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SUMMARY

PHYSICAL METALLURGY OF

REACTOR MATERIALS

Additional tests on the thermal expansion of
thorium have not revealed any abrupt change in
the expansion in the temperature range of 1325 to
1450°C in which a possible allotropic transforma
tion may occur.

Post-irradiation tests of the mechanical properties
of thorium irradiated in the LITR for six months at

a flux of 4 x 10 have been delayed by accidental
discharge of the specimens. Specimens which are
being exposed under the same conditions and which
will be tested for changes in thermal and electrical
conductivity and dimensional changes will be
discharged about May 1, 1953. Canning of thorium
specimens in sodium-potassium-filled zirconium
capsules for exposure in the MTR is under way.
Similar tests on thonum-1% uranium-235 alloys
are planned.

Creep and stress-rupture testing of Ames thorium
at 300°C indicates that very low creep rates are
observed for stresses in excess of the yield
strength. However, large initial elongations
which appear to be sharply influenced by prior
mechanical and thermal history are noted, that is,
slow extrusion rates, prior cold deformation, and
solution heat treatment tend to reduce initial

elongation. Tests on pure thorium (iodide crystal
bar) are planned to determine whether the creep
behavior noted can be attributed to a strain-aging
effect that is associated with precipitation of
impurities.

FUNDAMENTAL PHYSICAL METALLURGY

Since the conventional pole-figure plot is not a
convenient method of representing preferred orienta
tion data, an axis distribution chart is proposed as
a very satisfactory means for representing data on
the fiber-texture type of preferred orientation. The
information desired is directly discernible from the
one chart, and many details not readily available
from pole-distribution plots are plainly evident.

HRP METALLURGY

Continuing support is being given to the HRE
program. The effect of cold work on the hydrogen
absorption of titanium is being studied.

ANP METALLURGY

A study of the corrosion and mass transfer
characteristics of various metals in liquid lead
has continued. The tests were carried out in

quartz thermal convection loops which have many
operational advantages. The results indicate that
refractory metals, such as columbium and molyb
denum, do not show mass transfer in lead. Nickel-
base alloys and austem tic stainless steels with
high nickel content show severe mass transfer
and corrosion. Studies have been initiated to

determine to what extent the inflammability of
liquid sodium can be reduced by alloying it with
some of the heavy metals. Initial experiments in
which many alloys are being surveyed in a quali
tative manner indicate that a more refined tech

nique will be needed to determine the effects of
additives. Other studies will determine the effect

of humidity on the burning of sodium in ordinary
air and in low pressure air with controlled water
vapor concentrations to more nearly simulate air
conditions at high altitudes.

A furnace has been constructed for the growing
of single crystals by the Bridgman method of
slowly cooling a melt. Several novel design
features have been incorporated in the furnace to
reduce the cost of construction and maintenance

and to keep the furnace free from contamination.
The corrosion of the fluoride fuels has been

studied in the NACA type of whirligig. Hard-
facing alloys, such as Stellite, have been corrosion
tested in zirconlum-base fuels. Additional work on

the determination of crevice corrosion in these

fuels has shown no evidence of accelerated corro

sion in the crevices. In tests with fluoride 27, to
which there were additions of Fe203 and Cr,03
and NiO, the voids formed in Inconel appeared to
be filled with a bluish-gray oxide phase.

The dynamic corrosion of zirconium fluoride base
fuelshas been studied in thermal convection loops.
It has been shown that although the maximum depth
of penetration of the attack does not vary a great
deal with temperature, the size and distribution of
the voids do vary. The rate of attack decreases
with time, but it is proportional to the number of
fuel changes used. Although the major efforts
have involved uranium-bearing fluoride mixtures,
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some work has been done with fused salts not

containing uranium. With the nonuranium-bearing
mixtures, the attack is less, but it is of the same
type and the same variables apply. It has been
shown that zirconium-base fuels can be circulated

in type 316 stainless steel without plugging occur
ring in the system. The attack is of about the
same depth as that on Inconel, but it is more
severe. Heavy mass transfer deposits were found
in the cold leg.

The compatibility of beryllium oxide and sodium
is being investigated. Plated samples of beryllium
metal have been tested in sodium in Inconel tubes

in an attempt to find a satisfactory coating for
imparting corrosion resistance to beryllium in
contact with sodium.

A six-tube-bundle, liquid-to-hquid, Inconel heat
exchanger has been constructed by using a combi
nation of manual and cone-arc welding techniques.
The many tube-to-header welds were constructed
by manual inert-arc welding. The design required
the construction of grid-type spacers and clamps
for use at 8-in. intervals to provide reinforcement
of the bundle and to ensure free flow of liquid
around the tubes. A technique of cone-arc wire-to-
header welding was developed and applied to the
fabrication of these spacers.

In the fabrication of heat exchanger assemblies
by furnace Nicrobrazing, experience has shown
that a furnace temperature of 2300°F is necessary
to obtain suitable flowability of the alloys for
these tests. Nitrogen was used to purge the
furnace prior to the introduction of hydrogen, and
it caused a definite impedance to the flow of the
Nicrobraz. As a result, a higher brazing tempera
ture had to be used. When the furnace was purged
with helium prior to the introduction of hydrogen,
it was found that brazing could be accomplished
at 2150°F, and probably lower temperatures.

Some of the heat exchangers fabricated at ORNL
by the Metallurgy Division had a number of leaks,
especially the exchangers that were rebrazed.
The leaks were probably due to previous embnttle-
ment of the stainless steel by Nicrobraz and the
thinning of the tube wall because of alloying with
the brazing material. A systematic study was
undertaken to determine the effect of the various
brazing variables on dilution and diffusion. The
results indicated that the most important variables
to control are the brazing temperature and the
quantity of alloy used. The alloys studied were

Nicrobraz, gold and nickel, and nickel and manga
nese. Additional information on the high-tempera
ture tensile strength and corrosion resistance of
some of the brazing alloys is reported.

The work on the effect of environments on the
creep and stress-rupture properties of materials is
continuing. Preliminary results indicate that
there may be a stress-corrosion phenomenon in the
fused fluoride salts, since two identical samples
placed in the fluoride fuels —one stressed and one
stress free - showed considerable corrosion

difference.

The preparation of spherical particles has con
tinued. The following four methods were studied.
1. heating small particles to above the melting

point in a vacuum,

2. dropping small particles through a three-phase,
three-electrode arc,

3. forcing the molten alloy through a small orifice,
4. allowing precut particles of the alloys to settle

through a molten salt bath having a temperature
gradient extending beyond the liquidus and
solidus.

Special, high-purity, Inconel tubing has been
melted in a vacuum-induction furnace, and rods and
tubes have been successfully extruded. This alloy
and other special, high-purity alloys will be used
for corrosion-testing experiments.

Additional experiments have been conducted to
determine the oxidation characteristics of columbi-

um.

The efficiency of the radiator for aircraft appli
cation can be improved through the use of a high-
conductivity fin. For operation at 1500°F, metals
with good thermal conductivity are quite limited,
the most practical metal is copper, but it must be
given oxidation protection. To impart oxidation
resistance, copper has been coated with vapor-
deposited chromium and with several electroplates
of chromium and combinations of nickel and

chromium. The cladding of copper with type 310
stainless steel and Inconel is also being studied.

Fabrication of control rods for the GE-ANP

Program is being attempted by filling stainless
steel tubes with a mixture of AI-B4C or Cu-B4C
and consolidating the mixture, as well as forming
a bond between the matrix and the tube wall, by
hot swaging or hot rolling.

Several compositions of material have been re
quested for possible use as face seals for pumps.
The materials are copper, silver, 95% silver-5%



copper alloy, and stainless steel to which 14 vol
%MoS2 has been added as a lubricating agent.

Three sets of stainless steel clad and stainless

steel—UO, core fuel elements were prepared by
the picture-frame method for examination of the
differences in properties resulting from
1. variation in UO, particle size,
2. amount of hot reduction during rolling,
3. type of stainless steel employed.
A fourth set was prepared for evaluating properties
of fuel elements prepared by using loose core
powder and capsulating it in tubing. Tensile
strength, bendability, brazeability, and heat-shock
resistance were evaluated.

CERAMICS RESEARCH

Petrographic studies continue on the various
fuel compositions being investigated for the ANP.
Developmental work is being carried out on in
sulating end caps for Hanford slugs. Additional
work has been done on the development of sili
conized silicon carbide fuel elements. Data on

the physical properties of hafnia have been col
lected. An experimental procedure for the reduction
of the porosity of the ANP beryllium oxide blocks
and for the improvement of their corrosion resistance
has been developed. Fabrication of U02 and Th02
shapes for m-pile tests is being carried out.

FABRICATION METALLURGY

Effort is being directed toward completion of the
outstanding problems associated with the manu
facture of alclad thorium components suitable for
service in the proposed uranium-converter reactor.
The indications are that alclad thorium plates
fabricated under controlled conditions to prevent
compound formation are thermally stable in the
300 to 400° F temperature range for a period of at
least one month. The brittle compound layer
which forms at the thorium-aluminum interface at

higher temperatures has been identified by x ray
as being predominantly ThAL. That the hardness
of this layer is some 300 to 400 Knoop numbers
higher than that of the base-metal aluminum,
partly accounts for the brittle nature of the bond.

PERIOD ENDING APRIL 10, 7953

Short-time temperature diffusion studies show
that zirconium, aluminum-silicon, and aluminum-
beryllium alloys, as well as SAP (sintered alumi
num powder), are not effective barrier materials in
preventing compound formation at elevated brazing
and welding temperatures.

The combination of lower cladding temperature,
smaller diameter rolls and 52S-grade aluminum
cladding tends to minimize the objectionable
"end effect" caused by the difference in plasicity
of the two metals. Bonding can now be achieved
by rolling in air at a temperature of 840°F with a
total reduction (25% per pass) of 87.5% in thick
ness.

The structural integrity of the new, thm-sidewall,
fuel element has been proved at the 30-megawatt
level of operation in the MTR. Core loading No.
10, composed entirely of the thm-sidewall elements,
successfully powered the reactor for one complete
cycle and showed a gam in service life of approxi
mately 50 Mwd.

Three complete loadings of MTR elements and
two control elements were manufactured and shipped
to the site. Twenty "sweetened" fuel elements,
each containing 181 g of normal uranium metal,
were fabricated and forwarded for chemical dis

solving studies at Arco.
The 330, alclad, enriched uranium—aluminum

alloy plates requested for the physical-testing
facility at North American Aviation, Inc., were
completed during February. Work was started on
the construction of the 28 special fuel units needed
for the Borax experiment at Arco.

Powder-metallurgy techniques were investigated
as a method of obviating the segregation and
accountability problems encountered in preparing
enriched uranium—aluminum alloy melts of high
uranium concentration by conventional melting and
casting practices. Experiments showed U02 to be
unstable in pressed-powder cores processed by
the MTR schedule. However, cores containing up
to 47.2 wt %UgOg were successfully clad. Radi
ography and density determinations indicated a
uniform distribution of the fuel in the clad plates,
while chemical analysis data showed a variation
as high as 8% within a given plate. The chemical
analyses are being repeated.
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PHYSICAL METALLURGY OF REACTOR MATERIALS

E. J. Boyle

PHYSICAL PROPERTIES OF THORIUM

R. E. Adams

The thermal expansion of thorium at high temper
atures is being studied to determine whether
changes in expansion can be found to correspond
to the abrupt change in the electric resistivity
that occurs in thorium at temperatures between
about 1325 and 1450°C.

A few additional experiments for measuring
thermal expansion have been made and have shown,
thus far, that no sudden change in expansion
occurs between room temperature and about 1600°C.
The data are not yet sufficiently precise to indi
cate slight changes in the rate of expansion.
Additional tests will be made in an effort to

improve the precision of the measurements.

RADIATION DAMAGE OF THORIUM

R. E. Adams R. H. Kernohan(1)

Detailed descriptions of the tests planned for
the study of the effects of radiation on thorium
were given in the previous report/ ' ' The status
of the different tests and the changes that have
been made in the plans are described below.

LITR Irradiation Experiments. Tensile, impact,
and hardness test specimens, as well as cy
lindrical test specimens for study of dimensional
stability, thermal and electric conductivity, and
dynamic elastic modulus, are being irradiated.
Specimens will be exposed for six months at an

19 9approximate flux of 4 x 10 neutrons/cm • sec.
Exposure of the tensile and impact test specimens
started December 1, 1952. Exposure of the hard
ness and cylindrical test specimens started on
August 19, 1952, but the specimens were acci
dentally removed and stored in the canal early in
October. They were returned to the reactor on
March 3, 1953, and will be left there for the re
mainder of the six months' exposure.

(1)

(2)
Solid State Division

R E Adams, Mef. Quar. Prog. Rep July 31, 7952,
ORNL-1366, p. 10.

(3) R. E Adams and R. H. Kernohan, Met. Quar. Prog.
Rep. Jan. 31, 1953, ORNL-1503, p. 4

MTR Irradiation Experiments. Some changes
have been made in the plans outlined in the
previous reporr ' for the MTR irradiation of
thorium. The specimens will be canned in zir
conium capsules, and, to facilitate the canning,
the length of the specimens will be reduced to
2/. inches. The number of specimens included
in each set will be increased so that approximately
the same data can be obtained as would have been

obtained according to the original plans. Irradi
ation of the specimens is scheduled to start in
June. The plans for the Th-U alloy irradiation
tests have been expanded to include tensile test
specimens.

MECHANICAL PROPERTIES OF THORIUM

R. B. Oliver

Thorium differs from most of the other metals

and alloys in that the creep rate at 300°C is not
much greater for stresses well in excess of the
yield strength than it is at stresses below the
yield stress. The main difference observed is in
the total elongation as a function of stress and
in the strain-time behavior during the first 100 to
200 hr of test. Because of these observations,
the emphasis in the testing program is now on
high-stress tests that might be considered as
slow-strain-rate tensile tests. Although satis
factory creep rates are observed at all reasonable
stress levels, the initial elongation is excessive,
hence the present study is on the effects that
prior history and chemistry of the specimens have
on the initial elongation.

Creep test data for Ames thorium (0.04% C) are
shown in Table 1, and stress-rupture time data
are plotted in Fig. 1.

In general, for extruded bars, the slower ex
trusion rates give higher yield strengths and lower
initial elongation. Similar results are observed if
the specimen has received prior cold deformation or
if it has been heated above 1200°C and quenched.
Also, the trailing ends of bars extruded at rates
above 500 fpm exhibit exceptionally high yield
and rupture strengths. It also has been noted for
specimens that have been treated to give a high
yield strength that large increments of strain result



TABLE 1. INITIAL ELONGATION, MINIMUM CREEP RATE, AND RUPTURE TIME

EXTRUDED AMES THORIUM (0.04% C) BARS

FOR

EXTRUSION
SPECIMEN

CONDITION

STRESS

(ps.)

INITIAL AVERAGE MINIMUM RUPTURE TOTAL

RATE

(fpm)

ELONGATION

(%)

CREEP RATE

(%/hr)

TIME

(hr)

ELONGATION

(%)

32 As extruded 16,000 1 4 0 0002 6140*

32 Prestramed 5% 16,000 0 2 0 0002 2612*

588 Annealed 16,000 59 0 002 1500 33

32 As extruded 17,000 2.9 0 0015 4258 35

588 As extruded 17,000 4.4 0 024 108 24

32 As extruded 17,500 3 5 0 0025 4453 45

32 As extruded 17,800 3.1 0 0028 1410 27

32 As extruded 18,000 3 0 0 0090 909 36

588 As extruded 18,000 5 1 20 0000 1 26

32 As extruded 18,500 4.0 0 0330 99 36

2 3 As extruded 18,750 3.2 0.001 2115*

32 As extruded 19,000 50 0 074 46 28

2 3 As extruded 19,000 2.0 1 4 1150 39

2.3 As extruded 20,000 3.8 2 0 125 42

2.3 As extruded 22,000 9.0 17 0 1.5 17

*Test discontinued before rupture.
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Fig. 1. Stress vs. Rupture Time for Extruded Ames Thorium. Nominal carbon content, 0.040%, 0.505-
in., round bar, tested at 300°C and 0.4-fi pressure.

from increments of stress above the yield stress
or that the value of the yield stress approaches
that of the rupture stress.

Several cases of apparently anomalous behavior
have been observed for thorium, with the ex
perience to date indicating the possible existence

of a precipitation phenomenon. A program of
testing is being planned to determine whether the
creep behavior noted can be attributed to a strain-
aging effect associated with impurity precipitation.
High-purity, iodide crystal-bar thorium will be
tested.

