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FOREWORD

The ORNL—ANP program primarily provides research and development
support in reactor méterialsl shielding, and reactor engineering to
organizations -engaged in the development of air-cooled and liquid-metal-

~cooled reactors for aircraft propﬁlsion. Most of the work described
here is basic to Or in direct support of investigations under way at
General Electric Company, Airéraft Nuclear Propulsion Department, and

<5 .
Pratt & Whitney Aircraft Division, United Aircraft Corporation.
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SUMMARY

~

Pert 1. Mzterials Research and Engineering

1. Materials Preparation and Fabrication Research

A correlaticon was found between hardness and oxygen content of co~
lumbium. The data demonstrated that increased hardness 18 & good indi-
cation of increased oxygen content of columblum which does not contain
other comtaminants. When specimens with various oxygen contents were

eat treated together in'a uy" smic vacuum ﬁheir_various degrees of hard-
: ¥hen hea’t treated together in a sealed evacuated

4

ed a uniform, intermediate hardness, probably as a

result of equalizstion of theilr oxygen content.
The rate of oxygen abscrpﬁion by columbium at pressures ranging

5 % 1074 mn Hg end temperatures of 850, 1000, and 1200°

)

At low oxygen pressures, tqe absorption resulted in

internal oxidation., A slight incresse in the rezctlon rate was observed
+

when the solubi 11Ty limit of oxygen in columbiwa was approached. At the

higher pressures, visible oxide films caused the reaction rate to change
from linear to Warabblic. The rate of contamination of columbium by

gt an eguivelent oxygen pressure was lower by an order of magnitude than
that with pure oxygen, indlcating that nitx ogcz ﬁay's;LnJL*cantly sffect

the contaminati

.

Rumerous columbium alloys were screensd from the stand

¢

a
melting, fabricability, and compatibility with lithium at 1500°F. Base

Iss

ot

upon the results, future alloy compositicn investigations will be con-
cerned with the ceolumbium-molybdenum and columbium~zirconium binafy and

columbium—molybdenum—zirconium ternary alloys, wilth the possible add1+1on

of a scavenging for initial oxygen removal.

Studies of & Co-1% Zr alloy heve indicated that the aJloj respon

ik

o aging heat treatments. In the experiments conducted to date, aging

<
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pose




=

at 1500 and 1700°F has resulted in increased tensile strength snd de-
creased ductility. The decressed ductllity was particularly evident in
high-temperature tensile tests. Overaging phenomena were observed during
70C°F heat treatments but not during 1500°F treatments for periods up to
750 hr. The inc';'ease in herdness of the alloy due to aging was in general
agreement with the tensile data. . '

AAttempts to remove oxygen from yttrium Yy ione meiting and solid-
state. electrolysis were unsuccessful. These purification methods did,
however, remové fluorides. OCperation of the yttrium metal pilot plant

and related work on yttrium were discontinued in May 1959.

2. Materials Compatibllity Studies

The tensile strength and ductility bf columbium containing small
amounts of oxygen were little effected by exposure of the metal to lithlum
for lb@ hr;at 1500°F. The exposure to lithium caused the predicted .
several nils of subsurface attack. when the bxygen concentration of the
columbium specimen exceeded 1100 ppm, however, marked losses of strength
and ductllity accompanied the deép grain-boundary attack by lithium.

Weld-specimens of colurbium and a Cb—1% Zr alloy were prepared with
the welding current varied from 125 to 55 amp, and the specimens were
then exposed to lithium at 1500°F for 100 hr. Postexposure bend duc-
"tility, hardness, and corrosion resistance examinations indicated that
these properties of the welds were not affected by Vary_ing/ the welding
current. All the columbium welds were attacked by the lithium, but none
of the Cb-1% Zr slloy welds were attacked. The columbium welds were
ductile after the exposure to lithium, while, in contrast, the Cb-1% Zr
alloy welds had impaired room-temperature bend ductility.

Tests were run to determine'the effect of the lithium~remcoval pro-
cedure on the hydrogen content cf the tube walls of experiméntal loops
fabricated of columbium and a columbiuvm-zirconlum glloy in which lithium
had been c¢irculated. Specimens treated for lithium removal in water and
rin 10, 30, 50, and 1C0% alcohol were found to have increaéed 8 meximum

of only 60 ppm in hydrogen content,




Carbon and nitrogen have Dbeen observed to transfer from type 316
stainless steel to columbium in a three~component system consisting of
columbium, sodium, and type 316 stainless steel when held at 1700°F for
1000 hr. The carbon snd nitrogen formed brittle layers of CbC and CboN
on the columbium. These layers cracked on behding, but the cracks did
not propagate through the base metal. When the temperature was decreased
to 1600°F, the,total thickness of the layers decreased from 0.8 to 0.5
mil. Tke type 316 steinless steel specimené were unaffected when the
ratio of the stainless steel surface area to columbium surface areas was
large (10:1), but, when this ratio was small (0.1:1), columbium trans-
ferred to the stainless steel surface and formed fiims containing Ch,
CbN, CbC, and CbsCa. When a Co~1% Zr alloy was substituted for columbium
in the three-component system, similar resulis were observed,

The tensile strengths at 1700°F of Cb—1% Zr alloy Bpeéiméns that
had been tested for 500 hr in a sodiumtype 316 stainless steel system
at 1700°F were higher than the tensile strengths of‘specimens heated in
argon for the same time at the san@ temperature. The elongation cbserved
for both sets of specimens was extremely small and indicative of an age-
hardening effect. ‘ ‘

The effect of prior heat treaiment on’the corrosion resistance of
oxygen~-contaminated Cb%i% Zr nlloy was studied. When tested in an un-
homogenelzed condition, the alloy was attecked Yy lithium at 1500°F when
the oxygen concentration of %he élloy was as low as 900 ppm.  After
having been heat treated in vacuum for 2 hr at 1300°C, no atteck was
observed, even when the alloy contained 2300 ppm oxygen. Weld specimens
were not as senéitive to prior heat treatment as the bare material, and,

at oxygen concentrations in excess of 900 ppm, the amount of corrosion

the alloy.
Screening tests have been run of varlous columbium alloys in static
1ithium. Binery alloys of columbiuwm with minor esdditions (0.5 to 5 wt

%) of cerium, lanthanum, hafnium, thorium, or Misch Metal showed no cor-

rosion when subjected to lithium at 1500°F for 100 hr. Ternary columbiwn-

-



_alloys.containing rhenium asva strengthening elément likewise showed
no corrosiorn. Alloys in this category were Cbe~Zr-Re and Ch-la-~Re.

In screening tests of brazing elloys, zirconilum-base alloys showed
mass transfer of zirconium to thé walls of the columbilum %test container
during corrosion tests iﬁ static lithium at 1700°F for 500 hr. Seversal
titanium~base alloys contaihing iron and molybdenum cracked badly Quring
similar tests in a titanium container. A 70% Ti~14% Fe—lG% V' alloy d&id
not crack and showed no evidence of corrosion.

In a search for electrical-insulating materials for use in molten
lithium systems, specimens df-higy-quality, hot-pressed Bed were exﬁosed'
to lithium at 1500 and 1700°F in tests of 100 and 500 hr duration. The
BeO specimené.showed only limited.écrrosipn resigtance but were superior

. to materials tested previously. v .

o

3. Weldlng and Brazing Studies

Fusion welding studles have been ddnductedﬁon columbium and columbium—
~ zirconium alloys with the uée of the Inert-gas-shielded, tungsten-arc
process. Welds made on unelloyed columbium were found to exhibit ductile
behavior in room-temperature bend tests both before and after vecuum aging
at 1500°F for 100 hr. Negliglble ductility was observed in room-
temperature and 400°F bend testé on aged samples of columbium-zirconium.
alloy welds. Some of the alloy welds were ductile prior to aging‘and
some were not. ' ' ’

A welding procédure has been developed for welding l/é-in.-thick
unalloyed columbium plate which incdrporatesvfusing the root of a
beveled joint with the inert-gas shielded, tungsten-arc process and com-
pleting the wel& with the inert-gas-shielded, metal-arc process,

A ﬁﬁbe-to~tube sheet Joint hés been designed for fabricating s
stalnless steel~clad coclumblum radistor for transferriﬁg heat from liquid

metal to elr. HMaterials are being prepared Tor feasibllity studies.

4. - Mechanical Properties Investigations

Studies are being conducted to determine the effects of various

gaseous envirorments on the mechanicsl properties of colimbium and




columblum~zirconium alloys at elevated temperatures. Creep tests have
been run in argen, nitrogen, hydrogén, and in environments containing
small amounts of water vapor and oxygen. The creep rate is lowered by
the presence of nitrogen compared with the creep rate in pure argon.
Thin nitride f£ilms are formed In nitfogen which are quite brittle and
may be a problem in fabrication. Although hydrogen and water vapor do
not decrease the high~temperature creep ductility, they do cause con-
siderable loss in room—tem?erature ductility.

Reproducibility experiments were performed with the high-frequency
pulse~pump s&stem in conclusion of the experimental study of the effect
on Inconel of thermal-stress cycling in a fused-salt enviromnment. Re-
sults of two out of three duplicate tests agreed reasonably well, and
in view of the sensitivity of the data to small variations in thermsl-
stress amplitude, 1t 15 concluded that the results are within limits ex-
pected for repetitive fatigue-type measurements. Maximim thermal stresses
on the inslide wall fibers have heen recalculated uéing a more exact
egquation which glves stress values 40 to 60% greater than those previ-
ously calculated, The data s0 corrected appear to fall in line with re-

sults of mechsnicael stress-cycling fatigue studies for low stress levels.

5. Heat Transfer Studies and Seal Development

Preliminary data on heat-transfer coefficilents with molten lithium
flowing turbulently through a heated tube at approximately 700°F were
obtained. fThe data indicate reasonable agreement with the theoretical
and empirical equetlons. describing liquid metal heat transfer.

Measurements of the thermsl conductivity of columbium~zirconium
alloys (1% Zr, nominal) up to 1000°F have been made with the use of a
longipudinal, comparison type of apparatus, The thermal conductiyity of
the elloy lies between two recent sets of measurements for pure columbiun,
tut the precigion of the measurements is not adequate to determine the
effects of composiltion veriations or ingot febrication -techniques.

Developmental work on a precision seal tester for use in dynamic

seal reseerch was continued. Proposals for fabrication of precision




parté have been received from a number of firms. Bench tests of methods
for measuring the seal face gap to an accuracy of several microinches
-and seal face leakage of as little as 1 cm3/day are under way. Means

for installing thermocouples are being studied.

6. Ceramics Research

Procedures for preparing sinterable beryllium oxide are being
studied. The GEOM process was modified to vary the size of the beryllium
oxalate beinglcalcined, because the size of the crystals seems to influ-
ence the sintering charaéteristics of the resulting beryllium oxide.
-5ince i1t has been noted that befyllium oxide which sinters well usually
- contains over 100 ppm each of calcium and silicon, oxalates containing
controlled amounts of these elements are being prepared.

Tests are being made to determine what elffects the initial crystal-
- lite sizZe, the chemical state of the oxalate, and the calcining procedure
have on the surface area of the BeO powder obtained by the GECM oxalate
process. Data were obtained which indicate that varying the calcining
time has much less effect on the surface area than varying the tempera-
ture. ,

The effccts of silicdn content, surface area, and parficle shape on
‘ fired densities of' various BeO powders were studied. Vacuum sintering
of high-purity GEOM-grade BeO resulted 1n a sintered density that was
little better than the green density. The stages of sintering for two
different BeO powders heat treated along a given heating curve were
studied, and the effects of forming pressures on siﬁtering character-
istics were détermined. ‘

Theldensifying effect of calcium oxide incorporated in beryliium
oxide was investigated. A metastable phase:having the:chemical formula

CapBe;05 was found.

7. Radiation Effects

The testiﬁg of yttrium hydride and beryllium oxide t'or resistance
to thermal shock and structural changes was continued in the E1R. Ex-

amination of specimens from the first in-pile experiment revealed only
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minor 6racks. A second test thet will provide a longer exposure to
radiation and a‘greater number of thermal cycles is in progress.
Additionel data were obtainec on the reduction in time ﬁovrupture
of Inconel_irradiated in the ORR. S8imilar experiments were performed on
type 304 stainless steel, and some evidence of in~pile shortening of time
to rupture was detectable. With INOR-8 no effect was apparent. An appa-
ratus 1s being developed for determining the effect of neutron irradi-

ation on the creep and stresg rupture properties of columbium elloys.

8. Advanced Power Plant Studies

Design studies of reactor—turbine generator systems for auxiliary
power units in satellites have continued. Radiator studies have been
expanded to encompass manifold designs and metecrite protectlon.. Calcu-~
lations were ione on the characteristices of eplthermal boilling potassium
reactors, and a design study was made of a povwer unit utilizing a
potassium~-vapor cycle. Deslgn work was started on eguipment for studying
burnout heat fluxes in a boiling-potassium system. '

Experiments on the effeect of near-laminar injection of gas into a
vortex tube dway from the boundary layer have'shown that rio appreciable
increase in vortex strength oceurs, as compared with turbulent injection.
However, it was possible.infthe laminar case to utilize uniform wall
lbl@ed to reduce the exit mass flow by as much as a factor of 4 without
sericus loés in local vorticity. Experiments indicated that at conditions
of practical interest the btangential Reynolds number may be as high as
10° times the critical value, making it doubtful that conventional lami-

narization technigues will be completely effective.

Part 2. Shielding

9.  Shielding Theory

A Monte Carlo code which can be used for IBM-704 calculations of
.the garma-ray response functions of sodium ilodide and xylene scintillation
detectors. has been completed, mnd several cases have been run. For these

calculations the detector geomelry can be either a right cylinder with




conlcal en& or a complete right cylinder; the source is restricted to a
monoenergetic scurce of arbitrarily chosen erergy in the range from 0.005
“to 10.0 Mev. The treatment of the primary incident rediation tekes into
account Compton scattering, pair production, and the photoelectric effect;
however, secondary Bremsstrahlung and annihilatidn radiation will not be
considered until later. The particular Monte Carlo method used is de-
signed for minimum statistical error in the so-called "Compton tail” of
the spectrum. The results of one calculation with this code are in
agreement with the results of calculations by Berger and Doggett and by
Miller et al.; however, as was expected because of the neglect of second-
ary radiation, all three cases give photofractions higher than those obw-
tained experimentally. Other calculations with this code have included
investigations of the effect of crystsl size and the effect of including
axial wells of various depths in the crystal. ‘

The Monte Carlo code for calculations of fast-neutron dose rates
‘Inside a cylindrical érew compartment was completed, and preliminary
calculations have been made. The éode, called the ABCD Code (for Airn
Borne Crew Dose), is designed to use as lnput the results from the Convalr
D=35 dee, which computes the netitron flux dlstribution in air from a
unit point, monodirectional source. Preliminary calculations have been
made for s shield simulating the cylindrical crew compartment used at
the Tower Shielding Facility. Gualitative agreement between the calcu-~
lated results and eﬁperimental results 1s good.

' The so-called "conditional! Monte Carlo technique was invéstigated
for possible application In a computing machine code to calculate deep
pernetrations of gamma rays, but the results of test cases flucturated
badly about those‘of a moments-method calcuiation. It eppears that more
mathematical work will have to be done on the problem.

The calculation to predict the thermal-neutron fluxes near the Bulk
Shielding Reactor on the basis of Lid Tank Shielding Facility data has
been reviewed, and the agreement bétweeh the predicted and messured fluxes
is better than was previously reported. The predilcted flux is now a

factor of 1.19 higher than the measured flux at a distence of 40 cm, and




the predicted and measured fluxes are esgentially in agreement at dls-

’

tarces beyond 95 cm,

,  Lid Tank Shielding Facility

(0]

L
W

The effective removal cross section of zirconium has been determined

to be 2.36 % C.12 barns on the basis of the;mal—neutron flux measurements
made beyond two slabs of zirconium- (1.8 wt % hafnium), each 54 X 49 x 2
in. A mass atténuation ccefficient (Zq/p) based upon the removal cross
section and a measured density of 6,54 g/em® is (1.56 * 0.08) x 10-2
cn?/g.

11l. DBulk Shielding Facility

The febrication of all components of the stainless steel-U0, core

(BSR-ITI) for the Bulk Shielding Facility has been completed, and initial
. ” ) . . ’ . .

eritical tests have been performed in the Pocl Critical Assembly.'vThe
critical mess of the initial loading was ebout 5.84 kg of U23%, Machine
_calculations have beén completed to-determine the resctivity worth of
the control rcds, the effect of the stainless steel near the core, and
the worth of the reactivity insertion device to be used in the “ests at
the S E§T~I Facility of the Netionsl Reactor Testin Station.- The core
and euxiliary e@uipment have row been assembled at the SPERT~I Faecility,
where static tests'preliminary to dynamle excursion tests have begun.
A1l components for the Model IV gemm-ray spectrometer have been
assembled with the exception of mounting the crystal housing on the
positioner. Testing of the housing for veids incurred during pouring
and solidification of the lead-lithium alloy is almost complete, and no
voids have been discovered, In the study to select a crystal for the
‘spectrometér, a recently developed "composite" sodium iodide (thalliwn-
‘activatei)‘crystal, made by coptically coupling two shorter crystals tow.
gethér, hes been tested. Although the composite crystal has not been
bompleﬁely evaluated, there was no evidence of the double peaks which
were characteristic of the conically ended crystal ?reviously tested.
The experimental résponses of the crystal are in good agreement with
responses'calculated by the recently developed Monte Carlo code {see

Chap. 9).
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The nonproportionality of response of a 3-in.-dia by 3-in.-high
sodium iodide (thallium-activated) crystal to gammé rays has been studied
in a manner which does not depend critically on the performance of the
pulse-height discriminator system. "Sum" pulse-height distributions
which correspond to the simultaneous detection of cascade gamﬁa rays
were observed dnd compared with the sum of peaks representing the indi-
vidual gamma rays. In the cases studied, the "sum" peaks occurred at
pulse heights higher than would be expected on the hypothesis that the
integrated pulse output of the phototube is provortional to the absorbed

gamma-ray energy. The difference corresponded to an aVerage of (30 % 6)

~
\

kev,

Final analysis of previously reported measurementé of the prompt-
gamma~ray spectrum from the thermal fiséion of U?3% has been completed
excepf for'corréctions for the nonunique spectrometer response and for
the variation in spectrometer response with gamma-ray energy. These
measurements have now been eﬁ%ended to cover(fhe low;energy end of the
'spectrum (10 < Ey < 800 kev), and a preliminary analjsis of the data
has been made. An additional preliminary measurement of the total gamma-
ray spectrum resulting from the interaction of thermal neutrons with y23s
has been completea, and the results agree in spectral shape with a sum-
mation of the existing promptjand fission—proddct data, as well as with -
published results of Motz. |

A study has been made of the various'perturbing factors encountered
in the use of foil—activation’techniques for measurenients of neutron
fluxes in water and graphite. Theoretical calculations of £(T), the
self-shielding factor, were compared with expefimental results, and good
agreement was found. The effect of the thickness of cadmium cbvers on
the foils was studied,'as well as the perturbations inherent in the usc

of indium foils as detectors in the thermal energy range.

12. Tower Shielding Facility

Pulse-height spectra resulting from thermal-néutron-capture gamma

rays produced in aluminum, lead, and iron have been measured. Samples

Xvil




were exposed to thermzlized neutrons from a Po-Be source, and gamma-ray
spectra were measured from the bare sample and a sample covered with
voronated Plexlglas. The difference between the curves was attributed
to thermal-neutron-capture gaima rays. Observed peaks are in agreement
with published data.

Concurrent with the construction of the Tower Shlelding Reactor II
(see Chap. 13) other equipment hes been fabricated for use in the shield~
ing program at the Tower Shielding Facility. A TSR-II beam shleld and a
detector collimator shield have been constructed for use in the 'beam
differential’ eiperiments. The TSR-II beam shield consists of a lead-
water shield containing & collimator opening through which a beam of
radiation from the TSR-II ‘can be emitted. The detector collimator shield
is also a lead-water shield pierced by two collimator openings, either of
which can be used. With these two shields the radiation received at the
detector can be studied both as a function of the angle at which the
reactor beam is emitted and as 2z functicn of the angle at which the radi-
ation reaches the detector. For a second series of experiments, the
TSR-IT will be encased in a speciel uranium—1lithium hydridevshield de~
signed by Pratt & Whitney Aircraft. The uranium is included as a shadow
shield which 1s removable. This shield has'also been fabricated and will
be used in conjunction with the compartmentslized qylindrical crew shield

fa3?

used in earlier experiments at the Tower Shielding Facility.

13. Tower Shielding Reactor II

. . / .
As a result of the discovery that the water-reflected fuel annulus
of the TSR~II was subcritical, the spherical internal reflector region
was redesigned to include a conslderable amount of aluminum which would
increase the reactlivity of the reactor. Part of this aluminum is in the
form of a spherical aluminum shell within which the control rods move,
The shell serves to restrict the water flow in this region sufficlently
to preclude the formaticn of dangerous air voids. When the redesigned
control system was fabricated, a second set of critical experiments was

.

performed with the full-ccre geometry. In these experiments it was

)
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found thét the excess realized by displacing water in the internal region
with aluminum was offset by the boron in the control rods and the lead- ’
boral shield surrounding the fuel annﬁlus. 'In order to again increase
the reactivity, fuel-bearing plates were added on the outside of the
spherical shell contalning the control rods. Enough excess was then
‘available to perform calibration experiments, and a ﬁew spherical shell
was fabricated to contain 220 g of U233, .

During the TSR-II célibration experiments the operation of the con-
trol mechanism proved satisfactory, although a solenoid valve designed
to scram the mechanism had to be replaced with one of enother design.

A baffle plate has been developed to distribute the water flow through
the lower centrél elements, and experiments have been performed to de-
termine the pressure differential required to dislodge plates from the
annular elements. The major components of the reactor are now being
assembled in the ORNL shops, -and the control systém and water-cooling
system have.been’installed-and tested insofar as they can be without an
operating reactor. Plans are being made for low-power'(lOO kw or less)

critical experiments at the Tower Shielding Facility.

waangik xix
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1. MATERIALS PREPARATION AND FABRICATION RESEARCH

Columbiun Alloys -

- Effect of Oxygen cn Columbiwn Metal

Experiments have been conducted to determine the effect of oxygen
on the herdness of columbium and to evaluate the accuracy of analytical
methbds for determining the oxygen content in the metal. For thess
studies, an electron-beam double-melted ingot Waé rolled to 0.040-in.-
thick sheet and contaminated with oxygen at a pressure of 0.1 p and a
temperature of 1000°C using KMNQ, as the source of O;.

Calculated oxygen-conteut values determined from the weight in-

creases of the speclimens are compared in Table 1.1 with values found by

Table 1.1. Analyhtical Check on Lhe Oxygen Content of Columbium

. ' Vact Fusi
Calculated Celculated acuum Susion,

vSpecimen 0, Content N, Content Analysis Results
Number < (%)a (%\a,b . >
’ o 0, (%) N (%)
1A 0.0016" 0.0069 0.022 0.0083
2A 0.0786 0.0069 0.07¢8 0.00%
3A 0.2106 0.0069 0.200 0.0069
4 0.3056 0.0069 0.32 0.0060
5A 0.5236 0.0069 .47 0.0052
1B 0.0116P 0.006% 0.13 . 0.007
2B 0.0540 0.0069 0.06¢ 0.0072
3B 0.1621 0.0069 0.120 0.006:
4B 0.267 0.0069 0.33 ~ 0.0060
5B 0.452 0.0069 0.45 10.0064

aDetermined by weight gain in 0,.

bVendor’s analysis.

the conventional vacnum-fusion analysis methods. Except in a few cases,
the analytical values showed good agreement with the calculated values,

and the observed deviations showed 1o consistent trend. It may also be
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seen in Table 1.1 that the nitrogen~content values for the specimens
exposed to oxygen are in good agreement with the vendor's values; thus
it is apparent that no nitrogen contamination occurred during the vari-
ous heal treatments.

