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METALLURGY DIVISION ANNUAL PROGRESS REPORT 

SUMMARY 

P A R T  I. F U N D A M E N T A L  M E T A L L U R G Y  

The Fundamental Research Section o f  the Metal- 
lurgy D iv is ion  i s  composed o f  eight groups whose 
interests include a wide range of metallurgy and 
metal physics and chemistry. Studies of crystal 
structures, phase transformations, radiat ion damage, 
order-disorder phenomena, oxidation, crystal growth, 
mol ten-sa It media, mechan ica I deformation, pre- 
ferred orientation, and al loy theory are being 
carried out. 

1. Theory of Al loying 

The Theory o f  A l loy ing  Group studies al loy 
models and the basic factors which control sol id 
sol ubi I i t ies, thermodynamics, and electr ical prop- 
ert ies o f  alloys. During the year a theory of axial 
rat ios of hexagonal metals was extended, and the 
effect of various solutes on the axial rat io of 
zirconium was found to be consistent wi th the 
theory. The a/P boundaries i n  the cadmium- 
zirconium system were observed to be in agreement 
wi th a prediction calculated from thermodynamic 
properties derived from vapor pressures. Specific- 
heat investigations of a-Zr-Ag al loys were con- 
tinued in the temperature range 1-4'K, and im- 
provements were made i n  the accuracy of the 
calorimeter. To begin Fermi surface studies by 
means of osci l latory phenomena and studies of the 
effect of various solutes on the zirconium transit ion 
from the superconducting to the normal state,. 
superconductivity magnets are now under develop- 
ment. Part icular attention has been given to  the 
compound Nb,Sn clad with niobium. An iron-core 
electromagnet wi th superconducting co i l s  of t h i s  
material was made, and f ields o f  23,000 gauss were 
achieved. 

2. X-Ray Studies of Crystal l ine Defects 

Certain dif fract ion research i s  carried aut i n  the 
X-Ray Studies of Crystal l ine Defects Group. Here 
line-broadening and diffuse-scattering measure- 
ments are o f  main interest. A t  present, work i s  

being done on short-range order i n  al loys and on 
the structure of very thin oxide f i lms grown on 
copper. 

3. Reactions at Metal Surfaces 

The oxidation research referred to above is being 
done in collaboration w i th  the Reactions at Metal 
Surfaces Group. This group i s  concerned with the 
factors that determine the degree of protectiveness 
o f  oxide f i lms grown on metals. It has been found 
that severe strains exist  i n  the f i lms grown on 
several metals, and indications are that such 
strains play an important role in destroying the 
protective character of the films. Measurements of 
the optical anisotropy of Cu,O f i lms grown on 
copper have been made and have been correlated 
with the x-ray dif fract ion research mentioned above. 
Studies of the oxidation of tantalum and the 
sulfurization of tantalum have been carried out 
also. 

4. Crystal Physics 

The Crystal Physics Group i s  interested i n  the 
growth processes of single crystals of high- 
temperature materials. Efforts are being made to 
grow crystals of a number of oxides ( including 
those of uranium and thorium) and certain rare- 
earth nitrides. A valuable by-product of the 
act iv i t ies o f  th is group i s  that it w i l l  be a source 
of special single crystals of controlled quali ty and 
purity for other research groups a t  the Laboratory. 

5. Spectroscopy o f  Ionic Media 

Though at  present the Spectroscopy of Ionic 
Media Group i s  primarily engaged in the study o f  
the absorption spectra of molten salts, it w i l l  
soon extend i ts act iv i t ies to include work on 
crystal l ine solids. T o  that end, the growth of 
large single crystals of high perfection and purity 
has been started. Crystals of KCI and NaNO, 
have already been successfully produced. A,s i n  
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the case of the Crystal Physics Group, th is  source 
of special materials w i l l  benefit other research 
programs a t  the Laboratory. 

During the past year measurements of the 
absorption spectrum of bismuth i n  BiCI, melts 
have shown that probably two solute species are 
present in the melt. Th is  work considerably 
narrows the possible specif ic species which may 
exist. D i lu te  solutions of bismuth i n  BiBr, melts, 
BiCl,-KCI melts, and ionic nitrate melts have also 
been investigated. 

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

A calorimeter for the measurement of the energy 
stored i n  metals during deformation was con- 
structed and placed i n  operation during the past 
year by the Deformation of Crystal l ine Solids 
Group. The calorimeter is capable of operating 
over a range of temperatures, and satisfactory 
results have been obtained for al loys for which 
the quantity of energy stored i s  large. Further 
refinements w i l l  probably be necessary for making 
precision measurements on pure metals. 

7. Structure of M e t a l s  

The Structure of Metals Group continued i t s  
investigation o f  low-temperature phase transforma- 
t ions i n  cerium. Work done in  collaboration wi th 
the X-Ray Diffract ion Group has identi f ied the 
temperature intervals i n  which three different 
crystal l ine forms of cerium ex is t  between room 
temperature and 4 . 2 O K  for samples given different 
mechanical treatment. It has been shown, wi th the 
help of the Neutron Diffract ion Group of the Physics 
Division, that a change in  the electronic configura- 
t ion of cerium occurs for one o f  these crystal l ine 
forms. Preferred-orientation measurements were 
made on 3% Si-Fe and on aluminum, and twinning 
studies of vanadium and niobium were carried out. 
Th is  group also measured, by dif fract ion tech- 
niques, deformation-stacking fault  probabil i t ies i n  
lead, some lead alloys, aluminum, thorium, and 

of routine analyses such as parameter measure- 
ments, orientat ion measurements, phase identi f ica- 
tions, and stress determinations have been done as 
a service activi ty. Problems o f  a more than routine 
nature include an effort to  understand the nature of 
radiat ion damage in  BeO, a study of aging transfor- 
mations i n  Zr-Nb, Zr-Cr, Zr-V, and U-Nb al loys, 
and a study of ordering in Cu-Au alloys. Crystal- 
structure investigations o f  LuMnO, and o f  certain 
phases i n  binary oxide systems containing B e 0  are 
also being carried out. 

P A R T  It. LONG-RANGE A P P L I E D  M E T A L L U R G Y  

9. P h y s i c a l  Propert ies Studies 

The Physical  Properties Group continued studies 
of methods of determining thermal conductivi ty and 
the influence o f  the chemical and physical state of 
Uo, on thermal conductivity. A thermal comparator 
was bu i l t  and was cal ibrated and put into operation 
at  temperatures o f  50 to  600OC. The influence of 
grain s ize on thermal conductivi ty is being studied 
in th is apparatus. Radial heat-flow equipment 
was modified so that data accurate to  t 5 %  can be 
achieved for temperatures to 800OC. 

10. Sintering Studies 

The Sintering Studies Group has found a rough 
correlation between sinterabi l i ty o f  Tho, and 
surface area, crystal l i te size, and immersion 
density for powders prepared by different methods 
but calcined at  the same temperature. A change 
in the calcination temperature resulted i n  no 
correlation wi th those factors. The factor most 
consistent wi th sinterabi l i ty was part icle integrity 
under strong agitation. Preliminary studies of 
weld-neck growth between thoria spheres indicate 
that a plast ic- f low mechanism may be the rate- 
control l ing factor at  1800OC. Sintering rate studies 
show a peak and a minimum in  the densif icat ion 
rate at 1000 and 12OO0C, respectively. The 
dif fusion coeff icients o f  oxygen and thorium in  
Tho, are being determined. 

11. Solid React ion Studies cerium and i s  engaged in a study of the effect of 
impurities on the rate o f  recrystal l izat ion of 
metals. The Solid Reaction Studies Group has developed 

techniques for determining the dif fusion of so l id  
f iss ion products i n  fuel and cladding materials. 
Preliminary data have been obtained for Zr95, 
Nb95, and Sr85 in zirconium and in  uranium dioxide. 

own research problems, functions as a general The di f fusion coeff icients of and Mn54 were 
service laboratory for the division. A large number determined in high-purity aluminum from 500 to  

8. X-Ray  Di f f ract ion 

The X-ray Diffract ion Group, i n  addit ion to i t s  

I V  



650OC. Beryl l ium was found to  react wi th uranium 
monocarbide in the range 700 to 1000°C, with the 
formation of UBe,3. There appears to be a marked 
increase in the rate of reaction between 750 and 
800OC. 

12. Zirconium Al loy  Research 

The Zirconium A l loy  Research Group has ob- 
tained transformation data on iodide zirconium, 
Zircaloy-2, Zr-15% Nb, Zr-15% Nb-2% Mo, Zr-Mo, 
Zr-Cu, and Zr-Pd al loys by resist iv i ty measure- 
ments during heating and cool ing cycles and 
during isothermal treatments. Oxidation-rate meas- 
urements by a newly developed dif ferential rate 
technique have shown that the oxidation of iodide 
zirconium and Zircaloy-2 i n  pure oxygen i s  not a 
smooth function of time. Optical equipment and 
methods are being developed for the study of 
oxide f i lms in s i t u .  The methods promise to give 
information useful for the characterization of 
oxides formed under varying conditions. 

P A R T  111. R E A C T O R  M E T A L L U R G Y  

13. Ceramics Technology 

Tests of Sic, Si-Sic, and pyrolytic-carbon 
coatings on graphite sleeves for the Experimental 
Gas-Cooled Reactor (EGCR) fuel elements showed 
that only the f i rs t  two provided satisfactory oxi-  
dation resistance at  60OOC and that a special 
isotropic grade of base graphite i s  required. 
Chemical tests showed that the increase in  the 
thermal-neutron absorption cross section ua of the 
coated sleeves i s  primari ly due to  the si l icon. 
Mechanical tests on sleeves that were found by 
eddy-current test ing to be defective indicated that 
such sleeves, despite their defects, are acceptable 
for reactor use. 

Unfueled graphite components wi th a bulk 
density of 2.09 g/cm3 were produced, by using 
natural graphite and phenol-formaldehyde type 
binders. Satisfactory fueled graphite pel lets 
containing pyro I y t  ic-carbon-coated UC,-UC parti- 
c les were prepared by dry blending, cold pressing 
a t  90,000 psi, and f i r ing to  1000°C in argon. 

A program directed toward the use of coated- 
part icle fuel elements (particularly UC, and UC,- 
ThC, coated with pyrolyt ic carbon) was initiated. 
Irradiation tests in the LlTR and ORR were 
designed, and experimental techniques for pre- and 
postirradiation examinations were developed. 

A wide variety of UO, shapes were prepared to  
specif ied dimensional and density requirements, 
by using ceramic-grade oxide powder. Varying the 
length of sintering time i n  hydrogen at  175OOC 
provided control over the extent of grain growth; 
argon was observed to be an effect ive grain- 
growth inhibitor. Preliminary studies of the 
oxygen-uranium system showed that oxygen loss 
i n  UO,+x was signif icant at  temperatures as low 
as 145OOC in a hydrogen-free atmosphere. 

A method was developed for characterizing 
spheroidal UO, part icles for use i n  metal l ic 
dispersion-type fuel elements. By  embedding 
known weights o f  part icles into known weights of 
epoxy resins, density determinations reproducible 
to -10.01 g/cm3 were obtained. Prolonged etching 
in ni t r ic  acid le f t  an organic skeleton repl ica of 
the open pores of the particles. Consideration of 
the density and the amount of open porosity allowed 
for a c r i t i ca l  evaluation of the usefulness o f  
spheroidal particles. 

Studies showed that Experimental Gas-Cooled 
Reactor (EGCR) UO, fuel pel lets rapidly attain 
equilibrium wi th  atmospheric moisture a t  a concen- 
tration of 23 to 30 ppm of moisture and that a 
moisture content o f  10 ppm can be achieved at  
25OC by mechanical evacuation pumping preceding 
the helium back-f i l l  and end-closure steps during 
fuel element fabrication. 

Part icle-size distr ibution was found to  be a 
primary factor control l ing the density achieved 
during vibratory compaction of fused uranium- 
thorium oxide i n  fuel element tubes. By use of 
selected proportions of various s ize fractions o f  
fused oxide, a density of 8.94 g/cm3 was obtained; 
wi th only coarse and f ine particles, the maximum 
density was 8.68 g/cm3. Continuous size distr i -  
butions compacted to  densit ies between 8.54 and 
8.74 g/cm3. With dense oxides prepared by a sol- 
gel technique, density variations from 8.49 to  
8.86 g/cm3 were observed. For a given oxide and 
part ic le-s i ze distribution, the average deviat ion of 
the density of a set o f  vibratori ly compacted ele- 
ments varied by only 0.2 to  0.6% of the average 
density. 

The control problems associated w i th  the prepa- 
rat ion of a Tho, powder to  be used for forming 
domed-end cylinders proved to  be so d i f f i cu l t  
that the method was abandoned and an alternative 
method was developed. By  use of a sl ight ly 
modified slurry-type oxide, cubes were pressed 
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with the aid o f  a Carbowax binder. The green 
cubes were tumbled dry to  essent ia l ly  spherical 
shape, f i red to 135OoC, polished by wet tumbling, 
and then fired to 180OOC to  produce g-in. spheres 
wi th a density o f  9.5 g/cm3. The spheres were 
free of cracks and laminations. 

Slow cool ing (20°C/min) o f  a CaO-Be0 mixture 
(40 mole % COO, 60 mole % BeO) from 1500 to 
130OOC produced a two-phase structure of  B e 0  and 
COO, while rapid cool ing (160°C/sec) over the 
range of 1500 to  85OOC produced Ca,Be,O, as an 
intermediate phase. Th is  compound could not be 
produced by long heating of oxide mixtures at  
subsolidus temperature or by slow cool ing and 
long soaking a t  various temperatures. An inter- 
mediate compound, 2BeO.Y2O,, was obtained by 
quenching melted mixtures of that system, but no 
such behavior was noted i n  the BeO-Eu,O, system. 
The eutectic composition in the latter system i s  a t  
approx 12 wt % B e 0  and 1425OC. An intermediate 
compound was observed in the BeO-SrO system. 
By using a porous plate of B e 0  as an absorber for 
the very f lu id eutectic l iquids encountered i n  these 
systems, and a th in wafer of mixed oxides, i t was 
possible to establ ish the eutectic temperatures and 
compositions i n  the BeO-MgO, BeO-CeO,, and 
BeO-ZrO , systems. Thermogravimetr ic  studies 
were begun for the uranium-oxygen system at 
temperatures up to 2O0O0C under controlled oxygen 
pres sure s . 

When pure B e 0  bodies that had been cold pressed 
without binder were sintered i n  hydrogen at 175OoCi 
a density of 95% of theoretical was obtained; 
bodies pressed with the aid o f  organic binders 
sintered to  only 85 to  88% of  theoretical. Grain 
growth was produced in high-density pieces by 
prolonged heating in hydrogen at  175OoC, but not 
i n  low-density pieces nor i n  air at  15OOOC. 

Beryl l ium oxide bodies containing up to  30 vol  % 
of UO, or U0,-Tho, mixtures were cold pressed 
from powders (submicron-size part icles) without 
binders and sintered in argon a t  175OOC to 95% of 
theoretical density. When larger particles, 150 to 
250 p, were used, cracking and nonuniform shrink- 
age were observed. These effects were minimized 
but not eliminated by adjusting the shrinkage o f  
the UO,, by slowing the rate o f  removal of the 
organic binder by means o f  a preliminary heating 
period, and by adjusting the heating rate during 
sintering. 

A radial heat-flow apparatus constructed for use 
i n  studying the thermal conductivi ty o f  nuclear 
ceramics generated data w i th  a precision o f  +_2% 
and an accuracy o f  a t  least +5%, between room 
temperature and 800OC. Slight discontinuit ies i n  
the thermal conductivi ty of INOR-8 were observed 
at  450 and 680OC. Specimens o f  UO, were fabri- 
cated and were characterized for thermal-con- 
duct iv i ty studies to 150OOC in  th is apparatus. 

Differential thermal analysis o f  Eu,O, heated to 
120OOC gave no evidence for the cubic-to-mono- 
c l i n i c  transformation, but x-ray di f f ract ion analysis 
of the heated material showed both phases to  be 
present after heating. Holding the monocl in ic 
phase at 95OOC for 100 hr fai led to convert any of 
the oxide to  the cubic phase. 

The sintering behavior o f  various rare-earth 
oxides was studied in hydrogen and in  oxygen 
atmospheres a t  1300, 1500, and 16OO0C. Wide 
variat ions in f inal sintered densit ies were ob- 
served for the various oxides, wi th no correlation 
being found between sintered density and atomic 
number or crystal form. Low density values were 
measured for Gd,O,, CeO Nd,O,, Tb,O,, Dy,O,, 
Ho,O,, and Er,O, at  1602d°C, whi le approximately 
theoretical density was achieved with Pr,O, , and 
Sm,O, at  1300OC. 

Fansteel 82 al loy (32'4% To, '4% Zr, 66,/,% Nb) 
did not react wi th AI,O,, BeO, or ZrO, at tempera- 
tures up to  2000-2100°C. Severe reaction of th is  
al loy wi th various materials was observed as 
follows: beryl l ium at 1465OC, UC at 1355OC, 
TiO, a t  1775OC, graphite and MgO at 1800 to 
19OO0C, and Tho, or UO, between 2000 and 
2100OC. 

14. Corrosion Engineering 

An experimental program has been in  progress 
to evaluate the compatibi l i ty of stainless and 
low-alloy steels under extended exposures to  
hel ium contaminated by CO and CO, in the temper- 
ature range 1100 to  1500OF. Steels containing 7% 
or more chromium in  these tests exhibited relat ively 
l ight  oxide f i lms and correspondingly low weight 
gains a t  impurity concentrations up to  1.0 vol  % 
CO, and 0.25 vol  % CO. The oxidation rates of 
these materials showed I i t t le  dependence on 
impurity concentrations or ratios. Lower al loy 
materials exposed at  1 100°F were severely 
oxidized by helium containing mixtures o f  CO, 
and CO as low as 100 ppm each. The extent o f  
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oxidation of the latter materials increased as a 
function of impurity concentration. 

Studies of the interdif fusion o f  graphite and 
type 304 stainless steel i n  direct  contact have 
indicated that bonding of these materials may take 
place at 130OOF and a t  contact pressures as low 
as 500 psi. Pretreatment of the type 304 stainless 
steel surfaces by oxidation or copperplating 
successful ly inhibits such bonding. 

The corrosion properties of lnconel and INOR-8 
during prolonged exposures to  fluoride sal t  mixtures 
have been under study in forced-convection loops 
operating from one to two years. Results o f  these 
loop experiments, operated a t  maximum tempera- 
tures o f  1200 to 13OO0F, have indicated very low 
corrosion rates for INOR-8 but substantial cor- 
rosion losses for the higher chromium Inconel. 
INOR-8 loops normally showed only a th in inter- 
metal l ic surface f i lm fol lowing sal t  exposure, 
although one sal t  containing 20 mole % UF, 
resulted in shallow surface pi t t ing along hot-leg 
surfaces. lnconel loops exhibited subsurface void 
formation to depths as great as 24 mi ls a t  the 
point of maximum sal t  temperature. 

15. Fuels  Evaluat ion 

The fission-gas-retention properties of ceramic 
fuel bodies composed of dispersions o f  UO, in  
BeO, UC, part icles coated w i th  pyrolyt ic carbon, 
and a sol id solut ion of 5 wt % UO, i n  Tho, were 
determined. From the properties the appl icabi l i ty  
of these fuels to the Experimental Gas-Cooled 
Reactor (EGCR) or advanced gas-cooled reactors 
can be evaluated. A study was also made of the 
basic phenomena governing the irradiat ion behavior 
of d i spers ion fue I s. 

The neutron-activation method was used to de- 
termine the fission-gas-retention properties o f  the 
ceramic fuels. It involves low-temperature irradia- 
t ions fol lowed by heat treatments ex-pile, during 
which the rates of  release of Xe133 are measured. 

Results of tests on bulk UO, at 140OOC showed 
that there i s  a good correlation between D'values 
and BET (nitrogen) surface areas. A value o f  the 
di f fusion coeff icient for Xe133 in  bulk UO, of 
7.5 x cm2/sec was computed from data ob- 
tained at  1400'C. 

The mechanism of release o f  Xe' 3 3  from 30 vo l  % 
UO, in B e 0  was found to  be dif fusion a t  tempera- 
tures i n  the range 1200 to 16OOOC. A high rate of 

release was observed a t  18OO0C, which was 

attributed to  rapid grain growth and phase re- 
distribution. 

Studies on UC, part icles coated with pyrolyt ic 
carbon by the Minnesota Mining and Manufacturing 
Company showed that the coatings retained Xe133 
very wel l  at  temperatures up to  1825OC. At 205OOC 
and above, the coatings ruptured and released a 
large fract ion of the Xe133 contained in  the 
part i  c les. 

The mechanism of release of Xe133 from 5 wt  % 
U0,-Tho, was observed to  be the same as that 
from bulk UO,. However, Tho, i s  less volat i le 
than UO,; therefore the temperature at which 
sublimation i s  the control l ing step i n  the release 
process is approximately 4 O O O C  higher i n  Tho, 
than in  bulk UO,. 

A fai lure analysis of dispersion fuel elements 
indicated that low-temperature tests on dispersions 
of boron carbide part icles in copper should lead to  
an understanding of UO,-stoinless steel fuel 
elements a t  elevated temperatures. 

16. Mater ia ls  Compatibi l i ty  

Studies have been in i t iated to determine the 
equil ibr ium solubi l i ty  of oxygen in  l iquid potas- 
sium, the most ef f ic ient  methods of reducing the 
oxygen content of potassium, and the effect of 
oxygen contamination o f  potassium on i t s  elevated- 
temperature corrosiveness. 

Compatibi l i ty tests i n  refluxing-potassium cap- 
sule systems indicate that iron-base al loys have 
better corrosion resistance than nickel-  or cobalt- 
base alloys. Results for type 316 stainless steel 
loops containing boi l ing potassium show attacks 
of less than 2 mi ls after 3000 hr of operation. 

Seven high-temperature al loys were exposed to 
stat ic air for 100 hr at 1800 and 2000OF. lnconel 
and Haynes al loy No. 25 were the most oxidation- 
resistant al loys of those tested. 

Mass transfer between stainless steel and 
niobium in  the Nb-Na-stainless steel system was 
investigated for temperatures i n  the range from 
1500 to 1800OF. Nitrogen and carbon transferred 
from the stainless steel to  the niobium. Sub- 
stantial changes in the mechanical properties of 
niobium were observed in  dissimilar-metal tests 
conducted with th is alloy. 

The vapor pressure of NaK (43.7 wt  % K) was 
determined in  the temperature range 1520 to  
1832' F. 
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A radiographic technique was used to determine 

the distr ibution of fused sal t  i n  low-permeability 
graphite. Salt pickup at  130OOF and 150 psig was 
l imited to  shallow (<50 mils) surface permeation. 

The quantity of sal t  that can be forced into 
graphite may be increased by prior heating of the 
graphite in air, which probably enlarges the pores 
of the graphite. 

The density and resistance to  sal t  permeation 
under pressure are apparently decreased for a 
part icular grade of graphite as the s ize o f  the 
fabricated piece i s  increased. The shape o f  the 
fabricated piece also modifies these character- 
ist ics. 

A relat ively constant quantity of uranium (as 
UO,) per uni t  bulk volume of AGOT graphite 
precipitated from an LiF-BeF,-UF, mixture when 
equal quanti t ies of the sal t  were exposed for 
100 hr to different volumes of graphite at  13OOOF. 
Additions of ZrF, and ThF, to  fluoride salts 
were found to  prevent the precipitat ion of UO, in  
sa I t-graph i te  s y s terns. 

Treating graphite wi th molten fluoride salts 
removed some of the oxygen contamination from 
the graphite. Exposure of graphite to the thermal 
decomposition products of ammonium bif luoride 
appeared to  remove a l l  the oxygen contamination. 

INOR-8 specimens exposed for 14,000 hr to 
LiF-BeF,-UF, in contact with bare graphite at 
1 300° F were unattacked, and the room-temperature 
and 1 2 5 O O F  tensi le properties o f  the al loy were 
unaltered. 

Studies on corrosion problems associated with 
various fuel processing systems, part icularly the 
f luoride vo la t i l i t y  process, are summarized. 

17. Mechanical  Propert ies 

Research has been concerned with obtaining 
information and data for the solut ion o f  reactor 
design problems. The effort has included study of 
the mechanical properties o f  materials in-pile, 
investigation o f  the variables that affect the 
deformation and fracture of materials a t  elevated 
temperature, and development o f  new testing 
techniques which extend the capabi l i ty  of the 
group in  the above areas. 

The apparatus that was designed to  al low simu- 
lat ion of the thermal and mechanical environment 
o f  the Experimental Gas-Cooled Reactor (EGCR) 
fuel element was successful ly used to study the 
effects o f  external pressure and thermal cyc l ing  on 

the performance of the fuel element. Results o f  
these experiments were correlated quite satis- 
factori ly w i th  effects observed in irradiat ion ex- 
periments on fuel elements. 

The properties of type 304 stainless steel and 
lnconel i n  the presence and absence o f  irradiat ion 
are being investigated in conjunction wi th the 
Solid State Division. The temperature dependence 
o f  the irradiat ion ef fect  on the stress rupture o f  
type 304 stainless steel was determined in the 
range 1300 to 1600OF. The possible effect of the 
hel ium generated in lnconel from the B’ ’ (n,a) 
reaction in-pile was studied at  15OOOF. The 
results thus far do not conclusively prove that the 
observed irradiat ion effects on the stress-rupture 
l i f e  of lnconel are caused by th is  reaction. 

Brazing of the midplane spacer on the EGCR 
fuel element was observed to cause abnormal 
grain growth during the thermal cycle needed to  
braze with GE-81 al loy. Studies indicated that the 
stress-rupture properties were adversely affected 
by th is  type o f  structure. The use o f  a lower 
brazing temperature afforded by a copper braze 
solved th is  problem. 

Experimental and analyt ical work began on the 
general problem of the buckl ing o f  shel ls under 
external pressure. Th is  problem i s  o f  interest 
because the primary fai lure cri terion #or the EGCR 
loops may be that of buckling. 

The spectrum of mechanical properties of graphite 
in EGCR moderator blocks has been determined. 
The variations i n  properties were found to  be a 
function of posit ion in the block. The outside 
surfaces generally appear to be stronger. Attempts 
to  measure a creep rate in graphite by careful 
exper i menta I techniques under various condit ions 
of loading showed that at  temperatures up to 1 100°F 
graphite does not exhibit  time-dependent defor- 
motion. 

The genera I-mechan i ca I-propert ies research on 
the effects of environment and fatigue has con- 
tinued to progress. The effects of hydrogen on the 
creep properties of high-temperature al loys have 
been under detai led investigation. The effects of 
CO, on stainless steels are being investigated, 
and the carburization observed i s  being studied 
by means of C14 tracer techniques and autoradi- 
ography. The mechanisms by which interst i t ia ls 
affect the properties o f  niobium and i t s  al loys are 
being studied by two methods. One i s  by observing 
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the mechanical-property changes which occur, and 
the second i s  by investigating the interst i t ia l  
interactions by use o f  internal friction. 

Correlations between cyc l i c  and monotonic 
creep fatigue have been obtained. Several theories 
for low-temperature fatigue have been tested 
against results obtained at  elevated temperatures. 
Preliminary investigation of the effects o f  combined 
stresses on fatigue has been undertaken. 

Several in-pi le experiments have been performed 
to investigate the swel l ing o f  beryl l ium due to the 
Be9(+) and (n ,a)  reactions which produce 
helium in the metal. In-pile and out-of-pile tube- 
burst experiments at  600 and 7 O O O C  on beryllium 
indicate that the stress-rupture properties of 
beryl l ium in-pi le are strongly affected by the 
integrated flux. 

The effect o f  stress state on the deformation and 
fracture of Zircalay-2 i s  being investigated. It has 
been determined that H i l l ' s  method of weighting 
the principal shears may be used to describe the 
mechanical anisotropy. 

18. Metal Forming and Casting 

Fabrication work was directed toward developing 
materials for three potential areas of application: 
(1) low-temperature reactors (60 to 18OoF), (2) 
medium-temperature reactors (400 to  1 l O O O F ) ,  and 
high-temperature systems ( >  1100°F). 

In the low-temperature reactor field, postirradi- 
at ion examinations o f  aluminum-base fuels de- 
veloped for applications in which the uranium i s  
l imited to  20% enrichment of the U235 isotope were 
almost completed. The results revealed that at 
exposures as high as 6.5 x 10,' fissions/cc 
(60% burnup of U2,' atoms) dispersions of U,O, 
and UAI, did not exhibit  any gross dimensional 
changes. On the other hand, dispersions o f  UC, 
did not show acceptable behavior. 

Despite inherent I imitations at  elevated tempera- 
tures, aluminum-base materials have been selected 
as the structural material for fuel element con- 
struction in the design of high-neutron-flux re- 
actors. Type 6061 aluminum, for example, i s  the 
reference cladding material for the High-Flux 
Isotope Reactor (HFIR). Recent development work 
culminating i n  the manufacture o f  the 171-plate 
and 369-plate fuel elements for the c r i t i ca l i t y  test 
program indicated that fabrication of these rather 
complex elements is possible. Fuel plates wi th a 
variation in uranium content across the plate width 

were prepared by using a 24 wt % U-AI al loy as 
wel l  as a dispersion o f  26 wt  % U,O, in aluminum. 
In the latter, 0.07 wt  76 B,C was added homo- 
geneously as a burnable poison. The composite 
fuel plates were formed to the specif ied involute 
shapes to  close tolerances. The main problem 
encountered was pronounced bl istering of the fuel 
plates during ro l l  cladding. The technical feasi- 
b i l i t y  of mechanically assembling the plates into 
the required uni t  wi th exceedingly close dimen- 
sional control was demonstrated. 

Stainless steel continues to  be an attract ive 
c ladd i ng materia I for med i um-temperature reactors, 
and studies have progressed on swage-clad UO, 
rods as wel l  as on dispersions of UO, i n  stainless 
steel. The discovery that fused-and-ground UO, 
contains appreciable quantities of nitrogen was a 
signif icant contribution. It appears that th is 
impurity must be kept to  a minimum in  order to  
eliminate potential swell ing i n  swage-clad rods 
during brazing into fuel bundles, or later while 
under irradiation. In applications requiring high 
specif ic power, dispersions of UO, in  stainless 
steel continue to  show promise, and a program for 
developing fabrication techniques for dispersing 
36 wt  76 spherical UO, i n  rather thick stainless 
steel plates has been successfully completed. 
Incorporation o f  the burnable poison in th is fuel 
system has been ut i l ized to  advantage but has 
been plagued with erratic losses of boron during 
fabrication. Studies have been completed, and a 
topical report is  i n  press which shows that the 
loss i s  related to the oxygen as wel l  as to the 
hydrogen present i n  the conventional heat-treating 
atmospheres. It was concluded that vacuum treat- 
ments would be required to  el iminate losses. 

In the development of stainless-clad plate-type 
neutron absorbers, postirradiation examination of 
3 wt % B'O-Fe material was completed, wi th the 
conclusion that the l im i t  of B'O burnup prior to  the 
onset of swel l ing is 5%. It was demonstrated by 
the manufacture of a fu l l -s ize absorber section for 
test i n  the SM-1 reactor that plates can be eco- 
nomical ly made with variations in boron throughout 
the thickness. The test i s  designed to  extend the 
burnup l im i t  from 5 to  25%. The f i rs t  i rradiat ion 
results on 30 wt 72 dispersions o f  Eu,O, i n  
stainless steel showed that no microstructural or 
dimensional changes occurred after exposures as 
high as 9 x 10,' nut. 
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In the development of high-temperature materials, alloys, type 502 stainless steel, and 29 wt % 
Mo-Ni al loy in the annealed and aged condition. 
Similar data are plotted for thorium and several 

investigations revealed that stoichiometric UC can 
be arc melted and cast into sound shapes without 
disturbing the stoichiometry. Careful mold design thorium-base alloys. 
was necessary to  minimize the exposure time of 
molten UC to  graphite i n  order to  prevent the 
formation of UC,. Irradiation tests are planned on 
this product as part of the research in the advanced 
material development for the EGCR. 

Investigations i n  the arc-melting o f  niobium 
al loys showed that it was possible to remelt, 
without signif icant contamination, material that 
had been purif ied by electron-beom melting. 
Niobium al loys containing from 64 to  1800 ppm 
nitrogen were reproducibly prepared and used for 
duct i l i ty  studies. Those containing up to 420 ppm 
nitrogen were very ducti le, but beyond this value 
a very rapid decrease in duct i l i ty  occurred. 

19. Metal lography 

Improved metallographic techniques have been 
developed for the evaluation o f  the microstructure 
o f  uranium-rich molybdenum 0 1  loys and zirconium- 
base 0 1  loys containing copper. The procedures 
are different, but involve electrolyt ic pol ishing 
and etching as wel l  as either vacuum cathodic 
etching or etching by means o f  conventional 
chemical immersion. Optical ly f lat  surfaces are 
produced which, on examination, give suff icient 
resolut ion and detai l  for rel iable grain-size de- 
terminations, phase identification, and analysis o f  
m icroporos i ty. 

Several innovations are being ut i l ized to  fac i l i -  
tate the metallographic processing of cold and hot 
specimens o f  both metal and ceramic materials. 
An embedment technique involv ing the use of a 
lead peroxide-boric acid glass finds application 
i n  the examination o f  Tho, particles. A pre- 
polymer o f  d ia l l y l  phthalate i n  the form of a mil led 
gloss-fiber resin shows promise as a metollo- 
graphic mounting material for handling radioactive 
samples. A new cloth wi th superior pol ishing and 
wearing characteristics, compared with standard 
s i l k  or nylon, is being tested. 

Cursory observation of metallographic mounts 
reveals that uranium dicarbide i s  more stable than 
uranium carbide on long exposure to  room-temper- 
ature air. 

The hot- hardne ss character i s ti cs of severa I 
reactor materials o f  construction have been in- 
vestigated. Hardness data a t  elevated temperature 
are presented for 1100- and 3003-grade aluminum 

20. Nondestruct ive T e s t  Development 

Standard industr ial test ing practices are usually 
not adequate for the more stringent requirements i n  
the nuclear industry. Therefore considerable 
effort has been directed toward the development 
o f  improved techniques for the various test ing 
problems posed by nuclear technology. These have 
included studies in the use o f  ultrasonics, electro- 
magnetics, penetrating radiation, and other methods. 

In the past year, most of the ultrasonic de- 
velopment work was directed toward studies of 
ultrasonic test ing of th in metal sections and the 
properties o f  ultrasound, wi th particular emphasis 
on the detection of nonbonded areas. Th is  in-  
cluded the evaluation of braze bonds of stainless 
steel tubing and sheath-to-copper disks, the in- 
spection of flat-plate fuel elements, and the test ing 
of the bond in duplex and tr ip lex tubing. 

Electromagnetic or eddy-current studies have 
included the development of new techniques and 
equipment for the measurement o f  such dimensions 
as interplate and interrod coolant-channel spacing. 
A prototype eddy-current test system with a wide 
choice o f  operating frequency has been constructed 
for use on test  problems which are very frequency- 
sensitive. Studies are in progress to  measure the 
magnetic f ie ld associated with different test-coi I 
configurations to  faci l i tate the design of new test  
systems. 

One phase of the penetrating-radiation program 
has been the investigation of low-voltage radio- 
graphic conditions for the radiography of thin 
sections of steel, aluminum, and beryllium. X-ray 
attenuation coeff icients have been measured by 
scint i l lat ion spectrometry on various al loys associ- 
ated with power, compact, and research reactors. 
Further gamma-absorption studies are being directed 
toward the measurement of fuel-loading density i n  
swaged and vibratori ly compacted fuel rods. Work 
i s  continuing on the assay of U235, by using the 
self-emitted gamma irradiat ion and scint i l lat ion 
spectrometry. 

Most o f  the development of nondestructive tests 
for the evaluation of problem materials has been 
directed toward beryllium, graphite, and graphite 
coatings. Among the most useful test  methods for 
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graphite have been low-voltage radiography and 
eddy currents. These two methods along with 
ultrasonics and penetrants have found applications 
for the inspection of beryllium. 

Development work i n  support of the Gas-Cooled 
Reactor Program included the inspection of 
coatings on graphite, the remote inspection o f  
experimental-loop through-tube weldments, and the 
nondestructive evaluation of beryl l ium tubing. 

A series o f  studies was conducted to  determine 
the appl icabi l i ty  of nondestructive test ing tech- 
niques to  the measurement or evaluation of certain 
desired properties in the core B Fermi fuel element. 
The problems were the measurement of c lad thick- 
ness, detection of nonbond, detection of core 
inhomogeneity, and measurement of coolant-channel 
spacing. 

A large number o f  fuel plates were inspected for 
the f i rst  c r i t i ca l  assembly of the High-Flux Isotope 
Reactor (HFIR), by using newly developed ultra- 
sonic, radiographic, and eddy-current techniques. 

21. Physical  Metallurgy 

In physical metallurgy, two problem areas have 
been investigated: the study of gas-metal reactions 
and the study of al loy stabi l i ty. 

Oxidation and carburization experiments on 
type 304 stainless steel were carried out as part of 
the Experimental Gas-Cooled Reactor (EGCR) 
project. The oxidation rates of type 304 stainless 
steel in co2-C0 atmospheres up to  982OC were 
found to  depend on the oxide which formed on the 
metal. When protective oxides formed, the reaction 
rates were insensit ive to  the concentration and the 
composition of the gases; however, when non- 
protective oxides formed, the reaction rates de- 
pended on P c o  / p c 0 .  carburization of the al loy 

depended mainly on temperature, time, and 

Research to understand the accelerated corrosion 
of beryl l ium in gaseous environments i s  part of the 
program on the development o f  advanced-type fuel 
elements for gas-cooled reactors. Beryl l ium reacts 
wi th high-temperature CO, to  form B e 0  and Be2C. 
In atmospheres of H,O(g) the metal i s  oxidized and 
decarburized; in hydrogen atmospheres it is de- 
carburized. The oxidation reactions resulted i n  the 
formation of protective oxide films, and the de- 
carburization reaction caused an accelerated rate 
of grain-boundary oxidation. The temperatures 
investigated were 550-725OC. 

2 

(Pco)2/Pco2. 

Because of a combination o f  low capture cross 
section and elevated-temperature strength, niobium- 
base al loys are attract ive materials for use as 
cladding for fuel elements and for various structural 
components o f  a reactor system. Lack o f  oxidation 
resistance i s  the main obstacle to  general use of 
th is  c lass of al loys, and development work has 
continued in attempts to  understand better the 
oxidation mechanism in order to  solve the problem 
through alloying. In addition, efforts are directed 
toward an engineering solut ion through cladding of 
these al loys w i th  metals which afford oxidation 
protection. 

Niobium al loys that exhibit  decreased oxidation 
rates a t  1000 and 12OOOC at  atmospheric pressure 
oxidized at  a faster rate than the unalloyed metal 
a t  low pressures. The reaction rates for niobium 
and i t s  al loys i n  low-pressure air were an order of 
magnitude lower than in an equivalent pressure of 
pure oxygen. 

The poor oxidation resistance o f  niobium a t  
elevated temperatures i s  also a major drawback 
associated with i t s  use for construction of a 
reactor coolant system. The use o f  tr iplex tubing, 
however, offers a promising approach toward 
protecting the niobium and overcoming the re l iab i l i t y  
problem in air heat exchangers or radiator appli- 
cations. 

Aging reactions observed in annealed Nb-1% Zr  
al loys were determined to be due to the precipi- 
tat ion of a phase which ult imately becomes ZrO,. 
Correlations between the aging iesponse, the 
oxygen content of the alloy, and the annealing 
temperatures were developed. 

The use o f  al loy fuels for fast  reactors of the 
Fermi type depends to some extent on the strength 
and stabi l i ty  o f  the al loy system. The transfor- 
mations occurring in y-stabi l ized U-Mo al loys 
weaken or strengthen the alloy, depending on the 
molybdenum content. The strongest al loy at 55OOC 
appears to be U-13% Mo. The rate of transfor- 
mation from y to  a + y’ decreases with increasing 
molybdenum content. Th is  rate i s  accelerated by 
an order o f  magnitude when cold work precedes 
the trans formati on heat treatment. 

INOR-8, which has been selected to contain 
fluoride melts for the Molten-Salt Reactor Experi- 
ment, i s  a solid-solution alloy, except for carbides, 
up to  1092°C. Intermetallic compounds were 
observed in al loys containing 20% Mo-10% Cr-10% 
F e  and in 18% Mo-8% Cr-8% Fe. An ordering 
reaction which becomes signif icant at 540aC 
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causes an increase in the specif ic heat of INOR-8. 
A decrease in the values of the specif ic heat 
above 61OOC is  attributed to adisordering reaction. 

22, Postirradiation Examinat ion 

The gamma spectrometer w i th  i t s  associated 
collimator recently instal led i n  the ho t  ce l l s  
located in Bui ld ing 4501 has proved to be a 
Val uable nondestructive tool for posti  rrad ia t ion 
examination o f  various test  components. For 
example, the newly designed collimator provided 
suff ic ient  resolut ion and definit ion to  al low 
identi f icat ion of specif ic gamma emitters retained 
i n  the f i rs t  in-pi le thoria slurry loop after oper- 
at ion and drainage of the slurry, which also con- 
tained small quantities (additives) of uranium and 
palladium in D,O. Moreover, the equipment was 
successful ly used in  locating a plug noted during 
operation of the f i rs t  UO,SO, solut ion loop tested 
in the ORR HN-1 fac i l i t y  and, hence, greatly 
faci l i tated the subsequent cutup operation for 
corrosion evaluation. Spectral measurements on a 
cermet composed of a Eu203 dispersion i n  
stainless steel, which i s  under consideration as a 
control material for appl icat ion in the Pressurized 
Water Reactor Program of the Army, showed the 
equipment to  have real potential i n  performing 
nondestructive burnup analysis. 

In-cell examination o f  four in-pi le slurry auto- 
claves revealed that a signif icant quantity of fines 
had been produced during irradiation o f  thoria 
spheres under stat ic conditions. In one instance, 
a black, vitreous deposit, having an apparent bulk 
density of approx 1, was found a t  the liquid-vapor 
interface region of the autoclave. 

In order to assist  corrosion evaluation, two 
remote-repli cat ion techniques are being success- 
fu l l y  u t i l i zed  to  obtain topographical information 
on the surfaces of materials exposed to  various 
media. Rel iable repl icas of the internal surfaces 
of autoclaves after in-pile test ing are being 
produced by centr i fugal ly casting a th in section 
o f  RTV si l icone rubber wi th a modif ied curing 
agent, while the cel lu lose acetate technique i s  
giv ing good results on reproducing the topography 
of metallographically polished and etched speci- 
mens. 

The application o f  the Questar telescope, which 
was used for macroscopic examination of the 
interior of the HRE-2 core vessel, has been ex- 
tended to  al low inspection o f  the interior surfaces 

of the fluorinator and hydrofluorinator vessels 
after service i n  the Vo la t i l i t y  P i l o t  Plant of the 
Chemical Techno logy Division. 

The X-Ray Dif f ract ion Group has collaborated 
w i th  the Ph i l ips  Electronics Company i n  the 
design and construction of a diffractometer for the 
examination of radioactive samples for the HRLEL 
faci I i ty. 

A remote scanning tank was designed and fabri- 
cated for the ultrasonic inspection of high-level 
irradiated components in the HRLEL. Further 
remote measurements were made of the wal l  th ick- 
ness o f  the core vessel of Homogeneous Reactor 
Experiment No. 2. 

23. Powder Metal lurgy and F u e l  C y c l e  

Fuels composed of uranium carbide bonded with 
uranium si l ic ide,  which offer the advantages o f  
excel lent fabricabi l i ty, high uranium density, and 
low thermal-neutron-absorption cross section, have 
been fabricated by conventional pressing and 
sintering techniques. Bodies cemented with 5, 10, 
and 15 wt % USi, were consolidated to a density 
o f  97% o f  theoretical by f i r ing for 2 hr at  1650OC. 
The consti tut ion of the bodies after f i r ing was 
determined by x-ray dif fract ion analysis to  be UC 
plus aUSi2. 

Exploratory studies to  determine the effects of 
a l loying on the h igh-temperature properties of 
thorium point t o  a number of interesting alloys. 
Hot hardness a t  6OOOC shows a fourfold increase 
over that for unalloyed thorium when 4 wt 76 indium 
i s  added, and a threefold increase i s  noted w i th  a 
5 wt % zirconium addition. At  75OoC, these im- 
provements are even larger. At 4OO0C, a Th-0.2 
wt % Be-0.2 w t  % C al loy appears promising, 
giv ing a 31/-fold increase in hot hardness. L imi ted  
hot-tensi le tests tend to  confirm these strengthening 
effects. 

Plate composites of 25 vo l  % UO, dispersed in 
depleted U-15 wt  76 Mo with molybdenum cladding 
have been successful ly ro l l  c lad  a t  115OoC, giv ing 
a sound core structure and good metal lurgical 
bonding a t  the clad-core interface. Fuel  cores 
also were made by using 20 vo l  % UC as the 
dispersoid. These fertile-matrix dispersion fuels 
offer promise o f  h igh  burnup and thermal per- 
formance with excel lent breeding gain for fast- 
reactor application. 

Structurally sound and strong al loy rods (36 in. 
in diameter, U-10 to  15 wt % Mo) have been fabri- 
cated from both elemental and prealloyed powders 
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by rotary swaging a t  1O5O0C, with a reduction in 
area of about 60%. 

A refractory-type borosi l icate glass (containing 
4 wt % B,03) was examined as a potential poison 
for Army Package Power Reactor type fuel appl i-  
cation. Pressing and plate fabrication studies, in 
which the borated glass together wi th UO, was 
incorporated in a type 347 stainless steel matrix, 
showed the glass to possess remarkable resistance 
to  stringering and to reaction wi th the other core 
constituents. Because the borosi l icate glass re- 
tained i t s  boron during fabrication and has good 
irradiat ion stabi l i ty, it i s  tentat ively adiudged 
superior to  poisons previously tested. 

In early fuel-core fabrication studies on the 
HFIR (High-Flux Isotope Reactor) Project, a 
procedure was developed for cold-pressing powders 
(A I-U30,- B,C) into a s ymmetr i ca I, stra i ght-taper 
geometry. Good dimensional control, density, 
homogeneity, and reproducibi l i ty were achieved. 

A process was developed for making a mock 
target for the HFlR cr i t i ca l  experiment. Methods 
for batch blending UO,, silver,and aluminum i n  the 
proportions designated to  simulate the neutron- 
absorption properties o f  the actual target materials 
were determined. Also, pressing procedures were 
established for producing cores of controlled 
density, homogeneity, and isotope inventory. 

T o  evaluate materials for the "gray" section of 
a prospective HFlR control element, pressing and 
compatibi l i ty studies were conducted on Mn, Ta, 
W, TaC, and WC in aluminum matrix powder. 
Whereas the tantalum-aluminum, TaC-AI, and 
WC-AI systems pressed satisfactorily, the tantalum- 
aluminum system appears to  be the most promising 
on the basis of both fabricabi l i ty and compatibility. 
Evaluations indicated compacts o f  tantalum- 
aluminum to  be dimensionally stable for 500 hr at 
6 O O O C  and t o  have been hot rol l-clad successful ly 
i n  an aluminum sheathing. 

24. Welding and Brazing 

The developmental projects carried out are 
primarily project connected and, consequently, 

vary quite widely i n  scope. The development of 
suitable joining techniques for unique and unusual 
materials o f  interest in reactor technology com- 
prises a major effort. The development of satis- 
factory beryl l ium welding and brazing procedures 
has been accomplished to the extent that in-pile 
beryl l ium radiat ion capsules have been success- 
fu l l y  fabricated, as have over 200 high-temperature 
tube-burst capsules. Welding studies on niobium 
i n  the form of Nb-1% Zr  al loy have been concen- 
trated on the study o f  the high-temperature aging 
phenomenon occurring in welds i n  this al loy, and 
methods for circumventing the phenomenon have 
been developed. Brazing al loys which readi ly wet 
and f low on niobium have also been developed, 
w i th  the base metals for these al loys being 
t i tanium and zirconium. 

A weld-cracking problem associated with one 
heat o f  INOR-8 has been investigated, and it i s  
thought to  resul t  from an improper melt ing practice 
used by the vendor. Good weldabil i ty has been 
demonstrated for heats made with improved pro- 
cedures. A nickel-base alloy, INCO BP-85, has 
been found to  be a suitable f i l l e r  metal for welding 
stainless steels to  ferr i t ic steels for high-temper- 
ature cyc l i c  service. Procedures have been de- 
veloped which appear to  be applicable for 
fabricating reactor shel ls and vaned assemblies 
from Zircaloy-2. 

Suitable procedures are being developed for 
fabricating fuel elements and other components of 
interest in the various reactor projects. For the 
HFlR project, a c r i t i ca l  element of aluminum al loy 
was successful ly fabricated by welding. Fuel  
elements of stainless steel have been successful ly 
bu i l t  to extremely close tolerances as a support 
effort for the Fermi Reactor Project. Procedures 
have been developed for fabricating complex, 
instrumented stainless steel fuel elements for the 
Gas-Cooled Reactor Program. Techniques have 
also been determined for repeatedly opening and 
closing quick-disconnect-type joints using sol idi- 
fied-metal seals. 

. 
... 

X l l l  





CONTENTS 

SUMMARY ............................................................................................................................................................ i i i  

P A R T I  . FUNDAMENTAL METALLURGY 

1 . THEORY OF ALLOYING .......................................................................................................................... 
La t t i ce  Constants of &Zirconium A l loys  ........................................................................................ 
Specific Heats of Zirconium Al loys .................................................................................................. 
Vapor Pressures in  the Cadmium-Zirconium System ...................................................................... 
Iron-Core Superconducting Magnet .................................................................................................... 
High-Field Studies of Nb, Sn Superconductivity .............................................................................. 

2 . X-RAY STUDIES OF CRYSTALLINE DEFECTS .................................................................................. 
Short-Range Structure of the Al loy Cu-16 at  . % AI ........................................................................ 
An X-Ray Determination of the Characteristic Temperature of UO, ............................................ 

Temperature Diffuse Scattering for Cubic Powder Patterns .......................................................... 
A Determination of Thin Oxide Fi Im Thickness by Integrated Intensity Measurements ............ 

Expitaxial ly Induced Strains i n  Cu, 0 Fi lms . I . X-Ray Diffract ion Effects .............................. 

The Separation of Short-Range Order and Size-Effect Diffuse Scattering .................................... 

3 . REACTIONS AT METAL SURFACES ...................................................................................................... 
Oxidation of Tantalum ........................................................................................................................ 
Sulfurizat ion of Tantalum .................................................................................................................... 
Oxidation of Copper ............................................................................................................................ 

4 . CRYSTAL PHYSICS .................................................................................................................................. 

5 . SPECTROSCOPY OF IONIC MEDIA ........................................................................................................ 
Dilute Solutions of Bismuth i n  BiCI, Melts .................................................................................... 
Di lute Solutions of Bismuth in  Bi Br, Melts .................................................................................... 
Coloration of BiCI,- KCI Melts .......................................................................................................... 
Spectroscopy of  Ionic Nitrate Melts .................................................................................................. 
Volumetric Properties of Ionic Melts ................................................................................................ 
Growth of  Single Crystals of Inorganic Salts .................................................................................. 

6 . DEFORMATION OF CRYSTALLINE SOLIDS ........................................................................................ 
7 . STRUCTURE OF METALS ........................................................................................................................ 

Phase Transformations i n  Cerium ...................................................................................................... 
Neutron Diffract ion Investigations of Metal l ic Cerium at Low Temperatures ............................ 
On a Complex Recrystal l izat ion Texture in  3% Si-Fe .................................................................. 
The Effect  of  In i t ia l  Orientation on the Fiber Texture of Aluminum Rods .................................. 
Twinning in Vanadium ........................................................................................................................ 

Further Studies on Twinning in  Niobium .......................................................................................... 
Effect  of Interst i t ia l  Impurit ies .................................................................................................. 
Surface Effects on Twinning ........................................................................................................ 

An X-Ray Study of Deformation Stacking Faults at Low Temperatures in  Lead, 
Some Lead Alloys, and Aluminum .................................................................................................. 

Deformation Stacking Faults in  Face-Centered Cubic Thorium and Cerium ................................ 
Annealing of Deformed Metals ............................................................................................................ 

Twinning i n  Niobium ............................................................................................................................ 

3 
3 
4 
6 
6 
7 

10 
10 
10 
12 
12 
12 
12 

13 
13 
13 
14 

15 

16 
16 
18 
18 
18 
19 
19 

20 

22 
22 
22 
22 
22 
23 
23 
23 
23 
24 

24 
24 
24 

xv 



8 . 

9 . 

10 . 

11 . 

12 . 

13 . 

Impurity-Control led Grain-Boundary Migration During Recrystal I ization .............................. 
Preferred Orientation i n  Annealed Aluminum Rods .................................................................. 

X-RAY DIFFRACTION .............................................................................................................................. 
Routine Analyses ................................................................................................................................ 
X-Ray Scattering from Irradiated B e 0  .............................................................................................. 
Crystal Structure of LuMnO, .............................................................................................................. 
Structures of Phases in  Binary Oxide Systems Containing B e 0  .................................................. 

CaO-BeO ........................................................................................................................................ 
Y 0 -Be0 ...................................................................................................................................... 

Ordering of Copper-Gold AI loys ........................................................................................................ 
Aging Transformations in  Metastable AI  loys .................................................................................. 

Zirconium-Niobium ........................................................................................................................ 
Zirconium-Chromium, Zirconium-Vanadium ................................................................................ 

2 3  A Pressure-Induced Phase Transformation in  a UO, Monohydrate ............................................... 

Uranium-Niobium ............................................................................................................................ 

PART I I. LONG-RANGE APP LI ED METALLURGY 

PHYSICAL PROPERTIES STUDIES ........................................................................................................ 
Thermal Comparator Apparatus .......................................................................................................... 
Radial Heat F low Apparatus .............................................................................................................. 
Related Projects .................................................................................................................................. 
Characteristic Temperature of UO, .................................................................................................. 

SINTERING STUDIES ................................................................................................................................ 
Sinterabil ity of Tho, Powders .......................................................................................................... 
Model Studies ...................................................................................................................................... 
Sintering-Rate Studies ........................................................................................................................ 
Diffusion of Oxygen in  Thoria ............................................................................................................ 

SOLID REACTION STUD1 ES .................................................................................................................... 
Diffusion of Solid F iss ion Products i n  Fuel and Cladding Materials .......................................... 
Self-Diffusion of Aluminum ................................................................................................................ 
Uranium Monocarbide-Beryllium Reaction ...................................................................................... 

ZI RCONlUM ALLOY RESEARCH ............................................................................................................ 
Zirconium AI loy Development ............................................................................................................ 

Iodide Zirconium ............................................................................................................................ 

Zr- 15 wt X Nb-X .......................................................................................................................... 
Zirconium-Mol ybdenum AI loys .................................................................................................... 

Zirconium-Pal ladium Al loys ........................................................................................................ 
Oxidation-Rate Measurements ............................................................................................................ 
Oxide-Fi I m  Studies .............................................................................................................................. 

Zirca loy-2 ...................................................................................................................................... 

Zirconium-Copper AI loy s .............................................................................................................. 

PART Ill . REACTOR METALLURGY 

CE RAM I CS TECHNOLOGY ...................................................................................................................... 
Graphite and Fueled-Graphite Studies .............................................................................................. 

24 
26 

28 
2% 
28 
28 
29 
29 
29 
29 
30 
30 
30 
31 
31 

35 
35 
35 
38 
38 

39 
39 
39 
40 
41 

43 
43 
44 
45 

48 
48 
48 
48 
48 
49 
50 
50 
51 
53 

57 
57 

xvi  



. 

Experimental Gas-Cooled Reactor Graphite Support Sleeves .................................................. 
Fueled-Graphite Fabrication ........................................................................................................ 
Coated-Particle Fuel-Element Development .............................................................................. 

Uranium Oxide and Thoria Fabrication Development ...................................................................... 
Fabrication of UO, Pel lets .......................................................................................................... 
Characterization of UO, Microspheres ...................................................................................... 
Storage Specifications for EGCR Fuel Pel lets ........................................................................ 
Vibratory Compaction Studies ...................................................................................................... 
Thoria-Pellet Development .......................................................................................................... 

Be0 and Fueled-Be0 Studies ............................................................................................................ 
Phase Relationships in  BeO-Metal Oxide Systems ................................................................ 
Fabrication Development of Be0 ................................................................................................ 
Fabrication Development of Fueled B e 0  .................................................................................. 

Thermal Conductivity Studies ............................................................................................................ 
Thermal Conductivity of INOR-8 ................................................................................................ 
Thermal Conductivity of UO, ...................................................................................................... 

Rare-Earth Oxide Studies .................................................................................................................... 
Sintering of Rare-Earth Oxides .................................................................................................... 

Compatibil i ty Studies on Refractory Materials ................................................................................ 

14 . CORROSION ENGINEERING .................................................................................................................... 
Gas-Cooled Reactor Materials Compatibil i ty Tests ........................................................................ 

Compatibi l i ty of Graphite and Structural Metals in  Helium Contaminated 
by CO and CO, .......................................................................................................................... 

Graphite-Metal Contact Studies .................................................................................................. 
Molten-Salt Reactor Program .............................................................................................................. 

Forced-Convection Loops ............................................................................................................ 

15 . FUELS EVALUATION .............................................................................................................................. 
Bulk UO, .............................................................................................................................................. 
Samples of B e 0  Containing 30 vol % UO, ...................................................................................... 
Coated-Particle Studies ...................................................................................................................... 
Specimens of Tho, Containing 5 wt '2 UO, .................................................................................... 
Fai lure Analysis of Dispersion Fuels  .............................................................................................. 

16 . MATER I ALS COMPAT I BI LI TY ................................................................................................................ 
Potassium-Oxygen Studies .................................................................................................................. 

Solubi l i ty Studies of Oxygen in  L iqu id  Potassium .................................................................... 
Evaluation o f  Analyt ical Methods for Determining Oxygen in Potassium ............................ 
Pur i f icat ion of Potassium: Methods o f  Reducing the Oxygen Content ................................ 

Bo i I i ng- Potas s i um Studies .................................................................................................................. 
Oxidation Tests on Potential Potassium Container Materials ...................................................... 
Mass-Transfer Effects in  Niobium-Sodium-Type 316 Stainless Steel System .............................. 
Vapor Pressure of NaK ........................................................................................................................ 
Graphite-Molten-F I uor ide-Salt Studies .............................................................................................. 

Permeation of Various Grades of Graphite by Molten Salts .................................................... 
Precipitat ion from Molten Salts i n  Contact with Graphite ........................................................ 

lnconel and INOR-8 i n  the Salt-Graphite Test  Systems .......................................................... 
Corrosion o f  Container Materials Used in the Reprocessing of Reactor Fuels .......................... 

Hydrofl uor inat ion Corrosion ........................................................................................................ 

Removal of  Oxygen Contamination from Graphite ...................................................................... 

F! uorinat ion Corrosion .................................................................................................................. 

57 
57 
58 
58 
58 
59 
59 
60 
61 
62 
62 
63 
63 
64 
64 
65 
65 
65 
66 

67 
67 

67 
68 
68 
68 

70 

70 
70 
71 
71 
71 

72 
72 
72 
72 
72 
73 
74 
75 
75 
76 
76 
76 
77 
78 
78 
78 
78 

xvi  i 



17 . MECHANICAL PROPERTIES .................................................................................................................. 
Dimensional Behavior of the Experimental Gas-Cooled Reactor Fuel Element 

at Elevated Temperature .................................................................................................................. 
Radiation Effects on Type 304 Stainless Steel .............................................................................. 
Mechanical Properties of lnconel ...................................................................................................... 
Brazing Midplane Spacer on EGCR Fuel Elements .......................................................................... 
Collapsing and Creep-Buck1 ing Experiments .................................................................................. 
Mechanical Properties of AGOT Graphite ........................................................................................ 
Effects of  Environment on Metals ...................................................................................................... 

Carburization and Oxidation of Type 304 Stainless Steel in  F lowing 
Carbon Dioxide ............................................................................................................................ 

Effects of Interst i t ia ls on Niobium-Base A l loys  ...................................................................... 
Influence of Hydrogen on Nickel-Base Al loys .......................................................................... 

Fracture of Metals Under Dynamic Loads ........................................................................................ 
Beryll ium Irradiation Effects .............................................................................................................. 
Correlation of Nondestructive-Test Results with Mechanical Properties 

of Beryl l ium Tubing .......................................................................................................................... 
Mechanical Properties of Zircaloy-2 ................................................................................................ 
Air-Gage Extensometer ........................................................................................................................ 
Mechanical Properties of INOR-8 ...................................................................................................... 

18 . METAL FORMING AND CASTING .......................................................................................................... 
Irradiation Testing of Aluminum-Base Fuel Dispersions o f  UAI,. U.O.. and UC. 

in Aluminum Plates .......................................................................................................................... 
Aluminum-Base Fuel Element Fabrication ...................................................................................... 

Fuel-Plate Fabrication ................................................................................................................ 
Plate Forming and Assembly ...................................................................................................... 

Stainless-Steel-Base Fuel Element Fabrication .............................................................................. 
Development of Swaged U02-Stainless Steel Fuel Rods ........................................................ 
Dispersions of Spherical UO, in  Stainless Steel ...................................................................... 
Boron Lasses i n  Boron-Bearing Stainless Steel Compacts .................................................... 

Neutron Absorber Development .......................................................................................................... 
Melting and Casting o f  Refractory Metals and Al loys .................................................................... 
Shape Casting of Stoichiometric Uranium Monocarbide .................................................................. 
Fabrication o f  Superconductive Nb-Clad Nb, Sn Wire ...................................................................... 

19 . METALLOGRAPHY .................................................................................................................................... 
Development of New Techniques and Equipment ............................................................................ 

Polishing and Etching of Uranium-Molybdenum Al loys ............................................................ 
Metallographic Preparation of Zirconium-Base A l loys  Containing Copper .......................... 
Etching Tho, Powder Part icles in  the Range of 1 to  5 p ...................................................... 
Microradioautography .................................................................................................................... 
Evaluation of a New Polishing Cloth ........................................................................................ 

Remote Stereomicroscope Light Source ...................................................................................... 
Ultrasonic Microchi sel .................................................................................................................. 
Low-Temperature Microscopy ...................................................................................................... 
Low-Level-Radiation Glove Box ................................................................................................ 

Specialized Metallographic Studies .................................................................................................. 
Possible Reaction Observed Between AI  0, and UO , ............................................................ 
Micrographic Observation of the Effect of Moisture on Arc-Cast UC and UC, .................... 

D ia l l y l  Phthalate Prepolymers as a Radiation-Resistant Mounting Material ........................ 

80 

80 
80 
81 
82 

84 
85 

85 
86 
86 
90 
91 

92 
92 
93 
93 

95 

95 
100 
101 
103 
104 
104 
105 
106 
106 
109 
109 
109 

111 
111 
111 
111 
111 
113 
115 
115 
115 
115 
116 
116 
116 
116 
117 

a4 

x v i i i  



Electron Metallography o f  Oxidized Beryll ium .......................................................................... 
Elevated-Temperature Hardness Testing .................................................................................. 
Linear Thermal Expansion of Aluminum Powder Compacts .................................................... 

Reactor Project Support ...................................................................................................................... 

Metallographic Examination of Thermocouples ........................................................................ 

Examination of Forced-Convection Loops (MSRP) .................................................................. 
Examination of  Heat-Flux-Corrosion-Test Samples .................................................................. 

Thermal Expansion of U-10 wt % Mo Al loy .............................................................................. 
Thermal Expansion of Stainless Steel-UO Compact .............................................................. 
Metallography of Yankee Prototype Fuel E?ement .................................................................... 
Examination of Spherical Uranium Carbide ................................................................................ 
Metal lographic Examination of Oxygen-Injection Valves ....................................................... 
Metallographic Examination of U0,-Tho,- B e 0  Pel lets ......................................................... 

20 . NONDESTRUCTIVE TEST DEVELOPMENT ........................................................................................ 

Examination o f  UC,- Graphite Fuel Pel lets .............................................................................. 

Postirradiation Examination o f  EGCR Prototype Capsules .................................................... 

Examination of N.S. “Savannah s 9  Pip ing .................................................................................... 

Ultrasonic Testing Methods ................................................................................................................ 

Fuel Plates .................................................................................................................................... 
Duplex Tubing ................................................................................................................................ 

Eddy-Current Methods ........................................................................................................................ 
Spacing Measurements .................................................................................................................. 
Broad-Band Eddy-Current Test Equipment ................................................................................ 
Probe-Coil F ie ld  Measuring Device ............................................................................................ 

Penetrating-Radiation Methods .......................................................................................................... 
Low-Voltage Radiography ............................................................................................................ 
X-Ray Attenuation Coefficients .................................................................................................. 
Density Measurement of Fuel Rods by Gamma-Ray Absorption .............................................. 
Gamma-Scintil lat ion Spectrometry .............................................................................................. 

Problem Materials ................................................................................................................................ 
Beryl l ium ........................................................................................................................................ 
Graphite .......................................................................................................................................... 

Remote Inspection Techniques .......................................................................................................... 
Measurement of Homogeneous Reactor Test  Core-Vessel Wall Thickness .......................... 

Coatings on Graphite Sleeves ...................................................................................................... 
Experimental Loop Through-Tube Weldments ............................................................................ 
Beryl l ium Tubing Evaluation ...................................................................................................... 

Fermi Program ...................................................................................................................................... 
High F lux  Isotope Reactor (HFIR) Support ...................................................................................... 

Stainless Steel -to-Copper Braze Bonds .................................................................................. 

Gas-Cooled Reactor Support Program ................................................................................................ 

21 . PHYSICAL METALLURGY ...................................................................................................................... 
Reactions of Type 304 Stainless Steel with Low-Pressure CO, and CO .................................... 
The Reactions of Beryl l ium with Gases .......................................................................................... 
Oxidation of Niobium Alloys at Low Pressures .............................................................................. 
Cladding Studies .................................................................................................................................. 
Triplex Tubing ...................................................................................................................................... 
Aging Phenomena in  Niobium-Base Al loys ...................................................................................... 
Fermi Reactor Project ........................................................................................................................ 
High-Temperature Stabi l i ty of INOR-8 .............................................................................................. 

120 
120 
124 
125 
125 
126 
126 
126 
127 
128 
129 
129 
130 
132 
133 
134 

135 
135 
135 
135 
136 
136 
136 
136 
136 
137 
137 
137 
138 
138 
139 
139 
139 
139 
139 
140 
140 
140 
140 
140 
141 

142 
142 
143 
144 
145 
145 
145 
146 
147 

x ix  

. 



22 . POST1 R RAD I AT ION EXAM I NAT ION ...................................................................................................... 
Aqueous Thermal Breeder Project Support Act iv i t ies .................................................................... 

Hot-Cell Cutup and Examination of an In-Pi le Solution Loop ................................................ 
Preliminary Examination of In-Pi le Slurry Loops .................................................................... 
Hot-Cell Examination of In -p i le  Slurry Autoclaves ................................................................ 

Development of Postirradiation Examination Techniques .............................................................. 
Remote Viewing ............................................................................................................................ 

Remote Replication ...................................................................................................................... 
Equipment Development for New Fac i l i t y  ........................................................................................ 

Carbon Replication ........................................................................................................................ 
Bausch and Lomb Stereomicroscope .......................................................................................... 
Gamma Spectrometer ...................................................................................................................... 
Mercury-Vapor-Lamp Shrouds ...................................................................................................... 
Master-Slave Manipulators .......................................................................................................... 
Kollmorgen Periscope .................................................................................................................. 
Radioactive-Material Transport .................................................................................................. 

HRLEL X-Ray Diffract ion Apparatus .............................................................................................. 

Hi gh-Level Gamma Spectrometry ................................................................................................ 

High-Radiation-Level Examination Laboratory (HRLEL) .............................................................. 

23 . POWDER METALLURGY AND FUEL CYCLE ...................................................................................... 
Liquid-Phase Sintering of Uranium Carbide Fuels ........................................................................ 
Development o f  Thorium-Base AI loys with Improved Elevated-Temperature 

Dispersion Fuels wi th U02 or UC in Depleted Uranium-10 to  15 wt % 

Evaluation o f  Borosi l icate Glass as a aurnable Poison .............................................................. 

AI uminum-Matrix AI-U,O,-B, C Pressings with Symmetrical, Straight-Taper 

Fabrication of HFlR Target ............................................................................................................... 
Compatibil i ty of Materials of Intermediate Neutron Cross Section with Aluminum .................... 

Strength .............................................................................................................................................. 

Molybdenum Matrix ............................................................................................................................ 

Optimization o f  UO -Stainless Steel Dispersion Fuels  ................................................................ 

Geometry ............................................................................................................................................ 
2 

24 . WELDING AND BRAZING ......................................................................................................................... 
Materials-Joining Development .......................................................................................................... 

Bery I I i urn ........................................................................................................................................ 

Welding of  Ferr i t ic  Steels to Stainless Steels .......................................................................... 
Z i rcaloy-2 ....................................................................................................................................... 

AI uminum-Alloy Fuel Element Development ............................................................................. 

Niobium ........................................................................................................................................... 
I NOR-8 ............................................................................................................................................ 

Component Fabrication Development ............................................................................................... 

Stainless Steel Flat-Plate Fuel Element Development ........................................................... 
Solidified-Metal Seal Development ............................................................................................ 
Instrumented Fuel-Capsule Fabrication .................................................................................... 

PAPERS AND ORAL PRESENTATIONS GIVEN AT SCIENTIFIC AND TECHNICAL 
MEETINGS JULY 1, 1960-MAY31, 1961 .................................................................................................. 

PUBLICATIONS ................................................................................................................................................ 

