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SUMMARY

ANP METALLURGY

General Corrosion. — Operation of a thermal-
convection loop containing NaF-ZrF ,-UF, (50-
46-4 mole %) was terminated after 1000 hr. The
hot leg of the loop was made up of six Inconel
segments brazed with Coast Metals 52. The
brazing alloy showed good corrosion resistance to
the fused salts. Maximum attack on the Inconel
inserts was 4 mils.

A series of brazing-alloy buttons was tested in
static NaF-ZrF -UF, (50-46-4 mole %), NaOH,
and sodium at 1500°F for 100 hr. The high-nickel-
content alloys, Coast Metals 52 (89% Ni-5%
Si—-4% B-2% Fe) and General Electric 81 (66%
Ni~19% Cr—10% Si—4% Fe~1% Mn), showed good
and fair resistance, respectively, to corrosion by
sodium. The 60% Pd-40% Ni alloy tested in the
fused salt and NaOH
resistance to both media.

A series of brazing alloys on Inconel T-joints
was seesaw-tested in sodium and NaF-ZrF ,-UF
(53.5-40-6.5 mole %) at 1500°F. The 80% Ni-10%
P-10% Cr and the 75% Ni—-25% Ge alloys showed
good to fair corrosion resistance to both media.
An 80% Au-20% Cu alloy showed fair resistance
to attack in the fused-salt bath.

A series of type 304 stainless steel and Inconel
T-joints brazed with alloys submitted by the Wall
Colmonoy Corporation was tested in static sodium
and NaFE-ZrF ,-UF, (53.5-40-6.5 mole %). The
76.8% Ni-13% Si-10.2% P alloy showed good
corrosion resistance to both media. In this series
of tests, it was found that brazing alloys having a
relatively high percentage of phosphorus appear to
have inferior corrosion resistance to sodium, and
silicon tends to improve the corrosion resistance
of these alloys. On the other hand, alloys having
a high percentage of silicon and no phosphorus are
heavily attacked in the fused-salt mixture.

A series of brazing alloys on ‘A’ nickel T-
joints was tested in sodium, NaF-ZrF ,-UF , (53.5-
40-6.5 mole %), and NaOH. The alloys 90%
Ni~10% P, 80% Ni—10% Cr-10% P, and Nicrobraz
{(70% Ni-14% Cr-6% Fe-5% B-4% Si-1% C)

showed good corrosion

showed good to fair corrosion resistance to sodium
and fluoride salts. The precious-metal alloys
82% Au—18% Ni and 80% Au—-20% Cu showed good

resistance to corrosion in NaOH.

Seesaw tests have been conducted on a series of
four low-cross-section Ni-Cr-Ge-Si alloys. Sodium,
NaK, and NaF-ZrF“-UF4 (53.5-40-6.5 mole %) at
1500°F were used as the corrosive media. The
tests were performed in order to determine the
feasibility of using these alloys in the fabrication
of NaK-to-fuel heat-exchangers. The nickel con-
tent of the alloys ranged from 59 to 70%. Tests to
date indicate that the high-nickel-content alloys
in this series have the best corrosion resistance
to NaK. The 70% Ni-11% Cr-13% Ge—-6% Si alloy
showed fair corrosion resistance to NaK and the
fused-salt mixture.

A number of small Chromel-Alumel thermocouple
wells fabricated from Inconel tubes and Chromel-
Alumel wires have been seesaw-tested for 100 hr
in sodium and NaF-ZrF ;-UF , (50-46-4 mole %) at
1500°F. The Chromel-Alumel content of the
welded portion of the thermocouple wells wos
varied. The purpose of the tests was to determine
if the corrosion rate on the thermocouple wells
would be affected by the high silicon, manganese,
and aluminum content of the Alumel. It was found
that on increasing the Chromel-Alumel content of
the welds their susceptibility to attack by the salt
mixture increased.

A ruthenium-plated Inconel specimen has been
rupture-tested by the Mechanical Properties Group.
Tests to date indicate that ruthenium has no ad-
verse effect on the physical properties of Inconel.

Several tests have been conducted to determine
the effect of a small air leak on the corrosion of
Inconel in NaF-ZrF -UF, (50-46-4 mole %). The
test capsules were very heavily attacked by the
contaminated sakh.

Molybdenum specimens tested for 30 min in
contact with NaF-ZrF ,-UF, (53.5-40.0-6.5 mole %)
at 2430°F were unattacked.

The solubility of lithium in NaK (56-44 wt %)

was determined by differential thermal analysis.
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The results indicate that 0.25 wt % lithium is
soluble at 75°C, which is a very low solubility.

Inconel and type 316 stainless steel were found
to have good corrosion resistance to static NaK
(56-44 wt %) containing added lithium in the range
from 1 to 30 wt %.

The extent to which AISI 1043 plain carbon steel
is decarburized by molten sodium at 1000°C in
Armco iron and type 304 ELC stainless steel con-
tainers was determined after 100 and 400-hr ex-
posures.

Tests conducted for the purpose of determining
the extent to which sodium will penetrate beryllium
metal during a 1000-hr exposure indicate that the
amount of penetration at 1500°F is negligible.

The extent to which beryllium metal mass trans-
fers and/or alloys with Inconel when both metals
are immersed for 1000 hr in sodium at 1200°F has
been studied as a function of their separation
A spacer distance of 20 mils was re-
quired in order to prevent compound formation on
the surface of the Inconel.

A thermal-convection-loop test to study the
compatibility of beryllium and Inconel in sodium
at 1300°F revealed that extensive alloying of the
Inconel with the beryllium occurred where the
surfaces of these metals were in close proximity.

Tests have been conducted for 1000 hr in sodium
at 1200°F to study the extent of dissimilar-metal
mass transfer of beryllium metal to Hastelloy B as
a function of the distance between the two ma-
terials. In order to avoid extensive alloying of
Hastelloy B with beryllium at 1200°F, a minimum
spacer distance of 20 mils is recommended.

An Inconel loop has been tested for 1000 hr with
boiling sodium at 1500°F. An appreciable amount

distance.

of mass-transferred crystals was detected in the
cold trap in the condenser pipe. Intergranular
cracking to a maximum depth of 25 mils was de-
tected in the center section of the condenser pipe.

Three type 348 stainless steel loops have been
operated with boiling sodium for various lengths of
time to study the extent of mass transfer in a
stainless steel—-sodium system in which the oxygen
content of the sodium is held to a very low level.
No mass-transferred crystals were detected in the
cold sections of these systems.

Type 316 stainless steel thermal-convection
loops have been tested with sodium in order to
study the effect of a diffusion cold trap on the
amount of corrosion and mass transfer observed in
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such a system. In these tests the attack was less,
and there were fewer mass-transferred crystals in
the loop that had a diffusion-type cold trap.

Cathalloy A-31 (4 wt % tungsten—balance nickel)
was found to have good corrosion resistance to
static sodium at 1500°F,

The alloy Alfenol (84 wt % Fe—16 wt % Al) was
corrosion-tested. It was found to be resistant to
attack by static sodium and lead at 1500°F but
heavily attacked by lithium and NaF-ZrF ,-UF,
(53.5-40.0-6.5 mole %) under the same test condi-
tions.

Two special heats of Stellite have been exposed
to lithium at 1500°F for 100 hr. Both alloys were
heavily attacked in certain areas. Experiments
thus far performed on the determination of the
amount of lithium soluble in NaK (56-44 wt %)
have indicated that a slight amount of lithium dis-
solves in NaK, but the amount is very small near
room temperature.

Alloys of special compositions have been pre-
pared by the Metallurgy Division and have been
subjected to corrosion tests in static sodium hy-
droxide at 1500°F for 100 hr. The most promising
alloy in the group was a 90% Ni—10 Mo composi-
tion which experienced less than }2 mil of attack.
Further tests are to be conducted on alloys of this
composition.
on two sets of
carbide—cobalt
cermets did not show any corrosion after having
been tested for 100 hr at 4.25 cpm in the seesaw
apparatus containing NaF-ZrF ,-UF, (53.5-40-6.5
mole %) .

Ten titanium carbide cermets with high contents
of metal binders, three with cobalt-base alloys and
seven with nickel-base alloys, have been tested in
NaF-ZrF -UF , (53.5-40-6.5 mole %). Only two
showed attack under metallographic examination.
One of the attacked specimens was bonded with a
cobalt-base alloy which had a relatively high
chromium content, and the other was a nickel-base
alloy with aluminum added. Depth of attack was
less than 8 mils for both.

Seven tungsten carbide cermets with various
alloys as binders were corrosion-tested in sodium
and in NaF-ZrF ,-UF, (53.5-40-6.5 mole %) and
showed no attack on metallographic examination.

Specimens of carbides of boron, titanium, zirco-
nium, and chromium were corrosion-tested in static

sodium, NaF-ZrF“-UF'4 (53.5-40-6.5 mole %),

Metallographic examinations

specimens from four titanium
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lithium, and lead. The results indicated that
titanium and chromium carbides have the best cor-
rosion resistance to all the test media.

Specimens of the ‘nitrides of boron, silicon, and
titanium tested in static sodium, NaF-ZrF -UF,
(53.5-40-6.5 mole %), lithium, and lead all showed
some promise of corrosion resistance to each of
the media, except to lithium.

Relatively dense rare-earth-oxide bodies, one of
Sm,0, {5.88 g/cc) and the other of 63.8% Sm 04—
26.3% Gd,0;-balance primarily other rare-earth
oxides (6.58 g/cc), showed good resistance to
corrosion by static sodium at 1500°F after 1000 hr,
with possibly slight reductions in strength.

A porous body, consisting of 63.8% Sm,0,~
26.3% Gd,0;~balance primarily of other rare-
earth oxides, had an apparent porosity of 53.5% to
water at room temperature. It had a 52% apparent
porosity to static liquid sodium after a 100-hr ex-
posure to the sodium at 1300°F.

A few recheck solid-phase-bonding tests on
titanium carbide—nickel cermets tended to con-
firm the results from original tests. A test was
included in which the cermets in the shape of
actual valve parts (disk and seat) were used
rather than bar-shaped specimens.

Dynamic Corrosion. — Results are reported for
several Inconel forced-circulation loops operated
to evaluate the corrosive properties of fused-
fluoride mixtures. Tests conducted for various
times under similar conditions show a rapid initial
period of attack followed by a constant rate of
attack of 4 mils per 1000 hr. Chromium content of
the fluoride appeared to reach an equilibrium value
during the stage of rapid attack and remained
constant during the remainder of the test.

The effect of wall temperature on the depth of
attack was found to be very important in both gas-
fired and resistance-heated pump loops. [f this
temperature is held constant, variations in the
maximum temperature of the bulk fluoride mixture
have little effect on the extent of corrosion.

Changes in the ratio of hot-leg surface area to
volume were investigated in pump loops which
contained reservoirs that permitted this ratio to be
decreased by a factor of either two or four. The
maximum attack which resulted from the smaller
decrease, keeping the heater surface constant,
was comparable to the attack in a loop of standard
volume. However, decreasing the ratio by a tactor
of four produced a slight increase in attack which

was accompanied by a bronze-colored film in the
cooler portions of the loop.

Additions of ftrivalent uranium fluoride to mix-
tures of NaF-ZrF ,-UF , (50-46-4 mole %) resulted
in some reduction in attack in Inconel pump loops.
The operation of such loops with NaF-KF-LiF-UF,
to which similar amounts of UF; were added
showed a much greater reduction in attack, but a
continuous metal deposit of uranium occurred in
the colder portions of the loop.

The effect of oxide contamination on mass trans-
fer by sodium has been studied by utilizing Inconel
forced-circulation loops. An oxide addition of
0.15 wt % greatly increased the amount of mass
transfer in such systems at 1500°F, although an
addition of 0.05% had very little effect. Systems
containing cold traps and barium additions pro-
duced deposits similar to those in loops opercted
without cold traps and with clean sodium.

An Inconel pump loop which circulated sodium
at a relatively low maximum fluid temperature
(1000°F) was found to be completely free from
deposited metal or hot-leg attack.

Three Inconel pump loops which circulated NaK
at 1500°F for 1000 hr produced metal deposits
similar to those found in sodium loops. Bypass
cold traps used in conjunction with two of the
loops were not measurably effective in reducing
mass transfer. A pump loop of 316 stainless steel
was operated at 1500°F for the purpose of evaluat-
ing this material as a container for sodium. De-
posits in this loop were fewer than those in Inconel
loops operated under similar conditions.

To determine the corrosive effect of fluorides
on Inconel containing varying amounts of UF,,
several thermal-convection loops were examined.
The results tend to confirm those obtained in the
pump-loop studies discussed above in which simi-
lar UF, additions were used. A series of six
Hastelloy B thermal-convection loops, which had
their original inside surfaces removed by a reaming
operation, were tested with a fluoride-salt mixture
and with sodium. Neither system showed signifi-
cant increases in attack or in amount of metal
deposited with increasing operational times. An
unreamed Hastelloy B loop operated with sodium
showed deposits similar in amount to those in the
reamed loops discussed above that were operated
Two Hastelloy B
thermal-convection loops showed good corrosion

under comparable conditions.
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resistance in NaF-LiF-KF-UF, (11.2-41.0-45.3-2.5
mole %) after 500 and 2000 hr ot 1500°F.

A series of nickel-base alloys with various
molybdenum contents was tested in NaF-ZrF ,-UF ,
(50-46-4 mole %) at 1500°F. Attack was found to
A 5%

chromium addition made to one of the alloys

be insignificant in all of these alloys.

showed no effect on the extent of corrosion.

Mechanical Properties. — The results from creep-
rupture tests and tensile tests of Hastelloy W indi-
cate that this alloy has high-temperature-strength
properties similar to those of Hastelioy B and
that it exhibits better ductility than Hastelloy B
in hot tensile tests.

Inconel design curves at 1300, 1500, and 1650°F
are presented for both low- and high-temperature-
annealed material tested in argon and in fused
salts. It is shown that specimens annealed at the
higher temperatures, before testing in the fused
salts, do not show the marked decrease in creep
properties that is evidenced by the material an-
nealed at the lower temperatures.

Analysis of the data from Inconel tube-burst
tests shows that the deformation in the direction
of the maximum stress is considerably less than
the deformation noted in uniaxially stressed In-
conel specimens, indicating that the biaxial stress
system is reducing the ductility of the material.

Comparison of data obtained at Cornell Aero-
nautical Laboratory with data obtained at ORNL
seems to indicate that the effect of corrosion, of
fine-grained Inconel by fluoride fuel No. 30, on the
creep strength is somewhat insensitive to the
severity or depth of attack and is more dependent
on the mechanism of deformation.

Nondestructive Testing. — A brief description
and explanation of two types of eddy-current
inspection are given.

The advantages of the ?74-in. high-resolution
transducer are presented, and the necessity for
collimation is noted. Metallographic examination
has been used to identify several defect types
with their respective indications, and correspond-
ing data are presented for (1) a longitudinal crack,
(2) intergranular attack, (3) a small gouge, and
(4) inside-diameter defects.

A table correlating the number of defects de-
tected by radiography, fluorescent penetrant, and
ultrasound in a sample lot of tubing is included.

Welding and Brazing. — Several NaK-to-air radia-
tors that failed are being examined with the intent

of making recommendations to correct the causes
The development of new tech-
niques to be used in the fabrication of subsequent
radiators and pumps is also underway. Weld-
shrinkage tests are being performed in an effort to
predict the shrinkage to be expected in the fabrica-
tion of the ART. A study of new low-cross-section
brazing alloys is described. Methods of joining
cermet valve components to metals are also
discussed.

for these failures.

Faobrication. — Efforts were concentrated on the
production of suitable B C-base tiles for the ART
neutron shield and on an evaluation of the proper-
ties of such tiles. It became evident that boron-10
would not be available in quantity but that a
density of 1.2 g/cc of normal boron in the shield
was considered fo be an acceptable minimum.
metal-bonded boron bodies were
studied for the purpose of aveciding, if possible,
the use of hot-pressed B ,C, which suffers radia-
tion damage. Boron densities in these bodies
varied from 0.30 to 1.5 g of boron per cubic centi-
meter.

Numerous

Metal matrices of copper, iron, and molyb-
denum were evaluated. A rapid deterioration of
the metallic properties occurs as the boron content
is increased. The most promising cermet was the

copper-B ,C mixture.

A design scheme for the ART shield was de-
vised which permits the radiation damage to be
absorbed in a ductile matrix of copper and, also,
permits the use of B,C ceramic tiles for increas-
ing the boron density, thereby reducing the NaK
This was achieved through the use of
a layer of copper-B,C backed by canned B,C
ceramic tiles.

activation.

An irradiation test was made for the purpose of
determining the extent of helium evolution from
B,C at high temperatures and, thus, to ascertain
whether or not venting of the shielding layer would

be needed.

Several other methods of preparing shielding
components were studied, such as the casting of
mixtures of borides and metals and the fabrication
of cermet compositions high in B,C or boride

content.

Compatibility tests of Inconel-B ,C combinations
were run in order to determine whether it is neces-
sary to coat B,C tiles; also, possible coating ma-
terials were tested in order to determine their
compatibility with B ,C and Inconel.
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The reactions which occur between Inconel and
metal borides, oxides, nitrides, carbides, and
carbonitrides were determined at temperatures
between 1100 and 2000°F. The reactions be-
tween Inconel and boron-containing materials
would prohibit their use in contact with each other
at temperatures above 1500°F.

The extrusion of Hastelloy W tube blanks from
forged billets was unsuccessful because of hot
shortness of the material. Metallographic examina-
tion of a cracked extrusion revealed eutectic melt-
ing at the base of o crack. ldentification of the
eutectic was not possible.

The conditions for extrusion of Hastelloy B are
still not definite. Three duplex billets of type
316 stainless steel clad with Hastelloy B were
extruded but were wunsatisfactory because of
cracking and roughness resulting from poor lubrica-
tion.  Attempts to improve the lubrication of
Hastelloy B by flame spraying it with a heavy
layer of type 304 stainless steel were only moder-
ately successful. A major effort was directed
toward improving the melting practice of the
Hastelloy alloys and toward developing a more
satisfactory technique for lubrication during ex-
trusion. These studies were carried out with fair
results on heats of nominal composition of Hast-
elloy B to which carbon was added in amounts up
to 0.1%. The carbon additions were effective in
reducing oxide-type inclusions, and the ingots
were hot-rolled to sheet successfully. A similar
series of melts of Cr-Mo-Ni compositions with
carbon additions is being prepared in an effort to
improve fabricability of these alloys.