FUNDAMENTAL PHYSICAL METALLURGY

L. K. Jetter

METHODS OF REPRESENTING PREFERRED

ORIENTATION DATA

The quantitative study of the fiber-texture type
of preferred orientation, such as may be developed
in a metal rod, requires precise information on
the orientation distribution of the fiber axis (the
longitudinal direction of the rod) with respect to
the crystallographic axes of the grains. Such
information would denote specifically the most
preferred crystallographic direction of the fiber
axis for each component of the texture, the sym
metry of the orientation distribution about these
preferred directions, and the relative volumes of
material associated with the various components.

The conventional pole figure, or pole chart,
gives the orientation distribution of the pole of
some crystallographic plane in the grains with
respect to the fiber axis of the rod. The intensity
of x rays diffracted from this plane is plotted as
a function of the angle between the pole of the
diffracting plane and the fiber axis. The observed
intensity, corrected for changes in diffraction
geometry, is proportional to the fraction of the
irradiated volume properly oriented for diffraction
and therefore to the "density of poles."

The plot is usually analyzed for type and degree
of preferred orientation by noting the location of
the intensity maxima, the maximum intensities,



and the intensity distributions about these maxima.
The one or more ideal orientations of the fiber

axis which appear to explain the locations of the
intensity maxima on plots for several diffracting
planes are taken to represent the components of
the texture, the relative maximum intensities are
taken to represent the relative strengths of the
various components.

Although these plots are indicative, they do not
give, directly, the desired information, especially
when the texture is complicated or not well de
veloped. The locations of the peaks designate
only approximately the more preferred directions
of the fiber axis, and the widths and heights of
the peaks give only a rough idea of the orientation
distribution about the preferred directions and of
the volume of material associated with each com

ponent, as will be shown below.

For good delineation of a fiber texture, it is
necessary that the orientation distribution of the
poles, as given by the pole figure, be converted
info orientation distribution of the fiber axis on a

standard pro|ection. The conversion may be im
agined as the rotation of the individual grains so
that their crystallographic axes become exactly
aligned, the new directions of the fiber axis then
trace out the desired orientation distribution. The

difficulty in making this conversion lies in the
degeneracy of the data on the pole distribution
chart — degenerate in the sense that angular lo
cations thereon are defined by only one variable,
whereas angular locations on the axis distribution
chart are defined by two variables.

In investigating methods for performing such a
transformation, it is instructive to consider the
mathematical relationships between the two types
of data. Let the "density of fiber axes" at any
point on the axis distribution chart be represented
by a function S, defined by

S = — , (1)
V dxj/

where V is the volume of material and ifj is the
solid angle. This function is understood to be
the fraction of the volume per unit solid angle
having a designated angular relation between the
crystallographic axes and the fiber axis. Since

• any crystallographic direction can be represented
in a unit triangle, it is sufficient to consider only
this portion of the standard projection. If S is

PERIOD ENDING APRIL 10, 1953

considered to be zero everywhere outside the unit
triangle, then

/ S dxfj = 1

For random orientation, the value of S is

N

S = — ,
An

(2)

(3)

where N is the total number of unit triangles for
the crystal system. It would be more convenient
to employ a function that is not dependent upon
the crystal system, such a function is T, which is
defined by

S
T = = — S . (4)

4n
— S .
N

For random orientation, the value of T is

T = 1 . (5)
ran v '

The intensity of x rays diffracted from planes of
the form {hkl} as a function of <f>, the angle be
tween the fiber axis and the diffracting plane
poles, is given by

T{<f>,B) dBf
/(<£) = K

P
= K T(<f>) , (6)

where B is the locus of all points within the unit
triangle that are (j> degrees from each pole of the
form {hkl}, T(4>) is the average value of T along
the angular path B, and K is a constant of pro
portionality. The total length of path B is given
by

B = 2n — sin <£ ,
N

(7)

where p is the multiplicity of planes of the form
{hkl}. From Eqs. 6 and 7,

and

KN
jfT(*'B) dB

2np sin <f>
(8)

l{<f>) sin <f>
KN W

2irp Jo
T(4>,B) dB . (9)
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If both sides of Eq. 9 are integrated with respect
to 4> from 0 to 90 deg,

X77/2

/(<£) sin <f> d<f>

kn r^2 r0= — I *f> I T(<f>,B) dB , (10)
iTlp Jq Jq

the unit triangle is traversed p/2 times, thus

JCn/2 KN p 4?7
f I(<f>) sin <f» dcf> = ^^-^- (11)
o 2np 2 N

and

• 7T/2

/(<£) sin <£ d<f> = 1 = K . (12)
0

A more useful intensity function is R, which is
defined by

/(<£)
R(0) (13)

From Eqs. 6, 12, and 13,

r(<i>) = n<t>) . (i4)

Equation 14 shows that the pole density is
related to the fiber axis density in such a way
that for a given <f> the normalized diffraction in
tensity R is equal to the average value of the
normalized axis density T along a path of radius
cf> around the poles of the diffracting planes. It
is a simple, direct process to find the intensity
vs. </> data for any plane from a given axis distri
bution, but the reverse process of determining the
axis distribution from experimental data is not so
direct.

The above relationships show, also, that in
determining the relative strengths of the various
components of the texture the peak intensities may
not be compared. The proper basis of comparison

is the f /($>) sin r/> d<f> through each peak, with the

multiplicity being taken into account. Thus

r*2
J /(<£) sin <£ d<j>

= f 2d</> f T{<j>,B) dB (15)

and

£
2 2ft

/(<£) sin $ d$ = F l- (16)

where F is the fraction of the volume associated
c

with a certain component, and p /p is the fraction
of the total multiplicity associated with the peak
through which the integration is performed. Then

2p
_ r*2 K9) (j> d<f> (17)

At the time, it appears that the simplest means
of determining the orientation distribution of the
fiber axis is trial and error. Exact values of T

for the locations corresponding to the poles of
the diffracting planes are obtained directly, that
is.

T(0=O) = R(9S=0)

/(<H»

X
7I-/2

(18)

l(<fi) sin <j) d(j>

The values of T at other locations are assigned
after careful inspection of the normalized pole
charts. The over-all axis distribution is then

checked to see how well it reproduces the ex
perimental data, the differences are used to modify
the initial guess. Several aids have been de
veloped to facilitate the checking procedure. For
example, Wulff nets rotated so that the pole of the
net corresponds in location to the pole of the
diffracting plane on the standard protection permit
direct reading of the values of <£ and B. The
accuracy of the conversion process is, presumably,
limited only by the accuracy of the data.

The axis distribution charts for some extruded

thorium and uranium rods have been worked out

by the above method. The pole distribution data
were obtained by the spectrometer method previ
ously described in detail/ ' ' A spherical speci
men with a cylindrical stem is machined from the

(1)L K Jetter, Met. Quar. Prog. Rep. Jan. 31, 1952,
ORNL-1267, p 21-29

(2) L K Jetter and B S Bone, Jr , Proceedings of
the Spring Metallurgy Conference, March 24-26, 1952,
TID-5084, Vol II, p 529-546 (June 1952)



center of the rod so that the stem axis coincides

with the rod axis. The specimen is mounted by
means of a special goniometer on a Geiger-counter
spectrometer so that the stem axis is in the spec
trometer plane. This goniometer provides for
rotation of the specimen about the stem axis and
also about an axis normal to the spectrometer
plane - both axes pass through the center of the
sphere. The Geiger counter is placed at the proper
2d angle to receive the x-ray beam diffracted from
the surface of the sphere. The diffracted intensity
is recorded continuously as the specimen is rotated
rapidly about the stem axis (for purpose of inte
gration over a larger region) and slowly rotated
about the axis normal to the spectrometer plane
through angle <j>, the angle between the stem axis
and the bisector of the incident and diffracted

beams. Thus, with one specimen, all the data
necessary to plot the pole distribution chart can
be obtained, and no correction for change in dif
fraction geometry is required. Since it is a re
flection method, it can be used even with materials
with high absorption coefficients.

Although each point on the pole distribution
chart for a given {hkl} is directly comparable in
terms of density of poles, points on charts for
different {hkl}'s are not so comparable because
of changes in structure factor, diffraction geometry,
slit widths, etc. Upon normalizing the / values
by dividing by

•7T/2
/ r /(</>) sin <f> d<j>
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to get R, however, all values become directly
comparable. The values of the integral are readily
obtained by graphical integration of / vs. sin r/>
plots for the various {hkl}'s.

Table 2 gives the fabricating history of the
extruded thorium and uranium rods. The axis
distribution charts determined for these materials
are shown in Figs. 2, 3, 8, and 11. On these
charts the contours indicate angular locations of
equal, normalized, axis density T.

(001)

DWG 19068A

(014) (013) (012) (023) (Oil)

J134) J(144)
(133)

Fig. 2. Preferred Orientation Plot for 1-in.-dia,
As-Extruded Thorium Rod. Sample 56.

TABLE 2. FABRICATING CONDITIONS

X-RAY

SPECIMEN

NUMBER

OUT

NUMBER

BILLET

TEMPERATURE

<°C)

EXTRUSION

SPEED

(fpm)

ROD

DIAMETER

(in)

EXTRUSION

RATIO

SPECIMEN

CONDITION

DEGREE

OF

RECRYSTALLIZATION

Extruded Thorium Rod*

56

55

A339A-2

A339A-1

850

850

1

600

1

1

90

9 0

As-extruded

As-extruded

None

Complete

31

52

U9-X5

U10-X5

500

500

Alpha-Extruded Uranium Rod**

A

'10

43

12 1

As-extruded

Annealed 1 hr at

550°C

None

Complete

*Stock, Ames billet (0 12% C), billet size, 3 in in diameter by 4A, in long, die, flat face, 1 in , not die quenched

**Billet diameter, 3Z in , die, conical, 25 deg, die quenched
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The axis distribution chart for thorium rod ex

truded at a slow speed so that it was unrecrystal-
11zed in the as-extruded condition (Sample No. 56)
is shown in Fig. 2. The most preferred direction
of the fiber axis is the {111} pole, with a minor
peak at the {001} pole, in common with other
face-centered-cubic metals. About 95% of the

volume is associated with the {111} component,
but the fiber axis is distributed among all di
rections between the {111} and {001} poles.

The axis distribution chart for thorium rod ex

truded at a fast speed so that it was completely
recrystallized in the as-extruded condition (Sample
No. 55) is shown in Fig. 3. The preferred di
rections of the fiber axis are in the vicinities of

the {114} and the {012} poles. The normalized
pole distribution charts for this rod are given in
Figs. 4, 5, 6, and 7, for comparison. Even though
the {113} pole chart shows a pronounced maximum
at r/> = 0, the axis distribution charts show that
the {113} pole is not the preferred direction. The
dashed curves on these charts show the pole
distribution determined from the assumed axis

distribution.

The axis distribution chart for alpha-extruded
uranium rod, extruded so as to be unrecrystal Iized
in the as-extruded condition (Sample No. 31), is
shown in Fig. 8. The preferred directions of the
fiber axis are at locations near the {010} and

DWG I9067A

(001) (014) (013) (012) (023) (Oil)

(223)

Fig. 3. Preferred Orientation Plot for l-m.-dia,
As-Extruded Thorium Rod. Sample 55.

10

{110} poles, but they are not at these locations,
as is generally assumed. There is also a "saddle"
loining these two components. About 45% of the
volume is associated with the former component
and about 54% associated with the latter. There

is also a minor peak at the {001} pole. The
normalized pole distribution charts for the {040}
and {041} planes for this rod are given in Figs. 9
and 10. Both show a pronounced maximum at
<f> = 0, but the preferred direction of the fiber axis
is between the poles of these two planes.

DWG I9065A

Fig. 4. Preferred Orientation Plot (111) for 1-
in.-dia. Extruded Thorium Rod. Sample 55.
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Fig. 5. Preferred Orientation Plot (200) for 1-
in.-dia, Extruded Thorium Rod. Sample 55.



The axis distribution chart for alpha-extruded
rod, annealed so as to be completely recrystal Iized
(Sample No. 52), is shown in Fig. 11. The pre
ferred directions of the fiber axis are near the

{ 131} and {110} poles. About 78% of the volume
is associated with the former component and about
22% associated with the latter.

It is clear from these examples that (1) a maximum
at $ = 0 on the pole distribution chart does not
necessarily imply that the preferred direction of
the fiber axis is located at the pole of that plane,

wgi^Wa

[113]

[114]

[210]

"2 '3 1

'z '2 'l 1

l' 'z "3

/ /
/ / //
// \

\
V //

0 10 20 30 40 50 60 70 80 90

4> (deg)

Fig. 6. Preferred Orientation Plot (220) for 1-
m.-dia, Extruded Thorium Rod. Sample 55.
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\\
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1

J
^1!
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d. (deg)

Fig. 7. Preferred Orientation Plot (311) for 1-
in.-dia. Extruded Thorium Rod. Sample 55.
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(2) the preferred directions of the fiber axis are
not necessarily located at poles of low index
planes or at low index directions, (3) the distri
butions of the fiber axis about the preferred di
rections are definitely not symmetrical.

DWG 19076A

(001) (023) (021) (040 (010)

(100)

Fig. 8. Preferred Orientation Plot for 1^-in.-
dia, Alpha-Extruded Uranium Rod, As Extruded.
Sample 31.

[010]

[03l]

[410]

50

1

1

NT *i
j •

20

0 10 20 30 40 50 60 70 80 90

d> (deg)

Fig. 9. Preferred Orientation Plot (040) for 1\-
in.-dia, Alpha-Extruded Uranium Rod. Sample 31.

11
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It is quite evident that the axis distribution chart
provides a very satisfactory means of representing
data on the fiber-texture type of preferred orien
tation. It gives the desired information directly
and with one chart and therefore is ideally suited
for comparisons. For instance, it would permit a
study of the manner in which the orientation distri
bution of the fiber axis changes as a function of
such variables as the degree of deformation or
of recrystallization. Many features and details
not readily discernible from the pole distribution
charts are plainly evident.

[010]

[03l]
[410]

"2

1 1
"2

jwgT^Wa

10 20 30 40 50 60 70 80 90

<t> (deg)

Fig. 10. Preferred Orientation Plot (041) for \\-
in.-dia, Alpha-Extruded Uranium Rod. Sample 31.

At present, it is not easy to determine the axis
distributions, but experience and new methods will
undoubtedly speed their determination. Although
the method is strictly applicable only to ideal fiber
textures, it provides means for detecting inhomo-
geneities in texture.

DWG 19069A

(001) (023) (010)

(100)

Fig. 11. Preferred Orientation Plot for /.--in.-
dia, Alpha-Extruded Uranium Rod Annealed for 1 hr
at 550°C. Sample 52.

HRP METALLURGY

E. C. Miller

SERVICE TO CORROSION AND

ENGINEERING GROUPS

T. W. Fulton

Examination has been completed of the type 304
stainless steel sample holder which underwent
intergranular attack on the portion directly beneath
the type 347 stainless steel band when exposed in
a loop circulating uranyl sulfate solution. It has
been established that the material was in a sensi

tized condition when removed from stock and that

the sensitized material was attacked intergranularly
at the point where the solution was isolated in a

12

crevice. The attack was apparently of a concentra
tion or oxygen-depletion-cell type, since there was
no attack of the sensitized material in contact

with the flowing solution, nor was there attack of
the type 347 stainless steel band surface immedi
ately ad|acent to the corroded type 304 stainless
steel. Fabrication of the titanium loop was com
pleted, and all welded |omts were inspected by
x-ray methods. All |omts were annealed after
welding.

A large number of specially prepared stainless
steel test pins have been made up to provide a
wide variety of controlled, metallurgical variables



for loop testing in uranyl sulfate solution con
taining 5 g of uranium per liter plus added H2SO.
at 250°C. The testing will be done by the Dynamic
Corrosion Group.

Special tests have been designed for investi
gating the effects of cold work carried out at
temperatures ranging from the temperature of liquid
nitrogen to 400°F on the susceptibility of speci
mens to stress-corrosion cracking. The first
tests will be made in 42 wt % MgCI2 at 150°C.
Additional tests will be run in the dynamic loops
with uranyl sulfate solution containing 5 g of
uranium per liter plus added hLSO. at 250°C. The
metallurgical preparation of these specimens has
been completed, and testing will begin immediately.

TITANIUM VALVE TRIM

A. R. 01 sen

The metallurgical group has continued to assist
in the valve program by surface hardening titanium
components with nitrogen and, more recently, by
attempting to reduce galling of nonhardened sur
faces by pretreating them in oxygen-saturated
water at 250°C. With the recent completion of the
valve testing loop, evaluation of these treatments
should be more readily made.

INVESTIGATION OF FRACTURE BEHAVIOR

OF TITANIUM

A. R. 01 sen

The program for the investigation of the fracture
behavior of titanium is being handled as a two-
phase pro|ect. In the literature survey part of the
program, a continuing effort is being made to find
testing procedures for an engineering evaluation
of ductile-to-bnttle transition. In the second

phase of the program, the absorption of hydrogen
from chemical (corrosion) reactions is being
studied. The vacuum equipment necessary for
this work has been assembled and is undergoing
preliminary testing.