The relationship between the oxygen content of columbium and the
hardness is shown in Fig. 1.1. Because of the scatter of the data the
correlation is shown as a band. The data indicate that the hardness is
not significantly influenced by heat treatments in a dynémic vacuum and
that the hardness is a good indication of the oxygen content when other
contaminants are not present in significant amounts. ’

In an investigation of the effect of heat treatment on oxygen con-
taminated colﬁmbium, five specimens of various oxygen contents, as

indicated in Table 1.2, were prepared and annealed for 2<hr at 1200°C

Pable 1.2. Diamond Pyramid Hardness Numbers of Columbium-Oxygen Alloys

Diamond Pyramid Hardness After Heat Treatment,

Original
Oxygen Annealed and Furnace Aged at : Aged at
Content Furnace b - £50°0C 0nC s
(3) Quenched® in Cooled” in £50°C*~ in 800°C* 1in
! o Static Vacuum Static Vacuum Static Vacuum
Dynamic Vacuum
0.022 112 . 165 : 206 213 \
0.078 156 220 - 206 213 \
0.200 249 206 220 206
0.330 285 213 . 236 _ 228
0.470 402 206 206 213
a

Annealed for 2 hr at 1200°C; vacuum 1 X 107" mm Hg.
Cooled from 1000-650°C in 24 hr.
CAged 96 hr and water quenched.

b

in a dynamic vacuum of .1 X 10™° mm Hg and furnace quenched. Hardness
measurements were then made; the results are presented in Table 1.2.
Fach of the five specimens was then divided into three pieces, and one

piece of each specimen was sealed in'an evacuated quartz capsule (5



pieces in each capsule). One capsule was heated to 1000°C and furnace
cooled to 650°C in 24 hr in the static vacuum. The results of hardness
measuremenss on these specimens are given in column 3 of Table 1.2.

The olher two capsules were aged at 650°C and 800°C, respectively, for
96 hr in the static vacuum and water guenched.  Hardness values for
these specimens are presentéd in columns 4_and 5 of Table 1.2. If it

is assumed that the hardness is an indication of the oxygen content,.the
data indicate that oxygen migrates from one specimen to the other in a

static vacuum without actuval physical bonding.

Reaction Rates of Columbium in Low-Pressure Gases

~

The rate of oxygen adsorption by columbiwn has been determined at
850, lCCO, and 1200°C. Oxygen was introduced into a continuously pumped

reaction tube by decomposing Cu0 according to the reacticn
2 Cud — Cu,0 -+ 1/2 0,

The oxygen pressures, which were regulated by the temperature of the
Cu0, covered the range 3 X 1077 to 5 x 107% mm Hg.

Under the conditions described, it is postulated that, at the
lowest pressures, oxygen was taken into solid sclution at a rate which
was slightly less than when the metal was saturated with oxygen. When
the solubility limit of oxygen in columbium! was approached, the reac-
ticn rate increased slightly and was accompanied by the precipitation
of columbium oxide (internal oxidation). The experimental data indi-
cating the change in the reaction rate at the solubility limif are
shown in Fig. 1.2. I

When the metal was exposed to oxygeén after the solubility limit
had been reached, the originally highly polished sémples‘were found to
- have roughened surfaces. Preliminary examinations indicate that the

roughness was caused by the formation of nodules of columbium oxide.

1A, UL Seybolt, J. Metals 6, 774-76 (1954).
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The specimens with roughened surfaces exhibited a liﬁear oxygen absérp-
ﬁion rate that increased with both temperature and oxygen pressure, as

shown in Table 1.3. The absorption rate constants are a measure of the
rate of interral oxidation of the columbium. The effect of pressure on

the reaction rate constants at 1000°C is shown in Fig. 1.3.

Table 1.3. Reaction-Rate Constants for the' Internal
Oxidation of- Columbiwm

Rat m? i
0, Pressure ate Constants (mg/cm? . -min)

(rm Hg ) At 850°C . At 1000°C At 1200°C
% 1073 x 1073 x 1073
3 x 1072 0.23 0.78 1.08
5 x 1077 - 0.60" 1.29 1.70
7.5 x 1077 - 2.16 2.75
1 x 107 1.38 2.92 4.5
1.5 x 1074 7.26 7.17
2.0 x 107% 2.02 7.92 8.50
3.0 X 10‘i 2.53 8.80 12.3
4.0 X107 14.8
5.0 x 107 : 10.3 18.4

Of particular interest is the deviation in the rate constants from
the parabolic type of relationship at about 1 X 107™* mm g, the linear.
relationship below this pressure, and the fact that the extrapolated
curve intersects the abscissa at a finite pressure of about 5 x 107° mm
Heg. The pdssiblc theoretical significance of theée data 1s being
studied.

The'effect of oxygen pressure on the reaction rates is illustrated
further in Fig. 1.4. As stated previously, %“he linear portions of the
curves represent.internal oxidation of columbium. The deviation from:
linearity in the test at a'preséure of 0.5 u was due to the formation

of a Visiblé black oxide film.
The rates of contamination'of columbium by oxygen and air -at

equivalent oxygen pressure are compared in Fig. 1.5. If the nitrogen
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in the air is assumed to be inert, theoretically the rates should be the
same._‘In view of the difference of aboul a factor of &, it must be
assumed that nitrogen enters into the reaction. - Since the curve for the
run made in air is linear; it seems improbable that a nitride film had
fdrmed; the presence'of a film results in a parabolic curve. These data
explain to a large extent why.columbium can be annealed without serious

oxygen contamination at air pressures of about 1 p.

Characteristics of Various Columbium~Base Alloys

As reported pi‘eviously,2 corrosion of columbium by lithium is re-

lated to the presence of oxygen in the columbium. It would appear that

’E. E. Heffman, The Effect of Oxygen and Nitrogen on Corrosion Re-
sistance to Lithium at Elevated Temperatures, ORNL-2675.




the development of a corrosion-resistant columbium alloy depends on the
addition to the base metal of an .alloying element whose oxide either is
stable in both lithium and columbiumvat elevated temperatures or at
least stable in columbiwm and-can be prevented from forming at the grain
bcﬁndaries by suitable heat treatment. Therefore elements whicﬁ might
scavengeboxygen are bein;z studled 1n screening tests in which possible
strengthening elements are also being studied. The strengthening and

scavenging elements being considered are listed below:

Strengthening Scavenging
Elements Elements
Hafnium " Beryllium
Molybdenum Cerium
Rhenium Hafnium
Tantalum Lanthanum
Vanadium Thorium
Tungsten “Yttrium
Zirconium Zirconium

The free energies (-AF°) of formation of the oxides of the scavenging
elements at 2000°F are listed below, along with the values for columbium

and lithiﬁm:

~AF°
(kcal/mole) ,

Thorium 116
Larthanum : 115
Cerium 115
Beryllium 112
Yttrium 112
Hafnium- 102
Zirconium 100
Lithium a8

Columbium - 70

The reutron absorption cross sections (2200 m/sec) of both the scaveng-

ing and the strengthening clements and of columbium are, in ascending

10



order of magnitude:

\
o, (barns? o, (barns)

Beryllium

0.01 Thorium 7.0
Zirconium 0.18 Lanthanum 8.9
“Cerium 0.70 Tungsten 19.2
Columbium 1.1 Tantalum 21
Yttrium 1.27 Rhenium 84
- Molybdenum 2.4 Hafnium 105
Vanadium 5.1

The vapor pressures are indicated in'Fig. 1.& as a function of tempera-
ture. _

Mloys from 18 binary and ternary alloy systems have been prepared
and tested. The alloys were prepared as 100- to 200-g nonconsumable- ’
electrode arc melts using columbium doﬁble-melted by the electron-beam
method as the base material. The alloying materials used and the form,

purity, and source are given in Table 1.4.

Table 1.4. Form, Purity, and Source of Materials
Used as Alloying Additions

ﬁii2112§ Form Purity - Source
Rhenium Power 99.9% University of Tennessee
Molybdenum Sheet Unknown Laboratory stock
Tungsten Sheet 99.9% Laboratory stock

Hafnium Iodide bvar ,99.9%% : Battelle Memorial Institute
Thorium . Iodide bar 997% Battelle Memorial Institute
Zirconium Iodide bar 99.9%% Foote Mineral Company
Cerium Lump 99.9%% A. D. Mackay, Inc.
Lanthanum  Lump From 99.99% oxide A. D. Mackay, Inc.
Misch metal Lump Reactor grade A, D. Mackay, Inc.
Beryllium  Lump 99+% . Brush Beryllium Company
Yttrium Lump Unknown ORNL .
Silicon Povder Unknown Laboratory stock

Aluminum Sheet Reactor grade ORNL

)

11



T

UNCL ASSIFIED
CRNL~LFE~DWG 386807

40C0
%
M
.
N,
pa
T~
N
S
T \ :
\\t\ T T ! ¥  DENOTES MELTING POINT
\\ o T~
. E P~ .. |
N i -
2000 \\\\\ N:\ ~— Rs - '\7:\\\
h M Sy HF N\,,__’:-\;\ ~.~‘\\
\\ \\s \\\ e
3 e iy o \..’“u\ T ——
g) P ¢ N.\\\ ~-<..._:\ e
w T ’ . e o \\\ ::"\ ——
" —~ P — S
Lrl!J i ¥ Py \\~ §~ ]
e ) . 5 - V "
< I~y \ -y i~
x "\N\ »N\-.._N \\_\ e *\\._‘\ X ~\h?§~§
L(i‘ — P——— N ! — '\l_~ T~ 2”0,,C.
= T\-‘\ \% \_~~~~ -.~__~\\.’:\
L\J B s bonc .
[l \-~\\ 2 -~,‘\\\ e
. . r —
2000 [1 ~ B e e
S kst WU —~L
“N\\ \\\\\ Y . \\\\ ‘NN\\ .
b \\\ : \~~~-~ -~,___~\~;~ ]
~=::=:\ - \“"" T e — '\"‘\
o - o ' S ok
\\\\-::::-~~ _C A an + T 920°C
" —— . e S L YL —804°C
e T a%c
Be -—-hh\:::zz___":a,.
1000
‘ 10! 107 073 w0? T

VAPOR PRESSURE (mm Hg}

Fig. 1.6. Vapor Pressures

S s as a Function of Temperature of Elements Being Considered
as Alloying Additicns to Columbium. '



The screening tests vere run to determine the melting and fabrica-
ticn‘charécteristics of the alloys and their corrosion behavior in

,lithium'(see Chap. 2, this report). The alloys are listed in Table 1.5

- Table 1.5. Melting Characteristics of Various  Columbium-Base Alloys

Slight Roughness of Surface Rough Surface With
With Evidences of Some-  Much Volatilization
Volatilization of of Alloying
AMlloying Additions : Additions

Melted Easily Without -
Volatilization of
AMloying Addition

CoRe _ Cb—Th ) Cb—Ce

CoMo Co—Zr : Cb—La

Ch—W Cb—Re~Zr CbMisch metal

Cb—Hf i ' Cb—Be '
Co—Y
CbMo—<Le
CbH-LCe
Cb—Re-La
CbRe—Ce
Ch-51
Cb—Al

according to melting characteristicsl. All alloys containing the rare-
earth metals and beryllium, yttrium, silicon, or aluminum showed evidences
of volatilization during melﬁing, and thus it appears that it might be
difficult to control the composition of alloys containing these elements.
The fabrication characteristics of the alloys at room temperature are
indicated in Table 1.6. It was found that the alloys Became more diffi-
cult to fabricate'és the percentage of alloying addition was ihcreased,c
except for the rare-earth‘alloy systems. The rare~earth metal contalning
alloys, as.well as the alloys.containing hafnium, molybdenum; tungsten,
zirccnium, and rhenium in the lower percentages, cold worked easily. How-
ever, the alloys containing higher percentages of molybdenum and tungsten
and all the.alloys containing aluminum, beryllium, or silicon were virtu-
ally unworkable.
A1 alloys were tested in lithium for 100 hr at 1500°F (see Chap.

2, this rcport).- The columbium melting stock showed attack but none



Table 1.6. - Fabrication Characteristics of Various Columbium-Base Alloys

Cold Rolled Easily Cold Rolled Easily : Poor
With No Edge . " With Slight Amount Workability,
Cracking of Edge Cracking Gross Cracking

Mo (1 wt %) Mo (5 wt %) Mo (10 wt %)
W1t %) Wo(5 wt ) W (10 vt %)
Zr (0. 4—1 2wt %) Zr (1.4-1.6 vt %)
Re (0.25-1.0 wt %)  Re (2 wt %)
Hf (0.5-1.0 wt %) Hf (3 wt %)
Ce (0.25-5.0 wt %) -

~La (1.0-3.5 wt %)
Y (1wt %) '

Misch metal
(0.5-5.0 wt %)

AL (1wt %) AL (5wt %)
Th (1-3 wt %)

‘Re (1-2 wt %)-La (1-2 wt %)

Re (1-2 wt %)=Ce (1-2 wt %)

Re (0.25 wt %)—Zr (0.25-1 wt %)

Mo (5 wt %)-Ce (2 wt %)

W (5wt %)—Ce (2 wt %)

Be (0.25-1 wt &)
Si (1-5 wt %)

of the alloys were attacked. Although the rare-earth metals were useful
as oxygen-scavenging elements, they were eliminated on the basis of their
high vapor pressure. Aluminum, beryllium, and silicon were'eliminated
because of their boor fabriéability._

Of the remaining alloying elements, rhenium, tungsien, and hafnium
were eliminated because of thelr high cross éection, leaving molybdenum,
zirconiwm, and thorium. Thorium, although attractive from a thermo-
dynamic and vapor-pressure standpoint, was considered to be undesirable
from a handling standpoint. There would‘algo-be a nuclear prbblem as a
result of conversion of Th??? to U?3?® under irradiation. Thérefore, it
was decided to concentrate on columbium-molybdenum and columbium-zirconium
birary and columbium—molybdenum—zirconium ternary alloys, with the

possible addition of a Scavenging element for initial oxygen removal.
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Various compositions of these alloys have been made in 200-g arc
melts. Melts of 10-1b consumable electrodés are planned. Evaluation of
mechaniqal and corrosion properties will be made on this material.

-

. Aging Studies of Columbium—Zirconium Alloys

The possibility of aging phenoména occufring in columbium alloyed
with small amounts of zirconium was first noted following the tensile
' teéting of four Cb—1% Zr specimens which had undergone a 500-hr aging
- treatment during a dissimilar-metals test (see scction of Chap. 2 on
"Dissimilar-Material Mass Transfer Effects"). The specimens tested at
1700°F showed an increase in tensile_stréngth and a decrease in ductility
as compared with the unaged alloy.

Tensile tests at room~temperature tests performed on Ch-1% Zr
and Cb—0.75% Zr specimens that had been armealed 2 hr at 1600°C and aged
in evacuated quartz capsules at 1700°F for O, 25,450, 100, 500, and 750
hr. Data on Cb-0."7¥##r vere also obtained after aging at 1500°F. The
results of these teéts are presented in Fig. 1.7. The Cb—lﬁ Zr and Cb—
0.75% Zr alloys both apparently overaged between 100 and 300 hr at
1700°F. The CbﬁO.75% Zr alloy aged at 1500°F was initially weaker than
thé alldy‘aged at 1700°F but rapidly increased in strength after 100 hr
and at 500 hr had exceeded the strength of the aged Cb—l% Zr alloy.
There was a loss in ductility which increased with aging time.

Elevated-temperature. tensile tests were performed on specimens which
were given the same annealing and aging treatmenis as the room-temperature
specimens. The results of these-tests are presented in Fig. 1.8. The
Cb—1% Zr alloy which was aged and testea at 1700°F increased in strength
up to lOO'hr and then overaged. The Cb—0.75% Zr alloy, aged and tested
at lVOO?F,-ekhibited the same characteristics as when tested at room
temperature. There was an increase in strength £o approximately 150 hr
and & gradual dropoff through 500 hr., The Cb—0.75% Zr alloy, aged and
tested at L500°F, was again initiélly weaker than the alloy aged at
1700°F but increased in strength after 100 hr. After’ 750 hr, the alloy

nad over 50% more strength than the wnaged alloy and showed no evidence

15
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of overaging. Both alldjs showed a decrease in ductility when tested at
elevated temperatures and when the aging time was increased.

Hardness measurements were made on the Cb—-0.75% Zr alloy after
aging at 1500 and 1700°F. These results.are shown in Fig. 1.9. The
hardness data agreed with the tensile results.

A1l the preceding results were obtained using cohmercial sheet
stock. The Cb~1.0% Zr alloy was purchased from Kennametal, Inc., and
the Cb0.75% Zr alloy was purchased from Fansteel. Metallurgical Corp.
Additibnal_melts of Cb0.4, =0.9, -1.0, -1.1, and —1.5% Zr were made in
the laboratory from high-purity eleqtron-beam—melted columbium and ilodide
zirconium. These alloys were annealed at 1600°F and aged 0, 16, 100,
500, and 1000 hr a£ I§86 and 1700°F. The results of hardness tests on
these specimens show (Figs. 1.10 and 1.11) some fluctuations which might
be attributed to aging phenomena. '

Metallographic specimens of the'laboratory—prepared melts showed,
Figs. 1.12 and 1.13, a fine precipitate in the grain boundaries and in
the matrix which was morc pronounced in the higher zirconium-content
alloys. Chemical analyses of the aged specimens for interstitial
elements showed no significant pickup in oxygen, nitrogen, or carbon.
The average oxygen analysis was 370 ppm with a spread from 250 to 420
ppm. Carbon and nitrogen averaged 260 and 185 ppm, respectively. All
high-temperature tensile tests were conducted using a zirconium-foil

getter with a vacﬁum in the test chamber of <0.1 B at temperature.

Yttrium Studies

Zone Refining of Yttrium

A series of zone-refinihg experiments was conducted to determine
whether purification of ytirium with respect to oxygen could be achieved.
Four specimens were tested in vacuum at a constant-zone travel rate, and
the number of passes per specimen was varied from one to four. Chemical
analyses of the specimens before and after the zone-refining process

showed that no apparent purification of yttrium with respect to oxygen
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was achieved.- There was, however, a general improvement of the micro-
structure of the specimens. A series of experiments was carried out
which correlated the change in miprostrucﬁure after a high-temperature
anneal with a decrease in fluoride content of the yitrium:

Apparatus for'the_soiid-state electrolysis of yttrium was completed
and pul into operation. The system consisted of a 4-in. quartz zube,
approximately'25 in. long, waxed into copper end plates. Onc end- plate

held a stationary water-cooled copper eleclrode and the other a water-
cooled copper electrode equipped with a brass bellows to allow for the
thermal expansion and contraction of the specimen. -

The system was initially evacuated to 1 X 10™® mm Hg. Special care
was taken to maintain a vacuum of 1 X 1072 at all times during the
initial heating of the specimen. Above a specimen temperature of 1000°C,
the gettcring action of the yttrium was apparentJ since vacuum readings
of the order of 5 x 1078 mm Hg were normal at an operalting temperature
of 1250°C. ,

Chemical analysis of the specimen after solid-state electrolysis
showed a higher pefcentage of oxygen at the anode than at the cathode;
however, the "best" metal from any specimen contained not less than 1000
pPpm oxygen. Therefore,'it may be concluded that either there was a leak

V ih the system or that oxygen was out-gassed from the apparatus and ab-
sorbed by the specimen. _

Crystals of yttrium approximately 1/2‘in. iong and of diameter
equivalent to that of the spécimen were grown during>the'solid-state
electrolysis of the samples. The cry;tals were slightly strained be-
cause of the cooling procedure ﬁsed, but, with the proper care, strain-
free single crystals of yttrium could be grown using this process. No

additional experiments are contemplated.

Yttrium -Preparation

The work on preparation of the yttrium was terminated in May 19359
after completion of some 30 experimental runs. The basic process

-involved the following steps: (1) conwversion of Y503 to YFj,
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(2) preparation and purification of a mixture of Irs, MgFé,'and LiF, _
(3) co=reduction of yttrium and magnesium from the fluoride mixture with
lithium, (4) vacuum distillation of magnesium from. the yttrium-magnesium
alloy, and (5) consoiidationvof the me:al by arc melting.?

» The basic process was shown to be capable of producing yttrium with
" less than 1000 ppm oxygen,.but this degree of purity was not achieved
consistently. ‘Some mélts contained as little a;>500 pPpm oxygen, while
others contained over 3000 ppm. Much of the difficulty was in the
mechanical operation of the process.

The yield of yftrium-magnesium alloy in the reduction step was
lower than desired, being generally about 75%‘of the calculated theoreti-
cal yield. Part of the problem was associated with the formation of an
yttrium-magnesium-lithium compound containing a aigh percentage of
lithium. Agitation of the reacting mixture by bubbling heiium:through
it did not sighificantly improve the yield. '

.Large pieces of yttriumrmagnesium alloy, slightly more than 1-in.
thick, were vacuum distilled to yileld a product which was dense enough
to be used without compaction as consumable-electrodes for arc melting.
However,'extended heating, over»48 hr, was required, and even then there
was usually residual magnesium in quantities which caused considerable
meiting difficulty.  The use of ihe'induction furnace utilized in the
reduction step to vacuum distill the yttrium~magnesium alloy was not
entirely satlisfactory. Good atmospheric purity was achieved for the
reduction operation by vacuum-purging and back-filling with helium, but
the quaiity of the vacuum maintained during the long distillation treat-
ments was not good.enough tb completely prevent contamination.

Electron-bombardment meliing under a high vacuuﬁ,at the Stauffer-
Temescal Company (formerly Temescal Metallurgical Corporation) was
effective for removing fluorine, magnesium, and lithium from yttrium.

There was no significant decrease in the oxygen content, however.

7. Hikido, ANP Semiann. Prog. Rep. Sept. 30, 1958, ORNL-2599,
p 9. '
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Oné technique that maf be useful for refining crude ycttrium was
discovered. Reacting the metal with a ternary YF3-MgF,-LiF salt mixture
resulted in the formation of an yttrium-magnesium alloy because of re-
duction of the'Mng by part of the yttrium. If suitable mechanical
stirring devices were incorporated into the egquipment, it should be
possible to purify the alloy thus formed by the preferential partition
of impuritiés into the fluoride phase according to the techniques
developed by Carlson and his co-workers at the Ames Laboratory, Iowa

State Colleg,e.4

Purification of Lithium Metal by Salt Extraction

Experimental attempts to remove Li,0 and Li,N from liquid lithium
‘metal were made by extraction with the molten LiCl-LiF (80-20 mole %)
eutectic mixture.. To determine whether the distribution coefficient was
favorable, scveral extractions were made in which batch process tech-
niques were employed. Analysis for Li;0 in the salt phase was made by
alkalimetry following the extractioh with liquid bismuth of the lithium
metal entrained or dissolved in the salt eutectic mixture.

Data obtained from these experiments consistently illustrated that
the contaminant concentration in the lithium metal, calculated as oxygen,
could be reduced to approximately 500 ppm. In a single extraction experi- .
ment, the removal of approximately 10,000 ppm of oxygen added as Cu0 to
650 g lithium metal was demonstrated.-

A semicontinuous lithium metal flow exftraction process was tested
on a laboratory scale. The process was not éncccssful in that proper
thermal conditions could not be achieved in the extractor to prevent,
salt entréinment in Lhe extractor effluent line. Estimates of the solu-

5

bility of lithium metal in the salt eutectic mixture® indicate that an

extractor effluent temperature of approximately 250°C would be necessary

4Personal communication.

M. A. Bredig, Chemistvry Division, ORNL, private commmication.

o
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Lo reduce salt entrainment to a satisfactory operating condition. Al-
though experimental efforts were not successful in demonstrating the
feasibility of the flow process, extraction of lithium metal with the
LiCl1-LiF eutectic mixture has been shown to provide a possible means of
metal purification, as well as an indirect method for the analysis of

lithium metal impurities.
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2. MATERTALS COMPATIBILITY STUDIES

Effect of Oxygen Concentration and Subsequent Exposure
to Lithium on the Room-Temperature Tensile
Properties of Columbiun

It is known that columbium which has been contaminated with oxygen
undergoes intergranular corrosion when exposed to molten lithium at ele-

1 Tests were conducted to relate this corrosion

vated temperatures.
thenomenon tc the room-femperature tensile properties of columbium and
to determine whether tensile strength and elongation would be more sensi-
' tive measures of corrosion than can be obtained through metallographic
examination. Five columbiwn tensile specimens containing various oxy-
_gen concentrations were exposed to static lithium at 1300°F for 100 hr

and then tensile tested at room temperature. "The results are shown in

Table 2.1.

Table 2.1. Effect of Oxygen Concentraticn and Subsequent Exposure to
Lithium on the Room-Temperature Tensile Properties of Columbium

_ Oxygen Tensile Elongation  Maximum Depth Type
Concentration Strength in 2 in. of Attack of
(ppm) (psi) - (%) - (mils) Attack
140 .- 23,500 12.5 0
380 25,000 - 13.0 5 Subsurface
400 27,500 12.5 1 Subsurface
1100 20,000 5.0 12 Grain-boundary
1660 8,600 1.5 11 Grain-boundary

From the limited data of Table 2.1, the tensile properties do not
appear to give an indication of corrosion effects that is any more

sensitive than that which can be obtained through metallographic

B, B, Hoffman, The Liffects of Oxygen and Nitrogen on the Corrosion
Resistance of .Columbium to Lithium at Elevated Temperatures, ORNL-2675
(Jan. 16, 1959). '
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examination. The tensile strength increased slightly with no loss of
ductility when the oxygen concentration was below 500 ppm, while the
columbium that contained 1100 ppm or more oxygen showed a loss of ‘
strength and ductility.