Preliminary work on fabrication of seamless
duplex tubing has been completed. Tube blanks
of nickel-, Inconel-, and monel-clad type 316
stainless steel were extruded without difficulty.

It was demonstrated that control rods containing
30 vol % of rare-earth oxide can be fabricated by
canning a cermet-type core in a capsule of suit-
able cladding material and hot swaging the com-
posite.

Physical-property data were obtained for ex-
truded control-rod parts containing rare-earth
oxides and for the iron-zirconium alloys which
were fabricated during the last period.

Encouraging results were obtained on the ex-
trusion of simulated seamless tubular fuel ele-
ments; mixtures of Al,O, and stainless steel were
used as the cores. Three-ply extrusions at ratios

of 9:1 and 21:1 showed fairly uniform cladding and
core thickness. Sections have been sent to the
Superior Tube Co. for redrawing. A similar tech-
nique is planned for the extrusion of control rods
containing a mixture of 30% Lindsay oxide—70%
nickel in the core.

The fabrication problems associated with In-
conel-clad niobium, such as welded seams and
pack rolling to produce greater thicknesses, are
being studied. Room-temperature tensile tests of
pack-rolled clad-niobium sheet have been com-
pleted; results compare favorably with wrought
stock.

Work has continued on diffusion barriers for
cladding niobium with Inconel. At present the
duplex barrier of copper—stainless steel looks
most promising. A technique has been developed
by which completely clad specimens of niobium
can be prepared for creep testing.

Extensive compatibility tests of UO, and nio-
bium, using both powdered and wrought niobium,
were carried out by heating for 500 hr at 1000°C.
All evidence indicates that the two materials are
compatible.

Several compositions were tested for the fabrica-
tion of a high-density, low-thermal-conductivity
barrier shield plug for the ART pumps. Fabrica-
tion procedures have been established for several
suvitable materials. A thermal-conductivity ap-
paratus has been constructed and tested, and
several specimens have been prepared for con-
ductivity measurements.

Several protective coatings and cladding ma-
terials for the lithium-magnesium alloy have been
investigated.

Physical Chemistry of Corrosion. — An expres-
sion for the activation energy for the rate of solu-
tion of a solid metal in a liquid metal has been
derived and shown to be equal to the temperature
coefficient of the Epstein mass-transfer equation.
Measurements of absorption spectra of fused elec-
trolytes continue.  Studies of the martensitic
transformation in NaNiO, were completed. Meas-
urements were made of the kinetics of oxidation of
alkali metals and of the topography of oxide films
formed on niobium.

HRP METALLURGY

A metallographic study of the heat-treated struc-
tures obtained in Zircaloys-2, -2W, -3A, -3B, and
-3C has been initiated. Conclusions on the tem-
perature range of the (a + ) fields, rates of grain



structures, randomization of
transformation structures, and

growth, anneafing
rolling textures,
stringers in hot-rolled plate have been drawn. A
similar study on zirconium-hydrogen and Zircaloy-
hydrogen alloys has been initiated, and several
conclusions on hydride formation are reported. An
identification technique for identifying hydrides
in the microstructure has been developed. A
preliminary investigation has been started on the
zirconium-niobium alloy system.

Stress-corrosion testing of stainless steels at
low stress has continued, but the lack of repro-
ducibility prevents the reporting of data. Cell
measurements of onnecled and cold-worked 304
stainless steel have shown that the cold-worked
specimens are more negative to a calomel electrode
than the annealed specimens. Inconel-X heat
treated to spring temper was stressed at 90,000 psi
in boiling 42 wt % MgCl , and showed no corrosion.

No embrittling effects on aging Zircaloy-2 for
periods up to 1585 hr at 250°C were found in
either tensile or impact tests.

A procedure has been developed and tested
whereby titanium welds may be made in air with
only the inert gas from the torch and backup gas
being utilized to protect the weld from contamina-
The welds are of high quality and are only
slightly harder than welds made in a high-purity-
atmosphere box.

tion.

APPLIED METALLURGY

Process Metallurgy. — Investigations have been
continued for the purpose of determining the
feasibility of manufacturing afuminum fuel ele-
ments with 25 to 45 wt % uranium—aluminumalloys.
One 14-plate fuel element containing 27 wt %
vranium~aluminum alloy has been manufactured by
the utilization of conventional fabrication pro-
cedwes, with the exception that the fuel core
thickness in each plate was increased to 0.075 in.
Segregation in castings containing 35 and 45 wt %
usanium has been improved, but further refine-
ments are necessary in order to establish an ac-
ceptable melting and casting procedure. Efforts to
roll the 45 wt % uranium—aluminum alloy into core
material have been successful, and roll-bonding
this alloy into clad fuel plates has been improved.

Development of aluminum-boron and aluminum-
vranium-boron alloys has been continued. Dif-
ficulty has been encountered in melting and cast-

ing homogeneous alloys. Recent experience has

revealed noticeable segregation at the top and
bottom of the cast slabs, although the material
available after selective cropping appears to be
homogeneous. The addition of nickel boride
appears to improve the homogeneity of both the
binary aluminum-boron as well as the ternary
aluminum-uranium-boron alloys. Two MTR ele-
ments containing boron in the fuel alloy have been
manufactured and delivered to the MTR for irradia-
tion testing.

Studies
vacuum melting practices for nickel- and iron-base

have been undertaken to investigate

in an effort to
Experi-
ments include evaluating the effect of temperature,
macrostructure, and impurities in the resultant
casting.

Several
nium ranging from 1 to 98 wt % were cast and
fabricated into plate and wire. Difficulty was
experienced in fabricating alloys with composi-
This
problem was circumvented by jacketing the alloy
in stainless steel.

Manufacture of 351 aluminum MTR-type fuel units
has been accomplished. These units include re-
placements for the Materials Testing Reactor, the
Ground Test Reactor, the Bulk Shielding Reactor,
and the Low Intensity Reactor. Initial loadings
have been produced for the Naval Research Reac-
tor and the University of Michigan Research
Reactor.

Army Package Power Reactor. — Development of
the components for the APPR-1 has been essenti-
ally completed.

alloys containing molybdenum

improve quality of the extruded product.

thorium-uranium alloys with the ura-

tions containing greater than 5% uranium.

Refinements have been made so
as to permit manufacture of composite plates and
fuel elements within the specifications estab-
lished. Oak Ridge National Laboratory has been
selected to produce 71 fuel elements and 14 ab-
sorber sections, sufficient components for 1]/2
reactor loadings. All pertinent engineering draw-
ings have been received, fuel-element manufac-
turing procedures have been established, and
fabrication of enriched plates is scheduled for
April 1, 1956.

Considerable effort has been devoted to the
selection of materials and the development of
procedures for the processing of absorber plates
for the control rod. After evaluation of the various
systems in which natural boron was to be utilized,
the natural boron was abandoned in favor of the
powder-metaliurgy iron-boron composite clad with



wrought stainless steel. Several plates contain-
ing 3.4 wt % B'% in an iron-matrix core and pre-
pared by powder-metallurgy processing have been
satisfactorily clod with stainless steel by roll
bonding.

Postirradiation examination of APPR fuel plates
sectioned from the APPR test assembly irradiated
in the MTR revealed no gross damage effects
{i.e., blistering, warpage, etc.). Postirradiation
evaluation of APPR plate sections in which the
UO, particle size ranged from 7 to 11 and 88 to
105 g and which were irradiated in the MTR
revealed that fission-fragment damage was more
extensive in specimens containing the finer par-
ticle sizes. A UQ, particle size of 44 to 88 i has
been selected for the APPR fuel plates.

Metallurgical Materials and Processing. — Com-
pacts prepared by pressing thorium amalgam from
the Metallex process have been examined by dif-
ferential thermometry. The results indicate that a
period of '‘free’’ mercury evolution is followed by
three arrests, which imply compound decomposi-
tion. Sufficient thorium (~20 Ib) was prepared by
retorting thorium amalgam to permit two extrusion
experiments. One billet extruded to give a sound
rod; the other yielded a poor rod which resulted be-
cause of a surface-conditioning treatment prior to
extrusion. Tensile tests of the extruded thorium
indicate that extrusion alone will not yield satis-
factory rod. Need for arc melting of the retorted
product is indicated.

The recording of slug failures in the ORNL
Graphite Reactor has been continved. The data
continue to support earlier observations that in-
completely beta-transformed slugs account for the
majority of the slug failures.

Disintegration of type 304 stainless steel has
been effected by limited carburization and subse-
quent freatment with a copper sulfate plus sulfuric
acid solution, only 1% of the stainless steel going
into solution. Iron-base alloys containing 25%
chromium and 5% aluminum have responded to a
nitriding treatment and breakdown into a granular
powder.

CERAMICS RESEARCH

The production of hydrothermally grown UO, has
been improved by a study of the variables in-
volved.

The Si-SiC fuel-element development program
has been continued by studies of the incorporation

of fuel into the compacts, by investigating the
causes of cracking in the impregnated plates, and
by an increased radiation-damage study program.

A study of yttrium oxide has been carried out,
and a paper has been prepared for presentation.

Thoria suspensions in water have been studied
in order to discover the cause of settling; the
electrical properties of the suspension were noted.

Studies of uranium ores and spodumene have
been made for the purpose of contributing to the
improved beneficiation of these ores.

Petrographic work on the ANP fluoride fuels
continues at a rate of about 100 samples per week.

Various clays and other materials have been in-
vestigated for use in the waste-disposal program.
A pilot-plant pit has been constructed and placed
in operation.

A feasibility study on the autoradiographic be-
havior of clays has been initiated.

The enthalpy data for various ceramic materials
has been determined over a temperature range of
0-1200°C.

Rare-earth-oxide cermets and compacts have
been fabricated for control-rod assemblies.

FUNDAMENTAL PHYSICO-METALLURGICAL
RESEARCH

The fiber-axis distribution for thorium rod fabri-
cated at 850°C such that the as-extruded rod was
partially recrystallized revealed a duplex <111> —
<001> texture, whereas that for a completely re-
crystallized as-extruded rod showed a single
<114> texture. Annealing the latter rod at 750°C
produced a duplex <115> — <236> texture.

The textures obtained are discussed in terms of
present theories, and the need for additional ex-
perimental data and for further development of the
theories is pointed out.

The preferred orientation in Zircaloy-2 plate was
found to be similar to that for zirconium fabricated
in a similar manner.

The variation of the a/B boundaries of zirco-
nium and titanium phase diagrams can be reduced
in first approximationto a common behavior in terms
of electron concentration if a metallic valency
of two is used for zirconium and titanium. Recent
experimental investigation of the axial ratio of the
hexagonal phase of zirconium containing added
silver and indium supports this divalency, since
comparison of the indium data with that of tin in
the literature shows that the effect of tin is twice
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as great as that of indium. A metallic valency of
1.5 for titanium has been proposed by Denney on
the basis of some theoretical and experimental
work on this metal, and these results are also in
reasonable agreement with the present results on
zirconium. The similarity of titanium and zirco-
nium with respect to the effects of alloying upon
the axial ratio of the hexagonal phase is such that
if the axial ratios are adjusted slightly to allow
for the difference in the pure solvents, the c/a
curves plotted against electron concentration are
nearly the same in both metals.

The solid solubility of silver and zirconium has
been reinvestigated by microscopical means and
agrees within experimental error with that found
by means of lattice spacings. The effect of iron
impurities in the alloys is shown by plotting the
phase boundaries of the alpha-phase region of
alloys made from iodide zirconium of two different
iron contents. A recent investigation has been
made of the temperature of the peritectic reaction,

B + liquid == Zr,Ag, in this system, and the
temperature was found to be 1191 +2°C,

The investigation of the floating-zone refining of
zirconium has been continued. The iron and nickel
contents of iodide zirconium have been reduced to
less than 2 ppm. The distribution of these two
impurities ofter multiple-pass refining has been
established by neutron-activation analyses, and
the values agree with the theoretical distributions.
The a/B transformation in the purified material
takes place over the temperature range 865-873°C,
compared with the 16—-70°C temperature intervals
found in Grade 1 crystal bar.

Preliminary experiments have indicated that
a liquid zone can be formed and moved by induc-
tion heating a zirconium rod resting on a water-
cooled copper hearth. Although the purification
efficiency has not been investigated, this method
shows promise for the refining of relatively large

quantities of zirconium.
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THERMAL-CONVECTION-LOOP TEST OF
BRAZING ALLOY

D. H. Jansen

loop was fabricated of
‘/2-in. sched 40 Inconel tubing; six Inconel seg-
ments brazed with Coast Metals 52 (89% Ni-5%
Si—~4% B-2% Fe) were incorporated in the hot-leg
section, and an Inconel jacket was welded around
the brazed-segment section {see Fig. 1). Figure 2
is a macrophotograph of two of the Inconel seg-
ments.  The cofrosive medium circulated was
NoF-ZrF ,-UF, (50-46-4 mole %); duration of the
test was 1000 hr; and the hot and cold legs were

A thermal-convection

UNCLASSIFIED
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[~ INCONEL JACKET WELDED AROUND
BRAZED INSERT
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TDIRECTION OF FLOW

Fig. 1. Diagram of Thermal-Convection Loop
Showing Brazed Insert in Hot Leg.

maintained at 1500 and 1100°F, respectively.

After the test, the inner walls of the Inconel
segments and two samples from each brazed joint
were examined metallographically for any evidence
of attack. Attack on the joints is summarized in
Table 1. No evidence of mass transfer was found
in the loop.

UNCLASSIFIED
Y-16905

Fig. 2.
gether and Used to Make Up Hot Leg of Loop
Illustrated in Fig. 1. 2X. Reduced 47.5%.

Inconel Inserts Which Are Brozed To-

TABLE 1. ATTACK ON BRAZED JOINTS
AND INCONEL WALL IN HOT LEG OF
THERMAL-CONVECTION LOOP

Test Conditions: 1000 hr; het leg, 1500°F;
cold leg, 1100°F

Attack on
Brazed Attack on Braze Inconel Wall
Joint No. (mils) (mils)
1 1.4 1.0 4
2 3 2,0 3
3 0.6 2,0 4
4 13 3.5 3
5 9.0 2.0 4
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A considerable amount of porosity and an ap-
preciable number of shrinkage voids were observed
in most of the brazed joints. Figure 3 shows two
brazed joints after having been exposed to the

fused salt at 1500°F for 1000 hr.

STATIC TESTS OF BRAZE BUTTONS
D. H. Jansen

Six brazing buttons were corrosion tested under
static conditions in sodium, and an identical series
was tested in the fused salt NaF-ZrF ,-UF , (50-46-
4 mole %); two palladium-rich buttons were simi-
larly tested in NaOH and in the fused salt. The
buttons were polished on one side and in this
condition were used both for testing and for metal-
lographic specimens of as-received material. After
testing, the buttons were cut perpendicular to the
polished face in order to determine the depth of
attack.

UNCLASSIFIED
-16902

Fig. 3.

The Coast Metals 52 (89% Ni—-4% B-5% Si—2%
Fe) and General Electric 81 (66% Ni—19% Cr-10%
Si—4% Fe—~1% Mn) alloys showed good-to-fair cor-
rosion resistance in sodium (Figs. 4 and 5). But-
tons of 93% Pd-7% Al tested in the fysed salt and
in NaOH showed poor resistance to the former me-
dium and very inferior resistance to the latter me-
dium. A Coast Metals 52 button tested in the fused
salt showed very deep porosity in only one areq;
the remainder of the button area exhibited a 0.5-mil
attack. This erratic attack is probably due to some
isolated segregation, since Coast Metals 52 has
exhibited good corrosion resistance to fluorides
when used on nickel and Inconel T-joints.

When Coast Metals 52 alloy is tested, a second
phase tends to be leached out at the exposed edge.
A qualitative microspark traverse on a Coast
Metals 52 button tested for 100 hr in the fused
salt at 1500°F showed that the boron and silicon
concentrations at the edge were one-third of their

| UNCLASSIFIED
Y-17033

Two Inconel Joints Brazed with Coast Metals 52 (89% Ni~5% Si~4% B=2% Fe). These

brazed joints were exposed for 1000 hr to Nt:F-ZrF4-~UF4 (50-46-4 mole %) at 1500°F in a thermal-con-
vection loop. Etchant: oxalic acid. 100X. Reduced 2%. (Secret with caption)
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UNCLASSIFIED
Y-16616

Fig. 4. Coast Metals 52 (89% Ni~5% Si-4% B~2% Fe) Alloy Button After Having Been Tested for
100 hr in Static Sodium at 1500°F. No apparent attack. Note how second phase has been leached out
at the surface, Etchant: 10% oxalic acid.

UNCLASSIFIED
Y. 1653

Fig. 5. General Electric 81 (66% Ni=19% Cr~10% Si—4% Fe=1% Mn) Alloy After Having Been Tested
for 100 hr in Static Sodium at 1500°F. Attack is 1.5 mils. Etchant: 10% oxalic acid. 200X.
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normal values. The concentrations of these ele-
ments increased with depth and reached full value
at a distance approximately 13 mils from the edge.
Microdrillings and chemical of the
leached-out area are not complete.

analysis

Buttons of 60% Pd-40% Ni tested in the fused
salt and in NaOH show good corrosion resistance
to both media.

Table 2 lists the brazing buttons tested. The
alloys are listed in order of decreasing corrosion
resistance.

BRAZING ALLOYS ON INCONEL T-JOINTS
TESTED IN SODIUM AND IN FUEL MIXTURES

D. H. Jansen

A series of brazing alloys on Inconel T-joints
has been seesaw-tested in sodium and in two
NaF-ZrF -UF, mixtures (53.5-40-6.5 mole % and
50-46-4 mole %). Hydrogen-fired Inconel capsules
were used for test containers. Capsules were
loaded under an inert atmosphere and were then
evacuated and sealed. Duration of the tests was

100 hr, and the hot- and cold-zone temperatures
were 1500 and 1100°F, respectively.