PHYSICAL METALLURGY OF TITANIUM

AND OTHER METALS

W. J. Fretague A. R. Olsen(1)
R. G. Berggren* '

Commercial Titanium. Impact tests were per
formed on 0.204-in.-dia modified Izod specimens

Reactor Exp. Eng. Div.

*2'Solid State Division.
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that had been vacuum annealed at 600°C for 1 hr

and furnace cooled. The four specimens tested
are part of a group of 12 specimens prepared for
studying the effect of cold work on the rate of
hydrogen absorption of commercial titanium. '
Forty individual impact tests were performed in the
temperature range between the liquid nitrogen
boiling point (-195.6°C) and +200°C. Table 3
lists the experimental data obtained, and Figure 12
presents the data in graphical form. A comparison
of the data obtained on Ti-75A specimens vacuum
annealed at 600°C for 1 hr (at which temperature
the specimens were completely recrystal Iized)
with data obtained on specimens of the same
material vacuum annealed at 500°C for 1 hr (at
which temperature the specimens did not recrystal-
lize) shows that the impact energy vs. temperature
curve for the specimens annealed at 600°C is
displaced to slightly higher impact energy values
on the ordinate but that the position of the curve on
the temperature axis (abscissa) is unchanged.

Five, 0.204-m.-dia by 10/-in.-long, impact
specimens of Ti-75A (item 24, heat L782, vacuum
annealed at 500°C for 1 hr following swaging and
prior to machining) were irradiated in the LITR
and then impact tested. The results of the tests
were reported by R. G. Berggren at the Radiation
Damage Conference held at ORNL on March 23
and 24, 1953.

Fatigue tests have been completed on fourTi-75A
sheet specimens that were hot rolled at 850°C,
vacuum annealed at 600°C for 1 hr, and furnace
cooled prior to testing and on four identical speci
mens that were given an additional cathodic
treatment for one week in 1 M H-SO. prior to
testing. Table 4 lists the results obtained.

The theory underlying these series of tests was
the following Hydrogen is reported* ' to expand
the lattice of titanium where the hydrogen enters
the titanium. If the hydrogen enters only the
surface layer of the titanium sheet (specimen
blank), it will set up a stress in the lattice. A
gross volume expansion of the surface of the sheet
cannot occur, because the surface is restrained by
that portion of the sheet to which the hydrogen
has not penetrated. The net effect is to place the
surface of the sheet in compression. If both

(3)W. J. Fretague, HRP Quar Prog Rep Jan 1, 1953
ORNL 1478, p. 88.

*4*D. P. Smith, Hydrogen in Metals, p. 158, Univ. of
Chicago Press, 1948.
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TABLE 3. IMPACT ENERGY vs. TEMPERATURE DATA FOR Ti-75A(ITEM 24, HEAT L782) SPECIMENS

VACUUM ANNEALED AT 600°C FOR 1 hr AND FURNACE COOLED FOLLOWING MACHINING

SPECIMEN

NO.

NOTCH

NO.

SCALE USED

(lb)

TEMPERATURE

(°C)*

IMPACT ENERGY

(lb)
REMARKS

63 1 0 to 50 22 17

2 0 to 50 0 15.5

3 0 to 50 -20 14.5

4 0 to 50 -40 15.5

5 0 to 50 -60 13.5

6 0 to 50 -100 14.5

7 0 to 50 -195.6 12

8 0to50 40 18

9 0 to 50 60 24.5

10 0 to 50 80 29

64 1 0 to 50 17 17

2 0 to 50 30 19

3 0 to 50 50 22

4 0 to 50 60 27

5 0 to 50 90 29

6 0 to 50 100 32.5

7 0 to 50 110 39

8 0 to 50 130 44.5

9 0 to 50 150 49

10 0 to 50 170 50 Specimen did not

break

65 1 0 to 50 40 20

2 0 to 50 70 24

3 0 to 50 80 31

4 0 to 50 20 16.5

5 0 to 50 100 32

6 0 to 50 120 39

7 0 to 100 140 47.5

8 0 to 100 160 51

9 0 to 100 180 59

10 0 to 100 200 98 Specimen low in vise,

did not break

66 1 0 to 50 32 18.5

2 0 to 50 -10 17

3 0 to 50 -30 15

4 0 to 50 -50 15.5

5 0 to 50 -70 15

6 0 to 50 -90 12

7 0 to 50 -110 11.5

8 0to50 -130 13

9 0 to 50 -150 13

10 0 to 50 -170 12.5

*Unless indicated specifically, the temperatures listed are in degrees above 0°C.
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DWG 19541
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Fig. 12. Impact Energy vs. Temperature for 0.204-in.-dia, Modified-lzod Titanium Specimens.

TABLE 4. FATIGUE DATA ON T.-75A SHEET SPECIMENS

200

SPECIMEN STRESS NUMBER OF CYCLES SPECIMEN CONDITION

NO. (ps.) TO FAILURE PRIOR TO TESTING

1 40,500 41 x 106 Hot rolled and annealed

2 45,870 16.6 x 104 Hot rolled and annealed

3 50,000 16.4 x 104 Hot rolled and annealed

4 50,000* 8.0 x 104 Hot rolled and annealed

5 45,000 13.3 x 106 Hot rolled, annealed, and cathodically

treated on both sides of sheet

6 45,870 22.3 x 104 Hot rolled, annealed, and cathodically

treated on both sides of sheet

7 42,240 26.4 x 104 Hot rolled, annealed, and cathodically

treated on one side of sheet

8 43,890 13.6 x 104 Hot rolled, annealed, and cathodically

treated on one side of sheet

'Specimen subjected to a preload prior to testing.
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surfaces of the sheet have been penetrated by the
hydrogen, the resultant effect on the fatigue
properties should be an increase in the number of
cycles to failure at any given stress level beyond
the endurance limit of the base metal. On the
other hand, if only one surface of the sheet has
been penetrated, the net effect should be a de
crease in the number of cycles to failure at any
given stress level beyond the endurance limit.
The marked increase in fatigue properties resulting
from shot peening (surface of specimen in compres
sion) is well known.

An examination shows that the data presented
seem to support the theory. Admittedly, more
experimental points would be desirable, but it
appears that a definite trend is evident. Further
tests on four specimens treated in uranyl sulfate
solution at 250°C are planned.

In addition, irradiation of two Ti-75A sheet
fatigue specimens that were hot rolled at 850°C,
vacuum annealed at 600°C for 1 hr, and furnace
cooled has been carried out. These specimens
will be tested in the near future.

The rate of hydrogen diffusion in commercial
titanium has been investigated, and it was found
that there is some evidence'5' in the literature to
support the theory that oxide layers present on the
surface impede the reaction of hydrogen with
titanium until the diffusion of these oxide layers
into the base metal permits the hydrogen to enter
the metal. Equipment is being built for producing
film-free corrosion specimens of titanium and for
testing these specimens in sulfuric acid and in
uranyl sulfate solution. In addition, a sample of
commercial titanium (Ti-75A) sheet ^-m. thick
was charged into the quartz furnace tube of the
Seivert's apparatus, the system was evacuated,
the specimen was heated to 250°C, and hydrogen
(generated by the decomposition of TiH) was
admitted to the system. This specimen will be
exposed in a hydrogen atmosphere at 250°C for
approximately one month, and it will then be
sectioned and examined metallographically for
evidences of hydrogen penetration.

Bureau of Mines Titanium. Three arc melts of

Bureau of Mines titanium sponge (lot 1056, R83A)
have been prepared, swaged, vacuum annealed at
600°C for 1 hr, and machined into impact speci
mens. Specimens from one melt will be used to

' 'R. W. Dayton et al , Hydrogen Embnttlement of
Zirconium, BMI-767, p. 27, Aug. 22, 1952.
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establish the transition temperature of this material.
Specimens of the other melts are being exposed to
uranyl sulfate solutions to determine the effect of
the exposure on the transition temperature.

Zirconium-Titanium Alloys. Four zirconium-
titanium arc melts have been prepared, swaged,
vacuum annealed at 600°C for 1 hr, furnace cooled,
and machined into corrosion pins 0.204 in. in
diameter and 1.385 in. long and into impact speci
mens. The corrosion pins (four from each alloy)
have been submitted for corrosion testing. Impact
tests will be performed in the near future. Chemi
cal analyses of samples obtained from turnings
collected from each alloy are given in Table 5.

TABLE 5. CHEMICAL CONPOSITION OF

ZIRCONIUM-TITANIUM ALLOYS

MELT

NO.

INTENDED TITANIUM ACTUAL TITANIUM

CONTENT* CONTENT*

(wt %) (wt %)

12T-5 5.0 4.9

12T-10 10.0 9.41

12T-20 20.0 20.50

12T-30 30.0 27.22

'Balance assumed to be all zirconium.

Zirconium-Indium Alloys. In the course of his
investigations of the zirconium-indium system,
J 0 Betterton, Jr (Metallurgy Division), has
tentatively determined that the beta phase in this
system has a face-centered-cubic crystal structure.
Since many face-centered-cubic metals are not
sub|ect to the transition from the ductile to the
brittle type of fracture with decreasing temperature,
it was decided to attempt to produce an arc-melted
zirconium-indium alloy (~28 at. % indium) and to
fabricate the melt into specimens for corrosion and
impact tests. The melt has been prepared by
repeated arc melting, and it has a final composi
tion of 27.01 at. % indium (calculated from the
weight loss in melting, which is assumed to be
entirely a loss of indium). Ametallographic sample
of the as-melted ingot appears to have a single-
phase structure, and another sample which was
cold worked and homogenized is also all beta
phase. An x-ray diffraction pattern of the as-
melted metallographic sample, taken with the
Norelco x-ray spectrometer, revealed a face-



centered-cubic lattice, with a lattice parameter
(An) of 4.445A. Attempts to cold swage the alloy
were unsuccessful, so the alloy was remelted,
placed in a high-purity iron capsule, which was
evacuated, sealed, and welded, and the swaging
carried out at approximately 700°C. Results on
the hot swaging are not yet available.

Miscellaneous. Forty-six feet of 0.206-m.-dia
rod was produced from 1 /.-in.-dia, high-purity,
gas-free iron (ingot 1-271, obtained from National

PERIOD ENDING APRIL 10, 1953

Research Corp.) for J. C. Wilson and R. G. Berggren
of the Solid State Division for radiation damage
experiments. A portion of the same ingot (1-271)
was swaged for W. J. Wolkowitz for use as bath
metal in his vacuum-fusion apparatus, and a small
portion of the same swaged ingot will be furnished
to E. G. Bohlmann for corrosion specimens with
which he hopes to measure the hydrogen content of
the sample after testing by using a neutron spec
trometer method.

ANP METALLURGY

W. D. Manly

PHYSICAL CHEMISTRY

G. P. Smith

Mass Transfer in Liquid Lead (J. V. Cathcart).
The previously described study' ' of mass transfer
of various metals in liquid lead has been continued.
The results obtained show that columbium and

molybdenum have very good resistance to mass
transfer and corrosion in liquid lead, while severe
mass transfer occurred with Inconel, type 304
stainless steel (high carbon), type 347 stainless
steel, and Armco iron.

Tests were carried out in a quartz thermal con
vection loop (Fig. 13) that allowed the lead to be
deoxidized with hydrogen and then to be brought
into contact with the metal specimens without
exposure to an oxidizing atmosphere. The loop
was constructed of /^-in.-ID quartz tubing, and
6-m. lengths of the metal tubing to be tested were
mounted in the hot and cold legs of the loop.
Before being placed in the loop, the metal speci
mens were scrubbed with cleansing powder and
rinsed with ether and alcohol. The lead was
deoxidized in a 1^-in.-dia quartz bulb attached
above the loop and separated from it by a fritted
quartz disk. Two side arms, one above the puri
fication bulb and the other below the fritted disk,
were connected to hydrogen and vacuum lines
through a suitable system of stopcocks. The
loop was heated with four 8-in. split-core clam
shell heaters, one of the heaters was suspended by
stainless steel clamps around each arm of the loop.
A fifth heater was placed around the quartz tube

(1*G. P. Smith, J. V. Cathcart, and W. H. Bridges,
Met Quar. Prog Rep. Oct. 31, 7952, ORNL-1437, p. 36-37.

between the loop and the deoxidation bulb, the bulb
was heated with electric-tape heaters. Tempera
tures were measured by five thermocouples spaced
around the loop and tied in place with wires. The
temperature of the hot leg was controlled with a
Leeds and Northrup Micromax-D.A.T. unit.

When the loop was set up in operating position,
the lead in the deoxidation bulb was heated to

425°C, and hydrogen was allowed to pass through
the fritted quartz disk and to bubble up through
the lead. During the deoxidation process, which
lasted for about 48 hr, surface tension forces
prevented the liquid lead from passing through the
fritted disk. When the deoxidation was complete,
the loop was evacuated, and hydrogen was admitted
into the deoxidation bulb. The hydrogen caused
the lead to flow through the fritted disk and into
the loop. The heaters on the cold arms of the
loop, which had served to preheat the loop to
operating temperature, were then turned off so
that circulation of the lead would be maintained

by the thermal convection currents thus induced.
The above procedure assured that the oxide

content of the lead was reduced to a minimum and,
in addition, prevented reoxidation of the lead
during the loading of the loop. This technique
also offered several other advantages. The use
of quartz loops rather than the conventional metal
loopseliminated many of the difficulties previously
encountered with leaks at welds. The new loop
required only a small amount of metal tubing, a
factor of some importance for testing metal that
is expensive or in short supply. Since the test
specimens were completely enclosed in the quartz
loop, it was not necessary to provide a protective
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VACUUM LINES

Fig. 13. Quartz Thermal Convection Loop.

atmosphere around the molybdenum and columbium
specimens. A protective atmosphere would have
been necessary had conventional metal loops been
used, because both molybdenum and columbium are
sub|ect to severe oxidation at high temperatures.

Quartz is virtually insoluble in lead at the test
temperatures. A chemical analysis (made by a
gravimetric method) of a lead sample from the
lead-columbium loop No. 1 showed an SiO, con
centration of 17 ppm. A similar analysis of a lead
sample which had not been in contact with glass or
quartz showed an SiO, concentration of 15 ppm.
The difference in these two analyses is well
within the experimental error of the analytical
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method, furthermore, the SiO_ concentrations
approach the lower limit of detection of the method.
It was concluded, therefore, that dissolved SiO,
had no effect on the results.

An analysis was also made to determine the
amount of oxygen remaining in the lead after re
duction with hydrogen. A vacuum-fusion technique
was used, and a value of 12 ppm was obtained for
the oxygen concentration. There is some question
as to the suitability of this method for determining
oxygen in lead, and further experiments are planned
to test its accuracy.

The results of the tests performed thus far are sum
marized in Table6. Except as indicated, two experi
ments were performed with each liquid lead—solid
metal combination. The circulation of lead in the

Inconel-lead loops was stopped after a relatively
short time of operation because plugs consisting
of a mat of fine metallic needles and plates formed
in the cold leg. The loops were sawed into short
sections so that the plugs could be recovered from
the solidified lead. Each section was then placed
in a glass bulb above a fritted-glass filter disk.
After the lead had been melted under hydrogen, it
was filtered off through the filter disk in the
manner described in the procedure for loading the
loop, and thus any solid particles were left sus
pended on the filter.

A chemical analysis of one of the plugs showed
the following composition:

Nickel 80.06%

Chromium 15.57%

Iron 4.36%

Since this composition is only slightly different
from the nominal composition of Inconel, it was
concluded that liquid lead had virtually no selective
leaching action on Inconel.

A matrix-like layer of corrosion formed on the
surfaces of the Inconel specimens (Fig. 14). This
corrosion was most pronounced on the hot-leg
specimens, the depth of the corroded layer averaged
10 mils. There was virtually no corrosion layer
formation on the cold-leg specimens.

Neither the columbium nor the molybdenum speci
mens exhibited any appreciable mass transfer or
corrosion in approximately 500 hr of loop operation.
In both cases, little or no intergranular attack was
observed. Figure 15, which is representative of
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TABLE 6. SUMMARY OF TESTS OF LIQUID LEAD-SOLID METAL COMBINATIONS

TEMPERATURE SPECIMEN WALL THICKNESS TIME OF

METAL
TEST

NO.

(°C) (m.) OPERATION

Hot Leg Cold Leg Original Hot Leg Cold Leg (hr)

Inconel 1 800 400 0.035 0.028 0.035 125*

2 800 475 0.035 0.033 0.033 51*

Columbium 1 800 575 0.035 0.032 0.034 270**

2 800 565 0.035 0.033 0.033 572***

Molybdenum 1 800 450 0.010 0.006 0.006 473***

2 800 595 0.010 0.011 0.010 305***

Type 304 stainless steel (HC) 1 800 500 0.035 0.034 0.034 111*

2 800 450 0.035 0.035 0.035 86*

Type 347 stainless steel 1 800 500 (Examination incomplete) 140*

Armco iron 1 800 545 (Examination incomplete) 247*

*Stoppage due to plug formation.