148 
148 
148 
149 
149 
150 
150 
150 
150 
152 
153 
153 
153 
153 
153 
154 
155 
157 
157 

158 
158 

158 

160 
162 
163 

165 
166 
167 

168 
168 
168 
168 
171 
171 
172 
173 
173 
174 
175 
176 

179 

183 

xx 

. 



Part I 
FUNDAMENTAL METALLURGY 





1. THEORY OF ALLOYING 

. 

L A T T I C E  C O N S T A N T S  OF a-ZIRCONIUM 
A L L O Y S ’  

J. 0. Betterton, Jr. D. S. Easton 

The axial  rat ios of close-packed hexagonal 
metals and alloys, according to  theories of 
Jones’’’ and Go~denough ,~  depend upon the elec- 
tronic energy for cases where the Fermi surface 
i s  nearly spherical (i.e,, s-type bands) and where 
the electrostat ic interaction of the valency elec- 
trons and the ions and the exchange interaction 
between ions can be neglected. Magnesium and 
i t s  al loys5 and the noble-metal brasses6 appear 
to  agree with th is  hypothesis. A shear in the 
crystal  structure w i l l  necessari ly produce a shear 
i n  the Br i l lou in  zone. With th i s  shear, the elec- 
tronic energies of those states o f  the Fermi 
surface near a zone face are altered so that a 
force i s  exerted on the zone face much l i ke  that 
of surface tension. 

The d electrons i n  zirconium are unl ikely to  
have spherical energy contours i n  k space, and 
as an added complication, an overlapping of f i ve  
different bands of electrons i s  l i ke ly  to be present. 

The perturbation of the d-electron states near 
the zone boundary i s  assumed to  reduce their 
energy, and the E ( k )  surface i s  assumed to be 
lowest at  the center of the 100021 face and to  rLse 
to  a maximum value at  the center of the (10101 
faces. Should th is  d band contain somewhat less 
than two electrons, the l / a  distances would be 
distorted from values corresponding to  ideal close 
packing to smaller l/u distances by the attract ive 
interaction of the electrons and the zone face. 

’Paper presented at 1961 Annual Meeting of the 
AIME, St. Louis ,  Mo., Feb. 26-Mar. 1; abstract pub- 
l ished i n  ]. Metals 13, 86 (1961). 
2H. Jones, Proc. Roy. SOC. (London)  147A, 396 

(1934). 
3H. Jones, Phil. Mag. 41, 663 (1950). 
4J. Goodenough, Phys.  Rev. 89,  282 (1953). 
5G. V. Raynor, T h e  Physical  Metallurgy of Magnesium 

6J. B. Mossalski and H. W. King, Acta  Met. 8, 684 
and Irs Al loys ,  Pergamon, New York, 1959. 

(1960). 

Other factors being equal, the axial rat io would 
be reduced as i s  observed in a-zirconium. Theo- 
ret ical  calculat ions by Lehman7 on a similar 
hexagonal metal, titanium, and calculat ions on 
other transit ion  metal^^#^ show d bands with E ( k )  
surfaces of th is  type and a small number of elec- 
trons i n  the overlapping s-p band. 

Overlap of  the f i rst  d band to  form another 
band i s  assumed to occur with a minimum energy 
on the !0002) face. As the average number of 
electrons in zirconium i s  increased by alloying, 
th is  overlap would tend to reduce l / c  distances 
and expand the axial  ratios. If the number o f  
electrons in the new band i s  small, the effects 
should be large in i t ia l l y  and diminish wi th s t i l l  
further additions. 

The effects on the lat t ice parameters of the B -  
subgroup elements, Ag, Cd, In, Sn, and Sb, in the 
same long period as zirconium, are i n  substantial 
agreement wi th th is model. Because these solutes 
a l l  have about the same atomic size, the a di-  
mensions fol low approximately a common curve. 
The c spacings, i n  marked contrast wi th the a 
dimensions, change in  a systematic manner wi th 
the valency of the solute added. Assuming that 
1, 2, 3, 4, and 5 electrons, respectively, are 
contributed to the al loy by the solute atoms Ag, 
Cd, In, Sn, and Sb, the effect o f  the increased 
valency i s  t o  rotate the c-dimension curve upward. 

The relat ionship to the shear strain in the 
modified Jones theory i s  seen more clear ly in 
terms of axial ratios, since the effects of sl ight  
volume changes i n  the al loys are eliminated. The 
variat ion of the axial rat io i s  in general not quite 
linear wi th composition, and the present theory 
f i t s  better at lower concentrations. The situation 

7G. W. Lehman and T. G. Berlincourt, Final Report 
on Research on Electron Energy States in Transit ion 
Metals, AI-1889 (February 1957). 
‘M. F. Manning and M. I. Chodorow, Phys.  Rev.  56, 

787 (1939). 
9G. C. Fletcher, “Density o f  States Curve for the 

3d Electrons in Nickel,” Proc. Phys.  Sac. A65, 192 
(1952). 
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M E T A L L U R G Y  A N N U A L  P R O G R E S S  R E P O R T  

may be shown more clear ly as the derivative o f  
the axial  ratio-concentration curves i n  the di lute 
al loy region, as shown i n  Fig. 1.1. Three es- 
sential parts of the al loying effect on the axial  
rat io are shown by th is  graph. First,  the intercept 
of the curve represents a valency-independent term 
by which a-zirconium i s  restored to  ideal c lose 
packing by di lut ion o f  the zirconium atoms. Ti- 
tanium ond hafnium do not produce th is  effect 
since both elements in their hexagonal form have 
electronic structures and axial  rat ios similar to  
those of zirconium. Secondly, the electrons from 
each o f  the €3-subgroup solutes increase the rate 
o f  expansion of the axial  rat io in proportion to  
their number. Final ly, absence of atomic s ize  
factor effects i s  indicated by the data for In and 
Go and for Ti and Hf. Th is  type of behavior, when 
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Fig. 1.1. Changes of the Axial Ratio with 1 at. % 
Additions. 

the rate of change i s  proportional to valency, 
indicates two things. First,  since each electron 
has an equal effect, i t  implies that zirconium 
i tse l f  has nearly zero s-p type electrons. Sec- 
ondly, th is  behavior would be expected from the 
Jones theory and the present model, g iv ing a 
direct relat ionship between the Br i l lou in  zone 
and the posi t ion o f  the Fermi surface in an alloy. 
For a band structure which i s  r ig id  for a small 
amount of alloying, the Fermi surface should shi f t  

In addit ion t o  the 8-subgroup solutes mentioned 
above, the effects on the a-zirconium la t t i ce  
constants of Ce, Nd, and Pd were measured. Each 
o f  these sl ight ly soluble elements expand the 
axial  ratio. Solubi l i t ies are Pd < 0.2, Ce < 0.33, 
and Nd > 0.33 at. % at  8OOOC. It i s  bel ieved that 
s and d electrons o f  the rare earths Ce and Nd, 
and some o f  the d electrons o f  the  t ransi t ion 
element Pd transfer to  the zirconium band struc- 
ture. Since Ce and Nd are equal i n  changing the 
rat io c /a ,  and in rais ing the a//3 transit ion tem- 
perature,” the 4f electrons would appear to be 
too low i n  energy to  leave the rare-earth ion. In 
th is  way, Ce and Nd should have ef fect ive me- 
ta l l i c  valencies o f  three, equivalent to the  t r i -  
valent chemical valencies. The observed effects 
are somewhat larger. 

SPECIFIC HEATS OF ZIRCONIUM A L L O Y S ”  

G. D. Kneip, Jr. 

The specif ic heats of d i lute al loys of silver, 
indium, and tin in zirconium were found to  con- 
s is t  of an electronic and a vibrat ional term and 
to  obey Eq. (1) over the temperature range 1.2 to  
4.5” K: 

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

C = a T + / 3 T 3 .  (1) 
No evidence of phase transit ions was found except 
for the  two highest-composition tin alloys, which 
undergo a superconducting transformation at  approx 
1.25’K. All these solutes raise the coeff ic ient  
o f  the electronic term and lower the Debye temper- 
ature. 

Because o f  the proximity of the atomic levels, 
i t  seems reasonable to assume that the band 
structure of zirconium i s  similar t o  that  of the 
other transit ion metals and consists o f  narrow d 
bands with a high density o f  states overlapped by 
a broad s band containing few electrons. I f  it i s  
assumed that the s and d bands can be treated 

“L. lanniello and A. A. Burr, “Effect of Some Rare 
Earth Elements on the HCP-BCC Transformation o f  
Zirconium,” paper presented at 1961 Annual Meeting 
of AIME, St. Louis, Mo., Feb. 26-Mar. 1; abstract p u b  
lished in J .  Meta ls  13, 68 (1961). 

i n  approximate proportion to the number o f  elec- 
trons added. The changes in axial  rat io would 
then be proportional t o  extra electrons contributed 
by the solute. 1961. 

” G .  D. Knaip and J. 0. Betterton, Jr., pp 357-58 
in Proceedings  of the  VI1 International Conference o n  
Low Temperature P h y s i c s  (G. M. Graham and A. C. 
Holl is Hallett, eds.), University of Toronto Press, 
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independently, then the density of electronic 
states as determined by the specif ic heat i s  the 
sum of the s and d densities. Although tin, l i ke  
zirconium, has four electrons outside o f  completed 
shells, the addit ion of t i n  to  zirconium raises the 
specif ic heat rapidly, so that the common con- 
duction band in  the al loy must not contain four 
electrons per atom, or else the relat ive posit ions 
of the s and d bands must shi f t  during alloying. 

I f  i t  i s  assumed that the bands do not shi f t  
during al loying and that the zirconium d electrons 
are t ight ly bound and do not penetrate into the 
atomic polyhedra of the solute atoms, then, for 
small solute concentrations, the change i n  the 
density o f  states and hence the electronic specif ic 
heat can be shown to  be a linear function of solute 
concentrations, as i s  experimentally observed. 
According to th is model, the change i n  the Fermi 
level which occurs during al loying i s  dependent 
upon the solute valence and the number of s 
electrons i n  zirconium. Thus, any properties 
which depend exp l i c i t l y  on the Fermi surface are 
independent o f  the total number of d electrons. 
The change in  the coeff icient of the electronic 
speci f ic  heat with alloying, then, should be a 
l inear function of the solute valence, as i s  ex- 
perimentally observed and shown in Fig. 1.2. 

UNCLASSIFIED 
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Fig. 1.2. Rate of Change of the Electronic Coeffici- 
ent of the Specific Heat of Zirconium Al loys a s  a Func- 
tion of Solute Valence. 

Although the experimental results are i n  sub- 
stantial agreement wi th th is  simple isotropic two- 
band model, certain discrepancies exist. First,  
h y / x  should be equal to the  negative of the 
density of d states of pure zirconium when the 
solute valence i s  equal t o  the number of s elec- 
trons i n  zirconium. Although the number of s 
electrons cannot be uniquely determined without 
independently evaluating the density of d states, 
i t  is  reasonable to  assume (1) that the number o f  
s electrons i s  small, (2) that the d states con- 
tr ibute approximately two-thirds of the total  
speci f ic  heat in the pure metal, and thus (3) that 
the curve of Fig. 1.2 should pass through 
h y / x  = - 2  for some posi t ive value o f  the solute 
valence. Second, the slope of the density-of- 
states curve can be determined from the slope of 
the curve shown in  Fig. 1.2, and, from th is  and 
the density of states o f  the pure metal, an es t i -  
mate can be made of the number of d electrons. 
Both the number of d electrons and the width of 
the d band found in th is  way are unexpectedly 
small. The small number of d electrons may 
indicate that i n  zirconium a new d-band overlap 
has just occurred. The axial rat io change with 
al loying i s  i n  agreement wi th the overlapping d 
bands, and supporting evidence for the small 
number of electrons i n  one band i s  found in  the 
Ha l l  coeff ic ient  of zirconium.” The extremely 
narrow d band, however, i s  not consistent wi th a 
width of approx 1 ev from the x-ray “L” emission 
spectra.13 It i s  perhaps remarkable that such a 
single model can adequately represent the maior 
features o f  the al loying process for these highly 
anisotropic zirconium alloys. 

At  these low temperatures, only the long-wave- 
length phonons are excited; therefore, the la t t i ce  
specif ic heat and hence the Debye temperature 
i s  determined by elast ic waves whose wavelength 
i s  several atomic distances. For th is  case, the 
al loy should be considered to  be an isotropic 
sol id whose vibrational properties are dependent 
upon the average interatomic force constants and 
the average atomic mass. Since the mean atomic 
mass i s  nearly constant for these alloys, the 
linear dependence of the Debye temperatures on 

2T. G. Berl incourt, Phys .  R e v .  114, 969 (1959). 
I3C. H. Shaw and E. L. Jossern, Soft X-Ray  Spectra 

o f  Metals and A l l o y s ,  final report, RF Project 471, 
Ohio State University Research Foundation (December 
1959). 
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the solute concentration may be interpreted as 
due to  changes in  the elast ic constants. The 
more rapid change in  the Debye temperature for 
the s i lver al loys than for either the indium or t i n  
al loys indicates that, for these systems, factors 
other than the electronic energy are important i n  
determining the el  ast i  c constants. 

V A P O R  PRESSURES I N  T H E  CADMIUM- 
Z I R C O N I U M  SYSTEM 

J. 0. Betterton, Jr. J. H. Frye, Jr. 
D. S. Easton 

In previous work14 on the thermodynamic prop- 
ert ies of the a and @ phases of the Cd-Zr system, 
the a/@ phase boundaries were calculated from 
the pressures, and a maximum in  the (a  + @ )  
region was predicted that was not then observed 
i n  the phase diagram. Recent experiments wi th 
an al loy containing 15.8 at. 76 Cd confirm th is  
maximum, since the transit ion occurs at 906°C 
at 11.2 at. 76 Cd but does not occur above 89OOC 
i n  the higher-composition alloy. Henry's law, 
or independence of the thermodynamic deviat ion 
wi th atomic fract ion of cadmium, persists to 15.8 
at. 76 Cd, and it was also found that excess 
part ial  molar entropy of the @ phase was constant 
wi th respect to  composition to  15.8 at. 76 Cd. 

IRON-CORE S U P E R C O N D U C T I N G  M A G N E T  

J. 0. Betterton, Jr. D. S. Easton 

Superconducting electromagnets wi th iron cores 
and coi ls of niobium wire were discussed by 
Aut1er.l' A magnet of th is  type has been made 
with the superconductor, niobium-clad Nb,Sn, 
described by Kunzler et aZ.16 The magnet w i l l  
be used in  magnetoresistance studies of zirconium 
al loys and of pure tungsten single crystals at 
low temperatures. Compared with an air-core 
solenoid, the iron-core magnet has the advantages 
i n  the medium-field-strength region of requiring 
'only short lengths of Nb,Sn wire for the winding 

14J. 0. Betterton, Jr., J. H. Frye, Jr., and D. S. 
Easton, Met. Diu. Ann. Pmgr.  Repb j u I y  1 ,  1960, 
ORNL-2988, p 122. 

"5. H. Autler, Rev. Sc i .  Instr. 31, 369 (1960). 
16J. E. Kunzler et al . ,  Phys.  Rev. Letters 6(3), 

89-91 (1961). 

and of having a large volume i n  which the f ie ld  
i s  transverse to  the specimen. 

The magnet was f i rs t  wound with co i l s  which 
were lacquer-insulated and wound after annealing, 
producing a f ie ld  strength i n  a preliminary experi- 
ment of about 50,000 gauss. Unfortunately, th is  
resul t  was not repeated i n  later t r ia ls  wi th these 
and other Nb-Nb,Sn coils, and the maximum f ie ld  
produced was always near 23,000 gauss, the 
saturation value o f  the magnet pole tips, i n  spite 
of different numbers of turns and dif ferent currents. 

Two causes are postulated for the above- 
mentioned nonreproducibility o f  results. (1) F l u x  
escaping from the saturated pole t i p  was suff ic ient  
to  quench the pure niobium cladding. Then the 
whole co i l  becomes normal i n  resistance because 
of the abrupt transfer of high current from the 
cladding to  the core, quenching the core. (2) I t  
may be that i n  each length of wire the core was 
broken at  least once by the handling required to  
insulate and wind the coils. 

In an effort to  f ind an insulat ing material which 
would permit the co i l s  t o  be wound whi le s t i l l  
duct i le and then to  be heat-treated, Nb-Nb,Sn 
wires were heat-treated i n  s i lver and in  copper 
iackets. Metallographic examination and current 
tests showed no deleterious effects of annealing 
i n  these metals. A preliminary co i l  of 14 turns, 
wi th a coating o f  electrodeposited silver, produced 
a measured f ie ld  of 840 gauss at 95 amp, i n  agree- 
ment wi th the mutual coupling17 of the search 
co i l  and the silver-brazed coi l ,  wi th each turn 
ef fect ively carrying this current. 

Copper i s  convenient as a drawing lubricant, 
and, wi th the next trial, large co i l s  (214 and 524 
turns, and 1-1/2- by 2-z- in.  inside dimensions) 
were brazed in  copper. No field, however, was 
detected i n  the magnet gap with 200 amp f lowing 
into the leads. Further consideration shows, 
however, that with high inductances and low 
shunting resistances the t ime constant of th is  
type of co i l  would be so long that no f ie ld  would 
be expected. Experiments w i l l  be continued w i th  

17We are indebted to W. Gauster for this calculation 
and for the suggestion that L(d i /d t )  was an important 
factor i n  the failure to develop field in the first copper- 
brazed coil. 

6 



P E R I O D  E N D I N G  M A Y  31, 7967 

addit ions of al loying elements to  the brazing 
materi a1 . 

Wire prepared at  ORNL (described in  Chap. 18, 
Metal Forming and Casting,” t h i s  report) i n  the 

manner suggested by Kunzler e t  ~ ~ 1 . l ~  was placed 
i n  the air gap transverse to  the field, and c r i t i ca l  
currents were determined to  23,000 gauss as a 
function of the wire diameter. The results are 
shown i n  Fig. 1.3 and indicate that wire from 
dif ferent sources introduces considerable dif fer- 
ences. The sharply r is ing Ic-vs-H curve indicates 
that the niobium cladding becomes normal between 
2000 and 5000 gauss and that the core thereafter 
carries a considerably smaller current. In view 
of the approximate proportionality of the c r i t i ca l  
current t o  the wire cross section, the larger- 
diameter wires seem more attract ive for solenoids, 
since the possibi l i ty  of discontinuity i n  the Nb,Sn 
core should be reduced. 
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Fig. 1.3. Critical Currents vs External Field Strength 
in Various Nb-Clad Nb3Sn Wires at 4.2%. 

H I G H - F I E L D  S T U D I E S  O F  NbjSn 

SUPERCONDUCTIVITY ’ 8 - 2 0  

J. 0. Betterton, Jr. 
R. W. Boom21 

G. D. Kneip, Jr. 
C. E.  roo^^^ 

R. E. Worsham” 

Samples of niobium-clad Nb3Sn wire were pre- 
pared by the methods suggested by Kunzler e t  

and their c r i t i ca l  currents as a function of 
f ie ld  were measured by a pulsed-field, pulsed- 
current method at  4.2’K in the Vanderbilt Univer- 
s i t y  200-kilogauss magnet.18-20 The results are 
plotted in Fig. 1.4 as a function of f ie ld  for two 
samples. Sample 1 was measured both paral lel 
and transverse to  the field, whi le sample 2 was 

18J. 0. Betterton, Jr., et al., P h y s .  Rev.  L e t t e r s  

I9C. E. Roos e t  al., “Critical Currents in NbjSn 
Superconductors,” paper presented at American Physi- 
cal  Society Meeting, Washington, D.C., Apr. 24-27, 
1961. 

2oC. E. Roos et al., Bull. Am. P h y s .  SOC. 6, 337 
(1961). 

2 1  Electronuclear Research Division. 
22Vonderbi I t University, Noshvi I I e, Tenn. 

6(10), 532 (1961). 
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oriented only paral lel to the field. Since the 
start o f  the present experiments, similar experi- 
ments were done by Hart2, and by Arp e t  
and their results have also been plotted on Fig. 
1.4 for comparison. Similarly, the ranges o f  the 
dc low-f ield results from eight different samples 
of wire, as reported above, are also plotted. The 
curves show that the 0.38-mm-diam samples carry 
pulsed currents of 210 to  260 amp in  zero external 
field, Sample 1 carries 100 amp at 100 ki logauss 
with the f ie ld paral lel to the  wire axis. Th i s  
curve can be joined smoothly wi th the da tao f  Arp 
et ~ 1 . ~ ~ ~  which shows c r i t i ca l  f ie lds as high as 
167 ki logauss for small measuring currents. Both 
the current-carrying capacity and the maximum 
f ie ld  at  which current i s  carried are lower i n  
sample 2. Even larger differences appear between 
the results for sample 1 i n  the transverse f ie ld  
and the results of the other investigators. It may 
be concluded that (1) the properties o f  t h i s  hard 

23H. Hart, “Superconductivity of Nb Sn,” paper pre- 
sented a t  American Physical Society Meeting, Washing- 
ton, D.C., Apr. 24-27, 1961. 

24V. D. Arp e t  al., Phys .  Rev.  L e t t e r s  6 (9 ) ,  452 
(196 1). 
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Fig. 1.4. Cri t ica l  Current vs Applied Magnetic F ie ld  far Nb-Clad NbjSn Superconductors. 

superconductor are very sensit ive to  s l ight  dif fer- 
ences i n  strain and defect structure, and (2) the 
c r i t i ca l  currents i n  the transverse direct ion are 
smaller and are widely different between speci- 
mens at higher f ie ld  strengths. In soft or moder- 
ately hard superconductors, domain structures25n26 
could explain the differences between transverse 
and paral lel orientations. It i s  somewhat surpris- 
ing, however, that such large differences were 
found in  a hard superconductor, such as Nb,Sn, 
where the superconducting regions would be ex- 
pected to depend primari ly on the macroscopic 
physical structure of the wire. 

''A L. Schawlow, P h y s .  Rev .  101, 373 (1956). 
26W. D. DeSorbo, p 367 i n  Proceedings o/ the VI1 

International Conference on Low Temperature P h y s i c s ,  
University of Toronto, Canada, 1961. 

The sensi t iv i ty of detection of the transit ion i s  
v i n  the pulse method, compared with sen- 

s i t i v i t ies  os high as v in dc methods. Th is  
dif ference i s  not so important near zero f ie lds 
where IC i s  large, and, i n  fact, the pulsed-current 
method gives higher and possibly more accurate 
c r i t i ca l  currents here than dc methods, since heat 
i s  not developed in the joints. A t  the higher 
f ie lds  where currents are smaller, t he  measured 
c r i t i ca l  currents may be higher27 because o f  the 
lower sensi t iv i ty of the pulsed-f ield pulsed-current 
method. A conservative al lowance w i l l  be re- 
quired for use o f  these data i n  the design o f  a 
solenoid. 

27S. Autler, private communication; IC (amp) = 11.2, 
11.3, 11.7, 12.5, and 13.5 for NbNb3Sn wire at 60 
kilogauss, for voltoge sensit ivit ies of 

and v respectively. 
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During the pulsed-current experiments, a hys- 
teresis effect was found in  the superconducting- 
to-normal-state transit ion o f  niobium-clad Nb,Sn 
wires at low fields.28 If th is  wire i s  subjected 
to  one or more current pulses whose peak value 
i s  just below the cr i t ical  current, the value of 
the current necessary to  destroy superconductivity 
i s  increased by approx 10%. After th is  con- 
di t ioning treatment i n  a series o f  current pulses 
of constant peak value, the f i rst  o f  which i s  just 
suf f ic ient  to in i t iate the transition, the c r i t i ca l  

28G. D. Kneip, Jr., et af., “Hysteresis Effects in  the 

Nb3Sn Superconducting Transition,” paper presented 

at  Arnericon Physical  Society Meeting, Washington, 

D.C., Apr. 24-27, 1961. 

current becomes progressively smaller and the 
normal-state resistance becomes larger. Several 
30-psec pulses are required for the c r i t i ca l  current 
to  be reduced to a smaller, pulse-independent 
value and for the wire to reach a maximum normal 
resistance. The  higher cr i t ical  currents can be 
restored again by current pulses below the c r i t i ca l  
value. The phenomenon i s  not dependent upon 
the t ime interval between pulses, but the con- 
di t ioning can be destroyed by warming the sample, 
showing that the effect i s  related to  trapped 
magnetic f lux in the specimens. The exact 
mechanism o f  f lux trapping i s  complicated by the 
composite nature of the sample, which has at  
least two hard, superconducting elements in par- 
al lel .  Studies of the intermediate state are con- 
tinuing. 

. 
9 



M E T A L  L U R G  Y A N N U A L  P R O  G R  ESS R E P  O R  T 

2. X-RAY STUDIES OF CRYSTALLINE DEFECTS 

SHORT-RANGE S T R U C T U R E  O F  T H E  A L L O Y  
Cu-16 at. % A I  

B. S. Bor ie C. J. Sparks 

It has been discovered by Wechsler and Kernohan' 
that the electr ical res is t i v i t y  of the al loy Cu-16 
at. % AI decreases upon exposure i n  a reactor. 
A possible explanation for th is unusual behavior 
i s  that the degree of short-range order i n  the al loy 
i s  changed upon exposure. To  test  t h i s  possibi l i ty, 
i t  was decided to measure the x-ray dif fuse 
scattering before and after exposure i n  a reactor. 
The f i rs t  measurements were carried out by th is  
group two years ago., A very interesting and 
different dif fuse scattering pattern was observed 
in  the h,h,O plane of reciprocal space, and it was 
decided to carry out a detai led interpretation of 
the short-range order dif fuse scattering. To  ac- 
compli sh this, better measurements were necessary. 
Our f i rst  data were obtained at room temperature 
wi th a rather imperfect s l i t  system for the dif- 
fractometer. Greatly improved measurements re- 
sul t  i f  they are made at  liquid-nitrogen temperature 
i n  a vacuum. Temperature dif fuse scattering, 
which tends to obscure the short-range order 
pattern, i s  greatly minimized; atid a correction for 
air scattering, which i s  at best crude, i s  un- 
necessary. 

A low-temperature specimen holder, providing an 
evacuated path for the incident x-ray beam, has 
been designed and constructed. In addition, the 
diffractometer was modified so that i t would record 
the intensity measurements on a paper tape and 
automatically advance to the next point of measure- 
ment and repeat i t s  cycle. The instrument i s  
capable of making high-precision dif fuse-intensity 
measurements at high speed with minimum attention 
from the operator. 

Diffuse-intensity measurements at -19OOC i n  the 
planes i n  reciprocal space h, = 0 and h ,  + h,  + 
h ,  = 0 have now been completed. A determination 

'M. S. Wechsler and R. H. Kernohan, Solid State 
Diu. Ann. Progr. R e p t .  Aug. 31, 1958,ORNL-2614, p 85. 

S. Borie and C. J. Sparks, Met. Diu. Ann. Progr.  
R e p t .  Oct. 10, 1958, ORNL-2632, p 38 (classified). 

of the short-range structure o f  the al loy from these 
data is now being carried out. 

A N  X-RAY D E T E R M I N A T I O N  O F  T H E  
C H A R A C T E R I S T I C  T E M P E R A T U R E  O F  UOg 

B. S. Borie 

Because of conf l ic t ing reports in the I iterature 
and because of the high current interest i n  the 
thermal properties of UO,, the characterist ic 
temperature o f  th is  material was measured by 
dif fract ion methods. Uranium dioxide i s  face- 
centered cubic, uo = 5.46 A, wi th the well-known 
f luori te structure. There are four uranium atoms 
in the uni t  ce l l  at 000 (face-centered), fouroxygens 
at  '/4'/4'/4 (face-centered), and four oxygens at 
? /%% (face-centered). 

A sample supplied by D. L. McElroy had, by 
chemical analysis, the composition UO,.,,,. The 
small, black crystals were crushed to a f ine powder 
from which a -325-mesh specimen was prepared. 
The powder was pressed into a f l a t  sample holder 
and i t s  dif fract ion pattern recorded i n  absolute 
units. 

All measurements were made by using a doubly 
bent L iF monochromator and CUK, radiation. 
Balanced f i l te rs  were used to eliminate the h/2  
component i n  the incident beam, and the region 
near the sample was evacuated to  avoid air 
scattering. Point  counting at appropriate intervals 
from approx 28 = 24' to 28 = 82' was accomplished 
with a GE-XRD-5 diffractometer. The detector 
used was a thallium-loaded Nal crystal scint i l lat ion 
counter wi th pulse-height discrimination. A l l  
measurements were converted to absolute uni ts by 
comparison with the scattering from polystyrene. 

We planned to measure the Debye-Waller factor 
2 M  by making use of both the integrated intensit ies 
of the Bragg maxima and o f  the dif fuse scattering. 
Such a procedure would require a minimum of 
theoretical ly computed quanti t ies and very prob- 
ably would give the most rel iable measure of the 
characteristic temperature. However, it was found 
that the integrated intensif ies did not give an 
accurate measure of the structure factors because 
o f  preferred orientation i n  the sample. Hence it 
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was necessary to determine 2 M  only from the 
temperature di f fuse scattering, which should be 
very much less sensitive to effects of  preferred 
orientation. 

Figure 2.1 compares the experimentally measured 
diffuse scattering i n  electron units per pr imit ive 
un i t  cel l  (Compton scattering has been computed 
and subtracted) wi th that calculated from theory 
wi th  2M = 0.80 sin2 8/A2. The di f fuse scattering 
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Fig. 2.1. Temperature Diffuse X-Ray Scattering for 

UO, Powder. Curve computed for 2 M = 0.80 sin2 8/h2. 

was computed by means of Warren's t h e ~ r y , ~  
assuming that l lC2 behaves as a face-centered 
cubic element. Th is  i s  probably a very good 
assumption. In effect, i t  ignores the contribution 
of the optic modes to  the di f fuse scattering. The 
very much greater mass of uranium compared w i th  
oxygen just i f ies this. A further consequence of 
t h i s  assumption i s  to omit the oxygen contribution 
to  the acoustic modes. In hal f  of the Br i l lou in  
zones (those with odd indices) i t s  contribution 
i s  zero, in  one-fourth (those whose indices sum to 
a mult ip le of  four) it i s  positive, and in one-fourth 
it i s  negative. Given the kind of averaging over 
spherical shells about the or ig in in reciprocal 
space which occurs for a powder pattern, the 
general effect o f  oxygen on the temperature diffuse 
scattering must be very small. 

3B. E. Warren, Acta Cryst. 6, 803 (1953). 

It has been assumed that a l l  of the di f fuse 
scattering i s  due to  thermal motion. There ex is ts  
the poss ib i l i ty  of some double Bragg scattering 
contributing to  the measurements, but, except i n  
the very low-angle region, th is should be negli- 
gible. 

In general, the f i t  between experiment and theory 
shown in  the figure i s  reasonably good. Because 
of  the way in which the sample was prepared, i t  
contained a s igni f icant amount of strain; hence 
the Bragg maxima were broadened. The long ta i l s  
associated wi th  these broadened peaks account 
for most o f  the deviation from theory near the 
crystal l ine reflections. 

@ne very weak extra peak i n  the diffraction 
pattern was observed at  28 = 43". There are 
several other compounds of uranium and oxygen 
which have strong lines near th is  position. The 
degree of contamination of the sample indicated 
by the presence of th is l ine i s  extremely small. 
It surely would not have been detected by the 
usual less sensitive di f f ract ion techniques. 

The Thomas-Fermi atomic scattering factor far 
uranium given by the i n t e r n a t i o n a l  T a b l e s 4  was 
used with a dispersion correction as tabulated by 
Dauben and T e m p l e t ~ n . ~  

With 2M = 0.80 sin2 O h 2 ,  one obtains 188'K 
for the characteristic temperature of U@,. The 
corresponding root-mean-square displacement of 
uranium atoms from their s i tes due to  thermal 
motion i s  0.12 A. 

An assignment of precision to the above quanti- 
t ies  i s  not easy and at best i s  subiective. A very 
large dispersion correction i n  the atomic form 
factor of uranium was made. This  correction i s  
based entirely on theoretical considerations and 
has never been tested experimentally. The ac- 
curacy of  the theoretically determined Thomas- 
Fermi form factor i s  i tse l f  not known. Uranium 
has a very large and probablynot accurately known 
absorption coefficient that must be used to ex- 
press our measurements in absolute units. Ef fects 
such as double Bragg scattering and surface 
roughness of the sample, though probably small, 
may contribute somewhat to the inaccuracy of  the 

4W. H. Bragg, M. von Laue, and C. Hermann (ed. 
committee), International T a b l e s  for the Determination 
of Crys ta l  Structures, Gebruder-Borntraeger, Berlin, 
1935. 

841 (1955). 
5C. H. Dauben and D. H .  Templeton, Acta Crys t .  8, 
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f inal  result. A conservative guess i s  that the 
above quoted characteristic temperature contains 
an error not greater than 10%. 

E P I T A X I A L L Y  I N D U C E D  STRAINS IN  Cu206 
FILMS. I. X-RAY D I F F R A C T I O N  E F F E C T S  

5. S. Bor ie C. J. Sparks J. V. Cathcart 

X-ray diffraction l ine broadening measurements 
o f  Cu,O f i lms grown on copper have been inter- 
preted in terms of strains induced in  the f i lms as 
they grow because of the coherence of the fi lms 
wi th  the substrate. It i s  expedient to consider the 
growth of the f i lm to be i n  two stages. Probable 
differences in the structure o f  the f i lms and their 
influence on the growth rate i n  the two stages are 
described and discussed. 

T E M P E R A T U R E  D I F F U S E  S C A T T E R I N G  FOR 
C U B I C  POWDER P A T T E R N S 7  

B. S. Borie 

General expressions for the various orders of  
temperature di f fuse scattering (TDS) for cubic 
elements are developed which show that the 
diffuse peaks a t  the Bragg maxima are broader for 
the higher order TDS contributions, and which also 
show that the average value of Zth order TDS (in 
electron units per atom) i s  f 2e -2M(2M) /Z ! .  The 
relevance of t h i s  resul t  to the Warren theory and 

6Abstroct of paper submitted to Acta Metallurgica. 
7Abstract of paper to be published in Acta Crystal- 

lograp h i c a  

the more recent Paskin theory for TDS for cubic 
powders i s  discussed, and it i s  shown that the 
Warren theory i s  more accurate. 

oxide 
meas- 
i l lus-  

A D E T E R M I N A T I O N  O F  T H I N  O X I D E  
F I L M  THICKNESS B Y  I N T E G R A T E D  

I N T E N S I T Y  MEASUREMENTS7 

B. S. Bor ie C. J. Sparks 

The thicknesses of  thin single-crystal 
f i lms are determined by integrated intensi ty 
urements i n  absolute units. The method i s  
trated w i th  measurements of Cu,O f i lms grown on 
copper s ingle crystals. Thicknesses determined 
from two different Bragg maxima agree wel l  w i th  
each other and are reasonably consistent wi th  the 
thicknesses determined from the l ine shapes. 

T H E  S E P A R A T I O N  OF SHORT-RANGE ORDER 
AND S I Z E - E F F E C T  D I F F U S E  S C A T T E R I N G 7  

5. S. Bor ie 

In  addition to the usual diffuse scattering as- 
sociated with short-range order i n  an alloy, there 
are frequently observed modulations of  the di f fuse 
intensi ty associated with small stat ic displace- 
ments of  atoms from the sites of the average 
lattice. These displacements are usual ly caused 
by the fact  that the two kinds of atoms i n  a 
substitutional binary so l id  solution are of different 
sizes. A method i s  described for the separation of 
the s ize-effect modulations from the short-range 
order di f fuse scattering. The method i s  i l lustrated 
by i t s  application to  the al loy Cu-Au. 

12 
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3. REACTIONS AT METAL SURFACES 
J. V. Cathcart 

R. E. Pawel 

The general aim of the present research program 
i s  the investigation of factors that determine the 
degree of protectiveness of  oxide f i lms on metals. 
Previous work ' a  demonstrated the existence o f  
severe strains i n  oxide f i lms on several metals 
and indicated the importance o f  such strains in 
destroying the in i t ia l  protective character of the 
films. The three projects described below are al l  
related to further efforts to  understand the origins 
o f  these strains and the precise influence they 
have on the oxidation process. 

O X I D A T I O N  O F  T A N T A L U M  

Stresses generated i n  the growing oxide films on 
tantalum specimens have been shown to cause 
severe cracking i n  the oxide f i lms with subsequent 
loss i n  the protectiveness of the films. Results of 
the present research3 emphasized the unique 
platelet  structure o f  the oxide and the importance 
o f  the result ing geometry of the oxide-metal inter- 
face as a factor i n  stress generation in the films. 
A stereographic analysis o f  the surface traces o f  
the oxide platelets showed that the platelets formed 
paral lel to  (320) planes in the metal, in contrast 
w i th  the (100) habit plane reported by other investi- 
g a t o r ~ ~ , '  for the oxidation of tantalum under some- 
what different conditions. Only T a 4 0  and TaO 
were detected in x-ray and electron dif fract ion 
studies of the (320) surfaces o f  l ight ly oxidized 
tantalum single crystals, although the primary oxide 
on more heavi ly oxidized specimens was Ta205'  

'J. V. Cathcart, R. E. Pawel,  and G. F. Petersen, 
Met. Diu. Ann. Ptogt .  R e p h  J u l y  1, 1960, ORNL-2988, 
pp 61-84. 

2J. V. Cathcart, R. E. Pawel, and G. F. Petersen, 
Met. Diu. Ann. Progt. Reph Sept. I, 1959, ORNL-2839, 

3R. E. Pawel, J. V. Cothcart, and J. J. Campbell, 
"Oxide P la te le t  Formation i n  Tantalum Single Crys- 
tal s, " subrni tted to A c t a  Metallurgica. 

4R. Bakish, 1. Elec t rochem SOC. 105, 71, 574 (1958). 

pp 80-97. 

5E. Gebhardt ond H. D. Seghezzi, Z. Metallk. 50, 248 
( 1  959). 

G. F. Petersen 

The observed habit plane o f  the oxide platelets 
was rat ional ized in terms o f  the generalized theory 
o f  the martensitic cubic-to-orthorhombic phase 
transformation proposed by Wechsler and Otte.6 
The good agreement obtained between theory and 
experiment supported the hypothesis that the oxide 
platelets formed by a precipitat ion reaction from a 
tantalum-oxygen sol id solution. 

S U L F U R I Z A T I O N  OF T A N T A L U M  

A study o f  the sulfurization of tantalum was 
undertaken in order to investigate the effect of 
anion size in gas-tantalum reactions. Figure 3. I 
shows a sulfurization rate curve for tantalum at 
6OOOC a t  a pressure of 300 mm Hg. As i n  the case 
of the oxidation of tantalum, the sulf ide f i lm be- 
came nonprotective after a short period o f  reaction. 
Electron micrographs showed that the resul t ing 
increase in sulfurization rate could be correlated 
with the appearance of cracks and f issures in the 
films. I n  contrast w i th  the oxidation behavior, 
however, was a tendency for the cracks in the sul- 
fide f i lms to  heal themselves, the f i lms thus again 
becoming protective as sulfuri zation proceeded. 
The onset of the second region of protective f i lm 
formation occurred after approx 12 hr. 

The sulfurization differed from the oxidation o f  
tantalum in two additional respects. First, no 
platelets were observed in  the tantalum sulf ide 
f i lms formed either at  425 or 6OOOC a t  a sulfur 
pressure o f  300 mm Hg. Second, the disappearance 
during sulfurization o f  f ine markings present on the 
original tantalum surface suggested that cation 
rather than anion dif fusion might predominate i n  
the sulfurization process. 

Should these preliminary conclusions be borne 
out by further work, the sulfurization o f  tantalum 
w i l l  be of special interest since the break-away'' 
behavior o f  the sulf ide f i lms appearsto be governed 

ii 

'M. S. Wechsler and H. M. Otte, A c t a  Met. 9, 117-24 
( 1961). 

. 
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Fig. 3.1. Sulfurization of Tantalum at 60OoC. 

by a dif ferent set o f  factors than those which are 
thought to control "break-away'' i n  tantalum oxide 
fi Ims. 

O X I D A T I O N  O F  C O P P E R  

Previous studies demonstrated the existence o f  
severe anisotropic strains of epitaxial origin in 
thin Cu20 f i lms on copper s ingle crystals. Despite 
these strains, the f i lms remain protective. Present 
work i s  designed to show in detai l  how strains are 
relieved i n  growing f i lms and how they influence 
the over-all k inet ics of the oxidation process for 
copper. 

The strains are manifested in the optical anisot- 
ropy induced i n  the normally cubic C u 2 0  lattice. 
Efforts are being continued to  characterize these 
optical anomalies by means of polarizing spectro- 
meter measurements. Many raw data have been 
accumulated; however, on account o f  the anisotropy 
o f  the index of refraction for the films, machine 
computations are required in order to  convert the 
data to  values o f  f i lm thickness, index o f  refrac- 
tion, and absorption coeff icient for the oxide. The 
task of preparing a suitable computer code for 
processing the data i s  almost complete. 

14 



P E R I O D  E N D I N G  M A Y  3 1 ,  1961 

4. CRYSTAL PHYSICS 

G. W. Clark 

I *  

lnvestigatia f growth proces 

C. B. Finch 

es  of single- 
crystal  high-temperature materials are in progress. 
A better understanding i s  desired of growth mech- 
anisms and of the influences of impurities and 
other system parameters on crystal quality. Select 
crystals resul t ing from th is  effort w i l l  be shared 
w i th  other groups. 

Compounds included in  th is  crystal-growth en- 
deavor are BeO, MgO, CU,~, ZnO, AI,O,, SiO,, 
TiO,, ZrO,, HfO,, Tho,, UO,, Fe304, Nb,Sn, 
and certain rare-earth nitrides, phosphides, and 
manganese oxides. The faci l i t ies avai lable for 
these studies include autoclave furnaces, equip- 
ment for crystal  growth from molten-salt solu- 
tions, and several modifications of the Verneuil- 
type furnace. 

A variety of techniques including optical mi- 
croscopy, x-ray diffraction, infrared spectroscopy, 
and wet-chemistry methods are used in  the evalua- 
t ion  of the perfection and growth habits of single 
crystals of BeO, Fe,O,, ZrO,, SiO,, ZnO, and 
AI,O,. 

Autoclave experiments a t  temperatures up to  
45OoC and pressures up to  20,000 ps i  have led to  
the synthesis of (1) the rare mineral ka ls i l i te  
(KAISiO,) from muscovite mica,, (2) magnetite 
(Fe304)  crystals up to  3 mm on an edge obtained 
by the reaction of a low-carbon steel wi th 0.1 M 
K,B,O, and w i th  0.5 M NaOH, and (3) medium- 
quali ty quartz (SiO,) crystals having a maximum 
dimension o f  2 cm. 

Current experiments w i th  supercritical systems 
include (1) a search for water-based solvents for 
Cu,O, ZnG, TiO,, ZrO,, HfO,, Tho,, and UO,; 
(2) an investigation of the use of anhydrous 
ammonia and i t s  derivatives as solvents for sev- 

’Consultant from the University of Tennessee. 

,O. C. Kopp, L. A. Harris, and G. W. Clark, “The  
Hydrothermal Conversion of Muscovite to Ka ls i l i te  and 
an Iron-Rich Mica,” American Mineralogist (in press). 

0. C. Kopp’ 

era1 nitr ides and phosphides; (3) improvement of 
the technique for growing periclase (MgO), bromel- 
l i t e  (BeO), magnetite (Fe304), quartz (SiO,), and 
corundum (A1203); and (4) a study of the chemistry 
of high-temperature solvents, both as t o  the 
part icle species i n  the supercritical vapor and as 
to  the appl icabi l i ty  of the electronic theory of 
acid-base reactions in selecting appropriate 
solvents. 

Crystal l izat ion from molten salts has yielded 
crystals of BeO, Mg0, ZrO,, and ZnO. By  hy- 
drolysis of Zr-Li-Na fluoride melts, baddeleyite 
(monoclinic ZrO,) crystals greater than 1 mm on 
an edge were precipitated (a report i s  being pre- 
pared covering th is  work), and by hydrolysis of 
MgCI, melts, imperfect crystals of periclase up 
to  5 mm on an edge were Precipitated. Crystals 
of ZnO measuring 1.5 mm on an edge were grown 
out of PbF, solvent, confirming the work o f  
Nielsen and Dearborn., Reasonably well-formed 
B e 0  crystals about 1 mm on an edge were syn- 
thesized during attempts to  produce beryl (a 
beryl l ium aluminum si l icate) by slow cool ing of 
Li,MoO, plus 10 wt % of 6Si0,-AI2O,-3Be0. 
Emphasis i s  now on growing B e 0  from Li,MoO, or 
another less complicated system than that men- 
tioned above.4 

A Verneuil flame-fusion furnace i s  currently 
being used to  grow MgO crystals; however, only 
marginal success has been achieved by using an 
oxyacetylene flame. Efforts are being made to  
perfect a radio-frequency inductively coupled 
plasma system and a direct-current arc torch as 
other high-intensity heat sources for the flame- 
fusion furnaces. 

,J. W. Nielsen and E. F. Dearborn, 1. Phys .  Chem. 
64, 1762 (1960). 

,Working independently, S. 6. Austerman recently 
succeeded in growing B e 0  from LipMoO,, Am. Ceram. 
SOC. Bull. 40, 269 (1961). 
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5. SPECTROSCOPY OF IONIC MEDIA 
G. P. Smith 

D I L U T E  SOLUTIONS O F  BISMUTH IN  BiCI3 
M E L T S  

C. R. Boston G. P. Smith 

Studies of  the v i s ib le  spectra of d i lu te  solutions 
of bismuth i n  molten bismuth trichloride, described 
previously, ’ were considerably extended during 
the past year and submitted for publication.2 The 
more important points from th is  paper are given 
here. 

concerning 
the molecular constitution of the l iqu id  phases of 
the bismuth-bismuth t r ihal ide systems. It i s  
usual ly assumed that bismuth metal d issolves i n  
halide-rich melts to form a single solute species. 
However, some workers4” assert that there are 
two or more solute species which are in equi- 
librium. No specific solute species has been 
demonstrated to  ex is t  i n  the halide-rich melts. 
The species which have been postulated include 
such diverse ent i t ies as bismuth atomsI6 polymers 
of  bismuth atoms,5 monovalent bismuth ions and 
their  polymer^,^'^ and even ”ions plus electrons 
with no specified electron traps. The study 
described below shows that more than one, prob- 
ably two, species i s  present and considerably 
narrows the possible choices of speci f ic  species. 

V is ib le  absorption spectra were measured for 
0.001 to 0.5 M solutions of bismuth metal i n  
molten BiCI, a t  path lengths as short as 24 p and 
at temperatures of 260, 350, and 433°C. The 
integrated absorbancy of  an intense, broad band 

3 There has been much recent debate 

1 1 4  

’C. R. Boston and G. P. Smith, Met. Diu. Ann. Progr.  
Rept. J u l y  I ,  1960, ORNL-2988, pp 9-16. 

2C. R. Boston and G. P. Smith, “Visible Absorption 
Spectra o f  Solutions of Bismuth Metal in Molten Bismuth 
Trichloride,” submitted to the Journal of Physical  
C+mis try. 

‘See reviews in ref 4 and i n  D. Cubicciott i ,  J.  Chem. 
Educ. 37, 540 (1960). 
*S. J. Yosim ei al., J .  Phys. Chem. 63, 230 (1959). 
5M. A. Bredig, J .  Phys. C h e m  63, 978 (1959). 
6T .  K. Keneshea, Jr., and D. Cubicciott i ,  J .  Phys. 

C h e m  62, 843 (1958); 63, 1112 (1959); 63, 1472 (1959). - 
’J. D. Corbett, J .  Phys. C h e m  63, 1149 (1959). 

with a maximum at about 560 mp showed large, 
apparent deviations from Beer’s law which were 
found to  be due to a partit ioning o f  solute bismuth 
into more than one solute species. 

The data may be represented to  wi th in  experi- 
mental accuracy by a two-species part i t ioning 
equil ibrium in  which the ratio o f  act iv i ty  coef- 
f ic ients i n  the expression for the equil ibrium 
constant i s  independent of concentration. The 
rat io o f  act iv i ty  coefficients may be combined 
wi th  the equil ibrium constant i n  the usual way to 
give a mass-action constant. I n  the d i lu te  solu- 
t ion approximation, namely, constant concen- 
tration of BiCI,, the expression for a mass-action 
constant K of  any possible two-species part i t ioning 
equil ibrium may be put i n  the form 

1 
log ”, - -log K 

D m  

where M i s  the concentration of  solute bismuth 
i n  moles per l i ter  of melt, xs i s  the integrated 
absorbancy of  the 560-mp band in uni ts of electron 
volts, b i s  the opt ical  path length i n  centimeters, 
uo i s  the integrated photon cross section i n  
ev-cm2/mole taken at the l imi t  as M approaches 
zero (experimentally and theoret ical ly i s  almost 
independent of temperature), and DJz und D m  are 
the numbers of moles of  bismuth metal which react 
wi th BiCI, to  form, respectively, one mole of  
chromophore and one mole of species m. It may 
also be shown that u0 = u n / D n ,  where 5, i s  the 
integrated photon cross section o f  one mole of  
chromophore, and that xs/bao = D n M n .  

When the data are substituted into Eq. ( l ) ,  the 
least-squares values of D n / D m  are found to be 
0.34 at  260°C, 0.32 at 350°C, and 0.40 a t  433OC. 
Since D,/D, i s  expected to  be a rat io o f  small 
integers, the value ’/3 i s  a best estimate at  the 
two lower temperatures, although the neighboring 

f 

f 
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2 values of 3, '6, and /5 cannot be entirely ex- 
cluded. A best estimate at  433°C i s  %, and the 
data show a slight, systematic nonlinearity. 
However, the experimental scatter at 433°C i s  
suff icient so that there i s  reluctance to  place any 
signif icance either on the nonlinearity or on the 

1 2 difference between /3 and /5 at  th is temperature. 

It i s  concluded that 5, '4, 3/8, and ?'' are possible 

values of D,/D, with '4 being the best single- 

value estimate. 
The present investigation clearly shows that the 

solute bismuth i s  partitioned, probably into two 
primary species. Th is  i s  the important conclusion 
to be drawn from the data. However, the measure- 
ments provide only rat ios of parameters and, 
hence, do not identi fy the specif ic solute species. 
Despite th is  fact, experimental bases are at  hand 
for selecting certain species and equil ibr ia in 
preference to others. These bases are that D,/Dm 
must have a value near /3 and that the equilibrium 
must depend on temperature i n  such a way that at  
higher temperatures i t  shi f ts to favor species n, 

1 

rnP = 0, 1, 2, . . . , (3m - 1). The largest polymers 
which have been proposed for BiCI,-rich solutions 
contain four bismuth atoms. Thus, i f  n and m are 
constrained to have values of four or less, and 
a and 0 are allowed to  range over a l l  values, a 
total  o f  2304 stoichiometrical ly permissible par- 
t i t ioning equil ibr ia with values of Dn/Dm from k 2  to 12 may be obtained from Eq. (2). The ex- 
perimental data are consistent wi th only a fract ion 
of these equilibria, 1 namely, those with D,/Dm 
values near /3. 

Other considerations must be invoked i n  order to 
reduce further the remaining equilibria. A plausible 
restr ict ion i s  to  permit a and 8 to  have the values 
of only 1 and 3. Then the only equi l ibr ia con- 
sistent w i th  the data are the following: 

3Bi0 = (Bi3)0, (4) 

3 B i t =  ( B i , ) O +  Bi3', (6 )  

the chromophore. 3(Bi2)2' = (Bi4)'+ 2Bi3', ( 7) 
Any two-species partitioning equilibrium, ex- 

c lusive of chloride ion assignments, may be put in 4Bi3' + 8Bi" = 3(Bi4)4t. (8) the form 

where n and rn are polymerization numbers, a+ and 
/3+ are oxidation numbers, (Bin)""' i s  the chromo- 
phore, and a negative value for the coeff icient of 
the solute, Bi3', signif ies that th is  term i s  to be 
transposed to  the r ight of the equals sign. In 
terms of Eq. (6), the stoichiometric coeff icients 
which occur in Eqs. (1) through (5) are given by 

n(3 - a)  
De = - 

3 '  

D~ n / 3 - a \  

(3) 

The only lower valence species of bismuth that 
has been experimentally identi f ied* i s  the trimer 
(Bi,)3'. This ion occurs only in Eq. (5), where 
it i s  formed t by polymerization of the chromophoric 
monomer B i  . 

It i s  interesting to calculate some of the 
parameters which contain D, and D, when it i s  
assumed that Eq. (5) represents the partitioning. 
A value of K was determined for each spectrum by 
substi tut ing into Eq. (1)  the experimental values 
of xs / (bao)  and M f , and values of the stoichiometric 
constants appropriate to Eq. (5), namely, for 
D, and 2 for D,. The K values a t  each temperature 
were averaged to obtain the fol lowing estimates 
and standard deviations: 85 k 18 at  26OoC, 
15.2 5 2.4 at  350°C, and 5.1 k 2.4 at  433°C. The 
integrated photon cross section, o;, of the chramo- 
phore Bit, i s  2.2 x l o 3  ev-cm2/mole, which i s  
equivalent to  an osci l lator strength of 0.076, apart 
from the refractive-index and local-f ield corrections. 

Stoichiometrically permissible values o f  a and p 
are specif ied by na = 0, 1, 2, . . . , (3n - 1) and '1-1. A. L e v y  et al,, J. P h y s .  Chem. 64, 1959 (1960). 
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D I L U T E  SOLUTIONS O F  BISMUTH IN B i B r ,  

M E L T S  

C. R. Boston G. P. Smith 

Studies of bismuth i n  BiBr, melts have been 
made for determining something of the role o f  the 
hal ide ion i n  Bi-BiX, solutions. Preliminary re- 
sults are as follows. The v is ib le  absorption band 
o f  solute bismuth has much the same shape and 
almost the same l imit ing integrated cross section, 
o0, i n  BiBr, melts as i n  BiCI, melts. The band 
maximum in  Si&, i s  shif ted by 48 mp toward the 
red, relat ive to i t s  posit ion i n  BiCI,. The shi f t  
i s  wi th in 4% o f  that predicted by Ivey's law9 for 
F bands in alkal i  hal ide crystals when one uses 
Ahrens' Bi(l l l) radius and Pauling's hal ide radi i  
to  compute the interionic distances. The par- 
t i t ioning equilibrium o f  solute bismuth in BiBr, 
melts is shif ted in favor of the chromophore, 
relat ive to i t s  posit ion in BiCI, melts. 

C O L O R A T I O N  O F  BiCI3-KCI M E L T S  

C. R. Boston 

It was recently reported by Topol et al.'' that, 
whereas molten BiCI, i s  yellow, the addition of 
greater than 20 mole % KCI or KBr  to  BiCI, 
changes the color to violet. Th is  color change 
was offered as evidence for a corresponding 
change i n  the molecular species which contains 
Bi(lll), such as the formation of a new chloro- 
bismuth(1ll) complex or of bismuth(ll1) chloride 
polymers. 

A careful spectrophotometric study by us shows 
that the color of pure BiCI,-30 mole % KCI melts 
i s  yellow, that a small contamination of the melt 
by metal l ic bismuth produces the characteristic 
Bi(l) absorption band (see two preceding topics i n  
th is  chapter) and a consequent v io let  color, that 
th is bismuth contamination can be formed by 
reduction of the melt wi th carbonaceous matter 
such as cel lulose fibers or lint, and that the 
carbonaceous content of reagent-grade KCI as 
received can be great enough to produce v is ib le  
coloration due to  the formation of Bi(1). 

9H. F. Ivey, P h y s .  Rev .  72, 341 (1947). 
"L. E. Topol, S. W. Mayer, and L. D. Ransom, J .  

Phys .  Chem. 64, 862 (1960). 

SPECTROSCOPY OF IONIC N I T R A T E  MELTS 

G. P. Smith C. R. Boston 

In a recent paper" systematic changes were 
reported i n  the spectroscopic parameters of the 
nitrate n + T* transit ion over the series o f  molten 
a lka l i  nitrates. The most str iking o f  these 
systematic changes was the almost linear corre- 
lat ion between the mean transit ion energy (Emax, 
measured at  the band maximum) and the reciprocal 
o f  the cationic radius, T. A quali tat ive theory was 
proposed for the effect o f  noble-gas configuration 
cations on internal charge-transfer transit ions of 
neighbor anions. According to th is  theory E m a x  
for nitrate n + T* i n  melts should increase w i th  
increasing cationic charge to radius ratio, Z / r .  
In order to  test  this assertion, spectra were 
measured for the fol lowing systems: Ba(NO,),- 

LiNO, up to N B a  = 0.24,12 Ba(N0 ) -KNO, up to - 2 -  
NBa = 0.50, Sr(NO,),-KNO, up to NSr = 0.40, 
Ca(N0,)2-KN0, up to N c a  = 0.56, Ca(NO,),- 

NaN0, up to  N C o  = 0.57, Ca(N03)2-(Li0.43, 

- 

- 
- 
- 

Ko.,~)NO, UP to  NCa 0.60, Mg(N03),-KN03 UP - 
to N M g  = 0.50, Mg(N03)2-(Li0.43t K0.57)N0, 

up to RMg = 0.60, La(N03)3-(Lio.43, K,.,,)NO, 

UP to NLa = 0.45, Y(N03)3-(Lio.43, K0.,,)NO, up 

to Ry = 0.16, LiN0,-KNO, over entire range, 

LiN0,-CsNO, over entire range, KN0,-RbNO, 
over entire range, and LiN0,-NaNO, over entire 
range. 

- 

Although a study of the data i s  by no means 
complete, the fol lowing resul t  of general importance 
has been found to  hold. The energy o f  the n + TT* 

transition, E m a x ,  approximates the same linear 

function o f  Z: . (z  . / r  .)N . for every composition of 
every system except for the systems containing 

the very high Z/r  ions, Mg2+ and Y3+. Detai ls of 
this phenomenon w i l l  be p ~ b l i s h e d . ' ~  

- 
I I 1  1 

"G. P. Smith and C. R. Boston, I .  Chern. P h y s .  34, 
1396 (1961). 

2 +  12 NBa - = electrical equivalent fraction of Bo . 
13G. P. Smith and C. R. Boston, Discussions Faraday 

SOC. No. 32 (to be published). 

- ,  
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V O L U M E T R I C  P R O P E R T I E S  O F  I O N I C  M E L T S  

G. P. Smith 

In  order to convert absorption data to uni ts of 
opt ical  cross section, it is necessary to  know the 
volume density of l ight  absorbers. For much 
molten-salt work, th is i s  best calculated from the 
density or molar volume of the salt. Frequently, 
volumetric data are unavailable for the molten-salt 
mixtures under investigation, and on such occa- 
sions volumetric properties are measured by this 
group. During the past year, two papers covering 
34 density equations were submitted for publi- 
~ a t i o n . ’ ~ ” ~  In  one of  these papers, a logical 
ambiguity was pointed out i n  the usual treatment 
o f  addi t ive molar volumes for reciprocal sal t  
mixtures, and an alternative treatment was proposed 
and shown to be in  accord wi th the extant molar 
volume data for molten reciprocal sal t  systems. 
The proposal i s  outl ined here. 

Consider a reciprocal sal t  system containing 
cations, M,’ and M,’, and anions, X, and X 2 - .  
The three thermodynamic components may be 
chosen equally wel l  from among the equivalent 
constituent sal ts M,X,,  M,X2, M2X,,  and M2X,. 
Thus, for every ternary composition it i s  possible 
to  compute the additive volume V A  i n  four ways 
and i n  general get four different values. Two of 
these ways are 

- 

V I A  = V ,  -t N 2 -  (V,,’ - V,,’) 

t + N 2  (V,,O - v, , (9) 

0 V , A  = v,,o + (1 - N 2 - )  (v,, - V,,O) 

1 4 G .  P. Smith and G. F. Petersen, “Volumetric 
Properties of the Molten System (Li,K)-(CI,NO,),” 
submitted to the Journal o/ Chemical and Engineering 
Data. 

15G. F. Petersen, W. M. Ewing, and G. P. Smith, 
“Densities of Some Molten Salt Mixtures. The Systems 
L iN03-LiC104, K N03-Ca(N03)2, K N03-Sr(N03)2, and 
KN03-Ba(N03)2,” submitted to the Journal of Chemical 
and Engineering Data. 

where Nit  i s  the cationic fraction of M i t ,  Ni- i s  
the anionic fraction of X i - ,  and V . 0  i s  the real  
molar volume of M.X .. A real system w i l l  obey 

27 

these equations only 1 1  i f  

(1 1) v , , o + v 2 1  0 =v,, 0 + V 2 2  0 . 
As an alternative to additive volumes, V t ,  we 
propose a single function which, for mnemonic 
purposes, may be wri t ten as 

V Q  = N ,  ‘ N , - V ,  + N ,  t N,-V,,’ 

+ N 2 + N l - V 2 1 0  + N 2 + N 2 - V 2 2 0  . (12) 

T h i s  function has the fol lowing useful properties, 
none of  which are possessed by the volumetric 
addi t iv i ty relations [Eqs. (9), (lo),  etc.1. First ,  
V Q  defines a single-valued deviation parameter. 
Second, for binary compositions V Q  transforms 
into the equations for binary additivity. Third, at  
the composition of each of the four pure salts, it 
y ie lds the empirical value for the molar volume. 
Fourth, VQ reduces to a linear isotherm when 
either the anionic fractions alone or the cationic 
fractions alone are held constant. 

It i s  interesting to  note that along the two 
pseudo-binaries the V: give two straight l ines 
which do not intersect a t  their common composition 
(a physical absurdity), whi le VQ gives two 
parabolas which do intersect. 

GROWTH OF S INGLE C R Y S T A L S  O F  
INORGANIC SALTS 

J. J. McBride 

Single-crystal specimens of controlled pur i ty 
are required for important phases of the spectro- 
scopic research. A controlled-atmosphere appa- 
ratus for pul l ing crystals from a melt was built. 
Th is  apparatus consistently produces large single 
crystals (about 1 in. in diameter by 2 to 3 in. 
long) o f  KCI and has produced some smaller 
crystals of NaNO,. Modifications i n  the apparatus 
are i n  progress wi th  a view toward reducing 
crystal l ine imperfections. It i s  anticipated that in 
the near future several k inds of crystals of 
spectroscopic interest w i l l  be grown. 
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6, DEFORMATION OF CRYSTALLINE SOLIDS 

R. 0. Williams 

The changes that take place within sol ids as a 
result of extended deformation are complex, While 
much i s  known about such changes, much remains 
to  be learned. The primary purpose o f  th is group 
i s  to provide information and understanding in th is  
field, part icularly wi th respect to metals and 
alloys. For the present the investigation i s  
l imi ted to  making measurements o f  the fract ion o f  
the deformation energy that remains wi th in the 
metal after deformation. It i s  evident that th is 
energy i s  direct ly associable wi th the changes 
that have taken place w i th in  the metol, although 
such changes are so complex that extended energy 
measurements and/or supplementary measurements 
w i l l  be required for a reasonably complete picture. 

The method currently being used depends upon 
measuring the mechanical energy put into the 
sample and the heat l iberated within the sample, 

J. A. Wheeler, Jr. 

the stored energy being the difference. As previ- 
ously reported,' th is i s  accomplished by pul l ing a 
tensi le sample inside a calorimeter as i l lustrated 
in Fig. 6.1. This calorimeter i s  analogous to  the 
ice  calorimeter, except that instead o f  u t i l i z i ng  
the energy i n  melting ice, i t  i s  used to  vaporize a 
liquid. The same l iquid i s  used external ly to 
maintain thermal isolation. The advantages of 
using vaporization are sensit ivi ty, speed o f  re- 
sponse, and range of operating temperatures, In 
th is  design the volume o f  the vaporization chamber 
also increases. Th is  would not be permissible 
in an ice  calorimeter, As shown in the diagram, 
an Instron tensi le machine i s  used. Th is  machine 
has a very constant rate of crosshead movement 

'R. 0. Williams, Met. Dio. Ann. Progr. Rept .  Jury  1, 
1960, ORNL-2988, p 6. 

UNCLASSIFIED 
ORNL-LR-DWG 59706 

I / I  I 

Fig.  6.1. Apparatus for Making Stored-Energy Measurements. 
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which greatly faci l i tates the measurement of 
energy input. Additionally, an integrator i s  used 
which gives the energy direct ly during the test 
and greatly faci l i tates the measurements wi th re- 
spect to  speed and accuracy. The volume of gas 
liberated i s  measured by a volumeter which con- 
s is ts  of a mercury-sealed f loat in a precision-bore 
tube. B y  using industr ial refrigerants, the heats 
of vaporization are accurately known. 

There are certain corrections and problems, but 
these need not be discussed here. The techniques 
that are required have been worked out fa i r ly  well, 
although some improvement i s  anticipated. It i s  
true, however, that the present calorimeter i s  not 
considered an optimum design, and some changes 
w i l l  be made. It seems safe to  state that a t  the 
present time, measurements on al loys that store 
appreciable energy can be sot isfactor i ly  run, and 
th is  may be true for some pure metals. 

The capabil i t ies a t  present ore i l lustrated in 
Fig, 6.2 for a commercial 70-30 brass pul led a t  
-30°C in  CCI,F, (Freon-12). It w i l l  be noticed 
that for these two runs the reproducibi l i ty was 
very good, about 1 part i n  300 for the primary 
measurements. The features shown here are 
similar to  those previously found by onother 
method for the same alloy, using a higher strain 
rate at  room temperature., No detai led analysis 
of these data i s  i n  order from this isolated run, 
since the behavior i s  unquestionably complex. It 
i s  to  be noted, however, that the samples i n i t i a l l y  
stored between 50 and 60% of the energy. Be- 
cause the rate of storage was changing rapidly, 

2R. 0. Williams, "The Stored Energy of Cold-Worked 
Alloys of Cu--AI, Cu-Zn, AI-As, and Ni-AI," submitted 

coupled with a rapid increase of load, a detai led 
picture a t  very low strains i s  not possible. At  
higher strains the fractional rate of storage slowly 
drops from 40% to  about 25% at the end. It i s  ex- 
pected that when these results can be extended 
over the complete temperature and composition 
range, some of the components of the storage 
process w i l l  become evident. 

UNCLASSIFIED 
ORNL - LR- DWG 59707 
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7. STRUCTURE OF METALS 

C. J. McHargue 

P H A S E  TRANSFORMATIONS IN CERIUM' 

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

The room-temperature crystal structure of cerium 
that has not been cooled to  lower temperatures i s  
face-centered cubic. The face-centered cubic 
structure transforms upon cool ing to  a hexagonal 
close-packed structure ( c /a  = 3.239) w i th  an 
ABAC stacking sequence of close-packed planes. 
Th is  transformation has many of the typical  mar- 
tensi t ic  characteristics. The transformation starts 
at  263 -1: 10'K. A t  100°K that portion o f  the foce- 
centered cubic phase that has not transformed to  
hexagonal c lose packed begins to  transform to  
a second face-centered cubic phase with a volume 
decrease of 16.5%. The kinet ics of th is  trans- 
formation also resemble that of the martensite 
reaction. Below a temperature between 77 and 
43"K, the hexagonal structure appears to  a lso  
transform to  the collapsed cubic form. P las t ic  
deformation at  any temperature suppresses the 
transformation t o  the hexagonal form and may even 
cause it to  revert to  the normal cubic form. De- 
formation below 100°K favors the col lapsed cubic 
form. Thermal cycl ing produces more of the hex- 
agonal phase than can be obtained on one cooling. 
After a large number o f  cycles, neither the hex- 
agonal nor normal cubic phase w i l l  transform t o  
the col lapsed cubic phase upon cooling. P las t ic  
deformation at  4.2OK removes the thermal-cycling 
effects. 
N E U T R O N  D I F F R A C T I O N  I N V E S T I G A T I O N S  OF 
METALLIC CERIUM AT L O W  T E M P E R A T U R E S ~  

M. K. Wilkinson3 
H. R. Child3 

C. J. McHargue 
W. C. Koehler3 

E. 0. Wollan3 

Neutron di f f ract ion experiments have been per- 
formed on metal l ic  cerium a t  a series of tempera- 
tures between room temperature and 4.2'K in an 

'Abstract  o f  published paper: A c t a  Met.  8, 637 (1960). 
2Abstract of paper to be published in  the Phys ica l  

3Physics Division. 

R e v i e w .  

attempt to  c lar i fy the anomalous behavior which 
has been observed in previous specif ic heat and 
magnetic suscepti b i  I i t y  measurements. Results 
on three special ly prepared samples show that the 
interesting magnetic behavior can be correlated 
w i th  the three crystal lographic phases present in 
the samples. There is a change in the  electronic 
configuration of the cerium atoms when the col- 
lapsed face-centered cubic phase i s  formed, and 
antiferromagnetic ordering occurs i n  the hexagonal 
close-packed phase a t  about 12.5OK. 

O N  A C O M P L E X  R E C R Y S T A L L I Z A T I O N  
T E X T U R E  I N  3% S i - F e  4 

C. G. Dunn' C. J. McHargue 

Components in a complex primary recrystal l iza- 
t ion  texture, which i s  a matrix texture for second- 
ary recrystal l izat ion t o  the Goss texture in 3% 
Si-Fe strip, have been determined by the  axis- 
chart method of Jetter, McHargue, and Williams. 
The resul ts obtained are compared with former 
pole-figure resul ts and found to  include com- 
ponents not previously resolved or noted. It i s  
found a l so  that the components of the texture ex- 
plain reasonably we l l  the observed magnetic 
torque curve of the material. 