TABLE 2, CORROSION OF BRAZING BUTTONS TESTED FOR 100 hr IN STATIC SODIUM,
NaOH, AND NaF-ZrF ,-UF , (50-46-4 mole %) AT 1500°F

Weight
Alloy Composition (wt %)

Change (%)

Metallographic Notes

Fused-Salt Bath

60 Pd-40 Ni -0.043 No attack
89 Ni~5 Si~4 B-2 Fe -0.104 0.5-mil attack; considerable porasity in
(Coast Metals 52) area
65 Ni-25 Ge-~10 Cr -0.22 1.3-mil attack; porosity and subsurface
voids in some areas
93 Pd-7 Al +0.16 3-mil attack
80 Ni-10 Cr-10 P -0.26 4-mil attack
66 Ni-19 Cr~10 Si~4 Fe~1 Mn -0.37 4-mil attack
(General Electric 81)
55 Mn—-35 Ni~10 Cr -7.3 9-mil stringer attack
60 Mn-40 Ni -8.4 21-mil stringer attack
NaOH Bath
60 Pd—-40 Ni +1.18 No attack
93 Pd-7 Al Button partially dissolved
Sodium Bath
89 Ni-5 Si—4 B-2 Fe -0.22 No attack
(Coast Metals 52)
66 Ni~19 Cr—10 Si—4 Fe—1 Mn -0.047 2-mil attack
(General Electric 81)
65 Ni-25 Ge=10 Cr -0.083 2-mil attack
80 Ni=10 Cr=10 P -0.3 3-mil attack
55 Mn=35 Ni-=10 Cr -1.6 4. to 5-mil stringer-type attack
60 Mn—40 Ni -3.85 Nonuniform attack to a maximum depth

of 19 mils




The 80% Ni~10% Cr—10% P and 75% Ni-25% Ge
alloys showed good-to-fair corrosion resistance in
both the sodium and the fuel mixtures, as shown in
Figs. 6 and 7. The results are shown in Table 3.
The alloys are listed in order of decreasing cor-
rosion resistance.

CORROSION RESISTANCE OF VARIOUS BRAZING
ALLOYS ON INCONEL AND STAINLESS STEEL

C. F. Leitten, Jr. D. H. Jansen

Brazing alloys on type 304 stainless steel and
Inconel T-joints submitted by the Wall Colmeonoy
Corporation have been tested in static sodium and
static fuel mixture NaF-ZrF ,-UF , (53.5-40-6.5
mole %). These tests were performed in an effort
to find a brazing alloy that has good corrosion
resistance to both media. The results obtained
are summarized in Tables 4 and 5, respectively.
The alloys are listed in order of decreasing cor-
rosion resistance. The brazing alloy C-29 (10.2%
P-13% Si—-76.8% Ni) appears to have the best cor-
rosion resistance fo both media.

On comparison of the metallographic results in
Tables 4 and 5, it is apparent that brazing alloys
containing relatively high percentages of phos-
phorus appear to be excessively attacked by
sodium, but additions of silicon tend to improve
their corrosion resistance. On the other hand,
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brazing alloys having high percentages of silicon
and no phosphorus tend to be heavily attacked by
the fused salts. The presence of manganese in
the brazing alloys appears to reduce their corro-
sion resistance to both media.

BRAZING ALLOYS ON ‘A’ NICKEL
C. F. Leitten, Jr. D. H. Jansen

Several brazing alloys on ‘A’ nickel T-joints
have been submitted by the Welding and Brazing
Group for corrosion testing for 100 hr in static
sodium and NaF-ZrF -UF , (53.5-40-6.5 mole %)
at 1500°F. Several of the brazing alloys, espe-
cially the precious-metal alloys, were also tested
in static sodium hydroxide at 1160 and 1500°F for
100 hr. The results of the tests with sodium hy-
droxide appear in Table 6. The 82% Au-18% Ni
alloy showed good corrosion resistance to sodium
hydroxide at 1500°F. The 80% Au-20% Cu, 60%
Pd—40% Ni, and 60% Pd-37% Ni-3% Si alloys
showed good resistance at 1100°F, but these same
alloys when tested at 1500°F were heavily at-
tacked. Small additions of silicon to the Pd-Ni
alloy tend to improve its resistance to attack at
1100°F. Results of the tests in sodium and in the
fused-salt mixture are summarized in Tables 7 and
8, respectively. Since previous tests indicated
poor corrosion resistance of the precious metals to

TABLE 3. CORROSION OF BRAZING ALLOYS ON INCONEL T-JOINTS SEESAW-TESTED IN
LIQUID SODIUM AND NaF-ZrF,-UF,

Test Conditions: 100 hr; hot zone, 1500°F; cold zone, 1100°F

Test Alloy Composition Weight

Bath (wt %) Change (%) Resistance Metallographic Notes
Sodium 80 Ni-~10 Cr=10 P ~0.174 Good No attack
Sodium 75 Ni--25 Ge -0,052 Fair 2-mil attack
Sodium 50 Ni-25 Ge~25 Mo =0.252 Poor Nonuniform attack to a depth of 3.2 mils
Bath 30* 80 Ni~10 Cr-10 P -0.102 Good No attack; fillet cracked
Bath 44** 50 Ni~25 Ge~25 Mo 0.0 Good Erratic attack to a depth of 1 mil
Bath 30* 75 Ni~-25 Ge ~0.060 Fair 2-mil attack
Bath 30* 80 Au—-20 Cu -0.072 Fair Surface voids to a maximum depth of

2 mils

Bath 44** 82 Au-18 Ni -0.16 Poor 4-mil attack

*Bath 30: 53.5-40-6.5 mole %.
**Bath 44: 50.46-4 mole %.
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UNCLASSIFIED 2 UNCLASSIFIED
Y-16817 4 Y-16825

Fig. 6. Alloy 80% Ni=10% P-10% Cr on Inconel T-Joints Seesaw-Tested at 1500°F for 100 hr in
(a) NaF-Z¢F -UF, (50-46-4 mole %) and (b) Sodium. No apparent attack. Specimen (a) was nickel-plated
after the test in order to preserve the edge during polishing. Etchant: 10% oxalic acid. 150X. Reduced
17%. (Secret with caption)

Fig. 7. Brazing Alloy 75% Ni-25% Ge After Seesaw Test at 1500°F for 100 hr in (a) Sodium and
(b) NaF-ZrF ,-UF , (50-46-4 mole %). The 2-mil attack which occurred in both media is shown. Both
specimens were nickel-plated after the test in order to preserve edges during polishing, Etchant: citric
acid. 200X. Reduced 16%. (Secret with caption)
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. TABLE 4. RESULTS FROM TESTS OF BRAZING ALLOYS ON TYPE 304 STAINLESS STEEL AND ON
INCONEL EXPOSED FOR 100 hr TO STATIC SODIUM AT 1500°F

Brazing Alloy*

Base Material

Weight Change

Metallographic Notes

Designation Composition (wt %) (g) (%)
F-11 9 Si~17.8 Cr--73.2 Ni 304 stainless steel 0 0 No attack along surface of
braze fillet
E-11 13 Si—87 Ni 304 stainfess steel ~0.0007 -0.068 Surface of braze fiilet is
unattached
C-29 10.2 P=13 Cr~76.8 Ni 304 stainless steel +0.0004 +0.054 Less than 0.5 mil of small
subsurface voids
B-11 10.8 P~9.2 Si-80 Ni 304 stainless steel 0.0 0.0 Subsurface voids to a depth
of 4 mils
A-16 23 P~77 Ni 304 stainless steel ~0.0009 ~0.135 Subsurface voids in braze
fillet to a depth of 5 mils;
attack confined to Ni3P
phase
C-27 9.6 P-2,75 Cr-88.6 Ni 304 stainless steel ~0,0006 -0.086 Subsurface voids to a depth
of 5 mils; Ni P phase
- attacked
A-10 12 P88 Ni 304 stainless steel ~0.0015 =0.141 6-mil attack along entire
fillet surface; attack in
‘ = Ni3P phase
: -10 1.6 P=6.25 Mn—-82.2 Ni Inconel ~0.0014 -0.135 6-mil nonuniform attack
| along fillet surface
E J-10 9 P-15 Fe-4.5 Cr-=71.5 Ni 304 stainless steel -0,0004 ~0.067 Subsurface voids to a depth
! of 7 mils; Ni3P removed
from fillet zones
B-11 10.8 P-9.2 Si-80 Ni Inconel ~0.0010 -0.098 4-mil erratic surface attack;
subsurface voids to a
depth of 9 mils
H-10 10 P—-4.3 Mo—85.7 Ni Inconel -0.0011 =0.107 9 mils of subsurface voids
along fillet surface
; 1-10 11.6 P=6.25 Mn-82.15 Ni 304 stainless steel —-0.0018 -0.346 Subsurface voids in braze
; fillet to a depth of 11 mils
H-10 10 P=~4.3 Mo-85.7 Ni 304 stainless steel -~0,0006 -0.108 Subsurface voids in braze
fillet to a depth of 19 mils
D-11 9.9 P<11.3 Fe-~78.8 Ni 304 stainless steel +0,0006 +0.108 Subsurface voids in braze

fillet to a depth of 25 mils

*Brazing alloys listed in order of decreasing corrosion resistance,
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TABLE 5.

RESULTS FROM TESTS OF BRAZING ALLOYS ON TYPE 304 STAINLESS STEEL AND ON
INCONEL EXPOSED FOR 100 hr TO STATIC NaF-ZrF ~UF , (53.5-40-6.5 mole %) AT 1500°F

Brazing Alloy*

Base Material

Weight Change

Metallographic Notes

Designation Composition (wt %) (9) (%)

A-16 23 P-77 Ni 304 stainless steel —~0.0003 —0.042 No attack on braze fillet

Cc-27 9.6 P-2,75 Cr—88.6 Ni 304 stainless steel 0.0 0.0 No attack on braze fillet

C-29 10.2 P13 Cr-76.8 Ni 304 stainless steel +0.0011 +0.180 No attack on braze fillet

1-10 11.6 P-6.25 Mn—-82.15 Ni 304 stainless steel +0,0008 +0.112 No attack on braze fillet

A-10 12 P-88 Ni 304 stainless steel -0.0031 -0.30 No attack on braze fillet

D-11 9.9 P~11.3 Fe—78.8 Ni 304 stainless steel +0.0015 +0.304 No attack on braze fillet

J-10 9 P~15 Fe—4.5 Cr-71.5 Ni 304 stainless steel +0.0007 +0.153 Small subsurface voids in
fillet to a depth of 0.5
mil

H-10 10 P—-4.3 Mo-—85.7 Ni Inconel -0.0016 -0.154  0.5-mil attack along surface
of fillet

1-10 11.6 P-6.25 Mn—-82.25 Ni inconel -0.0006 —0.157 Surface of fillet attacked to
a depth of 0.5 mil

H-10 10 P—4.3 Mo-85.7 Ni 304 stainless steel +0.0036 +0.730 Maximum attack was 0.5
mil in the form of small
subsurface voids

B-11 10.8 P~9.2 Si-80 Ni Inconel —-0.0018 —-0.166 Fillet surface attacked to a
depth of 1 mil

B-11 10.8 P-9.2 Si—80 Ni 304 stainless steel ~0,0006 -0.082 Braze fillet attached to a
depth of 1 mil in several
areas

F-11 9 Si-17.8 Cr-73.2 Ni 304 stainless steel -0.0052 ~0.52 6-mil attack on surface of
braze filiet

E-1 13 Si—87 Ni 304 stainless steel ~0.0036 ~0.358 Braze fillet completely

attacked

10

*Brozing alloys listed in order of decreasing corrosion resistance.
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RESULTS FROM TESTS OF BRAZING ALLOYS ON ‘A’ NICKEL T-JOINTS

EXPOSED FOR 100 hr TO SODIUM HYDROXIDE AT 1100 AND 1500°F

Brazing Alloy* Test Weight Change
Composition Temperature Metallographic Notes
ot %) ©F) (@) )

82 Au~18 Ni 1500 ~0.0040 -0.144  Nonuniform surface attack on braze to a depth of 1 mil

82 Au-18 Ni 1100 ~0.0007 -0.022 No attack on surface of braze

80 Au—-20 Cu 1500 -0.0106 -0.38 Uniform surface attack over entire braze surface to a
depth of 3 mils

80 Au=20 Cu 1100 -0.0050 -0.164  Surface attack on braze to a depth of 1 mil

60 Pd-40 Ni 1500 —0.0015  ~0.049  Surface of braze fairly clean; attack, in the form of
small stringers, to a depth of 4 mils

60 Pd—40 Ni 1100 —-0.0007 -0.028 Surface attack to a depth of 0.5 mil

60 Pd—37 Ni~3 Si 1500 +0.0023  +0.083  Surface attack on braze fillet to a depth of 6 mils

60 Pd-37 Ni~3 Si 1100 +0.0008  +0.028 No attack present on braze surface

100 Cu 1500 —-0.0118  -—0.408 Braze completely attacked; large voids appear
throughout

100 Cu 1100 -0.0011 —0.038  Uniform surface attack on braze to a depth of 3 mils

90 Ni-10 P 1500 ~0.0054 -0.15 Braze completely attacked; attack concentrated in
brittle Ni3P phase

90 Ni-10 P 1100 -0.0012  -0.047 Braze completely attacked; attack concentrated in
Ni3P phase

69 Ni—-20 Cr-11 Si 1500 Braze failed completely

69 Ni~20 Cr=11 Si 1100 +0.0024  +0.093  Braze completely attacked

*Brazing alloys listed in order of decreasing corrosion resistance.

sodium, no brazing alloy containing a precious-
metal constituent was tested in this medium. The
brazing alloys 90% Ni-10% P, 80% Ni-10%
Cr-10% P, and Nicrobraz (70% Ni-14% Cr—6%
Fe-5% B-4% Si—1% C) showed good-to-fair cor-
rosion resistance to both the sodium and the
fused-salt mixture.

After the tests, several of the brazed T-joints,
especially those which included copper, gold, or
silicon as an alloying element in the braze ma-
terial,
between the base material and the braze fillet.
The brazing alloy 60% Pd-37% Ni-3% Si showed
this phenomenon to the greatest extent. These
voids are not considered to be caused by attack
by the test media but rather by diffusion of a
braze-alloy constituent into the base material. In

showed numerous voids in the interface

order to verify this, several T-joints brazed with
an alloy containing either copper, gold, or silicon
were sealed in evacuated capsules and were
tested at 1500°F for 100 hr. Figure 84 is a photo-
micrograph of brazing alloy 60% Pd-37% Ni-3% Si
after 100 hr of exposure to the fused-salt mixture
at 1500°F. Many voids can be seen along the
interface between the base material and the braze
fillet, but the surface of the specimen appears to
be free of attack. Figure 8b shows the results of
the annealing process on the same braze material,
60% Pd-37% Ni-3% Si. As was observed for the
specimen in Fig. 8a, voids were produced at the
interface between the base material and the braze
fillet. Therefore, the formation of the voids ap-
pears to be independent of environment and, thus,
is not the result of attack by the fused salts.

11
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TABLE 7. RESULTS FROM TESTS OF BRAZING ALLOYS ON *A’'" NICKEL T-JOINTS
EXPOSED FOR 100 hr TO STATIC SODIUM AT 1500°F

Brazing Alloy*

Weight Change

Metallographic Notes

Composition (wt %) (9) (%)
90 Ni~10 P -0.0004 -0.018 No attack
(Electroless Nickel)
90 Ni—-4 B-4 Si-2 Fe ~0.0019 -0.068 0.5-mil surface attack
{Coast Metals 52)
80 Ni-10 Cr~-10 P —0.0017 ~0.061 1-mil nonuniform attack
66 Ni—10 Si~19 Cr~4 Fe-1 Mn ~0.0018 -0.078 1-mil attack
(General Electric 81)
69 Ni—5 B—15 Cr-5 Si=5 Fe-1C —-0.0022 --0.082 1.5-mil layer of small subsurface voids along fillet edge
(Nicrobraz)
50 Ni—25 Mo=25 Ge -0.0009 -0.036 2.5-mil attack
65 Ni=25 Ge-10 Cr -0.0024 -0.085 3-mil uniform attack
60 Mn—40 Ni -0.0080 ~0.079 9-mil uniform attack
35 Ni-55 Mn-10 Cr -0.0005 -0.020 Layer of smail voids that penetrated 13 mils into the
body of the material
68 Ni-32 Sn —0.0171 -0.540 Complete attack of whole fillet.

*Brazing alloys listed in order of decreasing corrosion resistance

UNCLASSIFIED
Y-13598

Fig. 8. ‘‘A’" Nickel T-Joints Brazed with Alloy 60% Pd=37% Ni-3% Si, (a) Tested for 100 hr in
NaF-ZtF -UF, (53.5-40-6.5 mole %) at 1500°F and (b) Annealed in Vacuum for 100 hr at 1500°F. Note

similar occurrence of interfacial voids in both specimens. As polished. 100X. Reduced 20%. (Secret

with caption)

12
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TABLE 8. RESULTS FROM TESTS OF BRAZING ALLOYS ON “*A’" NICKEL T-JOINTS
EXPOSED FOR 100 hr TO STATIC NaF-ZeF UF (53.5-40-6.5 mole %) AT 1500°F

Brazing Alloy*

Weight Change

Metallographic Notes

Composition (wt %) (g) (%)
82 Au~18 Ni -0.0010 -0.036 No attack
60 Pd—-40 Nj -0.0016 ~0.06 No attack
60 Pd-37 Ni=3 Si +0.0008 +0.027 No attack
80 Ni-10 Cr-10 P 0.0 0.0 No attack
50 Ni-25 Mo-25 Ge 0.0 0.0 No attack
70 Ni-14 Cr—6 Fe-5 B-4 --0.0004 -0.016 No attack
Si—1 C (Nicrobraz)
80 Au~20 Cu -0.0007 -0.026 No attack
90 Ni-10 P ~0.0004 -0.013 No attack
(Electroless Nickel)
100 Cu —-0.0006 -0.019 0.5-mit attack
65 Ni~25 Ge-10 Cr 0.0 0.0 Small subsurface voids to a depth of 0.5 mil along
brazed fillet
90 Ni-4 B~4 Si-2 Fe -0.0014 ~0.05 Nonuniform attack of 6 mils
(Coast Metals 52)
69 Ni—20 Cr-11 Si -0.0017 -0.055 Surface attack of 6 mils
(General Electric 62)
66 Ni—=10 Si~19 Cr—4 Fe-1 Mn -0.0003 -0.012 Nonuniform attack of 12 mils
(General Electric 81)
35 Ni-=55 Mn-10 Cr -0.0111 -0.48 Complete attack of braze filler
60 Mn—40 Ni -0.0159 -0.59 Complete attack of braze fillet
68 Ni-32 Sn -0.0998 -3.49 Joint partially dissolved at fillet surface

*Brazing alloys listed in order of decreasing corrosion resistance.