The depth of attack generally increased.with increasing oxygen con-
centration. At the lowér_oxygen concentrations, the attack was of the
subsurface type, but grain-boundary attack typical of highly contami-

. nated columbium Qas found in the last two specimens. Further studies
will be conducted at various oxygen levels between 200 and 1000 ppm to

determine when the loss of strength and ductility first becomes apparent.

“Effect of Welding Current on the Bend Ductility, Hardness,
and Corrosion Resistance to Lithium of Columbium
and a Columbium-Zirconium Alloy

Weld specimens of columbium and a Cb-1% Zr alloy were prepared by
using the Heliweld automatic welding procedure described in Chap. 3 ot
_this réport. The welding current was varied from 125 to 55 amp in pre-

paring six columbium welds and six Cb—1% Zr alloy welds. The weld
specimens were exposed to static lithium at 1500°F for 100 hr, and then
measurements ‘were made of depth of attack by the lithium, bend duc-
tility, and hardness. The results of these meaéureménts and of chemical
analyses of the as-recei?ed, as-welded, and as-tested specimens are
presented in Table 2.2. ;

It may be seen that the weldinyg current had no apparent effect on
the various properties of either the columbium or the columbium-
zirconium alloy. The columbium-zirconium alloy welds were, however,
markedly more resistént to.lithium corrosion than were the columbium
welds. The columbium-zirconium alloy wes unattacked, while the co-
lumbium welds were all attacked from 2 to 12 mils. On the other hand,
the zirconium addition impaired: the room-temperature bend ductility,
especially after exposure to lithium.

The chemical analyses indicated that the weiding procedure was ade-

quate to brevent oxygen and nitrogen contamination of botn the columbium
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Table £.2.. EIJfect oi Welding Current on the Bend Ductility, Herdness, and
e Cbo~1% Zr Alloy

Corrosion Resistance tc Lithium of Columbium and

Depth of Diamond Pyramid )
ttackP Bend Test Results® . . hardnessd Impurity Analyses (ppm)
Welding (milg) : (500-g load)
Material Current@.
. . . As As After
(amp) Heid ?eatf As Alte? \ AItc? Received Welded Test
5 Lifected e s Corrosion . Corrosion )
Zone . Welded . Welded

Zone ] Test . Test 0, N, 0, N, 0, N,
Cb-1% Zr 125 0 0 Few crecks Brittle 155 215 170 190 140 180 210 420
alloy ) 95 C 0 Few cracks Brittle 164 1lel 170 190 140 190 170 420
-85 0 0 Ductile Brittle 169 170 170 190 150 180 170 420
75 0 0 Few cracks  Brittle 138 164 170 190 130 190 180 380
O 0 C Ductile Brittle 16l 202 170 190 210 200 140 3%0
55 0 v Ductile Brittle 174 227 170 190 200 240 120 370
Columbium . 125 5 7 . Ductile Ductile 140 97 430 130 300 1530 250 380
95 12 5 Ductile Ductile 147 102 430 130 410 130 240 430
35 4 4 Ductile LDuctile 135 107 430 130 470 130 380 410
75 5 7 Ductile Ductile isl 100 430 130 450 130 210 470
65 2 11 Ductile Ductile 150 100- 430 130 460 130 290 470
55 2 7 Ductile Ductile 155 101 430 130 460 120 290 370

8Welding conditions: Heliweld automatic welding head, welding rate of 7 1/2 in./min, helium atmosphere.

bgpecimens exposed to static lithium for 100 hr at 15Q00°F.

}CThe 0.040-in.-thick specimens were bent 180 deg over a 2X thickness bend radius.

dAyerage of three measurements.



and the columbium-zirconium alloy. Post-test analyses of thé-welds
showed a slight increase in nitrogen concentration of both haterials
that is attributed to gettering from the lithium. The columbium welds,
which were heavily aﬁtacked, showed a decrease in oxygen concentration,
while the columbium-zirconium alloy welds, whiéh were unattacked,
showed no significant change. This is further evidence that corrosion
. of columbium by lithium involves a reaction between the lithium and the
oxygen in the columbium.?! o »

The hardness values for the columbium welds were lower after ex-
posure to lithium, and thus indicated a decrease of oxygen concentra-
tion as a result of reaction with lithium. The hardnesses of the
columbium-zirconium alloy welds increased slightly after exposure.
Since the welds wWwere not corroded, this increase could be attributed to

the increase 1n nitrogen concentration after exposure.

Effect of Lithium-Removal Procedure on Hydrogen Absorption '
by Columbium and a Columbium-Zirconium Alloy

The presence of a hydride phase hés Been'obsegyed by Pratt &
Whitney personnel at CANEL in sections taken from éolumbium—zirconium
alloy lecops in which lithium had been circuléted. Examinations indi-
cated that the hydride phase was associated with the.post-test lithium-
removal procedure. Hydrogen.is released during dissolution of the
contained lithium in water, and the hydrogen thus released 1s absorbed

by the columbium.?

On the other hand, when liquid ammonia or alcohol

is used for lithium removal, absorpfion of hydrogen Dby the columbium is
greatly reduced or eliminated. Since the lithium-removal procedure used
at ORNL has involved dissolution with water and since, as mentionéd_in
the preceding secﬁion, welds exposed to lithium for 100 hr at 1500°F.
have been obsefved to be brittle at room temperature, tests were con-

ducted: to evaluate various lithium-removal procedures. Results typical

of those from the 35 testsAthat vere conducted are presented in

2Pratt & Whitney Aircraft Nuclear Propulsion Program, LEngineer-
ing Prog. Rep. April 1, 1959-June 30, 1959, PWAC-592, p 89.
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Table 2.3. Pratt & Whitney personnel have reported hydrogen concentra-
tion increases after lithium dissolution in water of 500-1000 ppm,

while tests at ORNL indicate increases of 60 ppm or less.

Table 2.3. Effect of Lithium-Removal Procedure on Hydrogen
Concentration Increase in Cb.and Cb-1% Zr Alloy

Hydrogen Concentration (ppm) of Cb

After Lithium Removal

Specimen Histor
p story As Re-

ceived In  In 10% In 304 In 50% In 100%
HpO Alcohol Alcohol Alcohol Alcohol

Columbium exposed to 16 73
lithium for 100 hr
at 1500°F
Columbium welds ex- <1 4
posed to lithium [for 2 10

100 hr at 1500°F

Columbium tubing ex- <10 15 70 52 22 4
posed to lithium for
1 hr at 1000°F

Columbium-zirconium 12 27
alloy specimens ex- 5 31 oo
posed to lithium <1 14

for 100 hr at 1500°F <1l <1

Dissimilar-Material Mass Transfer Effects

Columbium—Sodium—Type 316 Stainless Steel System

Two additional tests of the three-component systerm columbium—
sodium—type‘Blé stainless steel were completed in which a columbium
specimen and a type 310 stainless steel specimen were suspended for a
specified length of time in a type 316 stainless steel capsule contain-
ing static sodium at @ specified high temperature. The operating con-
ditions of all tests completed thus far are listed in Table 2.4. |

’
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Table 2.4. Operating Conditions for Dissimilar-Metal Mass Transfer
Tests of the System Columbium—Sodium-Type 316 Stainless Steel

Ratio of Surface Area
Test Temperature Time of Stainless Steel
No. (°F) (hr) to Surface Area
of Columbium

1 1700 1000 13.5
2 1700 900 10.1
3 1600 1000 10.1
4 1700, 1000 0.1

N

Metallographic examination of the columbium exposed in test 3
showed two brittile layers on the surface that totaled 0.5 mil in
thickness. X-ray examination of the surface‘layers’identified them
as CbC and CboN, and thus the surface layers were similar to those
found previoﬁsly3 after tests 1 and 2 except that the ‘thickness of the
two layers decreased from 0.8 to 0.5 mil as a result of the 100°F
decrease in test temperature. The layers cracked in a bend test per-
formed on the columbium specimen,.but the cracks did not propagate
through the base material. ‘ '

In the first three tests, the stainless steel surface area was
large compared with the columbium surface area, and the type 316
stainless steel specimens were found to be relatively unaffected. When
the ratio of surface areas was reve:sed as in test 4, two layers of
approkimately 1 mil total thickness were found on the surface of the
type 316 stainless steel. X-ray examination of the surface of the
type 316 stainless steel identified the layer as CbN, CbC, CbsCs3, and
Cb. A discontinuous, porous film less than 0.5 mil thick was also
found on the surface of the columbium specimen that has not yet been

identified by x-~ray examination.

3ANP Semiann. Prog. Rep. March 31, 1959, ORNL-2711, p 12




Columbium-Zirconium Alloy—Sodium—Type 316 Stainless Steel System

In order to experimentally verify that similar results would be
obtained if a Cb=1% Zr alloy were substitutéd for columbium in a
sodium—type 316 stainless. steel system, a diSsimilar-material test was
conducted in which the test duration was 500 hr, the test temperature
wvas 1700°F, and the rafio of the surface area of the type 316 stainless
steel to the surface area of the columbium-zirconium alloy was 3.

Metallograpinic examination of the columbium-zirconium alloy speci-
men after the test showed two ldyers that were similar to those de-
scribed in the previous section and which were approximetely 1 mil .in
total thickness. X-ray examination of the surface of the sPecimen

-again identified the layers as CbC and CbyN. Chemical ahalyses of the
columbium-zifconium ailoy specimen showed an -increase in both the
varbon and nitrogen concentration. ' -

Columbium-éirconium alloy tensile specimens were also included in
this tést in order to study the effect of the formation of the surface
layers on mechanical properties, and anotherlset of tensile specimens
was heated in argon for 500 hr at 1700°F to serve as control specimens.
The results of these tests are presented in Table 2.5. The specimens
tested in the sodium—type 316 stainless steel system had increased
tensile strength at 1700°F (~70,000 psi) compared with the control
specimens heated in argon atmosphere (~47,000 psi). The ductility
values for the specimens tested in sodium and in argon were similar
and were extremely low, that is, approximately 1% extension in 2 in.
The changec in ductility of this alloy as a function of tensile test.
temperatures and prior heat treatment prompted the aging studies de-

scribed in Chap. 1.

iiffect of Oxygen Additions to a Columbium-Zirconium Alloy on Its
) Corrosion Resistance to Lithium

It has been demonstrated* that oxygen contamination of columbium
is primarily responsible for the corrosion of columbium by lithium.

In order to determine the effect ol oxygen on the columbium-zirconium
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.Table 2.5. Results of Mechanical Property Tests and
Chemical Analyses of Cb-1%.Zr Alloy Specimens

Tensile Impurit& Analy-

Specimen Test Tensile Extension sis ( )
Specimen History* pe ¢ est Strength in 2 in. - S+ ippm
) - No. Temperature (psi) (%)
(°F) P T 0 N o
‘As received (annealed 1 70 54,000 18 400 220 200
2 hr at 1600°C) 2. 70 53,000 19 3 -
As received (annealed 1 _ 1700 47,000 7 470 180
2 hr at 1600°C)
Heated 500 hr in argon 1 1700 46,500 1 330 320 . 400
at 1700°F 2 1700 48,000 1 400 340 420
Heated 500 hr at 1 1700 68,000 1-2 89 930 690
'1700°F in sodium— 2 '

1700 79,000 1-2
type 316 stainless .
steel system

*The specimens were in the form of tensile specimens with the following dimen-
sions: shoulder width, 0.675 in.; gage wldth, 0.250 in.; thickness, 0.040 in.



alloy, a series of six specimens 4 X 0.75 x 0.040 in. were contaminated

with oxygen in quantities that varied from 200 to 2300 ppm. The depth

of attack .of these specimens by lithium was then measured as a function

of oxygen concentration and heat treatment. The results of the tests

are sumnarized in Table 2.6.

Table 2.6. BEffect of Oxygen Additions to a Cb—1% Zr Alloy
on Its Corrosion Resistance to Static Lithium

Test temperature:; 1500°F
Test duration: 100 hr

Oxygen Concen-

tration (ppm) Snecimen listory

Prior to Test

Before Af'ter
Test Test

- Maximum Depth of

Crain-Boundary
Attack (mils)

200 140 As lecelved
e As received and welded

910 580  Oxygen added®
430 Oxygen added and welded

950 780  Oxygen added and homogeneizedc’(1
730 Oxygen added, homogenelzed
and welded

1710 1400 Oxygen added and homogeneized
1000  Oxygen added, homogeneized,
: and welded

2100 340  Oxygen added :
1800  Oxygen added and homogeneized
1600 Oxygen added, homogeneized,
and welded

Ko}
Lo
&)
(@b

2400  Oxygen added and homogeneized
2100 Oxygen added, homogeneized,
and welded

0
0

>20
1 (in weld)

0
2.5 (in weld)

=3

>20
0
13 (in weld)

Q0 (in base material)

O .
>20 (in weld)

O (in base material)

éAnnealed 2 nr at 15600°C.

b . L . .
Machine welded in inert-atmosphere chember containing argon

(02 = 1 ppm).

“Oxygen added at 1000°C and 0.1 . oxygen pressure.

dHeated in vacuum for 2 hr at 1200°C:

32



It -may be seen that complete benetration of a 0.40-1in.-thick Speéi-
men containing 9lO'ppm oxygen resultéd when the specimen was tested in
an unhomogeneized condition, but a similar specimen that . had been
‘homogeneized at 1300°C was unattacked even though it contained 2300 ppm
oxygen. Attack began in welded specimens contéining 910 ppm oxygen and
increased with increasing oxygen content to the point that there was
complete penetration of a welded specimen containing 2300 ppm oxygen.
The welded specimens were not as sensitive to prior heat treatment as
was the base material. The attack of welded specimens was a function

of oxygen concentration regardless of pfior treatment.

Screenihg Tests of the Corrosion of Various
Columbium Alloys in Lithium

Twelve columbium-base binary alloys were corrosion tested in
static lithium for 100 hr at 1500°F. The alloys were formed by arc-
mélting pure columbium with the additions indicated in Table 2.7, which
also gives the hardness of the as-annealed alloy. The alloyiﬂg ad-
ditions'were chosen, as stated in Chap. 1, for-their ability to getter
oxygen. No corrosion was detected on any of the alloys by metallo-
graphic examination or by analyses of welight-change data. A pro-
nounced room-temperature softening effect on ﬁhe original stock
indicated that hafnium and thorium gettered the oxygen in the columbium.
Other investigators have found similar results with rare-earth ad-
ditions.4 Unalloyed, annealed .columbium has a hardness of approximately
100110 DPH (500-g load).

‘Corrosion tests were also conducted on ternary columbium alloys in
which a strengthening element was added in addition to a gettéring ele-
ment. Alloys in this category which have been corrosion tested in

lithium at 1500°F for 100 hr are:

4J. W. Semmel, Jr., "The Effect of Rare Earth Metal Additions on
the Ductility of Arc-Melted Group Va Metals," Technology of Columbium,
John Wiley and Sons, Inc., New York, 1958, p 77.




Cbh—-1% Re—1% La Cb-0.25% Re—0.25% 7Zr

Cb-1% Re=2% La Cv-0.25% Re-0.50% Zr
Cb—2% Re—2% La Cb~0.25% Re—1.0% Zr

The addition or rhenium to these alloys had little, if any, effect
on the hardness. No attack was observed metallographically on any of

these alloys after test.

Table 2.7. Columbium-Base Binary Alloys Prepare& A
for Corrosion Tests in Lithium

Alloying Quantity Added DPll Hardness of Alloy
Addition (wt %) (500-g load)
Cerium 1 &7
3 ‘88
5 89
Lanthanum 1 .91
' 3.5 ) 90
Misch metal* 0.5 85
1 78
3.5 92
Hafnium 0.5 : 820
i 1 85
3 . 107
Thorium 0.5 84

*Misch metal composition: 52% cerium, 24% lanthanum, 18%
neodymium, 5% prascodymium, 1% samarium.

Screening Tests of Brazing Alloys in Lithium

The ternary, refractory-metal—ﬁase, prazing alloys developed for

5

joilning container materiols for molten lithium” were tested in lithium

for 500 hr at 1700°F. The alloys were in the form of arc-melted

SANP Semiann. Prog. Rep. March 31, 1959, ORNL-2711, © 17.
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buttons., Minor additions of iron or berylliﬁm were made to lower the
melting points of some of the alloys. The alloys tested and the weight

losses that occurred are listed below.

Alloy Weight Loss (%)
V4% 2r-18% Co-8% Be 0.3%
60% Zr—25% V-15% Cb 3.8
67% Zr—29% V—4% Be 2.6
68% Ti~28% V4% Be 0.21
45% Ti—~45% Zr—10% Fe 0.02

Columbium capsules were used in these tests, and microspark analy- '
ses indicated that in all tesﬂs of bfazing alloys containing zirconium,
there was a transfer of zirconium to the columbium capsule wall. The
weight losées can be attributed to transfer of zirconium, since no
attack was observed.on any of the alloy specimens. Apparently, the
~addition of beryllium to the zirconium-base alloys suppressed the metal
transfer, inasmuch as the weight loss was substantially less for alloys
containing beryllium., Microspark analyses also indicated less zir-
conium transfer in tests of alloys containing beryllium.

In order to circumvent the mass-transfer effects, tltanium was
used for the test containers for a series of tests on refractory-metal-
base ailoys. These alloys, in the form of arc-melted buttons, were

tested in lithium at 1¢00°F for 500 hr. The composifion of each alloy

and the weight losses that occurred during testingare listed below:

Alloy Weight Loss (%)

63% Ti—27% Fe—10% Mo Not available

(3% Ti—27% Fe-10% V 0.01
76% Ti~14% Fe—10% Mo 0.16
76% Ti-14% Fe—10% V * 0.004
63% Ti—27% V-10% Mo 0.05



No attack was found on any of the alloy specimens after test.
Microspark analysis indicated no fcreign material on the titanium cap-
sule walls. ALl the alloys, with the exception of the 76% Ti=14%
Fe—10% V alloy, cracked badly during the test.

Corrosion of Be0Q by Molten Lithium

In most systems in which mélten lithium is circuléted there is &
need for electrical-insulating ceramics that are corrosion resistant to
molten lithium. As a part of a continuing search for such electrical
insulators, sPécimens of high-quality, hot-pressed BeO (ref 6) were ex-
posed for 100- and 500-hr periods to molten lithium at 1500 and 1700°F,
’respectiVeiy, under argon atmOSpherés inside titanium capsules. The
resultslof these tests are summarized in Table 2.8. The BeO specimens
showed .only limited corrosion resistance to static lithium at 1500 or

1700°F; however, they appeared to be several times more corrosion

+ -

Table 2.8. Summary of Results of Corrosion Tests
of BeO in Static Molten Lithium

BeO: ~98% theoretical density

AS/V = 0.9 in.?/in.?*

Test Test BeC Specimen
Temperature Period Weight Loss
(°F) S (hr) (%)
1500 100 - 2.4
1700 100 N 14 .4
500 C 2.0

*A. is the surface area of tcst specimen
and V is the volume of lithium at the test tempera-
ture.



resistant than MgO, Zrog,.(CaO stabilized), and AléO3, listed here in
the order of decreasing resistance to lithium at 1500°F (816°C),7.8
even though the MgO and Al;03 specimens had been cut from single

crystals.

SFabricated at Centre &tudes Nucleare, Saclay, France.

"E. E. Hoffman, et al., ANP Quar Prog. Rep. Sept. 10, 1954,
ORNL-1771, p, %. .

, ®E. E. Hoffman, et al., ANP Quar Prog. Rep. March 10, 1955,
ORNL-1864, p £6. : -
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3. WELDING AND BRAZING STUDIES

Fusion Welding of Columbium and Columbium-Base Alloy
Sheet Material and Aging of Alloy Welds

The problems involved in the fusion welding of cdldmbium and
columbium-base alloy sheet ﬁétérial aré\being studied. Simple butt-
fusion welds have been made by the tungsten-arc process withbut the
addition of filler metal as a step in the‘development of a welding pro-
cedure which will result in ductile, corrosion-resistant welds without
resorting to complicated inert-atmosphere-chamber welding. In making
the fusion weids, an automatic arc-length welding head and a gas trailer
shield for inert-atmosphere coverage are used. An ovér-all view of the
welding setup is shown in Fig. 3.1, and a close-up view of the torch and
trailer shield in position.over a, colﬁmbium sample in the copper hold--
down jig'is shown in Fig. 3.2.

bThevinitiai welds were.made to develop adequate and reproducible
welding procedures. Once these procédures were established, 1t was
poséible to make carefully controlled samples‘fof.subsequent evaluation
as-welded, after corrosion-testing, and after vacuum=-aging. A guided
Vlongitudinal bend test Qas.Selected for evaluating the welds, since it
permitted simultaneous straining of weld metal, heat-affected zone, and
parent material. The specimen was bent a full 180° or to failure around
a 2T mandrcl. The recsults of these tests are presented in Table 3.1.

It was found that for a given sheet thickness, a variety of optimum
welding conditions exists for adequately shielded, full—penétratioh welds.
The same conditions are applicable to both unalloyed colﬁmbium,andb
columbium=zirconium alloys. Comparison of the base-metal and weld-metal
analyses indicates that the okygen and ﬁitrogen pickup during weiding is
minor in most instances. ‘

A1l the columbium welds were found to be ductile in the bend test,
whereas the behavior ofl cblumbium~zirconium,alloy welds was inconsistent.
Alloy welds 24 through 29 were found to be reasonably ductile, although

some cracks were observed. On the other hand, alloy welds 42 through
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) Fig. 3.1, Setup Used for Automatic Inert-Gas-Shielded
Tungsten-Arce Welding.
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Fig. 3.2. Closeup View of Welding Torch and Traller
Shield in Position Over Weld Sample. '



Table 3.1. Results cf Bend Tesns of Lengitulinal Welis of Columbiaum zcd Colurbium-Zireosnium 31loy

Yy analysis)

Zhielding gas: helium (99,57

se-Met, deld-M 3
Mumiber Sode Composition of Current  Speed -
Base Alloy - (amp)  (in./min) (O'_,- 1, Other 0, M, is - s L: . hs
{ppm; (ppm) (ppm) (ppm) Welded Azed Walded Aged®
T
24 S4KA =2 Ce—1; Zr 0.040 15 7.5 130 190" 0.99% 7r 140 120 Cracks Brittlc
CrA Ve Cu—1< zr 0.0 25 7.5 150 120 0.393% Zr 140 120 Cracks Britile
L 28 SAKHE -1 Ci—1: Zr J.040 2z 7D 170 190  0.2%: Zr 120 170 BDuctile Britile
E'FJ 36KA-2 Ch—17 Zr 0.040 7z 7.5 130 120 130 < 1130 Cracks Brittle Brittle
S4KH-2 Cimli Zr 0.040 [ 7.3 150 120 210 206 Duetile Brittle
SAK -2 Ch—17 Zr 0.040 7.3 1z 130 0,99 Zr 200 240  Ductile DBrittle Brittle
G1E4-) Co 0.040 7.5 430 150 500 15C Ductile Ductils
ESE S R s 0.045 5 7.5 43 130 40 137 Ductile Ductile
3z 31EW-1. Ch 0.04L% 5 7.z 430 130 470 130 Ductile Ductile.
32 S1EW-1 ‘Chb C.040 7L 7.5 430 130 450 - 130  Ductile Letile
% SIRAl b 0.040 7.5 430 130 450 130  Ductile Ductile
35 . 31Ed-1 Cct 5.049 7.5 433 13 " 4¢0 120 Ductile Ductile
41 SIFd-4 Cr—0.75% Zx 0,040 10 0.727 Zr 450 120 Ductile Bri-tie Duciile
. (nominal) . -
4% S1:ZEC-1 2] 15 720 1:0 1% 2r 16C0 130 Brittle Brittle Ductile
’ (»1ominal)
43 S1LEC-1 o 125 1D 349 140 0.565 Zr 1100 150 Brittle 3Brittle Cracxs
44 517EC-L G 120 10 420 e C 250 70 Brittle Brittle Ductile
47 S1ITEC-1 0 120 2 420 a2 0.5%% 2r 160 70 Ductile Brittle
42 31:FC-1 Q.22 1e2 D 240 140 0.56% Zr 11CO 150 Cracks Brittle
L7 S12EC-2 002 30 2 130 120 1: 2r 1320 120 Ductile Brittles

in vacuum at 1300°F for 100

it 1o 170 deg zrownd 2 T bend radivs, whire T =

b,

Testa czrrizd ont 2t rvocm

enpeEratirs.

at 400°F.
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44 were quite brittle in the as-welded condition. Perhapé this behaviof
may be attributed to the higher initial oxygen‘and nitrogen content of
these weldments.
Without exéeption, however, all the alloy welds were brittle in
bending at room temperature after vacuum aging at 1500°F for 100 hr.
Less than a 10°-bend angle was observed before abrupt failure of the
‘welds occurred. Cracks originated in the weld metal and propagated into
the heat-affected zone, but they did not continue into the base metal.
A1l the unalloyed columbium welds, heat-affected zones, and base metal
relained their room~-temperature ductility after aging.
In order to decrease the severity of the test, several alloy welds
were tested at 400°F in the as-welded condition and after aging. Most
alloy welds were ductile when bent at 400°F following welding. All alloy
 welds were brittle when bent al 400°F afﬁer aging. The effects of prior
corrosion testing on the bend ductility of columbium and columbium alloy

welds were described in Chap. 2.

