer nieasurements on 
growing NIU films provided information regarding the 
changes o f  the optical properties of these films with 
thickness. 

We also extended our diffusion measurements to 
tungsten, using the very sensitive anodic-film sectioning 
technique we developed for tantalum and niobium. In 
addition, a search for a protective coating foi aluminum 

alloys in a W R - t y p e  reactor environment ws carried 
out in this group. The results are reported in Part 111, 
Chapter 20 of this report. 

J. V. Cathcart G .  F. Petersen 

X-Ray Studies 

Our study of the thin-film stage of OxidatiQIl of nickel 
at 500°C and I iit.tm 0 2  pressure war extended to 
include the (312). The (3111) is the most slowly 
oxidizing of all major planes of nickel. 14s in the case of 
the ( 3  11) of copper, the oxide fdrn was well oriented 
,and exhibited but a single epitavrai relationship with 
the substrate. The films were composed of an array of 
mosaic bIocks a few hundred angstroms in diameter, 
but the mosaic spread (see big. 12. I )  was quite small, 
making ttie subhoundaries rather inefficient as paths of 
easy diffusion. 'This fact, we believe, accounts for the 
slow rate of oxidation of the (311). 

The average d-spacing and the mosaic spread of the 
(31 I) films were determined hy the x-ray technique 
previously described.' The d-spacing nieasures the 
average strain in the film arid was deterrnirizd in a 
hrection n o m 1  to the film surface. The mosaic spread 
was expressed as the width at half-maximum intensity 
of rocking curves for the filnis. 

These data along with the results for the other tlirce 
rnajor planes of nickel as well as cornpaarat[ve results 
from our previous work on copper are summarixd in 
Figs. 12.1 atad 12.2. As IIMY he seen, the oxide films on 
copper and nickel differed cnnsiderably in the way their 
mosaic spread and average d-spawng varied with film 
thickness. Note ihat the average stram in the NiO films 
was virtually mu, althtsu,@i an analysis of the line 
shapes of the diffraction peaks for these f h s  indicated 
the presence of a substantial strain gradient. 'The cause 

'B .  S .  Boric, C .  J. Sparks, Jr., and J. V. Cathcart, Acta Met. 
10,691 -97 (1962). 
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and significance of these differences is still not com- 
pletely understood. but, as previoirsly reported: the 
basic conclusions drawn from our x-ray studies of the 
thin-film stage of oxidation are: 

1 .  The films all contain many paths of eary diffu- 
sion. 

2. The extent and efficiency of these short-circbit 
diffusion paths vary with crystal plane of the substrate. 

3. The observed rates of oxidation of different 
crystal planes correlate directly with the above variation 
in the efficiency of paths of easy diffusion in the oxide. 

0.12 I -- , 
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Fig. 12.3. Variation of the Real and Imaghiary Parts of the 
Refractive Index at 5461 A of NiO Films Growing on the (100) 
of Nickel at 500OC. 

These conclusions relative to  the importance of 
short-circuit diffusion in the oxidation process are 
identical to those drawn from our previous work with 
copper. Thus the oxidation behavior of nickel appears 
to be entirely consisteiit with the main feature of the 
oxidation model we proposed Tor copper. 

Ellipsometer Studies 

During our nickel oxidation work we used an ellip 
soineter to investigate the optical properties of the NiO 
fims. An ellipsometer measures the relative phase 
change and amplitude reduction suffered by a beam of 
polarized light on reflection from the surface of a 
film-covered specimen. From these quantities one may 
calculate a film thickness provided the refractive index 
of the film is known. However, reliable values for the 
refractive index are generally unavailable for thin films, 
and it is usually necessary, as in our case, to resort to a 
computerized curve-fitting procedure to obtain both 
thickness values and the refractive index. 

We discovered that the refractive index n2 was a 
function of film thickness in growing NiO films. 
Furthermore, despite the fact that NiO has a cubic 
crystal structure at SOO'C, the measurement tempera- 
ture, nz varied with the crystallographic orientation of 
the substrate. Figure 12.3 shows the variation of the 
real. and imaginary parts of the refractive index of the 
oxide as a function of the thickness of an oxide film 
growing on the (100) of nickel. Here we express the 
refractive index as nz = n -- ik, where n is the real part 
and the imaginary part k is related to the absorption 

' 5 .  V. Cathcast and G. F. Petersen, Metals and Ceramics Div. 
A m .  Fro@. Kept .  June 30, 1967, ORNTA170, pp. 51-52. 

3R. Newman and R. M. Chrenko, Phys. Rev. 114, 1507-11 
(1959). 



coefficmt. The measiirements were made at a wave- 
length of 5461 A. 

The absorption spectrum of NtCP in the visible region 
consists of a line spectrum associated with the Wi2+ ions 
superimposed on a continuous background that in- 
creases with increasing energy. The magnitude of the 
background increases as the NiO departs from stoi- 
chiometric composition.3 The mechanism of this effect 
is not known, but it is presumed to be related to Ihe 
concentration of trivalent nickel ions in the oxide. 

1 !ne wavelength at  which our ellipsometer measure- 
rnacnts were made lies between two peaks of the h e  
spectrum of NiO; therefore, our results may reflect 
dianges in the background absorption and, hence, the 
N* concentration, as the NiO fiims increase in 
thickness. From the point of view of the oxidation 
rneclianism of nickel, these results are of special interest 
in that they offer [he possibility of measuring the 
concentration of Ni3+ in the growing oxide film. Since 
the diffusing species in NiO is ?,elieved to be cation 
vacancies, whose concentration ought in turn to be 
related to that of Ni3+, we may be in a position to 
describe the changes in vacancy concentration in NiO 
fdrns during the tlun-film stage of oxidation. Such 
information would be most valuable in testing the 
validity of current oxidation theories such as that of 
Fromhold.4 Of course, w e  have measured k at only one 
wavelength, and ;I firm interpretation of our results 
awaits a more complete determination of the absorp- 
tion spectrum of the films. 

REFRACTORY METAL OXIDATION 

R. E. Pnwel J. V. Cathcart 

Stress Development During Oxidation 

We cootinued our measure~nents of the strain arising 
in tantalum arid niobium specimens during gaseous 
oxidation. Recent experiments conducted from 700 to 
90O"C, in which the flexure of tfun specimens oxidizing 
on one side was measured, helped to establish further 
some of the important characteristics of stress gener- 
ation due to the dissolution of a reactant into the 
surface layers of a solid. In these experiments, the 
oxygen pressures were low enough to prevent excessive 
oxide formation, arid the oxygen-diffusion rates were 

sufficiently high that diffusion distances were generally 
of the same order as the specimen thickness. The 
correlation between the flexure behavior and that 
coniputed on the basis of ideal bulk diffusion of oxygen 
\vas very satisfactory. For example, Fig. 12.4 illustrates 
typical maximum bending stress values during oxidation 
and subsequent vacuum annealing, in this case for a 
niobium specimen held at  800°C. During the oxidation 
period, the bending stresses increased rapidly and would 
have resulted in plastic deformation of the specimen if 
oxidation had not been stopped. Calculation of surface 
stresses from the bending stress values suggested that 
the surface concentration of oxygen increased with 
oxidation time over a wide range of pressure. During 
annealing of the oxidized specimen, the maximum 
bending stress decreased at a decreasing rate in accord 
with that calculated on the basis of a redistribution of 
the dissolved oxygen. The calculated stress values are 
showti as rectangles io Fig. 12.4 arid agree well with the 
experimental data. The triangular points indicate the 
bending stress values (normalized to 16 min) that would 
be expected for a constarit oxygen concentration at the 
surface of the specimen during both the oxidation and 
annealing period. Obviously, this latter model is not 
accurate for the conditions of this experiment. 

Similar expeiirnents at higher initial oxygen pressures 
(or for longer oxidation times) exhibited the additional 
effect of stresses irr the growing oxide films. We are 
modifying our experimental procedures to obtain a 
more quantitative description of the stress i n  these films 
and to test any possible correlations between changes in 
the state of this stress and the oxidaxion kinetics. 

Anodic-Fihn Sectioning of Tungsten 

An experimental technique for sectioning, which 
utilizes the high degree of uniformity exhibited by 
anodic films, was developed for tungsten5 and is being 
applied to the investigation of tracer diffusion in t h s  
metal. Basically, by allowing the specinien to be 
sectioned into uniform layers from about 10 to 400 A 
in thickness, the method permits the determination of 
extremely steep concentration gradients and thus is a 
particularly useful tool for studying diffusion at low 
temperatures and for observing the interplay of volume 
arid short-circuit diffusion mechanisms. 

UtiliLing this technique, we have now examined the 
diffusion characteristics of Nb in tungsten over .a 

4A. T. Frornhold, Jr., J. Pkys. Chem. Solids 24, 1309--23 
(1963). 

'R. E. pawel and T. S. Luruiy, J. Electrochem. Soc. 115, 
233 - 37 (19h8). 
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Fig. 12.4. Flexure Helaaviox Ihririg Oxidation-Anne3JLinrg Expcdrnent ai 800°C for Niobium Specimen. Oxygen pxessure for first 
16 min was approximately 0.015 torr. e Maximum bending stress, experimental data: 0 bending stiess computed on the basis of 
oxygen redistribution via volume diffusion during vacuum anneal; A bending stress computed on the basis of a constant oxygen 
concentration at the surface. 

wide temperature range. The standard tracer methods 
were applied, subject to the restrictions associated with 
ihe very small diffusion distances involved after dif- 
fusion at the lower temperatures. A serious experi- 
mental difficulty was encountered in that portions of 
the 9 5 N b  tended to remain on the surface of the 
specimen during chemical dissolution of the anodic 
layer. This problem was resolved by use of ultrasonic 
vibration during dissolution. Although the thickness 
calibration for the amount of tungsten removed per 
section is not yet as preciqe as desired for section 
thicknesses less than about 25 A, we have nevertheless 
sectioned several specimens to nominal thicknesses as 
srnall as 15 and 10 A with no anomalies apparent in the 
resulting penetration profiles. 

The values of the lattice diffusion coefficients for 
niobium in tungsten from 1400 to 2400°C obtained in 
this investigation are presented in Arrhenius form in 
Fig. 12.5. The data may be described by the equation: 

D = 2.8 exp (----137,OOO/RT) cm2/sec , 

with maximum deviations (based on 90% confidence) 
of about 1 and 5% for Q and D o ,  respectively. Our 
pi ocedures are thus producing highly self-consistent 
values for bulk diffiusion parameters. Furthermore, 
since errors associated with the use of the more 
conventional sectioning techniques become very large 
when dealing with diffusion coefficients smaller than 
about 10-' crn2/sec, the range of temperatme now 
open to critical investigation is markedly increased. 

The present emphasis of the experimental work is on 
the determination of the diffusion parameters for 
several metals in tungsten, including those for self-dif- 
fusion. Characteristics of short-circuit diffusion are also 
being studied. This work is being done in association 
with the Diffusion in Solids Group, and other work 
using this method is reported in Chapter 4 of this 
report . 
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13. Theoretical Research 
Bernard Rorie 

We are investigating a number of phenomena in solids 
and also in atoms and molecules. Much of our effort has 
gone into band-theory calculations by the Korringa- 
Kohn-Rostoker method using techniques that we have 
developed. Work that we have done in addition to that 
described below includes fundamental investigations on 
electronic states and theoretical help to  other groups 
and individuals in the Division. 

CONSTANT ENERGY SURFACES FOR 

ROSTOKER METHOD 
ALUMBNIJM BY THE KORRINGA-KOMN- 

J .  S.  Faulkner 

Previous first-principles band theory calculations have 
all been interpreted as demonstrating that the third 
zone electron surface i s  multiply connected in a manner 
that is similar to the free-electron result. The discus- 
sions of these calculations have emphasized that the 
inability to  calculate the Fermi energy to better than a 
few hundredths of a rydberg casts some doubt on this 
feature of the Fermi surface. Using an exterision of 
previously developed programs we calculated the con- 
stant energy surfaces for aluminum by searching in 561 
directions in 1/48 of the Brillouin zone (25.478 
directions in the full zone). With a modest expenditure 
of computer time we found the Fermi energy for several 
different potentials to better than 0.001 rydberg. This 
is sufficient accuracy to  remove the ambiguity discussed 
above. We find that it is possible to construct potentials 
that lead to a third zone electron surface that is not 
multiply connected, although the parts on a given 
square face are connected to each other, a result that is 
in agreement with the most recent experimental indi- 
cations. Eve11 some of the potentials used in previous 
calculations give this result. Other features of the 
density of states function and the Fermi surface for 
aluminum were investigated. 

TENSION ON THE FERMI SUKFACE OF 
METALLIC COPPER 

H. L. Davis 

:I A 

Calculations were performed relating to the change of 
copper’s electronic band structure upon application of 
uniaxial tension along the (001) direction. We used 
modifications of our constant-energy-search tech- 
niques’ based on the Korringa-Kohn-Rostoker method 
for band theory calculations. With these techniques the 
Fermi energies for potentials corresponding to strained 
and unstrained cases were obtained to  four-figure 
accuracy by direct numerical solution of the one-elec- 
tron eigenvalue problem. The potentials were obtained 
by a standard method’ of superposition of free atom 
charge densities and use of the Slater exchange approxi- 
mation. As is illustrated by the results of Table 13.1, 
these procedures lead to calculated changes of the Fermi 
surface with uniaxial tension that compare favorably 
wiih the only available direct experimental infor- 
mation3 on how copper’s Fermi surface deforms with 
the considered stress. Our calculations are also con- 
sistent with the qualitative interpretation, which Mac- 
Farlane and Rayne4 gave their ultrasonic attenuation 
data, that the deformation properties of copper’s Fermi 
surface are strongly anisotropic. 

These calculations, when coupled with our previous 
hydrostatic pressure  calculation^,^ demonstrate for the 
first time that the relatively simple potential pre- 
scription’ appears to be very promising in its ability to 

‘J. S. Faulkner, 11. L. Davis, and H. W. Joy, Fhys, Rev. 161, 

’L. F. Illattheiss, Phys Rev. 133, A1399 (1964). 
D. Shoenberg and 11. R. Watts, Phil. M ~ g . 1 5 ,  1275 (1967). 

4R. E. MacParlane and J.  A. Rayne, Phys. Rev. 162, 532 

’W. L. Dam, J .  S. Faulkner, and H. W. Joy, Phys Rev. 167 

656 -64 (1967). 

(1967). 

601-607 (1968). 
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Table 13.1. Effect of Tension 
Along the (001) Direction 
on Cross-Sectional Areas 

of the Fermi Surface of Copper 

&In A)/d(ln As)“ 

Experinien talb Calculated 
--__ Area 

_____ -_ - 
[ O O l ]  belly 2.4 ? 0.5 3.2 
[ O O l ]  rosette -2.1 t 0.8 -2.2 
[ l O O j  belly not measured -- 0.5 
[ 1001 rosette not measured 2.8 
[ l o l l  dog’s bone not measured -1.4 
[ 11 01 dog’s bone not measured 18.3 
I l l11 belly not rneasured -1.0 
[ill) neck not measured 2.1 
_I_. 

a.4 is the cross-sectional area and A, is the diametral area of a 

free-electron sphere whose volume remains exactly half that of 
the Brillouin zone. 

bShoenberg and Watts, Phil. Mag. 15,1275 (1967). 

quantitatively describe changes of metallic band struc- 
ture potentials with changes in lattice spacing and 
lattice symmetry. Such a demonstration has a bearing 
ori attempts to calculate electron-phonon interactions 
in metals and also implies that modern band theory 
techniques will enable improvements t o  be made on 
historical calculations6 of elastic constants for metals. 

EFFECT OF HYDROSTATIC PRESSllRE ON 
THE FERMI SURFACE OF METALLIC 

GOLD 

H. L. Davis 

In a n  attempt to fiirthex extend our work on the 
effect of lattice deformations on electronic band 
structures, preliminary calculations were performed 
relating to the change of the Fermi surface of me- 
tallic gold with hydrostatic pressure. Using our con- 
stant-energy-search techniques,‘ based on the Korringa- 
Kohn-Kostoker rnethod of band theory, we calculated 
detailed Fermi surfaces corresponding to lattice spacings 
a and 0.99a, where a is the normal lattice constant of 
gold. In obtaining these Fertni surfaces, separate po- 
tentials, based on the Mattheiss prescription,* were 
calculated for each lattice spacing using free atom wave 
functions.’ As is illustrated by Table L3.2, these 

6K. Fuchs, h o c .  Roy, SOC. (London), Ser. A 153, 622 
(1936). 

7The necessasy atomic gold wave functions were calculated 
by T. C.  Tucker o f  the Mathematics Dimion. His method is 
given by C. W. Nestor et al., Kelativistic and Non-Relativistic 
SCF Wave Ftmctions, ORNL-4027 (December 1966). 

Table 13.2. Hydrostatic Pressure 
Variation of Two Cross-Sectional 

Areas of the Fermi Surface of Gold 

OAIAAP (cm2/kg) 

Expedmentala Calculated 
Area 

[111] neck 1.97 x 2.34 >c 
[ l l l ]  belly 2.84 x 3.25 x 
_I_- 

aFrom I. M. Templeton, Prw.  Roy.  SOC. (Loiido?t) Ser. A 232, 
413 (1966). 

procedures lead to changes in gold’s Fermi surface with 
pressure that compare favorably with the only available 
direct experimental information.* 

CALCULATION OF THE BAND STRUCTURE 
OF “C@ONPLEX” CRYSTALS 

13. L. Davis 

A rather extensive computer code was developed for 
calculating the electronic band structure for crystals 
having two atoms per unit cell. This code is based on 
extensions of the Korringa-Kolin-Rosloker method of 
band theory given by Segal19 and by Treuscli and 
Sandrock.’ Since no group theory is used as a basis taf 

the code, the same code works equally well for all 
crystal symmetiies having two atoms per unit cell. This 
code has been successfully debugged by performing test 
calculations and comparing with published results1 
on TiO, Be, and KCI. In all cases, our test calculations 
agreed with published results to within about 0.002 
rydberg. 

We started to apply this code to the calculation of the 
electronic band structure of uranium nitride. These 
“first attempt” calculations show the Fermi energy of 
this nietallic conipouad intersects a nanow f-band, 
which i s  consistent with low-temperature specific heat 
data in  Chapter 6 of this report. Furthermore, the 
calculations would indicate that the strong binding 
(hightemperature strength) of this compound is due to 
a covalent s-p band a Cew electron volts below the Fermi 
energy. We hope that a5 good single crystal specimens 

81. MI. Templeton, P r w  Roy. SOC. (London) Ser. A 292,413 

’B. SegaU, Phys. Rev. 105, 108 (1957). 
‘OJ. Treusch and K, Sandrock, Phys. Status Solidi 16, 

”V. Ern ‘nd A. C. Switendick, Phys. Rcv. 137, A1927-36 

‘2J. H. Terrell,Phys. Rev. 149, 526-34 (1966). 
13P. D. DeCicco, Phys. Rev. 153, 931-38 (1967). 

(1966). 

487 97 (1966). 

(1965). 
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of this compound become available, further experi- 
mental data can be folded into the present calculation 
to  enable the band structure of UN to be determined 
more accurately. 

CALCULATION OF THE WAVE FUNCTIONS FOR 
THE ELECTRONIC STATES IN METALS 

M. L. Davis 

To theoretically study and attempt to  calculate many 
of the interesting physical properties of real metals 
requires a knowledge of the details of the wave 
functions for the band structure electrons. Extensive 
modifications have been made on our existing’ one 
atom per unit cell band structure computer code, which 
enable normalized wave functions for any of the band 
electrons to be obtained. ‘To check the results, the wave 
functions were numerically determined by the two 
separate methods analytically derived by Ham and 
Segall.’ Since detailed agreement was obtained be- 
tween calculations based on the two methods and 
because of other involved reasons, we believe our 
resulting wave function codes are successfully de- 
bugged. 

Our first attempt to apply these codes has been 
toward a theoretical study of the Knight shift of 
metallic copper. For this study it is necessary to 
calculate ( l$(O)l’ ), which represents the electronic 
probability density at a nucleus averaged over the Fermi 
surface. Using our best previously calculated’ Fermi 
surface of copper, based on the Chodorow potential 
and the new wave function codes, we calculated 1.38 
X1025/cm3 for the above quantity. This is to  be 
compared with recent’ ‘ > 1  attempts to  extract an 
experimental estimate of this quantity from Knight 
shift data, which fall in the range 1.1 X 10” to  1.5 X 
1 0 2 5  /cm3. 

VALENCE STATES OF CARBON IN 

N GROUND STATES’ 
n-ELECTRON SYSTEMS. I. ALTERNANT- 

Harris J. Silverstone’ ’ Hubert W. Joy 

When the molecular wave function is described in part 
by molecular-orbital theory, new terms (Coulomb 
self-repulsion integrals) enter the valence-state energy 
over and above the classic valence-bond valence state of 
Van Vleck. Atomic orbitals for n-electron theory are 
obtained by minimizing the energy of carbon in a 

valence state appropriate for alternant-hydrocarbon 
ground states. The 2pn orbital so obtained with a 
nonintegralff “double” basis, with a simple valence- 
bond (r wave function and a simple molecular-orbital u 
wave function, gives a one-center Coulomb repulsion 
integral ( 2 p n 2 p I  l /r l  12pa2pn) = 12.38 ev, cornparcd 
with the semiempirical value of about 11 ev. 

VALENCE srAm OF CARBON IN n - ~ ~ ~ ~ ~ ~ ~ ~  
SYSTEMS. 11. EXCITED STAfES AND IONS’ ’ 

Hubert W. Joy Harris J. Silverstone’ ’ 
Changes in atomic orbitals (AQ) brought about by 

changes in molecular wave functions are studied by 
minimizing the energy of carbon in atomic valence 
states appropriate for ions and excited states of 
alternant hydrocarbons. We found that positive-ion and 
triplet-state 2pn AO’s are more contracted than in 
alternant hydrocarbon ground states. Negative-ion and 
excited-singlet 2pn AO’s are more expanded than those 
for the ground states. These A 0  changes may be 
negligible for large molecules but are increasingly 
important for molecules smaller than naphthalene. 

S LIMIT IN HELIUM. MOVEMENT OF A 
SYSTEM ON AN ENERGY SURFACE IN 

PARAMETER §PACE2 

George S. Handler’ ’ Hubert W. Joy 

As part of a variational examination of angular 
correlation in electronic system, a careful examination 
of the movement of a system on an energy surface in 
parameter space has been made. The results indicate 
that the surface is higldy convoluted and that minimi- 
zation techniques must take explicit account of this. An 
eight-term result close to the S limit in helium is given. 

14F. S. Ham and B. Segdll, Phps. Rev. 124,1786 (1961). ’ 5A.  Narath, Phps. Rev. 163, 232 (1967). 
I 6 L .  H.  Bennett, R .  W. Mcbs, and R.  E. Watson, Bull Am 

Y7Abstracted from J. Chem Phys. 47(4), 1384---92 (Aug. 15, 

’ ‘Department of Chemistry, The Johns Hopkins University, 

19Abstractcd fromMol. Phys. 13(2), 149-56 (1967). 
Abstracted from J.  Chefit Phps. 47(12), 5074 --77 (1967). 

21  Department of Chemistry, University of Georgia, Athens. 

Ph s SOC. 13,690 (1958). 

1967). 

Baltimore, Maryland. 
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I X-Ray Diffractio 

1%. L. Yakel 

Our purposes reflect both the extent to which other 
groups rely on x-ray diffraction as an adjunctive 
analytic tool in the solution of their problenis and basic 
research prograns in which x-ray diffraction methods 
are of principal iniportance. Boundaries between these 
aspects often overlap, and experience has shown that 
work of fundamental interest may evolve from initially 
routine experiments. 

Our laboratory continues to serve both purposes. We 
perform routine measurements, such as those described 
below, at an increasingly efficient rate thanks to the use 
of improved experitnental procedures and computer 
techniques. In areas of fundamental research, we pursue 
theoretical and experimental studies csf high- and 
low-angle x-ray scattering from imperfect crystalline 
solids and investigate crystal structures of uncommon 
interest. 

ROUTINE ANALYSES 

0. R .  Cavin' 
J.  E. Epperson 

1,. A. Harris 
R. M .  Steele 

H. L. Yakel 

Some pertinent results of diffraction analyses of the 
more than 1400 samples submitted to our laboratory 
during the reporting period may be found in appropri- 
ate sections of this report. Although it is not possible to 
describe each problem in detail, we present here a brief 
classification of the kinds of experiments performed, 
some results of inherent interest, and a general overview 
of the reaction of aeitomatioti and computer technology 
on our routine procedures. 

We have performed desired analyses requiring the use 
of powder and singlecrystal diffractometry and film 
techniques. Phase analysis, lattice-parameter estimation, 
crystal Orientation and perfection studies, preferred 
orientation measurements, crystal-structure analysis, 
strain and particle-size analysis, and the investigation of 
phase transformations at elevated temperatures are 
representative of these tasks. We have also assisted the 
Ceranucs Group in the optical microscopy of cement 
aggregates. 

An M,C-type precipitate was identified' in Hastelloy 
N, but it is clear that in this alloy silicon rather than 
only carbon must play a nlajor role in the precipitate's 
fernlation. We attempted to deduce the probable atom 
positions from knowledge of the elemental composition 
and the relative powder diffraction line intensities. 

Phases present in beryllium-rich beryllium-boron 
alloys3 were studied by powder and single-crystal 
dirfraction n i e h d s .  Decomposition of hafniuin- 
tautalum and hafiiiurn-Iiiobium alloys4 was exmined  
by the Debye-Schcrrer method witli the use of flat, 
highly oriented graphite monochromators5 to achieve 
higher line-to-background intensity ratios at minimal 
increases in exposure t h e .  Lattice parameters of solid 
solution alloys it1 lanthanide-lanthanide and Fe-NiCu 
systems were measured6 Results are collected in 'fable 
14.1. 

We demonstrated' that the crystal structures 3f 
Cs3MgCIs and Cs3NiC15 are isotypic wit11 the reported8 
structure of Cs3CoCI5. Values of the httice parameters 
of Cs3NiC15 wete obtaned at liquid nitrogen and liquid 
helium temperatures; this experiment also confirmed 
the absence of a phase transition in fhe compound in 
the temperature range studied. Single-crystal x-ray dif- 
fraction data' from a novel phaw TiAl2Cl8 were col- 
lected with an automated diffractometer.' ' I Jnit-cell 

'Now in Materials Compatibility Group. 
'Work performed in cooperation with R. E. Gehlbach, 

Electron Microscopy Group; related microstructural studies ape 
re orted in Chap. 5 .  

'Work performed in cooperation with R. L. Hamnci and T. 
G. Codfrey, Ceramics Group. 

'Work performed in cooperation with C. T. Liu, Physical 
Metallurgy Group, and discussed in Part 11, Chap. 15. 

'C. J .  Sparks, Metals arid Ceramics Div. .4nrz Bog. Rept. 
J u F ~ ~  30, 1966,ORNL-3970, pp. 57-58. 

'Work performed in cooperation with members of  the Crystal 
Physics Group. 

7Work performed in cooperation with 1'. W. Couch, Spec- 
troscopy o f  Ionic Media Group. 

'1%. M. Powell and A. F. Wells, J. Chem Soc. 1935, 359. 
'Work performed in cooperation with J .  Rrynestad, Spec- 

troscopy of Ionic Media Group. 
'Work performed on an instrument made available by J. H. 

Burns, 'Transuranium Research Laboratory, Chemistry Division. 
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Composition 
(at. %,) 

Lattice Parameter (A) 
___ .. . _ _  . . . . . . . . . Remarks Crystal 

System a0 CO 

42.5Fe 42.5Ni-15Cu 
35Fe 35Ni-30Cu 
27.5Fe-27.5Ni-45Cu 
lOGd 90Y 
60Gd-40Y 
80Gd-20Y 
69Gd 31Sc 
80Gd-2OSc 
Smb 2 

YbF2 
Cs3MgC15 
Cs3NiC15 
TiA12Cls 

Cubic 

CV bic 
Cubic 
Cubic 
Hexagonal 
Hexagonal 
Hexagonal 
Hexagonal 
Hexagonal 
Cubic 
Cuoic 
Tetragonal. 
Tetragonal 
Monoclinicc 

11.028 f O.OC4 

3.582 k 0.001 
3.586 f 0.001 
3.590 k 0.001 
3.6479 t- 0.0003 
3.6425 -k 0.0002 
3.6386 f 0.0004 
3.5585 fO.GQ04 
3.5894 !: 0.0003 
5.740 k 0.001 
5.594 2 0.001 
9.23 ? 0.02 
9.228 2 0.009 

13.000 2 0.003 

5.7381 * 0.0009 
5.760 f 0.002 
5.771 kO.002 
5.6379 Ir 0.0008 
5.6938 f 0.0006 

14.88 +- 0.02 
14.53 P 0.02 
11.772 iO.003 

Hastelby N ppt. 
Space goup  
Fd3m 

fcca 
fec 
fcc 
hcpb 

hcp 
hCP 
hcp 

hcp 
CaF2 type 
CaF2 type 
Cs3CoCI5 type 
Cs3CoCls type 

“Facecentered cubic Al structure type. 
bHexagonal close-packed A3 structure type. 
Cbo 1:; 7.71 1 k 0.002,p = 92O37’i 1: 

dimensions for these compounds are included in Table 
14.1. 

With a monotonic increase in the number of routine 
x-ray diffraction analyses requested each year, the 
continued ability of the group to efficiently perform its 
work rests on the incorporation of automation and 
computer methods in both the experiments themselves 
and the analysis of their results. We attempted to move 
in this direction during the past year through use 
of such experiniental devices as patch-board-programmed 
or tape-controlled single-axis diffractometer drives and 
through development of local and remote-access com- 
puter progianis for evaluation of rcsults. 

CRYSTAL STRUCTURE OF SsBe304 (Ref. I I )  

L. A. Harris K .  h,. Yakel 

‘The compound SrBe304 forms hexagonal crystals, 
space group P62c, with unit cell dimensions a. = 
4.5961 k 0.0002 A and co = 8.9300 2 0.0004 A. We 
determined its crystal structure using three-dimensional 
Patterson and difference-Fourier methods and refined 
it by iterative least-squares procedures. 

’’ Abstract of paper to be submitted for publication to Acta 
Crystallographica. 

The struciur e consists of pseudo-close-packed layers 
of oxygen and strontium atoms with beryllium atoms 
in tetrahedral arid trigonal interstices. Each strontium 
atom has six oxygen-atom ncighbors arranged about it 
in a trigonal prism with three additional oxygen-atom 
neighbors offset from the prism face centers. The rnix- 
tiire of tetrahedral and trigonal beryllium-oxygen atom 
coordinations is similar to the mixture reported” in 
CalzBe170z9 and may reflect the instability of the 
compound. 

INTERPRETA.IION OF’ TEMPERATURE 
DIFFUSE  SCATTERING^ 

Bernard Horie 

An alternative formulation of temperature diffuse 
scattering theory i s  described. The result is in terins of 
the mean atomic displacements rather than the usual. 
normal mode representation. The theory leads to a 
direct relation between first- arid second-order diffuse 
intensity, which, by iteration, allows for a correction 
for the second-order contribution without approxima- 
tion. This theory should be useful for highly anhar- 
monic thermal motion. 

12L. A. Harris and H. I,. Yakel, Acta Cryst. 20, 295-301 
(1966). 

3Abstiact of paper submitted to A C ~ Q  Crystallogophica. 
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SUBSTRUCTURE AND PERFECTION 
QF UOz SINGLE CKYSTALS' 

A. T. Chapman1 
c. s. Yust' 

D. E. Wendrix' ' $' 

0. B. Cavinl 
G. W. Clark16 

The quality of single crystals of uranium dioxide 
grown by three different techniques - vapor growth, 
arc-fusion, and internal centrifugal zone growth (ICZG) 
developed at ORNL - was compared by etch-pit 
patterns, transmission electron nicroscopy, and x-ray 
topography. Good correlation of results obtained by 
these experimental techniques was shown; however, 
substructure differences in crystals obtained by each of 
the methods exist. 

A HIGH-TEMPERATURE VACUUM SAMPLE 
HOLDER FOR THE KRATKY CRMERA' 

R. W. Gould2 R. W. HendricLs 

A furnace was designed for small-angle x-ray scatter- 
ing studies of samples in vacuum at temperatures from 
ambient up to 4SO"C. Provision was made for heating 
arid cooling the specimen at rates as great as 
200"Clmin between any two temperatures within the 
operating range. The sample holder could also be used 
for studies at teniperatures down to -170°C. 

AUTOMATIC BALANCED FILTER DEVICE 
FOR X-RAY DIFFRACTION EXPERIMENTS2 ' 

J. S. Arrington, Jr.22 R. W. Nendricks 
W. J. Mason2 

An automatic balanced filter box that may be used on 
most standard x-ray diffraction tubes was constructed. 
It is designed to be used in conjunction with a wide 
variety of automated x-ray diffraction experiments to 

Meeting of the Nuclear Division 
of the American Ceramic Society, Urbana, IIlinois, Sept. 
19-22,1967. 

'Consultant from the Georga Institute of 'Technology, 
Atlanta. 

- .... 
14Abstract of paper for 

"Crystal Physics Group. 
7No~v  in Metallurgy Department, Oak Ridge Gaseous Diffu- 

'Physical Ceramic Studies Group. 
'Abstracted from J. Sci hzstr. Ser. 2 1, 681 (June 1968). 

sion Plant. 

2oSiirnrner participant from the University of Florida, Caines- 

' Abstract of paper to be published in the Journal vfnpplied 
ville, 1967. 

C sfallography. 
"Engineering Division, Y-12 Plant. 

change Ross filters and insert attenuators into the 
incident x-ray beam on receipt of appropriate com- 
mands from the control system. The positions of the 
filters and attenuators may be displayed at all times by 
feedback signals generated by a cornbination of light 
sources and photocells. 

SMALL-ANGLE X-RAY SCATTERING 
INVESTIGATIQN OF INHOMOGENEITIES 

IN ALUMINUM-ZINC ALLOYS' 

K. W. Heridricks K. W. C a r p e n t e ~ ~ ~  

A high-tempera trnre small-angle x-ray scattering 
(SAX$) investigation was conducted over a range of 
temperatures in the single-phase region of aluminum- 
zinc alloys containing 30.7, 40.7, and 50.9 at. '% Zn. 

'The jncreasing SAXS at decreasing angles IS evidence 
of clustering within the solid solution. The average sizes 
of the clusters present in this temperature region have 
been obtained from the slope of the Cuinier plot and 
are listed in Table 14.2. It should be emphasized that 
these clusters are not a second phase but are composi- 
tion fluctuations within a single phase field. 

These clusters are nearly half the size of those 
reported by other workers for aluminurn-zinc alloys at 
lower temperatures in the two-phase field, correspond- 
ing to G-E' zones i i i  the early stages of precipitation. The 
present results indicate that it is not possible to obtain a 
"random" solid solution in llie durninum-zinc alloy 
systetn, even by superheating to within approximately 
50°C of the solidus, and that the clusters present in the 
single-phase region probably have a strong influence on 
nucleation of second phases at lower temperatures. 

We are analyzing the scattering curves in detail to 
recover the radial distribution functions Cor these alloys 
and to estimate the temperature of the coherent 
miscibility gap. 

23Abstract of paper presented at the Annual Meeting of 

24Deforn~ation of Crystalline Solids Croup. 

AIME, New York, February 25-  29, 1968. 

Table 14.2. Size of Clusters 
in Aluminum-Zinc Alloys 

-. Cornposi tiori 
(at. % Zn) 

Mean Cluster Radius (A) 

352°C 362°C 380°C 410°C 
- ..____________ 

30.1 9.1 7.3 6.5 
40.7 10.5 7.6 7.2 6.8 
50.9 7.1 7.1 



INCREASED X-RAY INI'ENSI'U'ES BY USE 
OF GKAPHITE AS A MONOCHROMATOR' 

C. J .  Sparks, Jr. 

Curved pieces of highly oriented graphite were evalu- 
ated as to their focusing properties for Cu Ka x rays. 
Shown in Fig. 14.1 (a) is the usual geometry of a 
divergent beam from an x-ray tube. l'he sample or 
crystal under study is placed at S ,  and the total 
divergence represented by the angle 6 is distributed 
along the length L .  If the monochromator crystal is 
placed in the incident beam and curved so as to focus 
the x rays at the receiving slit R ' ,  as shown in Fig. 
14.1(b), the same divergence from the x-ray target is 
now spread over the smaller distance I. The advantage 
or ratio of I,,/ I -= ~ ( T S ) ( ~ ~ ~ ' ) / ~ ( ~ ' M ) ( S ' R ' )  is calcu- 
lated for a normal geometry where TS = S'X' = PS' = 
6 in. and TM = MF I=I 3 in. These give a ratio of I , / l . y =  
5. This geometry was first discussed by Warrenz6 and 
applied to large single crystals as samples, although it is 
equally applicable to  powders and small crystals. 
Warren pointed out that the vectors k,  which bisect the 
incident and diffracted beams, remain parallel arid of 
the sanae length, so ideally no sacrifice in resolution is 
made to  achieve the extra intensity. 

Since graphite diffracts about one-half of the incident 
Cu KN radiation with a divergence no greater than the 
mosaic spread, the gain of 5 on focusing achieves an 
increasc of two or greater in intensity over raw 
radiation. Since the incident beam on the sample is 
monochromatic, better peak height to background 
ratios are achieved. 
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APPLICATION OF THE GRAPHITE 
MONOCHROMATOR TO LIGHT ELEMENT 

X-RAY SPECTROSCOPY~ 

R. W. Gould20'28 C. J. Sparks, Jr. 
S. R. Bates2' 

Ilighly oriented graphite was found to be suitable as a 
rnonochroniator for light element (Z 2 15) x-ray 
spectroscopy. We compared the diffracting power of 
the graphite inoiiochromator with EDDT and LiF 
crystals. With an interplanar spacing of 3.53 A,  graphite 

M 
S' 