"Stoppage caused by failure of hot-leg heater, no plug formed.

"'Scheduled termination.

both the hot- and cold-leg specimens of the molyb
denum and columbium loops, shows a section taken
from the hot leg of lead-molybdenum loop No. 2.
The elongation of the grains in the specimen oc
curred because the test specimen was a rolled
sheet of molybdenum.

The plugs that formed when the type 304 stain
less steel specimens were tested were similar in
appearance to those that formed when the Inconel
specimens were tested. They consisted of a mat
of dendritic needles. As shown in Fig. 16, the
type 304 stainless steel specimens suffered cor
rosive attack, as well as mass transfer. The
carbon concentration in these high-carbon steel
specimens was 0.087%.

Thus far only one test has been run with Armco
iron and one with type 347 stainless steel. In
both cases, however, circulation was stopped
because of plug formation. Again, the plugs were
of the same physical nature as those formed when
Inconel and type 304 stainless steel were tested.

In summary, columbium and molybdenum showed
very good resistance to both mass transfer and
corrosion in liquid lead. On the other hand, severe

mass transfer occurred in tests of Inconel, type 304
stainless steel (high carbon), type 347 stainless
steel, and Armco iron in liquid lead.

The ob|ect of the research reported here has been
to obtain data relating to mass transfer and corro
sion in liquid lead of a series of metals and alloys
of interest because of their structural properties.
In addition to columbium and molybdenum, tests
have been made or are planned for iron, nickel,
and chromium. The results will be compared with
those from the alloys of these metals. A nickel-
based alloy (Inconel) has already been tested.
The series of iron-based alloys will be extended to
include a 400-senes stainless steel, as well as a
low-carbon, type 304 stainless steel.

Inflammability of Sodium Alloys (G. P. Smith).
Studies have been initiated for determining to what
extent the inflammability of |ets of liquid sodium
can be reduced by alloying the sodium with some
of the heavy metals. The initial phase of this
pro|ect will be a survey of a large number of alloys
in a very qualitative way. The qualitative data
obtained will serve to indicate the value of a

detailed study of the numerous variables, such as
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Fig. 17. Schematic Diagram of Control led-Atmosphere Apparatus for Testing the Inflammability of
Liquid Metals.

The furnace windings are platinum that was
externally wound on a spiral form, coated with
insulation material, and carefully baked in a large
muffle furnace. The spiral was placed in the
insulating |acket so that the windings would not
have to be in vacuum, and the whole assembly was
suspended on light cable to a counterweight. A
U bracket on the bottom of the furnace is connected
by a very light cable to a takeup drum. Since the
counterweight is slightly heavier than the furnace,
the unwinding of the takeup cable allows the
furnace to rise, and as it rises, the mold emerges
from the heated zone and gives the necessary
temperature gradient for the growth of the crystal.

The control system was built entirely around a
single component - a stepping relay of the tele
phone type. The stepwise action is controlled by
limit switches. The operating sequence is as
follows (1) When the starting switch is closed,
the stepping relay moves to position 2, which
energizes the locking coil of the heater relay.
(2) Since the furnace power variac is at its lower
limit, the stepping relay moves immediately to
position 3, which starts the variac control motor
and raises the voltage. (3) Upon reaching the
upper limit of power to the furnace, the relay steps
to position 4 and actuates the timer, which allows
the system to come to equilibrium before the
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Fig. 18. Schematic Diagram of Principal Components of Single-Crystal Furnace.
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gradient is disturbed. (4) At the end of the desired
timing period, the relay advances to position 5.
Since the furnace is in the lowest position, the
relay advances immediately to position 6. This
energizes the furnace elevator motor and allows
the furnace to rise. (5) When the furnace reaches
the top of its travel, the relay steps to position 7,
reverses the variac control motor, and lowers the
power to the furnace. (6) When the lower power
limit is reached, the relay steps to position 8,
unlatches the heater relay, and steps immediately
to position 9, which reverses the furnace elevator
motor and the furnace returns to its original starting
position. The stepping relay then returns to
position 1.

During the heating portion of the cycle, the tem
perature is controlled by a Brown recorder-controller.
Once the pump-down has been completed and the
cycle started, no further operator attention is
necessary until the crystal is ready for removal.
Several crystals of copper have been grown with this
apparatus, and its operation has been very satis
factory.

STATIC CORROSION

D. C. Vreeland E. E. Hoffman

Fluoride Corrosion. Several tests have been

completed with the fluorides in Inconel on the
NACA type of whirligig, which has the advantage
of'employing higher velocities than are available

in thermal convection loops or seesaw tests. In
tests conducted to date, there has been no indica
tion of plugging, and results have been very similar
to those obtained in static tests, even though a
velocity of 10 fps is being employed. The depth of
penetration has not exceeded 2 mils in any test
in which no leaks occurred. When sodium was

added to the fluorides, surface layers developed
on the Inconel, as they did in the static tests.
Results of the completed whirligig tests are listed
in Table 7. The first test described in Table 7 is

included to show how rapidly corrosive attack will
take place when leaks develop and air enters the
system.

In connection with the hard-facing problems of
the ARE, Stellite No. 6 (27.5% Cr, 4% W, 2 to 3%
Fe, 1% C, balance Co) was deposited on pieces of
Inconel, and the composite specimens were tested
in fluoride 27 in Inconel tubes at both 816 and

538°C. The structure of Stellite No. 6 has been

described as "dendrites of a cobalt-rich solid

solution surrounded by a mixture of carbides."
Apparently it is the carbides which are attacked by
the molten fluorides. There appeared to be no
acceleration of corrosion on either the Stellite or

the Inconel as a result of the presence and contact
of these dissimilar metals. The extent of attack

appeared to be the same in the tests at 538°C as
in those at 815°C. The results of the tests are

presented in Table 8, and Fig. 20 shows the type
of attack which occurred.

TABLE 7. NOTES ON CORROSION OF INCONEL TUBING TESTED IN

WHIRLIGIG APPARATUS AT A VELOCITY OF 10 fps

TEST CONDITIONS

Corrodant Duration of Test Temperature (°C)
METALLOGRAPHIC NOTES

Fluoride 27 15 mm* 816 Moderate intergranular attack to a depth of 1.5 mils,

attack somewhat erratic, with some sections of

the tubing apparently unattacked

Fluoride 27 100 hr 816 Uniform attack in the form of subsurface voids to

2 mils

Fluoride 27 94 hr 816 (in the Attack in the form of subsurface voids, and a sur

plus 2% sodium hot leg) face layer visible in many places, total depth of

783 (in the voids and layer did not exceed 0.5 mil and was

cold leg) less in many places, attack did not vary in

extent or nature from the hot side to the cold side

'Leak then developed at one of the welds.
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It was thought that perhaps a passivation treat
ment, similar to that given to stainless steels,
would be beneficial in increasing the corrosion
resistance of Inconel in fluoride mixtures. There

fore, the Inconel tubes were hydrogen fired and
the specimens were electropolished, as usual.
Then both the tubes and the specimens were
treated in a 25% solution of nitric acid at approxi
mately 120°F for 30 minutes. The tubes and
specimens were then used to run static corrosion
tests with fluoride 30 for 100 hr at 816°C. This

treatment did not appear to be especially bene
ficial, and attack in these tests seemed to be more
erratic than is usual. In two of the three tests run,
subsurface voids to a depth of 5 mils were noted,
in the other test, subsurface voids were noted to a
depth of 3 mils.

Both static and seesaw corrosion tests of the

tapered orV-shaped crevices described previously* '
have been run. Corrosion in the crevices seemed

to be somewhat erratic, with some surfaces being
apparently unattacked and others having the usual
subsurface voids. No accelerated corrosion was

noted in the crevices, and the depth and the extent
of attack were no more than might be expected for
the materials tested. Tables 9 and 10 summarize

the results obtained in these tests.

Some crevices near welded |omts of Inconel in a
whirligig test with fluoride 27 plus 2% sodium were
examined metallographically for evidence of corro
sion. No accelerated corrosion could be found,
and the greatest depth of attack noted in the

(4)D. C. Vreeland, E. E. Hoffman, and L. D. Dyer,
Met. Quar Prog Rep. Jan. 31, 7953, ORNL-1503, p. 7.

TABLE 9. NOTES ON STATIC CORROSION OF VARIOUS MATERIALS WITH TAPERED

CREVICES TESTED IN FLUORIDE 27 AT 816^ FOR 100 HOURS

CREVICE MATERIAL METALLOGRAPHIC NOTES

Type 430 stainless steel

Type 310 stainless steel

Type 304 stainless steel

Type 347 stainless steel

Inconel

Inconel

Inconel

Very little attack, maximum of 1.5 mils of subsurface voids

Maximum of 1.5 mils of subsurface voids

Maximum of 3 mils of subsurface voids

Very little attack, maximum of 1 mil of subsurface voids

1 mil of subsurface voids in most places, 3 mils in one spot

Subsurface voids up to 4 mils

Up to 4 mils of subsurface voids at bottom of crevice, less
attack in most other places
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TABLE 10. NOTES ON CORROSION OF INCONEL WITH TAPERED CREVICES
IN SEESAW TESTS WITH FLUORIDE 30 FOR 100 HOURS

Hot-Zone Temperature, 800°C
Cold-Zone Temperature, 600°C

POSITION OF CREVICE

Hot zone

Hot zone

Cold zone

METALLOGRAPHIC NOTES

2 mils of subsurface voids in upper part of crevice, increase
to 3 mils in lower part

Subsurface voids to 2.5 mils

No attack apparent
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TABLE 16. RESULTS OF STATIC TESTS OF VARIOUS CARBOLOYS IN SODIUM

AND LEAD FOR 100 hr AT 816°C

MATERIAL CORRODANT METALLOGRAPHIC NOTES

Carboloy 907 Sodium Some spoiling and cracking, possibly due to grinding, apparently

no other attack

Lead Same as above

Carboloy 779 Sodium Same as above

Lead Same as above

Carboloy 608 Sodium Same as above

Lead 26-to 28-mi 1 layer of affected material, a light colored phase

appears to be preferentially attacked

Carboloy 44A Sodium Some spoiling and cracking, apparently no other attack

Lead Same as above

Carboloy 55A Sodium Same as above

Lead Same as above

It is shown that zirconium fluoride base fuels

may be circulated in type 316 stainless steel
without plugging. The attack is of about the same
depth as that found with Inconel, but it is more
severe. Heavy deposits are found in the cold legs.

A series of loops was operated to determine the
effect of temperature on the corrosion of fuzrna 30
in Inconel. The results obtained with these loops
are given in Table 17 and in Fig. 26. Loops 286,
287, and 288 were filled from a single pot of fuel
on the same day and so are as nearly comparable
as is possible.

The results from these loops show that the depth
of penetration or attack is not very temperature
sensitive. The maximum penetration in loop 286
is slightly less than that in the loops operated at
1500°F but is within the usual spread in results,
the other loops are definitely within the experi
mental variation. The nature and distribution of

the attack does change with temperature. At the
lower temperature, the voids are small and widely
distributed. As the temperature increases, the
voids concentrate in the grain boundaries and
become quite large. The growth and concentration

34

are probably caused by an increase in diffusion as
the temperature is increased.

Inconel loop 274 was allowed to circulate for
1000 hr with fuzrna 30. The resulting hot-leg
attack, shown in Fig. 27, was moderate to heavy in
intensity, extended to a depth of 5 to 11 mils, and
was present both as general attack and as a con
centration of voids in the grain boundaries. Loop
273 or loop 287, discussed in Table 17, should be
used for comparison with loop 274. The depth of
attack is about the same, but a small increase is
noted in the intensity.

Another check on the effect of time was dis

cussed in the previous report. It was shown that
the depth of attack increased only by a factor of
3 with a time increase of from 100 to 500 hours.

A series of loops is now being placed in operation,
all loops will be filled from the same batch of fuel
and then operated for various times.

Since chromium must diffuse to the surface of

the hot leg before it can be removed, the diffusion
rate could be the limiting factor in the corrosion
rate. Inconel loops 280 and 281 were operated to
test this hypothesis. Loop 281 was operated for
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was low in iron content was used to prepare two
additional batches of fuel, and loops are being
operated with this material.

One loop was operated with a batch of fuzrna 30
that had been heated under vacuum but had re
ceived no other purification. The nickel content
in this batch was 1100 ppm and the iron content
was 740 ppm. The hot-leg attack was a heavy
subsurface void formation of 10 to 15 mils, and a
layer of attack was present in the cold leg.

During the testing and filling of the ARE system,
nonuranium-beanng fluoride mixtures will be used.
Data on the corrosion of Inconel by such a mixture,
zrnaf 31, are presented in Table 18. Typical
hot-leg sections from these loops are shown in
Fig. 29. The depth and severity of attack is less
with zmaf 31 than with a similar mixture con
taining uranium. A very thin layer was deposited
in the cold legs of these loops, this layer is not
usually found when fuzrna 30 is circulated. The
nature of the attack of the mixture with or without
the uranium is similar and the same variables seem
to apply.

Two type 316 stainless steel loops were oper
ated at 1500°F with fuzrna 30 for 500 hr without
plugging. Figure 30 presents typical hot- and
cold-leg sections from these loops, which were
the first stainless steel loops to circulate uranium-
bearing fluorides at 1500°F without plugging. The
hot legs in both loops were very rough, with both
intergranular and the typical Inconel type of attack.
In loop 133 the depth of attack was 5 to 11 mils,
while in loop 134 it was 4 to 7 mils. Some grains
had been removed from ther surface, but the average
thickness of the metal had not been reduced. In

both loops, a heavy multilayer deposit was found
in the cold leg. The top layer of the deposit con
sisted of fine, dendritic, metallic crystals. These
crystals were also found in the fuel. Diffraction
and spectrographic studies showed the crystals
to consist mainly of iron, but there was some
chromium in solution. The zirconium content was

also higher than would be found in fuel particles
mixed with the crystals. Both the nickel and the
molybdenum contents were very low. Under the
top layer was another layer which appeared to be
nonmetallic, and in some areas, there was still
another metallic layer beneath these two layers.
The attack found in these loops appears to be
much more comparable to that found in the Inconel
loops than was the attack in the loops that plugged
when operated with fulinak 14.

WELDING

P. Patriarca

Preliminary cone-arc welding experiments for
determining the feasibility of constructing Inconel,
six-tube-bundle, liquid-to-liquid heat exchangers
were described in a previous report. Further
efforts to apply the cone-arc welding process to
the fabrication of these heat exchangers merely
verified the evidence that the production of re
liable, consistently leak-tight, cone-arc tube-to-
header welds was complicated by the curvature of
the dished headers used for the exchanger. Rather
than to delay the production of the heat exchanger,
several experimental headers were fabricated by

' 'P. Patriarca and G. M. Slaughter, Met. Quar. Prog.
Rep. Jan. 31, 1953, ORNL-1503, p. 19-20.

TABLE 18. CORROSION OF INCONEL BY A NONURANIUM-BEARING FLUORIDE MIXTURE

LOOP NO. CONDITIONS HOT-LEG ATTACK

276 Standard Light to moderate subsurface voids, 4 to 8 mils in upper section,

practically no attack in lower section

277 Standard Light to moderate subsurface voids, concentrated in grain

boundaries, extending 1.5 to 5 mils

279 0.5% ZrHj added Light concentration or voids, 1.5 mils, heavy two-layer deposit

up to 1 mil thick

278 Operated for 1000 hr Light scattered subsurface voids, concentrated in grain

boundaries, extending 1 to 5 mils
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intergranular dilution and/or diffusion that resulted
in severe embrittlement of the parent assembly.
The design of the heat exchanger test units usu
ally required a multiple brazing operation. Conse
quently, leaky assemblies that were practically im
possible to repair were encountered in subsequent
rebrazing operations. The leaks were possibly
the result of excessive dilution and/or cracking of
the previously embrittled |omts because of thermal
stresses set up during the rebrazing operation.

In an effort to remedy the deleterious effects
of excessive temperatures, a series of tests was
run to determine the cause of poor flow at normal
brazing temperatures. Brazing cycles were accu
rately determined by multiple temperature measure
ments made by using Chromel-Alumel thermocouples
encased in impervious ceramic tubes. The dew
point of the hydrogen atmosphere was measured
and verified as being less than —70°F. The ef
fects of the rate of rise of the temperature on
diffusion of boron and on the flowability were also
experimentally discounted as the ma|or factors
responsible for poor flow. A determination of the
effect of nitrogen as an impurity in the hydrogen
atmosphere, however, produced significant results.
There was indication that it would be necessary
to eliminate the nitrogen purge being used in the
brazing operation. Controlled experiments in which
a small muffle furnace was used revealed that

the presence of nitrogen resulted in a definite
impedance to the flow of Nicrobraz, by very rapidly
forming a poorly reducible nitride and/or by forming
a new brazing alloy with a higher melting point.
These experiments led to the conclusion that a
helium purge should be substituted for the nitrogen
purge in future can brazing operations. To verify
this thinking, a small, heat exchanger with 15 fins
per inch was rebrazed after two previously unsuc
cessful operations at 2200 and 2300° F. The |omts
were prepared with a fresh slurry ,of alloy and
brazed at 2150°F for 40 minutes. Excellent flow

was obtained, and helium leak testing did not
detect the presence of any leaky |omts.