T H E  E F F E C T  O F  I N I T I A L  O R I E N T A T I O N  O N  
THE FIBER T E X T U R E  O F  ALUMINUM R O D S ~  

C. J. McHargue 

Rods of 99.99+% AI which had in i t ia l  orienta- 
t ions of <001>, <118>, <115>, <111>, and ran- 
dom were swaged a t  room temperature. Changes 
in orientat ion as a function o f  deformation were 
studied on ax is  distr ibution charts. The <001> 
orientation appeared to be relat ively stable due to  
the inhomogeneity of the deformation process. 

4Abstract of published paper: J. Appl. Phys .  31, 
1767 (1960). 

'General Electr ic  Research Laboratory, Schenectady, 

6Abstract of paper to be published i n  Transact ions of 
New York. 

the Metallurgical Society  of AIME. 
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Orientations near the <loo> zone were quickly 
reoriented towards <001>. Orientations on the 
<lTO> zone between <118> and <115> appeared 
to  be stable to  reductions of about 50%, then were 
reoriented toward <001>. A t  very high reduc- 
tions, movement oway from the < 1 1 1 >  orientation 
was observed. 

TWINNING I N  VANADIUM'  

C. J. McHargue 

Deformation twins were observed in  electron- 
beam-melted vanadium single crystals s lowly com- 
pressed a t  77°K. The interst i t ia l  impurity content 
o f  0.039% was a t  least an order o f  magnitude lower 
than in  vanadium previously studied. The resul ts 
i nd i ca ted that further reduction i n  inter st  i t ia I s 
would resul t  i n  deformation tw in  formation a t  room 
temperature. 

TWINNING IN NIOBIUM* 

C. J. McHargue 

Deformation twins were observed i n  the tempera- 
ture range of 77 to 293OK i n  single crystals o f  
niobium containing 80 ppm interst i t ia l  impurities. 
I t  was established that the twin plane was (1121 
and the twin direction was < l l l  >. Certain morpho- 
logical  features could be explained by assuming 
that the twins nucleate as th in disks which grow 
both lengthwise and laterally. Indications were 
found that the saw-toothed appearance may be 
associated wi th  p i le  ups of dislocations due to 
slip-on intersecting ill01 planes i n  the matrix. 
Th is  view also was supported by observations that 
prestrain of  about 6% at  room temperature inhibi ted 
twinning at  77°K. 

- 

F U R T H E R  STUDIES ON T W I N N I N G  I N  NIOBIUM 

C. J. McHargue 

Effect  o f  Interst i t ia l  Impurit ies 

I n  the course of the work reported above, i t  be- 
came apparent that niobium and vanadium deformed 
by mechanical twinning with a much higher fre- 
quency than would be expected from published 
accounts of the low-temperature deformation of  

'Abstract of published paper: Acta Met. 8, 900 (1960). 
8Abstract of paper submitted to Transactions of the 

Metallurgical Society of AlME. 

these  metal^.^'^^ One obvious difference be- 
tween this work and other studies i s  the pur i ty 
of the material - that used here having a t  least an 
order of magnitude lower interst i t ia l  impurity con- 
tent. However, i t i s  commonly believed that less- 
pure body-centered cubic metals deform by twinning 
with greater ease than high-purity metals. Since 
the usual contaminants of  the refractory body- 
centered cubic metals include the interst i t ia ls 
oxygen, nitrogen, hydrogen, and carbon, it i s  
important that  any relationship between purity and 
deformation process be clarif ied. 

Single-crystal prisms approx /4 to /2 in. on a 
side were cut from an ingot of double electron- 
beam-melted niobium. In several instances, mult ip le 
specimens were cut from the same crystal, so that 
the only variable in  a series of  tests w i l l  be com- 
position. These specimens w i l l  be contaminated 
wi th  the interst i t ia l  elements t o  several levels of 
concentration ranging from that present i n  the ingot 
(10 ppm C, 40 ppm N, 32 ppm 0) to the solubi l i ty  
l imit. The crystals are deformed at  liquid-nitrogen 
temperature by slow compression or by impact. 
The effects of the impurit ies are noted from the 
frequency of twins and the re la t ive number of twin 
bands and s l i p  lines. These deformation markings 
are analyzed t o  f ind any effect o f  composition on 
the choice of s l i p  or twin plane. 

1 1 

The tests are complete only for crystals con- 
taining 2000 and 3000 ppm 0. There was a very 
marked reduction in the occurrence of twins a t  both 
oxygen levels. Metallographic examinations of a l l  
the surfaces and several cross-section planes 
revealed only f ive t o  ten twin bands per specimen. 
This  compares with several hundred twin bands i n  
the high-purity samples deformed i n  the same man- 
ner but for much less total  deformation. There was 
evidence of  large amounts of s l ip  in the oxygen- 
bearing specimens, and, i n  general, the s l i p  was 
localized into several broad bands. In  contrast, 
only a few widely spaced s l i p  l ines were observed 
i n  the pure specimens except for s l i p  l ines asso- 
ciated wi th  the t ips of adjacent twins. 

9W. R. Clough and A. S. Pavlovic,  Trans. Am SOC. 
Metals 52, 948 (1960). 

'OMM. A. Adorns, A. C. Roberts, and R. E. Smallman, 
A c t a  Met. 8, 328 (1960). 

E. 0. Hal  I ,  Twinning and Diffusionless Transfor- 
mations in Metals, pp 56-68, Butterworthe, London, 
1954. 
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Other tests are in progress a t  lower oxygen levels 
and for the other interst i t ials. 

Surface Effects on Twinning 

In  connection wi th the study of the effects of 
interst i t ia l  impurities on twinning, i t was observed 
that the presence o f  a th in oxide f i lm on  the crystal 
faces completely prevented twinning in crystals 
containing 200 to 2000 ppm 0. After removal o f  
the oxide by etching, the crystals did twin upon 
being reloaded. 

Several experiments are in progress to  study the 
effects of surface f i lms and the absence o f  free 
surfaces on the twinning frequency. In one set o f  
tests, a thin nickel f i lm was plated onto three 
surfaces of a crystal and the other three faces were 
le f t  clean. This specimen w i l l  be deformed at  77’K 
and examined for surface twins after removal of the 
nickel  layer. Another crystal w i l l  be contaminated 
w i th  oxygen but w i l l  not be homogenized. Th is  
should give a specimen having a high concentration 
o f  oxygen in solut ion a t  the surface but having the 
original composition near the center. Since oxy- 
gen appears to  inhibit tw in  formation, th is  specimen 
should show whether or not twins can nucleate i n  
the center of the crystal. 

The surface effects w i l l  be analyzed in terms o f  
the crystallographic relat ionship to the twinning 
process, for example, wi th the shear direct ion 
paral lel and perpendicular t o  the surface. 

A N  X-RAY STUDY O F  D E F O R M A T I O N  S T A C K I N G  
F A U L T S  A T  LOW T E M P E R A T U R E S  I N  L E A D ,  

SOME L E A D  A L L O Y S ,  A N D  A L U M I N U M ~ ~  

G. F. B ~ l l i n g ’ ~  T. 8. M a s ~ o l s k i ~ ~  
C. J. McHargue 

The deformation stacking fault  probability, a ,  
has been determined by the deformation of bulk 
specimens of zone-refined lead at  4.2 and 77’K. 
Aluminum (99.996%), &brass (70:30), Pb-0.1 at. % 
Ag, and Pb-20.0 at, % In  were also examined a t  
4.2’K. It i s  shown that a major difference exists 
between aluminum and lead, the latter being copper- 
l i k e  i n  i t s  value o f  a. The influence of increased 

12Abstract of paper presented at the Fall Meeting of 
the Metallurgical Society of AIME, Oct. 19, 1960, 
Philadelphia, Pa.; to be published in the Philosophical  
Magazine. 

3Westinghouse Research Laboratory, Pittsburgh, Pa. 
14Mellan Institute, Pittsburgh, Pa. 

deformation i n  increasing the value of a i s  demon- 
strated. Addit ion o f  indium to lead suppresses a 
measurable value of a which correlated with obser- 
vations made on twinning i n  th is alloy. 

D E F O R M A T I O N  STACKING F A U L T S  I N  

AND C E R I U M ”  
F A C E - C E N T E R E D  C U B I C  THORIUM 

C. J. McHargue 

The deformation stacking fault  probabil i t ies were 
calculated from the peak shi f ts o f  x-ray dif fract ion 
l ines for thorium and cerium deformed a t  room 
temperature. The values o f  0.018 to 0.031 for 
cerium and 0.019 for thorium are considered to  be 
high, indicating that these metals have low 
stacking faul t  energies, 

A N N E A L I N G  O F  D E F O R M E D M E T A L S  

R. A. Vandermeer C. J. McHargue 

Impurity-Controlled Grain- Boundary Migration 
During Recrystal l izat ion’ ‘ 

It i s  we l l  established that minute quanti t ies o f  
foreign atoms dissolved in pure metals can greatly 
reduce the rate of  recrystal l izat ion o f  these metals. 
Lucke and Detert17 have attempted to explain th is  
phenomenon in terms of a quantitative theory o f  
i mpurity-control I ed gra in-boundary m igration. There 
exist, however, only a few quantitative measure- 
ments for comparison w i th  the theoretical predic- 
tions. 

Essent ia l ly  no agreement between the theory and 
the observed boundary motion was reported by Aust 
and Rutter18 i n  di lute al loys of zone-refined lead. 
On the other hand, the studies of Vandermeer and 
Gordon19’ have shown an apparent agreement be- 
tween theory and experiment in the case of small 

15Abstract o f  paper to be published in A c t a  Metal- 
lurgica. 

16This work was initiated at the Il l inois Institute of 
Technology under the direction of P. Gordon, and part 
of  the data of Fig. 7.1 w i l l  appear in a thesis submitted 
by R. A. Vandermeer to that school. 

17K. Lt’cke and K. Detert, A c t a  Met. 5, 628 (1957). 
1 8 K .  T. Aust and J. W. Rutter, Trans. Met SOC. AIME 

215, 820 (1959). 
19R. A. Vandermeer and P. Gordon, T h e  Recrystal l i -  

za t ion  o f  Zone-Ref ined  Aluminum as Influenced by 
Recovery and Impurities,  Technical Report No. 2, U.S. 
Army Office of Ordnance Research, Contract AD-1 1-022- 
0 RD- 1984 (October 1960). 

24 



P E R I O D  E N D f N G  M A Y  31. 1961 

amounts of copper dissolved i n  zone-refined alumi- 
num. The current program i s  concerned with 
extending these observations to  include both a 
wider range of copper compositions, especial ly a t  
the higher impurity levels, and other solutes i n  
zone-refined aluminum. 

In the theory proposed by Li jcke and Detert, it i s  
assumed that interaction forces exist between a 
grain boundary and the foreign atoms i n  sol id solu- 
t ion such that at  thermal equilibrium the concen- 
trat ion of foreign atoms i n  the boundary i s  higher 
than in the bulk material. A t  high concentrations 
of foreign atoms in  the boundary or at  low tempera- 
tures, a moving grain boundary i s  held back by this 
interaction, so that the speed of the boundary i s  
controlled by the speed a t  which the atmosphere of 
foreign atoms can dif fuse behind the moving bound- 
ary. At low concentrations or high temperatures, 
the interaction i s  insuff icient to  al low the impurity 
atmosphere to  maintain i t s  hold on the moving 
boundary, so that the boundary breaks away from 
the foreign atoms and moves at  a much faster 
velocity. L i jcke and Detert derived the fol lowing 
equation for the rate of grain-boundary migration 
when the impurities exert their drag on the 
boundary: 

a 2 D o  P I’ Q D + V  
G=---exp (-71, (1) 

447 kT C 

where 

G = velocity of boundary migration, 

a = lat t ice parameter of solvent, 

Do = bulk di f fusion constant of solute atoms, 

k = Boltzmann’s constant, 

T = absolute temperature, 

P = driving force for migration i n  uni ts o f  energy 
per uni t  volume, 

C =atomic fraction o f  solute i n  bulk material, 

Q D  = activation energy for bulk dif fusion of 
solute atoms, 

v =ga in  in energy as a resul t  of putt ing a 
foreign atom in  a grain boundary. 

I f  we take 

and 

Q = Q , + V t  (3) 
then Eg. (1 )  i s  identical i n  form to  the usual 
Arrhenius type of equation that expresses the tem- 
perature dependence of the rate o f  grain-boundary 
migration during recrystal l izat ion. 

The theory also predicts that for a given tempera- 
ture there w i l l  be a cr i t ical  value of the bulk con- 
centration a t  which the grain boundary w i l l  break 
away from the atmosphere of foreign atoms. Th is  
concentration i s  given by Li jcke and Detert as 

Aluminum-copper al loys, containing 0.00047, 
0.0286, and 0.060 wt ‘% Cu, have been melted and 
cast under vacuum. These were fabricated into 
str ip by cold ro l l ing  with intermediate recrystal l i -  
zation anneals. A f inal reduction of 40% was 
carried out by ro l l ing  a t  OOC. Isothermal recrys- 
ta l l izat ion studies were conducted on specimens 
c u t  from the str ip containing 0.060 wt % Cu at 
temperatures i n  the range 139 to 200°C. Grain- 
boundary migration rates were obtained a t  four 
different temperatures for th is alloy. These are 
tabulated i n  Table 7.1. 

Table 7.1. Grain-Boundary Migration Rates in on 

Aluminum Alloy Containing 0.060 wt  % Cu 

200 2 . 5 ~  1 0 - ~  

187 7 . 8 ~  

169 2 . 6 ~  

139 1 . 7 ~  io-’ 

One of the predictions o f  the LJcke-Detert theory 
i s  that the activation energy for impurity-controlled 
grain-boundary migration i s  equal to Q D  + V ,  and 
that a t  concentrations exceeding C* th is  value 
should be essential ly constant. Figure 7.1 shows 
the experimental act ivat ion energies (determined 
from plots of log G vs  1/T) as a function of the 
logarithm o f  concentration. It should be noted that 
at concentrations above 5 x atomic fraction 

of copper the experimental act ivat ion energy for 
boundary motion i s  constant wi th a value o f  about 
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Fig. 7.1. Relationship Between Experimental Activa- 

tion Energy for Grain-Boundary Migration and Concen- 

tration of  Copper in Aluminum. 

29.5 kcal/mole. This may be compared with the 
theoretical value (e, + V )  of 33.7 kcal/mole. 

I n  addition, the c r i t i ca l  concentration at which 
breakaway should occur according to the Li icke- 
Detert theory can be calculated from Eq. (4) for 
copper i n  aluminum. Taking a = 4.04 x cm, 
P”= 12 x erg/cm3, V = 1.6 x erg/atom, 
T = 423’K, and k = 1.38 x erg/’C, the 
cr i t ical  concentration C* i s  approx 4 x 10‘~. 
Th is  compares very favorably w i th  the C* value o f  
5 x estimated from Fig. 7.1 as the point be- 
yond which the activation energies are constant. 

A theoretical estimate of Go for the impurity- 
controlled grain-boundary migration predicted by 
the Lbcke-Detert theory can be made by using 
Eq. (2). Table 7.2 i s  a l i s t ing  of such theoretical 
values and the experimental values of Go for three 
alloys. The copper contents of two o f  the al loys 
are grsater than the c r i t i ca l  breakaway concentra- 
t ion of C”, that is, they are in the impurity- 
controlled region, whi le the other al loy contains 
less than C* and i s  i n  the breakaway region. For 
the al loys i n  the impurity-controlled region (C > C*) 
the disagreement is about a factor of.20. Usually, 
discrepancies o f  many orders o f  magnitude are 
found for GO, as i n  the case of the 0.001 wt % Cu 
a1 loy here, 

Experimental evidence has been presented which 
agrees sem iquanti tat  ivel  y wi th the theoreti c a1 

2oC. J. McHargue, L. K. Jetter, and J. C. Ogle, Trans. 
M e t  SOC. AIME 215, 831 (1959). 

Table  7.2 Comparison of  Theoretical and 
Experimental Values of  Go 

Alloy Experimental Go Theoretical Go 
2 

( w t  % CU) (cm 2/s.ec) (cm /sec) 

0.001 3.1 10’’ 1.2 109 

0.016 4.3 lo9 2.2 x 108 

0.060 1.zX io9 0.6 x lo8 

predictions o f  the LUcke-Detert theory of impurity- 
control led grain-boundary migration for the case of 
copper impurit ies in aluminum. However, studies 
of a wider range o f  copper concentration and of  
other solutes w i l l  be carr ied out in order to  provide 
a rigorous test  o f  the theory. 

Preferred Orientation i n  Annealed Aluminum Rods 

on the 
preferred orientation of aluminum extruded a t  tem- 
peratures between 20 and 350°C showed the recrys- 
ta l l izat ion texture to be entirely <001> when the 
primary recrystal l izat ion occurred during the fabri- 
cation process. Some additional annealing experi- 
ments have been conducted on specimens taken 
from an aluminum rod extruded a t  liquid-nitrogen 
temperature, where no recrystal l izat ion could occur 
during fabrication. It was observed that annealing 
i n  the range 139 to 27OOC produced a duplex pri- 
mary recrystal l izat ion texture containing approxi- 
mately equal amounts o f  <001> and <111> orien- 
tations. Furthermore, it appears that  the <001> 
recrystal l ized component resulted from the growth 
of the pre-existing nuclei. These nuclei are frag- 
ments of <001> grains which were carried over 
from the cast structure during the extrusion process. 

It was proposed previously2’ that a stress applied 
while recrystal l izat ion i s  taking place might affect 
the recrystal l izat ion process. There are two factors 
which might be influenced by such a stress - the 
nucleation and the relat ive growth rates in various 
crystallographic directions. 

The earlier results of McHargue et 

21C. J. McHargue and L. K. Jetter, M e t  Diu. Ann 
Progr. R e  t O c t  10, 1957, ORNL-2422, pp 212-13 
(cl  as si  f i  e&. 
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Work has been started to test  th is hypothesis and 
to  learn the origin of any effect. Preliminary 
resul ts have been obtained by annealing portions 
o f  the low-temperature (77'K) extrusion in a sa l t  
bath a t  231OC and in a press under a compressive 
stress at  240OC. The data are summarized i n  
Table 7.3 and indicate that the rate o f  recrystal l i -  
zation i s  greatly reduced by the applied stress and 
that the <001> component i s  favored by the stress. 

Th is  work w i l l  be continued and w i l l  include 
studies of the effect o f  prior recovery on recrys- 
ta l l i za t ion  rate and texture and of the nature and 
origin of recrystal l izat ion nuclei. 

Table 7.3. Effect of Stress on Recrystallization 
of AI urninurn 

* 
Time Fraction Fraction of 
(hr) Recrystallized <001> 

Anneal in Salt Bath at 231'C 

2 0.428 0.144 

20 0.819 0.33 1 

Anneal Under Stress at 24OoC 

20 0.528 0.342 
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8. X-RAY DIFFRACTION 

H. L. Yakel 

R O U T I N E  ANALYSES 

H. L. Yakel 
0. B. Covin 

R. M. Steele 
L. A. Harris 

The Metallurgy and Ceramics X-Ray Diffract ion 
Laboratories have examined over 650 samples sub- 
mitted for routine analyses during the period o f  
of th is  report. Lattice-parameter measurements, 
phase identifications, s ing le-cry stal orientation 
measurements, estimations o f  preferred orienta- 
tion, and stress-level determinations are repre- 
sentative of these analyses. 

X-RAY S C A T T E R I N G  FROM I R R A D I A T E D  B O O  

R. M. Steele 

Polycrystal l ine specimens of BeO, irradiated to 
IO2’ nut (fast neutrons) in the ETR, have been 
examined by means of a Debye-Scherrer dif fract ion 
technique. Measurements of the photographs from 
samples irradiated at  approx l l P C  show several 
heretofore unreported dif fract ion effects. Notable 
among these i s  the selective symmetric or asym- 

metric broadening o f  ref lect ions (hk ./), wi th I 
even or odd (but not zero). Attempts are being 
made to  correlate these di f f ract ion effects wi th 
a model o f  a damoged B e 0  latt ice. Lat t ice- 
parameter data from the specimens are summarized 
in Table 8.1. Published resul ts o f  other invest i -  
gations are included for comparison. 

C R Y S T A L  S T R U C T U R E  OF LuMnOg 

H. L. Yakel 

A refinement of the structure of LuMn03, based 
on the space group P 6 3 ~ m ,  has been completed.’ 
Although a satisfactory agreement factor of 13% 
(based on F ~ )  has been achieved, the structure i s  
in doubt because of the anomalous f j  tempera- 
ture-factor components of two of t i e  oxygen 
atoms. These, together wi th the other atom 
parameters result ing from the refinement, are 
given in Table 8.2. 

‘H. L. Yakel,  Met. Div .  Ann. Progr. Rept. J u l y  1. 
1960. ORNL-2988, p 136. 

Table  8.1. Latt ice Parameters of Unirradiated and Irradiated B e 0  

Sample Condition Number a0 (A )  co (A) c / a  

Unirradiated, sintered X41 4-C 2.6978 * 0.0001 4.3778 * 0.0003 1.6227 

Unirradiated’ 2.6981 f 0.0002 4.3774 f 0.0004 1.622 

lrrodiated to lo2’ nut (fast) X41 5-7a(C) 2.7006 * 0.0003 4.410 f0.005 1.633 
at Q 1 IO’C X41 5-7b(P) 2.7007 * 0.0003 4.408 f0.005 1.632 

Irradiated to l o z 1  nvt (fast) X41 4-19 2.6997 f 0.0003 4.398 fO.005 1.629 
at > 1 IO’C 

lrrodiated to 10’’ nut (thermal), 2.6989 * 0.0002 4.3909 * 0.0004 1.627 
5 x 10’9 not (fast)* 

Irradiated to l o 2 ’  nvt (fast) at 

* ll0’C + DTA to 120OoC 
2.6977 * 0.0003 4.384 cO.003 1.625 

Irradiated to 102’nut (thermal) 2.6982 * 0.0002 4.3845 * 0.0004 1.625 
+ 4 hr at 1000°C* 

*J. Elston and R. Cail lat ,  Proc. Intern. Con/. Peaceful  Uses Atomic Energy, 2nd. Geneva, 1958 5, 345 (1959). 
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Table 8.2. Atomic Parameters for LuMn03 Given by Least-Squares Refinement Based on the Space Group P63cm 

a. = 6.0420 * 0.0017 A co = 11.371 f0.006 A 

Atom Position x Y z 01 1 p22 p 3 3  O12 p13 O23 

L 4 l )  2n O.OOOO* O.OOOO* 0.2705 0.0032 0.0032 0,0018 0.0016 0.0000 0.0000 

Lu(l l )  4b 0.3333* 0.6667* 0.2266 0.0030 0.0030 0.0017 0.0015 0.0000 0.0000 

Mn 6c 0.3212 O.OOOO* O.OOOO** 0.0031 0.0041 0.0017 0.0020 -0.0005 0.0000 

O(I) 6c 0.3071 O.OOOO* 0.1699 0.0036 Neg 0.0010 Neg -0.0001 0.0000 

O(II) 6c 0.6328 O.OOOO* 0.3397 0.0147 0.0233 0.0014 0.0117 -0.0006 0.0000 

O(111) 2a O.OOOO* O.OOOO* 0.4836 0.0061 0.0061 0.0019 0.0032 0.0000 0.0000 

O ( I V )  4b 0.3333* 0.6667* 0.0189 0.0019 0.0019 0.0035 0.0010 0.0000 0.0000 

*Parameter fixed by space group. 

**Arbitrari ly fixed Z parameter. 

It i s  possible that the anomalous oxygen-atom 
temperature factors are a resul t  o f  an incorrect 
assignment of space group. Thus, i f  the atoms in 
question were not constrained by the mirror plane 
of P6,cm (i.e., if the space group were actual ly 
P~cZ), a more acceptable result might be ob- 
tained. The problem w i l l  be re-examined from 
th is  point of view. 

A preliminary description o f  t h i s  c lass of struc- 
tures was presented at  the Fifth Congress of the 
International Union of Crystallography.2 

STRUCTURES OF PHASES IN B I N A R Y  O X I D E  
SYSTEMS C O N T A I N I N G  B e 0  

L. A. Harris 

CaO-Be0 
Satisfactory single crystals o f  Ca2Be,05 have 

been secured from a supercooled eutectic melt 
(60 mole 92 BeO). A cubic uni t  ce l l  wi th uo = 
14.008 A i s  observed. Space groups F m h  or 
Fm3 are possible on the basis of observed ex- 
t inct ions. A test for pyroelectr ici ty in these 
crystals was negative, suggesting that a structure 
based on Fm3m could be assumed. Collect ion of 
CUK, three-dimensional intensity data i s  in 
progress, preparatory to  structure analysis. 

2H.  L. Yokel et al.. “Erbium Manganite - A New 
A B 0 3  Structure,“ paper presented at the Fi f th lnter- 
national Congress and Symposia of the International 
Union of Crystallography, Cambridge, England, Aug. 
15-24, 1960. 

Y ,O,-BeO 
Crystals o f  a previously reported phase3a4 in 

th is  system have been grown and analyzed. A 
formula Y2Be205  i s  proposed. Diffract ion data 
indicate an orthorhombic uni t  ce l l  wi th the dimen- 
s i o n s ~ ~  = 3.51 A, b o  = 10.36 A, and co  = 13.04 A. 

A P R E S S U R E - I N D U C E D  PHASE 
T R A N S F O R M A T I O N  IN A U 0 3  M O N O H Y D R A T E 5  

L. A. Harris 

An orthorhombic dipyramidal form and an ortho- 
rhombic lath-shaped form of UO, monohydrate have 
been grown hydrothermally. Optical constants and 
un i t  ce l l  parameters for the two crystal l ine modi- 
f icat ions are given in Table 8.3. 

A previously unreported phase transformation 
was observed to  take place i n  the orthorhombic 
dipyramidal phase upon the application of pres- 
sure. Optical and x-ray examinations o f  the new 
phase showed it to  be identical to the ortho- 
rhombic lath phase. The transformation appears 
to  f i t  Buerger’s6 “displacive transformation” 
c I as s i f i cat i on. 

,C. E. Weir and A. VanValkenburg, /. Research 

4R. A. Potter, Met. Diw. A n n  Progr. Rept .  J u l y  I, 
1960. ORNL-2988, p 190. 

’Abstract of paper presented at the American Ceramic 
Society Meeting, Toronto, Canada, Apr. 23-27, 1961. 

‘M. J. Buerger, Am. Mineralogist 33, 101-21 (1948). 

Natl. Bur. Standards 64A(1), 103 (1960). 

29 



M E T A L L U R G Y  A N N U A L  P R O G R E S S  R E P O R T  

Table 8.3. X-Ray and Optical Data for Two Forms 

of U 0 3 * H Z 0  

Orthorhombic Orthorhombic 

Dipyramid Lath  

X-Ray Data 

Pbca Face  centered Space group 

a 5.63 *0.03 A 4.27 t0.02 A 

b 6.30 * 0.03 A 6.93 * 0.02 A 
C 9.94 * 0.03 A 10.19 f 0.02 A 

z 4 4 

Optical Data 

Sign (+I (+I 
a 1.740 * 0.005 1.850 * 0.005 

P 1.750 f 0.005 1.855 * 0.005 

Y 1.780 f 0.005 1.880 * 0.005 

2 V (estimated) 1 5' 8' 

Orientation Z = C  Z = a  

Optical observations made on part ial ly trans- 
formed dipyramidal crystals ly ing on their (001) 
faces showed the two phases joined along a 
( 1  1 I )  dipyramid plane. The displacive move- 
ment appears to have taken place in  a < 110> 
di pyramid direction. 

O R D E R I N G  O F  C O P P E R - G O L D  A L L O Y S  

H. L. Yakel 

A prolonged h igh-temperature dif fract ion experi- 
ment, i n  which a polycrystal l ine Cu-31.6% Au 
sample i s  being slowly cooled from 44PC through 
the ordering transit ion t o  room temperature, i s  in  
progress. Within the transit ion region the sample 
i s  being held at a given temperature for at least 
two weeks i n  an attempt to  approach true equi- 
I i brium. 

The results to date have shown the following: 
1. A normal thermal contraction of the dis-  

ordered face-centered cubic lat t ice from 440 to 
35PC (a=  17.82 x 1 P 6 P C ) .  

2. A pretransition lat t ice contraction between 
350 and 337% No development of superstructure 
ref lect ions can be observed in  th is  interval, nor 
are the high-angle ref lect ions broadened or spl i t .  

3. A probable two-phase region between 337 
and 3306C. Only one temperature (333OC) was 
maintained within th i s  region, and i t s  exact 
I i m i  ts are therefore uncertain. Sate1 I i ted super- 
structure ref lect ions are f i rst  observed i n  t h i s  
interval, indicating that the transit ion to the 
antiphased structure has begun.7#a Broadening of 
high-angle fundamental ref lect ions i s  interpreted 
as evidence for a c lassical  two-phase region sep- 
arating the disordered and the antiphased phase 
f ields. Note that th is transit ion region i s  10 to 
15OC lower i n  temperature than that observed by 
Scott i n  an al loy of the same composition.6 

4. Complete transit ion to the antiphased struc- 
ture below 33PC. The structural properties o f  
th is  phase are good in  agreement wi th those c i ted  
in  an earl ier r e p ~ r t . ~  The stabi l i ty  region of the 
antiphased structure extends at least down to 
3 10°C, 
Figure 

3.8(6 

3.814 

3.812 

- U - cp 3.81C 

3.808 

3.80E 

the lowest temperature attained thus far. 
8.1 summarizes the data to  th is point. 
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Fig.  8.1. Lat t ice  Parameter of  Cu-31.6 ai. % Au 
Alloy vs Temperature on Cooling Polycrystal l ine Sample 

from 440 to 319OC. 

A G I N G  TRANSFORMATIONS IN M E T A S T A B L E  

A L L O Y S  

0. B. Covin 

Zirconium-Niobium 

Two Zr-15 at. '76 Nb single crystals have been 
irradiated in  the O R R  for periods of one week at  

7B. S. Borie, C. J. Sparks, and H .  L.  Yakel,  Mei. 
Diu. Ann. Progr. Repi .  Sept. 1, 1959. ORNL-2839, p 58. 

8R. E. Scott, ph.D. thesis, Physics Department, 
Massachusetts Institute of Technology (1958). 
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250 and 425OC respectively. The estimated inte- 
grated thermal neutron dose received by these 
crystals was 1019 nut. X-ray dif fract ion studies 
of these crystals should give further data on the 
effect of reactor radiat ion on the formation of the 
metastable 0 phase in  th is al loy ~ y s t e m . ~  

Z i r c o n i  urn-Chrorni urn, Z i rconi  urn-Vanadium 

Attempts to retain the high-temperature body- 
centered cubic p phase in  zirconium al loys con- 
ta in ing 1 and 2 wt !% Cr have not been successful. 
Similar experiments wi th Zr-V al loys have awaited 
the development of satisfactory homogenization 

procedures, since the cast structures show sig- 
ni f icant mass segregation. Further work i n  both 
al loy systems i s  planned. 

Uranium-Niobium 

Diffract ion experiments wi th al loys containing 
5, 7.5, and 10 wt 76 Nb quenched from 1000°C 
( in  the y-phase f ield) have shown that only the 
7.5 wt !% Nb samples undergo a quenching trans- 
formation to  a metastable tetragonal phase. Low-  
temperature equi l ibr ium phases were found in the 
y-quenched 5 wt !% Nb alloys, whi le the y phase 
was retained in the 10 wt !% Nb alloys. Further 
experiments at  the 7.5 wt !% composition are i n  9H. L. Yakel ,  Met. Diu. Ann. Progr. Rept .  Sept. I ,  

1959. ORNL-2839, p 51. progress. 
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9. PHYSICAL PROP ERTl ES STUD1 ES 
D. L. McElroy T. G. Ko l l ie  

I 

A l imi tat ion to  the development of nuclear tech- 
nology i s  the lack of knowledge of the magnitude 
and mechanisms of heat-transport phenomena at  high 
temperatures i n  refractory materials of interest for 
reactor fuels, moderators, and claddings. Applied 
and basic interests are encompassed in  the goals 
o f  th is study and include: 

1. measurement of  thermal conductivi ty k between 
-100 and 22OOOC; 

2. determination o f  the effects of physical and 
chemical variations i n  a material on i t s  k value; 

3. obtaining accurate k data and auxi l iary infor- 
mation for the evaluation of methods of meas- 
uring k, and the treatment o f  the mechanisms 
of heat transport. 

Accomplishments during the past year include: 
(1) operation o f  a thermal comparator apparatus to 
4OO0C, (2) operation o f  a radial heat flow apparatus 
to 8OO0C, (3) in i t iat ion o f  construction o f  a 
quenching apparatus to measure thermal di f fusiv i ty 
to 14OO0C, (4) design of a direct heating apparatus 
to  measure k from 800 to  220O0C, and (5) measure- 
ment of  the characterist ic temperature of UO,. 

T H E R M A L  C O M P A R A T O R  A P P A R A T U S ' - 3  

This apparatus, given schematically in Fig. 9.1, 
shows promise o f  y ie ld ing comparison k data repro- 
ducible to within +3%, between 50 and 6OOOC. The 
upper furnace contains two instrumented spheres 
mounted at  s l ight ly different heights and maintained 
a t  a temperature different from that of the lower 
furnace. The lower furnace contains the thermally 
shielded specimen disk, 3/ ,  in. thick and 1 in. in 
diameter. The equipment may be operated in an 
inert atmosphere or i n  vacuum. At zero time, the 

'A. I. Dah1 and D. W. Jones,,,"Thermal-Conductivity 
Studies with the Powell Method, ASME paper 60-HT-30, 
ASME-AIChE Heat Transfer Conference, Buffalo, N e w  
York, Aug. 15-17, 1960. 

2R. W. Powell, J .  Sci. Inst t .  34, 485 (1957). 
3BattelIe Memorial Institute has similar equipment 

under study; H. W. Deem, private communication, 
Mar. 30, 1961. 

specimen is raised to  contact the lower sphere. 
The noncontacting sphere corrects for heat transfer 
other than specimen conduction. The dif ferential 
temperature-time response o f  the two spheres i s  
measured for 30 sec and i s  proportional to the k of 
the specimen. A cal ibrat ion curve, using materials 
of known k ,  i s  being determined. 

A typical  response curve for Pyrex at  175OC i n  
helium i s  shown in  Fig. 9.2~~. Also  shown i s  the 
normalized response E as a function of - time. Tests 
on a particular material have shown R to be con- 
stant at  a given time for in i t ia l  specimen-sphere 
temperature differences between -25 and +25OC. 
Handbook values of k for Pyrex, INOR-8, and iron 
are plotted i n  Fig. 9.2b as a function o f  8. A vari- 
ation of 53% from a smooth curve was indicated by 
these data. Addit ional calibration materials and 
their corresponding range of k values are l i s ted  i n  
Fig. 9.2. The effects of grain size, porosity, 
stoichiometry, and impurities on k for UO, w i l l  be 
studied as soon as the cal ibrat ion curve i s  defi- 
n i te ly established. 

R A D I A L  H E A T  FLOW A P P A R A T U S  

An effort was spent i n  perfecting the radial 
heat f low apparatus patterned after the design of 
Hedge and F i e l d h o u ~ e . ~ # ~  This work led to major 
changes and improvements result ing in (1) easier 
assembly o f  the apparatus - by sl ight specimen 
changes and improved thermocouple instal lation; 
(2) achievement of reproducible and meaningful 
temperature control - by use of commercial tem- 
perature controllers; and (3) power uniformity and 
stabi l i ty  for the core heater - by redesign of the 
heater and by use of a transistorized solid-state 
power supply. These changes, coupled with an 
improved switching and monitoring arrangement for 
the measurement of direct and dif ferential thermo- 
couple emf's, have made this equipment operational 

4J. P. Hedge and 1. 6. Fieldhouse, Measurement of 
Thermal Conduct iv i ty  of Uranium Oxide ,  AECU-3381 
(Sept. 20, 1956). 

'5. D. Fulkerson, Met. Div.  Ann. Progr. Rept. J u l y  1, 
1960, ORNL-2988, p 195. 
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UNCLASSIFIED 
ORNL-LR-DWG 59732 

SPECIMEN HOLDER ASSEMBLY 
AND SPHERES 

1 .  Weight Cup 
2. Sphere Suspension Rod 
3. Sphere Height Adjusting Screw 
4. Sphere Furnace Support Plate 
5. Radiation Shields 
6. Sphere Holder 
7. Sphere Furnace 
8. Movable Radiation Shield 
9. Nichrome Winding 

10. Radiation Shield Support Arm 
11.  Specimen Holder Assembly 
12. Specimen Cup Holder 
13. Radiation Shields 
14. Specimen Furnace 
15. Specimen Furnace Support Plate 
16. PI unger Rod 
17. Support Channels 
18. Sphere Thermocouples 
19. Floating Sphere 
20. Contacting Sphere 
21. Specimen 
22. Specimen Holder 
23. Specimen Cup 
24. Specimen Thermocouple 

Fig. 9.1. Schematic Drawing of Thermal Comparator Apparatus. 
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i n  the sense of y ie ld ing reproducible (52%) and 
accurate (15%) k data to  800OC. Results obtained 
with these and other modifications are reported 
elsewhere.6 Efforts are being continued to reduce 
the specimen size and to extend the temperature 
l i m i t  to 1600OC. 

R E L A T E D  PROJECTS 

A quenching apparatus for measuring thermal 
di f fusiv i ty ( a = k / p * C D )  t o  at  least 14OOOC has 
been designed and i s  currently under construction. 
Components of th is apparatus include: (1) two 
cy1 indrical furnaces having MoSi , heating elements 
(17OO0C, in air); (2) two 48-in.-long impervious 
AI,O, tubes, 3 and 6J2 in. in internal diameter; 
(3) equipment for maintaining an inert atmosphere 
i n  the tubes; and (4) a f lu id ized bed, 5 in. i n  out- 
side diameter and 15 in. high. The smaller furnace 
i s  mounted direct ly above the large furnace and 
in i t i a l l y  w i l l  contain the specimen, a cyl inder 1 in. 
i n  outside diameter and 10 in. long. After the 
specimen attains thermal equilibrium, i t  i s  quenched 
into the f luidized bed, which is approx 50°C hotter 
or colder than the specimen. The time-temperature 
response of the geometrical center of the specimen 
i s  recorded, and from this the thermal di f fusiv i ty 
i s  determined.'** Specimen shapes other than 
cylinders can be tested. The specimen response 
data also w i l l  y ie ld  specif ic heat values i f  the 
heat transfer o f  the f luidized bed can be defined. 

Design o f  a direct heating apparatus for measuring 
the thermal conductivi ty between 800 and 2X)OOC 

6T. G. Godfrey and D. L. McElroy, "Thermal Conduc- 

7€ .  S. Fitzsimmons, J. Am Cermn. SOC. 33, 327 
t ivity Studies," chap. 13, this report. 

(1 950). 
*F. C. W. Olson and 0. T. Schultr, Ind  Eng. Chem 

34, 874 (1942). 

has been initiated. Design features include vacuum 
operation, an auxi l iary isothermal furnace to 
achieve temperatures needed for in i t iat ion o f  d i rect  
resistance heating of the specimen, temperature 
measurements by optical and thermoelectric means, 
and a stable specimen power source. Specimens 
w i l l  be heavy-wall tubes or sol id rectangular 
c o I umn s. 

C H A R A C T E R I S T I C  T E M P E R A T U R E  OF UO,  

Crystals of UO,.,,, for the measurement of the 
characterist ic temperature, 0, were grown by 
passing water-saturated argon over an LiF-NaF-UF, 
melt at  85OOC. A dif fuse x-ray scattering method, 
using CUK, radiat ion and a doubly bent LiF mono- 
chromator, was employed to  measure 0.9 Treatment 
of point  counting data to obtain absolute intensi t ies 
did not give an accurate measure o f  the structure 
factors because of a preferred orientation i n  the 
sample. The factor 2M was therefore determined 
from temperature dif fuse scattering, which i s  less 
sensit ive to preferred orientation. A value of 188OK 
for 0 was obtained for UO,, wi th  a corresponding 
0.12-A rms displacement o f  uranium atoms from 
their s i tes due to  thermal motion. A conservative 
estimate i s  an error not greater than 10% i n  0. 
Low-temperature speci f ic  heat data on UO, contain 
a large maximum of uncertain origin at  29'K and 
y ie ld  a Q of 160°K." From a consideration of the 
above and the 1/T dependence of k at high tem- 
peratures for UO,, one would expect a maximum of 
k to occur a t  0.280, or 53'K, and to  have a value 
o f  approx 0.67 w an-' ("C)". 

,6. S. Borie performed all the x-ray measurements and 
caI culations; private communication, Feb. 27, 1961. 

'OW. M. Jones, J. Gordon, and E. A. Long, J. Chem 
Phys. 20, 695 (1 952). 

I 
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10. SINTERING STUDIES 
C. S. Morgan 

I .  

! 

S I N T E R A B I L I T Y  OF Tho2 POWDERS'  

C. S. Morgan 

The sinterabi l i ty of similarly pressed compacts 
prepared from thoria powders wi th different 
properties was determined as a function of part icle 
size, crystal l i te size, surface area, immersion 
density, and part icle s ize after treatment for 20 
min in a Waring Blendor. The sinterability, as 
indicated by density after f i r ing at 180OOC for 
2 hr, decreased gradually wi th increasing part icle 
size, but the scatter of points far exceeded experi- 
mental error. For surface area, crystal l i te size, 
and immersion density, there was a rough corre- 
lat ion with sinterabi l i ty for powders that varied 
according to  the method of precipitation. However, 
for the sinterabi l i ty o f  thoria powders wi th 
properties changed by higher calcination tempera- 
ture, there was an abrupt departure from the corre- 
lation. The best correlation o f  sinterabi l i ty wi th 
powder properties was with part icle size after 
Yaring Blendor treatment, which represents a 
measure of part icle integrity. The larger the 
resultant part icle s ize after comminution of the 
part icles in the Blendor, the lower the sinter- 
ab i l i t y  of the powder from which the sample was 
taken. 

The fai lure of sinterabi l i ty to consistently 
fol low surface area, immersion density, crystal l i te 
size, or part icle s ize suggests that no one of these 
properties i s  suff icient to characterize a powder. 
Other properties or a combination of properties 
must control the sinterabi l i ty of Tho,. The 
part ic le integri ty under strong agitation ref lects 
part ic le topology, mechanical property, and lat t ice 
defects, a l l  of which could influence sinterability. 

M O D E L  S T U D I E S  

C. S. Morgan C. S. Yust 

Model studies involving weld growth between 
two spheres, between a sphere and a f lat  surface, 

'Abs trac t  of p a p e r  t o  b e  submitted t o  t h e  Journal o/ 
the American Ceramic Society.  

or between other geometric shapes that are touching 
have been used extensively to investigate sintering 
mechanisms. Results usually have been inter- 
preted as indicating that a volume-diffusion 
process predominated.' Veld-neck growth was 
measured between Tho, spheres a t  temperatures 
c lose to 18OO0C, i n  air. The spheres were approx 
80 p i n  diameter and were produced by the Houdry 
Process Corporation by spraying a thorium hy- 
droxide gel into oi l ,  with careful control of drying. 
Electron dif fract ion indicated that the spheres 
used were composed of 400- to  500-A crystal l i tes. 
Metal lographic examination indicated porosity and 
cracks in some spheres. Total  impurities amounted 
to  a few hundred parts per million. 

Spheres were placed in  a groove i n  a Pt-Rh wire 
or put on the surface of a th in sheet o f  sapphire. 
The neck between two spheres was determined 
with a movable-hairline measuring microscope. 
Spheres became attached to the metal or sapphire 
support, and l i t t l e  change occurred i n  end-to-end 
measurements of two spheres i n  contact. 

Weld-neck growth was measured for a number o f  
sphere pairs, and the logarithm o f  neck width was 
plotted as a function o f  the logarithm of time at  
temperature in order to determine the exponent n 
i n  the equation 

x n  = A ( T ) t  , 
where 

x i s  the neck width, 

A ( T )  i s  the function of temperature and i s  re- 
lated to  flow properties of the material, 

t i s  the time. 

Kuczynski3 and Frenke14 deduced that the value 
o f  n should be related to the method of material 
transport during sintering. The present results 
had some irregularities, but the majority of cases 

,R. G. Bernard, Powder Met. No. 3 (1959). 
3G. C. Kuczynsk i ,  Trans. Met. SOC., AIME 185, 169 

4J. Frenkel ,  J .  P h y s i c s  ( U S S R )  9 ,  385 (1945). 
(1949). 
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had a value close to 2 for R. Such a value indi- 
cates that a plast ic-f low mechanism i s  operative 
for material transport. This agrees with results 
for TiO, spheres.' 

perature. The densif icat ion i s  also independent 
of the heating cycle. A compact heated to  1000°C 
at a rate of 4OC/sec, held at  1000°C for 1 min, 
and then heated to  150OOC at a rate of 2.67'C/sec 
was found to have experienced the same densif i-  
cat ion as a compact heated direct ly to 1500OC. 
L imi ted  investigation of prolonged heating cycles 

S I N T E R I N G - R A T E  S T U D I E S  

C. S. Morgan C. S. Yust 

The sintering-rate behavior o f  thorium oxide 
compacts i s  being investigated as part o f  an effort 
to  evaluate the mechanism of material transport i n  
sintering. The oxide used in  these studies was 
prepared from thorium oxalate by thermal de- 
composition, fol lowed by calcination at 65OOC 
for 2 hr. The calcined powder was formed by cold 
pressing into compacts having a green density of 
approx 4.75 g/cc. 

The densif icat ion o f  thorium oxide compacts 
has been measured for heating rates of 1.6 to  
8.0°C/sec, and the data are presented i n  Fig. 10.1. 
Within th is  range o f  heating rates, the densif i-  
cat ion o f  compacts heated to  a particular tempera- 
ture ar?d then air quenched was found to  be 
independent o f  the time required to come to  tem- 

indicates that for heating periods as long as 1 hr, 
independence of heating rate persists. At  very 
slow heating rates, the influence of isothermal 
densif icat ion should begin to have a more signi f i -  
cant effect, and the temperature dependence of 
densif icat ion would be less specific. 

The densif icat ion data o f  Fig. 10.1 can be re- 
plotted as densif icat ion rate vs  temperature or 
time, as shown i n  Fig. 10.2. The densif icat ion 
rate curves exhibit  an in i t ia l  peak and a minimum 
at approx 1000 and 120OOC respectively. The 
signif icance of the minimum in  the curve i s  not 
clear at  present, although it may be indicat ive of 
the operation of two or more sintering mechanisms. 

To  further test  the existence o f  the minimum in 
the densif icat ion rate curve, compacts of thoria 
calcined at 1000°C for 2 hr were prepared for rate 
study. 
these compacts i s  also shown in  Fig. 10.2. 

The variat ion of rate wi th temperature for 
The 

of densification is seen to exhibit the same 
' G .  Parravano, H. M. O'Bryan, Jr., and V. J. L e e ,  
Sintering Mechanism of  Titania," paper presented at 

the International Powder Metal Iurgy Conference. New 
York, June 13-17, 1960. minimum. 

L .  

UNCLASSIFIED 
ORNL-LR-DWG 59940 

100 ZOO 300 400 500 600 700 800 900 1000 
TIME ( s e c )  

Fig. 10.1. Densification of Thoria Compacts as a Function of Heating Rate and Temperature. 
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Fig. 10.2. Densificotion of  Thoria Compocts as o 

Function of T ime and Temperature. 

Isothermal densif icat ion data also have been 
accumulated for compacts prepared from thoria 
calcined at  650 and 1000°C. Since signif icant 
densif icat ion takes place during heating, the 
isothermal component starts at  some density which 
dif fers from the cold-pressed density. A s  shown 
in Fig. 10.3, a compact prepared from 650'C-fired 
oxide pressed to  a density of 4.75 g/cc had 
already increased in density 37% when the 
isothermal densif icat ion a t  140OOC started. A s  
the compact was held at temperature, the density 
increased with time, whi le the rate at  which the 
density increase occurred diminished rapidly. The 
data for compacts prepared from 100O0C-fired 
oxide are also presented i n  Fig. 10.3. In this 
case the compact had densified 13.5%, over i t s  
green density of 5.75 g/cc, before isothermal 
densification. The densif icat ion rates were about 
the same in  both cases, although the degree o f  
prior compact densif icat ion differed by a factor o f  
3, and the absolute density o f  both oxide compacts 
upon reaching 140OOC was also the same, approx 
6.5 g/cc. The relat ive behavior of the two oxides 
indicates that a signif icant portion of the in i t ia l  
densif icat ion is intraparticle rather than inter- 
particle, and that the part icles do not dist inguish 
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Fig. 10.3. Densification of  Thoria Compacts at  

140OOC. 

between the i n i t i a l  densif icat ion experienced as a 
single particle, as opposed to  the in i t ia l  densif i-  
cat ion experienced as a part icle in a compact. 

DIFFUSION O F  O X Y G E N  IN  T H O R I A  

C. S. Morgan C. S. Yust 

A knowledge of the dif fusion coeff icient of the 
constituent ions i s  desirable when the mechanism 
o f  sintering in a material i s  considered. In 
principle, these data and the rate of densif icat ion 
al low one to  determine the role of bulk di f fusion in 
the process. The dif fusion coeff icient for oxygen 
in thoria microspheres has been determined by 
0 l8 ion exchange with CO, gas at temperatures 
from 600 to 1400°C, by the method described by 
Belle.6 The experiment involves the measurement 
of the rate of exchange of oxygen atoms in  a gas 
o f  normal isotopic composition wi th O"-enriched 

6J. Bel le ,  "Properties of Uranium Dioxide," Proc. 
U.N. Intern. Conf. Peaceful Uses Atomic Energy, 2nd, 
Geneva, 1958 6 ,  569-89 (1959). 
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UNCLASSI Fl ED 
ORNL-LR-DWG 59943 oxygen ions i n  the solid. The rate of exchange i s  

governed by the rate of  d i f fusion of the oxygen 
ions in  the solid. The results are plotted i n  
Fig. 10.4. The energy of  activation was 14.7 
kcal/mo I e. 

2 x do 

The accuracy of values of the di f fusion coef- 5 
f ic ient  determined by th is  method depends upon 
the value used for the diameter o f  the sphere. 
The value of 10 p used i n  these experiments was 

was determined by sedimentation, and surface 
area, which was determined by nitrogen adsorption. 

act ive thoria powder that contained irregularly 
shaped part ic les 0.2 to  3 p i n  diameter. The 
uncertainty of  the value of an equivalent spherical 
part ic le diameter makes the absolute magnitude of 
the results uncertain.. The energy of activation 
for diffusion, however, was lower than wi th  the 
larger spheres. Tho Mi crospheres. 

N' 

5 
0 

based on a combination of part ic le size, which 2 

Di f fusion of  oxygen was also measured in an to-" 
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Fig. 10.4. Diffusion Coefficient of Oxygen Ions in 

42 



P E R I O D  E N D I N G  M A Y  31, 1 9 6 1  

11. SOLID REACTION STUDIES 

T. S. Lundy 

1 

I 

D I F F U S I O N  O F  SOLID FISSION PRODUCTS 
I N  F U E L  A N D  C L A D D I N G  M A T E R I A L S  

J. I. Federer 

The purpose of th is study i s  to  assist  i n  de- 
f in ing conditions that might contribute to  the 
di f fusion release of f iss ion products from nuclear 
reactor fuel and cladding materials. The scope of 
the current program has been a study of the di f -  
fusion of zirconium, niobium, and strontium i n  
zirconium and in  uranium dioxide. The main 
efforts to  date hove been on the self-dif fusion 
of zirconium, the development and evaluation of 
isotope deposition techniques, and the procure- 
ment of special equipment for the study of d i f -  
fusion i n  UO,. 

In the experiments thin layers of radioactive 
isotopes of the dif fusing elements are deposited 
on the f lat  faces of nonradioactive, cyl indr ical  
specimens. Isothermal dif fusion heat treatments 
are then performed under suitable environmental 
conditions. The concentration c of the radio- 
act ive species i s  determined as a function of 
the perpendicular distance x from the original ly 
deposited layer and of the t ime t of the heat 
treatment. Theoretically, th is  concentration obeys 
the fol lowing solut ion to  Fick’s second law: 

’’ e - x /4D t c(x , t )  = - J.ot 
where 

M i s  the amount of radioactive isotope depos- 

D i s  the dif fusion coefficient. 
i ted on the specimen, 

The plot of In c ( x , t )  vs x 2  yields a straight l ine 
having a slope which may be readi ly related to 
the dif fusion coefficient. 

Preliminary data have been obtained oil the di f -  
fusion o f  Zr95, Nb95, and Sr95 in  the body- 
centered cubic @ phase o f  zirconium. The studies 
involving the dif fusion of 2195 have been ham- 
pered by the presence of the daughter Nb95, due 

to  the d i f f i cu l ty  of discriminating between the 
isotopes. However, chemically pure solutions of 
Nb95 and Sr95 have been obtained, and experi- 
ments using these isotopes are being performed. 

The study of the dif fusion of strontium and 
niobium i n  UO was in i t iated with high-purity, 
high-density, tused single crystals of UO,. 
The requirement that each specimen have a f la t  
surface and a constant cross section necessi- 
tated shaping the crystals by grinding and pol- 
ishing. AI l crystals examined contained numerous 
cracks, and an uncracked region of suf f ic ient ly 
large size could not be found in most crystals. 
A few apparently uncracked specimens were pre- 
pared; however, these were unsuitable because 
stresses result ing from the crystal manufacturing 
method induced thermal cracking and disintegra- 
tion. The studies are now being performed with 
high-purity polycrystal l ine specimens fabricated 
to  97% of theoretical density by compacting and 
sintering UO powder. The surface o f  each 
specimen i s  lapped to  a flatness o f  about two 
hel ium l ight  bands (23 pin.) prior to  deposition 
o f  the isotope to  be studied. The isotope i s  
deposited i n  a th in layer on the f la t  surface by 
evaporation from a filament under vacuum or by 
direct placement of drops of solution. In the 
latter case, compounds are selected which can 
be decomposed to  a stable oxide by heating. For 
example, Sr85 was obtained as Sr(NO,), i n  weak 
n i t r i c  acid solution. Strontium nitrate decom- 
poses’ at  600 to  75PC in  the fol lowing manner: 

2Sr(NO,),+ 2 5 0  + 4N0, + 0, . 
Niobium oxalate i n  oxal ic acid solut ion appears 
to  behave in  a similar manner. Fol lowing the 
dif fusion anneal, successive th in  sections are 
removed paral lel to  the f lat  face by means of a 
precision lapping machine. The cumulative gamma 
ac t iv i t y  col lected on the lapping surface i s  

’P. F. Campbell, M. H. Ortner, and C. J. Anderson, 
A n d .  Chem. 33(1), 58 (1961). 
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counted, and the thickness removed i s  measured 
by using an electronic comparator. The act iv i ty 
prof i le i s  then related to  the dif fusion coefficient, 
as previously discussed. Presently, UO, speci- 
mens having Sr85 and Nb95 isotopes deposited 
from solutions are being annealed i n  the tem- 
perature range 1500 to  180OOC. 

where 

A ( x )  i s  the ac t iv i t y  at  a normal distance x from 
the specimen surface, 
A ,  i s  the original f o i l  act ivi ty, 

h i s  the fo i l  thickness, 
D i s  the dif fusion coefficient, 
t i s  the t ime of the heat treatment. 

An approximate equation for the conditions of 
t h i s  experiment i s  obtained by assuming that h i s  
very small. Then 

S E L F - D I F F U S I O N  O F  ALUMINUM 

T. S. Lundy J. F. Murdock 

The previously reported2 method of obtaining 
AIz6 for use i n  these experiments was abandoned 

A ( x )  = - e - x 2 / 4 D t  

&E 

because of the large quantities of Co5‘ produced where M i s  the amount of radioact iv i ty a t  t = 0 
as a by-product. The gamma spectrum of the and x = 0. The customary method of treating data 
c~~~ overlaps that of the AIz6 and for short from di f fusion couples of th is  type i s  to  plot  
decay times makes detection and quantitative 
counting of the impossible. However, pro- 
ton-irradiated septum tubes having long decay 
times relat ive to  the C056 half - l i fe of 77 days 
were obtained from J. J. Pinaj ian of the Electro- 
nuclear Research Division. These tubes, origi- 
na l l y  type 1100 aluminum, contained adequate 
amounts of t o  perform the self-dif fusion ex- 
periments and also contained enough MnS4 to  
simultaneously determine i t s  dif fusion rate in 
aluminum. 

Cyl indr ical  dif fusion couples of the thick-layer 
type were prepared. Disks about 0.015 cm thick 
containing the radioactivi ty were placed i n  con- 
tact wi th the polished, f lat  faces of “ inf in i te ly 
thick, ” inact ive, cy! indr ica I speci mens of large- 
grained high-purity aluminum. The assemblies 
were held together at heat-treating temperatures 
i n  capsules, making use o f  the large thermal ex- 
pansion of aluminurn. Isothermal annealing, pre- 
c is ion lathe sectioning, and act iv i ty counting o f  
the sections were performed by standard tech- 

In A ( x )  as a function of x 2  and examine the 
l inearity. If a straight l ine results, i t usually 
i s  assumed that Eq. (2) applies, and the slope i s  
set equal to  -1 / (4~t ) .  However, such an assump- 
t ion  i s  not always valid,and, i n  fact, i n  the case 
o f  data from th is  experiment would lead to  
erroneous results. P lo ts  of In A ( x )  vs x 2  y i e l d  
straight lines, but the actual d i f fusion coeff i-  
cients are as much as 11% less than those cal- 
culated by making the assumption that Eq. (2) i s  
applicable. 

When the logarithm o f  A ( x ) ,  as given by Eq. (l), 
i s  differentiated w i th  respect t o  x 2 ,  the fo l lowing 
i s  obtained: 

d In A ( x )  

dx 

- - 
2x- [ erf (h  - x ) / 2 = +  erf (h + x) /2 f i  ] 

niques. ( 3) 
The applicable solut ion to  Fick’s law for these Examination o f  Eq. (3) by substi tut ing approxi- 

mate values of D t  and h revealed that for th is  ex- 
periment the slope does not change signi f icant ly 

(1) over the maximum range of x. Thus the slope 
may be represented by i ts actual value a t  x = h ,  
or 

boundary conditions is: 

-= - (erf - + erf- 
A ,  2 2fi 2 6  

A b )  1 h - x  

- h z / D t  - 1 d In A ( x )  - e 
- 2T. s. Lundr et a[., Met. Diu. Ann. Progr. R e p t .  

dx2 2h& erf h/& ] U ~ Y  1. 1960, ORNL-2988, p 156. 
(4) 
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The experimental data were plotted as In A ( x )  
vs x 2  and the slopes set equal to  that given by 
Eq. (4). The dif fusion coeff icients were then 
readi ly calculated by a simple i terat ive process. 
Typical  penetration curves for and Mns4 are 
given in  Fig. 11.1. It i s  noted that the large 
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Fig. 11.1. Typical Penetration Plots for AIz6 and 
MnS4 in Aluminum (95.5 hr at 571OC). 

values o f  A(%)  near x = 0 may be explained by the 
presence of a dif fusion barrier o f  A1203 at the 
fo i l  interface. A lso  noted i s  the fact  that A1203 i s  
a much larger barrier for the movement of Mn54 
than for that of 

Figure 11.2 contains plots of the dif fusion co- 
ef f ic ients of both and Mn54 in aluminum as 
functions of the inverse absolute temperature. 
The data f i t ted the fol lowing equations: 

z i  1 ,  / , '  1 
! 0- lo 

I 0 6  1 IO I14 1.18 422 426 ! 3 0  

'OOO/T ( 0  K ) 

Fig. 11.2. Arrhenius Plots for and Mn54 in 

Aluminum. 

URANIUM MONOCARBIDE-BERYLLIUM 
REACTION 

J. F. Murdock 

The extent of reaction between arc-cast ura- 
nium monocarbide and hot-pressed beryllium has 
been determined at temperatures from 700 to  
1000°C. Diffusion couples of these materials 
were assembled into Inconel capsules and were 
described p r e v i ~ u s l y . ~  Intimate contact between 
the uranium monocarbide and the beryl l ium was 
ensured by the high thermal expansion of the type 
347 stainless steel plug relat ive to  that of the 
Inconel. The assemblies were welded closed in  
an argon-filled dry box. They were then iso- 
thermal 1y heat-treated for various lengths of 
time. 

After completion of the heat treatments, the 
dif fusion couples were mounted in Hysol epoxy 
resin and sectioned and pol ished normal to the 
uranium monocarbide and the beryl l ium interface. 
The pol ished surface was chemically anodized 

3J. F. Murdock, GCR Quart. Progr. Rept. Mar. 31, 
1961, ORNL-3102, p 108. 
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to  faci l i tate measuring of the reaction-zone thick- 
ness. An ultrasonic-microchiseled sample of the Monocarbide-Beryllium Diffusion Couples 

reaction product from the 1000°C sample was 

Table 11.1. Summary of Reaction Data for Uranium 

identi f ied by x-ray dif fract ion as UBe,,. 

Figure 11.3 i l lustrates the reaction zone re- 
sult ing from heat treatment at  lOOOOC and i s  
typical  for a l l  specimens examined. Figure 11.4 
shows the f inely dispersed precipitate, probably 
free carbon, observed within the reaction zone of 
a l l  the specimens. 

Thicknesses o f  the UBe layers, measured 
with a precision measuring microscope, are given 
in Table 11.1. These data indicate that i n  the 
range 750 to 800°C there i s  a marked increase in  
the reaction rate wi th increasing temperature. 

' 3  

Average UBe 13 Temperature Time 

("C ) (hr) Thickness (p )  

700 185 7 

750 187 27 

800 162 115 

850 144 106 

900 121 150 

950 103 131 

1000 90 176 

U N C L A S S I F I E D  
Y-39646 

Be 

Fig. 11.3. Uranium Monocarbide-Beryllium Diffusion Couple Heat  Treated at 1000°C for 90 hr. The  U C  w a s  
etched with 1 : 1 : 1 H 2 0 ,  CH3COOH, HNO,. 
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Fig. 11.4. Uranium Monocarbide-Beryllium Diffusion Couple Heat  Treated at 1000°C for 90 hr. The UC was 

etched with 1 : 1 : 1 H20, CH3COOH, HN03. 
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12. ZIRCONIUM ALLOY RESEARCH 

M. L. Picklesimer 

ZIRCONIUM A L L O Y  D E V E L O P M E N T  

M. L. Picklesimer P. L. Rittenhouse 

Zirconium-base al loys are of interest for use as 
potential structural materials i n  several water- 
cooled and/or -moderated reactor systems, since 
their use i n  reactors using low-enrichment fuels 
can result i n  considerable economy of neutrons. 
A development study o f  such al loys has been 
under way for several years. The prior work has 
been reported in HRP quarterly progress reports 
and in  several previous Metallurgy Div is ion annual 
progress reports. 

The al loy systems presently being studied are 
Zr-Nb, Zr-Mo, Zr-Pd, and Zr-Cu, of hypo-, hyper-, 
and eutectoid compositions; Zr-15% Nb-X; and 
Zircaloy-2. Data on the transformation k inet ics 
as determined by hardness and microstructure have 
been reported on most of the al loys previously. le2 
The work of the past year has been pr incipal ly 
confined to  a study of the  transformation k inet ics 
by use of res is t i v i t y  measurements during heating 
and cool ing cycles and during transformation at  
constant temperature. The equipment used for the 
study consists of a res is t i v i t y  bridge which auto- 
matical ly  and continuously plots resist iv i ty vs  
temperature. In the studies conducted at constant 
temperature the bridge plots resistance vs time. 
Modif icat ions are i n  progress to  permit automatic 
plot t ing o f  res is t i v i t y  vs time or the logarithm of 
time. The present useful temperature range o f  
the equipment i s  from 100 to  1200°C. 

Iodide Zirconium 

Resist iv i ty curves for zone-purified iodide zir- 
conium during heating and cool ing cycles showed 

'M. L. Picklesimer et al., Met. Diu. A m .  Progr. 
Rept. Oct. 10, 1957, ORNL-2422, p 117; Oct. 10,  
1958, ORNL-2632, pp 67-70 (classif ied).  . .  

'G .  M. Adarnson et al., H R P  Quart. Progr. Rept. 
Oct. 31, 1956, ORNL-2222, pp 114-16; Jan.  31,  1957. 
ORNL-2272, pp 119-23; APT. 31, 1957, ORNL-2331, 
D D  124-28: lulv 3 1 ,  1957. ORNL-2379. PP 122-26; 
oct. 31, 1957, O ~ N i - 2 4 3 2 , . ~ ~  131-33; j a i . i 3 1 ,  1958, 
ORNL-2493, pp 141-43; APT. 30 and J u l y  31,  1958, 
ORNL-2561, p 245; Oct. 31,  1958, ORNL-2654, p 188. 

the transformation range to  be from 864 to  88OOC 
on heating and from 876 to 858°C on cooling. 
Normal reactor-grade iodide zirconium has a 
sl ight ly larger transformation range because of 
higher iron and oxygen content. The relat ive ef- 
fect  of oxygen on the upper and lower tempera- 
tures o f  the a + @ region on heating was shown 
by the increase o f  the transformation range from 
864-880°C to  870-916°C after the specimen was 
held for 10 to  15 hr at  temperatures above 800°C 
in a vacuum of 1 x mm Hg or better. 

Zircaloy=2 

Res is t i v i t y  curves for Zircaloy-2 containing less 
than 20 ppm H, showed the temperature range o f  
the a + /3 phase region to be 832 to  970°C on 
heating at  a rate o f  16OC/min. Suppression o f  
the a /a  + p temperature to 775°C was found for 
a cooling rate of 16'C/min and to  760°C for a 
rate of 200"C/min. The suppression of the 
@/a  + @ temperature i s  only about hal f  as great 
at  any given cool ing rate. A hump was observed 
i n  the cool ing curve i n  the temperature range of 
about 850 to  780°C and i s  thought to  be due to 
the presence of at least three phases i n  the 
material under th is  condition. 

Zr-15% Nb-X 
The transformation k inet ics of a Zr-15 Nb and 

a Zr-15 Nb-2 Mo (wt %) al loy have been studied 
by using heating and cool ing cycles, transfor- 
mation at constant temperature, and combinations 
of these. Heating and cool ing curves for the 
Zr-15% Nb al loy in the @-quenched condition, 
presented i n  Fig. 12.1, show a peak at  390°C 
on heating, which i s  bel ieved to be due to a 
maximum in  the rate of formation of w phase; a 
continuing decrease i n  res is t i v i t y  on further heat- 
ing to 540"C, which i s  apparently due to  a re- 
version of the w phase to  the /3 phase; and a 
res is t i v i t y  minimum at 317OC on cooling, which 
i s  thought to  be due to  the formation of the 
Widmanstatten precipitate i n  a retained 0 matrix. 
Faster heating and cool ing rates decrease the 
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height of the w peak on heating and smear out 
the res is t i v i t y  minimum on cooling. 

Heating curves for the Zr-15% Nb al loy after 
aging at 400 and 500°C for 19% and 24% hr and 
cool ing to 100°C are shown i n  Fig. 12.2. The 
monotectoid temperature appears to be 61 O"C, 
and the formation of the p phase i s  completed at 
675"C, in approximate agreement wi th the phase 
diagram for the al loy system. 

The behavior of the Zr-15% Nb-2% Mo al loy 
was found to be quite similar t o  that of the Zr- 
15% Nb binary alloy, although considerably more 
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sluggish. At a heating rate of 16"C/min, the 
resist iv i ty peak associated with w-phase formation 
was found to be at 478"C, with the reversion being 
completed at 516°C. After aging for 21 hr at  
522°C and reheating, the monotectoid temperature 
was found to  be 608"C, and the a + f i  reaction 
was found to be completed at 678OC. 

Zirconiumddolybdenurn A l l o y s  

A Zr-7.5 Mo (wt %) alloy, of eutectoid compo- 
sition, showed the same type of behavior as the 
Zr-15% Nb alloy. The resist iv i ty data plus 
metallographic examination and hardness measure- 
ments made on specimens isothermally transformed 
at  400, 500, 600, and 700°C for times ranging 
from 6 sec to  16 hr al low the fol lowing generaliza- 
t ions to  be made on the transformation behavior 
of retained /3 phase in  the eutectoid al loy: 

1. The Widmanstatten (It') phase which forms 
on quenching of phase in  the Zr-Nb al loy system 
also occurs in the retained p al loys of the Zr-Mo 
system. 

2. At  400"C, the transformation sequence i s  
0, + P,  + w after an incubation period of approx 1 
hr. 

3. A t  500 to  700"C, the reaction sequence i s  
6, + 0, + a + + a + ZrMo,, with the transfor- 
mation to a + ZrMo, being 95% complete i n  16 
hr at 500°C. The amount of transformation OC- 

curring in 16 hr at  600 and 700°C i s  less. 
4. I f  o phase i s  formed at 500°C and higher, 

i t s  presence has not been definitely detected. It 
i s  known to be absent after aging for 1 hr. 

The notations are defined below: 

p, = retained beta phase 

p, = beta phase enriched in the al loying element 

a = alpha zirconium containing the solubi l i ty  
l im i t  of the al loying element 

w = omega phase, a metastable transit ion phase, 
lean in  the al loying element and having a 
hexagonal crystal structure 

Cfi = Widmanstatten precipitate formed during 
quenching of retained /3 al loys from tempera- 
tures in the p field, having a body-centered- 
tetragonal crystal structure wi th axes aligned 
along the < 100> axes of the body-centered- 
cubic matrix 

For a Zr-4% Mo alloy (hypoeutectoid), the trans- 
Fig. 12.2. Resistivity-Temperature Curve for Zr-15% formation sequence i s  the same, although more 

Nb Alloy After Two Aging Treatments. rapid. The P-quench and reheat transformation 
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sequence for both al loy compositions i s  the same 
as the isothermal sequence but more rapid. 