R' 
MONOCHROMATOR , 

~~~ ~ ~ \ ---:i I ,  I , SAMPLE 

T .e 

/ 

Pig. 14.1. The Focasing &qm&s of Monochromators Can 
Be Used io Convexgc tho X-Ragrs to  the Courater with an 
Attendant hcrease in Intensity. (cl) Normal geometry of a di- 
vergent beam from the source sp.ieads the radiation over a 
distance L at the sample. ( b )  The curved monochromator 
focuses the radiation of the same divergence 6 to  decrease the 
spread over the distance 1 at the sample. 

will diffract the Kcu x radiation of elements beginning 
with phosphorus in the periodjc table. Foi the elements 
phosphorus, sulfur, and chlorine, graphite gives 6 to 
10 times the intensity of EDDT, which is an organic 
crystal commonly used for fluorescent x-ray analysis. 
Compared with 1 3 ,  graphite gives three times the 
intensity for Ca Ka and Ni Ka radiation. This high 
efficiency that graphite has for diffracting x rays makes 
it a desirable analyzing crystal for fluorescent units, 
electron microprobc units, and absorption edge spec- 
troscopy. 

25Ab~tract of paper to be submitted for publication in 

2 6 B .  E. Warren, J. Appl .  Phyx 25, 814 (1954). 

27Abst-ract of paper submitted for publication to Applied 

' ' Department of Metallurgical and Materials Endneering, 

Review of Scientific InstiurnerIts. 

Spectroscopy. 

University of Florida: Gaiiiewville. 



Part 11. High-Temper ture Materials Program 

15. Physical and Mechanical Metallurgy 
of High-Temperature Materials 

W. 0. Harms 

The purpose of this program i s  to provide a broad, 
base-technology evaluation of high-temperature alloys 
for use in high-performance nuclear reactors and iso- 
topic heat sources for advanced space, terrestrial, and 
civilian power applications. Principal emphasis is placed 
on tantalum-, niobium-, molybdenum-, and vanadium- 
base alloys for systems that use alkali metals as 
thermodynamic working fluids and heat-transfer media. 
Some work on superalloys is included because of the 
more inmediate need for these materials in thermo- 
electric power devices. 'Tungsten and tungsten-base 
alloys are investigated in the Tungsten Metallurgy 
Prograin and covered in Chapter 16 of this document. 

'This work is needed because lack of materials 
information continues to limit several advanced reactor 

and isotopic power projects to development of com- 
ponents rather than prototype power systems. This 
situation can, in large measure, be rectified by system- 
atic development and characterization of high- 
temperature alloys that are adequately creep resistant, 
fabricable, weldable, and structurally stable under the 
designated service conditions. 

I n  the text that follows, ftequent reference i s  tnade to 
commercial refractory alloys by their trade designa- 
tions. The nominal coinpositions of these alloys are 
listed in Table 15.1. 

MECHANICAL PROPERTIES OF 
REFRACTORY ALLOYS 

J. R. Weir, Jr. 
Table 15.1. Nominal Compositions of Refractory Alloys 

______ Our objective is to establish the comparative rnechan- 
ical properties of promising refractory alloys from IO00 
to 16~0°C.  Primary consideration i s  given to collecting 

Alloying Elements 
Base (wt %) Designat ion 

~ I..._...-..__. ~.. 

B-66 
C-129Y 
Cl?-752 
C%-753 
13-4 3 
€3-85  
S U-16 
'TZR.3 

TZC 
T-111 
T-222 

0 - r  ZM 

Niobium 
Niobium 
Niobium 
Niobium 
Niobium 
Niobium 
Niobium 
Moly bdenurn 
Molybdenum 
Molybdenum 
Tantalum 
Tantalum 

5 Mo, 5 V, I Zr 
no Hf, 10 w, 0.1 Y 
10 W, 2.5 Zr 
5 V, 1.25 Zr 
10 W, 1 Zr, 0.1 C 
27 TA, 10 W, 1 Zr 
11 W, 3 Mo, 2 Hf, 0.08 C 
0.5 'Ti, 0.08 Zr, 0.02 C 
0.5 Ti, 0.08 Zr, 0.02 C, 1.5 Nb 
1.2 Ti, 0.25 73, 0.15 C 
8 w, 2 Hf 
9.6 W, 2.4 Hf, 0.01 C 

1000-hr creep-mpture data on materials in typical 
metallurgical conditions produced by alloy vendors. 
The program includes studizs on the response of these 
alloys to other heat treatments to establish optimum 
strength, ductility, and stability. Also, creep data are 
being analyzed in terms of time-temperature parame- 
ters, to assist in program planning as well as to establish 
liinits on the extent to which data may be extrapolated. 
Another activity includes fatigue studies on refractory 
metals to assist in the stress analysis of specific 
structures. 
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Comparative Creep-Rupture Properties 
of Niobium Alloys 

K. L. Stephenson 

Recent work on niobium-base alloys has concentrated 
on C l 2 9 Y  and SU-16. The 1000-hr creep-rupture 
strengths of these materials are compared with other 

alloys' in Fig. 15.1. Alloy C- 129Y has exceptional fab- 
ricability, thermal stability, and ductility at cryogenic 
temperatures: as indicated in the figure, these favor- 

' J .  R .  Welr et a / ,  Metals and Ceruiiz~r> Div Ann. Progr Rept 

Wah Chang Corporation, Coluinbiutn and Tantalum AUoy 
June 30, 1967, ORNL-4170, pp. 65-69 

Technical Informarion, Vol 11, August 1966 

ORNL DUG 67-6756R 

C-129Y COLD W O W C D  
SU-160 I h i  AT 1200°C 
SU-16b I hr AT ISOO"C, 3 h i  AT 1200°C 
FS-850 I hr AT 1370°C 
FS-85b I hr AT 1535°C 
D - 4 3  STRESS RELIEVED IO min 4T 1205°C 
D - 4 3 M  '/2 hr AT 1650"C, 2 5 %  COLD WORK, AND I hr AT 1425OC 
Cb-7520 I h r  AT 1315°C 
Cb-152b I hr AT 1595°C 
El-66 COLD WORKED 50% 

Cb-753 I h r  AT 12D5°C 
N b - I %  Z r  COLD WORKED 

TEMPERATURE (OF) 
IS00 1900 2000 2200 2400 2600 

800 900 1000 1100 1200 1300 1400 1500 
TFMPERATURE PC) 

Fig. 15.1. Stress to Produce Rupture in 1000 hr as a Function 
of 'Tempeiature for Selected Niobium-Base AIbys~ 

able properties are achieved only by sacrificing high- 
temperature strength. The alloy is comparable in 
properties to Cb-753, one of the weakest of the second- 
generation niobium alloys. However, we tested C-l29Y 
in the wrought condition, and some impioven-rent in 
strength could result from optimization of heat treat- 
ment. 

Alloy SU-16 was tested in two thermal conditions. 
(1) stress relieved at 12OO0C, designated SU-l6a, and 
(2) recrystalized at 1600°C and aged 3 hr at 12OO0C, 
designated SU-16b. In the stress-relieved condition, the 
strength of this alloy is comparable to  that of D-43 and 
FS-85 in sirrlnlar metallurgical states. 'The recrystalli- 
zation and aging treatment produces thc highest 
strength we have observed in any niobium alloy. 

Effect of Fabrication Vaiiabks on 
Creep Rupture of ibIdybdesarnm Aiiiny?; 

R. L. Stephenson 

OW work on molybclencim alloys has included the 
creep-rupture testing of 1ZC in two metallurgical 

ORNL-DWG 67-6755R 

TEMPERATUSE (OF1 
i800 2000 2200 2 4 0 0  2600 2800 

T Z M  ( 4 1 :  S T R i S S  RELIFVED AT 1230°C' 
T Z M  (21: RECRYSTAL.I.IZE0 AT 4540T 
TZM !31: 154OOC WARM WORKED AT1040°C AND ~ 

STRESS RELIEVED AT (230'C 
TZM (41: ANNEALED 2095'C RE-EXTRUDED,AND 

WARM WORKED AT l?515°C 
Cb-TZM ( 5 ) :  ANNEALED 2095OC. RE-EXTRUDED,AND 

W R M  WORKED AT 1315°C 
~ 

Cb- 1 LM (b)  

TZC (71 
T Z C  (81 

ANNEALED 1927°C AND WARM WORKED 
A T l 3 7 O 0 C  

SAME AS C b - T 7 M  ( 5 1  
SAME AS Cb-TZM (61 

--I I 

I tMPtRATURE ("C I 

103 

Fig. 15.2, Stress 80 Moduce Rupture in 1080 hr as a Function 
of Temperature for Selected Molybdmunn-Base Alloys. 
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conditions, and the results are shown in Fig. 15.2 along 
wjth previous data' For other molybdenum alloys. The 
histories are as follows: TZC(7) was solution treated at 
2095"C, reextruded, and warm worked at 13 1S"C, 
TZC(8) was solution treated at 192S"C, warm worked 
at 1370"C, and stress relieved at 1205°C. The TZC(7) 
alloy exhibited somewhat better strength than TZC(8) 
at 1200°C but offers no distinct advantage over 
Ch-TZM. The high strength of Cb-TZM(6) at 1300°C 
encouraged us to perform additional tests at 1500°C. 
Although this investigation is incomplete, the trend of 
data indicates a significant drop in strength between 
1300 and 1500°C. 

Time-Temperature Parameters for Creep 
Rupture of Refractory Alloys 

R. W. Swindeman R. L. Stephenson 

Since creep is a thermally activated process, it is 
attractive to make use of the accelerated rate of high 
temperature to predict creep strength at lower tempera- 
tures and for longer times. Many time-temperature 
parameters have been developed for this purpose, and 
we are investigating the f i t  of our creep data on 
refractory metals to several of these. 

5x104  
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Of particular interest are the Larson-EL.Iiller~ Uorn? 
and Manson-Haferd' parameters, since these are coni- 
monly used for engineering applications. A least- 
squares technique, suggested by Manson and Men- 
delson: is being used to calculate the parametric 
constants. The fit o f  the three parameters to creep- 
rupture data varies with the alloys and their heat 
treatments. I n  general, the three parameters yield about 
the same fit for an individual alloy. The niobium alloy 
FS-85 is one of the exceptions. The parametric master 
curves and predicted isothermal curves for 1% creep of 
this alloy are shown in Figs. 15.3 and 15.4. The fit of 
the Manson-Haferd parameter appears to be superior to 
those of the Dorn-Shepard and Larson-Miller param- 
eters, it  also predcts more conservative stresses upon 
extrapolation to low ternperatures. 

__ 
3F. K. Lacson and J. hhller, "A Time-Temperature Relation- 

ship for Rupture and Creep Stress," Trans. ASME (AFII. SOC. 
Mech. h'ngrs.) 74(5), 765-71 (July 1952). 

4L. On, 0. D. Sherby, and J. E. Dorn, ""Correlations of 
Rupture Data for Metals at Flevated 'Temperatures," Trans. Am. 
Soc. lGIetaZr46, 113-28 (1954). 

'S. S. Manson and A. M. Haferd, A Linear Time- Temperature 
Relardon .tbr Extrapolation of Creep and Stress-Rupture Data, 

' S S .  S .  Manson and A. Mendelson, Optimization of Parametric 
Constants for Creep-Rupture Data by Means of Lrast Squares, 

NACA-TN-2890 (195 3 ) .  

N-62-70249 (Mach 1959). 

~ . ~ . .  . 
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Fig. 15.3. Fit of Three Time-'remperatarre Parameters to 1% Creep D a h  for FS-85. 
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OilNL-DWG 68--10378 

Fig. 15.4. Comparison of lsotharrnall 1% Creep Data fox FS-85 
to Ciarves Predicted by Three Time-Temperature Parameten. 

Behavior of Refractory Alloys 
Under Dymiiiic Stresses 

R. W. Swindeman 

The low-cycle fatigue life of D-43 at the 1% plastic 
strain level was established over the temperature range 
from liquid nitrogen to 1205°C. At elevated tempera- 
tures the life is equal to or superior to that at room 
temperature, but in liquid nitrogen the life is one-fifth 
the room-temperature value and cleavage failure occurs 
with veiy little crack grow3h. Data for plastic strain 
range vs life are shown for three temperatures in Fig. 
15.5. 

ORhL DWG 68 10379 

10' 2 5 103 2 5 i o4  2 5 105 

CYCLES TO FAILURE 

-. 
Pig. 15.5< Plastic Strain Fatigue of D-43 at Three Pempcxa- 

teres. 

PHYSICAL MWALLURGY OF 
REFRACTORY ALLOYS 

H. Inouye 

Diffrisivity, Solol)ility, atid Pemiaability 
of lnterstitials in Refractory Alloys 

R .  1,~ Wagner 

The diffusivity and solubility of nitrogen in tungsten 
are being detexmined as part of a broader program 
aimed at assessing the abiliiy of candidate refractory- 
alloy fuel cladding to contain and not react deleteri- 
ously with the decomposition products, such as oxygen, 
carbon, and nitrogen, of ceramic fuels. 

The degassing rate of the srnall amount of nitrogen in 
a suitably engassed 0,04Q-in.-diarri tungsten wire was 
measured in an ultrahigh vacuum system with the aid of 
a mass spectrometer and calibrated conductances. The 
values of the diffusivity and solubility at 1800°K 
obtained in this study are compared with the literature 
values in Table 15.2. The disagxecment between the 
various sets of data is due in part to the difficulty in 
measuring the small quantities of nitrogen in tungsten. 

Table f 5.2. Wffusivity and Solub$ty of Nitrogen 
in Tungsten at 1800 K 

Diffilsivity Solublhty at 760 torr of Nz Investigator 
(crn2/sec) (PPm) 
- - _  -~ 

Frauenfeldef 1.7 x 3.0 
Nortonb 2.2 x 0.17 
OKNL 2.6 x lo-* 28 

aR. Frauenfelder, Pervieatinn, Diffusion, and Solutioii of 
NiDogen in Tuiigslzri mid Molybikzum Firirul Report', WERL- 
2823-28 (June 1967). 

bF. J .  Norton and A. L. Marshall, Tram. AIME 156, 135 
(1944) and S. Dushman, Scientific Foundations of Vacvum 
Technique, Wiley, New Yurk, 1962, p. 562. 

Development of Age-Hardening 
Refractory Alloys 

C. T. Liir 

We are investigating the feasibility of improving the 
high-temperature streagth of refractory alloys through 
the ,controlled precipitation of stable second phases, 
such as intermetallic compounds, products of spinodal 
decomposition, and products of ordering reactions. 

Listed in Table 15.3 are some characteristic tempera- 
tures and properties of two niobium-base and two 
tantalum-base systems in which transformation by 

. 



2'8 019 OPL 
S'8 008 OEOI 
L.'S UE8 0% P 
6's 0201 QSS 

OEZ 
OSL 
08C 



64 

O W - M  68-10427 change in composition of the thinner specimen was '7 more severe. 
35 

BRAZING ALLOY DEVELOPMENT 

N. C. Cole D. A. Canonico 
G. M. Slaughter 

A number of brazing alloys have been developed that 
satisfy the requirements previously disc~issed;~ that is, 

400 600 800 4000 4700 4400 (FOO moo that they melt and flow in a temperature range of 1300 
I EMPERATWE PC1 

Fig, 15.7. Effect  s f  Aging Temperature on the Room-Tan- 
prrature Ilasdaa5ss of Nb-53% Hf AUoy for 3-hr Aging 
Treatments. 

value for the quenched specimen indicates a high 
decomposition rate for the spinodal reaction, in agree- 
ment with the detection of G P  zones by x-ray 
diffraction in the quenched specimens. 

Vaporization of Hayms Alloy No. 25 
IJnder Streass 

D. T. Hourgette 

Haynes alloy No. 25 was creep tested under 1 to 2 X 
IO-' torr at 785°C and stress levels of 2100 to 15,000 
psi to correlate evaporation losses and microstructure 
with stress and the observed creep behavior. In 1000-hr 
tests, evaporation losses and the amount of Laves-phase 
precipitate increased with stress. 

Evaporation had a significant effect on the creep 
properties. For example, a 0.012-in.-thick specimen 
tested at 1 X lo-' torr and 14,500 psi ruptured in 246 
hr at 785"C, but a control specimen tested in argon at 1 
atm ruptured in 540 hr. These results may be cornpared 
with a rupture life of 2500 hr at 815°C and 15,000 psi 
in air.7 The times to 15% plastic strain for the 
vacuum-tested samples were I/8 to 1/15 of those for 
comparably stressed air tests. 

Section thickness is an important test parameter with 
respect to creep in vacuum because of the evaporation 
mode exhibited by complex alloys containing high- 
vapor-pressure elements.' Initial results showed that a 
0.01 2-in.-thick specimen ruptured in 246 hr, whereas a 
0.030-in. specimen failed in 741 hr when tested at 
785°C and approximately 15,000 psi. Since the evapo- 
ration losses per unit area were nearly the same, the 

R. VJidrner et al., Mechanisms Associated with Long Tune 

* D. ~ r .  Bourgette, Vaporization P/ienomena of Nuyries AUOJJ 
Creep Phenomena, AFM1,-lK-65-181 (June 1965). 

No. 25 to IlSO"C, ORNJ,-TM-1786 (May 1967). 

to 1900°C and wet and braze refractory metals, 
graphite, and aluminum oxide. Ideally, the filler metals 
should be capable of joining these materials to each 
other as well as to themselves, and a number have been 
developed that do, indeed, satisfy this general require- 
ment. 

System within ivhich the most acceptable alloys have 
been developed are given in Table 15.4; a brazing 
temperature range is shown for those systems in which 
more than one composition satisfied the requirements. 
A s  reported last year,g the Ti-21% V-25% Cr alloy is 
outstanding in its ability to join A1203 and refractory 
metals. We have now found this alloy to be equally 
applicable for joining graphite to itself and to refractory 
metals. Microstructures of graphite-to-tantalum, AI2 O3 - 
to-& Q 3 ,  and graphite-to-graphite brazes made with 
this composition are shown in Fig. 15.8. 

Compositions exhibiting almost as much promise 
were also developed within the 'Ti-Zr-Ta system. For 
example, the 47.5% Ti-47.5% Zr-5% Ta alloy satis- 
factorily brazed refractory metals, AI2 03 ,  and graphite 
at approximately 1650°C. 'This system is rather mique 
in that it appears to possess solid solubility over its 

'N. C. Cole and D. A. Canonico, Metals and Ceramics Div. 

...... .... _ _ _ ~  .... __ 

Ann. Progr. Rept. June 30, 1967, ORNL.4170, pp. 73 -~74 .  

Table 15.4. Systems Containing 
Acceptable Brazing Alloy Cornpositiom 

Brazing 
Alloy 

System 

I i-V-Cr 
Ti-Zr-Ta 
Ti-ZxGe 
Ti-Zr-Nb 
Ti-Zr-Cr 

Ti-V-Nb 
Ti-V-Mo 

r1-2r-B 

____...__... _._II___- 

1550-1650 X x X 
1650-21 00 X X X 
13 00- 1600 x X 

1600-1700 X X 

1250- 1450 X 

1400-1600 X 

1650 X 

1650 X 
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PHOTO 92963 

Fig. 15.8. T-Joints Brazed with Ti-21% V-25% Cr. (a) Tantalum to graphite. (b) A1203 to hl2O3. ( c )  Graphite to graphite. 
1OOX. Reduced 36.5%. 

PHOTO 92964 

1 
PLASTIC MOUNTING 
MATERIAL. 

I MOLYBDENUM 

3 

Fig. 15.9. Components for Cesium Diffusion Experiment Involving Graphite-teMolybdenum Joints Brazed with 47.5% Ti-47.5% 
Zr-5% Nb Experimental Alloy. 
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entire composition range and, moreover, exhibits a 
relatively narrow liquidus-solidus separation. This latter 
feature is important in minimizing liquation of low- 
wetting constituents during heatup. The behavior of the 
Ti-Zr-Nb system is similar. Both systems should be 
applicable for developing a number of alloys for use 
over a wide temperature range. 

The 47.5% Ti-47.5% Zr-5% Nb alloy has been 
successfully used t o  fabricate a component required for 
a cesium diffusion experiment. This alloy was used to 
make two graphite-to-graphite brazes and a molyb- 
denum-to-graphite braze simultaneously at 1600°C. 
Figure 15.9 shows the individual components, the 
brazes that were made, and the excellent wettability 
and flowability of the alloy on both molybdenum and 
graphite. 

In addition, several alloys useful at lower tempera- 
tures (1250 to 1300°C) were developed for joining 
refractory metals and graphite. Of particular note is 
Ti-20% Zr-15% Ge, which has shown an outstanding 
ability to wet and flow on graphite. Metallographic 
evaluation showed that not only does the filler metal 
flow into the capillary of joints but it also flows along 
and covers the flat surfaces of graphite sheets. 

PHYSICAL PROPERTIES OF MOLYBDENUM 

R. K. Williams J. P. Moore 
D. L. McElroy 

We measured the electrical resistivity and ther- 
moelectric power of 99.97%-pure molybdenum (CMX- 
WB-LB-I grade) from 100 to 1700°K and the ther- 
mal conductivity from 100 to 125O0K. The ma- 
terial had been arc-cast, hot rolled, and given a 
recrystallization anneal. The electrical resistivity ratio 
( p 2 , 3 ' ~ / ~ 4 . 2 ' ~ )  of the material was found to be 142, 
indicating that impurity effects should have been 
negligible over most of the temperature range investi- 
gated. Smoothed values for the physical properties are 
shown in Table 15.5, and thermal conductivity data 
from another recent study" are included for com- 
parison. Our data for thermal conductivity h and 
resistivity p can be correlated from 100 to 1250'K to 

"A. D. Feith, Measurements of the Thermal Conductivity 
and Electrical Resistivity of Molybdenum, GE-TM-65-10-1 
(1965). 

Table 15.5. Physical Properties of Recrystallized Molybdenum 
Corrected for Thermal Expansion 

Temperature 

(OK) 

Thermal Conductivity 
(w cm-' OK-') 

This Study Feitha 

Electrical 
Resistivity 
Whm-cm) 

Absolute Seebeck 
Coefficient 

W/"K) 

100 
200 
300 
400 
500 
600 
700 
800 
900 

1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 

1.752 
1.477 
1.401 
1.337 
1.277 
1.231 
1.195 
1.167 
1.143 
1.123 
1.106 
1.094 
1.08b 
1.07b 
1 . 0 9  
1.04b 
1.03b 

0.863 
0.849 
0.835 
0,821 
0.807 
0.794 

0.930 
3.235 
5.561 
7.960 

10.451 
13.021 
15.649 
18.333 
21.051 
23.815 
26.613 
29.432 
32.301 
35.209 
38.183 
41.201 
44.305 

t o . 2 0  
+2.93 
+5.80 

8.07 
10.48 
12.85 
14.79 
16.03 
16.87 
17.35 
17.56 
17.47 
17.15 
16.64 
15.91 
14.78 
13.16 

'A. D. Feith, Measurements of the Thermal Conductivity and Electrical Resistivity of Molybdenum, GE-TM-65-IO-1 (1965). 
bExtrapolated from h= 2.67 x T/p f 7/T. 
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+OS% by the equation 

T 7  A = 2.67 x IO-* [ 1 - exp (-5 + 0.24]-+- ,  
P T  

where T i s  the absolute temperature. The constants 
obtained from this fit indicate that the Lorenz number 
of molybdenum exceeds the Sommerfeld value (2.443 
X v2/'K2) at high temperatures and is similar to 
the Lorenz number we found for tungsten. This result is 
not in agreement with that of Feith," whose thermal 
conductivity values for molybdenum are 27 to 29% less 
than ours in the range of overlap. This illustrates the 
need for accurate measurements of thermal conduc- 
tivity for the determination of the behavior of the 
Lorenz value at  high temperatures. The 7/T term 
represents the lattice contribution, which is smaller 
than we found for tungsten. 

NONDESTRUCTIVE TESTING OF 
REFRACTORY ALLOYS 

R. W. McClung K. V. Cook 

The specific techniques employed for nondestructive 
evaluation of refractory alloys are selected according to 
the nlaterials and their configurations. fluorescent 

penetrants were used to evaluate the outer surfaces of 
the alloys, and very few significant discontinuities were 
detected by this procedure. At least one ultrasonic 
technique was used for the detection of internal flaws, 
and it1 some instances radiography and eddy currents 
were also applied. Many of the parts evaluated were 
small (1/4 to 1 in. OD X 1 to 6 in. long), and neither 
eddy currents nor ultrasonic techniques could be 
readily applied because of inadequate three-dimensional 
scanning mechanisms. Eddy-current and ultrasonic scan- 
ners were assembled from portions of 6-in. metal lathes 
and a small jeweler's lathe. Both mechanisms are now 
operable and adequate for developmental work. 

Significantly, some of the cylindrical specimens of 
refractory alloys evaluated contained discontinuities 
oriented both parallel and perpendicular to the cylinder 
axis. Because it is necessary to inspect for transverse 
flaws if the material must be of high quality, we 
modified our tubing tank scanner facility to allow the 
inspection of small-diameter tubing (l /S to 1 in. OD) 
for transverse oriented flaws. This redesigned facility 
allows a much quicker, simple mechanical adjustment 
for various tubing sizes for both longitudinal and 
transverse inspections. 

A large portion of our work was devoted to the 
preparation of appropriate reference standards by elec- 
tric discharge machining and subsequent evaluation of 
materials under study. Additlonal work of this type is 
discussed in Part 111, Chapter 23 of this report. 

. . . . . . . 



16. Tungsten Metallurgy 

W. 0. Harms 

Iungsten is of interest for advanced reactor systems 
employing ultrahigh-temperature liquid-metal-cooled 
circuits, thermionic conversion, and the Brayton Cycle. 
This inteiest stems from the fact that tungsten has a 
number of attractive properties including high melting 
point, good high-temperature strength, high thermal 
and electrical conductivities, high thermionic emission, 
and coinpatibility with many fuel materials and cool- 
ants. The goal of this program is to develop economical 
methods for producing high-quality tungsten and tung- 
sten alloy tubing having good high-temperature creep 
resistance, microstructural stability, low-temperature 
ductility, and weldability. The propam encompasses 
two areas of tubing fabrication ~ one by modification 
of conventional techniques based on extrusion, tube 
reducing, and warm drawing, and the other by direct 
chemical vapor deposition (CVD) through the hydrogen 
reduction of heavy-metal halides ~ and a complete 
physical-metallurgical evaluation of both. The materials 
being investigated include imalloyed tungsten, tung- 
sten-rhenium alloys, other solid-solution-strengthened 
alloys, and dispersion- and precipitation-hardened al- 
loys. All materials are consolidated by arc-casting, 
powdermetallurgy , or CVD techniques. More basic 
studies designed to elucidate the mechanisms control- 
ling the metallurgical and mechanical behavior of 
tungsten and the role of selected alloying elements are 
included. 

Percentage cornpositions given in this chapter are 
atomic percentages, as is customary for the tungsten 
alloys covered. 

EXTRUSION AND D3AWING OF TUNGSTEN 
,\ND TUNGSTEN h’rd.&OYS 

W. R. Martin 

Ihe metalworking program on tungsten has as its 
objective the development of new or improved bech- 
nique? for the fabiication of tungstcn products with 
improved properties aild quality. The fabrication of 

tubing by floating-mandrel extrusion’ 
drawing is emphasized. 

and hot-plug 

Extrusion Development 

K. E. McConald C. W. Dean 

Continuing our investigation of tungsten and tungsten 
alloy extrusions,’ we extruded 36 billets in the past 
year as primary and duplex extrusions in the form of 
tube shells, round bar, and sheet bar. Extrusion 
temperatures ranged between 1650 and 1870°C and 
extrusion ratios varied from 3.6 for primary extrusions 
to  9.6 for duplex tube-shell extrusi.ons. Primary exiru- 
sion temperatures were dropped from 2200 to 1870°C 
in an effort to  improve the surface condition of the 
extruded products. Modification of the die design 
increased the life of the % r 0 2  -coated dies. 

Billets of arc-cast unalloyed hi-igsten, W---25% Re, 
W-26”/0 Re, W---Sc/, Re, and W--30% Re-30% M s  were 
extruded as round bars and then swaged to small- 
diameter rod for mechanical properly specimens. Asc- 
cast unalloyed tungsten and W ---25”/0 Re sheet bar was 
rolled to  0.060-in.-thick sheet for mechanical property 
specimens. 

TWO 4-in.-diam arc-cast tungsten billets were extruded 
at 1750°C to  produce nominal 2-in.-OD X 1/44n.-~idl  
lube shells for vented 1-kw curiiim isotope test cap- 
sules. Two 6-in.-diam arc-cast tungsten billets were 
extruded at 1850°C to  produce nominal 3-in.-diarn X 
1 /4-in.-wall pipe for unvented 1-kw curium isotope 
capsules. ‘The 6411. billets required extrusion tooling and 
pressures that exceeded t i l e  capability of our press and 
were extruded at the Fansteel Metals Center, Baltimore, 
under our supervision. 

We analyzed the extrusion of tungsten and tungsten 
alloys in terms of extrusion conditions and properties 
of the extruded product. Large reductions can be made 

........ ~ - 

‘R. E. McDondd and G .  A. Rcinmnn, Floating-Mandrel 
Extrusion of Tungsten and Tiirrcngsi’cn-.4lkoy Tubing, OKNL-4210 
(February 1968). 
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,-UPPER T E M P E R A T U R E  LIMIT ASSOCIATED W I T H  
M E C H A N I C A L  PROPERTIES OF TOOLING A N D  
I N T E R A C T I O N  B E T W E E N  TOOLING COMPONENTS 
AND B I L L E l  

L IMITATIONS B A S E D  ON L O A D - B E A R I N G  
CAPACITY OF PRESS ( I M P R O V E M E N T  I N  
PRESS E F F I C I E N C Y  A N D  R E D U C T I O N  OF 
FRICTION MOVE CURVE TO R I G H T )  

ON 
IN 

DEGREE OF 
E X T R U D E D  

REDUCTION R A T I O  

Fig. 16.1. Schematic Representation for Selection of Extrusion Conditions in Terms of Properties of Final Product and 
Capability of the Extrusion Press 

at temperatures that are restricted only by the chemical 
reactions between tooling and billet. Since the proper- 
ties of the extruded product vary significantly with 
metallurgical structure, a second limitation needs to be 
imposed concerning the properties of the extruded part. 
To optimize the properties of tungsten for use nt 
temperatures below the recrystalluation temperature, a 
wrought structure is preferred over a recrys talked 
structure. Thus For a given reduction, an upper limit to 
the extrusion temperature is needed to prevent recrys- 
tallization. Absolute extrusion conditions for opti- 
mizing the properties of a tungsten extrusion vary with 
alloy composition and procedural details, such as 
transfer time from the billet furnace and extrusion 
speed. In general, the optimum extrusion range will be 
as shown in the double-crosshatched region in Fig. 16. I .  
Restriction of the extrusion conditions to this range 
should assisl subsequent operations, such as the ma- 
chining of components From extrusion billets and the 
cold- or warm-drawing of tubes and rods. 

Hot-Plug Drawing Development 

G .  A. Reinlann 

Development of plug drawing techniques for reducing 
primary and duplex-extruded tungsten alloy tubes has 
continued. The drawbench modifications deemed nec- 
essary for this investigation were completed and include 
(1)  a heated die head to maintain dies at 450"C, (2)  a 
furnace to heat tube shells to  1000°C or higher, (3 )  a 
long-stroke mandrel advance and retraction system, and 
(4) a variable-volume pump to control drawing speed. 
The modified drawbench is shown in Fig. 16.2, and a 
close-up of the heated die head with the zirconia-insert 
die is shown in Fig. 16.3. 

While feasibility of hot drawing had been demon- 
strated previously2 at 70Q°C, the limitations of the 
process had not been established. In the past year, 
__I_- 

'G. A. Keimann, Metals and Ceramics Div. Ann. Bog. Rept. 
June30,1967,OKNL4170, p. 81. 
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lubricants at elevated temperatures. Glass lubricants 
were not effective because the oxide film formed on the 
tungsten tubes prevented satisfactory adherence of the 
glass coating; in addition, for thin-walled tubing in- 
sufficient heat was retained between the cooler die and 
plug t o  maintain glass fluidity, so the die, tube, and 
plug became cemented together by the solidifying glass. 
For drawing temperatures above 1000°C, the petro- 
leum-base lubricant gave the best results. 

The steel-cased vitrified zirconia dies (Fig. 16.3) have 
performed very well and appear to be well suited for 
this application. Numerous drawing plugs with zirconia 
shells have failed, and additional development work is 

Mo tubing was successfully reduced 30% in three passes 
at 1050'C. No intermediate anneals were required in 

I needed in this area. 
Unalloyed tungsten bar stock was successfully re- 

duced 25% per pass at 1200°C and W-30% Re-30% 

either case. 
Fig. 16.2. Hydraulic Drawbench, Modified for Elevated-Tem- 

perature Plug Drawing of Refractory Metals. 

CHEMICAL VAPOR DEPOSITION 

W. R. Martin 

By chemical vapor deposition (CVD), we are pro- 
ducing tungsten and tungsten alloys in shapes and with 
properties not obtainable by conventional metalwork- 
ing processes. Our effort has been concentrated in three 
areas: (1 )  optimizing the deposition process with 
respect to deposition parameters and developing a 
theoretical approach to  predict the variations, ( 2 )  
examining the effect of deposition conditions on the 
orientation of tungsten and molybdenum, and ( 3 )  
continuing our study on the conditions controlling the 
uniformity of composition and properties in deposits of 
tungsten-rhenium alloys. 

Fig. 16.3. Close-up of Heated Die Head and Zirconia-Insert 
Die. 

temperature, lubricants, tooling, and other drawing 
conditions were investigated. 

?'he gas-fired muffle furnaces operated very effec- 
tively in the range 1000 to 1300°C but were not 
satisfactory at lower temperatures, principally because 
of nonuniform heating by the gas ports. A resistance 
furnace probably will be required for the lower tem- 
peratures. 

A number of glass compounds and Fiske 604, a 
petroleum-base hot-die lubricant, were investigated as 

Statistical Analysis of Tungsten Deposition 

W. C .  Robinson, Jr. 

The purpose of this study was to (1) optimize the 
tungsten deposition process in a chosen system with 
respect to total deposition, deposition efficiency, and 
thickness uniformity; (2) develop a method for accurate 
specification of engineering response variables from 
first principles; and (3) identify the principal variables 
that control the formation of nodular growths. We de- 
veloped an experimental design that allowed the re- 
sponse variables to be represented by a third-degree 
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polynomial in the independent experimental  variable^.^ 
It required 81 experiments. The results showed that the 
CVD process is sufficiently reproducible to be fitted by 
a mathematical model. A complete series of curves 
showing the effect of deposition parameters on the 
response variables was generated for our experimental 
range and enabled optimization of the deposition 
parameters in this range. 

An equation based on gas-phase diffusion and reac- 
tion kinetics theory was derived and was found to fit 
the data better than the statistically derived third- 
degree p~ lynomia l .~  This equation involves three con- 
stants, all of which represent combinations of physical 
parameters of the reacting components. If the values of 
these basic parameters were measured independently, 
one could calculate the deposition characteristics of a 
system directly from our equation. 

Nodular growths occurred in 25 of the 81 deposits. 
Correlation of the experimental parameters at the point 
of origin of nodules in these deposits did not identify a 
unique parameter responsible for nodule formation. We 
then calculated the surface concentration of the gas 
phase at all points where nodule deposition began. In 
24 of the 25 runs, nodules developed when the mole 
fraction of WF6 at the surface dropped below 0.009. 
Since temperature, pressure, and hydrogen and hydro- 
gen fluoride concentrations were widely scattered for 
all runs, both with and without nodules, it became 
apparent that WF6 surface concentration was the 
controlling factor in deposit morphology. With this 
information we have been able to  predict and explain 
many of the previously unexplained phenomena en- 
countered in CVD systems. 

Effect of Deposition Conditions on the 
Orientation of CVD Tungsten and 

Molybdenum’ 

J .  I .  Federer 
R. M. Steele 

W. C. Robinson 

Tungsten deposited from WF6 typically has a colum- 
nar grain structure with (1 00) planes oriented parallel 
to the substrate. Our purpose was to determine qualita- 
tively from x-ray diffractometer intensities whether 
(1 10)-oriented tungsten and molybdenum, the most 
favorable orientation for thermionic application, can be 
deposited from WF6 and MoF6. 

The principal orientation in tungsten deposited at a 
hydrogen-to-WF6 ratio of 10 in the range 600 to 
1200°C was {loo) parallel to the substrate. However, in 
the range 800 to 1000°C grains with (1lO)and (310) 

planes parallel t o  the substrate appeared with the 
maximum proportion of (1 10)-oriented grains equiva- 
lent to that in randomly oriented tungsten powder. 
Attempts to reproduce this orientation in slightly larger 
samples at hydrogen-to-WF6 ratios of 1.5, 3.0, 10.0, 
and 20.0 at 800 and 1000°C were unsuccessful. Thin 
tungsten layers deposited on (1 10)-oriented molyb- 
denum substrates approached random orientation. An- 
nealing at 1800 and 1900°C did not improve the (110} 
component of the orientation. 

The principal orientation in molybdenum deposited 
at 800 and 1000°C was (100)parallel to the substrate, 
which changed to a very strong (21 1 }orientation on 
annealing at 1800°C. At a deposition temperature of 
1200°C the (100) orientation was very weak, and 
substantial intensities were observed for (1 lo), (21 l) ,  
( l l l},  and (321) planes. Annealing at 1800°C pro- 
duced very strong (100) and {211} orientations. 

Thus, the goal of depositing (1 10)-oriented tungsten 
and molybdenum from WF6 and MoF6 was not 
realized. However, tungsten deposits approaching a 
random orientation have resulted from certain deposi- 
tion conditions and substrates, suggesting that the 
(1 10)  orientation can be produced under certain 
conditions. 

Deposition of Tungsten-Rhenium Alloys 

J .  I. Federer 

Tungsten-rhenium alloy tubing and sheet for metal- 
lurgical and mechanical property evaluation are being 
deposited by the hydrogen reduction of WF6 and 
ReF, . Basic requirements for the deposits are uniform- 
ity of composition and a coherent grain structure. 

The technique of delivering the WF6 -ReF6 mixture 
directly by means of an injector into the hot zone of a 

3W. C. Robinson, F. H. Patterson, J. D. Fleming, and C. W. 
Gorton, “Chemical Vapor Deposition Statistical Parametric 
Study,” pp. 109-25 in Proceedings of  the Conference on 
Chemical Vapor Deposition of Refractory Metals, Alloys, and 
Compounds, September 12-14, 1967, ed. by A. C. Schaff- 
hauser, American Nuclear Society, Hinsdale, Illinois, 1967. 

4F. H. Patterson, W. C. Robinson, and T. L. Hebble, The 
Statistical Design and Analysis of Vapor Deposition Experi- 
ments, ORNL-TM-2066 (December 1967). 

’This section is summarized largely from J.  I. Federer, W. C. 
Robinson, and R. M. Steele, “Effect of Deposition Conditions 
on the Orientation of Chemical Vapor-Deposited Tungsten and 
Molybdenum,” pp. 287-95 in 1967 IEEE Conference Record 
o f  the Thermionic Conversion Specialist Conference, October 
30-November 1, 1967, Palo Alto, California, Institute of 
Electrical and Electronic Engineers, New York, 1968. 
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heated mandrel6 was discontinued. Although uniform- 
ity of composition in both the axial and thickness 
direction was obtained, the deposits had a noncoherent 
or nodular grain structure when the thckness exceeded 
about 0.02 in. Nodules formed in deposits containing 
nominally 1, 5, 7, and 25% Re prepared with hydro- 
gen-to-(W6 + ReF6) ratios ranging from 10 to 30 and 
temperatures from 650 to 950°C. 

Alloys were successfully deposited on resistance- 
heated mandrels contained within a relatively large 
cold-wall chamber. Rod, tubular, and sheet-type sub- 
strates were used in this apparatus. Deposits containing 
nominally 5 and 25% Re were prepared at a hydrogen- 
to-(WF, + ReF6) ratio of 15, pressures of 5 to  10 torr, 
and temperatures from 600 to 950°C. The results of 
typical experiments are summarized below. 

1. Nominal 5% Re alloys were generally uniform in 
composition along the deposit, and the composition 
was not particularly sensitive to  temperature. Nominal 
25% Re alloys were more uniform in composition when 
deposited at 750°C than at 600 or 950OC. In deposits 
that were uniform in composition the WF6-to-ReF6 
ratio apparently remained constant along the deposition 
surface. 

2 .  The surfaces of all nominal 5% Re alloys made 
were smooth; thicknesses ranged up t o  0.075 in. 
Surfaces of nominal 25% Re alloys were smooth for 
thicknesses of about 0.025 in. or less and rough for 
greater thicknesses. 

3. The thickness of the deposits gradually decreased 
from the gas-inlet end of the apparatus toward the 
outlet end as WFs and ReF, became depleted. Revers- 
ing the direction of gas flow at regular intervals 
improved thickness uniformity. 
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By use of the external coating method 5/8 to 1- 
1/24n.-wide X 18-in.-long sheets of nominal 5 and 25% 
Re alloys were deposited. These were uniform in both 
composition and thickness within about 25% of the 
average values for thicknesses up to  about 0.025 in. As 
the thickness increased, heat loss to the water-cooled 
electrodes resulted in rhenium-rich deposits on the 
cooler ends of the substrates and maximum thickness at 
the center. 

EFFECT OF GAS BUBBLES ON 
RECRYSTALLIZATION AND GRAIN 

GROWTH IN CVD TUNGSTEN7 

A. C. Schaffhauser K. Farrell 

We are studying the properties of wrought CVD 
tungsten since the CVD process offers advantages, 
particularly in the production of thin-wall tubing, in 
supplying feed material for secondary working opera- 
tions. We determined the deformation characteristics, 
recrystallization temperature, and ductile-to-brittle 
transition temperature (DBTT) of CVD tungsten sheet 
containing 25 ppm F rolled at temperatures between 
400 and 1000°C to reductions of 40 to 95%. Previously 
we showed that fluorine impurities and the associated 
gas-bubble formation and growth that occurs on anneal- 
ing have a large effect on the properties of undeformed 
CVD tungsten.' The present studies showed that the 

6J. I. Federer and W. R. Martin, Metals and Ceramics Div. 
Ann. Progr. Rept. June 30, 1967, ORNL-4170, pp. 84-85. 

'Abstracted from a paper presented at the 97th AIME Annual 
Meeting, New York, February 25-29, 1968. 

'A. C. Schaffhauser and R. L. Heestand, Metals and Ceramics 
Div. Ann. Progr. Rept. June 30, 1967, ORNL-4170, pp. 88-89. 
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Fig. 16.4. Effect of Annealing Temperature on the Hardness of &Deposited and Reannealed CVD Tungsten Sheet Rolled 80% 
at 1000"~. 
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properties of wrought CVD tungsten are also affected 
by gas bubbles. 

The colunmar grain structure of CVD tungsten was 
completely destroyed and a fine cellular substructure 
developed for reductions of 80% by rolling above 
500°C. These samples did not recrystallize in 1 hr 
below 1800°C and recrystallized completely only after 
annealing above 2100"C, which is significantly Iiigher 
than the 1100 to 1400°C recrystallization temperatures 
for conventionally produced tungsten. A fine distnlw- 
tion of gas bubbles smaller than 400 A in diameter was 
observed in the substructure of samples annealed 
between 1400 and 1800°C. Adhtional samples, pre- 
annealed at 1800 and 2500°C to precipitate larger 
bubbles before rolling, recrystallized at much lower 
temperatures, as seen from the hardness data presented 
in Fig. 16.4. These data show that the gas bubbles 
smaller than 400 A in diameter, unprecipitated fluorine 
impurity clusters, or both are responsible for retarding 
recrystallization in this material. 

At annealing temperatures above 1 80O"C, gas bubbles 
cover a large fraction of the grain-boundary area and 
inhibit grain growth after recrystallization. The retarded 
recrystallization and limited grain growth in the rolled 
CVD tungsten results in a lower DBTT than that of 
high-purity, conventionally produced tungsten sheet 
annealed above 1400°C. 

CREEP-RWTURE PROPERTIES OF WROUGHT 
TUNGSTEN ALLOYS 

K. L. Stephenson 

Our objective is to evaluate the creep-rupture proper- 
ties of tungsten alloys from 1650 to 2 2 0 0 " ~  for times 
extending to 1000 hr. The test specimens are machined 
horn products derived from powder, arc-melting, and 
CVD consolidation processes. Wrought arc-cast tung- 
sten, W-5% Re, W-26%1 Re, and W--25% Ke-30% Mo 
in the forin of l/.l-in.-diarn rod have been emphasized. 

The stress-rupture data generated at 1650 and 2200°C 
are shown in Fig. 16.5 along with data for W-25% Re, 
produced by the same process' but in sheet form and 
annealed at 1760°C. The trend of the data at  1650°C 
indicates W-5% Re to be the strongest alloy, followed 
by W-25$ Re, tungsten, and W-25% Re-30% Mo. 
The strength advantage of the binary alloys is reduced 

9R. R.  Lowery and G .  Asai, An Evaluation of W--25 Re 
Produced by Both Arc=Melting and Powder MetaIlurRy, USBM- 
RC-1274 (Feb. 19,1968). 
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at the lower stresses and longer rupture lives. At 
2200°C the W - 5 %  Re and W-25% Ke alloys are 
equivalent and slightly stronger than tungsten at 1000 
IN. The W-25% Re and W--26% Re alloys are equrva- 
lent at both temperatures, in spite of the fact that they 
represent different product forms and heat treatments. 

Creep rates were observed to follow the same trend in 
relative strengths as the rupture data. 

TUNGSTEN WELDING DEVELOPMENT 

N. C. Cole G. M. Slaughter 

We are studying the effects of welding on the 
properties of tungsten and tungsten-rhenium alloys 
produced by powder metallurgy, arc casting, and 
chemical vapor deposition (CVD). 

We have found that a minimum workpiece preheat of 
150°C is necessary to consistently produce welds free 
from cracking in 1/16-in.-thick tungsten sheet. Higher 
preheats did not appear to be beneficial: however, 
configurations involving more severe stress concentra- 
tions or more rnassive parts may require higher tempera- 
tures. 

The large grain size of welds and the recrystallized 
heat-affected zone in tungsten and its alloys are largely 
responsible for the increase in ductile-to-brittle transi- 
tion temperature (DB'TT) observed after welding. The 
DBTT values for welds in typical powder metallurgy 
unalloyed tungsten arid CE-15, a proprietary powder 
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I -- 
Fig. 16.6. Tungsten-Arc Weld in a Typical Wrought Powder-Metallurgy Tungsten Product. Gross porosity is evident, particularly 

along the fusion line. Etchant: H ~ O Z - N H ~ O H .  

metallurgy product,” were 325 and 38SoC, respec- 
tively, compared to a DBTT of 150°C for both types of 
material in the unwelded condition. 

The quality of a weldment depends to a great extent 
upon the method used in consolidating the base matals. 
Welds in arc-cast and electron-beam-melted base metals 
are essentially free from porosity; however, welds in 
powder-metallurgy tungsten are characterized by gross 
porosity, particularly along the fusion line (Fig. 16.6). 
The amount of this porosity is considerably reduced in 
welds in the GE-15 alloy. 

The unusual as-deposited microstructure of CVD 
tungsten causes an unusual weld heat-affected zone. 
The base metal is composed primarily of large columnar 
grains with a fine-grained substrate surface. During 
welding, the fine grains in the heat-affected zone grow, 
but the large columnar grains do not. Consequently, if 
the fine-grained substrate surface is removed before 
welding, the weldment does not contain a metallo- 

‘Powder metallurgy tungsten produced by General Electric 
Co., Cleveland. 

graphically detectable heat-affected zone. In worked 
CVD material (such as extruded and drawn tubing) the 
weld heataffected zone exhibits the normal recrystal- 
lized grain structure. 

The amount of residual fluorine in CVD tungsten has 
a great effect on its weldability. A fluorine content 
greater than 20 ppm is sufficient to cause cracking in 
the heat-affected zone. This cracking, as seen in Fig. 
16.7, is caused” by rapid bubble formation and 
growth in the grain boundaries as the temperature 
exceeds 2500°C. At the high temperatures involved in 
welding, the bubbles are able to consume much of the 
grain boundary area; this effect, combined with the 
stress produced during cooling, causes the grain bound- 
aries to  pull apart, forming a crack. 

“K. Farrell, J .  T. Houston, and A. C. Schaffhauser, ‘The 
Growth of Grain Boundary Gas Bubbles in Chemically Vapor 
Deposited Tungsten,” pp. 363-90 in Proceedings of the 
Conference on Chemical Vapor Deposition of Refractory 
Metals, Alloys, and Compounds, Gatlinburg, Tennessee, S e p  
temper 12-14, 1967, ed. by A. C. Schaffhauser, American 
Nuclear Society, Hinsdale, Illinois, 1967. 
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Previously, the tungsten-arc welding of a simulated 
tungsten loop with W-26% Re filler wire was de- 
scribed.' Further studies showed that sigma phase was 
present in certain areas of the weld metal. Although 
popular belief is that the use of W-26% Re filler metal 
avoids sigma formation during fabrication and use, 
microsegregation during solidification may produce 
localized areas having a high propensity toward its 
formation. 

We have not successfully reproduced this condition in 
subsequent bead-on-plate studies. Weld metal of 
W-26% Re deposited on unalloyed tungsten sheet has 
not revealed any sigma phase. Hardness traverses do 
show that as-deposited weld metal is harder than the 
unalloyed tungsten base metal, but upon aging at 900, 
1200, 1600, and 2000°C for up to 1000 hr, the 
hardness decreases as the aging time and temperature 
increase. In fact, after aging for 1000 hr at 1200"C, the 
hardness of the weld metal reaches that of the base 
metal. 

1 2  N. C. Cole and G. M. Slaughter, Metals and Ceramics Div. 
Ann. Prop Rept. June 30,1967, ORNL4170 pp. 90-92. 

Fig. 16.7. Cracking and Bubble Formation in Chemical Vapor 
Deposited Tungsten at Three Magnifications. Etchant: H2O2- 
NH40H. 



17. Alkali-Metal Corrosion of High-Temperature Materials 

J.  H. DeVan A. P. Litman 
W. 0. Harms 

Auxiliary electrical or ion-propulsion requirements 
for space vehicles necessitate power plants of high 
efficiency that will operate at high temperatures. 
Nuclear power systems have been proposed for these 
applications in which alkali metals are used to  transfer 
heat, drive a turbogenerator, and lubricate rotating 
components.‘ Accordingly, we are studying the cor- 
rosion properties of candidate alkali metals, primarily 
lithium and potassium, under conditions of interest for 
space applications. Because of the relatively high 
temperatures (>1 OOO”C), the studies are largely con- 
cerned with refractory-metal container materials. 

COMPATIBILITY OF BOILING POTASSIUM WITH 
REFRACTORY ALLOYS 

J.  R. DiStefano D. H. Jansen 
B. Fleischer 

A program to investigate the compatibility of refrac- 
tory metals with boiling alkali metals has been in 
progress using refluxing capsules, natural-circulation 
loops, and forced-circulation loops.2 Tests are being 
conducted at 1100 to  1400°C with durations ranging 
from 100 to  5000 hr. Materials under investigation 
include alloys based on Nb, Ta, Mo, and W. 

The investigation of corrosion under boiling con- 
ditions has involved refluxing capsules and both natural- 
and forced-circulation loops. Most tests incorporate 
insert specimens t o  provide quantitative data on the 
rate of dissolutive attack. Engineering-scale forced- 
circulation loops also provide data on the corrosion- 
erosion resistance of potential nozzle and turbine-blade 
materials. 

‘W.  0. Harms and A. P. Litman, “Compatibility of Mate- 
rials for Advanced Space Nuclear Power Systems,” paper 
67-WA/AV-1 presented at the meeting of the American Society 
of  Mechanical Engineers, F’ittsburg, Pa., November 1967, and 
accepted for publication in Nuclear Applications. 

’ 5 .  R. DiStefano, D. H. Jansen, and B. Fieischer, Metals and 
Ceramics Div. Ann. Progr. Rept. June 30, 1967, ORNL4170, 
pp. 93-94. 

Table 17.1 summarizes the conditions and results of 
tests conducted during the past year. These tests have 
effectively completed the original objectives set for our 
potassium program and have brought the cumulative 
operating time for refractory-metal-boiling-potassium 
systems to over 100,000 hr. Potassium studies for the 
coming year will be limited to the completion of tests 
on tungsten- and molybdenum-base alloys. 

Capsule Test Examinations 

Capsule tests now in progress or recently completed 
are summarized in Table 17.1. Experiments with 
unalloyed niobium have shown an interesting contrast 
to  our earlier capsule studies with niobium alloys. As 
discussed previously,’ 73 the alloys of niobium, which as 
a class contain a minimum of 1% Zr, were resistant to 
attack in boiling potassium at temperatures up to  
1300°C for times as long as 5000 hr. Unalloyed 
niobium, on the other hand, exhibited heavy attack in 
refluxing potassium initially containing less than 10 
ppm 0 and was virtually destroyed in potassium to 
which 300 ppm 0 was added. As seen in Table 17.1, a 
similar oxygen addition had very little effect on Nb-1% 
Zr under comparable test conditions. 

Unalloyed tungsten, like niobium, showed extensive 
attack in a 5000-hr refluxing capsule test at 130OOC. 
The test used tungsten with two different fabrication 
histories - insert specimens had been made by the 
chemical vapor deposition (CVD) process and the 
capsule by extrusion of powder-metallurgically pro- 
duced material. Corrosion effects in this capsule were 
identified more with mass transfer occurring between 
the CVD and extruded material than with any concen- 
tration gradient that may have existed between con- 
denser and boiler regions. Likewise, in an arc-cast 

3 J .  H. DeVan, A. P. Litman, J .  R .  DiStefano, and C. E. 
Sessions, “Lithium and potassium corrosion studies with refrac- 
tory metals,” pp. 675-95 in AlkaliMetal Coolants (Proceedings 
of a Symposium, Vienna, 28 November-2 December, 1966) 
International Atomic Energy Agency, Vienna, 1967. 

76 
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Table 17.1. Summary of BoilingPotassium-RefxactoEy-Auoy Compatibility Tests 
--- 

Temperature ‘lest Condensing Weight 
03 Duration Rate Change 

Boiler condenser (W (g d n - ’  c m - 5  (mg/cm2) 

Materiala 
--I.̂ I__ 

Insert Container ~-- - - - I_  

Results 

W b  w 131 5 

NbC Nb 
Nb Nb 
Nb-1‘3, Z f  Nb- 1% Zr 1230 
e W - 2 W  Re 
e W---25% Re 1250 

Nb I%Zr Nb--l% Zr 1215 
Nbb Nb 

TZM ‘ E M  1240 

TZM Nb-lZZr 1200 

D-43 D-43 1300 

Refluxing Capsules 

1240 5000 0.33 -- 93 to 4-188 Mass transfer between CVD 

1200 
1210 
1210 
1180 
1210 

1200 
1200 

1160 

450 

SO00 0.32 d 
5000 0.40 d 
SO00 0.38 -3 to f l  
SO00 0.30 
5000 0.33 

950 0.28 
1200 0.30 

Natural-Circulation b o p  

f 0.29 

ForcedCicutatim b p s  

3000 165 g/min 

840 10,000 28Og//min 

inserts and powder metallurgically 
produced capsule 

Very heavy attack 
Heavy attack 
No evidences of attack 
Examimation in progress 
Mass transfer deposit near top 

of vapor zone 
Test in progress 
‘Test in progress 

Test in progress 

Nozzle-blade specimens showed 
negligible attack; mass transfer 
of loop components Limited to 
zirconium migration from boiler 
to mpor and condenser regions 

Examination in progress 
- -- __ --._I_ 

aCompositions of alloys identified here and in the text of this chapter by commercial names are listed in Table 15.1. 
bChernically vapor deposited material. 
CPotassiurn contained approximately 300 ppm 0 before test. 
dlnsert specimens bonded to capsule. 
“No insert specimens available. 
f h o p  has completed 4000 hr of a scheduled 5000-hr test. 

W-25%~ Re capsule (Table 17.1) we observed a heavy 
mass transfee deposit in the condenser region of the 
capsule, a mass transport effect opposite to that 
expected from concentration gradient considerations. 
We suspect that impurities, possibly halogens, may have 
given rise to gas transport effects that dominated the 
usual concentratiori gradient effects in these capsules. 

Forced-Circulation Loop Studies 

Metallurgical analysis of the Nb-1% Zr alloy loop 
FCL-6 containing a TZM nozzle-blade test section was 
completed (Table 17.1) and a summary report i s  being 
written. The examinatioris revealed excellent com- 
patibility of potassium with Nb-1% Zr and TZM alloys 
under engineering conditions. Mass transfer and erosion 
were minimal. The only visual evidence of mass transfer 
deposits was noted in the nozzle and blade test section 
and in the boiler nucleation rings. The deposits in 

the test section were inostly ZrO2 and chromium, the 
chronlium apparently corning from the stainless steel 
purnp cell, which operated with inlet and outlet 
temperatures of 400 and 54OoC, respectively. Zirco- 
nium nligrated from the upper region of the boiler to all 
other parts of the system. Except for the zirconium-rich 
deposits in the test section, zirconium injgration could 
be detected only by direct electron-beam microprobe 
aualysis of the piping surfaces. 

A pumped loop (FCL-8) of similar design, fabricated 
of D-43 alloy and containing D-43 nozzle-blade spec- 
imens, completed 10,000 hr of operation at design 
conditions (Table 17.1). The loop, operated by Reactor 
Division personnel, was shut down in June 196% after 
having been on line 96%~ of the time since startup in 
March 1967. The down time was mostly associated with 
electrical and instrument problems external to the 
vacuum chamber. Examnation of this loop i s  in 
progress. 
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CORROSION OF REFRACTORY iauaYs 
BY LITHIUM 

C, E. Sessions J. 1-1. DeVan 
B. Fleischer 

Interest in lithium stems from the attractive prop- 
erties of this metal as a heat-transfer fluid in high-per- 
formance nuclear reactor systerns. Refractory alloys 
based on Nb, Ta, W, and Mo have demonstrated low 
solubilities in lithium, and, by virtue of their superior 
high-temperature strength, appear ideally suited as 
container materials. Accordingly, we are investigating 
the detailed corrosion behavior of refractory metals in 
lithium from the standpoint of mass transfer resistance 
and the effects of oxygen on grain-boundary penetra- 
tion. 

Thermal-Convection Loop Tests 

The thermal-convection loop affords a convenient 
means for studying mass transfer properties of liquid 
metals moving through a temperature gradient. Our 
current program makes use of the thermal-convection 
approach for the following purposes: (1) to compare 
the corrosion resistance of niobium, tantalum, and 
tungsten alloys in flowing nonisothermal lithium and 
(2) to measure in the niobium and tantalum systems the 
magnitude and the time dependence of corrosion 
reactions, which are controlled by solid-state diffusion 
processes. 

In tests of the niobium-base alloys D-43, Nb-1% Zr, 
and FS-85 in circulating lithium, we have observed the 
following mass transfer  effect^:^ 
1. The alloy constituents zirconiuirl and nitrogen are 

preferentially transferred from hotter to cooler sur- 
faces in loop tests operated at maximum tempera- 
tures of 1200 and 1300°C. 

2.  Zirconium concentration gradients measured below 
the surfaces of hot-leg specimens indicate that 
zirconium depletion is controlled by a solid-state 
diffusion process. The gradients are of the same 
form as those computed under the assuinption 
that zirconium surface concentrations remain fmed 
throughout the test. 

3. Mass transfer of niobium is insignificant at 1200°C 
but accounts for a large fraction of insert weight 

4C. E. Session? and J .  11. DeVan, “Thermal Convection Loop 
Tests o f  Refrxtoiy Alloys in Lithium,’’ p p .  326--31 in 1967 
IEEE Conference Record of ihe Therrnionic Conversion Special- 
ist Conference. October 30-November 1, 1967, Pa10 Alto, 
California, Institute of Uectrical and Electronic Engineers, New 

changes in loops operated at 1300°C. The higher 
rate of niobium transfer at 1300OC is also mani- 
fested by the appearance of niobium deposits at the 
heater entrance. 

4. Mass-transfer profiles in these systems indicate that 
components of the refractory alloy enter and leave 
the lithium at commensurate rates. The solute con- 
centrations in the lithium change very little from 
point to point around the loops, so that the cor- 
rosion rate is the same for any given temperature 
independent of location and direction of heat flux. 

The corrosion properties of these niobium-base alloys 
are now being compared with those of tantalum alloys 
containing tungsten and hafnium. The first such test, 
that of the alloy T-222, is being examined after 
operating 3000 hr at 1350°C. Future tests have also 
been programmed to evaluate tungsten-base alloys. 

Forced-Circulation Loop Studies 

The mechanical, piping, electrical, and instrument 
design of the advanced forced-circulation liquid lithium 
loop (FCLLL-1) was completed. For economic reasons 
we adopted a test-bed-loop approach so that we can 
study the compatibility of several refractory alloys in 
lithium at 20 ft/sec. A simplified schematic of the basic 
loop system is shown in Fig. 1’7.1 and a general 
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description of the forced-circulation lithium loop pro- 
gram is presented in Table 17.2. Future loops, FCLLL-2 
and -3, will be operated in the same test stand with the 
heater and economizer sections of FCLLL-I replaced. 
Approximately 100 specimens have been fabricated 
for insertion in the loops to  study changes in weight, 
composition, and mechanical properties. All supporting 
equipment for FCLLL-1 has been procured and fabri- 
cated. 

Techniques were developed for making butt and 
nozzle-type welds, Nb-1% Zr to  T-I11 welds, and field 
welds. As-welded field-type joints have been exposed to 
lithium in capsule tests and show no evidence of 

Table 17.2. Test Conditions and Materials 
for Forced-Circulation Lithium Loops 
with Maximum Velocity of 20 ft/sec 

Loop 

FCLLL-1 1370 T-1 1 1 T-111 
FCLLL-2 1370 T-1 1 1 Tungsten 

1540 Tungsten Tungsten 
alloys 

alloy alloys 
FCLLL-3 

=Minimum: 120S0C. 
k o l d  leg: T-111. 

PHOTO 92965 
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corrosion damage. High-purity zirconium foil has been 
procured for hot-trap purification of lithium. 

A T-111 pump cell for the helical induction pump 
was successfully fabricated and tested to  815°C in 
potassium to verify its structural integrity and establish 
its performance characteristics. A photograph of t h s  
pump cell is included in Fig. 17.2. Measured perfor- 
mance closely matched predicted behavior. Extrapo- 
lation to  1205"C, the operating temperature in lithium, 
indicated a satisfactory flow rate of 5.8 gpm at 450 v 
and 41 psi developed head. All T-111 material for 
FCLLL-I has been procured and about 95% of the parts 
have been fabricated in preparation for welding of 
assemblies. 

CARBON 
6 5 0  

COMPATIBILITY OF NaK WITH TYPE 316 
STAINLESS STEEL AND Nb-1% Zr ALLOY 

IN A HEAT REJECTION SYSTEM5 

A. P. Litman W. J. Leonard 

Evaluation of a SNAP-50-type dissimilar-metal radi- 
ator circuit with a stainless steel-to-refractory alloy 
surface area ratio of 5.5 was completed. The test system 
consisted of a parallel-tube, air-cooled radiator fabri- 

~ 

'Summary of papers presented at the USAEC Corrosion 
Symposium, Columbus, Ohio, May 6-8, 1968, and at the 
American Nuclear Society, Toronto, Ontario, Canada, June 
10-13,1968. 
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Pig. 17.4. Tantalum that Initially Contained 600 ppni 0 After Exposure to Potassium for 500 Irr at 60OOC. Unctclied. 

dissolution of the refractory metal in the alkali metal 
depends upon the concentration of oxygen in the alkali 
metal. Also, the experimentally determined oxygen 
equilibrium distribution coefficient at a given tempera- 
ture (the ratio of the oxygen concentration in the 
refractory metal to that in the alkali metal at equilibri- 
um) is generally much smaller than the theoretically 
calculated value. These observations have generally been 
explained by postulating the formation of a double 
oxide containing atoms of the refractory metal, alkali 
metal, and ~ x y g e n . ~  

As an alternative to the double oxide hypothesis, we 
propose that at equilibrium a liquid ternary solution 
exists in equiuilihrium with the solid and that oxygen 
affects the solubility of the refractory metal by 
decreasing the activity coefficient of the refractory 
metal in the liquid. Under this assumption, the system 
can be characterized in t e r m  of the interaction 

. .. . .... 

’C. ‘Tyzack, “The Behavior of Materials in Liquid Sodium,” p. 
25 1 in Advances in Materinls (Inter-Disciplinary Symposium), 
T h e  Institution of Chemical Engineers, London, 1964. 

parameters developed by Wagner’ for the interaction 
between the refractory metal and the oxygen in the 
potassium. This interaction parameter for the Nb-0°K 
system i s  defined as 

where yNb is the activity coefficient of the niobium 
and No is the atom fraction of the oxygen in the 
potassium. Once e$.’J is determined experimentally, 
solubility data for oxygen in pure potassium can be 
used to empirically represent the activity coefficient of 
oxygen in the ternary solution as a function of the 
niobium concentration of the solution. 

The phase rule has been used to check the hypothesis 
for the Nb-0-K, Nb-0-Na, and Ta-0-Na systems. In all 
cases the solubility of the refractory metal increases 
with the oxygen concentration of the alkali metal. 

‘C. Wagner, Thwmodyrulmics of Alloys, Addison-Wesley, 
Cambridge, Mass., 1952. 



83 

Fig. 17.5. Tantalum that Initially Contained 1300 ppm 0 After Exposure to Potassium for 500 hr at 600°C. Etched in a solution 
of HzO, WNOs, and NH4Hb. 

Furthermore, these tests show that the concentration of 
oxygen in solid solution finally achieved in the refrac- 
tory metal increases regularly with the initial oxygen 
level of the alkali metal. Both observations suggest that 
there are two condensed phases present ad equilibrium 
rather tlian the three phases required by the double 
oxide hypothesis. Also the activity coefficients derived 
by the interaction parameter approach offer a reason- 
able explanation for the distribution coefficient dis- 
crepancy discussed above. 

~ A ~ ~ I ~ ~ O N ~ N G  OF XYGEN BETWEEN 
ZIRCONIUM AND POTASSIUM AND 

BETWEEN ZIRCQMUM ANID SODIUM' 

R. L. Klueh 

We have cotiipleted our investigation of the use of 
zirconium gettering of oxygen in alkali metals as an 
analytical technique for oxygen determination.' This 
investigation required an analysis of the oxygen parti- 

tioning occurring between zirconium and liquid potas- 
sium and sodium. In both systems the partition 
coefficient (the ratio of thc oxygen content in Lirco- 
nium to that in the alkali rnelal) was relatively large 
(>1 04). Accordingly, u d e r  the condLtions employed 
for these studies, essentially all of the oxygen initially 
in the liquid metal was gettered tiy the zirconium. 

Therefore, one is able to determine the oxygen in 
potassium or sodium to very low concentrations si[npIy 
by exposing the liquid nietal lo zirconium and directly 
measuring the amourit of oxygen gettered. To test the 
technique we conducted recovery experiments at 800°C 
in which known oxygen additions w e l e  ~tiade to 
potassiutn atid $odium, which were then exposed to 
iircoturmi tabs in molybdenum containers. Recoveries 
of 90'6 or greater were obtained for oxygen concen- 
trations (in potassium or sodium) in the range of 100 to 
1000 ppm. 

*Abstracted from topical report in prepamtion. 
12A. P. Iitman and J .  W. Pmdos, Efectrocham. T~chml .  3, 

228 -33 (1965) .  
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DE1'ERMINATION OF OXYGEN 
IN ALKALI METALS 

J. 1-I. DeVan J. E. Strain' 

The fast-neutron activation facility described pie- 
viously' 411 s has been used routinely during the past 
year for the determination of oxygen in alkali and 
refractory metals. A unique feature of this facility is 
that the alkali metal is protected by an inert atmo- 
sphere rather than by the usual encapsulation pro- 
cedure, so the oxygen background associated with the 
specimen holdcr is greatly reduced. Thus we have suc- 
cessfully determined oxygen in both lithium and potas- 
sium at levels of less than 20 ppm. Sodium has not yet 

__ ...... ~..___ ...... 

3Analytical Chemistry Division. 
I 4 A .  P. Litrnan and J .  E .  Strain,  Metals and Ceramics Diu, 

' J. E. Strain and J. 11. DeVan, Metals and Ceramics Div. 
Ann. Pvogr. Xept .  June 30, 1966, ORNL-3970, p p .  8 2  -43 .  

Ann. Prop. Rept. Jutre 30, 1967, ORNL4170. p. 96. 

been analyzed for oxygen because of the high-energy 
beta radiation associated with 2 0 F ,  a product of fast- 
neutron reaction with sodium IIowever, we arc pres- 
ently evaluating different beta discrimination tech- 
niques that we believe will make this analysis feasible. 

This system i s  alco being wed to measure the oxygen 
levels in our refractory metal corrosiori specimens 
before and after exposure. This technique makes 
possible the nondestructive analysis of our whole test 
specimen (1 X 1/2 X 0.040 in.). The specimcn is 
transported to and from the neutron generator in a 
polyethylene holder and under an argon atmosphere. 
Because the analysis is nondestructive, the same speci- 
men can be analyzed before and after testing. Oxygen 
has been determined in the range of 27 to 2700 ppm in 
specimens of V, Nb, l'a, and Nb-Zr alloys, and the 
results show reasonable agreement with vacuuin fusion 
analyses on the samc specimens. A series of refractory- 
metal oxygen standards is being prepared by oxidizing 
tantalum and niobium test coupons to known oxygen 
levels and performing repetitive analyses. 



18. Nitride Fuels Development 

J. L. Scott 

Uranium mononitride is attractive for space reactors 
because of its hgh density, high thermal conductivity, 
and excellent high-temperature stability. These features 
permit i t s  operation at higher heat ratings and specific 
power than the more standard UOz. The excellent 
properties of UN suggest that mixed (U,Pu)N will be 
attractive as fuel for liquid-metal-cooled fast breeder 
reactor (LMFBR) systems. To be sure, the fast-neutron 
capture cross section of nitrogen is somewhat higher 
than that of oxygen or carbon. This disadvantage, 
however, is offset by the hgher specific power possible 
with the nitride fuels, which, in turn, enables shorter 
doubling times despite reduced breeding gains. 

Our program involves fuel fabrication, determination 
of physical and thermodynamic properties, compati- 
bility studies, and irradiation studies. Part of the 
program is directed toward development of carbonitride 
fuels. A carbonitride might offer significant advantages 
over either pure carbide or nitride because of (1) a 
lower-cost fuel cycle involving aqueous processing; (2) a 
greater plasticity above 600°C, which minimizes the 
effects of fuel swelling at a given temperature; and (3) 
better control of stoichiometry and fission-product 
reactivity at high burnups. 

Uranium nitride is an interesting material from a 
fundamental viewpoint, and is being investigated under 
the Fundamental Ceramics Research Program described 
in Part I ,  Chapter 7. 

SYNTHESIS, FABRICATION, AND 
CHARACTERIZATION 

Synthesis and Fabrication of UN and U(C,N) 

R. A. Potter 

We are continuing to extend our capability for the 
preparation of pressed-and-sintered specimens of UN 
and selected U(C,N) compositions. The UN synthesis 
scheme and equipment' remain essentially unchanged. 

'R. A. Potter, Metals and Ceramics Div. Ann. Progr, Rept. 
June 30,1967,ORNL-1170, pp. 97-98. 

W. 0. Harms 

In addition to preparing engineering test pieces, we are 
now fabricating specimens of various sizes and geom- 
etries for the fundamental studies described in Part I, 
Chapter 7. 

Several representative specimens are shown in Fig. 
18.1. For the large samples, we adopted a different 
method of pressing. We preformed the specimens in 
steel dies, transferred them to rubber bags, evacuated 
and sealed these, and isostatically pressed the specimens 
at about 30 tsi. Sintered pieces can be ground to close 
tolerances by conventional ceramics machining proc- 
esses. 

We prepared specimens of UC,N,, in which x 
ranged from 0.0 to 1 .O by reaction of UN powder with 
spectrographic grade carbon. The equilibrium pressure 
for a given temperature and composition set the 
conditions for synthesis as well as sintering. The reacted 
powders were cooled under a constantly decreasing 
nitrogen pressure to prevent either precipitation of 
graphite or formation of U, N3.  Sintered specimens of 
the resultant U(C,N) powder were then prepared in a 
manner similar to that used for UN. 

PHOTO 87386 

Fig. 18.1. UN Specimens Sintered at 225OOC in 1 a h  N2 to a 
Density Greater than 95% of Theoretical. 
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Synthesis and Fabrication of (U,Pu)N 

E. S. Bomar 
J. D. L. Harrison' 

J. D. Sease 
Ji Young Chang 

A facility was prepared for the synthesis, fabrication, 
and characterization of high-quality (U,h)N. Process 
capability includes conversion of mixed oxide to mixed 
nitride, synthesis of nitrides from metallic uranium and 
plutonium alloys, and pellet manufacture by cold 
pressing and sintering and by hot pressing. 

Glove boxes provide primary containment of the 
experimental materials. Services are provided in a 
modular, overhead arrangement and allow the operation 
of boxes with either air or inert atmosphere, as required 
by the chemical compounds to be examined. Ten glove 
boxes have been equipped with instruments t o  control 
the argon supply from a bulk source connected to the 
overhead services and have been checked thoroughly for 
leaktightness. 

Synthesis and sintering equipment includes two Pt- 
5% Rh-wound, controlled-atmosphere, water-cooled 
tube furnaces capable of temperatures to 1700°C. 
These are to be used primarily for preparation of 
mixed nitrides. The design allows their use for in- 
vestigating the sintering characteristics of a variety of 
fuels. Environments available are argon, controlled 
argon-hydrogen mixtures, nitrogen, and vacuum (1 (r5 
torr). A tungsten resistance furnace capable of oper- 
ating at 3000°C under a vacuum of 1 X IUS torr or at 
2400°C in nitrogen was designed and is being built. 

A hot-pressing unit was designed, built, and installed 
in a glove box for use in fabrication of high-density 
nitrides. The press is inductively heated, has a graphite 
die and controlled atmosphere, and can operate above 
2000°C. A total force of 10 tons can be applied by a 
hydraulically driven ram capable of sustained operation 
at preset force levels. A transducer allows us to infer 
from the physical position of the ram the extent of 
pressing. An electronic readout plots the change of 
pellet length as a function of time and records the 
temperature. 

We also have the capability of cold-pressing and 
sintering nitride fuels. Powder conditioning equipment 
now available in glove boxes includes both a centrif- 
ugal-force grinder and a conventional ball mill. 

Characterization of Mixed Nitrides 

E. S. Bomar J. M. Leitnaker Ji Young Chang 

Equipment was installed in glove boxes for character- 
izing plutonium fuel materials by a variety of tech- 
niques: differential thermal analysis to 1 200"C, thermo- 
gravimetric analysis to 1 200°C, hot-stage microscopy to 

1350"C, and x-ray diffraction by both the Debye- 
Scherrer and diffractometer methods. 

CONVERSION OF U02 TO CARBONITRIDE FUELS 

Because low fuel-cycle cost is an important criterion 
for an LMFBR fuel, we are investigating the synthesis, 
fabrication, and performance of carbonide fuels. Carbo- 
nitrides are easier to prepare and, therefore, less 
expensive than pure nitrides. They are prepared by 
reaction of oxide fuel powders with an excess of carbon 
in a nitrogen environment. We are attempting to 
discover the basic mechanisms of this conversion so that 
we can optimize the efficiency of the conversion on a 
practical scale. Methods for producing both U(C,N) and 
(U,Pu)(C,N) from sol-gel feed, a natural product of 
aqueous processing, are emphasized in this development 
program. 

Direct Conversion of Sol-Gel U O Z + ~  to U(C,N) 

J. M. Leitnaker 
K. J. Notz3 

R. L. Beatty 
K. E. Spear 

A method was developed but not optimized for the 
production of U(C,N) by direct conversion of sol-gel 
U02+x Three steps are involved. (1) Undried gel with 
carbon added is dropped directly into a furnace at 
1500"C, where it is converted in about 15 min to a 
sesquinitride phase containing some oxygen and carbon. 
(2) Most of the sesquinitride phase is converted to a 
mononitride phase at 1600°C by sequential 15-min 
exposures to nitrogen and argon. (3) Complete conver- 
sion to carbonitride and sintering is effected by 
exposure to a sintering cycle such as that described by 
Potter and F r b ~ h e t t e . ~  

The products obtained by this procedure contain less 
than 1000 ppm 0 and varying amounts of carbon, 
depending on the starting materials used, and the 
density has been only about 70% of theoretical. The 
process has not been optimized with respect to carbon 
particle size, temperature, and nitrogen flow rate. The 
success of the process clearly depends upon the high 
reaction rates associated with the rapid heating of the 
gel in step 1. Rapid heating prevents those processes, 
such as sintering of the U02 or the formation of a 
continuous carbide layer on the surface of the oxide 
particles (see next section), that would otherwise 
severely reduce the rate at which gaseous reaction 
products are evolved. The results also suggest that a 

'On assignment from AERE, Harwell, England. 
3Chemical Technology Division. 
4R. A. Potter and V. D. Frkchette, Metals and Ceramics Div. 

Ann. h o g .  Rept. June 30, 1967, ORNL-4170, pp. 98-99. 
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U-0-N phase is an intermediate product in the overall 
reaction. 

Kinetics of the UOz -C Reaction 

T. B. Lindemer 

diffusion of oxygen throu 

A 
A 

r 
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i 

Fig. 18.3. Sol-Gel UOz Microspheres Showing Discon 
After Heating at a Rate Greater than 3O0C/rnin. 1OOX. As 

ide Layers After Reaction with Carbon for 60 min at 16OO0C 
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by a fit of the experimental data with a model for 
diffusion control.’ ,6 The activation energy for this 
process was determined to be 93 k 10 kcal/mole. At the 
higher heating rates both “UC2 ” and UC formed, but as 
discontinuous layers, as shown in Fig. 18.3. In this case, 
oxygen apparently leaves the reaction interface and 
proceeds readily through the UOp to the surface of the 
microsphere. 

Kinetics of the UC2 -N2 Reaction 

T. B. Lindemer 

We have investigated the kinetics of the UC2 -N2 
reaction from 1400 to 1900°C because of its relevance 
to the preparation of carbonitrides. A typical micro- 
structure of a partially reacted microsphere after 
exposure to nitrogen for 24 hr at 1600°C is shown in 
Fig. 18.4. The core of this particle consists of “UC2” 
that originally contained less than 1 vol % free carbon, 
and the two-phase region surrounding the core contains 
U(C,N) of varying composition and a precipitate of 
reaction-product free carbon. The outer layer is also free 
carbon produced by the reaction. Comparison of reac- 
tion rates, as determined from quantitative metallog- 
raphy, with previously constructed theoretical models’” 

Fig. 18.4. Microstructure of Partially Reacted “UC2” Micrw 
sphere After Exposure to Nitrogen for 24 hr at 1600OC. The 
core is “UC2,” the region surrounding the core is U(C,N) of  
variable composition and free carbon (dark-gray phase) p r e  
duced by the reaction, and the surface layer is also free carbon. 
200X. Etched with HzO-HN03-acetic acid. Reduced 22%. 

leads us to believe that a mechanism at the “UC2”- 
[U(C,N) + C] interface i s  rate-controlling. 

THERMODYNAMIC STUDIES 

The thermodynamic properties of nitride fuels are 
studied on a continuing basis to help define problems 
that might arise in advanced concepts of space and 
civilian power-breeder reactor systems. Thermodynamic 
analyses of questions concerning stability at high 
temperatures and compatibility with candidate cladding 
alloys, including the effects of fission products, not 
only provide guidance for the experimental program 
but also help interpret experimental results. 

Thermodynamic Properties of UC-UN Solid Solutions 

J. M. Leitnaker 
K. E. Spear 

R. A. Potter 
W. R. Laing’ 

showed that UC-UN solid 
solutions deviate significantly from Vegard’s law and 
that the width of the single-phase region representing 
this continuous series of solid solutions in the ternary 
phase diagram is narrow. The composition of solid 
solutions in this system as a function of the lattice 
parameter a. (in angstroms) is given by 

X-ray diffraction studies’ 

= 1.00 - 13.2488r + 42.5072r2 
moles N 

moles (N + C) 

+ (2.13035 X 102)r3 -(1.37677 X 104)r4, 

where r = (ao - 4.8892). These results coupled with 
measurements of lattice parameters as a function of 
nitrogen pressure’ let us conclude that UC-UN solid 
solutions show negative deviations from ideal (Raoult’s 
law) behavior. 

5R. E. Carter, J. Chem Phys. 34, 2010-15 (1961). 
6R. E. Carter, J.  Chem Phys. 35, 1137-38 (1961). 
’W. M. McKewan, Trans. Met. SOC. AIME 212, 791-93 

‘S. Yagi and D. KuN, Fifth Symposium on Combustion, pp. 

’Analytical Chemistry Division. 
‘OJ. M. Leitnaker, R. A. Potter, K. E. Spear, and W. R. Laing, 

“The Lattice Parameter of U(C,N) as a Function of Composi- 
tion,” submitted for publication to the Journal o f  the American 
Ceramic Society. 

“J. M. Leitnaker, ‘The Ideality of the UC-UN Solid 
Solution,” pp. 317-30 in 712ennodynamics of Nuclear Mate- 
rials, 1967, International Atomic Energy Agency, Vienna, 1968. 

(1958). 

231-44, Reinhold Publishing Corp., New York, 1955. 

. 
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Vapor Pressure of Nitrogen over Nitrogen-Rich 
Uranium Nitride 

K. E. Spear H. Inouye 

The vapor pressures of nitrogen over uranium nitride 
with nitrogen-to-uranium ratio greater than 1 .O were 
measured between 900 and 1500°C by a technique 
described elsewhere.’ Fifteen series of measurements 
representing 87 different nitrogen concentrations in 
uranium showed that the nitrogen pressure continu- 
ously decreased for constant temperatures as the 
nitrogen-to-uranium ratio was decreased from about 1.2 
to 1.09. We saw no evidence of the two-phase region 
UN + U2N3 reported by Muller and Ragass13 for a 
nitrogen-to-uranium range of 1.01 to 1.57 at 1200°C 
and nitrogen pressure of about 100 torr. Our results 
show that the nitrogen pressure at 1200°C decreases 
continuously from 38 torr at a nitrogen-to-uranium 
ratio of about 1.2 to 2.3 X l(r7 torr at a nitrogen-to- 
uranium ratio of 1.09. 

At a nitrogen-to-uranium ratio of about 1.64, the 
equilibrium nitrogen pressure over the sample at 900°C 
was 6.25 torr, compared to  the value of about 500 torr 
reported by Bugl and Bauer.’ Furthermore, our results 
at 9OO0C indicate that a two-phase field extends from a 
nitrogen-to-uranium ratio of about 1.3 to 1.6 compared 
to a reported range of 1 .OO to 1.54 for UN-U2 N3. The 
cause of this significant disagreement among the various 
investigators is not known. 

A Consistent Set of Thermodynamic Values 
for Plutonium Mononitride’ 

K. E. Spear J. M. Leitnaker 

Literature values for the heat of formation &f,2 9 8  

of PUN range from -70 to -76 kcal/mole. If estimated 
entropy and high-temperature heat capacity data are 
used to derive a reasonable set of high-temperature 
thermal functions for PUN, then &f,298 values ob- 
tained from equilibrium data by both second- and 
third-law methods agree. The equilibrium data are from 

12H.  Inouye and J. M. Leitnaker, J. Am. &ram SOC. 51,6-9  
(1968). 

130. F. Muller and H. Ragass, “Disorder in Cubic Uranium 
Sesquinitride,” pp. 257-64 in Thermodynamics of Nuclear 
Materials, I96 7 ,  International Atomic Energy Agency, Vienna, 
1968. 

14J. Bugl and A. A. Bauer, J. Am. Ceram. SOC. 47, 425-29 
(1964). 

15Abstracted from paper accepted for publication in the 
Journal of the American Ceramic Society. 

measurements from 700 to about 3040°K. A calori- 
metric value of -70.2 kcal/mole reported for &f,2 

for h N  appears to disagree with the derived equilib- 
rium value of -76.0 kcal/mole, but this difference 
might be explained by a composition uncertainty. 

COMPATIBILITY OF CLADDING 
WITH NITRIDE FUEL 

The compatibility of nitride fuels with candidate 
cladding alloys must be thoroughly investigated and 
understood if these fuel materials are to be considered 
seriously for use in LMFBR systems. The problem is 
complicated because of the several multicomponent 
cladding alloys under consideration and the important 
effects of burnup on the composition, constitution, and 
nitrogen activity of the fuel. Our approach is to 
investigate systematically the thermodynamics and 
kinetics of those interactions involving components of 
the fuel and the cladding, as well as certain fission and 
transmutation products, that are pertinent to the 
compatibility problem. A selected number of compati- 
bility-couple experiments are included in this program. 

Thermodynamic Compatibility of Vanadium 
with Nitride Fuels 

K. E. Spear J .  M.  Leitnaker 

The free energies for reactions of vanadium metal 
with UN, PUN, or mixed nitride to form the hexagonal 
VZN phase plus condensed U, Pu, or U-20 at. % Pu 
were calculated from available thermodynamic data. 
The free energies of reaction, which are believed to be 
accurate to at least 1 500”C, are all positive. 

Experiments designed to  test the above calculations 
involving uranium nitride and to fix other equilibrium 
tie-lines in the ternary U-V-N phase diagram have 
begun. Preliminary results indicate that vanadium metal 
will not reduce UN to uranium metal at 1400 to 
1600°C and no intermetallic compounds are formed. 

Compatibility of Nitride Fuels 
with Cladding Alloys 

J. D. L. Harrison’ 

The object of this work is to observe the out- 
of-reactor interaction between nitrides of nominal 
compositions UN, ~ 0 . 9 5 C O . O S ,  ~ 0 . 9 5 0 0 . 0 5 t  and 

6 0 n  assignment from AERE, Harwell, England. 
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UNO .9 oC0 .o Oo with stainless steel types 31 6L, 
304L, and ORNL-modified 304 containing 0.2% Ti and 
with V-5% Ti-15% Cr. Sandwiches of each alloy and 
each nitride composition were heated in initially evacu- 
ated and welded stainless steel capsules to 800°C for 
1000 hr and are being examined metallographically and 
by electron microprobe analysis. 