Future work will further verify whether complex
heat exchangers can be fabricated in a single
brazing operation at a reasonable temperature range
of between 2050 and 2150°F to avoid the ex

cessive dilution, embrittlement, and development
of leaks experienced with the multiple brazing
operations performed at 2300°F.

Dilution and Diffusion of Brazing Alloys. As
indicated previously, embrittlement of stainless

PERIOD ENDING APRIL 10, 1953

steel by Nicrobraz, coupled with alloying away of
the tube walls by brazing alloy dilution, was
thought to be responsible for a ma|or portion of
the leaks encountered in heat exchanger fabri
cation. Therefore a systematic study was under
taken to determine the effect of the brazing vari
ables on dilution and diffusion phenomena.

Nicrobrazed tube-to-fin |Oints were prepared to
study the metallographic effects of (1) the quantity
of brazing alloy used, (2) the brazing temperature
for a given time, and (3) the brazing time for a
given temperature when using O.OlO-m.-thick, type
302 stainless steel fin material and 0.150-m.-OD,
0.020-in.-wall, type 304 stainless steel tubing.

Small, medium, and large amounts of brazing
alloy were investigated, and the time at tempera
ture was varied from 10 mm to 18 hr for an over

night brazing cycle. The choice of brazing tempera
ture was varied from 20 to 120°C above the melting
point.

Since it may be advisable to find a substitute
for Nicrobraz in the construction of sodium-to-air

heat exchangers, two other brazing alloys, 82%
Au-18% Ni and 60% Mn-40% Ni, were subjected
to a similar diffusion and dilution investigation.
The 82% Au-18% Ni alloy represents a typical,
lower melting point, ductile, oxidation-resistant
brazing alloy that is, in general, incompatible with
sodium, but it would be useful for tube-to-fin con
struction if dilution and diffusion could be con

trolled. The 60% Mn-40% Ni alloy has been shown
to be compatible with sodium, but it has been
found to be slightly attacked in high-temperature
oxidation tests and to be somewhat brittle in the

as-brazed condition.

The results of metallographic examination of
test specimens prepared with the three brazing
alloys are presented in Table 19 as average per
centages of the tube wall thickness which had
actually been dissolved during the brazing.

The specimens brazed with Nicrobraz alloy also
exhibited a diffusion zone which sometimes ex

tended completely through the wall thickness. The
maximum penetration, which was primarily inter
granular diffusion of alloy constituents, was re
corded, but the scatter of the data was such as
to make a definite correlation impossible. Dif
fusion zones wider than 0.5 mil were not evident

in specimens brazed with the gold-nickel and
manganese-nickel alloys.

As a result of this investigation, it became
apparent that base metal dilution increases rapidly
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TABLE 19. RELATIVE AMOUNT OF DILUTION OF VARIOUS ALLOYS INTO 0.020-in.-WALL,
0.187-in.-OD, TYPE 304 STAINLESS STEEL TUBING

TYPE AND QUANTITY

OF BRAZING ALLOY

EXTENT OF DILUTION OF STAINLESS STEEL

TUBING (%)

At 1220°C At 1180^ At 1125°C

Nicrobraz

1 ring of 31-mil wire*

2 rings of 31-mil wire*

3 rings of 31-mil wire*

8

28

26

3

15

26

2

10

5

At 1130°C At 1080°C At 1030t

60% Mn-40% Ni

1 ring of 21-mil wire

1 ring of 32-mil wire

1 ring of 45-mil wire

3

11

15

1

4

7

0

0

2

At 1130°C At 1030°C At 980°C

82% Au-18% Ni

1 ring of 21-mil wire

2 rings of 21-mil wire

1 ring of 37-mil wire

8

13

19

9

10

19

4

6

12

'Mixture of Nicrobraz alloy powder in acryloid cement binder.

with the use of increasing amounts of Nicrobraz
alloy. Severe alloying of the tube, plus complete
collapse of the fin, is shown in Fig. 35, which is
a photomicrograph of a |omt brazed at 1220°C for
30 mm with a large quantity of alloy. Much less
tube wall and fin dilution can be seen in Fig. 36,
which is a photomicrograph of a |omt brazed under
identical conditions but with less alloy. Dilution
also increased rapidly with the use of higher
temperatures but was virtually independent of time
at temperature.

Intergranular diffusion during Nicrobrazmg was
greatly increased with the use of high temperatures
and/or the use of large quantities of brazing alloy.
Time seemed to affect the depth of the diffusion
zone somewhat, but no definite relationship could
be determined from this investigation.

Dilution of the stainless steel by the manganese-
nickel and gold-nickel alloys increased substan
tially with both temperature and quantity of alloy,
but time at temperature did not seem to be an im
portant variable. In general, dilution was greater
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with the gold-nickel alloy than with the manganese-
nickel alloy. No diffusion zones wider than 0.5
mil were found in specimens brazed with these two
alloys.

Evaluation of High-Temperature Brazing Alloys.
The results of several room- and elevated-tempera
ture butt-braze tensile tests on Nicrobrazed Inconel
and type 316 stainless steel |omts indicated that
the low-temperature properties of stainless steel
|oints were definitely superior to those of Inconel
loints. However, the difference decreased rapidly
above 1200°F, as determined from a plot of tensile
strength vs. testing temperature.

A summary of the existing data is given in Table
20. Each value listed in the table is an average
of five tests on 0.252-m.-dia test bars. The tests
were short-time tensile tests on butt-brazed |oints
machined under nearly ideal conditions.

Similar tensi le tests on 16.5% Cr-10.0% Si-73.5%
Ni alloy reveal the same trends. For example,
the average room temperature tensile strength of
the stainless steel joints was 64,000 psi, whereas
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Fig. 39. Strain vs. Time Curves for Bright Inconel Sheet Specimens Tested as Received in Hydrogen,
Argon, and Air. Average gram diameter of 0.105 mm. Preoxidized specimens heated in air for 200 hr at
815°C prior to testing in argon. Specimens stressed to 3500 psi at 815°C. Terminal elongations taken
from readings made prior to rupture.

creep-rupture behavior is largely a result of the
formation and the rate of propagation of the.inter
granular cracks. The environmental effects, in
turn, are thought to result from the action of each
environment on the cracking behavior.

Creep deformation at temperatures above the
equicohesive temperature probably occurs by com
binations of the following mechanisms
1. grain-boundary shear or sliding,
2. grain-boundary movement

a. migration,

b. grain growth,
c. recrystal 11 zation,

3. kinking or folding,
4. grain-boundary rupture,
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5. combined effects of stress and corrosion attack

along grain boundaries.
Metallographic studies of Inconel specimens

after testing show evidence of combinations of
the above mechanisms, and the studies also
strongly indicate that grain boundary sliding and
movement start prior to the initiation of inter
granular cracking. Also, it appears that all cracks
originate at grain boundary intersections and
propagate along the boundaries. The presence of
fine precipitate particles in the grain boundaries
appears to inhibit the sliding and movement of the
boundaries (Fig. 40).

In the near-surface regions, which in the original
material have been decarbunzed or which appear
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TABLE 21. EXTRUSION DATA FOR VACUUM MELTS OF INCONEL BILLETS*

INGOT

NO.

BILLET

TEMPERATURE

(°F)**

EXTRUSION

PRODUCT

EXTRUSION

RATIO

UNIT EXTRUSION

PRESSURE

(tsi)

DIE REMARKS

7,9,

and 10 2150 Tube 22 1 58 to 72 25 deg cone Surfaces sound

8 2200 Tube 23 1 60 30 deg cone Surfaces sound

8, 9. 2200 Rod 14 1 45 45 deg V Slightly roughened

and 10 surface

*Billets were 3 in. OD and 4 in. long, the front radius was / inch.

"Heated in ND-15 salt bath.

TABLE 22. ANALYSIS OF INCONEL RODS FROM INGOTS 8, 9, AND 10

CHEMICAL COMPOSITION (%)

ELEMENT Ingot No. 8 Ingot No. 9 Ingot No. 10

Calculated Actual Calculated Actual Calculated Actual

Ni 78.0 78.06 78.0 78.09 78.0 78.12

Cr 15.0 14.99 15.0 14.67 15.0 14.94

Fe 7.0 7.26 7.0 7.15 7.0 7.07

Mg* 0.05 < 0.003 0.05 < 0.003 0.01 <0.003

C 0.01 0.013 0.01 0.014 0.01 0.017

S <0.01 0.009 <0.01 0.011 <0.01 0.009

Ti 0.0 <0.06 0.25 0.31 0.0 <0.06

Mn 0.0 0.14 0.03 0.19 0.0 0.11

Si 0.0 0.20 0.0 0.20 0.0 0.19

*Mg additions, as 15% Mg-85% Ni compacts, float on melt.

TABLE 23. EFFECT OF VACUUM ON PROPERTIES OF COLUMBIUM HEATED TO 1000°C FOR 100 HOURS

PRESSURE (fi)

CHANGE IN

WEIGHT

(g/cm )

CHANGE IN

HARDNESS

(VPN)

REMARKS

0.1

0.05

0.01

0.00051

0.00037

0.00005

+ 17

+ 9

-40

Slight film, ductile*

No visible change, ductile*

Surface bright, ductile*

'Sample 0.048 in. thick bent 180deg on itself, no fracture.

54



future. The gases (argon and helium) will be
purified by using a pump to recirculate them
through a purification train. The pump assembly
has been completed.

ANP Radiator. To materially reduce the number
of tubes in the bare-tube type of heat exchanger,
attention has been focused on a finned-tube radi

ator. Design considerations require fins 0.010 in.
or less in thickness that are oxidation resistant at

1500°F and have high thermal conductivity. Copper
was selected as the fin material for preliminary
evaluation. The methods employed to impart oxi
dation resistance were cladding and addition of
refractory oxide forming elements. The specified
maximum cladding thickness was 0.002 inch. The
results of the preliminary work are reported in the
following.

Vapor-Deposited Chromium on Copper. Tests
were made on a laboratory specimen of vapor-
deposited chromium on copper that was supplied
by Commonwealth Engineering Co. of Ohio. A
variation of 0.006 in. per side in the deposit
thickness was noted in a length of 1/2 inches.
Under a thermal stress, such as a Nicrobrazing
cycle, the deposit cracked. After 164 hr at 1500°F,
a thick scale of copper oxide formed and there was
gross wrinkling. The chromium appeared as green
needles of chromium oxide on the copper scale.

Inconel or Type 310 Stainless Steel on Copper.
Claddings of 0.003 in. were tested at 1500°F for
100 and 500 hours. Failure, when it occurred,
was characterized by the appearance of copper
oxide pimples on the cladding surface. The re
sults of these tests are described in the following

1. Microscopic examination showed extreme
roughness of the as-rolled copper-cladding inter
face.

2. After 100 hr, Inconel cladding on copper
showed no visible failure, examination at a magni
fication of 370 showed negligible diffusion or
oxidation. There were localized areas of copper
penetration into the cladding. After 500 hr, a few
areas of pimples appeared. The examination has
not been completed.

3. After 100 hr, type 310 stainless steel cladding
on OFHC copper showed numerous pinholes,
examination at a magnification of 370 showed
negligible diffusion or oxidation. There were
localized areas of copper penetration into the
cladding. After 500 hr, numerous pinholes de
veloped. The examination has not been completed.
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4. After 100 hr, type 310 stainless steel cladding
on commercial copper showed numerous pinholes,
upon examination at a magnification of 370, it was
found that the original interface was no longer
discernible. The extent of diffusion has not yet
been determined. After 500 hr, there was no
apparent failure. The examination has not been
completed.

Inconel on Commercial Copper or OFHC Copper.
It was concluded from the previous tests that
failure was due to the fabrication procedure. There
fore a second series of clad materials was rolled

with a lower reduction per pass. Cladding thick
nesses of 0.002 in. were obtained. Of the four

samples tested for 100 hr at 1500°F, there was
only one pinhole in each of two samples. Attempts
were made at this laboratory to produce 0.001-m.
cladding and by the General Plate Co. to produce
0.001- and 0.002-m. cladding, but there were
numerous pinholes in all products.

The success of protection of copper by type 310
stainless steel or Inconel cladding is thus far
dependent on the success of the fabrication, which
is complicated by the differences of the rolling
properties of the cladding and the core.

Plated Copper. Several cores of 0.010-in. OFHC
copper that had been plated by the Genty-Michigan
Co. were tested 100 hr at 1500°F. The platings
were 0.0005, 0.0010, and 0.0015 in. of chromium
and 0.0015 in. of nickel plus 0.0005 in. of chromi
um. After testing, no failures were apparent upon
visual examination. Examination at a magnification
of 200 disclosed cracking of the chromium plating
that increased in severity with plate thickness.
There were fewer areas of failure in the nickel

plus chromium plating. Samples of nickel plus
chromium plating on copper that were heated for
24 hr at 1000°C 'in hydrogen and then oxidized
showed no failure.

Copper Alloys. Several copper alloys were
tested for 100 hr at 1500°F. The results of the
tests are tabulated in Table 24. This work con

firmed the recent data of Dennison and Preece*12)
who found thatalloys of copper containing 6 to 10%
Al and those containing 2% beryllium are oxidation
resistant at 850°C. The extrapolated thermal
conductivity of the copper-aluminum alloys is
between 0.37 and 0.47 cgs units at 1500°F.(13)

(12)'J. P. Dennison and A. Preece, J Inst Metals 81,
229-34 (1953).

(13)'C. S. Smith and E. W. Palmner, Am. Inst. Mining
Met. Engrs., T.P. 648, 1-21 (1935).
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TABLE 24. COPPER ALLOYS EXPOSED

FOR 100 hr AT 1500°C

LOSS

ALLOY OF Cu

(%)

REMARKS

95% Cu-5% Al 0.16 Few areas of local

oxidation

96.5% Cu-3.5% Al 1.0 Numerous areas of

local oxidation

98% Cu-2% Al 28.5 Thick, uniform, black

oxide

99% Cu-1% Be 7.0 Uniform black oxide,

free scaling

100% Cu 42.4 Thick black oxide

The thermal conductivity of Inconel and type 310
stainless steel at this temperature is 0.06 cgs
units.

(14)

Future work on the radiator is to include investi

gations of thinner platings of the nickel-chromium
combination and the copper-aluminum alloys as
possible cladding materials. Inconel and type 310
stainless steel composites that are being made by
the General Plate Co. and the Kinney Co. will
be tested when they are received.

G-E Control Rod. The prototype control rod, 30
in. in length and /£ in. in diameter, was assembled
and delivered for testing. This rod was composed
of several segments of 56% B4C-44% Fe absorber
canned in a stainless tube.

After conferring with W. Baxter, who is associ
ated with the GE-ANP program, it was decided to
abandon attempts to fabricate rods by brazing
the hot-pressed absorber segments of B4C-Fe
into a tube. A suggested alternate method of
fabrication consisted of filling a tube ^ or ^ in.
in diameter with a mixture of AI-B4C or Cu-B4C
powders and reducing the tube to ^ in. in diameter
by hot swaging or hot rolling to consolidate the
mixture, as well as to form a bond between the
matrix and the tube wall. By using fine B4C
powder (60% -325 mesh) in the proper proportion,
the matrix should have nearly the same nuclear

(14)P. A. Haythorne, Iron Age 162, 89-95 (Sept. 23,
1948).
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cross section as that of the hot-pressed B4C-Fe
composition.

Three tubes have been prepared for this test,
two were filled with 47% AI-53% B4C and a third
with 75% Cu-25% B4C. These tubes will be
processed soon.

ARE Pump Seals. Several compositions of
materials were requested by the Experimental
Engineering Group at Y-12 for possible use as
face seals for pumps operating in fluoride systems.
These materials were to contain about 14 vol % of

MoS_, as a lubricating agent, mixed in each of
four materials copper, silver, 95% Ag—5% Cu
alloy, and stainless steel. In addition, test face-
seal rings of molybdenum and tungsten, with the
sulfide prepared in situ, were requested. These
face-seal rings were to be of low porosity and were
to have fairly uniform distribution of MoS2 through
out.