Zi rcon iurn4opper  Alloys 
Two binary Zr-Cu alloys, 1 and 1.6 wt % Cu, 

have been investigated by using hardness measure- 
ments, metallography, and res is t i v i t y  measure- 
ments. No resist iv i ty changes were observed to  
occur during either isothermal or @-quench and 
reheat transformation. 

The eutectoid temperatures and the a + p/@ 
temperatures for the two al loys are presented in 

Table 12.1. Transformation Temperatures 

for Zr-Cu A l loys  

1% Cu: temperatures extrapolated to O°C/min: 

eutectoid, 809.5OC; a+ p/P, 851.OoC 

eutectoid, 810.0"C; at @/@, 836.5OC 
1.6% Cu: temperatures extrapolated to O°C/min: 

Heating or Eutectoid a+@/@ 
Al loy  Cooling Rate Temperature Temperature 

("C/min) (" C) (" C)  

Table 12.1. L i t t l e  superheating occurred a t  any 
heating rate, but some supercooling did occur at  
the faster cool ing rates. 

The transformation from @ phase to  a marten- 
s i t i c  a phase occurred between 600 and 65OOC 
for the 1% Cu al loy and between 550 and 6OOoC 
for the 1.6% Cu alloy. The transformation se- 
quence observed a t  temperatures above the M s  
temperature was p, + a + Zr,Cu in a cel lu lar  
structure. At  temperatures below the M s ,  the 
sequence was found to be 6, + martensit ic struc- 
ture + tempered martensitic structure of acicular 
a + Zr2Cu --f a + Zr,Cu i n  a cel lu lar  structure. 
The end product for both isothermal and @-quench 
and reheat transformations above and below the 

M S  temperature was always the same cel lu lar  
structure. The kinet ics of the transformation were 
much faster i n  the 1.6 wt % Cu alloy. The data 
also indicate that the eutectoid composition i s  
considerably higher than that o f  1.6 wt % Cu as 
has been reported. 

Z irconiurn-Pal ladiurn AI loys 

1% c u  2 810 852 Binary Zr-Pd al loys containing 5, 7.5, 10, and 
15 wt % Pd have been prepared and have been 
heat treated at  temperatures ranging from 600 to  
1000°C. L i t t l e  information on the microstructures 
and phase boundaries has been obtained because 
of d i f f i cu l t ies  i n  metallographic preparation. No 
chemical pol ish or etchant has been found which 4 a12 84 1 

8 814 a43 w i l l  reveal the microstructure through an ever- 
a52 present black stain. Electrolyt ic pol ishing and 

4 812 

8 814 854 

1.6% Cu 2 81 1 

16 817 
etching has not been successful. 

T a b l e  12.2. Transformation Temperatures for Zr-10% Pd Alloy 

T ,  extrapolated to zero AT: 76OoC 
T 2  extrapolated to zero AT: 79OoC 

Heating or 7-1 T2 7-3 
Number o f  

Determinations 
Cooling Heating Cooling Heat ing Cooling Heat ing Cooling Rate 

(OC/mi n) 
(OC)  ("C) (OC) (OC) (OC) (OC) 

2 

4 

a 
16 

75 

270 

1 764 738 79 9 772 931 a64 

2 766 732 806 757 923 * 13 a 26 

3 765 735 80 1 766 900 k 16 820 

1 766 727 8 10 749 935 Not observed 

1 767 7 24 807 750 913 Not  observed 

2 70 3 729 Not observed 
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The Zr-10% Pd al loy has been run i n  the re- 
s is t i v i t y  apparatus. The transformation tempera- 
tures observed are presented i n  Table 12.2 for 
heating rates from 2 to 75OC/min. Cooling curves 
have shown that the 0 phase can be supercooled 
approx 30°C at a cool ing rate of 4”C/min and 
43°C at 75”C/min. It i s  known that the Zr-10% 
Pd al loy i s  two phase at  7OO0C, two phase but 
of a different morphology at 9OO0C, and single 
phase at  1000°C. The temperatures given as 
T ,  and T, i n  Table 12.2 are thought to be the 
l im i ts  o f  the temperature range over which the 
reaction a + compound + p + compound occurs at 
these heating and cool ing rates, and T, i s  prob- 
ably the temperature of the reaction /3 + com- 
pound + p. More information w i l l  have to  be 
obtained before the Zr-Pd phase diagram can be 
rough I y approxi mated. 

O X I D A T I O N - R A T E  MEASUREMENTS 

S. Peterson 

The apparatus being used for the determination 
o f  oxidation rates of zirconium al loys consists of 
two regions: a storage region kept at  essential ly 
constant pressure and a reaction region separated 
from the storage region by a solenoid valve which 
i s  normally closed. A s  oxygen i s  consumed by 
the reaction with the metal specimen, the pressure 
i n  the reaction region drops, producing a dif fer- 
ential pressure between the two regions. When 
the dif ferential pressure reaches a preset value, 
as sensed by a photocell located on one leg of 
the dif ferential o i l  manometer between the two 
regions, the solenoid valve i s  opened, and the 
pressure i n  the two regions again equalizes. 
The time interval between valve openings i s  
measured and recorded. Since the system i s  
sensit ive to pressure differential, not absolute 
pressure, a constant weight o f  oxygen i s  consumed 
i n  the reaction region for each valve operation. 
The  raw data are then the reciprocals of the 
dif ferential o f  the normal rate curve. An early 
model of th is  system has been previously de- 
scr ibed., 

The work of the past year has been primari ly 
concerned with development of the technique and 
el imination of equipment errors. Data have been 
col lected on iodide zirconium and Zircaloy-2 
specimens, which have served as standards for 

3J. C. Banter and S. Peterson, Met. Diu. A m .  Progr. 
Rept. J u l y  1 ,  1960, ORNL-2988, pp 180-81. 

evaluation o f  the equipment and the technique. 
The temperatures of oxidation have been 600 and 
7GO0C, at oxygen pressures of 10 and 20 mm Hg. 
The rate curves for Zircaloy-2 show the typical  
behavior of an oxide f i lm which i s  protective in 
the early stages o f  oxidation but nonprotective 
i n  the later stages. The data for the iodide zir -  
conium indicate that no transit ion occurs from 
the “protective” type of oxidation behavior under 
the condit ions o f  test. The data as actual ly de- 
termined by the dif ferential technique for the 
Zircaloy-2 run at  7OOOC are presented i n  Fig. 
12.3. Expanded portions of the curve presented 
i n  Fig. 12.4 indicate that, on a f ine scale, the 
oxidation process i s  not smooth. Several equip- 
ment errors could contribute to the irregulari ty of 
the data, among these being the l imi ted precision 
and f luctuating response of the manometric sensing 
system, temperature variations and f luctuations i n  
the gas i n  the apparatus, and incomplete pressure 
equil ibrat ion during valve operation. The effects 
of these equipment errors have been examined by 
replacing the specimen tube with a similar tube 
containing a side arm to which a vacuum leak 
valve was attached, permitting a constant leak 
rate from the reaction region to a vacuum system. 
Several check runs were made at different leak 
rates, wi th the specimen furnace at  temperature 
under normal control. The data indicate that a 
portion of the “scatter” observed during an oxi-  
dation run can be ascribed to equipment errors. 
The conclusion that the oxidation process i s  not 
smooth i s  consistent wi th observations of irregular 
changes i n  the apparent f i lm thickness of C u 2 0  
on Cu as a function of time, as measured by 
optical methods during oxidation. 

The present equipment is l imi ted i n  sensi t iv i ty 
to  about 100 to 150 A of oxide formation per valve 
opening and i s  too sensit ive to f luctuations i n  
room temperature. Thermostating of the entire 
oxidation apparatus and replacement of the o i l  
manometer with an electronic dif ferential manom- 
eter sensit ive to a pressure difference of 0.1 p Hg 
are i n  progress. The modifications should permit 
a sensi t iv i ty of about 10 to  15 A of  oxide thick- 
ness per valve opening for a specimen having a 

4 

surface area o f  about 5 cm 2 . 

4E. C. Williams and P. C. S. Hayfield,  Vacancies  and 
Other Point Defects in  Metals and Al loys ,  Inst. Metals 
(London) ,  Monograph and Rep. Ser. No. 23, pp 131-57 
( 1958). 
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Fig. 12.3. Typical Oxidation Curve far Zircaloy-2 at 7OO0C by Differential Technique (Reciprocal Rate  Plot). 
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O X  ID E - F I  L M  STUDIES 

J. C. Banter 

Consideration o f  the physical condit ion of a thin 
oxide f i lm formed on a metal leads to the con- 
c lusions that (1) the index of refract ion of the 
thin-f i lm oxide in situ may be dif ferent from that 
o f  the bulk oxide; (2) i f  the f i lm i s  nonstoichio- 
metric, a defect structure w i l l  exist  that might 
change with fi Im thickness, environment, compo- 
s i t ion of both oxide and metal, and strain in the 
film; and (3) optical measurements may y ie ld  
information that might characterize the state of 
the f i lm thickness. 

To th is  end, two spectrophotometers have been 
obtained to measure the spectral ref lectance from 
unoxid ized and oxidized zirconi urn-al loy spec irnens 
over the region of the spectrum from 0.2 to  16 p 
wavelength. Several reflectance accessories for 
the spectrophotometers have been or are being 
bu i l t  which w i l l  permit the desired measurements 
to  be made. 

wavelength, and angle of refract ion of the incident 
l ight  for conditions of maximum interference and 
reinforcement has been developed for a homoge- 
neous isotropic oxide f i lm on a metal. These 
relat ionships were shown to  give reasonable 
values for the thickness of the oxide on Zircaloy-2 
specimens which had been chemically pol ished 
and anodized. Previous experience indicated that 
f i lms produced under the experimental condit ions 
are insensit ive to grain orientation and anodi- 
zation time. In these tests, the phase shi f t  was 
neglected, and the value of the refract ive index 
for bulk oxide was used. 

The next phase of th is  work w i l l  be a modified 
Brewster angle experiment5 for measurement of 
the refract ive index and phase shi f t  as functions 
of wavelength. Modifications w i l l  then be made 
i n  the treatment for consideration of inhomoge- 
neous oxide films. It i s  hoped that the nature of 
the inhomogeneities i n  the oxides in situ can be 
determined from x-ray dif fract ion studies and from 
the absorption spectra. 

, -  

A treatment relat ing f i lm thickness, refract ive 
index o f  the oxide, phase shif t  during reflection, 

so. s, Heavens and J. c. Kelly,  Optics Acta 6 ,  339 
(1959).  
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13. CERAMICS TECHNOLOGY 

W. 0. Harms 

G R A P H I T E  AND F U E L E D - G R A P H I T E  S T U D I E S  

Experi menta I GaseCooled Reactor Graphite 
Support Sleeves 

F. L. Carlsen, Jr. S. D. Fulkerson 

The purpose of this study i s  to  evaluate graphite 
and coated graphite materials for use as support 
sleeves i n  the Experimental Gas-Cooled Reactor 
(EGCR). The EGCR fuel assemblies w i l l  consist  
o f  fuel rods mounted inside a graphite support 
sleeve which i s  nominally 3 in. in inside diameter, 
5 in. in outside diameter, and 30 in. long. The 
surfaces o f  the sleeve w i l l  be coated with an 
oxi  dat i on-res i stant materia I. 

The primary functions of the sleeve are to 
posit ion the elements wi th in the coolant channel, 
to  transmit the col lect ive load of the fuel ele- 
ments, and to provide a simple shape that can be 
readi ly handled by the charge machine. The 
function of the coating on the sleeve i s  to prevent 
sustained burning o f  the graphite in the event that 
air i s  admitted to the core as a result o f  a rupture 
i n  the coolant system.' Because the graphite i n  
the sleeves amounts to  approx 10% of the total 
moderator in the EGCR core, the thermal-neutron 
absorption cross section of the sleeve must not 
be too large. 

Oxidation Studies. - The oxidation resistance o f  
coated graphite specimens was determined by 
comparative oxidation tests on both coated and 
uncoated specimens. T o  be suitable for t h i s  ap- 
plication, the coating should reduce the oxidation 
rate of the graphite i n  air by a factor o f  20 at 
600" C. 

Tests were performed on coatings o f  Sic, Si-Sic, 
and pyrolyt ic graphite applied to three representa- 
t i ve  nuclear graphite grades, as well  as to nine 
special graphite grades. The oxidation tests were 
performed by heating the specimens in  an oxida- 
t ion-test assembly which al lowed for close control 
o f  the temperature, length of exposure, and air 

'GCR Quart. Progr. R e p t .  Dec. 31,  1960, O R N L -  
3049, pp 127-33. 

flow.' It was shown that only Sic or Si-Sic 
coatings when applied to  the special isotropic 
grades of graphite are suf f ic ient ly protective at 
600" C ' - 

Mechanical Property Tests. - Eddy-current in- 
spections of uncoated graphite sleeves supplied 
by three vendors resulted i n  the reject ion of 34, 
88, and 92% of three lots of 50  sleeve^.^ The 
sleeves contained defects i n  the form o f  cracks 
and low-density inclusions. The effects of de- 
fect ive areas of th is type on rupture strength were 
studied, since stresses of 1200 psi may develop 
i n  service. 

Defects were marked i n  three sleeves containing 
low-density areas and cracks, and test  specimens 
were machined to include the defective areas. 
Defect-free specimens and specimens containing 
ar t i f i c ia l  defects were also prepared. 

The rupture strength was measured by fracturing 
the specimens i n  a manner which caused fracture 
i n  the defective area. The results of th is  study7 
indicated that, whi le the defects lowered the 
rupture strength, the value of th is  property for a l l  
specimens was greater than 1200 psi. 

6 

Fueled-Graphite Fabrication 

A. W. Seifert 

A study was undertaken to exploi t  the high bulk 
densit ies which can be achieved by using natural 
graphite for graphite-based fuel 

'GCR Quart. Progr. R e p t .  Mar. 31, 1961, O R N L -  
3!02, pp 112-15. 

3GCR Quart. Progr.  R e p t .  Der.  31, 1960, O R N L -  
3049, p 208. 

4GCR Quart. Progr. Rept. l u n e  30, 1961, O R N L -  
3166 (in press). 

5GCR Quart. Progr. Rept. June  30,  1960, O R N L -  
2964, pp 121-22. 

' l b i d ,  p 41. 

7GCR Quart. Progr.  R e p t .  Sept. 30, 1960, O R N L -  

'GCR uart. Progr.  Rept. Sept. 30, 1960, O R N L -  

9GCR Quart. Progr. Rept. Dec. 31, 1960, ORNL- 

3015, pp 78-80. 

3015, pp 94-75. 

3049, pp 202-4. 

57 



M E T A L L U R G Y  A N N U A L  P R O G R E S S  R E P O R T  

Preliminary fabrication studies on unfueled com- 
ponents showed that phenol-formaldehyde-type 
binders were most satisfactory and that specimens 
with bulk densit ies as high as 2.09 g/cm3 could 
be produced. 

Development work was then carried out for the 
production of fueled specimens containing par- 
t i c l es  of UC, UO,, UC,, and pyrolytic-carbon- 
coated UC,-UC. The general fabrication scheme 
i n  a l l  cases was to  dry mix the natural graphite 
wi th binder and fuel, cold press at 90,000 psi, 
and f ire at a rate of 2O0C/hr to  1OOOOC i n  argon. 
The results of th is  study are as follows: 

1. Pel lets containing uniform dispersions of 
UO, in graphite were prepared satisfactorily, using 
fuel part icles in the s ize ranges -60 +lo0 mesh 
and -200 mesh. 

2. Laminations and surface protrusions were ob- 
served on fueled pel lets made w i t h  uncoated UC 
and UC,-UC. These effects were due a t  least 
part ia l ly  to the oxidation of the carbides by the 
gases given of f  by the binders. Reaction products 
around the part icles were identi f ied as UO,, and 
the reaction-product layers were greater near the 
surface of the specimen than near the center. 

3. Sound pel lets were prepared by using the 
coated UC,-UC particles. Several part icles pro- 
truded at  the surface, however, due to  the shrink- 
age of the graphite around surface part icles during 
baking. 

Coated-Particle Fuel-Element Development 

T. Hik ido J. M. Kerr F. L. Carlsen, Jr. 

A program has been in i t iated to  develop fuel 
elements based on the coated-particle concept. 
The over-all effort involves the Metallurgy, Re- 
actor, Reactor Chemistry, Chemical Technology, 
and Solid State Div is ions and comprises studies 
on irradiation, fabrication, physical and mechani- 
ca l  properties, compatibility, and chemical re- 
processing. 

The in i t ia l  interest in th i s  program i s  i n  uranium 
carbide and uranium carbide-thorium carbide sphe- 
roidal part icles coated with pyrolyt ic carbon. The 
emphasis i s  on determining the behavior of these 
part icles and the fuel elements containing them 
under irradiation at high temperatures. The ab i l i t y  
of the part icle coatings to  retain f iss ion products 
as a function of temperature and burnup i s  of 
particular interest. The role o f  the Ceramics 
Laboratory i s  to specify and procure the fuel 

part icles and fuel bodies, perform the necessary 
preirradiation examinations, specify the conditions 
for and assist  i n  the design of the irradiation 
tests, and assist  i n  the postirradiat ion exami- 
nations. 

Three types o f  irradiat ion fac i l i t i es  are to  be 
used i n  th is  program: (1) the LlTR stat ic cap- 
sules, (2) the ORR C-1 instantaneous fission-gas 
release faci l i ty, and (3) the ORR poolside sweep 
capsules. The Ceramics Group has assisted the 
other div is ions in the design of cans for each of 
the faci l i t ies. The f i rs t  test  i s  now being irradi- 
ated in the LlTR at temperatures o f  2000 and 
2330" F. ' 

U R A N I U M  O X I D E  A N D  T H O R I A  F A B R I C A T I O N  
D E V E L O P M E N T  

Fabrication of UO, Pel lets 

A. J. Taylor J. M. Robbins 

A variety o f  UO, shapes have been fabricated 
for studies related to the EGCR fuel. These 
pel lets have a l l  been sintered to wi th in specif ied 
dimensional and density tolerances. One group 
o f  pel lets which required a very high bulk density 
was made to  97.5% of theoretical density. Two 
groups o f  pellets, one for LlTR experiments and 
the other for experiments in the ORR C-1 faci l i ty, 
required that grain s ize be controlled i n  addit ion 
to  density and size. These pel lets were sintered 
to  meet their specif ied dimensional, density, and 
widely separated grain-si ze requirements. Control 
o f  grain s ize was achieved by varying the t ime 
o f  the standard sintering technique (1750°C in a 
hydrogen atmosphere). Experiments using inert- 
gas sintering atmospheres showed that argon had 
a strong depressing ef fect  on the grain growth of 
UO,. The average grain diameter i n  these speci- 
mens ranged from 30 to 50 p. 

One set of pel lets for Be-UO, compatibi l i ty 
studies required a high oxygen-to-uranium rat io 
i n  addition to  a control led s ize and density. 
Fabrication studies on these pel lets have yielded 
interesting information on the effect of inert- 
atmosphere sintering on the O/U ratio. An  oxide 
with an in i t ia l  O/U of 2.18 was sintered at 1750°C 
i n  argon, wi th a result ing O/U o f  2.012. In order 

"GCR Quart. Progr.  Rept. Mar. 31, 1961, ORNL-  
3102, pp 104-7. 
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to  determine whether or not the reduction i n  O/U 
rat io was caused by hydrogen contaminant i n  the 
argon, a hot U,O, trap was incorporated into the 
gas purif icat ion system. Pel  lets sintered at  
1450°C in  argon purif ied in th is  way also had a 
f inal O/U of 2.012. These results indicate a 
higher-than-expected degree of O/U-ratio reduc- 
t ion by thermal decomposition. Studies are 
planned with various part ial  pressures of oxygen 
i n  the atmosphere in order to  gain a better under- 
standing of the U-0 system with relat ion to  sin- 
tering. 

In order to  determine the extent of the penetra- 
t ion of porous part icles by the plastic, a “grind- 
etch” technique has been developed. A cross 
section of the embedded part icles i s  exposed by 
grinding; then the sample i s  etched deeply wi th 
20% ni t r ic  acid. Part or a l l  of the UO, i s  removed, 
leaving a white, filamentous, Dlastic skeleton, 
which delineates the surface-connected porosity 
which has been penetrated by the plastic. Any 
part ic le or portion of a part icle which has been 
heavi ly penetrated by the plast ic represents a 
part icle which i s  almost certain to fa i l  and 
stringer when rol led into a dispersion-type plate 
element. The plast ic skeleton i s  easi ly seen 
under a low-power microscope, and the amount Characterization of UO, Microspheres 

J. M. Robbins 

. .  
A. J. Taylor M. P. Haydon and the type of plast ic penetration, i n  combination 

w i t h  the apparent bulk density determined by the 
embedment technique, offer Promise of becoming 
a rel iable index to  the quality of the sample being 

The fuel elements for core B of the Fast Breeder 
( ~ ~ ~ ~ i )  R~~~~~~ will contain uo, microspheres 
dispersed in  a stainless steel matrix. It i s  de- 

Storage Specifications for EGCR Fuel Pe l le ts  sirable that the fuel be present as uniformly 
dispersed spheroidal part icles i n  the f inished 
fuel elements. A study i s  being made to correlate J. M. Robbins A. J. Taylor 

the in i t ia l  properties of UO, microspheres with 
their behavior during fabrication of the fuel plates. 
Th is  work i s  intended to  provide a basis for 
characterizing the fuel part icles and for preparing 
material specifications. 

Examination of many of the rol led fuel plates 
led to  the conclusion that the type of part icle 
which fa i l s  by fragmenting and stringering i s  
almost invariably a very porous low-bulk-density 
part ic le or one which has a gross flaw, such as 
a large void, crack, or re-entrant. 

The standard mercury-pycnometer technique for 
determining bulk density yielded inaccurate values 
due to the very large number and the very small 
volume of the individual particles. A technique 
was developed, therefore, i n  which the sample 
i s  embedded in  an epoxy resin. In th is  method 
an accurate measurement i s  made of the volume 
of the embedment specimen, the volume of the 
epoxy resin i s  calculated from i t s  weight and 
density, and the bulk volume of the UO, sample 
i s  obtained by difference. Th is  technique gives 
results which are reproducible to  wi th in t0.01 
g/cm3, but accuracy i s  l imited to  those samples 
having open pores not greater than approx ’/2 p 
i n  diameter. The plast ic in the f lu id stage enters 
openings greater than this diameter, causing the 
measured bulk density to  be too high. 

Vaporization and expansion of water adsorbed 
by the UO, pel lets of the EGCR fuel elements 
can lead to  signif icant internal pressures at  the 
high operating temperatures anticipated. There- 
fore, the specif icat ions for these fuel elements 
l imi t  the UO, moisture content to  10 ppm. A 
series of experiments was performed to  study the 
outgassing procedure and storage conditions nec- 
essary to ensure meeting th is specification. 

The pel lets used in  these experiments were 
taken from two batches which had been ultra- 
sonical ly cleaned, outgassed, and then stored for 
f i ve  and eight months in nonairtight glass jars, 
that i s  to say, essential ly exposed to laboratory 
atmosphere. A group of pel lets from each of these 
batches was outgassed at  250°C and to  

mm Hg for 4 hr. The in i t ia l  moisture content 
was calculated from the weight loss; then re- 
adsorption of moi sture was determined by con- 
tinuous weighing unt i l  the pel lets had reached 
equi I ibr i  um with room-atmospheric conditions. 

Since it i s  anticipated that the EGCR fuel 
pel lets w i l l  be machined to the f inal dimensions, 
using water as a coolant, the second experiment 
was designed to  determine the length of t ime re- 
quired for thoroughly wetted pel lets to  reach 
equilibrium with their environment. Two groups 
of pel lets were wetted - one by simple immersion 
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and the other by vacuum impregnation. The weight 
change was followed to  equilibrium as these 
pel lets dried i n  room-temperature air. Then the 
vacuum outgassing and the readsorption test  de- 
scribed above were performed on these pellets. 

A third experiment was performed i n  such a 
manner as to simulate the evacuation step im- 
mediately preceding the helium backf i l l  and end 
closure of the stainless steel fuel-element cans. 

The results o f  these experiments indicate that 
the pel lets reach equilibrium with room-atmospheric 
conditions at  an average moisture content o f  
27 f 3 ppm by weight. Equil ibr ium was attained 
rapidly, the specif ied l im i t  o f  10 ppm being 
reached in  a l l  cases in less than 30 min. It can 
reasonably be concluded, therefore, that i n  order 
to  attain the specif ied l im i t  of 10 ppm some form 
of outgassing and environmental protection w i l l  
be required for the UO, pellets. It was indicated 
that the necessary outgassing may be accom- 
pl ished during the evacuation step preceding end 
closure. If, however, it becomes necessary to  
accomplish outgassing i n  a separate operation, 
the pel lets w i l l  have to be stored in either an 
evacuated or a desiccated environment i n  order 
to  prevent the very rapid readsorption of moisture. 

Vibratory Compaction Studies 

W. S. Ernst, Jr. A. W. Seifert 

Vibratory compaction i s  a relat ively simple 
process for packing granular-oxide fuel rods. Be- 
cause of i t s  simplici ty, th is method i s  economi- 
cal ly attract ive for f i rst-cycle UO, fuels and 
lends i t se l f  to remote operation i n  the recycl ing 
of Th-U233 oxide fuels. The objective of the 
studies described here i s  a definit ion of the con- 
dit ions which affect the bulk density o f  fuel rods 
o f  the type which pertain to these fuel cycles. 
Detai ls of these studies, which have been l imi ted 
to  Tho,-UO, materials and to pneumatic vibrators, 
have been reported elsewhere. 

The primary factor which controls the bulk 
density of vibrated material i s  part icle-size dis- 
t r i  but ion, part icu lor1 y where dens i t ies  approaching 
90% of theoretical are sought. Using three par- 
t ic le-s ize fractions, 25 different distr ibutions were 
vibrated. Only nine of these distr ibutions yielded 

1 1  

"S. D. Clinton, W. S. Ernst, Jr., and J. W. Snider, 
A Study of Vibratory Compaction for Loading Fiss i le  
and Fertile Oxide Materials into Nuclear Fuel As- 
semblies ,  ORNL-3007 ( in  press). 

densit ies i n  excess of 8.8 g/cm3, and only two 
yielded 8.9 g/cm3 or higher. However, a density 
of 8.68 g/cm3 could be obtained when only the 
coarse and f ine fractions were used. Mixtures of 
th is  type are o f  particular interest from the stand- 
point of economical fabrication because they el imi-  
nate the need for the expensive medium fraction. 
It also was 'observed that bulk densit ies ranging 
from 8.54 to 8.74 g/cm3 could be obtained by 
using con ti nuous port i  cle-s i ze distributions. These 
distr ibutions u t i l i zed  a l l  the starting material and 
were prepared by selective grinding only. 

The compaction process as carried out i n  these 
studies i s  pract ical ly completed i n  10 min. V i -  
bration for an additional 5 hr did not effect a 
signif icant increase in  bulk density. 

Evaluation of dense, granular Th0,-5 wt % UO, 
prepared by the sol-gel process' was in i t iated 
to  determine the sui tabi l i ty  of th is  material for 
vibratory compaction. Bulk densit ies o f  8.0 to 
8.3 g/cm3 were obtained for the in i t ia l  batches 
supplied. Microscopic studies revealed re-entrant 
sujfaces which i n  effect acted as closed pores. 
The sol-gel process was modified accordingly, 
wi th the result that enriched oxide prepared for 
irradiat ion i n  the NRX Reactor showed consider- 
able impr0vement.l , Compacted bulk densit ies 
o f  approx 8.7 g/cm3 were then obtained easi ly 
(see Table 13.1, set F). 

The rod-to-rod reproducibi l i ty of bulk densit ies 
obtained by vibratory compaction i s  considered 
to  be good. Table 13.1 shows the results for s ix  
sets of experiments. Although there were varia- 
t ions from set t o  set, each run o f  a set was com- 
pacted under identical conditions. Among the 
sets, the maximum deviat ion varied from f0.4 t o  
f1.4% of the average density, whi le the average 
deviat ion varied only from f0.2 to  +0.6% of  the 
average. X-ray absorption techniques are under 
development for use i n  determining the axial  
variat ion of bulk density. 

A new vibratory compaction fac i l i t y  i s  expected 
to be completed about July 1, 1961. The instal la-  
t ion of electrodynamic equipment as wel l  as larger 
pneumatic vibrators w i l l  provide for a substantial 
broadening of the scope of th is study. Equipment 

Progr. Rept. 2FueI Cycle  Development Semiann. 
Mar. 31 ,  1961,  ORNL-3142 ( i n  press). 
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Table  13.1. Reproducibility of Bulk Density of Vibratorily Compacted Th02-U02 

Tube material was type 304 stainless steel except far set B, far which aluminum alloy 

1100 H14 was used; fuel material was fused Tho -3.4 wt % U 0 2  except for set F, 
i n  which Tho -5 wt % UO 2 2 

2 
prepared by the sol-gel process was used 

Bulk Density Average Maximum 

Devi  ation 

Nominal Tube Dimensions 

Devi  ation Set Outside ?!a1 I Runs per Set (Arithmetic 
3 

Average) (Arithmetic) ( d c m  1 Length Diameter Thickness 
3 

( d c m  1 3 
(in.) (in.) ( d c m  ) ( ft) 

0.035 10 8.6 1 k0.02 k0.03 

0.035 9 8.49 k0.05 k0.12 

0.035 11 8.57 k0.03 k0.09 

0.0 20 6 a. 57 1-0.03 k0.05 

0.035 5 8.86 k0.05 +o. 10 

0.025 8 8.69 k0.03 F0.04 

A 8 P 
a 8 % 
C 4 '/2 
D 4 h 
E 2 P 
F 1 3 6  

for s iz ing granular oxides i n  large quantities w i l l  
provide for a substantial expansion o f  studigs of 
continuous as wel l  as the gap-graded distribu- 
tions. 

Thoria-Pel let  Development 

R. A. McNees A. J. Taylor 

Thoria pel lets to  be used in  the blanket system 
of aqueous reactors must not only be resistant to 
chemical and neutron damage but must also be 
mechanically strong. In addition, they must be 
shaped so that they can be ef f ic ient ly cooled 
by circulat ing water and easi ly pumped into and 
out of the reactor. The ideal shape for th is use 
i s  a sphere about '/B in. in diameter; an acceptable 
substitute i s  a cyl inder with domed ends. During 
the past year, the problems associated with form- 
ing large quantities of both these shapes were 
investigated. With both shapes, the problem has 
been the el imination of imperfections result ing 
from nonuniform stresses introduced during the 
forming of rounded bodies. During the sintering 
operation, the strains set up as a result of these 
stresses produce laminations and nonuniform 
Dhysical properties. 

The results o f  concerted efforts to  modify the 
avai lable slurry-type thoria powders i n  order to  
eliminate this effect in domed-end pel lets were 

unsatisfactory. A typical slurry-type oxide i s  
prepared by calcining careful ly precipitated tho- 
rium oxalate to  800°C and i s  characterized by 
having a surface area of approx 25 m2/g, an 
average part icle s ize of 1 to 3 fc ,  and a c rys ta l l i te  
s ize of 250 to 300 A. The studies involved 
varying the calcination temperature, drying times 
and temperatures fol lowing bal l-mil l ing, amounts 
and types of binders and lubricants, and granula- 
t ion  procedures. Cold pressing was done by use 
of an automatic single-action press. 

An indirect niethod of forming spherical thoria 
pel lets was then developed. Slurry-type oxide 
was modified by calc in ing to  1000°C and adding 
2 wt % Carbowax 4000, ond this material was then 
pressed into cubes. The cubes were tumbled 
dry i n  the green state to  essential ly sphericol 
shapes. After being "soft-sintered'' at  1300°C, 
the spheres were polished by wet tumbling and 
then sintered at 1650 to 1850°C. Th is  modifica- 
t ion  of the fabrication technique produced sound 
green bodies free of both large internal voids and 
laminations, and gave f inal densit ies ranging up 
to  98% of theoretical after sintering at  1850°C. 

In addition to  work with slurry-type oxides, 
l imited studies have been made with oxides pre- 
pared from thorium formate and from a thorium 
oxide-thorium nitrate sol. The oxide from the 
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formate responded satisfactori ly to  cold pressing 
without modif icat ion other than adding Carbowax, 
and it sintered readi ly to  produce a density o f  
9.2 g/cm3 at  1650°C. Suff icient quanti t ies o f  
th is  material have not been avai lable for large- 
scale tests, however. An oxide prepared by the 
Chemical Technology Division, using a sol-gel 
technique and thermal dehydration at 415"C, was 
nonsinterable at 1650°C. Other powders de- 
hydrated at  lower temperatures and by chemical 
means are being tested. 

B e 0  AND F U E L E D - B e 0  STUDIES 

Phase Relationships in BeO-Metal Oxide 
Systems 

R. E. Meadows 
A. T. Chapman R. A. Potter 

Investigations of phase relat ionships i n  BeO- 
metal oxide systems were ~ 0 n t i n u e d . l ~  In con- 
sideration of B e 0  as a nuclear reactor material, 
th is  information i s  of interest concerning re- 
actions wi th the oxides which are ( 1 )  added to  
enhance sinterabi l i ty, (2) present as coatings for 
corrosion resistance and f ission product retention, 
and (3) added to  improve fuel retention. 

BeOaCaO. - The effects o f  heat treatment and 
cool ing rates in dry argon on the formation and 
decomposition of the intermediate phase Ca,Be305 

in  the BeO-CaO system were investigated. l4 
It was shown that the types o f  products which 

result on cool ing BeO-CaO mixtures ( including 
the eutectic composition of 60 mole % BeO) from 
supersol idus temperatures are dependent on the 
cool ing rate. At  cool ing rates o f  less than 
20"C/min over the range 1500 to 1300"C, de- 
composition of the eutectic l iqu id  yielded two- 
phase structures containing B e 0  and COO. How- 
ever, at rates of approx 16O0C/sec over the range 
1500 to 850"C, the reaction product was the 
intermediate phase, Ca,Be30,. Single crystals 
o f  th is compound were grown successful ly from 
supercooled melts of the eutectic composition. 

The intermediate phase was not detected i n  
oxide mixtures heated at subsolidus temperatures 

l3Mef. Diu. Am. Progr. R e p t  J u l y  I ,  1960, ORNL-  

l4ANP Semiann. Progr.  Repf. APT. 30, 1961, ORNL- 
2988, pp 190-91. 

3144 ( i n  press) (classif ied).  

for 100 hr, nor was the reaction 

eutectic l iqu id  + CaO + B e 0  Ca,Be,O, 

demonstrated experimentally by s lowly cool ing 
melts at  less than 20"C/min and subjecting them 
to heat treatment at  various temperatures. 

BeO=Y,O,. - A n  intermediate compound i n  the 
BeO-Y ,03 system' 3 8 1  was produced by  quench- 
ing melted mixtures of the oxides. The composi- 
t ion of th is  phase was tentat ively establ ished as 
2BeO-Y,03. Single crystals of the compound 
were grown successfully. 

BeO=Eu,03. - Mixtures o f  BeO-Eu,O, contain- 
ing 5 to  75 wt '% B e 0  were heated to  approx 
1600°C on a platinum str ip and then air-quenched. 
No evidence o f  an intermediate phase in the 
system was detected. L iqu id  formation was 
visual ly observed in  the Eu20,-rich mixtures i n  
the composition range 5 to  20 wt % BeO. 

Cooling curves obtained from mixtures o f  5, 
12, and 20 wt % B e 0  cooled from 1550°C in  a 
muffle furnace showed a thermal arrest at  approx 
1425°C i n  each of the compositions. The longest 
thermal arrest occurred in the specimen containing 
12 wt  % BeO. 

BeO.Sr0. -- Single crystals of an intermediate 
compound14 in the BeO-SrO system were grown 
successful ly from melted oxide mixtures consist- 
o f  60 mole '% BeO. 

BeOeMgO, BeO=Ce02, BeOaZrO,. - A technique 
was developed to  determine the eutectic tempera- 
ture and cornposition for binary systems which 
require temperatures above 1800°C to produce 
melting. The success of th is technique, which i s  
appl icable for simple eutectic configurations as 
found in  many B e 0  systems, depends upon the 
very f lu id  nature of BeO-rich melts. Experimenta- 
t ion showed that small quanti t ies of BeO-rich 
melts could "drain" out o f  a th in wafer-shaped 
specimen and be absorbed in  a porous B e 0  body. 
The porous B e 0  acts as a col lector for the l iqu id  
and also draws the l iquid away from the wafer- 
col lector interface, effect ively preventing these 
pieces from bonding together. B y  proper tempera- 
ture control and analysis, both the eutectic 
temperature and the composition may be deter- 
mined. The reason for the B e 0  pel let  col lector 

15C. E. Weir and A. Van Valkenburg, /. Research 
Natl. Bur. Stana'ards 64A( l ) ,  105 (1960). 
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remaining porous during heating i n  air was d is -  
cussed by Ai tken of GE-ANP i n  a recent paper. 

The results of studies employing th is  technique 
for the BeO-MgO, BeO-CeO,, and BeO-ZrO, 
systems are tabulated below: 

16 

Eutectic Eut ecti c 

System Temperature Cornposi tion 

("C) (mole % BeO) 

BeO-MgO 1860 k 10 69 f 2  

BeO-Ce0, 1900 f 20 63 k 3  

B eo- ZrO , 2045 k 10 58.7 k 2  

Uranium-Oxygen System. - The effects of tem- 
perature and pressure on phase relat ionships in 
the U-0 system are o f  interest i n  connection wi th 
fuel migration and loss i n  BeO-UO, fuel corn- 
ponents. Accordingly, a study of th is type has 
been initiated. For th is  purpose a thermogravi- 
metric apparatus has been designed and fabricated 
far use at temperatures as high as 1800 to  2000°C 
in  a vacuum of 2 x mm Hg, or i n  various 
gases to  1600-1800°C. 

Preliminary results show that above 1200 to 
1300°C i n  vacuum, UO,, (0 < x < 0.2) loses 
weight, and the magnitude of th is  loss indicates 
that a uranium oxide, presumably UO,, i s  the 
volat i le species. Experimentation at  1500 to  
1700°C showed that th is process stopped when 
the O/U rat io reached 2.02 to  2.04. 

Related quenching studies of U,08-y heated 
i n  air revealed that the orthorhombic U,08-y 
phase reverts to the f luori te structure of UO,, at  
approx 1550°C. 

Fabr icat ion Development of B e 0  

R. L. Harnner 

Fabrication development was in i t iated on high- 
puri ty B e 0  bodies to be used i n  irradiat ion ex- 
periments designed to  evaluate B e 0  specimens 
with regard to  density, grain size, and temperature 
at  high fast-neutron doses. 

Shrinkage characteristics and fired densit ies 
were studied as a function of green densit ies to  
obtain the information required to  fabticcte speci- 
mens to specif icat ions without machining. 

I6E. A. Aitken, J .  Am. Ceram. SOC. 43, 627-33 (1960). 

Bodies having 95% of theoretical density were 
obtained by cold pressing without binder and then 
sintering in hydrogen for 1 hr at  1750°C. Bodies 
having 85 to  88% of theoretical density, sintered 
under the same conditions, were obtained by 
adding fugit ive organic materials. 

Efforts were made to promote grain growth i n  
high-density and low-density specimens by heat 
treatment after the in i t ia l  sintering rather than 
by the use of addit ives which would introduce 
additional variables i n  irradiation experiments. 
It was observed that grain size was not increased 
after heating at 1500°C for 120 hr i n  air. Growth 
of grains by a factor of 2 to 3 i n  high-density 
specimens was promoted by heating at  1750°C 
for 10 hr i n  hydrogen. No signif icant change in  
grain size was noted i n  low-density specimens 
under the same conditions. 

Fabr icat ion Development of Fue led  B e 0  

R. L. Hamner 

Fueled-Be0 studies were continued17 as a part 
of a long-range research and development program 
for advanced gas-cooled power reactor concepts. 
In i t ia l  fabrication development was undertaken on 
B e 0  bodies containing large volumes of fuel as 
f ine-parti c le  dispersions. Advanced develop- 
ment work in progress i s  concerned with large- 
fuel-part icle dispersions. l8,l9 

F i n e = P a r t i c l e  F u e l  Dispersions i n  BeO. - Be- 
ry l l ium oxide bodies containing 30 vol  % fuel as 
UO, and as a U0,-Tho, mixture, uniformly dis-  
persed as submicron particles, were fabricated 
to  95% of theoretical density by cold pressing, 
without binder, and sintering at  1750°C. Repre- 
sentative specimens enriched in  U235 were fabri- 
cated to  dimensional specif icat ions for irradiat ion 
test ing at 1100 to 1370°C. 

In the fabrication of B e 0  containing enriched 
UO,, gross cracking occurred during sintering i n  
hydrogen; th is  had not been encountered with 
depleted fuel mixtures. The cracking was at t r i -  
buted to a difference between the shrinkage be- 
haviors of the enriched UO, and the depleted 

".Met. Diu. Ann. Progr .  Rept. J u l y  1,  1960, ORNL- 

"CCR Quart. Progr .  Rept. Dec. 31, 1960, ORNL-  
2988, pp 189-90. 

3049. PP 196-202. . . .  
19GCR Quart. Progr. Rept. Mar. 31,  1961, ORNL- 

3102, p 97. 
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UO,, result ing from different processes used in 
preparing the UO, powders. 

The  shrinkage o f  the enriched powders was 
adjusted and cracking was eliminated by using 
an argon atmosphere to  maintain a high O/U rat io 
during sintering. 

Large=FuelaPart ic le  Dispersions i n  BeO. - In  
the use of UO, as a fuel dispersed in  a B e 0  
matrix, it i s  desirable from the standpoint of 
fission-gas retention and radiation damage that 
the fuel part icles be in the s ize range 100 to  
500 p. The fabrication o f  such a composite 
without the formation of cracks or large voids 
around fuel grains requires a knowledge o f  the 
shrinkage relationships of both comDonents during 
sintering. 

Coarse fuel part icles were prepared by granu- 
lat ing pressed compacts o f  fine-grained UO, 
powder. Shrinkage “profiles,” showing the 
shrinkage characterist ics of fuel and matrix com- 
ponents as a function of green density, were 
obtained by room-temperature shrinkage measure- 
ments of UO, and B e 0  pel lets sintered to  suc- 
cessively higher temperatures. Based on these 
shrinkage profiles, i t  was undertaken to  fabricate 
Be0 bodies containing large part icles of UO, 
which had been preshrunk a calculated amount 
by low-temperature f i r ing before incorporation so 
that the residual shrinkage should approximate 
that of the BeO. Studies were made with 20, 25, 
and 30 vol % UO, as 100 to 150 p and 150 to  
250 p particles. 

In the f i rst  attempts to fabricate composite 
bodies, voids were observed around fuel par- 
ticles. It was concluded that the fueled B e 0  did 
not shrink to the same extent, based on green 
density, as unfueled BeO. Bulk densit ies were 
then increased to  95% of  theoretical by increasing 
the preshrinkage o f  the fuel part icles before 
incorporation. 

It was found that the polyvinyl  alcohol binder 
used in the fabrication process tended to inhibi t  
densif icat ion and to  cause cracking during re- 
moval. Studies were made of the thermal dissocia- 
t ion characteristics of the binder, and the heating 
cyc le  was programmed accordingly so that cracking 
during binder removal was eliminated. 

The cause for microscopic cracking o f  specimens 
during sintering has not yet been determined. It 
was observed that specimens were more prone to 
crack when the size range of the fuel part icles 

was increased from 100-150 p to 150-250 p. No 
signif icant difference was noted as a function of 
fuel quanti t ies ranging from 20 to  30 vol  %. Th is  
cracking was reduced, but not consistently el imi-  
nated, by adjusting the heating rate during sinter- 
ing. 

T H E R M A L  C O N D U C T I V I T Y  STUDIES 

T. G. Godfrey D. L. McElroy2’ 

Development work on the radial heat f low appa- 
ratus, using Armco ingot iron” and INOR-822’23 
specimens, has shown that the apparatus functions 
sat isfactor i ly  to at  least 800OC. The data for 
INOR-8 indicate that a precision of +2% and an 
accuracy of at least t5% were obtained. The 
small magnitude of these values i s  the result of 
extensive modif icat ion o f  the apparatus suggested 
i n  part by an error analysis24 and by c r i t i ca l  
analysis of the data obtained. 

The present apparatus i s  described i n  detai l  
e l~ewhere . ,~  The specimen consists of a 9-in.- 
t o l l  stack of bushings, 3 in. i n  outside diameter 
and in. i n  inside diameter. Three o f  these are 
machined to receive the 12 measuring thermo- 
couples, four i n  each bushing at two radial posi- 
tions. These instrumented bushings are located 
i n  the central 3-in. portion of the specimen stack. 
The temperature gradient i s  produced by a double- 
spiral-wound, dc-powered Pt-10% Rh core heater, 
wi th voltage taps across the 3-in. central section 
for power measurement. Uniform axial  specimen 
temperature i s  achieved by f la t  circular guard 
heaters on the ends of the stack, which respond 
to  dif ferential thermocouples wi th in the specimen. 
The mean temperature o f  the specimen i s  con- 
t ro l led by a cyl indr ical  muffle heater. The appa- 
ratus is normally operated i n  an inert atmosphere, 
but provisions are made for use i n  a vacuum. 

Thermal  Conductivi ty  of INOR*823024 
A s  part o f  the development o f  the apparatus, the 

thermal conductivi ty o f  a specimen o f  INOR-8 
was measured in  the temperature range 166 to  

~ 

20Physical Properties Group. 

, ’CCR Quart. Progr. Rept. June 30, 1960, ORNL- 

,,GCR Quart. Progr. Rept. Mar. 31,  1961, O R N L -  

23GCR Quart. Progr. Rept. June 30,  1961. O R N L -  

24Private communication, T. G. Kol l ie ,  Physical  

2964, p 82. 

3102, p 92. 

3166 ( in press). 

Properties Group, May 1960. 
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816°C. The INOR-8 specimens were machined the transformation must have proceeded, although 
from a plate which had been hot-forged at about slowly, since x-ray dif fract ion patterns indicated 
2150°F. The speciinens were given no heat treat- that both monoclinic and cubic structures were 
ment prior to incorporation in the apparatus, but 
during developmental work they received several 
very slow heating and cooling cycles from room 
temperature to 850°C. 

The thermal conductivi ty of the INOR-8 was 
found to increase l inearly with temperature to 
about 450"C, where a s l ight  r ise of approx 4% 
was observed. Th is  r ise was fol lowed by another 
linear portion with a s l ight ly greater slope. At  
about 680"C, a second, larger increase of approx 
10% was seen, followed by what appeared to  be 
another linear region. No unequivocal explanation 
for th is behavior can be given; however, similar 
inf lect ions i n  specif ic heat25 and thermal expan- 
sion coeff icients26 have been observed in  Ni-Mo 
al loys of s l ight ly different composition. 

Thermal Conductivi ty of U0,23*24 
The apparatus was recently assembled, incorpo- 

rat ing UO, specimens whose physical and chemi- 
cal  characterist ics have been described previ- 
~ u s l y . ~ ~  F ina l  preparations have been made in 
order to determine the thermal conductivi ty of UO, 
to  15GO"C. 

present i n  the heated sample. Once the mono- 
c l i n i c  phase i s  formed, the inversion from mono- 
c l in ic  to cubic apparently does not take place 
readily, as evidenced by the absence o f  cubic 
oxide after heating monoclinic material for 100 hr 
at  950°C. In addition, the monoclinic phase was 
observed to persist when heated to  900°C in  a 
thermal gravimetric apparatus when the pressure 
was 1 x l o m 5  to 1.8 x mm Hg; the total  
weight loss was 0.2%. 

Sintering of Rare-Earth Oxides 

C. E. Curtis 

Oxides of the rare-earth series o f  elements 
(except promethium) in the form of dry-pressed (2  in.) cyl inders were f ired in both oxygen and 
hydrogen atmospheres for 2-hr periods at  1300, 
1500, and 1600°C. A constant cold-pressing 
pressure of 15,000 psi  was used. The maior 
phases concerned in  densification, determined 
from the 1600°C specimens fired i n  oxygen, were: 
CeO, and Pr60,,  (fcc); hexagonal Nd,O,; mono- 
c l in ic  Sm,O,, Eu,O,, and Gd,O,; Tb,O, (fcc); 
and cubic sesquioxides of the remainder of the 
series. Indeterminate phases were present a1 so 
i n  some cases. 

R. A. Potter R. A. McNees Relat ively low bulk densit ies were attained 
In connection wi th the APPR Program, investi-  after 1600°C sintering i n  oxygen for Gd,03, CeO,, 

gations were in i t iated to determine the effects Nd,O,, Tb,O,, Dy,O,, Ho,O,, and Er,O,. On 
of variations i n  environmental conditions on the the other hand, after sintering at  1300°C the 
sintering behavior and aqueous corrosion resist- densit ies of specimens of Pr60,,  and Sm,O, were 
ance of euroDium oxide. These studies were nearly those corresponding to theoretical. Euro- 
concerned with phase transformations, composition pium oxide and Yb,O, were about average, wi th 
changes, and impurity effects which may be en- 93% of  theoretical density attained at  16OO0C, 
countered during the process of preparation and while Tm,O, and Lu,O, apparently attained theo- 
incorporation of europium oxide in SM-1-type ab- ret ical  density at that temperature. There seemed 
sorber Dlates. to  be no relat ionship between the crystal structure 

R A R E - E A R T H  O X I D E  STUDIES 

Data obtained by dif ferential thermal analysis 
on heating cubic europia to  1500°C fai led to  
show the cubic-to-inonocl in ic phase transformation 
reported to  occur at  1050 to  1100"C.27 However, 

25Private communication, E. E. Stansbury, Dept. of  
Chemical and Metallurgical Engineering, University 
of  Tennessee. 

26Private communication, J. R. Riddle, Metallography 
Group. 

,'C. E. Curtis and A. G. Tharp, /. Am. Ceram. SOC. 
42, 154 (1959). 

and sinterability. 
Bulk densit ies attained after sintering i n  hy- 

drogen were similar to those attained i n  oxygen 
except for Dy 0 and Lu,O,, which were much 
less dense after f i r ing i n  hydrogen. 

The sintering characteristics o f  Sc,O,, which 
have not been determined previously due to  i t s  
scarcity, were studied also. After cold pressing 
at  15,000 psi and sintering at 160OOC in  air, a 
bulk density corresponding to  96% of theoretical 
was achieved. 

2 3  
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C O M P A T I B I L I T Y  STUDIES ON R E F R A C T O R Y  
M A T E R I A L S  

J. M. Kerr 

Knowledge o f  the compatibi l i ty o f  refractory 
metals and compounds i s  valuable i n  designing 
apparatus for use at high temperature. Short-time, 
high-temperature tests have been extended to  in- 
clude tests on Fansteel 82 al loy (321/,% Ta, $% 
Zr, 662% Nb) in contact with AI,O,, Be, 8e0, 
C, MgO, Tho,, TiO,, UC, UO,, and ZrO,. 

The Fansteel 82 was used as the resistance 
str ip in a smal I, inert-atmosphere strip-heater 

resistance furnace. The test materials were 
placed on the str ip and heated unt i l  reaction was 
observed ar to  approx 2100°C. Metallographic 
examination indicated no reaction between Fan- 
steel 82 and AI,O,, BeO, or ZrO, at temperatures 
up to  the 2000 to 2100°C range. Severe reaction 
was observed between Fansteel 82 and beryl l ium 
at 1465"C, UC at 1355"C, TiO, at 1775"C, 
graphite and MgO between 1800 and 1900"C, and 
Tho, and UO, between 2000 and 2100°C. 

Comparisori of these results wi th data previously 
obtained in  similar tests on unalloyed niobium 
indicates that the Fansteel 82 i s  more compatible 
wi th the compounds tested. 
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14. CORROSION ENGINEERING 
J. H. DeVan 

Large-scale corrosion loops are being operated 
in  support of the Experimental Gas-Cooled Reactor 
(EGCR) and the Molten-Salt Reactor (MSR). These 
loop experiments simulate the service environ- 
ments and conditions of the respective reactor 
systems and provide a systematic evaluation of 
the corrosion behavior of reactor components as a 
function of operating parameters. Tests i n  support 
of the EGCR deal wi th the corrosion processes 
ar is ing from impurities i n  high-temperature helium, 
namely, CO, CO,, H,, H,O, and CH,, as they 
affect ferrous alloys. MSR studies have been con- 
cerned with the long-term corrosion rates of  high- 
temperature nickel-base al loys i n  molten fluoride 
sal ts that  are employed both as the fuel and the 
secondary coolant i n  th is  reactor concept. 

GAS-COOLE D R E A C T O R  M A T  E R I A L S  
C O M P A T I B  lLlT Y T E S T S  

J. H. DeVan B. Fleischer 

The outgassing of graphite, together wi th in- 
leakage of air and steam, constitutes a serious 
impurity source i n  he1 ium-cooled graphite moderated 
reactor systems. Accordingly, studies are i n  
progress in  support of the EGCR to establish the 
concentrations of such impurit ies i n  helium that 
can be tolerated by both high- and low-alloy struc- 
tural steels. The results of these studies, which 
are reviewed below, indicate that austenitic 
stainless steels w i l l  be oxidized by the EGCR gas 
atmosphere and that carburization may also occur 
at temperatures above 1500OF. Lower alloy ma- 
terials exposed at 1100OF have been found to 
undergo appreciable oxidation even a t  extremely 
low impurity concentrations.’ - 4 .  

’J. H. DeVan, “Reactions of Reactor Materials with 
Contaminants Outgassed from Graphite,” pp 698-732 
in Proceedings of the U S / U K  Meeting o n  the Compati- 
bi l i ty  Problems of Gas-Cooled Reactors, Held at  Oak 
Rid e National Laborato , Feb. 24-26, 1960, TID- 
7599, Book 2 (Mar. 3, 19617 

,GCR Quart. Progr. Rept. Sept. 30, 1960, ORNL-3015, 

3GCR Quart. Progr. Rept. Der. 31, 1960, ORNL-3049, 
pp 123-25. 

pp 273-76. 

Compatibility of Graphite and Structural Metals 
i n  Helium Contaminated by CO and CO, 

J. H. DeVan 

Additional compatibil i ty experiments have been 
operated under dynamic flow conditions to  invest i -  
gate gas-metal reactions occurring between various 
structural steels and CO-CO, impurities i n  helium. 
The experiments ut i l ized a type 316 stainless 
steel thermal-convection loop in  which impure 
helium at 45 psia was circulated through a heated 
test  section at  1 1 O O O F  and a cold-leg section at 
500°F.5 The test  section contained various steel 
specimens and graphite maintained at  llOO°F, 
together wi th a type 304 stainless steel element 
maintained at 1500OF. Gaseous impurity levels 
were continuously controlled and were established 
wi th  in  the spec i f  ications tentatively proposed for 
the EGCR. 

The concentrations, which are shown i n  Table 
14.1, ranged from a minimum level of 0.01 vol % 
of each gas to a maximum level of 1.0 vol % CO, 
and 0.25 vo l  % CO. 

Steels containing 7% or more chromium i n  a l l  
tests exhibited relat ively light, adherent oxide 
f i lms and correspondingly low weight gains, which 
showed l i t t l e  dependence on impurity concen- 
trations or ratios. The type 304 stainless steel 
heated elements exposed at 150OOF exhibited 
heavier oxide f i lms than companion specimens at 
llOO°F, but the oxide remained protective a t  the 
higher temperature. In contrast, steels containing 
less than 7% Cr underwent heavy oxidation a t  even 
the lowest impurity concentrations. Table 14.1 
compares weight-gain data for the latter steels 
wi th data from air  tests. The oxidation resistance 
derived from chromium additions up to 5% is  seen 

,GCR Quart. Progr. Rept. Mar. 31, 1961, ORNL-3102, 

5D. B. Trauger, pp 165-84 in ‘‘Materials Compatibility 
and Fuel Element Test Program,” Information Meeting 
on Gas-Cooled Power Reactors, Oak Ridge National 
Laboratory, Oct. 21-22, 1958, TID-7564 (December 
1958). 

pp 212-13 
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Table 14.1. Oxidation of Low-Alloy Steels in Air and in Helium Contaminated by CO and COP 

Helium pressure, 45 p s i a  

Test temperature, 11 00" F 
Test duration, 900 hr 

~ 

Nominal Steel Composition (wt %) 

Plain Carbon(O.15 C) 2'4 Cr-1 MO 5 Cr -g  MO 
Impurity Loop "02  Weight of  Weight of Weight of Weight o f  Weight o f  Weight of 

Oxide Metal Oxide Metal Oxide Metal 
Concentration - No. 

(vol %) pc 0 
Film Reacted Film Reacted Fi Im  Reacted 

(mg/cm2) (mg/cm2) (mg/cm2) (mg/cm2) (mg/cm2) (mg/cm 2 

10 0.13 C02 + 0.18 CO 0.72 14.1 10.2 7.9 5.7 

12 0.15 CO, + 0.18 CO 0.83 7.3 5.3 5.5 4.0 5.7 4.1 

13 0.05 C02 + 0.045 CO 1.1 12.8 9.3 10.5 7.6 5.9 4.3 

14 0.01 C02 + 0.01 CO 1.0 10.5 8.3 6.6 4.8 

15 1.0 CO, + 0.25 CO 4.0 21.3 15.0 20.2 14.6 14.4 9.2 

Airajb 98 71 54 39 18 13 

'H. H. Uhlig, The  Corrosion Handbook, pp 644-47, Wiley, New York, 1948. 
bStee l s  for Eleva ted  Tempe;ature Service,  pp 21-25, United States Steel Co., 1949. 

to be considerably less in the impure hel ium 
environments than in  air. 

Graphite-Metal  Contact  Studies 

B. Fleischer 

Compatibi l i ty studies were recently extended to  
evaluate the rate of carburization o f  type 304L 
stainless steel i n  direct contact wi th graphite as a 
function of contact pressure, temperature, and 
surface treatment. A preliminary test at  130OOF 
has indicated that a serious self-welding problem 
in  graphite-stainless steel couples exists a t  
contact pressures as low as 500 psi i n  the absence 
of oxidiz ing impurities. However, pretreatment o f  
stainless steel surfaces by either oxidation or 
copper plat ing prevented interaction a t  130OOF at  
contact pressures up to 2000 psi. 

MOLTEN-SALT REACTOR PROGRAM 

J. H. DeVan R. C. Schulze 

Forced-Convect ion Loops 

The corrosion behavior o f  lnconel and INOR-8 
during prolonged exposures to fluoride sal t  mixtures 
has been investigated i n  forced-convection loops 

operating from one to two  year^.^,^ A total  o f  
24 loop experiments were completed prior to  con- 
cluding th is  f inal phase o f  corrosion test ing i n  
support of the MSR Program. Salt systems used in 
these investigations have been of the types LiF- 
BeF,-(ThF,, UF,) and NaF-BeF2-(ThF,, UF,). 
Maximum operating temperatures have ranged from 
1200 to 13OOOF. 

Results of f ive loop experiments which were 
recently examined are summarized i n  Table 14.2. 
Two lnconel loops included i n  this table sustained 
relat ively heavy attack i n  the form of subsurface 
voids after exposures of 13,000 and 15,000 hr 
respectively. A trend apparent i n  these results 
and generally true i n  the case o f  previous loop 
tests i s  the indication that large ThF, addit ions 
effect lower corrosion rates than do much smaller 
UF4 additions. 

The results o f  three INOR-8 loops included in  
Table 14.2 provide further confirmation o f  the 

6MSR Quart. >Progr. Rept .  July  31, 1960, ORNL-3014, 

'MSR Progr. Rept .  for Per iod  from Aug. I, 1960 to 
pp 56-58. 

Feb .  28, 1961, ORNL-3122. 
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Table 14.2. Results of Metallographic Examinotions of Forced-Convection Loops 
Operated with Fused Fluoride Mixtures 

F low rote, opprox 2 gpm 

Reynolds No., 3000-4000 

Maximum 
Loop Time Solt-Metal Results of  Metallographic 

Examination AT Sa l t  Mixture (mole %) Material (hr) Interface 
(OF)  (OF) 

Inconel 15,038 1300 200 62.0 LiF-36.5 BeF2-1.0 ThF,-0.5 UF, Intergranular voids to  24 m i l s  

Inconel 13,155 1300 200 71 LiF-16 BeF2-13 ThF, Intergranular voids to  13 m i l s  

INOR-8 8,110 1300 200 70 LiF-10 BeF2-20 UF, Heavy surface roughening and 
1 pitt ing to 14 m i l s  

1 INOR-8 14,498 1300 200 62 LiF-36.5 BeF2-0.5 UF4-1 ThF, Surface film to  opprox /3 mil ;  

no p i t t ing or void formation 

INOR-8 19,943 1200 100 27 NoF-35 LiF-38 BeF2 No attack 

excellent corrosion resistance of th is al loy to  
fluoride sa l t  mixtures. With the exception of one 
experiment which incorporated 20 mole % UF,, 
attack o f  loop surfaces was l imi ted to  the forma- 
t ion of a th in ( 4  to /2 mil) intermetall ic surface 
layer. The loop containing 20 mole % UF, under- 
went somewhat greater attack, although the 
corrosion rate would not preclude the use of such 
a salt, even for relat ively long exposures. Salt 
samplers located at  the pumps of two of  the 
INOR-8 loops permitted continuous monitoring of 
corrosion-product concentrations i n  the c i rculat ing 
sa l t  mixtures. Of the components comprising 
INOR-8, only chromium was found to enter the salt 
in detectable amounts. The chromium concen- 
tration of sal t  mixtures containing up to 1 mole % 
UF, increased less than 100 ppm over a 15,000-hr 
period, whi le in  the case of  the sa l t  containing 
20 mole % UF,, the chromium concentration in- 
creased about 1500 ppm. 

1 l 

The nature of  the th in corrosion f i lms formed in  
most of the long-term INOR-8 loop tests i s  being 
studied by means of an electron-beam microprobe 
analyzer.8 The compositions of these fi lms were 
determined by use of both spot and scan techniques. 
In  general, the spot analyses of the surface of the 
f i lms indicated a s l ight  decrease i n  the n icke l  
content and vir tual ly complete depletion of  
chromium and iron. The scan analysis, obtained 
along the cross section of one specimen, showed 
that the depth to which the concentrations of 
chromium, iron, and n icke l  were affected was 
approx '/2 mil. These analyses support the as- 
sumption, based on hardness and qual i tat ive 
analyses, that the f i lm represents an intermetall ic 
phase of the composition Ni,Mo. 9 

'MSR Quart. Progr. Rept .  Ju ly  31, 1960, ORNL-3014, 

9Met. Diu. A n n  Progr.  Rept .  J u l y  1, 1960, ORNL-2988, 
p 56. 

pp 206-8. 
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15. FUELS EVALUATION 

J. L. Scott 

D. F. Toner 

The work of the Fuels Evaluation Group during 
the past year was directed toward evaluating the 
fission-gas-retention properties of selected ceramic 
fuels and analyzing the basic phenomena govern- 
ing the irradiat ion behavior of dispersion fuels. 
The ceramic fuels studied included UO,, disper- 
sions of UO, in BeO, UC, part icles coated with 
pyrolyt ic carbon, and a sol id solut ion of 5 wt  % 
UO, in  Tho,. A l l  of these have application i n  
the Experimental Gas-Cooled Reactor (EGCR) or 
in advanced gas-cooled reactors. The approach 
used in evaluating dispersion fuels was the design 
of experiments to  c lar i fy basic fai lure mechanisms. 

The neutron act ivat ion technique was used to  
determine the f iss ion-gas-retention properties of 
the  ceramic fuels. It involves low-temperature 
irradiations fol lowed by heat treatments ex-pile, 
during which the rates of release of Xe133 are 
measured. The apparatus and procedural detai ls 
have been described previously. ' 

B U L K  U 0 2  

Studies on UO, were a continuation of the work 
reported last  year. Recent accomplishments in- 
cluded a study o f  the correlation between BET 
(nitrogen) surface area and D' and a study of the 
release of f iss ion gases at  1000°C and below in 
vacuum. 

Results of the study2 of the correlation between 
BET surface areas and D' showed that D' values 
were proportional t o  the square o f  the BET surface 
area, as predicted by di f fusion theory. The value 
of the dif fusion coeff ic ient  o f  xenon in  UO, at  
140OOC was computed from the data to  be 7.5 x 

The correlat ion explained the four cm2/sec. 

'J. L. Scott, D. F. Toner, and R. E. Adams, Met. Diu. 
Ann. Progr. Rept .  ] u l y  1, 1960. ORNL-2988, pp 213-20. 

2D. F. Toner and J. L. Scott, "Study of the Factors 

Controlling the Release of Xe133 from Bulk UO,," 
paper to be presented a t  the ASTM Symposium on Radia- 
tion Effects in Refractory Fuel Compounds, Atlantic 
City, N.J., June 26-30, 1961 (to be published). 

R. E. Adams 

orders of magnitude o f  variat ion of D' values for 
p i lo t  batches of EGCR UO, from various vendors. 
The variat ion was the result of two orders o f  mag- 
nitude variat ion of BET surface areas for the 
batches of UO,. It was also concluded that an 
upper l im i t  of BET surface area should be included 
in  UO, specif icat ions. 

Measuremerits of the rates of release of Xe133 
from UO, at  1000°C and below a t  a pressure of 
approx 1 p Hg showed that the  mechanism of re- 
lease in the temperature range 600 t o  160OOC was 
di f fusion w i th  an activation energy of about 
70 k ~ a l / m o l e . ~  A t  4OOOC a linear rate of release 
was observed after an incubation period of about 
30 hr. The linear rate o f  release was attributed to  
a linear rate of oxidation of the  UO, to  form a 
second phase which spalled off, making new sur- 
faces avai lable for further oxidation. 

S A M P L E S  OF B e 0  C O N T A I N I N G  30 vol % U 0 2  

The samples were fabricated by Hamner4 by 
sintering cold-pressed ADU-type UO, and UOX- 
grade B e 0  for 1 hr at 175OOC in  hydrogen. The 
grains sizes of both the UO, and B e 0  phases were 
3 to  4 p, and the f inal  densit ies were over 95% of 
theoretical. 

The  rates of release o f  Xe133 from neutron- 
act ivated samples were determined a t  1200, 1400, 
1600, and 1800°C.5 Duplicate runs a t  each tem- 
perature gave excel lent agreement. At  1200 and 
140OOC a small burst of xenon was observed dur- 
ing heatup, and subsequent release was by a dif- 
fusion mechanism. At 160OOC the i n i t i a l  release 
was much higher than a t  the lower temperatures, 
but apparently was diffusion-controlled. Final ly,  
a t  180OOC the rate of release was approximately 

3J. L. Scott und D. F. Toner, G C R  Quar. Progr. Rep t .  

4R. L. Hamner, Met. Diu. Ann. Progr. Rept .  /uly 1, 

5D. F. Toner, G C R  Quart. Progr. Rept .  Dec .  31, 1960, 

Mar. 31, 1961, ORNL-3102, pp 93-97. 

1960, ORNL-2988, p 189. 

ORNL-3049, p 204. 
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linear and was suff ic ient ly high that a l l  the 
Xe133 was released in  30 hr. 

In order to  account for the high rates of re1eas.e 
at 1600 and 18OO0C, unirradiated samples of the 
BeO-UO, were heat-treated i n  the same way as 
the neutron-activated samples and then examined 
metallographically. Grain growth of both the UO, 
and B e 0  phases was observed at  1600 and 18OO0C, 
w i th  good quali tat ive agreement between the 
amount of grain growth and the amount of Xe133 
released. Sublimation of the UO, was also a con- 
tr ibuting factor at  18OO0C. 

C O A T E D - P A R T I C L  E STUDIES 

Preliminary studies have been made of the f is-  
sion-gas-retention properties o f  UC, part icles 
coated with pyrolyt ic carbon. These samples were 
manufactured by the Minnesota Mining and Manu- 
facturing Company and contained 200-p-diam UC, 
spheres coated w i th  80 ,u of pyrolyt ic carbon. The 
conditions of appl icat ion of the coatings were 
such that the carbon structure was amorphous. 
Individual samples consist ing of approx 100 o f  
these coated part icles were irradiated for 160 hr a t  
a neutron f lux of approx 8 x lo” ,  i n  the ORNL 
Graphite Reactor. 

Two samples have been heat-treated to  date. 
The f i rst  sample was held a t  1825OC for 90 hr, 
during which t ime no measurable gas release oc- 
curred. The temperature of the sample was then 
cycled between room temperature and 25OO0C, 
and some of the coatings ruptured. Part icles con- 
tinued to  rupture at  room temperature after the 
last  thermal cycle. The second sample was held 
a t  a constant temperature of 205OOC for 118 hr. 
Then the part icles began t o  rupture, wi th a re- 
sult ing burst of f iss ion gas. In 100 hr, approx 50 
part icles had ruptured. No addit ional ruptures were 
observed at  room temperature. 

It was concluded that the 3M coatings are very 
retentive unless subjected to  rather severe thermal 
treatments. 

1440 t o  2200°C by the neutron-activation tech- 
nique. Results7 showed that the release curves 
were parabolic i n  the temperature range 1440 to  
2015OC and indicated that the mechanism o f  re- 
lease was diffusion. The activation energy for the 
dif fusion of Xe133 in  Th0,-5 wt  % UO, was 
found to be 75.6 kcal/mole. A t  220OOC a linear 
rate of release was observed similar t o  that in 
bulk UO, at  1800OC. In both instances, sublima- 
t ion  of the oxide was the rate-controlling step i n  
the release process. The increased stabi l i ty  of 
the Tho,-UO, was expected as a resul t  of the 
higher melting point of Tho, (33OO0C), compared 
with that of UO, (275OOC). 