To limit the possibility of unwanted interactions 
through the gas phase, each capsule contained nitride of 
only one composition and steel of one composition in 
contact with the nitride. To limit interaction between 
the sandwiches and the capsule bodies, each of which 
was made of type 316 and 321 stainless steels, each 
sandwich is surrounded by a 0.005-in. wrap of the 
sandwich metal. 

Contact between the layers of the sandwiches is 
maintained by an axial compressive load on each 
capsule sufficient to deform a bellows closure and thus 
transfer the load to the contents of the capsules. Several 
capsules are stacked inside a loosely fitting Inconel 
tube. This tube encloses the capsules in an atmosphere 
of pure flowing argon and acts as the tension member 
that applies the compressive load to  the stack of 
capsules through an internal spring and push rods. 

Active Carbon Produced by Reaction 
of Nitrogen with VC 

K. E. Spear J. M. Leitnaker 

The reaction of VC with nitrogen between 1600 and 
1200°C at 600 torr was found to produce, in addition 
to V(C,N), carbon in a form more active than graphite. 
This behavior is similar to that observed previously in 
reactions of UC with nitrogen.” In contrast, V(C,N) 
produced from VN and graphite did not produce 
“active” carbon when treated with nitrogen to reverse 
the reaction. 

Grain-Boundary Segregation of Oxygen in UN 

J. D. L. Harrison’ 
Westbrook,’ ’ measuring grain-boundary microhard- 

ness, demonstrated that grain-boundary segregation of 
impurities occurs in several metal-oxide systems at 
impurity concentrations well below the solubility 
limits. Such segregation can influence greatly those 
properties of a polycrystalline material that depend on 
grain-boundary structure and diffusion rates. 

’ ’J. H. Westbrook, “Impurity Effects at Grain Boundaries in 
Ceramics,” p. 263 in Science of Ceramics, vol. 111, British 
Ceramic Society, 1967. 

Measurements of the grain-boundary microhardness 
of arc-melted low-oxygen UN and of sintered UN 
contaminated with oxygen have not shown any signifi- 
cant differences from the bulk microhardness. Any 
differences may have been obscured by the effects of 
absorbed surface water vapor. Subsequent experiments 
have revealed both for UN and U N O . ~ C O . ~  that the 
microhardness increases when the surface is cleaned by 
cathodic etching and protected from subsequent gase- 
ous contamination by toluene. Definitive work on 
grain-boundary microhardness in this system can prob- 
ably not be done until better techniques for cleaning 
and preserving the surfaces have been devised. 

IRRADIATION PERFORMANCE 
OF NITRIDE FUELS 

While our program on irradiation behavior of nitride 
fuels for civilian power-breeder concepts has not pro- 
gressed to the stage of actual irradiation testing, we 
have performed out-of-reactor experiments and analyses 
to provide guidance in planning our test program. 
Methods for improving the thermal conductance be- 
tween fuel and cladding have been investigated because 
with lower temperatures less fuel swelling occurs and 
burnup limits can be extended. Experiments involving 
helium injection in UN followed by annealing in a 
temperature gradient have been performed to provide 
insight into the mechanism of swelling and fission-gas 
bubble behavior. 

Fuel-Cladding Thermal Conductance 

R. K. Williams T. E. Banks D. L. McElroy 

Our objective is t o  improve the permissible power 
generation rating of fuel elements by decreasing the 
thermal contact resistance associated with the fuel- 
cladding interface. Emphasis is placed on nitride and 
carbide fuels, which have relatively high thermal con- 
ductivities. The conditions and results of the tests are 
summarized in Table 18.1. 

All data that have been collected fit the relationship 
R ,  = Aun , where Re is the thermal contact resistance, u 
is the compressive stress, and A and n are material 
constants. The results show that the contact resistance 
for interfaces between stainless steel and UN is not very 
sensitive to the hardness of the stainless steel and that 
the value of this resistance can be significantly reduced 
by using a material that is soft, has a high thermal 
conductivity, or both. 
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Table 18.1. Conditions and Results of Themat Contact Resistance Measurements in Vacuum at 50°C 

Contact Resistance R ,  
at Compressive Stress 

of 1000 psi 

RMS Surface Thermal Conductivity Materials 
at 50°C 

Hardnessb 
Roughness 

(bin.) (w cm-' "c-') ("c cm2 w-') A 
(DPW 

Contacting Materialsa 

n 

Copper 
T-1 tool steel 

50 14-15 4.0 
835 3-4 0.16 

Type 302 stajnless steeld 340 3-4 
T-1 tool steel 835 3 -4 

Type 302 stainless steele 415 5 

Type 302 stainless steeld 340 3 -4 

UN 5 25 6-8 

UN 5 25 6-8 

0.1 
0.16 

0.1 
0.14 

0.1 
0.14 

0.17 550 -1.17 

1.16 1156 -1.00 

2.24 569 -0.80 

2.40 990 -0.87 

Type 302 stainless steelf 166 5 0.1 1.88 437 -0.79 
UN 5 25 6-8 0.14 

...... ._._-._I 

'First material listed in given couple was a thin foil and the second was a bulk specimen. 
b50-g load for foils, 1-kg load for bulk specimens. 
,From relationship R ,  = A @ ,  where u is the compressive stress in psi. 
dMill designation: Half Hard. 
%fill designation: Full Hard. 
fMiU designation: Annealed. 

Helium Bubble Migration in Uraiiiuni Mononitride 
in a Temperature Gradientla 

J .  E. Spruiell' S. C. Weaver 

We studied helium bubble migration in uranium 
inononitride from 985 to 1585°C with gradients from 
75 to 880°C/cm. Uranium nitride specimens were 
inoculated with 250-kev helium ions from a Cockroft- 
Walton accelerator and examined by electron micros- 
copy by use of replicas of longitudinal sections (parallel 
to the temperature gradient), thin-film transmission 
samples, and replicas of fractured surfaces. 

' 8Abstractetl from ORNL-TM-2016 (December 1967). 
lgConsultant from the IJniversity o f  Tennessee. 

The bubbles migrated up the temperature gradient at 
velocities ranging from 300 A/sec at 985°C to greater 
than 11,000 A/sec at 1585°C. The bubbles appeared to 
move by a surface diffusion mechanism. From measure- 
ments of the migration distances, an approximate 
surface diffusion coefficient for 1IN was calculated to 
be 

D, = 1.92 X lo3 exp (-42,2OO/RT) crn2/sec . 

Although the bubbles migrated great distances, they 
were not obsemed to coalesce duiing the heat treat- 
ments. We think this was because of stress fields in the 
UN matrix surroundirrg the bubbles that caused the 
bubbles to repel each other. These stress fields were 
presumably caused by high non-equilibrium internal 
pressures in the gas bubbles. 



19. Materials Development for Tsot~pk 

R. G. Donnelly 

Support of isotopic power programs includes work on 
general technology programs for 244Cm and ' O  Sr, and 
two application-oriented programs, SNAP-21 and 
SNAP-23. In addition, materials consulting was pro- 
vided on the Isotope Kilowatt Program design evalua- 
tion study. 

On the Curium Program we are selecting, developing, 
and testing encapsulating materials for 44Cm-fueled 
heat sources for use in space. The immediate concern is 
for thermionic generator applications in the range of 
1600 to 2000°C. This temperature range limits the 
choice of container materials to the refractory metals. 

The purpose of the Strontium Program is to select 
optimum encapsulating materials and to develop cap- 
sule sealing techniques for ' o Sr-fueled isotopic heat 
sources designed to power thermoelectric generators. 
These generators require fuel capsule operation at 
temperatures to about 1000°C for extended periods of 
time. Iron-, nickel-, and cobalt-base alloys are the 
primary candidate encapsulation materials. 

The SNAP-21 generators are designed for undersea 
applications and the SNAP-23 generators are for terres- 
trial applications. Qualified and reproducible welding 
and inspection procedures are necessary to better assure 
the integrity of the fuel containers for both normal and 
possible accident conditions. 

CURIUM PROGRAM 

Fabrication of Tungsten Capsules 

R. E. McDonald 

Two concepts are being investigated in the capsule 
testing portion of the Curium Program. These are 
vented and nonvented capsules fueled with I kw 
(thermal) of a 2""Cm fuel. With the technology 
developed over the past few years for the extrusion of 
tungsten,' two unalloyed arc-cast tungsten billets were 

' R .  E. McDonald and G. A, Reimann, i4oatiizg-Mandrel 
Extrusion of Twigsten and Tungsten Alloy Tubing, ORNI.4210 
(February 1965). 

extruded in the Materials Processing Laboratory to 
produce pipe for the 3-in.-diam vented capsules. Two 
larger billets were extruded at the Fansteel Metals 
Center under our supervision to  produce pipe for 
4-in.-diam unvented capsules. Details of these extm- 
sions are presented in Chapter 16 of this report. These 
four extrusions represent the largest arc-cast tungsten 
pipe extruded to date. Capsule bodies were machined 
from the extruded pipe, and end caps are being forged. 

Development of CVD Tungsten Cladding 
Techniques 

W. C. Robinson, Jr. 

The chemical vapor deposition (CVD) technique was 
evaluated for the buildup of a heavy-wall tungsten 
vessel on a thin-wall tungsten container for curium fuel 
because this technique has the advantage of providing a 
capsule with no welds. This work required the develop- 
ment of a method for simulating the fueled thin-wall 
capsule and a modification of the usual deposition 
parameters to allow for the unusually high thermal 
gradients expected in the assenibly during deposition. 

Tungsten crucibles 1/2 in. in diameter X 2 in. long 
with an 0.030-in. wall thickness were used to simulate a 
200-w (thermal) curium-fueled container on which a 
deposit was to be made. The steep temperature gradient 
obtained with a 200-w internal heater in the bottom 
third of the capsule was balanced with an induction 
heater to produce a uniform temperature over the 
entire length of the sleeve. Parameters were ultimately 
determined for the production of a nodule .free deposit 
with a maximum variation of 0.003 in. from the mean 
deposition thickness. 

Mechanical Properties of Capsule Materials 

R. W. Swindernan R. L. Stephenson 

A significant fraction of the helium produced by the 
alpha decay of 44Cn1 will probably be released by the 
fuel at thermionic temperatures. To assure integrity of a 
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Fig. 19.1. Carson-Miller Parameter for 'T-I11 Generated from 
Constant-Load Isothern~al Creep Data. T is the temperatiue in 
O K ,  and t i s  the tiine in hours. 

capsule containing this isotope, the designer must either 
include a vent to exhaust the helium or provide 
sufficient void space to maintain stresses in the capsule 
wall at a tolerable level. In the nonvented concept one 
can take advantage of the predictable pressiire-tenipera- 
ture history and optimize the design in terns of the 
power, weight, and life req~irements.2 '~ 

The objective of the mechanical testing program is to 
obtain creep and rupture data for candidate capsule 
niaterials such as tungsten and tantalum alloys. Collect- 
ing data suitable for design purposes is emphasized. In 
addition, some tests are performed to assess the validity 
o f  the assumptions used in the design model. 

With the decay of the curium fuel an unvented 
capsule will experience an increasing pressure but 
decreasing ternperature, the latter affording an improve- 
ment in the creep resistance of the capsule material. 
Advantage may be taken of this behavior if a suitable 
model is available to predict creep under varying stress 
and temperature from constant-load, isotliermal creep 
data. Three basic assumptions are required. (1) The 
fraction of damage incurred at any stress and tempera- 

2J. P. Nichols and D. X. Winkler, A P~ograni f i r  Calculating 
Optimum Dimensions of  Alpha Radioisotope Capsule3 Exposed 
to Varying &em and Y'ernperature, ORNL-TM-1735 (April 
1967). 

3R.  L. Stephenson: An Approximate Method fov Determining 
Allowable Stress Rates for Capsules Contahiing Hclium- 
Producing Isotopes, QRNL-TM-1436 Rev. (Noveinber 1965). 
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Temperature from 1315OC. 

ture is given by the ratio of time spent under those 
conditions to the time to failure under those con- 
ditions; when the sum of dl  the damage fractions i s  
unity, failure occurs. (2) The time to failure at any 
stress and temperature may be inteipolated from a 
parametric curve, based on experiniental data, that 
relates time, temperature, and stress. (3) 'I he parametric 
cuwe may be extrapolated to times, temperatures, or 
stresses outside the range of actual experimental data. 

Because the equipment required to test the validity of 
these assumptions for tungsten and Ta -10% 
yet available, we tested the tantalum aHoy T - I l l  at 
lower temperatures. Figure 19.1 shows a time-tempera- 
lure-stress corielation for rupture of T-I11 based on the 
Larson-Miller parameter and constant-load isothermal 
data. Using this correlation we calculated the rupture 
life of T-111 under conditions of varying stress and 
temperature. Four tests were then performed in which 
the stress rate was maintained at a constant valuc during 
each test, while the temperature was decreased from 
131 5°C at an exponential rate corresponding to that for 
an alpha-emitting isotope with a half-life of 1 year. 
Experimental and calculated behavior for a number of 
stress rates are compared in Fig. 19.2. The agreement is 
very good. 



Vaporization of Refractory Alhgrs 

R. L. Wagner 

The vaporization of TZM at pressures less than 
torr and at 1650 * 35°C was found to occur by the 
selective loss of the more volatile components. For 
example, after 67 hr the concentrations of titanium and 
zirconium in the deposit formed in a cooler portion of 
the system were seven times those in the original alloy. 
Extending the exposure time progressively decreased 
the concentration of these components in the deposit as 
a result of their depletion from the alloy. Since the 
vaporized components are important with respect to 
creep resistance of this alloy, these results indicate that 
the maximum permissible service temperature for TZM 
in vacuum is below 1650°C. 

Brazing Alloy Development 

N. C. Cole D. A. Canonico 

The efficiency of an isotopically powered thermionic 
generator depends on good heat transfer from the heat 
source to the thermionic emitter. Optimum heat trans- 
fer would be obtained with a continuous metallurgical 
bond, and brazing appears to be an attractive joining 
method for this application. 

Current technology indicates that the prime candidate 
material for both the capsule and emitter will be 
tungsten. Hence, the first requirements for braze filler 
metals are that they wet and flow on tungsten. In 
addition, brazing temperatures are limited on the high 
side to the melting point of pure Cm203 (2200 to 
2300°C) and on the low side (approx 1900°C) by the 
requirement for some strength at operating tempera- 
tures of 1650 to 1850°C. Stability in vacuum at these 
temperatures is also required. 

Table 19.1. Brazimg Temperatures 
of Experimental Alloys for Brazing Tungsten 

Composition Brazing 
Alloy 

(wt 8) Temperature (OC) 

New Alloys 

100 Pt -3OW 2300 
110 Pt 50Rh 2050 

Alloys Previously Developed 

4D Ta-25 Ti-25Zr 2100 
TVN V -3Ora-30Nb 2000 
TVTQ V-35Ti-30Ta 1750 

We developed four new highly promising alloys and 
reevaluated a number of other alloys that were pievi- 
ously developed for refractory alloy brazing under the 
High-Temperature Materials Program. The compositions 
and brazing temperatures of some of these alloys are 
presented in Table 19.1. Several of the previoiisly 
developed alloys appear to satisfy the wetting, flow, 
and temperature requirements; however, the high vapor 
pressure of some of the alloying elements, such as 
titanium and zirconium, may compromise the useful- 
ness of these alloys. Accordingly, we undertook the 
development of new brazing alloys that do not include 
elements with high vapor pressures. 

The first four alloys listed in Table 19.1 were used to 
make simulated capsule-to-emitter brazes. Visually, all 
of the brazes exhibited good filleting and flow charac- 
teristics. 'These specimens have undergone nondestrue- 
tive tests including radiographic, penetrant, and ultra- 
sonic inspections. All were considered acceptable based 
on the first two tests. However, two (4D and 110) 
exhibited nonbond indications during ultrasonic testing. 
These indications in all instances were localized and 
represented no more than 10% of the total cross-sec- 
tional area of the specimen. 

Physical Properties of T-1 1 1 

I). L. McElroy M. Barisoni 
T. G. Kollie 

The temperature dependences of certain physical 
properties are needed to 2200°K at pressures less than 

Table 19.2. Smoothed Values of Electrical 
Resistivity and Specific Heat 

of T-1 11 from 300 to 16Q0°K 
-_ .- 

Electrical Specific 
Resistivity Heat 

Temperature 

(OK) (whin-cm) (cal g-' OC-') 

300 
400 
500 
600 
700 
800 
900 

1000 
1100 
1200 
1300 
1400 
1500 
1600 

17.65 
21.75 
25.86 
29.84 
33.80 
37.55 
41.35 
45.00 
48.60 
52.20 
55.75 
59.25 
62.75 
66.20 

0.0341 
0.0347 
0.0354 
0.0360 
0.0366 
0.0372 
0.0377 
0.0381 
0.0384 

aBrazing temperature outside the desired range. ~ - .  



95 

torr to properly assess the heat transfer charac- 
teristics of the candidate curium-fuel containment 
materials. The properties o f  interest are thermal con- 
ductivity, electrical resistivity, total hemispherical emit- 
tance, and specific heat. The development of methods 
to measure the thermal conductivity of these materials 
to  these high temperatures is described in Part I ,  
Chapter 9 of this report. 

We completed a series of measurements of the 
electrical resistivity, emittance, and specific heat of 
T-'i 11. Smoothed values of the resistivity and specific 
heat as functions of temperature between 308 and 
1600°K are given in 'Table 19.2. The values of the 
resistivity are greater than those determined for unal- 
loyed tantalum, but the increase with temperature is 
smaller than expected for a 10% alloy (T-1 1 1 contains 
8% W and 2% Hf). Furthermore, these values are 
nominally 1.7 @ohm-cm lower than we previously 
obtained on another T-111  ample.^ The causes for 
these effects are receiving further study. The specific 
heat of r-111 exhibits greater temperature dependence 

a T-I44 ,POLISHED, SAMPLE A 

T-444, 4! -pin. ,  ANNEALED 
SAMPLE C FIRST HEATING 

0 T-444, SAMPLE C ON REHEATING 
* T o ,  ON HEATING (REF f 1 

than reported for unalloyed tantalum, suggesting that 
the addition of 8% W increases the electronic density of 
states. This effect may, in turn, be related to  the 
electrical resistivity anomaly citcd above. 

The total hemispherical emittance of T-11 1 is shown 
in Fig. 19.3 as a function of temperalure €or various 
surface and thermal treatments. This property is un- 
stable in the range of 800 to 1150"K, an effect that is 
similar to that observed for pure The 
emittance Et of sample C during cooling from 1700°K 
in a vacuum of 5 X IO-' torr can be represented by 

F A t  - ..- 0.013 + 1.31 X I", 1 2 0  to 1700°K. (I)  

_ _ ~  
4J. P. Moor~, R. S. Graves, and T. G. Kollie, Metals and 

Ceramics Uiv. Ann. Prop. Rept. June 30, 1967, ORNL-4170, 

' G .  L. Abbott, Total Normal arid Totd Hemispherical 
Emittance of Polished Metals -~ Part IPr, WADD-TR-61-94 
(1963). 

pp. 11-78. 

OR N L -DWG SB- 7473 

T -q i l ,  { ! -p in . ,  SAMPLE E 

* FROM 1700'K 
T-!44, SAMPLE C ON COOLING 

Ta , ON COOL1 NG FROM '1700 a K 
(REF 4 1 

'G. L .  ABBOTT , TOTAL NORMAL AND TOTAL HEMISPHER~CAL EMITTANCE CF 
POLISHED METALS- P A R T m ,  WADD-TR-64-94,  U.S. NAVAL RADIOLOGICAL 
DEFENSE LABORATORY (4963). 

Fig. 19.3. The Temperature Dependence of the Total IIemispherical Emittance of T-111 and Tantalum for Various Thermal 
Treatments and Surface Finishes. 
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On further cooling to below 1200"K, the emittance 
increases to values represented by 

Et = 0.058 + 1.31 X T, 700 to 1200°K. (2) 

If the sample is not heated above 1600"K, the latter 
equation can be used to determine E,  in the range 700 
to 1500°C. 

STRONTIUM PROGRAM 

Compatibility 

J. R. DiStefano 

Isotopic fuels such as SrTi03, Sr2 Ti04, and SrO are 
currently being developed for use in thermoelectric 

power conversion systems. To provide a reliable con- 
tainer for these heat sources, we are examining the 
compatibility of nickel, iron, and cobalt alloys - 
Ilastelloy C, type 316 stainless steel, and I-Iaynes alloy 
No. 25, respectively -- with these compounds at 
temperatures to 1 100°C. Nonradioactive strontium 
compounds have been used in the initial phase of this 
program to simplify handling and evaluation. 

The test system is shown schematically in Fig. 19.4. 
The results of tests for 1000 hr at 1100°C indicate that 
Sr2Ti04 is the most inert strontium compound. No 
significant weight, chemical, or nlicrostructural changes 
were noted in either the alloys or fuel specimens in tests 
involving Sr2 TiO4. Weight losses and subsurface voids 
were found in the alloys exposed to SrTiOS. A surface 

\ 
OUTER C A P S U L E -  - 

STRONTIUM COMPOUND 

ORNL-DNG 68- 40672 

. SLEEVE 

- CENTEfi 

1 BOTTOM 

SPECIMEN 

SPECIMEN 

CAP 

Fig. 19.4. Schematic Drawing of Compatibility Test Capsule. 
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reaction zone containing large aniounts of Cr, Mn, Ti, 
and 0 was present in the SrTi03, Each alloy specimen 
exposed to SrO exhibited a weight gain, an increase in 
oxygen concentration, arid a reaction zone 0.003 to 
0.0194 in. deep. 

Room-temperature tensile tests of the sleeve speci- 
mens indicated that the interactions did not signifi- 
cantly alter the yield strength, ultimate tensile strength, 
or ductility of the alloys. Although a considerable 
weakening of the alloys occurred compared with 
before-test data on as-received material, the same 
effects were noted in control specimens that were heat 
tseated in argon for 1000 hr at I100"C. This effect, 
therefore, was attributed to grain growth and other 
microstructural changes not related to interactions with 
the strontium compounds. Longer time tests are under 
way, and those involving Sr have been scheduled. 

Wefdmg 

ID. A. Canonico 

lrnprovemerlts in weld penetration capability are of 
iaterest for strontium-heled heat sources. Although 
adequate penetration has been achieved by the elec- 
tron-beam welding technique,6 there is incentive to 
improve weld penetration with the simpler gas tung- 
sten-arc (GTA) welding equipnient. 

During the past year we investigated various param- 
eters and joint designs for increasing weld penetration 
capability by the GTA process. Test welds were made 
on flat-plate specimens with a simple butt-joint config- 
uration. No weld filler metal was added. First we used 
type 304 stainless steel. Although not a candidate 
capsule material, this material was selected because of 
its low relative cost and ready availability. Hastelloy C 
was also used when it becanie available. The butt-joint 
was used and a wide range of welding parameters, 
including preheat, were investigated. i n  addition, we 
studied the method of chilling the specimen during 
welding. 'These studies included gripping the specimen 
very close to the weld as well as about 1 in. away. The 
effect of variations in joint design and of titanium 
additions was studied briefly. 

The results of these experirrients are summarized in 
Table 19.3 for welds made with the optimum welding 
parameters. Penetrations of approximately 0.150 in. 
were achieved when the specimen was properly chilled. 
Preheating the weld to 300°C to sirnulate the effect of a 

K. C .  Donnelly, Metals and Ceramics Div. Am.  Progr. Rcpt. 
June 30,1967, OKNL-4170, pp. 230--31. 

Table 19.3. Effect of Preheat and Joint 
Design on GTA Weld Penetration for Type 

304 Stainless Steel and Hastelloy C 

Preheat Weld Penetrationa 
(OC) (in.) Joint Design 

Type 304 Stainless Steel 

Butt Nonr 0.132b 
300 0.180 

Hastelby C 

Butt NonP 0.156 
300 0.180 

Open None 0.155 
300 0.172 

'Titanium insert None 0.163 
300 0.172 

I_ 

Welding conditions: 300 amp, 10 Y, 12 in./min travel speed, 
l/S-in.-diarn W-2% Thoz electrode, helium torch gas, chill grip 
level with top of joint. 

b~ll i l l  grip approximately 1 in. below top of joint. 

strontium fuel increased the depth of penetration to 
approximately 0.180 in., which is about 75% of the end 
cap thickness used. Table 19.3 shows that the two 
alternate joint designs (open and titanium insert) offer 
no advantage over the simple butt design. 

SNAP-21 PROGRAM 

Electron-Beam Welding Development 

R. W. Gunkel 

The SNAP-21 heat source capsule is a thick-walled 
Hastelloy C tube, 3.200 in. in diameter X 3.310 in. 
long, with 0.200-in.-thick walls and end caps. Gas 
tungsten-arc welding was first investigated for welding 
the caps in this capsule, but it failed to  consistently 
produce joints having the required 0.100 in. penetration 
of defect-free weld metal without melting the edge of 
the capsule.6 This edge must be tetained as a reference 
for ultrasonic inspection of the weld area. Electron- 
beam welding was subsequently investigated, and it 
produced high-quality joints having the desired coni- 
bination of penetration and inspectability. 

The weld geometry shown in Fig. 19.S(a) met the 
penetration and inspectability requirements on all 
nonpreheated capsules and on most capsules preheated 
to 300°C (the expected temperature of an isotopically 
fueled capsule of this design). However, edge melting 
was encountered in some of the preheated capsules, and 
methods were investigated to ensure a narrower weld. 
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The addition of a beam-corrector coil to the electron 
gun created a narrower and deeper weld of the type 
shown in Fig. 19.5(b). With such a narrow weld, 
however, a small amount of misalignment or out-of- 
roundness could lead to incomplete fusion. With ap- 

propriate changes in beam focus together with the 
beam-corrector coil, we could produce joints of the 
type shown in Fig. 19.5(c). With this weld the joint is 
completely fused and the capsule edge can be reliably 
prevented from melting. 

t 

PHOTO 93027 

I 

Fig. 19.5. Cross Sections of SNAP-21 Electron-Beam Welds. (a) Initial weld geometry in which comer melting was occasionally 
encountered. (b )  Narrow weld, alignment critical. (c) Optimum joint geometry. Etched. 16X. Reduced 19%. 
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Nondestructive Testing 

K. V. Cook 

We have adapted nondestructive testing techniques 
for two separate tasks. The first is testing the capsule 
material and the initial bottom closure weld before 
fueling. The second is remote inspection of the closure 
weld of fueled capsules. 

We designed and fabricated a mechanical scanning 
system for capsule parts. This system duplicates the 
scan required for the hotcell ultrasonic inspection of 
the closure welds. With this and the electronic portion 
of the SNAP-21 scanner we evaluated bottom closure 
weldments of unfueled capsules in our laboratory by 
the same technique to  be used on fueled capsule closure 
welds in the hot cell. Fluorescent penetrants were also 
used for inspection of the bottom welds. 

We drafted preliminary acceptance criteria for the 
ultrasonic inspection of closure welds based on the 
interpretation of an x-y recording of the cylindrical 
joint area as projected on a plane surface. A sample 
recording of our ultrasonic reference standard made to  
simulate a SNAP-21 capsule is shown in Fig. 19.6. Each 
diagonal pen trace represents one circumferential path 
around the capsule, and the spacing between traces 
represents an 0.006-in. increment along the capsule 
axis. The traces are skewed so that the vertical 
deflection of the pen caused by discontinuity indi- 
cations can be detected. Holes with diameters from 
0.015 to 0.070 in. were machined on a circumference 
about 1/8 in. from the top of the mockup capsule and 

ORNL-DWG 68-3745 

Fig. 19.6. Recording of  Ultrasonic Response from SNAP-21 
Capsule Calibration Standard with Various Hole Sizes. 

at such a radial depth as to simulate flaws at the weld 
joint. An 0.015-in.-diarn electro-discharge machined 
(EDM) hole served as the primary reference. This 
standard is used to calibrate and to  recheck calibration 
of our ultrasonic instrumentation during inspection of 
all SNAP-21 capsule closure weldments. 

Two fueled capsules were evaluated ultrasonically by 
remote techniques in a hot cell. Four closure welds 
(two bottom and two top) were inspected and found to 
be acceptable according to  the criteria adopted. 

SNAP-23 WELDING DEVELOPMENT 

R. W. Gunkel 

The SNAP-23 heat source capsule is a thick-walled 
Hastelloy C tube, 5 in. in diameter X 7.860 in. long, 
with 0.4OO-in.-thick walls and 0.600-in.-thick end caps. 
The original specification required a minimum weld 
penetration of 0.1 10 in. with an edge-weld design that 
included an 0.062-in.-diam machined groove 0.120 in. 
below the surface at the base of the weld. The purpose 
of this groove is to prevent propagation of cracks from 
the root of the weld and to promote plastic deforma- 
tion in a region other than that including the weld 
metal if the capsule is subjected to  high hydrostatic 
pressure during operation. 

m 

Fig. 19.7. Cross Section of a SNAP-23 Joint Electron-Beam 
Welded Without Preheat. Etched. 7X. Reduced 29%. 
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Techniques were developed for making satisfactory metal and the effect of the groove was therefore 
nullified. In an attempt to solve this problem we are 
conducting experiments on joints in which the groove is 
larger and is located at a lower position with respect to 
the root of the weld. 

welds when the base metal was not preheated (Fig. 
19.7). However, several attempts to produce similar 
welds in specimens preheated to 300 to 400°C (the 
temperature range for a fueled capsule) were unsuc- 
cessful. With preheat, the groove was filled with weld 



Part 111. General Fuels and Materials Research 

20. Fuel Element Fabrication Development 

G .  M. Adamon, Jr. 

Program enipliasis was shifted this year and redirected 
toward better research reactor performance by im- 
proving present types of fuel elements rather than by 
developing new fuel systems. This upgrading can tie 
acconiplished by increased fuel loadings permitting 
longer core lives, by improved fabrication processes, 
and by higher fuel plate recovery rates. Current efforts 
are on aluminum-base dispersion-type fuel plates con- 
taining powdered U 3 0 8  or UA!, ns the fuel. The work 
on this prograni is closely integrated with other work 
on research reactor fuel elements reported in Part IV, 
Chapters 28 and 30. 

~ R ~ A ~ ~ A ~ I O N  TESTING OF MINIATURE 
FUEL PLATES 

M. M. Martin W. K. Martin 

Miniature fuel plates have been prepared to study the 
fabricability of aluminum-base dispersion fuels and for 
an irradiation experiment in the G-12 loop at the EI’R. 
‘I’he motivations for our irradiation program are (1) to 
increase the loading o f  IiFIR by 25%, (2) to investigate 
khe utilization of a cheaper grade of U30,  in HFIR, 
and ( 3 )  to evaluate the performance of UN, corn- 
pounds as alternate fuels. The loop, which perinits 
testing of 24 plates in 6 tier positions, i s  being shared 
with Idaho Nuclear Corporation. In O W L  experi- 

6061, include two grades of U308 and two grades of 
uratiiumalurninurn intermetallics dispersed in a matrix 
of 101 alunlinum. The dispersoid and matrix materials 
are characterized it1 Table 20.1. Irrespective of the type 
arid quantity of fuel, identical presslrig and roliirig 
conditions were used to fabricate the plates.* 

In general, the plates fabricated for irradiation testing 
met all specifications. The only problem encountered 
was excessive core thickness (dogboning) near both 
ends of ttie fueled region of the plates. Table 20.2 
clefiries the degree of localized core thickening Cos 
various test compositions. I1/Iaximum core thickening of 
52 to  66% above the average thickness appears to be the 
rule for the UAl,-bearing plates of highest loahrig. Bhe 
UAIx -dumninum composites of lower loading and also 
dispersions of both types of U 3 0 8  in aluminim 
exhibited increases of only 2 I to 26%. We deemed these 
deviations acceptable for the irradiations of miniature 
fuel plates 

Irradiation of ORNL plates in cycle 93A began on 
Decernbet 8, 1967, and after 567 Mwd exposure (<3 X 
lo2’ fissions/crn3 of core), a fission release in ttie loop 
shui the reactor down. The contamination came from 
an Idaho Nuclear sample located in tier 4. Our plates in 
tiers 1 and 3 were bowed ivhereas our plates in tier 5 
were not. Hot-cell exaimnation of the bent plates ai  
O W L  and also thermal test of dimensional stability on 

10 1 
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Table 20.1. Characterization of Fuel Dispersoids and Matrix Aluminum 
__ ~ _ _  

Typc of 
Material 

~ 

Powder - ~ _ _  ~ _ _ _ _  ___~__  -__ Uramum 
Si7e Rangea Fines Surface 

of Principal <44 p Area 

Particles @) (wt %) (m2/s) 

Concentration Method of Preparation Density 

(wt %) (g/cm3) 

Atomized AI 
(Alcoa 101) 

Burned U308 
High-fired U308 

Arc-cast UA?, 

Solid-state 
reaction UA13 

Atomization of molten 2.696 <44 90 0.22 

84.51 Burning uranium metal chips 7.60 1 OS -44 3 0.35 
84.66 “Dead-burned” 1J3 0 8  8.22 88-41 3 0.04 

aluminum 

(Y-12 process)b 

aluminum metals 

with aluminum at 1000°C 

75.20 Arc-casting uranium and 7.10 88-44 10 0.11 

73.70 Reaction of uranium hydride 6.70 105-44 IO 0.09 

.___ 

aUranium-bearing materials were crushed, separated into mesh fractions, and then recombined and blended to achieve the desired 

bE‘uel for the High Flux Isotope Reactor. 

particle size distribution. 

Table 20.2. Observations of Core Thickening in hfiniature Fuel Plates Clad with Aluminum 

lue l  Dispersoid 
Average __ ....I_~_..___.__ 

Core 

(wt  %) 

Reference 
Plate 

Type Concentration 

- 
Core Thickness“ 

(in.) 

Loading 
of 235u 

(g) 
.~ 

0-56-955 
0-3-892 
0-5 6-876 
0-24-95 8 
0-57-879 
0-57-962 
0-57-966 
0-57-972 

High-fired U 3 0 s  
Burned U308 
Burned U308 
Arc-cast UAI, 
Arc-cast UAI, 
Arc-cast UA!, 
Arc-cast UA1, 
Solid-state 

reaction UAI3 

50.2 
44.8 
51.0 
48.6 
58.5 
58.9 
58.8 
57.4 

OThe desired fuel core ihicknes? i, 0.020 in. + 15%. 
%slues based on average. 

unirradiated samples failed to  reveal the cause of 
distortion. 

Ten additional plates similar to those that bowed and 
those from the previous test that were still satisfactory 
are now being irradiated in the G-12 loop during ETK 
cycle 96. These plates were inserted in cycles 93E and 
94A, in which they received greater than 5000 Mwd 
exposure. The total jrradiation exposure in cycle 96 is 
nearly complete and the experiment is operating satis- 
factorily. The plates will be scheduled for return to 
OKNL for postirradiation evaluation upon completion 
of cycle 96. 

2.75 
2.21 
2.75 
2.20 
2.76 
2.75 
2.75 
2.75 

0.0198 
0.0196 
0.0212 
0.0206 
0.0207 
0.0197 
0.0199 
0.0199 

Maximurn 

Thickeningb 

(%) 
_ _ _  

21 
22 
23 
26 
55 
52 
66 
56 

PREPARATION OF IJAI, PARTICLES 

M. M. Martin W. R. Martin 

Uranium-aluminum intermetallic fuel (UA!,) is used 
for several research reactors and is under consideration 
for a high-loading long-life core for HFIR. In the 
preparation of intermetallics for experimental fuel 
dispersions, the principal problem has been the re- 
duction of the arc-cast button to the desired particle 
size of -140 +325 mesh with a minimum of 
-325-mesh fines. 
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We investigated comminution of both hyper- 
stoichiometric arid hypostoichiometric UA13 composi- 
tions, wliich contained, tespectively, 69 and 75 wt 76 17. 
A characteristic of the two malerials was that they burn 
or ernit sparks when scratched or hammered in air. 
Preliminary studies using crushing devices such as a 
diamond mortar and pestle and a rotating disk pulver- 
izer yielded at least 40% fines. In an attempt to  
decrease the yield of fines, we crushed the hypostoi- 
chionietric tJM3 with a hammer mill rotating at 3250 
rpm. Various combinations of (1) hole diameters from 
0.250 to 0.020 in. for the internal mill screens and (2) 
size of particles fed to the mill were tried. Regardless of 
these crushing conditions, the mill produced mostly 
paiticles that were retained oti a 140-mesh sieve; of the 
material that passed through the 140-mesh sieve, the 
ratio of -140 f325  mesh fraction to fines was 
essentially 1. 

While somewhat contradictory to the above results, 
the hypostoichiometric UA13 was brittle and shattered 
profusely when struck a sharp blow, wliile the hyper- 
stoichiometric material resisted initial breakup to -4 
mesh particles. The malleable nnture of this material 
caused severe deterioration of the screens in the 
hammer mill. In contrast, we milled 7 kg of hypostoi- 
chiometiic 1JAI3 to --4 mesh wth orily slight evidence 
of screen wear. 

To produce a sufficient quantity of UAl, particles of 
the desired size for fabrication studies, we crushed the 
-4-mesh nmterial obtained above in a 2.5-liter stainless 
steel rod mill. The advantage of this device in com- 
parison to jaw, hammer, or ball tnills i s  that the large 
particles supposedly hold the rods apart. Crushing of 
the smaller particles i s  therefore delayed until the larger 
sizes have been reduced. After being crushed in the rod 
mill, the powders were sieved twice on a Ro-Tap shaker 
for a total of 30 min. The fines (<44 p) fiom both 
-140-mesh hypostoichiometric and -1 00-mesh hyper- 
stoichiometric UA13 compounds again accounted for 
about half the distribution. A heat treatment for 2 hr at 
l00Oor' in an atmosphere of argon caused little if any 
decrease in fines production during rod milling. 

From the above results we conclude that the yield of 
fines from arc-cast UA1, was not affected by the 
crushing tnethods investigated to date. To minimize 
production of fines, all particles of the desired size 
should be removed from the crusliirig device as soon as 
possible after the desired size has been achieved. 

ETERMINATIQFI OF PQWDER PAWTJCEE-SIZE 
~ I ~ ~ ~ B ~ I Q ~  OF RESEARCH REACTOR 

FUELS 

M. M. Martin W. R. Martin 

In aluminum-base dispersion fuel plates, the particle 
size of the uranium-bearing phase may affect irradiation 
perfornunce, measurement of uranium homogeneity, 
and fabricability of the plates. Tlie characterization of 
the starting fuel powder i s  important to any detailed 
research program on powder tnetaI1urg-y fuel plates. 

We have experienced considerable difficulty in char- 
acterizing the particle-size distribution of research re- 
actor riels with the accuracy desired for developmental 
work. For example, we desired three U 3 0 8  blends from 
MFIR grade oxide iri which the distributions are ( I )  
100% 88 to 74 IS; ( 2 )  evenly divided between 88 to 74, 
74 to 63, 63  to 53, and 53 to 44 p; (3) 100% less than 
44 1.1. To prepare the experimental blends, we separated 
the as-supplied U 3 0 8  particles into known mesh frac- 
tions and then recombined in the desired proportion. 
The powders were sieved twice with a Ro-Tap shaker to 
effect the separation. The weighed proportions were 
then blended obliquely for 2 hr inside a glass bottle that 
contained approximately 75% mixing void volume. To 
determine the actual distribution, we performed 
particle-size analyses on the three prepared blends and 
on the as-supplied U3 08.  The results, which are given in 
Table 20.3, indicate gross departure of the actual from 
the desired distribution. 

Table 20.3 illustrates the problem of interpreting 
par tide -size distributions encounter e d in the character - 
ization of experimental U3 O8 blends. 'The values are 
reproducible within approximately 23 wt %, which is 
adequate for production operations. Surface area meas- 
urements indicated little, if any, differences in particle 
size for the three blends and as-supplied material. AS 
shown in the table, the distribution depends signifi- 
cantly upon the method of analysis. Tlie Coulter 
Counter and photograpkc techmques, which are con- 
sidered to be the most accurate methods, measure, 
respectively, the volume arid major cross-sectional area 
of each particle. The distribution from the Ro-Tap sieve 
shaker using U.S. standard sieves represents essentially 
the mnor  area of the particles. When comparing the 
results in Table 20.3 for methods A, B, and C, one 
should therefore expect the distribution to shift SUC- 

cessively to indicate more nlaterial at the larger sizes. 
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Table 20.3. Particle-Size Distributions of U308 Blends 

Surface 
Area 

Designation AnAYsi@ 4 4 p  5 3 p  6 3 p  7 4 p  8 8 ~  1 0 5 ~  (m2/g) 

Powder Method Wt % of Particles with Indicated 
Sizes Less Than Blend of 

Assupplied A 9 33 51 78 100 100 0.054 
B 2 14 36 72 96 100 
C 1 3 12 33 61  92 
D 1 13 40 70 98 100 

A 0 0 0 12 100 100 0.053 
B 0 0 0 37 87 100 
C 0 0 0 4 3 2 8 7  

Blend 1 

Blend 2 

Blend 3 

2 33 60 78 100 100 0.057 
1 6 34 73 93 100 
1 2 11 37 66 94 

19 71 94 100 100 100 
5 28 68 94 100 100 

100 100 100 100 100 100 0.060 

~~ 

'A: Ro-Tap testing sieve shaker, 100 g sample, 15 min duration. B: Coulter 
Counter, sample dispersed in 1 wt % aqueous NaCl solution. C: Photomicrograph 
and Zeiss particle counter, 9 5 x  magnification. D: Cenco-Meizer sieve shaker, 
100-g sample, 30 min at setting 5. 

kd U 
L 

Fig. 20.1. Photomicrograph of High-Fired &Os. As polished. 1OOX. 
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The distribution of the as-supplied U308 as deter- 
mined by a Cenco-Meizer shaker and U.S. standard 
sieves should represent the major cross-section area of 
the particles. Although these devices use screens, they 
impart only a circular motion to  the particles, so the 
possibility of stanQng a long narrow particle on end is 
not great. The photomicrographic and Cenco tech- 
niques should therefore give comparable results. Sur- 
prisingly, the Coulter Counter, which measures particle 
volume, and the Cenco results show good agreement. 
To explain this discrepancy, we observed that particle- 

using shaking devices 
ation of agitation. For e 

hr of screening on the Cenco is equivalent to 45 min on 
the Ro-Tap. 

The four methods for determining particle-size dis- 
tribution should give identical results only on idealized 
spherical particles. Figure 20.1 illustrates the particle 
shape of the as-supplied U308 that was used to prepare 
the blends. Although the larger particles approximate 
spheres, the smaller ones are more i 
conclude that the four examined method 
reproducible results when properly controlled and 
should be comparable if the particles are spherical. 

arly shaped particles, particle-size 
on the method of analysis. Con- 

sistency of particle shape for a given particle prepa- 
ration process will, therefore, be very important t o  
show similar particle-size distributions from batch to 
batch. 

EVALUATION OF A DEVICE FOR THE 
DETERMINATION OF POWDER HOMOGENEITY 

AFTER BLENDING 

A. K. Chakraborty B. E. Foster 
S. D. Snyder 

The application of x-ray 
nation of green density, segr 
of the powder blends is bei 
to  find a direct method, other than statistical, to 
evaluate blending homogeneity of mixtures of alumi- 
num and UM3 or U308 powders and to  subsequently 
relate the data t o  the distribution of fuel in the 
compact and fuel plate stages of fabrication. 

We designed and fabricated a mechanical device, 
shown in Fig. 20.2, which allows us to  sample the blend 

significantly disturbing the powders. The 
consists of a powder blending cavity with 

aluminum-beryllium sampling trays. The aluminum tray 
o the blending capsule before the 
fter blending, two thin polished 

n for the determi- 

Fig. 20.2. Individual Components of the “Top Hat” Blending 
Dwice. 

beryllium plates are pushed into gro 
bottom of each of the aluminum frames to enclose the 
powders and allow the extraction of the powders from 
any level of the blending capsule. 

We are now completing the demonstration of the 
technique on aluminum-iron binary powders. Sampling 
techniques using only aluminum powders have been 

eted and indicate that density variations within 
n be determined. With the device, we expect that 

nonuniform mixing of two powders can be studied as a 
function of powder characterizations and blending 
conditions. 

VOID VOLUME IN ALUMINUM DISPERSION 
FUEL PLATES 

M. M. Martin W. R. Martin 

The control of swelling in fuel dispersions by intro- 
duction of fabrication voids has been used by several 
investigators t o  explain variations in irradiation per- 
f0rmance.2~~ If this concept is real, we must under- 
stand the fabrication factors that control the final void 
volume in plate-type fuel elements to obtain c 
and improved irradiation performance. We h 
fore established the effect of fuel compoun 
tration on the void volume present in fuel plates for 
several different fuels. 

’M. J. Graber et  @I., “Superior Irradiation Performance of 
Stainless-Steel Cermet Fuel Plates Through Use of Low-Density 
U02,” T ~ ~ I s .  Am. Nucl. S a .  10(2), 482-83 (November 1967). 

3J. R. Weir, A Failure Analysis for the LowTemperature 
Performance of Dispersion Fuel Elements, ORNL-2902 (May 
27, 1960). 
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ORNL-DWG 68-2907A 
PRESSED ROLLED 

DEGASSED ANNEALED 
AND AND TYPE OF FUEL 

n A BURNED U308 

0 e ARC-CAST UAI, 
0 * HIGH-FIRED U3D8 

V v SOLID STATE REACTED UAl, 

0 
10 15 20 25 30 35 40 

FUEL COMPOUND (vo l  % )  

Fig. 20.3. Effect of  Fuel Compound Concentration on Void 
Volume. 

Full-size and miniature dispersion fuel plates have 
been fabricated with various uranium loadings from two 
grades of U 3 0 s  and two grades of uranium-aluminum 
intermetallic. Characteristics of the dispersoid and 
matrix materials were given in Table 20.1. Irrespective 
of the type and quantity of fuel, identical pressing and 
rolling conditions were used to  fabricate the  plate^.^ 

The void volume data for the miniatures are given in 
Fig. 20.3. From these data, one concludes that void 
volume is a function of type and amount of fuel. Most 
importantly, the plates that contain arccast inter- 
metallic exhibit slightly more voids than those with 
high-fired U 3 0 s  and stoichiometric UAIJ prepared by 
the hydride method. However, the void volume ob- 
tained for plates containing the burned U3OS is much 

4M. M. Martin, W. J .  Werner, and C. F. Leitten, 
Jr., Fabrication of Aluminum-Base Irradiation Test Plates, 
ORNL-TM-1377 (February 1966). 

’M. M. Martin, J. H. Erwin, and C. F. Leitten, Jr., 
“Fabrication Development of the Involute-Shaped High Flux 
Isotope Reactor Fuel Plates,” pp. 268-89 in Research Reactor 
Fuel Element Conference, September 17-1 9, 1962, Gatlinburg, 
Tennessee, TID-7642, Book I (1963). 

greater than for any other fuel examined. The signifi- 
cant increase in voids for this fuel results from extensive 
fragmentation of the fuel particles during fabrication. 
From the void volume irradiation damage concept, we 
conclude that the irradiation performance of burned 
U3 Os -aluminum dispersions should be better than that 
of dispersions of high-fired U 3 0 8 ,  arccast UAl, , and 
solid-state-reaction UA13 in aluminum. 

The void volume measured for full-size plates was 
about 2% more than that noted for the miniature 
plates. The reason for the increase is not known. 
However, this points out that irradiation performance 
predicted from miniature plates may be conservative for 
full-size plates. 

INFLUENCE OF ALLOYING ON THE SWELLING 
OF UAl, DISPERSED IN ALUMINUM 

A. K. Chakraborty W. R. Martin 

Compacts of UAlx dispersed in aluminum swell and 
distort when heated. The swelling is often sufficient to  
cause dimensional problems during assembly and hot 
rolling. The use of additives such as Ge, Si, Sn, or Zr in 
various concentrations is being studied as a method for 
minimizing such swelling. Hot-stage metallography, 
electrical resistance, and dilatometer measurements are 
being used to  study the swelling problem. 

A specially constructed dilatometer permitted the 
simultaneous measurement of the change in length of 
the pellets and the pressure of gas released at specified 
times and temperatures. A highly structured sensitive 

ORNL-DWG 68-53408 
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Fig. 20.4. Swelling Behavior of  40 wt % U(Al,Si)3 and 
U(Al,Zr)3 Fuel Compacts at 60OoC. The compacts were heat 
treated for 0.5 to 8 hr at torr. 
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electrical resistivity measurement was used to show that 
the swelling was actually a two-step phenomenon. 
Initially, it is caused by the expansiorl of the entrapped 
gases, causing graiil boundary and powder surface 
separation. This is then followed by a diffusion-induced 
transformation that occurs in a preferred direction. 
Measurement of the kinetics of swelling at different 
temperatures showed the rate to be very temperature 
sensitive. However, the amount of gas released varied 
ooly slightly with temperature. We therefore concluded 
that at the higher temperatures swelling was greater 
because of loss of strength of the aluminum matrix, 
which enables more surface separation, and because of a 
higher transformation rate. 

Added elements such as germanium, silicon, and 
zirconium reduced the swelling by reducing the rate of 
transformation to IJA14. Swelling behavior of 40 wt 95 
U(M,Si), and T J ( A ~ , Z ~ ) ~  fuel compacts at 600°C as a 
function of amount o f  additive i s  shown in Fig. 20.4. 
‘I’he most effective additions in reducing swelling were 
3% ZP, Si, or Ge. 

N Q ~ ~ ~ ~ ~ R M  DEFORMATION IN SIMULATED 
FUEL PLATES 

J. H .  Erwin W. R. Martin 

Differences in the compressive mechanical properties 
of cure, cover plate, and frame materials at the rolling 
temperature may be the primary cause of nonuni- 
form deformation of a composite fuel plate. ?‘he 
shape of the core after nonuniform deformation is 
often similar to that of a “dogbone,” as shown 
in Fig. 20.5, and hence is knowii by that name. 
In our initial studies we used wrought materials with 
tljfferent elevated-temperature mechanical properties to 
study the developnierit of “dogbone” or inhomoge- 
neous reduction in simulated fuel plates. At 500°C the 
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Fig. 20.5. Schematic of Coniposite Fuel Plate Showing 
Nonuniform Deformation of Core, Cover Plate, and Frame. 

compressive yield strength of type 1100 aluminum is 
slightly lower than that of X8001, but type 6061 
aluminum is stronger. Rolling billets were constructed 
from X8001 aluminum frames and cover plates 4 in. 
wide X 9-L/2 in. long. Each frame contained two 
1-3/4-in.-wide X 1-in.-long tandem cavities separated 
2-1/2 in. The frames, 114 in. thick, were assembled with 
1/8-, 1/4-, and 1/2-in.-thick cover plates to make 1/2-, 
3/4-, and 1-1/4-in.-thuck billets. A type 1100 and a type 
6061 aluminum alloy simulated core 0.002 in. smaller 
than the cavities in all dimensions were placed in each 
frame. The billets were heated to 500°C and rolled in 
multiples of 20% reduction per null pass with a 12- X 
14-in. mill. Unlike normal fabrication practice but to 
accentuate diffeiences, all reductions were made in the 
same billet feeding direction. After each reduction, the 
billets were opened and thickness contour measure- 
ments describing the frame and core reduction were 
obtained. 

An exanination of the rolled frame and core to 
compare the relative thicknesses reveals that the re- 
duction of the components is approximately symmet- 
rical at the ends of the cores; the frame is thicker 

ORNk-DWG 68--10666 __?___. . . . .. . . . . . . . . . . 
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Fig. 20.6. Deformation of Simulated Fuel Mate Billets KoUed 
at 20% Reduction per P a s  at 51)O°C, 
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adjacent to the type 1100 aluminum core and thinner 
adjacent to the type 6C61 aluminum core. The non- 
uniformities in the reduction of the core in thcse billets 
through five 20% mill passes are shown in Fig. 20.6. 

The thickness differentials were altered significantly 
when we varied the thickness of the cover plates. With 
six 20% mill passes, the average dogbone in the type 
6061 aluminum cores was 110, 118, and 135% of the 
average core thickness, respectively, in billets assembled 
with 1/8-, 1/4-, and 1/2-in.-thick cover plates. 

We conclude that the strength of the core relative to 
other fitel plate materials is indeed important. Dog- 
boning is observed when the core material is stronger 
than the frame and cover plates. Cover plate thickness is 
important also. 

14,000 

1 3 , 0 0 0  

12,000 

4000 

3 0 0 C  

COMPRESSIVE STRENGTHS OF U308 - AND 
UAI3-ALUMINUM POWDER METAL COMPOSITES 

J .  H. Erwin W. R. Martin 

With the problems of dogboning encountered with 
hot rolling of dispersion fuel plates, as discussed above, 
differences in compressive strength between the various 
billet components must exist at the rolling temperature, 
500°C. To evaluate the magnitude of the strength 
differences existing between the fuel mixtures at fuel 
plate rolling temperatures, we investigated the com- 
pressive strength of U 3 0 s  and UA13 dispersions in 101 
aluminum powder over the range of 0 to 40 vol % from 
25 to 550°C. 
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Fig. 20.7. Effect of Fuel Concentration and Temperature on the Compressive Strength of Fuel Dispersions in 101 Aluminum. 
Corresponding similarly detemiined values for cladding alloys are listed for comparison. 
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The fuel-aluminum powder nlixture was processed by 
normal powder metallurgy procedures to produce 0.5- 
in.-diain X 0.5-in.-long compacts pressed at 22.5 tsi. 
?lie compacts were degassed 2 hr at 500°C and less 
than 5 X torr. Each compression test required 
three compacts of the same fuel composition stacked to 
produce a smooth test cylinder 0.5 in. in diameter X 
1.5 in. long. Each test w ~ s  continued to approximately 
5% deformation on an Instron universal testing machine 
operated at a crosshead speed of 8.002 in./min. 

The compressive strength corresponding to 5% plastic 
strain in the W3Q8 and UMnr fuel-aluminum powder 
mixtures at 0 to 40 v d  76 are compared in Fig. 20.7 at 
25, 350, 400, and 550°C. For the lower volume 
percentages of fuel, the properties of the compacts are 
similar. However, above a certain volume percentage, 
which increases with temperature, the curves cross and 
the WA13 compacts show much higher compressive 
stresses. 'The U3Q8 cornpacts decrease in strength at the 
higher fuel concentrations. 

EFFECT OF BILLET FEED ANGLE ON THE 
CURL OF ROLLED PLATE 

J.  M. Erwin W. K. Martin 

"'Curl" describes the deviation from flatness of a plate 
issuing from a rolling mill. It  results from nonuniform 
plastic deformation of the entering billet and is pro- 
duced during the initial reduction passes. Although the 
external manifestation of curl is easily corrected and 
hence unimportant, a serious part of the phenomenon is 
changes in the shape and location of the fuel core end. 
11s study is thus an important adjunct to both fuel-plate 
development studies and commercial fabrication. The 
niechanism of uneven metal flow depends upon fric- 
tional forces both within arid without the rolling billet 
and rnay be ascribed to a number of interrelated 
factors. Since the predominant external factor is roll 
friction, we began an investigation relating curl to 
unbalanced friction on the billet surface. 

I f  the billet is fed at  an elevated angle, the roll 
frictioo rnay be increased on the top roll to shift 
deformation and make the issuing plate curl downward. 
Figure 20.8 shows the relationship found between billet 
feed angle and plate curl from five sample plates rolled 
at each of seven billet feed angles. The simulated billets 
were 1/4 X 4 X 9-1/2-in. XXOOl aluminum. These were 
rolled at 500°C on a 12- X 14-in. mill at 20% reduction. 
The deflection was measured at l-in. intervals along the 
rolled plate length to determine the curl produced. 
From these data it is obvious that if curl is to be 

0 4 2 3 4 5 
PLATE FEED ANGILE WITH IiORIZON 1.AL ( d e g )  

Fig. 20.8. Effect of Feed Andc on Curl Produced in Rdled 
Plate; 1/4-in.-thick X8Cl1 Aluminum Was Reduced 20% at 
500°C with a 12 X 14-in. Mill. 

avoided in comnercial fabrication operations, close 
control of the feed angle to the mill i s  required. 

FLAME-PRODUCED URAFIIWM OXIDE 
POWDERS' 

J. I. Federer W. C .  Robinson, Jr 
W. R. Martin 

Uranium oxide powder was prepared in a flame 
reactor by reaction of UF6, H L ,  and U2. The powder 
product was characterized according to phases and 
impurities, particle size distribution, and sinterability. 

_I_--._- 
' 5 .  1. Federer, W. C. Robinson, Jr., and F. IS. Patterson, 

Cotzversion oj UF, to UOz in a Rame Reactor, report in 
preparation. 
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Studies are continuing to optimize the product with 
respect to purity and particle size. 

Uranium oxide has been prepared from gas mixtures 
in which the 02-to-UF, ratio varied from 1 to 34. 
Initially, the reaction occurrcd in a H2-F2 flame. Later 
the 1JF6-k12 -02 reaction was found to be self-sustaining 
after ignition. The principal product in each experiment 
was U 0 2 .  Other compounds identified in some powder 
batches by either x-ray or chemical analysis include 
U 0 3 ,  U 3 0 s ,  UO, F 2 ,  U(OH)4, and UF4. The fluorine 
content of as-prepared powder usually ranged between 
4 and 10 wt % but was reduced to 30 ppm or less by 
heat trcating the powder in dry hydrogen at 1000°C. 
After this defluorination treatment, x-ray analysis 
indicated only U02 present. 

A sieve analysis of as-prepared powder indicated that 
the particle size ranged from greater than 250 1.1 to less 
than 44 I.(. However, electron microscopy showed that 
the powder was highly agglomerated and that the true 
particle size of a typical batch ranged from 0.012 to 
0.038 p. The surface area for this powder was about 15 
m2 /g. Defluorination at 1000°C caused the particles to 
grow to  several microns. 

Defluorinated powder was isostatically pressed into 
pellets at 10,000, 30,000, and 50,000 psi and sintered 
at 1200, 1400, 1600, and 1800°C. A density of 97% of 
theoretical was obtained in pellets pressed at 50,000 psi 
and sintered as low as 1400°C. Subsequent studies 
showed that severe cracking occurred in pellets pressed 
from as-prepared powder and sintered in dry hydrogen 
at 1400°C. Some cracking also occurred in such pellets 
sintered in wet hydrogen. However, no cracking oc- 
curred in pellets pressed from defluorinated powder and 
sintered in either dry or wet hydrogen. 

Powder mixtures of UOz and tungsten were also 
prepared in the flame reactor from the reactants 
mentioned previously and WF6. The purpose of these 
experiments was to determine the feasibility of pre- 
paring duplex powder. The initial product of the 
reaction was a powder mixture of U02 and W, o05 8 .  

After defluorination at  1000°C in hydrogen, the 
powder consisted of UOz and tungsten. Powder mix- 
tures containing approximately 18, 34, and 52 wt % W 
were pressed into pellets and sintered at  1750°C. 
During sintering the tungsten agglomerated in pellets 
containing about 18 wt % W and became the con- 
tinuous phase in pellets of higher tungsten content. 
Thermal conductivity (A) measurements accurate to 
25% were made from 25 to 75°C. Pellets with 52 wt % 
W had a h value of 0.14 w cm-' "C-' and those with 33 
wt % W had a value of 0.10 at 50°C. These values are 
consistent with a continuous tungsten phase. Pellets 
containing 18 wt 5% W had a X value less than that of 

theoretically dense UOz (0.08 w cn i l  "C1), apparently 

due to porosity and cracks. 

FEASIBILITY OF CONVERSION OF P ~ F ,  -ro 
h0.2 BY CHEMICAL VAPOR DEPOSITION 

W. C. Robinson, Jr. W. R. Martin 

We undertook to establish the feasibility of con- 
verting PuF, to Pu02 in a one-step process by chemical 
vapor deposition. The process i s  analogous to the UF6 
conversion process and involves the reaction of h F 6  
vapor, hydrogen, and steam. A remote apparatus with 
facilities for fluorination of PuF4 to Put;, and subse- 
quent conversion of PuF6 to PuO2 was designed and 
constructed, and the feasibility experiments were com- 
pleted. X-ray analyses of the powder product confirmed 
the presence of h02 only. 

CHEMICAL VAPOR DEPOSITION OF 
SILICON CARBIDE 

J .  E. Spruiel18 

We determined the effect of deposition parameters on 
the characteristics of silicon carbide produced by 
chemical vapor deposition from silicon tetrachloride- 
methane-hydrogen mixtures. The deposits were charac- 
terized by determining (1) deposit density and sound- 
ness, (2) phases present, (3) surface appearance, (4) 
hardness, and (5) deposition rate. 

Decreasing the pressure in the deposition chamber 
reduced the deposition rate, but pressure did not have a 
major effect on other deposit characteristics within the 
range investigated (<I to 180 torr). 'The variables found 
to have the greatest effects on other deposit charac- 
teristics were deposition temperature and inlet gas 
stream composition. X-ray diffraction analysis showed 
that deposits formed below approximately 1250°C 
contained free silicon as a second phase. At about 
1250°C and above, deposits containing only silicon 
carbide were formed for certain ranges of silicon-carbon 
and hydrogen-silicon mole ratios in the inlet gas stream. 
Above approximately 1350°C and for low silicon- 
carbon ratios in the inlet gas stream, the deposits 
contained free graphite. The bulk of the silicon carbide 
in the deposits was the cubic beta phase; however, a 
small amount of one or more of the hexagonal alpha 
phases was also present. 

The surface morphology of the deposits varied 
markedly, as shown in Fig. 20.9, and the smoother 

_____.._- 

7Work penformed by the Physical Properties Group. 
8Consultant from the University of Tennessee. 
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Fig. 20.9. Surface Morphologies of Silicon Carbide Deposited at (a) 1175"C, (b )  1400°C, (c) 135OoC, and (d) 1400°C. 

deposits were associated with low deposition tempera- 
tures, fine-grained ''laminar'' microstructures, and often 
the presence of free silicon. Although deposition 
temperature was most important, surface morphology 
also depended on the inlet gas stream composition. 

The deposition rate was a function of temperature 
and inlet gas stream composition as well as pressure. 
Typically, the deposition rate at 100 torr increased 
from about 0.005 to 0.010 in./hr at 1300°C to about 
0.030 to 0.040 in./hr at 1500°C. 

The hardnesses of the deposits were all very high even 
when they contained as much as 65 vol 7% Si; the range 

was 1331 to 3855 DPH (1-kg load). The higher 
hardnesses were associated with higher proportions of 
silicon carbide in the deposits. 

PLATE SURFACE STUDIES 

J. V. Cathcart 

The very high heat flux that exists across the surface 
of fuel elements in reactors such as HFIR enhances the 
corrosion rate of the 6061 aluminum alloy cladding. 
The thickness of the layer of corrosion product may 
reach 0.002 in. during the life of the fuel element. This 
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rate of corrosion does not threaten the structural 
integrity of the fuel elements, but the corrosion layer 
does pose a serious barrier to  heat flow and thereby 
limits the fuel loading that may be used. 

The purpose of our research is to  develop a coating 
for aluminum and its alloys that will significantly 
reduce the extent of this corrosion in high-temperature 
water. We have chosen to use anodic oxide films as the 
coating. Aluminum forms a variety of anodic fims, 
depending on the anodizing conditions. The films may 
be porous or dense, and changes in both their mechani- 
cal properties and corrosion resistance may be pro- 
duced. Our aim is to  find the right combination of 
variables so as to  optimize the protectiveness and 
thermal conductivity of the films. 

Materials and Test Conditions 

Our corrosion tests fall into two categories: (1)  
screening tests conducted in static water at 2OO0C, and 
(2) flowing loop tests in which a large heat flux occurs 
across the specimen-to-water interface. The latter tests 
are being conducted in cooperation with John Griess of 
the Reactor Division. 

Most of the screening tests have been performed on 
99.999% Al specimens. Pure aluminum is much more 
subject to  corrosion in water at 200°C than is type 
6061 aluminum, and for a starting point we have 
assumed that anodic treatments that are beneficial for 
pure aluminum would also be beneficial to  type 6061. 
All test specimens were in the form of electropolished 
coupons 0.5 X 0.75 X 0.025 in. Tests were run in 
distilled water at 200°C and 225 psi in a stainless steel 
autoclave. After test, the weight change of the speci- 
mens was measured, and the specimen surface and a 
cross section through the oxide were examined by 
optical and electron microscopy. 

Results with 99.999% Aluminum 

Corrosion of Pure Unanodized Aluminum. - Pure 
aluminum has very poor corrosion resistance in water at 
200°C. For example, one of our typical test specimens 
was converted completely into oxide in a test lasting 
only 24 hr. In addition to the formation of a surface 
oxide layer, pronounced grain-boundary attack also 
occurred. The latter phenomenon was accompanied by 
a large stress buildup, which severely deformed the 
specimen and doubtlessly accelerated the corrosion 
process. Others, notably Draley and Ruther: have 
suggested that this grain-boundary attack is the con- 
sequence of the solution of atomic hydrogen in the 
metal followed by the precipitation of hydrogen gas in 

the grain boundaries. The corrosion product is 
boehmite. 

Effect of Anodization and the Composition of the 
Anodizing Bath. - We found that anodization may 
provide considerable corrosion protection for pure 
aluminum, but the degree of protection is very much a 
function of the composition of the anodizing bath. 
Aluminum specimens were anodized in baths containing 
1 wt % H2S04 ,  H3P04 ,  oxalic acid, boric acid, 
Na3P04, and Na2 C03.  Only in the case of the oxalic 
acid bath was a significant decrease in corrosion rate 
observed. The degree of protection was a function of 
f im thickness (see Fig. 20.10). Note that for a film 
0.00012 in. thick, breakdown did not begin until after 
450 hr at 200°C. 

Structure of the Oxalic Acid Films. - A typical 
porous anodic film on aluminurn consists of a close- 
packed array of roughly hexagonal cells of oxide 1000 
to 3000 A in diameter." Running down the center of 
each cell is a micropore a few hundred angstroms in 
diameter. The pores terminate at a "barrier layer" of 
dense oxide, which separates them from the substrate 
metal. The thickness of the barrier layer depends on the 
anodizing voltage and appears to  range from 5 to 10 
AIv. For 65 v in a 1 wt % oxalic acid bath at 26"C, we 
formed films with a cell size of approximately 1500 A 
and an estimated barrier layer thickness of 300 A. The 
pore size was not determined. 

Corrosion of Anodic Films on Aluminum. - Films 
formed in oxalic acid were not completely inert to 

9J. E. Draley and W. E. Ruther, Corrosion 12, 480t-90t 

'OG. C. Wood, J. P. O'Sullivan, and B. Vaszko, J. Electro- 
(1956). 

chem SOC. 115,618-20 (1968). 
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Fig. 20.10. Time Required for the Beginning of Breakdown of 
Anodic Coating as a Function of Anodic Film Thickness. 
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Fig. 20.11. Indirect Replica of the Surface of a 99.9991 
Aluminum Specimen Anodized for 20 min at 65 v in a 1 wt % 
Oxalic Acid Solution at 26°C. Specimen was exposed to water 
at 2OOOC for 336 hr. 36,OOOX. 

water at 200°C. The film converted to  boehmite at the 
water-to-oxide interface. Figure 20.11 shows the SUI- 

face of a specimen anodized for 20 min at 65 v at a 
bath temperature of 26°C and then exposed to water at 
200°C for 336 hr. The surface was originally smooth 
and featureless; after attack, however, well-formed 
crystallites of boehmite are plainly visible. 

Figure 20.12 shows the same fdm in cross section. 
The pore structure of the fdm is apparent. The dark 
band at the top of the micrograph is thought to be the 
layer of corrosion product. The dark rectangles in the 
aluminum are etch pits formed when the specimen was 
etched before replication. The role of the pore structure 
and the barrier layer in the corrosion process are still 
uncertain, but the results obtained when the tempera- 
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r .  
Fig. 20.12. Cross Section of Specimen Shown in Fig. 20.11. 

Specimen was etched lightly in dilute HF before replication. 
10,000x. 

ture of the anodizing bath was changed (see below) 
suggest that they are important. 

The eventual breakdown of the films occurred at 
localized spots on the specimen. Once the aluminum 
substrate was exposed, the rate of corrosion was 
accelerated greatly. Large stresses developed, visibly 
deformed the specimen, and contributed to  the further 
breakdown of the anodic film in adjacent areas. 

Effect of Additions to the Anodic Films. - The 
porous nature of the anodic films formed in oxalic acid 
makes them ideal for absorbing various materials from 
solution. In an effort to enhance the corrosion resist- 
ance of the films, Cr04’-, P043-, and Ni2+ ions were 
absorbed in the pores of the films by refluxing anodized 
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specimens in appropriate solutions containing these 
ions. The nickel was added as nickel formate, and the 
specimens were annealed in either air or hydrogen 
before being subjected to corrosion. Thus the nickel 
was present either as NiO or metal during corrosion. In 
no case, however, was a significant improvement in the 
corrosion properties of the films observed. 

Temperature of the Anodizing Bath. - The anodizing 
characteristics of aluminum are sensitive to  the temper- 
ature of the anodizing bath. We investigated three 
temperatures: 3, 16, and 26°C. The current variation 
that occurs during anodization at these three tempera- 
tures is summarized in Fig. 20.13. The initial current 
surge that occurred when voltage was first applied to  
the cell was followed by a sharp drop and a slower 
recovery to  a steady state. This behavior is probably 
related to the initial formation of a relatively thick 
barrier layer and its subsequent thinning as the pore 
structure develops. Note that the limiting current 
density decreased with decreasing temperature, in- 
dicating the formation of a thicker barrier layer, an 
alteration of the pore structure of the film, or both. 

These changes in the character of the anodic films 
have an important and beneficial effect on the cor- 
rosion properties of the films. For example, a film 
formed at 16°C had a lifetime in water at 200°C at least 
four times that of a comparable film formed at 26°C. 
An autoclave test of a film formed at 3 O C  is in progress. 

Conclusions from Screening Tests with Pure Alumi- 
num. - Anodic films as thin as 0.0001 in. can provide 
very substantial corrosion protection for aluminum in 
water at 200°C for several hundred hours. The com- 
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Fig. 20.13. Cell Current Variation During Anodizing at 
Different Temperatures. 1 wt % oxalic acid bath at 65 v. 

position of the anodizing bath is crucial to the 
formation of protective anodic films. Of the various 
baths investigated, only the oxalic acid bath was 
effective. Bath temperature also is an important pa- 
rameter; lowering it substantially improved the cor- 
rosion resistance of the films. 

Results with 6061 Aluminum 

Screening Tests. - The corrosion film on 6061 
aluminum reached a thickness of only a few tens of 
microinches in periods up to 200 hr in static water at 
200°C; however, Griess's' flowing loop tests indicated 
that a roughly hundredfold increase in the corrosion 
rate of the alloy occurs when the heat flux across the 
specimen surface reaches approximately 1 X lo6 Btu 
hr-' ft -2. The films formed under these conditions are 
compact layers of boehmite that show no signs of 
cracking or porosity. These results suggested that the 
enhanced corrosion rate might be caused by a strain 
gradient related to the thermal gradient across the film. 

To test this hypothesis, we mounted an unanodized 
6061 aluminum specimen in a quartz jig in such a way 
that the specimen was under strain during corrosion. 
The oxide film thickness after 192 hr at 200°C was 
about 0.00012 in., approximately triple that on a 
control specimen. 

Figure 20.14 is an electron micrograph of the surface 
of this specimen and shows well developed crystallites 
of boehmite covering the specimen. In cross section 
(Fig. 20.15), the film is clearly polycrystalline and 
compact. 

Flowing Loop Tests. - We feel that the screening 
tests just described give an indication of the causes of 
the corrosion enhancement associated with the presence 
of a large heat flux; however, a definitive check of the 
effect of an anodic film on the corrosion of type 6061 
aluminum clearly requires the more stringent test 
conditions provided by the flowing loop apparatus. The 
specimen in the loop test is an integral part of the loop 
and takes the form of a rectangular slot 0.078 X 0.5 X 
6 in. The walls of this narrow slot serve as the test 
specimen and must be anodized before the unit is 
incorporated into the loop. 

The results of the first loop test were rather incon- 
clusive. The failure of an electrical connection forced 
the premature shutdown of the test, and, more impor- 
tantly, temperature measurements along the surface of 

' ' J. C. Griess, H. C. Savage, and J. L. English, Effect of Heat 
Flux on the Corrosion o f  Aluminum by Water. Part I K  Tests 
Relative to the Advanced Test Reactor and Correlation with 
Previous Results, ORNL-3541 (February 1964). 
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Fig. 20.14. Indirect Replica of the Surface of  an Unanodized 
6061 Aluminum Specimen Corroded Under Strain for 192 hr in 
Water at 200OC. 13,OOOX. Reduced 37.5%. 

the test section were sufficiently similar to those from 
previous tests with unanodized specimens as to  suggest 
that the anodic film was much thinner than predicted. 

Before beginning the second loop test, we revised our 
anodizing procedures. The cathode was a thin stainless 
steel strip stretched down the center axis of the test 
specimen. The anodizing solution was pumped through 
the specimen during anodization, thus sweeping out gas 
bubbles that formed. Furthermore, the specimen was 

rce46- B 

H 2 0  OXIDE 
I NT E R FACE 

Fig. 20.15. Cross Section of Specimen Shown in Fig. 20.14. 
The micrograph shows the water oxide interface and a portion 
of the boehmite layer. Specimen was etched lightly in dilute HF 
before ieplication. 36,OOOX. Reduced 37.7%. 

held at 16°C during anodization to take advantage of 
the enhanced corrosion resistance exhibited by anodic 
films formed at low temperatures. While we could not 
examine the interior of the test specimen itself after 
anodization, mockups of the loop specimens were 
anodized and cross-sectioned, and their interior surfaces 
were completely and evenly coated with an anodic film. 
This second loop test is now in progress. 



2 1. Irradiation Damage to Aluminum 

W. R. Martin 

Aluminum has been extensively and successfully used 
in research reactors for years. The effect of irradiation 
on aluminum has been largely an increase in strength 
with neutron exposure, and the magnitude of any 
adverse irradiation effect has been small. However, 
some new research reactors, such as HFIR, operate at 
higher fuel element temperatures and hlgher neutron 
fluxes. At fluxes of approximately 10’ neutrons cm-’ 
sec-’ aluminum is exposed to fluences greater than 
lo’’ neutrons/cm’ in times that are relatively short. 
Since the failure of HFIR target elements,’ an ele- 
vated-temperature embrittlement problem with alumi- 
num irradiated to doses of approximately 10’’ neu- 
trons/cm’ has been confirmed.’ 

Our program has been to determine the type and 
magnitudes of property changes during irradiation and 
seek the causes of those property changes for several 
aluminum alloys of interest in current research reactors. 
This work is related to the structural materials irradia- 
tion damage program reported in Chapter 22 of this 
report. Damage to HFIR targets is discussed further in 
Part IV, Chapter 32. 

EFFECT OF NEUTRON IRRADIATION ON 
THE MECHANICAL PROPERTIES 

OF 1 100 ALUMINUM 

R. T. King J. R. Weir, Jr. 

The effects of neutron irradiation on the tensile 
properties of 1100 aluminum from the Nf tray of the 
Oak Ridge Research Reactor have been determir~ed.~ 

‘A.  L. L.otts, E. J. Manthos, J. E. Van Cleve, E. L. Long, 
Jr., R. T. King, and J. R. Weir, JI., Metals and Ceramics Div. 
Ann. Progr. Rept. June 30, 1967, ORNL-4170 pp. 187-91. 

‘J. E. Cunningham, Severe Radiation Damage to Aluminum 

3S. S. Hurt, 111, “Experience with Neutron Damage to  
Beryllium and Aluminum Lattice Components at the ORR,” 
Trans. Am. Nucl. SOC. 10 (Supplement), 11-12 (July 1967). 

Alloys, ORNL-TM-2138 (Mach 1968). 

Plate specimens irradiated to fluences ranging from 0.19 
X 10’’ to 1.3 X 10’’ neutrons/cm’ (>1 MeV) at 60°C 
were tested in air at a strain rate of 0.266/min at 
temperatures form 20 to 370°C. 

Irradiation to about 1.2 X loz2 neutrons/cm’ in- 
creased the yield strength and ultimate strength by 
factors of approximately 4 and 2, respectively, over the 
entire range of tensile-test temperatures. The ductility 
showed a pronounced minimum between 200 and 
260°C; in this range the irradiated alloy strained less 
than 6% to failure. 

Specimens irradiated in the ORR to fluences ranging 
from 0.19 X 10’’ to 1.3 X 10’’ neutrons/cm2 were 
tensile tested at 30 and 200°C. At 30°C the yield and 
ultimate tensile strengths increased rapidly with increas- 
ing fluence, but the ductility did not change. However, 
although the yield and ultimate strengths at 200°C 
increased with increasing fluence, the ductility de- 
creased rapidly from 50% at 0.19 X 10’’ neutrons/cm’ 
to 5.9% at 1.3 X 1 O2 ’ neutrons/cm’ . 

As observed2 for the X8001 alloy, annealing for 1 hr 
at 537°C before testing at a temperature of low 
postirradiation ductility (200°C) recovered both the 
ductility and strength of the 1 100 aluminum. 

DENSITY OF IRRADIATED ALUMINUM 

E. L. Long, Jr. 

Immersion densities were measured on 1100-alumi- 
num specimens that had been sectioned from an ORR 
Nf tray.3 The aluminum was irradiated at about 60°C 
and received a maximum fluence of 1.5 X loz2 
neutrons/cm’ (>I Mev). As shown in Fig. 21.1, the 
density decreased linearly with increasing fast neutron 
fluence. A 1.5% decrease in density was measured at a 
fluence level of 1.5 X 10’ ’ neutrons/cm’ . As would be 
expected, the measured decrease in density of the 
aluminum could be correlated with the flux profile 
along the length of the Nf tray. 
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Fig. 21.1. Effect of Total Fast-Neutron Fbence (>1 Mev) on 
the Immersion Density of 1100 Aluminum from the Nf Tray of 
the ORR. 

EFFECT QF NEUTRON IKRADIATION 
ON THE MECHANICAL PROPERTIES 

OF 6041 ALUMINUM 

R. T. King J. R. Weir, Jr. 

To determine whether the neutron irradiation damage 
in X8001 aluminum’ , 2  also occurs in other aluniinum- 
base alloys, we tensile tested 6061-T6 aluminum from 
the hydraulic tube of the High Flux Isotope Reactor 
(HFIK). Ring tensile specimens were cut from regions 
exposed to fluences of either 6.16 X lo2’ or 2.3 X 
lo2 ’ neutrons/cm2 ( X . 8 2  MeV) at approximately 
60°C. The tensile tests were performed in air at a 
crosshead speed of 0.002 in./min at  temperatures 
ranging from 20 to 370°C. 

Neutron irradiation caused a two- to threefold in- 
crease in ultimate strength over the range of test 
temperatures, and the strength increased with increasing 
fluence. A marked ductility minimum was observed 
between 150 and 315°C. The ductility after exposure 
to 6.16 X loz1 neutrons/cm2 (>0.82 Mev) was lower 
than that after 2.3 X lo2* neutrons/cm2 (>0.82 Mev). 
Annealing at S37’C for 1 hr before testing at 200°C 
recovered both the strength and ductility of 6041 
aluminum. Thus, both the strength and ductility behav- 
ior of the 6061 alloy are qualitatively similar to the 
behavior of the X8001 alloy. 

EFFECT OF CYCLOTRON-INJECTED 
HELIUM ON THE TENSILE 

PROPERTIES OF ALUMINUM ALLOYS 

R. T. King J. K. Weir, Jr. 

Several possible mechanism for the embrittlernerit of 
irradiated aluminum have been proposed as either 
separately responsible f-or the neutron damage or 
irrf eracting synergistically to produce the observed 
behavior. These are: 

1. The production of tielium by the Al(ri,a> reaction 
with fast neutrons. Ihis is similai to the causz of 
high-temperature embrittlenent in iron- and nickel- 
base alloys used in fast reactors. As much as 6 X 
1 (r6 atvm fraction of heliurn is produced during the 
irradiation of alunliriurn to 1 X IO2’ fast neu- 
ttons/cm2 in che High Flux Isotope Reactoi. 

2. ‘The production of hydrogen by the AI(n,p) reaction 
with fast neutrons. As much as IC4 atom fraction 
of hydrogen is generated during the irradiation of 
alumiriurn to I x 10” fast neutrons/cm2 in the 
HFI K. Substantially larger amounts of hydrogen 
may be recoiled into the HFIR cladding from the 
aqueous environment. Another possible source of 
hydrogen is chat released during the oxidation of 
alunlinum by water. 

3. The production of silicon by the 7Al(n,y) reaction 
with a thermal neutron followed by a beta decay to 

Si. Approximately 1% Si is produced by exposure 
of aluminum to approximately 2 x neu- 
trons/cm2 (thermal). 

4. Displacement damage can cause strengthening and 
loss of ductility in mctals, but embrittlement of 
aluminum is observed at temperatures for which 
displacement damage can be removed by annealing. 

We determined the effect of cyclotron-injected he- 
lium on the X800I-0 6061-0, and 1100-0 alloys and 
S A P  containing 7.5 wt % A 1 2 0 3 .  Approximately 5 X 
l(r6 atom fraction of uniformly dispersed helium was 
injected into these alloys at temperature below 100°C. 
These specimens and suitable control specimens were 
then tensile tested in air at 0.266/min strain rate 
between 20 and 425°C. 

The yield strengths, ultimate strengths, and uniform 
elongations of the alloys were not changed by the 
cyclotron-injected helium. However, the total elonga- 
tion to failure of the X8001 and 1100 alloys decreased 
by as much as 50% at test ternperatuies above approxi- 
mately one-half their absolute melting points (O.ST,). 
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The 606 1-0 and SAP alloys did not exhibit any marked 
decrease in ductility above 0.5Tm. 

The loss in high-temperature ductility is not clearly 
related to intergranular fracture processes as is the case 
in iron- and nickel-base alloys. No metallographic or 
transmission electron microscopy evidence was found 
to support an intergranular fracture mechanism above 
OST, , where helium affects the intergranular fracture 
process of other face-centered-cubic metals. 

ELECIXON MXCROSCOPY OF IRRADIATED 

SHEATHS FROM HFIR 

J.  0. Stiegler K. Farrell 
C. K. H. DuHose 

01 ALUMINUM ALLOY HEX 

Transmission electron microscopy has been used to 
characterize the microstructure of X8001 aluminum 
alloy hex sheaths irradiated in the Savannah River 
Reactor (SKL) and in the High Flux Isotope Reactor 
(MFIR). Specimens have been examined in the unir- 
radiated and as-iiradiated states as well as after various 
annealing and deformation treatments. The irradiation 
occurred at 55°C in HFIR and probably at a slightly 
lower temperature at SRL. The material irradiated only 
in WFIR received a thermal fluence of 2.7 X I O z 2  
neutrons/cm2, whereas that exposed in both reactors 
received 15.4 X The fast fluence (>0.8 MeV) was 
1.0 X neutrons/cm2 for both. 

The hex sheaths were 30% cold worked before 
insertion in the reactors, and their microstructures 
consisted of a fairly coarw distribution of cigar-shaped 
precipitate particles, usually longer than about 0.5 p ,  in 
a well-defined matrix of subgrains of average size about 
1 p .  In the as-irradiated condition the precipitate and 
the subgrain boundaries were retained but the matrix 
was sprinkled with white spots ranging from 100 to 600 
A in diameter, which we determined to be voids and 