Small compacts, L in. in diameter by /^ in. long,
were prepared from each of these compositions by
hot pressing mixtures of the powdered constituents
in a graphite die at 2500 psi, with the results
given in Table 25. As can be seen from Table 25,
the copper and silver compositions were quite
satisfactory. However, the 95% Ag-5% Cu alloy
composition could not be prepared with the use of
coarse silver powder, since a homogeneous metallic
matrix could not be obtained even by prolonged
heating at above the eutectic temperature. In all
cases in which the pressing temperature exceeded
the eutectic temperature of 780°C, a part of the
alloy was lost by extrusion of the eutectic compo
sition past the rams. Thus it was necessary to
prepare this composition by using the ultrafine
precipitated silver powder.

The three compacts of stainless steel plus MoS2
served to show that these materials are incompati
ble at the elevated temperatures required for
fabricating a specimen of low porosity. All three
specimens were quite magnetic, and metallographic
examination of the specimen pressed at 1220°C
revealed that all of the MoS2 had dissolved and
formed a substantial amount of ferrite plus a third
phase, which was presumed to be a binary or
ternary sulfide. Thus, this composition was also
considered as unsatisfactory for the test.

An attempt to form sulfide on the surface of a
molybdenum compact by reaction with molten
sulfur and sulfur vapor at 450°C was unsuccessful.
No surface film of soft lubricant could be observed,



and no sulfide could be detected by x-ray diffraction
analysis.

On the basis of the results obtained with the

small compacts, large face-seal rings, 37/g in. OD
by 2/Q in. ID by ^ in. long, were fabricated from
the compositions shown in Table 26 by hot pressing
at 2500 psi.

The Cu-MoS2 composition seemed to be quite
satisfactory, except that the density was not so

PERIOD ENDING APRIL 10, 1953

high as desired. A slightly higher pressing temper
ature might have improved the density, but the die
broke on the second run and no further effort has

been made to determine the effect of the pressing
temperature. The compact obtained from this run
could be used, so the run was not repeated.

The Ag-MoS2 compacts were prepared with the
use of coarse silver powder, and it was necessary
to approach quite close to the melting temperature

TABLE 25. EXPERIMENTAL COMPACTS OF FACE-SEAL COMPOSITIONS

MATERIAL

HOT-PRESSING

TEMPERATURE

(°C)

DENSITY

(% of theoretical)
REMARKS

Cu-MoS- 910 95.3

Precipitated Ag-MoS- 630 95.7

Coarse Ag-MoS- 950 94.0 4% weight loss

(Precipitated Ag-5% Cu)-MoS2 850 95.2 No weight loss

(Coarse Ag—5% Cu)-MoS. 790 94.5 8% loss

880 97.3 10% loss

850 95.9 4% loss

770 94.6 No loss

Type 304 stainless steel—MoS_ 1030 78.0 Magnetic

1120 84 Highly magnetic

1220 94 Highly magnetic

Molybdenum 1530 92

TABLE 26. FACE-SEAL TEST RINGS

COMPOSITION BY WEIGHT

HOT-PRESSING

TEMPERATURE

<°C)

DENSITY

(% of theoretical)
REMARKS

92% Cu-8% MoS2 910 89.5

900 ~90 Die broke

91% Ag-9% MoS2 960 92.5 15% weight loss

955 95.0 3% loss

(95% Ag-5% Cu)-9% MoS2 835 85.5 No loss

880 86.5 20% loss
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to obtain the low porosity desired. Difficulty in
closely controlling the temperature of the large die
assembly resulted in a substantial loss of material
from one of the compacts by extrusion past the
rams and infiltration of the graphite die body.

The 95% Ag-5% Cu-MoS2 composition was pre
pared with the use of fine precipitated silver
powder, which gave excellent results in small
compacts. However, the density of the first compact
made was rather low, and in an attempt to obtain
a density of 95%, the maximum temperature was
exceeded, and again a substantial amount of the
material was lost by extrusion and infiltration.
The two compacts were |udged to be satisfactory
for testing and were delivered.

An additional order was received from W. C.

Tunnel I of the Experimental Engineering Group
for a number of rings of the Cu-MoS2 composition.
These are to be used in a packing gland to seal
the shaft of a fluoride pump. A total of 20 rings,
ln/16 in. OD by \\6 in. ID by \ in. thick, is
required for the first test. Three cylinders have
been fabricated from which 15 to 18 of these rings
can be machined.

Evaluation of Properties of Solid Fuel Elements.
An evaluation was made of sandwich fuel elements
prepared by a technique evolved at the Oak Ridge
National Laboratory. This technique consists of
(1) making the fuel element core by compacting
and sintering mixed powders of U02 and stainless
steel to fit a picture frame, (2) assembling the
cored picture frame between clad sheets by fusion
welding the edges of the three-layer assembly,
(3) evacuating the welded assembly and hot rolling
at 1225°C. One set of three fuel elements was

prepared to examine the effect of the variable of
UO, particle size on room and elevated tempera
ture strength, as well as on bendabihty. The
range of U02 particle size for each fuel element
was -170 +200, -270 +325, and -325. The U02
powder was prepared by sintering in hydrogen at
2000°C, and it was classified in U. S. Standard
screens. Each core contained 30 vol % of U02.
The cladding material was AISI type 347 stainless
steel, and the metallic matrix powder for the core
was AISI type 302 stainless steel, -325 mesh.
The fuel elements were hot rolled to approximately
80% reduction and cold rolled an additional 9% to
produce a total reduction of 89%. The thicknesses
of the core and of the individual cladding of
finished fuel elements were 0.008 and 0.006 in.,

respectively.
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Another set of three fuel elements was prepared
that was similar in all respects to the fuel ele
ments described above, except that the cladding
and the metallic core powder were AISI type 310
stainless steel.

A third set of four fuel elements was prepared
to investigate the effect of the amount of hot re
duction during rolling on the tensile strength. The
cladding material was AISI type 316 stainless
steel, and the core powder was AISI type 302
stainless steel, -325 mesh. The U02 particle
size was -230 +270 mesh, each core contained
30 vol % of U02. The amounts of hot reduction
for each of the four fuel elements were 60, 70, 80,
and 90%, respectively. These fuel elements re
ceived no cold reduction. The initial core thick

ness was ad|usted to produce a final core thick
ness in each instance of 0.010 inch.

Tensile properties of the respective fuel ele
ments were examined in the direction normal to

the surface of the fuel elements. This type of
transverse tensile test essentially evaluated the
strength of the core and/or the strength of the
bond between the cladding and the core. Trans
verse tensile specimens were prepared in the
following manner. The ends of two steel cylinders,
\ in. round by 4 in. long, were aligned in a graphite
V die and butted against the opposite sides of a
fuel element section. Braze metal was positioned
at the |oint interfaces, and the specimens were
brazed in a dry hydrogen atmosphere. Specimens
were machined after brazing with ^-10 threads at
the ends, and they were \ in. long by 0.505 in.
in diameter (gage) at the brazed interfaces. For
tests at room temperature and at 1200°F, the
specimens were copper brazed to mild steel cylin
ders. For the tests at 1500° F, AISI type 304
stainless steel cylinders were brazed to the fuel
elements with Nicrobraz. The tensile test results

are shown in Tables 27 and 28.
In addition to the examination of properties of

fuel elements made by the picture-frame technique,
a few tensile values were obtained from fuel ele

ments fabricated from AISI type 347 stainless steel
tubing. The latter method involved the use of
0.50-m.-OD by 0.025-in.-wall tubing flattened to
produce a rectangular void with one end fusion
welded. This void thus simulated the void created
within the picture frame by the former method and
eliminated the need for separate assembly of two
cladding plates and a picture frame. Mixed powders
of 30 vol % U02 (-325 mesh) and AISI type 302
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TABLE 27. TRANSVERSE TENSILE STRENGTH vs. U02 PARTICLE SIZE

TENSILE STRENGTH (psi)

U02 PARTICLE SIZE
(30 VOL %)

Type 347 Stainless Steel

Cladding and Type 302

Stainless Steel Core

Type 310 Sta

Cladding

inless Steel

and Core

At 70°F At 1200°F At70°F At 1200°F

-170+200 19,100 11,900 16,250 12,500

-170+200 16,350 9,400 16,900 12,350

-270 +325 12,700 11,600 17,800 9,900

-270+325 11,400 5,700 14,000 9,700

-325 13,600 12,250 13,100 10,150

-325 5,700 11,400

TABLE 28. TRANSVERSE TENSILE STRENGTH vs.

PER CENT HOT REDUCTION OF TYPE 316

STAINLESS STEEL CLADDING AND

TYPE 302 STAINLESS STEEL

CORE FUEL ELEMENTS

HOT REDUCTION

(%)

TENSILE STRENGTH

(ps.)

At 70°F At 1500°F

60 17,800 1,250

60 14,600 4,050
60 10,100

70 16,400 9,000

70 17,300 8,000

70 16,300 6,600

80 11,500 5,500
80 12,600 4,950

80 10,750 5,450

90 12,850 5,550

90 13,100 6,700

90 9,950 6,400

stainless steel powder (—325 mesh) were loaded
into the void and cold compacted by tapping and
tamping. Two specimens were evacuated — one
to 2 to 3 fi, and the other to more than 3 ji. The
degree of evacuation of the latter specimen could
not be determined exactly because of some leakage
during welding. The specimens were then hot
rolled to a 70% reduction and cold rolled to a 13%

reduction. The final dimensions were 0.005 in.

for the cladding and 0.007 to 0.008 in. for the
core. It was observed that the less perfectly
evacuated specimens tended to swell during the
first heating for rolling. This resulted in dis
placement of core powder, and thus the core thick
ness at the edges was considerably less than that
at the center. However, cladding-to-core bonding
appeared to be satisfactory, except for one small
end area. The specimen evacuated to 2 to 3 /i
showed no swelling during heating, and discrep
ancies in core thickness were almost entirely
eliminated, no bond defects were observed. Re
ductions of compacted and sintered cores were
approximately the same as those for the solid
cladding materials. However, the loose powders
reduce about 25% more than the solid cladding
because of decreased density of the core powders
for a given volume. Transverse tensile strengths
of the two fuel elements are shown below.

Treatment
Tensile Strength

(psi at 70°F)

Pressure, >3 [l 9,250

Pressure, >3 fi 11,100

Pressure, <3 fJL 16,900

Pressure, <3 fi 19,120

The fuel elements (0.020 in. thick) with varying
U02 particle sizes were subjected to bends parallel
to the direction of rolling to evaluate bendability.
Bends were performed around a 0.029-in. radius
and a 0.008- to 0.010-m. radius with an included

angle of approximately 100 degrees. The test

59



METALLURGY PROGRESS REPORT

specimens showed core cracking at the cut edges,
regardless of the degree of the bend. Examination
of sections cut away from the edge of the bend
showed that bends made with the coarser U02
particles (both -170 +200 and -270 +325 mesh)
survived bending around a 0.029-in. radius, the
cores of fuel elements with fine U02 particles
(-325 mesh) were cracked. All specimens with a
radius of 0.008 to 0.010 in. failed both in the core
and the outer cladding. Uncored sections of fuel
elements were found capable of being bent around
a 0.008- to 0.010-m. radius without cracking. No
bends were made in the direction transverse to

rolling. On the basis of strmgering observed in
microspecimens in the longitudinal direction, it
is probable that transverse bendability would be
greater than longitudinal bendability. Stringers up
to 0.010 in. in length were found with -325 U02
mesh particle size. Stringers in fuel elements
with the coarser U02 particles measured up to
0.007 in. in length.

The characteristics of several brazing alloys
were examined for sealing of exposed cores at the

cut edges of fuel plates. Desirable properties of a
brazing alloy for this purpose are good flowability,
minimum dilution of stainless steel and U02, a
minimum of U02 transport, and high density. Braze
tests were performed on a variation of the T speci
men. Approximately 1-m. sections of the cut edge
of fuel elements were butted against 0.005-in.-
thick type 302 stainless steel. These were held
in place by means of two spot welds and brazed
in dry hydrogen. Table 29 lists the brazing alloys
and gives an evaluation of the results of brazing.
Several of the alloys showed excessive dilution of
stainless steel and scattering of U02 at the braze.
It is possible that the recommended brazing temper
atures of these alloys are too high and that with
lower brazing temperatures these conditions can
be minimized. Corrosion resistance of these alloys
was not evaluated.

Specimens \ in. wide for heat-shock testing
were cut from fuel elements with varying U02
particle size by means of hand shears. These
specimens were subjected to alternate heating at
1500°F and cooling in air to room temperature. As

TABLE 29. BRAZING TEST CONDITIONS AND CHARACTERISTICS OF SEVERAL BRAZING ALLOYS

BRAZE ALLOY

BRAZING

TEMPERATURE

(°F)

CONDITION OF

BRAZE ALLOY
FLOW DILUTION SOUNDNESS EFFECT ON UO2

75% Cu-25% Sn 1625 Powder Fair Excessive Good Some scattering

92% Cu-8% S. 1725 Powder Poor

82% Au-18% Ni 1860 Wire Good Very little Good No scattering

apparent

37% Au-63% Cu 1840 Wire Good Excessive Good Some scattering

5% Cr-5% Si- 1860 Powder Excellent Moderate Good Light scattering

5% B-5% Fe-

80% Ni

90% Au-10% Co 1880 Sheet Excellent Excessive Good Much scattering

90% Cu-10%Ge 1880 Sheet Good Moderate Some

shrinkage

Slight scattering

Cu 2100 Wire Good Moderate Good Core ad|acent to

braze completely

dissipated

57%Ni-13%Ni- 2150 Powder Good Excessive Some Some scattering

30% Ge shrinkage

68.5% Ni- 2150 Powder Good Excessive Some Some scattering

20% Cr- shrinkage

11.5% Si
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cut with shears, several specimens showed crack
ing. After 15 heating cycles, these specimens
showed slight extension of the cracking. Micro-
examination of these specimens showed cracking
to be confined to the cut edges. It is probable
that cracking was due to severe shearing stresses
during the cutting with hand shears, rather than
to defects present in the fuel elements. The re
maining specimens survived 30 heating cycles
without failing.

Less scattering and somewhat higher room-
temperature strengths of 16,200 to 19,100 psi were
obtained with fuel elements containing coarser
U02 particles (-170 +200 mesh) than with fuel
elements with finer U02 particles (-270 +325
and -325 mesh). However, the most consistently
high tensile values of 16,300 to 19,120 psi were
found, regardless of U02 particle size, with a
critical amount of hot reduction. Hot reductions
of both more and less than 70% produced more
scattering and generally lower strength. Variations
in the type of stainless steel in the core and in the
cladding produced no significant differences in
room temperature strength. The method used for
capsulatmg loose core powders was found to
produce tensile properties equivalent to those
produced in compacted and sintered cores.

At 1200°F, there were no large differences in
tensile strength resulting from variations in UO-
particle size. The AISI type 310 core powders and
cladding gave results of 9,700 to 12,500 psi more
consistently than did the AISI type 302 stainless
steel core and type 347 stainless steel clad fuel
elements. The latter had tensile strengths of
5,700 to 12,250 psi. At 1500°F, the highest
strengths, 6,600 to 9,000 psi, were found with
70% reduction.

Of the fuel elements that were 0.020 in. thick
and had varying U02 particle size, those with the
coarser sized particles showed the greatest benda
bility. Regardless of U02 particle size, none of
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the fuel elements were capable of being bent
around a 0.010-in. radius.

The characteristics of several copper-, nickel-,
and gold-based brazing alloys were examined for
edge-sealing properties. Several specimens of
each type of alloy showed good to excellent braza-
bility. The fuel elements brazed with these alloys
were capable of withstanding 30 cycles from 1500°F
to room temperature without cracking.

It should be understood that evaluation of the
several properties of the fuel elements has been
based upon a relatively small number of tests.
Furthermore, it can be readily seen that a hot
reduction of 70% would impose a limitation on the
practical production of fuel elements in large
amounts and sizes. Further examination is to be
made of tensile strength vs. per cent hot reduction
for U02 particle sizes other than -230 +270 mesh.

Fabrication of the as-rolled flat sheets by bend
ing, brazing, and possibly welding will be required
in the production of fuel element subassemblies.
Joints of small bend radii to flat sheet are de
sirable for the prevention of excessive heat buildup
during reactor operation. Bend radius limitations
on fuel element sandwiches have been established.