F A I L U R E  ANALYSIS O F  DISPERSION F U E L S  

A theoretical analysis of dispersion-fuel sys- 
tems indicates that considerable addit ional infor- 
mation i s  required before their behavior can be 
defined in  terms of the variables of design, irradia- 
t ion  environment, materials properties, and burnup. 
The accumulation of such information i s  a long- 
range effort because of the many complex factors 
involved. A program to  obtain such information i s  
suggested as follows: (1) assimilate information 
currently being obtained on fission-gas release and 
swell ing of dispersant materials in order to  define 
the mechanisms that control generation of gas 
pressure i n  dispersion fuel systems; (2) study 
experimentally the mechanism of swel l ing and 
fai lure of dispersion fuels as a function o f  pres- 
sure generation and materials properties; and (3) 
study experimentally the geometry factors by i r -  
radiat ion tests on idealized and conventional 
dispersions. The irradiation experiments w i l l  be 
simpli f ied by using dispersions of boron carbide in 
copper instead of enriched uranium. Helium gas 
pressure w i l l  be generated from the B’O isotope 
by an (n,a) reaction to  simulate the f ission-gas 
pressure. Th is  technique w i l l  minimize the problem 
of heat generation during irradiation, generate gas 
much more rapidly than by uranium fission, and 
simpl i fy postirradiation examination because the 
reaction products are not radioactive. 

~ ~~ 

60. C. Dean and K. H. McCorkle, Fuel Cycle  Develop- 
ment - Semiann. Progr. Rept. Sept. 30, 1960, ORNL 

7D. F. Toner and J. L. Scott, Fuel Cycle  Develop- 
ment - Semiann. Progr.  Rept. Mar. 31,  1961. ORNL- 

SPECIMENS O F  Tho,  C O N T A I N I N G  5 w t  % U O p  
CF-60-11-56, p 5. Several specimens of Tho,-5 wt  % UO, made by 

the sol-gel process6 were tested for fission-gas- 
retention properties i n  the temperature range 3142 (in press). 
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16. MATE RIALS COMPATIBILITY 

E. E. Hoffman 

POTASSIUM-OXYGEN STUDIES 

A. P. Litman E. E. Hoffman 

The advantages of using potassium as the work- 
ing f lu id i n  Rankine-cycle turbogenerator systems 
for space power appl icat ions have been re- 
ported.'" In th is  regard, a more detai led ap- 
proach to certain problems beyond comparative 
studies on potential container materials for f lowing 
potassium i s  necessary. It has been established 
that oxygen contamination of a lkal i  metals has a 
deleterious effect on the corrosiveness of these 
media., The studies discussed below deal wi th 
the various aspects of the potassium-oxygen 
system that must be investigated in order to  ob- 
ta in a basic understanding of the role of oxygen in 
potassium-container-metal compatibi I i t y  studies. 

Solubi l i ty  Studies o f  Oxygen in L iqu id  Potassium 

Only a l imited amount of work has been done on 
the solubi l i ty  of oxygen in  p o t a ~ s i u m . ~  Indica- 
t ions are that the solubi l i ty  i n  potassium i s  con- 
siderably higher than in l i thium or sodium. In i t ia l  
solubi l i ty  studies on potassium w i l l  u t i l i ze  tech- 
niques developed for l i t h i ~ m . ~  

The monoxide o f  potassium i s  the one most 
l i ke ly  to be present normally i n  potassium because 
of the deficiency of oxygen and the thermodynamic 
stabi l i ty  of K,O. Methods of preparation of high- 
puri ty K,O for the solubi l i ty  studies are being 
investigated. Several runs attempting to  prepare 
K,O by reacting oxygen with potassium and sub- 
sequently d is t i l l i ng  off the excess potassium were 
not successful. In i t ia l  attempts to  make the 

'A. P. Fraas, P. G. Lafyatis, and J. R. Simmons, A 
Comparative Study of Fission Reactor-Turbine-Gener- 
ator Power Sources for Space Vehic les ,  ORNL-2768 
(to be published). 

,H. M. Dieckamp, R. Balent, and J. R. Wetch, 
Nucleonics 19(4), 76 (1961). 
3C. 6. Jackson (ed.), Liquid-Metals Handbook, 

Sodium-NaK Supplement, p 175, Atomic Energy Com- 
mission, Department of Navy, LVashington, D.C., 1955. 

E. Hoffman, Corrosion of Materials bv Lzthium 4E. 
at Elevated Temperatures, ORNL-2924, pb 141-44 
(Oct. 3, 1960). 

monoxide by the dissociat ion of KOH were also 
unsuccessful. Other possible methods o f  prepara- 
t ion  that are being investigated include the re- 
act ion of KNO, or KNO, with potassium and the 
reacting of HgO with excess potassium. 

Evaluation of Analyt ical  Methods for Determining 
Oxygen i n  Potassium 

Although reasonable data have been obtained on 
the analysis of oxygen in  potassium by the n-butyl 
bromide technique, the reproducibi l i ty and accu- 
racy of the method have never been investigated. 
The n-butyl bromide procedure was or ig inal ly de- 
veloped for the determination of oxygen in  sodium. 
Recent studies indicate that several improvements 
can be made i n  the original bromide method. The 
cooperation of the Analyt ical  Chemistry D iv is ion  
has been enl isted to  study a l l  facets of th is  
analyt ical problem. Th is  w i l l  include investiga- 
t ion  of the mercury amalgamation method and, 
possibly, neutron activation techniques for deter- 
mining oxygen i n  potassium. 

Both n-butyl bromide and mercury-amalgamation 
systems have been assembled and made opera- 
t ional by the Analyt ical  Chemistry personnel. To 
date, dupl icate oxygen-content determinations on 
potassium show poor correlation between the  two 
methods. 

5 

Puri f icat ion of Potassium: Methods of Reducing 
the Oxygen Content 

The relat ively high free energy of formation of 
K,O (ref 6) indicates that hot gettering should be 
successful a s  a purif icat ion method and that a 
number of metals can be used as getters. These 
include several readi ly avai lable and easi ly 
handled materials such as titanium and zirconium. 

'J. C. White, W. J. Ross, and R. Rowan, Jr., T h e  
Determination of Oxygen in  Sodium, ORNL-1286 (Apr. 
30, 1952). 

6A. Glassner, The Thermochemical Pro6)erties of the 
Oxides ,  Fluorides, and Chlorides to 2500 K ,  ANL-5750 
(1957). 
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Cold trapping, low-temperature fi l tration, and 
vacuum dis t i l la t ion are being studied as possible 
pur i f icat ion techniques. 

UNCLASSIFIED 
CRNL-LR-DWG 4085lQ 

DISCHARGE 

TYPE 347STAlNLESS STEELTANK 
(12 in OD1 

TITANIUM LINER 

4 n HOT AND COLD TRAP /'' 

-TITANIUM SPONGE 
  TITANIUM SCREEN 

oxygsn conlenl - '  

Process Dercr ipi ion Tempe'o'"rer T'me (Wd 
(hr l  ~ 

lndividuol A n o l y r e r  Averoge 
("c) 

A s  Received 246, 268, 293 2 4  

26, 36, 38  33 

18, 50 36 QSO 1:: 250 2 0 ,  20 ,  20 20 

9; 
Hal Geffered 01 650% 

Usinn 8 4-19 Ti Sponge 

~~ 

100 33, 40, 65 46 
250 32, 38, 40 37 

400 49, SI 50 

20, 25. 50 32 
36 700 19, 27, 2 8 ,  47, 57 

10. 27, 35 100 27 

200 16, 42 29 

14, 19, 20 I8 

18, 33 403 28 

- 

Cold Tiopped' 

Urmg 8.4-k9 T8 Sponge 

t o l d  T r o w e d .  

Using 8 4-k3 TI Sponge 

'Melhng Point K - 6 4 2  
"Anoly l icol  Method. n h u l y l  bromide (Ref ORNL.1286) 

Fig. 16.1. Potassium Purification Experiment (90-kg 
Batch). 

Two batches (10 and 90 kg) of commercial po- 
tassium containing 270 ppm oxygen were pur i f ied 
by hot gettering wi th titanium at 650°C and sub- 
sequent cold trapping. The results of the two 
experiments were qui te similar, and the resul ts 
on the 90-kg batch are summarized in Fig. 16.1. 

Approxi mate I y 40 oxygen determinations (n- buty I 
bromide method) made on t r ip l icate samples of po- 
tassium taken at  12 intervals during the 1350-hr 
pur i f icat ion experiment indicated that most of the 
oxygen was removed during the f i rs t  50 hr of 
gettering treatment. Future research w i l l  include 
study of the important variables in  gettering pro- 
cedures so as to  optimize the purif ication method. 

BOILING-POTASSIUM S T U D I E S  

D. H. Jansen E. E. Hoffman 

Compatibil i ty tests are being conducted i n  re- 
fluxing-potassium-capsule systems and i n  natural- 
c i rculat ion boiling-potassium loop systems to  
provide screening information regarding the com- 
parative corrosion resistance of iron-, nickel-, 
cobalt-, and niobium-base alloys. The status of 
these studies was presented i n  detai l  i n  a recent 
report. 

Ref I ux i ng-potas s i urn tests have been conducted 
for 500 and 1000 hr at 1500 and 1600°F on Inconel, 
Haynes a l loy No. 25, and types 310 and 316 stain- 
less steel. Sleeve-type insert specimens l ined 
the test  capsules. Small weight losses were 
observed i n  the condensing region and weight 
gains i n  the boi ler  (l iquid) region of each of the 
test  systems. Type 316 stainless steel has shown 
the best resistance of  any of the al loys studied 
i n  refluxing systems to date. 

A boiling-potassium, type 316 stainless steel 
loop has been operated at a boiler temperature 
of 1600°F for 3000 hr. The test  system i s  shown 
i n  Fig. 16.2. A mass flow of 170 g/min and a 
vapor veloci ty o f  46 fps were maintained for the 
entire test  period. 

Resul ts indicated that, i n  general, weight losses 
occurred on the sheet tensi le specimens from the 
hot l iqu id  and vapor regions of the loop, whi le  
weight gains and mass-transfer deposits were ob- 
served on the specimens that were i n  contact wi th  
l iqu id  potassium i n  the cold leg of the loop. 

7 

7E. E. Hoffman, NASA-AEC Liquid-Metals Corrosion 
Meeting,  Dec. 7-8, 1960, Washington, D.C., N A S A  TN 
D-769, pp 15-24, (February 1961). 
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UNCLASSIFIED 
ORNL-LR-DWG 47744R2 

THERMOCOUPLE 
LOCATIONS 

12-in. HEATER 

1600'F / 

Fig. 16.2. Type 316 Stainless Steel-Boiling-Potassium Loop. 

Metallographic examination of many sections cut 
from the loop revealed that the maximum attack 
(2 mils) occurred near the liquid-vapor interface 
i n  the boiler. Room-temperature tension tests on 
specimens from the various regions of the loop 
and on control specimens heat treated i n  vacuum 
indicated no signif icant effect of the potassium 
environment on the alloy. Normal tensi le strength 
levels (78-91 x l o3  psi) and elongation values 
(43 to  61%) were obtained on these specimens. 

Chemical analyses of turnings machined from 
the inside pipe wal l  i n  the condenser region and 
cool- l iquid region indicate substantial mass trans- 
fer of carbon from the hot t o  the cooler regions. 
Chromium carbide (Cr23C6) was detected on the 
pipe and specimen surfaces i n  the cool- l iquid 
regions of the loop. 

Bo i l  ing-potassium-loop tests are currently being 
conducted on Inconel and Haynes al loy No. 25. 

These tests also w i l l  be operated for 3000 hr a t  
a boi ler temperature of 1600°F. Analysis o f  the 
corrosion data from the three loop-test systems 
(type 316 stainless steel, Inconel, and Haynes 
al loy No. 25) should indicate which o f  these al loy 
systems i s  most compatible wi th boi l ing po- 
tassium. 

O X I D A T I O N  T E S T S  O N  P O T E N T I A L  
P O T A S S I U M  C O N T A I N E R  M A T E R I A L S  

D. H. Jansen 

In order to  evaluate the compatibi l i ty of various 
conventional a l loys with boi l ing potassium, it i s  
necessary that these al loys possess adequate 
oxidation resistance in  the temperature range 1800 
to  2000OF. Several of the candidate al loys have 
been screened to  determine their re lat ive oxidation 
resistances. The results of these short-time tests 
are given in Table 16.1. 
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Table 16.1. Results of 100-hr Oxidation Tests in Stat ic Air 

Thickness of Surface 
L a y e r  Affected by Test 

(miis)' 

1800°F 2000°F 

Material Nominol Composition (wt %) 

lnconel (78 Ni-14 Cr-7 Fe) 0.5 1.0 

Haynes a l l o y  No. 25 (50 Co-20 Cr-15 W-10 Ni-3 Fe) 0.5 2.5 

Haynes a l l o y  No. 56 (46 Fe-21 Cr-13 Ni-11 co-5 Mo-2 Fe) 2.0 3.0 

Type 310 s ta in less  steel  (52 Fe-25 Cr-20 Ni-2 Si) 2.0 4.0 

Type 316 s ta in less  s tee l  (69 Fe-17 Cr-12 Ni-2 Mo) 4.5 11.0 

Type 446 s t a i n l e s s  steel  (75 Fe-25 Cr) 0.5 7.0 

'Includes meta l  converted to oxide and oreas in which subsurface oxidation occurred. 

MASS-TRANSFER EFFECTS IN NIOBIUM- 
SODIUM-TYPE 316 STAINLESS STEEL SYSTEM 

J. R. DiStefano E. E. Hoffman 

Tests have been conducted on the niobium- 
sodium-stainless steel system a t  temperatures 
from 1500 to  1800°F and for times up to 1000 hr. 
The tests were conducted in nonflowing isothermal 
systems. The rat io of stainless steel to niobium 
surface area was varied from 0.1 to  20. Mass 
transfer o f  iron, nickel, and chromium from the 
stainless steel to  the niobium was negligible i n  
these tests. It was found, however, that carbon 
and nitrogen from the stainless steel were trans- 
ferred to  the niobium. Metallographic examination 
of the niobium specimens after exposure showed 
two br i t t le surface layers. These layers were 
identi f ied by x ray as NbC and Nb,N. From 
chemical analyses of the niobium before and after 
these layers were removed, it was determined that 
the increase in  carbon concentration was confined 
to  the surface layer, but the nitrogen penetrated 
the entire 0.040-in. specimens. 

A systematic investigation o f  the various test 
variables led to the conclusion that mass transfer 
o f  carbon and nitrogen increases with time, tem- 
perature, and the stainless steel-to-niobium 
surface ratio. In the test at  1700"F, wi th a 
surface area rat io of 0.1, no transfer of carbon or 
nitrogen occurred. Transfer of niobium to the 
surface of the stainless steel did occur. The 
0.040-in.dhick stainless steel specimen contained 
0.5% Nb fol lowing test. The niobium was present 
as an NbC surface layer. 

An evaluation o f  the effect of the pickup of 
carbon and nitrogen was made on the basis of 
changes in  tensi le properties. A large increase 
i n  the ult imate tensi le strength and a decrease 
in the per cent elongation were observed both a t  
room temperature and at  1700°F. These same 
results were observed even after the surface 
layers were removed. It i s  concluded that the 
changes in  properties are due to the penetration 
of the niobium al loy specimens by nitrogen. 

VAPOR PRESSURE O F  NaK 

J. R. DiStefano 

The vapor pressure of NaK (43.7 wt % K) has 
been determined from 1520 to 1832°F. Vapor 
pressures of NaK as measured in  th is  experiment 
are given in  Table 16.2. For purposes o f  com- 
parison the vapor pressure was also calculated 
from Raoult's law and empirical equations for the 
vapor pressure of pure sodium and potassium as 
a function o f  temperature. 

Table 16.2. Vapor Pressure of NaK (43.7 wt % K) 

Temperature Pressure (mm Hg) 

Measured O K  "C Calculated 

1100 8 27 75 8 977 
1123 850 9 24 1163 
1173 900 1388 1587 
1223 950 2014 2016 
1273 1000 2850 2420 
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The calculated values do not correct for mo- 
lecular species which might be present i n  the 
vapor, and this might explain some of the observed 
difference. 

G R A P  HI T E  - M O L T  E N - F L  UO R I D  E-SAL T 
S T U D I E S  

W. H. Cook 

I t  is  desirable that the graphite moderator i n  the 
Molten-Salt Reactor be unclad in order to  minimize 
the volume of the high-cross-section material i n  
the core and thus improve the neutron economy. 
This would require that portions o f  the structural 
al loys of the reactor be exposed to  the molten 
sal t  i n  contact w i th  the graphite at  the reactor 
operating temperature of approx 1200” F.8 The 
compatibi l i ty and permeation of the unclad graphite 
wi th the molten sal t  plus the effects of carburiza- 
tion, i f  any, on the structural al loys at  the oper- 
ating conditions must be known before these 
components can be incorporated into the design 
of the reactor. 

Permeation of Various Grades o f  Graphite 
by Molten Salts 

Distr ibut ion of Fluoride Salt Permeated into 
Various Grades of Graphite. - Radiography was 
used to  determine the distr ibution and depth of 
penetration of a LiF-BeF,-ThF,-UF, mixture into 
specimens of graphite. Nine different grades of 
graphite were exposed for 100 hr to  fused sal t  
under 150 psig at 1300°F. The detai ls are de- 
scribed in a recent progress report. 

The most signif icant thing shown by the radio- 
graphic examination was that certain grades of 
graphite can be fabricated i n  which sa l t  permea- 
t ion  i s  l imited to  less than 50 mi ls below the 
external surfaces of the graphite. 

Oxidation and Permeation. - Brazing of graphite- 
to-graphite and graphite-to-metal joints i n  oxi- 
d iz ing atmospheres would be desirable from a 
fabrication standpoint. Such an operation would 
probably increase the pore sizes of a graphite 
because of the low oxidation resistance of graph- 
ite. “Oxidized” specimens were prepared by 

9 

8H. G. MacPherson 
29, 1957) (classified). 

9MSR Quart. Progr. 
(in press). 

e t  al., ORNL CF-57-4-27 (Apr. 

Rept .  Jan.  31, 1961, ORNL-3122 

exposing graphite to air for 20 sec at  approx 
2372”F, a typical  brazing cycle. The percentages 
of the bulk volume of graphite permeated by molten 
sal t  were 0.3 and 0.5, respectively, for the control 
(“unoxidized”) and the “oxidized” specimens. 
The higher permeation value for the “oxidized” 
specimens indicated that their voids had been 
enlarged. Therefore, i t  does not appear practical 
to  braze graphite i n  air i f  one cannot tolerate an 
increase in  i t s  porosity. 

E f fec t  of Or ig inal  Fabrication Size and Shape. - 
The alterat ion i n  the resistance of a grade of 
graphite to  impregnation by fluoride salts was 
shown to  be a function of size, shape, density, 
and configuration i n  standard screening permeation 
tests. Specimens from four different shapes and 
sizes of the base stock” for grade 8-1 graphite 
were investigated. 

The results indicated that as the s ize of a shape 
i s  increased, the bulk density and the resistance 
to  permeation of the fabricated grade o f  graphite 
decrease. The results also suggest that for so l id  
cyl inders and pipe that have similar external di- 
ameters, the pipe shape tends to  have the lower 
resistance to  sal t  permeation. 

Precipi tat ion from Molten Salts i n  Contact 
wi th Graphite 

Precipi tat ion of UO, from Fluoride Salts. - 
Studies that revealed the problem o f  the precipita- 
t ion  of UO, from the fused salts were conducted 
i n i t i a l l y  on fuels that contained neither zirconium 
f luoride nor thorium fluoride.” Tests had indi- 
cated and it was suggested that these salts would 
act as inhibitors to the UO, formation, and ex- 
periments were conducted on several sal ts con- 
ta in ing them. It was found that 5 mole % ZrF, 
el iminated any precipitat ion o f  UO,.” The addi- 
t ion  of 4 mole % ThF, to  the sal t  did not prevent 
precipitation, but the addit ion of 14 mole % was 
effective.’ 

”Base stock denotes ful ly graphitized material that 
has not been given special impregnation treatments 
with carbonaceous materials to reduce and seal of f  
void spaces to produce a low-permeobility graphite. 

’ ’W.  H. Cook, Met. Diu. Ann. Progr.  Rept. Oct. 10,  

”MSR Quart. Progr .  Rept. Jan. 3 1 ,  1961, ORNL-3122 

13W. H. Cook, Met. Diu. Ann. Progr.  Rept. J u l y  I, 

1958, ORNL-2632, p 105. 

( in  press). 

1960, ORNL-2988, p 227. 
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A series of 100-hr precipitat ion tests have been 
made with AGOT graphite and a LiF-BeF,-UF, 
mixture at  1300°F to  determine the effect of 
graphite volume on the amount of UO, precipi- 
tated.’, Approximately 9 wt % of the uranium in  
the sal t  precipitated as UO, when the volume 
rat io o f  graphite to fuel was 9:l. This  corresponds 
to  the rat io proposed for the Molten-Salt Reactor 
Experiment (MSRE). These data are l imi ted to  
the exDerimenta1 conditions described and the 
part icular graphite used. However, they do indi- 
cate what might be expected with a reactor-grade 
graphite and th is  particular fuel salt. 

Standard compatibi l i ty tests were run with the 
MSRE fuel (Li F-BeF,-ZrF,-ThF,-UF,). The mol- 
ten sal t  was exposed for 500 hr to  AGOT graphite 
at  1300°F. A similar charge of salt  was used as a 
control i n  a capsule containing no graphite. The 
tests were monitored by radiography after 100 and 
500 hr. Precipitates were noted in the control 
capsule after 100 hr. Approximately f ive times 
as much precipitat ion was seen in the test capsule 
containing graphite. No additional precipitat ion 
was noted after 500 hr. X-ray analyses indicated 
that the precipitate was entirely monoclinic ZrO,. 
Thus, zirconium fluoride appears to prevent the 
formation o f  UO, under these conditions. 

Removal  of Oxygen Contaminat ion from Graphite 

Purging w i t h  Mol ten Fluorides.  - Work has con- 
tinued on the evaluation of various molten-fluoride 
salts as purging agents to remove the normal 
oxygen contamination from graphite. A s  reported 
previously15 and discussed above, uranium fluo- 
r ide or zirconium fluoride may precipitate as 
oxides from the molten salts when oxygen i s  
present i n  the system. The principal source of 
oxygen i n  the MSRE i s  the graphite moderator. 

One method suggested for the removal of the 
majority of the oxygen from the graphite i s  to 
purge the system with a fused salt. The usual 
method i s  t o  purge a standard crucible of AGOT 
graphite with the purging sal t  of interest at  
1300°F in  a vacuum for various time periods. T o  
evaluate the effectiveness of th is procedure, the 
purging salt  is  replaced with LiF-BeF,-UF, and 

14MSR Quart. Progr. R e p t  J u l y  31, 1960, ORNL- 
3014, p 69. 

”MSR Quart. Progr. R e p t .  Jan. 31, 1961, ORNL-3122 
( in  press). 

the test  i s  reDeated with exposure time as a 
variable. If oxygen i s  present, a UO, precipitate 
readi ly forms and can be detected by radiography, 

As a result of the tests, i t appears that some 
benefi t  can be derived from the purging of graphite 
wi th molten salts, but it does not seem to  be 
100% effective. To  date, fused NaF-ZrF,-UF, 
has been the most effect ive purging sal t  tested, 
and precursory tests indicate that i t s  ef fect ive- 
ness may be t ime dependent. The t ime and ex- 
pense of such a treatment are obvious disadvan- 
tages. It should be emphasized, however, that 
the metal surfaces must be cleaned in  any case, 
and the operation o f  the “plumbing” system must 
be checked after the construction of the reactor 
i s  completed. A barren sal t  could be used for 
these purposes and could also purge the graphite 
of much of i t s  oxygen contamination. 

Purging wi th  Ammonium Bif luoride.  - It has 
been reported that in less than 20 hr the thermal 
decomposition products of NH,F.HF i n  the pres- 
ence of graphite apparently removed the normal 
oxygen contamination in graphite to such an extent 
that no UO, precipitat ion occurred when the 
graphite was exposed to  an LiF-BeF,-UF, mixture 
at 1300”F.’6 

The effectiveness of the NH,F.HF treatment has 
been demonstrated for a relat ively long test  period. 
A treated AGOT graphite crucible subsequently 
contained an LiF-BeF,-UF, mixture for 2000 hr 
a t  1300°F without a UO, precipitate forming.17 
Tests also indicate that i t  i s  not necessary for 
the NH,F.HF to be i n  intimate contact wi th the 
graphite during the pretreatment. Therefore, it 
might be possible to pump the decomposition 
products of NH,F.HF to  heated graphite and re- 
move the oxygen. 

The pretreatment of graphite as described above 
also would require that INOR-8, the structural 
material of the MSRE, be exposed to the thermal 
decomposition products of NH,F.HF. Precursory 
tests at 1300°F have indicated that there i s  a 
sl ight reaction between INOR-8 and the decompo- 
s i t ion products. A 0.0005-in.-thick nonporous 
reaction layer developed on the INOR-8. 17 

16W. H. Cook, Met. Diu. Ann. Progr. Rept. J u l y  1 ,  

17MSR Quart. Progr. Rept. Jan. 31, 1961, ORNL-3122 
1960, ORNL-2988, p 227. 

( i n  press). 
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lnconel and INOR.8 i n  the SaltaGraphite Test 
Systems 

D. H. Jansen W. H. Cook 

The use of unclad graphite as moderator i n  the 
Molten-Salt Reactor w i l l  make it necessary for 
the graphite to  be i n  direct contact w i t h  the fuel 
and the INOR-8 or lnconel.18 Therefore, to  de- 
termine whether INOR-8 and lnconel would be 
carburized, they were tested in stat ic LiF-BeF,- 
UF, which was i n  contact wi th bare graphite. 

Tests at  1300°F in mult iples of 2000-hr duration 
from 2000 through 12,000 hr indicated that no 
carburization occurred and that the tensi le proper- 
t ies  of the INOR-8 were not altered.18'20 The 
last  o f  th is series, a 14,000-hr test, has been 
completed. Metallography revealed a s l ight  rough- 
ening to a maximum depth of less than 0.5 mi l  on 
the INOR-8 specimens. 

As  i n  the shorter-duration tests, the room tem- 
perature and 1250°F tensi le strength and elonga- 
t ion  values of INOR-8 specimens subjected to  the 
fuel-graphite exposure i n  th is 14,000-hr test  were 
not s igni f icant ly different from those of control 
specimens subjected to  argon at the same tem- 
perature. 

lnconel which had been exposed to  the sal t  i n  
the presence of graphite for only 4000 hr was 
attacked to such an extent that any minor effect 
of carburization on the tensi le properties could 
not be determined. Consequently, tensi le tests 
on lnconel specimens were omitted from the tests 
of longer duration. 

CORROSION O F  C O N T A I N E R  M A T E R I A L S  
USED I N  T H E  REPROCESSING O F  R E A C T O R  

F U E L S  

majori ty of th is  support was in regard to  pi lot-  
plant-scale studies on the ORNL Fluoride Vola- 
t i l i t y  Process, although some aid was given to  
groups studying aqueous fuel reprocessing by use 
o f  the Sulfex, Zirf lex, Purex, and Darex proc- 
esses. 

Hydrofluorination Corrosion 

Instal lat ion of a 17-ft INOR-8 hydrofluorinator- 
dissolver i n  the Vo la t i l i t y  P i l o t  Plant (VPP) now 
permits the plant to reprocess zirconium-uranium 
heterogeneous fuels. After 204 hr of exposure to  
anhydrous HF and equimolar N a F - L i F  containing 
22 to 52 mole % ZrF, at  495 to 655"C, wal l -  
thickness changes on the dissolver were deter- 
mined by ultrasonic techniques. The fol lowing 
condit ions were encountered during dissolut ion of 
seven unirradiated Zircaloy-2 simulated fuel ele- 
ment subassemblies: (1) Maximum wal l  thickness 
losses for the hydrofluorinator were noted i n  the 
vapor region. (2) A maximum loss of 11 mi ls was 
found, which corresponds to  0.05 mil/hr, based on 
HF exposure time, and 17 mils/month, based on 
molten-salt residence time. 2 1  

F I uor i nation Corrosion 

Another L n icke l  fluorinator vessel, MK Ill, 
using a new dumbbell configuration to  reduce en- 
trainment problems, was fabricated and instal led 
i n  the VPP. Experimental n ickel-r ich binary 
al loys Containing AI, Co, Fe, and Mn which have 
been exposed to the f luorination environment show 
improved corrosion resistance when compared with 
L nickel. Corrosion of these al loys was found 
to  be directI,y proportional to  f luorine exposure 

A. P. Litman time, temperature, and the presence of uranium i n  

Continued assistance was given the Chemical 
Technology D iv is ion  on corrosion problems, selec- 
t ion of materials of construction, fabrication, 
fai lure analysis, welding, and brazing in connec- 
t ion wi th their work on recovering uranium and 
f ission products from spent reactor fuels. The 

the system. 
Based on the corrosion results observed on L 

nickel  control specimens during nonirrad iated, 
uranium-bearing runs at temperatures of 450 to  
670"C, the MK Ill fluorinator should experience 
maximum corrosion losses of 0.6 mil/hr, based 
on f luorine sparge time, or 18 mils/month, based 
on molten-salt residence time. 

18Molten-Salt Reactor  Program Status R e p o r t ,  ORNL 

19MSR Quart. Progr. Rept .  l u n e  30 ,  1958,  ORNL- 

20Met. Diu. Ann. Progr. Rept .  ] u l y  I, 1960, ORNL- 

CF-58-5-3, p 6 (May 1, 1958). 

2551, p 59. 

2988, pp 228-29. 1960). 

2!E. C. Moncrief and A. P. Litman, Corrosion of the  
Vo la t i l i t y  P i l o f  Plant  INOR-8 D i s s o l v e r  Af t e r  Seven 
Cold Disso lu t ion  Runs t  ORNL CF-60-11-80 (Nav. 30, 
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Brief  fluorine passivation treatments on L Arrangements have been made for Battel le Me- 
n icke l  specimens d id  not modify the L nickel  moria1 Inst i tute to  extend contemporary f luorination 
corrosion resistance on subsequent exposure to corrosion data on experimental ORNL al loys and 
the f luorination environment. Similar passivation other materials of interest. Th is  work w i l l  be 
treatments on INCO-61 weld metal used in  fabri- done on Chemical Technology D iv is ion  Subcon- 
cating the fluorinator had a detrimental effect on tract No. 988 and be monitored by the Metallurgy 
the corrosion resistance of t h i s  al loy to  the Division. 
f luorination environment. 
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17. MECHANICAL PROPERTIES 

J. R. Weir 

DIMENSIONAL B E H A V I O R  O F  T H E  
E X P E R I M  E N T A L  GAS- CO 0 L E D R E A C T O  R 

F U E L  E L E M E N T  A T  E L E V A T E D T E M P E R A T U R E  

W. R. Martin 

The dimensional behavior of a simulated EGCR 
fuel element has been studied at  the pressure and 
thermal condit ions’ predicted for reactor opera- 
tion. Part icular emphasis was placed on deter- 
mining (1) the relat ionship between the fuel tem- 
perature and axial expansion characterist ics of 
the fuel, (2) the effect of cladding and fuel interac- 
t ion on heating and subsequent cooling, (3) the 
effect of rapid temperature excursions on the deg- 
radation of the fuel, and (4) accumulative effects 
i n  the fuel capsule due to  the thermal cycl ing. 

The element that contains a radial gap between 
the cladding and the fuel pel let  responded to  
thermal cycl ing as the individual components 
would respond under the same thermal conditions 
if tested separately. Both the axial  expansion 
and the radial expansion of the fuel element are 
very nearly a function of the maximum central 
temperature.’ The axial  expansion of the fuel- 
pel let  column can he reduced appreciably a t  
elevated temperature by “dishing” the ends of 
the pellet. The pel lets fracture radial ly and cir- 
cumferentially upon heating, but redistr ibution 
of the fuel does not occur. 

If there i s  no radial gap between the fuel and 
the cladding, the expansion characterist ics of the 
capsule during thermal cycl ing are a function of 
the fuel temperature, cladding temperature, and 
the external pressure exerted on the capsule by 
the coolant stream. Thermal cycl ing may introduce 
plast ic axial strains3 into the cladding, depending 

’ W .  R. Martin and J. R. Weir, A Dev ice  to  Simulate 
the Se tv i ce  Thermal Condit ions in EGCR-Type  Fuel 
Elements ,  ORNL-3032 (Dec. 28, 1960). 

’W. R. Martin, “Dimensional Studies o f  Simulated 
EGCR Fuel  Element at Elevated Temperatures,” paper 
presented at the American Nuclear Society Meeting at 
Pittsburgh, Pa., June 4-8, 1961. 

upon the detai ls of the temperature cyc le  and the 
pressure conditions. The appearance of the 
cladding after cycl ing i s  shown i n  Fig. 17.1. 
Th is  c lear ly shows the location of radial and 
circumferential ridges similar t o  those observed 
from in-pi le fuel element irradiations. Thus it i s  
concluded that th is  experimental apparatus w i l l  
provide an accurate picture o f  the behavior of 
fuel capsules i n  service. 

UNCLASSIFIED 
Y-38106 

Fig. 17.1. Appearance of Cycling Capsule. Note 

circumferential and axial  ridges formed in  clod. 

R A D I A T I O N  E F F E C T S  O N  T Y P E  304 
S T A I N L E S S  S T E E L  

J. T. Venard J. W. Woods 

In order to  examine the effects o f  neutron irradia- 
t ion on type 304 stainless steel, tube-burst tests 
have been run by the Solid State D iv is ion  i n  the 
poolside fac i l i t y  of the ORR. A stress-rupture 
plot  of these results along with those o f  control 
tests on specimens taken from the same heat of 
material i s  shown in  Fig. 17.2. 

3W. R. Martin and J. R. Weir, Dimensional Behavior 
of the Experimental Gas -Coo led  Reactor  Fuel Element 
at E leva ted  Temperatures ,  ORNL-3103 (in press). 
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UNCLASSIFIED 
ORNL-LR- DWG 59850 
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Fig. 17.2. Tube-Burst Tests in Air. Type 304 stainless steel; Superior heat 23999X; 0.750-in. OD, 0,020-in. 
wal l .  

At 1500OF the stress for rupture i n  100 hr in- 
p i l e  i s  approx 75% of the ex-pi le stress. At 
16OOOF the in-pi le stress i s  approx 85% of  the 
ex-pi le stress for rupture in 100 hr. No difference 
i s  seen in  the 13000F tests so far as stress- 
rupture l i f e  i s  concerned. 

In examining the data obtained on the maximum 
tangential strain at  fai lure in the above tests, 
it i s  interesting to  note: 

1. Both in-pi le and control specimens show an 
increase in  maximum tangential strain to  fai lure 
wi th increasing temperature. 

2. The rat io of out-of-pile to  in-pi le maximum 
strain to fai lure also increases with tangential 

increasing temperature. 

These data indicate a relat ive loss of duc t i l i t y  
under irradiation wi th increasing temperature. It 
should be pointed out that th is  trend i s  based on 
only a few tests and may not be a true indication 
o f  the behavior of the material. 

M E C H A N I C A L  P R O P E R T I E S  O F  I N C O N E L  

C. R. Kennedy J. W. Woods 

The effects of irradiation on the mechanical 
properties of Inconel are of interest because it 
i s  a solid-solution high-temperature al loy typical  
of many that may be used in  various structural 
components i n  high-temperature reactors. Since 
it was the f i rs t  material i n  which a signif icant 
reduction i n  rupture l i f e  attr ibutable to  irradiat ion 
was observed, efforts have continued to  under- 
stand the mechanism responsible for th is  behavior. 

Tube-burst tests have been performed on two 
heats of Inconel, both in- and out-of-reactor at  
150OOF. The results of the tube-burst test ing 
are shown in Fig. 17.3. One possible cause for 
the reduction i n  l i f e  might be a resul t  of the boron 
(n, a )  reaction forming helium gas under thermal- 
neutron bombardment. This possibi l i ty  i s  being 
investigated with tube-burst-test specimens of 
s ix  laboratory heats, each heat containing dif- 
ferent amounts of natural and isotopic boron. 
Preliminary results, given in Table 17.1, do not 
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Fig. 17.3. Inconel Tube-Burst Test Results. In air, a t  150OOF. 

Table 17.1. Prelirninory Results Obtained from Tube- indicate conclusively that boron i s  responsible 
Additional tests Burst Testing of Controlled-8oron-Content Heats 

of Inconel, In-Reactor 
for the reduction i n  rupture life. 
are programmed to  veri fy the data. 

Isotopic Proportions 
AD( - Specimen of Boron (ppm) 

Number 
B'O 

BRAZING MIDPLANE SPACER ON 
EGCR F U E L  ELEMENTS 

J. T. Venard 

48-1 1 0.6 40 

68-1 1 0.9 59 

OB <2 < 10 

NXS992 5.6 25.4 

NX5757 7.6 34.4 

10B 19 81 

68-10 57 3 

One of the problems associated with the attach- 
0 ment of fuel element spacers to the type 304 

stainless steel cladding of EGCR fuel elements 0.28 
i s  the effect of the brazing-temperature cyc le  on 

0.12 the grain size and properties of the tube. The use 
0.26 of GE-81 brazing al loy for attaching the spacers 

requires heating the entire fuel element cladding 0.18 
to 215OOF. A s  has been previously r e p ~ r t e d , ~ # ~  
such a treatment results in excessive grain growth, 0.19 

0.32 an inhomogeneous structure, and a loss of stress- 

4GCR Quarf. Progr. R e p t .  Mar. 31, 1960. ORNL- 
2929, pp 115-16. , where ax = 100 hr l i f e  tested ex-re- _- -- 

CT CJ 
X 'Met.  Diu. Ann. Progr. R e p t .  ] d y  I ,  1960. ORNL- 

actor, and 5. = 100 hr life tested in-reactor. 2988, pp 256-57. 
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rupture strength i n  the type 304 stainless steel indicate a more satisfactory stress-rupture be- 
cladding. havior than was observed with the GE-81 braze. 

Figure 17.4 shows photomicrographs of as- 
It was suggested that a 202OoF copper braze received tubing, a copper-brazed tube, and a GE- 

be substituted for the GE-81 braze. Preliminary 81 brazed tube. Note that some grain growth 
burst tests performed on type 304 stainless steel does occur wi th the copper braze, but not to  the 
tubing subjected to  a copper-brazing thermal cyc le  degree that i s  observed i n  the GE-81 braze. 

UNCLASSIFIED 
PHOTO 54523 

Fig. 17.4. Photomicrographs Showing Groin-Growth Behavior of Type 304 Stainless Steel Tubing Subiected to 

Copper and GE-81 Alloy Brazes. ( n )  As-received tubing, etched with modified aqua regia; ( b )  Copper braze on as- 

received tubing, etched with glyceria regia; (c) GE-81 al loy braze on as-received tubing, etched with modified aqua 

regia. 
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C O L L A P S I N G  AND CR E EP-BUCK L I N  G 
E X P E R I M E N T S  

J. T. Venard 

establ ish a fai lure criterion, the mechanical prop- 
erties, time and temperature dependence of these 
values, and the creep behavior of AGOT graphite 

The proposed loops in  the EGCR that w i l l  be 
used to test fuel elements in  coolant streams 
separate from the main reactor coolant w i l l  operate 
at elevated temperatures under various conditions 
of mechanical loading. Fai lure of the in-pi le 
portion of these loops could result from a collaps- 
ing of the tubes due to  the main coolant pressure 
acting on the outside of the tubes. 

Tests on model tubes have therefore been per- 
formed to determine the relat ionship between the 
instantaneous collapse pressure P ,  and the rat io 
of the mean tube radius I to the wall  thick- 
ness t. Also being investigated are the effects 
of the "ovality" rat io k, defined as the rat io of 
minimum tube diameter to maximum tube diameter, 
and the wall-thickness variat ion V ,  defined by 

A number of experiments have been performed 
to f ind a relationship between col lapsing pressure 
and time to  collapse. A l l  tests to date have been 
conducted at 1200°F i n  air on specimens machined 
from type 304 stainless steel seamless tubing. 
The tubes were of essential ly inf in i te length 
(length-to-diameter rat io > 10) and had diameters of 
0.75 and 1.00 in. Curves showing the relat ionship 
of Pc vs r / t  and the effects of oval i ty rat io k and 
wall-thickness variation v have been published.6 

Work i s  continuing in  a l l  the above phases of 
the tube-collapse study, wi th future emphasis to 
be placed on time to collapse. 

v = 100 (to" - t rn , " ) / t0"  . 

were investigated. 
Specimens of AGOT graphite taken from three 

blocks have been examined, using incrementally 
loaded short-time tensile, short-time bending, and 
creep tests under compressive, tensile, and bend- 
ing loads. Incremental-loading tests are essen- 
t i a l l y  very long-time tensi le tests for demon- 
strating the time dependency i n  the tensi le behavior 
of graphite. 

The majority of the results have been summa- 
r ized previously7 except for those shown i n  Figs. 
17.5 and 17.6. These results were obtained from 
testing longitudinal bend and tensi le specimens 
from an actual block of EGCR graphite. 

The fol lowing conclusions can be made from the 
results of the test program. 

1. The mechanical properties of graphite are not 
thermally activated in  the temperature range from 
75 to 1100°F; thus the fracture stresses and 
strains are not t ime or temperature dependent. 

2. There exist  in  graphite wide variations i n  
mechanical properties, and the mechanical aniso- 
tropy i s  very d i f f i cu l t  to predict. 

3. The fracture stresses calculated on the basis 
of e last ic i ty theory for bending are greater than 
the fracture stresses under tensi le loads; how- 
ever, the fracture strains are very similar. 

4. Graphite exhibits a small in i t ia l  stage of 
creep; however, the creep rate decreases to  less 
than 5 x in. in.-' h r - '  i n  a very short time. 

It i s  apparent that, as the section s ize of 
the graphite block increases, the strength variation 
5. 

i s  a lso greater across the block. 
6. It i s  apparent that the graphite moderator 

blocks w i l l  be weakest i n  the areas from which 
material w i l l  be removed i n  machining the fuel- 

M E C H A N I C A L  P R O P E R T I E S  O F  
AGOT G R A P H I T E  

C. R. Kennedy 

The mechanical properties of AGOT graphite 
have been studied to provide a basis for predicting 
i t s  behavior i n  the EGCR. Graphite columns in 
the reactor w i l l  i n i t i a l l y  be under compressive 
loading, but after the reactor goes cri t ical,  the 
columns w i l l  undergo radiation-induced shrinkage. 
Because of the neutron-flux gradient from point 
to point i n  the reactor, bending strains w i l l  be 

element channels. 
It i s  apparent, i n  view of the very low duc- 

t i l i t y  of graphite, that i t w i l l  not sustain the 
tensi le strains produced by the variable radiat ion 
dose without fracturing. However, fracturing may 
not occur i f  the radiation-induced shrinkage i s  
either inhibited or stopped by the occurrence of 
stress, or i f  radiat ion w i l l  a l low graphite to 

7. 

forced into the graphite columns. Therefore, to  sustain greater tensi le strains before fracturing. 

' C C R  Quart. Progr. Rept. Der. 31, 1960. ORNL- 7GCR Quart. Progr. Rept. Mar. 31, 1961, ORNL-3102, 
3049, pp 146-47. pp 116-24. 
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Fig. 17.5. Variation i n  Bend Strength Across One 

Quarter of an 18 x 18 in. Block of AGOT Graphite. 
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Fig. 17.6. Variation of Axial  Tensi le  Strength Across 

One Quarter of an 1 8 ~  18 in. Block of AGOT Graphite. 

E F F E C T S  O F  ENVIRONMENT ON M E T A L S  

I-!. E. McCoy W. R. Martin 
R. L. Stephenson 

The effects of service variables, such as tem- 
perature and stress, on the high-temperature 
mechanical behavior of metals are recognized to  
be of practical importance. In recent years, the 
service environment of the metal a lso has been 
shown to  be a signif icant factor. The importance 
of the chemical reactivi ty of the material w i th  the 
service environment, the effect of environment on 
surface and grain-boundary energies, and the 
rat io of surface area to volume of the component 
has been discussed by McCoy et al.a Work i s  
continuing in an effort both to  point out metal- 
environment combinations that alter the service 
performance o f  the metal and to  determine the 
operative mechanisms whereby the mechanical 
behavior i s  affected. 

Carburization and Oxidation of Type 304 
Stainless Steel i n  Flowing Carbon Dioxide 

The results of studies to  determine the effects 
of environments, such as CO, CO,, 0,, N,, air, 
H,, and Ar, on the high-temperature creep char- 
acter ist ics o f  type 304 stainless steel have been 
summarized p r e v i ~ u s l y . ~  Addit ional heats o f  
material have been tested during the past year. 
The results o f  these tests confirm those reported 
previous I y. 

The observation o f  carburization o f  type 304 
stainless steel specimens tested in f lowing CO, 
at  1500OF has led to further studies to  determine 
the mechanisms involved. Several specimens 
0.005 in. th ick have been exposed to  f lowing CO, 
i n  a system that faci l i tates continuous measure- 
ment of the specimen weight. Reaction rate curves 
coupled with metallographic and chemical studies 
have pointed out the fol lowing pertinent factors: 

1. The weight-change-vs-time curves are char- 
acterized by several breaks. The number of breaks 
and the time a t  which they occur depend on the 
temperature. 

*H. E. McCoy, W. R. Martin, and J. R. Weir, "Effect 
of Environment on the Mechanical Properties of 
Metals," 1961 Proceedings  of t h e  Inst i tute  of En- 
vironmental Sc iences  National  Meeting. Apr. 5-7. 1961, 
Washington, D.C.. pp 163-76, Institute of Environ- 
mental Sciences, Mt. Prospect, I l l inois.  

9H. E. McCoy, Met. Diu. Ann. Progr. Rept .  ]uIy  1. 
1960, ORNL-2988, p 280. 
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2. The oxides which form on the surface are 
multilayered. Efforts to identi fy these layers are 
in progress. 

The amount of carbon picked up over the 
temperature range 1200 to 17OOOF increases with 
increasing temperature as wel l  as wi th time at 
a given temperature. 

4. The oxidation and carburization rates in- 
crease as the pressure of CO, i s  increased, up 
to relat ively high pressures. The oxidation rate 
seems to be insensit ivp to pressure above approx 
100 rnm Hg, and the carburization rate i s  not af- 
fected by pressures in  excess of about 200 mm 

Hs. 
Radiotracer techniques have been developed to  

determine the distr ibution of carbon i n  type 304 
stainless steel specimens carburized in  f lowing 
C140,. Typica l  as-polished photomicrographs 
and automicroradiographs are compared for a 
cross-sectioned specimen in Figs. 17.7 and 17.8. 
These studies indicate the fol lowing signif icant 
facts. 

1. The carbon gradient from the austenite grain 
to the grain boundary i s  very small. 

2. There i s  a small carbon concentration in  the 
oxide f i lm.  

3. The carbon gradient in  a 0.020-in.-thick 
sample carburized at 15OOOF in  f lowing CO, i s  
very small. These experimental facts suggest 
that the l imi t ing factor in  carburizing type 304 
stainless steel at 1500OF in f lowing CO, i s  the 
supply of carbon to  the oxide-metal interface. 

3. 

The role of interst i t ia ls in  the mechanical be- 
havior of niobium-base al loys has been further 
demonstrated by the observations of an aging 
reaction in  the Nb-l% Zr al loy" which i s  cur- 
rently thought to be associated with oxygen.12 
Because of the established usefulness of internal- 
f r ic t ion measurements for studying the precipita- 
t ion of interst i t ia l  solutes from supersaturated 
sol id solutions in  body-centered cubic ~ n e t a l s , ~ ~ - ~ ~  
this technique i s  being used in  an effort to deter- 
mine the element responsible for the observed 
aging. A torsional pendulum has been constructed, 
and a device for automatically sensing and re- 
cording vibrational amplitude as a function of t ime 
has been developed. Figure 17.9 shows the in- 
ternal-fr ict ion spectrum 6 of an Nb-0.66% Zr  al loy 
containing three levels of oxygen. Figure 17.10 
shows the spectrum of a specimen contaminated 
with nitrogen. Work i s  now in  progress to  identi fy 
the damping peaks present and to determine their 
heights as a function of interst i t ia l  content. 

Influence of Hydrogen on Nickel-Base Alloys 

The relat ively low-temperature phenomenon of 
hydrogen embrittlement has been documented for 
several metals.I6 However, hydrogen has a lso 
been shown to influence the mechanical behavior 
of some metals at  elevated temperatures. This  
effect i s  characterized by a loss in  creep strength 
i n  hydrogen, as compared with the strength i n  
other environments, and does not involve any 
embrittlement. Besides the fundamental interests 
i n  th is  problem, the influence of hydrogen on the 
high-temperature mechanical behavior of materials 
i s  of practical importance to the nuclear industry. 

hydrogen on the room- and elevated-temperature Many structural materials absorb hydrogen from 
mechanical properties of niobium have been aqueous solutions, and the use of metal hydrides 
summarized.10 

Effects of lnterst i t ia ls on Niobium-Base Alloys 
The effects of additions of oxygen, nitrogen, and 

Studies during the past year have 
further substantiated these results. Contamina- 
t ion experiments conducted with an Nb-1% Zr 
al loy show similar trends. Examination of the 
niobium and the Nb-1% Zr specimens after defor- 
mation indicates h a t  the presence o f  interst i t ia l  
elements alters the tendency for twinning to  occur 
in  these metals. A joint program i s  in  progress 
with the Structure of Metals Group to  evaluate this 
effect in  niobium for various interst i t ia l  elements, 

"D. 0. Hobson, A Preliminary Study of the Aging 
Behavior  of Wrought Columbium-I% Zirconium A l l o y s .  
ORNL-2995 (Jan. 6, 1961). 

12D. 0. Hobson, "Aging phenomenon i n  Columbium- 
Base Alloys," paper presented at the AlME High- 
Temperature Materials Conference, Cleveland, Ohio, 
Apr. 26-27, 1961 (to be published in the proceedings). 

3C. Wert, Thermodynamics in  Phys ica l  Metallurgy. 
ASM, Cleveland, Ohio, 1950. 

14P. M. Robinson and R. Rawlings, Iron and Steel  
31, 65 (1958). 

15A. S. Nowick, Progr. in Metal Phys .  4, 37 (1953). 
'OH. E. McCoy, Met. Diu. Ann. Progr. Rept .  J u l y  1, 16A. R. Troiano, Trans.  Am. SOC. Metals  52, 54-80 

1960, ORNL-2988, pp 279-80. (1960)- 
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UNCLASS IF1 ED 

U 11 C L I! S S I F I E c' 

Fig. 17.7. Representative Structure 0.0021 in. from Original Metal Surface of Type 304 Stainless Steel Specimen 

(0.020 X 3; X 1 in.) Exposed 37.8 hr a t  150@F in Flowing C1402 Environment. (a)  A s  polished; (b)autoradiograph, 

20-hr exposure with NBT film. 
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Fig. 17.8. Representative Structure 0.001 in. from Metal Surface of Type 304 Stainless Steel Specimen (0.020 X v2 x 1 in.). Exposed 37.8 hr at 150OoF in flowing d402 environment, Total  surface beta count of specimen, 6226 
counts/min. ( a )  As-polished; ( b )  autoradiograph, 24-hr exposure with NBT film. 
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Fig. 17.10. Effect of Nitrogen on Internal Friction Spectrum of Nb-0.66% Zr Alloy. 

Inconel. Work during the past year has been di- 
rected toward studying the effects of a l loy com- 
posit ion and strain rate on the magnitude of the 
hydrogen effect. 

presents another source of hydrogen i n  a reactor 
system. The use of hydrogen as a reactor coolant 
offers many advantages, and such an application 
may occur i n  the future. 

gen has a large effect on the creep behavior of 

”D- A. Douglas, High-TemPerature Materials (ed. bY 
R. H. Hehemann and G. M. Ault) p 433, Wiley, New 
York, 1959. 

Previous work at ORNL” has shown that hydro- Nickel-base alloys containing various amounts 
of chromium and iron were prepared, and their 
creep properties were evaluated at  1500’F i n  
argon and in hydrogen environments. The creep 
strengths of a l l  a l loys were observed to be less 
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i n  hydrogen than in  argon. Several of these alloys, 
as wel l  as commercial Inconel, were used to  
evaluate the effect of strain rate. The results o f  
a series of tests o f  lnconel are shown i n  Fig. 
17.11 and i l lustrate the fact that the magnitude 
of the hydrogen effect i s  inversely proportional 
to the strain rate. A tentat ive explanation of the 
observed results has been made, based on the 
influence o f  hydrogen on fracture by a vacancy 
mechanism. Deformation by vacancy dif fusion has 
been shown" to be important only a t  low strain 
rates. Fracture occurs as a result of the coales- 
cence o f  small holes formed by vacancy diffusion. 
At  high strain rates, deformation occurs primari ly 
by slip, and the formation of cracks a t  points 
of very large stress concentrations leads to  frac- 
ture. The latter process i s  not s igni f icant ly af- 
fected by the presence of hydrogen, and hence the 
properties o f  metals at  high strain rates are equiv- 
alent in hydrogen and in  inert environments. 

1 x 1 0 ~ )  

10 

0 

2 
IO' 102 lo3 

TIME (hr)  

UNCLASSIFIED 
ORNL-LR-DWG 59854 

Fig. 17.11. Stress-Rupture Properties of  lnconel 

at 15OPF. Heat 892, tested a s  received. 

stress R was varied from 1, corresponding to  the 
monotonic creep test, to  -1, corresponding to  the 
pure fatigue test. Tests were performed at  a 
frequency of 1 cycle/hr a t  1500OF. The mean 
creep rate, cyc le  strain, rupture life, and rupture 
ducti  I i t y  were measured. The stress-rupture 
curves corresponding to  the various stres's rat ios 
were compared on the basis o f  the fol lowing 
equation: 1 9  

where t i s  the rupture life, w i s  the amplitude of 
the maximum stress, and A and n are constants. 
Values o f  ~ w m f o r  four stress rat ios are given 
below: 
I 

Stress Ratio, R 1 W -2 - 1  

A; 'e 25,500 31,000 32,000 33,000 

n 4.16 4.15 4.16 4.16 

It i s  apparent that the value o f  n i s  pract ical ly 
the same for a l l  tests and that A i s  nearly the 
same for a l l  tests except for the monotonic creep 
test  ( R  = 1). If i t  i s  assumed that the time under 
the maximum stress controls failures, then the 
cyc l i c  tests in which R i s  negative should be 
expected to  last  twice as long as the monotonic 
creep test, since the maximum stress i s  appl ied 
for only half  the cycle. Doubling the rupture time 
for the monotonic stress-rupture curve increases 
the value o f  Aq rom 25,500 to  30,000 Th is  
value i s  i n  fair agreement wi th A for the cyc l i c  
tests. 

A Goodman-type diagram for 1000-hr l i f e  can be 
drawn to  describe the fai lure under cyc l i c  and 
mean stresses. For lnconel the equation which 
approximates the diagram is: 

f f a = u c  - f f m  , ( 2) F R A C T U R E O F M E T A L S U N D E R  
D Y N A M I C  L O A D S  

R. W. Swindeman C. R. Kennedy where 

During the last year, the interrelation of cyc l i c  
and monotonic creep rupture of lnconel has been 

tests i n  which the rat io of maximum to  minimum 

ca = alternating stress amplitude, 

~ mean stress, studied. This program consists of a series of m 
ffc = stress required to  produce rupture i n  mono- 

tonic creep in  a specif ied time. 

18A. H. Cottrell, Fracture (ed. by 8. L. Averback 
et a/.) pp 38-40, Technology Press of MIT and Wiley, 
N e w  York, 1959. 

19R. W. Swindernan, Met. Diu. Ann. Progr. R e p t .  
J u l y  1. 1960, ORNL-2988, p 261. 
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The equation i s  conservative for a l l  negative 
values of R by the amount shown below: 

Stress Ratio, R -1  -1.2 -1.5 -2 -3 -M 

Percentage 6 6  13 9 -1 1 
deviation 

The cyc l i c  creep tests in pure fatigue ( R  = - 1 )  
can also be described by a strain-fatigue curve, 
the equation of which is: 

6 -0.41 , P 

where 

6 = cyc l i c  plast ic strain range, 

N = number of cycles to  failure. 

The stress state imposed by thermal or strain 
cycles i s  rarely a simple uniaxial state. Thus, 
in order to  apply the uniaxial data, the ef fect  o f  
the stress state must be known. A torsional- 
strain-cycle test series has been performed on 
lnconel at  1500OF to determine this relationship. 
Previous stat ic testing2' under complex stresses 
indicated that fai lure may result from either of two 
fair ly similar criteria: 

1. accumulated time under the maximum principal 
stresses, or 

2. fracture strain rat ios based upon the deviation 
stresses. 

The results of th is test series agreed wel l  wi th 
the second, as shown in  Fig. 17.12, and does not 

P 

2oC. R. Kennedy, W. 0. Harms, and D. A. Douglas, 
J. Basic  Engr. 81, 599-609 (1959). 
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Fig. 17.12 Results of lnconel Torsional Strain- 

Cycle Test  a t  15000 F. 

disagree very markedly wi th the principal stress 
criterion. Th is  agreement fortunately does not 
complicate the adaptabi l i ty of isothermal tests 
to thermal-cycling behavior, since the analysis 
can be based on strains. It does point out, how- 
ever, that for the most common case, which i s  
balanced tensi le or compressive stress states, 
the strain per cyc le  w i l l  be tw ice  as effect ive 
in causing fai lure than i t  i s  i n  the uniaxial  case. 

B E R Y L L I U M  I R R A D I A T I O N  EFFECTS 

J. R. Weir 

Changes in  the mechanical and physical prop- 
ert ies o f  beryl l ium that result from neutron irradia- 
t ion may be attributed to  the displacements pra- 
duced by energetic neutrons or the products from 
the (~2,272) and ( n , a )  reactions wi th beryl l ium 
and to  the effects produced by agglomeration of 
the helium produced by these transmutations. 

A program of irradiat ions2' was conducted 
wherein beryl l ium specimens of various purit ies 
and fabrication histories were taken to  neutron 
exposures between 1 x lo2' nut and 6 x lo2' nvt 
(> 1 Mevj a t  temperatures between 50 and 780OC. 
Postirradiat ion bend tests and hardness measure- 
ments were made, and the density decrease during 
the irradiations was determined. Stress-rupture 
experiments on beryllium tubes were conducted 
at 600 and 7OOOC in  neutron f luxes of approx 
3 x lo2' nut and 9 x lo2' nut (>1 Mev). Some 
specimens were stressed immediately when the 
test  reactor attained fu l l  power level, and others 
were held at the test ing temperature unt i l  signif i-  
cant neutron exposure was attained, at  which t ime 
the specimens were stressed to  produce rupture. 

The conditions under which beryl lium was found 
not t o  swell  appreciably (greater than a few tenths 
of a per cent) were the following: 

1.  i rradiat ion at  6OO0C to  3.6 x lo2' nut (> 1 Mev), 
and 

2. irradiation at  7OOOC to  1.3 x lo2' nut (>1 Mev). 

Irradiation at  temperatures greater than 7OO0C to  
exposures larger than approx 1.7 x lo2' nut ( > 1  
MeV) caused swelling. 

21J.  R. Weir, "The Effect of High-Temperature Re- 
actor Irradiation on Some physical  and Mechanical 
Properties of Beryllium," (submitted to the journal o/ 
the Institute of Metals) .  
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The mechanism for gas agglomerating into the 
large bubbles that cause swell ing appears to  be 
the migration of small gas-f i l led cavit ies (possibly 
cyl indrical) t o  inclusions or other suitable nuclei 
where surface-tension restraining forces are small. 
Thus the swell ing i s  probably controlled by the 
creep properties of the matrix and the rate of 
movement of the gas-f i l led cavit ies to the large 
bubbles. 

Appreciable hardening of beryll ium occurs on 
irradiation to 6 x lo2' nut (>1 MeV) at approx 
6O0C, and further hardening occurs on annealing 
at temperatures below 600OC for 1 hr. The harden- 
ing associated with the annealing does not affect 
the duct i l i ty  at  room temperature. In addition, 
there i s  a hardness increase as a result of irradia- 
t ion at  < ~ O O O C  t o  3.6 x lo2' nut. 

The stress-rupture strength at  600 and 700OC i s  
reduced as a function of integrated flux, as shown 
in  Fig. 17.13. The percentage decrease i n  100-hr 
rupture stress i s  plotted vs the integrated flux. 
It i s  interesting to  note that the irradiat ion effect 
for th is manner of presentation appears to be inde- 
pendent of temperature between 600 and 700°C. 
The same mechanism that results in  the transport 
of helium to the bubbles that cause swell ing 
should a l low the gas to col lect  i n  grain-boundary 
voids or cracks that are produced during creep 
and thereby bring about the deleterious effect 
on the stress-rupture strength. 

UNCLASSIFIED 
O R N L - L R - D W G  59856 

102' 
INTEGRATED FLUX (NEUTRON ENERGY > 4 MeV) 

Fig. 17.13. Effect of  Integrated Flux on Stress- 
Rupture Properties of Beryllium Tubes Tested In- 
Reactor. 

CO R R E L  A T l O N  0 F NO N D E S T  R U C TI  V E - T  E ST 
R E S U L T S  WITH M E C H A N I C A L  P R O P E R T I E S  O F  

B E R Y L L I U M  T U B I N G  

J. J. Cademartori22 J. R. Weir 

A program has been in i t iated to f ind a correlation 
between the results of nondestructive tests on 
tubing and the variations in  mechanical properties 
that might result from defects observed nonde- 
structively. The types of nondestructive exam- 
ination used have been radiographic, eddy current, 
ultrasonic, and visual. 

Correlations have been made between the radio- 
graphic results and the stress-rupture properties 
at  600 and 700OC. The results indicate that pre- 
mature fai lure of the beryll ium tubes i n  stress- 
rupture tests i n  most cases may be associated 
with defect indications observed during radio- 
graphic examination. Thus the evidence i s  that 
correlations o f  th is type w i l l  be successful, and 
further work involving the other nondestructive 
test ing techniques i s  contemplated. 

M E C H A N I C A L  P R O P E R T I E S  O F  Z I R C A L O Y - 2  

C. R. Kennedy 

Zircaloy-2 tubing has been tested to determine 
an analyt ical model to describe the mechanical 
anisotropy and to determine the effect of radiat ion 
upon the creep-rupture life. It has been shown 
previously23 that the fracture characterist ics can 
be described fair ly well  by the relationship: 

F ( S ,  - S J 2  i- G(Su - Sr)2 + H(Su - S,)2 = 1 , (3) 

where 

S, = tangential stress, 

Sr = radial stress, 

Su = axial  stress, 

F ,  HI and G = anisotropy constants. 

Performing the analysis on tubing tested at  room 
temperature, the y ie ld strength, fracture stresses, 
and the deformation rat ios are described very wel l  
by the fol lowing constants: H / F  = 1, and G/H = 3.7. 

220n loan frorn AEPSC. 
23C. R. Kennedy, discussion of the paper, "Effect of 

Combined Stress on Yield and Fracture of Zircaloy-2," 
by R. L. Mehan, presented at the ASME Annuol Meeting, 
New York, December 1960. 
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Fig. 17.14 Results of Zircaloy-2 Tube-Burst Test at 700 and 900°F in Helium. 

Preliminary creep-rupture results under varying 
stress rat ios indicate that these same constants 
are applicable i n  describing creep-rupture properties 
a t  700 and 9OOOF under tension-tension stress 
states. 

Tube-burst specimens have been tested in the 
ORR a t  700 and 9OOOF (neutron f lux = 
> 1  Mev). The results to  date, shown in Fig. 
17.14, are fa i r ly preliminary; however, they do 
indicate an interesting trend. A l l  the in-pi le 
specimens were given an approximate neutron 
dosage of 4 x 10l8 nut (> 1 MeV) before stressing. 
The results shown in  Fig. 17.14 indicate that 
the effect i s  t o  reduce in i t ia l l y  and then increase 
the rupture life. This trend w i l l  be confirmed by 
programming long-time tests i n  the next year. 

AIR-G AG E E X T E N S O M E T E R  

J. T. Venard 

As was reported earlier,24 a system u t i l i z ing  
air-gage techniques i s  being investigated i n  the 
development of an accurate and rel iable in-pi le 
extensometer. 

A prototype air motor and reset mechanism were 
placed in an experiment inserted i n  the B-8 posi- 
t ion of the ORR in March 1960. Although the 

24Met. Diu. Ann. Progr. Rept .  J u l y  I, 1960, ORNL- 
2988, p 246. 

mechanism did not operate successfully, suff icient 
information was obtained to  al low redesign to  
what i s  believed w i l l  be a rel iable system. The 
maior problem, gamma heating, should be solved 
by a change of materials and further miniaturiza- 
tion. 

Prel imi nary bench tests on air-gage calibration, 
using helium, have indicated that large quanti t ies 
of gas are required. A proposed system for helium 
conservation and recycl ing i s  now under study. 

The proposed system requires considerable 
development before it w i l l  be fu l l y  satisfactory, 
and work i s  progressing toward this end both in- 
p i l e  and out-of-pile. 

M E C H A N I C A L  P R O P E R T I E S  O F  INOR-8  

R. W. Swindeman 

INOR-8 i s  a nickel-base structural a l loy de- 
veloped for use i n  the Molten-Salt Reactor. Since 
this i s  a new alloy, a mechanical test ing program 
has been required to  establ ish the al lowable de- 
sign stresses. This program has consisted o f  
tensile, creep, relaxation, and fat igue studies. 
Many o f  the data generated on this al loy have 
been reported.25 In the past year, emphasis was 
placed on an investigation of the creep and tensi le 

25R. W. Swindeman, The Mechanical Properties of 
INOR-8, ORNL-2780 (Jan. 10, 1961). 
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Fig. 17.15. Criteria for Establishing Static Design Stresses for INOR-8. 

properties o f  new heats o f  alloy. Th is  information, 
in addit ion to  earlier data, has been careful ly 
evaluated and used to  establ ish safe-working 
stresses. Approximately 50 tensi le tests a t  inter- 
mediate and elevated temperatures were conducted 
on seven heats of material. These data are backed 
up by data from several hundred tests obtained 
from material vendors and from aging studies. 
Well over 100 creep and stress-rupture tests were 
performed in  the temperature range 1100 to  1400'F. 
Over 400,000 hr of creep test ing have been com- 

pleted on seven heats o f  alloy. These data were 
employed to  construct the curves shown in Fig. 
17.15, which presents various cri teria for estab- 
l ishing stat ic design stresses. As indicated i n  
the figure, the selected cri teria are (1) a quarter 
of the tensi le strength up to  200'F, (2) two-thirds 
of the y ie ld  strength up to  90O0F, (3) four-fifths 
of the 100,000-hr rupture strength up to  105OoF, 
and (4) two-thirds of the 0.1 CRU (creep-rate 
unit) stress (which corresponds to  a minimum 
creep rate of 1 ~ - ~ % / h r )  up to  1400' F. 
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18. METAL FORMING AND CASTING 

R. J. Beaver 

I R R A D I A T I O N  T E S T I N G  OF ALUMINUM-BASE 
F U E L  DISPERSIONS O F  UA13, U 3 0 8 #  AND 

U C 2  I N  A L U M I N U M  P L A T E S  

R. J. Beaver A. E. Richt '  

Studies have been made to  evaluate irradiation 
effects i n  aluminum-base fuel-containing dis- 
persions o f  U,O,, UC,, and UAI, i n  aluminum for 
low-temperature research reactors. The U,O, and 
UC, dispersions were prepared by powder- 
metallurgy techniques; the UAI, dispersoid oc- 
curred as a phase in a 48 wt % U-AI al loy which 
was modified wi th 3 wt % Si. Th is  program i s  
associated with the application o f  uranium 20% 
enriched in  U235 for foreign research reactors. 
Compositions of the material irradiated were 64 wt 
% UAI,-36 wt % AI, 62 wt  % U,O,-38 wt % AI, 
and 60 wt  % UC,-40 wt % AI. 

Specimens corisisted of miniature Alc lad plates 
which were bonded by ro l l  cladding.,-, Irradiation 
was conducted i n  the MTR, and the center-line fuel 
temperature was estimated to be 175OF. Irradiation 
exposure varied from 1.6 x 10,' to 6.5 x 10,' 
f issions/cc (15 to  60% burnup of the U235 atoms). 
Density changes as a function o f  burnup are 
i l lustrated i n  Fig. 18.1 and reveal that dispersions 
of UAI, (the U-Si-AI al loy) and UC, exhibited 
decreases i n  density, whereas dispersions of 

'Metallography Group. 

,C. F. Leitten, Jr. and W. C. Thurber, Phase I - 
Foreign Reactor Fuel  Sample Irradiation of a U-Si-AI 
Alloy. Irradiation R e  uest ORNL-MTR-35, O R N L  CF- 

,C. F. Lei t ten,  Jr. and W. C. Thurber, Phase IZ - 
Foreign Reactor Fuel Sample Irradiation of UC2-AI 
Dispersions. Irradiation Request ORNL-MTR-35, O R N L  
CF-58-10-20 (Oct. 13, 1958). 

,C. F. Leit ten,  Jr. and W. C. Thurber, Phase  211 - 
Foreign Reactor Fuel Sample lrradiation of U,08-Al 
Dispersions. Irradiation Request ORNL-MTR-35, 0 R N L  

58-2-109 (Oct. 13, 1958. 

CF-58-10-30 (Oct. 18, 1958). 