not gas-filled bubbles. Regions within about 1000 A of 
subgrain boundaries and precipitate particles were free 

of voids. Preliminary counts of the voids in the 
specimen irradiated in HFIK alone gave 0.9 X 
10' /cm3. The void density in a specimen exposed in 
the SRI, and then in HFIR was 1.9 X 10' 5/cm3. 'The 
voids in the specimen irradiated in HFIR only were 
larger, as is illustrated in Fig. 21.2. The large thermal 
neutron fluence received in the Savannah River Reactor 
presumably affected growth and perhaps also nuclea- 
tion of voids during the subsequent HFIR irradiation. 
Silicon atoms produced by the reaction of 27A1 with 
thermal neutrons may be responsible for the difference. 

A 1-hr anneal at 120°C of the material irradiated in 
HFIR did not alter the void distribution appreciably 
nor did it change the subgrain size. However, it did 
result in the appearance of sniall dark spots between the 
voids, which we believe are solid precipitate particles 
involving the silicon transmutation product. Such a 
precipitate was not present in unirradiated material 
given the same heat treatment. 

'The voids were completely eliminated by a 1-hr 
anneal at 260°C, and the irradiation-induced precipitate 
coarsened. The size of the subgrains appeared un- 
changed. However, in unirradiated material recrystal- 
lization commenced during a 1-hr anneal at 200°C and 
was complete in 1 hr at 250°C with a tenfold increase 
in the grain size. Thus, recrystallization was retarded in 
the irradiated material, even iB the absence of voids. 

The voids were also eliminated by cold work. Speci- 
mens were reduced ahout 65% in thickness by pressing 
at room temperature or 120°C. During the deformation 
the radiation-induced precipitate interacted extensively 
with dislocations. The loads required to press irradiated 
specimens were more than twice those required to press 
unirradiated specimens. 

These metallographic observations illustrate the com- 
plex nature of high-fluence radiation damage in alunii- 
num alloys. They show that one must consider not only 
displacement damage and the hydrogen, helium, and 
silicon produced by nuclear reactions but also the 
influence of the initial microstructure and its response 
to their presence. 
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Electron Micrographs of Sections Taken from HFIR Target Hex Sheaths. 100,OOOX. (a) Irradiated at SRL 
in HFIR. A subgrain boundary with an associated zone free of voids is visible on the right side of the 

micrograph. 



22. Mechanical Properties Research 

J. R. Weir, Jr. 

These programs are closely related and have as their 
objectives the understanding of radiation damage to  
important reactor materials and the development of 
modified alloys more resistant to radiation damage. 
Emphasis has been placed on types 316 and 304 
stainless steels and the titanium-modified versions of 
both. Incoloy 800, Hastelloy N, and certain vanadium 
alloys are also in various stages of investigation. 
Insufficient work has been done on the vanadium alloys 
to warrant reporting here. 

Additional work on Hastelloy N is reported in Part 
IV, Chapters 33 and 34, of this report. 

DEVELOPMENT OF TITANIUM-MODIFIED 
TYPE 304 STAINLESS STEEL 

Radiation Damage Resistance 

E. E. Bloom 

The basis for selecting a titanium addition to  the 
austenitic stainless steels to reduce the irradiation- 
induced loss of elevated-temperature ductility has been 
discussed previously.’ 93 Tensile and creep-rupture prop- 
erties of types 304 and 304L stainless steels containing 
titanium in concentrations up to  0.5% have been 
investigated. Within this range an alloy containing 0.15 
to  0.25% Ti has optimum postirradiation ductility. The 
effects of annealing temperature, thermal aging, and 
irradiation on the mechanical properties of 50- and 
1500-lb heats having titanium contents within this 
range have been extensively investigated. In the an- 

’ Including LMFBR Cladding and Structural Materials Devel- 
opment. 

‘W. R. Martin and J. R. Weir, “Solutions to the Problems of 
High-Temperature Irradiation Embrittlement,” pp. 440-57 in 
Effects of Radiation on Structural Metals Spec. Tech. Publ. 
426, American Society for Testing and Materials, Philadelphia, 
December 1967. 

3E. E. Bloom and J. R. Weir, “Development of Austenitic 
Stainless Steels with lmproved Resistance to Elevated-Tempera- 
ture Irradiation Embrittlement,” Paper presented at ASTM 
Annual Meeting, July 25, 1968; to  be published in the 
proceedings. 

nealed condition the creep-rupture properties of the 
titanium-modified alloy are superior to  those of stand- 
ard type 304 and 304L stainless steels having an equal 
grain size and carbon content. Upon thermal aging at 
600 or 700°C the strength of the titanium-modified 
alloy decreases and becomes approximately equal to  
that of the standard alloy? The postirradiation duc- 
tility and strength properties are sensitive functions of 
preirradiation annealing temperature. When the alloy is 
annealed 1 hr at 925°C before irradiation the postir- 
radiation ductility is optimum, is essentially inde- 
pendent of tensile test temperature between 700 and 
900”C, and increases as the strain rate is reduced in 
creep-rupture tests at 700°C. In contrast, the postirradi- 
ation ductility of standard types 304 and 304L stainless 
steels annealed and irradiated under the same condi- 
tions decreases with increasing test temperature or 
decreasing strain rate. 

These effects appear to result primarily from the 
effect of titanium on the intergranular fracture process, 
making crack initiation and propagation more difficult 
and thus reducing the susceptibility to  elevated- 
temperature irradiation embrittlement. 

Fabrication of Small-Diameter 
Stainless Steel Tubing 

G. A. Reimann 

We have been producing tubing from the titanium- 
modified low-carbon grade of type 304 stainless steel. 
Ingots were forged, machined into billets, and extruded 
into tube shells. Three separate approaches were investi- 
gated for reducing asextruded tube shells to  the final 
size. Plug drawing and mandrel swaging produced 
unsatisfactory tubing, but mandrel drawing produced 
the final size without difficulty, and satisfactory tubing 
was produced in 28 to  32 passes of about 15% 
reduction each. The mandrel drawing approach involved 
four swaging passes after extrusion to reduce the cross 

4E. E. Bloom, Effect of Titanium Additions on the Stress- 
Rupture Properties of Type 304 Stainless Steel, ORNL-TM 
1807 (June 1967). 
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section to  within the capacity of the drawbench. 
Tube-reducing will replace the swaging step in the 
future. 

Fig. 22.1, where the titanium nitride precipitate can be 
observed. The precipitate particles were larger in the 

ascast structure but have been fractured into smaller 
pieces and strung out in the direction of working. 

The microstructure of the finished tubing is shown in DEVELOPMENT OF TITANIUM-MODIFIED 
TYPE 3 16 STAINLESS STEEL 

E. E. Bloom 
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Fig. 22.1. Microstructure of Longitudinal Section of Finished 
0.250-in;OD X 0.016-in.-Wd Tube. Except for crushed nitride 
crystals, no second phase is evident. (a) 1OOX. (b) 1OOOX. 

Type 3 16 stainless steel is an austenitic alloy that has 
potential as a cladding material for liquid-metal-cooled 
fast breeder reactors. As in other austenitic alloys, 
neutron irradiation causes a severe loss of the elevated- 
temperature ductility. In an attempt to  improve the 
mechanical properties in both the unirradiated and 
irradiated conditions, we have altered the composition 
by the addition of titanium in concentrations up to 
0.6%. In the annealed condition and at a test tempera- 
ture of 650°C, titanium concentrations from 0.1 to 
0.3% significantly improved the ultimate tensile 
strength and time to  rupture in creep-rupture tests at 
35,000 psi. As a result of thermal aging (2000 hr at 
65OoC) before test, the strength properties of the 0.1 to 
0.3% Ti alloys are reduced to  values similar to those of 
standard type 3 16 stainless steel. Postirradiation tensile 
and creep-rupture ductilities of 0.1 to 0.3% Ti alloys are 
lower than for the unirradiated condition but signifi- 
cantly higher than those of type 316 stainless steel 
irradiated and tested under the same conditions. Creep- 
rupture fractures at 650°C are intergranular in unirradi- 
ated type 316 stainless steel and transgranular in the 
titanium-modified alloys. 

EFFECTS OF TITANIUM AND CARBON 
VARIATIONS ON MECHANICAL 

PROPERTIES AND RADIATION DAMAGE 
OF INCOLOY 800 

D. G. Harman 

Several 100-lb heats of vacuum-melted Incoloy 800 
were tested at elevated temperatures. The nominal 
commercial composition was used except that both the 
carbon and titanium concentrations were intentionally 
varied. High carbon (approx 0.12%) alloys with tita- 
nium levels from below 0.02 to 0.38% and low carbon 
(approx 0.03%) alloys with 0.10 to 0.31% Ti were 
studied. All alloys contained 0.22% Al. 

The specific alloy composition had a significant effect 
on the mechanical properties of both unirradiated and 
irradiated material. Especially prominent was the effect 
of titanium on the postirradiation creep ductility, 
which increased significantly up to 0.1% Ti but then 
decreased sharply with further titanium additions. 
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Creep elongations measured at 700 and 760°C after 
high-temperature irradiation were three times higher for 
the 0.1% Ti alloys than for the other titanium alloys. 
No direct effect of carbon content on ductility was 
found. 

Metallurgical structure and testing conditions were 
important considerations. Postirradiation ductility in- 
creased with decreasing grain size and strain rate. Low 
strain rate (i.e., low stress) creep elongations as high as 
100% were observed at 700°C for fine grained 0.1% Ti 
alloys irradiated to 3 X 10’ neutrons/cm’ (thermal) at 
700°C. 

EFFECT OF TITANIUM AND CARBON 
ON MECHANICAL PROPERTIES 

OF HASTELLOY N 

C. E. Sessions 

Thermal neutron irradiation damage in Hastelloy N 
results from transmutation of boron to  helium, which 
interacts with grain boundaries under stress to  cause 
premature creep-rupture failure with low fracture 
strains. Small additions of active getters such as 
zirconium, hafnium, and titanium have been shown’ to  
significantly reduce the magnitude of the high-tempera- 
ture damage, and we are studying the effects of these 
alloying additions on the properties of the alloy. We are 
defining the titanium-carbon interactions so that we can 
better understand the role of titanium in reducing the 
boron-helium damage. 

We find that the creep strength at 650°C is increased 
significantly with both carbon and titanium additions. 
The creep elongation is approximately constant for 
carbon contents up to 0.05% but increases significantly 
at higher concentrations. This verifies the beneficial 
influence of gross grain boundary precipitation on creep 
ductility. For increasing titanium contents from 0 to 
1.0%, the creep elongation at 40,000 psi and 650°C 
increased continuously from 12 to 27%. The creep 

fractures at 650°C are intergranular in Hastelloy N, and 
the fracture characteristics do not change significantly 
with either titanium or carbon additions. This observa- 
tion is contrary to the observed effects of titanium on 
the fracture mode of type 304 stainless steeL4 

We thus see primarily a strengthening of the alloy 
with titanium and carbon additions and are evaluating 
the optimum titanium-to-carbon ratio for thermal 
stability and also for improved resistance to irradiation 
damage. We have not defined the mechanisms of 
ductility enhancement in these alloys but feel that 
generally a gettering of deleterious impurities is the 
most likely role of titanium. 

ELECTRON MICROSCOPY OF IRRADIATED 
EBR-I1 FUEL CLADDING6 

J. 0. Stiegler E. E. Bloom J.  R. Weir, Jr. 

Specimens of type 304L stainless steel irradiated at 
temperatures between 370 and 472°C to  fast neutron 
fluences of 0.8 to 1.4 X 10’’ neutrons/cm’ have been 
examined by transmission electron microscopy. The 
specimens were sections cut from the cladding of a 
spent driver fuel element that had been irradiated in the 
EBR-I1 and supplied by Argonne National Laboratory. 

Two structural features, voids and dislocation loops, 
were present in all specimens. Table 22.1 lists the 
approximate irradiation temperature, fast neutron flu- 
ence, and void density for each of five conditions; void 
density values are based on a count of the number of 

’H. E. McCoy and J. R. Weir, “Development of a Titanium- 
Modified Hastelloy with Improved Resistance to Radiation 
Damage,” paper presented at 71st Annual Meeting of ASTM, 
Irradiation Damage Conference, June 24-27, 1968, San 
Francisco. 

6Abstract of paper presented at the Fourteenth Annual 
Meeting of the American Nuclear Society, Toronto, Canada, 
June 9-13, 1968. 

Table 22.1. Irradiation Conditions and Void Density 
Measurements in Type 304L Stainless Steel 

Irradiation Fast Neutron Void Cladding 
Specimen Temperature Fluence Concentration Density 

(“C) (neutronslcm’) ( ~ m - ~ )  Decrease (%) 

X1OZ2 x1ol5 
1 370 0.8 1.4 0.07 
2 398 1.2 1.3 0.15 
3 438 1.4 1.3 0.17 
4 465 1.3 0.9 0.16 
5 472 0.9 0.4 0.08 

. 
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voids per unit area on photomicrographs and an 
assumed foil thickness of 1000 A. A comparison of the 
results for specimens 1 with 5 and 2 with 4 indicates 
that for a fixed fluence, the void density decreases with 
increasing irradiation temperature. On the basis of void 
size distribution and concentration, we calculated the 
density decreases given irt Table 22.1. 

The distribution of voids was remarkably homoge- 
neous. Variations observed between different micro- 
graphs from the same specimen probably reflect differ- 
ences in foil thickness. It i s  significant, however, that no 
voids were detected in the grain boundaries. In fact, the 
void density within about 0.1 p of the boundary was 
reduced, probably due to the annihilation of voids at 
the boundary or the influence of the boundary on the 
void formation process. 

A very complex dislocation substructure was present 
in each of the five sections. At the lower irradiation 
temperatures the structwe was so complicated that 
irtdividual loops could not be observed. At 472’C, 
however, well-defined loops were resolved. These loops 
lie on (111) and appear faulted, suggesting that they 
are Frank sessile loops formed by the precipitation of 
interstitial atoms. The loops ranged in diameter from 
200 to 900 A and were present to a density of about 2 

Changes in microstructure as a result of postirradia- 
tion annealing were examined for specimen 3 .  After 1 
111 at 600OC the dislocation loops disappeared and were 
replaced by a dislocation network. At progressively 
higher annealing temperatures the dislocation density 
decreased, and after 1 lur at 90O6C the dislocation 
density was comparable to that of an unirradiated 
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annealed specimen. Concurrent with changes in loop 
and dislocation structure, we observed that the void 
density began to decrease. Measurements of void size 
distribution after annealing indicated that the snlaller 
voids annealed more rapidly. All voids were removed in 
1 hr at 900°C. 

EFFECT OF CYCLOTRON-INJECTED 
HELIUM ON THE CREEP-RUPTURE 
PROPERTIES OF STAINLESS STEEL 

R. T. King J.  R. Weir, Jr. 

The loss in high-lemperature ductility of stainless 
steel after neutron irradiation is due to transmutation- 
produced helium. Tlus clamage was simulated in two 
LMFBR candidate cladding materials, type 304 stainless 
steel and 0.2% Ti-type 304L stainless steel, by cyclo- 
tron-injecting a utuform concentration of 2 X iu5 
atom fraction of helium into sheet specimens of both 
materials after annealing for I hr at 925 or 1038°C. 
These specimens and suitable control specimens were 
creep-rupture tested in argon at 600 and 700°C, over 
30,000 to 55,000 psi and 14,000 to 20,000 psi stress 
ranges, respectively. 

The ductility of the type 304 stainless steel is severely 
reduced by 20 ppm of helium at both 600 and 700°C. 
However, the titanium-modified type 304L stainless 
steel, which shows improved resistance to neutron 
irradiation damage, is not as severely affected by 20 
ppm of cyclotron-injected helium as the type 304 
Stainless steel (See Fig. 22.2). Martin and Weir’ have 
discussed the effects of srnall additions of titanium on 
stainless steel. 

50 io0 200 500 01 0 2  0 5  1 2 5 10 20 
RUFTIJRE TlMF ( I i r )  

Pig. 22.2; Effect of Helium Injection on Fracture Strain vs Rupture T h e  Curves for Type 304 and 0.2% Ti-Type 304L Stainless 
Steels at 600 C. 
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EBR-I1 IRRADIATION EXPERIMENTS 

E. E. B~QOKI J. R. Weir, Jr. A.  F. Zulliger7 

To allow the design of subsequent materials irradia- 
tion experiments, we determined the axial distribution 
of the nuclear heating rate for rows 2 and 7 of the 
EER-11. Susceptors were placed in the central tube of a 
seven-tube subassembly. A gas gap was provided be- 
tween the susceptor surface and the inner wall of the 
hitie to  act as a heat transfer barrier. Susceptors were 
designed on the basis of published heating rates to  
operate at temperatures between 500 and 800°C. Melt 
wires having melting points both above and below the 
design temperature were placed in each susceptor. In 
each susceptor the melt wires had a range of melting 
points such that the susceptor temperature that would 
result from a variation of 150% from the calculated 

7General Engineering Division. 

heating rates could be measured. Postirmdktion exami- 
nation of the susceptors placed the operating tem- 
perature between the melting points of two wires. 
Nuclear heating rates were then calculated. In the row 2 
experiment the melt wires having the lower melting 
points showed no signs of melting, whereas in the row 7 
experiment melt wires at several locations had melted. 
'These results indicated that in row 2 at the reactor 
midplane, the nuclear healing rate was less than 4.0 w/g 
(in stainless steel at a reactor power of 45 Mw), 
compared t o  a calculated value of approximately 7.2 
w/g. In row 7 at the reactor midplane the mezsured 
value was 0.8 w/g, compared to a calculated value of 
approximately 2 w/g. 

The information provided by this experiment has 
been used in the design of two subassemblies, which are 
being irradiated in row 2 and 7 positions. 'The materials 
included in the subassemblies are types 304, 304k, 
titanium-modified 304 and 304&, and 3167, stainless 
steels, Incoloy 800, V-20% TI and nickel 270. 



23. Nondestructive Test Development 

R. W. McClung 

This program is designed to  develop flew and im- 
proved methods of examining reactor inaterials and 
components. To achieve this we study the pertinent 
physical phenomena, develop instrumentation arid 
other equipment, devise application techniques, and 
design and fabricate reference standards. Among the 
subjects being actively pursued are electromagnetics 
(with major emphasis on eddy currents), ultrasonics, 
holography, arid penetrating radiation. 

ELECTROMAGNETIC TEST METHODS 

C. V.  odd 
W. E. Deeds’ 

J .  W. Luquire’ 
W. G. Spoeri 

Analytical Studies 

We continued research and development on both 
analytical and empirical bases. We derived a number of 
integral equations that represent solutions to various 
problems related to electromagnetic ~ h e n o m e n a . ~ - ~  
The cases solved that are of particular interest to 
eddy-current testing are shown in Fig. 23.1 and the 
effects for which the solutions are applicable are listed 
as follows: cases 1, 5, and 6, coil impedance and defect 
sensitivity; cases 2 and 3, plme and amplitude of 
voltage and defect sensitivity; case 4, coil impedance. 

We have written computer programs that allow 
calculntion of these effects in minutes on a time-sharing 
computer. Consequently, these programs are highly 
beneficial in the design of actual eddy-current tests. The 

‘Consultant from the University of Tennessee. 
‘ C .  V. Dodd, Solutions to Electromagnetic Induction Prob- 

lems, ORNL-TM-1842 (June 1967). Ph.D. Thesis, tile University 
of Tennessee. 

3C. V. Dodd and W. F. Deeds, “Electromagnetic Forcea in 
Conductors,” J. Appl .  Phys. 38(13), 5045 51  (December 
1967). 

4C. V. Dodd and W. E. Deeds, “Analytical Solutions to 
Eddy-Current Probe Coil Problems,” J. A&. Phys. 39161, 
2829 -38 (May 1968). 

two curves in Fig. 23.2 show how coil impedance in a 
given test situation varies with cladding thckness for 
one conductor clad on two base materials having 
different conductivities. Figure 23.3 shows the variation 
in phase shift with an incremental variation in metal 
thickness for four different thickness ranges as a 
function of both coil and metal parameters. These 
curves allow us to choose the optimum parameters 10 
obtain maximum sensitivity over a particular thickness 
range. 

We deternlined that the signal due to a defect can be 
expressed as the product of a defect sensitivity factor, a 
defect shape-and-orientation factor, and the defect 
volume. The defect sensitivity factor is a niutual- or 
self-inductance function and depends only on the coil 
system, the frequency, the specimen conductivity, and 
the location of the defect. Figure 23.4 is a typical plot 
of the defect sensitivity factor as a function of location. 
The defect shape-and-orientation factor calculated for a 
spheroidal flaw as a function of orientation and ratio of 
axes is shown in Fig. 23.5. 

We made a series of experimental ,measurements of 
coil impedance for the case of a coil above a single 
conducting plane for comparison with calculated values. 
The results are shown in Fig. 23.6. The agreement 
between calculated and measured values is excellent in 
the areas of accurate measured values. (At the lower 
frequencies the measured values are relatively inac- 
curate.) The disagreement between measured and calcu- 
lated points is within the limit of experimental eiror in 
all cases. 

Phasesensitive Eddy-Current Instrument 

Portable Instrument. - Work has continued on the 
portable phase-sensitive eddy-current instrument. We 
constructed printed circuit boards to simplify mainte- 
nance and prepared templates so that the circuit boards 
can be constructed more economically. The instrument 
and circuit board layout were photographed so prints 
could be distributed externally through the ORNL 

125 
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OHNL-DWG 66-7311 

(01 CASE 1 :  CG'L ABO\,E TWO-CCNDUCTOR P L A N E .  

: e )  :4SF k ;O L ENCIRCLING TWO CONCUCTOR RGG. 

( c 1  CASE 3 :  T I7RCUSY~TRUNSMlSSON COILS : f i S  
USED WJ PHASE-SENS 'T IVE INSTRdMENT. 

CASE 2 :  REFLECTION-TYPE COIL (AS USED IN 
PHfiSE-SENSITIVE JUSTRUMENT) ABOVE A 
T W 3  COhJDUCTOF( OLANE.  

( d l  CASE 4 :  COIL BETWEFN -WO-CCNDUCTING 
PLANES (FOR SP4ZlNG U F 4 S J R E N F N T S .  
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office of Industrial Cooperation. A paper’ on this 
instrument has been published nnd an abstract is given 
below. 

A new portable phase-sensitive eddy-current instrument has 
been developed at  the Oak Ridge National Laboratory. I t  
operates on either dternarmg current or its own rechargeable 
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Fig. 23.2. Variation of Normalized Impedance with Cladding 
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batteries at SO m d  500 kHL. ‘Ihe instrument can be used for a 
w d e  range of metal or cladding thickness Ineasurernents and 
also foi sorting and identifying metals according to their 
conductivities. It  is insensitive to hft-off over a wide range of 
niedsurernents and features ea% of setup atd operation dong 
with good stability. 

We are experimentally investi- 
gating the focusing effects of reflection-type eddy- 
current coils for use with the phase-sensitive itistru- 
merit. The ske  of the focus or effective diameter of the 
eddy currents within the specimen i s  irnportant because 
of Its relation to the ability to detect small discon- 
tinuities and to iesolve the response from a small 
discontinuity neai other discontinuities. To measure the 
focus we scan a coil across a metal plate that tias a step 
change in thickness on the reverse side. The length of‘ 
scan required to change the instrument response from 
witlun 1% of the value on the initial thickness to within 
1% of the value on the final thickness is the focal 
diameter of the coil. This focal diameter depends on the 
shielding effect of the metal housing of the probe 
surrounding the coil and the diameter of the coil and 
appears to be independent of the tbickness being 
measured. The smallest focal diameter achieved thus far 
i s  0.1 14 in. for an 0.03h-in.-OD coil in an 0.063-in.4D 
aluminum tube. We will attempt to reduce the focal 
diameter by building smaller coils and using different 
shielding materials. 

Coil Focus Studies. 

’C. V. Thdd, “A Portable Plmse-Sensitive Eddy Current 
Instmrnent,”Mater. Evabcation 26(3), 33 36 (Mach 1968). 
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Fig. 23.3. Curves of Phase Shift for Determination of Optimum Frequency and Coil Dimensions for Various Thicknesses of Metal. 
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lemperature coefficient, but the nickel-base alloy was 
useful over a larger temperature range. 
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Pig. 23.6. Viuiation of Experimental and Cdculrted Values of 
Normalized Impedance with Frequency and Lift-off. 

Temperature-Compensated Probes 

We are attempting to reduce the effect of temperature 
variations on eddy-current coils used with bridge-type 
instruments. One of the rnajor contributions to thermal 
drift (change of response with temperature) of a coil i s  
the chaiige of direct-current resistance with tempera- 
ture. We tested over a range of temperatures coils 
wound from copper wire, rnanganin wire, and a 
nickel-base alloy wire containzng 20% Cr, 3% AI, and 
smaller aniounts of copper or iron. Copper has a 
resistivity of 1.73 pohm-cm with a temperature coef- 
ficient of about 0.39%/'C, mariganin has a resistivity of 
48 pohm-cm with u coefficient that varies from +0.001 
to -O.QOl%/"C between 20 and 35"C, and the nickel- 
base alloy has a resistivity o f  113 pohm-cm with a 
coefficient that varies from $0.002 to -0.002%/"C 
between -55 and I00"C. Although there was a net gain 
in teinpeiature stability by use of the higher resistivity 
wire, the overall test sensitivity was reduced. Coils 
wound frotn the manganin wire exhibited the smallest 

UE'TMSONIC m s r  METHODS 

K. V. Cook H. k. Whaley 

Fabrication of Reference Notches 

We ale continuing to work on the problem ericoun- 
tered in inspecting tubing by ultrasonic methods A 
major problem I S  the establishinent of ~eahstic ultra- 
sonic notch standards f-or calibration. Since electrical 
discharge machining (EDM) appears to be 3 reliable 
method for niakinp both inner- and outer-surface 
notches, we are continuing our notch fabrication 
studres arid can now machine longitudinal and trans- 
veise iiotches reproducibly in tubuig with bores as sinall 
as 0.050 and 0.180 in., respectively. However, thffi- 
culties have been encountered In tungsten- and molyb- 
denum-base alloys because machining these alloys ap- 
parently introduces rmcrocracking in the bottom of the 
notches. If the crachng becomes excessive, the true 
notch depth cannot be determitied. This condition was 
noted par ticularly in unalloyed tungsten, where cracks 
propagated in all directions from the machined notch. 
Further studies are in  progress to deterrmne the cause 
of this problem. 

We are continuing to determine reference curves for 
both longitudinal atid transverse notches as materials 
me available. The calibration curves for short transverse 
notches (1/32 and 1/16 in. long) appear to be almost 
identical to those for longitudinal riotches. This obser- 
vation is based on data for austenitic stairiless steel, 
llastelloy C ,  Zircaloy, and W-2b% Re 

We developed a technique foi preparing silicone 
rubber replicas of the complete inner surfaces o f  tube 
standards by rotating the tube in a mall  jeweler's lathe 
while the rubber hardens. When properly executed, this 
procedure gives a hollow replica that collapses under 
application of a vacuum and is easily removed fiom the 
inner wrface of the tube. The amount of rubber used 
must be carefully controlled, particularly for small- 
diameter tubing, to avoid formation of a solid plug, the 
removal ot which usually results In destruction of the 
replica. Ttiis nie thod of replicating is particularly useful 
for rapid, accurate measurement of transverse notch 
standards. A side benefit is the ability to exarrune the 
entire inner surface of the tube. This work on fabrica- 
tion of reference notches has been partially funded by 
the High-Temperature Materials program. 
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Optical Visualization of Illtaasound 

We continued our studies with the schlieren system 
for direct visual imagmg of continuous ultrasonic beams 
and ultrasonic  pulse^.^ The basis of the technique is 
that ultrasound being propagated through a transparent 
liquid or solid will diffi-act portions of a collimated 
beam of light passing simultaneously through the 
material. This light can be gathered and displayed to 
yield a representation of the ultrasound. By directly 
observing the propagation of the ultrasound under 
simulated test conditions, we can learn much to aid in 
the design of new test setups. 

In our first system we used 2-in.-diam achromatic 
lenses to produce the collimated light field from a 
variety of pulsed and continuous light sources and 
viewed the image on a ground glass screen. With this 
system ultrasound has been observed in water, Plexiglas, 
and polystyrene. Among the many phenomena ob- 
served were multiple reflections from inside metal 
plates and transmission into the bore of thin-walled 
tubing. This system was quite useful but too restricted 
because of its relatively small (2-in.-diam) viewing area 
and the loss of sensitivity from viewing the image on 
the ground glass screen. To correct these deficiencies, a 
system using 6-in.-diam parabolic mirrors was designed 
and fabricated, and the optics was changed to allow 

H. 1,. Whaley, K.  V. Cook, R. W. McClung, and I.. S. 
Snyders, “Optical Methods for Viewing IJltrasonic Propagation 
in ‘Transparent Medin,” to be published in the proceedings of 
the Fifth International Conference on Nondestructive Testing, 
Montreal, Canada, May 21 -26, 1367. 

6 

detection and display of the image in a closed-circuit 
television system. l‘he system is much more sensitive 
with mirrors than it was with lenses. Figure 23.7 is a 
diagram of the revised equipment. 

Frequency Analysis 

In many ultrasonic test situations the effect of the 
multiple frequencies in the transmitted and reflected 
pulses is not clearly evident. Ifowever, it is generally 
recognized that frequency plays an important part in 
many tests, most of which are based on amplitude. For 
example, differences in the characteristic frequency 
spectra of transducers may help explain why one 
transducer will perform adequately in a given test while 
another supposedly similar transducer will not. A better 
understanding of the role of frequency in a given test 
situation should improve reproducibility. 

An ultrasonic frequency analysis system was de- 
veloped to study these frequency effects. Reflected 
pulses of ultrasonic energy can be selected with gating 
networks, amplified, and analyzed for amplitude as a 
function of the frequencies included in the pulse. 
System components were chosen to allow the use of 
ultrasonic instruments commonly employed in nonde- 
structive testing. Figure 23.8 is a block diagram of the 
frequency analysis equipment. The system has been 
carefully studied both to determine factors that might 
bias the output and to increase the signal-to-noise ratio 
for low-level signals. The x-y recorder was incorporated 
so that information can be conveniently catalogued as 
well as presented on a cathode ray tube during 
operation. 
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Fig. 23.8. Ultrasonic Frequency Analysis System. 

As an example of eady application of the system, 
chriractzristic spectra were exanlined from a variety of 
transducers of the types normally used in ultrasonic 
testing. We found that some transducers are remarkably 
broadbanded when excited by a short rise-time voltage 
spike and may not have peak response near the nominal 
(supplm listed) frequency. l'his itifor [nation can be 
7.esed m a number of ways. For example, the broad 
distribution of energy across the frequency spectrum 
n a y  partially explan the occasional anomalous be- 
havior o f  transducers as iostrunient receiver frequency 
is changed. Calabration curves haw been przpared to 
enable quantitative delermiraation of the amplitude of 
each portion of a displayed frequency spectrum. With 
ttiesc curves meariiaigful comparisons can be made 
between spectra obirimed :it different system seni- 
kivities. Peeliminary studies were rrmde on the change in 

the frequency spectrum of reflections from different 
interfaces. 

R. E. Foster S. D. Snyder 

We are studying tlic technique of making hgh-quality 
reflection hologriinis using a 2-mw helium-neon gas 
laser. The purpose is to familiarize ourselves with the 
associated problems in holography as well as the 
appropriate technical requixernerits for good holograms. 
Upon completion of these studies, we plan to develop 
lecliiiiques to use holography for exanlinalion of both 
surface and subsurface discontiiiuities in metals ant1 
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ceramics. These techniques will not necessarily involve 
the use of laser light. 

The work surface for making hologranis consists of a 
thick aluminum block that is shock mounted on four 
sections of large-diameter vacuum hose. This mounting 
provides an area that is relatively free of building 
vibrations. 

Difficulty was encountered in maintaining efficient 
ratios of intensities between the reference and object 
beams of laser light. This impeded qualitative compar- 
ison between holograms made with different design 
angles or different subjects. Further, we could not 
directly observe the laser beam because of the possible 
eye hazard. We resolved this problem of intensity 
measurement by fabricating a light meter with a 
photosensitive field-effect transistor as a detector, an 
associated power supply, and a microammeter. We are 
also investigating both the depth-of-field limitations 
with the existing equipment and comparing single- and 
multiple-beam systems that use diverging light beams. 

Quantitative Attenuation ~ ~ a ~ ~ ~ e ~ ~ t  

For several years we have successfully used an x-ray 
attenuation technique for measuring the variations in 
composition and density or thickness of specimens. The 
method consisted of passing an x-ray beam through the 
specimen, monitoring the attenuated radiation beam 
with a thallium-activated sodiirm iodide crystal with 
associated electronics, and displaying the resultant 
signal on a strip-chart recorder. 

Many determinations require the averaging of lengthy 
scans and relating this strip chart average t o  the 

property of interest with a previously determined 
calibration curve. With many scans per specimen, visual 
chart averaging can be quite laborious and slow. 
Therefore, we developed and installed circuitry to 
obtain the chart average electronically and give a digital 
print-out at the conclusion of each scan. 



24. Sintered Aluminum Products Development 
W. R. Martin 

Aluininuni alloys dispersion strengttierred by alumi- 
num oxide are commonly referred to as Sintered 
Aluminum Products (SAP) and are powder-metal- 
Burgically produced. These alloys are attractive for 
many applicntions because of good slreugth, low 
6ensily, and good coi-npatibility with many of the 
environments f ~ u n c l  in riiiclear systems. IIowever, S A P  
lacks sufficient elevated-tetnperat lire ductility for most 
engineering applications and IS fraught with fabrication 
problems illat affect the uniformity of properties from 
billet to bdlet, ariasotiopy of pioperties in rubular 
psducts,  and coinpetitrve economics. 

Since the demise of an active tlWOCR program, our 
close-out effort has been to  conclude the investigations 
on primaiy billet fabncatioti and effect o f  secondary 
working. We have continued our search for dispersion- 
stiengthencd alunriniutn alloys (DSA) with suitable 
elevated temperature ductrlity and the causes of'the low 
ductdily in SAP type materials 

RY BILLET PROCESS DEVELOPMENT 

We completed the development oE a fabrication 
process for SAP billets Upon subsequent extrusion 
this material has uniform proper1 res wj di strength 
p a  ter than commercial SAP with equivalent oxide 
concentrataon. The general processing steps employed 
for the production of S A P  are ball intlling o f  atomized 
powder, cleaning, vacuum hot pressing, vacuim heat 
treatment, and extrusion nnd secondary working. 

During the previous year our efIorts have been 
concentrated on selection of' the billet consolidation 
pmcess, study of the effects of impurities, and demon- 
stration of the entire process on a pilot plant scale. 
Concmrently the feasibility studies on nondestructive 
test methods weie completed. 

' G .  1,. Copeland, M. M. Mutin, D. G .   arma an; and W. R. 
Martin, EJTect vj'Powder and l'rocess Variizbks on the Properties 
of Sintem2 Abtmimm &oducts, ORNL-TM-2215 (May 1968); 
presented at International Confeaence on Powder Technology 
jointly sponsored by ASTM and IITRI, Chicago, Illinois, May 
20---23, 1968. 

Selection of a Process for the Consolidation 
of Ball-Milled Aluminum-Ahdnum Oxide Flake 

G. L. Copeland M. M. Martin 

'Two processes designated M and D were selected for 
evaluat ton on f tie pilot plaiit scale. These processes 
differ only in tlie sequence or the vacuum heat 
treatment used to dehydrate the oxide. In process B we 
vacuuxn hot press as-milled powder and then vacuum 
anneal the billet irtmedial ely before extrusion, I n  
process 1D the powder i s  vacuum arinealed before 
vacuum hot pressing. Both processes produce equally 
strong rods, but process R extrusions exhibit better 
uniformity of strength arid lower hydrogen contents. 
Process B is more easily adapted to production in that a 
solid billet rather than a low-density loose powder is  
V R C U U ~  annealed and is thus the more desirable 
technique for consolidation of SAP powder for subse- 
quent extrusion. 

Effect of Tnipukities Introduced During 
Billet Fabrication on the Propertie5 

of Extruded Rad 

6. L. Copeland M. M. Marlin 

During production, S hecomes contaminated with 
three elernenis that couid influence the uniformity asid 
thermal stability of the matend. iron in the form of 
snlall particles is included during ball-milling from mill 
and ball wear. rar1m-t concaminat ion  results from 1 be 
organic materials used as surfactant and vehicle during 
ballmilling. Hydrogen is produced by the deconipo- 
sition of any alumina hydrates UI adsopbed water 
semaining after the billet armeal. 

The iron particles included during ballmilling react 
with aluminum a t  high ternperatui CS. Election mnicxab- 
probe analysis indicated qualitatively that the reaction 
product was composed of iron and ahminim in the 
proportions of FeA13. We processed five rods differing 
in  tramp iron curltent up to 3.5 wt % fo deterIYline if 
this reaction had any effect on the stability of 
niechanical properties. The tensile strengths at 4 5 0 " ~  of 

133 



134 

the as-extruded rods were compared to the strength 
after annealing 40 hr  in vacuwn at 600°C. The changes 
in strength upon annealing are small and random with 
respect to iron contcnt. The change in uniform elonga- 
tion is a consistent slight decrease, which does not 
depend on iron content. Thus, we conclude that iron as 
jiiclusions up to 3.5 wt % has no significant effect on 
the magnitude or thermal stability of tensile properties 
of SAP rods. 

Much of the carbon in SAP i s  in the form of small 
inclusions, which we believe are A14C3, in agreement 
with electron microprobe analysis. Since alumjniirn 
carbide decomposes readily in contact with water to 
produce hydrocarbon gas, the effect of the carbide 
inclusions in SAP on thermal stability is of concern 
where moisture is present. We produced five rods with 
differing carbon contents up to 2 wi % by blending 
finely powdered A14C3 with portions of a batch of S A P  
powder and processing to extruded rods in the normal 
manner. Sections of the rods were annealed at 600°C 
for 40 hr in vacuum and in air with an 1 1°C dew point. 
Tensile tests performed at 450°C on the extruded rod 
and after the stability tests show that the strength and 
uniform elongation changes observed after annealing are 
not significant with respect to normal variations and are 
random with respect to carbon content. We conclude 
that carbon contents up to 2 wt % in the form of A14C3 
inclusions are not detrimental to the magnitude or 
thermal stability of mechanical properties of S A P  rods. 

High concentrations of hydrogen in SAP have been 
shown to cause structural instabilities at high tempera- 
ture? To examine the e fec t  of hydrogen on thermal 
stability, we compared the as-extruded strength of 
several rods containing up to 25 ppm H to the strength 

after annealing for 40 hr at 600°C in vacuum and in air. 
'The vacuum and air heat treatments tended to lower 
the tensile strength without evidence of blistering with 
one exception. Blistering was observed in the air anneal 
of an extrusion that contained 5.3 pprn H and was 
accompanied by a significant decrease in strength. The 
uniform elongation was not significantly affected by 
the heat treatment or the hydrogen level. We conclude 
on the basis of strength reductions that the hydrogen 
content in SAP should be kept less than 5 ppm to 
ensure thermal stability of tensile properties. 

Reproducibility of Prodii~t Fabricated 
from Billlet Process B 

G. I.,. Copeland M. M. Martin 

To determine the overall reproducibility of billet 
fabrication process B, we examined extrusions from 
nine billets (4 in. in diameter X 4 to 6 in. long) 
produced under the same conditions. The mechanical 
properties and chemical composition of these rods and 
SAP 895 are given in Table 24.1. The chenlieal 
composition of the ball-milled powder is given for 
comparison. The strength within any given billet was 
uniform. The maxirnuni range observed was less tlraii 
2% of the mean. 

The expected variations (30) among billets is +-IO% of 
the mean. This spread in process reproducibility appears 
to be due to differences in milling, since the average 
strength correlates well with the oxide content. We 

2N. Hansen and E. Adolph, Effect of Heat Treatmeni on,the 
Sfructzwal Stability of Sintered Aluminum Products, R1SO-25 
(May 1961). 

-. 

'Mde 24.1. Compariso~~ of Composition and Strength of ORNL and Cornnlercial S A P  
......... ..... ----..._I_ ................. 

Tensile Properties at 4 5 0 " e  
Impurity Content (wt %) Oxide Content ............... 
__._ ~ Product (wt %) Ultimate Tensile Uniform 

Strength (psi) Elongation (%) Fe c H 

x10-~ Xl000 

ORNL milled 0.2-0.4 1.0-1.5 8.70 k 0.86' 

ORNL SA$ 0.2-0.4 0.15---0.30 1.7 ~-3.7 9.32 2 0.58' 
SAP 895e 0.6 0.21 1 --3 11.4 12.875 0 . 6 9  

SAP powder" 
13.83 * 0.47' 0.67 2 0.09' 

.--.. ......... .. 
aStraio rate 0.002 nin-' . 
b'rcn identical 27-lb batches. 
'Standard deviation. 
dNine billets produced from nine of the above ball-mill batchzq, three specimens per rod, two rods pelr billet. 156 l o  1 total 

eCommercial 2-in.-diam SAP 895 extruded 30 to 1 at ORNT, for a total rcduction ratio of 510. 
fThere were insufficient samples from different batches for a determination of standard deviation. 

reduction. 
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believe that further improvement in our billet-to-billet 
strength variations depends upon better control of the 
as-milled oxide content. Although comparable data 
have not been found for S A P  895, the allowed range of 
9 to  12% A 1 2 0 3  would indicate strength variations 
similar to  those observed for ORNL material. The 
minimum strength value observed in our reproducibility 
study was 12,940 psi. The microstructures of our 
material and S A P  895 are compared by transmission 
electron microscopy in Fig. 24.1. In comparing the 
structures, one should be aware that SAP 895 has 
received a total reduction in area of approximately 5 10 
to 1 compared to 156 to 1 for the ORNL material. This 
additional hot working should have resulted in slightly 

improved oxide distribution and corresponding increase 
in strength. The excellent uniformity and closer spacing 
of the oxide in our material accounts for its higher 
strength at a given oxide concentration. We believe that 
the better oxide distribution in our material results 
from the elimination of intentional agglomeration of 
individual particles during ball-milling. Commercial S A P  
milling practice welded the particles t ~ g e t h e r , ~  whereas 
we add sufficient surfactant and milling vehicle to  
maintain individual flake particles. 

3D. Gualandi and P. Jehenson, “Powder Metallurgy of 
AI-Al2O3 Composites (SAP) for Nuclear Applications,” pp. 
36-59 in Modern Developments in Powder Metallurgy, Vol. 3, 
Plenum Press, New York, 1966. 
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Fig. 24.1. Comparison of Transmission Electron Microstructure of ORNL 10% M 2 0 3  Material (Top) with S A P  895 (Bottom). 
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Nondestructive Testing of Intermediate 
SAP Fabrication Products 

H. L. Whaley 

We completed the feasibility studies on nondestruc- 
tive tests for the SAP materials with which we have 
been working. The results of this investigation have 
been reported: and the abstract follows. 

Several techniques were developed for the nonde- 
structive evaluation of sintered aluminum powder ma- 
terials. An entirely new air-settling technique was 
developed for the measurement of flake thickness of 
powders. Eddy-current techniques and equipment were 
adapted for the determination of oxide content in both 
powders and extrusions. X-ray attenuation techniques 
were applied for the measurement of homogeneity of 
extruded billets. Equipment and results are described in 
detail for each test method. 

The air-settling technique by wluch flake thickness 
was measured provided the surprising result that the 
thickness range of the flake particles in a given batch of 
powder is extremely small relative to  the thickness 
variations within a given particle. In fact, particles were 
commonly found whose thickness variations were as 
great as the range for an entire powder sample. Various 
types of powders had about the same mean thicknesses 
within experimental error. Typical results for a powder 
sample are a thickness range of about 0.5 p and a mean 
thickness near 1 .O p. 

To reduce the variability of SAP wafers compacted 
for determination of oxide content in powders, a 
through-transmission eddy-current test was developed 
to  replace the reflection technique initially used. This 
technique tended to integrate the effects of wafer 
variability and gave significantly more consistent re- 
sults. This approach is capable of determining oxide 
content of sintered aluminum powders to  an accuracy 
of &0.5% with appropriate calibration. Similar accuracy 
can be obtained with a reflection technique on ex- 
truded SAP billets. 

We obtained calibration curves that demonstrate that 
existing techniques and equipment are applicable to the 
determination of the homogeneity of extruded SAP 
billets by x-ray attenuation measurements. These curves 
show that a 1% change in density or thickness is 
detectable in billets up t o  at least 4.0 in. in diameter 
(and probably larger). Billets up to 56 in. long can be 

4H. L. Whaley, Development o f  Nondesmtctive Tests for 
Sintered Aluminum Powder Materials, ORNL topical report in 
preparation. 

scanned in a single pass, and billets much longer may be 
inspected by repositioning. 

MECHANICAL PROPERTY STUDIES 

Anisotropy in Mechanical Properties of 
Extruded Commercial SAP Materials' 

T. M. Nilsson 

The anisotropy in mechanical properties of an ex- 
truded bar of commercial SAP 895 (4-10.3 wt % 
Alz03) was determined by tensile testing at room 
temperature and 450°C of specimens cut at various 
angles t o  the extrusion direction. Properties were 
strongly dependent upon orientation. Strength was 
relatively low, not only in the transverse direction but 
also at orientations between the longitudinal and 
transverse directions. In fact, the material was weakest 
in an orientation about 25" from the extrusion di- 
rection. At 450°C uniform elongation appears to be 
lowest in the longitudinal direction. Cylindrical speci- 
mens cut at 60" to the extrusion direction seem to 
exhibit the best combination of high-temperature 
strength and ductility. The fracture, at both 450°C and 
room temperature, of specimens cut at 30,45, and 90" 
to the extrusion direction is especially brittle and has a 
characteristic striated appearance with the striation 
parallel to  the extrusion direction. 

The factor most likely to be responsible for the 
anisotropy is the nonuniform oxide particle distribution 
produced during extrusion. 

Influence of Working in Various Directions 
on the Microstructure and High-Temperature 

Mechanical Properties of an Extruded SAP Alloy6 

T. M. Nilsson 

Bars of commercial SAP 895 - sintered aluminum 
product containing about 10.5 wt % A1203 - were 
further worked in directions transverse and parallel to 
the initial extrusion direction. The original extrusion 
ratio was about 20. The extruded structure was very 
sensitive to transverse working, and only transverse 
extrusion and swaging at high temperature could be 
accomplished without difficulties. Higlptemperature 

5Summary of paper accepted for publication by Journal o f  

6Sumrnary of a paper to be submitted for publication. 
Nuclear Materiak 
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Fig. 24.2. Relative Tensile Strength (a)  and Ductility (h )  at 
45WC of SAP 895 as a Function of Reduction and Direction 
During Secondary Working. Original longi tudind values corre- 
spond to 1.0. 

tnechanicnl properties were determined by tensile test- 
ing at  450°C in  the new working direction. After snlall 
tiansverse reductions mechanical properties were low 
but they were restored to the level of the original 
extruded material after a transverse reduction of about 
8: 1. At a transverse reduction of 30:  I ,  both strength 
and ductility exceeded the initial longitudinal values 
significantly; especially noteworthy was the more than 

doubled uniform elongation. After further longitudinal 
extrusion, mechanical properties in general increased, 
but variations were small. The relative variations in 
high-temperature strength and ductility are shown in 
Fig. 24.2 as functions of reduction and direction during 
secondary working. 

The dispersion of the oxide phase improved during 
secondary working, partly because individual particles 
broke and partly because particle clusters diminished in 
size. However, after transveise working, nachanical 
properties did not increase accordingly before the 
structure was sufficiently realigned into the new work- 
ing direction. The improvement in uniforni elongation 
after transverse swaging appeared to be connected with 
the coniplrcated alignment o f  the resulting structure. 
Also, material with this slructure had a lower yield 
point but a higher ultimate tensile strength than the 
transversely extruded material. The relations between 
alignrnent and mechanical properties should be ex- 
amined closer in future work since this relationship may 
be extremely important for the mprovexnent of the 
tube-burst properties of SAP and other dispersion- 
strengthened alumi nutn alloys. 

Fracture Charactenstics of SAP 

I). G .  Marman T. A. Nolan7 

We characterized the fracture o f  SAP alloys over the 
temperature range of ----196 to 450°C using the scanning 
electron microscope. This instrument has an extreme 
depth of  focus and a wide range of magnifications, 
which allow direct viewing of the entire fracture surface 
as well as any local area of interest. We have studied 
fracture initiation and propagation for experimental 
ORNL SAP as well as commercial products, paying 
special attention to the effects of fabrication, impurity 
defects, and dispersoid distribution. 

Figure 24.3 shows the effect of test teniperature on 
the fracture appearance o f  SAP as viewed in the 
scanning electron microscope. The fractures differ only 
in the size of the features; the same ductile fracture 
process takes place at both high and low temperature. 
This is in agreement with our earlier conclusions based 
on conventional replication fractography.8 

Figure 24.4 shows the effect of various defects on the 
fracture. Nonmetallic inclusions initiate shear "coties" 
during the early stages of room-temperature tests [see 

~ 

7Physics Departinent, Technid f ivi ion,  ORGDP. 
'D. G .  ~arnlail  and K. Faneni, Metals and Ceramics niv. ~ m .  

hog.  Hept. June 30, 1966, ORNL-3970, pp. 13  1-35. 
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Fig. 24.3. Scanning Electron Fractographs Showing Effect of 
Test Temperature on the Fracture Characteristics of SAP. 
10,OOOX. Reduced 8%. (0) XAP-001 fractured at -2OO'C. (b) 
XAP-001 fractured at 450'C. 

Fig. 2442) and (b)] . Because of the extensive ductil- 
ity, however, these local fractures do not seriously 
weaken the material. Figure 2 4 . q ~ )  shows that the 
presence of a large inclusion does not affect the 
high-temperature fracture. This is in agreement with the 
billet process development study, reported earlier in 

this chapter, which indicated iron and aluminum 
carbide had little effect on the properties of the 
extruded product. Figure 24.4(d) shows the fracture 
surface of a material that had been improperly consoli- 
dated during the high-temperature compaction and 
extrusion. This explains the low strength displayed by 
this material. 

Mechanical Properties of Commercial SAP 

D. G. Harman 

Design considerations for use of SAP as extruded 
tubing are generally based on extensive longitudinal rod 
data and a knowledge of the transverse-to-longitudinal 
ratios. Because the mechanical properties depend 
strongly upon test conditions, which are often omitted 
in the literature, we tested several commercial alloys, 
SAP 895, S A P  930, XAP-001, and XAP-005, to provide 
baseline data for our development program. Tensile 
properties were obtained from sections of commercially 
extruded 2-in.-diam X 18-ft-long solid rods. The tensile 
specimens were machined parallel to the extrusion ax is  
from positions near the outer perimeter as well as from 
regions nearer the center. Transverse specimens were 
machined at 90" to the extrusion direction and inter- 
secting the center line of the rod. Tensile data were 
obtained at room temperature at a strain rate of 0.02 
min-' and at 450°C at strain rates of 0.02, 0.002, and 
0.0002 min-l. 

The strength and ductility of the longitudinal speci- 
mens from the center and near-surface locations were 
nearly the same for all testing conditions and for all 
materials. 
AU material showed much lower values for the 

transverse properties than for the longitudinal. The 
strain-rate dependence of the strength at 450°C was 
about the same for both testing directions; however, the 
magnitude of the difference in properties depended 
upon the material and the testing. The transverse- 
to-longitudinal strength ratio decreased with decreasing 
strain rate because of the lower strength levels. For SAP 
895, for example, this ratio decreased from 0.89 to  
0.65. 

The high-temperature total elongation measured in 
the transverse direction differed from that measured 
longitudinally for all materials. Equally low transverse 
elongations were obtained at all strain rates, whereas 
the longitudinal elongation decreased with decreasing 
strain rate. In this case, the transverse-to-longitudinal 
ductility ratio increased with decreasing strain rate. For 
example, for S A P  895 the ratio increased from 0.30 to 
0.91. 
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I 

c .  

Fig. 24.4. Scanning Electron Fractographs Showing Effects of Material Defects on the 
10%. (a) Roomtemperature fracture showing "shea cone" fracture initiation sites. The 

"Ie Characteristia Of Reduced 
fractures were arrested by 

the final fracture. 1OOX. (b)  Large brittle particle located at  shear cone apex in (a). 3000X. (c) 45OoC fracture 
on, which had no effect on the surrounding fracture features. IOOOX. (6) 450°C fracture showing dele 
powder consolidation during fabrication. 1OOOX. 

Nuclear reactor applications of SAP require fairly 
long extruded shapes. We tested 18-ft-long extruded 
rods of XAP-005, SAP 895, and SAP 930 at three 
locations along them t o  determine uniformity of 
mechanical properties. At 450°C the mechanical 
properties of the three materials showed a significant 

dependence on specimen location. Figure 24.5 shows 
the experimental results at 0.0002 min-' strain rate for 
the longitudinal and transverse specimens. All three 
materials exhibited longitudinal-strength variations of at 
least 10% along the extrusion. Variations in transverse 
strength were as high as 35%. 
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DEVELOPMENT OF NEW DISPERSION- 
STRENGTHENED ALUMINUM ALLOYS 

G. L. Copeland 

The objective of this phase of the program is to 
develop dispersion-strengthened aluminum alloys with 
suitable high-temperature ductility. Our approach is to 
produce alloys that should minimize the effect of three 
mechanisms that may be responsible for the low ductil- 
ity of SAP at elevated temperature. (1) Lack of work 
hardening in the alloy allows deformation to occur 
locally with no uniform elongation once necking begins. 
(2) Gas collection at the incoherent oxide-matrix inter- 
face results in holes, which grow by vacancy con- 
densation until failure occurs. (3) Strain results in 
the soft matrix pulling away from the hard oxide parti- 
cles. The resulting voids grow by vacancy diffusion 
until failure occurs. 

The first two mechanisms were suggested by the 
deformation and fracture characteristics observed 
during the process development of unalloyed S A P .  The 
third mechanism has been suggested by Nilsson' in his 
thesis on the ductility of SAP. 

Thus far, we have produced alloys containing the 
solid-solution strengthener magnesium and alloys con- 
taining the compound-forming elements Mo, Fe, Zr, Cr, 
Ti, and V. Alloyed powders were made by atomizing 
liquid alloys so that a fine particle size was ob- 
tained with rapid quenching. The atomization of 
prealloyed powders for this program was investi- 
gated by the Illinois Institute of Technology Re- 

Fig. 24.5. Longitudinal and Transverse Strengths of Three 
18-ft Extrusions (SAP 895, SAP 930, and XAP-005) Tested at 
45OoC and 0.0002 min-' . 

'T. M. Nilsson, Investigation of the Ductility of Dispersion 
Strengthened Aluminum-Aluminum Oxide Alloys, Ph.D. 
Thesis, The Technical University of Denmark, November 1965. 

Table 24.2. Dispersion-Strengthened Aluminum 
Alloys Being Studied 

Chemical Compositionu (wt %) 

Mg Mo Fe Zr Cr Ti V 
Milling Times (hr) Alloy Type 

0 0 0 0 0  0 0 0, 8, 10, 12 Standard 
M- 2 2 0 0 0 0  0 0 0, 8, 10, 12 
M-4 4 0 0 0 0 0 0  0, 8, 10, 12 
M-5 5 0 0 0 0 0 0  8, 10, 12 
M-6 6 0 0 0 0  0 0 0,8, 10, 12 
M-10 1 0 0 0 0 0  0 0 8, 10 
A-602 0 6 0 2 0.2 0.2 0.2 0, 8, 12 
A-204 0 2 0 4 0.2 0.2 0.2 0, 8, 10, 12 
A-222 0 2 2 2 0.2 0.2 0.2 0, 8, 10, 12 
A-620 0 6 2 0 0.2 0.2 0.2 0 
A-440 0 4 4 0 0.2 0.2 0.2 0, 8, 10 

~~ 

uNominal composition, remainder aluminum. 
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search Institute under subcontract. Atoniizing the melting crucible. Atomizing the powders into water was 
,Il~imitium-mapesium alloys and the A1-4% Mo-4% Fe found to be best because o f  the difficulty of collection 
coniposition presented no pacticular problems in melt of fine powders in a dry chamber. The alloyed powders 
sizes up to 30 lb. The melts containing zirconium were then ball-milled, consolidated, and extruded ac- 
tended to be sluggish, possibly because cllilliiig in the cording to our process for unalloyed SAP. The alloys 
tundbki produced precipitation of the inteItnetallic listed in Table 24.2 have been produced and are being 
conipoiind ur because oxides were present in the studied. 



25. Sol-Gel Fast Reactor Fuels 

A. L. Lotts 

To  obtain the full economic potential of fast breeder 
reactors, it is necessary to  recycle periodically the fuel 
from the reactor. This requires that the spent fuel be 
chemically processed, the fissile isotopes be reconsti- 
tuted along with fertile isotopes, and the recovered fuel 
be incorporated into refabricated fuel elements. The 
sol-gel process is an ideal process to  employ in 
reconstituting fuel from the chemical processing of 
spent fuel elements. Accordingly, our objective is to  
assess sol-gel-derived (U,Pu)02 fuel for use primarily in 
Liquid-Metal-Cooled Fast Breeder Reactors and in the 
Fast Flux Test Facility. 

The primary task areas of this program are: (1) the 
preparation of (U,Pu)O2 fuel by the sol-gel process, (2) 
the development of fabrication procedures for incor- 
porating the mixed oxide fuel into a suitable fuel rod 
component, (3) out-of-reactor testing to  characterize 
and obtain data on the sol-gel products, and (4) the 
irradiation testing of the fuel under conditions that will 
allow an extrapolation to  fast reactor conditions. We 
are pefforming all but the first of these task areas; the 
Chemical ‘Technology Division is responsible for the 
preparation of the fuel. A summary of OUJ activity 
follows. In addition, we have placed a large effort on 
the design, construction, and installation of additional 
plutonium fabrication and charactcrization equipment 
beyond that reported here. 

DEVELOPMENT OF FABRICATION PROCESSES 

J. U. Sease 

Fast reactors operating at high specific powers will 
require srnall-diameter fuel pins with a high fissile 
loading. Typically, an oxide-fueled liquid-metal-cooled 
fast reactor fuel pin will be about 1/4-in. in diameter 
with a 24-in. fueled length and contain (238U-20% ’ 9Pu)02.  An economical fabrication process that will 
yield a fuel capable of high burnup will be necessary. 
The targeted high burnup of 100,000 Mwd/MT with 
oxide fuels requires a fuel density 80 to 90% of 
theoretical to accommodate fission products. To satisfy 
these requiremeinis, we are investigating various fabri- 

cation processes for sol-gel-derived (U,Pu)02 fuels. 
During the year, we concentrated on developing pel- 
letizing and Sphere-Pac fabrication processes and 
fueling irradiation capsules by these processes. We plan 
to develop extrusion as a means of fabricating sol-gel 
he l .  

Sphere-Pac Process Development 

J .  Komatsu’ 
R. B. Fitts A. R. Olsen 

The Jevelopnient of the Sphere-Pac proccss for fuel 
rod fabrication has been discussed p rev i~us ly . ’~~  In this 
technique a coarse bed of microspheres is formed in a 
container, and smaller spheres are infiltrated to fill the 
interstices. Low-energy vibration (<7g, 60 cps) settles 
the bed to maximum density. Our previous work with 
two sizes of microspheres (500 and <44 1.1 in diameter) 
reproducibly yielded fuel rods with a volume loading of 
85 P 1%. Spread of 10% in sphere diameters about the 
nominal sizes has a negligible effect on loading density. 
We increased volume loadings to 88% by infiltrating 
sinall spheres into a denser coarse bed obtained by 
blending t Wo sizes of large microspheres before loading. 
The diameter ratio of these spheres is approximately 4. 
With the development of this “blended bed” technique 
and the evolution of a graphical correlation that will 
predict the finished Sphere-Pac bed densities for any 
combination of sphere sizes and blending or infiltration 
steps, the laboratory scale development is complete. A 
report covering this work is in preparation. 

Forcign visitor on leave from the Japanese Power Reactor 
and Nuclear Fuel Development Corporation, Japan. 

2A. R. Olsen and R. B. Fitts, Mefrtls and Ceramics Div. Anrr 
P/ogi: Rept. June 30, 1967, ORNL-4170, p. 220. 

’F. G. Kitts, R. B. Fitts, and A. R. Olsen, “SolGel 
Urania-Plutonia Microsphere Preparation and Fabrication into 
Fuel Rods,” pp. 195-210 in Ititern. Symp. Plutoniuin Fuel 
Technol., Scoftsdale, Ariz. I967, Nucl. Met., Vol. 13, American 
Institute of Mining, Metallurgical, and Petroleum Engineers, 
New York, 1968. 
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Pellet Development 

W. I,. Moore R. A.  Bradley 
R. L. Harnner 

In a preliminary investigation, I-lamner and Robbins4 
demonstrated that pellets with densities from 70 to 
92%) of theoretical could be produced from various 
forms of sol-gel-derived urania, with the density de- 
pending on the powder preparation, the pressure used 
in forming the pellet, and the sintering conditions. 

We have investigated the pelletization of urania-plu- 
tonia, using two different types of powder derived from 
the sol-gel process. One type was prepared by crushing 
microspheres that had been dried at 170°C and sieving 
through a 325-mesh screen. The other was produced by 
tray-drying mixed urania-plutonia sols at 95°C under an 
argon purge and grinding the dried particles to -325 
mesh in a fluid energy mill. Pellets with densities from 
80 to 93% of theoretical were produced from crushed 
nlicrosphere powder by pressing at 15,000 to 30,000 
psi and sintering in Ar---4% Hz at 1450°C. Pellets 
pressed from the tray-dried powder and sintered under 
similar conditions had densities from 70 to  90% o f  
theore tical. 

We investigated the effect of forming pressure and 
sintering temperature on the density of pellets pressed 
from tray-dried urania-plutonia. We found a quadratic 
relationship between green and sintered density and 
that the sintering temperature in the range 1350 to 
1550OC has no effect. As reported by Adwick and 
Reilly’ for coprecipitated uranium-plutonium oxide, 
the oxidation state of the uraniuni appears to play a 
major role in the densification kinetics of sol-gel 
urania-plutonia. 

We are continuing our efforts to establish a process 
that will reproducibly yield pellets o f  the required 
density. 

CHARACTERIZATION OF (U,PU)OZ FUELS 

J. D. Sease A. R. Olsen 

The preirradiation characterization of a fuel material 
is absolutely necessary in  understanding the fabrication 
process and in the interpretation of irradiation results. 
Characterization is divided into the examination of the 
fuel material as produced and the determination of 
basic properties of the material. 

4Cexamics Technology Group, unpublished. 
’A. C.  Adwick and W. S. C. Reilly, “The Role of 

Oxygen/Metal Ratios During Sintering and Oxidation of Some 
Uranium-Plutonium Oxides,’” pp. 215-35 in Science of 
Ceramics, Vol. 3, Academic Press, London, 1967. 

Analytical Chemistry 

W. H. Pechin 

The characterization of the mixed oxide fuel requires 
a number of chemical and physical measurements of 
known precision and accuracy. The major requirements 
are: uranium, plutonium, and oxygen contents, density, 
gas release on heating, and impurity content. The 
analytical procedures for these determinations are being 
pursued concurrently with the fabrication development. 

The uranium and plutonium contents of the fuel are 
determined by coulometric titration. Present experience 
on duplicate determinations indicates a 95% confidence 
interval for (U-20% Pu)Oz of 0.800 t 0.007 U and 
0.200 It. 0.002 Pu. Oxygen content is being determined 
by the “Nitrox” method. Multiple analyses by this 
method indicate a precision of L0.006 for the oxygen- 
to-metal ratio. 

The density of sintered pellets is determined from the 
pellet dimensions and weight. There has not been 
sufficient experience with centerless ground pellets to 
deternzine the precision of this measurement, but it is 
expected to be better than 2 1%. Microsphere densities 
are determined from mercury porosimeter measure- 
ments. This method requires some care to ensure that 
the spaces between the microspheres are filled with 
mercury so that the proper sample volume is used in 
calculating the bulk density. Fine microspheres (npprox 
50 g) require a pressure of 100 psi. 

The present gas-release equipment can measure only 
to 1200°C; equipment is now being constructed to 
extend this capability to above 2000°C. The various 
metallic impurities are determined by spectroscopic 
analysis. 

Thermal Conductivity 

P. H. Spindler D. L. McElroy 

With our radial heat fiow apparatus: the thermal 
conductivity h of small specimens of packed beds of 
Thoz  microspheres was measured in Nz , Ar, and He as 
a function of gas pressurc, temperature, and packing 
density. These variables produced significant changes in 
h of the various powders, and this requires further 
study. Therefore, we corisdructed a second radial heat 
flow apparatus to allow measurements to 4 atm and 
1400°K. Performance data from this system will 
establish the design of a similar system for installation 

6J. F. Moore, R. K. Williams, R. S .  Grwes, and D. L. Mck,Lroy, 
Metals and Ceramics Div Ann. h o g .  Rept. Jiine 30, 1967, 
ORNL-4170, p. 39. 
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in the Interim Plutonium Laboratory for physical 
property measurements on plutonium-bearing materials. 

The determinate and indeterminate errors of a tech- 
nique for measuring X of small quantities of powders 
from 300 to 1300°K were a n a l y ~ e d . ~  The results on a 
58%-dense MgO powder in nitrogen gas as a function of 
temperature and pressure are presented. Comparison of 
these results with data obtained by previous investi- 
gators on a similar powder indicates that the present 
technique may have serious error sources. 

IRRADIATION TESTING 

A. R. Olsen 

Last year' we ieported on the initial phase of a 
pi ogram to determine the irradiation performance of 
sol-gel-derived (U,Pu)02 fuels as a function of sol-gel 
process variables and fabrication techntques. The 
program has been expanded to include comparative 
tests of the Sphere-Pac, extrusion, and pellet forms in 
both thermal and fast flux environments. Thermal flux 
irradiations permit the use of instrumented capsules and 
the achievement of high burnup in relatively short 
periods of time. Such tests are designed to supplement 
the fast-flux irradiation tests in the EBR-II, where the 
fission-rate distribution and temperature profiles in the 
fuel are more typical of anticipated I.MFBK operating 
conditions. The program also includes tests of fuel 

perfornlance under off-normal conditions such as power 
transients. 

Uninstmmented Irradiation Tests 

A. R. Olsen R. €3. Fitts J. Komatsu' 

The six capsules that have been or are being irradiated 
to date in this series are described in Table 25.1. These 
capsules were designed' for irradiation tests in the 
Engineering Test Reactor X-basket facilities. Each 
capsule contains four test fuel rods. The failure of some 
rods in the first two experiments, 43-99 and 43-100, 
because of inadvertent overpower operation (>SO kw/ft 
peak linear heat rating) was discussed previously.' A 
detailed report OII these tests is in preparation. Exper- 
iments 43-103 and 43-1 12 completed their scheduled 
irradiation with no failures and are being examined. 

Experiment 43-103 was designed to establish the 
basic performance characteristics of oxide fuel fabri- 
cated by the Sphere-Pac process and to compare the 
performance with pelletized fuel. Examination of this 
capsule has just begun; the only conclusion that can be 

7Modified abstract of Paper presented at the 7th Conference 
on Thermal Conductivity, NBS, Gaithersburg, Maryland, Nov. 
13  16, 1967. 

8A. R. Olsen and R. €3. Fitts, Metals and Ceramics Dzv. Ann 
Bog. Rept. June30, 1967, ORNL-4170, pp. 125-27. 

Table 25.1.. Noninstrumented Irradkatiun Screening Tests of Sol-Gd-b>erived 
Urania-Base Bulk Oxide Fuels 

Peak 

Heat Test Objective Status 
Peak Linear 

Fuel. Number Target 

Form Composition Rods Bumup Rating 
( w / d  

Experiment of 

(% F I M A ) ~  

43-99 Sphere-Pac (z35U-20% Pu)02 

43-100 Sphere-Pac (z35U-20% h ) 0 2  

43-103 Sphere-Pac U02(20% 235U) 
Pellet U02(20% z35u) 

U0,(20% z 3 5 U )  

U02(20% 235u) 

UOZ(20% 235u) 

43-112 Sphere-Pac (238U-lS% Pu)Oz 

43-1 13 Sphere-Pac (238U- lS%Pu)02  

43-115 Sphere-Pac (238U-lS% Pu)Oz 

2 

2 

3 
1 

3 
1 
3 
1 
3 
1 

S b  650b 'Thermal reactor test of 
fast-reactor fuel 

1 O b  650b Same as 43-99 

4 540 Test Sphere-Pac fabri- 
cation with low-density 
microspheres 

pcrformance with UOz 

high burnup 

intermediate burnup 
and higher heat rating 

0.5 550 Compare mixed oxide 

10 550 Same as 43-112 with 

5 600 Same as 43-112 with 

Report in 

Report in 

Being examined 

preparation 

preparation 

Being examined 

In reactor 

In reactor 
(approx 4% FIMA) 

(approx 2% FIMA) 

%ssions per initial metd atom. 
bThese are preirradiation calculated valucs. Rods failed in reactor from overpowering at a peak burnup of 1.5% FIMA, with peak 

linear heat ratings in excess of 1500 w/cm 
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Table 25.2. Comparison of Burnup Analysis 
with Predictions by AMSN Calculation 

Fuel Burnup (% FIMA) 

Analysis Analysis' Predictions 

- 
Rod Isotopic Radiochemical ANISN 

43-1 12-1 0.46 0.50 0.49 

43-1 12-3 0.67 0.68 0.69 
43-1 12-4 0.51 0.55 0.54 

43-112-2" 0.61 0.68 0.71 

__-- 
'Average from 137Cs, "'Ce, and "ST determinations. 
blinitid fuel was UOz enriched to 20% 2 3 5 U ;  a l l  others were 

(23%- 15'% PU)OZ. 

drawn is that there is no evidence of circumferential 
strain on the cladding at burnup levels of approximately 
4% FlMn (40,000 Mwd/MT) for either the pellet or 
Sphere-Pac fuel rods. 

Experiment 43-1 12 was removed from the reactor 
after one cycle to confirm our revised techniques, 
described later in this chapter, for calculating burnup 
rates for plutonium-enriched fuels. Table 25.2 compares 
the predicted burnup levels with the results of postir- 
radiation analysis. The agreement is remarkably good. 
Examination of selected sections from these fuel rods is 
inconiplete. The postirradiation gamma scans indicate 
that there was no significant axial movement of the fuel 
during irradiation. The transverse sections in Figs. 2s. 1 
and 25.2 clearly show a radial redistribution of the fuel. 
The in-reactor restructuring of the fuel in the central 
high-temperature region from a low-density Sphere-Pac 
bed into a dense annular ring of fuel with radially 
oriented columnar grains i s  typical of oxide fuels 
regardless of the fabrication procedure. The initial 
distributed porassity in the as-fabricated fuel collects to 
produce the central void. Tho primary mechanism in 
this restructuring phenomenon has been hypothesized 
to be vaporization and condensation in the thermal 
gradient at  temperature^^^'^ above about 1500°C. The 
microstructures of both the U02 and the (U,Pu)02 
Sphere-Pac fuels show clear metnllographic evidence of 
this mode of fuel densification with the growth of 
dendrites on the inner surface of inicrospheres at the 
periphery of the densified annular region. At lower 
temperatures, densification i s  generally accepted as 
resulting frotn sintering. This is also demonstrated in 
these Sphere-Pac fuels in that micropoiosity present in 
the small microspheres before irradiation has disap- 
peared even in the spheres near the cladding at 
temperatures estimated to be about 900°C. Precise 
definition of the temperatures f o r  various in-reactor 
microstructural changes will be determined in the 

instruniented capsule irradiation tests. The uninstru- 
mented tests examined to date indicate that Sphere-Pac 
fuels will provide in-ieactor performance comparable 
with that of pelletized fuels of similar smear density. 

Instrumented Tests 

K. B. Fitts V. A. DeCarlo' 

Instrumented capsule tests in the ORR will be used to 
investigate the basic in-reactor characteristics of sol- 
gel-derived (U,Pu)Op fuels. Sitice a knomledge of the 
fuel temperatures is fundamental to the analysis and 
understanding of fuel behavior, the capsule has been 
designed to monitor fuel central and cladding-surface 
temperatures and fuel rod heat generation rates. In the 
overall instrumented program the primary 
characteristics to be unvestigated include in-reactor 
thermal conductivity, fuel restructuring, arid fission-gas 
release. The influence of fuel composition, 
stoiclnonietry, denbity, fabrication history, and burnup 
on these temperature-sensitive properties will be 
investigated. 

The first series of these tests has two primary 
objectives. 

The characteristic temperatures for microstructural 
changes will be determined for sol-gel (U,Pu)O2 
Sphere-Pac and pellet fuels. These data are needed 
for the analysis of uninstrumented tests. 

The fuel central tetnperature will be investigated as 
a function of heat generation rate arid fuel rod 
surface temperature, and this information will be 
used to develop and refirie a mathematical 
expression for the in-reactor thermal conductivity 
of sol-gel fuels. 

Future series of instruniented tests will be used to 
determine the in-reactor thermal characteristics of new 
sol-gel fuel fabrication developments, advanced fuels, 
and fuel rod designs as they develop. 

The design of the instrumented ORR capsule is shown 
in Fig, 25.3. It contains two 3-in.-long fuel rods, which 
operate at approxlmately equal heat generation rates. 
The rods are instrumented in three ways: a central 
thermocouple measures fuel central temperature. each 

'J. Belle, Urarrium Dioxide. Properties and Nuclear 
Application, p. 322, U. S. Goven~ment Printing Office, 
Washington, D.C., 1961. 

C. Michelson, J .  L. Scott, and E. L. Long, Jr., An 
Evaluation of U 0 2  Irradiated at I600 to 240OoC, ORNL-3930 
(May 1966). 

1 0  

Reactor Division. 
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fuel rod has three thermocouples in the NaK annulus to 
monitor cladding temperature, and four sets of 
calorimeter thermocouples are in the outer Zircaloy-2 
wall at the midplane of each fuel rod to monitor heat 
generation. 

The central fuel temperature may be maintained 
constant at a predetermined level in the 850 to 210OoC 
range. The cladding surface temperature will be less 

than 700°C, depending on the heat generation rate, and 
the capsule will be suitable for operation with fuel 
linear heat ratings up to approximately 20 kw/ft. The 
initial tests will be for only one ORR cycle to minimize 
the effects of temperature cycles on microstructural 
changes. The burnup per cycle will vary, depending 
upon the fuel linear heat rating, up to approximately 
1.5% FIMA. 

R - 44608 
I 0.15 in. I 

'3 

Fig. 25.1. Sphere-Pac UOz Fuel Irradiated in Experiment 43-112 to 0.7% FIMA at a Peak Linear Heat Rating of450 w/cm, 
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The first capsule in this series operated for one cycle 
(51 days) in the ORR poolside facility. The fuel rods 
were both loaded with 8.8-g/cm3 Sphere-Pac (U-l5% 
h)O,  identical to  that used in three of the 
noninstrumented ETR capsules. The capsule and fuel 
rods operated successfully at selected fuel heat 

generation rates between 2 and 15 kwlft. The only 
serious difficulty was one 3-day period during which 
the fuel central thermocouple behaved erratically. This 
is as yet unexplained. Otherwise, the capsule and 
instrumentation performed as expected to  fulfill the 
primary test objective - capsule design confirmation. 

R-44609 
0.!5 in. I 

A 

I 

t 
'rl 

Fig. 25.2. SpherePac (U-15% Pu)Oz Fuel Irradiated in Experiment 43-1 12 to 0.7% FIMA at a Peak Linear Heat Rating of 485 
w/cm. 
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A secondary test objective was to begin to  study 
mixed oxide Sphere-Pac bed performance. Large 
amounts of data are obtained in this type of test and 
must be analyzed in detail to obtain information on 
fuel behavior. A computer code is being prepared to 
sort, store, and manipulate the data. However, it  is 
significant to note that preliminary analysis of selected 
data from throughout the test run indicates that the 
thermal conductivity of a Sphere-Pac fuel rod is as good 
as or better than that reported” for pellet rods of 
equivalent smear density. 

Transient Irradiation Tests 

C. M. Cox J. D. Jenkins’ M. K. Preston’ 

The behavior of fuel pins under power and 
temperature transients will have a marked influence on 
both fuel element design and safety analysis. We 
formulated a program that is oriented toward the 
development of experimentally verified, computerized 
models to predict the behavior of fuel pins with respect 
to fuel densification and relocation, fission-gas release, 
fuel swelling, cladding deformation, failure mechanisms 
and thresholds, and failure propagation during 
transients of varying severity, up to and including fuel 
pin failure. The most important variables in determining 
the transient performance of a fuel pin are expected to 
be its prior operating history, fuel density, fuel 
fabrication form, and degree and type of axial restraint. 

We reviewed the available facilities for performing 
these experiments, and the Transient Reactor Test 
Facility (TREAT) was chosen for its relatively long 
pulse width, availability of existing capsule designs, 
approval for testing plutonium-bearing fuel, and the 
availabdity of a neutron radiography facility for interim 
test capsule exmiination. We obtained approval-in- 
principle for performing our experiments at TREAT 
and expect t o  begin the first series of experiments 
in August, 1968. This series will include 13 cap- 
sules, six of which will have three separate fuel 
columns. We have completed the design of the fuel rods 
and have procured hardware for the first experiments. 

In the second series of experiments, the effects of 
prior irradiation history will be investigated by preirra- 

diation in thermal and fast neutron spectra before the 
transient tests. In all of these experiments, the fuel pins 
will be prototypic LMFBR fuel pins with (U-20% 
Pu)O, fuel. 

A significant limitation of using a thermal reactor 
such as TREAT to simulate hypothesized fast reactor 
conditions is the nonuniform heat generation rate 
across the fuel pin, due to depression of the thermal 
neutron flux. For prototypic LMFBR mixed oxide fuel 
elements, the radial heat generation rates typically drop 
by a factor of about 2 from surface to center. This 
results in a peaking of  the transient temperature profiles 
at roughly half to three-fouiths the fuel radius, which is 
not consistent with the approximately parabolic tem- 
perature profiles expected in fast reactors. An obvious 
possible solution is the use of neutron filters, and we 
are currently engaged in a series of detailed reactor 
physics calculations to examine the effects of several 
possible neutron filters. 

Fast Flux Irradiation Tests 

A. R. {Olsen 

We have received approval-in-principle for the irradia- 
tion of t h e  encapsulated test rods containing Sphere- 
Pac ( 2  U-20% Pu)Oz in the ERR-IT. These rods are 
scheduled for incorporation into a 19-rod subassembly 
to be installed in a row-4 position. 

Design of the fuel rods is complete, and most of the 
hardware has been procured. The fuel pins are designed 
so that two of the five rods can be remotely assembled 
into transient test capsules after the EBK-I1 irradiation. 
The rods will operate at linear heat ratings of about 16 
kw/ft to a burnup level of 3 to 4‘70 FIMA. 

The encapsulated rods will provide the necessary lead 
irradiation tests for a larger number of sol-gel fuel test 
rods to be irradiated without double encapsulation in a 
37-pin subassembly. This subassembly will include test 
rods fabricated by Babcock and Wilcox, with whom we 
are currently developing a coordinated test program. 
The details have not been established, bur the tests will 
provide comparative information on four fabrication 
processes for sol-gel fuel (pellets, extrusions, Vi-Pac and 
Sphere-Pac) and two types of synthesis for pellet fuels 
(sol-gel and coprecipitation). 

I2w. E. Bailey et a t ,  “Thermal Conductivity of Uranium- 
Plutonium Oxide Fuels,)’ pp. 293-308 in hnterrr. Symp. 
Plutonium Fuel Technol., Scottsdale, Ariz. I96 7, Nucl. Met., 