The sandwich type of fuel elements probably
will require slitting of one or more edges to produce
the desired dimensions. Slitting operations expose
the stainless steel-U02 core, and thus necessitate
edge sealing. The group of braze alloys examined
in this investigation for edge-sealing character
istics will require further investigation with re
spect to corrosion resistance and/or solubility in
proposed reactor coolants. Fuel elements made
from flattened tubing have been shown to have
good strength properties. Also, the flattened tube
method of making the fuel elements decreases the
production-handing and edge-sealing requirements.
This method will require further study before the
fabrication of large sections is attempted.
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CERAMICS RESEARCH
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PETROGRAPHIC EXAMINATION OF ANP FUELS

Work continues on the petrographic identification
of the compounds found in the various fluoride
systems and compositions and on the determination
of the optical properties of carefully prepared
fluoride compounds. This study has been made in
connection with the ANP liquid fuel program. Opti
cal data collected for various new fluoride com
pounds are given below
NaUF5

Color, green
Interference figure, uniaxial negative
Birefringence crystals show first-order grey and

yellow between crossed nicols
Refractive indices 0 = 1.510

E = 1.500

Na2UF6
Color* green
Interference figure* uniaxial negative
Birefringence interference colors are first-order

grey

Refractive indices O = 1.495
E = 1.490

NaZrF5
Color colorless
Interference figure, uniaxial negative, some

crystals produce a biaxial
negative figure with a
small optic angle

Birefringence interference colors are first-order
white to blue

Refractive indices O = 1.508
E = 1.500

Forms solid solution with NaUF5
Na2ZrF6

Color colorless
Interference figure biaxial positive with 2V =

75 deg
Birefringence, interference colors up to first-

order blue

Refractive indices a =1.419
y= 1.430

Na3ZrF7
Color, colorless
Interference figure, uniaxial negative
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Birefringence: interference colors up to first-
order white

Refractive Indices O = 1.386
E = 1.381

L'3CrF6
Color pale green
Interference figure biaxial negative with 2V =

40 deg
Birefringence interference colors through the

second order

Refractive indices a = 1.444
y = 1.464

K3CrF6
Color* pale green
Interference figure isotropic (no figure)
Refractive index: 1.422

Na3CrF6
Color, pale green
Interference figure* isotropic
Refractive index. 1.411

FeF2
Color colorless
Interference figure uniaxial positive
Birefringence interference colors through second

order

Refractive indices. O = 1.524
E = 1.540

K2NaFeF6
Color, colorless

Interference figure, isotropic
Refractive index 1.414

NaHF2
Color, colorless
Interference figure: uniaxial positive
Birefringence interference colors through third

order

Refractive indices. 0 = 1.261
E = 1.328

L.2ZrF6
Color: colorless

Interference figure biaxial positive with 2V =
20 deg



Birefringence: interference colors through first
order

Refractive indices: a = 1.462

y = 1.482

L>4Z'F8
Color: colorless

Interference figure, biaxial negative with 2V =
30 deg

Birefringence* interference colors through first
order

Refractive indices* a = 1.445

y = 1.465

Petrographic examinations were made of compo
sitions in the UCI4-NaCI system and in the UCL-
KCI system. The data obtained from these exami
nations were correlated with the thermal data to
locate compound and eutectic compositions.

In the UCI4-NaCI binary, two compounds were
found. 2NaCI-UCI4 and a compound with more
than 50% UCI4, possibly NaCI.2UCI4. The latter
compound seemed to have an incongruent melting
point, since all compositions on the high UCL
side of the binary always contained considerable
free UCI4. The optical data are:
Na2UCI6

Color pale green to colorless
Interference figure, uniaxial negative (tetragonal

or hexagonal)
Refractive indices: E = 1.652

0 = 1.664

NaU2CI4
Color: yellow-green
Interference figure* biaxial negative (probably

orthorhombic) with small
optic angle

Refractive indices, a = 1.790

y = 1.850

The UCI4-KCI system produced three compounds:
2NaCI«UCI4, NaCI«UCI4, and an mcongruently
melting compound in the 67% UCL region of the
binary. There were two forms which crystallized
in the composition range, 30 to 35% UCL. They
were distinguished by their differences in bire
fringence and interference figures. The optical
data are:

K2UCI6
1. Color* pale green to colorless

Interference figure uniaxial negative
Refractive indices E = 1.644

O = 1.654
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2. Color: pale green to colorless
Interference figure* biaxial positive, small

optic angle
Refractive indices: a = 1.636

y = 1.640
KUCI5

Pleochroism: X, grey
Z, blue-green

Interference figure: biaxial positive, small optic
angle

Refractive indices: a = 1.692

/S= 1.705
y = 1.759

KU2CI9
'Color yellow-green
Interference figure: biaxial positive, with very

small optic angle
Refractive indices: a = 1.740

B= 1.809

y = 1.820

PETROGRAPHIC EXAMINATION OF

HRP SLURRIES

A petrographic study of large single crystals of
both the alpha and the beta forms of U03«H-0 was
carried out. The optical data obtained are:
Alpha phase

Color: yellow
Interference figure, biaxial positive, moderate

optic angle
Refractive indices a = 1.845

B= 1.848

Dispersion: R<V, symmetrical extinction
Beta phase

Color yellow
Interference figure, biaxial positive, very small

optic angle
Refractive indices a = 1.726

y = 1.773
Dispersion: R>V, symmetrical extinction

INSULATING END-CAP DEVELOPMENT

Work progressed on the development of insulating
end caps for the Hanford type of slugs. Two com
pacts in the form of cylinders were prepared and
sent to Hanford for evaluation. One compact con
sisted of a cold-pressed mixture of aluminum metal
powder and alumina, the alumina was in the form of
—35 mesh bubble alumina, a commercial insulating
material manufactured by the Norton Co. This
compact was sintered at 600°C. One end of the
compact was composed of aluminum powder only
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Corrosion tests on MoSi2 supplied by NACA
indicate that it is unsatisfactory in sodium. Fluo
ride tests will be made on this material.

HAFNIUM OXIDE AND ITS PROPERTIES AND

REACTIONS AT HIGH TEMPERATURES

Practically all zirconium compounds contain
hafnium oxide in such close association that

separation has been attempted previously to only
an extremely limited extent. The Ceramic Labora
tory Group has taken advantage of its unique pos
session of pure hafnium oxide and of hafnium-free
zirconium oxide in quantity sufficient to permit the
determination of some hitherto unexplored properties
of these materials.

UNCLASSIFIED

DWG 19547

GEORGIA KAOLIN

V
A

MONOCLINIC ZIRCONIUM OXIDE

MONOCLINIC HAFNIUM OXIDE

200 400 600 800

TEMPERATURE (°C)

"V

1000 1200

Fig. 46. Differential Thermal Analyses of Mono
clmic Hafnium Oxide and Monoclmic Zirconium

Oxide Compared with Georgia Kaolin.

PERIOD ENDING APRIL 10, 1953

With respect to hafnium oxide, the new x-ray data
given in Table 30 were obtained. There were indi
cations that the monoclmic structure of hafnia is

unstable at 1800°C, as shown in Table 30, but it
is stable to 1600°C, as also shown in Table 30,
in striking contrast with its isomorph, zirconia,
whose monoclmic crystal is unstable above 1000°C.
The stability of monoclmic Hf02 was corroborated
by differential thermal analysis to 1250°C and to
1500°C by thermal expansion measurements (Figs.
46 and 47).

In comparison with zirconia, hafnium oxide, in
spite of its much higher density (Hf02 = 9.7,
Zr02 = 5.7), has a thermal expansion coefficient
of 6.45 x 10~6 m./m./'C, as compared with 8.0

g

z
<
a.
x
UJ

a.
<

I 0

0 8

0 6
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0

UNCLASSIFIED
DWG 19548

1 1 1 I 1 1 1

-

Zr02 jS ')/ -
- \

^n 1 1 1 1 1\ 1
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TEMPERATURE (°C)

t600

Fig. 47. Linear Thermal Expansion of Monoclmic
Hafnium Oxide and Monoclmic Hafnium-Free Zir

conium Oxide.

TABLE 30. X-RAY PARAMETERS OF HAFNIUM OXIDE

PRINCIPAL REFLECTING PLANES CELL DIMENSIONS

hkl d At Room Temperature At 1600°C At 1810°C

110 3 604 a = 5 11 a = 5 21 Data uncertain

nT 3 137 b = 5 14 fe = 5 15

in 2 814 c = 5 28 c = 5 43

002 2 600

200 2 515 beta, 99°44' beta, 98°48'

022 1 833

220 1 800
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for Zr02. The symmetries of reflecting of planes
of the oxides for x rays are identical, and the
interplanar distances and unit cell dimensions are
very similar,with those of hafnia being, in general,
approximately 2% smaller.

Hafnium occurs in nature in association with
zirconium minerals. That the relationship in the
case of the oxides is one of solid solution without
compounds was shown by x rays at room tempera
ture of a series of Zr02-Hf02 compositions that
had been fired at 1800°C. By careful scanning of
the lines with x rays at high angles, values of
sin2 6 for ZrO, were found to increase by small,
but measurable, amounts as the Hf02 content was
increased from 5 to 100%.

High-Temperature Interactions of Hf02 and Si02.
It was shown that 1 mole of Hf02 combines with
1 mole of Zr02 at 1520°C in a solid state reaction
to form HfSiO,. The compound is tetragonal, and
it is identical in symmetry with ZrSi03, but its
interplanar distances are approximately 1% smaller.
The similarity between zircon and HfSi03 suggested
the name "hafnon."

When varying proportions of silica were added to
Hf02 and fired at 1520°C, there were indications
from the solid state reactions that this binary
system forms only one compound, Hf02*Si02, and
no solid solutions.

A ternary eutectic between Hf02, Si02, and
Al_03 at approximately 1600°C was indicated by a
reaction at this temperature between a HfSiOj test
specimen and a sapphire rod that was in contact
with it during tests of thermal expansion.

High-Temperature Reactions of Hf02 with CaO.
Hafnium oxide, like Zr02, was transformed from
the monoclmic structure to a face-centered-cubic

lattice by 3 mole %of CaO, the reaction took place
in the solid state at 1520°C. Stability of the cubic
Hf02 structure to at least 1800°C was shown by
x ray at that temperature. The coefficient of
thermal expansion of this "stabilized" hafnia was
6.0 x 10"6 in./m./°C, compared with 7.7 for

"stabilized" zirconia. It was observed that
"stabilized" hafnia pieces had less tendency to,
crack at 1700°C than did monoclmic hafnia.

The dimensions of the face-centered-cubic lattice
with 8 and 20 mole% of CaO were 5.082 and 5.098 A,
respectively, and thus there is indication that CaO
has an expanding effect.

When 30 to 80% of CaO was present, the solid
state reaction at 1800°C produced, as a principal
phase, a compound identified as CaHfOg. This
compound is isomorphous with CaZrO,, and it is
orthorhombic in structure, its lattice dimensions
are 1 to 2% smaller than those of CaZr03 (Table
31). Over 80% CaO produced cubic CaO as the
principal phase. The melting point curve of the
CaO-HfO, system was not obtained, but the solid
state reactions described were such as would be
expected in a system similar to the CaO»Zr02
system.

Reaction of Hf02 and Carbon at High Tempera
tures. Equimolecular mixtures of Hf02 and graphite
reacted at 2400°C to form HfC and excess carbon,
possibly derived from the graphite mold which
acted as susceptor in the induction furnace. Hafni
um carbide is reportedly one of the highest melting
compounds, the synthesized material had a cubic
lattice, with aQ = 4.6365 A. Its Vickers hardness
was found to be 2910 under a 50-g load, boron
carbide, which is much used in cutting tools, has
a hardness of 2400 under the same conditions.

REDUCTION OF THE POROSITY OF ANP

BERYLLIA BLOCK

A series of experiments was initiated for the
purpose of reducing the porosity and enhancing
the corrosion resistance of the beryllium oxide
hexagonal blocks which are to be used by the ANP
program. Impregnation of porous beryllium oxide
test pieces with various materials was attempted,
and preliminary vapor deposition studies on be
ryllium oxide were begun.

TABLE 31. UNIT CELLS OF CaHfOj AND CaZrOg
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CaHf03

CaZrO,

11 08

11 17

LATTICE DIMENSIONS (A)

7 94

8 01

11 42

11 52(ASTMdata)



The first impregnation is described in the follow
ing The beryl ha test pieces (J^ by j^ by \ in.)
were immersed in molten hydrated beryllium nitrate
at 135°C for 48 hours. The test pieces were then
placed in a small porcelain crucible and covered
with the beryllium nitrate, and the whole assembly
was heated until evolution of N02 no longer took
place. Then the powdered beryllium oxide was
scraped from the surfaces of the test pieces and
they were heated to 1550°C, held there for 15 mm,
and allowed to coof to room temperature. This
procedure resulted in a slight permanent increase
in the weight of the test pieces but no measurable
reduction in porosity. These pieces have no better
corrosion resistance in NaK than the untreated

beryllium oxide has.
The second impregnation experiment was carried

out under the same conditions except that mag
nesium nitrate was used instead of beryllium
nitrate. There was an appreciable permanent
weight gain and a reduction of the porosity to
about 35% of its original value. The corrosion rate
of these pieces in NaK was about one half that of
the untreated beryllium oxide. The third method
tried was successful in reducing the porosity of
the test pieces to almost a negligible amount.

A mixture of 37.5% AIF3 and 62.5% CaF2 was
prefused to produce a glass, which was pulverized
and suspended in water to give a very heavy
suspension. The small (^ by \ by \ in.) berylha
test pieces were dipped into this suspension and
drained, and the adhering coating was dried. These
pieces were then heated to 1550°C, held for 15 mm
at that temperature, and allowed to cool in the
furnace. This treatment resulted in the coating
soaking into the porous pieces and completely
filling the pores. The corrosion rate of these
pieces in NaK was about 20% that of the untreated
beryllium oxide.

In order to ascertain the cause of the enlargement
of the cracks, two full-size hexagonal blocks of
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beryllia were heated at 750°C/hr to 1550°C and
held for 1 hr at that temperature. These blocks
had no applied coating and, hence, any effects
would be due only to the heat treatment. Before
the heat treatment was carried out, the blocks
contained several minute cracks and a zone of

weakness perpendicular to the axis across the
middle of each block. It should be noted that
these blocks are typical specimens, nearly all
blocks on hand have this zone of weakness. After
the heat treatment, both blocks had broken in two
along this zone of weakness, and one had also
split axially from one side into the core hole. It is
therefore to be concluded that the block can be
broken by heating at 750°C/hr and that the im
pregnation treatment is not the cause of the crack
ing of the pieces.

U02 INVESTIGATIONS

Work is progressing on the fabrication of U02
rods, 0.3 in. in diameter by 3 in. long, to be clad
in 20-mil zirconium and placed in an aluminum
sheath. Specially sized U02 powder is also being
prepared for packing onto a 0.3-in.-ID tube of 20-
mil zirconium, the effective length of the powder
section is 3 inches. These specimens will be
sent to Hanford for irradiation. This work is being
done in cooperation with the Westmghouse Atomic
Power Division (WAPD), and it is in connection
with their investigations of fuel elements for the
CVR reactor.

Th02 INVESTIGATIONS

Work continues on the preparation of a rod of
Th02 0.94 in in diameter and 5 in long clad in
aluminum. This specimen will be sent to Hanford
for irradiation tests. Specimens of enriched thoria
are also being prepared for irradiation in the MTR.
This work is part of the program for exploring the
area of feasibility for the use of Th02 in the place
of thorium metal as breeder material.

67



METALLURGY PROGRESS REPORT

FABRICATION METALLURGY

J. E. Cunningham

URANIUM CONVERTER REACTOR

A small-scale fabricational program was initiated
at the Laboratory to develop suitable techniques
for manufacturing the fuel and thorium feed loadings
needed for operationof the proposed North American
Aviation uranium converter reactor. The reactor,
which is designed for production of U , will
require sizable quantities of thorium metal clad
with aluminum for m-pile service at a temperature
of 300°F for approximately 2 months.

Previous work^ indicated that thorium could be
metallurgically bonded to 2S-grade aluminum by
rolling but that the operation was extremely temper
ature sensitive, that is, clad plates produced by
hot rolling above 400°C show the presence of a
brittle intermetallic compound layer at the thorium-
aluminum interface, but no bonding occurs on
rolling below 350°C with a total reduction in thick
ness of 10 to 1, and clad plates initially showing
no compound will readily develop the ob|ectionable
phase when heated to only 300°C for a 4-hr period.
Another problem encountered was the difficulty of
maintaining uniform dimensions of the thorium core
becaus' of differences in plasticity of the two
metals at the desired rolling temperatures.

Diffusion studies were conducted to study the
time-temperature behavior of aluminum-thorium
couples with and without various barrier materials.
If a suitable barrier material could be found to
prevent the formation of the weak compound layer,
then conventional brazing and welding techniques
could be used for assembly of the alclad plates
into reactor components.

Additional cladding tests were performed in an
effort either to eliminate or to minimize the end
effect which causes nonuniform core and cladding
dimensions at the plate ends.

TIME-TEMPERATURE DIFFUSION STUDIES

J. A. Milko

The thermal stability or diffusion characteristics
of aluminum-thorium, 0.65% Si-AI alloy-thorium,
and zirconium-thorium, as well as 0.65% Si-AI
alloy—aluminum and zirconium-aluminum couples,

(1)W. J. Leonard and T. W Fulton, Met. Div. Quar.
Prog. Rep. April 30, 1952, ORNL-1302, p. 149
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were investigated in the 200 to 600°C temperature
range for the short period of 4 hours. The inter
action of aluminum with iodide-grade thorium and
with thorium containing various amounts of carbon
was also investigated.