Welding of Columbium Plate

The initial work in the welding of columbium plate and the equip-
ment setup used were discussed previously.l The recent work has been
concentrated primarily on the butt welding of 1/4-in.-thick columbiun
plate. It was found that the production of gingle-pass, full-penetration,
squarc~-butt welds was very difficult to control, and further attempts to
make this type of joint were abandoned.

The most promising method found thus far for making welds in 1/4-in.-
thick columbium plate consists of a two-pass procedure. The joint is
preparea wilh a V-groove of 90° included angle and with a 1/16-in.-thick.
land. The root of the joint 1s fused by tungsten-arc welding. The -
groove 1is then filled by\a single pass with the 1lnert-gas-shielded,

consumable~eleclrode vrocess., Typical welding conditions for this type

LANP Semianr. Preg. Rep. March 21, 1959, ORNL-2711, p 20.
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of joint are shown in Table 3.2. Evaluation of the joint will include

metallogfaphic examination and transverse bend tests.

Fabrication of Stainless-Steel~Clad Columbium Radiators

A stainless-steei-clad columbium system has been proposed for
lithium-to-air heat exchangers, and the construction of suitable radi-
ators 1s being éonsidered. A design for one type of tube-to-tube sheet
joint for a stainless-steel=-clad columbium system has been devised and
is shown in Fig. 3.3. Triplex tﬁbing and plate have been ordercd for

evaluating this joint désign and variations of it.

Table 3.2. Conditions for Welding l/4-in.-ThiCk Columbium Plate

.Torch gas: helium
Backup gas: helium

Root Pass™ - TFiller Passb
Welding current, amp 250 320
Welding speed, in./min . 6 - 14
Torch gas flow, cfh 65 He 65
Trailer gas flow, cfh 60 He 60
Backup gas flow, cfh ‘ 30 He 30
Columbium filler wire diameter, in. _ 0.035
Wire feed speed, in./min 780

aInert-gas—shielded tungsten-arc.

bfnert-gas-shielded metal-arc.
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- 4. MECHANICAL PROPERTIES INVESTIGATIONS
w M P ] )

Studies have been initiated to determine the effects of gaseous
contaminants on the mechanical properties of pure columbium and to
evaluate these effects with respect to fabricability. Isothermal
dilatometry studies have also been made in an effort to understand

more fully an apparent aging reaction which occurs in Cb—1% Zr alloys
at 1700°F. '

Crcep Properties of Pure Columbiwd in Argon, Nitrogen,
and Hydrogen :

Tests in argon vwere conducted using the technique described previ-
ously,l and tests in nitrogen and hydrogen were conducted in a similar
manner, with the exception that a flowing gas‘was used. The nitrogen
was of sufficient purity that additional purification was not necessary,
but the hydrogen was purified to remove the oxygen and water present.

The results of the creep tests are summarized in Table 4.1. Chemical

1ANP Semiann. Prog. Rep. March 31, 1959, ORNL-2711, p 23.

Table 4.1. Creep-Rupture Properties of Pure Columbium Specimens
(0.375 in. in Diameter with 2-in. Gage Length) of Heat WC-18
: That Were Annealed 2 hr at 1300°C Prior to Test

Specimen  Stress Temperature . Tine to Strain at
No (psi) (°F) Env;ronment. Rupture Rupture
: P (hr) (%)
190 3500 1850 Nitrogen 2321.3 59.4
181 3500 1850 Argon 55.8 62.5
178 3500 1800 Argon . 2538 .4% 30.4%
252 3500 1800 Argon (air leak) 1121.3* 10.0*
310 3500 1800 Hydrogen (dry) 52.7 57.8
217 3500 1800 Hydrogen (wet) 2440 67.0
180 3500 1800 Argon (wet) 503.3 62.5

*Test discontinued before rupture; the values given are last
readings.

b



analyses of the creep test specimens before the tests indicated the

following constituents.

Quantity (wt %)

Oxygen 0.015-0.030
Nitrogen 0.005-0.015
Hydrogen © (0.0001—0.0005
Carbon 0.003
Zirconium -0.0012
Tantalum 0.0466

The results of post-test analyses for oxygen, nitrogen, and hydrogen

are presented in Table 4.2.

Table 4.2. Composition of Columbium Creep Specimens After Test

Specinmen Oxygen Nitrogen Hydrogen
No. (wt %) (vt %) (wt %)
190 0.019 0.045 0.0003
181 . 0.037 0.012 0.0002
178 0.024 - 0.0046 0.0001
252 0.041 -0.0077 0.0003
310 0.046 0.010 0.014
217 0.510 0.014 0.017
180 0.330 0.0054 0.024

As may be seen, the creep rate was huch lower in nitrogen than in
argon under equivalent test conditicns. The specimen tested in nitro-
gen was found to have two surface layers, and a heavy subsurface pre-
cipitate was formed, as shown in Fig. 4.;. ‘The surface layers have
been tentatively identified by x-ray diffraction as CbN and CbNg, 5.
The outer layer has a DPH of 2318 and the inner layer a DPH of 2185,
These hard surface layers seem to be influential in propagating cracks,
as illustrated in Fig. 4.2. The photomicrograph of Fig. 4.2 was taken
on the surface of the gage leﬁgth. Cracks perpendicular to the axial

stress may be seen. The point of rupture of the same specimen is shown

Ls
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Fig. 4.1. Photomicrograph of Edge of Columbium Specimen 190 After
Testing in Nitrogen at 3500 psi and 1850°F. Duration of test was 2321
hr. Etchant: HpO-HF-HNO3—H,S0,. 500X.
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. 4.2, Photomicrograpn of Edge of Columbium Specimen 190 After
Testing in Nitrogen at 3500 psi and 1850°F. Duration of test was 2321
hr. Etchant: HyO-HP-HNO3~H,50,. 100X.
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in Fig. 4.3. Although the sﬁrface was heavily cracked, tHe ductility
was not seriously affected. OSpecimens having a larger surface area-to-
volume ratio would probably be seriously embrittled under éimilar con-
ditions; Hardness traverses across sections cut from the gage length
and specimen shoulder indicate that the rate of diffusion of nitrogen
was greater in the more highly stressed gage section. The DPH across

a section from the gage length was consistently 132, with the exceptioh

of the outer 0.010 in. A similar section from the shoulder varied in

hardness from 165 on the surface to 112 in the center. The as-annealed

material had an average DPH of 85,

Speciméns tested in hydrogen or in any cnviromment containing

" water had a very short time_tb rupture. In wet argon and wet hydrogen,

where oxygen could be produced by decomposition of the water on the

specimen surface, the creep rate was first decelerated and then rapidly
accelerated. In the test of specimen 310, dry hydrbgen was used, and
the creep rate did not initially decelerate but continually .accelerated.

The oxygen4picked up from the water may have been responsible for the

apparent strengthening which occurred in some tests. Although the

ductility did not seem to be reduced at the test temperature, the room-
temperature ductility of the specimen was seriouély reduced, as illus-

- trated in Fig. 4.4. Although an almost 100% reduction in area occurred
at the ruptﬁre, efforts to remove the specimen from the test grips re-
sulted in very brittle interéranular failures. Also, the specimen cculd
be broken by dropping. The hydride needles formed in a specimen tested

"in dry hydrogen are shown in Fig. 4.5.

Aging of Columbium-Zirconium Alloy Specimens

Aging of Cb-1% Zr alloy specimens at 1700°F after homogeneization
at 1600°C increases the tensile strength but reduces the ductility.
After aging for approximately 200 hr at this temperature, the tensile
strength reaches a maximum. To investigate whether this behavior is

due to an aging reaction per se, or whether it is due to dispersion

b7
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Fig. 4.3. Photograph taken at point of Rupture of Columbium ,
Specimen 190 After Testing in Nitrogen at 3500 psi and 1850°F. Duration
est was 2321 hr, ~4X.
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Fig. 4.4. Photograph of Columbium Specimen 180 which Was Tested in
Wet Argen at 3500 psi and 1800°F, Duration of test was 500 hr. The ends
were originally threaded, but they Tailed when the specimen was being re-
moved from the test grips. ~1X.
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PFig. 4.5.. Photomicrograph of Section of Gage lLength of Columbium
Specimen 310 After Testing in Hydrogen at 3500 psi and 18CO°F. Duration
of test was 52.7 hr. Etchant: HpO-HF-HNOs~H,30,. 250X,

strengthening from a precipltate formed during the homogenelzation, an
iséthermal dllatometry test was made. This technigque has been used
wlth success on other alloys to detect sécond~phase formation. However,
the success of this technique depends upon a volume change caused by
the formation of the precipiltate. .

A rod, 1/4 in. in dismeter and 2 in. long, was machined from
stock having a nominal zirconium content of 1%. The dilatometer used
has an optical measuring system with a sensitivity of 5 X 1078 in./ii.
The specimen was homogeneized at 2900°F and annealed in the dilatometer
under vacuum at 1700°F for 265 hr., The maximum change in length which

was measured in the specimen was 0.0002 in. or 0.01%. This test points

kg



out that the process which occurs in this alloy when aéed at 1700°F
does not result in a large volume change. '

On the basis of these stud}es, it is concluded that: )

1. The creep rate of pure columbium at elevated témperatures is
decelerated in ﬁitrogen compared with argon.

2. Very hard sufface layérs are formed in a nitrogen environment.
Cracks are initiated in these layers when they are strained. Thus,
.contamination by nitrogen may be a problem Vhen'fabricating such shapes
as tubing.

3. The time to'rupture of pure columbiwn in environments in which
hydrogen or water vapor is present is reduced compared with that in
inert environments.

4. Although hydrogen and water do not decrease the creep duc-
tility at eleVated'temperatures, they greatly reduce the room-temperature
ductility.

5. The apparent aging which occurs in the Cb—1% Zr alloy does not

result in a large volume change.

Effects of Thermal-Stress Cycling on Structural Materials

The experimental study of the effect on luconel of thermal-stress
cycling in a fused-salt environment (NaF-2rF,-UF,;, 56-39-5 mole %) for
which a high-frequency pulse-punp lOOp2 was used has been concluded
with three tests intended as reproducibility checks on previous daté.
From the compleﬁe tabulation of data, as given in Table 4.5, it mzy be
seen that test 15 duplicates the earlier test 13, test 16 is comparable
with test 10, and test 17 is a replica of test 6. In contrast to test
13,3 in ‘which heavy intergranular cracking to a depth of 0.006 in.

occurred, no cracking occurred in test 15, but there was light

2J. E. Mott ant A, G. Smith, Jr., ANP Quar. Prog. Rep. Dec. 31,
1926, ORNL-2221, p. 54%.

3ANP Semiann. Prog. Rep. March 31, 1959, ORNL-2711, p 72.
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Table 4.3. Final Tabulation of Results of High-Freguency
Thermal-Stress Cycling of Inconel Pipe

Mean temperature: 1405 * 10°F
Inside diameter of test section: 0.485 in.

Frequency Estimated Wall Calculated

R . Inside Wall Thickness Stress Total Number

un  of Temperature .

No. Oscillations Tempe?ature of Test on Inside of

(cps) - - Amplitude* Section Wall Fibers Cycles
P (°F) (in.) (psi) ~

5 0.4 104 0.250 29,700 194,400
6 0.4 104 0.415 - 31,300 33,000 -
7 0.4 64 0.415 19,300 224,000
g 0.4 69 0.415 . 20,800 508,600
9 0.1 156 0.445 44,700 72,000
10 0.1 *154 0.445 44,200 27,000
11 0.1 156 0.445 44,700 9,000
12a 1.0 , ¥63 0.147 17,500 360,000
12b 1.0 63 0.091 15,400 360,000
13a 1.0 164 0.147 17,800 770,000
13b 1.0 +64 0.091 15,600 770,000
léa 1.0 46 0.147 12,800 2,204,000
14D 1.0 46 0.091 11,200 2,204,000
l4c 1.0 46 0.060 7,500 2,204,000
15a - 1.0 CX62 0.147 17,200 770,400
15b 1.0 162 0.091 15,200 770,400
16 0.1 154 0.445 44,200 27,300
17 0.4 107 0.415 32,200 33,000

*90% efficiency assumed, Jakob's equation used for calculating n,
entrance effects neglected, and flow determined by heat balance.

intergranular attack throughout the test section to a maximum depth of
0.003 in. In test 16 there was severe cracking to a maximum depth of
0.152 ih., and in comparable test 10 there was heavy cracking to a

4

maximum depth of 0.103 in. In test 17 there was no cracking or attack,

but in comparable test 6 there was héavy crackihg and attack to a depth

4J. J. Keyes and A. I. Krakoviak, ANP Semiann. Prog. Rep. Sept. 30,
1958, ORNL-2599, p 83. :
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of 0.003 in., along with numerous loosened surface grains.® Since a
small percentage change in stress leads to a much longer percentage
change in the number of cycles-to-failure and since a *5% error in the
estimated inside wall temperature amplitude is not unreasonable, these
comparisons are felt to be within the limits expected from repetitive
fatigue-type tests.

The estimates of maximum stress per cycle on the inside surface

fibers have been recalculated using the exact equation:6

. ” b : :
D—Q_l-—\) fa Tr dr ). (l)

a = lineaf coefficient of expansion,
E = Young's modulus,

v = Poisson's ratio,

b = outside radius of test section,
a = inside radius of test section,

T = instantaneous temperature of wall at radius, r, referred %o T(a)
as datum,

r = radius of test section at temperature, T.
The application of this equaticn results in stresses approximately 40
to 60% greater than those estimated on the basis of steady-state heat

flow through a cylinder.”

The instantaneous temperature profile in-
volved in the integral of Eq. 1 was calculated from a éolution of

Bessel's eguation for a thick-walled cylinder:8

°J. J. Keyes and A. I. Krakoviak, ANP Quar. Prog. Rep. March 31,
1958, ORNL-2517, p 72.

65. Timoshenko and J. N. Goodier, Theory of Elasticity, 2nd ed.,
McGraw-Hill, New York, 1951.

7ANP Semiann. Prog. Rep. March 31, 1959, ORNL-2711, p 72.

8N. W. McLachlan, Bessel Functions for Engineers, 2nd ed.,
Clarendon Press, Oxford, England, 1955.
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Ng (uy)

T = Ao [go(u1) — go(vi)] : (2)
No(vy)
where _
uy = (w/k)l/2 T;
v, :,(w/k)l/Z a,
No(uy) = [ker? (up) + kei? (ul)]1/2).

-1 ked (ur) ,
Ker (u;)

goluy) = ta

V]

il

ont,

k

K/Cp (thermal diffusivity).

The "stresses on the inside wall fibers as calculated from BEq. 1 are
presented in Table 4.3; they supersede the values reported earlier.> #
The high-frequency thermal-stress cycling data presented here are
compared in Fig. 4.6 with mechanical stress-cycling fatigue data ob-
tained by Battelle Memorial Institute. An arrow attached to a data’
point.in Fig. 4.6 and pointing to the right indicates that no cracks
were observed and that failure would be expected to occur only after
longer exposure. Conversely, an arrow pointing to the left indicates
that observed crack depth was such that initial cracking occurrec .
earlier in the exposure. Thus the incipientlfailure point occurs, for
a given stress, along a horizontal line between the oppositely directed
arrows. The data in Fig. 4.6 indicate that, for low stress levels,
the number of cycles required to produce tailure in Inconel by thermal-
stress cycling is comparable with that required by mechanical-stress

cyblingf
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5. ENGINEERING AND HEAT TRANSFER STUDIES

Molten Lithium Heat Transfer -

Preliminary forced-circulation heat-transfer data have been obtained
for molten lithium flowing turbulently in an electrical-resistance-heated
tube. The test section, as described previously, is a 3/16-in.-ID,
11/32-in.-wall tube (of type 347 stainless steel) divided into a hydro-
dynamic entrance region of 25 x/d length and two heated sections cach
having a length of 40.x/dl The over-all system is shown in Fig. 5.1.
Prior fo taking data, the system was descaled and cleaned by circulating
a charge of lithium at about 750°F through the loop for 4 hr. The system
was then refilled with a fresh batch of low-oxygen content lithium.

The experimental data and calculated results obtained to date are
given in Table 5.1. In the initial set of runs (3-9, inclusive), the
inside wall ﬁemperature was determined from measurcments mace along the
outside tube surface. For this situation, approximately 90% of the total
- thermal resistance between the outside wall and the mean fluid exists in
the tube wall. It follows then that small errors in the measured voltage

or curreht or in the values used for the volume of metal comprising the
test-section wall or the thermal conductivity of the wall will lead to
relatively large errors in the calculated film temperature difference.
An initial attempt at remedying this condition involved locating a set
of thermocouples in each of the two heated sections within 0.010 in. of
the inside surface by drilling small thermowells in the tube wall. The
exact location of the ends of the wells with respect to the inside tube
vsurface was established by depth-gage measurements in conjunction with
radiographs. Table 5.1 then shows, for runs 1018, the radial tcmpera-
© ture differences as evaluated from both the outer and inner wall thermo-
Couﬁle-measurements, In all cases smaller temperature differences
(surface to fluid mixed mean) resulted from the thermocouples located

close to the inside surface.

1ANP Semiann. Prog. Rep. March 31, 1959, ORNL-2711, p 77.
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Table 5.1. Lithium Heat-Transfer Data and Results
Flow , Heat

iun /A Rate  'm,i 'mo  Cw,i b Balance No_ g N
O (Btu/hr-tt?)  (1b/hr) (°F)  (°F) (°F) (Btu/nr-ft2?.°F) (qf/qe) Hu
3 97,550 308 699.2 720.0 9.3 10,490 1.002 25,250 1060 6.8
4 31,320 155 689.1 722.0 X 11,000 0.955 12,800 540 7.2
5 30,210 155 694.3 726.8 8.6 9,400 0.951 .12,800 . 540 6.1
6 30, 740 241 701.4 722.6 6.7 12,050 0.968 . 20,000 840 7.8
7 3,430 305 699.8 716.5 5.2 16,000 0.933 25,200 1060 10.4
g 53,560 372 695.6 7C9.8 5.6 14,980 0.959 30,200 1260 9.8
2 53,120 431 691.2 703.2 4.8 17,320 0.948 35,000 1470 11.3
1C . 81,530 369 703.1 717.8 6.6 12,350 1.013 30,200 1270 8.0
10a « 81,530 369 702.1 717.8 - 4.75% 17,160% 1.013  3C,200 1270 11.2%
11 21,450 369 703.5 718.0 5.9 13,800 1.070 30,200 1270 9.0
lla 81,450 369 703.5  718.0 AN 17,700% 1.070 30,200 1270 11.5%
12 76,380 246 706.8 727.3 6.9 11,140 0.999 20,250 350 7.3
12z 76,880 246 706.5 727.3 5.4% 14, 240% 0.999 20,250 250 9.3
13 76,290 492 70¢.9 719.3 5.9 12,930 1.020 40,300 1690 8.4
13a 76,290 492 708.9 719.3 4. 3% 17, 540% ©1.020 40,300 1690 11.4%
14 76,190 244 700.6 721.0 7.3 10, 440 0.992 20,150 840 6.8
l4a, 76,190 244, 700.6 721.0 AN 19, 000% 0.992 20,150 840 12.4*
15 75,370 367 702.8 715.3 6.5 11,600 .0.965 30,200 1270 7.6
152 75,370 367 702.8 715.8 - 3.5% 21,850% 0.965 30,200 1270 14.2%
14 75,090 438 703.2 713.0 6.4 11,800 0.964 40,000 168C 7.7
162 75,030 4538 703.2 713.0 3.3% 23,100% 0.964 40,000 1680 15.0%
17 75,480 603 706.3 714.2 5.6 13,430 0.964 49,250 2060 3.7
17a 75,480 €03 706.3  714.2 2.5% 30, 200% 0.964 49,250 2060 19.7%
12 75,040 428 703.6 714.5 5.9 12,610 0.94% 35,000 1470 8.2
15a 75,040 425 703.6 7145 3.2% 23,450% 0.949 35,000 1470 15.3*

*Denotes values based on thermocouple readings 0.010 in. from inside wall of test
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The inside tube wall temperature, tw ;o was calculated from the
)
5

equation:
2 _ .2
L ccm 2, o ToT T (1)
Ww,0 w,1  2kV o Ty 2

where

E = voltageracross test section,

I = current passing through test section,

V = volume of metal in tube wall,

C = conversion factor, 3.413 Btu/hr-watt,

k = thermal conductivity of type 347 stainless sfeel,
r = outside radius of test section,

r. = inside radius of test section.

This equation assumés no longitudinal conduction in the pube wall. Ex-
cept in the immediate vicinity of the electrodes, the axial temperature
gradient in the tube wall was only of the ordér of l.5°F/in., yielding
an axial heat flow only 0.2% of that passing through the interface into
the-liquidf The thermal properties employed in the calculations were
taken from a compilation by C. K. McGlothlan.3 '

The data of Table 5.1 are shown in Fig. 5.2 in comparison with the

theoretical equation of Lyon and Martinelli,4

- 5 0.8
Mg, = 7+ 0025128 (2)

and the empirical correlation of Lubarsky and Kaufman,5

2H. W. Hoffman, Turbulent Forced-Conveciion Heat .Transfer in Circular
Tubes Containing Molten Sodium Hydroxide, ORNL-1370 (Oct. 20, 1952).

[y

3¢. K. McGlothlan, Summary of the Properties of Lithium, ORNL CF
58=1<130 (Jan. 3, 1959). ' -

“R. N. Lyon (ed.), Liquid Metals Handbook, 2nd Ed., NAVEXOS P-733
(Rev. ), June 1952. ' :

°B. Lubarsky and 5. J. Kaufman, Liquid~Metal Heat Transfer, NACA
Report 1270 (1956).
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N = 0.4 '
Ny, = 0.625 NG:* . (

Fair agreemert is noted.
Measurements in the transition and laminar flow regimes will be
attempted. ‘Alternate test-section designs and heating circuits are

being considered for improving the experimental performance.

Thermal Properties of Columbium-Zirconium Alloys

The thermal conductivities of three columbium~-zirconium alloy’
samples have been measured at temperatures up to 1000°F .with thé use of
the longitudinal-heat-flow comparison-type apparatus described previ-
oﬁsly.6 The essential features of this>device are illustrated in.Fig.
5.3. Aymco iron, rather than type 347 étainicss steel, heat meters were
used. The specimens differed slightly in zirconium content, ranging
from 0.42% to 0.69%, and were prepared from ingots fabricatled by different
techniques. It is a primary purpose of this experiment to establish
whether the method of iiyot manufacture causes significant variation in
the thermal conductivity of columbium~zirconium alloys.

A typical longitudinal temperature profile is_shown in Fig. 5.4.
Except at the upper end of the composite rod (where the deviation indi-
cates a radial outward flow of heat), the temperafure was cbserved to
vary linearly with distance. The columbium thermal conductivity (at the
mean specimen temperature) iz based on the average of the heat fluxes
determined by “he upper and lower heat meters. Although thin disks of
soft solder were located between the colwnbium bar and the Armco rods
to provide a low thermal resistance bond at operating températures, the
slight temperature discontinuity obsefved at the Juncpion of the specimen
and the lower heat meter shows that this was not completely effective.

The results for the specimens studied are given in Fig. 5.5 in com=~

comparison wilh récent data obtained by Tottle? and by Ficldhousc

6ANP Semiann. Prog. Rep. March 31, 1959, ORNL-2711, p 78.

C. R. Tottle, J. Inst. Metals 85, p 375 (April 1957).
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et g;.g on pure columbium. Since the estimated precision of the data is
5%, no sigpificance can be ascribed to the observed differences in
thermal conductivity. Further, there may be some question as to the
homogeneity of the .specimens. Thus, an ingot analysis of the sample
listed as Cb—0.62 wt % Zr showed 0.65 wt % Zr.at the top, 0.47 wt % Zr
in the middle, and 1.7 wt % Zr at the bottom. In addition, the oxygen
and nitrogen contents varied about twofold along the ingot.. Measure-
ments by Tottle’ have shown tha£ varying the oxygen content of a
columbium sample from 1000 to 5000 ppm causes a 403 reduction in the
electrical condﬁctivity of the sample.

Operation of this device at temperatures above 1000°F was unsuccess-
ful in that a stable ambient temperature could not be maintained. To
correct this situation, a new apparatus has been constructed that will

be tested soon.