Vol. 13, American Institute of Mining, Metallurgical, and 
Petroleum Engineers, New York, 1968. 

3Reactor Division. 
4 ~ e n e r ~  Engineering Division. 

APPLIED MATHEMATICS DEVELOPMENT 

R.  €3. Fitts 
C. M. Cox 

W. H. Pechin 
A. R. Olsen 

We developed various general calculation techniques 
to evaluate irradiation tests and fuel materials. These 
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may be used either individually or as a set, the results of 
one code being used as input to or to check the results 
from another. They range in complexity from com- 
puterization of routine calculations through develop- 
ment of calculations that consider material properties 
and structures as functions of temperature while they 
determine temperature profiles to the adaptation of a 
complex existing neutron physics code to experimental 
irradiation capsule calculations. 

for use on 
the local CEIR remote computer consoles to calculate a 
neutron energy spectrum from dosimetry data. 'The 
code fits to the data a spectrum that consists of 
Maxwell-Boltzman thermal and fast neutron distribu- 
tions and a 1/E distribution in the intermediate 
energies. This form has been found to be a close 
approximation to the flux-energy spectrum for well 
moderated core and reflector positions in light water 
test reactors.' 

We have applied the SFXb6 spectrum as a shell 
source with the ANISN neutron transport theoiy 
code' to calculate heat generation rates as a function 
of radius in our test fuel pins. 'These results have agreed 
within +-lo% with the heat generation calculated from 
postirradiation burnup analyses. 

We have written two computer programs for 
calculating fuel-pin steady-state radial temperature 
profiles based on the radial heat source distribution 
predicted from ANISN or from other neutron physics 
calculations. PETPd6 is a BASIC language code that 
calculates the temperature distribution based on the 
operating fuel geometry, the predicted heat generation 
distribution, and a simplified model for fuel thermal 
conductivity. The thermal conductivity is based upon 
empirical observations of the structures and densities 
associated with particular temperature ranges in UOz 
and ThOz. 'This code has given good correlation with 
observed melting in (U--20% Pu)Oz fuels but has been 

We wrote SFX66 in the BASIC language' 

"R. R .  Fitts, W. H. Pechin, C. M. Cox, and A. R. Olsen, 

' 6W. B. Lewis and T. D. Marshall, Distribution of Neutron 

1 7 W .  W. Engle, Jr., A Users Manual for ANISN, K-1693 

Calculatioris for Irrdiatioir Testing (in preparation). 

Density and Neutron Flux, IDO-16614 (July 22, 1960). 

(March 20, 1967). 

largely superceded by the PROFILE code. This is a 
larger FOK'1'KAN code, which allows the user to choose 
between a fuel conductivity function prepared by 
General Electric" for (U$u)Oz and a more general 
function of the form, 

k = ( A  + BIT t CT3)f(P) , (1) 

where A ,  B. and C are constants and /(P) is a porosity 
correction factor. The program includes an option that 
will predict the fuel structure changes, central void 
development, and revised thermal profile resulting from 
fuel densification, which are in turn determined by 
temperature. 'The results may be tabulated or plotted. 
The accuracy of our fission-rate distribution calcu- 
lations is confirmed by postirradiation burnup analyses 
based on radiochemical and isotopic analysis. 

Radiochemical analytical data for specific fission 
products such as 1 3 7 C s ,  14'Ce, 89Sr, and "Sr are 
reduced to burnup data by the use of RURCg6. This 
code is available in both the BASIC and FORTRAN 
languages. 

The computer code CIBUfl6 is a FORTRAN language 
code for calculating fuel burnup from changes in 
isotopic analysis. The method differs slightly from that 
proposed' ' by the ASTM . The plutonium-to-uranium 
ratios are calculated frolil chemical analysis of the fuel 
before and after irradiation. One calculates the fissions 
of 2 3 5 U  from the pre- and postirradiation ratios of 

U to U, the fissions of 'Pu from the increases 
in isotopic abundance of 240Pu and 241Pu, and the 

issions from the increase in 242F'u isotopic 
abundance. 

The codes for both techniques of burnup analysis are 
operable and provide good comparative burnup values, 
which agree well (as reported earlier in this chapter) 
with the burnup levels predicted by the preirradiation 
calculation techniques. 

2 4 1 ~ 1 ,  f' . 

' '4S'i'M Tentative Mcthod E-244-T, 'Tentative Method of 
'Test for Atom Perccnt Fission in Uraniuin and Plutonium 
Fuel," 1967 Book of ASTM Standards, American Society for 
Testing and Materials, Vol. 31, Philadelphia, Pa., May 1967. 



26. Joining Research on Nuclear Materials 

C. M. Slaughter 

We studied the effects of minor alloying eletnents, 
individually and combined, on the weldability of 
Incoloy 800 using the VARESTRNNT Test (weld 
metal) and the Duffer’s Gleeble (tieat-affected zone). 
Incoloy 800 is basically an iron-nickel-chromium ter- 
nary with minor additions o f  titanium and aluminurn. 
ASTM specifications’ permit ii range of 0.15 lo 0.60% 
for titanium and aluminum. lnitial work was concen- 
trated on the effects of titanium and aluminum within 
these composition limits on weldability . Subsequently, 
we investigated the effects of sulfur and phosphorus on 
alloys containing nominal aluininutn and titanium 
contents. 

SPECIAL ALLOY PREPARATION 

Vi. J. Werner R. E. McDonald D. A. Canonico 

The alloys studied were all melted and prepared 
specifically for this program by the Materials Processing 
Group. Raw materials (Fe, Ni, Cr, Ti, iU, S, and P) were 
purchased at as high a purity as was economically 
feasible (all were 99.9% pure or better). 

Melting and fabrication were done under rigid labora- 
tory control to nuninrize contamination during process- 
ing. Alloys prepared for the VARESTKAINT arid 
Cleeble Tests were designed for studying the individual 
and combined effects of titanium and aluminum. 

Additional alloys for the Gleeble study were formu- 
lated to  study the effects of sulfur and phosphorus on 
welclahility. ‘Titariiurn and aluminum levels for these 
dloys were nominally 0.3%; sulfur and phosphorus 
concentrations were viiried from 0.010 to 0.020%. 
Some alloys were lorrnulated for studying the corn- 
bined effects of sulfur and phosphorus. The success of 
this phase of  ‘the program was evidenced by the fact 
that tie actual compositions obtained were quite close 
to those desired. 

___.._~ 

‘1966 Book of ASTM Sfundards, Yurt 7, R 409 -- 65 ‘r, pp- 
74.3 --  57, htnerkdn Society for ‘resting and Materials, phila- 
delphia, 1966. 

VARESTRAINT TESTING 

D. A. Canonico W. J. Werner 

The influence of aluminum and titariium on the hot 
cracking of Incoloy 800 was investigated at Rensselaer 
Polyiechnic Institute’ using Its VARESTRMLUNT 
Welding conditions for the test series are: arc voltage, 
12 v; arc current, 340 amp; travel speed, 4.5 in./nlin; 
shielding gas, argon at 4 cfli; electrode, I / X m  -diam 

After testing, the specimen area that received a 
predetermined amount of strain during welding was 
polislied io a depth of approuimately 0.010 in. All 
ci ack-length measurements were rnade at this depth. 

?he VARESTKAINT Test results obtained for the 
experimental Iiicoloy 8W alloys are presented in Fig. 
26.1. The Incoloy 800 data from the original study on 
commercial alloys4 are included for comparison. The 
thiesbold for hot-crack initiation in 1 he ternary alioy 
(Ni, Fe, Cr only) was above 02% augmented strain. 
This same alloy exhibited ti total crack length or 0.01 2 
in. after testlng at 1% augmented strain. At t h s  same 
strain, the conimercial n7ateriJ exhibited a total crack 
length over 0.6 in. Obviously, the crack susceptibility 
was much greater for the cornmercid alloys than for the 
expermmi tal alloys, tbis indicates that very small 
amctunts of unaccounted-for trace elements may also be 
playing an important role. Titanium and aluminum 
additions to the experinx ntal ternary alloys tncreased 
susceptibility toward hot craclung, however, there was 
no correlation between the level of the titanium and 
aluminum, either conibined 01 indtvidudly, and total 
crack length for a given augmented strain. That is, the 
VAKES’TKAINT Test was unable to separate the effects 
of titanium or a2un1iinum on the susceptibility of 

W 2% 7‘hO’. 

_. ..... ......... 

2Work performed on subcontract under the direction of W. F. 
Savage and C. D. Lundin, Department of Materids Engineering, 
Kensselaer Polytechnic Institute, Tmoy, N.Y. 

.3\V. f .  Savage and C .  D. Lundin, “I%e VARESTKAINT 
Test,” Weldkg J. (IV. Y.)  44(20), 433-s-42-s (1 965). 

4 ~ .  A, eanonico ana W. J. Werner, ivetats ami C:emrnicsDiv. 
Ann. Bog .  Rept. June 30, 1967, ORNL-4170, p. 139. 

151 



152 

ORN L-DWG 67-433808 

1 I--- 

( x ~ ~ - 3 )  T ~ I - - - - ,  

/o 
, 

800 

400 6oo 1 
EXPERIMCN mi HEATS 
OF INCOLOY 800 
CONTAINING ALUMINUM 

0 
0 0.5 i .o 4.5 2 .o 

AIJGMENTED STRAIN (%) 

1 
Fig. 26.1. VARESTRAlNT Results for the Experiniental 

Heads of Incoloy 800 Composition. The results of two 
commercial heats have been included for comparison. 

Incoloy 800 toward hot cracking. The range of total 
crack length at 1% augmented strain for the aluminurn- 
and titanium-bearing alloys was 0.08 to 0.35 in. 

HOT-DUCTILITY TESTING 

D. A. Canonico W. 9. Werner 

Hot-ductility tests’ were performed on the experi- 
mental alloys with the Duffer’s Gleeble.‘ l h i s  test 
measures the mechanical properties of simulated weld 
heat-affected zones at high temperature, and, therefore, 
is a useful means for evaluating weldability. Zero 
ductility temperatures (ZDT) and zero strength tern- 
peratures (ZS’T) were determined for the alloys. Zero 
ductility temperature is defined as that temperature at 
which plastic deformation before fracture is zero. Zero 
strength temperature is defined as that temperature at 
which the tensile strength of the alloy goes to zero. 
Recovery (of ductility) on cooling from the ZDT is 
obviously another measure of susceptibility toward hot 
cracking. 

All of the alloys had %TIT’S of about 2400°F; the 
ternary, which contained no added Ti, Al, S, or P, had 
the highest at 2450°F. Surprisingly, there was no ill 
effect on the ZDT or on recovery from Ti, Al, Ti + Al, 
S, P, or S 4- P. A finite if not spectacular effect had 
been expected when titanium and aluminurn were 
added and even more when sulfur and phosphorus were 
added. These results are in contrast to what one would 

’E. F. Nippes ef al., “An Investigation of the Hot Ductility of 
mgh-Temperature Alloys,” Welding J. (N. Y.) 34(4), 183-s-96-s 
(1955). 

. .~ 

‘Duffer’s Associates, Inc., Troy, N.Y. 

( b l  

Fig. 26.2. Effect of Aluminum-Plus-Titanium Additions on 
the Microstructure of the Experimental Incoloy 800 Alloys. 
1OOX. Reduced 47.5%. (0) <O.OS% Al, a . O l %  Ti. ( 6 )  0.13% 
Al, 0.095%Ti. ( c )  0.52%Al, 0.5170Ti. 

expect from the phase diagram, which predicts melting 
point lowering, and the classical work of Pease,7 which 
predicts that sulfur and/or phosphorus will have delete- 

’G. K. Pease, “The Practical Welding Metallurgy of Nickel and 
High-Nickel Alloys,” WeIdingJ. (N. Y.) 36, 3305 (1957). 
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Pig. 26.3. The Effect of Sulfur and Phosphorus Additions on 
the Miaostmcture of the Experimental tncoloy 800 Alloys 
Containing AppTQximateiy 0.38‘/t, AI  arid 0.38% Ti. 10OX. 
RedMCcd 48’5. (a) 0.010% s, 0.001’;’, P. ( h )  0.002% s, 0.010% P. 
(c) 0.008% s, 0.010% P. 

rioirs effects on the weldability of nickel-containing 
alloys. 

Zero-strength temperaturzs for the aluminum- and 
titanium- bearing alloys decreased systematically, as 

expected, with increasing (Ti + Al) content. No 
correlation was found between sulfur or phospliorus 
content and ZST. 

The Gleeble specimens were examined metdlographi- 
cally. Figure 26.2 shows the variation in microstructure 
with (Ti 4- Al) content. Increasing (Ti t- Al) results in 
heavy and well-defined laminations. Similar studies with 
an aluminurn-rich alloy showed lmninations arid evi- 
dence of liquation within the laminae. The titanium- 
rich alloy showed neither laminations nor liquation; 
however, it did have pronouriced grain-boundary em- 
brittlement and show intergranular failure. 

Figure 26.3 shows the sulfur and phosphorus effects. 
Figure 26.3(0) shows the effect of sulfur alone. Here we 
see a number of discrete itlclusions aligned in the 
working direction. The mode of failure i s  intergranular, 
and there are some additional intergranular cracks. 
Figure %6.3(b) shows the phosphorus effect. Here there 
are continuous fine laminae. Once again failure is 
intergranular, and only a few cracks are adjacent to the 
fracture interface. Figure 2 6 3 ~ )  shows the microstruc- 
ture resulting from the presence of both sulfur and 
phosphorus. ‘The sulfur effect is obviously dominant. 

‘Thus, the mode of failure of the synthetic heat- 
affected-zone specimens does appear to be influenced 
elementally. High aluminum contents seem to exagger- 
ate banding and increase the tendency toward liquation 
in the laminae. The presence of sulfur results in discrete 
precipitate particles. Reducing the sulfur or maintaining 
the phosphorus at levels of  0.01 wt % eliminated (he 
discrete precipitate and caused the alloy to revert to a 
laminar microstructure. 

ELECTRON-BEAM MICROPROBE ANALYSIS 

I). A. Canonico W. J.  Werner 

The unexpected sinlilarity between sulfur- and phos- 
phorus-bearing experimental lricoloy 800 alloys and 
those without these elements prescnted the impetus for 
an election-beam microprobe study of a sulfur-bearing 
alloy. ”he alloy with O . O ~ C %  S [its microstructure 1s 

shown in Fig. 26.3(u)] was submitted for analysis. 
Table 26.1 contains the results, which indicate that 
sulfur is associated wrth titaniuni (and/or alutninum) in 
the inclusions seen. As was zxpected, the nucroprobe 
analysis also showed a high peicentage of titanium in 
the large ‘“pink” (titanium carbonltride) precipitate 
particles. A sti ong titanium-sulfur association was seen 
in the finer inclusions. The microprobe data, because of 
the beam size, are on the whole qualitative, however, 
the results seem to be quire definitive. 
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PHOTO 93023 

Pig. 26.4. X-Ray Scanning Images of a Smlfur-Bearing Experimental IACQ~OY 800 M o y .  (a) Light optics. (b) Ti Ka.(c) A1 KN. (4 
S Ka. 
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Table 26.1. Electron-Beam Microprobe Analysis of an 
Experimental Incoioy 800 Alloy that Contained 

Aluminum, Titanium, and Sulfur 

Area 

I__- 

Matrix 
Large precipitates 
Stringersb 
Grain boundariesC 

with precipitate 
without precipitate 

ChemicaI Composition (wt 76) 

A1 Ti Sa 

0.2 0.2 X 

0.7 80.8 x 
2 5 . 0  a 6 . 0  >1 ox 

Same Increase Increase 
Same Slight increase Depletion 

ex represents nominal sulfur content in the matrix. 
bSemiquantitative. 
”Oualitativcly compared to matrix. 

Figure 26.4 contains x-ray scanning images from the 
sample that was investigated ~ A definite association 
between sulfur and titanium is pictorially evident. A 
photomicrograph of the area scanned is included for 
comparison. The large angular particles seen in the 
photomicrograph are the titanium-rich “pink” carbo- 
nitride. The sulfur appears to be associated with the 
smaller precipitate particles. 

The strong association between sulfur arid titanium 
suggests an explanation for the 2400°F Gleeble ZDT 
plateau. Some support for this argument is found in 
Table 26.2, which was cornpiled froin thermodynamic 
data presented in Thennochenzistry f i r  Sted Muking. ’ 
‘The free energies of formation at 298°K for Tis  arid 
A12S3 are surpassed only by that of the known 
excellent sulfide former MgS. They are superior (or at 
least equal) to MnS. In view of these data and the 

Table 26.2. The Free Energy of Formation at 298.15OK 
for Selected Sulfides 

Compound AE$ (cd/mole) 

- __ .....-.. I__ - 

Al’2s3 ---65,670 
FeS -32,640 
M gs -92,YOO 
MnS -. 59,300 
N is -30,700 
Tis -60,700 
-.---I- 

results of’ this study, it appears reasonable to hypothe- 
size that titanium is combining with the sulfur and 
eliminating it as a detriment to the weldability of these 
nickel-rich alloys. 

Other factors that seem to support this premise are: 
(1) the work of Pepe’ at Retisselaer on tnaragirig steel, 
wherein he found that the grain growth in the constitu- 
tionally liquated region of the heat-affected zone was 
controlled by a TiS precipitate whose melting poirit 
appeared to be about 2400°F; (2) the fact that sulfur IS 

reputedly harmful, yet its presence in the experimeatal 
alloys was imocuous. It appears reasonable to assume 
that sornehow its influence has been overcome. 

The seemingly innocuous effect of both aIuminum 
and phosphorus has not been explained. Further work 
involving these elements is under way. 

8 J .  E’. Elliot et al., Thermochemistry for Steelmaking, Vol. I ,  
sponsored by the .4niencan Iron and Steel Institute, Addison- 
Wesley Publishing Company, Reading, Mass., IY63. 

’J. J. Pepe, Private Communication, Renshelaer Polytechnic 
Institute, Troy, N.Y., April, 1967. 



27. Zirconium Metallurgy 

P. L. Rittenhouse 

The present generation of nuclear reactors makes use 
of a number of zirconium alloys as fuel cladding, 
pressure tubes, and fuel channels. Although these alloys 
have relatively low neutron cross sections, there is 
continuing pressure to reduce the mass of all nonfis- 
sionable material associated with the reactor core. We 
hope, by controlling the texture of zirconium alloy 
tubing and, thereby, its anisotropy of properties, to 
perinit the use of thinner tubes and cladding without 
loss in safety factor, to result in more economical 
nuclear power. 

STRAIN BEHAVIOR IN UNIAXIALLY 
TESTED ZIRCALOY TURING’ 

P. L. Rittenhouse 

Tensile specimens from seven commercially fabricated 
lots of annealed Zircaloy tubing were tested to examine 
the influence of texture on the anisotropy of strain 
behavior. Diametral and wall-thickness strains were 
measured after testing. These strains were linear func- 
tions of total strain, as indicated in Fig. 2’7.1. The 
slopes measure relative resistance to flow and, there- 
fore, the relative distribution of basal poles in the plane 
perpendicular to the axis of the tubing. We found the 
ratio of the slopes to be inversely proportional to the 
ratio of the basal pole texture coefficients in the strain 
directions. 

The rricthod of analysis described is general and could 
be used to study anisotropy and texture in tubing of 
any material. To correlate the slopes with any particular 
component of the texture, as we have with the basal 
pole, the crystallographic deformation behavior of the 
material must be known. 

EFFECT OF TEXTURE ON THE TORSIONAL 
YIELDING OF Z~RCALOY  TUBING^ 

P. L. Rittenhouse 

The physical and mechanical properties of zirconium 
alloys are highly anisotropic. The anisotropy is caused 
by crystallographic textures developed during fabrica- 
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Pig. 27.1. Diametral and Wall-lhickness Strains vs Axial. 
Shraiii for Zircaloy Tubing. The diameter strain is E z ~ ,  the wall 
strain is CZH. (a) Material Y-2; k z e / k z ~  = 0.22 compared to an 
inverse ratio of basal pole texture coefficients of 0.31. ( b )  
Material W-7; k ~ , g / k z ~  = 1.8 compared to an inverse ratio of 
1.6. 

tion. Our aim has been to measure the effect of texture 
on the uniaxial and biaxial properties of small-diameter 
Zircaloy tubing. 

We have torsion tested more than a dozen lots of 
thin-walled Zircaloy tubing. This test defines the point 
on the plane stress yield surface at which the ratio of 

‘Abstracted from J. Nucl. Mater. 24, 310-15 (1967). 
2Abstracted from a paper to be given at the ASTM Sympc- 

shin on “Application Related Phenomena of Zirconium and 
Hafnium Alloys,” Philadelphia, Nov. 5-7, 1968. 
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axial tension to tangential compression is --I .O. The 
yield theories used for isotropic materials are not 
applicable in our case, so we modified these, permitting 
the ratio of axial to tangentid yield strength to differ 
from unity, and obtained a predicted minimum torsion 
yield strength. The ratios of our experimental torsion 
yields to those predicted ranged from 1 .O to 1.5. 

We can explain this range of torsion yield ratios by 
considering the textures that are present in the different 
tubing lots. The strength of the material in any 
direction is proportional to the concentration of basal 
poles in that direction. Therefore, for Zircaloy tubing in 
which most of the grains have basal poles parallel to the 
tube radius the radial direction is strongest. in the 
torsion test, however, the stress in this direction is zero. 
Neither the axial nor tangential direction i s  texture 
strengthened, so the torsion yield approaches the 
modified theory minimum torsion yield. If the texture 
is such that most grains have basal poles parallel to the 
tangential direction, this direction is strengthened and 
the torsion yield 1s higher than predicted. 

Our results have demonstrated that texture can be 
quantitatively related to the anisotropy of mechanical 
properties of Zircaloy tubing. Also, although the 
isotropic yield conditions are not directly applicable to 
anisotropic materials, they can be modified to a form 
useful in the analysis of the effects of texture on 
anisotropy. 

TEXTURES IN DEFORMED ZIRCONIUM 
SINGLE CRYSTALS3 

I). 0. Hobson 

Zirconium single crystals of various specific orienta- 
tions were deformed by rolling and drawing. The 
resulting textures were determined and are related to 
the deformation modes that produced them. The 
crystals deformed predictably by slip and by combina- 
tions of up to third-order twinning with three twinning 
modes. Twinning played a nlajor role in initial texture 
formation. Texture changes produced by slip occurred 
only at the higher reductions. The twinning sequences 
that produced each intensity peak during the initial 
reductions could be identified. Schmid factor criteria 
were useful in predicting which deformation modes to 
expect for each crystal orientation and fabrication 
procedure. The application of these results to polycrys- 
talline material is discussed. 

'Abstracted from Tram. hfet. SOC. AIME'242,1105 -10 (June 
1968). 

EXAMLNATION OF ORIENTATION FACTORS 
FOR THE DEFORMATION SYSTEMS OF 

ZIRCONIUM UNDER BIAXIAL 
STRESS CONDITIONS4 

0.0. Hobson 

The measurement of critical resolved shear stress for 
the operation of deformation systems in metals and, 
indeed, predicting which systems will operate under a 
particular set of stresses in a material of multiple 
deformation modes is of importance in the study of 
texture development and plastic flow. This paper 
examines the geometrical aspects of the influence of a 
biaxial stress state (idealized rolling) on the deforma- 
tion modes of zirconium. One slip and three twinning 
modes comprising 21 deforination systems are consid- 
ered. Orientation (Schmid) factors are computed for all 
orientations and all deformation systems, and the values 
are plotted on a coordinate system that allows specimen 
orient a ti on, operative de format ion system, and orient a- 
tion factor to be shown without ambiguity. The data 
presented in this paper are useful in two ways. 'They 
allow the accurate determination of the resolved shear 
stress in a balanced biaxial tension-compression stress 
state, and they perrnit the prediction of the deforma- 
tion modes and systems that will operate for any 
specimen orientation in this stress state. 

INHOMOGENEOUS DEFORMATION 1N 
ZIRCALOY TUBING' 

D. 0. Hobson P. L. Rittenhouse 

Zircaloy tubing is used as fuel cladding in commercial 
nuclear power reactors. This is an application for which 
the integrity, predictability, and reliability of material 
behavior are of great importance. We recently found 
that many lots of Zircaloy tubing tested in tension 
deform to polygonal rather than circular cross sections. 
Such behavior has been heretofore unrealized and 
should be of immediate concern to both the design 
engineer and the metallurgist. 

Logically, the noncircular cross sections result from a 
circumferential variation in plastic properties and, 
therefore, in texture. To test this postulate we exam- 
ined the diffracted x-ray intensity from (OOOl),  {lOTO), 
{1120}, and {XOil} planes parallel to the tubing 
surface around the entire circumference. Tubing that 

4Abstract of a paper to be presented at Fall Meeting of the 

'Abstracted from a paper presented at the 97th Annual 
Metdlurgxal Society of AIME, Detroit, Oct. 14-17, 1968. 

Meeting of AIME, New York City, Feb. 18-22, 1968. 
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deformed to  a circular cross section showed less than The explanation for the existence of these circum- 
5% variation in diffraction intensity around the circum- ferential texture gradients involves (1) the limited 
ference from any of these planes. Greater intensity number of crystallographic deformation systems that 
variations were found for all the tubing materials that are available to provide the macroscopic plastic strain 
developed noncircular cross sections during deforrna- produced during fabrication and (2) the details of the 
tion. In each instance the number of intensity maxima deforniation processes that are peculiar to various 
and minima was consistent with the number of sides of methods of tubing fabrication. 
the polygons, Fig. 27.2. 
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DEVICE FOR STUDYING TEXTURE 
VARIATION AROUND TUBING6 

D. 0. Hobson 

A device for studying variations in radial pole 
densities around tubing and thus detecting texture 
inhomogeneities is described. Rapid interchange of 
specimens is possible and a range of tubing sizes can be 
acconiniodated. All specimens are automatically ceti- 
tered and held at the optimum position for diffraction. 
The slight defocussing due to the curvature of the tube 
surface is provided for. The beam divergence as a 
function of specimen radius is adjusted by collimatiori 
of  the incident beam, so the tube can be treated as a 
flat-plate specimen. No complicated absorption factor 
corrections are needed. 

TEXTURE GRADIENTS IN THIN-WALLED 
ZIRCALOY TUBING7 

E. ‘Tenckhoff P. I,. Kittenhouse 

The preferred crystallographic orientation (texture) 
that develops during fabrication of Zircaloy tubing has 
considerable influence on mechanical properties. Exani- 
inations of many defornied metals have shown that the 
texture of the outer layer may be different from that of 
the inner parts. Thus, to determine the iiifluence of 
texture on mechanical behavior we must either select a 
specimen in which texture does not vary through the 
cross section or, if this is irnpossible, integrate the 
texture variation into the analysis. In either case it is 
necessary to determine the texture in layers below the 
surface of the deformed metal. 

We developed techniques to allow us to measure these 
textures. Tube sections are machined in such a manner 
that a ring containing material from different layers of 
the tube wall is obtained. This ring is tliitined to a 
maximurn thickness of 0.002 in. by chemical dissolu- 
tion and then bent elastically to the flat surface 
required for the reflection measurements witti the 
texture goniometer. 

We examined tubes with different processing his- 
tories, including tube reducing witti either diameter or 
wall reduction predominant, cold drawing, and ball 
swaging. ‘The intensity of basal poles and their spread 
into the transverse direction varied markedly, depend- 
ing on the layer examined and Ihe processing condi- 

tions. From the outer to tlic inner surface the sharpness 
of the texture would rise, fall, remain constant, or show 
an extremum. Similarly the preferred position of basal 
poles varied from 0 to 45’ from the radial toward the 
tangential direction Although the position o f  the basal 
pole is generally believed to be unaffected by alpha 
annealing, in some Zircaloy tubes it changed to the 
radial direction from positions as great as 40” toward 
the tangential direction. 

Our results give a more detailed insight into the 
formation of texture during fabrication and help in 
correlating texture with mechanical properties. 

TUBING FABRICATION 

D. 0. [Hobson 
T. M. Nilsson E. Tenckhoff 

P. L. Rittenliouse 

The texture of Zircaloy tubing at each intermediate 
stage of fabrication depends on all fabrication steps to 
that point. To achieve texture control we must know 
the contribution that each step in the procedure makes 
to the final texture. We have devised and are cariying 
out an experimental series of tubing fabrications to 
determine the effect on texture and quality of various 
processirig variables and techniques. T h s  program will 
(1) show in detail how fabrication events affect texture, 
(2) allow control of texture in the finished product, and 
( 3 )  demonstrate the most economical and efficient 
inelhod of tubing production. 

HYDRIDE ORIENTATION 
IN ZIRCAEOY TUBING8 

P. L. Ritlenhouse 

Zircaloy tubing used as fuel cladding in water reactors 
absorbs a fraction of the corrosion-produced hydrogen. 
When the solubility limit of hydrogen in Zircaloy is 
exceeded, platelets of zirconium hydride arc precip- 
itated. The effect of this precipitate on the properties 
of the mate1 ial depends upon the distilbution, morphol- 
ogy, and orientation of the platelets. Platelets oriented 
perpendicular to a direction of  stress are particularly 
harmful to ductility. 

The orientation of hydride platelets in Zircaloy is 
thoudit t o  be influenced by ciystallographic texture, 
fabricat ion history, degree of cold woi k, grain size, 
hydrogen level, and precipitation conditions, but OUF 

intent-here i s  to show only the effect of texture and 
stress direction during precipitation on the orientation 

__._____ 

‘Abstract of paper to be submitted to Nnrelco Rtpwter.  
7 ~ ~ s t r a c t e c 1  from a paper to be dveri at the ASIM Sympo- . .  

sium on “Application Related Phenomena of Zirconiurri and I 

Hafnium Alloyb,” Philadelphia, Nov. 5 - 7, 1968. hbhshed in Truns. Am.  Nucl. SOC. 10(2), 464 (1967). 



of hydride in annealed niaterial. We have correlated the 
difference in the values of the basal pole texture 
coefficients 1% in the radial R and tangential 8 
directions with the hydride trace distribution on the 
suiface perpendicular to the tubing axis. When rrC, > 
TCo, a condition for which the basal planes are 
preferentially oriented parallel to the tangential direc- 
tion, the hydiide traces paralleled the tangential direc- 
tion. This correlation between traces of the hydride 
platelets and the basal planes persisted for TCR < TC, . 
The orientation of hydride precipitated under hoop 
stress was identical to that in the unstressed material 

when TC, > TC,. Howevcr, when 7%8 => 1.5 > TC,, 
the number of platelets perpendicular to the tangential 
direction was greater in stressed than in unstressed 
material. 

In pressure tube and cladding applications, for which 
the tubing is subjected to hoop stresses, the most 
desirable texture is obviously one with basal poles 
parallel to the radial direction ( T C ,  >> TCo). The 
hydride platelets in material of this texture will be 
parallel to the stress, will havc little effect on ductdity, 
and will not be unfavorably reoriented during service. 



Part IV. Reactor Development Support* 

28. Assistance in Research Reactor Core Procurement 

G. M. Atlamson, Jr. 

This program was begun to assist the Division of 
Reactor Development and Technology, Washington, 
DE. ,  in their management of research reactor fuel 
procurement. The prograni is divided into three tasks: 
(1) direct technical assistarice to RDT when requested, 
(2) adapting and understanding of nondeshuctive test- 
ing techniques when applied to dispersion-type fuel 
elements, and (3) solving of technical problems en- 
countered by the fabricators. The latter item is re- 
stricted to relatively short-range problems, principally 
to assure ttie availability o f  an experienced, up-to-date 
group o f  experts. 

This program is closely integrated with related work 
on dispersion fuel elements reported in Fuel Element 
Fabrication Development, Part 111 Chapter 20, and High 
Flux Isotope Reactor Materials Development, Chapter 
31. 

FUEL ASSISTANCE AND PROCUREMENT 

R. J. Heaver 

This phase includes standardization of specifications, 
review of technical requirements for procurement pack- 
ages, and participation in fuel procurement as well as 
quality control audits of fuel fabricators. 

In the procurement phase of this program, the order 
for 50 stationary fuel elenleiits and 10 control rod 
elements by the USAEC New York Operations Office 

*The program PMFBR Cladding and Structural Materials 
Developnient is combined with the closely related Mechanical 
Properties Research in Part 111, Chap. 22. 

. .. . . 

for the Air Force Nuclear Test Keactor (AF-NETR) at 
Wright-Patterson Air Force Rase was completed by the 
National Lead Company. We were responsible for 
technical supervisioii and inspection. Based upon our 
inspection, we recommended approval to s h p  SIX 

control rod fuel elements in August 1967, and the 
remaining elements were delivered in January 1968. 

Procurement of two PM Type 4 nuclear reactor cores 
for the Navy’s reactor in Antarctica was initiated by the 
AEC New York Operations Office, who selected Nu- 
clear Materials and Equipment Corporation (NUMEC), 
Apollo, Pennsylvania, as the contractor. We are pro- 
viding the technical assistance and inspection to this 
AEC office. This job IS requiring that we work with 
four industrial companies arid two AEC offices. Our 
major effort to date has been reviewing, corninenti~ig 
on, arid iecornmending approval of more than 200 
submittals covering their intended nlanufacturing and 
inspection procedures. All of the UOz pellets required 
for this procurement were processed by NUMEC. The 
National Lead Company at Albany, New York, com- 
pleted their qualification work associated with rnanu- 
facturing the europruin titanate-stainless steel control 
plates, and we recornmended approval foi them to 
procced with production. 

Review of specifications has centered on the fuel 
element for the AF-NETR utilizing experience de- 
veloped during procurement. We reviewed these speci- 
fications in detail with the responsible parties at 
AF-NETR and RDT. The revised specifications were 
approved by RDT and deliwred to the AEC New York 
Operations Office foi procurement. 

16 1 
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The Oak Kdge Research Reactor (ORR) fuel element 
specifications were revised and circulated for review. 
Revisions to the fuel element specifications for the 
Army's MHlA reactor were begun. We assisted the 
Fuels Engirieering Branch of RUT in audits of the 
performance of N W E C  on the ZPPR and PM Type 4 
core work, Battellc Northwest on their fuel element 
qualification for the Phoenix Program, Atornjcs Inter- 
national on their performance in producing ATK and 
ETK fuel elements, and the National Lead Company in 
reviewing their prequalification results on ATR fuel 
elements. 'Two papers'.' were presented at the AEC- 
Industry Meeting on Water Reactor Fuel Element 
Technology in Washington, D.C., on January 29 and 30, 
1968. 

FABRICATION OF ATR FUEL PLATES 

M. M. Martin J. H. Erwin 
W. R. Martin 

When the fuel for the Advanced Test Reactor (ATK) 
was changed from U 3 0 8  to UA13, the fuel plates began 
showing a nonuniforni deformation near both ends of 
the cores. 'l'his phenomenon, commonly called dog- 
boning, is observed particularly in highly loaded plates 
where the fuel powder volume fraction is large. 

Since the original ORNL development of ATR fabri- 
cation techniques3 was with U 3 0 8  fuel, this phenom- 
enon had not been encountered. However, when special 
instrumented fuel plates for the A1'K were fabricated: 
we noted that dogboning was much more severe in the 
plates containing UA13 than those with U 3 0 8 .  How- 
evei, wc had previously5 fabricated UA13 plates for the 
OKK, containing lower UA13 fuel concentrations, with- 
out encountering such a problem. Since the fabrication 
schedules for the instrumented and standard plates do 
differ, we rolled iwo types of standard ATK plates to 
elucidate general difficulties and deternurre the amount 
of dogboning encountered with ORNL fabrication 

' G. M. Adamson, Jr., Fabrication of Research Reactor Fuel 
Elements, ORNL-TM-2197 (June 1968). 

' C .  M. Adamson, Jr., and R. W. Knight, HFIR FuelElement 
Production und Operation, ORNL-rM-2196 (June 1968). 

3K.  J .  Beaver, P. Patriarca, and G. M. Adamson, Jr., 
Procedures for Fabricating Aluminum-Base A TR Fuel Elettients, 
ORNL-3632 (June 1964). 

4J. H. Erwin, W. J .  Werner, and M. M. Martin, Developrnent 
and Fabrica&ioti of Inshwnented-Plate Advanced Test Reactor 
Fuel Heements, ORNL-4268 (in press). 

'W. J .  Werner, hi. M. Martin, and J .  H. Exwin, Metals and 
Ceramics Div. Ann. Prop. Rept. June 30, I966, ORNL-3970, 
pp. 107-9. 

procedures. Two plates (19, which is the widest and 
thickest, and 8, which is an average plate) were 
fabricated; in each case 53 wt 70 UAI, was used 
dispersed jn aluminum powder. 

As expected, dogboning was a problem with both 
plates. It was more severe in the larger plate, with the 
maximum amounts measured in four metallographic 
samples being 65 and 100% for plates 8 and 19, 
respectively. When averaged over an 0.08-in. length, the 
values were about 55 and 70%. Comparable results from 
radiographic density were 52 and 58%, and those from 
direct rPieasurements by x-ray attenuation techniques6 
were 56.3 and 63.7%. The x-ray attenuation values were 
obtained from well established calibration data. How- 
ever the radiographic values are preliminary and are 
shown only to indicate initial results. Additional plates 
are being examined to provide data on the repro- 
ducibility expected with these various techniques. 'The 
primary differences betweern the two plates are the 
cladding thickness and total rolling reduction, of which 
only the former appears to contribute to the degee of 
nonuniform deformation in the core. 

EXAMINATION OF ARCMELTING TECHBIQUES 
FOR THE PREPARATION OF UA41x 

J.  T. Venard7 W. R. Martin 

The principal method used commercially to prepare 
powdered IJhl ,  intermetallic fuel is arc melting and 
grinding. When using this procedure, commercial pro- 
ducers have encountered troubles with free uranium 
present in the cores of rolled plates and with control of 
the amount of fuel within a core. To help understand 
these problems, uranium-aluminum compounds with 
approximately 75 wt 76 U were melted in a water- 
cooled copper hearth and allowed to solidify into 
2-in.-diam buttons. To effect proper mixing, the 
buttons were turned over and remelted up to six times. 
No free uranium in the as-cast microstiucture was 
found in any buttons examined. However, goss mnicro- 
structure variations are observed within each button, 
such as shown in Fig. 28.1. Preliminary microprobe 
analysis indicates that UA13, UA14, and free alumjnum 
are present. The multiplicity of types of miceostnicture 

6B. E. Foster, S. D. Snyder, and R. W. McClung, Continuous 
Scanning X-Ray Attenuation Technique for Detertnini?zg Fuel 
Inhomogeneities in Dispersion Core Fuel Plates, ORNL-3737 
(January 1965). 

'Present address, LMFHR Program, Argonne National Lab- 
oratory, 9700 South Cass Avenue, Argonne, Ill., 60439. 
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CLUMPING OF B4C POMDERS IN DISPERSION 
FUEL ELEMENTS 

A. K.  Chakraborty W. R. Martin 

Boron carbide powder, which is used as a burnable 
poison in several dispersion fuel elements, tends to 
agglomerate when blended with the aluminum powder 
matrix, causing inhomogeneity. We found that fine B4C 
powders, less than 30 p in diameter, clump loosely 
together to give an agglomerate size from 200 to 1500 p 
if exposed to the atmosphere; the cause was adsorption 
of moisture on the particle surface. Vacuum drying 
made a large difference in particle size; an effective 
dehydration was obtained by heating the powder for 1 
hr at 150°C under vacuum. The size distribution was 
then 60% 5 p, 30% 10 p, 9% 15 p, and 1% 20 (1. I f  
exposed to air after such a treatment, the powder 
absorbs water even more rapidly than previously. If 
only niodeiate amounts of moisture are present in the 
B4C, the use of vacuum-dried aluminum powder i s  
usually sufficient to prevent clumping. 

Pig. 28.1. Typical Variations in Microstructure Within a 
Sample of As-Cast Arc-Melted Uranium-Aluminum Intmmctallic 
Fuel (74 wt % U). (a)  Preliminary microprobe analysis indicates 
microstructure consists of aluminum in UA14. ( h )  AndlySiS 
shows two compounds present, UAl3 and UAl4. 

within a given button may be influencing subsequent 
fabrication steps, such as grinding and crushing of the 
buttons to produce powder, and could possibly cause 
segregation. Alternate melting techniques that would 
reduce the segregation and nonuniform mixing during 
melting are being examined. 

FUEL HOMOGENEITY 

€4. E. Foster S. D. Snyder 

Twenty experimental fuel plates were fabricated to 
allow calibration of the r-tay attenuation scanning 
iechnique fo r  various loadings of IJ,08, UA13, and 
UA13Sia.4 in aluminum matrices. Six of these plates 
had HFIR outer-annulus fuel contours and dimensions, 
six hac! HFI K mner-annulus fuel contouis and dimcn- 
sions, and the remaining eiglil were flat-core ATR-type 
plates. For each of the WIIR contours there were two 
plates with each fuel type. For each of the core 
materials, one plate coniained the nominal HFIK 
uranium loading and the other contained a 25% 
increased uranium loadmg. The ATR-type flat-core 
plates were all U308-aluminurn cores, six with nominal 
and two with 25% increased uranium loadmg. These 
were made for a parametnc study of  the quantitative 
evaluation of fuel hornogetieity with radiography. 

The NFIK-type inner- and outer-annulus plates with 
nominal loadings were fabricated to provrde a control 
standard to ensure consistency with the old primmy 
calibration curve relating uranium content to attenu- 
ation, miis calibration had been determined in 1962 
and has been validated many times since then. 

In addition to the complete scanning of a11 these 
plates for fuel content, specific 0.073 X 2-in. sections 111 

all the HFIR-type plates weie scanned For calibration of 
both the x-ray attenuation arid radiographic techniques. 
These sections were subsequently machined from the 



plates, measured for density, and finally chenlically 
analyzed for iiranium content. 

The resultant uranium content for specific attenu- 
ation values with the control plates was high by an 
average of 5% when compared to  the original Cali.- 
bration. We investigated the possible causes of this bias, 
without successful resolution. We scanned and sec- 
tioned a Metals and Controls production-fabricated 
inner-annulus I-IFIR plate. The data obtained were 
randomly scattered around the origrnal calibration 
curve with a maximum deviation of 5% in both high 
and low directions. This is far in excess of the 
maximum 1 %  deviation we have observed in the past. 
We became suspicious of the machining accuracy of 
these samples, since 8 of the 17 were betwcen 0.092 
and 0.100 in. wide rather than the desired 0.078 in. 
Consequently, another Metals and Controls inner- 
annulus plate was scanned and sampled. The sample 
boundaries were pi-ecisely scribed and sample identi- 
fying numbers scribed in each full sample width before 
machining. This plate was machined with no dinien- 
sional errors, and we arc confident that the areas of the 
scanned samples coincide with the machined samplcs. 
We measured sample density by our usual alcohol 
displacement method and an alternate more rapid 
pycnometer method. The maximum difference bctween 
the two methods was 0.3%. I'he final results from 
chemical analysis show a reduction in the deviation 
from the original calibration clime to  an average of 
+1.2% with a scatter band from 

We are studying the use of radiography and densi- 
tometry to determine the qualitative and quantitative 
capabilities and limitations for the detectiori and 
measurement of fuel inhomogeneity in dispersion-core 
fuel plates. We rnadc aluminum sannples 0.078, 0.125, 
0.250, and 0.580 in.  in diaincter and with thicknesses 
ranging from 0.01 1 to 0.137 in. These spechiens when 
placed o n  a fuel platc arc used to  simulate a given 
pcrccntage increase in fuel loading (from about 3 to  
45%), and may be then selated to the change in 
radiographic film density. Over a limited range a 
pcrccntage increase in total aluminurn thickness will 
produce a changc in x-ray atteniiation approximately 
eqrinl to that froin thc same percentage increase in fuel 
concentrs tion. 

Preliminary data indicate that a simulated 45% 
increase in fuel loading 0.078 in. in diameter results in a 
density measurement with the 1 /8 in .  aperture on t i le 
densitometer equivalent to only about a 20% increase in 
fuel. However. the density measiirernent with the 
0.078-in. apeiiure on the densitometer is equivslent to  
approximately a 35% incrcase in fuel. 

The data thus far indicate that a simulated fuel 
increase of 3.5% with a diameter of 0.500 in. is not 

1.5% to -f3.2%. 
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visible to the eye in a dispersion core fuel plate. 
,4ctually the minimum visually detectable fuel increase 
is approximately 7% with a diameter of 0.125 in. For 
an area 0.078 in. in diameter slightly higher than an 8% 
fuel increase is also visible. 

WELDING DEVELOPMENT 

G. M. Slaughter 

'The electron-beam process is being investigated as a 
means for welding aluminum fuel plates to side plates 
for ATR-MTR-OKR type research reactor fuel elements 
(see also Fuel-Plate-to-Side-Plate Welding Development 
in Chapter 31). Such a procedure would result in a 
more positive attachment than is achieved by roll 
swaging. Test welds have indicated that the process is 
definitely feasible, and the cross section of a demon- 
stration weld between pieces of type 6061 aluminum i s  
shown in Fig. 28.2. Good plate lie-in was achieved and 
the weld exhibits excellent contour. The small amount 
of microfissuring observcd in the weld bead can 
probably be minimized or eliminated if type 2219 
aluminum side plates are used. Additional developinlent 
work on prototype nssemblics currently is under way. 

Fig. 28.2, Electron-Beam Welded Join: of 6061 Alirrrrinum 
Side Rate to 606 1 Aluminrrrr~ Fuel Plate. Good platc tie-in was 
achieved, and the weld exhibits excellent contour. The small 
amount of microfissuring can probably be overcome by the use 
of 2219 aluminum side plates. Etchant: I-W, WzQ. 23X. 



29. Gas-Cooled Reactor Program 

J. H. Coobs 

Our materials effort in support of the Gas-Cooled 
Reactor Program is directed primarily toward develop- 
ment of unclad ceramic fuel elements for high-tempera- 
ture gas-cooled converter reactors (HTGRs) such as the 
Fort St. Vrain Reactor being constructed by Gulf 
General Atomic for Public Services Corporation of 
Colorado. Proposed fuel elements consist of prismatic 
graphite blocks containing coated (Th,U)02 or 
(Th,U)C, particles and are designed to retain much of 
the fission-product activity within the fuel element to 
simplify maintenance. 

Our program consists principally of developing fabri- 
cation techniques for loading bonded coated particles 
into fuel elements and preparing, characterizing, and 
irradiation testing coating materials, coated particles, 
and simulated bonded fuel elements. An important part 
of the irradiation test program now utilizes HFIR target 
positions. Specimens from the first such experiment, 
which operated for three cycles to  an estimated 
maximum fluence of 7 X 10” neutrons/cm2 (>0.18 
MeV) at 750 to llOO°C, are being examined, and 
another experiment t o  test only bonded coated par- 
ticles is being prepared. Results from previous irradia- 
tion experiments in ETR and DFR are highlighted 
below. 

A significant supporting effort for HTGRs involves 
the characterization of constituents for use in concretes 
for prestressed concrete vessels proposed for large 
power stations. We also began studies of corrosion 
resistance and other properties of weldments of nickel- 
base alloys proposed for advanced steam generators and 
have contributed to the examination and interpretation 
of irradiation experiments on fuel rods proposed for a 
gascooled fast breeder reactor (GCFR). 

BONDING OF COATED-PARTICLE FUELS 

R. L. Harmer H. Buetler’ 
J. M. Robbins 

Our fuel development for advanced HTGR’s is con- 
cerned with demonstrating remote manufacture of 

Present address, Sulzer Bros., Winterthur, Switzerland. 

recycle fuel, which will contain 2 3 3 U  from irradiated 
thorium and is an important economic feature of the 
reactor. We have developed equipment and techniques 
for bonding coated particles into rods (called sticks) for 
loading into holes in the hexagonal graphite fuel 

PHOTO 89047 

A L 
L 

Fig. 29.1. Experimental HTGR Fuel Stick that Was Carbon- 
ized in Place, Broken, and Partially Ejected from Its Graphite 
Support Tube. 

16 5 
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elements? The fuel sticks are formed by injection of a 
phenolic resin binder into the blended bed of coated 
fuel and Tho2 (fertile) particles in a suitable mold. 
Graphite powder i s  mixed with the resin before 
injection to increase the amount of residual carbon in 
the structure, and maleic anhydride is added to the mix 
to catalyze the hardening (curing) of the bonded sticks. 
The cured fuel sticks are removed from the mold and 
carbonized by heating slowly to 1000°C in a stream of 
inert gas. The close packing of coated particles in the 
fuel sticks is illustrated in Fig. 29.1, which shows a 
broken section of an experimental stick in a graphite 
support tube. 

The outer pyrolytic carbon coating preferred for the 
coated particles is a high-density isotropic layer de- 
posited at low temperatures (about 1250°C) and high 
deposition rates from propane or propylene. During 
early experiments we noted that some coatings were 
broken after bonding. Cracking always appeared to 

J. M. Robbms, H. Beutler, and R. L. Hamner, GCR Program 
Semiann. Progr. Rept. Sept. 30, 1967, ORNL4200, pp. 4-25. 

originate in the matrix because of severe shrinkage of 
the resin-base bonding material during carbonization, 
and these cracks tended to  propagate through the 
coatings on some particles, as shown in Fig. 29.2(~). 
Examination of the surface properties of the coated 
particles disclosed the presence of pores about 0.1 p in 
diameter. Apparently this porosity contributes to  a 
strong bond between the resin and coating, because we 
further observed that the resin would not bond to  
smooth surfaces of dense anisotropic carbon coatings 
that have little if any open porosity. This lack of 
tendency to bond was utilized to eliminate the cracking 
of coatings. We deposited a thin nonbonding aniso- 
tropic layer on the surface of the preferred coating and 
then deposited over this a thin sacrificial outer layer 
that would bond tightly to the resin but would crack 
without affecting the preferred coating. The function of 
the two special layers is well illustrated in Fig. 29.2(b), 
where the two outer layers are thicker than necessary. 
A practical application is illustrated in Fig. 29.3, in 
which the two outer layers are thm enough to  have 
little effect on manufacturing cost or fuel packing 

. 
Fig. 29.2. Polished Sections of Bonded Fuel Sticks. 75X. (a) Cracks in bonding matrix propagate through some two-layer 

coatings. (b) Addition of nonbonding and sacrificial coating layers prevents cracking of base coatings. 
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density. Coated particles of the type shown in Fig. 29.3 
were bonded into fuel sticks, and these have performed 
well in two sweepcapsule irradiation experiments at 
1250°C to a fuel burnup exceeding 30%. 

During the fabrication development we also studied 
sticks during the changes occurring in the 

zing treatments and measured the 
effects of several modifications in manufacturing proc- 
esses on their mechanical properties. The dimensions of 
bonded sticks change very little during heat tre 
but specimens consisting only of bonding material 
continued to shrink and lose weight up to  800°C. AS 
shown in Fig. 29.4, the bonded sticks are strongest after 
heating at about 1 8OoC, while completely carbonized 
sticks retain only 5 to 10% of their ascured strength. 
Increases in curing ti at 80°C and in the graphite 
content of the resi e binder both appeared to  
increase the strength of carbonized sticks, but variations 
in injection procedures had little if any effect? 

SUPPRESSING INFILTRATION OF PYROLYTIC 
CARBON INTO POROUS BUFFER COATINGS 

DURING APPLICATION OF OUTER 
COATING LAYERS 

H. Beutler' 

Fig. 29.3. Polished Section of Coated UOz Particles Having 
Thin Nonbondmg and Sacrificial Layers and Bonded into Fuel 
Stick as for a Successful Irradiation Experiment. 145X. 
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Fig. 29.4. Compressive Strength of Fueled and Unfueled 
Resin-Bonded Sticks After Various Heat Treatments. 

We have noted infiltration of pyrolytic carbon into 
porous buffer coatings during deposition of high- 
density isotropic outer layers at low temperature. In 

opment work on large-scale application of 
coatings the carbon added to  the porous coatings during 
the application of the outer coating filled 20 to 70% of 
the open porosity of the buffer layer.3 Such extensive 
infiltration is, of course, highly undesirable, since it 
drastically reduces the capacity of the porous coating 
for storing fission products. Neither metallography nor 

ography reveals infitration of high 
carbon into buffer coatings. We alwa 

distinct interface between the porous buffer 
and the high-density outer layer. However, infiltration 
of pyrolytic carbon into porous buffer coatings is 
clearly evidenced by density calculations based either 
on carbon s and measurement of coated-particle 
dimensions carbon analyses and density measure- 
ments of outer coatings and entire coated particles. This 
infiltration was also c o n f m  
which a porous alumina disk 
propylene at  1250°C along 

3W. H. Pechin, B. E. Foster, and S. D. 
Ceramics Div. Ann. Prow. Rept. June 30, 
pp. 216-17. 
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Metallography revealed that carbon had infiltrated the 
entire 0.1 5-in.-thick specimen. 

Since the infiltration of pyrolytic carbon into porous 
materials during the thermal decomposition of a hydro- 
carbon is strongly temperature dependent4 we investi- 
gated the possibility of reducing the infiltration by 
appropriate temperature control of the coating process. 
In two separate coating runs we applied high-density 
isotropic coatings on Tho2 particles that had previously 
been coated with a 38+-thick buffer coating having a 
density of 0.80 dcm”  The first coating experiment was 
carried out according to our standard application 
technique at a temperature of 1 25OoC. However, in the 
second experiment, we started the coating process at 
1500”C, cooled the furnace rapidly (within 60 sec), and 
stabilized it a t  1270°C during the remainder of the 
coating run. 

We measured the density of the outer coating layer on 
coating fragments removed from disk specimens. From 
this, the carbon content, and the coated-particle density 
we calculated the density of the buffer coating after the 
application of the outer coating. We found that in our 
standard coating run the densities of the porous 
coatings increased from 0.80 to 1.20 g/cm” Starting 
the coating experiment at a higher temperature 
(1 500°C) successfully suppressed the infiltration of 
carbon into the porous coating, and the density in the 
buffer layer increased only insignificantly, from 0.80 to 
0.85 g/cm3. The short high-temperature coating expo- 
sure did not affect the density of the outer coating. We 
conclude, therefore, that appropriate temperature con- 
trol of the coating process can successfully prevent 
carbon infiltration. 

IMPROVED COMPUTER PROGRAM 

IRRADIATION BEHAVIOR 
FOR PREDICTING COATED-PARTICLE 

J. W. Prados’ T. G .  Godfrey 
J. L. Scott 

In a series of papers6-’ we described a mathematical 
model and an associated computer program, STRETCH, 
for calculating the stress-strain history of a spherical 
pyrolytic carbon coating surrounding a fuel micro- 
sphere during irradiation. The stresses are produced by 
combined loading resulting from internal fission-gas 
pressure and fast-neutron damage to the pyrolytic- 
carbon structure. If we assume that failure will occur 
when some function of the stress-strain state in the 

coating exceeds a critical value, the model can be used 
to  predict the safe operating lifetime for a coated 
particle of given dimensions and properties irradiated in 
a given environment. 

The early versions of these calculations6-8 incor- 
porated the assumption of elastic behavior in the 
pyrolytic carbon coating. However, more recent experi- 
ments’ * demonstrated that pyrolytic carbon exhibits 
significant creep under fast-neutron irradiation even at 
low temperatures, and major modifications in our 
calculation procedures were required to  permit a 
suitable representation of this inelastic behavior. The 
physical assumptions, working equations, and general 
computational strategy involved in predicting a coated 
particle’s stress-strain-irradiation history were described 
in an earlier paper;‘ however, the revised computer 
program incorporating the pyrolytic-carbon creep calcu- 
lations had not been previously documented. We have 
now given instructions’ for providing input data for 
these calculations, a listing of the computer program 
itself, and a sample of the output generated. The 
program is written in FORTRAN IV, H-Level, for the 
IBM System 360 computers;’ it should be adaptable 
with minor modification t o  other machines having 
FORTRAN-IV compilers. 

4 R .  L. Bickerdike and W. Watts, Materials Laboratory, Royal 
Aircraft Establishment, Farnborough, England, unpublished 
research. 

’Consultant from the University of Tennessee. 
J. W. Prados and J. L. Scott, Analysis of  Stress and Strain in 

Spherical Shells o f  Pyrolytic Carbon, ORNL-3553 (June 1964). 
’J. W. Prados and J. L. Scott, “Mathematical Model for 

Predicting Coated-Particle Behavior,” Nucl. Appl. 2, 402- 14 
(1966). 

‘5. W. Prados, A Computer Program for Predicting Coated- 
Particle Behavior, ORNL-TM-1385 (March 1966). 

9J. W. Prados, “Calculation of Creep in Spherical Pyrolytic- 
Carbon Shells Under Combined Radiation Damage and Internal 
Pressure,” 7kans. Am. Nucl. SOC. 9(2), 382-83 (1966). 

‘ O J .  W. Prados and J. L. Scott, “The Influence of Pyrolytic- 
Carbon Creep on Coated-Particle Fuel Performance,” Nucl. 

“R. J. Price and J. C. Bokros, “Mechanical Properties of 

21, 

I2J. W. Prados and T. G. Godfrey, STRETCH, A Computer 
Program for Predicting Coated-Particle Irradiation Behavior; 
Modification IV, December, 1967, ORNL-TM-2127 (April 
1968). ’ 31BM System Library Manual, IBM System/360 FORTRAN 
IV Language, Form C28-6515-4, IBM Corporation, White 
Plains, N.Y., 1966. 

Appl. 3,488-94 (1967). 

Neutron-Irradiated Pyrolytic Carbons,” J. Nucl. Mater. 
158-74 (1967). 
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REVISED C ~ ~ A ~ ~ ~ N  OF PREDICTED 
AND OBSERVED COATED-PARTICLE 

ADIATIQN PERFORMANCE 

J. W. Prados‘ T. G .  Godfrey 
A. R. Cblsen 

We recently developed improved techniques for calcu- 
lating the influence of fast-neutron-induced dirtierisional 
changes and creep on coated-particle irradiation per- 
formnce’ 7“ and applied them to revise our preclic- 
%ions of the burtiups at f d u r e  for coated particles 
intadiated in  ETR X-basker experiments 1 and 2. 
Comparisons between our earlier predictions arid the 
obsewed ixxiidiation performance of coated particles ti1 

these experiments weie previously presented.1 ’ 9’ ‘ 
The properties and assumptions employed in our 

rewsed calculations were those used in the previous 
comparisons, with the following exceptions: (1) the 
coating rupture cuteiic~ti was taken as an “effective 
creep stress”P2,14 of bQ,000 psi rather than a tan- 
gential tensile stress of 38,800 psi, (2) the release of  
fission gas from the kernels of particles irradiated at the 
low temperatures (nonrinally 40OoC) was taken as 10% 
rather tliari 100%, (3) the irradiation creep coefficient 
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was decreased from 1.5 X 1WZ7 to 1.0 X 1WZ7 psrl 
(neutrons/cm2)-’ (X. 18 Mev), and (4) densification of 
outer coatings in accordance with the Bokros-Schwartz 
model1 was incoipornted into the calculationx ‘I’he 
revised predictions are compared with experirnental 
results in Table 29.1 and Fig. 29.5. In general, the 
agreemerit between observed and predicted failures has 
been significantly improved, althougb several batches 
that survived the irradiation were still predtcled to fall. 
As previously reported,’ ’ particles with gianular outer 
coafings most frequently exhibited this anomaly; ap- 
parently the properties we have assunied for the 
granular coatings are cotiservative. 

145. W. Frados and T. G. Codfrey, “lmproved Method for 
Calculating Creep of Spherical, Anisotropic PyrolyticCarbun , 
Coatings,” GCR Program Serniann. Progr. Rcpf.  Mar. 31, 1968, 
QRNL-4266 (in press). 

”J.  H. Coobr et a[., GCR Program Semiutin. Progr. Rept. 
Se t 30, 1967, ORNL.4200, pp. 37.-.Jh.. 

f6i: €1. Coobs et al., GCR Progarri Semiunn. bog. Re@ 

pr;s. C. Bokros and .A. S .  Schwartz, “A Model to Describe 
Neutron-Induced Ditnensiond Changes in Pyrolytic Carbon,” 
Curbon 5,481-92, (1967). 

S I 30,1966, QKNL-4036, pp. 31-45. 
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Fig. 29.5. Comparison of  Obsmved and Predicted Performance of  Pyrolytic-CiubonCoated Particles Irradiated in ETR X-Basket 
Experiments 1 and 2. 
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Table 29.1. Performance Comparison of X-Basket I and 2 Coated Particles' 

Lot 

~~ -- 

OR-339 

OR-341 

OR-342 

OR-343 

OR-314 

OR-348 

OR-349 

OR-354 

OR-352 

OK-357 

X-Basket 1 X-Basket 2 

Type of Nominal Buinup Predicted Particlc Type tif Nominal h r n u p  Piedicted 
Coating.b Tempeiature' Attained Buunup at Failuics Lot Coating," Temperature' Attained Burriup ai  

InnerJOutcr ( O C )  (%) Failun: ('%) ($6) InnerlOuter t0C) ('5) Iailnic (a) 

_ _ . . ~ . . ~ - _ _ _  ..... __ ____ ..... __ ~ ___..____ _ _ _ . . . ~  

- 

Sintered Oxide 

400 10.8 
1000 23.3  

400 17.5 
1000 23.3 
4011 14.6 

400 18.5 
1000 23.1 
400 12.9 

400 14.4 
1000 22.5 

400 13.2 
1000 22.1 
400 19.6 

100 15.5 
1000 22.9 

400 17.4 

40C 12.0 
ion0  23.6 

400 16.6 
1000 23.2 

400 15.9 

400 18.5 

Carbide Pii:iclcs 

400 20.6 
1000 21.5 

400 21.3 
1000 20.9 

18.1 0 
14.8 87 

2X 6 0 
22.5 5 
26.6 1 

28.0 0 
22.2 39 
28.0 0 

26.1 0 
21.0 17 
26.1 0 

27.8 0 
21.9 0 
27.8 0 

39.5 0 
31.4 0 
39.5 0 

15.7 0 
13.0 100 

43.8 0 
34.8 0 
43.8 0 

13.9e 2 
11.9e 42 

12.9e 30 
10.9e 30 

YZ-60 

YZ-47 

YZ-56 

YZ-57 

YZP-29 

YZ-66 

YZP-28 

YZ-54d 

OR-343 

OR-348 

YZ-58 

Y M 5  

Sol-GEl Ox'de 

400 i n s  57.4 
1400 25 3 13.0 

400 21.3 28.3 
1400 25.4 22.5 

400 16.8 26.1 
1400 24.5 19.9 
400 22.0 26.1 

400 18.3 26.6 
1400 24.8 19.6 
400 21.1 26.6 

400 20.4 > 6 0  
1400 25.3  46.7 
400 16.6 >60  

400 20.0 15.0 
1400 25.1 13.0 

400 19.3 > 6 0  
1400 25.4 45.8 

400 21.8 16.7 
1400 25.4 12.7 
400 14.0 16.7 

Contml Samplcs of Sintered Oxide 

1400 23.7 19.9 

1400 24.2 29.3 

idditional Samp!cs of Sol-Gel Oxide 

400 15.5 14.2 
1400 24.9 10.7 
400 22.8 14.2 

400 13.9 14.6 
1400 25.1 10.5 
400 23.5 14.6 

Particle 
I'ailurcs 

(%) 
.~ 

0 
1 

0 
0 

0 
4 
0 

0 
0 
0 

0 
0 
0 

< I  
70 

0 
0 

0 
1 
0 

1 

0 

0 
66 
25 

0 

3 
i on  

'For easy comparison, sarnplcs in thc two experimcnts with cimila; coatinf type and particle Fize are listcd in tlir same line. 
bCovting designation: I. ~ laminar; G - granular: I - isotropic; P - poious. 
'Actual inadiation tempeiatures are esiiinated to  havz ranged from 300 to  50OoC in thz low-tcmperature comparlmcnts and  from I000 to 1400°C in thr liigli-tcmperature 

dCoi-rospnnds to  OR-339. 
eCalcula+ed value based on minimum riicasured inncr-layer thickness. 

compartments. Nominal valucs reported ZIT: estimates of avcrage temperatuies prevnilhg tiver the major portion of the irradiation. 

HIGH-TEMPERATURE FAST-NEUTRON 
IRRADIATION OF 

PYROLYTIC-GARBQN COATE 13 
Thoz MBCROSPHERES' ' 

D. M. llewelte 

Fast-neutron irradiation of pyrolytic carbon may 
produce either densification or dilation as a result of 
expansion in the c direction and contraction in the Q 

direction of the individual crystallites that make up the 

' *~urrunary of a report in preparation. 

structure. These etlects can lead to severe stress within 
the coatings of fuel particles used in high-temperature 
gas-cooled reactors and to premature failure ef the 
coatings. 

TO better understand these phenomena, we irradiated 
four sets of pyrolyticcarhon-coated Thoz injerospheres 
in the Dounreay Fast Reactor at fluences up to 4.5 X 
loz1 neutrons/cm2 (>0.18 MeV) at temperatures near 
1 150°C. 'I'he coatings were carefully characterized 
before irradiation. The inner coatings were porous and 
had a density of about 0.7 g/cm3. The outer coatings all 
had high densities in the range 1.74 to 2.07 g/cm3, 
Bacon anisotropy factors (BAF) in the range 1 .O to  1.4, 
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and apparent crystallite sizes ranging from 110 to 150 
A. 

We found that the coatings with the highest anisot- 
ropy factor failed during irradiation, whereas all others 
were intact. Since there was virtually no burnup in the 
Thoz ,  we attribute failure to the effects of fast-neutron 
irradiation. As shown in Fig. 29.6, metallographic 
examination of the coatings revealed that the preferred 
orientation of the coatings increased if the starting 
densities were less than 1.9 g/cm3. This is evidenced by 
the appearance of the Maltese cross’ in the irradiated 
coatings of structures 1 and 2. Apparently the amount 
of increase in preferred orientation is dependent upon 
the initial preferred orientation, since structure 2, 
which had a higher initial BAF, shows a more intense 
Maltese cross. Structures 3 and 4 were anisotropic 
granular structures, but because of the fineness of the 
as-deposited granular structure the Maltese cross is 
obscured in the unirradiated structures. The texture of 
both granular specimens was coarsened during irradia- 
tion. As a result, after irradiation a Maltese cross is 
apparent in the outer layer of structure 3.  This Maltese 
cross does not seem as sharp as would be expected for a 

ORNL-DWG 68-3953R 

o ORNL OUTER COATING 
L A Y E R S  O F  PARTICLES, 

TEMP:  1200 “C 

4 . 5 ~ 1 0 ~ ’  neutrons/cm2 
( E  > 0.18 MeV) 

\ 

0 2  

30 
\e - 
A 4  

8P 
b ‘G, 

1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 
UNIRRADIATED DENSITY (,4,,.g/cm3) 

Fig. 29.7. Densification of Pyrolytic Carbon During High- 
Temperature Fast-Neutron Irradiation. The numbers refer to 
the structure types in Fig. 29.6. 

structure with an initial BAF of 1.3. The outer layer of 
structure 4 exhibits only a very faint Maltese cross, 
indicating that irradiation may have decreased its 
preferred orientation. 

We determined the irradiation-induced density 
changes for the four coating types by measuring 
densities of fragments of the outer layers. These results 
are shown in Fig. 29.7 along with results obtained from 
disk coatings irradiated in the same experiment by Delle 
and Stocker.’O We see that if the initial density is 1.82 
glcm3 or less the pyrolytic carbons densify, but if the 
density is greater than 1.9 they swell. Apparently as the 
carbons densify the preferred orientation increases. 

CONCRETE FOR PRESTRESSED CONCRETE 
REACTOR PRESSURE VESSELS 

G .  Stradley L. A. Harris 
J. P. Moore 

The time-dependent deformation behavior and the 
strength of concrete as affected by the operating 
environment are among the most important aspects of 
the design and safety evaluation of a prestressed 
concrete reactor vessel (PCRV). The time-dependent 
deformation behavior or creep and shrinkage are being 
determined for each of three different portland cement 
concretes by the Waterways Experiment Station and 
The University of Texas. We are characterizing the three 
concretes and their individual constituents so that the 
time-dependent deformation behavior will be more 
meaningful. These studies are a portion of a larger 
program” to provide information to  assess the long- 
range performance and safety of PCRV structure. 

Three different types of aggregate - limestone, 
graywacke, and chert - are being used with the same 
type I1 portland cement to  produce the three concretes 
under study. We are characterizing the aggregates by 
properties such as size, shape, surface roughness, miner- 
alogical class, and chemical composition, using tech- 
niques such as x-ray diffraction, chemical analysis, 
petrographic examination, differential thermal analysis 
(DTA), thermal gravimetric analysis (TGA), and screen 
analysis. We are also determining such properties of the 

”R. J. Gray and J. V. Cathcart, J. Nucl. Mater. 19, 81-89 
(1966). 
’OW. Delle and H. J. Stocker, “Results of High-Temperature 

Irradiation of Graphite and Pyrolytic Carbon in the Dounreay 
Fast Reactor, Scotland,” Paper from the Conference of the 
Working Committee on Carbon of the German Ceramic Society 
held on October 13, 1967 in Basel, Switzerland. 

“G. D. Whitman, GCR Program Semiann. Progr. Rept. Sept. 
30,1967, ORNL-4200, p. 166. 



aggregates as strength, rnodulus of elasticity, Poisson's 
iatio, and coefficient of thermal expansion. This has 
nequmd the establishment of' standards for the x-ray 
hffractiori phase and the development of  techniques 
for making tbin sec tionr for pc trographic examination. 

The 1 ype I1 portland cemen t IS being characterized by 
nlany of the above techniques, such as chenucal 
analysis, x-lay diffraction, DTA, and TGA. Properties 
such as specific surface aiea, strength, modulus of 
elasticity, Poiswn's rstio, 2nd coefficient of thermal 
expansion are being measured. 

The three coraciete nlixes were designed by the 
Waterways Experiment Statio31 to achieve a compressive 
strength of 6000 psi at the age of 28 days. 'we are 
charactenmzg the limestone, graywacke, and chert 
concretes at YBT~QUS ages by determining theii compres- 
sive and splilting tensile strength, Poisson's iatios, ,and 
modul1 o f  elasticity. The coeificients of tliiermal expan- 
sion and the thermal conductimties of the three 
concretes are being measured as functions of age and 
moistuie content. An apparatus was designed and built 
for nieasuiing the coet'ijcient of thermal expansion of 
concrete Erom room temperature to 350°F (177°C). A 
radial heat-flow device was constructed for measuring 
the thermal conductivity of concrete froni room tem- 
perature to 400°F (200°C). Initial results for the 
characterization of the concietes and the individual 
constituenls tiave been reported.2 

Being able to maintain a constant amount of moisture 
or moisture level in a specinien of hardened concrete 
and being able to establish nondestructively the amount 
of moisture piesent at that level are very miportant 
factors in a study on concrete because of the significant 
effect of moisture on many properties of concrete. We 
mvestigated the use o f  organic coatings to provide a 
positive seal for maintaining a constant moisture level in 
specmiens. We concluded' that organic coatings alone 
were not satisfactory. A specimen must be contained in 
a metal jacket to absolutely prevent the loss of moisture 
from at. 

We reviewed22 the various methods and means of 
nondestructively measuring the amount of moisture 
present in hardened concrete. These methods include 
the measurement of changes in various electrical prop- 
erties, neutron- or gamma-radialion scatter and absorp- 
tion, and nlicrowave attenuation due to changes in the 
moisture content of the hardened concrete. We are 
employing the neutron scatter and absorption tech- 
nique in our study. 

"J. G. Stradley, GCR Progam Senuann. Progr. RepL March 
34, 1968, OKNL 4266 (in press). 

PROPERTIES OF NICKEL ALLOY WELDMENTS 
FOR ADVANCED HTGR. STEAM GENERATORS 

J. P. Hammond 

We are evaluating welds in conventional arid advanced 
ailoys for HTGR s t e m  generator applications, espe- 
cially for the critical superheater and reheater sections. 
Because economy dictates the use of a variety of alloys 
in the same component, emphasis in  our program i s  
focused on dissimilar-metol welds. These welds must 
have good resistance to high-temperature steam corro- 
sion as well as adcquate strength consistent with good 
ductility and structural siabildy. 

The alloy combinations presently under investigation 
are listed in Table 29.2 in the older of the i i  expected 
elevated-temperature stresigth. Inert gas shielded tung- 
sten arc welds were made on 1/2-in.-thick plate with 
"V" bevels and 5/32-1n,-diam filler wire. In addition to 
compatibility tests with slcam from 1100 lo 1400"F, 
weldabdity, stresscorrosion cracking susceptibility at 
1 IOO"F, and stress-rupturz properties will be deter- 
mined. 

A subcontract was let with Southern Nuclear Etigi- 
neering Company, Dunedin, Florida, to provide facil- 
ities and engineering services for the steam-corrosion 
work. Steam taken ditectly from lines of the Bartow 
Plant of the Florida Power Corporation flows past 
specimeris at about 5 ftlsec and 900 psig pressure. Ten 
of the alloy combinations in Table 29.2 are scheduled 
to complete 3000-hr autoclave exposues at 1100 and 
1200°F in late July 1968. 

Table 29.2. AUoy ~ ~ m ~ ~ ~ ~ ~ ~ ~ t s  
fm Steam Genexatcm 

111 il ~ ...____.__ 

Alloy Code Base Metal Base Metal XWer hletd 
il_ ...._I.___I 

A9 Inconel 625 Inconel 625 lIriconel625 
A t 3  Inconel 625 Incoloy 800 Inconel 625 
A12 Inconel 625 Incoloy 800 Inconel 82 
A18 1N 102 IN 102 IN 102 
A19 IN 102 lncoloy a00 iN 102 
A20 IN 102 Incoloy 800 lncond 82 
A5 Hastelloy X IIastdloy X Wastdloy X 
A6 Hastelioy X Jncoloy 800 Hastelloy X 
A8 Hastelloy X Iilcoloy 800 k%lStdhy I!' 
A7 Ilastelloy X Incoloy 800 Inconel 82 
A2 Incoloy 800 Incoloy 800 inconel 82 
A14 Inconel 600 lnconel600 Inconel62 
A3 Inconel 600 Inconel 600 lncnnel82 
A16 2-114 Cbl Mo Incoloy 800 Inconel 82 
A4 Type 304 Type 304 rype 308 

stainless steel stainless steel stainless steel 
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Average general corrosion rates and kinetics of scaling tilities will be established on weldments after steam 
attack will be established in the separatc regions of exposure, and these will be compared with values 
interest of weldments by scale-thickening measure- obtained for the as-welded and welded-and-aged condi- 
ments. Tensile and creep properties and fracture duc- tion. 



30. Heavy Section Steel Technology 

D. A. Canonico 

Nuclear power stations now being built require 
pressxe vessels of sizes (diameters arid thicknesses) that 
are at  the forefront of or are beyond the service 
experience of plate manufacturers and vessel fabri- 
cators. Fracture modes o f  these vessels are of special 
interest because of the dangers peculiar to nuclear 
reactors, should a major failure of a pressure vessel 
occur. The Heavy Section Steel Technology (HSST) 
Program is an engineering effort b e p n  to  study tlie 
structural behavior or the thick plates and vessels 
needed for large reactors, with einpliasis on tlie effects 
of flaws, itlbomogeneities, and discontinuities under 
in-service operating and accident conditions. A respon- 
sibility of the program is to monitor and evaluate 
research efforts sponsored by iridustly in nondestruc- 
tive and In-service inspections and to recommend and 
perform, jf necessary, work that will assure that results 
obtained are practically applicable. Extensive property 
testing programs, including transition temperature and 
fracture behavior of current pressure vessel steels, will 
be performed on thick-section plates, welclments, arid 
forgings. The program culminates in siniulated service 
tests with full-thickness, full-sized pressure vessels. 
Results of the program will be directly applicable to the 
needs of the nuclear power industry and should 
influence significantly the codes and standards for 
fabrication, inspection, and operation of such vessels. 

The participation of the Metals and Ceramics Division 
in this program is as both consultants and experi- 
mentalists. First, we have the responsibility of senring 
on the staff of the Program Office as metallurgical 
consultants. Within this framework, we are expected to 
contribute to decisions that require a metallurgical 
background and to assist in the preparation of pertinent 
publications. In addition, we are involved experi- 
rmntally in those tasks that require the experience arid 
facilities available within the Division. 

During the past year, Technology of Steel Pressure 
Vessels fnr Water-Cooled Nuclear Reactors was pub- 
lished. We contributed to four chapters.’ ~ This 
document is a state-of-the-art review of the light-water 
nuclear pressure vessel technology and has, for all 

practical purposes, become a handbook for the in- 
dustry. 

As an example of our experimental commitment, we 
have investigated the effect of flame-cutting on the steel 
base metal. There has beern much conjecture regarding 
the depth of the heat-affected zone (HAZ) dui: to flarrie 
cutting. Heat-affected-zone depths ranging from essen- 
tially zero to 4 in. have been estimated by those 
working actively in the fidd; however, to our knowl- 
edge, no definitive data were available to support these 
claims. A sizable econonGc justification exists for 
establishing the depth of the HAZ since the ASME 
Boiler Code (Section 111) requires that the inechanical 
properties be determined for plnte materials that are 
used in the fabrication of nuclear pressure vessels. If the 
HAZ depth is i n  excess of 0.5 in., considerable 
machining would be required during saniple preparation 
to assure that the properties of the I-1AZ do not oppugn 
the actual values. Thus, a limited study was undertaken 
to determine the actual depth resulting from a typical 
commercial flame-cutting operation. 

Material w3s obtained from ASTM A533, Grade R, 
Clad I-plates purchased for the HSST Program. These 
plates were rolled to 12-in. thckness and subsequently 
flame cut to 20 X 10 ft .  After cutting, the plates were 
normalized, austenitized, quenched, tempered, and 
stress relieved for 40 hr at 1150°F. The material used 
for this study was obtained from the flanie-cut edges of 
the plates. 

The macroscopic contour of the HAZ across the 
12-in. thickness and the microstnlcture of the HAL at 
the quarter-thickness position (3 in. below the surface) 
are shown in Fig. 30.1. We found that the depth of the 

‘D. A. Canonico, P. Patriami, and 6. C. Robinson, Jr., 
“Materials,” Chap. 4 in Technology of Steel Pressure Vessels for 
WQter-Cookd Nuclear Reactors, OKNL-NSIC-21 (December 
1967). 

2R.  G. Berggren, L). A. Canonico, J.  L. English, and P. 
Patriaxca, “Effect of Environinenf on Materials,” Chap. 5, ihid. 
31). A.  Canonico, R. W. McClung, E. C. Miller, S. E. Moore, 

and P. Patriarca, “Quality Assurance,” Chap. 9, ibid. 
“K. G.  Berggren, R. W. McCIung and E. C. Miller, “Testing 

and Service Performance Surveillance,” Chap. 10, ibid. 

- 

175 



176 

0
-P

- 0
 

- 

!? z
 

IY
 

4
 
I
 

n
 

E
 

N
 



177 

- -  L 13 IN I- I6 l* tm *sox ,P 1- IP I." I* I- I 

le, quarter thickness; 



178 

HAZ at the plate surfaces approached 3/4 to 1 in. This 
depth dropped rapidly to between 3/16 and 1/4 in. The 
microstructure is typical of a weld heat-affected zone; 
that is, it contains the grain-coarsened region adjacent 
to the fusion line, which gradually blends into a 
fine-grained region, which in turn blends into the 
unaffected base metal. 

The results of this study show that the depth of the 
HAZ is minimal (maximum of about 1/4 in. if the 
surface effects are ignored). I t  need not be considered 
in normal specimen or weld-joint preparations since the 
conventional machining practices will remove more 
than this amount. 

We also investigated the microstructures that prevail 
at various depths in the heat-treated HSST plate 1. 
Fortunately, both an isothermal transformation di- 
agram (IT) (for a composition quite similar to A533, 
Grade B) and the measured time-temperature cooling 
data for HSST plate 2 were available to aid in the 
interpretation. Since the continuous transformation 
relationships can be inferred from the IT diagram, the 

microstructures appeared to be wholly bainitic. The 
surface of the plate, due to its faster cooling rate 
(approx G"F/sec), contained a finer bainite (lower 
transformation product) than the quarter-thickness and 
midthickness locations (both of which cooled at a rate 
of about O.S"F/sec). Figure 30.2 compares the micro- 
structures that were present at the three locations cited 
above. The difference in microstructure was reflected in 
the notch toughness (-80 vs f20"F for the drop-weight 
nil-ductility transition temperature) and in the strength 
(85,000 vs 70,000 psi yield). In fact, the plate possessed 
nearly identical microstructures and mechanical proper- 
ties across its entire 9-in. center portion. 

The response of the 12-in.-thick ASTM A533, Grade 
B plate to  the quench-and-temper heat treatment was 
indeed gratifying. Although the plate was heat treated 
to meet the ASTM Class I requirements (minimum 
50,000 psi yield strength), the actual tensile properties 
at the quarter-thickness location will satisfy the Class I1 
requirements (minimum yield strength of 70,000 psi). 



31. High Flux Isotope Reactor Materials Development 

G .  M. Adamson, Jr. 

The High Flux Jsotope Reaclor (NFIR) is beiiig 
operated by O W L  for the production of research 
quantities of transplutonium elements. The efforts in 
the Metals and Ceramics Division are aimed at following 
the fuel element procurement, in the development of 
improved fuel elements and control rods, and in the 
development and fabrication OF the Isotope targets. 

The reactor has now used 21 fuel assemblies, with an 
average core lifetime of 2296 Mwd. No operating 
difficulties were encountered with any of these ele- 
ments. While the fuel element performance to date l~as 
been outstanding, there is considerable economic in- 
centive to reduce cost by achieving longer operating 
cycles. Consequently, the present limited materials 
effort is directed toward achieving a higher fuel loading 
with as few changes as possible in the present element. 
{Jntil it is shown to be unsatisfactory, the prime effort 
will continue with the TJnOa dispersion. 

This development program is integrated with other 
work on the developnient of dispersion fuel plates 
discussed i n  Part 111, Chapter 20 and in Chapter 28. 
Target fabrication is reported in Chapter 32. 

HFIR FUEL ELEMENT MANUFACTURE 

K. W. Knight 

Assistance to Metals and Controls, Incorporated,' the 
ptoduction contractor for the HFlR fuel elements, has 
continued throughoul the past year. Several changes 
have been made in the production procedure to increase 
reliability and reduce cost. In May 1968, the final fuel 
element on the secoritl contract was shipped to O W L  
on the predicted schedule. Work is continuing at M and 
C on a new contract. 

Nonc of the 60 fuel assemblies delivered to date has 
met all the specifications; in fact, only 18 inner 
elements and one outer element have met specifica- 
tions. However, after an ORNL review of the devi- 
ations, all elements have been accepted for use at design 

'A division of Texas Instruments, Tncorporated, Attleboro, 
Mass. 

Table 31.1. Total Fuel Elenicnt Rejections by Groups 
-- - 

Elements with Total Group Type Numbers 
Deviations Deviations 

Outer 12 88 
I 1  48 Inner 

1-12 1 

12 
12 

12 
9 

74 
35 

92 
1 3  

12 3 1  
I 18 

31  -48 4 Outer 
Inner 

49-60 
5 Outer 

Inner 
11 

2 
35 
2 

power. As shown by Table 3 1.1, in which the elements 
have been placed in groups of 12, each representing a 
six-month production period, a marked increase jn the 
number of acceptable elements has been occurring with 
time; llie improvement also is obvious in the decreasing 
number of deviations. The cause of the deviations is 
shown graphically in Fig. 31.1. "he waivers have 
resulted for a wide variety of causes. All Items in the 
specifications have been met with a reasonable fre- 