“A’" nickel T-joints (see Figs. 92 and 9b) brazed
with 60% Pd-37% Ni—-3% Si were tested in sodium
hydroxide for 100 hr at 1100 and 1500°F, respec-
tn Fig. 9a it can be seen that no attack
occurred along the braze fillet of the specimen
tested at 1100°F and that very few diffusion voids
were present. However, as can be seen in Fig. 99,
the specimen tested at 1500°F showed a 6-mil
surface attack and, also, several small interfacial
voids. The absence of interfaciol voids in the one
case, as compared to the presence of the inter-
facial voids in the other, is probably caused by
the difference in diffusion rates at the two tem-
peratures.

tively.

CORROSION OF LOW-NEUTRON-CROSS-SECTION
BRAZING ALLOYS IN NaK, SODIUM,
AND NaF-ZrF ,-UF

D. H. Jansen

Seesaw tests using NaK (56-44 wt %), sodium,
and NcaF-ZrFA-UF‘1 (53.5-40.0-6.5 mole %) as cor-
rosion media have been conducted on Inconel tube-
joints brazed with Ni-Cr-Ge-Si low-
A cross
section of this type of joint is shown in Fig. 10.
The tube-to-header joints used in these tests are
more typical of those actually used in fabrication
than are the T-joints used in previous tests. The

to-header
neutron-cross-section brazing alloys.

13
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NICKEL PLATE [

Fig. 9. “A’" Nickel T-Joints Brazed with Alloy 60% Pd-=37% Ni=3% Si and Tested for 100 hr in
Sodium Hydroxide at (a) 1100°F and (b) 1500°F. Note surface attack and interfacial voids present in
specimen tested at higher temperature. 100X. Reduced 18.5%.

Fig. 10. Cross Section of an As-Brazed Tube-to-Header Joint. Specimen brazed with 89% Ni-5%
Si—4% B~2% Fe (Coast Metals 52) alloy. As polished. 10X.

14



specimens tested to date were given a fast braze
(5 min to raise to brazing temperature and 10 min
at brazing temperature) and are listed, along with
the attack on each brazing alloy, in Takle 9.
Tests were conducted in hydrogen-fired Inconel
capsules with hot- and cold-zone temperatures of

1500 and 1100°F, respectively.

In general, indications are that, of the brazing
alloys tested, those containing the highest nickel
contents show the best corrosion resistance to
NaK. Tube-to-header joints brazed with the above
alloys but brought to brazing temperature over a
4-hr period will be tested in the seame media in
order to determine if brazing time has any effect
on corrosion rate. The 70% Ni~11% Cr-13%
Ge—-6% Si alioy tested in NaK and fused salts is
shown in Figs. 11 and 12.

o
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TABLE 9. CORROSION OF BRAZING ALLOYS ON
INCONEL TUBE-TO-HEADER JOINTS GIVEN A
RAPID BRAZE AND SEESAW TESTED IN SODIUM,
NaK (56-44 wt %) AND NuF-ZrF4-UF4
(53.5-40-6.5 mole %)

Test Conditions: 100 hr; hot zore, 1500°F;
cold zone, 1100°F

Sodium NaK  Fused-Salt
Alloy Composition (wt %) Attack Attack Attack
{(mils) {(mils) (mils)

70 Ni—11 Cr—13 Ge-6 Si 5 3 3.5
65 Ni-16 Cr—13 Ge-6 Si 6.5 7.5 3
62 Ni~19 Cr—13 Ge-6 Si 7.5 6.5 3
59 Ni—-19 Cr~16 Ge~6 Si 8 5 2.5

Fig. 11. Brazing Alloy 70% Ni-13% Ge-11% Cr~6% Si on Inconel, Seesaw Tested for 100 hr in NaK
(56-44 wt %) with a Hot-Zone Temperature of 1500°F; Nonuniform Attack to a Maximum Depth of 3 mils
Is Shown. Specimen nickel-plated following test in order to protect the edge during metallographic

polishing. As polished.
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Fig. 12,
NoF-ZrF -UF, (53.5-40-6.5 mole %) with a Hot-Zone Temperature of 1500°F; Nonuniform Attack to

Maximum Depth of 3.5 mils s Shown. As polished.

Four tube-to-header joints were brazed with the
89% Ni-5% Si-4% B-2% Fe (Coast Metals 52)
alloy, two rapidly (10 min) and two slowly (4 hr),
ond were seesaw-tested for 100 hr in NaK and
fused salts at 1500°F to determine whether the
brazing time has any bearing on the corrosion rate.
Results of the corrosion tests conducted on this
alloy are listed in Table 10.

As can be seen from the toble, the different
brazing rates had no effect on the extent of cor-
rosion on this alloy.

CORROSION TESTING OF THERMOCOUPLE
WELLS
D. H. Jansen

A number of thermocouple wells fabricated from

0.125-in.-OD Inconel tubing and 0.020-in. Chromel-

16

Brazing Alloy 70% Ni=13% Ge=11% Cr—6% Si on Inconel, Seesaw Tested for 100 hr in

100X. Reduced 1.5%. (Secret with.caption)

TABLE 10, EFFECT OF BRAZING TIME ON
CORROSION OF 89% Ni-5% Si—-4% B~2% Fe
ALLOY IN SEESAW TESTS WITH SODIUM AND
WITH NuF-ZrF4-UF4 (53.5-40-6.5 mole %)

Test Conditions: 100 hr; hot zone, 1500°F;
cold zone, 1100°F

Specimen Bath Metallographic Notes

Fused salt Nonuniform attack to
a depth of 0.5 mil
NaK No attack

Slow braze, 4 hr

Rapid braze, 10 min Fused salt Nonuniform attack to
a depth of 0.5 mil
NaK No attack




Alumel wires were supplied by the Welding and
Brazing Group for corrosion testing in sodium and
NoF-ZrF4-UF4 (50-46-4 mole %). The Chromel-
Alumel content of the weld nuggets on the thermo-
couples was varied in order to determine whether
the high content of silicon, manganese, and alumi-
num in the nuggets has any bearing on the corro-
sion rate. Nuggets with a high Chromei-Alumel
content were made by melting down part of the
thermocouple wires to form the weld; whereas,
nuggets low in Chromel-Alumel were made by melt-
ing down the Inconel tube around the wires.

The tests conducted on the wells and the extent
of corrosion are summarized in Table 11.

The tubes with high Chromel-Alumel content in
the weld were more heavily attacked in the non-
weld areas than were the tubes with low Chromel-
Alumel content. All attack measurements were

UNCLASSIFIED

NICKEL PLATE SNy

Fig. 13.

PERIOD ENDING APRIL 10, 1956

made prior to etching the specimens. Figures 13

and 14 show the tested welds.

RUTHENIUM-PLATED-INCONEL
TENSILE-TEST SPECIMENS

D. H. Jansen

A third ruthenium-plated-Inconel tensile-test
specimen has been rupture-tested by the Mechani-
cal Properties Group. Results from an unplated
Inconel specimen which was to be used as a
standard and which was reported previously' are
invalidated because the heat treatment prior to
test differs from that of other tested specimens.

Results, to date, of rupture tests on Inconel
specimens are listed in Table 12,

e, F. Leitten, Jr., and D. H. Jansen, Met. Semiann.
Prog. Rep. Oct. 10, 1955, ORNL.1988, p 17.

UNCLASSIFIED
Y-17027

NICKEL PLATE

Inconel Thermocouple Tubes Welded So As to Have Low Chromel-Alumel Content and

Seesaw Tested for 100 hr in (o) Sodium and in (b) NaF-ZrF ,-UF, (50.46-4 mole %) ot 1500°F. (2) No

attack.
ments taken prior to etching specimen.

(6) Two-mil attack on thermocouple tube; no apparent attack on weld portion. Attack measure-
Specimens nickel-plated after test in order to preserve edges

during polishing. Etchant: 10% oxalic acid. 100X. Reduced 4%. (Secret with caption)

17
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TABLE 11, THERMOCOUPLE WELLS SEESAW-TESTED FOR 100 hr IN SODIUM AND
NuF-ZrF4-UF4 (50-46-4 mole %) AT 1500°F
Type of Weld
Bath Attack Area Attack (mils)
Chromel-Alumel Content Treatment

High Ground flat Fused salt Inconel tube 4.5
High Ground flat Fused salt Weld 0.5
High As-welded Fused salt Inconel tube 4.5
High As-welded Fused salt Weld 0.5
Low As-welded Fused salt Incone! tube 2.0
Low As-welded Fused salt Weld None
Low As-welded Sodium Inconel tube None
Low As-welded Sodium Weld None

NICKEL PLATE’ .

UNCLASSIFIED
Y.17024

INCHES

0,02

Fig. 14. Inconel Thermocouple Tube Welded So As to Have High Chromel-Alumel Content and Seesaw
Tested for 100 hr in NoF-ZrF .UF  (50-46-4 mole %) ot 1500°F. Attack: 4.5 mils on thermocouple tube,

0.5 mil on weld portion. Attack measurements taken prior to etching specimen. Specimen nickel-plated

after test in order to preserve edge during polishing.

(Secret with caption)
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Etchant:

10% oxalic acid.

100X. Reduced 1%,



TABLE 12, CREEP RUPTURE OF INCONEL AND
RUTHENIUM-PLATED-INCONEL TEST
SPECIMENS IN A PURIFIED ARGON
ATMOSPHERE

Test Conditions: Stress, 3500 psi at 1500°F
Heat treatment prior to test,

100 hr at 1500°F

Specimen Time to Final
- Rupture Elongation
No. Condition (he) %)
1 Unplated (standard) 746 14.0
2 Plated 873 13.4
3 Plated 728 13.6
4 Plated 1200 13.0

Specimen No. 4 and another plated specimen
awaiting test were analyzed by the Spectro-
graphic Laboratory, and the results showed posi-
tive evidence for the presence of ruthenium plate.
After heat treatment and just prior to the test,
the shoulders of these specimens were milled to a
depth of 2 mils; the milled particles were analyzed
and found to contain 1.17% ruthenium.

The plated specimen awaiting test should be
rupture-tested before the influence of ruthenium on
Inconel can be assessed with finality, although
tests to date indicate that ruthenium platings have
no adverse effect on the physical properties of
Inconel.

EFFECT OF AN AIR LEAK INTO AN
INCONEL -FUSED-SALT TEST SYSTEM

R. Carlander
After o 500-hr tube-burst test at 1500°F, an

Inconel test capsule was found to be very heavily
attacked just above the level of the NaF-ZrF ,-UF,
(50-46-4 mole %) test mixture. [t was suggested
that the attack (see Fig. 15) was due to an air
leak in the system; and, therefore, several experi-
ments were performed in which air was admitted
into similar test capsules through a small tube.
These capsules failed within 24 hr at a tempera-
ture of 1500°F. The reaction products found in
the fused salt were zirconium oxide and structural-
metal fluorides.

PERIOD ENDING APRIL 10, 1956

UNCLASSIFIED
Y-16814

!

APPROXIMATE BATH LEVEL

Fig. 15. Effect of an Air Leak into Test System
Composed of Inconel and NuF-ZrF4-UF4 (50-46-4
mole %). (Secret with caption)

HIGH-TEMPERATURE TESTS OF MOLYBDENUM
IN CONTACT WITH NaF-Z¢F ,-UF

E. E. Hoffman

Some experiments with molybdenum sheathing
have been conducted for the purpose of attempting
to devise some type of protection for the cooling
jacket of the fused-salt—Inconel pump=loop experi-
ment which is scheduled to go into the MTR. A
loop failure would undoubtedly occur in the vicin-
ity of the nose of the loop if the pumping were
interrupted for a short period. In the event of
such a pump failure, it is possible that the fluo-
rides might reach a temperature as high as 2430°F
(1331°C), which has been given as the approxi-
mate boiling point of the fluorides. It has been
proposed that a sheath of molybdenum around the
nose of the loop might afford sufficient protection

19
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for the cooling jacket. It was arbitrarily concluded
that 30 min at the test temperature 2430°F {1331°C)
would be more than adequate to determine the
suitability of molybdenum as a protective sheath.

Fig. 16. Surface of Molybdenum Specimen After
30-min Exposure to NoF-ZrF4-UF4 (53.5-40.0-6.5
mole %) at 1331°C (2430°F). Etched with NH OH
plus H,0,. 500X. Reduced 34%. (Secret with
caption)

HASTELLOY B CAPSULE

MOLYBDENUM CAPSULE

Fig. 17. Hastelloy B and Molybdenum Capsules After Test.
alloying of the inner molybdenum capsule with the outer Hastelloy B capsule. (Secret with caption)

20

A molybdenum specimen was placed in a molyb-
denum container which was filled with NaF-ZrF ,-
UF, (53.5-40-6.5 mole %). In one test, a molyb-
denum plug was welded into the top of the capsule;
while in a second test, the top was left open. In
order to prevent oxidation of the molybdenum,
these test containers were sealed in Hastelloy B,
and then the whole assembly was sealed in quartz.
There was no weight change in either specimen as
a result of the test. Metallographic examination of
these specimens showed no attack (see Fig. 16).
The effects of alloying between the molybdenum
and the Hastelloy B during this 30-min high-tem-
perature test can be seen in Fig. 17.

SOLUBILITY OF LITHIUM IN NaK
R. Carlander

A series of differential-thermal-analysis tests
has been performed in order to determine the
solubility of lithium in NaK (56~44 wt %) as a
function of temperature. Two capsules, one filled
with NaK and the other with NaK plus lithium,
were constructed for each test. The two capsules
were heated to 200°C and allowed to cool. The
temperature of the NaK-plus-lithium bath was
plotted on a time-temperature recorder, and the
temperature difference between the two bodies was

UNCLASSIFIED
Y-14017

Bottom of capsule at left. Note the



recorder.
When solidification begins, the temperature of the
capsule filled with

plotted on a temperature-differential
lithium plus NoK remains
constant while that of the capsule filled only with
NaK continues to drop. A break then occurs on
the curve plotted by the temperature-differential
recorder; this break is correlated with the tempera-
ture of the time-temperature recorder which in turn
is correlated with the solubility of the lithium.
The relationship is given in Table 13. Further
tests are plonned in order to check the accuracy of
these determinations.

TABLE 13, SOLUBILITY OF LITHIUM IN
NaK (56~44 wt %) AS A FUNCTION OF

TEMPERATURE
Temperature Lithium Solubility

(°c) {(wt %)

75 0.25

104 1

125 2
164 4
166 5

170 6
175 10

CORROSION TESTS IN STATIC NaK-LITHIUM
R. Carlander

A series of tests was performed in order to de-
termine the effect of additions of lithium to NaK
(56-44 wt %) on the corrosion resistance of Inconel
and type 316 stainless steel.

The capsules were filled to 50% of their volume
with NaK plus 1, 3, 5, 10, 20, or 30 wt % lithium.
The capsules were then tested for 100 hr at
1500°F. No attack occurred in either the bath or
vapor zones of the capsules.

DECARBURIZATION OF PLAIN CARBON
STEEL BY STATIC SODIUM

E. E. Hoffman R. Carlander

It is a well established fact that various metals
may be either carburized or decarburized while in
contact with sodium at elevated temperatures.
The direction and extent of this phenomenon de-

pend on both the original carbon content of the

PERIOD ENDING APRIL 10, 1956

sodium and the carbon content of the metals in
contact with the liquid metal.

The purpose of these tests was to determine
how far the decarburization of a plain carbon steel
might proceed under certain test conditions. Two
different types of container materials were used in
order to study their effect on the decarburization
of AISI 1043 plain carbon steel (0.43% carbon)
specimens by the sodium.
loaded and sealed in an inert atmosphere. The
tests were conducted for 100 and 400 hr at 1000°C.
Sections of the test components were taken and
submitted for metallographic and chemical analy-
ses. The extent to which carbon was transferred
in the 100-hr test and in the 400-hr test is shown
in Fig. 18.

As expected on the basis of previous investiga-
tions, extensive decarburization of the steel speci-

The capsules were

mens occurred in both the Armco iron and the type
304 ELC stainless steel. The extent of decar-
burization was greater in the 400-hr test (0.43-
0.054 wt % carbon) than in the 100-hr test (0.433-
0.121 wt % carbon); and, in addition, the vapor
zone of the stainless steel capsule was carburized
at 400 hr, whereas it was not at 100 hr. The
extent of decarburization of the steel specimen
tested for 100 hr was greater in the stainless steel
capsule, and the decarburization of the steel
specimen tested for 400 hr was greater in the
Armco iron capsule. Furthermore, the amount of
nicke! that was mass-transferred to the surface of
the steel specimen in the stainless steel capsule
was sufficient to cause a phase transformation of
1 to 2 mils in 100 hr and of 2 to 4 mils in 400 hr.
Table 14 shows the results of carbon analyses on
the various test components. From these results,
it is evident that the decarburization of the speci-
mens and the carburization of the capsule walls
were greatly increased as the time of testing
was increased.

PENETRATION OF SODIUM INTO BERYLLIUM
E. E. Hoffman

The purpose of these tests was to determine the
extent to which sodium penetrates beryllium metal
in a beryllium-sodium-Inconel static system. These
tests were conducted for 1000 hr at 1200 ond
1500°F. The beryllium specimens and sodium
bath were sealed in Inconel capsules. After the
test, five analytical samples, each 10 mils in
thickness, were machined from one surface of each
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ONCLASSIFIED k— UNCLASSIFIED | UNCLASSIFIED]
240 ; Y.15550 : 7306

UNCLASSIFIED UNCLASSIFIED
Y-16236: Y.17307.