Dynamic Secal Research

Three firms have submitted proposals for fabrication of the preci-
sion parts of the seal testef'described previously.9 One firm was
selected, and AEC approval was obtained‘to negotiate a cost-plus-fixed-
fee type of contract. Final detail drawings will be prepared by ORNL
and reviewed by the fabricating firm to insure the use of ﬁaterials and
machining operations that will permit the greatest precision in manu-
facture. The flows, pressures, and clearance dimensions of the hydro-
stalic bearings needed to support the test spindles have been determined,
and the hydraulic system design has been established. .

Bench tests for evaluating the capacitance method of measuring the
seal face gap to an accuracy of several microinches were made with a
precision spirdle with a face runout ofVBO pin. for performing the

dynamic-gap measurements. The tests have indicated that the capacitance

81. B. Fieldhouse, J. C. Hedgc, and J. I. Lang, Measurements of
Thermal Properties, WADC-TR-53-274 (Nov. 1958).

°ANP Semiann. Prog. Rep. March 31, 1959, ORNL-2711, p 67.
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method will be satisfactory. Bench tests are also being conducted to
develop>a method for measuring seal leakage of as little as 1 cm3/day.
The test fluid must be circulated to remove heat from the seal face, and
it is planned to measure the leakage through the seél gap by measuring

a change in liquid level in a pipette on the reservoir or surge tank
side of a closed system consisting of a canned type of pump and a heat
exchanger connected to the seal chamber.

Development work is under way on means for installing thermocouples
near the surface of the nonrotating Seal face. It is not desirable to
drill through the seal face and install the thermocouples flush with the
surface, since the final laﬁping of the seal face would cause an indenta=
tion in the surface at the thérmocouple location. It is planned to drill
a blind hole 0.01C in, in diameter within sevéral thousandths of an inch
of the seal face and to capacitance weld 0.003-~ to 0.005-in.-dia thermo-
couple wires having 0.003- to 0.005-in. enamel insulation to the bottom
of the hole. The distance from the thermocouple to the seal face will
then be measured by.x-ray techniques.

Specifications for a drive motor for the seal tester have beenrsub—
mitted to a number of firms. Vibration control of the motor is extremely
important to prevent transmittal of vibration to the rotating test
spindle. Therefore it is necessary to obtain dynamic and electrical
balance of the motor much mofe precisely than that for motors furnished to
Natioral Electrical Manufacturer's Association standards.

A room for housing “he tester has been selected. The design and
location of the room were dictated by vibration, temperature, and dust
control.cpnsiderations. A concrete column extending from bed rock to
the tester floor level will be installed on which to suppdrt the 5000-1b
-tester. This supporting method will eliminate all local vibrations.
Seismic vibrations for this area are considered to be of such low
amplitude as to be acceptable. The room will be constructed of inswlated
s{eel panels, and a 10-ton air-conditioning system will provide tempera-
ture control to less than 1°F variation and relative humidity of less

than 50%. Air filters will be provided for dust control.



6. CERAMICS RESEARCH

Preparation of Beryllium Oxide

The study of procedures for preparing sinterable beryllium oxide
was continued. The GE-ANPD beryllium oxalate-process was medified %o
vary the physiéal characteristics of the beryllium oxide and introduce
selected elements in order to evaluate their effects on the properties
of the beryllia ceramics.

The initial stage of the oxalate process was simplified. In the
original GE pfocessl'z.oxalic acid monohydrate was "melted” with beryl-
lium hydroxide in a glass beaker to form beryllium oxalate; this was
cast in a Pyrex dish, the resulting cake was dissolved in hot water, and
the solution was filtered. Adding the necessary hot water to the initial
"melt" eliminated the need to cast and redissolve the product. Both
procedures use the same filtraﬁion temperaturé and the same final con-
centrations of reagents; purity of_tﬁe Tinal products should be the same.

The size of thevcrystals of the beryllium oxalate which is being
calcined'seems to influence the sintering characteristics of the result-
ing beryllium oxide. When a hot, concentrated solution of beryllium
oxalate is cooled rapidly while being stirred vigorously, a "fondant" 1is
obtained which consists of a suspension of very small crystals of hydrated
beryllium oxalate. An estimated 90% of the crystals were 0.01 to 0.03 mm
in diameter when the "fondant" was prepared in a silver container cocled
with ice,

Beryllium oxide which sintered well usually contained over 100 ppm
each of calcium and silicon. Accordingly, an investigation of the
effects of these elements was initiated. Silicon was incorporated into
beryllium oxide by adding Du Pont's aqueous colloidal silica (15 mp

particles) to a hot beryllium oxalate solution just before cooling to -

1B, J. Sturm, Beryllium Oxide Conference, ORNL CF 58-10-74, p 3-9.

2ANP Semiann. Prog. Rep. March 31, 1959, ORNL-2711, p 50.
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obtain crystals. The silica'did not seem to gel or precipitate under
these conditions, therefore, the.product was probably an intimate and
~uniform mixture. Calcium was incorporated by adding calcium hydroxide

to the beryllium hydroxide used to prepare beryllium oxide by the oxalate
process. During recrystallization of the beryllium oxalate, calcium
seemed to concentrate in the mother liquor. Clearly, not all the added
calcium was retained in the resulting beryllium oxide; in addition, the
calcium oxide was probably not uniformly distributed in the beryllium
oxide.

Additives were sought to diminish the volatility of beryllium oxide
in hot humid air. AThose oxides which differ most in acidity or basicify
from beryllium oxide are the ones most likely to be effective in cutting
down the activity, and correspondingly, the volatility of‘béryllium
oxide. Two very acid oxides, Ti0, and Zr0O,, are of interest. Un-

' fortunately only small amounts of titanium can be tolerated in reactor-
grade'beryllium oxide because of its highvneutron cross secltion. Attempts
have been'made to prepare mixed oxalates of beryllium with titanium and ‘
zirconiuwm in order to have a material to calcine into an intimate mixture
or compound of these oxides. Lvaluations of the products have not yet

been completed.

Beryllium Oxide Calcining Studies

The experiments described previously3 indicated that if all the
oxalate preparations were made in the specified mammer and if the re-
sulting calcined products were of comparable purity, the surface area
for optimum sinterability of high-purity BeO powder obtained by calcin-
ing beryllium oxalate would be approximately 20-24 hz/g. It was found
thét surface areas in the desired range could be obtained by'éalcining
the beryllium oxalate crystals at 900°C for 7 hr, and calcining condi=-

tions were standardized accordingly.

3ANP Semiann. Prog. Rep. March‘3}l 1959, ORNL-2711, p 40.
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Tt has since developed that the BeQ surface areas obtained in the
processing of a variety of beryllium oxalate materials have not been
consistent, even though all the beryllium oxalate batches recelved were
of comparable size and were calcined under the standardized conditions.
The variations noted from batch to batch are'indicated in Fig. 6.1. The
variable or variables responsible for Lhese erratic results are not com-
pletely known. Oxide 11 was prepared from microcrystalline oxalate, and
thus in this case the initial crystallite size may have influenced thé
Sufface area. An unidentified variable is indicated by the results
obtained with oxides 21 and <., both of which were calcined from micro-
crystalline oxalate in the same furnace at the same time. *X-ray data
indicated the presence of three phases in both these oxalate batches:
BeC»0,43H,0, BeC,04-H0, and strong diffraction peaks for a third un-
identified‘phase. The x-ray'data also indicate that the trihydrate is
the predominate phasé in the oxalate prepared from oxide 21, with only
a trace of the monohydrate present, whereas the oxalate prepared from
oxide 22 cohtainé‘both hydrates, with the monohydrate being predominate.

Based on these data, experiments are being conducted to determine
the effect of particle size of the oxalate, both as the trihydrate and
the monohydrate, on the surface area of the calcined product under
standard calcining conditions. It is hoped that such experiments will
explain some of the inconsistencies noted befWeen different batches of

“the same type of oxide so that proper proées; controls may be established.
"Beryllium oxalate crystals prepared by Berylco and forwarded by .

GE-ANPD were received for such studies. The material received consisted

of three batches of dilferent crystal size — microcrystalline, medium,

ané very large — all reportedly the trihydrate which had been dried to

remove excess water.

For a better undefstanding of vhase changes occurring during calci-
nation ofiBeC2O4-3H20 to BeO, a differential thermal analysis was.per—
formed on é sample of the microcrystalline oxalate and the weight change
during the analysis was recorded. The results are shown in Fig. 6.2.

X-ray data have not been obtained on beryllium oxalate hydrate at the

66



AREA {midg )

SURFACE
3
[}

k3 2 43 i9 20 24 22
GE NUMBER

Pig. 6.1. Variations in Surface Area of
BeO Powders Obtained by Calcining Different
Batches of Beryllium Oxalate under the same
Conditions.

UNGLASSIFIED
PHOTO 28357
TEMPERATURE (°C) .
’ 200 4G €CC 8GO
100 T

GIFFERENTIAL THERMAL ANALYSIS

1GHT CHANGE

-40C

fmg} *

ANGE

FIGHT CHAN!
\

\
\\ ) SAMPLE WEIGHT =0.4458 g

® -z00

(

\
\
\
_ iy
—e- B6C,04 Hy0 \\
1
|
\
\

~300
MAXBAUN LOSS, 2584 mg
BatpQy g0 = B0y e e ]
\
-400 .
o i) 30 a5 50 75 99

TIME (mnin)
Fig. 6.2. Differential Thermal Analysis and

Weight Change Data for the Calcining of BeCp0:3H0
in the Preparation of BeO.

67



T

points where phase changes occurred, buﬁ, based on available. data, it is
assumed that the first endothermic peak, which begins at approximately
100°C, is caused by the phase change from the trihydrate to the mono-
hydrate. The second endothermic peak, beginning at apprdkimately 270°C,
is believed to be due to the decomposition of the monohydrate to BeO,
with loss of CO, COp, and HpO0. 'The exothermic peak at approximately
400°C is believed to be due to the crystallization of hexagonal BeO.
Efforts are being continued to define each step of the process, using
differential thermal analysis, weight change measurements, X-ray exami-
nations, chemical analysis, and, possibly, mass speétrographic examina-
tions. |
Calculations relating the weight of BeO derived from the sample to
the original sample weight show that the fine-grained oxalate received
was about 60% monohydrate and not the trihydrate as supposed; this
observation is supported by x-ray data. The medium and large oxalate
crystals were determined, by X-ray and thermogravimetric data, to be
single-phase trihydrate.. Samples of crystals from the batches of the
"three different sizes have been calcined under the same conditions to
determine the relative effects of crystal sizé upon the surface areas of
the‘products, but measurements have not vet been completed. ,
Surface-area measurements have been made at ORNL on a number of BeO

samples supplied by GE-ANPD which were.a part of their planned calcining
experiments. The effect of temperature on the surface area of GEOM-grade
BeO, with thevcalcining time (2 hr) held constant, is indicated in the

following tabulation:

Temperature Surface Area

(°c) (m?/g)
500 180

-000 - 127

‘900 16.3

1000 14,1

1200 8.0

1500 2.
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All the samples were calcined from the same batch of beryllium oxalate.
The data indicate that a decrease in.surface area with an increase in
temperature proceeds at a changing rate, being extremely rapid at the
lower'temperatures and becoming progressively slower as the temperature
is increased. ,

The effect of calcining time on the surface area of GEOM-grade BeO
pbwders, with the temperature held constant at 300°C, is indicated by

the follbwing data:

Time Surface Area
(hr) (m?/g)
1 22.8
2 31.6
3 30.7
4 _27.2
5 23.2
6 16.0
10 13.9
12 19.2
16 21.3

Although some of the values appear to be out of line (1=, 6-, and 10-hr
values), the data indicate that varying the calcining time has much less

effect on the surface area than varying the temperature.

Studies of the Sinterability of BeO

Effects of Process Variables on Density

Most of the sintering studies have been directed toward defermining
the relative effects of impurities, at low levels, on the sinterability
of BeO.v Such experiments were to be preliminary to experiments for deter-
mining minimﬁm amounts required for sinterability. No positive conclusions
could be dravn from the data, as a whéle, because of variations in surface
- areas and contamination by other elements when deliberately introducing
certain impurities at low levels. The following comparisons between
certain of the data, presented in Table 6.1, indicate, however, areas

for future exploration. Oxides 11 and 19 appear to differ only in
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Table 6.1. Densities Obtained by Sintering Various BeO Powders

e 5 . 11 %
Specimen Fired Density Szigzce Major Impurities (ppm)
. £ AR - . -
Wo. ,(f theoretical) (n? /g) Ca 51 Na. Mg

11 724 34.8 >250  Faint trace 200 25

19 90.4 34.8 500 300 500 50

13 3.1 5.2 500  35C - 300 50

24 926.1 6.2 35 Trace 100 Trace

*A11 specimens were 1/2-in. right circular cyclinders that had
been cold pressed at 20,00C psi without binder and fired in a carbon
“tube induction furnacce al 13G50°C in helium.

*¥Precision of these values is about #50% of the amount vresent.

sllicon content, with the highcr density being obtained with higher
silicon content. Oxides 19 and 13 are comparable in purity, but oxide
19 appears to have a more favorable surface area. With respect to
density, the resﬁlts for oxides 13 and 24 appear to be reversed, since
it was expected that, having the same surface area, the more impure
material would be more sinterable. The only other difference notecd
between these materials was particle shave, which was attributed to the
difference in processes used in preparing the powders. Oxide 13 was
made by the CEOM oxalate process, whereas oxide 24 is the Brush Beryllium
Company's special high-purity grade made by a process considered to be
proprietary. v .
The differences in physical characteristics of BeO powders known
to be prepared by different processes are illustrated by the electiron
micrographs of Figs. $.3—0.06. Figure 6.3 shows powder made by the GEOM
oxalate process; Fig. 5.4 shows powder made by calcining Be(OH)Z; Fig.
6.5 shows powder made by calcining BeSO04;:XH,0; and Fig. 6.6 shows Brush

Beryllium Company's special high-?urity powder.

Vacuum Sintering

A high-purity GEOM prade of BeO powder, ‘which had very poor sinter-

ability at 1650°C in helium, was sintered at 1650°C at a pressure of

0
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Fig. 6.3. BeO powder made by the GEOM
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Fig. 6.4. DBeO Powder made by Calcining
Be(OH),. 22,700X.
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1 mm Hg in a vacuum-induction furnace. The sintered density was lowered
from the 66% obtained in the helium firing to 51% by this heat trealment,

which was not much greater than the green density of 48%.

Stages of Sintering

Although the program is primarily concerned with defining and con-
trolling process variables in order tb obtain a consistent and highly
sinterable powder, it is fell that some understanding of the behavier
of BeO powders during heat treatment is needed to assure proper evalua-
tion of the process. It has not yet been detefmined, for instance,
whether the heat treatment tb obtain optimum results on one typevof BeO
powder will give optimum results on another. In addition, such informa-

"tion would be extremely useful in the future fabrication of shapes of
different sizes and configurations.

Two different oxides have been selected for study; both are high-
purity materials, but one is highly sinterable (oxide 18) and the other
has poor sinterability (oxide 14). Pellets of the same size have been
fabricated from each oxide at two different pressures. The heating curve
for sintering was arbitrarily selected as one which previously had been
employed for oxide 18. Five sets of specimens were fired at different
intervals along the same heating curve, as follows: room temperature to
1000°C, room temperature to 1200°C, room temperature to 1400°C, room
temperature to 1650°C, room temperature to 1650°C plus a l-hr socak.
Density‘measurgments were made on each set of specimens, and the results
were plotted as shown in Fig. 6.7. It may be seen th%t Lor both _
powders the regions of greatecst densification lie in the progressively
higher temperature regions, except where oxide 14 drops slightly in.
density at 1000°C, presumably due to loss of volatile constituents.

In the earlier stages .of sintering, the fired density appears to be
a function of temperature and green density, which is related to Tforming
préssure. As the temperature is increased, however, the density curves
tend to converge. For the two sintefaﬁle powdér (oxide 18) pellets,

the densities are practically the same at 1650°C. - At this temperature
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ties for the poorly sinterable pellets (oxide 14) come closer

i

the dens
together but are still influenced by the forming pressure.

After holding the owxides at temperature for 1 hr, the highly sinter-
gble oxide had almost atbained its maximum density as it reached 1650°C,
whereas the density of the poorly sinterable powder was increased con-

sideraply during the soak period. It maybe seen, however, that the final
density of oxide 14 is still influenced by the forming pressure. This
information is preliminary and must be eniarged upon by further heat-
treatment experiments before conclusions or generalizations can be

made.
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BeO—Cal0 Phase Studies

Examinations of the results of spectroscopic analysis of several
samples of high-purity (<500 ppm impurities) beryllium oxide prepared
by the oxalate:process indicated'that calcium entered iﬁto and/or
influenced the sintering mechanism required for obtaining high-purity
(>95% of ﬁhéoretical) pieces. In most cases, the samples designated as
sinterable contained a rélatively high percentage of calcium (>100 ppm).
As a check on this observation, 0.5 wt % available Ca0 was added as
CaCOs to an unsinterable grade of beryllium oxide by mechanical mixing
methods, and pellets df the composition were cold formed at approximately
10,000 psi and heat treated at 1500 and 1600°C. The respective bulk
densities were 92 and 96% of theoretical (3.02 g/cmB).

In an effort to determine the mechanism whereby'calcium oxide acts
as a densifying aid, a mixture composed of 50 mole % BeO and 50 mole %
Ca0 was heated in.a crucible to 1500°C and allowed to cool slowly. During
the heat treatmeht, the mixture had fused and attacked the crucible
severely. Microscopic examination of the material indicated the presence
of a phase other than calcium oxide or beryllium oxide.

Miktures of beryllium oxide and calcium oxide containing 55, 60,
and 65 mole % BeO were prepared by melting the weighed materials on
platinum strips, quenching, crushing, femclting, and either quenching or
slowly cooling. .The mixtures were then examined microscopically, and
the x-ray diffraction patterns presented in Fig. 6.8 were obtained. The
600 mixture, when cooled slowly from 1500°C, contained calcium oxide,
beryllium oxide, and a trace of a third phase (indicated as the x phase).
However, upon guenching, the same composition contained only the x phase,
with no indication of free beryllium oxide or calciun oxide. The quenched
composition of 55 mole % BeO—45 mole % Ca0 contained the x phasé plus
frece calcium oxide; and, since the 65-35 composition contained the x
phase plus free beryllium oxide with no calcium oxide, it is assumed
that the composition of the x phase is approximately 60 mole % BeO—40 mole

% Ca0. The structure of the beryllium oxide—calcium oxide coﬁbound is
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tentatively identified as face centered cubic with a cell dimension of
13.9 A. The index of refraction was found to be 1.638 * 0.003, and the
density obtained by float and sink methods is 2.70 g/cm3. Upon slow

cooling, the compoﬁnd CayBes05 was observed to dissociate to Cad and BeO.

Analyses of Beryllium Oxide

Spectrographic methods ‘of analysis are being standardized for a
number of impurities in sintered beryllium oxide. The following. elements

and concentration ranges are under investigation:

Element Concentration Range (ppm)
Al 35300
B 1- 50
Ca - 25500
Co . 5200
Cr _ 20200
Cu - 10-200
Fe 25-500
Mg 15250
Mn : 5200
Na 100-500
Ni ‘ 20—200
Pb 5100
Si : 50500
Sn v 5-100
v 20—200
Zn 25200

. The basic analytical method consists of mixing the sample of
beryllium oxide with carbon black and burning it in a d-c arc. The re-
sultihg spectrum is then compared with standards using standard densito-
metric fechniques. Detailed procedures have been completed for the
determination of magnesium and silicon; the standard deviation for both
elements is 10%. The unavailability of spectrochemically pure beryllium
oxide is the limiting factor in establishing the sensitivity of the
determinations.

Efforts are being made to apply the vhotoelectric spectrometer,

with its attendant advantages in speed and precision, to the analysis
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of beryllium oxide. Procedures for determining calcium,.aluminum, and
sodium are currently being established.

Development work is under way 6n chemical methods.of analysis for
silicon, phosphorous, iodine, and fluoride in berylliium oxide.  In addi-
tion, procedureé will be established for the wet analysis of a number of
metallic elemerts in beryllium oxide in order to corroborate spectro-

graphic results.



7. RADIATION EFFECTS

Jrradiation bf Moderator Materials in the ETR

Yttrium hydride and beryllium oxide are being tested for re-
sistance to thermal shock and structural changes while being irradiated
in the ETR. Capsules of the type described previously! are being used
in these experiments. Gamma heating during irradiation produces a
temperature gradient of up to approximately 400°F {rom the outside to
the center of a 0.300-~in.-dia cylinder of yttrium hydride ana a tempera-
ture gradient of up to 100°F from the outside to the center of a 0.637-
in.-dia beryllium oxide cylinder. In the first experiment, two cap-
sules, each containing three specimens of one of the materials, was ir-
radiated for 90 hr. 'The yttrium hydride specimens were thermally cycled
seven timeés in the temperature range 750 to 1550°F, and the beryllium
oxide specimens were thermally cycled six times. All the specimens re-
mained structurally sound except for minute radial cracks around thermo-
couple welas.

The second experiment is under way, with the capsules having been
irradiated for more than 300 hr. The specimens being used.for this ex-

periment are the same size as those used previously.

Creep and Stress Rupture Tests Under Irradiation

The study of the effects of irradiation on the stress-rupture life
of Inconel at 1500“F in air has been continued with the use of ORR {a--
cilities. Two experiments have been completed since the previous re-
port, and a third experimental assembly is being irradiated. The
results of these experiments are in good agreement with the results

reported previously2 throughout the stress range of interest. Specimens

W, E. Browning, Jr., R. P. Shields, and J. E. Lee, Jr., ANP
‘Semienn. Prog. Rep. Sept. 20, 1958, ORNL-2599, p 70.

2ANP Semiann. Prog. Rep. March 31, 1959, ORNL-2711, p 60.




from two heats of Inconel,’ type 304 stainless steel, and INOR-8 are:
being tested to obtain data with which to evaluate fhe hypothesis that
the presence of boron in the Inconel is the cause of the reduced time
to rupture-

‘The experiments arc being conducted in the pool-sicde facility of
the ORR. The specimen design and the details of construction and oper-
ation were described previously,2.4'5 and an actual OKR tube-burst ex-
perimental assembly is shown in Fig. 7.1 prior to insertion in the
exposure can. Thé results of the recent exweriments are shown in
Table 7.1. Thé tabulated data for Inconel of heat No. 1 may also be
compared with the data of Fig., 7.2, which is a graph of the data ob-
tained previously for this haterial. , .

The results obtained for heat No. 1 at stresses of 3000 to 5000
psi further confirm the conclusion that a reduction in thé time to
rupture occurs as a result of irrasdiation. Specimens tested at lower
stresses daid not feail before the experiment was ferminated. At higher
stresses, the exposure time to failure was short, and at 6250 psi the
plot of in-pile time to rupture begins to approach that of the out-of-
pile time to rupture, _

As indicated in Table 7.1, two Inconel specimens of heat No. 1
were tested at 5000 psi in-pile after prestress irradiation periods of
100 and 500 hr, respectively. It was thought that the prestress ir—
radiation would produce more cavity formation or grain-boundary im-

- purities 2nd Turther decrease the time to rupture. The calculated

blrnups were 7 and 30%, respectively. No appreciable difference in

3Heat No. 1 material consists of 3/8-in.-dia, sched-40 pipe and
heat No. 2 consists of 5/8-in.—dia tubing of CX-900 specification
guality that was accepted on the basis of nondestructive tests.

“J. C. Wilson EE.EE': Solid State Ann. Prog. Rep. Aug. 31, 1958,
ORNL-2014, p 106. '

°N. E. Hinkle et al., Solid State Ann. Prog. Rep. Aug. 31, 1959,
ORNL-2829 (to be published). ‘




Table 7.1. Results of In-Pile and Out-of-Pile Tube-Burst Tests
of Inconel, Type 304 Stainless Steel, and INOR-8

Test temperature: 1500°F
Test environment: air

Boron Time to

Tert Locavion  Comtentr (IS Rwwwee  SRO Comients
Inconel, heat 30 2000 >1200 4-1 Specimen did not rupture
No. 1, in ORR >1200 -2 Specimen did net rupture
2500 >1200 .4—3 Specimen did not rupture
>1200 bmts Specimen did not ruvture
3000 787 49 '
T 4-13
5000 109 4-5 Specimen irradiated ~100
hr before stress applicd
110.5 [ Specimen irradiated ~500
' hr before stress applied
€250 55.75 477
43.5  .-8
Irconel, heat 40 4000 >115 7-5
Nc. 2, in ORR 62 7.6
18.5 9-3
INOR~-3, heat 15 4000 525 9-4
M-1654, in ORR . 599 9.10
‘ 6000 171 7-8 Specimen irradiated 350
. hr before stress applied
170.5 7-9
1715 7-10
INCR-&, heat ©15 8000 68 21
M71664, out-of- 70 52
pile
INOR-8, cut-of- 15 6000 - 180, 23
pile 17,5 2
Type 304 stainless 15 4000 ~g70
stecl, out~of-pile 5000 ~540
Typz 304 stainless 15 4000 . 895 7-3
steel, in ORR ' 673 ' 9-6
5000 237 9-7
518 9-8

*The boron in these materials is natural boron which contains 19% B0,
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Fig. 7.1. Assembled Tube Burst Experiment for Irradiation in the ORR.
At the extreme lefit is the top plate of the exposure can. The caplllary
.pressure tubes from the specimens can be seen emerging from the furnaces.
The specimen ends at the bottom of the photograph face the pool-side face
of the reactor core when installed in the irradiation facility.
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time to rupture was noted, however. Two specimens are being irradiated
with no stress for greater than 500 hr to obtain greater than 30% B°
burnup before sﬁressing.