quency; only a few itenis have appeared on the reject 
list with sufficient frequency to warrant changes in the 
specifications, and none of these changes have been 
major. As in prevlous years, the two largest causes of 
rejects are the related quantities, diameter and wall 
thickness. After the high rejection for wall thickness in 
group 4, the procedures were modified by adding a 
third stretching ring at the midplane; the change was 
obviously effective. Wllile waiver values are shown for 
overpenetration and channel spacing, all elements ac- 
cepted have been repaired so all of these attributes ale 
within specifications. 

The fuel plate yields for plates in groups of approxi- 
mately SO00 are presented in Fig. 31.2. These results, 
although favorable, do not show the improvement 
found with the eletnents but are quite erratic. They 
indicate that fuel plate recoveries are very close to the 
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present technical h u t s  of manufacturing, and a small 
change in processing can cause a significant fluctuation. 
The reject rates for the three periods during this year 
are 20.1, 9.99, and 4.840/0, and the total reject rate for 
the 42,184 plates is 10.71%. Significant excursions 
during this period are apparent in surface condition, 
bond defects, and homogeneity. The excursions in 
surface and bond defects were associated with a single 
cause. These plates exhibited a slightly roughened 
surface, which, when examined metallographically, re- 
vealed very snlall surface blisters approximately 0.005 
in. in diameter and 0.0025 in. deep and an indication in 
other areas of grain-boundary melting. Analysis of the 
alloy in the area of the surface blister revealed an 
increase in magnesium content, indicating the possi- 
bility of eutectic melting. With this in mind, the 
hot-bonding temperature and annealing temperature 
were reduced to 485°C and the blister rate went back 
to normal. The fuel plates exhibiting the slightly 
roughened surface without blisters were used in a 
special fuel element, which has been used in the reactor 
without problems. The increase in homogeneity re- 
jections in group 7 was associated with an operator bias. 
The operator was retrained and the rejections were 
reduced. 

Previously we had encountered raw material differ- 
ences that affect production.2 Since there has now been 
a complete turnover of material, the effects of these 
differences can be reported. 

The aluminirm powder used in the core varies from 
batch to batch in particle size and shape. 'This requires 
changes in pressing pressures between 22.5 and 30 tsi to 
obtain equivalent compact densities. No variation is 
encountered within a batch. 

Batch-to-batch differences in frame and cover plate 
stock are reflected in the formability of the fuel plate 
and in the longitudinal shrinkage of side plate 4 which, 
with the new material, has increased 1/16 in. The 
production effect of these material variables is signifi- 
cant; however, in each case, manufacturing adjustments 
have been made and losses have been held to nearly 
zero. 

Approximately 408 kg of U 3 0 8  have been manu- 
factured this year to provide material for continuing 
production of fncl elements. All tithe stock, alclad 
plate, and sheet havc been manufactured and received 
for the contract extension of 108 fuel assemblies. 

'R. W. Knight, Metals arid Ceramics W v .  Ann. hogr. Kept .  
June 30, 1967, ORNE-4170, pp. 113-15. 

POSTIRWADIATlON EXAMINA'rION OF N F I R  
FUEL ELEMENTS 

R. W. Knight A. E. Richt 

A postoperation examination was made of fuel 
assembly 5 in the High Radiation Level Examination 
Laboratory. To maintain the fuel plate temperatures 
below the operating temperature, it was necessary to 
cool the elements in the vertical position in the HEIR 
pool for a period of about one year. 

Both a dimensional and a metallographic examination 
were made. Figure 31.3 show top and side views nf the 
outer-annulus element. The side plates exhibited an 
oxide coating but no oxide spalling. The upper end view 
shows no fuel plate distortion. Figure 31.4 shows the 
lower end of the inner element. Partial. blockage of 
some of the channels is evident; this blockage was 
attributed to oxide that had sprrlled off the fuel plates 
during storage in the HFIR spent-fuel pit. This material 
was very loosely attached and was easily removed for 
analysis. An analysis showed the material to be alumi- 
num oxide. 

Length and diameters were measured to determine 
the fuel element stability. All dimensions taken were 
essentially the Fame as the as-manufactured dimensions 
and within the original tolerances except the outside 
diameters at the horizontal inidplane of the elements, 
which increased 0.009 and 0.008 in. for the outer and 
inner annuli, respectively. Some increase was expected 
because this is the area of the first welds during 
manufacture, the area of maximum shrinkage and 
stress, and the area where during final machining a 
considerable volume of material was removed. The fuel 
elements then operate at a temperature high enough to 
allow stress relief. Channel-spacing was measured for 
every tenth channel. Although measuring difficulties 
were encountered, no channels were out of specifi- 
cation. All channels were also viewed with back lighting 
and appeared to be in excellent condition. 

Four complete fuel plates were removed from the 
outer fuel element for detailed examination. No visual 
evidence of bljsters or distortion was observed. Gamma 
scanning indicated that the burnup distribution within 
the fuel plates was quite close to the predicted profiles. 
As shown in Fig. 31.5, some spalling of the corrosion- 
product film had occurred in the higher temperature 
regions of the individual fuel plates. .As expected, the 
oxide film varied in thickness over the plate surfaces, 
ranging from 0.0005 in. thick over the low-temperature 
regions of the plates to 0.0020 in. thick immediately 
adjacent to the spalled region. I'hese film thicknesses 
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Fig. 31.3. Typical Appearance of HFIR Outer-Annulus Fuel 
Element. (a) Top view. (b)  Side view. 

Fig. 31.4. Bottom View of HFIR Inner-Annulus Fuel Ele- 
ment. Note partial blockage of coolant channels by white 
deposit. 

are two to three times greater than that expected from 
reactor service. However, the oxide fdm undoubtedly 

ed significantly in thwkness during the cooling 
since, at least initially, the temperatures ap- 

Metallographic examination of sections of the fuel 
proached operating temperatures. 

plates revealed no evidence of blister 
separation, or fuel breakup. No inci 
found at the corners of the part 
usually starts. Corrosion of the clad 
to be excessive; we estimate that less than 0.001 5 in. of 
the normally O.OlO-in.-thick cladding was lost t o  
carrosion. Even in areas of high burnup, the increase in 
core thickness was less than 0.001 in. Typical examples 
of the microstructure of the fuel plates are shown in 
Fig. 31.6. To our knowledge, these are the first 
photomicrographs of an aluminum-base fuel material 
that clearly show the fission-product-recoil damage 
zone surrounding the individual fuel particles. We also 

considerable variation in the extent of reac- 
tion between the U30s particles and the aluminum 
matrix material in different regions of the HFIR fuel 
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4 COOLANT FLOW DIRECTION 

Fig. 31.5. Typical Appearance of  Surfaces of HFIR Fuel Plates. Regions where the oxide film had spalled from the plate surfaces 
are clearly delineated by the dark, irregularly shaped areas. Approximately 1/4X. (a) Concave surfaces, with inner edges up. (6 )  
Convex surfaces, with inner edges down. 

plates. We determined the volume fraction of aluminum 
remaining in the fuel core of the various specimens and 
plotted the results as a function of the estimated 
fuelcore irradiation temperature. As shown in Fig. 
31.7, the extent of reaction is primarily a function of 
the irradiation temperature and is relatively insensitive 
to  burnup, although these temperatures are con- 
siderably lower than would be required for a com- 
parable amount of reaction without irradiation. 

Sections of the fuel plates were subjected to  postirra- 
diation heat treatments to  determine the breakaway 

swelling or blistering temperature. As shown in Fig. 
3 1.8, the postirradiation blistering temperature of the 
HFIR fuel is significantly higher than that reported3 for 
other U,08  -aluminum dispersion fuels. 

After irradiation to its expected life, this element 
appears to be in excellent shape with no evidence of 
potential failure. I t  appears to  be stable both dimen- 
sionally and structurally. 

3M. J. Graber, G. W. Gibson, and M. Zukor, Annualfiogress 
Report on Reactor Fuels and Materials Deoelopment for FY 
1967, IN-1131, p. 47. 
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Fig. 31.7. Effect of Irradiation Temperature upon the Extent of Reaction in HFlR Fuel Plate Cores. 
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Fig. 31.8. Postirradiation Blistering Temperature of U308-Aluminum Dispersion Fuel Plates. Lower curve is from ref. 3. 

ADVANCED FUEL PLATE FABRICATION Full-size HFIR-type fuel plates containing the ma- 
terials in Table 3 1.2 and clad with aluminum alloy 606 1 
have been fabricated with the nominal uranium loading 
and a 25% increase. Identical pressing and rolling 
conditions were used to make all the plates. Previously, 
we reported4 the compressibility, densification, and 

M. M. Martin J. H. Erwin 

We are investigating the fabricability of HFIR fuel 
plates containing a 25% increase in uranium loading. 
The investigation includes use of "high fired" U 3 0 8 ,  
which is equivalent to that now being used for HFIR 
fuel elements, and UA?, -type intermetallics. Character- 
istics of the fuel compounds and matrix powder are 
given in Table 3 1.2. 

4 ~ .  M. Martin, Metals and Ceramics Div. Ann. h o g .  Rept. 
June 30,1967, ORNL4170,  pp. 177-79. 
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Table 31.2, Characterization of Fuel Compounds and M a t h  
Aluminum for Fuel Section of HWR Fuel Hates 

Fuel Compounds Matrix 
Characteristics 

U3OS UAl3 UA13Sio.4 

Uranium content, wt % 
Silicon content, wt %I 
Toluene density, g/cm3 
Bulk density, g/crn3 
Surface area: m2/g 
Sieve analysis,b wt % 

+lo0 
-100 +170 
-170 +200 
- 200 +230 
-230 +270 
-270 +325 
-325 

84.8 73.9 

8.33 6.87 
3.8 2.9 
0.037 0.091 

0.0 0.0 
1.2 1.0 

50.2 21.0 
16.9 16.7 
18.5 16.2 
10.1 17.7 

3.1 27.4 

71.7 
3.8 
6.79 
2.7 
0.1 30 

0.0 
0.8  

17.3 
16.6 
15.3 
18.6 
31.4 

0.1 
2.70 
1.2 
0.30 

0.0 
2.7 
5.1 
4.3 
5.3 
6.2 

76.4 

krypton BET determination. 
bConditions: Cenco shaker, 100-g sample, 30 min duration. 

Table 31.3. Summary of lplickness Measurements Observed in Experimental HFIK Fuel Plates 

Uranium Fuel Core Thickness (in.) Cladding ‘Tliicknes (in.) 

hlimtnuni Content Concentration Average Maximum Average 
Mate Type Fuel 

Inner annulus u308 16.288 31.2 0.0280 0.0306 0.0111 0.0090 
UA1.3 16.288 36.1 0.0296 0.0322 0.0102 0.007 1 
UAls-Si 16.288 36.8 0.0279 0.0307 0.01 11 0.0089 
U 3 0 8  20.360 37.1 0.0285 0.0301 0.0108 0.0092 
UA13 20.360 43.3 0.0292 0.0295 0.0106 0.0090 
UA13 -Si 20.360 44.2 0.029 I 0.0312 0.0105 0.0085 

UAI:, 19.785 49.9 0.0285 0.0302 0.0107 0.0092 
UA13-Si 19.785 50.8 0.0290 0.0292 0.010s 0.0095 
u308 24.731 49.8 0.0284 0.0320 0.0108 0.0081 
UAl.3 24.731 58.9 0.0291 0.0324 0.0104 0.0074 
UAl3-Si 24.731 59.9 0.0297 0.0320 0.01 02 0.0076 

Outer annulus u308 19.785 42.5 0.0286 0.0292 0 0107 0.0102 

retained void volume for each of the loadings and fuel 
compound-aluminum dispcrsions. 

Table 32.3 summarizes the maximum core and 
minimum cladding thicknesses usually found within 0.2 
in. of the core ends along with the average thickness of 
the cores and cladding. We note that the values show no 
defirute trend with fuel concentration and type of fuel. 
This i s  surprising in view of the large differences in 
compressive yield strength of the fuel dispersions 
containing U308  and UAI, . However, metallographic 
examination reveals that the aluminum filler extends 
beyond the fuel portion of the UAIx-type cores after 

rolling, as shown in Figs. 3 1.9 and 3 1.10. Projections up 
to 0.450 in. in length and 0.025 in. in width were 
observed in the intermetallic plates. Tfiis type of 
projection was not observed in the U 3 0 8  plates, and 
whether it would have any effects on operation is not 
known. Although the intermetallic fuel plates do not 
m e t  present HFIR specification, it appears that the 
aluminum filler section associated with the unique 
HFIR core geometry has prevented the severe thinning 
of cladding (dogboning) that is usually observed in 
high-loaded UAlx fuel plates having the customary 
square-core geometry, such as in ATR plates. 



188 

b
 

9
 

*r 

I R c e, I 

C
'

 

t 

b
 



189 

Fig. 31.10. Transverse Section from Core Edge in Experi- 
mental HFIR Fuel Hate Made with Uranium-Aluminum Inter- 
metallic Fuel. Note fdler portion extending beyond fuel section. 
Etched 45 sec with 1% HF. IOOX. 

CHARACTERIZATION OF BURNED U3 Os POWDERS 

J. T. Venard’ 

In our quest for a more economical fuel for HFIR, we 
became interested in a material referred to as “burned 
U308 .”  This material is obtained very early in the 
processing scheme used by Y-12 for the production of 
the dead-burned U308 now used in HFIR. 

The burned U3 O8 that was characterized came from a 
single 2-kg lot of -100 mesh depleted material supplied 
by Y-12. The microstructure of the material appears in 
Fig. 3 1.1 1 .  Lines from a Debye-Scherrer powder camera 
sample were indexed to the hexagonal form of U 3 0 8 ,  
and no lines were found for metallic uranium. Micro- 
probe analysis of metallic chips showed some to be 
primarily iron, others primarily aluminum, and still 
others a copper-zirconium combination, but no free 
uranium . 

The surface area of 0.46 m2/g, density of 7.94 g/cm” 
and screen analysis of 14.7% +170 mesh, 71.1% -170 
+325 mesh, and 14.2% -325 mesh disagree greatly 
with current specifications for HFIR. The material also 

’Present address, LMFBR Program, Argonne National Lab- 
ratory, 9700 South Cass Avenue, Argonne, Ill. 60439. 

Fig. 31.1 1. Photomicrograph of Burned U 3 0 8  Showing Particle Shape and Internal Cracking. 
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exceeds the specification with respect to F, Fe, Mn, and 
Si impurity levels. The chemical purity of the material 
is not, however, felt to be a serious problem since 
starting material that can be selected will affect these 
impurity levels. The high surface area and low density 
of this fuel powder are probably inherent characteristics 
of the process, and their importance must await 
fabrication and irradiation performance experience be- 
fore a judgement is made. 

All the above information gives one a reasonably clear 
picture of the "characteristics" of this fuel material. 
The decision on whether or not it will perform 
adequately as HFIR fuel must be based on additional 
blending, homogeneity, fabrication, and irradiation 
experiments now in progress. 

Y-84066 

c 

FUEL-PLATE-TO-SIDE-PLATE WELDING 
DEVELOPMENT 

A. G. Cepolina G. M. Slaughter 

Electron-beam welding is being investigated to im- 
prove the reliability and quality of the joints between 
fuel plates and side plates of the HFIR fuel elements. 
The potential advantages for HFIR over the present 
arc-welding process have been discussed.6 Investiga- 

6R. G. DonneUy, Metals and Ceramics Div. Ann. &og. Rept. 
June 30,1967,ORNL4170, pp. 181-82. 

Fig. 31.12. Special Eleckon-Beam Gun for Welding Inside a 
4-3/4-in.-diam Tube. 

Fig. 31.13. Weld of a Fuel Plate to a 1/2-in.-Thick Type 6061 
Aluminum Side Plate. Welding conditions: 200 ma, 19 kv, 25 
in./min. The high depth-tcmidth ratio of an electron-beam weld 
should markedly reduce distortion. Etch: 2% H F  in HzQ. 12X. 
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tions to date indicate that control of penetration 
is more easily attained with the electron-beam process. 

General feasibility of the electron-beam process was 
demonstrated on a flat test specimen. However, a defi- 
nite problem was expected in developing equipment for 
welding inside the inner tubes; of particular concern 
was the space limitation imposed by the 4-3/4-in. in- 
side diameter of the inner fuel element. To resolve 
this problem, we engaged Brad Thompson Industries, 
Indio, California, to design and construct an electron- 
beam gun to fit inside a tube of this size and 
penetrate 1/24n.-thick aluminum. This gun is shown 
in Fig. 3 1.12. 

We witnessed the testing of this gun at  the manu- 
facturer's plant; the performance met the specified 
criteria. The presence of aluminum vapors from the 
molten weld metal kept the electron beam unstable 
when the applied voltage was greater than 18 kv. Below 
18 kv no instability problems were evident. 

Metallographic examination of test welds made at the 
Brad Thompson Industries plant showed good uni- 
formity of penetration, excellent bead contour, and 
sound joints. No weld cracking was found with type 
2219 aluminum side plates and only minor amounts 
with type 6061. Figure 31.13 shows a typical weld in 
the 1/2-in.-thick side plate. 

As a result of these experiments, we feel that the 
electron-beam process is feasible for welding the HFIR 
elements. With a pumping system able to evacuate the 
metal vapors more rapidly, the beam stability should be 
improved. After installation of our own electron-beam 
welder, additional development will be conducted to 
determine the optimum welding conditions for each 
fuel-plate-to-side-plate configuration (inner and outer 
tube welds). An important factor in the determination 
of these conditions will be the reproducibility in 
penetration obtained with each combination of param- 
eters. 

COOLANT CHANNEL SPACER ATTACHMENT 

A. G. Cepolina C. H. Wodtke 

The construction of advanced HFIR fuel elements 
with longer lives and higher operating temperatures 
might require the use of thin longitudinal spacers to 
keep the fuel plates rigid during operation. Also, the 
presence of such spacers might permit reducing the 
number of fuel-plate-to-side-plate welds. Welding proc- 
esses applicable to this problem must give very slight 
but well-controlled penetration. 

The results of ultrasonic welding studies have been 
r e p ~ r t e d . ~  A flow-test assembly was successfully fabri- 
cated and adequately withstood the service, and fret- 
ting-type corrosion did not seem to be a problem. 
However, the production rate attainable with this 
process was quite slow, the bond quality seemed to be 
inconsistent, and tip life was relatively short. 

Spot welding is being actively pursued as an alternate 
means for attaching these spacers. Both capacitor 
discharge and electronically controlled machines were 
investigated; however, the controls available with the 
latter seem to make it more desirable. Preliminary welds 
on thin aluminum sheets made with a low-inertia 
electronically controlled machine at Sciaky Brothers, 
Incorporated, of Chicago looked especially promising. 
Test weld microsections showed that penetration was 
limited to about 0.003 in. We have engaged Sciaky to 
join aluminum wires to a full-length dummy HFIR fuel 
plate as a means of determining basic feasibility. 

ALTERATION TO THE FABRICATION 
PROCEDURES FOR HIGH FLUX ISOTOPE 

REACTOR CONTROL PLATES 

J .  H. Erwin 

To continue our effort in the reduction of control 
element cost, we examined the probable effects of 
tantalum compact simplification, as shown in Fig. 
31.14. We replaced the 12 tantalum-aluminum com- 
pacts machined to four different lengths with nine 
similar compacts of equal length. The uniform re- 
placement compacts eliminate the machining operation 
but present two uninterrupted interfaces in the thick- 
ness of the tantalum, and these joints extend the full 
length of this section of the core. Samples cut from a 
special plate containing only stacked tantalum- 
aluminum compacts were subjected to tensile and bend 
tests. Typical data from the tensile tests, summarized in 
Table 3 1.4, indicate comparable strengths between 
tantalum-to-tantalum and tantalum-to-aluminum-end 
interfaces and both of these weaker than the tantalum- 
to-aluminum-edge interface. However, the 2200-lb/in. 
strength is ample since the major concern is rupture 
during explosive forming when all components are held 
in compression. 

We fabricated one inner plate to incorporate the use 
of chemically cleaned unclad 6061 cover plates' and 

7C. H. Wodtke, Metals and Ceramics Div. A n n  Progr. Rept. 

' 5 .  H. Erwin, Metals and Ceramics Div. A n n  Progr. Rept. 
June 30, 1967, ORNL4170, p. 183. 

June 30, 1967, ORNL-4170, pp. 179-81. 
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ORNL-DWG 68-10684 

A 

OLD DESIGN 

REVISED DESIGN 

COMPACT STACKING ARRANGEMENT 
FOR Eu203-Al SECTION 

COMPACT STACKING SEQUENCE FOR 
To-AI CORE SECTION 

Fig. 31.14. Core Stacking Arrangement for Old and Revised HFIR Control Plate Billets. 

Table 31.4. Ultimate Strength of HFIR Control unmachined tantalum-aluminum compacts in the billet 
assembly. This plate has been made a part of an inner 
control element. Radiographic examination of the 
poison section of the plate indicates no separation of 
the compacts as a result of forming into the circular 
section. These improvements have now been incorpo- 

Plates at the Tantalum Core Interfaces 

Tensile Samples 

Number Load to Failure 
Tested (lb/in.) 

Interface 

Range Average rated into the control plate fabrication process. 

Tantalum to tantalum 7 2200-3000 2580 
Tantalum to aluminum edge 4 4000-4500 4325 
Tantalum to aluminum end 3 2050-3500 3000 



32. High Flux Isotope Reactor Tar 

A. L. Lotts 

'The goal of the 'Transuranium Project is to produce 
gram quantities of the heavier transiaranium elements 
for research by successive neutron captures in Pu. 
~~utoniurn-239 is converted to 242Pu, 2 4 3 ~ i ~ n ,  and 
244Cm in reactors at Savannah River. Target elements 
containing principally these three isotopes are fabri- 
cated at ORWL and are irradiated in the High Flux 
Isotope Keactor at a flux of approximately 3 X 10'' 
neutrons cm-2 sec-' . ~n addition, specia1 target ele- 
ments consisting of higher isotopes are fabricated 
periodically and irradiated in the HFIR. The target 
elements are removed periodically from the HFIR and 
reprocessed in the Transuranium Processing Facility 
(TRU). At the TRU the product actinides are separated 
and the target actinides are recovered and fabricated 
into recycle target elements, which are returned to 
HFlK for further irradiation. 

Our tasks in this prcjgrarn have included the design 
and validation of the original targets, the development 
of equipment and techniques for fabricating these 
elements both in glove boxes and remotely, the 
monitoring of the performance of the target elements in 
HFIR, and the design and fabrication of modified 
targets that may withstand HFIR service conditions. 
The principal activities during the past year have been 
the fabrication o f  recycle targets and special target 
elements, further investigation of the target failures that 
were reported previously, and irradiation of modified 
targets that may withstand the HFIR service conditions. 

TRU TARGET FABRICATION (BPER4TIONS 

J. E. Van Cleve E. J .  Manthos 

During irradiation in the HFIR, the target actinide 
oxides are encased in an assembly consisting of 30 
individual elements. Each target element' consists of 35 
individually jacketed pressed pellets, each composed of 
a mixture of approximately 10 vol % actinide oxides 

.......... ~ 

'M, K. Preston, Jr., J. E. Van Cleve, J. D. Sease, md .4. L. 
Lotts, Mctals and Ceramics Diu. Ann. Pray. R e p .  J i m  30, 
1966, ORNL-3970, pp. 173-81. 

dispersed in aluminum. The pellcts are contained in a 
type X8001 alununum tube with discontinuous fins. 
'These fins are subsequently attached to the target rod 
sheath, which positions the element in the target array 
and through which cooling water flows during reactor 
operation. Manufacture of the targets consists of three 
parts: (1)  pellet fabrication, (2) assembly and welding 
of the target element, and (3) inspection of the finished 
clement. 

Equipment to remotely fabricate these targets in the 
'TRU has been developed, installed, and used to 
fabricate the first of the standard curium-bearing 
targets. The pertinent data used to evaluate the quality 
of the pellets for each target are prcscnted in Table 
32.1. The table also lists all of the various rods 
fabricated during the past year. 

The K series (curium oxide) targets were fabricated 
completely in the remote facility and represent the first 
targets handled there. Extreme difficulty with the 
feeder mechanism caused the very large deviation in the 
pellet length on rod K-21 as several of the pellets were 
grossly heavy; however, the weight and length measure- 
ment showed that the pellets were acceptable. 

The three special targets, prefix S, contained small 
amounts of isotopes exposed for experimental pur- 
poses. The pellets were blended in the shielded cave and 
pressed and loaded in the cell. 'The rods were remotely 
sectioned. After their exposure, the pellets were sepa- 
rated and shipped to the requester. A remotely opera- 
ted saw was built to perform the sectioning. We feel 
that this type of irradiation and sectioning will be 
performed at a higher rate as the techniques become 
better known. 

'The six low-density pellet rods, prefur E, were 
fabricated in the Interim Alpha Laboratory. These rods 
contain Pu recovered after the fabrication of the 
original HFIR targets. The targets were fabricated to 
show that the irradiation lifetime of the target would be 
greatly extended by adding void space in the pellets to 
accommodate the fission and transmutation products. 
These targets are presently being exposed in the NFIR 
Flux trap and will stay in until they fail or greatly 
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Table 32.1. Targets and Rabbits Fabricated in the TRU 
from July I, 1967 to June 30, 1968 

Actinide Weight Pellet Length 

(R) (n)  (in.) 

Major 
Isotope 

Rod Oxide Form Weight of Oxide Standard Deviation 

K I 1  
K 1 2  
I< 14 
K 19 
K 21 
K 20 

S 16 

S 13 

s 1 2  

R Olb 

E 70 
E ’71 
E 72 
E 73 
E 74 
E 75 

TRL-1 

Microspheres 
Microspheres and shards 
Microspheres and shards 
Microspheres 
Shards 
Microspheres 

Shards 
Shards 
Shards 
Shards 
Shards 
Shards 

‘Due to malfunctioning of feeder. 
bRabbit. 

Cm 
Cm 

244  

244  

244Cm 

244Crn 
244Cm 

244Pu 
2s2Cf 

252Cf 

244Pu 
zs2Cf 
248Cm 

244Cm 

Cm 248 

2s3Es 
24Zh 

Z 4 Z h  

24Zh 

24Zh 

24Zh 

242P” 

2s2Cf 

4.57 
4.57 
4.47 
4.42 
4.50 
4.45 

1 & 
8 
8 
8 
6 
6 
8 

0.700 

6.55 
6.55 
6.40 
6.66 
6.45 
6.37 

10.36 
10.36 
10.36 

7.76 
7.76 

10.36 

x10-~ 

13.0 
6.5 

10.4 
17.3 
55.6‘ 

6.6 

4.7 
7.1 
5.8 
4.4 
4.5 
4.5 

exceed the exposure planned for any of the standard 
targets. 

The einsteinium rabbit, prefix l<, is the first rabbit 
remotely fabricated in the TRU facility. The physical 
shape was designed around using as much as possible of 
our standard fabrication equipment and the stock target 
rod material for construction. An entirely new remote 
welder was designed and fabricated to make the closure 
weld and also be able to make closure welds on shipping 
containers. The rabbit contained 1 pg of ”Es and two 
flux monitors. After exposure the rabbit was sectioned 
and the pellet and flux monitors were removed. 

Target TRL-1 is a californium source to be used for 
fast neutron activation studies. The source material, 
approxiniately 700 pg 2s2Cf ,  was pressed into a 
standard pellet and loaded into a container designed to 
use the standard fabrication equipment. The source 
fabrication i s  completed, and it is presently in use in the 
TRL. 

Several requests for 244Cm oxide have been filled. 
The following steps are required to complete such a 
request. We receive the material as the precipitated 

hydroxide and then calcine it to oxide to 800°C in air 
in our thermal cleaning furnace. The oxide is then 
removed from the crucibles and weighed into shipping 
containers. The weight of the oxide is determined with 
the “Batch Scale,” by a modified procedure. ‘The 
weight of 244Cm is determined by iunning the shipping 
container on a remote calorimeter. The shipping con- 
tainer, with the gasketed cap screwed on tightly, is 
placed in a stainless steel outer container; the lid is 
welded on, and the package is shipped to the requester. 
The quality of the seal weld is determined only by a 
visual examination. Seven shipments containing approx- 
imately 64 g of curium oxide have been made following 
this procedure. 

ANALYSIS OF HFIR TARGET PERFORMANCE 

J. E. Van Cleve E. J .  Manthos 

Irradiation of 17 HFIR targets, which had been 
exposed in the Savannah River Reactors (SRL) for 
approximately 12 months before they were irradiated 
in HFIR, was terminated after 7-2/3 23-day cycles of 
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exposure in the HFIR. Actually, curium activity had 
been detected in the HFIR primary coolant water after 
five cycles, at  this tiine five failed targets were 
isolated.2 Five of the remaining targets failed after one 
additional cycle of exposure, six targets failed after 2 
cycles, and one target showed no visible evidence of 
failure. The first target that failed had been irradtated 
to 39% FlMA and a flueiicc of 6.36 X neutrons/ 
cm2 Qtlrernral) arid 1.04 X 1 O2 neutrorns/cm2 (fast) 
(>0.82 Mev). The maximum fluence that any uf the 
failed targets received was 7.49 x neutrons/cm2 
(thermal) and 1.42 X 10' 

At the time of Failure, two groups of targets were 
being irradiated in the 11FIK. In addition l o  the failed 
targels, which had premously bccn exposed in SRL, a 
second group of targets had been irradtated in the HFIR 
only, Both groups wcre similar in design except that the 
SRL 1 aigets each contained 10 g Pu, while the virgin 
HP%R t:irgeks contained 8 g. Each of the targets 
contamed 35 mdlviduaily jacketed aluminum rnatra 
pellets pressed to  90% of theoieticd density and 
containing 242Pu dispzrsed as PuO'. The cladding and 
cover sheath were fabricated f iom X80Ol alununum. 

Irradrafiun of the vlrgin HFIR taigets continued untsl 
June 16, 1968, when they were renioved from the 
ieactvr and transferred to the 'TKU for recovery o f  ltie 
contaioed transurdniurn elements. At the time of 
remwral, the Virgil targets tiad accuniulared fluences 
ranging from 8.19 to 9.09 x 10'' neutrons/cm2 
(thermal) and 2.51 to 2.82 X neutrons/cm2 (fast) 
(r8.82 Mev). 

All of the SKL targets werc vlsually exanlined at the 
XRU before they were chcmically processed. We also 
examined thiee special targets that had been irradiated 
for 3 and 5 cycles and saw no evidence of failure. We 
also plan to visually examine the virgin HFLR targets for 
mdences uE raihire before thcy are processed. 

B'hree metallographic sections at the region of failure 
wcre obtained from two of the SRL targets and 
mbmtted  io the HRLEL for analysis. In  addiiron, 
sectiom of the cover sheath were obtained and submit- 
ted for mechanical properties zestjng, heat treating 
r!trclies ;and riielallography , cierisity tleterrrinations, arid 
electron microscopy. Sections of sheaths that had been 
irradiated 111 SRE and HFIK, and in HFlR only for 3 
anel 5 cycles were also subnutled. 

Data from the failed targets and from the ETR 
irradiations of '&I protolypes" ,4 were analyzed, and 
a niodel to explain the failure was developed. According 
lo the failure model, target l i f e  will be improved if the 
plutonium loading is reduced and if more porosity is 
made avallable within the pellet. Six "low-density" 

neulrons/cm2 (fast). 

' Pu targets were fabricated and are being irradiated 
in the HFIR. As of June 16, 1968, these targets have 
been iiradiated for 9 cycles and accumulated a fluence 
of 4.10 X I O z 2  neutrons/cm2 (thermal) and 1.37 X 
10" neut[ons/crn' (fast) (X.82 Mev). According to 
the failure model, these targets should achieve greater 
than 26 cycles exposure before failure occurs. 

An interim piogress repolt' detailing the history of 
the SIZL targets and describing the preliminary results 
of investigation has been written. A more detailed 
investigation of the failure and an irradiation program 
for the investigation of the effects of high neutron 
exposure on aluminum and alurninuni alloys ;ire being 
carried out. Two special targets containing tensile 
spzciniens have been iriadiated for 3 and 5 cycles i n  the 
FTFIK. The package containing the specimens is pres- 
ently being disassembled in the HRLEL. 

TRU Inspect ion Results 

E. J.  Manlhos 

Each of the 17 SRI, target elements was examined at 
the 'TKU before it was chemically processed. 'The first 
five failed targets we exanlined' J more intensively 
than the later failures, wtiich werc irradiated in the 
IIFIK for an additional cycle or two. At the end of each 
cycle, the targets wcre individwliy tested at rhe i 1 N K  
in a nitrogen sweep gas apparatus foi the prescnce of 
13'1 and 133Xe .  Any tazget that showed the presence 
of these isotopes was assearned to be failed and was 
transferred to the TRU. At the end of the second cycle, 
all the remaining SRL targets were removed fiom the 
HFIR. 

At the TRU, inspection of these targets consisted of 
removal of the cove1 sheath and cxanlination o f  the 
target for cracking. The failed regions on each target 
were also photographed. 'The niaxinium number of 
cracks observed on the first live failed targets was three; 
and all of the cracks had formed at the approximate 
center of the pellet colurnn, which also corresponded to 

'A. I.. Gotis et ai., Metals mid Ceramics Div. Ann. Pro@. 

%. R. Olsen, J. D. Szase, A. E;. Richt, J. w. Uuman, and s. D. 
~ h l t o a ,  Trans. Am. NUd. SOC. 9(1), 66 (1966). 

"A. R. Olsen, 5 .  I). Sease, A. E. Kicht, and J. W. Ullmari, 
Metals and Ceramics Div. Ann. ?rogr. Rept. Jurzc 30, 1966, 

'A. L. Eotts, R. E. Adanis, 1. E. Bigelow, R. T. King, E. L. 
Long, Jr., E. 9. Manthos, and J .  E. Van Clew, Arinlysis of 
Failtire of IAVR Targei Elements Irradiated in SRL a r d  in 
HFfR - -  An 1nntm.m Status Report, QRNL-TM-2236 (in 
preparation). 

Re t Jirne 30, 1967, ORNL-41'70, pp. 187-91. 

ORNL3970, pp. 182-84. 
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the maximum flux region. We observed an increase in 
the number of cracks on targets that had been 
irradiated further. Cracks had also formed above and 
below the center of the pellet column. One target that 
had been irradiated for one additional cycle contained 
13 cracks; five of them are shown in Fig. 32.1. We saw 
no cracks on one target that had been irradiated for one 
additional cycle; however, it  was so scarred during 
removal of the cover sheath that a crack might have 
been masked. The SRL target exposures are summa- 
rized in Table 32.2. 

In addition to the SRL targets, two special targets 
that had been irradiated in HFIR for 3 cycles and one 
that had been irradiated for 5 cycles were also 
examined before they were sectioned and disassembled. 
These targets appeared normal, with no evidences of 
cracking. A section of the cover sheath from a 3-cycle 
target and from the 5-cycle target were transferred to 
the HRLEL for further examination and preparation 
into specimens suitable for transmission electron mi- 
croscopy. 

Table 32.2. Results of the Visual Examination 
of the SRL Targets After Failure 

Fluenceb (neutrons/cm2) 
in  HFIR Number 

Fast of Cracks 
Target 

(number of Thermal 
23-day cycles) (> 0.82 MeV) 

56A 
6A 
34A 
1 OA 
35AC 
3214 
55A 
11A 
18A 
42A 
41A 
38A 
46A 
41A 
40A 
48.4 
13A 

5-113 
5-213 
5-213 
5-213 
5-213 
6-213 
6-213 
6-213 
6-213 
6-213 
6-213 
1-213 
1-213 
1-213 
7-213 
1-213 
1-213 

X1O2* x1022 

6.36 1.04 
6.48 1.0s 
6.48 1.08 
6.60 1.00 
6.48 1.08 
6.94 1.22 
7.04 1.15 
6.91 1.24 
7.04 1.15 
6.99 1.24 
6.91 1.26 
1.49 1.42 
1.55 1.31 
7.44 1.39 
7.44 1.39 
7.45 1.38 
1.55 1.31 

1 
2 
3 
2 
0 
3 

10 
13 
1 
0 
5 
3 
6 
7 
4 
2 
4 

aAll targets had also been irradiated at SRL for approximately 
one year. 

bThe fluence listed is maximum that each target received and 
was calculated for conditions at Reactor midplane. 

CTarget 35A did not contain any cracks; however, the 
nitrogen sweep gas test showed the presence of volatile fission 
products. 

Fig. 32.1. Target 11A, Showing 5 of the 13 Cracks. 
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Irradiation of the 14 original virgin HFIR targets was 
continued without incident for a total of 17 cycles. 
They were removed from the HFIR on June 16, 1968, 
and transferred to  the TRU for processing and recovery 
of the contained transuranium elements. Each of these 
targets will be stripped of its cover sheath and visually 
examined for evidence of failure before it is processed. 
Sections of the cover sheaths will also be obtained and 
transferred to the HRLEL for further examination. 

Mechanical Properties 

R. T. King E. L. Long, Jr. 

The embrittlement of aluminum due to irradiation 
damage has been studied. Descriptions of the studies 
can be found in Part 111, Chapter 21 of this report. 
Several important points may be summarized regarding 
the observations of neutron damage behavior in X8001 
duminum irradiated to 1 X lo2 neutrons/cm* . 

High neutron fluences substantially reduce the ele- 
vated-temperature ductility of the as-irradiated X8001 
aluminum alloy, even though the room-temperature 
ductility of the alloy does not change. High neutron 
fluences are responsible for a large increase in the 
ultimate strength of as-irradiated X8001 aluminum, 
which persists up to a test temperature of approxi- 

mately 316°C. The ductility of the irradiated alloy is 
completely recovered by annealing for 1 hr at 538°C 
before testing at  149°C. Lower temperature 1-hr 
annealing treatments do not increase ductility. 

voids/ 
cm3 whose diameters range from 100 to 600 A. 
Preirradiation of the alloy in a high predominantly 
thermal neutron flux increases the void density but 
decreases the average void size. The voids present after 
irradiation anneal out in 1 hr at 260°C. Subboundaries 
and other structural imperfections evidently serve as 
sinks for these vacancy aggregates. Annealing the 
irradiated alloy for 24 hr at 600°C causes the formation 
of gas bubbles ranging from 1 to 16 p in diameter. 
These bubbles are predominantly stabilized by hydro- 
gen and cause 7 to 10% volume swelling. 

7Al(n,7) 
reactions forms no observable precipitate during irradi- 
ation. However, fine precipitate particles do form in the 
matrix during a postirradiation anneal of 1 hr at 120°C; 
the size and density of the particles increase with 
increasing annealing temperature up to at least 260°C. 
The cold-worked structure of the irradiated alloy is 
retained to  higher temperatures than the normal recov- 
ery range of the unirradiated alloy. The silicon precipi- 
tate undoubtedly plays an important role in this 
stabilization process. 

The irradiation produces approximately 10' 

The supersaturated silicon produced by 



33. Cladding Materials for SNAP-8 

J. R. Weir, Jr. H. E. McCoy, Jr. D. G. Harman 

The SNAP-8 is an electrical generating system being 
developed for use in future space vehicles. The reactor 
is NaK cooled, fueled and moderated with zirconium 
hydride containing ’ U, and reflected with beryllium. 
The fuel element is clad with Hastelloy N. We have 
found that this alloy is subject to a type of thermal 
neutron damage that results in reduced strength and 
ductility at  high temperatures. We were asked to  
determine (1)  the magnitude of the property changes in 
Hastelloy N due to irradiation, (2) whether the proper- 
ties could be improved significantly by thermal- 
mechanical treatments or by changes in alloy compo- 
sition, and (3) the property changes in several other 
candidate cladding materials. 

During the first year of t h s  study,’ we found that 
irradiation in the range of 650 to 760°C to thermal 
fluences of 2 to 3 X 10‘’ neutrons/cm2 reduced the 
postirradiation fracture ductility of standard Hastelloy 
N. Under certain conditions of test temperature and 
strain rate, the fracture strain was only a few tenths of a 
percent in wrought materials’ and in tubes.3 We also 
found that small changes in alloy composition were 
very effective in improving the properties and that 
various thermal-mechanical treatments did not affect 
the postirradiation properties significantly.’ 

During the past year, we compared the postirradiation 
properties of several candidate cladding materials. These 
materials included Hastelloy X, Incoloy 800 with 
various titanium levels, type 304 stainless steel, a 
modified type 304L stainless steel containing 0.2% Ti, 
and several heats of modified Hastelloy N containing 
additions of titanium, zirconium, and niobium. The 

’ H. E. McCoy, Jr., and J. R. Weir, Jr., Metals and Ceramics 
Div. Ann. Prop. Rept. June 30, 1967, ORNL-4170, pp. 

’H. E. McCoy, Effects of Irradiation on the Mechanical 
Properties of  Two Vacuum-Melted Heats o f  Hastelloy N, 
ORNL-TM-2043 (January 1968). 

3H. E. McCoy, Jr., and J .  R. Weir, “Stress-Rupture Properties 
of Irradiated and Uninadiated Hastelloy N Tubes,”Nucl. Appl. 

160-61. 

4, 96-104 (1968). 

work on the modified Hastelloy N is also of interest to 
the Molten Salt Reactor Program and is discussed 
further in Chapter 34 of this report. 

The designers felt that failure would result from the 
inability of the material to deform plastically rather 
than from overstressing. Hence, the strain at fracture is 
the most important parameter in this study and our 
results are presented on this basis in Figs. 33.1 and 
33.2. The nickel-base alloys (Fig. 33.1) are charactej- 
ized by a very distinct ductility minimum as a function 
of strain rate. The titanium-modified Hastelloy N 
exhibits some improvement over standard Hastelloy N, 
but Hastelloy X is significantly better than both 
standard and modified Hastelloy N. The iron-base alloys 
(Fig. 33.2) were generally more ductile than the 
nickel-base alloys. The fracture strain of type 304 
stainless steel decreased with decreasing strain rate (or 
decreasing stress), whereas the fracture strain of the 
titanium-modified type 304L stainless steel and Incoloy 
800 increased with decreasing strain rate. The one heat 
of Incoloy 800 containing 0.10% Ti and 0.12% C had 
markedly higher ductility at low strain rates than any of 
the other alloys. Since Incoloy 800 is a candidate 
LMFBR alloy, its postirradiation properties are also 
discussed in Part 111, Chapter 22 of this report. 

Several laboratory melts of modified Hastelloy N 
containing various concentrations of titanium were 
irradiated and then creep tested in an effort t o  
determine the titanium concentration required to give 
optimum resistance to irradiation damage. The results 
of tests at 650 and 760°C are summarized in Fig. 33.3. 
The general trend at both temperatures is that the 
properties continue to improve with increasing titanium 
level. The minimum level required for significant 
improvement seems to be slightly higher at 760 than at 
650°C (0.5 compared with 0.3%). At both temperatures 
there seems to be little additional improvement over the 
range of 0.5 to 0.8% Ti. 

Other modified alloys of the Hastelloy N type had 
very good postirradiation properties. For an alloy with 
1% Zr, at 760°C the rupture life was 100 times that of 
standard Hastelloy N and the fracture strain was 12% 

. 
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STRAIN RATE (%/hr) 

Pig. 33.1. The Effect of Strain Rate on the Postirradiation Ductility of Three Nickel-Base .!Iloys. The titanilim-modified 

Hastelloy N had the nominal percentage composition of Ni -12 M a  7 Cr 0.2 Mn -0.5 Ti -0.05 C. 

l,c\-27F-- I -  I 

I I 
0 I ...... ~ .... !~~ - . . L . - l  ... J... ...~ I 

lo-‘ 100 to’ IO7 lo3 
STRAIN RATE (%/h i )  

Fig. 33.2. The Effect of Strain Rate on the Postirradiation 
Ductility of Incoloy 800 and Stainless Steel. The modified type 
304L stainless steel had the percentage composition of Fe-19.5 
Cr--11 Ni- i  Mn-- 0.05 Si-0.2 TiL0.012 C. 

compared with 1% for standard Hastelloy N under 
comparable conditions. An alloy containing 2% Nb and 
0.5% ‘Ti showed an 8Q-fold improvenient in rupture life 
and a fracture strain of 20%. 

Although our program disclosed that several improved 
alloys could probably be developed, a project decision 
was made that the propertics of standard FIastelloy N 
were adequate for satisfactory operation of the reactor. 
The latter part of this fiscal year was spent in testing 
specimens that were already irradiated, and our 
program will terminate July 1 , 1968. 
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34. MoIten-SaIt eactor Program 

J. R. Weir, Jr. 13. E. McCoy, Jr. 

The Molten-Salt Reactor Program is an ORNL 
program for the development of a thermal breeder. A 
significant milestone is the successful design, con- 
struction, and operation of the MSKE, which uses the 
liquid fuel salt 'I2i1?-29.1 mole "/o BeF2-5 mole % 
%rF4-0.9 mole % UF,, a graphite moderator, and 
Hastelloy N as the metallic structural material. The 
reactor operates at a peak temperature of 650°C, and 
the thermal power (8 Mw) i s  transreerred to an air 
ladrator by a coolant of IiF-34 mole % AcF,. The 
MSRE went critical on June I ,  1965 and had opeiated 
72,441 Mwhr by April 1, 1368. The tcactor is presently 
shut down m preparation for operation with U fuel, 
another step toward the opcration of a thermal breeder 
based on the Th-' U cycle. 

Our main rnvolverirent with the operation of the 
MSRE has been a suiveiliance program in which  YE 

follow the property changes of the Hastelloy N and the 
graphite. 'ihe primaiy function of this program is to 
ensure the contjnued safe operation of the MSRE. Also, 
the samplcs that v e  remove are used by the Reactor 
Chemistry Division to study the behavior of fission 

Ilie successful operation of the MSRE and an 
accumulation of general information that supports the 
basic moltcn-salt thermal breeder concept have inspircd 
the proposal of a demonstration expcrirncnt involving a 
small reactor designated the Molten Salt Sreeder Exper. 
iment (MSBE). It  is proposed that the MS3E be the 
minimum size required to demonstrate bleeding, per- 
haps 100 to 200 Mw (electrical), be complete with 
power gencrating capabilities, and be operational by 
1976. The h j z c t  is presently optimistic about the 
continued development of a chemical processing 
schcrne for removing fission products and protactinium 
from a molten salt containing thorium and IJ. Thus 
the single-fluid concept is presently favored, in which 
the fertile and fissile salts are combined into a single 
fluoride salt containing LiF, BeF, , UF4, and ThF4. 
Ihe rcactor consists of a IIastelloy N vessel, graphite 

products. 

perisms arranged to obtain specific flow channels and the 
proper moderation, and an undermoderated outer 
blanket with low fission density and a high probability 
of neutron capture. 

Thus the materials for the MSBE are the same as for 
the MSKE, namely graphite and Hastelloy N,  but the 
rcqiiirements on both are more severe. The graphite 
must resist the penetration of salt (requiring a pore 
diameter of 1 p)> resist the penetration of fission 
products (requiring a surface diffusivity of helium of 
below cm2/sec), arid maintain t h e  properties to 
very high neutron fluences. 'The dimensional changes 
that occur in presently available graphitcs under irradi- 
ation indicate that the expected lifetime of the graphite 
is about 3 X 10" neutrons/cm2 (>50 kev). Although 
the graphite can be replaced, the reactor would suffer 
an economical penalty and a loss in the ease of 
operation normally associated with fluid fuel reactors. 
We can design a very attractive reactor that utilizes 
presently available graphites, but we are seeking a better 
graphite. We designed and operated an irradiation 
facility in HFIR for obtaining a f'luence of 1 X 
Pneutrons/cm2 (>50 kev) in about four months. Also, 
we enlisted the assistance of commercial vendors in 
obtaining suitable graphites and investigated techniques 
for sealing graphite with either molybdenum or pyro- 
lytic carbon to reduce the surface diffusivity. 

The Hastelloy N vessel and associated piping must last 
for the entire plant life of 30 years. Thc high-tcmper- 
ature strength and ductility of Hastelloy N are reduced 
by irradiation, but we have modified I-Iastelloy N with a 
small titanium addition to improve its resistance to 
irradiation damage. Tlis development involves pro- 
curement, irradiation damage studies, joining, and 
corrosion. 

Molten Salt Reactor work reported elsewhere in this 
report includes the diffusion of titanium in Hastelloy N 
in Part I ,  Chapter 4; the nature of molybdenum fission 
product in fuel solutions in Part 1 ,  Chapter 10; and the 
production of U-bearing fuel in Chapter 37. 
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MSRE SUPPORT 

MSRE Materials Siirsreillance Program 

w. €I. Cook 

‘The effect3 of the MSRE environnient on its graphite 
nrodesator, grade CGB, and its primary structural alloy, 
IIastelloy N, are periodically monitored through the 
MSRE surveillance program. The facilities also permit 
us to expose some Hastelloy N specimens to higher 
fluxes and fluenccs than those encountered by the 
structural Hastelloy N in the MSRE. These specimens 
provide data useful for predicting future limits for the 
Hastelloy N in the MSRE or in some future reactor. We 
are also using the MSRE surveillance facilities to study 
the effects of irradiation and the fluoride salts on 
alloys, advanced and new grades of graphite, and 
graphite-to-metal joints. The details of the surveillance 
facilities and specimens have been presented pre- 
viously .I y 2  

Three groups of surveillance samples have been 
rernovcd from the MSKE to date. The details concern- 
ing the specimens ale given in Table 34.1. We have 

on the examination of groups 1 and 2 and 
are presently examining those from group 3 .  The 
important observations to date follow. 

W. H. Cook and A. Taboada, Medals and Ceramics Div. Atin 

’W. H. Cook, Metals and Ceramics Diu. A i m  Prop. Rept. 

3 ~ .  H. cook, MSK program ,yeinianrL Prop. Kept. AILS. 31, 

4W. H. Cook, MSR Program Semiann. Fr0gr. Rept. Feb. 29, 

&0g. Rept. June 30, 1966, ORNL-3970, pp. 193-95. 

June 30,1967, ORNL-4170, pp. 192-95. 

1967, ORNL-4191, pp. 196-200. 

1968, ORNL-4254, p. 183. 

1. The Hastelloy N specimens from the core are 
discolored only slightly. 

2. Metallographic sections of the Hastelloy N show no 
evidence of corrosion. An 0.002-in. reaction layer 
forms where the Hastelloy N is in direct contact 
with the graphite. 

3. The graphite is in excellent physical condition. The 
specinlens in group 3 had a thin surface film visible 
only under special lighting. 

4. The Hastelloy N specimens from outside the core 
were oxidized to a depth of about 0.002 in. but 
showed no evidence of nitriding. 

Several special grades of graphite have been included 
in this program in an effort to fiirther determine the 
behavior of the fission products. Some of the materials 
have already been removed and are undergoing detailed 
examination by the Reactor Chemistry and Metals and 
Ceramics Divisions. Several compositions of modified 
Hastelloy N have been included in the surveillance 
program, and the most significant result to date is that 
the corrosion resistance of these materials is not 
significantly different from that of standard Hastclloy 
N. 

Properties of Hastelloy N Surveillance Specimens 

H. E. McCoy, Jr.  

We have run postirradiation creep and tensile tests to 
determine the effects of exposure to the MSRE 
environment on the mechanical properties. We have 
completed our tests on groups 1 and 2 (see Table 34.1). 

Table 34.1. MSRE Surveillance hogram 

Insertion Removal Time at Fluence (neutrons/crn’) 
....... .- 645 k 10°C 

Date Mwhr Date Mwhr (hr) Thermal > 1.22-Mev 

Group 1 
Corea 9/8/65 0.0066 7/28/66 8,682 4,800 1.3 x lo’’ 3.1 x 1019 

Group 2 
Corea 9/13/66 8,682 5/9/67 36,247 5,500 4.1 x 10’’ 1.0 x 1019 
Vesselb 8/24 /6 5 0 6/5/67 36,241 11,000 1.3 x 1019 5.5 x 1ol8  

Group 3 
Corea 9/13/66 8,682 4/3/68 72,441 15,289 9.4 x lozo 2.3 x lo’’ 
Coreh 6/5/67 36,247 4/3/68 72,441 9,789 5.3 x 10’’ 1.3 x 10’’ 
VesseIb 8/24/65 0 5/7/68 72,441 20,789 2.6 x l o t9  1.1 x 1019 

_.-__. ........ ~ 

=Standard Hastelloy N. 
bModified Hastelloy N. 
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The detailed results have been reported previously:-7 
and the important observations are sunmiarized below. 

1 .  The tensile ductility of standard Hastelloy N was 
reduced significantly by irradiation. There was an 
unexpected reduction in the room-temperature duc- 
tility; intergranular fractures and strains in the range of 
35 to 40% were observed. The fracture strain increased 
to about 50% at 200°C and decreased precipitously 
above 500°C. Above 500°C the fracture strain generally 
decreased as the test temperature increased or the strain 
rate decreascd. 

2. The creep-rupturc strength and fracture strain of 
standard Hastelloy N at 650°C: were reduced by 
irradiation. The reduction in rupture life was greatest at 
high stresses and diminished as the stress level wa3 
decreased. The fractute strain was a miniinurn value of 
0.5% in creep tests of a few hours diiration and 
increased slowly to 2 to 3% for 1000-hr creep tests 

3 .  The property changes in standard Hastclloy N at 
elevated temperatures are comparable with those noted 
for materials irradiated to comparable fluences in the  
ORR in helium. 

4. We can compare the effects of thermal fluences of 
1.3 x lo2' and I .3 x 10' neutrons/cm2. The tensile 
properties are still changing markedly, but the creep- 
rupture properties are about the same. 

5 .  The titanium- and zirconium-modified Hastclloy 
N speciinens removed in group 2 had not been heat 
treated before irradiation to obtain the optimum 
properties. Their postirradiation mechanical properties 
were only slightly better than those observed for the 
standard alloy, they di3 not age, and their corrosion 
resistance was acceptable. 

MSBX DEVELOPMENT 

Procurement and Evaluation 
of Special Grades of Graphite 

W. 11. Cook 0. B. Cavin 

The graphite for future molten salt breeder reactors 
must have (1) maximum accessible pore entrance 
diameters less than 1 p to prevent salt absorption, (2) a 
surface diffusivity less than 1 0-8 cm2 /sec for fission 
gases such as ' 35Xe, and ( 3 )  reasonable dimensional 

'H. E. McC:oy, An Evaluation of the Molten Salt Reactor 
Experiment Hastelloy N Sunreillonce Specimens -- First Group, 
ORNL-TM-1997 (Noveinber 196'1). 

6 H .  E. McCoy, Jr., Metals and Cemmia Div. Anti. Progr. 

Aug. 31, 1967, ORNL-4191, p. 200. 

stability to at least 3 X neutrons/cm2 (>50 kev) 
at 700°C. These requirements are not independent, and 
we are finding that some work will be required for 
commercial vendors to produce the desired graphite in 
suitable shapes. Extruded shapes about 10 ft long will 
be needed for the MSBE, and future reactors will 
involve lengths up to 20 ft. 

Because of the importance of graphite in molten salt 
reactois, we have kept several commercial vendors 
informed of our program. Several have responded by 
providing candidate materials, and our evaluations have 
been made available. We hope that this process will lead 
to the development of improved graphites with sevcral 
vendors Iiauirag the fabrication capability, 

We need to know several properties of these graphites, 
including density, pore spectra, mechanical prspeities, 
permeability, crystallite size, preferred orientation, and 
lattice constants. We already can measwe many of 
these, and we have expanded our capabilities to include 
gas perineability and x-ray diffraction studies. bquip- 
ment has been developed to measure the gas peimc- 
ability of grapbite from lo-' to lo-' a cm2/sec. We have 
attempted to measure the crystallite size by x-ray line 
broadening, but several other factors contribute. Hence, 
we will have t o  analyre w r  rescrlts by more sophisti- 
cated methods that allow 1.1s to separate the various 
factors. Lattice parameter nieaswemcnts on severd 
types of graphite show that the length of the a-axis i s  
quite constant but the c-axis varies rnaikedly with grade 
and thermal history. 

Gas Imprcgmaliaa of Graphite with Carbon 

R. L. Bcatty D. V. Kiplinger 

One of the requirements for graphite to be insed in a 
molten-salt breeder reactor is a surface perine2bility low 
enough to  prevent xenon absorption. Calerilations 
suggest that a helium permeability of less than 
cm2/sec at the graphite surface will p c m i t  the xenon to 
be purged from the salt by helium bubbles before 
significant amolints can penetiate the graphite. Since 
comniercially available graphites usually have helium 
permeabilities some six or seven orders of magnitude 
higher than this required level, it is necessary to  
consider coating or sealing the graphite surface by some 
means. 

Carbon i s  the preferred surface sealing material 
because i t  does not impose the parasitic neutron 
absorption penalties associated with refractory metals. 
However, the sealing carbon, which is deposited by 
pyrolysis of a hydrocarbon gas, has a crystalline 
character markedly different from that of the base 

. 
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graphite. Experience with graphite irradiation predicts 
that neutron-induced dimensional changes of the sub- 
strate and sealing carbons will probably differ also. 
Therefore, if the pyrolytic caibon i s  applied simply as a 
coating, it may spa11 during irradiation. To counteract 
this we are developing a process for depositing the 
pyrolytic carbon in the near-surface pores. 

Our gas-impregnation method employs a chambe1 in 
which the atmosphere is cycled between v a c ~ ~ u m  and 
hydrocarbon while the graphite substrate is heated 
inductively to 800 to 1000°C. The important variables 
a x  substiate temperature, cycle frequency, concentra- 
tion and pressure of hydrocarbon gas, and original 
substrate porosity. Using this vaciium-pressure piilsing 
technique, we sealed specimens of POCO grade AXb 
graphite to helium permeabilities less than crn'lsec 
with no measurable thickness of surface coating. Twelve 
scdcd specinicns repiesenting useful ranges of experi- 
mental variables will be irradiated in a IIFHK target 
capsule to determine fast-neutron irradiation stability. 

Surface Seding Graphite with ~ 0 ~ ~ ~ ~ e ~ ~ ~ ~ ~  

W. C. Robinson, Jr. 

ClierPlical vapor deposition i s  one of the methods 
being invcstigated to decrease the gas permeability of 
structural graphite for the MSBR. The initial objective 
i s  to obtain a helium permeability below IO-* cni2/sec 
with a minimum thickness of molybdenum deposit. 

First we developed a sniall assembly, which attaches 
to a Veeco leak dctectnr, for estimating the helium 
pelmeability of coated samples of our geometry. 
Although this apparatus can measure helium flow rates 
between about 7 X and 1.5 X IO-' cm3/sec, most 
of thc samples coated had permeabilities above 7 X 

o.6 I m--- -1 
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10-6cm3 /sec. Therefore, the effectiveness of a coating 
technique was tested by measuring the pressure to 
which the sample could be pumped by the Veeco leak 
detector before and after impregnation. The ability of a 
particular thickness of molybdenum to seal the graphite 
samples was dict;ited by the pernicability of the original 
graphite. The as-received AXF graphite, which was 
initially studied in this investigation, varied con- 
siderably in permeability, with pumping pressure rang- 
ing from 0.001 to 0.15 torr from sample to sample. 

The surface condition of the as-received graphite 
proved to bc of extreme iinpoitance; fingerprints on the 
surface of the graphite reduced the effectiveness of the 
coatings. Reinoving the fingerprints by annealing the 
graphite in air at 600°C for 0.5 br before coating 
produced a very rough surface and opened large pores, 
which are much more difficult to seal than the pores in 
the as-received samples. Thus we used aigon and 
vacuiini for the piecoating lieat treatment. ]These 
treatments did not completely remove a11 surface 
contamination but are the most effective treatment 
available to us to date. 

Two chcmical vapor deposition techniques for metal 
coatings have been investigated. In one, molybdenum is 
deposited from MoF, and hydrogen at a constant 
pressuie. Molybdenum deposits on the suiface as the 
Mor-', is rsduced there. In the other, a vacuum inside 
the graphite sample during deposition pulls the reacting 
gases into th:: graphite pores beforc the chemical 
reaction. We rcfer to these as the constant pressure and 
pressure differential techniques. 

For the con3tant pressure techniqi-le, the ability of a 
particular deposit thickness of molybdenum to reduce 
tile pumping pressure is shown in Fig. 34.1, which 
depicts the difference in pumping pressure of the 
uncoated and coated sample as a function of coating 
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thickness. The coatings at 700°C are more efficient 
than those at 800°C, particularly on samples that 
originally pumped to pressures between 0.08 and 0.1 1 
torr. The initial experiments using the pressure differ- 
ential techniques indicate that the penetration of the 
metal is deeper with this technique. For example, a 
pressure drop of 0.16 torr was obtained with a deposit 
ranging from 1.4 X to 2.0 X in. This pressure 
drop is approximately 30% higher than can be obtained 
with an equivalent coating thickness applied by the 
constant pressure method. 

Thus our findings have been qualitative, each suggest- 
ing some change in coating procedure or technique. We 
have not worked out a technique whereby we can 
routinely reduce the permeability of graphite to the 
desired level with no niore than 2 X in. of 
molybdenum. 

Graphite Irradiation 

C. R. Kennedy 

Because of the very high fluences anticipated for 
graphite in MSBR’s (approx 10” neutrons/cmZ >SO 
kev), only a few reactors in the world are suitable for an 
irradiation test program. Fortunately one of these 
reactors, the High Flux Isotope Reactor (HFIR), is 
located in Oak Ridge, and two target pin positions were 
made available for this work. The experimental facility 
shown in Fig. 34.2 was designed for irradiating graphite 
cylinders 1 in. high X 0.4 in. OD X 0.1 in. ID at 700 to 
720°C. The experiments are not instrumented, and a 

uniform axial temperature distribution is obtained by 
the addition of small tungsten susceptors. The actual 
temperatures are determined’ by measuring the expan- 
sion and annealing characteristics of Sic. 

Iwo experiments were run early in the year to 
confirm the design. They ian quite well and only a few 
modifications were necessary. The flux in the facility 
was measured to be 1.2 X lo1’ neutrons cm-’ sec-’ 
(>SO kev). 

‘The necessary design changes were made, and two 
long-term irradiation experiments were built and in- 
stalled. These experiments have just completed five 
reactor cycles, have been removed for evaluation, and 
appeared to have performed very well. The materials in 
these experiments fall into three categories: (1) ma- 
terials for direct comparison with experiments by PNL, 
UK, and GA, including grades AGOT, UK isotropic, and 
H 315-A; (2) materials of potential interest for MSbK 
applications; and (3) experimental grades with con- 
trolled raw materials and processing for isolating the 
impoitant variables in irradiation damage. 

Graphites that demonstrate poor dimensional stability 
in these experinleiits will be replaced with other 
materials before reinsertion into IPFIR. As our surfacc 
sealing work progresses, sealed specimens will be irradi- 
ated to deternine the integrity of the coating. 

‘R. P. Thorne, V. C. Howard, and B. Hope, Radiation- 
Induced Chan~cs in Porous Cubic Silicon Carbide, TRC- 
Report-1024 (November 
449-59 (February 1967). 
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Development of a Modified Hastelkoy Fd with Improved 
Resistance ts ~ ~ a ~ j a ~ ~ o ~ ~  Damage 

H. E. McCoy, Jr. C. E. Sessions R. E. GeNbach 

We found previously’ that small additions of tita- 
nium, zirconitim, and hafnium improve the resistance of 
Hastelloy N to damage by radiation. For further 
development we chose a titanium-modified alloy having 
the nominal composition Ni--12’% Mo-7% Cr-0.5% 
Ti-Q.1 to 4% F e 0 . 2  to 0.6% Mn--O.l% maximum 
Si-Q.08% maximum C--Q.OOl% maximum B. We have 
obtained twenty-five 100-lb melts and one 5000-lb melt 
of this general composition for further study. Our 
irradiation tests show that for a material annealed I hr 
a t  1177°C and irradiated to a thermal fluence of 5 X 
1G2’ neutrons/cm2 ( 1 )  the creep-rupture life is unaf- 
fected at test temperatures of 650 and 760°C and (2) 
the fracture strain is reduced, showing a minimum of 
about 3% at a strain rate of about O.l%/hr. We also 
observed that the material has the optimum resistance 
to radiation damage after the anneal at 11‘77”C, which 
produces a fairly coarse grain size. 

A recent observation is that the postirradiation 
properties at 650°C deteriorate very rapidly as the 
irradiation temperature is increased. Electron micro- 
scope studies show that the microstructure is drastically 
different €or the stressed portions of spccii.mens irradi- 
ated at 650 and 760°C and tested at 650°C. The 
specirnen irradiated at 650°C contained massive grain- 
boundary precipitate particles and a large amount of 
matrix precipitation. The specimen irradiated at 760°C 
was free of precipitate, and helium bubbles were 
observed along the grain boundaries. Thus, the mor- 
phology of the precipitate formed at 650°C resdls in 
superior mechanical properties to that obtained at 
760°C. We shall attempt to find heat treatments that 
will produce the desired precipitate distribution before 
irradiation at 760°C. 

As reported in Part 111, Chapter 22 of this report, the 
properties of unirradiated titanium-modified alloy are 
veiy sensitive to the carbon and titanium concentra- 
tions. Electron microscopy showed that the titanium- 
modified Hastelloy N alloy is basically a solid solution 
with fine precipitates present. These precipitates have 
been identified as MozC and Ti(C,N,B). They likely 
play a critical role in determining the mechanical 
properties. 

ability under unrestrained conditions.’ We have now 
obtained a large heat (5000 Ib) of this alloy and can 
make large welds in fully restrained plates. The re- 
strained welds are more comparable with conditions 
encountered in fabricating large components. Our first 
welds in the large heat of the modified alloy (designated 
heat 7320) showed profuse weld metal cracking. Fur- 
ther tests showed that the cracks form in the tnnderlying 
pass when the next pass is made. We have investigated 
the use of dissimilar fillci metals for joining heat 7320 
and find that satisfactoiy welds can be obtained wi th  
scvcral filler metals including (1) heat 5090, an air- 
melted heat of standard FTastelEoy N;  (2) heat 67-526, a 
sriiall vacuum inclt of standard Hastelloy N containing 
0.5% Ti and 16% Mo; and (3 )  heat 65-550, a small 
vacuum melt containing 0.7% Ti. 

of the 100-lb 
heats under fully restrained conditions. I hese welds 
appear to be free of cracks. Ilence, we conclude that 
the welding problems are associated with impurities 
present in the large heat Fdrther work will ke done :ss 
determine the inipurity and how ~t can be eliininatd 
from fiuture melts. 

Further welds havc been made in 

ual Stress ~e~~~~~~~~~~~ 
in Hastellny Fd Welds 

A. G. CepoIana D. A. Canonico 

We began to determine the distribution and magni- 
tilde of residnal stresses that prevail in IIastelIoy N 
weldments. In addition to determining fundamental 
information for metallerrgists and designers, it permits 
us to evaluate the ef€ects of postweld heat treatments 
on the stresses and to opt iniize the stress-relief condi- 
tions. 

A technique W ~ S  developed to continuously deter- 
mine tlre stress as a fimction of distance from the weld 
center line. We adapted the “boring Sachs” methodm 
which was originally set up for the determination of the 
distribution of residual rtiesses in pipes. Since plane 
strain and plane stress can both be expresscd with the 
same equations, the relationships for the pipe will be 
valid for a disk. The terms in the equations concerning 
longitudinal stresses are elim-inated in a planar speci- 
men. 

Weldahility of Hastelloy N 

D. A. Canonico 

We reported previously that the small plates of the 
titanium-modified Hastelloy N showed excellent weld- 

’H. E. McCoy, JI., and J. R. Weir, Jr., MeEds arid Ceramics 
Div. Ann &og. Rept. JunP 30, 1967, QRNG-4130, pp. 

‘OD. A. Canonico and 11. E. MCCOY, ~ r . ,  bfetals and cpramics 
Uiv. Ann. h o g .  Re@. June 30, 1967, ORNL-4170, pp. 

197-98. 

198 -200. 
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For this study, a 12-in.-diam X 1/2-in.-thick piece of 
I-Iastelloy N was used. Two 6-in.-diam circular bead-on- 
plate tungsten-arc welds were made simultaneously on 
each side of the plate. The weld parameters used for 
this study provided heat inputs of 7500 j/in. for each 
weld or a total of 15,000 j/in. The strain was measured 
while a series of concentric sections were machined on a 
lathe, beginning at the center of the disk. 

The equations applicable for translating the tangential 
strain to both radial and tangential stress are given 
below: 

where: 

ur = radial stress, psi 

ut = tangential stress, psi 

E ::: Young's modulus for the disk material 

et =total tangential strain measured on the external 
rim 

Ro =: disk radius, in. 

R = internal hole (cut) radius, in. 

A,, = initial disk area, in. 

A = internal hole (removed metal) area, in.2 

'The tangential residual stress (with respect to the 
weld axis) is a function of def/dR,  the change of the 
tangential strain with radius. To evaluate detldR, the 
experimental reading of strain and radius must be fitted 
with a continuous function. The curve fitting and slope 
determjnation at various values of R were computer- 
ized. The tangential and radial stresses are then deter- 
mined as a function of location across the weldment. 

In our initial experiments, we investigated the residual 
stresses that prevail due to welding and the effect on 
these stresses of postweld heat treatments of 1 hr at 
11'77°C and 6 hr at 871°C. 'The results of these studies 
are shown in Fig. 34.3. The as-welded Hastelloy N 
specimcn contained residual stress levels in the tangen- 
tial. direction over 55,000 psi and in the radial direction 
over 15,000 psi. Postweld heat treatments reduced both 
residual stresses to less than 5000 psi. The 1177°C 
treatment for 1 hr seemed to provide the best stress 
relief. The tangential and radial residual stresses were 
nearly identical (between 2500 and 4000 psi) in the 
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region of the weld. The 6-hr treatment at 871°C also 
decreased the residiial stress level; however, a peak value 
of about 5000 psi did occur quite near the weld center 
line. A short distance away the residual stresses ap- 
proached zero. 

Interestingly, the highest residual stress in the as- 
welded specimen occurred about 1/4 in. from the weld 
center line toward the center of the specimen. This may 
be a real effect or it may be due to  the specimen 
configuration. This point will be investigated further. 
The results of this siiidy show that a heat treatment of 
871*C provides quite adequate stress relief. The effect 
of even lower postweld heat treatments will be studied. 
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Oxidation of Hastelloy N 

B. McNabb, Jr. 

In a reactor system Hastelloy N is exposed to both 
fluoride salts and the reactor cell environment of 
nitrogen contaminated with oxygen. Thus, the oxida- 
tion resistance of the alloy is of considerable impor- 
tance. Most of the early oxidation work on this alloy 
involved air-melted materials that contained fairly large 
concentrations of residual elements, particularly silicon. 
We are presently considering vacuum-melted material 
with some modifications in the alloying additions, and 
we must determine whether these changes reduce the 
oxidation resistance appreciably. 

We tested both commercial and laboratory melts at 
760 and 982°C. Most of our results are for scaling tests 
in which the test piece was cooled to  ambient tempera- 
ture every 25 hr. However, continuous tests indicate the 
same trends. Several significant observations have been 
made. 

1 .  Silicon is very beneficial. The results for several 
commercial heats, in which the concentrations of other 
elements may vary appreciably, show a very strong 
correlation between scaling and the silicon concentra- 
tion. 

2. Vacuum-melted materials are generally less resis- 
tant t o  scaling than air-melted alloys, principally be- 
cause of their lower silicon contents. 

3. In a series of small melts of the base composition 
Ni -12% Mo- 7% Cr-0.2% Mn - - O S %  C, additions of Al, 
Ti, Zr, and Hf up to 1% were all equally beneficial. 

4. In alloys having base compositions of Ni-16% 
Mo -7% Cr-474 Fe -0.5% Mn -0.05% C -0.5% Si, alumi- 
num and zinc were beneficial and titanium was detri- 
mental. 

5. Iron was generally beneficial in all alloys. 
These studies show that the scaling resistance of 

Hastelloy N i s  reduced appreciably by vacuum melting 
and that the addition of small amounts of titanium will 
have relatively minor effects. The oxidation resistance 
at 760°C appears adequate for continuous service. 

Corrosion 

A. P. Litman J. Koger 

We are studying the compatibility of Hastelloy N with 
several fluoride salts, which can be classified as fuel, 
blanket, and coolant. The fuel salt is LiF and BeF2 in a 
molar ratio of 2 with a few tenths of a percent of UF4. 
The blanket salt composition is LiF-2% BeF, --- 25% 
ThF,. Both would be used in a two-fluid breeder, but 

the single-fluid reactor will use a 3alt containing both 
ThF, and UF, having the approximate composition 
LiF-2% BeF, ~ 12% ThF4 - -0.3% UF4. The coolant 
salt that we are investigating is NaBF4 -4% NaF. The 
most attractive characteristics of this salt are its 
relatively low liquidus temperature (383°C) and its low 
cost (<$OSO/lb). 

We are presently investigating the compatibility of 
each salt with Hastelloy N using thermal convection 
loops operating in the nominal temperatme range of 
500 to 700°C. Two additional materials that are 
involved in our program are type 3042. stainless steel 
and titanium-modified Hastelloy N. The former mate- 
rial is included to determine whether this cheaper alloy 
could be utilized in cooler parts of the system and the 
latter to ensure that the composition modifications that 
we have made in Hastelloy N are not deleterious. We are 
using a new type of thermal convection loop that 
enables us to remove metal tabs for periodic examina- 
tion and to take salt samples without disturbing the 
loop operation. 

The following significant observations have been 
made. 

1. 

2. 

3. 

4. 

5 .  

We have opcrated a Hastelloy N fuel salt loop for 
55,000 hr at a peak temperature of 700°C without 
incident, indicating the excellent compatibility of 
these materials. 

A type 304L stainless steel fuel salt loop has 
operated for 44,000 hr at a peak temperature of 
675°C with only minor changes in flow character- 
istics. The removable specimens in this loop exhibit 
weight changes equivalent to about 0.002 in./year. 

Hastelloy N loops containing fuel and blanket salts 
with removable specimens indicate corrosion rates 
equivalent to 1 X in./year (based on 3000 hr 
operation). 

The coolant salt appears a bit more aggressive, with 
corrosion rates of almcst 5 X in./year (based 
on 4000 h r  operation). 

In all cases where the titanium-modified Hastelloy 
N and standard Hastelloy N specimens were tested 
under comparable conditions, the titaniuin-mod- 
ified alloy corroded more slowly. We attribute 
this reduction primarily to the lower iron content 
of the modified alloy. This observation also sup- 
ports diffusion studies reported in Part I ,  Chapter 4 
of this report, in which the diffusion rate of 
titanium was not high enough for this very reactive 
element t o  contribute appreciably to the corrosion 
rate. 
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Graphite Brazing Development 

W. J. Werner 

We are developing’ procedures for brazing large 
graphite pipes to Ilastelloy N. Although we are continu- 
ing to study direct brazing, a major part of our studies 
has been the use of thin (0.0002 to 0.0005 in.) 
chenlically deposited metallic coatings on graphite for 
enhancing brazeability. Thus, the conventional ductile 
corrosion-resistant b r a h g  materials such as pure cop- 
per and Pd-40% Ni would be applicable. Both molyb- 
denum and tungsten have been deposited on high- 
density, low-permeability graphite, and we found that 
several brazing filler metals readily wet and flow on the 
coated graphite. X-ray diffraction studies showed that 
molybdenum had reacted with the graphite to form a 

thin layer of molybdenum carbidc. 
We devised a 1-in.-diam test joint of mating cones to 

determine the stlength of joints of graphite to Hastelloy 
N and to molybdenum. The graphite was high-density, 
low-permeability, isotropic material ’ The graphitc- 
to-Hslstelloy N joints were brazcd with copper. These 
specimens fractured normal to the longitudinal axis of 
the graphite within the. tapered portion of the speci- 
men. The exact position of fracture varied from 
specimen to specimen. This was taken as an indication 
of the extent of cracking at the mating suurfaces due to 
differential thermal expansion. Thus, the effects of 
stresses due to diffeiential thermal expansion were 
more severe than anticipated. 

The coated graphite-to-xnolybdenurn test specimens 
 vera: brazed with both copper and Pd-35% Ni-5% Cr 
as the brazing fillcr metal. A few uncoated graphite-to- 
molybdenum joints were also brazed with the carbide- 
forming Pd-NiCr alloy. We encountered difficulties 
with the copper-brued specimens. The joints failed at 
the mating surfaces at low strengths, and there was little 
evidence of braiing or pyrolytic coating present after 
failure. All the joints brazed with Pd-NiGr failed in the 
graphite below the junction at a stress of about 3000 
psi. 

Experimental results on full-size joints (3.5-111. OD X 
0.5-111. wall) are preliminary. The specimens consisted 
of (1) chemically vapor coated graphite directly brazed 
to Hastelloy N with copper and ( 2 )  a similar joint but 
brazed with Pd-NKr and incorporating an intermediate 
transition material to accommodate expansion differ- 

- 

” W. J. Werner, Metals and Ceramics Div. Ann Progr. Repr. 

“Manufactured by POCO Graphite, Inc., Garland, Tex. 
June 30, 1967, ORNL-4170, p. 205. 

cnces.’ Both induction and furnace heating were 
employed. Induction brazing is especially attractive in 
view of the large number of joints needed and the 
length and configuiation of the reactor components. 

Our experiments have indicated that the low-expansion 
transition metal method is considerably more attractive 
than the direct approach. We fabricated a copper-brazed 
coated graphite-to-molybdenum-to-Hastelloy N joint 
that showed no visual or radiographic evidence of 
cracking. Good flow of the brazing filler metal was 
noted radiographically throughout the joint area. ‘To 
date, this particular joint has been thermally cycled ten 
times between 200 and 700°C with cooldown tu rooni 
temperature after cycles 1, 3, 5 ,  and 10 for radi- 
ography. The radiographs indicate that the joint is still 
sound. Direct joints of graphite to Hastelloy N, on the 
other hand, have exhibited severe cracking. 

We have also examined the effect of various surface 
conditioning or ckaning treatments on the wetting and 
flow of brazing alloys (Pd-NiCr and Au-Ni-Mo) on 
graphite. Samples of POCO graphite were polished 
through the 600-grit paper and submitted to the several 
treatments. No differences between wettability or 
flowability were noted within either set of brazed 
specimens, and it appears that a good clean machined 
surface is sufficient for adeqiidte wettability and flow- 
ability of these dloys. 

~ ~ ~ ~ ~ ~ ~ ~ - t ~ ~ ~ ~ ~ ~ ~ ~ ~  pd Transiti~t~ Joints 

J.  P. Hamrnond 

To eliminate damaging thermal strain in graphite-to- 
Mastelloy N joints for cyclic temperature seivice, 
composites using the graded transition joint concept’ 
are being developed. Thesc use a scries of segments 
whose coefficient of thermal expansion changes grad- 
ually across the joint. We have accomplished this by 
inserting a series of (Ni-3Wh Fe)-matrix tungsten 
dispersions fabricated by liquid-phase sintering. The 
concentration of tungsten, which approximates graphite 
in coefficient of expansion, decreases gradually along 
the joint and thereby increases the expansion coeffi- 
cient to near that of Hastelloy N. 

13W. J. Weiner and G. M. Slaiigliter, “Brazing Gxnphite to 
Hastelloy N for Nuclear Reactors,” Welding Eng. 53(3), 65 
(March 1968). 

4F. Zimmer, “New Ways to Bond Dissirmlar Matcriah,” 
Metd&ogr. 83, 101-8 (Janumy 1963). 

. 
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Fig. 34.4. Transition Joint, GraphiteteHasteUoy N. 

Several preliminary composites of the description 
illustrated in Fig. 34.4 have been fabricated for testing. 
This joint incorporates a more radiation-resistant grade 
of graphite' between the nuclear graphite being joined 
and the series of heavy-metal alloys to mitigate strain 
that arises due to  irradiation-induced dimensional insta- 
bility in the graphite. The composite is made by 
fabricating the segments individually (the premium- 
quality graphite is formed by hot isostatic pressing); 
these segments are then joined together in the two-step 
brazing operation indicated in Fig. 34.4. The adjoining 
materials, including the brazing alloys, show metal- 
lurgical compatibility. The heavy-metal alloys are very 
tough and, since they display a marked capacity for 
deformation without cracking, we contemplate that 

"D. C. Carmichael, W. C. Chard, and M. C. Brockway, Dense 
fsotropic Graphite Fabricated by Hot Isostasic Compaction, 
BMI-1796 (Mach 1967). 

sheet-rolling could be an economical part-manufactur- 
ing process. 

The composite shown in Fig. 34.4 has been subjected 
to 12 service-simulating thermal cycles between 700 
and 400°C without any adverse effects. Corrosion tests 
in molten fluoride salts are still in process; however, the 
basic materials involved showed good resistance to 
corrosion. Heavy-metal alloys based on molybdenum 
are being investigated to  supplement those containing 
tungsten. The molybdenum alloys have an advantage 
over tungsten in that fast neutron displacement damage 
would anneal out of the molybdenum alloys at lower 
temperatures. Composites of transitional metal carbides 
in graphite fabricated by hot isostatic pressing will be 
examined as an improvement for the irradiation-resis- 
tant graphite member. From this variety of materials, 
compositions providing a linear gradient in thermal 
expansion between graphite and Hastelloy N may be 
selected. 
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Radiation Stability of Brazing Alloys 
of Interest for Graphite 

W. J. Werner H. E. McCoy, Jr. 

We irradiated a series of commercial and experimental 
brazing filler metals that are promising for joining 
Hastelloy N and refractory-metal low-expansion transi- 
tion sections to high-density graphite. Since we were 
primarily interested in the damage to the brazing filler 
metal itself and since graphite joints are difficult to test 
and the data are subject to scatter, we used Hastelloy N 
test specimens. Miller-Peaslee specimens' were irradi- 
ated 1128 hr at 760°C in a single test capsule in the 
poolside position in the ORR. The thermal and fast 
(>2.9 MeV) fluences were 2.43 X lo2' and 2.03 X 
10' neutrons/cm2, respectively. The brazing filler 
metals used in the study are shown in Table 34.2. 

Shear strains for the as-brazed and unirradiated 
samples were calculated from the actual specimen 
brazing clearance determined metallographically. For 
the reactor specimens, the average brazing gap of the 
unirradiated specimens was used. All of the brazing 
filler metals seem to have adequate strength and shear 
strain for nuclear system joints. 

Table 34.2. Brazing Filler Metals 
Used in Irradiation Test 

Alloy Brazing Application 
~~~~ ~ ~ 