Fig. 18. Decarburization Effect of Sodium at 1000°C on Systems Composed of Armco lron Capsules
and AISI 1043 Plain Carbon Steel Specimens. Armco iron: (a) as received, 0.019% carbon; () tested
100 hr, 0.035% carbon; (c) tested 400 hr, 0.024% carbon; etched with 2% nital. AISI 1043 plain carbon
steel: (d) as received, 0.433% carbon; (e) tested 100 hr, 0.121% carbon; (f) tested 400 hr, 0,054% carbon;
etched with 4% picral in HCI. 200X. Reduced 18%.
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TABLE 14. ANALYSES OF VARIOUS COMPONENTS IN SYSTEMS FOR EVALUATING DECARBURIZATION
OF TYPE 1043 PLAIN CARBON STEEL BY SODIUM AT 1000°C

Carbon (wt %) Weight Loss Nickel (wt %)
.2 —_—
Material Analyzed Before Before After After {g/in.") Before After
100-hr 400-hr 100-hr 400-hr 100-hr 400-hr 400-hr 400-hr
Test Test Test Test Test Test Test Test
Armco lron Capsule
Type 1043 steel 0.433 0.43 0.121 0.054 0.0002  0.0408 0.008
Armco Iron 0.019 0.018
Yapor zone 0.019 0.016
Bath zone 0.035 0.024
Type 304 ELC Stainless Steel Capsule
Type 1043 steel 0.433 0.43 0.100 0.074 0.0002  0.0303 0.008 0.090
Type 304 ELC stainless steel 0.022 0.037 11.12
Vapor zone 0.022 0.162 10,32
Bath zone 0.128 0.200 9.98
specimen. In order to avoid contamination from TABLE 15, EXTENT OF SODIUM PENETRATION

sodium which adheres to the edges, 50 mils were
machined off the surface of each sample. These
samples were submitted for spectrographic sodium
analysis. The results of these analyses are listed
in Table 15.

It appears from these data that very little pene-
tration of beryllium by the sodium bath will occur
at a temperature of 1200°F. As can be seen in
Fig. 19, the beryllium specimen in this test was
attacked irregularly to a maximum depth of 5 mils.
In the 1500°F test the specimen was very heavily
attacked to a maximum depth of 20 mils, and a 3-
to 4-mil porous metallic layer covered the surface
of the beryllium specimen. This layer was aniso-
tropic, and it may be either beryllium metal or a
beryllium-rich Be-Ni solid solution. No surface
layer could be found on the walls of the Inconel
capsules used in these tests; however, there was
quite a bit of fine precipitate along the surface to
a depth of 2 to 3 mils. This precipitate may be
either BeNi or Be, Ni; particles.

BERYLLIUM-SODIUM-INCONEL SPACER TESTS
E. E. Hoffman

Previous tests? have revealed that dissimilar-
metal mass transfer of beryllium metal to Inconel

INTO BERYLLIUM AFTER 1000-hr EXPOSURE
TO MOLTEN SODIUM

Sodium Concentration

Depth of

(mg of Na per g of Be)
Penetration (mil s)

1200°F Test

1500°F Test

0-10 0.2 135
10-20 0.2 29.4
20-30 0.6
30--40 0.3 0.1
40-50 0.02 0.6*

*This apparent increase in sodium concentration is not

significant.

across small sodium gaps is a serious problem at
temperatures in excess of 1200°F. As a result of
these findings, a study is underway to determine
the effect of temperature and gap size on the
alloying of beryllium with Inconel. Layers of BeNi

2E, E. Hoffman et al., ANP Quar, Prog. Rep. Sepi. 10,
1954, ORNL-1771, p 29; G. M. Adamson et al.,, ANP
Quar. Prog. Rep. Dec. 10, 1954, ORNL.1816, p 78.
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Figo 190

UNCLASSIFIED
Y.14189

Surface of a Beryllium Specimen After a 1000-hr Exposure to Static Sodium at 1200°F.

Large voids are due to attack by the sodium, while small voids were introduced during metallographic

polishing. Unetched. 250X. (Secret with caption)

and BeNNis, both of which are very hard and
brittle compounds, have been found on Inconel
surfaces in past tests. A thermal-convection-loop
test which operated for 1000 hr with a hot-zone
temperature of 1300°F revealed a Be, Ni layer
approximately 20 mils in thickness where an
Inconel pipe and a beryllium insert were in direct
contact.? In the same test, in areas where a 6-mil
clearance was present between Inconel and beryl-
lium, a ]/2-mi| layer of the Be-Ni compound was
found on the surface of the Inconel,

The following tests on beryllium and Inconel
specimens were conducted in a static sodium bath,
since the maximum attack on beryllium specimens
and the only beryllium-nickel-compound layers on
Inconel in thermal-convection-loop tests have been
found in areas where the bath was fairly stagnant.
These areas prevailed in the annular space be-
tween the beryllium insert and the Inconel sleeve,
which surrounded the beryllium and held it in
position in the loops.

24

The tests completed to date were conducted for
1000 hr ot 1200°F and with 0-, 5-, and 20-mil
spaces between the Inconel and beryllium. The
appearance of these specimens after the test may
be seen in Figs. 20, 21, and 22. It can readily be
noted that considerable alloying occurred where
the specimens were in direct contact. Metallo-
graphic examination of the surface of the Inconel
specimen separated from the beryllium by the
5-mil space revealed a maximum of 0.2 mils of
berytlium-nickel-compound formation. The surface
of the Inconel specimen separated from beryllium
by the 20-mil space had no beryllium-nickel-
compound layers; however, there was an excessive
amount of precipitate in the Inconel grains to a
depth of 1 mil. Figwe 23 shows beryllium and
Inconel specimens which were held in direct con-
tact, Figure 24 is a photomicrograph showing the
6-mil layer of Belei5 and BeNi which formed on
the surface of the Inconel during this 1000-hr test.
Spectrographic analyses of drillings from the
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BERYLLIUM

5-mil SPACE

INCONEL

20 - mil SPACE

BERYLLIUM

Fig. 20. Inconel and Beryllium Specimens in
Positions Occupied During 100-hr Exposure to
Sodium at 1200°F. The mating surfaces of these
specimens may be seen in Figs. 21 and 22. 3X.
Reduced 31%. (Secret with caption)

UNCLASSIFIED
Y.13864

Fig. 21.
Specimens That Were Separated by a 5.mil Space

Surfaces of Beryllium and Inconel

(see Fig. 20). Gray and dark areas on beryllium
indicate the formation of BeO. Dark areas on
Inconel are locations where Be-Ni alloying oc-
curred. (Disregard areas of direct contact.) Un-
etched. 3X. (Secret with caption)
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UNCLASSIFIED
Y.13863

BERYLLIUM

Fig. 22. Surfaces of Beryllium and Inconel
Specimens That Were Separated by 20-mil Space
(see Fig. 20). Surface discolorations correspond
to those described in Fig. 21. Unetched. 3X.
(Secret with caption)

surfaces of the Inconel specimens revealed the
beryllium concentrations listed below.
Distance Between

Beryllium Concentration

Inconel and Beryl]ium
(1076 g/em?)

(mils)

0 2075~3490
5 5465
20 0.57

THERMAL-.CONVECTION-LOOP TEST OF
BERYLLIUM-SODIUM-INCONEL SYSTEM

E. E. Hoffman

In Fig. 25 a beryllium insert and the Inconel
sleeve which surrounded it are shown as they
appeared after having been exposed to sodium in
a recent thermal-convection-loop test, This test
was conducted for 1500 hr at a hot-zone tempera-
ture of 1300°F, and excessive alloying occurred
between the sleeve and the beryllium specimen.
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UNCLASSIFIED
Y-13958

Fig. 23. Mating Surfaces of (a) Be-
ryllivm and (b) Inconel Specimens After
1000-hr Exposure to Static Sodium at
1200°F. 3X. Reduced 16%. (Secret with
caption)
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Fig. 24. Layers of BeNi and Be, ;Ni Which Formed
on the Inconel Specimen. See caption of Fig. 23 for
description of conditions. 500X. Reduced 16%. (Secret
with caption)

UNCLASSIFIED
Y-14407

———— INCONEL SLEEVE

BERYLLIUM INSERT

Fig. 25. Inconel Sleeve and Beryllium Insert from Thermal-Convection-Loop Test with Sodium After
1500 hr with Hot Zone of 1300°F. Note alloying (indicated by arrows) which occurred between sieeve and

insert. (Secret with caption)
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The Inconel and beryllium were separated by a
space of approximately 6 mils at the beginning of
the test. |t can be noted from the photograph that
alloying of the beryllium with the Inconel resuited
in a metal buildup on the surface of the Inconel
and a depression in the beryllium surface. Ex-
tensive alloying also occurred between the ends
of the beryllium insert and the Inconel pipe, which
were in intimate contact during the test, Micro-
drillings were taken from various sections of the
Inconel loop in order to check the beryllium dis-
tribution on its surface in various areas. The con-
centration was found to be 6.0 and 6.4 pg/cm? in
two cold-zone areas and 0.25 and 0.97 pg/cm? in
two hot-zone areas.

These very low concentrations of beryllium on
the cold-leg surfaces of the Inconel loop indicate
that the tendency for beryllium metal to undergo
temperature-dependent moss transfer under these
test conditions is very slight.

BERYLLIUM-SODIUM-HASTELLOY B
SPACER TESTS

E. E. Hoffman

Tests have been performed to study the com-
patibility of Hastelloy B and beryllium in sodium
as. a function of their distance of separation. The
spacing distances employed were 0, 5, 20, 50, and
100 mils. After a 1000-hr test with static sodium
at 1200°F, the extent of alloying was observed to
be quite similar to that experienced with Inconel,
as might be expected, since Hasteiloy B and
Inconel are both nickel-base alloys. Drillings were
taken from the surfaces of the various Hastelloy B
specimens, and the beryllium concentrations on
the surface of each specimen are as follows:

Distance Between
Beryllium Concentration

Hastelloy B and Beryllium
Y Y (10=8 g/cm?)

(mils)
0 8,800
5 6.3
20 1.06
50 0.63
100 0.74

The microscopic appearance of this interaction
may be seen in Figs. 26 and 27. Direct contact
between beryllium and Hastelloy B (see Fig. 26)
resulted in the formation of various extremely hard

PERIOD ENDING APRIL 10, 1956

and brittle phases on the surface of the Hastelloy B
specimen, All of these phases have not been
identified as yet, but several of them are thought
to be Be-Ni intermetallics similar to those found
in tests of Inconel in contact with beryllium,3
Figure 27 shows the extent of transfer of beryllium
to the surface of a Hastelloy B specimen when the
two materials are separated by a 20-mil sodium
gap. The very fine precipitate along the surface
is thought to be a Be-Ni compound. From these
results, it appears that when in the presence of
sodium at 1200°F for long periods of time, beryl-
lium and Hastelloy B surfaces must be separated
by more than 20 mils if extensive alloying is to be
avoided.

INCONEL LOOP EXPERIMENT WITH
BOILING SODIUM

E. E. Hoffman

The results from a test of an Inconel loop
which contained boiling sodium and which was
terminated after 400 hr because of a pipe fail-
ure have been previously reported.4  Another
loop has been operated under similar thermal
conditions. The test was conducted under slight
vacuum so that the sodium would boil at approxi-
mately 1500°F. This loop experiment was termi-
nated after 1000 hr. In the previous test of 400-hr
duration, no mass-transferred crystals were de-
tected in the cold trap of the condenser line, but
heavy intergranular cracking to a depth of 50 mils
was detected in some areas. In the recent test,
macroscopically  visible quantities of mass-
transferred crystals were detected in the cold
trap (see Fig. 28).

The intergranular cracks and the deposit of
mass-transferred crystals which occurred in the
cold trap of this ioop are shown in Fig. 29. Various
sections from the condenser line were examined
metallographically, and the extent of attack and
of intergranular cracking was similar to that which
was found in the 400-hr test. In the hottest section
of the condenser pipe, the attack extended to a
depth of 1 to 2 mils and was in the form of small
subsurface voids. No intergranulor cracking was
detected in the hottest and coolest sections of
the condenser pipe. However, cracks were found

3E. E. Hoffman et al., ANP Quar. Prog. Rep. March 10,
1955, ORNL-1864, p 85, Fig. 6.20.

4E, E. Hoffman et al, Met. Semiann. Prog. Rep.
Oct, 10, 1955, ORNL-1988, p 10.

27



METALLURGY PROGRESS REPORT

UNCLASSIFIED Y., *
Y-17896 g

: .

g

CErpen
> e
28
G

iy
forat-itn

o
o

9 .008
. n
¥ w o
D a . Z a
. » 0o
o @x g . 8. : v .008 |
- ) » :‘ . - iay ; o -9 <, L o T . 14 Yodo ..
gt e a0 (|3 v.;‘. L . e 3 + Q)
| . " a9 : u b
HASTELLOY B W .. HASTELLOYB @ 18-
R g SRne 0 g : ’*o"‘\c{ P »
. . - > 2 : + N
: - ; . o .
el . 540 +* ¢ g ™ T 4 * T |08,
x’ # » ‘ . ' B 9 -
(a) . : 8 (8) . o ) / :

Fig. 26. Edge of Hastelloy B Specimen Which Was in Direct Contact with Beryllium and Was Ex-
posed for 1000 hr to Sodium at 1200°F. (a) Unetched. (b) Cathodic etch. 500X. Reduced 19%. (Secret

with caption)

Fig. 27. Edge of Hastelloy B Specimen, Separated from a Beryllium Specimen by a 20-mil Space,
After 1000-hr Exposure to Sodium at 1200°F, Note the very fine precipitate along the surface; this is
believed to be a beryllium-nickel-intermetallic compound. Unetched. (Secret with caption)
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UNCLASSIFIED
Y-17792

HOT TRAP
750°C (1382°F)

COLD TRAP
560°C (I040°F)

Fig. 28. Inconel Loop No. 3 in Which Sodium Was Boiled for 1000 hr. Note metallic-crystal depo-
sition which occurred on the surface of the cold-trap wall. (See Fig. 29.)

. UNCLASSIFIED UNCLASSIFIED
Y.17687 Y.17690. -

018

020

Fig. 29. Wall of Cold Trap from Condenser Section of the Inconel Loop Described in Fig. 28.
(@) Intergranular cracking and mass-transferred material. (6) Enlarged view of the mass-transferred
material. Specimens nickel-plated following the test. Etchant: aqua regia. 150X. Reduced 2%.
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in the straight section which connected the hot
and cold traps; the maximum depth of this cracking
was approximately 25 mils, as compared to 50 mils
in the earlier 400-hr test. In the areas where
cracks were detected, the temperatures varied
from 1150 to 1325°F, and metallographic examina-
tion indicates that a brittle grain-boundary phase
is present in these areas. Periodic thermal ex-
cursions caused by the condensing sodium led to
severe thermal stresses in the pipe walls which
apparently caused the cracks to propagate.

TYPE 348 STAINLESS STEEL LOOP
EXPERIMENTS WITH BOILING SODIUM

E. E. Hoffman

Three type 348 stainless steel loops have been
operated with boiling sodium for various lengths
of time.
composition to type 347 stainless steel except
that the carbon content of type 348 is higher. Each
test was terminated before the scheduled shutdown
time of 1000 hr because of leaks which developed
in various locations in the system, As fabrication
techniques improved, the loops operated for longer
periods of time: 108, 316, and 740 hr. The tests
were run in order to study mass transfer by sodium
in a stainless steel system in which the oxygen
content of the sodium is held to a very low value
and in order to compare the results with those
obtained in a similar Inconel system.

The loop as originally designed (for testing in-
conel) is shown in a previous report.> The design
has been modified, and the type used in the work
now being reported is shown in Fig. 30, An over-
flow reservoir and a sampling port were incorpo-
rated into the receiver in order to permit samples
of the freshly condensed sodium to be taken peri-
odically so that the oxygen concentration could be
checked during the course of the run. The nickel
sample bucket was lowered through the open valve,
and a sample of sodium was taken from the reser-
voir. The sample bucket was then withdrawn from
the loop (a purified helium atmosphere being main-
tained over the sample) and transferred to a pyrex
tube where it was sealed off under vacuum. Al-
though a limited number of samples have been
taken to date, the oxygen concentration of the
sodium has been found to be approximately 20 ppm;

Type 348 stainless steel is similar in

sE. E. Hoffman et al., Met. Semiann. Prog. Rep.
Oct, 10, 1955, ORNL-1988, p 11, Fig. 5.
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a portion of this may be attributed to contamination
during sampling.

The condenser sections of the three loops in
this series were sectioned following termination
of the tests, and no mass-transferred crystals were
found in the cold traps. This is not surprising,
since iron-base alloys (stainless steels) have
been found to be less susceptible to mass transfer
by sodium than nickel-base alloys (e.g., Inconel)
in both thermal-convection-loop and pump-loop
systems. Heavy intergranular cracking up to 40
mils in depth was detected in the condenser section
of each of the loops. Figure 31 is a photomicro-
graph of a section of the loop which operated for

740 hr,

TYPE 316 STAINLESS STEEL THERMAL.-
CONVECTION LOOP EXPERIMENTS
WITH SODIUM

E. E. Hoffman

Two type 316 stainless steel thermal-convection
loops filled with sodium have been tested for
1000 hr with hot- and cold-leg temperatures of
approximately 1630 and 1050°F, respectively. The
loops were loaded with sodium from the same fill
pot, and the test conditions were similar except
that a diffusion-type cold trap was placed at the
bottom of the cold leg of one loop. Air was blown
on one section of the cold leg of each loop so as
to induce a very sharp temperature gradient. The
tests were performed in order to determine the
effect of a diffusion cold trap on the amount of
mass transfer observed in a stainless steel system
containing sodium. Samples of the sodium used to
fill the loops were taken and contained 20 ppm
oxygen by analysis. Samples of the sodium were
also taken from the loops after the tests: that
from loop 26 (no cold trap) contained 25 ppm oxy-
gen, while that from loop 27 (diffusion cold trap)
contained 35 ppm oxygen. The difference is
attributed to contamination during the sampling
operation; however, by present standards, the
sodium in both loops was considered to be quite
low in oxygen content, The coldest section of
each loop was removed after test, and visual in-
spection revealed a small amount of metallic
crystals in each. Although neither loop showed
an appreciable amount of crystals, the cold leg
which did not have a cold trap definitely had a
greater quantity present on its surface. The
amount of crystals was insufficient to have an
analysis performed.
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Fig. 310

£t INCLASSIFIED,
0 Ya18192
el LY

Wall of Type 348 Stainless Steel Loop Taken from Straight Section of Condenser Pipe

Located Midway Between the Holdup Traps (see Fig. 30). Note intergranular cracking. Etchant: aqua

regia.