The specimens of heat No. 2 that have been tested show wide vari-
ations irn the time to rupture, and the times to rupture are shorter than
for heat No. 1. An analysis of the results for heat No. 2 must await
the accumulation of out-of-pile data. ‘

The type 304 stainless steel specimens tested at 4000 psi and at
5000 psi in the ORR showed a tendency toward reduced time to rupture
compared with out—of-pile data. Additional tests will be performed to
obtain more data for comparison. The in-pile tests of iNOR-B did not
result in an appreciable change in the time to rupture. |

Three Special heats of Inconel afe being obtained for further
tests. One heat will be prepered according to the standard deoxidation‘
practice in which natural boron additions are made; one will be pre-
pared without bbron; and one will include boron enriéhed in Blo. The
in-pile time to rupture will be compared wiFh the out-of'-pile time to
rupture for each heat.

Studies of the effect of neutron irradiation on thevcreep and
stress-rupture froperties of columbium alloys have been initiated.
Tests will be conducted in an inert atmosphere at temﬁeratures of 1800
to 2000°T.

In order to achieve improved temperature control of the in-vile
specimens during reactor operation, additional control instruments are
being installed. After this installétion, each section of the three-
section furnace will be on a separate controller, and the need for many
manual adjustments will have been eliminated. |

| Postirradiation examinations of the Inconel specimens irradiated
in the MIR in an air atmosphere have been completed. Inspection of the
as-polished métallographic specimens shoved the normal intergranular
creep fracture for both the in-pile specimens, as showii in Figs. 7.3
and 7.4, and the out-of-pile specimens, as shown in“Figs. 7.5 and 7.6;

however, the irradiated specimens were less ductile at the fracture,
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Fig. 7.3, Transverse Sectlon in the Fracture Reglon of an Inconel
Tube-Burst Specimen Tested at 1500°F in Air at the MTR, The stress was
5000 psi and the time to rupture was 94 hr. "(100X)
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Fig. 7.4. Transverse Section in the Fracture Region of an Inconel
Tube-Burst Specimen Tested at 1500°F in Air at the MIR. The stress was
5000 psi and the time to rupture was 94 hr. (250X) Note the scalloped
edges of many of the grains zlong the major separations. Also note the
gseries of voilds in the grain boundary above and to left of center prior
to ‘separation.
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Fig. 7.5. Transverse Section in the Fracture Region of =an
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and the time to rupture was 800 hr. (100X).
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and the fractures were more localized. As previously reported,? the
irradiated specimens were observed to contain spherical grain-boundary
cavities in grain boundaries both normal énd farallel to the major
stress direction and éo have a fairly regular scalloped edge along the
fracture. 'The scalloped edge appears to have been formed by the Jjoining
of adjacent cavities to form a fracture path. The appearance of these
cavities led to the suggestion that helium from the B0 burnup was ap-

pearing at the grain boundaries and weakening the material.



g€. ADVANCED POWER PLANT STUDIES

Space Power Units

Design studies of reactor—turbine generator systems for auxiliary
power units in sattelites have been continued,l»2 and a summary report

on the work to date is being prepared.3

The radiator studies have been
expanded to encompasé manifold designs and configurations of fins and
bumpers to reduce vulnerability to méteorite pehnetration. Because of
the availability of potdssium and its low activity in the radiator, a
design study was made of a power unit utilizing a potassium-vapor cycle.
In conmnection with an epithermal boiling-potassium reactor, a

series of calculations was initiated to determine reactor configurations
which have a negative void coefficient and thus are stable in case &f
loss of the coolant or reduction in density of the coolant. In addition,
design work was started on an apparatus for studying burnout heat fluxes
in a boiling-potassium system. The apparatus is being designed so that
burnout conditions can be approached without damage to the equipment.

It will include a liguid-vapor separator which will be applicable to a
reactor. The‘informatiOn obtained with potassium in this heat transier

system will have significance for all boiling systems.

Vortex Reactor Experiments

Studies of the dynamics of vortical flow of gases in tubes have
been continued. The possibility of effecting increased vortex strength

by injecting the gas into the tube at low Reynolds numbers was discussed

1A, P. Fraas, ANP Semiann. Prog. Rep. Sept. 30, 1958, ORNL-2599,
p 110. :

2ANP Semiann. Prog. Rep. March 31, 1959, ORNL-2711, p 92.

3A. P. Fraas, A Comparative Study of Auxiliary Power Sources for

Space Vehicles, ORKL-2712 (to be published).
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in the previous report.4 Experiments have bgen performed in which a
continuous 0.002-in.-wide slit was employed, with injection Reynolds
numbers of from 1,000 to 10,000. The configurations of two such slits
are illustrated in Figs. 8.1 and 8.2. In the scheme shown in Fig. 8.1,
the gas is injected tangentially into the boundafy layer, whereas, in
the scheme of Fig. 8.2, the inJection point is moved away from the
boundary layer to eliminate the protrusion as a possible source of
turbulent instability. Porous nickel tubes 2.0 in. in-diameter were
employed so that the effect of uniform wall bleed could be investigated.

It was tound that, the peripheral Mach number was about 45% higher
for the geometry of Fig. 8.2 than that of Fig. 8.1 for equivalent macs
flow rates and tube wall pressures; No significant improvement in
vorticify as compared with turbulent nozzle injection was observed,
however,bin contradiction to earlier results. Wall bleed produced
little effect on the periphcral Mach number for either geometry, but
the deViation from potential vortex flow (tangential velocity inversely
proportional to radius) with increasing wall bleed was greater for the
first configuration. Thus with subsonic near-laminar injection of gas
away from the boundary layer, Fig. 8.2, a reduction in exit mass flow
rate by a factor of 4 can be effected by uniform wall bleed with less
than 25% decrease in local vorticity. Similar experiments with highly
turbulent nozzle injection resulted in appreciably greater loss in
vorticity. A report giving the details of the wall bleed experiments
is being prepared.5

The effect of injection Mach number, Mj’ on vortex strength was

investigqted in 0.6~ and 1.0-in.-dia tubes operating without wall bleed.
The observed variation in the ratio, Mp/Mj’ of peripheral to Jjet Mach

number with Mj for constant wall pressure and jet input power (defined

4ANP Semiann. Prog. Rep. March 31, 1959, ORNL-2711, p 88,

°J. J. Keyes and R. E. Dial, An Experimental Study of Vortex
Flow for Application to Gas-Phase Fission Heating, ORNL-2837 (to
be published). -
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below) is illustrated in Fig. £.3. It should be.noted that for super-
sonic injection, the value of the jet Mach number is determined by as-
suming isentropic expansion and is designated Mj*. The decrease in
MP/MJ with increases in Mj is quite pronounced, indicating that the more
¢losely the injection velocity matches the peripheral velocity the more
effective is the utilization of the jet energy, since less energy is
dissipated in slowing down the jet. _ .

An important parameter which correlates the measurements of pe-
ripheral Mach number for a wide range of mass flow rates and jet Mach

numbers is the effective jet input power, P¥*, which is defined as
* = 2
P 7miMJ_ /2 s

where y 1s the ratio cp/cv, and iy is the inlet mass flow rate per unit
tube lcngth. Figure 8.4 presents a plot of peripheral Mach number .
versus effective Jjet input powér for three tube diameters and for wall
pressures of 27 to 108 psia. Injection Mach numbers are 1.0 or lower.
The data indicaté thet Mp increases with P* at constant wall pressure
to approximately the 0.42 power, which is reasonable, since, for com-
plete energy transfer, the exponent would be -0.50. A peripheral Mach
nunber of 0.49 was measured in a 0,6-in,-dia tube at a wall pressure
of 83 psia, MJ = 0.9, and P¥ = 4.4 X lsz. This value of input power
is about five times the minimum which would be'required for MJ = 1.0,
at a2 mass flow rate of 0.012 lb/sec'ft, as permitted by the diffusional
process of:light gas through fissionable gas.

The effect ol tube diameter is illustrated in Fig. 8.5, in which
peripheral Mach number i plotted against diameter for constant values
of tube wall pressure and effective jet input power. Here it may be
seen that decreasing the diameter from 2.0 to 0364 in, increases Mp by
a factor of 1.7 to 2.1. 'This increase occurs nost likely because of
(1) a reduction in the viscous retarding torque with decrease in di-

- ameter "and (2)va decrease in tangential Reynolds number with decrease

in diameter.

90



UNCLASSIFIED
ORNL~LR~DWG 40726

0.7 | ] j
® 0.6-in.-DIA TUBES 38 AND 5§
0.6 Q o 4.0-in-DIA TUBE 3 A
“\: Np GAS
N\ 10%P™=3.2 i /sec - ft
0.5 SNTE
- k pp:‘lOB psia
3 N
04 TN
b3 RS
P —
0.3 ~
\0\\
0.2 £
\\
0.1 e
05 06 07 0.8 08 10 if 12 13 14 15
M M*

Fig. 8.3. Variation with Jet Mach Number of
the Ratio of the Tangential Mach Number to the Jet
Mach Number.'

. UNCLASSIFIED
ORNL-LR-DWG 407598

1.0 i
|| POINT | TUSE KO. | TUBE DIA (nd | GAS | 2, psia) :
os-i 8 a3 2.0 Na 1108
1 a 50
) EY 1.0 Np ] -i08
Q61 A T1
[} 27
) . He £3
. 348 Y Ne | 108 4
04 i 53
‘\;QA o
-
.88 L1
0.2 -
- o]
T
-
o4l 037 -] ;
1L A -
Q.2 : 0.4 0.6 0.8 1C 2.0 4.C 6.0

102p ", EFFECTIVE JET INPUT PCWER {ib/sec- 4}

Fig. 8.4. Dependence of Peripheral Mach
‘Number on Jet Input Power for 0.6-, 1.0-, and 2-
in.-Dia Tube, Nitrogen and Helium Gas, and Subsonic
Injection. '

91



It is suggested that failure to achievé higher vortex strengths is
due to turbulence thch increases the effective viscosity and thus the
shear. To obtain quantitative confirmation of this, cdata on the radial
distribution of tangential velocity were‘analyzed according to the
method of Einstein and Li,® in which an expression is derived that re- .

lates the radial variation in velocity to the term
41/2 * '
r,i T 3

where p¥*, the total or virtual viscosity, is assumed to be independent
of radius. Data for 64 runs with three sizes of tubing and with nitro-
gen and helium gas were analywed to determine p* near the periphery as

a Tunction of tangential peripheral Reynolds number, which ig defined

as
2r Vt' o
N = k=22
Re I
t,p P
where rp is the tube radius, Vi D iz the tangential peripheral velocity,
: 2

pp is the peripheral gas density, and Hp 1s the peripheral gas viscosity.

A plot of the ratio of virtual to molecular viscosity against
Reynolds number is presented in.Fig. 8.6, with the least-squares line
indiceted. The data correlate'significantly at the 95% level. It may
be seen that at the lowest Reynolds number, 4 X 104, the virtual vis-
cosity is already 30 times the molecular viscosity, and the conclusion
that the Flow field is turbulent is verixiud. According to this analy-
sis, laminer flow of nitrogen gas in a 0.6-in.-dia tube would not be
expected to occur until the wall pressure was lowered to a few tenths
psia. '

The following  conclusions have been drawn from this experimental

work on vortex gas dynamics:7

SH. A. BEinstein, and H. Li, Heat Transfer and ¥luid Mechanics
Institute, Stanford University (1951).

Details of these conclusions are discussed in Ref. 4.
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1. The significant‘indeﬁendent variables which affect the vortex
strength are tube diameter, jet Mach number, mass flow per unit tube
length, and pressure. Combinations of variables which correlate the
data include 7miM3/2, the effective jet input power, and 2rpvt,pop/“p’
the tangential peripheral Reynolds nwrber:

2. The flow field near the wall of the vortex tube is highly
turbulent for all conditions of this study. At conditions of practical
interest for application, the tangential Reynolds number may be as high
a5 10° times the critical value. It appears doubiful, therefore, that
conventional laminarization techniques will be completely effective in
this application.

Further experimentation should be carried out at low pressures to
verify the theoretical relationships for laminar‘flow,‘and to determine
the effect of turbulent transition on the separation of a light and

heavy gas mixture.
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PART 2. SHIELDING






9. OSHIELDING THEORY

Monte Carlo Calculations of Response Functions of
Gamma-Ray Scintillation Detectors

It was reported previously1 thgt a calculation has been undertaken
to determine pulse-height distribution functions characteristic of the
response of sodium iodide crystals to photons. ©Such calculations are
important for scintillation detector investigations, since response
functions of the scintillator detector are needed to allow interpretation
of the experimental pulse-height distributions in terms of the original
gamma-ray spectrum. The problem has now been coded for the IBM~704 com-
puting machine, and several cases have béen calculated. The code can
also be used for calculations of pulse-height distribution functions for
Xylene scintillaﬁion detectors. ‘

In ordér to encompass a maximum of possibilities for detector
shapes and dimensions, the code waé written so that the detectof geometry
can be a right cylinder ﬁith a truncated cone on one end or a complete
right cylinder. The effect of a well in the exposed end of the detector
can also be considered.? There is no restriction on the maximum value of
any dimension. The>source is considered to be a monocenergetic source of
arbitrafily chosen enefgy in the range from 0.005 to 10.0 Mev.

The code does not yet consider losses from the detector reswlting
from secondary bremsstrahlung and annihilation fadiation, although a
later version now being coded will include these effects. The treatment
of the primary incident radiation is as complete as possible, taking
into account Compton scattering, pair production, -and the photoelectric

effect.  The latter two effects are treated as total absorption processes.

1ANP Semiann. Prog. Rep. March 31, 1959, ORNL-2711, p 111.

2In an effort to improve the performance of large sodium iodide
crystals, experimenters al the Bulk.Shielding Facility have pierced the
crystal surface with relatively shallow wells into which the incident
gamma, rays are collimated.
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The parficular Monte Carlo method used is designed for minimum
statistical error in the so=-called “Compton tail” of the spectrum. It
employs a method of statistical estimation which, in essence, never
allows the vhoton to become absorbed or to escape from the detector until
its energy is degraded below 0.005 Mev. Because the photon is never
lost, its statistical weight is adjusted at éach collision point to
account for the probability of suiviving the collisions and the proba-
bility that it will not escape during the flight-following the collision.

The results oblained from the calculation include the intrinsic
efficiency (fraction of photons that have at least one interaction), the
photofraction (ratio of the area under the;total absorption peak to the
total area under the pulse-height distribution curve), and £he shape of
the "Compton tail" response function of an ideal detector-instrument
combination. Thié means that no account hés been taken of the so-called
"broadening" of the spectrum during the Monte Carlo portion of the
calculation. The broadened spectrum which should correspond to the
actual response.observed during the experiment is obtained By integrating
the ideal resfonse funetion G(E)'with a Gaussian weighting factor to

obtain the broadened response function F(E):

F(E) = f.EO G(E')-———#L—T7— exp _{E-B)? ag'

0 (4ma2)2/2 20°

where Eg is the source energy, ¢ = A (E')l/2 + B, and A and B are

arbitrary constants. The results of the broadened function, as well as

the ideal function, are obtained in histogrém form. )
Photofractions obtained from this calcuwlation for the case of a

right cylindrical sodium iodide crystal and two source energies are com=-

. pared with published results from two calculations and one experiment in

Table 9.1. As is usually the case, the calculations overestimate the

photofraction. This is due, in part, to neglect ofAseéondary radiation..
Since large "total absorption" sodium iodide (tﬂallium—activated)

scintillators are being used in gamma-ray spectroscopy investigations at
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Table 9.1. Comparison of Experimental and Calculated Photofractions for
a'4-in.-dia by 4=-in.-long Cylindrical Sodium Iodide Crystal With Mono-
energetic Point Isotropic Source 30 in. from End of Crystal®

Photofraction
Data Source 1.33-Mev  0.661-Mev
Source - Source
Kregerb (experimental) 0. 54 - 0.725
Miller, Reynolds, and Snow" (calculated) 0.599 0.777
Berger and Doggettd (calculated) 0.58 0.74

Present calculation 0.582 0.784

®onical beam of gamma rays from point isotropic source has 0.625-
in. radius at crystal face. :

By, E. Kreger, Phys.‘Reﬁ. 96, 1554 (1954 ).

“W. F. Miller, J. Reynolds, and W. J. Snow, Efficiencies and Photo-
fractions for Gamma Radiation on Sodium Iodide (Thallium-Activated)
Crystals, ANL-5902 (1958).

.dM.'J. Berger and J. Doggett, Rev. Sci. Instr. 27, 269.(1956).

the Bulk Shielding Facility (see Chap.‘ll), the code described above has
been employed to compute the behavior of the expected pulse-height distri-
butions from right cylindrical sodium iodide (thallium-activated) scintil-
lators when irradiated with a l-cm-dia péncil beam of monoenergetic
photons collimated along the crystal axis. The effect of wells of varidus
depths, as well as the effects of variations in crystal size, were in-
vestigated for several energies. Since the code does not take into
account possible escape from the crystal of fast electrons, bremsstrahlung,
or pair-annihilation quanta, resuits are not shown for photon energies
greater than 2 Mev.

. -Only one geometric parameter was allowed to vary in each case. The
oﬂher_dimensions were chosen either to minimize escape of séattered radia-
tidn or to simulate the largest crystals presently available.

Examples of calculated tail spectra resulting from abscrption of

less than the full gamma-ray energy are presented in Figs. 2.1, 9.2,
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~and 9.3. The plots represent the fraction of incident gamma rays per
energy interval (Mev) which leave the indicated amount of energy within
the crystal bvefore escaping. The plotted crrors are standard deviations
estimated by means of the Monte Carlolcode, and .all resulis shown are
proportional to the total effiéiency of the crystal being studied. If
P/T is the fraction of 2ll interactions which are predicted to result in
the absorption of the whole gamma-ray energy, € = 1 — e"ut is the crystal
intrinsic efficiency, and Ti(E) is the plotted tail spectrum funcfion,

then

Thus when results from crystals of various thicknesses are compared, the
tabulated efficiency becomes important. Table 9.2 lists the calculated
integral parameters for all cases shown in Fise. 9.1, 9.2, and 9.3,

The'effect of varying the depth of a well in one end of the cfystal
is shown in Fig. 9.1. The well is intendéd to minimize the escape from
the crystal of photons Compton—scattefed in the backﬁard direction, and,
more importantly, to increase the detection efficiency for annihilation
radiation from high~energy gamma rays. While the comparisons in Fig.
9.1 indicate that the well has a marked effect‘only fof the part of the
spectrum about 1/4 Mev below the full energy and no discernible effect
at lower energies, it must be noted that consideration of annihilation
radiation would undoubtedly alter these results for incident gamma rays
having energies sufficiently high (1.5 Mev) for pair production to be
an important process. » '

In the calculation of the effect of the crystal length (Fig. 2.2),
it is observed that for energy absorptions greater than 1.2 Mev the
length makes no difference, suggesting that the looses at energies higher
than 1.2 Mev are taking place through.the side surface of the crystal.

At low absorbed energies a marked effect of length iz apparent,

101



102

UNCLASSSFIED
2+01~058~0- 47 ¢

i H H H H H T
i * A8 MOMENTS METHQD §O!

NT BARTICLES/ Mev

25 oo LONG
Np,27

FRACTION OF iNCHD

a.s U6 o8 1.0 L2 14 1.6 8 2.0
GAMMA-RAY ENERGY AHSORSED IN CRYSTAL {Mev)

. Fig. 9.2. Abvsorption of 2-Mev Gamma
Rays in 24-cm-dia NaI{Tl) Crystals- with
10~cm-deep Wells: Effect of Crystel
Length of Predicted Taill Spectra.

UNCL ASSISIED
2-01- 0450472

¥ RAYS

NT PARTICLES / Mev

DE!
o
o)
<3

FRECTION OF INCH

g A P
L Lo —

¢ Qz 5.4 o6 o8 w0 (¥4 4 LE 1.8 20
~ GAMME-RAY ENERGY 285GREED IN TRYSTAL {Mev}

'ig. 9.3. Absorpition of 2-Mev
Gamma Rays in 45-cm~long NaI(T1l) Crystals
With 10-cm~deep Wells: Effect of Crystal
Diameter on Predicted Tail Spectra.



€0t

Table 9.2. Sodium Iodide Crystal Response Calculations
Crystal Parameters
Case Source .
No Energy Diameter Over-all Well Penetration Efficiency Photofraction
T (Mev) (é ) Length Depth Length :
" (cm) (cm) . (em)
Plotted in Fig. 9.1 _
1 0.5 2% 25 25 0.9997 0.958 + 0.002
8 0.5 C 24 35 10 25 0.9997 0.9975 £ 0.0004
2 1.0 24 25 : 25 0.9949 0.921 + 0.003
5 1.0 24 26.5 1.5 25 0.9949 0.950. £ 0.002
9 1.0° 24 35 10 25 0.9949 0.964 + 0.002
3 2.0 24 25 25 0.9774 0.861 * 0.004
10 2.0 24 35 10 25 0.9774 0.893 = 0.003
Plotted in Fig. 9.2
22 2.0 24 25 10 15 0.8970 0.807 + 0.005
10 2.0 24 35 10 25 0.9774 0.861 + 0.004
15" 2.0 24 45 10 35 0.9950 0.922 + 0.003
Plotted in Fig. 9.3
25 1.0 12 45 10 35 G.9994 0.847 + 0.003
17 1.0 24 45 10 35 0.99% 0.947 + 0.001
29 1.0 - 30 45 10 35 0.9994 0.988 +-0.001




in agreement with'the data obtained by an adaptation of moments-method
results’ for slag penetration by plane monodirectional gamma rays.

The effect of the crystal diameter on the predicted tail spectra
for 2-Mev gamma rays is shown in Fig. 9.3. The data indicate that
escape of Compton-scattered radiation through the side surface of the
crystal produces a peak in the tail of the spectrum at almost 0.5 Mev
below the incident gamma-ray energy, as would be predicted on the basis
of a single-interaction calculation. Similar results were obtained inv
calculations considering l- and 4-Mev incident gamma rays. If annihila-
tion radiation had been considered, a sharper component would have been
added to this region of the tail spectrum.

In summary, inclusion of a well in the crystal will effectively
eliminate the important peak in the tail spectrum that results from back~
scatter escape. For crjstals with sufficiently large diameters, the
magnitude of the tail in the low-energy region depends almost entirely on
crystal thickness along the direction of the gamma-ray beam. Thus the
magnitude of the low-energy end of the Compton tail spectrum can be
estimated by using penetration-study results for slab geometry. For
sufficiently high source energies, the intensity of that part of the
tail spécfrum about 0.5 Mev below the photopeak is dependent on the

diameter of the crystel.

Monte Carlo Calculations of Dose Rates Inside a
Cylindrical Crew Compartment% .

The Monte Carlo code for calculations of fast-neutron dose rates
inside a cylindrical crew compartment has been completed and preliminary
calculations have been made. As described previously,5 the code, called

the ABCD'Code (for Air-Borne Crew Dose), can be used to calculate neutron

3H. Goldstein and J. E. Wilkins, Jr., Calculations of the Penetra-
tion of Gamma Rays, NY0=3075 (1954).

“The results reported here are based on work performed for ORNL
wunder Subcontract 931 by Technical Research Group, New York.

’ANP Semiann. Prog. Rep. March 31, 1959, ORNL-2711, p 111. .
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dose rates inside a cylinder i1f the angular distribution and energy
spectrum of the incident radiation are known. The cylindrical cavity
is divided into cylirdrical shell regions and ihe dose rate is calcu-
lated for each region, as well as averaged over the entire cavity. The
code 1is désigned to use, as input, the results from the Convair D-35
codé, which computes the neutron flux distribution in air from a unit,
point, ﬁonodirectional source. Leakage .from a reactor can be thought
of as being a number of such sources. Alternatively, a monodirectional,
monoenergetic néutron beam can be used as the input.