Copper Pyrolytic-molybdenum-coated graphite to  
molybdenum or Hastelloy N and molybdenum 
to Hastelloy N 

Pd-Ni-Cr 

Cu-Ni-Cr-Be 

Cu-Ni-Ta-Be 

Graphite to molybdenum or Hastelloy N 

Graphite to  molybdenum or Hastelloy N 

Graphite to  molybdenum or Hastelloy N 

Nondestructive Testing of Graphite-to-Metal Joints 

K. V. Cook H. L. Whaley 

We are developing nondestructive testing techniques 
to  detect nonbond in various designs of graphite-to- 
metal joints. Our preliminary studies indicate that an 

acceptable pulseecho ultrasonic method can be de- 
veloped for certain joint configurations. Mechanical 
scanning is difficult for the tapered joint design. We 
assembled a turntable device and associated equipment 
to  allow precision three-dimensional scanning in our 
large ultrasonic immersion tank. 

We demonstrated that the ultrasonic method (using 
the turntable scanning device) could distinguish bond 
and nonbond on one joint design. Both Hastelloy 
N-to-graphite and molybdenum-to-graphite joints have 
been examined. In one Hastelloy N-to-graphite joint 
only one area was bonded. The destructive test of this 
joint resulted in the separation of the graphite material 
in the bonded area, as shown in Fig. 34.5. As is evident, 
only one portion of the joint, the dark area, was 
bonded, coinciding with the prediction based on the 
ultrasonic examination. These results demonstrate the 
feasibility of the ultrasonic pulse-echo method for this 
particular joint configuration. We are determining the 
optimum sensitivity of this technique to nonbonding. 

A second joint design is a tensile specimen with the 
graphite-to-metal joint in the gage length. The maxi- 
mum diameter of the specimen is 1.00 in. and the joint 
is a 30" cone, so the joint diameter varies from 1 in. to 
a point. The graphite is the male part of the joint and 
the Hastelloy N the female part. Calibration is difficult 
since both the curvature of the joint and the area that 
reflects the ultrasonic energy vary with the diameter 
and the reflected signal varies as the diameter changes 
even for complete nonbond. A further complication is 
the metal thickness varying from the outer surface of 
the specimen to  the joint interface. Attempts to  test 
this joint with the pulseecho ultrasonic method have 
been unsuccessful thus far; however, we feel that it is 
possible to tolerate some variation in our test and plan 
to pursue this technique when modifications on our 
mechanical system are completed. 

Other joint designs to be fabricated will also require 
investigation by nondestructive techniques. These needs 
are being coordinated closely with the Welding and 
Brazing Group. 

16F. M. Miller and R. L. Peaslee, Welding J. 34, 144-s-150-s 
(195 8). 
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35. Reactor Evaluation 
A. L. Lotts 

The total cost of producing heat or power by nuclear 
energy is composed of a number of components such as 
reactor capital costs, reactor operating costs, and fuel 
cycle cost. For several years ORNL has been evaluating 
various new reactor concepts, pointing out which 
reactor concepts are most economical, and indicating 
areas of technology in which research and development 
might be profitable. Such evaluations require the 
consideration of a number of interacting variables that 
must be evaluated by several different disciplines. Our 
role has been to evaluate fabrication costs for fuel 
elements and fuel element performance. Thus we work 
in cooperation with chemical engineers of the Chemical 
Technology Division on fuel cycle studies and with 
physicists and reactor design engineers in the Reactor 
Division on both fuel cycle studies and fuel perform- 
ance evaluation. 

The emphasis this year has been on updating Civilian 
Nuclear Power, A Report to the President - 1962 and 
assisting in the evaluation of desalination reactors. 
Although these have been the end results of our work, 
we have tried to improve our efficiency, precision, and 
capability through the development of additional mod- 
els and computer codes for economic studies. We also 
started the development of a model and computer code 
for performance of pin-type fuel elements. This work is 
an attempt to coordinate more effectively our present 
performance evaluations with irradiation experiments 
being conducted at ORNL and elsewhere. Since the 
work was started only in the latter part of the year, it 
has not yet progressed sufficiently to enable a report on 
the details. 

COMPUTER PROGRAM DEVELOPMENT 

A. L. Lotts 

We had previously written computer codes for esti- 
mating fuel element fabrication costs for a variety of 
fuel element concepts.' ,2 These we have continued to 
update and improve as required to perform current 
evaluations. The revisions are reported below. 

We also met some new tasks in our economic 
evaluation work, which required the development of 
new models and codes. For example, during the year we 
were asked (1) to estimate the economically optimum 
schedule for building fuel fabrication plants in a 
growing nuclear economy and (2) to estimate the 
optimum time to  start recycle of 233U in a high-tem- 
perature gas-cooled reactor economy. The recycle of 
233U,  which results from using the 233U-thorium 
cycle, requires special facilities and, therefore, substan- 
tial investment. Computer codes that have more general 
application were developed for each of these problems. 

Fuel Fabrication Costs 

F. J. Homan 

An existing computer program was modified to gain 
increased flexibility and to reflect the latest thinking 
related to fuel element fabrication for fast reactors. I t  is 
now possible to calculate costs for fabrication of fast 
reactor axial and radial blankets in separate, independ- 
ent facilities or in the same facility. In addition, the 
case where axial and radial blankets are not of the same 
material can now be handled. New subroutines were 
added to systematize the output and increase the 
amount of information available. Equipment costs and 
manpower requirements for individual fabrication steps 
can now be output, as well as a complete breakdown of 
the capital cost of the entire fabrication facility. A 
curve-fitting subroutine determines equation parameters 
for curves of capital cost of the plant, annual operating 
costs, and hardware costs as functions of plant through- 
put. A detailed report3 has been prepared to describe 
this fuel element fabrication cost computer program, 

A. L. Lotts, Metals and Ceramics Div. Ann Progr. Rept. 
June 30, 1964, ORNL-3670, pp. 254-55. 

'T. N. Washburn and F. R. Winslow, Metals and Ceramics Div. 
Ann. Progr. Rept. June 30,1966, ORNL-3970, p. 201. 

3A. L. Lotts, T. N. Washburn, and F. J. Homan, FABC@ST 9, 
A Computer Code for Estimating Fabrication Costs for Rod- 
Bundle Fuel Elements, ORNL-4287 (in press). 
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which is for pin-type fuel elements. The general 
methods are described in another p~b l i ca t ion .~  

Plant Optimization 

F. J. Homan 

Fuel element fabrication can account for up to 20% 
of the total power cost froni a nuclear electric power 
station. This gives a strong incentive to minimize 
fabrication costs. The cost of fabrication is heavily 
influenced by the size of the fabrication plant with 
iespecl to the total market. Fuels can be more cheaply 
fabricated in a single large facility than in several 
smallcr ones with the same total capacity, assuming all 
plants are fully utilized. This is due to the inherent 
economies of scale. On the other hand, it is inefficient 
and expensive to operate a partially utdized large 
facility. 

The growing nuclear economy presents a problem to 
industrial planners. A plant of sufficient size to meet 
present fabrication demands will be too small to meet 
near future demands, making another plant necessary 
almost immediately. Thereforc, an oversized plant must 
be built and operated below full capacity for a period 
of time. Rut the question is, how much oversize should 
the first plant be? Furthermore, how much oversize 
should subsequent plants be‘! We developed a method 
to aditeve a balance between the cast benefits of scale 
and the disadvantage of partial utdization. Basically, the 
method involves inteinai generation of numerous pos- 
sible schemes, calculation of the levelized cost of fuel 
element fabrication by each scheme, and selection of 
the scheme with the lowest levelkzed cost Figure. The 
method is based on current data and technology and is 
intended as a tool in seeking a solution to nlinimal fuel 
fabrication costs and not as the solution itself. A basis 
far the assignment of initial fabrication prices was 
evolved as part of this study, and a method of 
application is suggested. The optimum plant size se- 
quence method is in the process or being issued as an 
OKNL report. 

Recycfe Delay Code 

F. J. Furman 

Considerable economy, both in cost and preservation 
of natural resources, may be aclueved by advanced 
converter and breeder reactors, as compared with 

4A. I,. Lotts and T. N. Wasliburn, “Use of’ Computer Codes in 
Estimating Fuel Element Fabrication Costs,” Nircl. Appl. 4, 
307-19 (May 1968). 

present-day reactors, by recycling the converted or bred 
fuel. However, fuel must be recycled in large, highly 
automated reprocessing and refabrication plants to 
obtain these economies. Thus, when a power reactor 
system is in the early stages of growth, recycle 
operations tnay not be economical. The “DELAY” 
computer code, written in FORTRAN IV, calculates 
the optimum time to initiate large-scale recycle opera- 
t i o n ~ . ~  

The code input data include reactor mass balances for 
both recycle and nonrecycle operation and an assumed 
reactor industry growth rate. Fuel and storage require- 
ments are then calculated for a selected lime of recycle 
startup. These requirements are then fed to a plant-size 
optimization routine to determine optimum plant sizes, 
times of plant startups, and costs. The cost information 
is used to calculate total yearly costs, which are 
converted to present worth and summed to yield a total 
cost. Other times for recycle operation startup are 
calculated by the same method, and the total cost 
differences are compared to select the optimum time 
for recycle startup and the costs incurred by delays. 

COST ANALYSIS 

A. Goldman 

The cost of producing power by nuclear energy i s  the 
surti of capital, operating, and fuel cycle costs. To 
achieve reductions i n  cost, the problem must be 
regarded in its entirety, since each category interacts 
with the others. As pait of the overall approach to the 
problem of reducing power costs, our role is to evaluate 
fuel element fabrication costs and perfornlance as they 
relate to the fuel cycle component of total cost. 

The method used to estimate fuel fabrication costs 
uses computzr programs to perform the many calcula- 
tions required. Fabrication procedures and flowsheets 
are selected and analyzed for capital and operating 
increments at each point in the processes, and the 
results for a wide range in production rates are stored in 
the computer program. Esiimated hardware costs for 
similar production rates are also storcd. The input 
parameters for each concept to be estimated are based 
upon the specific design, the fabrication process de- 
sired, and financial data as stated in the ground rules for 
the particular study. 

5F.  J .  Furman, K. B. Pratt, F. J. Homan, and A. L. Lotts, 
IMLA Y - Computer Program for Predicting the Economically 
Optintum Time to Initiate Recycle in a Grom.ng Reactor 
fndustry, report in preparation. 
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Over the past year our efforts have been concentrated 
on the preparation of new computer programs that will 
handle fast breeder concepts with their separate core 
and blanket zones and the application of these pro- 
grams to the reactor systems of interest to the Fuel 
Recycle Task Force, as will as to parametric studies of 
other reactor concepts.6-' ' 

Fuel Recycle Task I' 'orce 

A.  Goldriian 

We have continued to participate in the AEC Fuel 
Recycle Task Force (FRTF) activities as part of their 
contribution toward updating Civilian Nuclerrr Power, A 
Report to the President 1962. We have developed 
fuel fabrication cost estimates for the approxiinately 40 
reactor concepts considered in the FRTF study. These 
included pressurized-water arid boiling-water reactors 
(including plutonium recycle for each); heavy-water- 
moderated organic-cooled reactors with alternate fuels 
of low-enriched uranium monocarbide, natural uranium 
monocarbide, natural uranium metallic fuel, thorium- 
uranium oxide, and thorium-uranium alloy; heavy- 
water-moderated boiling-light-water reactors with natu- 

1 

r d  uo2 fuel; high-temperature gas-cooled reactor; 
steam-cooled breeder reactor; gas-cooled fast reactor; 
and liquid-metal-cooled fast breeder reactors. 

The estimates have been incorporated into a draft of 
the FIPTF report on Reactor Fuel Cycle Costs for 
Nuclear Power Evaliaatbn, which has been transmitted 
to the AEC for review. The cost estimates have also 
been utilized by the Systems Analysis Task Force of the 
AEC in a mathematical simulation study of the projec- 
ted future growth patterns of the U.S. central station 
electric power generation system. 

Desalination 

A. Goldman 

The desalination program at ORNL is concerned with 
reactors as heat sources and with distillation plants. Our 

6An Evaluation of Advanced Converter Reactors, WASH- 
1087 (draft) (March 1968). Official Use Only. 

'An Evoliratiorz of Alternate Coolant Fast Breeders, WASH- 
1090 (draft) (Aprd 1968). Offiicral Use Only. 

'W. R. Gall et a l ,  A n  Evaluation of Steam-Cooled Fast 
Reactors, ORNL-4245 (draft) (March 1968). Official Use Only. 

9L. L. Bennett et ul., An Evaltmtbri of Gus-Cooled Fast 
Reactorh, OKNL-4206 (draft) (March 1968). Official Use Only. 

"ORNL Staff, A n  Evalrmtion of Heavy- Water-Moderated 
Organic-Cooled Reactors, WASH-1083 (draft) (March 1968). 
Official Use Only. 

' A n  Evaluatiori of Heavy- Water-Moderated Boiling-Light- 
Water-Cooled REQC~OPS, WASH-1086 (draft) (Mach 1968). 
Official Use Only. 

- ..... 

efforts have been concerned with the former and in 
particular with methods of reducing fuel fabrication 
costs to decrease total water costs. The emphasis in the 
past year has been divided into three main reactor 
concepts. Jn the first bare metal fuel i s  cooled with 
sodium in a fast-breeder design; in the second uranium 
metal or oxide, clad in Zircaloy, is cooled with 
pressurized light water; and in the third concept, clad 
oxide fuel in a fast breeder design is cooled with 
sodium. We have prepared parametric fuel fabrication 
costs for the PWR concept to illustrate the sensitivity of 
fabrication costs to fuel rod diameter. The results have 
been incorporated into fuel cycle studies w i t h  the 
Reactor Division, which indicate that such pressurized 
water reactors when operated at low temperatures may 
offer desalination plants a source of inexpensive heat. 
The overall survey of such low-temperaturc PWK 
systems is now being prepared as an ORNI, report, and 
further fuel fabrication cost estimates are being prz- 
pared, based on refined input specifications. 

Similar fuel fabrication cost estimates on the fast 
breeder concepts have been provided the Reactor 
Division for both core and blanket studies. 

HTGR Low Enrichment Study 

K. B. Pratt 

Fuel element fabrication costs have been estimated 
for a proposed low-enrichment Dragon Project HTGR 
concept. The fuel element consists of five annular 
graphite cylinders filled with bonded coated particles. 
The cylinders are joined at the element base by integral 
graphite webs, which are slotted to permit coolant 
passage. Fabrication steps investigated include piirchase 
and machining of graphite, fuel kernel preparation, 
particle coating, element loading and bonding, and 
inspection. 

On the assumption that the production requirements 
for 1-, lo-, and 30-reactor industry sizes would be 80, 
800, and 2400 kg U/day, we estimated that the 
fabrication costs would be $166.28, $108.38, and 
$98.23/kg of heavy metal, respectively. Graphite costs 
were based on a fine-grained, machinable grade. Fuel 
was assumed to be 3%-enriched UOz sol-gel micro- 
spheres, coated with layers of pyrolytic carbon and 
silicon carbide and bonded into narrow annuli in the 
graphite cylinders. The low enrichment eliminates the 
need for highly enriched uranium and thorium-' U 
recycle facilities. The estimated costs include operating, 
capital, and hardware costs for fabrication of such an 
element but do not include nuclear fuel costs, use 
charges, nor nuclear fuel losses. The accuracy of the 
estimation is considered to be *20% 
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HTGR Recycle Delay Analysis 

F. J.  Homan R. B. Pratt 

We calculated the economically optimum time for 
large-scale HTGR recycle operation startup as an aid to 
the planning of the HTGR Recycle Development 
Program. The results show that the most favorable time 
to start recycle operations is seven to eight years after 
tlie first 1000 Mw (electrical) HTGR goes on-line. 

1. mass balances for recycle and non-recycle,' 

2. predicted growth curves for the HTGR industry,' 

3. estimated cost curves for HTGR reprocessing' and 
refabrication,' '-' 

4. estimated cost curves for fuel element storage," 
and 

5. estimated cost curves For waste storage.14 

The data entered into the calculations were. 

Varying the input data over wide ranges had little 
effect on the calculated time for recycle startup. 
Replacement of the most optimistic HTGR growth 
curve with a very pessimistic curve changed the opti- 
mum recycle startup less than two years. Prescnt worth 
factors of 0 to 15% had no effect on the recycle startup 
date, while increasing the scaling factor for reprocessing 
and refabrication plants from 0.51 to 0.75 changed the 
optimum date by less than two years. We concluded 
that the optimum date for recycle startup was insensi- 
tive to large changes in input parameters. A report on 
this analysis is being prepared.' ' 

"D. R. Voridy and T. 13. Fowler, Computer Code TONG for 
Zero-Dimensioml Reactor Deplehon Calculations, OKNLTM- 
1633 (June 1967). 

S. Donelson, personal cornmunication, Gulf General 
Atomic, Inc. 

J .  1. Roberts, Chemical Technology Division, personal 
communication. 
I5T. N. Washburn, A, L. Lotts, and I:. I.,. Hwrington, 

Comparative Evaltration of Sol-Cd Fuel Fabrication Costs, 
ORNL-TM-1979 (September 196 7). 

"A. L. Lotts, U. A. Douglas, Jr., and R.  C. Pi!.loton, 
Refabrication Technology and Costs for High- Temperatiire 
Gas-Cooled Reactor Fuels, ORNL-TM-1115 (May 1965). 

7F. E. Harrington, Chemical Technology Dinsion, personal 
communication. 
"W. H. Seden, HTGR Long-Term Spcnt Fuel Storage Costs, 

GAMD-7994 (Sept 1, 1967). 
"F. J .  Furman, K. B. Pratt, and A. L. Lotts, Prediction of 

Economically Optinzum Time to Ittitiate Recycle fbr the 
High- Temperature Gas-Cooled Reactor Industry Using Com- 
puter Prosram DELAY, report in preparation. 
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FUEL ~ ~ ~ ~ ~ ~ ~ A ~ C ~  ANALYSIS 

R. E. Adam A. Goldman 

The ability of a fuel element to perform satisfactorily 
to its desi@ burnup is a major factor in dehicig the 
econonucs of nuclear power systems. We have evaluated 
the materials and fuel element perfornmnce of several 
reactor concepts from the aspect of design and the 
operating environment to identify potential problem 
areas that may h u t  the ability of the systems to 
perform as proposed. The reactor systems investigated 
as part of the OKNL contribution to ttie updating of 
the Civilian Nucleur Power, A Report tu the President 
1942 are discussed below. 

tea-Moderated Organic-Gaoled Reactors 

Several varieties of  heavy-water-moderated org~nic- 
cooled reactors (WOCR), which differed principally in 
tlie type ol' fuel elements used, were examined. Three 
had rod bundles clad with sintered aluminum powder 
(SAP). Fuel for these was natutal or slightly enriched 
uranium carbide (NUC and EUC) or thorium-uranium 
oxide (TUO). TWO had nested aiinular tubes of natural 
uranium metal (NLJM) or thorium-uranium metal 
(TUM) with coextnided zirconium alloy claddings. 
Details of the evaluation have been pub?ished." 

We found SAP cladding to be feasible for these 
reactor systems. I t  is compatible with organic coolants 
and with liyperstoichiometrnc UC at the proposed times 
and temperatures. We conclude that consistent proper- 
ties can be attained in fuel cladding tubes and that 
strength will be adequate at proposed operating temper- 
atures and times. A major limitation is that i t s  ductility 
at low strain rates will be limited to about 0.5%. Data 
are lacking on effects of compresslve and biaxial stresses 
and on longtime creep effects. 

Of principal concern from the aspect of fuel element 
performance are the effects of fuel swelling and 
fission-gas release on the abdrty of the fuel claddirig to 
maintain its integrlty. We conclude that all fuel ele- 
ments will operate satisfactorily at the heat ratings and 
temperatures proposed. With the EUC fuel element, 
fuel swelling coupled with low cladding ductility will 
necessitate rigid control of gap tlitckness between fuel 
and cladding to achieve design burnup. The problem is 
less critical at the lowei burnup level proposed for the 
NUC fuel element. The T U 0  fuel element, as designed, 
appears to have insufficient void space to accommodate 
released fission gases. We conclude that it may be 
necessary to increase the end plenum length to 3.0 111. 
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(from 1.3 in.) to achieve design burnup. Fuel swelling 
and fuel tube stability are the critical parameters for the 
metal fueled systems, and additional data are necessary 
to establish performance characteristics. With the NUM 
fuel tubes, excessive fuel swelling could lead to collapse 
of the inner cladding or failure of the outer cladding as 
a result of plastic strain instability, and the estimated 
1% swelling per 1000 Mwd/ton will limit maximum 
exposures to about 7000 Mwdlton. With the TUM fuel 
tubes, the much lower swelling rates of about 2% per 
10,000 Mwd/ton and the fuel tube geometry will cause 
only a 0.006-in. increase in thickness and less than 0.5% 
cladding strain at maximum average burnup of 20,000 
Mwd/ton. Principal uncertainty will be potential fuel 
tube distortion and maintenance of uniform coolant 
channel spacing during the long fuel element exposure. 

Heavy-Water-Moderated Light-Water-Cooled Reactor 

The fuel element for the proposed heavy-water- 
moderated light-water-cooled reactor (HWBLW) has 
Zircaloy-4-clad natural UOz fuel rods in 5-ft-long 
bundles stacked in vertical pressure tubes. The proposed 
maximum burnup level is about 11,000 Mwd/ton. The 
proposed operating limits slightly exceed those achieved 
in current power reactors but are within limits for 
planned large boiling water reactors. An analysis of fuel 
rod performance, based on fuel swelling, thermal 
expansion, and fission-gas release, suggests it may be 
desirable to provide a small void pleniim (approx 0.6 in. 
long) at one end of the fuel rod. We concluded that 
with some additional development the fuel element 
could operate satisfactorily at proposed conditions. 

Steam-Cooled Fast Breeder Reactors 

Fuel element performance was analyzed for three 
different steam-cooled fast breeder reactor designs. All 
used U02-Pu02 fuel. The high pressure (3700 psi 
coolant) design had type 19-9 DL stainless steel 
cladding, while the intermediate-pressure design (2650 
psi) and the low-pressure design (1250 psi) used Inconel 
625. 

Steam-cooled fast reactors impose severe require- 
ments on fuel cladding materials because of the 
combined effects of high coolant pressures and temper- 
atures, the high fast neutron exposures, and the high 
burnups required. No prototype fuel elements have 
been tested for any of the reactors. Steam-cooled 
superheater elements have been tested at comparable 
temperatures, pressures, and times in thermal reactors 
at burnups to a few thousand megawatt days per ton. 

Sodium-cooled rods have been tested in fast reactors at 
lower temperature and coolant pressures to burnups in 
excess of 50,000 Mwd/ton. Thus, projected burnups of 
approximately 100,000 Mwd/ton represent consider- 
able extrapolations of existing technology, and consid- 
erable testing and development would be required to 
define materials limitations and optimize fuel element 
designs. Major problem areas are summarized below. 

Coolant-cladding compatibility appears satisfactory 
for Inconel 625. Austenitic stainless steels have shown 
marginal performance in high-temperature steam envi- 
ronments because of stress corrosion cracking, and we 
believe that the 19-9 DL cladding would not be 
satisfactory for this application. Moreover, a compati- 
bility problem may develop between the mixed oxide 
fuel and the cladding since some surface reactions have 
been observed under irradiation. 

All three concepts propose internal preuse pressuri- 
zation of the fuel rods to prevent cladding collapse 
from the high coolant pressures during initial operation. 
Our analysis indicates that preuse pressurization should 
be increased for both the low- and high-pressure 
designs. The high-pressure design will also require an 
increase in void plenum volume to  accommodate 
internal pressures at the end of life. 

Radiation effects will reduce cladding ductility and 
rupture strength. On this basis, the limiting fuel element 
life was judged to occur when the cladding stress 
resulting from fission-gas pressure would develop 1% 
cladding strain. Maximum burnup levels based on this 
criterion are about 100,000, 53,000, and 62,000 
Mwdlton for the low-, intermediate-, and high-pressure 
designs, respectively. 