U,O, showed density increases. The density o f  
dispersions of U 0 increased rapidly during the 

stabi l ize and remain unchanged even after rather 
extensive burnup of the U235 atoms. The density 
data are supported by dimensional measurements. 

early stages o f  3 8  irradiation and then appeared to  

As  i l lustrated i n  Fig. 18.2, a phase presently 
not identi f iable appears a t  the periphery o f  the 
UAI,. A comparison of unirradiated and irradiated 
UC, dispersions i s  shown i n  Fig. 18.3. The 
microstructure o f  the unirradiated material shows 
the presence of a signif icant quantity of an 
unaccounted-for phase throughout the matrix as 
wel l  as around several of  the UC, particles. The 
deterioration of the UC, dispersions under irradi- 
at ion i s  believed to be associated with these 
phases. A comparison of the microstructures of 
dispersions of U,O, in aluminum, i l lustrated i n  
Fig. 18.4, shows that a reaction occurs predomi- 
nantly between the finer U,O part icles and 
aluminum during irradiation. 6revious studies 
revealed that a t  6OO0C, U,O, dispersions i n  
aluminum react i n  a short time, wi th the appearance 
of UO,; then after long exposures a t  this tempera- 
ture, intermetal l ics of UAI form.5 The phase 
shown in  the irradiated material i s  probably a 
mixture of the intermetallic compound and AI,O,. 

The magnitudes of the changes in density and 
dimensions i n  the specimens containing disper- 
sions o f  UAI, and U,O, are not considered 
suff icient to  cause deleterious effects i n  the 
performance of research reactor fuel elements in 
applications that require the use of, uranium l imited 
to 20% in enrichment of the U235 isotope. D is -  
persions of UC, i n  aluminum, on the other hand, 
do not appear attractive. 

5Met. Div. Ann. Progr. Rept. Oct. 10, 1958, ORNL- 
2632, p 155 (classified). 
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Fig. 18.3. Void Formation as a Function of U235 Burnup (BU) in Composite-Plate Specimens Containing Dis- 

persions of 60 w t  ?G UC*-AI* ( a )  Unirradiated; ( b )  34% BU. A s  polished. 250X. 
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ALUMINUM-BASE F U E L  E L E M E N T  
F A 6  R I C A T  IO N 

Development work has been directed primari ly at 
improvements in aluminum-base fuel element 
technology aimed at  high-flux, high-performance 
reactors which can operate at elevated central 
fuel temperatures (400 to  475OF), high neutron 
fluxes (2 x 10’’ neutrons cm-2 sec-’), and heat 
fluxes wel l  above a mi l l ion Btu f t -2  hr- ’ .  A 
typical example i s  the metallurgical investigation 
being made for the High F lux  Isotope Reactor 
(HFIR).6 The development of a fuel element for 
th is reactor i s  a joint effort o f  the Reactor 
Projects, Powder Metallurgy and Fuel Cycle, 

6T. E. Cole, High Flux  Isoto e Reactor - A General 
Description, O R N L  CF-60-3-33 [March 1960). 

Welding and Brazing, and Metal Forming and 
Casting Groups. Other phases of th is  program 
are discussed i n  Chaps. 23 and 24. 

The complexity of the HFIR element i s  i l l us -  
trated by the! photograph in Fig. 18.5, which i s  a 
top view o f  the element fabricated for c r i t i ca l  
testing. The fuel plates must be formed into the 
involute curvature shown and assembled into units 
whi le maintaining plate spacings of 0.050 rt 0.003 
in. averaged for any cross section w i th  no indi- 
vidual measurement varying by more than kO.010 
in. In a l l  units assembled to  date, the inside 
plate edges have been mechanically ioined to a 
tubular side plate, while the outer edges have been 
secured by both mechanical and welding tech- 
niques. Design specif icat ions are given in  
Table 18.1. 

Fig. 18.5. Completed H F I R  Critical Assembly. 
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Table 18.1. Tentative Design Specif icat ions of  Inner-Annulus and Outer-Annulus Plates 

for High-Flux Isotope Reactor 

Inner-Annulus Plates Outer-Annulus Plates 

Over-all s ize (in.) 

Length 

Width 
Thickness 

Number o f  plates 

24.000 k 0.005 
3.581 kO.002 
0.050 

171 

Fuel-section s ize (in.) 

Length 20.0 k '4 
Width 3.095 k 0.032 
Thickness, max 0.028 

24.000 0.005 
3.195 k 0.002 
0.050 

369 

1 

2.782 k 0.032 
0.028 

20.0 f 4 

Materia I s 

Cladding 

Frame 

Fuel section 

F i l l e r  piece 

Type 6061 aluminum 

Type 6061 aluminum 

24 wt % U-AI a l l ay  

Type 1100 aluminum 

Type 6061 aluminum 

Type 6061 aluminum 

26 wt % U308-0.07 wt % B4C-AI 

0.065 wt  % B4C-AI 

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

D. T. Bourgette '4. J. Kucera 
J. H. Erwin T. D. Watts7 

T o  minimize radial f lux peaking, each fuel plate 
in the HFlR w i l l  contain a fuel core that varies in 
thickness (or i n  uranium content) i n  a nonlinear 
manner. To provide a rectangular shape more 
suited for ro l l  cladding and, also, a means of 
achieving a uniform boron content across the 
plate, additional complementary f i l ler  pieces are 
added. Transverse sections of plates for both 
annuli are shown in  Fig. 18.6. 

The general procedure used to fabricate the 
plates for the c r i t i ca l  experiment and the one now 
considered most l ikely to y ie ld  acceptable plates 
consisted of either casting and extruding 24 wt % 
U-AI al loy to  7/,-in.-diam rod or cold-pressing 
aluminum-base rectangular compacts containing 
26 wt % U308 and 0.07 wt % B4C. The two 
methods for preparing core blanks resulted from 
the fact that the cores for the inner-annulus plates 
contain B,C and are produced from powders, while 
the outer-annulus plates do not contain boron and 

7Pawder Metallurgy and Fuel Cyc le Group. 

permit the use o f  the U-AI alloy. In both cases, 
the fuel-bearing part was hot-forged to a curved 
core, encased with the matching inserts i n  type 
6061 aluminum, and rol l-clad to specif ied size. 

The main problems encountered in the fabrication 
of the shaped cores have been associated with 
segregation. For the inner plates a powder core 
was substituted for the original ly planned al loy to 
simpli fy a boron segregation problem. It has been 
possible to  vacuum melt, cast, and extrude binary 
0.07 wt % B-AI al loys, and to  achieve recoveries 
of 85% and indices of homogeneity of 96%. 
However, large and erratic losses o f  boron oc- 
curred when 20 to 30% U along with 2% S i  was 
added to the melts. Another segregation problem 
was a variat ion i n  uranium content in the extruded 
U-AI alloys. For the c r i t i ca l  experiment, wi th 
density used as a measure of uranium content, 
adjustments were made in the volume of each 
cyl indr ical  forging blank. Such control resulted i n  
meeting the required loading of 5590 g of U23' 
within 1 g with a 99% certainty. It i s  expected 
that th is segregation may be minimized by cast ing 
into slab molds. Excel lent control of homogeneity 
was achieved with the powder cores. In the hot- 
forged shaped cores, the variation i n  bulk density 
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either wi th in sections of single cores or between 
entire cores was +1.5%, and the variations of 
uranium and boron from the nominal were both 
k 3%. 

In converting the forged cores into c lad plates, 
the problems encountered included (1) achieving 
t ight  dimensional tolerances for both the plates 
and the fuel cores, (2) obtaining sound bonds 
between the core, inserts, and cladding, and 
(3) avoidance of bl isters. The f i rs t  two items are 
now under control, but the third remains a serious 
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problem. Bl isters o f  varying sizes and location 
were found on almost a l l  fabricated and annealed 
plates. The causes o f  these bl isters have not 
been resolved but are being intensively investi-  
gated. 

In the fabrication of both al loy and powder core 
plates for the c r i t i ca l  experiment, the desired 
fuel-section thickness was obtained w i th in  +0.001 
in. The core configurations obtained are compared 
with those specif ied i n  Fig. 18.7. The sol id 
curves indicaie the desired configuration, wi th the 

UNCLASSIFIED 
ORNL-LR-DWG 58634 
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Fig. 18.6. "Meat" Section Design of HFIR Composite Fuel Plates, Representing Method for Obtaining a 
Transverse Fuel  Gradient. 
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Fig. 18.7. Comparison of Theoretical and Actual Fuel  Shapes Produced in  Rol l  Cladding HFIR Composite 

Plate. 
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points of the arrows indicating the permissible 
upper variat ion (no lower l im i t  has been estab- 
lished). The bands indicate the spread found in 
the metallographic examination o f  randomly se- 
lected plates. It i s  obvious that, even at  th is  
early stage in the development, good control over 
the core shape has been achieved. 

P l a t e  Forming and Assembly 

J. H. Erwin 

Before the rol l-clad composite plates may be 
assembled into an element, they must be formed 
into the necessary shape. To obtain the required 
f inal  tolerances, such forming must be capable of 
y ie ld ing a c losely controlled uniform plate. The 
desired shape i s  given to  the plates by a 

As shown in Fig. 18.8, 
the plate required for these part ia l ly  welded ele- 
ments must be shaped into an involute and must 
have the outer edge formed into a second involute. 
The success achieved w i th  the f i rs t  two groups of 
plates which contained cores may be seen by the 
data in Table 18.2. The data were obtained by 

marforming” technique. I I  

r 0.050 
\ 

ALL DIMENSIONS 
ARE IN INCHES 

averaging values of the radi i  measured a t  specif ic 
points on randomly selected plates. The agree- 
ment, especial ly on the inner annulus, between the 
measured and the theoretical values and the 
reproducibi l i ty down each radial posit ion indicate 
excel lent control and uniformity. Plates for the 
inner annulus are s l ight ly superior to  those for the 
outer annulus. 

Both segments o f  the c r i t i ca l  element were 
assembled by using the arrangement shown in  
Fig. 18.8. Assembly of both units proceeded with 
only minor di f f icul t ies.  The diameter of the outer 
element was sl ight ly oversize, and some defor- 
mation o f  the plates occurred when it was reduced 
to the correct diameter. After assembly, both 
units were turned over to  the Welding and Brazing 
Group for welding and measuring. 

An alternative type of inner element was 
assembled from sol id aluminum plates by use of an 
all-mechanical assembly sequence. For th is unit, 
the plates were formed as a single involute (no 
broken edge), and control of spacing was obtained 
by strips spot-welded to  the plate. Each plate and 

UNCLASSlFlED 
ORNL-LR-DWG 58393 

Fig. 18.8. Segment of Inner-Annulus HFIR Assembly. 
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Table 18.2. Tabulation of Averaged Radi i  Obtained at  Specific Posit ions on Formed HFlR P la tes  

b Inner- Annulus PI  ote' Outer-Annulus P la te  
Vertical Posit ion 

R1 R2 R3 R4 R1 R 2  R 3  R4 

Theoret i ca I 1.425 2.73 1 3.563 4.9 17 2.460 4.305 5.484 7.816 

1 1.421 2.736 3.56 1 4.916 2.456 4.303 5.485 7.814 

2 1.431 2.736 3.560 4.9 15 2.463 4.312 5.494 7.8 17 

3 1.431 2.735 3.560 4.914 2.464 4.315 5.499 7.819 

4 1.431 2.736 3.560 4.913 2.462 4.315 5.499 7.8 18 

5 1.431 2.736 3.560 4.912 2.463 4.315 5.497 7.817 

6 1.431 2.736 3.560 4.914 2.462 4.310 5.493 7.814 

7 1.431 2.737 3.563 4.9 18 2.457 4.301 5.484 7.816 

aAverage of 18 fuel plates measured. 

bAverage of 35 fuel plates measured. 

CCalculated radius of involute of locations measured. 

Table 18.3. Plate  Spacing for HFlR Inner-Annulus 

Pinned Element 

Entire 52 
Element Spaces 

assemble such configurations. However, they 
also point out potential d i f f icul t ies,  wi th large 
total  deviat ions resul t ing from accumulation of 
variat ions of only minutes i n  angles and of only 
mi ls in linear dimensions. 

Channels 

Number meosured 182 52 
% within 0.005-in. tolerance 94 100 
% within 0.003-in. tolerance 70 98 

Cross sections 

Number measured 1280 364 
% within 0.005-in. toleronce 98 100 
9% within 0.003-in. tolerance 88 98 
% of individual measurements 1 0 

outside )0.010 in. 

i ts  str ip were mechanically pinned to  the lower 
plates. Dimensional control achieved on th is  
element i s  shown by the data in Table 18.3. Th is  
table i s  divided into two columns, the f i rs t  for the 
entire element and the second for a group of plates 
assembled in  order near the completion of the 
unit. Th is  column should be indicative of what 
might be achieved on a second unit. 

The tolerance data obtained on these elements 
present an optimist ic picture, wi th such close 
control being achieved on the f i rs t  attempt to  

STAINLESS-ST E E L-6 ASE F U E L E LEME NT 
F A B R I C A T I O N  

Development of Swaged U 0 2 - S t a i n l e s s  Steel 
Fuel Rods 

J. T. Lamartine 

Primary efforts in the development of swaged 
UO,-stoinless steel fuel rods have been directed 
toward (1) ac:hieving greater fuel densit ies through 
elevated-temperature swaging and postswaging 
fuel sintering treatments and (2) defining the 
source of  gases which may be responsible for 
swel l ing of fuel tubes when brazed into fuel 
e I ement s. 

In studies of UO, density vs swaging tempera- 
ture by use of oxides from various sources, fused- 
and-ground UO, yielded a density of 94%.* 

For the f i rs t  time, a postswaging heat treatment 
shows promise of y ie ld ing increases i n  density o f  
swaged UO,. Use i s  made of the f indings o f  in- 
creased low-temperature s interabi l i ty  of UO, with 

'Maritime Reactor  Projec t  Ann. P r o p .  R e p t .  Nov. 30, 
1960, ORNL-3046, pp 50-51. 
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a high O/U Tubes f i l l ed  wi th oxides 
normally considered not swagable but which had 
had their O/U rat io increased to  2.2 were swaged 
to theoretical densities of 55.4 and 71.4%; after 
being heat treated i n  hydrogen at 13OO0C, the 
densit ies had increased to 90.2 and 87.8%, and the 
O/U ratios were both 2.002. D i f f i cu l t ies  with th is  
process would be the long times and control of 
dimensions with the large shrinkage encountered. 

During the preparation of swaged fuel-rod 
clusters for the Maritime Irradiation Test Program, 
it was observed that several of the rods had 
swelled during the brazing operation, which was 
performed at  10IO°C in  hydrogen. Th is  was a 
surprising result, since four similar fuel-rod 
clusters had previously been fabricated without 
dif f icu1ty. l '  A s  a consequence, an investigation 
was in i t iated to determine the source and nature 
o f  gas within the fuel rods that could produce 
suff icient pressure to cause deformation o f  the 
thin-wall  stainless steel cladding at  the brazing 
temperature. Two gas-evolution experiments were 
conducted. The f i rst  was designed to  identi fy and 
measure the quantity of gas released on heating 
fused-and-ground fuel to 10IO°C. The objective 
o f  the second experiment was to col lect  and 
identi fy the gases contained w i th in  a swollen rod. 

9R. Scott and J. Williams, Trans.  Brit. C e r a m  Soc. 

"Olin Mathieson Co., Fuel C y c l e  Development  
Program, First Quarter Report, Sept. 30, 1959,  NYO- 

" M e t .  Diu. Ann. Progr. Rept .  J u l y  1 ,  1960, ORNL- 

57, 199 (1958). 

2684. 

2988, 300. 

In the f i rs t  experiment, fused-and-ground UO, 
from each o f  four batches was heated in vucuo, 
and the evolved gases were col lected in the 
temperature ranges 0 to 300, 300 to 500, 500 to 
750, and 750 to 10IO°C and were spectrographically 
analyzed: 

The volume of gases released from each of these 
oxides i s  presented in Table 18.4. In each 
instance, the predominant gas species (greater 
than 90% of the total volume) was spectrographi- 
ca l l y  identi f ied as nitrogen. The data also show 
that the volume o f  gases released to 10IO°C in 
vucuo correlates wi th the nitrogen in the UO, 
based on Kieldahl analyses. Of the total  gas 
accumulated, less than 15% was released at  tem- 
peratures below 500OC. 

Dispersions of Spherical UO, i n  Stainless Steel 

J. H. Cherubini 

Within the past year, rather thick (0,112 in.), 
f lat  stainless-steel-clad plates containing dis- 
persions o f  36 wt % spherical UO, were success- 
fu l ly  developed.12 The investigations revealed 
that the quali ty o f  spherical UO, procured from 
industrial sources varied from batch to  batch, and 
the microscopic distr ibution i n  the fabricated 
plate i n  some cases showed extensive fragmenta- 
t ion of the spherical UO,. It was also found that 
spherical UO, in th is concentration could not be 

'*J. H. Cherubini et al . ,  Fabrication Development  of 
U02-Sta inless  S tee l  Composi te  Fuel  P l a t e s  for Core B 
of the Enrico Fermi Fast  Breeder Reactor ,  ORNL-3077 
(Apr. 4 ,  1961). 

Table  18.4. Results of U02 Gas-Evolution Experiments on Fused-and-Ground Uranium Dioxide 

Volume of Gas Released in Vacuo Kieldahl  Analysis 
Oxide Batch 

Number 
to 10100c Maior Gas Species of N, Content in UO, 

(cc per g of UO, at  STP) ( P P d  

1 0.380 

0.390 
N2 455 

2 0.175 

0.260 
N2 310 

3 0.135 N2 150 

4 0.041 N2 105 
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dry-blended to  obtain acceptable homogeneity. It 
was therefore necessary to resort to  a paste- 
blending technique by use of a mixture of 5% 
paraffin in carbon tetrachloride. A large number 
of plates was produced, and the re l iab i l i t y  of the 
fabrication procedures to  meet the proposed 
specif icat ions was demonstrated. The data gener- 
ated have enabled Atomic Power Development 
Associates to  prepare specifications for the core B 
loading of the Enrico Fermi Fast Breeder Reactor. 

Boron Losses i n  Soron-Bearing Stainless Steel 
Compacts 

J. H. Cherubini 

Studies of boron losses i n  stainless steel 
compacts were completed, and a report was 
issued.13 The results of these comprehensive 
investigations on boron reactions wi th the 
elementals and oxides of the elements present i n  
sintered stainless steel compacts revealed that 
boron losses are always l i ke ly  to occur when the 
sintering i s  done i n  hydrogen. It was further 
emphasized that i f  sintering had to  be done in  
hydrogen, the hydrogen should be dry ( less than 
1 ppm H,O) to  minimize such losses. I t  was also 
concluded that losses can be eliminated by 
sintering i n  vacuum. 

NEUTRON ABSORBER D E V E L O P M E N T  

R. J. Beaver A. E. Richt14 
T. D. Watts’ 

During the course of developing plate-type 
stainless-steel-clad neutron absorber sections for 
the SM-1 reactor at  Fort  Belvoir, Virginia, three 
types of absorber materials were studied: (1) a 
dispersion of 3 wt  % B” i n  iron, (2) dispersions 
of 20 to  36 wt % Eu,O, i n  stainless steel, and 
(3) dispersions of 1.0 to  3.0 wt % 6’’ i n  stainless 
steel. Work on dispersions of 3 wt % B” in  iron 
was completed with the post-irradiation examination 
of a l l  miniature plate specimens irradiated i n  the 
MTR at a maximum temperature of 170°F. A 
summary of the results i s  i l lustrated i n  Fig. 18.9, 
which shows swell ing as a function of burnup. 

I3J.  H. Cherubini, Determinations o/ the Mechanisms 
and Kine t i c s  of Deboronizat ion at l I 3 P C ,  ORNL-3141 
( in press). 

14Me+allography Group. 

I5Powder Metallurgy and Fuel Cycle Group. 
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Fig. 18.9. Effect of Burnup on Swelling i n  Stainless 

Steel Composite-Plate Specimens Containing 3 wt % 
B’O in Iron. Specimen size: 0.156 x 1 x 6.5 in. 

Changes in thickness were the only dimensional 
changes observed and were pr incipal ly due to  
separation of the stainless steel cladding as a 
resul t  of damage at  the surface of the boron- 
bearing material and accumulation of helium. This 
ef fect  can be observed in  Fig. 18.10, which shows 
the severity of the damage in  the proximity of the 
bonded interface. It can be concluded that 3 wt % 
B” i n  iron i s  l imited to a maximum B” burnup 
of 5 at. %. 

Dispersions o f  36 w t %  Eu,O, i n  stainless steel, 
the current neutron absorber i n  the SM-1, offer 
better resisiance to  radiat ion damage, since the 
europium i s  a gamma emitter and therefore should 
not deteriorate because of  the boron (n,a) 
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UNCLASS IF lED 
R M G - 4 3 0 4  

Fig. 18.10. Irradiation Damage to 3 wt % B'O-Fe, Showing Deterioration at Surface of Material and at Banded 
Care-Clad Interface After a B'O Burnup of 16.5 at. %. Etchant: 2% Picral. 1OOX. 

reaction.16 Postirradiat ion results on miniature 
composite plates irradiated i n  the MTR at 170°F 
have been extremely encouraging. Dimensional 
measurements have shown no geometrical changes 
at exposures estimated to  be as high as 9 x lo2' 
nut, and, as shown in Fig. 18.1 1, no microstructural 
effects can be observed. 

Although dispersions of Eu,O, i n  stainless steel 
appear to be very rel iable under irradiation, the 
high cost of Eu,O, i s  a detraction. Studies 
therefore continue on highly enriched boron, by 
using a concept of a boron gradient throughout 
the thickness of the plate which takes into account 
the self-shielding of boron. The gradient i s  
designed to permit uniform burnup rather than 

16C. F. Leitten, Jr. et al.,  Specif icat ions and Fabri- 
cat ion Procedures on Europium-Bearing Absorber Sec- 
t ions for Reac t i v i t y  Control in Core I1 of SM-1, ORNL-  
2733 (July 29, 1959). 

concentrating it at  the surface layers. In a four- 
step gradient the boron concentration i s  varied 
from 1.0 wt  % B'O to  3.0 wt  !?6 B'O (ref 17). In 
th is manner it i s  believed that the l i f e  of such an 
absorber can be increased fivefold. The ele- 
mental boron (90% enriched in  the B'O isotope) 
was dispersed in type 200 stainless steel by 
using powder-metallurgy procedures, and was 
rol led wi th type 304L stainless steel. After 
determining that no boron losses occurred during 
fabrication, composite plates were fabricated and 
joined in  accordance with specif icat ions published 
previously for neutron absorbers presently oper- 
at ing i n  the SM-1 reactor.16 Test ing o f  th is  
section in A lco  Products Cr i t ical  Fac i l i t y  re- 
vealed it to have a nuclear worth o f  f ive cents 

"Met .  Diu. Ann. Progr .  Rept. J u l y  1 ,  1960, 
ORNL-2988, pp 318-21. 
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UNCLASSIFIED 
R M G  - 4285 

UNCLASSIFIED 
R M G - 4  300 

STAINLESS STEEL 
CLADDING I 

BONDED 
INTER FACE t 

30 w t  70 E u 2 0 3 -  
STAINLESS STEEL CORE I 

STAINLESS STEEL 1 CLADDING 
BONDED 

I N T  E R FAC E 

30 w t  70 Eu203- 
STAINLESS STEEL CORE 

Fig. 18.11. Comparison of Microstructures of Unirradiated and Irradiated Dispersion of 30 wt % E u 2 0 3  in 

( a )  Unirradiated, ( b )  irradiated. A s  polished. 1OOX. Stainless Steel After on Estimated Exposure of 9 x lo2' nvt. 
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more than the Eu203-bearing neutron absorbers’ 

presently operating i n  the SM-1. The boron- U R A N I U M  MONOCARBIDE 
SHAPE C A S T I N G  O F  S T O I C H I O M E T R I C  

gradient absorber i s  scheduled for operation i n  the 
SM-1 in the near future. 

M E L T I N G  AND C A S T I N G  O F  R E F R A C T O R Y  
M E T A L S  AND A L L O Y S  

D. T. Bourgette T. Hik ido 

The electron-beam furnace continued to be very 
ef fect ive for producing h igh-pur i ty refractory-metal 
samples. Niobium, in approx 300-9 heats, was 
purif ied consistently to less than 100 ppm total 
oxygen, nitrogen, and carbon content.’ Pur i f i -  
cat ion was not obtained .by melt ing with a non- 
consumable inert-atmosphere arc. It was possible, 
however, to arc-remelt the electron-beam-purified 
material and maintain the purity. Tungsten, 
tantalum, molybdenum, and refractory-metal-base 
al loys were melted also. However, the composition 
of a l loys in which the minor constituent had a 
higher vapor pressure than the base metal, such as 
niobium-zirconium, was d i f f i cu l t  to contr01. l~ 
The electron gun, which was or ig inal ly designed 
for klystrons, proved to  be somewhat inadequate 
for use i n  a melting furnace. Design of a new gun 
with replaceable filament and cathode was in i t i -  
ated. Instrumentation to control electron emission 
and a sight-glass-shield assembly were installed. 
These improvements should make extended furnace 
operation feasible so that ingots may be melted 
more readily. 

D. T. Bourgette 

Investigations have been conducted i n  a1 loying 
uranium with carbon to produce stoichiometric 
uranium monocarbide (4.80 wt ’% C) by arc melting, 
remelting, and casting into small-diameter cyl in-  
dr ical  shapes. These shapes are to be irradiated 
for evaluation as advanced fuel material for the 
Experimental Gas-Cooled Reactor.” This program 
differs from others2’ in th is  f ie ld  in that efforts 
are directed a t  casting uranium carbide with a 
closely controlled stoichiometric composition. 
By selection of high-purity uranium with less than 
50 ppm C, spectrographic carbon, and a tungsten- 
tipped electrode, it was demonstrated that 
stoichiometric uranium monocarbide could be arc- 
melted on a water-cooled copper hearth. A 
knowledge of the charged constituents, part icularly 
the carbon in  the uranium, the weights of the 
material before and after arc melting, and the 
metallographic examination were the cr i ter ia for 
stoichiometry. 

For remelting, a copper mold was designed which 
contained a graphite insert but d id not permit 
molten carbide to  be i n  contact w i th  graphite for 
any appreciable period. The microstructure of 
material melted and cast under these conditions is 
shown in Fig. 18.12. The very clear single-phase 
structure has none of the usual dicarbide needles 
present wi th in the grains. Four 100-9, crack-free 

A series of niobium al loys wi th various nitrogen castings of th is qual i ty have been made. 

contents was prepared by remelting the electron- 
beam-purified material in atmospheres with various 
nitrogen part ial  pressures.20 After being analyzed, 

F A B R I C A T I O N  O F  S U P E R C O N D U C T I V E  
Nb-CLAD Nb3Sn WIRE 

the ingots were cold rol led unt i l  cracking oc- J. T. Lamartine 
curred. A sl ight  decrease in  ducti l i ty, from 98% In l ight  of the remarkable properties of Nb3Sn 
reduction to 96%, Was found in the al loys con- (see Chap. 8) ,  a program has been generated with 
taining from 64 to 590 PPm nitrogen. A very the possibi l i ty  of fabricating this material into 
marked decrease in  th is ProPerf.Yt reduction of superconducting solenoid magnets having f ie lds 
only 21%, Was found with the next allOY which potential ly as high as 100,000 gauss. The 
contained 730 ppm nitrogen. fabrication portion of th is program involves the 

production of wire o f  th is material. - 

. 

18J. Coombe e t  al.. Hazards Report for the SM-1 
Core 11 wi th  Special Components ,  A P A E  No. 84 
(Mar. 30, 1961). 

19ANP Semiann. Progr. Rept .  Apr. 30, 1961, ORNL- 
3144 ( in press). 

”Met.  Diu. Ann. Progr. Rept. J u l y  1,  1960, ORNL- 
2988, pp 332-40. 

’’ G C R  Quart. Progr. Rep t .  Dee.  31, 1960, ORNL-3049, 
PP 244-46. 

2 2 A .  C. Secrest, Jr., E. L. Foster, and R. F. 
Dickerson, Preparation and Propert ies  of Uranium 
Monocarbide Cas t ings ,  BMI-1309 (Jan. 2, 1959). 
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At present, more than 1500 f t  o f  copper-clad wire 
exhibi t ing a smooth surface and good apparent 
duct i l i ty  has been successful lyfabricated in approx 
500-ft lengths by tamp-packing a powder mixture of 
60 wt  % Nb-40 wt  % Sn in a i- in.-OD, I/-in.-ID 

* UNCLASSIFIED 
Y -36 4 6i 

electron-beam-melted niobium tube, swaging a t  
room temperature to  a 0.168-in. diameter, encasing 
i n  copper, and f inal ly drawing to  a 0.015-in. 
diameter by using a 20% reduction per pass. 

Fig. 18.12. Typical  Microstructure of Uranium Monocarbide Arc Cast  into a Graphite Sleeve Mold Contained in 

Capper Insert Molds. Etchant: H2O-HNO3-acetic acid. 

110 
. 



P E R I O D  E N D I N G  M A Y  31, 1961 

19. METALLOGRAPHY 

k. J. Gray 

During the past year, effort i n  the metallographic 
group was distributed among three maior ac t i v i -  
t ies:  (1) developrnent of new techniques and 
equipment, (2) soecial ized metallographic studies, 
and (3) reactor-project support work. Accomplish- 
ments i n  each of these three areas are summarized. 

D E V E L O P M E N T  O F  NEW T E C H N I Q U E S  
AND E Q U I P M E N T  

Pol ish ing  and Etching of U r a n i u m 4 o l y b d e n u m  
Al loys  

G. Hallerman 

The physical and chemical natures of U-Mo 
al loys present a problem in  producing suitable 
surfaces for optical examinations. Conventional 
etching methods for specimens containing the 
retained y phase in  U-1040-16.75 wt % Mo are 
not satisfactory due to excessive pi t t ing and/or 
formation of oxide f i lms during etching. Further- 
more, there i s  no single etching technique suitable 
for specimens w i t h  various compositions or thermal 
h i  stories. 

During investigation of several etching methods, 
two techniques, described below, were found to  
give improved results for uranium al loys con- 
taining 10 to  16.75 w t  % Mo. 

1. Cathodic vacuum etching reveals sharp grain 
boundaries of the retained y phase with a minimum 
amount of pitting. Th is  method works well  i n  the 
entire composition range. Specimens i n  the as- 
cast condition, however, do not show a cored 
structure typical  of th is condition. 

2. Electrolyt ic pol ishing and etching affords a 
rapid means of processing specimens, and th is  
method i s  recommended for routine examination 
of the y phase i n  U-Mo alloys. Of a l l  the elec- 
trolytes tested, chromic and acetic acids produced 
the best metallographic surface. 

Figure 19.1 shows the results of the two tech- 
niques as applied to  the same specimen. Both 
techniques are suitable for grain-size determina- 
tions. The cathodic vacuum method, however, i s  
better where the amount of microporosity i s  to be 
studied. 

Metallographic Preparation of Z i rconium-Base 
A l loys  Conta in ing Copper 

D. M. Hewette II 
The microstructure of heat-treated samples of 

Zr-Cu al loys i s  d i f f i cu l t  to  reveal by the usual 
mechanical pol ishing techniques. Chemical pol- 
ishing produces f la t  surfaces that are suitable for 
exami not ion wi th polari zed-I ight i I Iumination but 
not for bright-f ield studies. Electrolyt ic pol ishing 
aoplied to  ground or mechanically pol ished speci- 
mens produces surfaces that, although wel l  etched, 
are not f la t  and are often heavi ly pitted. Through 
a combination of the two techniques, chemical 
pol ishing fol lowed by a short electropolish, ex- 
cel lent microstructures can be obtained in  Zr-1% 
Cu and Zr-1.6% Cu.’ These microstructures are 
suitable for examination wi th either bright-f ield 
or polarized-light i l lumination and at high or 
low magnification. 

Etching Tho, P a r t i c l e s  in  the Range 1 to 5 f~ 

C. K. H. DuBose 
1 Thorium oxide samples as small as /s in., can 

be examined metallographically. The etching re- 
quires removal of the specimen from the mount, 
as standard mounting materials do not withstand 
boi l ing HNO, and HF.’ It i s  obvious that such 
a technique of specimen removal cannot be fol- 
lowed i n  the handling of powders i n  the size range 

I n  preliminary experiments Tho, part icles were 
embedded in a glass, thereby el iminating the 
necessity for removing the part icles from the mount 
before etching. A lead peroxide-boric acid glass 
was used as mounting material for part icles 1 to 
5 p i n  size. The part icles were embedded in the 
glass at 45OoC, far below the sintering temperature 
of Tho,. 

1 to 5 p. 

’ J .  E. Spruiell and D. M. Heweite 1 1 ,  Metallographic 
Preparation of Zirconium-Base Al loys  Containing Copper, 
ORNL-3139 (io be published). 

2Met. Diu. Ann.  Progr. Rept .  ] u l y  1 ,  1960, ORNL-2988, 
p 361. 

111 



M E T A L L U R G Y  A N N U A L  P R O G R E S S  R E P O R T  

. .  , UNCLASSIFIED 
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Fig. 19.1. Uranium-15 wt % Molybdenum, Vacuum-Induction Melted, Heat  Treated for 194 1 hr at 95OoC, then 

Water Quenched. (a) Cathodic vacuum etched (15 min at 3.2 kv); ( 6 )  electrolytically polished and etched (Cr03,  

acetic acid, H20). 
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Fig. 19.2. Electron Photomicrograph of As-Polished I-Sp Thop Powder Part ic les Mounted i n  Glass. 13,600X. 

For as-polished examination, the results were 
far superior to  those from any other process in- 
vestigated to date. Part ic les i n  th is  s ize range 
normally agglomerate, due to an electrostat ic 
charge. The glass mounting material, however, 
wets each part icle and separates them (see Fig. 
19.2). The lead peroxide-boric acid glass with- 
stands the Tho, etchant to the extent that it 
etches as a platelet- l ike structure. Th is  etched 
glass structure makes f inding and interpretation 
of the etched Tho, part icles somewhat dif f icult .  
Further research w i l l  be carried on in an effort 
to  f ind an even better mounting material to  with- 
stand the Tho, etchant. 

Mi croradioautography 

W. H. Bridges 

During a study o f  the fate of carbon in  type 304 
stainless steel by exposing it to an atmosphere 
containing C14 and subsequently using micro- 
radioautography to  trace the act ive radionuclides, 
a portion of the emulsion was stripped from the 
sample. A s  it was quite thin, it was mounted in  

the electron microscope and examined. A typical  
electron photomicrograph i s  shown in  Fig. 19.3. 
From the i n i t i a l  observations it appears that some 
of the active carbon i s  displaced from i t s  original 
posit ion and distr ibuted about the surface during 
the polishing. It i s  then caught by scratches and 
other microroughness. Note in particular the in- 
clusion a t  the lef t  of picture. There i s  a bui ldup 
of C14 at one end and a ta i l ing off at the other. 

A cursory scan of the literature has not revealed 
any instances of the application of combined elec- 
tron microscopy and radioautography to metallurgy, 
although it has been used in  a few cases i n  
biological studies - first  by Liquier-Milward3 and 
most recently by Van T ~ b e r g e n . ~  Further efforts 
are being made to  develop the techniques and 
determine the areas of usefulness of ultramicro- 
radioautography. 

3J. Liquier-Milward, Nature 177, 619 (1956). 
4R2. P. Van Tubergen, J. Biophys. Biochem. CytoI. 7, 

219 (1961). 
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Fig. 19.3. Kodak NTE Liquid-Emulsion F i lm After Exposure and Development; Stripped from Type 304 Stain- 

less Steel Carburized in a C14-Containing Atmosphere. The metallographic specimen w a s  as polished. 18,400X. 
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Evaluat ion of a  N e w  Pol ishing C l o t h  

8. S. Crouse 

The pol ishing characterist ics and wearing quali-  
t ies  of a new type o f  pol ishing cloth5 were evalu- 
ated. The cloth was tested both i n  vibratory and 
hand-polishing operations wi th several different 
metals and alloys. 

It was found that the c loth could be substituted 
for the standard s i l k  o rny lon  cloth for rnost metal- 
lographic samples - aluminum al loys being an 
exception. Pol ishing time was cut as much as 
two-thirds i n  some instances, for example, for 
high-speed steel, stainless steel, and brass. For 
a l l  materials tested, the c loth was found to out- 
wear both s i l k  and nylon considerably. On the 
aluminum alloy, severe pi t t ing occurred around 
inclusions, and deep scratches were produced 
that could not be removed entirely in the succeed- 
ing pol ishing steps. While the material gave good 
results i n  etch-polishing beryl l ium and in pol ishing 
tungsten by hand, i t appears to have i t s  greatest 
potential for operations involving vibratory pol ish- 
ing, The cloth produces undesirable edge rounding 
i n  some ceramic materials but does reduce the 
pol ishing time. It i s  not as universal ly appl icable 
as s i l k  or nylon but does have considerable ut i l i ty .  

D i a l l y l  Phthalate  Prepolymers as a  Radiations 
Resistant  Mounting Mater ia l  

E. J. Manthos 

D ia l l y l  phthalate prepolymers have been sug- 
gested for use as possible metallographic mounting 
material.6 Among the advantages claimed for th is 
material are good edge retention because of low 
postmold shrinkage, and good chemical resistance 
to  etching reagents. I f  ut i l ized i n  hot-cel l  metal- 
lographic work, the material must retain the above 
characteristics under intense radiation. 

Two types of d ia l l y l  phthalate prepolymers are 
being tested. One i s  a mi l led glass-f iber-f i l led 
resin i n  powdered form, and the other i s  an un- 
f i l l ed  granular resin. The unf i l led granular resin 
i s  not satisfactory for hot-cel I application because 
of i t s  low bulk density, which makes remote 
mounting dif f icult .  Both resins require molding 

pressures of  2500 psi  at 150°C. The mounts are 
cured at  150°C for 6 min and then cooled under 
pressure to  65OC. Several unirradiated specimens 
were mounted in  the f i l l ed  and unf i l led resin. 
These mounts appear to be as good as the standard 
Bakel i te mounts. 

I n  order to  determine the effects o f  radiat ion on 
the mounting characteristics, a section of an 
irradiated Eu203-stainless steel absorber plate 
which read 20 r at 1 ft was mounted remotely in 
the glass-f i l led resin. A blank mount was also 
molded with the same mounting press for com- 
parison. hardness readings and measurements o f  
the diameters o f  both mounts w i l l  be taken at 
various intervals. 

Remote Stereomicroscope L i g h t  Source 

E. J. Manthos 

A new higher-intensity l ight  source has been 
instal led on the stereomicroscope in  cel l  2, 
Bui ld ing 3025. The previous l ight  source was 
unsatisfactory for photographic purposes because 
of the relat ively low l ight  output and short lamp 
life. Two quartz-halogen “Sylvania Sun 
were adapted for use with the s te reor ’  ,icroscope. 
A removable mounting bracket was designed to  
permit remote replacement of the lamos. The new 
units have a rated lamp l i f e  of 10 to 15 hr and a 
l ight  output equivalent to  the output of four of 
the previously used 300-w reflector floods. 8e-  
cause of the great amount of heat generated by 
the lamps at f u l l  voltage, Variacs were instal led 
so that the l ight  intensity can be lowered when 
the stereomicroscope i s  being used for viewing 
instead of photography. 

Ultrasonic Microchisel  

G. Hallerman 

The ultrasonic microchisel* continues to  be an 
important tool for mechanical extraction o f  in- 
clusions from metal specimens for subsequent 
identi f icat ion by x-ray dif fract ion techniques. 
When extracted samples contain elements of low 

spellon polishing cloth, manufactured by the Pellon 7Sylvania Sun Gun Movie Light, manufactured by 
Corp., 350 5th Ave., New York, N.Y.; distributed by Sylvania Electric Products, Inc., 1740 Broadway, New 
Geoscience Instruments Corp., 142 Maiden Lane, New York 19, N.Y. 

*G. Hallerman, Met .  D i u  Ann. Progr. R e p t .  J u l y  1, York 38, N.Y. 
6C. A. Golden, Metal P r o p .  79(1), 122-23 (1961). 1960, ORNL-2988, p 341. 
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atomic numbers, identi f icat ion by th is  method be- 
comes dif f icult .  In these instances, spectro- 
graphic analysis y ie lds good results, but only 
when the amount of the extracted material i s  on 
the order of 10 to 20 mg. 

Low=Ternperature Microscopy 

G. Hallerman 

A low-temperature microscope stage capable of 
examinations of a specimen surface during phase 
transformations in temperature ranges between 
room and l iquid-hel ium temperatures was designed. 
The immediate appl icat ion o f  the cold stage w i l l  
involve optical studies of phase transformations 
of cerium to supplement the work done by 

Delivery o f  the l iquid-hel ium Dewar for the co ld  

McHargue. 9 

stage i s  scheduled for June. 

9C. J. McHargue and H. L. Yakel, Jr., Acta Met.  8, 
637-46 (1960). 

LowmLevelaRadiation Glove Box 

E. L. Long, Jr. 

Technetium and i t s  al loys are attract ive i n  the 
study of superconductivity materials. Since tech- 
netium i s  a #ow-energy-beta emitter, a Plexiglas 
glove box provides adequate shielding and con- 
tainment. Fobrication of the glove box (96 x 41 
in.) shown in Fig. 19.4 i s  complete, and the box 
i s  suf f ic ient ly equipped to  perform a l l  the required 
operations to prepare specimens for metallographic 
exam i not i on. 

S P E C I A L I Z E D  M E T A L L O G R A P H I C  S T U D I E S  

Possible Reaction Observed Between 
AI ,03 and UO, 

C. K. H. DuBose 

A sample consist ing of an AI,O, single crystal 
(synthetic sapphire) surrounded by UO, (sintered 
at  1750°C for 6 hr i n  hydrogen) was submitted by 
the Solid State Reactions Group for metallographic 
examinat ion. 

Fig. 19.4 Lucite Glove Box for Use in Preparlng Metallographic Specimens of Technetium Alloys. 

116 



P E R I O D  E N D I N G  M A Y  37, 7961 

UNCLASSIFIED 

. 

Y-35!72  
R E A C T I O N  L A Y E R  

A'2°3 

00: - 

001 - 

w5 - 

006 - 
x 
0 0 
YI 

OOt - 

Fig. 19.5. Possible Reoction Layer Observed Between A1203 Crystal and UO,. Sintered at 175OoC for 6 hr 
in hydrogen. A s  polished. Reduced 27.5%. 

A possible reaction layer was noted between 
the AI,O, crystal and the sintered UO,, as shown 
in  Fig. 19.5. A 0.003-in.-wide void area, which 
possibly occurred upon cooling, encircles the 
AI,O, crystal. The UO, and AI,O, crystal ap- 
parently were in contact during the heat treatment, 
since some UO, s t i l l  remains i n  contact w i t h  the 
possible reaction layer. A second phase was 
found in the UO, adjacent to  the AI,O, crystal. 
Th is  phase appears metallographically the same 
as the possible reaction layer around the AI,O, 
crystal. 

The possible reaction layer appears to be 
forming below the original surface of the AI,O, 
crystal - note the straight- l ine outer edge of the 
reaction layer vs the now-irregular surface of 
the AI,O, crystal. Before heat treatment of the 
UO2-Al2O3, the surface o f  the A120, crystal was 
metallographically polished, producing a f lat  sur- 
face. 

Future studies w i l l  be made of this specimen by 
attempting to make an autoradiograph, using an 
emulsion sensit ive to  alpha emitters, and by x-ray 
di f f ract ion studies. 

Micrographic Observat ion of the E f f e c t  
of Moisture on Arc-Cast  UC and UC, 

C. K. H. DuBose 

The hydrolysis of uranium carbide i s  of interest 
t o  nuclear-materials people because of i t s  po- 
tent ia l  appl icat ion as a fuel body i n  the generation 

of nuclear power. Hence, when metallograohic 
mounts containing uranium carbide revealed ab- 
normal behavior under storage conditions, th is  
phenomenon was further explored. Some data re- 
ported in the literature support the postulate that 
the stabi l i ty  of UC on exposure to the atmosphere 
can be improved by the protection offered by a 
UC, shell,10 while results of hydrolysis tests 
performed elsewherel '  show UC, to  be less stable 
than UC. 

Microstructures have been studied for metal- 
lographical ly prepared specimens of two cate- 
gories: (1) specimens containing a minor amount 
(<3.0 vol %) of a-uranium and a major amount 
(>97 vol %) of UC; (2) specimens containing 
varying amounts of UC and UC,. Figure 19.6~ 
shows the typical  specimen containing 3 vo l  % 
a-uranium and 97 vol 76 UC after storage i n  a 
desiccator for four years but removed once or 
twice a month for microstructural examination. 
Numerous f ine cracks are evident. Figure 19.6b 
i l lustrates the same material shown in Fig. 19.6~ 
after four years' storage in  a sealed desiccator. 
The absence o f  fracture i s  evident. Figure 19.6~ 
shows a specimen containing 1 vol % a-uranium 
and 99 vol '% UC after 15 months' exposure to the 
open air. Minute explosions have scattered par- 
t i c les  over the specimen mount and surrounding 

''A. C. Secrest, Jr., E. L. Foster, and R. F. Dicker- 
son, Preparation and Properties of Uranium Monocarbide 
Castings,  BMI-1309 (Jan. 2, 1959). 

"L. M. L i tz ,  Uranium Carbides - Their  Preparation, 
Structure and Hydrolysis,  TID-NP 1453 (1948). 
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Fig. 19.6. Effect of Moisture in Roam-Temperature Air an Arc-Cast UC and UC2 over Extended Periods. 
(a) Condition of microstructure after occasional removal from desiccator 

( b )  Condition of microstructure after storage in sealed desic- 
Etchant: 
during four-year period. 
cator for four years. 3 vol  % a-U-97 vol % UC. 

1: 1: 1 H20, CH3COOH, HN03. 
3 vol % a-U-97 vol % UC. 
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Fig. 19.6. Continued. (c) Condition of specimen after open exposure to air for 15 months. Specimen i s  shown 

1 vol % a-U-99 vol % UC. 
20 vol % UC-80 

in metallographic mount. 

( d )  Condition of microstructure after occasional removal from desiccator during four-year period. 

Note minute particles scattered over metallographic mount. 

V O I  % uc2. 
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area. A specimen containing 20 vol % UC and the results. The ref lect ion diffractogram i s  given 
80 vol  % UC, was stored for four years i n  a i n  Fig. 19.7,~~. Figure 19.7b i s  a photomicrograph 
desiccator and removed periodically, on a schedule of the repl icated surface and includes some 
similar to  that for the specimen shown in Fig. needle-l ike material which was determined to  be 
19.6~. In contrast, however, the microstructure beryl l ium oxide by selected-area diffraction. The 
(Fig. 19.6d) exhibi ts no detectable change from stripped oxide f i lm i s  shown in Fig. 19.7~. 
the original as-polished condition. 

It must be pointed out that the above observa- 
t ions are not the resul t  of a planned experiment. 
The fact remains that the dicarbide appears to  
be the more stable o f  the two compounds on long 
exposures to room-temperature air. 

Elevated=Temperature Hardness Test ing 

G. Hallerman 

The preparmation of tes t  specimens and the actual 
creep or elevated-temperature tensi le test ing for 
evaluating the mechanical properties of materials 

Electron Metallography of Oxidized Beryl l ium 

W. H. Bridges 

During the past year many different kinds of 
samples have been examined by electron micros- 
copy and electron diffraction. A typical  study 
involv ing the complete ut i l izat ion of the electron 
microscope was the characterization of the oxide 
of beryl l ium for W. J. Werner, The f i rst  operation 
was to  mount the specimens in  the electron- 
dif fract ion adapter and make a series of ref lect ion 
diffractograms o f  the oxidized surface. The 
specimens were then replicated, using the two- 
stage technique involv ing a heavy plast ic inter- 
mediate repl ica from which the pal ladium-shadowed 
carbon repl ica was prepared and examined. The 
oxide f i lm was then removed from a portion of 

at  high temperatures are usually expensive and 
t ime consuming. Elevated-temperature hardness 
testing, in comparison, provides a rapid and inex- 
pensive survey of high-temperature deformation 
characterist ics o f  metals and alloys. 

Elevated-temperature hardness-testing equip- 
ment, described previously,' , is  functioning prop- 
erly. A topical report on elevated-temperature 
hardness tesi ing i s  i n  preparation. 

The hot-hardness characterist ics of several 
metals and al loys have been investigated, and 
the results are summarized below. 

Thorium and Thorium-Base Alloys. l3 - Thir ty-  
s ix  thorium alloys were tested a t  temperatures up 
to  75OOC. Some o f  the results are shown in Fig. 
19.8. Carbon i s  an ef fect ive strengthener of 

the specimen surface by dissolv ing away the 
beryl l ium substrate i n  di lute acid. The oxide f i lm 

remaining was examined by transmission i n  the 
electron microscope. Figure 19.7 i s  typical  of this report. 

12G. Hallerman, Met. Diu. Ann. Progr .  Rept. / d y  1. 

13See chap. 23, "Powder Metallurgy and Fuel Cycle," 
1960, ORNL-2988, pp 342-48. 
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Fig. 19.7. Beryllium Oxidized in Carbon Dioxide. (a) Reflection diffraction; (b )  palladium-shadowed carbon 
replica, 3400X; (c) stripped oxide, 18,500X. As polished. 

. '  

120 



P E R l O D  E N D I N G  M A Y  31, 1 9 6 1  

thorium at  lower temperatures; at higher tempera- 
tures, carbon adds very l i t t l e  to the hardness. 
As expected, hardness of the al loys increases on elevated-temperature hardness. 
wi th increasing carbon content. 

Addi t ion of  4 wt % In  results i n  a hardness 
increase, especially a t  high temperatures. Th is  
a l loy exhibited the highest elevated-temperature 
hardness of any of  the thorium al loy samples 

tested. Addi t ional  Th-In a1 loys are being prepared 
i n  order to study the effects of indium content 

19.8 also shows that the hardness of 
thorium al loys i s  additive; that is, the addition 
of 2 wt % I n  to  the Th-0.2 w t  % C al loy increases 
i t s  hardness over the entire temperature range. 

Figure 
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Fig. 19.8. Hot Hardness of Thorium and Thorium-Base Alloys. 
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Nickel-29 wt  % Molybdenum Alloy. - Th is  al loy 
i s  capable of precipitat ion hardening after quench- 
ing from the a region. Hardness test ing at temper- 
atures up to  900°C was made on specimens which 
had received one of the fol lowing heat treatments: 

1. air cooled from 900°C with a phase part ia l ly  
retained or 

2. aged at  800°C for 12 hr, furnace cooled. 

Results are shown in  Fig. 19.9. The hardness 
of the air-cooled specimen decreases up to  about 
600°C. Above th is  temperature, hardness in- 
creases rapidly to  a maximum and then decreases 
at  higher temperatures. The maximum at 775 to 
800°C shows that the Ni-29 wt % Mo al loy pre- 
cipitation-hardens at th is  temperature. 

Aging o f  the al loy results i n  a substantial in- 
crease in hardness as compared with hardness 
of the air-cooled sample up to  about 800°C. 
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Above this temperature the hardness of both 
specimens i s  pract ical ly the same. 

Type 502 Stainless Steel. - Six type 502 stain- 
less steel specimens were given various heat 
treatments prior to  hot-hardness testing. Figure 
19.10 shows hardness as  a function of temperature 
of three o f  these samples. 

Aluminum Alloys. - A preliminary study was 
conducted to  establ ish methods for hot-hardness 
test ing of aluminum. Satisfactory results were 
obtained on the Rockwell  hot-hardness tester wi th 
the '/,-in. carbide bal l  penetrator and a 15-kg maior 
load. Figure 19.11 shows depth of indentation 
as a function o f  temperature for two aluminum 
alloys. Depth o f  indentation was calculated from 
Rockwell  hardness readings to  avoid the plot t ing 
of negative hardness numbers, which occur wi th 
soft materials at  elevated temperatures. 
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Fig. 19.9. Hardness as a Function of Temperature of Ni-29 wt W Mo Alloy. 
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Fig. 19.10. Hardness as a Function of Temperature of Type 502 Stainless Steel. 
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Fig. 19.11. Depth of Indentation as a Function of Temperature for Types 1100 and 3003 Aluminum Alloys. 

L i n e a r  Thermal  Expansion of Aluminum 
Powder  Compacts 

J. R. Riddle 

The linear thermal expansion of aluminum powder 
compacts containing dispersions of 4.85 vo l  % 
CeO, and Gd,O, has been determined between 
25 and 600°C. Th is  information was needed to 
provide preliminary information on the probable 
behavior of the potential target oxides of plu- 
tonium, americium, and curium. The material s 
were in the as-pressed condition, and a sl ight  
dimensional instabi l i ty  was noted on the f i rs t  
few thermal cycles. Typical  expansion data for 
these composite materials i n  the axial and radial 
direct ions as a function of temperature are given 
i n  Table 19.1. 

Table  19.1. Coefficient of Expansion for A I -Ce02  

and AI-Gd203 Compacts 

Average Coefficient of Expansion 

Temperature (pin. in.- '  OC-') 

Range A I -Ce02  AI-Gd203 

Axial  Radial  Axial  Radial  
("C) 

25- 100 19.2 22.5 20.5 21.6 
25-200 21.3 22.9 21.2 22.3 
25-300 23.0 23.5 22.1 23.2 
25-400 24.4 24.6 22.9 24.3 
25-500 25.5 25.7 23.9 25.4 
25-600 26.5 27.0 25.2 26.5 
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R E A C T O R  P R O J E C T  SUPPORT 

Examination of UC,*Graphite Fuel  Pe l le ts  

E. L. Long, Jr. 

The irradiation performance i s  being investi-  
gated for a number of advanced fuel materials 
which have possible appl icat ion i n  the Gas-Cooled 
Reactor. Examination o f  one such experiment, 
MTR 48-2 (ref 14), which contained unclad fuel, 
i s  complete. Th is  capsule i s  one of three i n  th is  
series to  be examined that contained UC,-dis- 
persed- i n-graph i te  fue I pe I I et  s. A photomicrograph 
representative o f  a fuel pel let  of this type i s  
shown in  Fig. 19.12, which shows an area where 
UC, was formed by the reaction o f  UO, powder 
wi th the graphite matrix. A typical  area revealed 
by the postirradiation examination i s  shown in  
Fig. 19.13. A s  can be seen in Fig. 19.13, the 
UC, was apparently i n  the molten state during 
irradiation. Effects from f ission recoi l  can be 
seen also i n  the graphite surrounding the UC, 
particle. 

, UNCLASSIFIED 
RMG-4548 . 

14GCR Quart. 
pp 176-78. 

P r o p .  Rept .  Mar. 31, 1961, 0 RN L-3 102, 

Fig. 19.13. Typical  UC, Part ic le  After Irradiation. 

The UC, was apparently molten during irradiation. 

Note f ission recoil  damage i n  graphite surrounding 

UC, particles. As polished. 

Fig. 19.12. Area Typical of  an Unirradiated UC2-Dispersed-in-Graphite Fuel Pellet.  The l ight particles are 

UC,. A s  polished. 250X. 
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Metallographic Examination of Thermocouples 

D. M. Hewette I I  
Drift- test experiments are being performed by 

W. T. Rainey and R. L. Bennett15 of the Reactor 
Chemistry D iv is ion  to  determine the long-time 
stabi l i ty  of Chromel-P-Alumel swaged thermo- 
couples i n  contact wi th graphite i n  a hel ium 
atmosphere at 870OC. A swaged assembly having 
MgO insulat ion and a type 304 stainless steel 
protection tube dri f ted negatively. Metal lographic 
examination16 o f  th is  assembly revealed inter- 
granular oxide attack i n  an area of the Chromel-P 
wire 9'/2 to 10% in. from the hot junction. The 
result ing inhomogeneity due to the presence of 
the oxide could account for the error observed in  
the emf. 

Postirradiat ion Examination of EGCR Prototype 
Capsules 

E. L. Long, Jr. 

F i ve  o f  the eight group 1, ORR-irradiated cap- 
sules containing sintered pel lets of UO, have 

15GCR Quart. Progr. Rept. Der. 31, 1960, ORNL-3049, 

16GCR Quart. Progr. Rept. Mar. 31, 1961, ORNL-3102, 
p 312. 

pp 235-39. 

been examined, and the results have been re- 
ported.17 With the exception o f  one capsule, an 
acicular structure was found at  the inside-diameter 
regions of the hol low UO, pel lets (r ight-circular 
hol low cylinders). The needle-l ike structure i s  
bel ieved t o  be associated with the uranium ni t r ide 
present i n  the UO, prior t o  irradiation. Less  
severe fracturing of the pel lets and a lesser 
amount o f  the acicular structure were noted i n  
pel lets from one capsule, which contained a B e 0  
rod that had been placed down the center of the 
stack of pel lets. 
Examination of Forced-Convection Loops (MSRP) 

C. E. Zachary 

Postoperational examinations were completed 
for INOR-8 piping exposed to molten-salt mixtures 
134 (62 LiF--36.5 BeF,-l ThF,-0.5 UF,, mole 
%) and 135 (53 NaF-45.5 BeF,-1 ThF,-0.5 UF,, 
mole 96) i n  forced-circulation loops MSRP-6 and -7 
respectively.' Both loops had operated for 
20,000 hr at 1300°F. A surface f i lm 2 mils thick 

"Ibid., pp 163-74. 

18Met. Div .  Ann. Progr. Rept. Sept. 1, 1959, ORNL- 
2839, p p  150-53. 

19Met. D i v .  Ann. Progr. Rept. 
2988, p p  199-208. 
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Fig. 19.14. Corrosion Product and F i l m  Found on Inside Surface of INOR-8 Hot Zone After 20,000 hr at 13000 F 
with Fuel 1 3 4  As polished. 
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I 

Fig. 19.15. Oxidation Found on Outside Surface of INOR-8 After 20,000 hr ot 130OOF with Fuel  135. A s  

p 01  i shed. 

was detected i n  the piping of loop MSRP-9, and 
a globular corrosion product was concentrated in 
the thicker part o f  the film, as shown in Fig, 
19.14. Examination o f  the outside surfaces 
showed scattered areas of oxidation i n  some 
sections of the loops. The deepest oxidation 
noted, in loop MSRP-7, was about 5 mi ls and i s  
shown in  Fig. 19.15. 

Examination of Heat-Flux-CorrosiowTest 
Samples 

T. M. Kegley, Jr. 

The heat-flux corrosion test  was developed by 
the Corrosion Group of the Reactor Chemistry 
D iv is ion  to simulate the high heat f lux and cor- 
rosion condit ions expected i n  the High F lux  
Isotope Reactor (HFIR). In the test, water i s  
circulated through an aluminum f low-channel 
specimen which i s  resistance heated by means of 
a high-amperage current. A hindrance to the 
removal of heat i s  the formation of an oxide layer 
on the flow-channel specimen. Metallography 

provides a convenient means for the direct meas- 
urement o f  the oxide thickness as wel l  as for 
revealing evidence of local ized corrosion. 20 

Flow-channel specimens from 14 runs of the 
heat-flux corrosion test were examined, and the 
results have been reported in part.21 To i l l us t ra te  
some of the data obtained, Fig. 19.16 shows a 
p lo t  of the thickness o f  the oxide layer at  the 
inner surface vs the distance from the f low- 
channel outlet for two runs of the test. The 
figure also indicates the decrease i n  the thickness 
of the oxide layer brought about by changing the 
pH of the c i rculat ing water from 7 to  5 by n i t r i c  
acid addition. 

2oMet. Diu. Ann. Progr. Rept .  ] u l y  1 ,  1960. ORNL- 
2988, pp 394-95. . .  

21J. C. Griess e t  al . ,  E/ /ec t  o/ Heat F lux  on the Cor- 
rosion of Aluminum b y  Water. Pari 11. Influence of 
Water Temperature, Ve loc i t y ,  and pH on Corrosion- 
Product Formation, ORNL-3056 (Feb. 1961). 

^^  
LL Reactor  Chem. Div. Ann. Progr. Rept .  J a n .  31 ,  1961. 

ORNL-3127, pp 79-80. 
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Fig. 19.16. Oxide Thickness as a Function of 
Distance from Out let  for Type 1100 Aluminum Flow- 
Channel Specimens Exposed to High-Purity Water 

and pH-5 Water. The average minimum and maximum 

thicknesses for each distance are plotted. Test con- 

dit ions: duration, 240 hr; i n le t  water temperature, 

66'C; out let  water temperature, 88OC; f low rate, 33 
fps (high-purity water run) and 35.6 fps (pH-5 water run). 

Examination of N.S. "Savannah" Pip ing 

R. S. Crouse 

During an in-place inspection of type 304 stain- 
less steel p ip ing ut i l ized in  the primary coolant 
system of the N.S. Savannah" reactor at  the con- 
struction site, some sections exhibited what 
appeared to  be small cracks. The suspect areas 
and insulat ion had been wetted, due t o  leaks at  
joints and valves during hydraulic testing. Since 
the insulat ion contained leachable chlorides, 
responsible persons feared that chloride-induced 
stress-corrosion cracking might have occurred. A 
piece of the pipe was submitted for examination 
by the Metallography Group. 

Two smal I defects were found by metallographic 
examination, and they appeared to be incipient 
stress cracks. Figure 19.17 shows a typical de- 
fect. Other fabrication defects were found and 
reported to  tie possible sites of crack init iat ion, 
since conditions existed that could promote stress- 
corrosion cracking. 

As a result of the investigation, recommenda- 
t ions were reported to  prevent the recurrence of 
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Fig. 19.17. Incipient Stress Crack i n  N.S. "Savannah" Piping. Etchant: aqua regia. 
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th is  situation. These data and recommendations 
were presented for consideration at a meeting 
between personnel from ORNL, Ebasco Services, 
AEC-MARAD, Babcock and Wilcox, and New York 
Shipbuilding Corporation. 

An ORNL report (ORNL-3146) i s  t o  be issued 
i n  the near future. It w i l l  contain the metalla- 
graphic and chemical data on the insulat ion and 
some further stress-corrosion tests on samples 
of the pipe. 

Thermal Expansion of Uranium-10% Molybdenum 
A l l oy  

J. R. Riddle 

The linear thermal expansion of a y-quenched 
U-10 wt 76 Mo casting has been determined over 
the temperature range 25 to  600OC. The purpose 
of th is  study was to  provide engineering data for 
design of the Fas t  Burst Reactor. The data of 
Fig. 19.18 show the average of ten heating and 
cool ing curves obtained on two samples prepared 
from a single casting. Although the materials 
were i n  a metastable state over a portion of the 
temperature range, there was no indication that 

dimensional changes were occurring i n  the ma- 
ter ia ls as a result of thermal cycling. 

Thermal Expansion of Stainless Steel-UO, 
Com pact 

J. R. Riddle 

For engineering design purposes, the l inear 
thermal expansion of type 347 stainless steel 
containing a dispersion of 35 wt % UO, was 
determined over the temperature range 25 to 800°C 
to  assist  Atomic Power Development Associates 
i n  the design effort on core B of the Fermi Fas t  
Breeder Reactor program. The data were obtained 
on two samples sectioned from fuel p late F-115 
to  show the expansion behavior i n  direct ions 
longitudinal and transverse to  the ro l l ing  direction. 
As shown in Fig. 19.19, the expansion of th is  
material i s  only s l ight ly directional. A comparison 
of these curves with that for type 347 stainless 
steel (also shown in  Fig. 19.19) indicates that 
the U02-bearing materials expand about 9% less 
than type 347 stainless steel. 

UNCLASSIFIED 
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Fig. 19.18. 
and water quenched. 

Linear Thermal Expansion of y-Quenched U-10 wt 76 Mo Casting. Aged 24 hr a t  9OO0C in  vacuum 
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Fig. 19.19. Effect of  U02 Dispersion on the Linear Thermal Expansion of Type 347 Stainless Steel. 

Metallography of Yankee Prototype Fue l  Element 

R. S. Crouse 

The Metallurgy D iv is ion  was requested by the 
Chemical Technology D iv is ion  to  tensi le test 
and examine metallographically a simulated Yankee 
prototype fuel element. The element consisted 
of a bundle of 36 Al,O,-filled type 304 stainless 
steel tubes brazed in  a square configuration, with 
electroless-nickel-plated ferrules. The bundle 
was brazed for 3 hr a t  1875 k 25OF by Westing- 
house Atomic Power Division. The Mechanical 
Properties and Metallography Groups collaborated 
i n  this effort. 

The breaking strength of the joints was recorded 
in pounds pul l  and varied from 189 to  450 Ib. The 
microstructures were found to  be similar to  those 
reported. 23 Figures 19.20 and 19.21 represent 
typical  joints where fai lure occurred in the braze 
metal and in  the ferrules respectively. Fai lure 

i n  the braze metal was due to  a continuous net- 
work of a b r i t t le  nickel-phosphorus phase. Fai lure 
of a ferrule occurred when the nickel-phosphorus 
phase was discontinuous and a ducti le nickel  
phase made up the center of the joint. 

At a later date, two other test arrays of s imi lar  
design were examined by metallography. These 
represented the f i rs t  two attempts by Ferrotherm 
of Cleveland to fabricate such arrays for the 
Chemi t a l  Technology D i v i  s ion. 

About half  of the joints i n  the f i rst  array were 
found to  be faulty, which was attributed to  poor 
assembly for brazing. The second array was 
superior in number of sound joints and over-all 
integrity, although about one-fourth of these joints 
were unsound. 

23J. T. Lamartine and W .  C.  Thurber, Sta tus  Reporf  - 
Appl i ca t ion  of E l e c t r o l e s s  Nicke l  Brazing to  Tubular 
Fuel  Elements  for the N.S. Savannah, ORNL CF-59-6-55 
(June 2 ,  1959). 
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Fig. 19.21. Fa i lure  of Ferrule Tube Wall i n  Tensi le-Tested Yankee Prototype Fue l  Element. Etchant: 5% CrOg, 

electrolytic. 

Examinat ion of Spherical  Uranium Carbide 

C. K. H. DuBose 

In support of the Pebble Bed Reactor Program, 
as-received pyrolytic-carbon-coated and uncoated 
uranium carbide spheres have been examined 
metal lographically. These two different uranium 
carbide products were u t i l i zed  i n  the fabrication 
of two types of graphite-fuel compacts, which were 
also examined and compared.24 

Al l  samples were pol ished on the Syntron vibra- 
tory polisher, using a nylon cloth wi th a L inde A 
(0.3-p alumina)-graphite-silicone o i l  slurry. The 
addition of the graphite assists i n  obtaining a 
satisfactory as-poli shed surface in a single-step 

24Also  see J. M. Kerr, "Ceramics Technology," 
chap. 13, th is  report. 

pol ishing operation. The result ing structure i s  
shown in Fig. 19.22. 

Due to  differences i n  thermal expansions, a 
small void was produced in  the area between the 
UC-UC, part ic le and i t s  coating, thus making 
retention of the part icle quite dif f icult .  Metal lo- 
graphic examination of uncoated UC-UC, spheres 
fabricated i n  graphite at  1000°C showed complete 
reaction of the UC-UC, along the outer edge o f  
the pellet. Th is  reaction i s  possibly caused by 
an oxidizing gas given of f  during firing, and the 
gas probably comes from the binder used i n  the 
graphite. The reaction product was extracted for 
x-ray studies and was shown to  be UO,. 

No gross reaction was noted of the pyrolyt ic-  
carbon-coated UC-UC,-graphite fuel bodies. In 
some few cases where the pyrolyt ic carbon coating 
had cracked open, exposing the UC-UC, sphere, 
a reaction product, Uo.880,., ,, was detected. 
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Fig. 19.22 Polarized-Light Illumination of Polished Cross Section of Pyrolytic-Carbon-Coated UC-UC2 

Spheres. The uranium carbide was etched with 1:1:1 H20, CH3COOH, HN03. Reduced 30%. 

Metallographic Examinat ion of Oxygen4nject ion 
V a l v e s  

T. M. Kegley, Jr. 

Two valves which regulated the f low of oxygen 
to  the HRT system became inoperable. They were 
examined metallographically to  determine the cause 
o f  failure. One valve contained a Zircaloy-2 core 
and the other a tantalum core. The Zircaloy-2- 
stainless steel valve had operated 11 months at  
360°C; the tantalum-stainless steel valve had 

operated s i x  months at 400OC. Examination of 
both valves showed that the annulus between the 
valve body and the inner core was completely 
f i l l ed  with oxide. Figure 19.23 shows the oxide- 
f i l l ed  annulus i n  the tantalum-stainless steel 
valve and the platelets of Ta20, that extend into 
the tantalum core. Microhardness measurements, 
as plotted i n  Fig. 19.24, indicated that the tan- 
talum had been hardened by o ygen di f fusion to  
a depth o f  about 35 mils. 

UNCLASSIFIED 
r- . . 347 S T A I N ~ E S S  STEEL T -  49693 

Fig. 19.23. Annulus Between Tantalum Inner Core and Stainless Steel Valve Body of Thermally Controlled 

Oxygen Inlection Valve. Etchant: 59 N H 4 F ,  25 ml HF,  25 ml H 2 0 .  Reduced 30%. 
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Fig. 19.24 Microhardness of Inner Cores of Ther- 

mally Controlled Oxygen Injection Valves as a Func- 

tion o f  Distance from Surface. 

Metal lographi c Examination of U0,-Tho ,=Be0 
Pe l le ts  

C. K. H. DuBose 

A pel let  coinsisting of 13 vol  % UO,, 13 vol  % 
Tho,, and 74 vo l  % B e 0  a d  prepared by sintering 
at 1750°C in  hydrogen for 1 hr was metallograph- 
ical  ly  processed to  determine optimum techniques 
of preparation for microstructural analysis and 
was examined for phase iden t i f i ~a t i on . ,~  Th is  
material i s  of interest as a fuel for breeder re- 
actors. 