The preliminary calculations have been made for a shield simulating
the cylindrical crew compartment used at the Tower Shielding Facility.
The D=-35 code results used as input were for a source-detector separa-
tion distance of 64 ft so that direct comparisbns with TSF experimental
data® could be made. The shield was specified to have an 3-in. side
thickness, a 36-in. rear thickness, and a 20-in. front thickness. The
source was assumed to be a monodirectional 2.7-Mev sourcc pointing at
anzles 15 and 30 deg from the source-detector axis.

The calculated and experimental results are compared in Table 9.3.
Although the experimental source 1is in fact distributed in angle and
energy, while the source for the Monte Carlo calculation is both mono-
energetic and monodirectionral, tne qualitative agreement is quite good.

Further comparisons can be made as more calculations are performed.

‘A Monte Carlo Code for the Calculation of Deep
Penetrations of Gamma Rays

t
A

Tt was reported previously’ that the so-called "eonditional® Monto
Carlo technique was being investigated for possible application in a
computing machine code to calculate deep penetrations of gamma rays. In

initial investigations, which were concerned with a onc-velocity, isolropic

éy. R. Cain et al., ANP Quar. Prog. Rep. Sept. 30, 1957, ORNL-2327,
Part 6, p 3. '

TANP Semiann. Pro:. Rep. March 31, 1959, ORNL-2711, p 120.




Table 9.3. Comparison of Computed and Measured Neutron Attenuation
of a Cylindrical Crew Compartment*

Measured Dose Rates

(ergs-g~t nr~t.w™2) Calculated

Dose Rates Fractional

- 9 =
p=20cm p=40cn (ergs-g™t hr™!) Deviation

6 = 15 deg

With shield 6.20 x 1077 5.42 x 107° - 5.43 x 10713 0.12

Without shield 4,83 x 1073 2.86 x 107% 5.11 x 107%! 0.04
. . _Shielded " :

Retio: goryqeg 0-0128 0.0190 0.0107
A 0 = 30 deg

With shield 4.67 x 1077 3.88 x 107®  2.36 x 1071’ 0.12

Without shield  3.44 x 1077 1.99 x 107  2.99 x 107! 0.04
. _Shielded :

Ratio: sor—me 0.0136 0.0195 0.0079

*¥The angle © is the horizontal angle between the center line of the
beam and an axis through the centers of the Tower Shielding Reactor tank
and crew compartment. The distance p is the thickness of water shield
covering the reactor face nearest the tanx wall.

scattering, isotropic point source situation, the Monte Carlo results
for 20 mean free paths, with the ratio of scattering cross'séction to
total cross section in the range from 0.1 to 0.5, were within 20% of the
exact result.® When investigations were made with gamma rays, however,
the Monte Carlo results fluctuated radically about the results given by
the moments method.® It appears that more mathematical work needs to be

done on the problem.

Prediction of Thermal-Neutron Fluxes in the Bulk Shielding
Facility From Lid Tank Shielding Facility Data

In a recent calculation of the thermal-neutron fluxes near the Bulk
Shielding Reactor based on Lid Tank Shielding Facility data converted to
the Bulk Shielding Reactor geometry, it was reported that the predicted

fluxes were consistently higher than the measured fluxes by a factor of
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2.73 at a distance of 40 cm and a factor of 1.54 at a distance of 115

cm. 10

The calculation has since been reviewed, and the correction of
several numerical errors shows thal the agreemenl between Lhe predicted
and measured fluxes is actually better than reported. The predicted
flux is now a factor of 1.19 higher than the measured flux at a distance
of 40 cm, and the ?redicted and measured fluxes are eséentially in agree-
ment at distances beyond 95 cm. For the last point calculated, a
distance of 125 cm, the predictéd flux is 1% lower than the measured

flux. Plots of the calculated and measured fluxes are shown in Fig. 9.4.

8K. M. Case, F. deHoffman, and G. Placzek, Introduction to the
Theory of Neutron Diffusion, Los Alamos Scientific Laboratory, Los
Alamos, 1953. :

“H. Goldstein and J. E. Wilkins, jr., Calculations of the Penetra-
tions of Gamma Rays, Final Report, NDA-15C-41 or NY0-3-75 (1954).

10ANP Semiann. Prog. Rep. March 31, 1959, ORNL-2711, p 116.
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10. LID TANK SHIEIDING FACILITY

Effective MNeutron Removal Cross Section for Yirconium

The effective ncutron removal cross section, defined as the equiva-
lent absorption cross section which most nearly describes the fast-
neutron attenuation of a material added to a hydrogenous shieLd; was
measured previously for a wide variety of elements.? In an attempt to
narrow ‘the rather broad region between 7 = 29 and 72 = 74, Tor which no
cross sections were recorded, a meésurement of the effective removal
cross section of zirconium (Z = 40) has recently been made at the Lid
lank Shielding Facility. ‘ _

The zirconium used iﬁ the experiment is in the form of two slabs,
each 54 X 49 X 2 in. UThe metal contains 1.8 wt % hafnium as the main
impurity and has a density of 6.54 g/cmB._

The dry sample was placed at the source plate end of the usual
steel configuration tank? in the Lid Tank Facility and was followed by
an aluminum tank (1/8-in.-thick walls) containing light water. Thermal-
neutron flux measurements were made on the axis of the source plate in
the water beyond the materizl and are compared with measurements made
with the zirconium removed in Fig. 10.1. Standard instrumentation,
including a 12 1/2-in. BF3 counter, a 3-in. fission chamber, and a 1/2-
in. fission chamber, was used. |

‘ The effective removal cross section of the zirconium was calculated
from thece measurements'by use of a formula derived by Blizard.?> The
resulting value was 2.36 + 0.12 barns. The value of the mass attenu-

ation coefficient of zirconium,

1¢. T, Chapman and C. L. Storrs, Effective Neutron Removal Cross
Sections for Shielding, ORNL-1842 (Sept. 19, 1955).

°This tank has a 3/8—in.-thick aluminum window in the side next to
tne source plate. ‘ '

3B. P. Blizard, Procedure for Obtaining Effective Removal Cross
Sections for Lid Tank Data, ORNL CF 54-6-164 (June 22, 1954).
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calculated from these data 'is in excellent agreement with the predicted

value deduced from published curves.*

Experimental Flux Depression and Other Corrections
for Gold Foils Exposed in Water

Additional experimental data have been obtained in the investi-
gation aimed at determining an all-inclusive correction factor for
thermal-neutron flux measurements hade,with gold foils at the Lid-Tank
Shielding Facility, and the value of the correction factor reported

° has been revised. The experimental data consist of the differ-

earlier
eﬁce between measurements in water with bare and with cadmium-covered
foils. The value for a roil of "zero" thickness is obtained by fitting
the data.for foil thicknesses less than 1.7 mg/cm2 with straight lines,
using the méthod of least squares. The cérrection-faétor is then the
experimental ratio of the saturated acfivity per unit mass of a foil
of "zero" thickness to that of a 0.002-in.-thick foil, which is the
foil thickness commonly used at the Lid Tank Shielding Facility. The

latest value for this ratio is 1.22 # 0.16; however, it may be revised

later when data from additional measurements are availablef

“E. P. Blizard, Proc. U.N. Intern. Conf. Peaceful Uses Atomic
Energy, 2nd, Geneva, 1958, P/2162.

°ANP Semiann. Prog. Rep. March 31, 1959, ORNL-2711, p.124.
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11. . BULK SHIELDING FACILITY

Staeinless Steel-U0; Reactor (BSR-II)

The fabrication ot all components of the Bulk Shielding Reactor 1I
(BSR-II), which consists of o UOy—stainless steel corels? for the Bulk
Shielding Facility, reactor, has been completed, and several critical
loadings ol the elecmente havé been made in the Pool Critical Assembly
(PCA). In addition, experimental determinations have been made of the
ratio of the prompt-neutron lifetime of the reactor to its effective
delayed neutron fraction, the reactivity worth of the control uvlates,
and the worth of the double-ended reactivity insertion device.? The
core and its duxiliary equipment have nov been shipped to the SPERT-T
Facility =t fbe National Reactor Testing Station where tests to deter-

mine the capabilities of its control system have begun,

Design Changes

The design of the BSE-Il as it was finally fabricated is essen-
tially as reported previously. In order to achieve flexibility of
loading, eight partial fucl elements were also fabricated. Four of
these contain one-half the normal U?37 loading of 290 g of U235, and
four” contain ore-Tourth the normal loading. These lower loadings were
obtained by modifying the proportiscns of the fuel-bearing cermet in the
Fuel plates.

The standard control plates now contain 6.0 g of 85% B®_enriched
boron dispersed in iron powder. fThe tinished plate contains a core
having dLMunﬁions of .5« 0.0Zv o 1L in., the over-all dimensions of
the plate being 2.8.X 0.085 X 12 in. 'The chafling strips which previ-
ously extended the full length of the plate on the center line have
now been moved toward the edpges and reduced in size to 0.05 x 5/16 X

16.5 in. The 2 x 3 in. coaxial contrcl-plate drives, patterned after

1. ¢. Silver und J. 8. Lewin, Oafeguard Report for a Stainless
Stcel Research Reactor for the BSF (BSR-II), ORNL-2470 (March 12, 1958).

“ANP Semiann. Prog. Rep. March 31, 1959, CRML-27/11, p 128.
S I ) 2 PR



the BSR-I drive, have been modified by the addition of a thrust bearing
on the drive to the lead screw to facilitate compressing. the 66-1b
spring»which accelerates the scramming action. The drive magnets are
designed to reiease within 10 msec after application of a scram signal

to the sigma bus.

Critical Experiments

The initial critical locading of the BSR-II contained 5.877 kg of
U43° and had an excess feactivity of 16.5 cents with the shim-safety
rods (that is, control plates) withdrawn to their 1l-in. preinsertion
stops. The extrapolated experimental critical mass is about 5.84 kg
of U235, (The calculated critical mass for a five by five element
loading is 6.02 kg.) Other critical loadings with increasingly greater
masses permitted calibration of safety rods and a limited knowledge of
element importance as a function of position within the core.

During this series of tests in which the BSR—II.elements were
lecaded in the PCA, a measurement was made of the ratio of the prompt
neutron generation time of the reactor to the effective deléyed neutron
fraction'(z/ﬁeff). This was done by means of the "pulsed-neutron”
method, which consists in pulsing neutrons into a reactor, either at
delayed critical or with a known amount of negative reactivity, and
measuriry; the decay of the neutron density at the surface of the core
following the pulse. The interpretation of the experiment is then
based on the inhour equation.

The neutrons which were "pulsed" into the BSR-II were supplied by
the BSR-I. They were thermalized in & D;0-filled tank adjacent to the:
BSR-I and then collimated through a long air-filled pipe connecting the
tank and the BSR-II. A motor-driven, rotary-tyve chopper, made of'alu-
minum and filled with B1%-enriched boron‘powder, was located in the
pipe. Three slifs in the rotor permitted the paséage of.thermal neu-
trons to the BSR-II for approximately lO% of each of the two cycles per
turn of the rotor. .

Three different determinations of Z/Beff were made by inserting

négative reactivities of approximately 0.5, 1.0, and 1.5 dollars into
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the BSR-II by.means of control rods calibrated with positive peridds
with the use of the inhour method. The average value of the three
measurements 1is Z/Beff': 3.2 £ 0.2 msec. When combined with the com-
puted value of P .. = 0.00704 + 0.000035, this ratio yields ! = 22.5 *
1.5 psec. (A calculation,°based on a two-group treatment, resulted in
2 value for ! of 21.3 usec.)

The rcactivity worth of the BSR-II control plates was determined
both by the positive-period inhour method and by the pulsed-neutron
method. Use of the inhour method was restricted to values of less than
1 dollér, but, since the pulsed-neutron method is not restriéted‘by
feaétivity limits, measurements could be made to full shutdown reac-
tivity. .The worth of one rod (one pair of control plates) was deter-
mined for two loadings: loading 14A, which had no corner elements and
had a half element acjacent to one empty corner, and loading 14B in
which the haif element was replaced with a full element. Rod No. 1, the
rod nearest the partial element, was found to be worth 2.50 dollars in
loading 14A and 2.87 dollars in loading 14B.

The reactivity worth of the double-ended reactivity insertion def
vice, described previously,2 was also determined by the pulsed-neutron
method. The resulting data, coupled with measurements of the drop-time
response of the device, indicated that a 3-msec positive period could
be inserted in approximetely 10C msec, and a period of 1 msec could be

achieved about 150 msec after initiation of the excursion.

Recent Reactivity Calculations

Since the early one-dimension calculations for the BSR-II were -
performed,® an IBM-704 code which can be used for two-dimension calcu-
lations has become available. This code, identified as the PDQ code,
has been utilized for further BSR-II calculations to‘detefmine the re-
activity worth of the reactivity insertion device reported previously,?
the reactivity worth of the control rods, and the effect of steel men-
bers immediately below the core. Incorlux plois ol the bhermal-neubron

Ilux in the BSR-I1 in x-y peometry as calculaled by the PDQ code have been
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constructed. (The input constants for PDQ calculations are obtained
from one-dimension calculations with ﬁhe GNU-II code.)

The calculated value of the total worth of all the cohtrol rods is
17.1 x 1.7.dollars. This value is considerably higher than the total
rod worth determined expefimentally, and the discrepancy is as yet un-
explained. ' »

The calculation to determine the effect of the steel members below
the core indicated that the multiplication in the core is affected very
little by the presence of the steel. This is attributed to the fact
that steel is a good neutron reflector. It was also found that the flux

shape in the core region is only slightly perturbed by the steel.

SPERT~TI Tests

'The BSR-II is now at the SPERT-I Facility and static tests with a
five by five element core containing an excesé reactivity of .over 1 .
dollar are under way. These will include control rod calibrations, void
coefficient measurements, and a determination of the temperature coef-
ricient of the core and reflector. Thermocouples and pressure-sensing
devices have been attached to the core, and dynamic power excursion
tests will begin upon completion of the static tésts. These will be of
increasing severity and induced by both linear ramp and step insertions
of reactivity, with the power surge controlled both by standard ORNL
reactor control instruments and by the sélf-limiting traits of the core.
An attempt will be made to schedule the burst severity so that the mexi-

mum amount of information can be obtained before core damage occurs.

The Model IV Gamma-Ray Spectrometer

The design of a new gamma-ray spectrometer system for use at the
Bulk Shielding Facility'was reported pl"eviou_sly.3 This spectrometer,
called the Model IV, consists of a "total absorption! sodium iodide

(thallium—activated) crystal, a lead-lithium housing for the crystal,

JANP Semiann. Prog. Rep. March 31, 1959, ORNL-2711, p 132.
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a positioning device, and the necessary electronics. Assembly of all
components is‘now complete, with the exception of mounting the housing
cn the positioner. '

Prior to the mounting of the housing, which is now in progress, the
housing was examined for possible voids incurredvduring the pouring and
splidification of the lead-lithium alloy. This was done by moving a
300-curie Co®P source over the outside surface of the housing and ob-
sorving the response of a large sodium iodide (thallium-activated)
crystal mounted inside the housing. No voilds were discovered in the
housing; however, the end containing the collimator cannot be checked
until after the housing is mounted on the positione;.

Concurrently with the assembly of the spectrometer, experimental
and theoretical investigations directed toward the selection of a suit-
mole vrystal have been coulinued. Ruecently one of Lhe suppliers4 or
sodium iodide (thallium-activated) crystals was able to produce a rela-
tively long, right circular, cylindrical crystal by Opfically coupling
two shorter crystals. ‘''he shorter cryctals were each 8 in. in diameter
and 4 in. long, and they produced, when coﬁpled, a right circular cylin-
der & in. in diameter and & in. long. The resulting ecrystal was con-
ventionally packeged with an‘aluminum oxide reflector and had the usual
glass window at one end for photomultiplier placement. This crystal
was obtained ‘on a loan basis for tests at ORNL.

When tested with known-energy gamma rays, the compbsite crystal
responded as one uniform crystal. For gamma rays ranging-up through
the 2.76-Mev photon from the decay of Na24, there was no evidence of
the double peaks which were chafacteristic of the conically ended crystal

3 The resolution at the Cgi27? gamma-ray energy or

pfeviously tested.
0.402 Mev was 11.8%, and the peak-to-total ratio was about 0.75. Tests
with a simulated well in one end of the composite crystal indicated that
the inclusion of 2 well will improve the pezk-to-total ratio to about

0.23.

“Uosrshaw Chunical Compzny, Cleveland, Ohio.
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Experimental data from the composite crystal have been compared with
theoretical results obtained by the use of the Monte Carlo code described
in Chapter 9; essentially good'agreement was noted. As expected, the
peak-to-total ratio obtained by the calculation is.appreciably higher
(0.929 for 0.662-Mev gamma rays) than the experimental result (0.83) be-
cause of unavoidable scattering effects in the materials surrounding the
detector applications. Although the effect of the interface formed by
coupling two crystals has not been completely evaluated, the performance
of the composite crystal has been much more satisi'actory than that of the

large crystal with one conical end.

Investigation of the Nonproportionality of Response of a
Scdium Jodide (Thallium~Activated) Scintillation
Crystal to Gamma Rays

In the energy region above a few hundred kilovolts the integrated
(charge) pulse from a photomultiplier tube is linearly related to the
‘gamma~ray energy absorbed in an optically attached sodium iodide
(thallium-activated) scintillator, or, at least within the precisicn of
measurement possible, nonlinearity is‘not apparent. On the other hand,
linearity through the low-energy region has not been well demonstrated,
nor has exact proportionality in any energy region been demonstrated.

Some investigators”’

have reported a proportional response to x-rays and
gamma rays, while others have found a fairly linear response but a nega-
tive extrapolated intercept of about 15 to .30 kev at zero pulse height.®
In all cases the results have depended upon the behavior of the pulse-
analysis equipmeht used, and errors usually have not been quoted.

The existence of these uncertainties is natural, because linearity

measurements are quite difficult to perferm with precision over a large

°C. J. Taylor et al., Phys. Rev. 84, 1034 (1921); W. E. Mott and
R. B. Sutton, Handbuch der Physik, ediféd by S. Flugge, Vol 45, p 86-
173, see esp. p 99-102, Springer-Verlag, Berlin, 1958.

5D. Engelkemeir, Rev. Sci. Instr. 27, 589 (1956); see also Mott and
Sutton, op. cit. -
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dynanic range, and statements concerning proportionality depend upon the
identification of the pulse height which corresponds to "zero" absorbed
energy in the crystal. Both the "zero" measurements and the linearity
measurements depend upon results obtained by using pfecisely known pulses
from an artificial source, but the experimenter has difficulty in showing
that the analytical equipment rcacts to these phlses in the same way that
it does to the "natural' pulses from the sodium iodide (thallium-activated)
crystal-phototube combination.

In order to investigate the nonproportidnality of one sodium iodide
(thallium-activated) crysfal commonly used at the BSF, an experiment was

verformed that consisted . -in the measurement of "

sun peaks' by a 3-in.-
dia by 3-in.-high crystal which correspondéd ﬁo the simultaneous dectec-
"tion of a pair of gamma rays emitted in cascade by Y88 or Bi207 sources.
The apparent energy corresponding to each sum peak was then compared with
the known sum of the energies of the individual members of the cascade.
If a calibration energy close to the sum energy of the cascade is avail-
alble, this methud allows a study of proporiionalily which is jndependent
of the "zero" adjustment of the pulse-height analyzer and which 4is not
cunegitively dependent upon the linearity of the analysis system.

Ir Ea is the measured apparent energy of the sum peak for the pair
of gamma rays emitted by the source and if Ei and E, are the known ener-
gies of the individuel gamma rays, the nonproportionality excess energy

is
D(E1,E;) = E —E - ,

with an error o(D) based on estimated errors in the quantities on the
right-hend side éf the eyuation. If the light-production processes from
the two gemma rays are independent and the lighf output of the crystal
is proportional to absorbed eneigy, this excess pulse height expressed
in egyuivalent energy units will be zerg, within the estimated error.
Thus, any value determined for D other than zero would indicatc nonpro-

portionality.



The résults shown in Table 11.1 indicate a lack of proportionality
of response in the cases studied.’ If the response is assumed to be
perfectly linear in the region of calibration (energies above 0.5 Mev),
the observed excess is just equal to the negative of the energy-axis
intercept of the linearly.extrapolated bulse—height vs energy curve which
would have been observed by using a pulse-height analyzer having dutput
strictly proportional to the pulse output 6f the photomultiplier. The
(30 £ 6)-kev excess is in gualitative agrecment wilh Lhe results ol Lie

other investigators who have reported a nonproportional response.®

Energy Spectra of Gamma Rays Associated with
the Thermal Fission of U235

The continuing studies at the Bulk Shielding.Facility of gamma radia-
tion associatedIWith the thermalrfission of U?3? have procesded alon,,
three closely coordinated paths. In the first and oldest of thése
studies, a final analysis of previously r-eportedar9 measurements of the
spectrum of prompt gémma rays of energies from 0.4 to 10 Mev has been
completed, except for corrections for the nonunigue spectrometer re- -
sponse and for thelvariation in spectrometer-efficiency with gamma-ray
energy. In the second effort, a preliminary analysis has been completed
of measurements of the spectrum of prompt gemma rays of energies from 10
to 800 kev, and, in the third study, a preliminary experiment intended
to measure the gross spectrum of gamma rays associated with the inter-
action of thermal neutrons with U?2° nuclei has been completed. The re-
sult of the second and third studies are presented~hére.

' The measurement of the low-energy portion of the prompt-gamma-ray

spectrum was initiated to verify the existence of a peak observed at the

7This investigation has been reported in detail zn ORNL-2801,
Observation of Nonproportionality of Response for a NauI (Tl) Scintil-
lation Crystal, by R. W. Peelle and T. A. Love (1959).

8F? C. Maienschein et al., Proc. U.N. Intern. Conf. Peaceful Uses
Atomic Energy, 2nd, Geneva, 1958, 15, 360 (1958).

. %ANP Semiann. Prog. Rep. March 31, 1959, ORNL-2711, p 136.
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Table 11.1.
_— of a Sodium Todide (Thallium-Activated) Crystal .

Summary of. Measuresments of "Nonproportionality Excess"

Emitter Nearest
of (iév) (kgi) (kg%) Caéizigiion ‘ DE?é%?z)
Cascade (kev) I
Y88 1840 + 2% £98.8 £ 1.2 2765.6 £ 5.5 2754b»(Na24) 26.8 * 6.2‘
yes 1840 t 2 896.8 * 2762.5 £ 3.7 2754 (Na2%) 23.7 % 4.2
Bi207 1063.7 + 0.3 569.6 * 1677.0 £ 6.0 1596° (Lal%9) 43.7 % 6.0
D-30zx 6

®R. W. Peclle and T. A. Love, Scintallation Spectroscopy Measurements of Gamma-Ray Znergies
from Sources of YBB, Mn54,

b

°K. Way et al., Nuclear Data Sheets,
Research Council. -

and 7n65, ORNL-2790C (1959).

A. Hedgran and D. Lind, Arkiv Fysik 5, 177 (1952):

NRC 58-2-66, National Academy of Sciences, National

'dThis average 1s based on the unlikely assumption that precise linearity of response exists

over the range of E; and E, values studied.

A weighted average of the three values of D yields

(30 £ 3) kev and the probability of 2% that a larger value of X? should have been observed with

the quoted errors.

The 6-kev standard error is based on the scatter among the three values.



lowest energies considered in previous experiments (~350 kev) and to ob-
tain information on the low-energy gamma ray spectrum that is important
in reactor heating calculations. A sodium iodide (thallium-activated)
single-crystal scintillation spectrometer, employed with a time-of-
flight teéhnique that utilized a 342-cm helium flight path, was used to
observe the gamma rays from a four-plate fission chamber containing ap-
ﬁroximately 14.0 mg of U237 positioned in a thermal-neutron beam from
the ORNL Graphite Reactor. The use of the time—of-flight'technique per-
mitted exclusion of pulses caused by neutfon interactions in the scintil-
lator. Extensive shielding of lead and lithiated paraffin reduced the
background to an unimportant ievel.

A very preliminary ahalysis of the data obtained from the low-energy
experiment is shown in Fig. 11.l, along with data obtained from the
previous higher energy experiments. For this analysis, the spectrometer
efficiency was guessed on the basis of published méasurements for a
similar crystal. The errors introduced by this approach, as well as the
lack of a correction for the nonunique response of the spectrometer, are
indicated by the marked diécrepancy in yield'wheré the two sets of data
overlap in the 0.4-Mev region. The recent data, however, substantiate
the presence of'the peak at approximately 350 kev which was observed
earlier., The peaks at approximately 15 and 30 kev are the result of
x-ray f'rom the light and heavy fission fragments.