Fuel swelling will also contribute to cladding stress. 
The magnitude of stress from this effect will depend on 
the ability of swelling fuel to flow into the internal 
porosity provided. Available high-exposure data on 
similar fuels indicate an increasing resistance toward 
such accommodation as burnups exceed about 50,000 
Mwd/ton. Since fuel temperatures for the steam-cooled 
reactors are somewhat higher, fuel may flow more 
readily. We concluded that maximum burnup levels for 
the steam-cooled reactors cannot now be defined. 

From the aspect of fuel performance, the intermedi- 
ate pressure design appears most conservative, and we 
consider that fuel elements will probably perform 
satisfactorily to burnups of 50,000 Mwd/ton. 

We believe that the low-pressure-design maximurn 
heat ratings should be reduced about 10% to avoid 
operation with molten fuel. A 30% increase in preuse 
pressurization should avoid fuel rod collapse without 
creating excessive internal pressures. The maximum 



217 

burnup limit will probably be controlled by fuel 
swelling and cannot be defined at this time. We believe 
that the 19-9 DL cladding proposed for the hgh-pres- 
sure design will not be satisfactory because of potential 
stress corrosion cracking. A sigmficant increase in fuel 
rod yreuse pressurization and an increased void plenum 
would he required to reach design burnup. 

Gas-Cooled Fast Reactors 

‘The proposed fuel element has mixed oxide pellets 
dad  in type 316 stainless steel. Two designs were 
evaluated: a reference design (CCFK4) with maximum 
heat rating and cladding temperature of 17.8 kw/ft and 
143S°F, and 3 derated design operating at 16.3 kw/fl. 
and 1315°F. 

The fuel element design includes a proposed manifold 
system to  equalize pressures across the fuel cladding. 
Tlaus, fission-gas pressure and fuel claddng collapse are 
not potential problems. 

Fuel swelling would be the major source of cladding 
stress. The ultimate burnup limitation would depend on 
the exxent to which fuel swelling can be accommodated 
within the fuel rod without exceed.tng the assumed 1% 
cladding strain limit imposed by radiation damage. 
Thus, fuel element life will be governed principally by 
the magnitude of cladding restraint. 

These designs offer less restraint toward fuel swelling 
than has prevailed during most experimental tests on 
similar fast reactor fuels. However, fuel temperatures 
are also slightly higher, so the greater fuel plasticity and 
low internal pressure may decrease the required re- 
straint. 

As with steam-cooled reactors, a potential problem of 
incompatibility may exist between the fuel and the 
cladding; cladding-coolant compatibility will depend on 
coolant impurities. Corrosion from either source will 
reduce cladding strength. 

We believe that the heat ratings and temperatures 
proposed for the reference design would result in 
molten fuel and probably lead to  premature failure 
througli fuel slumping and expansion effects, but the 
proposed conditions for the derated design are feasible. 

We concluded that burnup limitations as a function of 
cladding strength and maximum allowable operating 
temperatures must be defined by experimental testing 
before such limits can be usefully applied to  these 
designs. 

Carbide-Fueled LMFBR 

A conceptual design of an advanced fuel element for a 
carbide-fueled LMFBR was also evaluated. The design 

proposed a sodium-bonded, vented fuel rod, operatirig 
at maxlmuni heat rating of 67 lcwlft and 1350°F 
maximum cladding temperature. The design assumed 
that heat tiansfer problems could be solved and a 
cladding material compatible with sodium and with 
properties similar to type 316 stainless steel would be 
developed. Low fuel swelling rates of approximately 
1.8% per 10,000 Mwd/ton were anticipated on the basis 
that the high fuel temperatures would release most 
fission gases, and average burnup levels of I 1 i ,000 
Mwd/ton were assumed. 

The proposed element was felt t o  be a major 
extrapolation of present technology. [ni tial operation at 
the heat ratings proposed is consideied feasible (test 
data exist up to about 40 kw/ft), although the effects 
of therrrial stresses and possible deterioration of the 
sodium bond conductance could cause early failure. 
Fuel-cladding compatibility has not been established, 
and at the high innerdadding temperature (approx 
1550°F max) carburiiation of the cladding is likely. 
The possibility of doping the fuel tu stabilize the 
carbon exists. 

An analysis of carbide fuel irradiation data indicates 
that fuel .;welling is temperature dependent, and low 
swelling i s  obtained only at low fuel temperatures or in 
cases where cladding restraint is considerable Carbides 
are notable for their ability to retam fission gases, arid 
no cases of fission-gas release in excess of 30% have 
been reported for fuels operating up to 3000°F. Even at 
peak power regions of a rod in tlus design, inore than 
50% of the fuel would operate at temperatures below 
3000°F. An optimistic minimum swelling rate of 5.4% 
per 10,000 Mwd/ton was assumed for peak power 
regions. On this basis, the fuel would contact the 
cladding at 42,000 Mwd/ton. Cladding restraint would 
be small for the proposed 0.01 5-in.-tluck cladding at 
operating temperatures, so a burnup limit of about 
55,000 Mwd/ton was estimated to be optimistic for the 
fuel rod. 

We concluded that the proposed design offers little 
chance of achieving the design burnup and represents an 
ultimate goal to be achieved if successful solutions can 
be developed for all recognized problems. 

HTGR Evaluation 

Two high-temperature gas-cooled reactor designs pre- 
pared and submitted by Gulf General Atomics (GGA) 
were examined. The designs were termed the “Refer- 
ence Design” and “Backup Design.” The latter reflects 
the current state of‘ HTCR technology as exemplified 
by the Fort St. Vrain power station now under 
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construction, but in accordance with the AEC Ad- 
vanced Converter Task Force ground rules, it is a 1000 
Mw (electrical) single-reactor concept. The Reference 
Design is intended to represent the more favorable 
performance that should be possible in an MrGR after 
successful completion of development programs. 

We found that the coated-particle graphite-matrix 
fuels common to both designs have been demonstrated 
in reactor systems in the United States and abroad in 
numerous irradiation tests under widely varying condi- 
tions. We calculated the maximum fuel temperatures in 
both designs to be less than the 1500°C values specified 
by GGA, even with conservative values for thermal 
conductivity. Our calculations indicated that maximuni 
tangential strains of about 1.6% will occur in the 
particle coatings as the result of fuel kernel swelling, 
fission-gas pressure, and fast neutron damage in the 
pyrolytic carbon coatings, whereas failures are pre- 
dicted to occur at 5% and greater. Thus, we concluded 

that there is a design margin in the fuel performance, 
which might allow higher power density operation or 
greater fuel densities per core volume. 

Evaluation of the proposed graphite core block 
designs and comparison with the results of irradiation 
tests at high temperatures to fast-neutron doses of 
about 5 X lo2' led to the conclusion that cracking of 
the graphite blocks and/or jamming of the blocks in the 
core might occur. No penalty was assigned to this 
concept since the irradiation data are so fragmentary 
that it is not clear that the problem exists. If necessary, 
the situation could be eased by specifying a graphite 
with relatively better irradiation stability, reducing 
graphite maximum temperatures, designing the blocks 
to permit some movement, or ordering fuel exposures. 

The results of our analyses have been drafted.' 

"Staff of ORNL, Core Evaluation of High-Tenzperature 
..... -. 

Gas-Cooled Reactors, ORNL-4194 (draft). 



6;. M. Slaughter 

The I'errestrd Low-Power Reactor QTLPK) Program 
ablished at ORNL in September 1966. 
ts as an extension of the Division of  

Keactot Development m d  2 echnology of the AEC and 
assisis III thc detaiicd plaraning, courdination, and 
evaluatmi of the activities of the TLPR program to be 
carried  tit by the AEC's labonatoms and industrial 
cuntrdct 

li'he progravra presently Lias two basic objecfives The 
8mt xs the cleve)lerpmerd of technology for reactor 
electtic p w c r  system, in i td ly  covering the iarige of 
31' to 200 kw (electrical), that may hive various 
:~pplacatioiis, ' i~ch  as oceanographic power plants and 
m n o ~  P tcrrestrd powctr plants. rtie systeiais are to 
wrvc as stationary power plants and may be either 
sttendcd (IT unattended. 'The second objective IF to  
prepare the conceptual deqrgn of I I  terresti (a1 power 
systems t s t  facslity. The fhcility IS to have provisions 
for testlag booth r e ~ t e ~  and isotopic power plant 
system uride~ ciivironrncntd conditions of the various 

WE have becn invdved m the selection of structural 
pOknFld a p p k '  d t '  nons, 

materials and fucls for these syrtemr. 

HALS SELECTION 

G. M. Slaaghter 

In the course of the TlYM program, ir has become 
evident that some rriajor advantages should he asso- 
crated wlrh the use of tntanun as the structural 
mdterial for water reactoi systems. An examination of 
the flowsiiects for water reactor plants, particularly 
those for the Army Package Power Reactor (APPK), 
di.wloser that the water-treatment bystems ale iespon- 
dble for ii large Fraction of the inrtrumenttrtion, 
contiols, piumbing, and other equipment. A study of 
the basic waf e i  chemistry problenis indmtes that mort 
or all of ti& equipment could be eliminated by use of a 
hernietacally sealed system built of a single corrosion- 
resistant structural rnmtenai.l While the data avadable 
on converrfional water reactor systems are not sufficient 
to determine whether ths  will indeed prove possible, 

titanium appears likely to be much better than stainless 
steel or lnconel, the next-best contenders.2 B f  all 01 

most of the water-treatment equipment could be 
eliminated through the use of titanium, the reduction in 
costs, complexity, maintenance, transportation, and 
field assembly problems WQdd be very great indeed and 
would far more than justify any increase in cost that 
might stein fmm the use of titanium. 

Consequently, over the past year we hive determined 
the state of the art o f  Fabricating atid welding titanium 
and i t s  alloys and have kept abreast of  the corrosion 
work being performed. A ricirnber of trips were made to 
instailations directly involved in the development and 
usage of titanium. A large iiluinber of reports covering 
many aspects of the technology of titanium were also 
reviewed. Ai1 analysis of all the information obtained 
indicates that the techrtology of titanium has advanced 
10 a high degree io the past few yzars. Its corrrssion 
resistance, Fabrieability, anti weldability are such that it 
appears feasible to consider i t  as a structural material 
for TLPR applicati.ons. 

FUEL5 EVALUATION 

w. s. Ermt 

The ?'L.PK program at OKNL has been clzsignirig a 
11.75 M w  (thermal) piessurized water rcactor for 
remote applications. The piimary objective tm been to 
naimmze hel cycle costs within the basic ground rule 

precludes new concepts that would require extensive 
tebting. Orie O F  the principal goals :iffecting both fuel 
performatice and econoniics 1s a 50-Mwyr cure life. 'This 
IS a stringent goal corisitlering the presenit operating 
experience. 

tihat the SUp[)OChg kChtlQlQgy be State Of  the art. This 

- 
',4. P. Fraas, Corrreptual &sips  for TLPR Plants with 

Boiliag Water Reactors, ORNL-TM-2012 (to be published). 
2 ~ .  H. Jenks =la J. C. Griess, !voter Chemistry in Pressurized 

and Boding Water Power Reactors, ORNL-4 173 (November 
1967). 
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During the past year we assisted the TLPR program 
by evaluating several fuel types considered for use in 
this reactor. 'The performance of fuel as it pertains to  
TLPR requirenients was asscsred by evaluating the 
1it.erature and personal communications. Pellets of UOZ 
contained in a metal tube still represent the fuel 
configuration in which technology is most advanced. 

Calculations concerning fuel performance indicate 
that the average linear heat rating of the fuel will be 
about 2.3 kw/ft and the peak about 5.9 kw/ft. For a 
50-Mwyr core life, the average expected fuel burnup 
will be about 21,250 Mwd/ton and the peak about 
42,500 Mwd/ton. The heat ratings are conservative and 
certainly state of the art, but the expected burnups are 
high with respect to  current commercial practice. 
However, these burnups are in line with those forecast 
for a number of large pressurized water reactors now 
under construction. 

Evidence that the desired fuel performance in a TLPII 
can be obtained comes from the success of the SA-I 
experiment in the Dresden Reactor and the blanket 
elements in the Shippingport PWR-I core. Fuel and 
cladding in these cases have seen irradiation conditions 
that bracket those expected in a TLPR. Burnups 
exceeding 50,000 Mwd/ton at average linear heat 
ratings of about 6 kw/ft are expected for the SA-1 at 
the end of the experiment. Currently this experiment is 

in excellent condition. The SA-1 experiment, in es- 
sence, approaches reasonably closely a prototype test 
for full-size TLPR fuel elements. On this basis we 
believe the fuel element designed for the 'TLPR will 
perform as expected. 

Core fabrication costs3 as well as the complete fuel 
cycle costs4 have been estimated for the TLPR. 
Fabrication costs were based on a plant throughput 
chosen as representative of the size plant in which 
specialized fuels such as the TLPR core might be 
fabricated. Since military application of the 'I'LPR 
probably will be its primary function, the economic 
d e s  as applied to  military users were applied. Military 
nuclear fuel cycle analyses differ from conventional 
commercial analyses in two important aspects: (1) no 
use charge is applied while the fuel. is in the field and 
(2) no commercial interest is applied. llnder these 
conditions, a core for the TLPR was estimated to cost 
about $233,000 or approximately $266/kg 1J. The fuel 
cycle costs were estimated to be below 12 mills/kwhr 
for a range of loadings and lattice pitches near the 
TLPR fuel configuration. These fuel cycle costs assume 
that the 50-Mwyr core lifetime will be obtained. 

3Personal cornrnunication, A. E. Goldman to W. S. Ernat, Jr., 

4PersonaI communication, Carl Copenhavcr, Reactor Division. 
May 14, 1968. 



37. Thorium Utilizatis 

A. k. Eotts 

The development of the thoriuni-’ U fuel cycle has 
fox several years been an objective of the Chernlcal 
‘4 ethnology and Metals and Ceramcs Divisions. This 
work pnrnaiily involves the development of processes, 
the engineering of processes arid equipment, arid the 
demonstration 0 8  equulpment a i d  r’aditles f ~ t  ieprocess- 
mg breG fuels on R pilot scale. Recently, the primary 
ernpham In the prugram has been the development uf a 
iefabricaliicm piocess if01 prismatic graplute fuel ele- 
ments containing coa?ed particles, an advanced design 
of the fuel elernexits employed by Gulf Ceneial atomic 
t i \  the Foit S t .  Vram Reactor, The projdct IS to 
cdmnate in d demcanbtratiori of the refabiiication of 
thlb ddVanCed file1 e!elllcIlt COntalnIllg thOr~Ul7l dlld 
33u. 
hccordmgly, we arc developing palot-%de pimesses 

and e ~ ~ ~ p ~ n e ~ ~  for the recycle of illeye advanced HTGK 
fuels. ‘The work includes proccsi; development, engi- 
rieerang developrrient, equipment deugn, pilot-scale 
demonstration of procewng, product evaluation, and 
irxadiJfiora testing. The program i s  tied quite closely to 
the Gas-Cooled Reactor Projeci particularly that aspect 
of the program dealing with the testing of coated-par- 
t ide fiaels, which is reportcd in Chapter 29 of this 
report. Since our pace was sluwed, we concentrated un 
siAvmg critical problems in refabricatiorn prucessmg 
technology. 

Another part of the program deals with the pnepaia- 
tmn of fachties suitable for reprocessing and refabr I -  

cation development for the thorium2 ” IJ cycle A 
description of the present status of the TURF, as well 
as a ~ei-vice activity in ‘TURF dmed at the preparation 
~f a ” U-bearing salt, 1s contained in the subsequent 
sections 

~~~~~~-~~~~~~~ RECYCLE FACILITY 

J. M. Chandler3 

Because 2 3 2 U  decay in recycle fuel produces rn- 
creasing radioactivity with time and necessitates biolog- 
ical protection, we have constructed the Thorium-Ura- 
nium Recycle Facility (Fig. 37.1). This facility pernits 

the developrnent and evalrrdtion of a vaiiety of inte- 
ga ted  fuel processing and iefabricattori schetncs dt  the 
necessary pilot-scale levels. Concurrently with placing 
this fiicility into operation, mme design of the fabrica- 
tion line for fueled-graphite e:c~uipment was acccpin- 
plished; in ddditjon, equipment w:is u:stdled and 
operated Tor the prepaiation of  ’ 3‘(ili-bearrng salt for 
the Moltcn-Salt Reactor. 

9. W. Anderson2 
J .  M. Chandler’ 
S. Maim1 D. M. Siiepher$ 

S. E. H01t3 
J -  P. Jamis2 

A portitan o f  Ihe Thoraurri-Urararurn Kecy& E scilnky 

pany of Montgomety, Alabama. on September i 5, 
1067, arid accepted by the 1 aboratory for occupancy. 
Thus pernutted acceptance of the f;icdi~y before total 
completwn to cxpedize the instal la ti or^ of processirag 
equipment i t ,  cell C for ttie MSKE 2 3 3 U  fuel prepara- 
tion experiment. The neinainder of the facility was 
completed and  accepred ftu occupancy on hPctobea 2, 
h 967. 

was completed by Bloennt Brvlllers Gonstmction corn- 

During the last several inontias of construction an 
intensive efl jr t  was made to test performance of  the; 
major utility sesvice systems and the operational equip- 
ment in the facility. To realize the maximum effec- 
tiveness from this testing program, we prepared detailed 
test procedures to be used by the contractor in testing 
the following plant systcms: water, steam anad con- 
densate, compressed air, electrical power distribution, 
waste, gas, f i re  protection, heating, ventilating axid air 
conditioning, and electromechanical systems. 

Iminediately upon our occupancy, Rust Engineering 
Company began installing the out-of-cell processing 

__ 

‘ o n  loan ~ ~ o m   hemica ai ~ c c h o ~ o g y  Division. 
2 ~ n  loan froin Generd Engineering Division. 
3 ~ n  loan from ~ e a c t o ~  Division. 

22 1 
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Fig. 37.1. The Thorium-Uranium Recycie Fadity. 

equipment for cell G, in-cell crane and manipulator 
systems, various service plugs in service sleeves through- 
out the cell bank, viewing windows at cell operating 
modules, and the equipment mounting pad on the floor 
in cells C and D (shown in Fig. 37.2). This portion of 
the construction program, authorized as cost-plus- 
fmed-fee participation, was completed on January 15, 
1968, at approximately 15% less than the estimated 
cost. Painting was completed on March 9, 1968. 

The installation of special equipment in the facility 
by the Laboratory began November 1, 1967, and was 
completed on March 15, 1968. This work consisted 
primarily of installation of master-slave manipulators, 
special sampling equipment for the liquid 
pneumatic-tube solid sample conveyor system for cells 
C, D, and E, and the facility radiation and contamina- 
tion monitoring and control equipment. Also, we 
cleaned and filled the zinc bromide window tanks in 
cells G and F. The filling of the remainder of the 
window tanks has been deferred until facility oper- 
ations require shielded viewing windows in other cells. 
The Laboratory’s participation in the construction 
project has included the procurement and installation 
of special-purpose equipment costing $1,753,000. This 
participation was concluded on March 15, 1968, within 
the estimated time and cost. Sol-gel sphere-forming 
equipment and the remaining zinc bromide shielding 
media have been deferred until the end of 1969. The 
fuel fabrication equipment has not yet been authorized. 

Concurrent with the construction operations by Rust 
Engineering Company and the Laboratory, the TURF 
operating staff prepared and executed procedures 
whereby the facility was checked out and placed into 
normal operating condition. Some of the items were 
operator training and rechecking of the utility service 
systems, operation of the in-cell crane and manipulator 
systems, installation of Raschig rings in a liquid waste 
tank, calibration of all three hot waste tanks with 
checkout of the waste tank sampling station and all the 
instrumentation and controls for operating and main- 
taining the waste tanks, replacement of the absolute 
filters in both the cell exhaust and hot off-gas filter pits, 
and testing of the filter pit and checkout of the 
complete facility ventilating and air conditioning 
system with dioctyl phthalate. Plans were also devel- 
oped and placed into effect for preventive maintenance 
on all operating equipment and for coordinating various 
programs for testing and inspection of equipment 
essential to  safe operation. 

A number of improvements to the facility were made. 
These include landscaping of the site by the Plant and 
Equipment Division, identification of equipment and 
service lines within the facility, installation of an argon 
supply system for maintaining a purge and blanket on 
shielded viewing windows, installation of neutron 
threshold detector instruments on both the first and 
third floor levels of the facility, and the install3tion of 
an additional constant alpha air monitor. 
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Fig. 37.2. Cell D, Showing Equipment-Mounting Pad Installed. 
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An emergency manual for the facility was prepared, 
and assembly of data for the facility operating manual 
began with manuals for a number of the facility utility 
service systems. 

The safety analysis for the facility was drafted during 
the latter part of 1967, and the facility received 
preoperational review by the AEC on January 21, 1968. 
These efforts resulted in approval of the facility t o  
carry out the MSRE U fuel preparation experiment 
and tentative approval of operation of the facility in the 
broad spectrum of research activities for which it was 
designed and constructed. 

Preparation of U Fuel for the MSRE 

S. E. Bolt3 

Operation of the Molten-Salt Reactor with U fuel 
will provide valuable nuclear and chemical data for 
future molten-salt reactors. Plans have been completed 
for refueling and operating the MSRE with this type 
fuel. Approximately 39.5 kg of 91.4%enriched U as 
7LiF-27 mole % UF4 eutectic salt will be required by 
the MSRE. This material is being prepared in remotely 
operated equipment in cell G of TURF because of the 
222 ppm 3 2  U in U. Details of the progress on this 
work may be reviewed elsewhere? 

DESIGN OF FUELED-GRAPHITE LINE 

J. D. Sease 

To demonstrate the technical and economic feasi- 
bility of refabricating recycle fuel for HTGR’s, we plan 
to  design, install, and operate a pilot-scale demonstra- 
tion line in TURF. The fuel elements fabricated in 
the line will consist of graphite blocks with holes for 
fuel and for passage of coolant gas. The fuel holes 
will be filled with a carbonaceous matrix containing 
microspheres of U, U, and thorium as either the 
oxide or carbide coated with pyrolytic carbon, silicon 
carbide, or both. Only oxide particles will be coated in 
the line. The reference fuel element for the line is based 
on the proposed Public Service of Colorado, Fort St. 
Vrain Reactor (PSC) element and consists of a hexago- 
nal graphite block 14.5 in. across the flats and 31 in. 
long, containing some 200 fuel channels about 0.5 in. in 
diameter. The line will be capable of processing 
approximately 20 kg of fuel per 24-hr day; this is 
equivalent to  two PSC elements. 

4Chern Technol. Diu. Ann. Progr. Rept. May 31, 1968, 
ORNL-4272 (in preparation). 

Originally, the design for the fueled-graphite line was 
to be completed in 1969, with operation to begin in 
1972; however, now completion of the design is not 
required until 1972, with operation in 1974. At the 
time of the program change, we had completed approxi- 
mately 80% of the conceptual design of this line and 
about 5% of the detailed design. Resumption of the 
design of the line is scheduled to  begin in 1970. A 
detailed description of the status of the fueled-graphite 
line is contained in the Thorium Utilization annual 
reports.’ 

FUELED-GRAPHITE DEVELOPMENT 

F. J. Furman J. D. Sease 

Our objective is to  provide economical processes for 
remote refabrication of thorium-2 U-bearing HTGR 
fuels. Presently, our main concern is with processes 
dealing with the fuel particles. This work is divided into 
four parts: particle handling, particle coating, particle 
inspection, and bonding of fuel particles. 

Particle Handlirig 

J. T. Meador F. J. Furman 

In the TURF, over 10 kg/day of particles will have to 
be remotely transferred between the forming, sizing, 
coating, inspection, and blending operations involved in 
the fuel refabrication process. To accomplish these 
transfers, we developed a pneumatic particle transfer 
system. 

During the past year, we emphasized development of 
connecting devices in the pneumatic transfer lines to 
allow the transfer path to  be changed remotely. We 
developed a diverter valve that will switch the transfer 
path from one line to another and joints that will 
connect two or more lines into one. This equipment 
was tested together with previously developed cut-off 
valves, hoppers, and feed devices and found to be highly 
reliable. Over long-term usage, only negligible abrasion 
occurs on pyrolytic-carbon-coated particles. 

Particle Coating 

R. B. Pratt C. F. Sanders 
W. H. Pechin 

Deposition of pyrolytic carbon coatings on nuclear 
fuels is probably one of the more difficult and 

5R. G. Wymer and A. L. Lotts (compilers), Status and 
Progress Report for Thorium Fuel Cycle Development Dec. 31, 
1966 and Dee. 31, 1967, in preparation. 
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expensive steps associated with the fabrication of 
HTGK fuel elements. Analysis has shown that in- 
creasing the production scale of coated fuels can reduce 
the cost of this step.6 Therefore, we have directed our 
efforts toward development of a pilot-scale process‘ for 
depositing pyrolytic carbon coatings on sol-gel micro- 
spheres in quantities to 10 kgfday. Not only do we have 
the normal problems associated with increasing the 
scale o f  a process; we are also concerned with ensuring 
that the process is suitable for remote fabrication of 
233U-bearitig recycle fuels in the TURF. We are 
establishing cold processing equipment, delineating 
coating parameters, seeking control of coating proper- 
ties, and designing and fabricating an in-cell prototype 
remotely operated fluidized-bed coating system, Signifi- 
cant progress was made in each of thesz areas. 

The 5-in.-ID coating furnace system has become 
existing technology and is operating routinely. A 
sufficient number of coating parameters have been 
defined that coatings can be reproducibly controlled 
over a wide range of specifications.8 Efforts in this area 
include a continuing investigation of deposition of 
low-density buffer coatings from acetylene as well as a 
nlain effoi t toward characterization of high-density 
coatings produced from propane and propylene. 

During the past year, our knowledge of coating 
nuclear fuel particles has increased sufficiently to 
enable final design and construction of a prototype 
remotely opcrated coating system9 The system i s  95% 
complete and awaiting checkout and startup. 

The design of the prototype coater, iricluding its 
furnace and service disconnects, is shown in Fig. 37.3. 
The assenibly consists of the following functional 
modules: the base, the subbase (including disconnect 
blocks), the water-cooled shell, and the furnace inter- 
na l~ ,  including the coating chamber, gas-injector mani- 
fold, and heating element. 

6 ~ ,  I,. ~ o t t s ,  D. A. nouplas, ~ r . ,  and R. L. moton,  
“‘Refabrication Technology arid Costs For High-Temperature 
Gadholed Reactor Fuels,” pp. 167-97 in Proceedings of the 
ConJerence oti Fuel Cycles of High- Temperature Gus-Cooled 
Reactors, Brussels, June 10-11, 1965, ed. by 11. Tytgat, 
European Atomic Energy Community (EURATOM), Brussels, 
May 1966, EUR-2780.e. 

’R. 13. Pr’ratt, J. D. Sease, and A. L. I,otts, filot-scale 
Equipnient Development for Pyrolytic-Carhon Coating. ORN L- 
4302 (in press). 

‘R. B. Pxatt, 9. D. Sease, and A. L. Lotts, ‘Tyxolytic Carbon 
Coating in an Engineering Scale System,” paper presented at the 
Winter Meeting of the American Nuclear Society, Chicago, 
Illinois, 1967. 

’ 5 .  1). Sease and S .  E. Bolt, “FueledGraphite Fabrication 
Equipment,” Status and Progress Report for Thorium Fuel 
Cycle Development Dee. 31, i966 (in preparation). 

Experience has proven coating of particles to be a 
high-niaintenance process step. Accordingly, the remote 
coater design reflects a maintenance pluilosophy that 
provides tor modular replacement of components and 
repair or renovation of delective modules in a gloved 
maintenance area. 

The remote coater also serves as a velucle for 
demonstrating proposed instrumentation philosophies. 
Preprogrammed and manual operation are provided. 
Critical system parameters are automatically monitored 
and safety interlocked. In addition, this information is 
designed for compatibility with a data logging and 
computer control system proposed for the ultimate 
fueled graphite fabrication process. 

Particle lnspectinn 

F. J.  Furman 

In a typical HTGK, the fuel loading tolerances are 
+I% for the complete core or +5% for an individual fuel 
element. To obtain the tolerances required, the size and 
density of the fuel particles before and after coating 
must be accurately known. In a large-scale production 
facility, these determinations must be made swiftly to 
control the process. Conventional determinations of 
particle size by microradiography and density by 
sink-float or combustion are too slow. We f- dvor a 
particle-size analyzer that will determine rapidly and 
precisely the diameter of a large number of particles 
and at the same time count the number of particles 
in a given weight of material. 

Considerable progress has been made in the past year 
in achieving these aims. We obtained a particle size 
analyzer, which, after development, should fulfill these 
needs. The principle of operation i s  as follows. The 
sample, which may be in air or a clear fluid, passes in 
front of’ a light beam. The magnitude of the light-beam 
interruption is proportional to the size 01‘ the particle. 
The decrease in light produces a proportional dip in 
photodetection output current, which is electronically 
shaped so that it can be xcepted by a pulse-height 
analyzer. The pulse-height analyzer presently used 
consists of ten channels, each calibrated t o  count 
particles with a IO-p range of diameters, so any one 
calibration covers a total range of 100 p. The counter 
Gall be calibrated for particles from 150 to 850 fl in 
diameter. Analysis of the pavticle counts in each of  the 
channels gives the mean diameter, particle size distri- 
bution, and --- combined wit.h B weiglit measurement -- 

particle density. 
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Bonding of Fuel Particles 

C. F. Sanders F. J.  Furman 

The bonding of fuel particles is necessary to prevent 
spilling of the particles if a fuel element breaks. The 
fuel particles will be bonded into 1/2-in.-diam 30-in.- 
long sticks, which can be inspected before insertion into 

the hexagonal carbon elements. The bonding agent now 
used is a mixture of phenolic resin, maleic anhydride as 
accelerator, and carbon dust as filler. 

Fuel sticks 12 in. long are now being produced. They 
contain particles of two different sizes and will be used 
to test techniques for recovering 233U se parate from 
235U, as will be done in the actual recycle of HTGR 
fuels. 

For the fabrication of the experimental fuel sticks, 
we developed a molding system that can be easily 
automated. It uses single swaged molds with removable 
end plugs. The molds are filled with particles by two or 
three adjustable-orifice feeders, which can be closely 
controlled to  give selected ratios of particle types. After 
ffie mold is loaded with particles, the bonding mixture 
is injected, and the assembly is baked to polymerize the 
resin. After being baked, the sticks are hydraulically 
ejected and the molds are returned to be cleaned and 
reused. The fuel sticks are inspected and inserted into 
the hexagonal block. 

COATING OF HIGH-ACTIVITY PARTICLES 

E. S. Bomar 

Personnel at BNWL requested three lots of coated 
microspheres for use in physics experiments. Each lot 
contained about 250 g of microspheres of ZrOa with 
8% of 2 3 3 U 0 2 ,  235U02, or 2 3 9 P ~ 0 2 .  The Chemical 
Technology Division prepared the microspheres by the 
sol-gel method, and we applied a nominal coating of 
100 p of pyrolytic carbon in a fluidized bed. 

These fuels differed in two ways from materials with 
which we had prior experience; namely, they were 
much less dense and decreased 7 to 10% in volume due 
to the transformation from monoclinic to tetragonal 
structure on heating to approximately 1 0OO"C, which is 
below the coating temperature. 

PuOz -ZrOz microspheres were coated with- 
out complication, giving a product having a surface 
alpha count of a few hundred counts per minute per 
gram of particles. The Z35U02-ZrOz showed an order 
of magnitude less radioactivity, as would be expected. 
However, we had difiiculty with the UOz -EO2 

The 

material due to  its smaller average particle size, which 
required operation of the costing furnace under condi- 
tions that led to a highly stressed coating. The coating 
on quite a few particles cracked from the increase in 
volume of the oxide core on transforming io the less 
dense monoclinic phase during cooling. Surface alpha 
activity ranged up to lo5 counts min-' g-'. 

IRRADIATION OF THORIA-BASE BULK 
OXIDE FUELS 

A. R. Olsen 

The irradiation testing and evaluation of- metal-clad 
thoria-base bulk oxide fuels are continuing. The current 
program, listed in Table 37.1 along with the status of 
each test, i s  restricted to the completion of irradiation 
tests that were started before July 1967. The results of 
earlier tests in this series have been reported.' ' 

Examination of the three pellet rods, given an 
extended irradiation to attain scheduled burnup levels 
of approximately 150,000 Mwd/MT, is essentially 
complete. The burnup analyses for these tests indicate 
that the actual burtiup level was only about 100,000 
Mwd/MT. Examination of the microstructures shows 
that the fuel operated at linear heat ratings of less than 
the proposed 12 kw/ft, which would account for the 
lower burnup during the long exposure period of 
approximately 1190 effective full power days. A report 
on the low-heat-rating thoria-base fuel tests is in 
preparation. 

The microstructure of the (Th--5% Pu)02 Sphere-Pac 
fuel shown in Fig. 37.4 can be compared with the UO, 
and (UJ'u)O, Sphere-Pac fuels discussed in Part 111, 
Chapter 25, of this report. All three fuels were exposed 
under similar conditions, and the mode of in-reactor 

A. R. Olsen, Metals and Ceramics Uiv. Ann. P F O ~ .  Rrpt. 
June 30, IY67,ORNL-4170, pp. 220-23. 

"A. R. Olsen, J. I). Sease, R. B. Filts, and A. 1,. Lotts, 
Fabrication and Irradiation Testing of Sol-Cd Fuels at Oak 
Kidge Natibnul Laboratory, OKNL-TM-1971 (September 1'967); 
paper presented at the symposium on Sol-Gel Processes for the 
Production of Ceramic Nuclea Fuels, Turin, Italy, Oct. 2---3, 
1967. 

"A. R. Olsen, J. H. Coobs, and J. W. Ullmann, "Current 
Status of Irradiation Testing of Thorium Fuels at Oak Ridge 
National Laboratory," pp. 475---94 in Thorium Fuel Cycle 
(Proceedings of Second lnteinational Thorium Fuel Cycle 
Symposium, Gatlinburg, Tenn., May 3-6, 1966), R. ti. Wymer, 
Coordinator, U.S. Atomic Energy Commission/Division of 
Technical Information, Oak Ridge, Tenn., February 1968. 

10 



228 

fuel restructuring is similar. However, the higher melt- 
ing point of the thoria-base fuel is apparent in the 
extent of restructuring. Many of the microspheres in 
the cooler outer radial position were lost in the 
metallographic preparation of the (Th-S% Pu)O, sec- 

tion, indicating essentially no inter-sphere sintering in 
t h s  region. Additional Sphere-Pac test rods with higher 
heat ratings and higher burnup will be available from 
the ETR-IV group during the coming year. 

L 

P 

Fig. 37.4. (Th-5% Pu)Oz Fuel Rod, Fabricated by Sphere-Pac and Irradiated to 0.5% FIMA at 450 w/cm with a Cladding 
Temperature of 45OOC. 



.. . .  

Table 37.1. Thoria-Base Fuel Rods Currently Being Irradiated or Examineda 

Density Fuel Rod Linear Heat Peak Burnup 
Status Objective Number Type of Oxide (% of Dimensions (cm) Rating (Mwd/MT 

of Rods metal) 
Designation 

Theoretical) Length OD wall (w/cm) 

MTR-I1 

MTR-I11 

ETR-I1 

ETR-111 

ETR-IV 

Sphere-Pac 

Pellet Rods 

Sol-Gel S 

Vi-Pac 
Sol-Gel35 

Vi-Pac 

ThOz-4.5% U02 

Tho2 -4.5% U02 

BNL Sol-Gel 
Th02-4% 233u02 
Vi-Pac 

Sphere Pac 
Sol-Gel Tho2 -5% Pu02 

Sol-Gel ThOz -5% Pu02 
Sphere Pac 

Sol-Gel Tho2 -5% PUOz 

Tho2 -4.5% U02 

88 to 89 

86 to 89 

90 

88 

84 

84 

91 

57 

30 

48 

48 

24 

19 

0.8 0.06 

1.1 0.06 

1.3 0.09 

1.3 0.09 

1.3 0.09 

0.64 0.025 

11.4 0.79 0.06 

600 

820 

630 

770 

650 to 
1000 

450 

400 

100,000 

100,000 

30,000 to 
100,000 

10,000 to 
70,000 

20,000 to 
100,000 

5,000 

15 0,000 

Obtain higher heat 
rating by increasing 
enrichment 

Compare oxide calcining 
atmospheres and higher 
heat ratings obtained by 
increasing diameter 

Study effects of remote 
fabrication and oxide 
recalcining 

Study Tho2 blanket material 
with gradually increasing 
heat rating and provide high- 
protactinium low-fission- 
product material for chemical 
processing 

microsphere performance as 
vibratorily compacted beds 
at various heat ratings and 
burnup levels 

Test sol-gel ThOz-PuOz 
microspheres with high 
cladding temperatures 

Investigate swelling and 
gas release of ThO2-base 
fuels at very high burnup 

Study sol-gel ThOz-PuOz 

Being examined 

4 awaiting 
examination, 2 
being examined 

1 examined, 1 
being examined, 
4 in reactor 

examined, 2 

examination 

2 being 
N 
N 

awaiting \o 

In reactor 

Examined; 
report in 
preparation 

Report in 
preparation 

“ETR-11, ETR-111, and ETR-IV rods are clad with Zircaloy-2; all other fuel rods are clad with type 304 stainless steel. 



Part V. Other Program Activities 

38. Metallography 

R. J. Gray 

As a service group to the Metals and Ceramics 
Division and to other divisions at this Laboratory, we 
are responsible for specimen preparation and examina- 
tion for both radioactive and nonradioactive materials. 
We must assist in the interpretation of microstructures 
or carry out the complete study if the requester desires. 
Techniques for all phases of metallography must always 
be improved or replaced as required to maintain a high 
standard of quality. We also engage in equipment 
development and modification and investigate alternate 
methods of performing metallographic services, which 
might be applied to the general program requests. 

ALPHA METALLOGRAPHY FACILITY’ 

R. J. Gray B. C. Leslie 

A new alpha metallography glove box line has been 
fabricated and installed (Fig. 38.1). The installation is 
designed primarily for the handling of plutonium and 
its alloys, and the operating discipline is complete 
containment for all processes. A negative air pressure of 
-0.5 to 1.0 in. water gage is maintained for normal 
operations; if required, argon can be substituted as the 
internal atmosphere. The various operations in the eight 
glove boxes are (1) cutting, grinding, and mounting; (2) 
mechanical polishing; (3) vacuum deposition etching; 
(4) microscopic inspection; (5) vacuum cathodic etch- 
ing; (6) chemical and electrolytic etching; (7) replica- 

‘Presented at the 22nd AEC Metallography Group Meeting in 
San Diego, Calif., June 19-21, 1968. 

tion and minor repairs of equipment; and (8) micros- 
copy and photomicrography. 

We grind specimens by a lapping method and mechan- 
ically polish on a conventional 8-in. motor-driven wheel 
as well as on vibratory polishing units. The inspection 
microscope is a modified Leitz Metallux. The metallo- 
graph is a highly modified Bausch and Lomb Research I 
instrument, which has been divided so that the inverted 
microscope is within the glove box. Illumination, visual 
examination, and photomicrography are coupled with 
the microscope through three optical relays. 

In addition to the eight glove boxes in a line, two 
glove boxes are isolated. One is used for microhardness 
testing and mensuration and the other is equipped for 
photomacrography and mensuration. 

ELECTRON MICROGRAPHIC EXAMINATION 
OF RADIOACTIVE MATERIALS 

J. L. Miller, Jr. 

We recently added electron microscopy to the list of 
services available in the remote metallographic facility 
in the High Radiation Level Examination Laboratory 
(HRLEL). The use of two-stage plastic-carbon replicas 
allows routine examination of highly radioactive 
e30,OOO r/hr) materials as well as alpha-emitting 
materials? This replication technique has been applied 

I .  

2J. L. Miller, Jr., “Replication of Irradiated Materials for 
Electron Microscopy,” presented at the 22nd AEC Metallog- 
raphy Group Meeting in San Diego, Calif., June 19-21, 1968. 
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I 

Fig. 38.1. Metallography Glove Box Line in Interim Alpha Facility in Building 3019. 

to metallographic as well as fractographic surfaces with 
resultant resolutions consistently better than 100 A. 

Because of drift and subsequent pile-up of carbon, 
plastic-carbon replicas often were unsatisfactory when 
extremely fine details were to be measured. Substitu- 
tion of chromium for carbon as a replicating medium 
eliminated the pile-up problem and yielded very distinct 
details. However, the chromium replicas are more 
suitable for polished or etched specimens than for 
relatively rough fractured surfaces because the metallic 
replica is more susceptible to damage from stresses 
generated during removal of the primary plastic replica. 
Examples of results obtained by these replication 
techniques on irradiated materials are shown in Fig. 
38.2. 

CORRELATION OF COMPOSITION AND HEAT 
TREATMENT WITH THE MICROSTRUCTURES 

OF URANIUM CARBIDES 

M. B. Sears3 
L. M. Ferris3 

R. J. Gray 
B. C .  Leslie 

Optical photomicrographs, at  magnifications of 250 
and lOOOX, of 78 different arc-cast and heat-treated 
uranium carbide specimens were r e p ~ r t e d . ~  Specimens 
with total carbon-to-uranium atom ratios from 0.4 to 

3Chemical Technology Division. 
4M. J .  Bradley, R. J. Gray, L. M. Ferris, and B. C. Leslie, 

Coordination of Composition and Heat Treatments with the 
Microstructures of Uranium Carbide, ORNL-3515 (July 1968). 
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ELECTRON MICROPROBE ANALYSIS 

H. V. Mateer R. S. Crouse 

Small areas (approx 3 1-1 in diameter) on the surface of 
metallographic specimens can be chemically analyzed 
through the use of the electron microprobe. Character- 
istic x-rays generated on the surface of the sample are 
separated by both diffracting crystals and energy 
discrimination; the intensity of characteristic x-rays 
generated is directly related to the concentration of the 
element in the sample. 

A combination of high continuous background radi- 
ation from the electron bombardment and inherent 
instrument instability over long counting periods makes 
working with low element concentrations on the 
electron microprobe difficult. Segregation of tantalum 
(nominal composition 800 ppm) in a zone-refined single 
crystal of niobium was confirmed by comparing the 
variation in tantalum concentration across a frozen 
zone with the radiation across the interface of a melted 
and refrozen zone. Background measurements were 
made on a single crystal of niobium containing no 
tantalum. Solid-state electronics improved instrument 
stability so that 25-min counts (detectability limit 180 
ppm) could be made with some confidence. 

In another problem involving low concentrations, a 
series of Nb-1% Zr samples that had been exposed to 
lithium at elevated temperatures showed zirconium 
depletion at the surfaces. The electron microprobe was 
used to determine the depth of the depleted zone and, 
by extrapolation, the surface concentration of zirco- 
nium. Data obtained was to be subjected to a least- 
squares fit on the IBM 360 computer t o  determine 
diffusion coefficients. Automatic step-scanning of the 
sample and the use of a CEIR computer program to 
convert intensity data to concentrations made the 
gathering and processing of large amounts of data 
possible. A large area a precise distance from the surface 
of the specimen was analyzed with a stigmated beam 
(40 X 3 /.I) with its major axis parallel to the surface of 
the sample. 

The use of a partially evacuated flow proportional 
thin-window detector extended the range of elements 
detectable with the electron probe to include carbon 
and oxygen. 

EVALUATION OF THE BAUSCH AND LOMB 
RESEARCH I1 METALLOGRAPH' 

R. S. Crouse R. J. Gray 

A newly developed commercial Bausch and Lomb 
Research I1 metallograph was evaluated this year. The 

operation of this instrument and its performance 
pertaining to resolution, field flatness, lighting, photog- 
raphy, and special modes of operation were compared 
with the older Research I metallograph; the new 
instrument was superior on most counts. Ease of 
operation is outstanding. 

The instrument as received showed signs of not having 
been properly inspected at the factory; however, 
in-the-field corrections by a Bausch and Lomb service 
representative on some uneven lighting problems, dust 
in the projection system, and de-centered objective 
lenses were very successful. A half-wave plate was 
modified for full rotation to extend the usefulness of 
the instrument in examining weakly birefringent mate- 
rials. 

QUANTITATIVE TELEVISION MICROSCOPY' 

T. M. Kegley, Jr. 

The evaluation of the Quantimet television micro- 
scope was ~ o n t i n u e d . ~  We made grain size analyses of 
ASTM standard grain size charts and area analyses of 
known area-fraction charts. Point count and Quantimet 
area analyses were made from the same nickel-bakelite 
compact and the results were compared with density 
measurements. 

The ASTM grain size number as determined by 
Quantimet analysis of the ASTM charts was within 0.2 
of the nominal ASTM grain size numbers 0 through 8. 
The grain size as determined by the Quantimet de- 
pended on the magnification employed. For the same 
grain size, the apparent ASTM grain size number 
decreased (or grain size increased) as the magnification 
decreased. For example, when the ASTM grain size 8 
chart was analyzed, grain size numbers of 7.47, 7.77, 
and 7.85 were obtained with the 4.2, 8.5, and 17.6X 
objectives, respectively, with the epidiascope attach- 
ment. This apparent decrease in the ASTM grain size 
number was related to a resolution effect, which caused 
a loss of projection near each grain boundary junction. 

In the analysis of the test charts representing area 
fractions of 10, 20, 30, 40, and 50%, the mean values 
obtained (Table 38.1) were within 0.15% of the 
area-fraction values determined by the Gaertner measur- 
ing microscope. Volume fraction measurements of a 20 
vol % nickel-bakelite compact derived from density 
measurement, point count analysis, and Quantimet area 
analysis were in remarkably close agreement - within 
0.15% (see Table 38.2). The performance of the 

'T. M. Kegley, Jr., Metals and Ceramics Diu. A n n  Progr. 
Rept. June 30,1967, ORNL-4170, pp. 233-34. 



Quantimet in the grain size and area measurements of 
known standards was quite acceptable. 

Table 38.1. Quantimet Analysis 
of Area-Fraction Test Charts 

Area Analysis 
with Gaertner 

Measuring Quantimet Area Analvsis (%) - . ,  

Standard 
Duplicate Fraction Range Deviation 

Test Microscope (%) Area 
Card 

A rea . _ _ _ _  
Analysis 

Deviation 
Fraction 

A-7 10.03 0.000 10.01 9.9-10.1 k0.06 
A-6 19.77 0.021 19.75 19.7-19.8 *0.05 
A-1 29.67 0.008 29.81 29.3-30.3 M.4 
A-2 30.23 k0.01' 30.15 30.0-30.3 S . 1 2  
A-5 41.08 0.019 41.04 40.8-41.4 50.19 
A 4  48.49 0.015 48.41 48.0-48.7 k0.26 

'Standard deviation. 

In actual practice with standard metallographic speci- 
mens, our major criticism is the need for moderately 
high contrast in the microstructure for the instrument 
to define and measure areas of interest. Specimens that 
meet these contrast requirements can be measured 
expeditiously and within an acceptable error. 

Table 38.2. Volume Fraction Measurements 
of Nickel-Bakelite Compact 

Volume Percentage Method of Determination 

20.02 Immersion density measurements 
20.05 f 0.74a 

20.15 2 0.61' Quantimet 

'Standard error. 

Analysis with Swift automatic 
point counter 

. 



39. Rover Rocket Materials 

R. E. Clausing 

We continued to provide materials support to the 
AEC-NASA Space Nuclear Propulsion Office on the 
Kover Nuclear Rocket Prograin.’ We are providing 
technical liaison between NASA and some contractors 
and performing experimental work in certain areas. We 
concluded the thermal fatigue testing of nozzle tube 
configurations and the elevated-temperature testing of 
tubing materials reported in progrcss last year. More 
recent effort has been directed mostly toward materials 
problems that may arise as the result of exposure to the 
space environment. 

THERMAL FATIGUE PROPERTIES OF 

D. G .  Harman A. E. Carden2 

The nozzles for nuclear rockets are typical of most 
regeneratidy cooled rocket nozzles in that the inner 
surfax that contacts the hot exhaust gas is formed by 
brazing together large numbers of suitably shaped 
thin-walled tubes. The cryogenic propellant (liquid 
hydrogen) is forced into these tubes and is vaporized to 
keep the nozzle from melting. The propellant is then 
fed into the reactor. The thin-walled tubes are s u p  
ported externally by relatively heavy scctions and are 
firmly joined to them. Tliesc heavy sections remain at 
low tempera tures while the interior nozzle surfaces 
become quite hot. Thermal expansions of up to 2% may 
be produced in the tubes, and thermal cycling may 
produce low-cycle thermal fatiguc failures. Apparatus 
W ~ S  developed to permit simulation of the thermal and 
mechanical constraints opcrating in an actual nozzle: 

‘E. A. Franco-Ferreira, Metals urd Ceramics Div. Ann. Progr. 
Re t. June 30,1967, ORNL-4170, pp, 235-44. 

Gonsultant from the Univcrsity of Alabama. 
3A. E. Carden, D. G.  Harnian, and E. A. b‘rancc-Ferreira, 

“Thernial Fatigue Analysis of a Cryogenically Cooled Rocket 
Nozzle,” pp. 102-1 --102-12 in Soiitheasieni Symposiirm on 
Mis.siles & Aerospace Vehicles Sciences, Vol. il, American 
AstronaiiticaI Society, Southeast Section, Huntsville, Ala., 
1966. 

and the results of tests have been reported4 and are 
abstracted below. 

Multiplc-tuhe specimens of type 317 stainless steel and 
HasteUoy X were cycled from -200 to 1600, 1800, and 
1900°F. Fatigue failures in the form of intergranular cracks 
were obPeried through the tube crowns after 23 to 87 thermal 
cycles. The number of thermal cycles to fanure was decreased 
by increasing the test temperature, holding at this temperature 
for longer tinias, or denting the tube crowns before test. Fatigue 
life increascd with decreasing tube diameters, and this was 
applied to the analysis of a typicd nozzle configuration. No 
appreciable difference was noted between the type 347 s tadess  
steel and the Hastelloy X test specimens. 

Simplified single-tube specinlens were tested in a 
specialized low-cycle fatigue apparatus developed undes 
the direction of A. E. Carden at the University of 
Alabama. Thermal and mechanical effects can be 
programmed and controlled independently. Thjs appa- 
ratus was used specifically to deternune the effect of 
the minjnium in the tensile ductility of Hastelloy X 
near 1300°F on the low-cycle fatigue of the alloy and 
to provide other data for correlation with the simulated 
service tests. The fatigue data have been reported 
elsewliere5 and only the abstract is included here. 

The low cycle fatigue of IIastelloy X at elevated temperatup 
is presented. Isothermal data at 800, 1300, 1500, and 1800 F 
are presented with cyclic thermal fa t igy  data for 600 to 
.1800°F, 800 to 1.300°F, and 1300 to 11800 F. These tests were 
performed in an Instron machine with separate temperature 
control. The purpose was to determine the effect of a miniinurn 
tensile ductility at or near 1300°F, the effect of the stress- 
tempeIature arrangement, and the effect of temperatuPe and 
frequency. Based on a correlation of strain range with life, the 
results show no signilkant deterioration to the fatigue proper- 
ties at 1300%; increasing the temperature lowers the strain 
fatipic curve; and the stress..ternpi:rature arrangement shows no 
adverse effect on this alloy. In general, the themal fatigue data 
agee with the isotheimal data at the maximum teniperature. 
Only a few tests wcre performed to investigate the frequency 
effect, but no significant change could be seen for the 360 and 
420 cycles per hour a compared to the baseline data at 36 

4D. G Harman, Thermal Fatigue of Rocket Nozzle Coolitig 
Tubes, ORNL-TM-2089 (in preparation). 

’A. E. Carden and T. B. Slade, “Law-Cycle Fatigue of 
IIasteUoy X,” presented at the ASTM Annual hlecting, June 
1958, San Francisco. 
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cycles per hour. Althouph the tests included appreciable creep 
strains, the results agreed with those of the other 36-cycles per 
hour sawtooth extension cycle data 

Correlation of the results4>' is in progress and will be 
the subject of a topical report. 

EFFECTS OF SPACE ENVIRONMENT ON 
NERVA MATERIALS 

R. E. Clausing 

Exposure of the NERVA engine to the environment 
of space may produce some materials problems not 
encountered in ground tests. A committee composed of 
representatives from the NASA Space Nuclear Propul- 
sion Office at Cleveland, Aerojet General Corporation, 
Westinghouse Astronuclear Laboratory, Oak Ridge Na- 
tional Laboratory, and Thompson-Ramo-Wooldridge at- 
tempts to define such problem areas and to ensure that 
the NERVA design and fabrication are consistent with 
reliable operation in the space environment. 

The tendency of atomically clean surfaccs to adhere 
strongly js one of the most important space-related 
phenomena to be considered. Adhesion and friction of 
clean surfaces are not well understood, but it has been 
demonstrated that the presence or absence of adsoibed 
gases on otherwise atomically clean surfaces can com- 
pletely alter adhesional and frictional properties of both 
pure materials and engineering alloys. To better assess 
the importance of these effects on the materials in the 
NERVA system it is necessary to know (1) the specific 
environment at the location of particular components 
in the engine and (2) how this environment will 
influence adhesion and friction. We providc information 
on botli of these subjects by implementing the two 
experimental studies described briefly below. 

Outgassing of NERVA Fuel Eleiiieiits 

The gaseous atmosphere at any point in the NEKVA 
engine will depend upon the temperature and history of 
the entire enginc system; however, in the present design 
it will be determined primarily by the outgassing of the 
graphite reactor. This outgassing cannot be accurately 
estimated because of the special nature of the core 
material, its configuration, and its coating. Experi- 
mental data must be sought for the actual core elements 
at temperatures and pressures similar to those expected 
in space operation. We have designed and are assembling 
an experiment to obtain such measurements. 

The data obtained will includc both the quantity and 
species of gases released lrom fuel elements as a 
function of configuration, temperature, and pretreat- 

ment. Measurements will be made on both single 
elements and a cluster of seven. Temperatures from 
room temperature to 2000"R will be used for outgass- 
ing, and pretreatments will be provided to produce 
conditions similar t o  those encountered (1) after 
launching but before the first firing in space and (2) 
after the engine has been fired once and subjected to 
the postfiring cool-down procedure but not restarted. 
The tests are to be conducted using quarter-length fuel 
element sections; however, several full-length single- 
element tests will be made to confirm the extrapola- 
tion of the data from partial elements to full-length 
elements. The gases evolved will be measured quantita- 
tively in a specially designed ultrahigh-vacuum system. 

Adhesion of NERVA Materials 

This program is being conducted through an ORNL 
subcontract with the Syracuse University Research 
Corporation. Dr. R. G. Aldrich is the principal investi- 
gator, and K. E. Clausing of the ORNL Metals and 
Ceramics Division is the project monitor. The program 
is providing information on the adhesion of graphites 
and metals to themselves and to other materials in 
various controlled cnvironments. Special emphasis is 
placed on the effect of surfacc contamination from the 
gascous environment on adhesion. 

The technique used in these experiments is based 
upon that devclopcd by D. V. Keller of Syracuse 
University.6 The experimental plan is to (1) produce an 
initial surface that is atomically clean, (2) ineasure its 
adhesion propeities, (3) provide a known gaseous 
contamination, and (4) measure the change in adhesion 
produced by the contamination with hydrogen and 
oxygen. The results of the tests are given in Table 39. I.  
They indicate that for some materials it is not possible 
to produce surfaces that will adhere by any of the usual 
cleaning procedures, including thermal cleaning or 
electron or ion bombardment. Others have shown that 
engineering alloys can be made to adhere if mechanical 
shearing occurs or if mechanical rubbing motions are 
permitted. Our apparatus has now been modified to 
permit a controlled rubbing action. This has produced 
adhesion without the need for other surface cleaning in 
the case of the only alloy tested thus far. Table 39.1 
also shows that oxygen is inore effective than hydrogen 
in inhibiting adhesion for materials that could be 
compared. 

6K. 1. Johnson and D. V. Keller, J. A&. Phys. 38, 
1896.- 1904 (1967). 
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Table 39.1. Summary of Adhesion Tests 
I___ 

Couple 

Pressure (torr) to 
_....__. - Inhibit Adhesion 

H2 0 2  

Adhesion Result for Various Conditionso 

Obtained 1 2 3 4 5 6 I 8 ~ 

~ C c C 

C C 

c C 

.- ... - ... ... - Type 440 stainless steelb N o  

PO-3 graphiteh No c 

Pyrolytic graphiteb N o  c 

- __ - ... - - 

~ ~ - - .. 

I Pyroiytic graphite 
Z7'A graphite 

Yes + C + i + i +- c 70 1 0 - ~  

~ + f i r e  titaniumb Yes - - C c C 70 l o ' &  

Ti 5% A1-2..5% Snh7d Yes C e e e + e e - - 

%pecimen conditions. (1) As received, laboratory air; (2) as received, 10 -G torr, (3) as received, torr; (4) vacuum baked to 
75OoC; (5) degassed at higher temperatures; (6 )  argon ion bombarded; (7 )  cleaned by electron bornbardnicnt; (8) mechanically rubbed. 
Results 4 , adhesion observed; -, adhesion not observed. 

bBoth specimen3 of same rnateiid. 
CNot tested. 
dAUoy m the EL1 condition. 
=Being tested. 



40. Dispersion Strengthening of Aluminum-Base Alloys 

Joseph P. Hammond 

Experimental methods that gave remarkably good 
properties were developed for dispersion hardening 
aluminum alloys. The objective was to develop mate- 
rials with enhanccd elevated-temperature strength and, 
especially, improved low-stiain-rate fracture ductility 
for fuel cladding in organic-cooled heavy-water- 
moderated reactors. Effort to improve the properties of 
SAP (A12 0 3  dispersed in aluminum) for near-term 
application in these reactors is treated in Part 111, 
Chapter 24, of this report. 

A principal shortcoming of the conventional SAP 
procedure of hardening aluminiim is that the “open” 
milling method used to introduce the dispersant, 
allowing the aluminum to react with air as it is ground, 
gives insufficiently fine and uniform dispersions. The 
practice is to achieve low interparticle spacing, an 
important strength-related variable, by ball-milling for 
long periods. Unfortunately, however, the amount of 
oxide formed increases with milling time, and materials 
with desircd strength generally have too high an oxide 
loading for optimum toughness and ductility. We have 
eliminated this objection of the conventional SA? 
process by devising a means for achieving extraordi- 
narily fine dispersions in aluminum independent of the 
type or amount of oxide introduced. 

The method involves embedment of the dispersant by 
grinding in a high-energy ball mill. The dispersant may 
be introduced in its final form or as an unstable oxide 
for reacting with a constituent of the matrix to form 
the dispersant irz situ. Grinding is performed for onc or 
two days in a hermetically sealed drum under the 
protection of argon, with petroleum ether containing 
0.5% stearic acid used as a grinding liquid.’ The 
petroleum ether is then evaporated off, and the mixture 

is vacuum annealed and then consolidated by cold 
pressing and bare extrusion at 500°C. 

A varicty of dispersion-hardened aluminum alloys 
were processed by this method. Some show exception- 
ally high strengths at elevated temperatures, while 
others have good high-temperatiire strengths with sub- 
stantially improved low-strain-rate fracture ductility. 
The mechanical properties of two such experimental 
alloys are compared in Table 40.1 with properties of 
commercial SAP. 

Alloy 3 of ‘liable 40.1, hardened by 4% ultrafine Si02 
reacting in finely ground Al-11% (2.3 at. %) Ce 
eutectic splat, was much stronger at 450°C than SAP 
with 11% oxide (alloy 2), yet it contained only 4% 
oxide. Electron transmission micrographs of the Si02 
additive and the Al- 11% Ce powder with the Si02 
ground in it are shown in Fig. 40.1 and illustrate the 
excecdingly fine and uniform dispersion of the reactant 
in this material before consolidation. 

The oxide dispersant in alloy 4 of Table 40.1 was 
formed by reacting 4% ultrafine Gbrdlar boehmite 
(A100H) in finely milled A1 5.5% Mg powder. This 
material has as good elevated-temperature strength as 
alloy 1,  a SA? with higher oxide content (6%), and an 
improved low-strain-late ductility. The excellent dis- 
persion obtained in this alloy is shown in the electron 
transmission micrograph of Fig. 40.2. 

.... ~. 

‘This material was from the cliscontinued program “Dis- 
persions in Solids” and not reported previously because of 
patent restrictions, 

X-ray diffraction analyses of powders processed by this 
method give aluminum crystallite sizes around 230 A, compared 
to 1300 to 1600 A for commercial SAP powders. 
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Table 40.1. Comparison of Tensile Properties of Two Experimental Aluminum Alloys 
with Conventional SAP-Type Materiais 

Total 
Elongation 

(%I 

Yield Ultimate 
Strength, Tensile 

0.2% Offset Strength 
(psi) (psi) 

Test Strain 
Atloy Description Rate Temperature 

(min-'1 (OC) 

1 XAP-001" 
(with 6% 
&03)  

2 

3 

4 

Experimental 
Al-11% Ce 
splat with 
4% Si02 

Experimental 

filings with 
A1-5.5% Mg 

4% A ~ O O H ~  

0.02 
0.02 
0.002 
0.0002 

0.2 
0.02 
0.002 
0.0002 

0.02 
0.02 
0.002 
0.0002 

0.02 
0.02 
0.002 
0.0002 

25-29 
450 
450 
450 

25-29 
45 0 
45 0 
450 

25-29 
450 
450 
450 

25-29 
450 
450 
450 

32,000 
10,280 

9,690 
8,650 

33,310 
13,490 
12,410 
10,720 

60,820 
18,838 
16,162 
14,720 

53,640 
11,440 
9,810 
8,800 

38,270 
11,280 
10,400 
9,170 

40,220 
14,650 
12,900 
11,390 

76,300 
19,411 
16,818 
15,120 

61,830 
11,770 
10,300 
9,290 

11.5 
2.7 
1.8 
1.3 

9.9 
2.0 
1.4 
1.1 

6.6 
0.59 
0.37 
0.93 

6.12 
5.45 
3.60 
2.26 

uCommercial alloy in which the oxide was formed in aluminum powder by reaction with air during open ball-milling with a pro- 

bOxide dispersant formed by chemical reaction from 14@4 Si02 additive milled for one day into the A1-11% Ce powder. Mix- 

cOxide dispersant formed by chemical reactionofIom fibrillar AlOOH (50 A diam x lo000 A long) milled for one day into the 

prietary grinding liquid. Powder consolidated and extruded at 25:l reduction. 

ture was annealed at  450 C, cold pressed, and extruded at  500 C at 20: 1 reduction. 

Al-5.5% Mg powder. Mixture was annealed at  500 C, cold pressed, and extruded at 500 C at 20:l reduction. 

Fig. 40.2. Transmission Electron Micrograph of Alloy Formed from Al-5.5% Mg Powder Reacted with 4% Fibrillar Boehmite 
(AlOOH). Longitudinal section. 



41. Army Pulsed Radiation Facility Reactor Assistance 

A. P. Litman 

We have provided metallurgical assistance during the 
fabrication and testing of a U-10% Mo alloy core for 
the Army Pulsed Radiation Facility Reactor (APRFR). 
In addition to overseeing quality control during fabri- 
cation and coating of the components, we provided 
service during the criticality and pulse testing program 
and evaluated the core after test. At the present time 
we are coordinating a core-alloy development program. 

This work is sponsored by the U.S. Army Ballistic 
Research Laboratories through interagency agreement 
with the U.S. Atomic Energy Commission. 

EVALUATION OF THE APRFR CORE’ 

A. P. Litman W. J. Leonard 
M. I .  Lundin2 

The Army Pulsed Radiation Facility Reactor 
(APRFR), an essentially unmoderated, unreflected 
prompt-burst machine with a U - l W  Mo alloy core, is 
a modified version of the ORNL Health Physics 
Research Reactor. An APRFR core was recently fabri- 
cated at the Y-12 Plant, tested to damage in the ORNL 
Critical Experiments F a ~ i l i t y , ~  and analyzed for metal- 
lurgical integrity. 

The &IO% Mo core components are induction- 
melted vacuum castings, heat treated for retention of 
the body-centered-cubic gamma phase. The core (Fig. 
41 .l) contains approximately 113 kg of 93.2%-enriched 
uranium as a U-10% Mo alloy in the form of an 
8.9-in.-diam cylindrical assembly about 8 in. long. This 
assembly is composed of a stationary outer shell of 
stacked nesting rings of several thicknesses held 
together by nine 0.78-in.-diam fuel alloy bolts, three 
movable fuel rods (the mass adjustment, regulating, and 
pulse rods), and a movable inner shell that serves as a 

‘Summary of papers presented at the American Nuclear 
Society, Chicago, November 5-9, 1967, and Toronto, Ontario, 
Canada, June 10-13,1968. 

’Reactor Division. 
3J. T. Mihalczo et al., “Superprompt Critical Behavior of a 

Uranium-Molybdenum Assembly,” Trans. A m  Nucl. Soc. 10, 
611 (1967). 

safety block. All finished parts were either aluminum- 
ion plated or nickel electroplated for fission-product 
retention and protection against oxidation and stress- 
corrosion cracking by exposure to air? The plated 
aluminum was partially converted to uranium-aluminum 
intermetallics, either during plating or by post-plating 
heat treatment.’ 

The performance test program totaling 48 pulses was 
carried out in two stages in which successively in- 
creasing pulse energies were generated. The first stage 
started with a reactivity addition that generated 10’ ’ 
fissions. On the 31st pulse 3.7 X 10’ fissions occurred, 
the reactor period was 12.5 psec, and the integrated 
leakage flux was 8.8 X 10’ ’ neutrons/cm2 at a distance 
206 cm (6.75 ft) from the core surface. The second 
stage starting with pulse 32 proceeded in a similar 
sequential fashion except that the last reactivity addi- 
tion generated 2.7 X IO’ 

Progressive damage to the core occurred as a result of 
inertial and thermal stresses induced during fission 
(peak temperature, 900°C) and included cracking and 
buckling of a few fuel rings, bending of the mass-adjust- 
ment, regulating, and pulse rods, and 1% permanent set 
to the bolts. Maximum damage occurred during pulse 
31. Delayed crack propagation occurred on some bolts 
that failed in torsion during maintenance but was not 
observed on the fuel rings that cracked during testing. 
The U-10% Mo gamma phase was retained during the 
test and the partially converted aluminum plating 
showed superior protection compared to the nickel 
plating. 

Comparison of the tensile properties of the U-10% 
Mo alloy at room temperature and at 205°C before and 
after the test revealed a slight strengthening, a small 
ductility decrease, and a modest increase in Young’s 
modulus. 

fissions. 

4J. W. Pridgeon, Stress-Corrosion Cracking in Uranium- 

’ R. T. Bell, Aluminum Ion Plating of Uranium-Molybdenum 
Molybdenum Alloys, Y-1417 (Aug. 12, 1963). 

Alloy Fast-Burst Reactor Elements, Y-16 1 I (June 6, 1968). 
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Fig. 41.1. Army Pulsed Radiation Facility Reactor Core Assembly. 

CORE ALLOY DEVELOPMENT 

A.  P. Litman W. J .  Leonard 

We began to develop a core alloy with properties 
superior to those of U-lO% Mo for superprompt 
critical systems of the type under consideration. From a 
physical metallurgical standpoint, the core alloy should 
(1) exhibit dimensional and microstructural stability 
during thermal cycling and (2) resist stress-corrosion 
cracking in air. With respect to reactor performance 
criteria, it should also have properties that promote 
maximum neutron yield Y and minimum pulse width at 
half peak power, w1 I? .  According to Kazi6 and M i t ~ i s , ~  

where u, is the ultimate tensile strength and E is the 
modulus of elasticity. A search of the available data on 
uranium alloys disclosed that uranium containing 8 to 
12% Nb has properties that would give 70% improve- 
ment in Y over U-10% Mo at 580°C with no sacrifice 
in alp. Accordingly, we feel that uranium-niobium 
alloys are strong candidates for this application. 

6A. H. Kazi, Notes on the Effect o f  Alloy Properties on Fast 
Pulse Reactor Performance, AMXBR-TG/10-67 (Jan. 3 ,  1967). 

7G. J .  Mitsis, Effects of Alloy Properties on Burst 
Performance, Memo for Record, Ballistic Research Labora- 
tories, Aberdeen Proving Ground, Maryland (July 6,  1965). 
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R. T. King, “The Effect of Cyclotron-Injected Helium on the Mechanical Propeities of Stainless Stcell” 
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