The purpose o f  the work was to  obtain reference 
information that could be u t i l i zed  during postex- 
amination of irradiated samples. It was found 
that the sample could be pol ished successful ly 
by remote v i  bratory pol ishing techniques. Ex- 
amination o f  the microstructure revealed three 
phases: free BeO, a sol id solut ion of Tho,-UO,, 
and a small amount of free UO,. 

25GCR Quart.  Progr.  R e p t .  Mar. 31. 1961,  ORNL-3102, 
pp 99-104. 
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20. NONDESTRUCTIVE TEST DEVELOPMENT 

R. W. McClung 

Nondestructive test  methods which have long 
been used by industry for routine quali ty control 
are not adequate for many inspection problems in 
the f ie ld  of nuclear energy. For instance, industry 
has not been faced with the problem of inspecting 
the very th in  sections of material such as are re- 
quired by the nuclear industry for cladding material 
and small-diameter tubing. The extreme service 
conditions associated with nuclear reactors have 
necessitated the establishment o f  much tighter 
qual i ty requirements on discontinuit ies and dimen- 
sions than are encountered in commercial practice. 
Further, there has been an increasing use o f  new 
and dif ferent material on which there has been 
l i t t l e  or no inspection performed. For these rea- 
sons, considerable effort has been expended toward 
the improvement of exist ing techniques and the 
study of other phenomena which offer deve lop  
mental promise. The program includes ultrasonic 
and electromagnetic methods and penetrating radia- 
tion. Particular emphasis has been given to the 
application of these and other methods to  the 
evaluation o f  such “problem” materials as beryl- 
lium and graphite and to  the establishment of remote 
inspection techniques for use i n  high-level irradia- 
t ion  areas. I n  addition, applications have been 
made to  specif ic problems associated with several 
reactor projects. 

ULTRASONIC TESTING METHODS 

I?. W. McClung K. V. Cook 

Most of the ultrasonic development work has been 
directed toward studies of ultrasonic test ing of 
thin metal sections and the properties o f  ultra- 
sound, wi th particular emphasis on the detection 
o f  nonbonded areas. Th is  has included the eval- 
uation of braze bonds of stainless steel tubing 
and sheath-to-copper disks, the inspection o f  f lat- 
p late fuel elements, and the test ing of the bond 
in duplex and tr iplex tubing. 

Stainless Steel-to-Copper Braze Bonds 

One o f  the items for bond evaluation was a stain- 
less steel tube surrounded by an annular copper 
disk which i n  turn was canned in a stainless steel 
sheath. The copper-to-steel interfaces were braze 
bonded. It was determined that a Lambwave 
technique would best locate nonbonded areas i n  
the braze between the h-in.-OD stainless steel 
tube and the large copper block. A Lambwave 
probe was constructed, and a technique was devel- 
oped which was capable of detecting nonbonded 
areas approx Yl6 in. long x h6 in. wide. This 
probe was used to col lect  data on a number of 
samples. After the samples were sectioned, both 
frost and peel tests were applied. Correlation of 
the three tests was very good. 

An ultrasonic “ringing” technique was e s t a b  
l ished for the nondestructive inspection of the 
braze between the 0.065in.-thick type 304 stain- 
less steel “can” surrounding the copper cylinders. 
Ca l i  bration tests demonstrated that nonbonded 
areas o f  approx $2-in. diam could be detected. 
However, when the r inging technique was applied 
to  a large test  piece, di f f icul t ies were encountered 
due to  thickness variations of the stainless steel 
can. These large variations i n  thickness were 
caused by a l ight  machining operation which was 
done in  order to  remove excess braze material from 
the outer surface. However, a slower ultrasonic 
resonance technique was successful on th is  test  
piece. 

3 

1 

Fuel Plates 

Modif icat ion of the tube-scanning tank’ al lowed 
the ultrasonic through-transmission detection o f  
nonbonds in f lat  fuel plates. The ultrasound was 
beamed horizontal ly through the plate thickness as 
the chain drive moved the fuel p late past the f ixed 
search tubes at longitudinal scanning speeds o f  

~~ 

’R. B. Oliver, R. W. McClung, and J. K. White, 
Immersed Ultrasonic Inspect ion of P i p e  and Tubing,  
ORNL-2254 (May 2, 1957). 
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150 to 200 in./min. Vert ical  indexing of the search 
tubes between successive longitudinal scans was 
accomplished manually by means of  the cross-feed 
mechanism of  a small lathe. The size of the index 
was determined in  part by the size of the nonbond 
being sought. Design and construction o f  a more 
permanent semiautomatic foci l i t y  are i n  progress. 

Nonbond reference standards for fuel plate in- 
spection were developed. In early attempts, AI  203 
and mica were introduced into the core-clad inter- 
face before fuel plate fabrication. However, small 
reproducible non bonded areas were not achieved by 
these methods. Successful standards have been 
made by mi l l ing small flat-bottom holes i n  finished 
fuel plates. The holes are then plugged wi th  a 
suitable material to prevent sound transmission 
through that area. Nonbonded areas, t 6  in. i n  
diameter, have been readily detected on U-AI al loy 
plates such as are being used for the High F l u x  
Isotope Reactor (HFIR). The localized inhomo- 
geneities of U02-stainless steel cores have re- 
duced the sensi t iv i ty t o  the ident i f icat ion of k -  
in. -d iam non bond s. 

Duplex Tubing 

A through-transmission ultrasonic technique wos 
developed for the evaluation of duplex tubing. As 
an example, such tubing might consist  of an outer 
layer of type 446 stainless steel 0.040 in. i n  thick- 
ness, a th in barrier of copper, and an inner tube of  
niobium some 0.030 in. i n  thickness. Tubing of 
t h i s  type was fabricated w i th  various inside- 
diameter and thickness dimensions. Th is  technique, 
as applied to  such tubing, required the construction 
o f  a probe-type transmitting crystal which f i t ted 
into the inside diameter o f  the duplex tubing, and a 
col  limated receiver crystal. Both crystals were 
f ixed i n  reference to each other; however, the com- 
bination moved longitudinally along the tube as it 
was rotated. Areas o f  discontinuities were com- 
pared with indications from a 1/16-in.-diam f lat-  
bottom hole, and selected metallographic sections 
were taken. There was good correlation between 
test  data and actual conditions. 

E D D Y  -CU R R E N T  M E T H O D S  

Spacing Meas urements 

C. V. Dodd R. W. McClung 

T h e  requirement for accurate measurement o f  the 
close-tolerance coolant-channel spacing i n  fuel 

elements has led to the development of new eddy- 
current techniques2 t o  accomplish these measure- 
ments. Most o f  the emphasis has been on channel 
spacing for f lat-plate fuel elements, wi th tes t  
sys tems being developed for fabrication develop- 
ment as wel l  as for postirradiation hot-cel l  exami- 
nation. However, consideration has been given to  
inter-rod spacing for tubular fuel elements and the 
measurement o f  tubing inner diameter. A topical 
report i s  being prepared on this development pro- 
ject. 

Broad- Band Eddy-Current Test  Equipment 

C. V. Dodd 

A basic eddy-current test  system has been con- 
structed. This  prototype can be e lect r ica l ly  bal- 
anced over a large range of test  frequencies, and 
it can monitor both amplitude and phase of  the out- 
put voltage. A block diagram of th is  system i s  
shown i n  Fig. 20.1. It w i l l  be used i n  basic eddy- 
current studies and for special applications re- 
quiring a particular frequency. Most eddy-current 
equipment designed i n  the past has operated only 
at  discrete frequencies. 

UNCLASSIFIED 
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Fig. 20.1. Block Diogrom of  Prototype Broad-Band 
Eddy-Current Instrument. 

Probe-Coil F ie ld  Measuring Device 

C. V. Dodd 

Studies are being made of  the induction f ie ld  of 
probe co i l s  i n  order to improve the sensi t iv i ty  of 
eddycurrent  systems for various inspect ion prob- 
lems. The c o i l  t o  be tested is  clamped on a lathe 
bed. The pickup probe is  mounted on the lathe 
cross feed, and the f ie ld  i s  measured as the probe 
i s  moved in  an x-y plane. The pickup probe con- 
ta ins  two orthogonal co i ls  to  detect the axial  and 
rad ia l  components of the magnetic f ield. The out- 
pu t  o f  these co i ls  i s  fed  through two matched 

2 M e t  Diu. Ann. Progr. R e p t .  ] u l y  1, 1960, ORNL- 
2988, pp 409-11. 
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VERTICAL 

ampli f iers to  the horizontal and vert ical  inputs on 
an oscilloscope. The scale on the osci l loscope 
has been graduated i n  polar coordinates. Thus, 
t h e  amplitude and direct ion o f  the magnetic f ie ld 
are read directly. Figure 20.2 i s  a block diagram 
o f  th is  system. 

HIGH GAIN 
AMPLIF IER 

UNCLPSSIFIED 
ORNL-LR-DWG 59947  

-m PICKUP COIL 
POWER 

OSCl L LATOR 

AMPLIFIER 

3SCILLOSCOPE I 

Fig. 20.2. Block Diagram of Probe-Coil Field Meos- 
uring System. 

P E N E T R  A T IN G- R A D I A TI  ON ME TH 0 DS 

Low-Vol tage Radiography 

R. W. McClung 

The study of low-voltage radiographic condi- 
t i o n ~ ~  has continued with exhaustive exposure 
data being taken on very thin sections of steel and 
aluminum and on thin sections o f  beryllium. The 
condi t ions which have been varied during th is  pro- 
gram are the input ki lovoltage (energy of  the x-ray 
beam), the specimen thickness, and the interme- 
diate atmosphere between the x-ray tube head and 
the specimen. Attention has been concentrated 
thus far on the lower end o f  the 0- t o  50-kvp energy 
band, wi th the specimen thickness ranging from 3 
t o  24 mi ls of type 1100 aluminum, from 1 to  6 mi ls  
o f  type 304 stainless steel,andfrom 20 t o  240mils 
o f  beryllium. The program w i l l  be extended to  
include graphite and thicker sections of aluminum, 
stainless steel, and beryl l ium up to the fu l l  capa- 
b i l i t i es  of 50 kvp. Evaluation o f  the exposure data 
i s not yet complete. 

Contrast sensi t iv i t ies (the abi l i ty  to  detect a 
percentage thickness change) have been consider- 
ab l y  better than had been anticipated. For exam- 

3R. W. McClung, Met. Diu. Ann. Progr. Rept. j u l y  1, 
1960, ORNL-2988, pp 413-15. 

ple, sensi t iv i t ies as small as 0.12% were obtained 
on 12 mi ls of aluminum at an energy o f  12.5 kvp, 
using a helium intermediate atmosphere. The 
poorest sensi t iv i ty noted thus far w i th  aluminum 
has been 0.9% for an energy of 48.5 kvp, a 3-mi l  
thickness, and an air atmosphere. Use o f  the air 
atmosphere results i n  reduced contrast sensit ivi ty. 
These values have been calculated from the ob- 
served film-density change for a given specimen- 
thickness change, The minimum detectable f i lm- 
density variation is 0.006.4 Calculat ions have 
been made on the relat ive absorption of aluminum 
as compared w i th  stainless steel over the 0 to  50 
k v p  range. Figure 20.3 shows the thickness o f  
aluminum which has the same x-ray absorption as 
1 m i l  o f  steel for dif ferent energies and both 
hel ium and air atmospheres. 
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X-RAY ENERGY (kvD) 

Fig. 20.3. Aluminum Thickness for X-Ray Absorption 
Equal to that of 0.001 in. of Type 304 Stainless Steel. 

X-Ray Attenuation Coeff icients 

J. W. Evans’ B. E. Foster6 

A study of x-ray attenuation coeff icients b y  
sc in t i l l a t ion  spectrometry has been i n  progress on 
var ious al loy materials associated with power, 

4R. Meakin, ‘‘Scattered Radiation,” A Further Hand- 
book of Industrial Radiology, Edward Arnold, Ltd., 
London, 1957. 

loon from ORINS. 
6 0 n  loan from Instrumentation and Controls Division, 
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P R E A M P L I F I E R  

compact, and research reactors. Materials exam- 
ined have been types 304 and 347 stainless steel, 
Zircaloy-2, 1100 aluminum, and enriched (93% 
U 235) uranium-aluminum al loys containing 7.0, 
18.6, and 24.8% uranium by weight. A s  a resul t  o f  
t h i s  work, both experimental and theoretical ab- 
sorption curves have been determined for the range 
50 to  130 kev. These data w i l l  be useful for vari- 
ous thickness, density, or homogeneity measure- 
ments. A topical report i s  being prepared on this 
progra rn. 

- 

BROWN 
RECORDER 

L I N E A R  P U L S E -  L I N E A R  

! S E L E C T O R  M E T E R  
’ H E I G H T  ~ C O U N T - R A T E  

I 

Density Measurement of Fuel Rods 
by Gamma-Ray Absorption 

B. E. Foster6 

In support of the fuel-cycle program (vibratory 
compacted fuel rods), there i s  a need to observe 
the ef fect  of several variables on the packing den- 
s i t y  and to  correlate t h i s  wi th posit ion along the 
fuel  rods. 

The l i ke l y  types o f  rods involved are alurninum- 
and zirconium-base al loys and austenitic stainless 
steel. The individual rod sizes vary from &-in. OD 
to  T4-in. OD, with wa l l  differences o f  0.005 to 
0.04C in. The rod lengths vary from 2 to  8 ft. The 
type o f  fuel to be compacted is ThC,, UO, UC, 
and UN, with compaction result ing i n  densit ies in 
the range o f  80 to  95% o f  theoretical densities. 

The electronics port ion of the system which has 
been chosen for making these density determina- 
t ions consists of an Nal(TI)  crystal, photomulti- 
p l ie r  tube, l inear ampli f ier and pulse-height dis-  
criminator, linear count-rate meter, Brown recorder, 
and high-voltage supply a l l  assembled as a con- 
ventional sc int i  I lat i  on spectrometer (Fig. 20.4). 
Cesium-137 probably w i l l  be used as the gamma- 
ray source. l h e  components have been purchased 
and the apparatus i s  being assembled. 

The preliminary development stages w i l l  include 
equipment cal ibrat ion and determination of equip- 
ment sensit ivi ty, using reference standards and 
rods of different sizes. After preliminary develop- 
ment, attention w i l l  be given to  the design and 
construction o f  an appropriate scanning mechanism. 
Consideration w i l l  be given t o  reasonable scanning 
t imes and the accuracy o f  density measurements 
for both experimental- and production-loaded tubes. 

Gamma-Scintillation Spectrometry 

B. E. Foster6 

The  work on gamma-scinti l lat ion spectrometry 
has been ~ o n t i n u e d . ~  A cal ibrat ion o f  the scint i l -  

235 lat ion equipment was made for the assay o f  U 

7Met .  Diu. Ann. Progr. R e p t .  J u l y  1. 1960, ORNL- 
2988, pp 418-1’7. 
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Fig. 20.4. Block Diogram of Gamma-Scintillation Spectrometer Adapted for Fuel-Rod Density Measurements. 
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i n  18.65% U-AI al loy core blanks, using data from 
the  Analyt ical  Chemistry Div is ion on a number o f  
s ingle core blanks. A heat o f  72 cores was meas- 
ured, and, from the cal ibrat ion curve, it was deter- 
mined that an average of 10.2 g U235 was present 
per core. This disagreed with the calculated 10.53 
g per core according to the d ip  analysis. Studies 
are i n  progress to  determine the reason for the dis- 
cf@pancy. A new heat of 72 cores was acquired 
and measured. F ive  of these blanks were sent t o  
t h e  Analyt ical  Chemistry D iv is ion  for U235  analy- 
sis. Four o f  the f ive blanks coincided very wel l  
w i th  the original cal ibrat ion curve. These data 
are being analyzed, and a determination of stat is- 
t i c a l  accuracy i s  being made. 

P R O B L  E M  M A T E  R I A  LS 

R. W. McClung 

Considerable effort has been directed toward the 
development of nondestructive tests for the eval- 
uat ion of  materials which are unusually d i f f i cu l t  to 
inspect. Most of the attention has been directed 
toward beryllium, graphite, and graphite coatings. 

Beryl l ium 

Most of  the inspection development for beryllium 
products has been l imited thus far t o  thin-wall  
small-diameter tubing.8 The developments have 
included techniques for low-voltage radiography, 
u Itrasonics, penetrants, and eddy currents. Among 
the  problems which had to be overcome were the 
extremely low radiat ion absorption and the very 
high velocity of ultrasound. The results o f  the 
techniques include the detection of cracks, pits, 
pinholes, extrusion marks, gouges, and foreign 
material contamination, as wel l  as the measure- 
ment of  wa l l  thickness and inner diameter. Current 
work i s  directed toward improving the sensi t iv i ty 
o f  the preliminary techniques and developing the 
necessary tests for the evaluation o f  finned tubing. 

Graphite 

Preliminary tests have been developed for 
several different inspection problems on graphite 
and graphite components. Among the components 

‘R. W. McClung, “Development of Nondestructive 
Testing Techniques for Thin-Wall Beryllium Tubing,” 
submitted to the Journal of the Inst i tute  of Metals .  

have been small-diameter graphite tubing, large 
graphite cy1 inders,’ specimens for destructive 
testing, uranium-bearing graphite fuels, and coat- 
ings on graphite.” Applicable methods thus far 
have been low-voltage radiography, eddy currents, 
and electrode potential testing. The low radiat ion 
absorption characterist ics of the graphite have 
required the use of very low x-ray energies. The 
variat ion i n  the low electr ical conductivity, which 
was intensif ied by changes in orientation, has 
created serious problems for the attainment of 
sensit ive eddy-current inspection. However, de- 
spite these and other problems, a number of use- 
ful evaluation techniques have been developed and 
used in  specif ic configurations. 

l 

R E M O T E  I N S P E C T I O N  T E C H N I Q U E S  

R. W. McClung K. V. Cook 

Measurement of Homogeneous Reactor Tes t  
Core-Vessel Wal I Thickness 

A survey of the wal l  thickness i n  the 90°and 
30’ cones beneath the spherical portion of the 
Homogeneous Reactor Zircaloy-2 core vessel has 
been made, using a pulse-echo ultrasonic tech- 
nique. These measurements were made during the 
reactor shutdown period, with the same ultrasonic 
technique and instrumentation’ that was used on 
the  las t  series o f  measurements of the spherical 
vessel. A different mechanical j ig  had been de- 
s igned which retained the transducer near the axis 
o f  the vessel. Adjustment of the crystal  alignment 
and selection of the inspected area were accom- 
pl ished by adjusting the vert ical  angle o f  the trans- 
ducer, rotat ing the axial  jig, and rais ing or lowering 
the iig. A number o f  measurements were made in 
both cones, but the uneven surfaces and the  
presence of screen stubs prevented a complete 
choice of areas to be measured. Thicknesses 
ranged from a low of about 0.340 in. up to about 
0.358 in. i n  the 90’cone and from about 0.350 in. 
t o  about 0.365 in. i n  the 30’cone. 

’R. W. McClung and R. A. Nance, Development  of 
Nondestruct ive  T e s t s  for the Experimental Gas-Cooled  
Reactor  Fuel  Element ,  ORNL-3059, pp 16-18 (Feb. 
16, 1961). 

loWill be reported in Gas-Cooled  Reactor  Project  
Quarterly Progress  Report for Per iod  Ending June 30, 
1961. 

”Met. Diu. Ann. Progr. Rept .  J u l y  1, 1960, ORNL- 
2988, pp 416-17. 
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GAS-COOLED R E A C T O R  S U P P O R T  P R O G R A M  

R. W. McClung K. V. Cook 

Development work has continued on a number 
o f  varied problems in  the Experimental Gas-Cooled 
Reactor (EGCR) Program. Among these have 
been inspection of coatings on graphite, remote 
inspection of experimental I oop through-tu be 
weldments, and nondestructive evaluation o f  
beryl I ium tubing. 

In addition, considerable time was spent i n  
preparing a development report’ and assist ing 
in the preparation of specif icat ions’ for accept- 
ance tests for the EGCR fuel assembly. 

Coatings on Graphite Sleeves 

The inspection problems for graphite coatings 
on the EGCR fuel-assembly support sleeve in- 
cluded the measurement of coating thickness and 
the evaluation of coating integrity. A tentat ive 
eddy-current technique’ has been developed for 
the thickness measurement of s i l i con  carbide or 
s i l iconized si l icon carbide coatings. The ac- 
curacy of the cal ibrat ion appears to be kO.001 
in. or better. A number o f  measurements have been 
made on coatings supplied by several manufac- 
turers. Metallographic studies are in progress to  
determine the actual test  accuracy. 

An electrode-potential technique14 has been 
developed for the detection o f  f laws in  the Si- 
Sic coating on type 901s graphite which i s  being 
considered for the EGCR graphite sleeve. The 
method establishes a galvanic ce l l  between the 
test specimen and a suitable electrode in the 
presence o f .  an electrolyte. By  monitoring the 
generated voltage, it i s  possible to  determine 
whether or not the graphite i s  exposed through the 
coating. 

Experimental Loop Through-Tube Weldments 

A study was made to  determine the appl icabi l i ty  
o f  various inspection techniques for the evaluation 
of the through-tube weldments. Both V-notch and 
f i l let-weld configurations were considered, but 
most of the recent work has been directed toward 

12R. W. McClung and R. A. Nonce, Development o/ 
Nondestructive Tests /or the Experimental Gas-Cooled 
Reactor Fue l  Element, ORNL-3059 (Feb. 16, 1961). 

13Speci/ications /or F u e l  Assemblies /or Core I of 
the Experimental Gas-Cooled Reactor, ORNL CF-60- 
71-90 (Dec. 9, 1960). 

14GCR Quart. Progr. Rept. Mar. 31,  1961, ORNL- 
3102, pp 115-16. 

the f i l l e t  weld because of the apparent trend 
toward i t s  use. Test methods which have been 
considered or examined include ultrasonics, 
radiography,16 and gaseous leak tests. The most 
useful technique has been radiography. Experi- 
ments have been devised to  simulate the expected 
radiat ion background a t  the weld posi t ion wi th 
no adverse effects.” The principal problem has 
been the po(or geometrical relat ionship which ,was 
necessary between the radiat ion source, the weld, 
and the film. 

Beryl l ium Tubing Evaluation 

on the small-diameter beryl l ium tubing that has 
been received from American, British, and French 
sources. ‘This tubing was manufactured by a 
number of different machining and extrusion tech- 
niques. The test techniques have included low- 
voltage raldiography, penetrants, ultrasonics, 
eddy currents, a i r  gaging, and helium-leak testing. 
The most common objectionable condit ions have 
been excessive wall- thickness variat ions and 
the presence o f  foreign material contamination 
and of inner surface pitting. Detai led evaluation 
reports are being prepared on this tubing. 

Nonde s tr  uc: t i ve eva I u at  i o n has con t i nu ed - 

F E R M I  P R O G R A M  

A series of studies has been conducted to  deter- 
mine the appl icabi l i ty  o f  nondestructive test ing 
techniques to  the measurement or evaluation of 
certain desired properties i n  the core-B Fermi 
fuel element. 

It was dernonstrated that an eddy-current tech- 
nique could he used to  measure the c lad thickness, 
Core-to-clad bonding was evaluated by an ultra- 
sonic through-transmission test. Radiography 
and f i lm densitometry were shown t o  be capable 

”GCR Quart. Progr. Rept. Dec. 3 1 ,  1960, ORNL- 

16GCR Quart. Progr. Rept. Mar. 31,  1961. ORNL- 
3049, pp 226-28. 

3102, _ _  pp 135-:36. 
I7To be reported i n  Gas-Cooled Reactor Project 

Quarterly Progress Report /or Period Ending June 30, 
1961. 

18Met. Diu. Ann Progr. Rept. July 1,  1960, ORNL- 

19GCR Quart. Progr. Rept. June 30, 1960, ORNL- 

20GCR Quart Progr. Rept. Sept. 30, 1960, ORNL- 

’lGCR Quart Progr. Rept. Dec. 31,  1960, ORNL- 

2988, pp 415-16. 

2964, pp 136-38. 

3015, pp 101-2, 

3049, pp 230-31. 
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of measuring core homogeneity. A special eddy- 
current technique was used to  measure coolant- 
channel spacing. A topical report i s  being pre- 
pared on this feasibi l i ty  study. 

H I G H  FLUX l S O T O P E  R E A C T O R  
( H F I R )  S U P P O R T  

R. W. McClung K. V. Cook 
B. E. Foster 

A large number of f lat  fuel plates were inspected 
by several techniques. These plates had been 
fabricated for use in  the f i rs t  c r i t i ca l  assembly. 
The tests included determinations of core homo- 
geneity, the location of the hump or thickest 
portion of the irregular core, and detection of 
nonbonded areas. Conventional radiographic 
techniques were used i n  the study of core homo- 
geneity. The x-ray f i lm was evaluated by the 
personnel who fabricated the plates. 

A through-transmission ultrasonic technique was 
developed and used to evaluate approx 120 HFlR 
plates for nonbond conditions. Most of these 
plates were inspected with a sensit ivi ty capable 
of detecting nonbonded areas equal to a /16-in. 
diam. Results on the majority of the plates were 
recorded i n  a plan view, using an electrosensit ive 
paper recorder. Most of the plates contained a 
few nonbonded areas; however, a number of these 
areas coincided w i th  obvious surface blisters. 
Every observed bl ister was detected as a non- 
bonded area; however, there were nonbonded 
areas that were not blistered. The greatest num- 
ber of bl isters and nonbonds was observed at  the 

1 

core ends and edges. Since it was acknowledged 
that fabrication di f f icul t ies caused these rather 
local ized defects, it was requested that more 
inspection emphasis should be placed on the clad 
bonding in  the central portions of the plate, away 
from core ends and edges, in  order to detect 
unexpected defects. Figure 20.5 i s  a photomicro- 
graph of a large nonbond which was detected. 

A technique was developed for the location of 
the hump in  the core of the HFlR plates relat ive 
to  a particular plate side and edge. Three methods 
were in i t ia l l y  attempted, and a l l  met with some 
degree of success. The fol lowing i s  a comparison 
of these methods. 

1. Autoradiography successfully located the 
hump relat ive to  both particular side and edge. 
This  was a very rel iable technique but was the 
slowest. 

2. The total gamma-counting technique located 
the hump quite wel l  but, wi th the readi ly avai l-  
able collimation, was subject to  false indications 
due to  local ized fuel segregation. 

3. The eddy-current technique a lso located the 
hump relat ive to a particular side and edge of the 
plate. It proved to be the most rapid for inspec- 
tion, and the equipment required was quite simple 
in  comparison with that required for the other 
methods. The sensi t iv i ty to the hump curvature 
i s  due to  the type 1100 aluminum f i l l e r  and not to 
the core i tself .  D i f f i cu l ty  was encountered on 
some plates which had an excess of b l is ter ing 
on the surface. However, over 650 plates were 
successfully inspected by th is  last  technique. 

Fig. 20.5. Metallographic Section of Nonbond Detected in HF lR  Fuel Plate. A s  polished. 32X. 
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21. PHYSICAL METALLURGY 

H. lnouye 

R E A C T I O N S  OF T Y P E  304 STAINLESS S T E E L  
WITH LOW-PRESSURE C 0 2  AND CO 

H. lnouye 

Oxidation and carburization experiments on type 
304 stainless steel were carried out as part of 
the Experimental Gas-Cooled Reactor (EGCR) 
project. Th is  investigation is  concerned with the 
compatibil i ty of type 304 stainless steel in  at- 
mospheres of CO, and CO at temperatures up to 
982'C. During th is  period, the factors which 
affect the rates of oxidation, carburization, and 
decarburization of the metal were determined for 
CO, + CO concentrations up to  about 0.3 VOI % 
(based on 315 psi  He) in  helium as a carrier gas. 

Type 304 stainless steel can be considered to 
be a four-component al loy of Fe, Cr, Ni, and C, 
wi th each exhibi t ing variable degrees of reac- 
t i v i t y  wi th CO, and CO. Therefore, it was ex- 
pected that variations in  the gas ratios and con- 
centrations would result in  the formation of 
different oxides as wel l  as affect the extent of  
carburization or decarburization. 

With respect t o  the oxidiz ing reactions, cor- 
relations were establ ished between the reaction 
rates and temperature, gas r.atios, or the con- 
centration. The effects of these variables are 
considered separately below. 

At a particular temperature the reaction rates 
were found to be pr incipal ly determined by the 
type of oxide that formed on the metal. Thus, 
when the oxide that formed on the metal was pro- 
tective, reaction rates were insensitive to  the 
gas ratios or their concentrations. For example, 
tests conducted at 76pC and at concentrations of 
0.6, 6, and 2400 ppm of CO, resulted in  weight 
gains of 0.28, 0.22, and 0.19 mg/cm2, respec- 
tively, after 350 hr. The oxide in th is  case was 
3Cr20, Fe203 .  At 982OC, variations in  the 
C02/C0 ratios between 0.02 and 0.46 and con- 
centration ranges of 200 to  3200 ppm resulted in  
weight gains of 0.75 to  1.25 rng/cm2 after 200 
hr.' In these tests, the principal oxides were 

the spinels of chromium. At both temperatures 
the reaction rates were parabolic. At a C02/C0 
rat io greater than 0.669, a "break-away" reaction 
was observed which decreased to shorter times as 
the CO,/CO rat io increased.' The oxide associ- 
ated with the break-away reaction was ident i f ied 
as Fe,04. 

The variations in the reaction rates at  a con- 
stant gas composition and at various temperatures 
showed in  each case exponential increases i n  the 
reaction rates wi th  temperature in  accordance with 
the Arrhenius equation. Inflections in  the plots 
occurred when a different oxide was encountered.' 

In general these results showed that when the 
oxide is  protective the reaction rates are in- 
sensitive to  the gas concentration or their ratios; 
however, when nonprotective oxides result, the 
reaction rates are governed by the P c o  / P c o  
ratio. 

The carburization or decarburization of  type 
304 stainless steel in CO-CO, atmospheres was 
determined t o  be dependent on the temperature 

(ref 2). Below 65OoC, and the ( P c o ) 2 / P  
changes in the carbon content of the metal (ex- 
posed to  various atmospheres) were not detected 
for test  times up to 1400 hr. Above th is  tem- 
perature, however, a gradual increase in  the 
carbon content was observed. For values of 
( P c o ) 2 / P c o  less than 0.08, the carbon content 

reached a maximum of about 0.15% C at about 
800"C, then decreased w i t h  further temperature 
increases. For values of ( P c o ) 2 / P c o  equal t o  

0.363, the carbon content increased wi th  tem- 
perature, reaching a value of 0.7 wt % C at 
1000°C. The cr i t ica l  value of ( P ~ ~ ) ~ / P ~ ~  above 

which seriouls carburization of  the metal occurred 
i s  presently placed at about 0.10. 

2 

C 0  2 

2 

2 

2 

'GCR Quart. Progr. Rept. Der .  31.  1960. ORNL- 

'GCR yu"_rt. Progr. Rept .  Mar. 31 ,  1961, ORNL- 
3049, pp 216-20.  

3102, pp 1 7 28. 
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Based on the experimental evidence accu- 
mulated during th is  period, i t i s  concluded that 
oxidation can be control led by the Pco /fco 

rat io and that carburization or decarburization can 
be control led by the (f co)2/P ratio. The ex- 

tent of uniform oxidation for test times of 1000 
hr i s  about 0.0004 in., whi le the maximum depths 
of oxide penetration were about 0.001 in. for 
temperatures up to  1000°C. 

The carbon in  carburized specimens was in  the 
metal and not in the oxide. Since carburization or 
decarburization could not be correlated with the 
oxide reaction product, it was concluded that the 
oxides were no barrier for carbon diffusion. 

2 

C O 2  

T H E  R E A C T I O N S  OF B E R Y L L I U M  WITH GASES 

W. J. Werner 

Based on documented e ~ i d e n c e , ~ - ~  the cor- 
rosion resistance of beryl l ium in  high-temperature 
gases that are oxidizing, carburizing, and de- 
carburizing is not predictable. The extent of 
th is  present uncertainty in i t s  corrosion re- 
sistance prevents the use of the metal as the 
c lad for fuel elements of a gas-cooled reactor. 
I n  particular, the problem reduces to  a basic un- 
derstanding of the relat ionships between cor- 
rosion mechanisms and the kinet ics of the gas- 
metal reactions that lead to  an accelerated 
corrosion rate commonly referred to  as the break- 
away phenomenon. 

The research conducted during th is  period was 
directed toward developing re I i ab I e experimental 
techniques that would result i n  reproducible data. 
T o  accomplish th i s  the corrosion studies were for 
the most part performed on powders having a BET 
(nitrogen) surface area o f  1000 t3 3000 cm2/g in 
order to  increase the sensi t iv i ty of the reaction- 
rate measurements and el iminate the effects o f  
grain boundaries and preferred orientation. The 
gas atmospheres used in  this study were dry 

3J. E. Antill, The Oxidation of Beryllium i n  the 
Absence  of Irradiation, AERE-M-435 (May 1959). 

,W. Munro and J. Williams, React ions of Beryllium 
with Carbon Dioxide in  the Temperature Range 500- 
7OO0C, AERE-M/M-108 (1956). 

'J. E. Antill and J. K. Higgins, Oxidation of Beryl- 
lium, GCM/UK/lS (1959). 
6S. J. Gregg, R. J. Hussey, and W. 6. Jepson, /. 

Nuclear Materials 3(2),  190-200 (1961). 

CO,, wet CO,, wet helium, and wet hydrogen. 
These atmospheres were selected to  more clear ly 
indicate the role of water vapor on the break-away 
phenomenon. The detai ls of the research results 
are reported elsewhere' and are summarized be- 
low. 

In the temperature range between 550 and 
720"C, the reaction rates of beryl l ium with dry 
CO, were parabolic and independent of the CO, 
pressure for tests conducted at 1 x mm H g  
and 760 mm Hg. In wet CO, (approx 4 vol  % 
H,O) at atmospheric pressure, the rates were 
parabolic at 650"C, while at 725°C a break-away 
reaction commenced after 60 to  70 hr. The so l id  
reaction products were determined to  be B e 0  and 
Be,C in  both atmospheres. The carbon content 
of the beryl l ium increased w i th  both t ime and 
temperature. Th is  phase of the study showed 
that water vapor played an important role i n  the 
break-away phenomenon. 

The formation of a nonprotective 5eCI f i lm in  
water vapor was thought to  be due t o  an in- 
termediate oxidation stage involving the formation 
of Be(OH), or BeCO, followed by their decom- 
posit ion a t  elevated temperatures. An alternate 
theory was that the reaction between Be,C with 
water vapor ruptured the 3 e 0  film. 

To  test  these theories powder samples o f  
beryl l ium were run i n  wet helium (approx 4 vol  % 
H,O) at  550 to  700°C. As was the case for dry 
CO,, the reaction rates for high-purity Pechiney 
Flake were parabolic, whi le a commercial grade 
of beryl l ium exhibited a short period o f  linear 
oxidation fol lowed by a parabolic rate. The 
linear reaction rates observed in the impure 
beryl l ium were concluded to  be due to  a de- 
carburization and oxidation reaction. It i s  in- 
teresting to  note that a polycrystal l ine so l id  
sample i n  water vapor exhibited a break-away 
reaction rate at  650"C.6 These results point 
out the importance of the grain boundaries and 
of impurit ies i n  the water vapor reactions. 

The gaseous reaction products which formed 
between Be-H,O were hydrogen, whi le CH, was 
the gas resul t ing from the reaction of Be,C with 
H,O or ti2. T o  establ ish the correlation between 
break-away and the decarburization reaction, a 

'W. J. Werner and H. Inouye, "Reactions of Beryl- 
l ium with Wet Carbon Dioxide," submitted to  the 
Journal of the lnst i tute  of Metals. 
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beryl l ium sample containing 1.65 wt % C was 
tested i n  hydrogen containing 100 ppm H,O. At 
65OoC the reaction rate was parabolic up to  22 
hr, after which a break-away rate occurred and 
continued for the duration of the test. At 700°C 
it required 16 hr to  in i t iate th is break-away re- 
action. Chemical analysis o f  the test  specimens 
revealed that decarburization had occurred, wh i le  
metallography showed that the corrosion path was 
intergranular and apparently confined t o  those 
locations in i t ia l l y  occupied by Be,C. 

It was concluded from th is  study that one cause 
of break-away i s  a decarburizing reaction which 
removes Be,C from the metal. The net effect of 
th is  reaction i s  t o  increase the surface area of 
the sample that i s  exposed to  the oxidiz ing gas, 
thereby causing an increase in  the reaction rate 
i n  proportion to  the area increase. 

O X I D A T I O N  O F  N I O B I U M  A L L O Y S  A T  LOW 
PRESSURES 

H. lnouye 

The react iv i ty of niobium with oxygen restr icts 
i t s  use at  high temperatures to  short exposure 
times due to  scal ing and embrittlement by internal 
oxidation. Through alloying, it has been possible 
to  reduce the oxidation rates as much as a factor 
of 100 at  atmospheric pressures. Simil6rly, the 
reaction rates can be reduced by a factor o f  400 
by reducing the oxygen pressure to  1 x mm 
Hg at 850 to  1200°C.8*9 These reductions i n  the 
ox idat ion rates, although numerical l y  impressive, 
do not provide a useful material for elevated- 
temperature service in air. The purpose of th is  
study was to  determine whether al loying the 
niobium would have the same effect at low oxygen 
pressures as was observed at  atmospheric pres- 
sure and to provide practical information on the 
requirements for heat treating and high-tempera- 
ture atmospheres for the al loys i n  the temperature 
range from 850 to  12OoOC. 

In general, a l loying elements i n  niobium had 
two effects in low-pressure oxygen. In  the f i rs t  
case, it was observed that when the al loying 
element forms an oxide more stable than the 
oxides of niobium, low concentrations o f  the 

8Met. Diu. Ann. Progr. R e p t .  J u l y  1, 1960, ORNL- 
2988, pp 428-31. 

9H. Inouye, The Scaling of Columbium in  Air,  ORNL- 
1565 (Aug. 29, 1956). 

element reduced the reaction rate below that o f  
high-purity niobium. However, as the concentra- 
t ion of the element was increased, the reaction rate 
also increased. Th is  behavior was characterist ic 
for binary al loys containing up to  5 wt % Zr, 
2.5 wt % AI, 1 wt % Be, and 0.5 wt % Ce. The 
more complex al loys, such as D-31 (10% Mo-10% 
Ti), FS-82 (33% To-0.7% Zr), F-48 (15% W-5% 
Mo-1% Zr), and 25% Ti-5% AI, also oxidized at 
a higher rate than unalloyed niobium. 

The second effect of a l loying elements i n  
niobium caused l i t t le,  i f  any, change in the oxi-  
dation rate as the al loying element was increased. 
In th is  case, the added elements formed oxides 
less stable than the oxides of niobium. Tin, 
molybdenum, tungsten, and palladium f i t  into 
th is  category. 

The increases observed in  the oxidation rates 
of niobium with increases i n  pressure suggest 
that chemisorption of oxygen i s  a preliminary -re- 
action. It would be expected, therefore, that a 
foreign gas, such as nitrogen in  oxygen, would 
inf luence the reaction rates due to  the competition 
of the gases for the adsorption sites. Therefore, 
tests were r'un in low-pressure air t o  determine 
how large thi:j ef fect  might be. 

At 1000 and 1200°C in  air at an oxygen part ial  
pressure of 1 x mm 
Hg), the reaction rates of unalloyed niobium were 
an order of magnitude lower than when the at- 
mosphere was only oxygen. At 1200"C, meas- 
urable rates were not observed un t i l  after an 
incubation period of about 10 hr. The lower 
reaction rates in air might be due t o  the poi- 
soning effect o f  nitrogen or the formation o f  a 
ni t r ide layer. From contamination studies, changes 
in the nitrogen concentration have been deter- 
mined to  be insigni f icant and would, therefore, 
tend to  suppsort the idea o f  a poisoning effect of 
nitrogen. 

Th is  study showed that the oxidation rates of  
niobium al loys at low pressures were not im- 
proved in the same proportion that was observed 
when tests were run at  atmospheric pressure. In 
fact, a l loying was detrimental t o  the oxidation 
resistance in  most cases. Because o f  the in- 
crease in react iv i ty promoted by alloying, 
heat-treating atmospheres for al loys containing 
elements more reactive than niobium would 
necessari ly have t o  contain less oxygen. 

I 

mm Hg ( P a i r  = 5 x 
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C L A D D I N G  STUDIES 

T. K. Roche 

The objective of th is  research i s  t o  determine 
the feasibi l i ty  of cladding niobium for oxidation 
protection i n  excess o f  8720C. Since the aim i s  
to  develop suitable composite materials for l iquid- 
metal-to-air radiators, emphasis has been placed 
on the fabrication of small-diameter composite 
tubing. The principal problem areas are ant ic i -  
pated t o  be (a) rel iabi l i ty, (b )  a solut ion to  the 
dif ferential expansion of niobium and the clad, 
(c) metal-metal and metal-gas reactions, (d)  heat 
transfer, and ( e )  fabrication. 

With the above cri teria as a basis for the study, 
preliminary experiments were concerned w i th  the 
cladding of niobium with types 304 and 446 stain- 
less steels, using copper and copper electroplates 
as an intermediate layer. Suitable tubing of the  
above materials was assembled, co ld  worked by 
codrawing through dies, and then vacuum an- 
nealed for 2 hr at 10IO°C. In both cases (niobium 
clad with type 304 stainless steel and with type 
446 stainless steel) metallurgical bonding was, 
i n  general, poor due either to  the development of 
reaction layers at  the niobium interface or in- 
suff icient contact pressure at  the annealing tem- 
perature. Preliminary compatibi l i ty studies at  
815 to  1037OC indicate that the thickness o f  the 
copper barrier layer should be more than 0.001 in. 

T R I P L E X  T U B I N G  

T. K. Roche 

A heat exchanger u t i l i z ing  t r ip lex tubing i s  de- 
signed to  el iminate an intermediate heat ex- 
changer, t o  incorporate into the structure a leak- 
detecting device, and to  provide rel iabi l i ty .  The 
tr ip lex tubing consists of a porous metal l ic  
annulus which i s  c lad both on the outside di- 
ameter and the inside diameter wi th selected 
corrosion-resistant alloys. The use of such a 
composite tube depends on sensing a gas-pressure 
change in  the annulus - a pressure which i s  in- 
termediate between the f lu id  pressures on the 
outside diameter and the inside diameter of the 
tube. The problems, therefore, reduce to  the 
development of techniques for obtaining metal- 
lurgical bonds at the c lad interfaces at the 
highest core densit ies for optimum heat transfer 
without destroying the interconnecting pores for 
leak detection. 

The feasibi l i ty  of fabricating a t r ip lex tubing 
consist ing of a porous nickel  core c lad  w i th  
lnconel has been demonstrated. l o  During th is  
period, the studies were concerned with the effect 
of process variables, such as amount of co ld  
reduction, annealing time, temperature, and the 
type of core material on the bond quali ty and 
core porosity. The composite for th is study was 
an inner and outer tube of INOR-8 separated by 
a porous n icke l  tube. 

For cold reductions ranging from 9 to  17% in 
area and annealing times of 1 t o  2 hr at  1065 to  
1175OC, the bond quality, as determined by metal- 
lography and bend tests, improved with t ime at  
temperature and with the per cent reduction o f  
the assembly. 

Pore compression in the nickel  core was notice- 
able only in the specimens cold reduced 1772, and 
then not to  a great extent. The measured poros- 
i t ies  of the nickel  cores which decreased with in- 
creasing amounts of co ld  work were between 13 
and 27%. 

AGING PHENOMENA I N  NIOBIUM-BAS€ A L L O Y S  

D. 0. Hobson 

Th is  investigation i s  a continuation of a study 
directed toward obtaining a clearer under standing 
o f  the effects of oxjlgen, carbon, and nitrogen on 
the mechanical properties of FS-80 ( N 5 - 1  wt  % 
Zr). In a previous report,ll the aging effects 
at 815 and 92PC observed in several commercial 
heats were presented. In general, aging occurred 
in al loys containing low concentrations o f  oxygen 
but not at  higher oxygen levels. Furthermore, it 
was possible to  decrease the aging tendency o f  
an al loy that aged by adding oxygen or to in- 
crease the extent of the aging reaction by in- 
creasing the annealing temperature. Because 
these al loys also contained nitrogen and carbon 
impurities, it appeared that the oxygen inhibited 
the precipitat ion of carbides or nitr ides that were 
thought to  be the phases that caused the aging 
response. 

More recent experiments showed that aging did 
not occur when zirconium was qbsent or when the 
major impurity in the Nb-l% Z r  al loy was carbon 

"Met.  Diu. Ann. Progr. Rept. S e p t .  1. 1959. ORNL- 

"Met. Diu. Ann. Progr.  R e p t .  J u l y  I, 1960, ORNL- 
2839, PP 178-81. 

2988, pp 43 1-35. 
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or nitrogen up to  370 ppm. The experiments 
clearly indicated that, for the heat treatments 
and compositions investigated, the phase or 
phases responsible for the aging reactions ob- 
served a t  92pC were compounds of zirconium 
and oxygen. A more comprehensive summary has 
been reported el  sewhere. ’ 

The variables investigated were the aging 
times at  92PC, oxygen levels up t o  1000 ppm, 
and annealing temperatures of 1600, 1800, and 
20OO0C. The al loys studied included thirteen 
heats of Nb-nominal 1 wt ’3% Zr, as wel l  as 
compositions into which were introduced con- 
t ro l led levels of oxygen. The aging reactions 
were fol lowed by measuring the changes i n  the 
tensi le properties and hardness and by metal- 
lograph y. 

I n  general, a typical  aging curve showed an 
in i t ia l  small decrease in the tensi le strength 
for about 25 hr, fol lowed by a rapid increase for 
a short time. The peak strength or hardness 
normally was reached i n  about 75 to  100 hr. 
Addit ional aging times resulted i n  a decrease 
in  the strength or hardness. Microstructurally, it 
was observed that the annealed (fast cooled in 
a furnace) al loy contained a second phase which 
disappeared in  the time which corresponded to a 
decrease in  the strength. Resolvable precipitates 
different in morphology from the phase observed 
in the annealed al loys were not observed unt i l  
after the peak strength was reached. The f inal 
precipitated phase was identi f ied as ZrO,. 

The variations in the aging response caused by 
different levels o f  oxygen depended on the an- 
neal ing temperature. It has been determined that 
when the oxygen content was increased, the an- 
neal ing temperature also had to  be increased to  
obtain an aging curve similar to  that described 
above. If, however, the oxygen content was in- 
creased and i f  the annealing was done at  a con- 
stant temperature, the al loy became progressively 
weaker after aging. Conversely, at  a constant 
oxygen content, a specimen that was annealed 
at  a higher temperature showed a greater aging 
reaction. A t  the very low oxygen levels (approx 
50 ppm 02), aging reactions could not be induced 
under a variety o f  heat treatments. 

”D. 0. Hobson, “Aging phenomena in Columbium- 
Base Alloys,” paper presented a t  the AlME High- 
Temperature Materials Conference, Cleveland, Ohio, 
Apr. 26-27, 1961. 

At th i s  writing, it appears that the phase or 
phases observed in the annealed al loys are 
carbides or nitr ides that precipitated on cool ing 
at  temperatures below the aging temperatures. 
Aging subsequently caused solut ion o f  the car- 
bides or nitr ides that was then fol lowed by the 
precipitat ion of a coherent oxide-l ike phase that 
ult imately becomes ZrO, when overaged. 

T o  thoroughly understand the aging o f  a l loys of 
th is  type, the phase relat ionships o f  the niobium- 
r ich corner of the Nb-Zr-0 i s  required. Because 
o f  the variat ions in the aging response induced 
by the solut ion annealing temperature, i t i s  
thought that tlhe annealing temperatures are wi th in 
a two-phase f ie ld  and not a homogeneous so l id  
solut ion of Nb-Zr-0. 

F E R M I  R E A C T O R  P R O J E C T  

H. lnouye 

The ut i l izat ion of all-metal a l loy fuels for fast  
reactors o f  the Fermi type depends to  some extent 
on the strength and stabi l i ty  of the al loy system. 
The high-temperature y phase o f  uranium can be 
stabi l ized a t  room temperature by al loying w i th  
molybdenum or niobium. On heating U-Mo al loys 
to  subcrit ical temperatures, the gamma phase 
transforms to  a uranium and y’ (U,Mo). Irradiation 
of these al loys at  subcri t ical temperatures op- 
poses the tendency for the al loys to transform 
due to  the heat generated by thermal spikes. 
Thus, at  a subcrit ical f iss ion rate, it i s  thought 
that the sweeping action o f  the phase boundary 
and the low resistance to  plast ic f low during 
transformation a ids fission-gas agglomeration. 
The swel l ing characterist ics o f  the al loys are 
therefore implied to  be direct ly related to  the 
stabi l i ty  of the y phase and the resistance of  
the al loy to  plast ic deformation (creep resist-  
ance). 

The purpose of th is  investigation i s  t o  survey 
the creep resistance o f  y-stabi l ized al loys under 
condit ions that w i l l  ref lect  the effect o f  a l loying 
and transformation. A second obiect ive i s  t o  
determine the effect of time, temperature, and 
stress on the extent of transformation. 

To  date, the creep properties o f  y-quenched 
al loys have been surveyed at 55PC and at  a 
stress of 5000 psi. Under these conditions the 
creep rates o f  the al loys ranged between 4 x 
to  6 x 10-3%/hr and increased in  the order U-13% 
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Mo, U-15% Mo, U-10% Mo, U-lO% Nb-4% Zr, 
and U-10% Nb. 

The creep curve obtained from a U-10% Mo 
specimen exhibited a characterist ic first-stage 
creep for about 50 hr, after which time a rapid 
l inear increase was observed for the duration o f  
the 900-hr test. Inasmuch as the time for the 
change in the creep rate coincided with the be- 
ginning of transformation i n  th is  alloy, it appears 
that transformation does decrease the resistance 
to  plast ic flow. 

In opposition t o  th is  behavior, a U-13% Mo 
specimen exhibited a creep behavior charac- 
ter ist ic of age-hardenable al loys. After 1500 hr, 
the creep rates were not measurable. On in-  
creasing the stress i n  1000-psi increments t o  
10,000 psi, the specimen appeared to  contract 
for 1000 additional hours. The stress-induced 
phenomena might be due to  the transformation o f  
y to  a +  y'(U2Mo), which is more dense. 

A hydrogen-absorption technique was used to  
fo l low the transformation k inet ics in these alloys. 
The principle i s  based on the evidence that the 
y and the y' phases do not absorb hydrogen 
whereas the &uranium-transformation product 
does. Th is  has been substantiated by x-ray iden- 
t i f i ca t ion  of the phases after transformation and 
hydr iding. 

For al loys that were y quenched from 900°C 
and transformed at 5OO0C, the times required t o  
transform t o  equivalent amounts of a uranium 
were calculated t o  be 48, 500, and 1000 hr for 
U-10% Mo, U-13% Mo, and U-15% Mo, respec- 
t ively.  Cold working the al loys prior t o  the trans- 
formation heat treatment increased the amount o f  
a uranium in the al loys by a factor of about 10. 
Depending on the amount of hydrogen absorbed, 
the hydrided al loys either disintegrated to  powders 
or could be readi ly pulverized. 

H I G H - T E M P E R A T U R E  S T A B I L I T Y  OF I N O R - 8  

T. K. Roche 

INOR-8 (17% Mo-7% Cr-5% Fe-bal Ni) was 
selected t o  contain a variety of complex uranium, 
thorium, and alkali-metal f luoride melts up t o  
704°C. When the solubi l i ty  l imi t  of molybdenum, 
chromium, or iron in nickel  i s  exceeded, inter- 
metal l ic  compounds having a high concentration 

of the al loying elements w i l l  precipitate, which 
may have adverse effects on the chemical or 
mechanical properties. 

The purpose of th is study was to  determine 
whether undesirable phases existed in the al loy 
when the elements were within the establ ished 
specif icat ions and at their maximum permissible 
concentration of 18% Mo-8% Cr-5% Fe. Further- 
more, since welds and castings represent the 
worst cases for al loy inhomogeneity, the  study 
was further extended to  establ ish an approximate 
sol id-sol ution-phase boundary. 

From metal lographic studies and x-ray exami- 
nation of extracted residues from electrolyt ic 
dissolut ion o f  the alloy, it was concluded that 
INOR-8 does not contain intermetallic compounds 
up to  temperatures of 10920C. In th is  temperature 
range, however, both M,,C6 and M,C types o f  
carbides are stable phases for carbon contents o f  
about 0.06% C. For carbon levels of about 0.01% 
C, carbides precipitate as a f ine grain-boundary 
phase between 593 and 899% At 982'C and 
above, the carbides redissolve. The carbon solu- 
b i l i t y  up to  89PC i s  therefore less than 0.01% C 
and increases to 0.01 to  0.06% C above th is  tem- 
perature. 

In the ternary system Ni-20% Mo-Cr, so l id  
solut ions ex is t  for chromium contents up t o  10%. 
In the presence of 20% Mo and more than 5% Cr, 
the solubi l i ty  of iron l ies between 4 and 10%. 
At 18% Mo, an unidenti f ied phase that appears to  
be an intermetal l ic compound was observed in an 
al loy containing 8% F e  and 8% Cr. 

The specif ic heat of annealed INOR-8 as de- 
termined by direct calorimetric measurements by 
Stansbury and Brooks', was observed to increase 
uniformly from a value of 0.409 joule/g at  60°C 
to  0.483 ioule/g at  540°C. At 55OoC, an anoma- 
lous r i se  of about 20% i n  the speci f ic  heat was 
observed, reaching a maximum value o f  0.586 
ioule/g at  61OOC. Above this temperature the 
speci f ic  heat decreased to  a value of 0.578 
joule/g at  700% The phenomenon has been 
postulated to  be an ordei ng and disordering re- 
action. 

130RNL subcontract No. 
of Tennessee. 

114, with the University 
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22. POSTIRRADIATION EXAMINATION 

A. R. Olsen 

The current effort of the Postirradiat ion Exami- 
nation (PIE) Group i s  centered on two main 
act iv i t ies:  (1) service functions i n  support of 
various experimental and reactor projects, prin- 
c ipal ly using the avai lable fac i l i t i es  i n  Bui ld ing 
4501; and (2) the design, development, con- 
struct ion and test ing of equipment, as we l l  as 
the development of experimental techniques for 
use i n  both the present and the future hot-cell 
faci l i t ies.  

Construction o f  the new hot-cell faci l i ty, Bui ld-  
ing 3525, i s  approx 50% complete. The construc- 
t ion i s  somewhat behind schedule, and the actual 
date for completion, some time late in 1961, i s  
uncertain. The new fac i l i t y  and i t s  functions 
have been described previously.’e2 

The hot-cel l  fac i l i t i es  i n  Bui ld ing 4501 were 
modified to  meet the revised containment cr i ter ia 
for operations involving radiat ion and contamina- 
t ion hazards. These modifications were made 
with only a minor loss i n  productivity. Although 
the changes have not altered the fac i l i t y  l imita- 
t ions on shielding, they have increased the 
al lowable quantity o f  contaminants and the 
number of functions which may be performed 
safely and economically. A change room con- 
nected t o  an air lock was instal led at  the entry 
to  the manipulator ce l l  operating face. The rear 
of th is  ce l l  was provided with an air lock to a id  
in the charging and discharging operations. 

A number of small shielded glove boxes or 
caves” were instal led for performing specif ic 

tasks on low beta-gamma radiat ion intensity ma- 
terials. The caves permit better ut i l izat ion of the 
l imited ce l l  space for higher ac t i v i t y  level  op- 
erations. 

I #  

’A. R. Olsen and R. E. McDonald, Met. Diu. Ann. 
Progr. Rept.  ]uIy  1. 1960. ORNL-2988, pp 436-37. 

’Staff of the Metallurgy Division, Technica l  Func- 
t ion and Operation of the High Radiat ion Leue l  Ex-  
amination Laboratory,  Bldg. 3525, ORNL CF-61-1-75 
(Jan, 31, 1961). 

A Q U E O U S T H E R M A L  B R E E D E R  P R O J E C T  
SUP P O R T  A C T  I V l T l  ES 

R. E. McDonald 

Hot-Cell  Cutup and Examination of an In-Pi le 
Solution Loop 

As an integral part of an experimental program 
to  investigate the effects of irradiat ion on the 
corrosion behavior o f  selected reactor structural 
materials i n  U02S0, solutions, addit ional hot- 
ce l l  work was performed on the f i rs t  in-pi le loop 
exposed to  higher neutron-flux levels in the  ORR 
HN-I faci l i ty .  The loop design, materials o f  
construction, and operating conditions o f  the in- 
p i l e  test, as wel l  as preliminary results, have 
been reported3 New findings along w i th  a brief 
descript ion o f  the techniques u t i l i zed  and the 
current status o f  the examination are summarized 
below. 

1. A gross-gamma-activity scan o f  the pump 
purge l ines was successful in locating a plug 
noted during loop operation. The plug was ex- 
tracted, photographed, and submitted for chemical 
identi f icat ion. On visual  examination after ex- 
traction, the plug appeared to  be a co l lec t ion  of 
rust-colored c:orrosion products. 

Examination at 200X o f  a repl ica taken on 
the interior surface o f  the pressurizer at  the 
vapor-liquid interface revealed ( 1 )  the presence 

o f  two d is t inc t  scale thicknesses, one above and 
another belour the vapor-I iquid interface, and (2) 
that a suspect-pit area was in real i ty only a 
missing section of heavy scale. The pressurizer 
was subsequently sectioned to  obtain samples 
at  selected points of interest for metal lographic 
exami nation. 

A large number of the corrosion-coupon sur- 
faces were repl icated successfully, employing the 

2. 

3. 

3A. R. Olsen and R. E. McDonald, Met. Diu. Ann. 
Progr. Rept.  / u l y  I, 1960, ORNL-2988, pp 439-42. 
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cel lu lose acetate technique described in the 
last  r e p ~ r t . ~  Evaluation of these repl icas i s  in- 
complete, although certain interesting scale 
topographies have been noted. 

I n  general the examinations did not reveal any 
unusual behavior traceable to an increase in 
neutron flux. The corrosion data4 tend to con- 
f irm previously established power density-cor- 
rosion relationships and the effect of adsorbed 
uranium. These findings w i l l  be reported i n  
detai l  at  a later date by the experimental group 
in  charge of the over-all loop-test program. 

Prel iminary  Examinat ion of In -P i le  Slurry Loops 

After drainage of the test  slurry and r insing 
a t  the reactor site, the f i rst  in-pi le slurry loop5 
was forwarded to the hot cel ls for examination. 
The loop had operated with a slurry of  thoria, 
1350 g o f  thoria per k g  of D,O, to  which 0.5 wt 74 
of enriched uranium, based on thorium, and 0.019 
m palladium had been added. The primary obiec- 
t ives of the postoperational examination were to 
determine the distr ibution o f  any retained slurry 
i n  the loop components together wi th the irradia- 
t ion effects on corrosion. Both the loop design, 
which is unique, and the residual thoria, which i s  
contained in  the loop, require special handling 
and exam i not ion techniques. 

Two new pieces of equipment were u t i l i zed  
during the in i t ia l  stages o f  the examination. 

1. Before dismantling, selected sections o f  
the loop were examined w i th  a col l imated mult i-  
channel gamma-ray spectrometer to  determine the 
distr ibution of retained slurry i n  the relat ively 
undisturbed portion o f  the loop. Similar exami- 
nations are being made on individual components 
or sections after removal from the loop. The 
spectra did show characteristic intensity peaks 
for such elements as Zr95, C S ’ ~ ~ ,  Co60, cos*, 
and Cr5’; and the relat ive intensit ies varied from 
one location to another. These preliminary re- 
sul ts are encouraging, since out-of-pi le experi- 
ments have shown that both corrosion products 
and f ission products tend to  be strongly adsorbed 
by the slurry particles. The core section has 
been removed from the loop, and short sections 

4G. H. Jenks et al., HRP Quart. Progt .  Rept. J u l y  30, 
1960. ORNL-3004, p p  55-77. 

’E. L. Compere et al., HRP Progr. Rept. Nou. 30, 
1960. ORNL-3061, pp 89-94. 

of the core in let  and outlet piping have been ex- 
amined individual ly for gamma spectra. A com- 
parision of the spectral data before and after 
cutup does not correlate but indicates a high 
probabil i ty that slurry has been retained i n  a 
section o f  the pressurizer heater which i s  located 
i n  the same general loop area. 

2. The corrosion specimens from the four-core 
arrays were removed by s l i t t ing  the core pipe 
sections wi th a small m i l l i ng  machine, recently 
made remotely operable for th is  operation. The 
uni t  was required because the avai lable abrasive 
wheel used for opening similar corrosion speci- 
men holders was incapable o f  making the preci- 
sion cuts required by th is holder design. 

Although the  examination i s  incomplete, as- 
removed weight data and preliminary surface 
examinations indicate that irradiation has essen- 
t i a l l y  no effect on the corrosion rates of the 
Zircaloy, titanium, and stainless steel samples 
under the speci f ic  test conditions. The remainder 
of the loop i s  s t i l l  to  be examined. The detai led 
f indings and conclusions w i l l  be reported by the 
experimenter when the examination i s  completed. 

H o t - C e l l  Examinat ion of In -P i le  Slurry 
Autoclaves 

During the past year a total  o f  four in-pi le 
thoria-slurry autoclaves were dismantled and ex- 
amined. Three o f  the test units were designed to 
study only the effect of irradiation on the Tho,- 
bearing slurry,6-8 while the fourth9 unit included 
specimens to  evaluate corrosion behavior as  
well .  Samples o f  the solids, supernatants, and 
r inses were obtained and submitted for chemical 
analysis. Descript ions of the autoclave bodies, 
slurry conditions, and corrosion samples along 
w i th  complete photographic coverage were ob- 
tained. Although the detai led analysis of the 
material examinations has been reported by the 
experimenter, it i s  of interest to  note that i n  one 
autoclave a black, vitreous material was found. 

6J. P. McBride, HRP Quart. Progr. Rept. Nou. 30, 

7J. P. McBride, S. D. Clinton, and W. L. Pattison, 

8J. P. McBride, Chem. Tech. Ann. Progr. Rept. 

9E. L. Compere et a[.. HRP Quart. Progr. Rept. 

1960, ORNL-3061, p 75. 

HRP Progr. Rept. APT. 30, 1961 ( to  be issued). 

F Y  1961 ( to be issued). 

Apr. 30, 1961 ( t o  be issued). 
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It had accumulated i n  the vapor-phase region o f  
the autoclave. The unidenti f ied material ex- 
hibi ted an apparent bulk density o f  about 1 (part 
of it floated and part sank i n  water). The exami- 
nations also showed that there i s  a signif icant 
quantity o f  fines produced by irradiat ion of thoria 
spheres even under stat ic conditions. The 
material balances on these tests have not been 
completed. 

D E V E L O P M E N T  OF P O S T I R R A D I A T I O N  
E X A M I N A T I O N  T E C H N I Q U E S  

R. E. McDonald 

In performing normal service functions, certain 
requests or needs lead to  the development o f  
new or modif ied equipment and techniques. The 
more signif icant o f  these developments are br ief ly 
described here. 

Remote Viewing 

R. E. McDonald 

The group assisted in developing equipment and 
techniques for the macroscopic examination and 
photographing o f  the HRE-2 core-vessel in- 
ter ior. ' Photographs giv ing printed magn i f  i ca- 
t ions o f  4 and 16X were taken by u t i l i z i ng  an 
Omniscope and a Questar telescope. 

A similar program was undertaken at the request 
o f  the Chemical Technology D iv is ion  to  v iew 
interior surfaces of the fluorinator and hydro- 
fluorinator vessels i n  the Vo la t i l i t y  P i l o t  Plant. 
In this instance the Questar telescope was used 
w i th  only a mirror arrangement. A typical  photo- 
graph taken w i th  this arrangement is shown in  
Fig. 22.1. Th is  technique and equipment are 
proving to  be very versat i le tools for long-range 
macroscopic examination. Reports on th i s  ex- 
amination and the general viewing-technique de- 
velopment w i l l  be published soon. 

High-Level Gamma Spectrometry 

R. E. McDonald J. S. Eldridge" 

o f  the loop dismantling cel l .  The col l imator pro- 
vided suff ic ient  resolut ion and def in i t ion to  
identi fy gamma emitters retained in the f i rs t  
slurry loop by means o f  their characterist ic gamma 
spectra. 

The col l imation system consisted of a 36-in. 
length o f  pipe w i th  a 15-in.-long sl id ing sleeve 
f i l l ed  wi th lead shot. An ax ia l l y  located 1-in.- 
diam pipe could accommodate as many as f ive 
3-in.-long lead cylinders. These cyl inders con- 
tained center-line holes of various diameters. 
The most ef fect ive set was an array of three 
cyl inders containing $-in.-, %-in.-, and \-in.- 
diam holes decreasing i n  s ize toward the source. 
The detector crystal and preamp1 i f ier  package 
were instal led in the large pipe behind the 
collimator. The detector was connected to  the 
256-c han ne1 ana I y zer . 

A simple camera attachment was fabricated for 
use w i th  the spectrometer cathode-ray tube. The 
use o f  the attachment along w i th  a Polaroid 
camera faci l i tated the col lect ion of data. 

The loop in the ce l l  was loosely f i t ted  through 
a 1-in.-thick lead sleeve with a 2 x 3 in. window. 
The window was al igned w i th  the detector by 
means of a l ight  beam through the collimator. 
Determinations were made by rais ing or lowering 
the loop past the window. Rotation o f  the loop 
inside the sleeve provided determinations 90" 
apart a t  each vert ical position. 

Th is  instal lat ion was also used t o  examine 
sections of experimental control materials for 
the APPR project. A miniature composite plate 
containing 30 wt % Eu203  dispersed i n  stainless 
steel and c lad  in stainless steel was sectioned 
for examination wi th the spectrometer. Two 
sections, one of stainless steel frame and the 
other containing the Eu,O,, were measured. 
The data have not been completely analyzed; 
however, the findings show that th is  w i l l  be a 
reasonable method for either direct  or indirect 
burnup analyses on such control materials. Ad- 
di t ional  experimentation w i l l  be required to  de- 

A col l imator was developed that could be in- termine the qlJantitative accuracY* 

serted through an exist ing 6-in. hole in the face 
Remote Replication 

R. E. McDonald B. W. McCollum G. A. Moore 

The f i r s t  remote repl icat ion of the interior sur- 
face on an autoclave was made during th is  period. 
The repl icat ion was produced by centr i fugal ly 

lotion. casting a thin section o f  RTV si l icone rubber 

''5. E. Beal l  et al., H R P  Quart. Progr. Rept .  Nov. 

"J. S. Eldridge of the Analytical Chemistr Division 
cooperated in the design and operation of t l i s  instal- 

30, 1960, ORNL-3061, pp 3-9. 
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Fig. 22.1. Interior of Hydrofluorination Vessel Taken Through A Questar Telescope. 
the diffuser plate and the wall  as seen through the t i l ted mirror. Original magnification 2X .  

Th is  photograph shows 
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Fig. 22.2. Remotely Replicated In-Pi le  Autoclave Interior Surface. Centrifugally cast RTV silicone rubber used 

a s  the replicating material. 

with a modified curing agent on the interior walls. 
Replications of th is  sort permit high-magnification 
examination of entire interior surfaces. Figure 
22.2 i s  a photograph of th is  replica. 

Cel lu lose acetate repl icas’*# l3 were made o f  
the polished and etched metallographic surfaces 
of  the sample of  the HRE-2 core wa11.14 This  
sample was removed prior to repair of the hole 
i n  the core. Replication involved the use of  
cel lu lose acetate sheets suitable for large f la t  
surfaces. Ultrasonic decontamination in  an HN0,- 
HF solution eliminated most of the occluded ra- 
dioactive particles without damage to  the replica. 

EQUIPMENT DEVELOPMENT F O R  NEW 
FACILITY 

J. R. Parrott J. E. VanCleve 

The equipment test ing and development for the 
new fac i l i t y  have been broken up into two very 

12A. R. Olsen and R. E. McDonald, Met. Div.  Ann. 
Progr. Rept. July 1. 1960, ORNL-2988, pp 439-42. 

13Metallurgy Division Staff, Technical  Function and 
Operat ion of the High Radiat ion L e v e l  Examination 

(Jan. 31, 1961). 
L a b o r a t o y ,  EIdg. 3525, ORNL CF-61-1-75, pp 49-50 

14M. L. Picklesimer, HRP Quart. Progr. Rept .  July  
30. 1960. ORNL-3004, pp 9-17. 

broad areas: speci f ic  experimental equipment 
and fac i l  ity-support equipment. Examples of  spe- 
c i  f i c exper i menta I equipment are: hardness 
testers, impact testers, metal lographic etching 
and pol ishing items, and ultrasonic inspection 
equipment. Facil ity-support equipment consists 
o f  items that w i l l  be of  general application, and 
examples of  such items are: in-cel l  l ight ing, 
manipulators, and service sleeves and plugs. 

The fol lowing remote-metallography items were 
described in  detai l  i n  the previous annual re- 
port:’5 microhardness tester, cathodic etcher, 
cutoff machine, vibratory pol isher, e lectrolyt ic 
pol isher, extended-range superficial hardness 
tester, mounting press, and metallographs. This  
equipment i s  a l l  fabricated or in  the f ina l  stages 
of fabrication. Some of it has been placed i n  op- 
eration i n  exist ing hot-cell faci l i f ies, and some 
items are undergoing test ing i n  the ce l l  mockup 
or co ld laboratories. 

A detailed description of a l l  the currently pro- 
posed equipment and functions has been reported 

”Met. Div. Ann. Progr. Rept .  July  I ,  1960, ORNL- 
2988, PP 341-405. 
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in the staff paper.16 Only a few examples o f  
speci f ic  items and their status are discussed 
here. 