In a similar test of an Inconel thermal-convec-
tion loop containing sodium, in which the hot leg
reached a maximum temperature of 1500°F (130°F
less than in the stainless steel loop tests), the
amount of mass transfer observed was approxi-
mately ten times that observed in either of the
stainless steel tests. The results of metallo-
graphic examination are listed in Table 16, These
results may be summarized as follows: (1) the
attack in the hottest section of loop 26 (without
diffusion cold trap) was deeper than that detected
in loop 27 (diffusion cold trap) (see Figs. 32 and
33); (2) nickel was preferentially leached from the
hot-zone walls by the sodium; (3) deep intergranular
cracking was found in the coldest section of the
loop with no cold trap, whereas no cracks were
observed in the cold leg of the loop which had a
diffusion cold trap (see Fig. 33b).
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CATHALLOY A.31 TESTED IN STATIC SODIUM
R. Carlander
A 6-in, tube of Cathalloy A-31 (4% W-96% Ni)

was half-filled with sodium under a helium atmos-
phere and tested statically at 150°F for 100 hr,
No attack occurred in either the vapor or bath
zones of the capsule.

CORROSION TESTS OF ALFENOL IN
VARIOUS MEDIA

E. E. Hoffman

Specimens of Alfenol (84% Fe-16% Al), sub-
mitted by The Glenn L. Martin Co., have been
tested statically at 1500°F in fused-fluoride
mixture, lead, lithium, and sodium for 100 hr.
Since no Alfenol container tubes were available,
Inconel was used as the container material for
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UNCLASSIFIED UNCLASSIFIED
Y.17583 Y-17686

Fig. 32. Type 316 Stainless Steel Thermal-Convection Loop No. 26 in Which Sodium Was Circulated
but Which Did Not Have a Diffusion Cold Trap. (a) Hot leg, 1630°F. (b) Cold leg, 1050°F. Note
irregularity of hot-leg surface and deep intergranular cracking which occurred in cold leg. Etchant:

aqua regia. 500X. Reduced 16.5%.

Fig. 33, Type 316 Stainless Steel Thermal-Convection Loop No. 27 in Which Sodium Was Circulated
and Which Had a Diffusion Cold Trap to Lower the Oxygen Content of the Sodium. (a) Hot leg, 1630°F,
() Cold leg, 950°F. Note austenite-to-ferrite phase transformation which occurred on surface of hot
leg and which was due to preferential leaching of nickel. Etchant: aqua regia. 500X. Reduced 18%.
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TABLE 16.

RESULTS OF METALLOGRAPHIC EXAMINATION OF SECTIONS
FROM TYPE 316 STAINLESS STEEL THERMAL-CONVECTION LOOPS

IN WHICH SODIUM WAS CIRCULATED FOR 1000 hr

Metallographic Results

Loop 27 — Diffusion-Type Cold Trap

Operating
Section Temperature
Examined of Section Loop 26 — No Cold Trap
(°F)
Top of hot leg 1600 Irregular surface attack to a depth of
]6 to 34 mil
Middle of hot leg 1630 Irregular surface attack to a depth of
3 to 31,6 mils; on account of prefer-
ential leaching of nickel, surface
transformed from austenite to ferrite
to a depth of ]4 to ]/2 mil
Middle of cold leg 1330 Attack to a depth of less than ]/2 mil
Bottom of cold leg*
Loop 26 1050 Heavy precipitation of unidentified
Loop 27 950 phase in grains and grain bounda-

ries; quite a few intergranular
cracks originating at exposed sur-

face and extending to depths of 10

Irregular surface attack to a depth of
]6 to 34 mil

Attack to a depth of less than 1 mil;
on account of preferential leaching
of nickel, surface transformed from
austenite to ferrite to a depth of ]4
to ]6 mil

Intergranular attack to a depth of ]é

to 1 mil

Heavy precipitation in exposedgrains
and grain boundaries; no inter-

granular cracks detected

to 20 mils

*Cooled by air blast,

all tests, The results of these tests were as
follows:

1. The specimen tested in NaF-ZrF .UF, (53.5
40-6.5 mole %) was covered with black crystals
after the test and showed a 30% increase in weight.
The crystals were analyzed and found to be UF,,
The specimen was attacked throughout its thick-
ness by way of the grain boundaries. It appears
that the attack was most vigorous in aluminum-rich
areas, aluminum being thermodynamically unstable
in the molten salt (see Fig. 34).

2. In the test with lead, no weight-change data
were taken because particles of lead adhered to
the specimen. Metallographic examination re-
vealed attack only in a few scattered areas to a
depth of 0.5 mil.

3. The specimen tested in lithium was attacked
throughout the grain boundaries, which were

34

apparently aluminum-rich regions. Gentle tapping
caused the specimen to breck up into individual
grains.

4, The specimen tested in sodium lost only
16 mg (0.009%) during the test, and metallographic

examination revealed no attack,

SPECIAL STELLITE HEATS IN LITHIUM
E. E. Hoffman

Two special heats of Stellite, heats B and C,
were submitted by the Union Carbide and Carbon
Metals Research Laboratories for corrosion tests
in various liquid metals. The results of earlier
tests in NaF-ZrF4.UF‘ (53.5-40-6.5 mole %) and
in sodium have been reported previously.® The

SE. E. Hoffman et al., ANP Quar. Prog. Rep. Sept. 10,
1954, ORNL-1771, p 83.
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Fig. 34, Appearance of Alfenol (84% Fe~16% Al) Specimen After 100-hr Exposure to NoF-ZrF4-UF
(53.5-40.0-6.5 mole %) at 1500°F., Note heavy attack along grain boundaries. Unetched. 250X. (Secret
with caption)

approximate compositions of these alloys are as TABLE 17. RESULTS OF TESTS OF SPECIAL
follows: STELLITE HEATS IN STATIC LITHIUM

AT 1500°F FOR 100 h
Composition (wt %) T 1500°F F 00 hr

Heat B Heat C | Weight Loss .
ateria X Metallographic Notes
Carbon 1 0.30 i (9/in?) raphic Move
Chromium 35 28
Tungsten 5 Heat B 0.044 Mniform attack to a depth of
Molybdenum 12 2 to 3 mils plus very heavy
Manganese 0.50 0.50 attack in several isolated
Silicon 0.50 0.50 areas
Nickel 3 Heat B 0.059 Approximately 90% of exposed
Cobalt 58 55.7 surface attacked to a depth
of 3 mils; very heavy attack
The alloys were unattacked by sodium and were on the other 10% of the sur-
attacked to depths of from 7 to 20 mils by the fused face

salt, Table 17 lists the results of tests of these
materials in lithium. It is apparent that certain
areas of these alloys are susceptible to very heavy
attack. This may be due to composition variations
in the specimens,

Heat C 0.069 Uniform attack to a depth of 2
to 4 mils, with very heavy
attack in some areas as

noted above
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CORROSION OF SPECIAL ALLOYS IN CONTACT
WITH DEHYDRATED SODIUM HYDROXIDE

E. E. Hoffman

Quite a few capsule tests have been conducted
in the past on commercially available alloys in
static sodium hydroxide at elevated temperatures.
After reviewing the past results, G. P. Smith of
this division requested that additional tests be
performed on nine special alloys. Recent work by
M. E. Steidlitz and G, P. Smith has shown that
A" nickel does not exhibit mass transfer in a
nonisothermal system provided the maximum tem-
perature in the system does not exceed approxi-
mately 1100°F. Pure nickel unfortunately has
relatively poor high-temperature strength, and it
would be desirable to use a nickel-base alloy, if
possible, as a container material for high-tempera-
ture sodium hydroxide. In order to increase the
severity of the attack the alloys selected (see
Table 18) were tested at 1500°F, thereby making
less difficult the selection of an alloy for future
study in a dynamic system at a lower temperature.
Several iron-base alloys were tested in order to
compare their corrosion resistance with that of
similar commercial alloys.

Nine special alloys were cast and extruded into
l-in.-dia rods by the Fabrication Group. Two
capsules, two closure caps, and two specimens
were machined from each extruded rod. Duplicate
tests were run on all alloys except the 60% Ni—

20% Mo-20% Fe alloy. The specimens were
weighed before and after the test in order to obtain
weight-change data. The sodium hydroxide used
in this investigation was dehydrated by heating it
at 300°C under vacuum (less than 10 p) for 6 hr;
after which time, the temperature was raised to
360°C and maintained for 20 hr. The individual
corrosion-test capsules were placed in a protective
capsule and then placed in a furnace where they
were held at 1500°F for 100 hr.

The test results are listed in Table 19. Figure
35 shows the 90% Ni=10% Mo alloy after the test;
this alloy was the most corrosion resistant of the
alloys in this group. On the basis of these tests,
the following conclusions may be drawn: (1) iron-
base alloys, in general, have poor resistance to
corrosion by sodium hydroxide at 1500°F, the
resistance decreasing with increasing iron con-
tent; (2) additions of chromium tend to decrease
the corrosion resistance of the iron-base alloys,
whereas additions of nickel are beneficial;
(3) nickel-base alloys have good resistance to
the hydroxide provided the nickel content is above
80%; (4) the 90% Ni-10% Mo alloy was found to
be attacked less than the 85% Ni~15% Mo alloy.
Further tests are planned on an alloy similar to
the 90% Ni-10% Mo alloy, since the present re-
sults indicate that the corrosion resistance of this
latter alloy is much better than that of any of the
other alloys with good high-temperature strengths
which have been tested in the past.

TABLE 18. COMPOSITION OF SPECIAL ALLOYS TESTED IN SODIUM HYDROXIDE

Nominal Composition

Elemental Analyses (wt %)

(wt %) Ni Fe Mo Cr Cc Si Mn S
85 Ni—15 Mo 86.07 15.09 0.021 0.030 <0.002 <0.0001
90 Ni-10 Mo 89.60 10.23 0.014 0.040 <0.0020 0.0002
80 Ni~10 Mo-10 Fe 78.48 10.14 9.60 0.010 0.040 <0.002 0.0006
60 Ni—20 Mo-20 Fe 59.44 20.38 19.53 0.018 0.040 <0.002 0.0003
70 Ni-15 Fe—15 Mo 71.29 13.83 14.31 0.013 0.023 <0.017 <0.0001
80 Fe-20 Cr 80.91 19.14 0.017 0.060 <0.002 0,021
80 Fe~10 Cr—10 Ni 10.40 79.60 9.93 0.018 0.030 <0.002 0.012
74 Fe-18 Cr—8 Ni 811 73.5 18.70 0.022 0.030 <0.002 0.019
60 Fe-20 Cr—20 Ni 19.88 61.43 19.66 0.005 0.040 <0.002 0.013
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TABLE 19. CORROSION OF SPECIAL ALLOYS AFTER 100 hr IN STATIC SODIUM HYDROXIDE AT 1500°F

Test Alloy Composition Weight Change
No. (wt %) (g/cm2) Metallographic Notes
Nickel-Base Alloys
1 85 Ni—~15 Mo -0.011 Scattered subsurface voids to a depth of 1.5 to 2.5
mils
2 85 Ni—15 Mo -0.010 Scattered subsurface voids to a depth of 2 to 3 mils
3 90 Ni<10 Mo -0.005 Attack to a depth of less than ]/2 mil
4 90 Ni-10 Mo ~0.005 Same as above
5 80 Ni=10 Mo=10 Fe -0.006 A few scattered subsurface voids to a depth of 1 mil
6 80 Ni—=10 Mo~10 Fe -0.005 Same as above, except that one corner of specimen
heavily attacked to a depth of 3 mils
13 60 Ni=20 Mo~20 Fe -0.003 Very small subsurface voids to a depth of 4 to 5§ mils
in scattered areas
16 70 Ni~15 Fe=15 Mo -0.021 Attack in the form of small subsurface voids to a
depth of 3 to 4 mils
17 70 Ni~15 Fe~15 Mo -0.020 Same as above
Iron-Base Alloys
7 80 Fe-20 Cr 0.796 Specimen very heavily attacked; thick oxidation-type
corrosion product with thin metallic layers at sur-
face; thickness of unattacked material decreased
from 250 to 216 mils
8 80 Fe-20 Cr 0.913 Same as above
9 80 Fe=10 Cr-~10 Ni 0.045 Heavy oxidation-type attack to a depth of 5 to  mils
10 80 Fe-10 Cr—10 Ni 0.042 Same as above
1 74 Fe—~18 Cr-8 Ni 0.104 Heavy oxidationstype attack to a depth of 11 mils
12 74 Fe~18 Cr—-8 Ni 0.112 Heavy attack to a depth of 12 to 13 mils
14 60 Fe~20 Cr—20 Ni 0.047 Uniform attack to a depth of 5 mils
15 60 Fe—~20 Cr~20 Ni 0.032 Uniform attack to a depth of 5.5 mils

TITANIUM CARBIDE CERMETS TESTED
IN NuF-ZrFA-UF4

W. H. Cook

The normally inert ond refractory nature of
cermets makes them attractive for applications
where solid-phase bonding (self-bonding) would
occur if conventional materials were used. Valve
stems and seats are especially important areas
where solid-phase bonding cannot be tolerated.
Very clean surfaces promote solid-phase bonding;
and in fused-fluoride-salt systems at elevated

temperatures, surface contaminants are rapidly
removed,

Some titanium-carbide-base cermets (the Ken-
taniums’) and a tungsten-carbide-base cermet’
tested in NaF-ZrF .UF, (50-46-4 mole %) have
shown promising corrosion resistance, although
there were some variations in duplicate tests.?

Consequently, further evaluations have been made

"Manufactured by Kennametal, Inc., Latrobe, Pa.

8E. E. Hoffman et al., ANP Quar. Prog. Rep. June 10,
1954 ORNL-1729, p 68,
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Fig. 35. Edge of 90% Ni=10% Mo Alloy Specimen After 100-hr Exposure to Static Sodium Hydroxide

at 1500°F, Etchant: aqua regia.

of the corrosion resistance of these Kentanium
materials, K-150A, K-151A, K-152B, K-162B, and
of the Kennametal material D-4675; their compo-
sitions are given in Table 20, Two sets of each
of these materials were tested for 100 hr in contact
with NaF-ZrF -UF, (53.540-6.5 mole %) in the
hot zone of a seesaw apparatus. In both sets of
tests, the hot-zone temperature was 1500°F; but
the cold-zone temperatures were 1235°F for one

and 1385°F for the other.

Comparison of the untested specimens with the
tested specimens under the metallographic micro-
scope did not reveal attack on any of the speci-
mens, The fact that no corrosive attack was ob-
served in the present test, whereas some corrosion
did occur on specimens tested in the past, is
believed to be due to the improved purity of the
fused-fluoride salts used and to improved metallo-
graphic-polishing techniques. It is very difficult
to metallographically polish cermets so that on
high-magnification examination the edges can be
established with an accuracy of 1 and 2 mils. The
Metallography Group of the Metallurgy Division is
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TABLE 20. COMPOSITIONS OF CERMETS SEESAW
TESTED IN CONTACT WITH NaF-ZrF -UF,
(53.5-40-6.5 mole %)

Designation Composition (wt %)

K150A 80 TiC~10 NchTiC3—10 Ni
K151A 70 TiC-10 NbTaTiCy~20 Ni
K152B 64 TiC=6 NbTaTiC3-30 Ni
K162B 64 TiC-6 NbTuTiC3-—25 Ni-5 Mo
D4675 97.5 WC=-2.5 Co

developing the special techniques that are neces-
sary in order to polish these very hard materials.

The photomicrographs of the untested and tested
specimens of K-151A, K-162B, and D-4675 (Figs.
36, 37, and 38), respectively, illustrate the struc-
ture of typical specimens and the absence of
corrosion. In Figs. 36 and 37, the large, gray-
colored particles are TiC, and the lighter-colored
material is binder., The black areas are pores or
polishing pull-outs,
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UNCLASSIFIED UNCLASSIFIED
Y-13585 { ) : Y

Fig. 36, Cermet K151A (70% TiC~10% NbTuTiC3-20% Ni) Specimens (a) Untested and (b) After
Exposure for 100 hr to NaF.ZrF ;-UF, (53,5-40-6.5 mole %) in Seesaw Apparatus with a Hot-Zone Temper-
ature of 1500°F and a Cold-Zone Temperature of 1230°F, Test specimen was in hot zone of apparatus.
Unetched. 1000X, Reduced 12.5%. (Secret with caption)

UNCLASSIFIED UNCLASSIFIED
o Y-13586 . Y-13587

000X

kS

(o)

I

Fig. 37. Cermet K162B (64% TiC-6% NbTuTiC3-25% Ni=5% Mo) Specimens (a) Untested and
(b) After Exposure for 100 hr to NoF-ZrF4-UF4 {53.5-406.5 mole %) in Seesaw Apparatus with a Hot-Zone
Temperature of 1500°F and a Cold-Zone Temperature of 1230°F, The exposed specimen was tested in
hot zone of apparatus. Unetched. 1000X. Reduced 12.5%. (Secret with caption).
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UNCLASSIFIED
Y-12679

Fig. 38.
100 hr to NaF-ZrF,-UF, (53.5.40-6.5 mole %) in Seesaw Apparatus with a Hot-Zone Temperature of
1500°F and a Cold-Zone Temperature of 1385°F, The exposed specimen was tested in the hot zone of
the apparatus. Unetched. (Secret with caption)

SOME METAL-BONDED TITANIUM CARBIDE
CERMETS TESTED IN NoF-ZrF4-U Fy

W. H. Cook

For screening purposes, ten titanium carbide
cermets with high contents of alloy binders, three
bonded with cobalt-base alloys and seven bonded
with nickel-base alloys, have been tested for
corrosion in NaF-ZrF4-UF4 (53.5-40-6.5 mole %)
in the seesaw apparatus at 41/4 cpm, The hot and
cold zones were at 1500 and 1200°F, respectively.
The test period was 200 hr, and each specimen
was in the hot zone of its capsule during this time.
A summary of the results is given in Table 21,
For comparison, the results? from specimens of
five of the cermets tested for 100 hr in NaF-ZrF -
UF, (50-46-4 mole %) have been included in
Table 21. The tests made in the NaF-ZrF ,-UF
(50-46-4 mole %) are considered less reliable than
those made in NoF-ZrFA-UFl‘ (53.5-40-6.5 mole %).