The measurement of the total gamma-ray production from thé absorp-~
tion of tﬁermal neutrons by U239 was prompted by the need for such a
spectrum for shielding calculations. Since the fission rate was not
determined and several sources of erroré which were recognized could not
be corrected for, the experiment was considered to be preliminary and
only the relative shape was obtained.

* For this experiment, a three-crystal pair spectrdmeter2 was used to

y23° positioned over

examine the gamma radiation emitted by a disk of
the thermal column adjacent to the BSR-I. ©Substitution of a U238 qisk
of equal mass péermitted evaluation of' background radiation.

The results of this experiment are shown in Fig. 11.2, for which all

the data were normalized to give'the best fit. Also shown is a curve
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obtained by summing the prompt-fission and fission-product data reported

_in ref g, as well as data from an experiment by Motz .10

The appsarent
agreement ;n spectral shapes between the results of the two integral ex-
periments and the summation of prompt-fissiop and fission-product data

is encouraging. However, the errors in the integral measurements are so
large that no meaningful copclusions can be drawn concérning the other |
sources of gamma radiation, eépecially gamma rays from neutron capture in
U235 and radiation from very short-lived. fission products (Tl/2 < 1 sec).
A large number of difficultieé beset any attempt to make a measure-
ment of the gross spectrum with the existing apparatus. For example, the
requirement of a well-collimated, high-intensity, thermal-neutrcn beam
with little gammna-ray contamination and low background could not easily’
be met. Other requirements would be equally difficult, and it is not
clear that the effort necessary for an accurate measurement would be

warrented.

Corréction Factors for Foil-Activation Measurements of
Neutron Fluxes in Water and Graphite

A convenient method for the measurement of low-énergy neutron fluxes
in Various_médiﬁms is based upon the measurement of the gamma-ray ac-
tivity induced in thin foils of gold or indium placed in the medium, In
the application of this technique, however, the presence of the foil
within the flux to be»meésured creates a number’ of perturbations which
result in the measured activation of the foil not being exactly pro-
portional to the undistrubed neutron flux. The two most important dis-
turbances are categorized as self-shielding and flux depression. Self-
shielding érises from the attenuation of the neutron flﬁx as 1t pene-
trates the foill, so that the saturated activity of the interior of the
£0il is less than that of the surface léyers. Flux depression, also
known as self-shading and foil drain, describes the decrease in the flux

in the vicinity of the foil due to absorptions in the foil. Since the

103, W. Motz, Phys. Rev. 86, 753 (1952).
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Tlux or.trdck length of neutrons in a given small volume is due, in part,
to neutrons on their second, third, and subsequent flights through the
volume, insertion of an absorber reduces the flux by diminishing the
number of such flights., Use of cadmium covers for cadmium difference
measurements further complicates the foil response.

For commonly used moderators such as water and graphite, the average
lethargy increment, £, is considerably greéter than the resonance lethar-
gy width; the flux, thergfore, does not have contributions from second
and subsequent flights. As a consequence, the flux depression effect
becomes negligible, and the only perturbation remaining to be considered
is the self-shielding effect. '

Theoretical consideration of the self-shielding effect for isotropic

neulrons has resulted in the Pollowing approximations, which were derived
earlier by Wilkins.l! For very thick foils, .
ZoT © - ZoT 2
£(T) == [ 24z S E
Y (507/2) 22(2m2) /2 (2m)M/> <ZOT 3/2
| 2
, 4 1
= —— - : | (1)
31:1/“ (ZQT)l/Z . :
For very thin foils,
ZoT 1n ZOT
£(T) = 1 + ——0—— — 0.3274 50T + ... (2)
5

The behavior [or [oils of intermediate thicknesses is given by
> ) ‘ -
T w0 o Z

£(r) = — f(m/z) e [To(2) + Ta(2)] dz (3)

where 7 = (Zgy)/2, and Ip(z) are modified Bessel functions of the first

kind, of order p. Values of £(T) have been computed by numerical

117, £. Wilkins, The Activation of Thick Foils, CP-3581 (1946).

124



:

integration of Eq. 2 and are plotted in Fig. 11.3. The result for a
collimated beam is also plotted to give an uﬁpcr limit for the variation
of £(T) with angular distribution. Both thcse curves may be compared
with the data points shown in Fig. 11.3, which result from recent
measurements with indium foils made in the graphite of the ORNI, Standard
Pile with a radium-beryllium source. The values plotted are the satu-
rated activity per unit thicknéss normalized by using the method 6f least
squares to fit the data for the thin foills to the theoretical function
given by Lg. 2. The .value for Zg was taken to be (.18 cmz/mgJ as dé—
rived from the resonsnce parameters given in BNL-325.1%

The saturated éctivity per unit thickness for several thicknesses
of indium foil is shown in Fig. ll.4_asva function of cadmium cover
thickness. The data of Fig. 11.4 are from an experimental investigation
ofvcadmium transmission behavior. From these data it is concluded that
a 20-mil-thick cadmium cover is sufficiently "black" for all practical
§urposes. In contrast to'the results reported by Tittle,l3 no variation
with indium thickness has been observed in the slope of an exponential
curve fitted to the caamium transmission data.

Perturbations inherent in the use of indium foil detectors in the
thermal cenergy region have also been studied from theoretical and ex-
perimental viewpoints. An extension of the work of Bothe'* and Tittlel’
results in the following expressions for the flux depression caused by
foil:

oy(x) R Gy (x)]7

for R > L (4)

12p, J. Hughes and R. B. Schwartz, Neutron Cross Sections, BNL-325,
2nd ed. (1958). '

13C. W. Tittle, Nucleonics 9 (1), 60 (1951).

14y, Bothe, The Use of Neutron Detectors, CP-G-2964 (1945); Ifrom
7. Physik 120, 437 (1943).
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A

-1
P (x) = 1+ 0.34 0y(x) = ) for R << ) (5)
f - : tr

where
ap(x) = 1 — 2E3(x),
Za = macroscopic absorption cross 'section of the medium,
L = diffusion length in the medium,
R = radius of the foil,
Xtr = transport mean free path.

Comparison of results obtained by use of Eq._S with experimental data in
graphite shows good agreement; however, the flux depression is so sméll
for thé conditions of the experiment that Eqs. 4 and 5 are not given a

good test. A much more complete version of this work has been published.l5

15D, K. Trubey, T. V. Blosser and G. M. Estabrook, Neutron Phys.
Div. Ann. Prog. Rep. Sept. 1, 1959, ORNL-2842, Sec. 8.9.
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12. TOWER SHIELDING FACILITY

Pulse-Height Spectra of Thermal-Neutron Capture Gamma Rays
in Various Materials

Gamma rays resulting from neutron radiative capture, that is, those
from the (n,y) reaction, are often the most important source of gamma
rays in a reactor shield, and an éccurate knowledge of the spectra of
capture gamma rays from various materials is required for the proper
analysis of the results of many shielding experiments. Accordingly, an
experiment designed to measure the pulse;height spectra of gamma rays
resulting from the capture of thermal neutrons in a variéty of structural
and shielding materials has been performed at the Tower Shielding Facility.
Although a number of materials was studied, only the analyses for iron,
aluminum, and lead have been completed, and the discussion below will be
restricted to theéelthree materials. ,

The experimental arrangement is shown inIFig.'lé.l.' The source and
sample were placed near the center of a 4 X 4 X 3 ft tank containing oil.
The samples, which were uniformly & in. square and" 1/2 in. thick and had
2-in.-dia holes in their centersé were supported on a 6-in.-long lead
cone which had a 2-in. maximum diameter at its upper end. A Po-Be
neutron source was positioned at the lower end of the cone. The lead
served to reducé the number of 4.43-Mev source gamma rays reaching the
detector. The holes in the centers of the samples-allowed them to fit
around the lead so that the spectrum of gamma rays leaving the upper
end of the lead was the same in each case.

‘Neutrons from the éource were moderated to thermal energy by the
oii bath. Absorption of the neutrons in the samplesAthen resulted in
the emission of capture gamma rays. The gamma rays were detected by a -
scintillation spectrometer employing a 3-in.-dia by 3-in.-high sﬁdium
iodide (thallium-activated) crystal, and pulses produced by the scintil-
lation events within the crystal were fed ihto a ZOO-éhannel pulse-height,

analyzer,
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An 18-in. thickness of oil was maintained between the irradiated
_sample and the crystal in order to eliminate neutron interactions in the
crystal. The crystal was also surrounded by boronated Plexiglas to mini-
mize thermal-neutron activation.

The measurements with each sample consisted of two exposures, one
with the sample bare and another with the sample covered with a 3/16-in.
thickness of boronated Plexiglas. The boron reduced the number of thermal
neutrons reaching the sample; therefore, the difference between the
pulse~height spectra for the two cases can be attributed to gamma rays
from thermal-neutron captures in the sample. It is thus possible to
eliminate essentially all the extraneous contribution to the gamma-ray
spectrum, including that due to fast-neutron scattering in the sample.
The difference spectra below 4.5 Mev are not too reliable, since they
include a large contribution of 4.43-Mev gamma rays from the Po-Be
source, as well as a contribution éf carbon capture éamma rayé from the
0il bath. A peak of strong intensity in all probability would have been
observed anyway in the 4.43=Mev region of the capture gamma-ray spectrum
of the sample. The background: is included in all the plotted data. The
difference in background caused by the presenée of the boronated Plexiglas
was found to be negligible. ' » ' - '

The pulse-~-height spectrum for iroﬁ, shown in Fig. 12.2, displays
several prominent peaks at'9.24, 7.65, and 6.02 Mev. Prelipminary
analysis shows that the intensity of the gamma ray at 7.65 Mev is much
stronger than that of either of the other two.enérgies. Its presence
is attributed mainly to Fe57, since natural iron contains 91.6% of the
isotope Fe56, whose absorption cross.section is also 92% of the total
cross section for thermal neutrons. The measured value is also in good
agreement with the 7.639-Mev value for the gamma ray from Fe’7 obtained

by Kinsey and Bartholomew. !

The peak at 9.3 Mev represents the direct
transition to the ground state of Fe3?. The peak at 6.02 Mev is really

the combination of two gamma, rays of energies 6.015 and 5.944 Mev. Both

1B. B. Kinsey and G. A. Bartholomew, Phys. Rev. 89, 375 (1953).
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these gamma rays are believed by Kinsey and Bartholomew to come from the
Fe?7 isotope because of its relative abundance.

The pulse-height spectrum for .25 aluminum (Fig..lZ.B), shows only
one prominent gamma-ray peak at 7.74 Mev. This is in good agreement
with a previously observed value? of 7.73 Mev believed to represenﬁ a
direct transition to the ground state of A128. A contribution in the
lower energy region is possible through transitions from the many ex-
cited levels in A12%. The nearness of these levels makes it very
difficult to distinguish any particular gamma-ray energy, however.

Onlonne pecak, at 7.39 Mev, has been observed for lead (Fig. 12.4).
This agrees with the reported value of 7.40-Mev for Pb208, o peak from
Pp207 at 6.74 Mev is immediately evident in the data, since the ratio of
the intensities of the gamma rays from Pb2€8 and Pb207 parallels the

3 and the gamma ray from

ratic of their thermal-neutron cross sections,
Pb207 therefore would be masked by the 6.89-Mev first-escape peak from
Pb208. .

An attempt is being made to determine the peak efficiency of the
3-in.-dia by 3—in,-high'crystal for high-energy gamma'rays by experi-
mentally determinihg the number of neutron-capture gamma rays being
emitted from the iroh sample. To do this, it is necessary to know the
total number of thefmal neutrons being captured in the iron. Measure-
ments of this thermal-neutron flux are being made with indium and gold
féils using the same source and sample geometry as4in the capture gamma-
ray measurements. The surface of the sample facing the source is mapped
with a sheet of gold foll 5 mils thick, and small cadmium-covered gold
foils are used to obtain a cadmium ratio. Measurements of the thermal-
neutron flux on the uppef surface of the sample were made with the
indiuﬁ.foils. Eight successive increments of the sample were used so

that the attenuation through the sample could be observed.

°B. B. Kinsey, G. A. Bartholomew, and W. 1. Walker, Phys. Rev. 83,
519 (1951). -

3B, P. Adyaserich, B. D. Grosher, A. N. Demidon, Conference of the
Academy of Sc¢ience of the USSR on the Peaceful Uses of Atomic Energy,
Vol. 3, p 195 (1955).
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The uncorrected thermal-flux distribution through 1/2 in. of iron
is shown in Fig. 12.5. ‘A cadmium ratio through the iron varied from
‘ 7.7 on the sufface nearest the source to 7.3 at the center and 7.1 at
the other end of the sample. This différence would make only a slight
change in the shape of the curve. No corrections have Been applied for

flux‘depression due to the presence of the foils.

TSR~IT Experimental Shielding Program

As orlglnallv presented, 4 the primary consideration in the design
of the Tower Shielding Reactor II (see Chap. 13) was that a spherically
symmetric source of radiation should be provided which could be used
both to obtain basic shielding data and to check shield designs. The
spherical shape was specified so that the source-term corrections re=-
quired for reactors having a paradllelepipedal shape could be avoided.
The 500-kw power ol the TSR-I was clearly inadequate for the proposed
experiments,'and a power of 5 Mw was chosen as a compromise between need

and cost.

Beam Differential Experiments

The first shielding experiments with the TSR-II will be "beam
differential" experiments designed to supply information of a fundamental
nature. In these expériments a collimated sourcc of radiation (neutrons
or gamma rays) will be used, and the direction of the beam, as well as
the enetrgy specﬁrum, will be varied. The -detector will also be equipped
with a collimator.

During the beam differential exéeriments the TSR-II_will be encased
in the beam shield, which as described previously,ﬁiconsists of a lead-

water gamma-ray shield followed by a water neutron shield. The lead is

“C. E. Clifford and L. B. Holland, ANP Quar. Prog. Rep. Dec. 31,
1956, ORNL-2221, p.352.

5C. E. Clifford and L. B. Holland, ANP Semiann. Prog. Rep. Sept. 30,
1958, ORNL-2599, p 210.
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in the form of raschig rings which have a packing fraction of 50%. The
combined weight of the lead and water in the gamma~ray shield is 32,250
1b.. The neutron shield outside the gamma-ray shield is 78.7 cm thick
and weighs 38,500 1b. When structure weight is considered (9,097 1b),
the totai weight of the beam shield is approximately 40 tons. The radius
extending from the outer surface of the shield to the center of the
TSR-IT is 172 cm. ,

Two beam holes spaced 180° apart extend through the shield. These
beam openings are 15 in. in diameter at the outef periphery of.the
shield and are stepped down to a diameter of 10 in. half-way through
the shield. They are designed so that they can both be left open or so
that one or both can be plugged with various:materials. Thus, by filling
one beam hole with a lead and water plug having regions corresponding .
to the beam shiéld itself, a single beam of collimated neutrons and
gamma rays can be used to sweep a horizontal br vertical plane. Other
shielding materials can be used to provide a Beam with a more useful
spectrum. Several beam-hole inserts of various thicknesses of berylliuﬁ
and lithium hydride have been fabricated; lead and water plugs are also
available. . ‘

When horizontal rotation of the beam is required, the beam shield
will be supported from the reactor support platform.6 The shield and
all components of the plétform have been fabricated, and the rotating
mechanism has been tested. All the cbmponents necessary to sﬁpport the
shield and reactor for vertical rotation of the beam have also been
fabricatéd, and the rotating mechanism will be tested in the near future.

In order lo -effect collimation at the detector location, the de-
tector will be housed in a spherical lead andAwatér éhield pierced by
th collimators. The outer diameter of the shield, which 1s of carbon
steel structure, is 127 in. A centrally located detector chamber is
14 1/8 in. in diameter. This chamber is surrounded by a mixture of lead
and water much the same as the gamma-ray shield region in the reactor beam

shield. The total welght of the detector shield is 30 tons.

6Ibid., p 186.
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One collimator opening through the detector shield is conical, with
an included angle of 15° and & 4 3/4-in. diameter on the inside. The
sgcond collimator opening is cylindrical and is 16 1/8 in. in diameter.
Either collimator can be converted to a cylindrical 4.4-in.-dia opening
by the use of plugs. The plugs have three separate compartments which
can be filled independently. The openings can be further reduced to
3.3 in. in diameter by inserting Lucite liners in the plugs. Also, one
or both openings can be completely plugged. The entire shield can be.
rotated so that a collimator can point in any direction; however, the
support structure immediately above the shield would limit the usefulness

of data taken with a vertical collimator.

Shield Mockup Expériments

The first shield mockup experiment in which the TSR-IT will be uéed
as the source will employ a reactor shield designed by Pratt & Whitney
Airéfaft'ahd the compartmentalized cylindrical crew shield used in
earlier experiments at the Tower Shielding Facility.

The Pratt & Whitney shield is an optimized uranium—lithium hydride
shield contained within a stainless steel structure. Tt was constructed
so‘that design calculations for an advanced-reactor shield could be
checked. The complete shield is shown in Fig. 12.6. It consists of
" four sectidns, an inner section and three outer sections. The inner
section (Fig. 12.7) contains a 6.43-in.-thick layer of lithium hydride.
A depleted uraniium shadow shield is bolted on the outside of this inner
section, as shéwn in the lower righthand corner of Fig. 12.7.

The fwo largest outer sections are shown in Figs. 12.8 and 12.9.
These two sections, which are bdlted together around the inner section,
correspond to the left and middle sections of the shield shown in Fig.
12.6. Each of these two outer sections contains blocksfof lithium
hydride staggered so that no cracks extend through fhe shield. The
arrangement'of some of the blocks in oné of the outer shield sections
is shown in Fig. 12.10 before the stainless steel liner was welded in

place.
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The third outer shield section consists of the spherical .segment
shown on the righthand side of Fig. 12.6. It also contains lithium
hydride blocks.

The shield was fabricated in sections éo that it could be dis=-
assembled and the uranium shadow shield could be removed. Measurements
will be made with and without the shadow shieid in position so that its
effectiveness can be detefmined.

In éddition to the reactor shield, a special water-filled tank has
been fabricated ﬁo check the optimization of the shield. The tank is
"in the form of a 50° sector (25° polar.angle) of a spherical annulus
which has an inside, radius of 47 in. and an outside radius of 54 in.

It will move on a track which follows the contour of the shield.
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13. TOWER SHIELDING REACTOR II

The water-reflected TSR-II fuel elements, which had been thought to
contain sufficient fuel to provide excess reactivity in the completely -~
assembled reactor, would not go critical even in the absence of the con-
trol rods, as reported previously.l In order to correct this and at the
same timeAto eliminate any possibilities of dangerous void formations
within the reactor; the spherical internal reflectorvrégion was re=-
designed. The entire control mechanism assembly was placed in a 17-in.-
dia aluminum sphere which almost completely fills the reflector. The
addition of this aluminum, together with the addition of»alumiﬁum plugs
in the framework supborting the control mechanism, increases the re-
activity of the reactor. It also restricts the water flow in the
reflector region to the small annulus betwéen the fuel and the sphere.
Any voids which are formed in this region will be too small to cause
severe reactivity effects. ‘

‘An exploded view of the 17-in.-dia sphere is shown in Fig. 13.1.
The contents of the sphere are also visible in the figure, including
‘the six control rods? énd the aluminum plugs. Except for the top rod,
which is the regulating rod, the rods are keyed so that they can move
over four alumlnum plugs without making contact.

When the redesigned control system was fabricated, a second set of
critical experiments was performed at the Cfitical Experiments Facility
with the full-core geometry. In theée experiments it was discovered that
the excess realized by displacing water in the internal region with
aluminum was offset by the boron in the control rods and the lead-boron
shield surrounding the fuel annuwlus. Thus, the reactor was again sub-

critical.

'ANP Semiann. Prog. Rep. March 31, 1959, ORNL-2711, p 143.

>The term "control" rod is used for all references to a neutron-
absorbing device in the TSR-II, since it has been almost universally
used in this manner. In the case of the TSR-II, each control rod con-
gists of dished, hermctically sealed plates of stainless steel fillea
with boron carbide.
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In order to obtain sufficient excess reactivity to perform calibra-
tion experiments, fuel-bearing plates were placeq on the outside of the
17=in.=-dia aluminum sphere housing the control mechanism. Calculations
based on the subsequent experimenfs indicated that the additibn of 230 g
of U?3? as an outer skin on the sphere should provide.an excess re-
éctivity of approximately 1.4% Bk/k. Accordingly, cover plates containing
233 g of U??° have been fabricated. ' )

The critical experiments with the full«core geometry included the
calibration of the regulating rod by the inhour method. The rod was
found to be worth 0.3% Bk/k_and to be quite linear. The bulk tempera-
ture coefficient of reactivity was also measured, an excess of 0.77%
6k/k being required to compensate for a temperature rise of from 67 to
160°F. From ﬁhis experiment the temperature coefficient of reactivity
at 140°F, which will be the mean core temperature during 5-Mw operation,
was fourid to be -8.5 x 1077 (8k/k)/°F. This is to be compared with a
calculated value of -1.34 X 10™% (8k/k)/°F.

Rod-drbp measurements were made to determine the worth of the shim-
safety rods. The results, which were quite consistent for a number of
measurements and for different chamber loqations,'showed that full in-
sertion of all the rods gave a reactifity reduction of 4.25 dollars. A
series of additional meaSurements with the shim~safety rods yielded the
follbwing information: .

1. The reactivity controlled by the motion of either boronbor
cadmium-filled rods was approximately equal. (Roth are black to thermal
neutrons. ) ‘

2. Displacing water with the 20 aluminum plugs extending through
the control rods added an excess reactivity of approximately 0.5% bk/k.
Air-filled plugs.added very little more reactivity.

"3. Removing the aluminum plugs and filling the holes in the rods
with boron reduced the reactivity of the reactor by 0.15% 5k/k but did

not measurably change the reactivity controlled by the motion of the
control rods.
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b The worth of all the.shim-safety rods in their fully witﬁdrawn
position was 2.25% ®k/x. ’

In one critical experiment it was found that the lead-boron shield
reduced the reactivity by approximately 0.9% 6k/k. During these critical
exXperiments, the operation of the control ﬁechanisms proved to be satis-
factory, but the solenoid valves designed to scram the mechanisms proved
to be unsatisfactory. The malfunction was caused by an accumulation of
debris in the valve. 'They have now been replaced with new solenoid by~
pass valves dcsigned.to overcome this fault. One new valve has operated
satisfactorily for three weeks under conditions similar to those in the
critical experiments. After the critical experiments were performed,
the control mechanisms were operated in boiling water for 8 hr per day
for two weeks, and no ill effects or misoperation were noted.

A baffle plate, which is satisfactory but not completely optimized,
has been developed to distribute the water flow through the‘lower central
elements. The flow 1s positive in all channels and no swirling or
eddying has been observed in ahy channel,v Measurements are continuing
to optimize the distribution. The éctual fuel elements are being used
for these measurements so that they will not have to be repeated in later
shakedown tests at the Tower Shielding Facility.

The TSR-II control system ‘and thé water-cooling system have béen_
installed and tested at the Tower Shielding Facility.insofar as they can
be withoul an operating reactor. The oﬁly difficulty encountered was in
the operation of the main three-way bypass valve in the cooling water
system. Although it can be used-withvcertain prcéautions, it does not
meet specifications against chattering, and the vendor has agreed to
supply a éatisfactory valve.

Experiments were performed to determine the pressure differential
required to dislodge various fuel plateé from the TSR-~II elements. Dummy
anmilar fuel elements were pressure tested by means of air inflation of
a plastic bag placed befween adjacent plates. The data obtained by

pressurizing to the point of plate failure are summaried in Table 13.1
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Table 13.1. Pressure and Loads Necessary to Dislodge Fuel
Plates from TSR-IT Annular Elements

Plate No.* Total Load (1b) Unit‘Pressure.(psi)
72 106 3.1
7 225 4.9
70 : 213 3.9
69 341 5.3

¥Fuel plates are numbered from 41 to 72, inside to
outside.

The major components of the TSR-II are now being assembled in the
ORNL shops. As soon as it is demonstrated that they can be asscmbled
satisfactorily, the reactor will be dismantled and reassembled at the
TSF site for a series of low-power (100 kw.or less) experiments.3 The
results of these experiments will be used as a basis for preparing a
hazards evaluation for high-power (5 Mw) operation.

Deveiopmental work has been performed on an alternate control
mechanism and control mechanism housing, and a test model of a control -
mechanism that has a mﬁch shorter release and scram time than that of
the present mechanism has been developed which shows promise of giving
longer trouble-free.operation. Since TSR-IT plans have always included
an extra complete control_sy§tem, the new improved system will be fabri-
cated-for use in the reactor, and the existing control mechanism will be

reserved as a standby.

’These experiments are described in a.report by L., B. Holland and
C. E. Clifford, Description of the Tower Shielding Reactor II and Pro-
posed Preliminary Experiments, ORNL-2747 (1959).
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