Carbon Repl icat ion 

J. E. VanCleve 

The purpose of the carbon-rep1 ication apparatus 
i s  to  provide direct, shadowed carbon repl icas of 
the topography o f  radioactive samples for exami- 
nation wi th an electron microscope. The mechan- 
i ca l  design i s  finished, and the instrumentation i s  
we l l  under way. One set of repl icas was produced 
on a part ial ly assembled uni t  which proved the 
design integri ty but revealed some shortcomings 
i n  the equipment. Modif icat ions to correct these 
defects are included in the instrumentation work. 
The quali ty o f  the repl icas was good, but they 
lacked mechanical strength. When the modifica- 
cations are complete a procedure w i l l  be de- 
veloped to  correct th is flaw. 

Bausch and Lomb Stereomicroscope 

J. E. VanCleve J. R. Parroti 

The f irst stereomicroscope speci f ical ly de- 
signed to meet the containment and maintenance 
features of the new fac i l i t y  has been received. 
The test ing o f  this uni t  w i l l  be done in the 
mockup fac i l i t y  when the focusing stage has been 
completed. 

The location of the in-cel l  a i r  f i l ters made 
necessary the design of a cantilevered focusing 
stage for use with the stereomicroscope. The 
focusing stage includes fac i l i t i es  for posit ioning 
the sample i n  addit ion to effect ing the required 
three recti l inear motions, table rotation, and 
table tilt. 

Gamma Spectrometer 

J. R. Parrott 

Accommodations for a through-the-wal I col  Ii- 
mated gamma spectrometer were included in  the 
new faci l i ty .  Th is  equipment w i l l  provide gamma- 
spectrometer scans for nondestructive burnup 
ana I ys  i s  of irradiated f uel-e I ement components 
and induced act iv i ty measurements on highly ir-  
radiated samples of structural material. The 

16Technical  Function and Operation of the  High 
Radiation Level Examination Laboratory, Bldg. 3525, 
O R N L  CF-61-1-75 (Jan. 31, 1961). 

shielded crystal detector and col l imator wi  II be 
instal led outside o f  the containment seal, and 
design o f  th is  portion o f  the equipment i s  com- 
plete. The design of the specimen positioner for 
use w i th  th is  uni t  i s  95% complete. The posi- 
tioner w i l l  be instal led inside the ce l l  and w i l l  

1 accommodate specimens from /2 to  4 in. wide in 
any length up to  40 in., wi th complete surface 
scanning. Posit ions from within 5 in. o f  the 
ce l l  wall, where the col l imation begins, t o  2 ft 
from the wal l  are attainable. Features suggested 
by the current service-function developments are 
being incorporated. 

Mercury-Vapor-Lamp Shrouds 

J. R. Parrott 

In-cel l  l ight ing and the remote servicing o f  such 
l ight ing has long been a problem i n  ho t  cel ls. 
During the design o f  the new fac i l i t y  th is  problem 
was deferred for thorough mockup testing. The 
Research Equipment Company markets a lamp 
shroud which has been used with some success 
by others. Starting wi th th is  unit, tests have 
been conducted to  determine I ighting eff iciency 
and maintenance techniques. 

Although a l l  modifications to  th is  f ix ture have 
not been achieved, several real improvements 
have been attained. A simple hanging hook has 
been included and the replacement of bulbs 
greatly simplified. The original wire screens 
guarding the bulb and held i n  place by screws 
have been replaced w i th  a guard made of rods 
held in place by a simple spring action. Th is  
modif icat ion not only provides increased me- 
chanical strength and easier maintenance but has 
increased avai lable i l lumination by 50% as well. 
The modified unit i s  shown in Fig.  22.3. 

M a s t e r 4 l a v e  Manipulators 

J. R. Parrott 

During th is  period the prototype pair o f  sealed 
model A master-slave manipulators developed by 
Central Research Laboratories have been un- 
dergoing a thorough functional check i n  the 
mockup. Some of the gears had to  be modified 
because of slippage, and th is  change has been 
incorporated into the producti0.n models. One 
unique d i f f i cu l ty  encountered, when the slave 
end was removed, was a d is t inc t  tendency for 

J. E. VanCleve 
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inwri  A E E I C I C ~  

Fig. 22.3. Modified In-Cell  Mercury-Lomp Shroud. 

the master end to invert. Spl i t t ing the counter- 
weight between master and slave ends only 
shifted the problem to the slave end, where the 
consequences would be more severe because, 
when inverted, the slave end w i l l  disengage 
from the seal unit  and fa l l  to  the ce l l  floor. A 
simple solution was found in  the instal lat ion of 
a lock-pin mechanism on the exterior ce l l  wall; 
Fig. 22.4 shows this mechanism. The findings 
and developments on the prototype models are 
being passed on to  the manufacturer for inclusion 
or correction. 

Kollmorgen Periscope 

R. E. McDonald J. L. Wilson 

The Kollmorgen periscope i s  used for general 
observation and photography within the cell. In  
order t o  view in  some cases, it i s  necessary to  
revolve the entire mechanism around i t s  axis. 
The standard periscope i s  equipped with a large 
overhead counterweight for balance. Th is  counter- 
weight complicates the transfer from one position 

Fig. 224. 
P i n  Used to 

Model "A" Manipulator Mortar End Locking 

Prevent Inversion During Maintenance. 
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t o  another, as it must be removed during transit. 
In  addition, the unit was unstable during photo- 
graphing operations and required frequent re- 
alignment and adiustment. To overcome these 
d i f f icu l t ies a simple mechanical expanding-shoe 
brake was designed. No changes t o  the periscope 
were necessary other than the removal o f  the 
weight. 

The brake i s  shown instal led on the mockup 
periscope in  the fo l lowing two pictures. Figure 
22.5 i s  a closeup of the brake. The brake i s  the 

light-shaded material between the periscope barrel 
and outer tube. The brake i s  actuated by the 
light-shaded handle. Figure 22.6 i s  an over-all 
v iew of the instal lat ion wi th the periscope t i l ted. 
A camera i s  i n  place to show that the brake i s  
capable of  holding i t s  weight. 

Radioactive-Mater ia I Transport 

R. E. McDonald J. R. Parrott 

Transporting radioactive material outside of the 
cel I complex, either for introducing experiments 

:LASS IF I ED 
'-40774 

Fig. 22.5. Closeup of PIE-Designed Locking Brake Installed on a Standard Kollmorgen Periscope to Replace 

Counterweight. 
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into the operations or removing sol id waste and 
samples safely, i s  a major problem i n  the op- 
eration o f  hot cel ls. During th is  period two car- 
r iers were designed to  function w i th  the 14t-in. 
and 6 t - i n .  transfer ports in the new faci l i ty .  
Th i s  design was coordinated with the transfer 
stations, the waste cans, and the decontamination 
equipment that w i l l  have t o  be instal led i n  the 
cel l .  Since the rapid and safe conduction of these 
essent ia l ly  nonproductive operations controls the 
eff iciency o f  productive operations to  a large 
degree, considerable attention has been and w i l l  
continue to  be focused on perfecting the equipment 
and techniques in th is  area. 

H R L E L  X-RAY D I F F R A C T I O N  A P P A R A T U S 1 7  

H. L. Yakel 

The period covered by th is  report has seen the 
development o f  a satisfactory design for the 
transfer mechanism and biological shield o f  the 
goniometer. Th i s  was accomplished in  collabora- 
t ion  with the Ph i l ips  Electronics Company, who 
w i l l  construct the instrument. 

'7TechnicaI  Function and Operation of the High 
Radiation Leve l  Examination Laboratory, Building 
3525. ORNL CF-61-1-75 (Jan. 31, 1961). 

The design adopted should make th is  goniometer 
more accessible for maintenance and service than 
similar exist ing instruments, whi le sacr i f ic ing no 
radiological safety or instrumental accuracy. 
Tests o f  the assembled equipment are scheduled 
for June 1961. Incorporation into the ce l l  w i l l  
take place i n  the fol lowing few months. 

HIGH R A D I A T I O N  L E V E L  E X A M I N A T I O N  
L A B O R A T O R Y  ( H R L E L )  

R. W. McClung K. V. Cook 

A remote scanning tank for the ultrasonic in- 
spection of high-level irradiated components in 
the HRLEL has been designed and bui l t . '*  The 
system incorporates capabi l i t ies for remote move- 
ment of the ultrasonic transducer through X ,  Y ,  
and Z l inear direct ions and angular adjustment 
in two directions. Cyl indr ical  specimens can be 
clamped and rotated by a remotely operated chuck. 
Wherever possible, consideration has been given 
to  the remote maintenance o f  th is  equipment. 

181bid, pp 27-29. 

. 
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23. POWDERMETALLURGYANDFUELCYCLE 

J. P. Hammond 

L I Q U I D - P H A S E  S I N T E R I N G  O F  U R A N I U M  
C A R B I D E  F U E L S  

J. D. Sease J. P. Hammond 

Uranium carbide offers advantages over UO, i n  
that it has superior thermal conductivity, a higher 
uranium density, and improved resistance to  thermal 
shock. Also, it i s  reported to have good irradiation 
stabi l i ty. The shortcomings of uranium carbide are 
i t s  di f f icul ty of fabrication and i ts hygroscopicity. 
Sintering temperatures as high as 2000°C are 
required to achieve acceptable bulk densities; 
storage, even as pellets, requires special measures 
to prevent degradation. 

Under the sponsorship o f  the Gas-Cooled Reactor 
Proiect, liquid-phase sintering wi th a permanent 
cementing agent was investigated for overcoming 
the above-mentioned shortcomings ci ted for ura- 
nium carbide. While the detai ls of th is work are 
given elsewhere,’ a summary of the results i s  
given bel ow. 

Nickel, chromium, and the uranium intermetal l ics 
(U,Mo, U,Si,, and USi,) were investigated as 
cementing agents. Carbide fuels bonded with the 
uranium s i l i c ides  gave very grat i fying results. 
With 5, 10, and 15 wt  % USi, as the binder, a 
density of 97% of  theoretical was obtained with 
f i r ing in a vacuum at 1650°C; 18 wt  % U,Si, gave 
97.5% density on sintering at  1550°C. Under cer- 
ta in conditions of fabrication, the U,Si, binder 
was made to assume a continuous network, 
s igni f icant ly improving the corrosion resistance. 
I t  i s  to be observed that the uranium si l ic ide- 
bonded carbides represent highly fabricable fuels 
of high uranium density and low thermal-neutron- 
absorption cross section. 

D E V E L O P M E N T  O F  THORIUM-BASE A L L O Y S  
WITH I M P R O V E D  E L E V A T E D - T E M P E R A T U R E  

S T R E N G T H  

J. A. Burka J. P. Hammond 

Besides having unique nuclear properties, thorium 
metal withstands high nuclear burnup while main- 
ta in ing duc t i l i t y  and useful isotropic mechanical 

properties. Such attr ibutes suggest the use of 
thorium where advantage i s  taken of i t s  structural 
as wel l  as nuclear properties. With th is  in mind, 
an exploratory study was made o f  thorium al loys 
to  evaluate the effects of various elements in 
enhancing i t s  elevated-temperature strength and 
creep properties. Hot hardness and recrystal Ii- 
zation temperature were used as screening tests, 
whereas hot tensi le and creep are to be employed 
for f inal  evaluation. 

Forty- f ive al loys (based on binary systems con- 
taining C, AI, Cr, U, In, Mo, Nb, Zr, Sn, Be, Ti, and 
V, and ternaries of these w i th  carbon) have been 
examined by the preliminary tests. For tempera- 
tures i n  excess o f  500°C, indium proved to  be by 
far the most potent strengthener, wi th zirconium 
being the next best additive. Thorium al loyed with 
4 wt % In gave a fourfold increase in  hot hardness 
over that for unalloyed thorium a t  6OO0C, and a 
5’$-fold increase at  750OC (Fig. 23.1). For these 
temperatures, the increase w i th  a 5 wt % addit ion 
o f  zirconium was threefold and fourfold respec- 
t ively. Whereas, below about 550°C the hot hard- 
ness increased with increasing zirconium content, 
above this temperature 5 wt ’Z Z r  was as good or 
superior to larger amounts (Fig. 23.1). For the 
most part, the other binary al loys (hatched band in  
Fig. 23.1) showed only nominal increases i n  hot 
hardness over the unalloyed thorium. The sharp 
dip i n  the Th-Zr al loy curves i s  attributed to  the 

scavenging” of carbon, occurring as an impurity 
i n  the thorium. The Vickers hardnesses of the 
same al loys (at room temperature) after cold 
ro l l ing  and annealing for 1 hr a t  temperature are 
shown as a function o f  annealing temperature in 
Fig. 23.2. The hatched band again represents 
data obtained from the remaining al loys tested. 
The curves indicate that softening begins at 
approx 530°C for the al loys containing zirconium 
and at 6OOOC for the al loy containing indium. 
Recrystal l izat ion curves for most o f  the ternary 

‘ C C R  Quart. Progr. Rept. June 30, 1961, ORNL-3166 

‘ t  

( in press). 

. 
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Fig. 23.1. Hot-Hardness Curves for Binary Thorium- 

Base Alloys, The hatched band represents resul ts  

obtained on other binary a l loys (C, AI, Cr, U, Mo, Nb, 
Sn, Be, Ti, and V incorporated as additives). Samples 

arc melted s ix  times, solut ion annealed 8 hr  at lOOO'C, 
and hot ro l led at 80OoC. 

al loys containing carbon could not be obtained 
because o f  the embrittlement of thorium by carbon. 

Figure 23.3 i l lustrates the ef fect  of additions o f  
0.2 wt  % C on hot hardness of a l loys containing 
0.2 wt % Be and 5 wt % U. Carbon i s  a very 
potent strengthener of thorium a t  room temperature, 
but i t s  ef fect  decreases rapidly wi th increasing 
temperature. For the most part, the ef fect  of 
carbon in ternary al loys was additive. The Th-0.2 
wt % Be-0.2 wt % C al loy has definite potential 
for use at  temperatures up to  4OOOC because high 
hardness i s  produced by very small additions o f  
elements wi th low thermal-neutron-absorption cross 
sections. The hot-hardness curve for the al loy 
containing 4 w t %  In (alloy of the highest hardness) 
i s  inserted for comparison. 

E levated-temperature tensi le tests have been 
performed in  dupl icate on hot-rolled thorium and 
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Fig. 23.2. Recrystal Ii zatian Temperature Curves for 
Binary Thorium-Base Alloys. Hardness determinations 

were made on materials cold ro l led to 75% reduction in  

area and annealed for 1 hr  at temperatures shown. The 

hatched band represents results obtained on other binary 

a l loys  (C, AI, Cr, U, Mo, Nb, Sn, Be, Ti, and V included 

as additives). Samples arc melted s i x  times, solut ion 

annealed 8 hr at 1000°C, and hot ro l led a t  80OoC. 

the Th-5 wt % Z r  al loy at  6OO0C, the results 
(averaged values) of which are as follows: 

Thorium Th-5 wt % Zr 

Tensi le  strength, p s i  8600 37,500 

Yie ld  strength, ps i  4700 32,500 

Elongation i n  1 in., % 52.8 32.0 

Reduction i n  area, % 82.6 43.6 

As indicated, the addition o f  5 wt  % Zr to thorium 
increases i t s  tensi le strength fourfold. Th i s  
compares w i th  a threefold increase in hot hardness 
at  th is  temperature. The al loy containing 4 wt  % 
In should exhibi t  substantial ly higher strength 
than even that shown by the Th-5 wt  % Z r  al loy 
since i t s  hot hardness is four times that of thorium 
at 600OC. However, d i f f icul t ies were encountered 
i n  the hot fabrication of th is al loy because o f  i t s  
high elevated-temperature strength, and hot tensi le 
specimens have not been obtained from it as yet. 

In the future, several additional ternary a1 loys 
w i l l  be explored with the more promising materials 
being tested for stress rupture and long-time creep 
properties. In addition, methods are being de- 
veloped for producing very f ine thorium powders, 
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Fig. 23.3. Hot-Hardness Curves for Thorium-Base 

Binary Alloys and Ternary Alloys Containing Carbon. 

The  hatched band represents results obtained on other 

ternary alloys; these include carbon-containing al loys 

with AI, Cr, Mo, Nb, Sn, Ti, and V. Samples arc melted 

six times, solution annealed 8 hr at 1000°C, and hot 

rol led at 8OO0C. 

and later, effort w i l l  be devoted to the study o f  
dispersion hardening i n  thorium, using powder 
metallurgy as the method o f  fabrication. 

DISPERSION F U E L S  WITH UOq OR U C  IN 
D E P L E T E D  U R A N I U M - I O  T O  15 wt  % 

M O L Y B D E N U M  M A T R I X  

S. A. Rabin 
A. L. Lo t ts  

M. M. Martin, 
J. P. Hammond 

Fabrication of dispersion fuels using UO, and 
UC as the dispersoid and U-Mo (10 to 15 wt  % Mo) 
y-phase al loy as the matrix, has been investigated 
i n  connection wi th the ORNL Fast  Breeder Assist-  
ance Program (a report i s  i n  preparation). Two 

'Metal Forming and Casting Group. 
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main areas o f  investigation were successful ly 
covered: 

1. fabrication development of the dispersion fuel 
e I ement s, using the convent iona I p i  cture-frame, 
rol I-cladding technique, and 

2. rotary swaging development on U-10 to 15 wt  % 
Mo powders. 

Cores containing 17.8 wt  % (25.0 vol  %) UO, 
dispersed in  a U:Mo al loy (15% Mo) were success- 
fu l ly  fabricated, using a procedure of cold pressing 
at  50 tsi,  llOO°C sintering, and co ld  coining at  
50 tsi. Fabr icabi l i ty  o f  these dispersions was 
shown to be a function of the type o f  matrix powder. 
Cores of good strength and with densit ies 81% of 
theoretical or higher were obtained by using pre- 
al loyed powder that had been prepared by bomb 
reduction w i th  calcium. However, t o  prevent 
swelling, a vacuum degassing of the prealloyed 
powder was necessary prior to  fabrication. Suitable 
compacts were also obtained with UO, dispersed 
i n  elemental molybdenum and uranium powders 
that had been made by calciun: reduction. Hydride 
uranium, owing to  i t s  voluminous quali ty, gave 
poor compactibility. The pressing of compacts 
containing as-received prealloyed U-10 wt % Mo 
and U-14 wt  % Mo shot was successful only after 
the addit ion o f  large quanti t ies o f  organic binder, 
apparently necessary because of surface oxide on 
the powder. Chemical ly cleaning the surface of 
such part icles enhanced compatibi l i ty, but bonding 
during sintering was s t i l l  not achieved. 

Dispersion cores also were prepared w i th  UC as 
the dispersoid. Fabrication o f  these compacts 
resulted i n  products similar to  those containing 

Compacts were assembled into b i l le ts  and hot 
rol led at  various temperatures. The effects of 
core composition, sheathing materials, rate of 
reduction, and ro l l ing  temperature on density and 
microstructure were determined. Cladding ma- 
ter ia ls evaluated were: (1) molybdenum, (2) Zr-3 
wt % AI, (3) Fansteel 82, (4) Nb-1.8 wt % Cr, and 
(5) Inconel-clad molybdenum. After completing 
screening tests, cyl indr ical  cores o f  17.8 wt % 
(25 vol  %) UO, dispersed in a matrix o f  elemental 
U-15 wt % Mo al loy were clad with either molybde- 
num or Zr-3 wt  % AI and then rol led at  1150 and 
91 0°C respectively. 

Very promising results were obtained with 
the molybdenum cladding. Metal lurgica I bonding 
between both the core and clad and the frame and 

uo ,. 
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clad were achieved, as determined by metallo- interface are shown in Fig. 2 3 . 4 ~  and 23.4b 
graphy, mechanical-peel, and thermal-shock tests. respectively. It may be noted that the structure of 
A density o f  99% of theoretical was obtained in  the molybdenum i s  finer near the core-clad inter- 
the rol led dispersion. Representative micro- face, and, that while the UO, has stringered, i t 
structures of the core and bonding at  the core-clad has not broken up. blonbonding between the 

UNCLASSIFIED 
Y-390 4 3 

- -  

Fig. 23.4. Transverse Section from Plote 2A Showing Core, Contoining 17.8 wt % (25 vol %) U02 Dispersed in 

1 NH40H-1 U-15 wt % Mo, and Molybdenum Clod. 

H202. Reduced 13%. 
( a )  A s  polished; ( b )  core-clad bond in greater detoil. Etchant: 
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stainless protective sheath and the molybdenum 
clad permitted ready str ipping of the sheathing 
from the molybdenum clad. Examination of the 
rol led plates indicated differences i n  thicknesses 
over the frames and cores, undoubtedly caused by 
too high a rol l ing temperature. 

With the Zr-3 wt  % AI  cladding, excel lent self- 
bonding was achieved to  the frames, but the bonds 
to the cores were very poor. An apparently br i t t le 
di f fusion layer was present i n  the interface. Also, 
the UO, was badly stringered and fractured. 

Swaging parameters studied included a1 loy 
composition, types o f  powder, swaging temperature, 
reduction i n  area, and post-heat treatment. Ele- 
mental powders could be swaged at 1050 and 
llOO°C to greater than 95% of theoretical density. 
Good interpart icle bonding was obtained, and 
3h6-in.-diam specimens were machined from the 
swaged rods. Internal oxidation and inhomogeneity 
were the primary problems encountered. 

The as-received prealloyed shot could be swaged 
to densit ies comparable to those for elemental 
powders, but interparticle bonding was not ac- 
hieved. Ac id  cleaning the uranium-molybdenum 
shot prior to  swaging resulted i n  marked improve- 
ment in the quali ty o f  interpart icle bonding for 
swaging a t  105OOC. 

Factors proving important i n  achieving good 
swaging results include: (1) purity o f  powders, 
(2) high tap density, (3) swaging temperature of at 

least 1O5O0C, and (4) maintenance of a good 
atmosphere in the capsule during processing. It 
a lso was indicated that a prolonged annealing 
treatment prior to swaging i s  advantageous, 
especial ly to achieving homogeneity. 

E V A L U A T I O N  OF B O R O S I L I C A T E  G L A S S  A S  
A B U R N A B L E  POISON 

T. D. Watts 

T o  evaluate borosi l icate glasses as potential 
burnable poisons for use i n  Army Package Power 
Reactors (APPR), fabricabi l i t y  and compati b i l i t y  
studies have been made on a variety o f  glasses. 
The glass part icles are attract ive as poisons 
since they have the ab i l i t y  to retain f iss ion gases 
and should be stable under reactor  condition^.^ 
They should also minimize the boron-loss problems 
encountered with most other boron compounds. 

It has been shown that a refractory grade of 
glass containing 4 wt 76 B,03 may be added to 
APPR-type fuel elements (type 347 stainless 
steel-U0, dispersions) and then be ro l l  clad into 
miniature fuel plates. The glass remained 
spherical, wi th no evidence o f  stringering or re- 
act ions wi th the matrix material or fuel (see 
Fig. 23.5). 

3W. K. Anderson, “Nuclear Applications of Yttrium, 
Scandium, and Lanthanons,” Rare Earths and Re la ted  
Metals ,  American Society for Metals,  Cleveland, Ohio 
( in  press). 

F ig .  23.5. Longitudinal Cross Section of Miniature Plates Containing Hydrogen-Reduced UOq and Refractory 

Uranium and boron are o f  SM-2 concentration (21.19 wt % U235, 0.06 wt % B’O), and Borosil icate Glass Beads. 

rolling was a t  105OOC. The round particles are glass; the irregular particles are UO,. As polished. 
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In preliminary tests, a number o f  borosi l icate 
glasses o f  selected grades (refractory-type beads, 
Pyrex beads, enriched Pyrex, etc.) were pressed 
with type 347 stainless steel powder, sintered, and 
cold coined. Compacts were ro l l  c lad i n  type 347 
stainless steel to evaluate the resistance of the 
glasses to  stringering. These glasses varied i n  
B,O, content and softening points. The volume 
fract ion of glass was adjusted to maintain a 
uniform boron content. After hot rol l ing, metallo- 
graphy showed that a l l  glasses, wi th the exception 
of the refractory glass, were badly stringered. 

The refractory-type glass was then evaluated 
for compatibi l i ty i n  plates containing UO,. Com- 
pacts were made with 21.19 wt % U and 0.06 wt % 
B (the SM-2 concentration). AI I pressed compacts 
were dense and strong, wi th no evidence o f  re- 
act ions after sintering and coining. Rol l  cladding 
in type 347 stainless steel yielded well-bonded 
plates wi th good surfaces and no evidence o f  re- 
act ions or stringering. 

Boron retention was evaluated by conducting 
chemical analyses on samples taken at  each step 
in the fabrication process. Within the accuracy o f  
the method, no boron was lost. A l l  boron-bearing 
poisons previously examined were subject to  
considerable boron loss during fabrication. Thus, 
the borated glass shows great merit i n  th is 
respect. 

O P T I M I Z A T I O N  O F  U O p  - S T A I N L E S S  S T E E L  
DISPERSION F U E L S  

S. A. Robin J. H. Cherubini 

A project i s  being conducted i n  conjunction wi th 
the APPR Program to  develop optimum U0,- 
stainless steel dispersions, using the hot-rol l  
cladding method of fabrication. The objective is 
to  improve the properties of UO,-stainless steel 
dispersion fuels at  reasonable cost. Special 
emphasis has been given to in i t ia l  distr ibution of 
the dispersoid and i t s  stringering during rolling. 
While not readi ly attainable, the ideal fabricated 
structure would be one with spherical UO, 
positioned in close-packed array i n  the matrix. 

The most outstanding f inding o f  the study to 
date has been the discovery that very good plate- 
fabrication results can be obtained with green 
compacts. In the investigation of the effects o f  
compact condition and density on plate-fabricating 
characteristics, varying of the in i t ia l  state was 
achieved by using (1) cold-pressed condit ion wi th 

increasing pressing pressure, (2) sintered con- 
di t ion wi th increasing sintering time at  a given 
temperature, and (3) sintered and coined condition. 
Examination o f  the rol led composites indicated 
that green compacts y ie ld  equal or better core 
structure ( less stringering and fragmentation o f  the 
UO,) than their sintered or sintered and coined 
counterparts (see Fig. 23.6). Th is  i s  most en- 
couraging, since reducing the processing steps 
w i l l  result i n  a signif icant cost reduction. Present 
work i s  directed a t  reproducibility of results and 
the question of whether the improvement in fabri- 
cation stems from the el imination of the sintering 
and/or coining steps or from a lower in i t ia l  core 
density. 

Blending studies, using 33 wt % (25 vol  %) UO, 
(-100 +140 mesh) i n  3 2 5  mesh stainless steel 
powder, have shown that the Fermi paste-blending 
technique4 produces the most homogeneous cores. 
However, a technique that includes precoating of 
the UO, part icle wi th camphor and blending with 
dry stainless steel powder gave good preliminary 
results, warranting further investigation. 

The effect o f  dispersoid volume fract ion on 
sintered and coined compact density, homogeneity, 
and the density of the core after ro l l ing was de- 
termined and i s  i l lustrated in Table23.1. Although 
the absolute densit ies (g/cc) of the compacts in- 
crease with increasing UO, loading, signif icantly, 
the theoretical densities remain fair ly constant. 
For th is  paste-blending procedure, homogeneity 
varied wi th the UO, loading, giv ing the best 
results at around 25 vol % loading. It was ob- 
served with ro l l  cladding a t  1200OC that the fuel 
densit ies generally decreased with increasing fuel 
loading (Table 23.1). The seemingly anomalous 
result at  the 20 wt  % UO, loading i s  being re- 
examined. 

A l l ied  to  th is  and other dispersion-fuel projects, 
a program i s  being conducted with the objective of 
evaluating the effects of important factors on 
irradiation damage and elucidating the mechanism 
of f a i l ~ r e . ~  In th is connection fabrication de- 
velopment i s  i n  progress to prepare irradiat ion 

4J. H. Cherubini, R. J. Beaver, and C. F. Ceitten, 

Jr., Fabrication Development of UOZ-Stainless  Steel  
Composi te  Fuel P l a t e s  for Core B of the Enrico Fermi 
Fast  Breeder Reactor ,  ORNL-3077 (Apr. 4, 1961). 
5J. R. Weir, A Failure A n a l y s i s  for the Low-Temper- 

ature Performance of Dispersion Fuel Elements ,  
ORNL-2902 (May 27, 1960). 
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Fig. 23.6. Transverse Section of  Fabricated Plate Containing 35 wt % U02 i n  Stainless Steel Green Compact, 

Hat  Rol led a t  1200°C. A s  polished. 

Table 23.1. Stainless Steel Compact Density and Homogeneity as a Funct ion of U 0 2  Loading 

Density of Roll-Clad 

Fuel Sectione 

(X TD) 

d CoinedC b Uranium Dioxide' Sintered 
Estimate of Homogeneity 

(w t  %) (g/cc) (X TD) (g/cc) (X TD) 

10 5.97 73.5 6.54 80.5 

20 6.15 73.5 6.74 80.6 

25 6.25 73.6 6.84 80.5 

30 6.34 73.6 6.96 80.8 

Poor 

Fai r  

Good 

Fai r  

99 

94.8 

97.9 

96.8 

40 6.54 73.7 7.18 80.9 Poor 95.8 

'Mixed -100 +140 (J-03-HA) U02 and -100 mesh prealloyed stainless steel. 

bCold pressed at 33 tsi; sintered at 1215OC for l b  hr. 
:Coined at 33 tsi. 

eRolled at 1200 C. 
Paste b lendingwas used. 

samples which w i l l  incorporate the quantity, size, 
and porosity of the dispersoid as variables. 

Spherical boron carbide i s  used as the dispersoid 
constituent and copper for the matrix. By  using 
8,C instead of a uranium compound, the fo l lowing 
experimental advantages w i l l  be gained. 

1. Consistent wi th  h igh burnup (gas generation), 
lower f lux posi t ions and/or shorter exposure times 
can be used. 

2. Better experimental control i s  permitted s ince 
less heat i s  generated. 
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3. After exposure, samples w i l l  be less radio- 
active. 

T o  ensure close-packed posit ioning o f  the 
dispersoid, the matrix material (copper) i s  being 
coated on the B,C prior to  consol idation by hot-die 
pressing. Densit ies to 95% of theoretical have 
been obtained by hot pressing and coining 
spheroidal copper powder, w i th  higher densit ies 
anticipated. 

A L U M I N U M - M A T R I X  A I -U308-B4C PRESSINGS 
W I T H  S Y M M E T R I C A L ,  S T R A I G H T - T A P E R  

G E O M E T R Y  

T. D. Watts A. L. Lot ts  

The design of the High F lux  Isotope Reactor 
(HFIR) fuel element requires powder metallurgy 
cores containing U,O,, B,C, and AI  for the inner 
annulus.6 The original cores were to be 3 in. 
wide, 2 in. long, and have a linear thickness 
variat ion from 0.050 in. to  0.200 in. along the 
3-in. width. Plate fabrication cal led for incorpo- 
rat ing the core, together wi th complementing 
inserts, to  produce a rectangular assembly, i n  an 
aluminum al loy frame, and ro l l  cladding along the 
2-in. dimension. 

Development showed that a tapered die top was 
required for loading the die i n  order to  obtain a 

~~ 

6R.  J. Beaver, ‘‘Metal Forming and Casting,” chap. 
18, this report. 

proper distr ibut ion of powder. T o  determine what 
the powder distr ibution should be, a stat ist ical  
analysis was made o f  as-poured loose-powder 
tapers (hand graded) vs f inal pressed taper for a 
sample of over 100 pressings o f  various hand- 
graded tapers. A die top was then designed to  
conform to the near-optimum graded taper, re- 
sult ing in a total d ie configuration which repro- 
ducibly gave cores of the desired taper and uni- 
formity of density. A similar die configurationwas 
developed for pressing the matching inserts (B,C 
in  aluminum). 

A number of pressed cores and inserts were 
sectioned and chemically analyzed for uranium 
and boron content, respectively. A summary of 
the chemical analyses along with the densit ies 
and configurational tolerances obtained are given 
i n  Table 23.2. 

All the conditions shown in  the table (dimen- 
sional as we l l  as chemical) have a bearing on the 
amount of fuel or poison which w i l l  be present 
through any section normal to the taper. I t  is  the 
variat ion in fuel and poison content i n  relat ion to 
the taper direct ion that i s  important to  control. 
The values for these factors (with the tolerances 
shown) gave the fuel content through any section 
(normal to the taper) wi th in 5% of  that specif ied 
by the fuel design. Th is  variat ion was within 
specif ied tolerance. These cores were success- 
fu l ly  ro l led into composite plates while maintaining 
tolerances. 

Table 23.2. Variations in Homogeneity and Other Properties in HF IR  Fuel Cores and Inserts 

Thickness, in. 

Density, g/cc 

Uranium, % 

Boron, % 

U308-B4C-AI Fuel Cores 

Thin Side of Core Center o f  Core Thick Side of Core 

0.050 * 0.001 0.125 k 0.002 0.200 5 0.002 

3.784 5 0.055 3.782 k 0.057 3.785 5 0.053 

32.56 k0 .3  32.57 T0.3 32.59 k0.3 

0.051 f 0.0015 0.050 k 0.0013 0.052 k 0.0014 

B4C-AI Inserts 

Thin Side of Insert Center of Insert Thick Side of Insert 

Thickness, in. 0.020 5 0.001 0.057 k 0.001 0.095 k 0.002 

Density, g/cc 2.645 4 0.048 2.640 5 0.053 2.642 * 0.051 

Boron, % 0.045 5 0.0016 0.047 k 0.001 5 0.046 k 0.0012 
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While th is  core design w i l l  not be used in  the 
HFlR (the design was subsequently changed), th is 
method of cold pressing mixed powders to a 
symmetrical, straight-taper geometry nevertheless 
i s  novel and represents an advance in  the art. 
Powder fabrication o f  the new HFlR design was 
done in conjunction wi th the Metal Forming Group 
and is reported in Chap. 18 o f  th is  report. 

F A B R I C A T I O N  O F  H F l R  T A R G E T  

E. S. Bomar T. 0. Watts 

The heart of the HFlR reactor is the target 
array containing the materials being irradiated to  
produce the desired transuranic isotopes. While 
the f inal  design of the target has not been de- 
termined, it w i l l  consist of approx 31 tubes ’4 in. 
in diameter, each with an act ive length o f  20 in. 
and a total length of 29 in. Because of the intense 
radioactivi ty of many o f  the heavier isotopes, i t 
w i l l  be necessary that a l l  fabrication be done by 
sealed, remote operations. The fabrication se- 
quence for producing these tubes w i l l  consist of 
pressing pel lets of the transuranium oxides dis- 
persed in  aluminum, insert ing the pel lets into an 
aluminum tube, and then seal welding, followed 
by col lapsing the tube f irmly against the pellets. 

The HFlR target problem i s  complicated by the 
fact that the target materials are not avai lable for 
large-scale development work. Also, their ex- 
tremely high radioact iv i ty require that studies be 
done remotely. Therefore, substi tute materials, 
CeO, and Gd,O, (materials chemical ly similar to 
the actual target oxides), were used in the prel i-  
minary tests. 

Pressed pel lets of CeO, and Gd,O, in aluminum 
showed only s l ight  density decreases (<3%) in 
compatibi l i ty tests at  600OC. No evidence of any 
reaction between CeO, and aluminum was found 
metallographically i n  the 600’C-aged samples. 
While ha l f  the Gd,O, had reacted i n  the 60OoC 
samples, it was shown to  be stable at  5OOOC. This 
work was fol lowed by a compatibi l i ty test  w i th  
PuO, in aluminum, conducted by the Chemical 
Technology O i ~ i s i o n , ~  which confirmed these 

7 0 a k  Ridge National Laboratory Status  and Progress 
Re oit ,  ORNL-3097, p 26 (Mar. 9,  1961) (Official Use 
ollp,,. 

results. As a portion of th is  problem, equipment 
was developed for performing remote metal lographic 
operations w i th  these dispersions.8 

T o  permit the architect to proceed with the 
design of the target-fabrication fac i l i t y ,  the 
manufacturing process indicated above was ex- 
amined in detai l .  Tentative items of equipment 
were selected and have been f i t ted into the 
proposed hot cel ls. Laboratory development has 
been started on the remote steps considered most 
l i ke l y  to cause trouble. A t  present, emphasis 
i s  on the lubrication of the wal ls of the pressing 
die and the removal of any lubricant transferred to 
pel lets before incorporating them in  tubes. 

A second part o f  the target program has entai led 
the fabrication of a mockup assembly for the 
c r i t i ca l  experiment. Th is  mockup possessed the 
same aluminum-to-water rat io as the f ina l  element; 
however, to faci l i tate c r i t i ca l i t y  testing, a s l ight ly 
dif ferent configuration was used. Th is  target 
incorporates 30 pel let-containing tubes together 
wi th 78 empty tubes. The composition o f  the 
pel lets was selected to  simulate the nuclear 
characterist ics of a target after three months o f  
irradiation. Each of the 30 rods assigned for 
pel lets contained 5.219 g of UO, and 3.587 g of 
s i lver i n  an aluminum matrix. The compacts were 
0.2375 t 0.005 in. i n  diameter and stacked to a 
length of 20 t 1/8 in. 

It was determined by radiographic, metallo- 
graphic, and electron ref lect ion studies that 
segregation could be minimized by using a binder 
of 5% paraff in in CCI, (’4 wt  % paraffin, based on 
total  weight of constituents present i n  the com- 
pact). Th is  combination produced pel lets much 
more homogeneous (see Fig. 23.7) than those ob- 
tained by using any other binder. After over- 
coming d i f f i cu l t ies  due to entrapped binder and d ie  
lubricant, pel lets were pressed to the required 
dimensions and uniformity. Then they were in- 
corporated into rods and the target successful ly 
fabricated. 

8’*Me+ollogrophy,s’ chap. 19, this report. 
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Fig. 23.7. Microstructure of Matrix of Target Rods Prepared far HFlR Cri t ical  Experiments. The dark gray 

phase is  U 0 2 ;  the light gray phase i s  silver; the matrix i s  aluminum. A s  polished. 

C O M P A T I B I L I T Y  O F  M A T E R I A L S  O F  
I NT E RME D I A T  E NE LJTRON CROSS SECT ION 

WITH ALUMINUM 

T. D. Watjs 

A formidable area of development i s  concerned 
with the “groy” section o f  the HFlR control ele- 
ment. One control-element concept ca l l s  for the 
use of absorber elements of varying cross section 
dispersed i n  a matrix of aluminum. Elements 
considered suitable i n  neutron-absorption cross 
section for the gray section are manganese, 
tantalum, or tungsten. The study herein reported 
deals speci f ical ly wi th the pressing behavior of 
the gray absorber elements i n  aluminum and 
whether these elements w i l l  be chemically 
compati ble. 

A series of pressings were made on equivalent 
concentrations of manganese (51 at. %), tantalum 
(37 at. %), and tungsten (43 at. %) i n  aluminum. 
These amounts consti tute estimates of concen- 
trations required for the gray section. For ’/,-in.- 
diam manganese-aluminum compacts, the pressed 
density ranged from 64.31 to 85.95% of  theoretical, 
for pressures varying from 3 to  33 tsi. Under 
s imi lor conditions, the tanta lum-aluminum compacts 
had densit ies ranging from 61.06 to 89.25%. 
Tungsten-aluminum compacts pressed a t  pressures 
less than 20 t s i  cracked or broke when ejected 
from the pressing die, and the highest density 
achieved was 74.71% of  theoretical. 

Heat treatments for 100 and 500 hr a t  500 and 
6OOOC were conducted on aluminum-matrix com- 
pacts containing manganese, tantalum, or tungsten. 
These samples were pressed at  33 t s i  and had the 
concentrations given earlier. The manganese and 
tungsten samples showed severe cracking and 
expansion as a result of reactions. The micro- 
structure of the tantalum-aluminum compacts 
showed evidence o f  considerable reaction, but the 
pel lets remained sound, wi th no appreciable 
changes in  dimensions. 

Compacts also were pressed by using TaC or WC 
as the dispersoid, maintaining the same atom 
percentages o f  tantalum and tungsten. With these 
materials, a binder (dodecyl alcohol) was required 
to achieve a compact wi th suff icient strength for 
handling. Heat treatment of these compacts re- 
sulted i n  a small amount of reaction but no dele- 
ter ious di  mens iona I effects. 

Addit ional pressing and heat-treating studies 
were made on the tantalum-aluminum system, wi th 
the tantalum content ranging from 37.36 to 
73.91 at. % (80 to  95 wt  %). The bulk densit ies 
and structures at each step were not noticeably 
affected by increasing the quantity of tantalum. 

It was shown also to be possible to hot rol l-clad 
the small tantalum-aluminum compacts by using 
high-strength type 6061 aluminum as cladding. 
Ful l -s ize plates remain to be tried. 
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24. WELDING AND BRAZING 

G. M. Slaughter 

. 

M A T  E RI A L  S- JO I N I N G DE V EL 0 P M EN T 

Beryl I ium 

R. G. G i l l i l and  

The unique properties of beryllium, such as i t s  
low neutron-absorption cross section, make it ex- 
tremely attract ive as a cladding material for ad- 
vanced fuel elements. The obvious lack of suit- 
able joining procedures, however, has been a 
major obstacle i n  the consideration o f  th is  metal 
for hi gh-temperature nuclear app I i cat ions. Serious 
weld-metal and heat-affected zone-cracking dif- 
f icul t ies have been encountered by several inves- 
tigators, and gross weld-metal porosity and br i t t le  
joints are other common sal ient defects. The 
development of brazing al loys for joining beryl- 
l ium has been hindered by the generally poor 
wettabi l i ty  of th is  material and the rapid formation 
of br i t t le intermetal l ics along the base metal- 
braze metal interface. The development of suit- 
able joining techniques for beryl l ium i s  therefore 
i n  progress, under Gas-Cooled Reactor Program 
support, in an effort to  improve the over-all tech- 
nology of fabricating advanced fuel elements. 

As  a resul t  of these studies, two beryllium-clad 
capsules containing UO, were successful ly fabri- 
cated for irradiat ion investigations i n  the ORR 
poolside faci l i ty. '  In addition, the fabrication o f  
over 200 beryl l ium tube-burst specimens for use 
i n  high-temperature in- and out-of-pile test ing 
was completed.2 No fai lures have occurred thus 
far in either the welded or brazed joints. The 
detailed determination of optimum values of the 
important welding variables such as welding 
current, inert-gas f low rate, and preheat per- 
mitted the production of very sound, high-integrity, 
tube-to-end-cap welds. 

' G C R  Quart  Progr. R e p t  Sept. 30. 1960. ORNL- 

,GCR Q u a r t  Progr. R e p t .  Dec. 31, 1960, ORNL- 

3015, pp 102-6. 

3049, pp 231-35. 

Signif icant differences i n  the weldabi l i t ies of 
beryl l ium tubes made by different vendors by vari- 
ous fabrication processes were a lso  observed, 
and modifications in procedures for producing 
sound welds i n  each type of material were success- 
fu l l y  developed. 

Stainless steel capi l lary tubes were success- 
fu l l y  brazed into the aforementioned beryl1 ium 
tube-burst specimens w i th  an experimental Ti-Cu- 
Be (49-49-2 wt %) experimental alloy. Th is  alloy, 
although adequate for appl icat ions where induc- 
t ion  brazing (wi th consequent short brazing times) 
can be used, forms br i t t le intermetal l ics when the 
t ime a t  brazing temperature i s  increased. The 
longer-range studies have therefore been associated 
with the development o f  more versati le alloys. 

Niobium 

Welding (E. A. Franco-Ferreira). - The excel- 
lent elevated-temperature mechanical properties 
o f  niobium and i t s  al loys cause them to  be o f  
major interest as structural materials for high- 
temperature reactor systems. An  extensive pro- 
gram was conducted to  study the aging reaction 
that has been observed to  occur i n  welds in the 
Nb-1% Zr  alloy, an al loy exhibit ing a part icular ly 
good compromise i n  properties for liquid-metal 
systems. Although the binary phase diagram for 
the niobium-zirconium system indicates that a 
so l id  solut ion should exist  a t  th is  composition, 
interst i t ia l  impurities cause another phase (or 
phases) to  precipitate i n  the 1500 to  1800OF 
range, which results i n  serious embrittlement i n  
welds. It was therefore fe l t  that the investiga- 
t ion o f  th is  phenomenon and methods for minimiz- 
ing it was of prime importance. 

A study was made o f  various post-weld anneal- 
ing treatments as a possible method o f  circum- 
venting the aging reaction. Hardness studies 
indicated that annealing for approx 1 hr a t  1900 
to 2200OF i s  very ef fect ive i n  preventing the 

. 
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aging reaction and i t s  consequent weld embrittle- 
ment. However, the annealing range 2000 to  
2200" F produces a signif icant reduction i n  hard- 
ness values when compared with an annealing 
temperature of 1900OF. A metallographic survey 
was also made of the welds in th is  study and 
composite photographs are shown in  Fig. 24.1. 
A s  the annealing temperature i s  raised, a heavy 
precipitate appears as a network throughout the 
matrix. Further, there i s  very l i t t l e  change in 
appearance after aging. X-ray dif fract ion and 
microprobe-analysis techniques are being u t i l i zed  
in an attempt to  determine the nature o f  the pre- 
c i  p i  tote. 

The use o f  the Rockwel l -6 hardness test  t o  
evaluate the aging behavior o f  welds was also 
studied, and the results were compared with 
previous bend-test r e s u l t s 3  Although th is  test 
i s  useful for fol lowing the aging phenomenon as it 
occurs in welds, it i s  not rel iable for determining 
the absolute extent of aging that has occurred. 
Some points associated with br i t t le and border- 
l ine behavior have, i n  some cases, lower hardness 
values than points associated with duct i le be- 
havior. Thus, it i s  impossible to  predict from 

mere knowledge of the hardness of an aged weld 
whether or not it w i l l  be brittle. 

Brazing (C. W. Fox). - In view o f  the extreme 
interest i n  niobium and i t s  al loys for a variety 
of high-temperature reactor applications, a program 
has been in i t iated to  develop suitable brazing 
al loys and brazing procedures for attaching nio- 
bium to  i t se l f  and to stainless steels. The con- 
ventional commercial nickel-base and precious- 
metal-base high-temperature brazing al loys are 
not suitable for brazing niobium because o f  their 
poor f lowabi l i ty  and joint strength or because o f  
their poor corrosion resistance to  l iqu id  metals 
(an environment of particular interest t o  high- 
temperature refractory-metal systems). 

The al loy development program has consequently 
been concentrated on systems which are based on 
corrosi on-res istant refractory metals such as 
titanium and zirconium. Several experimental 
brazing a l loy  compositions were formulated from a 
study of the applicable phase diagrams, and the 
more promising were used to  make niobium-to- 
niobium and niobium-to-stainless steel T-joints. 

Preliminary studies, the results of which are 
shown in  Table 24.1, revealed that a l l  these 
al loys readi ly wet and flowed on niobium, and 
several appeared promising for joining niobium to  
stainless steel. In view of the very promising 
nature of th is  in i t ia l  work, an extensive program 

3Met. Diu. Ann Progr. R e p t .  J u l y  1, 1960. ORNL- 
2988, pp 456-58. 

Table 24.1. Results of Brazing Studies on Niobium-to-Niobium and Niobium-to-Stainless Steel T-Joints 

Flowability on Flow Point 
(OC 1 Niobium-to-Niobium N i ob ium-to-Stainles s Steel Brazing Alloy (wt %) 

67 Zr-29 V-4 Fe 1300 Excellent Extreme s ta in less  steel 
dilution - poor flow 

60 Zr-25 V-15 Nb 

48 Zr-48 Ti-4 Be 

1280 

1050 

Excellent Severe s t a i n l e s s  steel 

Excellent G o d  flow 
dilution - fair flow 

63 Ti-27 Fe-10 Mo 1250 Excel lent Good flow 
63 Ti-27 Fe-10 V 1280 Excellent Severe stainless steel di- 

lution - very poor flow 
Poor flow - ioint separated 

on cool ing 
68 Ti-28 V-4 Be 1250 Excellent 

45 Ti-40 Zr-15 Fe 
75 Zr-19 Nb-6 Be 

1050 
1050 

Excellent Good flow 
Excellent Good flow 

80 Zr-17 Fe-3 Be 1000 Excellent 

Excel lent 

Excellent 

Very poor flow - joint 
separated on cool ing 

Very poor flow 
Good flow 

46 Ti-46 Zr-4 V-4 Be 1000 
95 Zr-5 Be 1000 
62 Ti-26 Fe-8 Mo-4 Zr 1250 Excellent Fair flow - joint separated 

on cooling 

4 
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has been outl ined to further evaluate  these al loys. 
I t  w i l l  include tests of joint aging, mechanical metal corrosion. 

properties, e f fects  of thermal cycling, and l iquid- 

U N C L A S S I F I E D  
PHOTO 53268R 

Y 39331 AS WELDED @ 

1700OF 

I I /B 

BEND TEST RESULTS 
@ D U C T I L E  
@ B R I T T L E  

@ Y 3 9 3 4 2  AS AGED 

39333 ANNEALED Y 39335 ANNEALED 6) 

18OOOF 

Y 719339 ANNEALED 

@ Y 39437 ANNEALED,AGED 

1900'F 

Y 3 9 3 4 1  A h h E A - E D  @ 

@ Y 3 9 4 3 5  AhNEA-CD,AGED 

21OOOF 22OOOF 2000' F 

Fig. 24.1. Nb-1% Z r  Welds Annealed at Various Temperatures far 2 hr (Upper Left ) ;  Aged 100 hr at  150OoF 
After Annealing (Lower Right). Photograph at top i s  a control. Reduced 54%. 
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INOR-8 
R. G. G i l l i l and  

INOR-8, an Ni-Mo-Cr alloy, w i l l  be used as the 
structural material for the Molten-Salt Reactor. 
Extensive studies4 on this material indicated that 
it possessed generally good weldabil i ty and that 
no cracking di f f icul t ies should be encountered 
even when welding under condit ions o f  high re- 
straint. However, during the routine quali f icat ion 
of welders at  the Y-12 plant, a possible weld- 
cracking problem was detected. The incidence o f  
cracking of th is  heat was demonstrated in bend 
tests and metallographic examination. A cursory 
examination of the welding procedures indicated no 
obvious remedy, but it did reveal that a l l  the 
material came from a single heat. In view of the 
importance of this problem, an investigation was 
immediately in i t iated to  determine i t s  seriousness 
and to  develop methods for circumventing it.5 

Welding tests were performed with a variety of 
heats of parent metal and weld metal and with 
different plate thicknesses. Detai led examination, 
including extensive metallography, o f  the numerous 
test  weldments was performed. The principal 
reason for the INOR-8 cracking d i f f i cu l ty  seemed 
to resul t  from improper melt ing practice at  the 
vendor’s plant, and, consequently, special heats 
of material made with improved practices were 
obtained. Welding tests conducted at  the vendor’s 
plant and at  ORNL indicated that these special 
heats possess good weldability. The information 
obtained from these tests w i l l  be ut i l ized to  ad- 
vantage in  the purchase of the INOR-8 for the 
actual reactor applications. 

As a means o f  overcoming the weld-cracking 
di  ff icu I t ies, a s I i gh t I y mod i f  ied exper i mental 
INOR-8 f i l l e r  wire composition containing 2 wt % 
niobium also was found to  be adequate. This 
f i l l e r  metal was developed i n  the course of the 
INOR-8 welding program previously conducted by 
the Welding and Brazing Laboratory and was con- 
sidered to  be exceptional ly promising, i n  view 
of i t s  excel lent e l  evated-temperature mec han i ca I 
properties.6 Despite i t s  somewhat increased 

4G. M. Slaughter, P. Potriarca, and R.,,E. Clausing, 
‘‘Welding of Nickel-Molybdenum Alloys, Welding J. 
38(10), 393s (1959). 

5MSR Quart. Progr.  R e p t  J a n  31 ,  1961, ORNL- 
3122 (in press). 

cost, th is f i l l e r  wire i s  a definite alternative 
solut ion to  the problem, since no evidence of 
weld-metal cracking was observed either i n  bend 
tests or i n  metallographic sections. I t s  use would 
serve also as a safety factor, since parent mate- 
r ia ls  o f  marginal weldabil i ty can also be welded 
with f i l l e r  wire of this composition. 

Studies to  evaluate the microfissuring tendencies 
of INOR-8 have been performed by using the hot- 
duc t i l i t y  test  developed and carried out at  Rens- 
selaer Polytechnic Institute. To date, it has been 
demonstrated that the particular heat o f  parent 
material exhibit ing the cracking tendencies in the 
Y-12 quali f icat ion work possesses extremely 
poor duc t i l i t y  a t  high temperatures. The duc t i l i t y  
test may serve as a rapid def in i t ive measure of 
the weldabi l i t ies of specif ic heats of INOR-8, 
since compositions possessing good known weld- 
ab i l i t y  have also exhibited good hot duc t i l i t y  i n  
th is test. 

Welding of  Ferr i t ic  Steels to Stainless Steels 

G. M. Slaughter 

From an economic standpoint, it i s  often de- 
sirable to  use ferr i t ic carbon or low-al loy steels 
for pressure vessels and steam generators. Stud- 
ies were continued to  determine the best methods 
for joining these ferr i t ic steels to  austenit ic stain- 
less steels for such c r i t i ca l  applications as the 
primary coolant piping for the Experimental Gas- 
Cooled  reactor.'^^ The experience of the steam- 
power industry indicated that cracks i n  dissimilar 
welds could be expected after repeated thermal 
cycling, as a result o f  the dif fering thermal ex- 
pansion coeff icients of the two materials. A 
nickel-base al loy electrode, INCO BP-85,9 was 
determined to  be a satisfactory f i l l e r  metal be- 
cause of i t s  intermediate thermal expansion 
coefficient, excel lent mechanical properties, and 
i ts good capabil i ty for depositing sound weld 
metal. 

6MSR Quart. Progr. Rept .  J u l y  31, 1959, ORNL- 
2799, p 72. 

‘ G C R  Quart. Progr.  R e p t  Sept  30. 1960, ORNL- 
3015, pp 95-96. 

8 G C R  Quart. Progr. Rept .  Dec. 31, 1960, ORNL- 

91nternational Nickel Co., New York, N.Y. 

3049, pp 224-27. 
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Transverse tens i I e specimens were machined 

from carbon steel [ASTM designation: A212 - 57T 
(grade B)]-to-type 304 stainless steel welds and 
from 2 &  Cr-1 Mo steel-to-type 304 stainless 
steel welds. These were tested at  room and 
elevated temperatures, and in  every case the 
specimens fai led i n  the base metal wi th the 
tensi le strength a t  fai lure essent ia l ly  that re- 
ported for the base material. 

The thermal cycl ing of large pipes (14 in. i n  
diameter, 1-in.-thick wall)  containing these fer- 
r i t i c  steel-to-stainless steel welds i s  also in 
progress, and no evidence of cracking was found 
in  the joints after 50 cycles between 1050OF 
and room temperature. 

A subcontract t o  study the di f fusion of carbon 
in dissimilar-metal welds a t  elevated temperature 
i s  in effect at  Virginia Polytechnic Institute." 
The results to  date indicate that when carbon 
dif fuses into the type 304 stainless steel side o f  
the joint, the type 304 stainless steel adjacent to  
the original interface becomes saturated w i th  
carbon and no further dif fusion can occur unt i l  
the area again becomes unsaturated i n  carbon. 
The only way th is  can occur i s  for the carbon to 
dif fuse farther into the type 304 stainless steel. 
It i s  generally accepted that the dif fusion rate o f  
carbon i s  more rapid i n  ferr i te than i n  austenite, 
so the dif fusion of carbon from the ferr i te to  the 
austenite w i l l  be slowed down somewhat by the 
slower dif fusion rate in the austenite. Examina- 
t ion of the type 304 stainless steel side o f  the 
interface shows that di f fusion i s  more rapid along 
the austenite grain boundaries than within the 
austenite grains. 

From the calculations, it seems that the major 
part o f  carbon dif fusion occurs in the early stages 
of exposure at  the temperature investigated, and 
that after prolonged exposures, the width of the 
decarburized zone changes very l i t t le.  Th is  
indicates that the major portion of the property 
changes in  welds between type 304 stainless 
steel and SA-212 (grade B) would occur after 
re lat ively short times. These changes are caused 
by the dif fusion of carbon from SA-212 (grade B) 
into the type 304 stainless steel. It would also 

I 

"Progress Report on Diffusion of Carbon in Dis- 
similar-Metal Welds to Union Carbide Nuclear co., 
Subcontract No. 1444, Feb. 20, 1961, private com- 
munication. 

be expected that l i t t l e  change in the properties 
would occur after the f i rst  few years o f  exposure. 

Zirca I oy-2 

J. W. Tackett 

Welding Misal igned Components. - The present 
HRT core vessel was fabricated by welding to- 
gether a network of preformed spherical sections 
by the Newport News Shipbuilders and Drydock 
Company under Subcontract No. W40X-31YY0.' ' 
If hot spinning were to  be used to  fabricate the 
replacement-vessel components, it might be ex- 
tremely d i f f i cu l t  and expensive to  obtain a per- 
fect preweld f i tup for the single-girth weld. 

Therefore, an investigation was conducted t o  
determine the amount o f  misalignment which could 
be al lowed in  the preweld f i tup to  permit a sound, 
uncontaminated root pass w i th  a hydrodynamically 
acceptable contour. l2 Zircaloy-2 plate, 0.317 
in. thick, was u t i l i zed  for the complete study. 
The results indicated that the production of 
satisfactory welds i s  feasible where the joint 
components are misaligned as much as 0.090 in., 
an amount which should be reasonable to  meet in 
fabrication. 

Attachment of In le t  Or i f ice Vanes. - Poss ib le  
designs of HRT replacement core tanks ca l led  
for a double-walled Zircaloy-2 in let  region, w i th  
c losely spaced vanes located i n  the annulus i n  
order to  direct the in let  fuel stream tangential ly 
against the outer core-vessel wall. The vanes 
would probably have a contoured shape, w i th  a 
maximum thickness of 0.1 to  0.2 in. and a length 
of 0.5 to  1 in., spaced a t  intervals o f  tw ice  the 
vane thickness. Studies were therefore conducted 
to  determine suitable methods of fabricating vaned 
inserts. ' 

A very promising method consisted of machining 
the vanes so as to  be integral w i th  the outer wall. 
These vanes were subsequently welded to  the 
inner wa l l  i n  an inert-atmosphere chamber by  the 
inert-arc process. A mockup assembly was success- 
fu l l y  fabricated involv ing this jo int  design. 

"D. E. Tackatt, Fabrication History of HRT Core 

12tfRP Quart. Progr. Rept. Nov. 30, 1960, ORNL- 

13tfRP Quart. Progr. Rept. Now.  30, 1960, ORNL- 

Tank, ORNL CF-58-12-6 (Dec. 1, 1958). 

3061, pp 104-8. 

3061, pp 102-6. 
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Aluminum- AI lay Fuel Element Development 

J. W. Tackett 

The welding development studies over the past 
year for the High-Flux Isotope Reactor (see Chap. 
18) have consisted primarily of determining suit- 
able procedures for fabricating a prototype fuel 
element for c r i t i ca l i t y  s tud ies. l4# l5 

A joint design (see Fig. 18.8, Chap. 18) was 
selected which permitted the welding of the outer 
t ra i l ing edges of the fuel plates to each other 
wi th a minimum of  effect on the water gap or 

14C. A. Burchsted, f f i g h  Flux Isotope Reactor  Cri t ical  
Experimental Equipment, O R N L  CF-60-4-120 (Apr. 20, 
1960). 

15P. R. Kasten and R. D. Cheverton, R e v i s e d  Version 
of HFIR Cri t ical  Experiment-2 (HFCE-2). ORNL CF- 
61-1-42 (Jon. 16, 1961). 

plate-to-plate spacings. Several subsize mockup 
assemblies were then constructed to determine 
suitable values for the welding current, travel 
speed, and other welding variables. Welder qual i- 
f icat ion tests were conducted in  order to  thor- 
oughly familiarize the assigned welder wi th the 
problems peculiar to the fabrication of the c r i t i ca l  
assembly. 

The fabrication of the outer and inner annuli 
were undertaken separately in a special temporary 
weld shop set up for this purpose, The fuel plates 
were held r ig id ly  i n  posi t ion for welding by a 
number of circumferential steel bands. Short 
longitudinal weld beads were randomly deposited 
between the steel bands i n  the f i rs t  step. The 
steel bands were then removed and the outer 
annulus completely sealed around the circum- 
ference by welding, as shown i n  Fig. 24.2. Some 
d i f f icu l ty  wi th excessive shrinkage was encoun- 
tered whi le making the f inal t ie-ins of the outer 
element; therefore, the inner element was lef t  

Fig. 24.2. Outer Annulus of HFIR Critical Assembly After Completion of Welding. 
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with short welds covering about half  the total 
length. After completion of each annulus, the two 
were assembled (see Fig. 18.5) and delivered for 
c r i t i ca l  i t y  tests. 

The welding operations performed on the inner 
annulus were conducted subsequent to  the opera- 
t ions on the outer annulus and incorporated several 
corrective steps for improved dimensional control. 
Teflon spacers were placed near the outer edges 
of the water channels and extended in  one-third 
of the distance from each end. The plate spacings 
obtained on th is  element are summarized in  Table 
24.2. While the outer annulus was welded success- 
fu l l y  and w i l l  serve for the c r i t i ca l  test, suff icient 
deformation of the plates occurred i n  reducing the 
diameter to size to make inval id any comparison 
of plate spacing. However, achieving such con- 
trol on the f i rs t  element assembled by th is tech- 
nique i s  a signif icant achievement and demon- 
strates that fabrication of such a uni t  i s  technical ly 
feasible. 

Table 24.2 Spacing Measurement on Inner Annulus of 

HFlR Critical Element 
~ ____ ~ _ _ _  

Channels 
Number measured 1 59 

Per cent within 0.005-in. tolerancea 
b Per cent within 0.003-in. tolerance 

883.0 
76.7 

Channel cross sections 

Number measured 1113 

Per cent with 0.005in. tolerancea 99.3 
94.9 
98.2 

Per cent within 0.003-in. tolerance 
Per cent of individual measurements 

outside $0.010 in. 

aHFIR critical element tolerance - average for each 
channel cross section i s  k0.005 in., with no individual 
measurement greater than +0.010 in. 

bReactar element tolerances - average for each chan- 
nel cross sect ion is $0.003 in., with no individuol meas- 
ment greater than 0.010 in. 

Stainless Steel Flat-Plate 
Fuel Element Development 

R. G. Donnelly 

At the request of Atomic Power Development 
Associates i n  Detroit, Michigan, the ORNL Met- 
al lurgy Div is ion was given the responsibi l i ty for 
materials development of the Enrico Fermi Reactor 

core B fuel element. The Welding and Brazing 
Laboratory undertook the development of satis- 
factory procedures for assembling the individual 
fuel plates into a r ig id  bundle, a schematic draw- 
ing of which i s  shown i n  Fig. 24.3. The d i f f i cu l ty  
of the task i s  i l lustrated by the required toler- 
ances, l is ted below. 

Toleronce 

(in.) 

Nominal 
Dimensions 

(in.) 

E leme nt height 2.398 t0.005 

Plate-to- s hraud spacing 0.035 fO.OO 15 

Plate-to-plate spacing 0.054 $0.002 

9.270 in. 

UNCLASSIFIED 
ORNL-LR-DWG 530394 

CENTER 

EDGE STRIPS, ,BUSHING ' 
I 

WEAR BEARING 

SEAL STRIP 

- 2378- in  REF - 

1 

FUEL PLATE-35 w t  'Z UO, DISPERSED 
IN 347 STAINLESS STEEL-0005- in 
CLAD OF 3 4 7  STAINLESS STEEL ~ I 

CROSS SECTION OF BUNDLE 

Fig. 24.3. Schematic Drawing of  Core B Fuel Bundle 
for the Enrico Fermi Reactor. 

The development program was concentrated on 
a brazed fuel bundle, since preliminary experi- 
ments indicated that the welding created excessive 
distortion. Several subsize mockup assemblies 
were constructed i n  order to determine the correct 
amount of brazing al loy and the optimum brazing 
cycle and to determine suitable j igging procedures 
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for attaining the desired tolerances. A low cross Sol idi  f ied-Metal Seal Development 

R. G. Donnelly section, commercial, high-temperature brazing 
alloy, Ni-Cr-Se-Fe, was selected on the basis of  
mechanical properties, cross section, and sodium- The use of solidified-metal seals for elevated- 
corrosion resistance. temperature, leak-tight, quick-disconnect joints 

Three ful l-size assemblies wi th nonfuel-contain- 
ing plates were then successfully fabricated at  
ORNL. Excellent f low of the braze was obtained, 
and the over-al I appearance was excel lent. These 
bundles also included the attachment of the 
necesshry spring fingers, wear balls, and center 
and side bushings. A photograph of  a completed 
dumny bundle i s  shown i n  Fig. 24.4. Typical  
frequency-vs-di stribution plots of the type shown 
in  Fig. 24.5 were made for each bundle, and the 
results indicated excellent control of the channel- 
spacing measurements. This dummy bundle ex- 
hibi ted a very even distribution and a peak on the 
nominal spacing of 54 mils. Only two of the 442 
measurements taken were out of tolerance, and 
then by only b. mil. 

The fabrication of similar assemblies wi th fuel- 
containing plates i s  i n  progress i n  view of the 
success obtained with the work to  date. 

has been considered for a number of applications, 
including high-vacuum valve and flange studies 
for the Sherwood Proiect.16 Such seals appear 
to be especially suitable for molten-salt reactor 
application since they are readi ly applicable for 
remote handling and since relat ively simple equip- 
ment may be used for making and breaking the 
joint. 

To demonstrate the feas ib i l i ty  of these types of 
solidif ied-metal seals, several small components 
have been constructed and evaluated. l7, l8 A 
sump-type seal, fabricated from INOR-8 and sealed 

16J. W. Tockett, Progress Report - BakabIe €fi h- 
Vacuum V a l v e  and Flange Studies, ORNL CF-59-5-3 
(Feb. 6, 1959). 

17M.SR Quart Progr. Rept .  J u l y  31. 1960. ORNL- 
3014, pp 58-61. 

18MSR Quar t  Progr. Rept .  Jan.  31, 1961, ORNL- 
3122 (in press). 

J 

Fig. 24.4. Completed Full-Size Core B Mockup Fuel Assembly for the Enrico Fermi Reactor. 
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Fig. 24.5. Dermitron Dato o f  Channel Spacing in 
Fermi Care B Dummy Element No. 1. 

with 80 Au-20 Cu (wt X), has been operated and 
found to be helium leak-tight after each o f  ten 
cycles of breaking and sealing. 

Unsi ntered mol ybdenum-f i ber compacts i mpreg- 
noted w i th  gold-copper are also being investigated 
for use as potential seal materials. Demonstra- 
t ion assemblies have been operated, and it ap- 
pears that impregnated fiber compacts of th is  
type can be operated successful ly for several 
sealing operations. However, since sl ight  oxida- 
t ion  of the mating components w i l l  prevent ade- 
quate sealing, these components must either be 
brightened in hydrogen or replaced. 

Instrumented Fuel-Capsule Fabrication 

E. A. Franco-Ferreira 

Developmental work i s  being carried out i n  an 
effort t o  improve the methods of attaching thermo- 
couples for measuring temperatures in gas-cooled 
reactor irradiat ion test   capsule^.'^^^^ Th is  work 
also i s  direct ly appl icable to  the fabrication o f  
instrumented fuel assemblies for the EGCR. 

One of the most d i f f i cu l t  problems i s  that o f  
joining refractory-metal (tungsten or molybdenum) 
tubular thermocouple wel ls t o  stainless steel 
end caps of irradiat ion test  capsules. The wide 
differences in thermal expansion coeff icients and 
variations i n  wetting and al loying behavior require 
speciai brazing techniques to  obtain leak tight, 
high-melting seals. The use of copper as a braz- 
ing al loy was found to  be suitable for brazing 
these wel ls i n  the end caps of irradiat ion test  
capsules since it wets both the refractory metals 
and stainless steel and i s  very ductile. 

Another problem o f  prime importance i s  associated 
with the fabrication of tungsten-rhenium thermo- 
couples for the measurement of very high tempera- 
tures i n  the interior of the fuel pellets. Extreme 
care in f i tup o f  the joint and close control over 
the welding current are necessary for joining 
these fine-wire thermocouples. However, the 
re l iab i l i t y  o f  the over-all assembly i s  reduced by 
the inherent low duc t i l i t y  of tungsten wire and 
the added embrittlement o f  the tungsten that re- 
sults from recrystal l izat ion during welding. One 
approach for solving th is  problem, which has been 
investigated and appears promising, was sug- 
gested by investigators at  the General Electr ic 
Company2' and involves the use of stranded 
small-diameter tungsten wires. Typical  assemblies 
have been made and are highly flexible, but dif- 
f icul t ies associated with obtaining such com- 
posites from industr ial sources have prevented 
their use i n  actual capsules. Procedures have 
also been developed which appear entirely satis- 
factory for attaching thermocouples to  the stain- 
less steel fuel element tubes for the measurement 
of surface temperatures. Special electrodes were 
required i n  order to resistance-tack-weld the 
thermocouples to  the interior o f  the tube wa l ls  
in the exact desired location prior to  brazing. 
Some modifications in welding procedure were 
also necessary for making the end-closure weld 
wi th a thermocouple penetration immediately 
adjacent to the joint. Sections taken through 
the thermocouple and end cap a t  the place where 
the thermocouple i s  brazed to  the end cap have 
revealed excel lent brazing-alloy flowabi lity. 

19GCR Quart. Progr. Rept. Dec. 31, 1960, ORNL- 

20GCR Quart. Progr. Rept. Mar. 31, 1961, ORNL- 

r ivate communication from General Electric Co. 

3049, pp 220-25. 

3102, pp 131-33. 
2 l P  . 
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