9. E. Hoffman et al., Met. Semiann. Prog. Rep.
Oct. 10, 1954, ORNL.1875, pp 101102, 108.
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Cermet D4675 (97.5% WC=2.5% Co) Specimens (a) Untested ond (b) After Exposure for

At the time that the tests were made in the former
medium, there were no untested specimens avail-
able for comparison with the tested specimens, the
compositions were not |<nown,]O and not as much
was known about the complex techniques that are
required in order to metallographically polish
these specimens.

As shown in Table 21, only Sintercast specimens
1 and 7 were attacked by NaF-ZrF UF , (53.5-40-
6.5 mole %). The nature of the attack on each
specimen is shown in Figs. 39 and 40, respec-
tively. The reason for the attack on specimen 7
probably can be attributed to the fact that this
was the only specimen that had aluminum in the
binder. The reason for the attack on specimen 1
is more difficult to conjecture, but it is assumed
that the specimen corroded because it had the
highest chromium content.

IOComposirions of and fobrication techniques for these
Sintercast specimens (Sintercast Corporation of America,
Yonkers, N. Y.) are Company Confidential Information.
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TABLE 21, SUMMARY OF CORROSION TESTS ON TITANIUM CERMETS WITH HIGH METAL CONTENTS

Seesaw Test Conditions
Tilting angle: 20 deg
Rocking rate: 4]4 cpm
Hot-zone temperature:

Cold=zone temperature:

1500°F
1200°F

Capsule material: Inconel

Sintercast Attack (mils)

Soeci a Metal Binder
pecimen

Alloy Base In NaF-ZrF4UF4 In NqF-ZrF4-UF4
No. (50-46+4 mole %) (53.5-40-6.5 mole %)€

Metallographic Notes

1 Cobalt 0.5t0 2 4108

2 Cobalt 0

4 Cobalt 1 0

3 Nickel 0

5 Nickel 0 0

] Nickel 0

7 Nickel 1.5t0 7

8 Nickel 0.5t0 2 0

9 Nickel 0

10 Nickel 0

The attack was primorily olong the boundaries between
the TiC porticles and the metal binder; the TiC par-
ticles were slightly smaller than those in specimens
2 and 4 and tended to be globular in shape

The specimen was unattacked; the TiC particles were
globulor and intermedicte in size between those of

specimens 1 and 4

The specimen was unattacked; the TiC particles were
slightly larger than those in specimens 1 and 2; the
TiC particles were globular and sharply defined in
the metal

The specimen was unattacked; the TiC particles were
not so globular as those bonded with the cobalt-base
alloys, specimens 1, 2, and 4; the TiC particle size

appeored to be the same as that for specimen 1

The specimen was unattacked; the TiC particles were
less globular in shape than those in specimen 3 and

they appeared to be smaller

The specimen was unattacked; the TiC particles were
approximately the same size as those in specimen 4;
they were less globular than those bonded with the
cobalt-base alloys; there was more metal area in a

section than in any other of the specimens

The attack was primarily along the boundaries between
the TiC particles and the metal binder; the TiC pare
ticles in this and specimen 10 were the most angular

in shape of all specimens

The specimen was unattacked; the structure was similar
to that of specimen 6 except that there was less metal
area

The specimen was unattacked; the structure was similar
to that of specimen 8 except that there was a greater
quantity of small TiC particles

The specimen was unattacked; the TiC porticles were
angular like those in specimen 7 and were larger than

those in any of the other specimens

2The specimens each contain 45 to 55 wt % TiC.
b100-he tests.
€200-hr tests.
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__TUNCLASSIFIED

Fig. 39. Sintercast Specimen 1 (a) Before Exposure and (b) Exposed for 200 hr to NaF-ZrF -UF
(53.5.40-6.5 mole %) in Seesaw Apparatus with a Hot<Zone Temperature of 1500°F and a Cold-Zone

Temperature of 1200°F, The exposed specimen was tested in the hot zone of the apparatus. Unetched.
500X. Reduced 11.5%. (Secret with caption)

UNCLASSIFIED, v e UNCLASSIFIED
§ Y6942 § Sy T G, Y1941
i P & L ¥ . # ke 7 .

Fig. 40. Sintercast Specimen 7 (a) Before Exposure and (b) Exposed for 200 hr to NuF-ZrFrUF4
(53.5-40-6,5 mole %) in Seesaw Apparatus with a Hot-Zone Temperature of 1500°F ond a Cold-Zone

Temperature of 1200°F. The exposed specimen was tested in the hot zone of the apparatus. Unetched.
500X. Reduced 11.5%. (Secret with caption)
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Over-all metallographic examination of the struc-
ture of the specimens indicated that the TiC
particles in the cermets bonded with cobalt-base
alloys were generally more globular in shape than
in those bonded with nickel-base alloys. This
suggested that the cobalt-base alloys may have
reacted more with the fitanium carbide during
fabrication of the specimens than did the nickel-
base alloys. Figures 39 and 40 illustrate the
extremes in the shapes of the TiC particles, and
Fig. 41 illustrates the most typical structure and
appearance of the material in the absence of
attack. It can be seen that there is practically no
mutual bonding between the titanium carbide
particles, as is the case with the more common
types of cermets with relatively low contents
(30 wt % or less) of metal., These TiC cermets,
which contain relatively large amounts of metal,
might be particularly useful in service applica-
tions requiring components that have properties
intermediate between metals and the more common
cermets,

T
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EXPERIMENTAL HOT-PRESSED TUNGSTEN
CARBIDE CERMETS TESTED IN
NaF-Z¢F ,.UF ; AND IN SODIUM

W. H. Cook

For screening purposes, several experimental
hot-pressed tungsten carbide cermets from Haynes
Stellite Company have been tested for corrosion
in NOF-ZrF4-UF4 (53.5-40-6.5 mole %) and in
sodium in the seesaw apparatus operated af
4]/4 cpm. The hot and cold-zones were at 1500
and 1200°F, respectively., Each specimen was
tested in the hot zone of its capsule for 200 hr,
The nominal compositions of the materials tested
are given in Table 22,

On metallographic examination of the untested
and tested specimens only the cermet B specimen
which was tested in the fused salt and the cermet
F specimen which was tested in sodium were
measurably attacked.  Cermet B was slightly
attacked to a depth of ‘/2 mil, In cermet F some
binder was removed, leaving small subsurface

L UNCLASSIFIED |

Y-16890 i

Fig. 41. Sintercast Specimen 4 (a) Before Exposure and (b) Exposed for 200 hr.to NoF-ZrF ,-UF,
(53.5-40-6.5 mole %) in Seesaw Apparatus with a Hot-Zone Temperature of 1500°F and a Cold-Zone
Temperature of 1200°F. The exposed specimen was tested in the hot zone of the apparatus. Unetched,

(Secret with caption)
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TABLE 22. NOMINAL COMPOSITIONS OF SEVERAL EXPERIMENTAL HOT-PRESSED
TUNGSTEN CARBIDE CERMETS
Cermet Metal Binder Nominal Composition of Cermet (wt %)
Designation wC Co Ni Cr Mo w Fe C
A Hastelloy C 88 68 2.0 2.1 0.5 0.7 002
B Haynes alloy No. 31 88 6.7 13 3.1 0.9 0.2  0.06
C 90% Co-10% Cr 84 14.4 1.6
D Haynes afloy No. 6 84 10.3 4.4 0.6 0.5  0.16
E Haynes alloy No. 6 76 15.5 646 1.0 07  0.24
F 60% Haynes alloy Nos 6-40% Co 80 15.7 3.3 0.5 0.4  0.10
G 50% Hoynes alloy No. 6~50% Co 76 19.7 3.3 0.5 0.4 0,10

voids widely scattered along the edges; the maxi-
mum attack was 3 mils in one small area and the
surfaces were roughened. On consideration of
their compositions and of the metallographic re-
sults from other tungsten carbide cermets, the
minor attacks reported here appear to be anomolous.

Metallographic examinations of all the speci-
mens, showed, in general, that the structures were
good, The tungsten carbide particles were small
and appeared to be well bonded to each other and
to the metal alloys. There was little porosity.
The tungsten carbide and metal distributions were
good with the exception of some small islands of
metal which were free of tungsten carbide particles
and which were relatively few in number; the num-
ber of islands was least in the specimens that had
more than 20% metal. Typical of the structures
that have been observed are those of the untested
and tested specimens of cermet B composed of
88% WC and 12% Haynes Stellite alloy No. 31
shown in Fig. 42.

CARBIDES OF BORON, TITANIUM, ZIRCONIUM,
AND CHROMIUM IN VYARIOUS STATIC MEDIA

W. H. Cook

Specimens of the carbides of boron, titanium,
zirconium, and chromium were tested for 100 hr
in order to determine their corrosion resistance to
static sodium, N(:F-ZrF“.UF4 (53.5-40-6.5 mole %),
lithium, and lead at 1500°F. The measured
densities ond apparent porosities of the test
specimens and the results of the corrosion tests
are given in Table 23, The results indicate that
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TiC and Cr C, have the best resistance to cor-
rosion in all of the test media; however, the tests
are not selective enough to designate which of
the two, TiC or Cr,C,, is the superior material.
If the lower strength of the Cr,C, or the more
brittle nature of the Cr,C, or both are objection-
able, then the TiC is superior. In Figs. 43 and 44
are shown the typical appearances of untested and
tested TiC and Cr,C, specimens. The ZrC showed
signs of failing only in the presence of the fused
salt; this failure, principally in the form of fine
incipent cracks in the surfaces of the ZrC particles,
may be seen in Fig. 45. The results in Table 23
show that the corrosion resistance of the B4C
specimens was poor or questionable in all media
except lead. Preliminary data from recent corrosion
tests in sodium on specimens from a different B,C
sample indicate that the failure of the BAC, as
reported in Table 23, might be peculiar to that
B,C specimen. |If this is shown to be true, then
the corrosion of B,C in lithium and in fused salt
will be further investigated.

In view of the results reported above, additional
and more severe corrosion-resistance tests of the
carbides of titanium, chromium, and zirconium in
each of the four media appear to be warranted.

NITRIDES OF BORON, SILICON, AND TITANIUM
IN YARIOUS STATIC MEDIA
W. H. Cook

For screening purposes, specimens of the
nitrides of boron, silicon, and titanium have been
subjected to corrosion tests in static media:
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UNCLASSIFIED

Y-16983

Fig. 42. Cermet B (88% WC-~12% Haynes No. 31) Specimens (a) Untested and (b) Exposed for 200 hr
to NaF-ZrF -UF, (53.5-40.6.5 mole %) in Seesaw Apparatus with a Hot-Zone Temperature of 1500°F and
a Cold-Zone Temperature of 1200°F, The exposed specimen was tested in the hot zone of the apparatus,
Specimen nickel-plated following test, 1000X. (Secret with caption)

sodium, NaF-ZrF .UF, (53.5-40-6.5 mole %),
lithium, and lead. The specimens were tested at
1500°F for 100 hr, All the specimens showed some
promise of being corrosion resistant to all the
media, except to lithium in which they disinte-
grated. Powder x-ray diffraction patterns on the
fragments from the lithium tests indicated that a
secondary unknown phase had developed in each
of the specimens.

The Ceramics Laboratory, which supplied the
boron nitride specimens and one set of silicon
nitride specimens, reported densities of 1.38 g/cc
and 2.33 g/cc and apparent porosities of 36.2 and
31.1%, respectively, for the boron nitride and
silicon nitride specimens., The other sets of
silicon nitride specimens and titanium nitride
specimens were taken from the General Corrosion
Group’s supply. The densities and porosities of
these latter specimens were not available. All
four sets of specimens were porous and had
approximate Moh hardnesses of 1 for the boron

nitride, 4 for each set of silicon nitride, and 7 for
the titanium nitride.

On the basis of these tests, it is recommended
that further studies be conducted for the purpose
of determining the corrosion resistance of the
nitrides of boron, silicon, and titanium in sodium,
lead, and the fused-fluoride-salt mixture.

RARE-EARTH OXIDES AND INCONEL IN
STATIC SODIUM

W. H. Cook

In the considerations pertaining to the use of
rare-earth oxides as possible control-rod materials
for the ART, it was suggested that sodium be
used as the heat-transfer medium to aid in the
cooling of the control-rod materials. It was
proposed that Inconel be used as the container
material for the sodium and the rare-earth oxides.
In consequence of these proposals, tests have
been conducted on some rare-earth oxides in order
to investigate their corrosion resistance to sodium
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TABLE 23. CORROSION RESULTS FROM SPECIMENS OF B,C, TiC, ZrC, AND Cr3C, TESTED

FOR 100 hr AT 1500°F IN STATIC MEDIA

Weight A K
tt
Material? Changeb .ac Metallographic Results
{mils)
(%)
Tested in Sodium
34C -6.5 Specimen cracked and fell apart during test ~ in view of results from recent
simifar tests, failure noted appears to be peculiar to this specimen.
TiC 0 0 No attack; TiCparticles bonded so well that location of bonds between indi-
vidual particles was difficult to discern
ZC +0.1 0 No attack; ZrC particles appeared to be well bonded
Cr3C2 ~0.4 0 No attack; Cr3C2 particles did not appear to be well bonded
Tested in NaF-ZrF ,.UF ; (53,5-40-6.5 mole %)
B4C -0.4 5 Unidentified phase, with maximum thickness of 14 mils, found on one side of
specimen
TiC +0.1 0 No attack; TiC particles of both untested and tested specimens did not appear
to be formed as well as those in TiC specimen tested in sodium
Z:C Fluoride appeared to have permeated major portion of pore spaces; there are
incipient cracks in ZrC particles throughout specimen
Cl’3C2 +0.2 0 No attack
Tested in Lithium
BAC -12.2 Specimen was cracked and expanded; original semimetallic luster was dulled
TiC 0 0 No attack; color of specimen slightly lighter than before testing
ZrC -1.1 0 No attack
CI’3C2 -1.2 0 No attack; specimen lost its metallic luster and developed a crack in the
middle
Tested in Lead
B4C -2 No attack; black, dust-like film on specimen
TiC 0 0 No attack; color of specimen slightly darkened; Globiron capsule expanded,
as if high internal pressure developed
Z:C +0.1 0 No attack; color of specimen slightly darkened
Cr3C2 ~6.7° 0 No attack; specimen lost its metallic luster

2Physical data supplied by Ceramics Laboratory:

BAC
TiC
ZrC
Cr3C2

Density
{g/cc)

2,51
4.81
6.91

6.59

Apparent Porosity

(%)

3.5
1.3
0.8
2,2

binciuded to show their magnitudes; these data are not related to degree of corrosion.

®Inadvertently broken during removal of lead.



Y-14531

uucussmsoyi

PERIOD ENDING APRIL 10, 1956

. 'UNCLASSIFIED
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Fig. 43. Titanium Carbide Specimens (a) Untested and (b) After 100-hr Exposure to Static Lithium at

1500°F. Unetched.

UNCLASSIFIED
Y-13024

UNCLASSIFIED
Y-13025

Fig. 44. Chromium Carbide Specimens (a) Untested and (b) After 100<hr Exposure to Static Sodium

at 1500°F. Unetched.

100X. Reduced 8%.
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Fig. 45, Zirconium Carbide Specimens (a) Untested and (b) After Exposure for 100 hr to Static NaF-
ZrF ,-UF , (53.5-40-6.5 mole %) at 1500°F. Unetched. (Secret with caption)

and to determine what effects, if any, occur on
their Inconel containers.

One specimen!l of Sm,0; with a density of
5.88 g/cc and an apparent porosity of 25.4% has
been tested for 1000 hr in static sodium at 1500°F
in an Inconel capsule. Two specimens from a
ceramic body with a density of 6.58 g/cc (apparent
porosity, not determined)!! and consisting of a
mixture of rare-earth oxides have been similarly
tested, one for 500 hr and the other for 1000 hr;
the body, fabricated from a commercially available
powder known as Lindsay Mix,'2 had 63.8 wt %
Sm203, 26.3 wt % Gd,Oj, and the remaining per-
centage primarily other rare-earth oxides. The
results of the tests indicated negligible corrosion
attack by the sodium on the three specimens and
on their Inconel capsules after 1000 hr, but there
may have been some reduction in their strength,

'The Ceramics Section of the Metallurgy Division
fabricated the specimens and determined the density
and apparent porosity.

uLindsay Light and Chemical Co., West Chicago, 1.
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The weight changes and dimensional changes of
the three specimens were all positive, as one
might expect with porous materials, and were less
than 0.5%. The original buff color of the speci-
mens had been altered to gray-black, but this was
the only macroscopic change (see Figs.46 and 47);
it was found that the gray-black color extended
throughout the specimens and is token as evidence
that the sodium completely penetrated the speci-
mens, probably along the pore spaces.

Powder x-ray diffraction patterns of untested and
pieces of the Sm,0; and of the two Lindsay Mix
specimens did not reveal any reaction products.
Chemical analyses of the sodium baths indicated
negligible quantities of chromium, nickel, iron, or
the rare earths, which supports the conclusion
that the attack on the rare-earth oxides and on the
Inconel capsules was negligible. Metallographic
polishing and examination of the rare-earth-oxide
specimens, untested and tested, indicated that
the tested specimens may have been slightly
weakened by the tests; however, there was no
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Fig. 46. Samarium Oxide (a) Untested and
(b) After Exposure for 1000 hr to Static Sodium at
1500°F.
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Fig. 47. Specimens Composed of £3.8% Sm,0,
Plus 26.3% Gd203, with Remaining Percentage
Primarily Other Rare-Earth Oxides, and Tested in
Static Sodium at 1500°F., Specimens (a) before
and (b) after 500-hr test. Specimens (c) before
and (d) after 1000-hr test.

microscopically visible attack (see Fig. 48).
Metallographic examination of the Inconel cap-
sules that contained the Lindsay Mix specimens
revealed only slight surface roughening in spots
- on the inner walls, There was no surface roughen-
ing of the capsule in the Sm203 test. Spectro-

PERIOD ENDING APRIL 10, 1956

graphic analyses of the inner surfaces of the three
test capsules did not reveal any rare earths. The
over-all results from the two Lindsay Mix tests
were not significantly different even though one
test period was twice as long as the other,

APPARENT POROSITY OF A POROUS RARE.
EARTH-OXIDE BODY TO WATER AND
TO LIQUID SODIUM

W. H. Cook

The corrosion resistance to liquid sodium shown
by the Lindsay Mix body with a density of 6.58 g/cc
prompted further tests, These tests were designed
to approximate, more closely, expected operating
conditions and to use a Lindsay Mix body with
the structural characteristics proposed for actual
applications in the ART. The purposes of the
tests were to determine (1) the relationship be-
tween the apparent porosity of the Lindsay Mix
body to water versus its apparent porosity to
molten sodium and (2) the resistances of the body
and of Inconel to corrosion by sodium when
separated by only a short distance (approximately
0.05 in.). For these tests, the Ceramics Labora-
tory fabricated a porous Lindsay Mix body (a hol-
low cylinder nominally 0.9 in. OD x 0.5in. ID x
1 in. long) with a density of 3.53 g/cc and an ap-
parent porosity to water of 53.5%. This body had
an apparent porosity of 52% to sodium after having
been exposed for 100 hr fo static sodium at 1300°F
under vacuum. Also, ithad been slightly weakened;
its Moh hardness was changed by the test from
3to 2,

In order to determine the apparent porosity of
the body to sodium, the sodium was allowed to
cool and solidify around the body at the end of
the 100-hr test period, and the test capsule was
transferred to a dry box filled with helium. The
test capsule was opened; the excess sodium was
temoved from the surfaces of the body with plastic
scrapers; and the body was weighed. The absorbed
sodium was then removed from the body by vacuum
distillation, and the body was again weighed. By
use of the latter weight, the body density of
3.53 g/cc, the weight of the absorbed sodium,
and a sodium density of 0.951 g/cc (at 97.8°C,
the melting point of sodium), the apparent porosity
of the body to sodium was calculated.

In order to complete the accumulation of informa-
tion from this test, the sodium bath has been sub-
mitted for chemical analysis, and the Inconel that
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Fig. 48,
Other Rare-Earth Oxides) (a) Untested and (b) After Exposure for 500 hr to Static Sodium at 1500°F.
Unetched.

was adjacent to the body will be examined metallo-
graphically.

Since the 100-hr test was relatively short, similar
tests are planned which will be of 1000 hr duration
or longer so as to better evaluate the present con-
cept that ceramics with the same chemical compo-
sitions become less corrosion resistant as their
porosities increase,

SOLID-PHASE.BONDING TESTS
W. H. Cook

Some TiC-Ni cermets!? and Stellites Nos. 6 and
25 were tested for 100 hr in NaF-ZrF ,-UF , (53.5
40-6.5 mole %) at 1500°F and at calculated con-
tact pressures of 50,000 psi for the cermets and
6600 psi for the Stellite alloys in order to screen
them with regard to their solid-phase-bonding
characteristics.'4 Since these initial tests, there

BManufactured by Kennametal, Inc., Latrobe, Pa.,
and sold as Kentaniums.

V4g, E, Hoffman, W. H. Cook, and C. F. Leitten, Jr,,
ANP Quar. Prog. Rep. June 10, 1955, ORNL-1896, p 96.
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have been some rechecks, long-term tests, and
preliminary tests with the refractory metals molyb-
denum and tungsten.

Recheck tests with bar-shaped Kentanium speci-
mens ~ one test of K-151A (70% TiC-10%
NbTaTiC,-20% Ni) vs K-151A, two tests of
K-151A vs K-152B (64% TiC—6% NbTaTiC,-30%
Ni), and one test of K-152B vs K-152B -~ con-
firmed the previous results; that is, no solid-phase
bonding was observed except in the K-152B vs
K-152B test. In this last-named test, there was
slight evidence of solid-phase bonding; however
for this pair, there were two previous tests that
did not show solid-phase bonding.

So as to further evaluate the true resistance to
solid-phase bonding, the most promising cermets
were to be given long-term tests. In the first of
these tests, a K-151A valve seat and K-152B disk
in contact with one another and subjected to
10,000 psi (calculated) were tested for 150 hr in
"lt‘lF"ZI'FA-UF4 (50-46-4 mole %) at 1500°F. The

roughnesses of the contacting surfaces were from



5 to 10 pin. (RMS).'3 Termination of the test was
necessitated by a loading-rod (pull-rod) failure.
Coincident with this failure, because of their
weight, the seat and its Inconel platen fell free
from the disk (the upperpart of the valve). This
indication of no solid-phase bonding was verified
by low-power microscopic examination.  The
seating surfaces of the valve disk and seat were
beveled at 45 deg and were 0.030 in. wide. Visual
and microscopic examination of the contacting
surfaces indicated that there was uniform seating
during the test (see Fig. 49).

A new surface was ground on the disk, and the
width of the seating area on the seat was narrowed
to 0.010 in. The test was repeated; however, the
test period was 1000 hr and the calculated seating
pressure was 20,000 psi; in all other respects the
conditions were the same. Solid-phase bonding

Y5The usual 1.5 to 2 pin. used with bar specimens
could not be attained here becouse the disk and seat
configurations prohibit lapping.

INCHES

NICKEL-ON-INCONEL PLATEN '\
CERMET

SEATING AREA
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occurred along approximately five-sixths of the
circumference of the contacting area, but it was
found that the seating had been along a line on an
edge rather than over the entire seat surface.
Microscopic pieces had been pulled from the
K-152B. In the area in which no solid-phase
bonding was found, the surfaces were apparently
evenly mated. Because of the nonuniform seating,
it cannot be determined whether the solid-phase
bonding which occurred was the result of (1) the
high stress along the line of contact, (2) the
longer test time, or (3) a combination of these. As
soon as more materials are available, it is planned
to do further testing.

Because of their structural properties, their poor
oxidation resistance, and their tendency to alloy (in
direct contact or by mass transfer) with Inconel,
the refractory metals have been considered to be
not particularly useful as valve seat and disk
Their susceptibility to oxidation would
probably be a factor in the loss of polish on lapped

material,

UNCLASSIFIED
Y-16855

Fig. 49. Cermet Valve Parts Contacted at a Calculated Pressure of 10,000 psi and Tested for 150 hr
in NoF-ZrF ,-UF, (50-46-4 mole %). (a) Disk of K152B (64% TiC-6% NbTaTiC,~30% Ni) and (5) seat
of K151A (70% TiC~10% NbTaTiC,-20% Ni). (Secret with caption)
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seating surfaces; however, their refractoriness and
their corrosion resistance to fused salts and
sodium indicate a possible use for them where
solid-phase bonding is objectionable,

Tests have been started for the purpose of
evaluating the solid-phase-bonding resistance of
the most readily available refractory metals. Bar
specimens are being tested, and the conditions
are the same as previously described for the
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cermets except that the stresses had to be changed
(as high as possible without distortion of the
specimen). To date, molybdenum vs molybdenum
and molybdenum vs tungsten in contact at 20,000
psi (calculated) have been tested in NaF-ZrF ,-UF,
(50-46-4 mole %). No bonding was observed be-
tween the latter two metals, but bonding and
upsetting occurred in the molybdenum vs molyb-
denum test. Future tests will include some tests
of refractory metals in contact with cermets,
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DYNAMIC CORROSION

J. H. DeVan

FORCED-CIRCULATION LOOPS
J. H. DeVan

Loop Design

Several Inconel forced-circulation loops were
constructed and operated by the Aircraft Reactor
Engineering Division at the request of the Metal-
lurgy Division to study the effect of high velocities
and flow rates on corrosion by fluoride salts. The
first pump-loop design for these studies incorpo-
rated, as reported previously,' a coiled hot leg
heated by direct resistance. This heating method
was found to be wunsatisfactory for corresion
studies because of temperature differences across
the bends in the coil. Consequently, an improved
design, presented in Fig. 50, was developed in
which resistance heating is accomplished entirely
in straight sections of tubing. An alternate
arrangement, shown in Fig. 51, using a gas-fired
heat source, has also been employed in order to
provide a comparison of heating methods. Both
types of loop designs were tested and examined,
and the results to date are summarized below.

Effect of Time on Depth of Corrosion. — A series
of Inconel loops having identical temperature con-
ditions and loop configurations (Fig. 50) were
tested in NaF-ZrF ,-UF, (50-46-4 mole %) for
various durations of time so as to determine the
effect of this variable on fluoride corrosion. Op-
erating conditions for the series are as follows:

Isothermal time, hr 24
Cleaning time, hr 2
Maximum fluoride temperature, °F 1500
Maximum wall temperature, °F 1615-1635
AT, fluoride temperature gradient, °r 200
isothermal temperature, °F 1300
Cleaning temperature, °F 1310
Reynolds number 10,000
Velocity, fps 6.5
No. 1 heater length, ft 6.4
No. 2 heater length, ft 5.6
Total heater length, # 12
Cooler length, ft 16
Total length, ft 50.5
Ratio of hot-leg surface to loop 1.50

1

volume, in.”

E. A. Kovacevich

A single loop was used for several tests in the
series by replacing the two straight heating sec-
tions after each experiment. Those loops desig-
nated with a ‘‘4-"" prefix represent one series in
which the pump, the connecting lines, the cooling
coil, and the hot bend were reused; whereas loops
designated with a ‘‘5-"’ represent a second similar
series. New cleaning and operating batches of
fluorides were used in each loop test. The clean-
ing operation, to remove oxide films and other
sources of contamination, was performed prior to
the test by circulating a Huoride mixture for 2 hr
at 1300°F. This mixture was then dumped and
replaced by the operating charge, which was circu-
lated isothermally for 24 hr before the temperature
differential was applied. The attacks which oc-
curred and the actual test times, during which the
systems were operated under the temperature dif-
ferential, are given below.

Loop Operating Time Maximum Attack
No. (hr) (mils)

4-A 0 %

5-A 10 3

4-D(1) 20.5 3

4-8 50 3

4-C 100 3,

5-B 241 5

4-D(2) 500 5

5-C(2) 1000 7

The period of isothermal operation at 1300°F
was intended to establish chemical equilibrium for
that phase of fluoride corrosion associated with
reduction of the impurities that are inherent in
the fluorides. However, the depth of attack and
the chromium concentration were quite low fol-
lowing this isothermal operation. This fact to-
gether with the rapid rate of attack during the first
10 hr of nonisothermal operation with a hot-leg
temperature of 1500°F indicate either that equilib-
rium ot the lower temperature was not reached or

L. A. Mann, W. B. McDonald, and W. C. Tunnell,
ANP  Quar, Prog. Rep. Dec. 10, 1954, ORNL-1816,
p 45, Fig. 3.4.
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FINNED-TUBE
COOLING COIL

Figt 500
Heated Sections. (Secret with caption)

that equilibrium shifts rapidly with temperature.
After the first 50 hr, the chromium content of the
fluoride mixture remained constant, but the depth
of attack increased, in confirmation of the mass-
transfer data from thermal-convection loops.
Beyond 50 hr, a plot of the depth-of-attack vs the
time-of-test, shown in Fig. 52, appears to be
linear with a slope of between 3 and 4 mils per
1000 hr of circulation. The change in attack with
increasing operating time can also be seen in
Fig. 53, which shows typical hot-leg sections
after several operating time intervals.
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Schematic Drawing of Fluoride-Fuel Forced-Circulation Loop with Straight Resistance-

Effect of Temperature on Depth of Attack. — The
importance of wall temperature os a controlling
factor in fluoride corrosion was noted in a previ-
ous report? in which the results from resistance-
heated pump loops with heater sections in the form
of coils were discussed. Temperature differences
occurred across the bends of the coil, and the
extent of attack on the inner radii was quite dif-
ferent from that on the outer radii of the bends,

2G. M. Adamson and R. S. Crouse, ANP Quar. Prog.
Rep. June 10, 1955, ORNL-1896, p 83.
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UNCLASSIFIED
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Fig. 51. Schematic Drawing of Gas-Fired Forced-Circulation Loop.

although the temperature of the bulk fluoride over
any cross section was the same. A series of tests,
now partially completed, was subsequently initi-
ated in which the same bulk-fluoride-mixture tem-
peratures were maintained for all the tests, but
the fluid velocities and the distributions of heat
to the hot legs were varied in order to change the
maximum wall temperatures in the heated sections
of the loops. Results obtained to date for this
series, together with specific operating condi-
tions, are shown in Table 24.

Gas-fired loop 4935-7, while it did not complete
its scheduled operating period, illustrates qualita-
tively the effect of a high wall temperature (rela-

tive to a 1500°F maximum bulk-fluid temperature).
This loop shows substantially more attack than
two other gas-fired loops, 4935-2 and -5, which
operated for longer periods but with maximum wall
temperatures that were approximately 100°F
lower. The effect of variation in flow rate (Reyn-
olds number) has obviously been neglected in the
above considerations; aithough on the basis of
the agreement between attacks in thermal-convec-
tion loops and pump loops, this variable, over the
ranges of these tests, apparently has little in-
fluence on corrosion results.

A similar increase in attack, as a function of
wall temperature, was evidenced in a series of
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MAXIMUM FLUORIDE TEMPERATURE: 1500°F
MAXIMUM WALL TEMPERATURE: 1600 ~1635°F
8 REYNOLDS NUMBER: 10,000
TEMPERATURE DROP: 200°F
. /
s )

~ 4 m'\\S / \OOO f"
5\_0PE o~ /

MAXIMUM ATTACK (mils)

2
|SOTHERMlAL ATTAGK (24 hr AT 43F)O°F)
o gl A X
0 100 200 300 400 500 600 700 800 900 1000

TIME (WITH TEMPERATURE DROP) (hr)

Fig. 52. Corrosion in Inconel Pump Loop as a Function of Time During Which Temperature Differ-
ential Was Applied. Time operated with temperature drop, 700 hr. (Secret with caption)

resistance-heated loops, shown in Table 24, which
were operated with maximum wall temperatures
ranging from 1550 to 1710°F. Maximum fluoride
temperature was held constant at 1500°F for all
tests. Attacks at the higher and lower extremes of
wall temperatures are compared in Fig. 54 and may
be seen to have increased considerably both in
depth and intensity at 1710°F, as compared to
1550°F. The effect of a 1590°F wall temperature,
as evidenced by loop 4950-5, is apparently close
to that of the 1550°F wall temperature; although
this can only be speculated, since the test at the
former temperature was terminated after 640 hr
(rather than the intended 1000 hr) because of a
power failure.

The operation of loop 7425-41, in which fluid
temperature was increased to 1650°F with an ac-
companying 1700°F maximum wall temperature,
lends further support to the importance of maximum
wall (or boundary-layer) temperature on the rate of
attack in Inconel systems.
which occurred in this loop after 1000 hr, was
10 mils and was quite similar to that for loop
7425-43 (Table 24), which operated with the same

maximum wall temperature but with the fluid at a

The maximum attack,
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maximum temperature of 1500°F. The amounts of
chromium in solution at the two bulk-fluid tem-
peratures, shown in Table 25, were also com-
parable.

Comparison of Heating Methods. — The results
of both gas-fired and resistance-heated pump
loops, which were discussed in the preceding sec-
tion, indicate that the method of heating does not
have a large effect on corrosion if other variables
are held constant. As shown in Table 25, excel-
lent correlation of attack was found between loops
4935-2 (gas fired) and 4950-2 (resistance heated),
which were operated under similar conditions and
with similar heater surface areas. Fair correlation
is also seen on comparing gas-fired loop 4935-5
with resistance-heated loop 4950-5. Both of these
loops operated for similar periods, but the heater
lengths were slightly different.

While, in the cases cited above, gas-fired tests
were found to compare favorably with resistance-
heated tests, considerable difficulty was en-
countered in effectively measuring and controlling
the wall temperatures in several loop tests in

which gas-fired furnaces were used. Hot spots
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Fig. 54. Effect of Wall Temperature on Maximum Attack in Inconel Pump Loops in Which Fluoride
Fuvel Was Circulated. (a) Loop 4950-2; wall temperature, 1550°F. (b) Loop 7425-43; wall temperature,
1710°F. 250X. (Secret with caption)

58



PERIOD ENDING APRIL 10, 1956

TABLE 24. EFFECT OF HOT-WALL TEMPERATURE“ ON CORROSION IN INCONEL PUMP LOOPS
CIRCULATING FLUORIDE FUEL NO. 30®

Loop No.
4935-2 4935-5 4935-7 4950-2 4950-5 7425-43
Operating time, hr 1000 681 332 1000 640 1000
Maximum fluoride 1500 1500 1500-1510 1500 1500 1500
temperature, °F
Maximum tube-wall >1600°  >1582° >1710¢ 1550 1590 1710
temperature, °F

Reynolds number 5,000 9,000-10,000 ~~6,000 10,000 8,000 6,500
Velocity, fps 3.2 6.5 4.6 6.5 5.2 4.5
Length of heated tube, ft 17 23 23 17 17 17

First leg 7.9 7.9 7.9

Second leg 2.1 9.1 9.1
Total length of loop, ft 43 53 53 51 51 5
Heating method Gas Gas Gas Electrical Electricol Electrical

resistance resistance resistance
Shape of heated section Coiled Coiled Coiled Straight Straight Straight
Ratio of hot-leg surface to 2.38 2.86 2.86 2.10 2.10 2.10
loop velume, in.~ 1!
Cause of termination Scheduled Power Power Scheduled Power Scheduled
failure failure failure

Maximum depth of attack, mils 5 5 8 5 3 9

“Temperature gradient of fluoride mixture around circuit was held constant at 200°F,

bNaF-ZrF4-UF4 (50-46-4 mole %).

“Values represent thermocouple readings slightly ahead of point of maximum wall temperature.

TABLE 25. ANALYSIS OF FLUORIDE FUELS USED IN INCONEL PUMP-LOOP EXPERIMENTS
IN WHICH THE EFFECT OF HOT-WALL TEMPERATURES WAS STUDIED

Loop No.

Fuel Sample

Analytical Results

U Ni Cr Fe

(wt %) (ppm) (ppm) (ppm)
7425-41 Before test 8.61 40 105 45
After test 10.3(?) 40 440 70
7425-43 Before test 9.20 50 55 70
After test 9.37 100 650 80
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resulting from uneven furnace heating were fre-
quently encountered and resulted in quite high
attacks in localized areas along the heater length.
Consequently, the use of gas-fired furnaces has
been discontinued in favor of resistance-heating
techniques.

Effect of Chaonges in the Ratio of Hot-Leg Sur-
face Area to Loop Volume. — In order to determine
the effect of variations in the ratio of the surface
area of the hot leg to the volume of the loop, two
resistance-heated Inconel pump loops, 7425-6 and
-7A, were operated with a volume of fluorides
greater than that employed in standard tests but
with essentially unchanged loop-w