The test method used, described previously/
consisted of bringing the surfaces of carefully
prepared specimens into intimate contact and
heating them for the specified time at temperature
in a vacuum. The couples were initially sealed
under a pressure of less than 1 \i after compressing
in a clamp to approximately 0.1% deformation.
After cooling, the test couples were removed from
the clamp, mounted in a low-temperature plastic,
and ground and polished. The thickness of the
diffusion layer was then measured at a magnifi
cation of 250.

Al I test materials used were cold rolled, machined
to the desired dimensions, and fully annealed.
Prior to assembly, the specimens were chemically
cleaned, rinsed in water, and then rinsed three
times in absolute alcohol.

The thickness of the diffusion layer obtained
on three diffusion couples is given in Table 32.
Both minimum and maximum thickness are given
as an average value of four different measure
ments.

For the thorium-aluminum couple, the thickness
of the diffusion layer increases with increasing
temperature. The maximum thickness approxi
mately doubles from one test temperature to the
next higher test temperature. Somewhat similar
trends are evident for the thorium-alummum-
silicon alloy and the zirconium-aluminum couple.

Insertion of a O.OlO-m.-thick AI-0.65% Si alloy
barrier between the thorium and the aluminum ap
pears to decrease slightly the thickness of the
diffusion layer formed between thorium and alu
minum.

Knoop hardness traverse measurements were
made on several of the diffusion couples. The
values obtained are presented in Table 33. In
discussing these hardness values, it should be
pointed out that the intent of the tests was to
demonstrate the brittle nature of the diffusion

(2)R 0 Williams, Terminal Report on ORNL Slug
Problem - Causes and Prevention, ORNL CF-50-7-160.
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TABLE 32. MEASURED THICKNESS OF DIFFUSION LAYER AFTER 4 hr AT THE INDICATED TEMPERATURES

DIFFUSION LAYER THICKNESS (mm)

TEMPERATURE

(°C)
Th-AI Couple

Si-AI Alloy-Th

Couple (0.65% Si)
Zr-AI Couple

mm max mm max mm max

200

300

400

500

600

(a)

(a)

0 0028

0 0052

0.0076

(a)

(a)

0.012

0 023

0.051

{a)

(a)

0 0057

0 0043

0.0055

(a)

(a)

0.014

0 019

0 042

(a)

M

M

0.0069

0 010

0 0028(i)

0 0043(c)
0.0050

0.0040

(a)

(a)

(a)

0.033

0 042

0.039(fe)

0.047(c)
0.062

0.058

(«)

(b)

(c)

No apparent diffusion and probably no bonding.

Average of two measurements.

Average of six measurements.

TABLE 33. KNOOP HARDNESS VALUES AT SEVERAL LOCATIONS IN THREE DIFFUSION COUPLES

THAT HAD BEEN HEATED FOR 4 hr AT THE INDICATED TEMPERATURES

KNOOP HARDNESS VALUES

DIFFUSION COUPLE LOCATION IN DIFFUSION COUPLE (100-g load, 10 25-mm objective)

At 400°C At 500°C At 600°C

Th-AI In Al 22 23, 21 26, 21

In Al, ad|acent to diffusion layer 70 41, 34 46, 42

In diffusion layer 152 226, 344 430, 472
In Th, ad|acent to diffusion layer 90 79, 78 90. 137

In Th 80 61, 67 63, 67

Th-AI-Si alloy-AI In Al 21 26, 17 31

In AI-0 65% Si alloy 30 36, 28 36

In Al—0 65% Si alloy, ad|acent to 101 87, 61 62

diffusion layer

In diffusion layer 142 292, 295 437

In Th, ad|acent to diffusion layer 86 124, 98 109

In Th 86 80, 52 68

Zr-AI In Al 23, 24 23, 21

In Al, ad|acent to diffusion layer 44, 24 90, 46

In diffusion layer 592, 551 522, 657

In Zr, ad|acent to diffusion layer 102, 172 158, 166

In Zr 96, 101 89, 113
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layers, since it is felt that the hardness values
obtained at any one particular location at any one
temperature cannot be compared with those at
another location and temperature with any certainty
because of insufficient knowledge of the micro-
structure and distribution of the suspected com
pounds of thorium-aluminum and zirconium-alu
minum.

Certain facts are evident from an examination
of the hardness data of the thorium-aluminum
couple. The hardness of the base aluminum is
about 22 Knoop numbers and that of the aluminum
immediately ad|acent to the diffusion layer is
about 40 Knoop numbers, that is, only slightly
greater, however, the hardness of the diffusion
layer itself, depending on the diffusion temper
ature, is 300 to 400 Knoop numbers higher. It is
believed that this abrupt change in hardness is
indicative of the brittle nature of the bond. Similar
trends are evident for the Th-AI-Si (0.65%) alloy-
Al couple and for the zirconium-aluminum couple.
The aluminum-silicon alloy barrier does not seem
to have any noticeable effect on the hardness of
the diffusion layer. In other words, the addition
of silicon in the form of an alloy did not seem to
decrease or increase the hardness of the diffusion
layer.

Experiments were carried out to investigate the
effect of carbon content in thorium on the diffusion
characteristics of the thorium-aluminum couple.
Alloys of thorium with various carbon additions
were prepared, rolled, machined into diffusion
specimens, and annealed at 750°C for /2 hour.
Thickness measurements on the diffusion layer,
obtained after heating at 500 and 600°C for 4 hr,
are presented in Table 34. The results indicate

that carbon has no significant effect on the dif
fusion characteristics.

Early in the investigation of the thorium-aluminum
bond it was observed that the electropolished
surfaces of both metals tended to develop thinner
diffusion layers, probably as a result of passi
vation. It was decided to investigate the benefits
which might be derived by using such a treatment.
The data from these investigations, presented in
Table 35, are inconclusive and further testing
appears to be indicated.

It was of interest to determine any difference in
diffusion behavior of Ames and iodide thorium in
contact with aluminum. Two tests were made at
400 and 500°C on couples of thorium with alu
minum, and thorium with aluminum-silicon alloy
and aluminum. The results obtained are presented
in Table 36. At 400°C, the thickness of the dif
fusion layer was definitely smaller when iodide
thorium was used than when the Ames metal was
used. This was true for the thorium-aluminum
couple, as well as for the couple in which a barrier
of the AI-0.65% Si alloy was used.

The trends are not so evident for the test con

ducted at 500°C, where the thickness values ob
tained with the iodide thorium are about the same

as those for the Ames metal. There appears to be
no satisfactory explanation, at this time, for this
behavior.

Metallographic Examination of the Bond of the
Various Diffusion Couples. The bond between
thorium and aluminum after 4 hr at 200°C is shown
in Fig. 48. No diffusion layer was found after this
treatment. Although there appears to be a satis
factory metallurgical bond at the low temperature
of 200°C, no test was made of the adherence of

TABLE 34. EFFECT OF CARBON CONTENT OF THE THORIUM ON THE THICKNESSOF THE DIFFUSION
LAYER OF THE THORIUM-ALUMINUM COUPLE AFTER 4 hr AT THE INDICATED TEMPERATURE

CARBON IN THE
DIFFUSION LAYER THICKNESS (mm)

THORIUM At 500°C At 600°C

(%)
mm max mm max

0.03

0.08

0.13

0.18

0.0052

0.0059

0.0033

0.0031

0.023

0.031

0.023

0.027

0.0076

0.0048*

0.0047*

0.0066

0.051

0.052*

0.056*

0.049

'Average of two tests, all other values ore the average of four tests.
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that resulted in a brittle bond. Nickel and mo
lybdenum have also been used as barriers, but
bonding of such plates by roll cladding does not
appear to be promising. The experiments thus far
hold little promise that a barrier metal will be
obtained that will effectively eliminate interme
tallic compound formation and permit |oinmg of
assemblies by brazing.

The problem of the thickening of the thorium at
the core ends during rolling results directly from
the difference in plasticity between the aluminum
and the thorium. This difference is particularly
reflected in the room-temperature hardness values
listed in Table 37. In addition, in the hot-working
range of the aluminum, 500 to 950°F (260 to
510°C), thorium metal is cold worked. The "end
effect" is so serious when 2S aluminum is the

cladding material that a transverse crack through
the aluminum occurs at the core-frame interface.
Both 52S and 24ST aluminum exhibit considerably
greater elevated-temperature yield strengths than
does 2S aluminum. The yield strengths are listed
in Table 38.

TABLE 37. ROOM-TEMPERATURE HARDNESS

VALUES OF THORIUM AND ALUMINUM ALLOYS

MATERIAL HARDNESS IN

AND VHN VALUES

CONDITION (10-kg load)

Ames thorium metal, cold worked 75% 100

Ames thorium metal, annealed 80

2S-grade aluminum 45

52S-grade aluminum 75

24ST-grade aluminum 140

TABLE 38. YIELD STRENGTH OF 52S AND 24ST

ALUMINUM AT VARIOUS TEMPERATURES

TEMPERATURE YIELD STRENGTH (psi)

°F °C 52S Aluminum 24ST Aluminum

300 149 13,500 37,000

400 204 11,000 16,000

500 260 8,000 10,000

600 316 4,000 5,500

700 371 2,500 3,500

PERIOD ENDING APRIL 10. 1953

Plates with both 24ST and 52S aluminum were
rolled at temperatures ranging from 500 to 975°F
(260 to 524°C). Longitudinal sections at the core
ends were measured to determine the increase in

thorium thickness. As shown in Table 39, the
"end effect" on a plate clad with 52S aluminum
was considerably reduced at a rolling temperature
of 500°F (260°C). However, the plates clad with
24ST aluminum cracked so seriously that rolling
at this temperature was not feasible. The roll
entrance angle, which is dependent on the roll
diameter, evidently exerts an influence on the
"end effect," as shown in Table 39. The two
plates rolled on the lO-m.-dia mill at 840°F
(449°C) were nearly as satisfactory as the plate
rolled at 500°F (260°C) on the 20-.n.-d.a mill.

ALCLAD URANIUM-ALUMINUM ALLOY

PRODUCTS

J. H. Erwm

MTR Replacement Fuel and Control Rod Ele
ments. The structural integrity of the new thm-
walled fuel element has been well demonstrated
for 30-megawatt operation in the MTR. Core load
ing No. 10, which successfully powered the reactor
through one complete cycle, was composed entirely
of the new fuel elements with k-in.-thick side-
walls. Operational performance of the reactor indi
cated an increase in service life of approximately
50 Mwd with the new element.

Present orders on replacement elements for future
operation of the MTR call for elements with this
design modification. The design change is de
tailed in ORNL engineering drawings C-14051,
C-14052, and C-14053. After 60 Mwd of service
in the LITR, the 19-plate element, which features
15-mil aluminum cladding instead of 20-mil clad
ding, appears to be performing satisfactorily.

Fuel elements for MTR core loadings Nos. 12,
13, and 14 were completed and shipped to Arco.
Core loading No. 15 is approximately 60% com
pleted. Two cadmium-uranium shim safety rods
were completed.

Some experimental work is being continued on
MTR fuel element configuration. This work in
cludes reduction of cladding thickness, gradation
of uranium concentration along the length of the
fuel plates, braze-clad side plates, and lithium-
free brazing fluxes.

Normal MTR Fuel Elements for Chemical Proc

essing. Twenty "sweetened" fuel elements, each
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TABLE 39. EFFECT OF TEMPERATURE AND ROLL DIAMETER ON "END EFFECT"

ALUMINUM CLADDING TEMPERATURE ROLL DIAMETER

(m.)

INCREASE IN CORE THICKNESS

AT CORE END

MATERIAL °F °C (%)

52S 975 524 10 18

52S 840 449 10 13

24ST 840 449 10 17

24ST 700 371 20 38

52S 700 371 20 48

24ST 650 343 20 33

52S 650 343 20 26

52S 500 260 20 15

24ST* *00 260

*Rollmg discontinued because of cracking.

containing 181 g of normal uranium metal, were
fabricated and shipped to American Cyanamid Co.
at Arco for chemical dissolving studies.

Alclad Uranium-Aluminum Alloy Plates for NAA.
The 330 alclad enriched uranium-aluminum alloy
plates requested for operation of the physical
testing facility at North American Aviation, Inc.,
were fabricated and delivered during February.
The plates required for the testing were 14/16 ± /]6
in. long and 2.72 ±0.01 in. wide by 0.031 ±0.0005
in. thick. The aluminum cladding thickness was
only 5 ± 0J5 mils. Besides rigid dimensional
tolerances, the initial specification on the U
content per plate was 8.79 ± 0.03 g for an alloy
in the 25 to 30 wt % range. The segregation usu
ally encountered during solidification of alloys in
this concentration range results in a casting with
nonuniform composition. The inhomogeneity be
comes more pronounced with increasing uranium
concentration.

To meet the fuel content specification, which was
relaxed to 8.79 ± 0.8 g per plate, it was necessary
to weigh and determine the density of each core.
A plot of density as a function of uranium concen
tration in the uranium-aluminum alloy was then
used to determine the uranium content of individual
cores. The experimental curve, determined previ
ously, was based on chemical analysis data ob
tained on dissolved cores of various uranium

concentration.

The yield of acceptable cores was less than
60% because of inhomogeneity in the castings.
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Accountability data on each of the 330 plates
delivered are reported in document CF 53-3-90.v

Special Fuel Element for ORNL. A special fuel
element was fabricated for the Solid State Division

for studies on a long-time irradiation of an MTR
element and bombardment of copper single crystals.
The element is a modified MTR type with the
central nine active plates deleted during con
struction to form a channel for exposure of speci
mens to a fast or virgin flux.

Loading of Fuel Elements for ANL. Work was
started on the construction of the 28 special fuel
elements needed for the Borax Experiment at Arco.
The enriched fuel units are designed to contain
only ten active plates, which are spaced at 264 + 13
mils apart for water cooling. Each unit will con
tain 157 ±1 gofU235.

The 306 alclad active plates on order have been
prepared. The 26 extra plates not needed in con
struction of the assemblies have been forwarded

to ANL. The assemblies are scheduled for com
pletion on June 1, 1953.

SINTERED-ALUMINUM AND UOj-POWDER
FUEL PRODUCT

E. S. Bomar

Recently, the demand has increased for alclad
uranium-aluminum alloy products of higher fuel

"'R G CardwelI, Weights ofUranium in Plates Fabri
cated for North American Aviation, ORNL CF-53-3-90
(Mar. 13, 1953).



concentration than that currently used in operation
of the MTR. Segregation difficulty is usually
experienced, however, in the preparation by con
ventional melting and casting practice of 20%
uranium-aluminum or higher concentration alloys.
Powder metallurgy techniques were investigated
as possible methods of eliminating the segregation
trouble and thus producing a more uniform product.

The difficulties associated with handling of
metallic uranium in the powdered form make the
use of an oxide attractive. The behavior of both
U02 and U308 in aluminum compacts in relation
to the thermal and atmospheric conditions required
during the cladding operation were evaluated.

The initial work for evaluating the compacting
and sintering characteristics of oxide and aluminum
powder mixtures was conducted with disks that
were approximately 1 in. in diameter by k in.
thick. The disks were pressed in a hardened steel
die, and a suspension of flake aluminum in acetone-
stearic acid solution was used for the die-wall
lubricant. U02 powder supplied by K-25 in the
—325 mesh fraction and atomized aluminum powder
in the -100 mesh fraction were used in these
studies.

A series of compacts containing 22.7 wt %U02
(equivalent to 20 wt % uranium) were pressed at
various pressures and sintered in several atmos
pheres. Figure 57 is a plot of compacting pressure
and sintering atmosphere as a function of density.
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Fig. 57. Sintered Density of Al-U02 Compacts
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Atmosphere as Variables.
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The samples sintered in air show a much greater
change in density than those sintered in vacuum,
nitrogen, or hydrogen. Unfortunately, the cladding
operation used in the preparation of MTR plates
includes an initial soaking period of 45 minutes.
This heating operation, as well as subsequent
operations, is carried out in air. The use of an

inert atmosphere during heating would greatly
complicate the rolling operation.

Since the volume changes during sintering of
U02 are probably due to the formation of U30_,
the use of this higher oxide as a starting material
was investigated. Samples containing U30„ in a
concentration equivalent to 20 wt % were pressed
and sintered in air at 600°C. The compacts showed
a maximum density decrease of 2%, which parallels
the change found on pure aluminum samples treated
similarly.

After it was established that compacts containing
U30g oxide had greater dimensional stability in
comparison with those containing U02, larger
samples were prepared for rolling into standard
MTR fuel plates. Compacts measuring 1 by 3 by
/4 in. and containing the equivalent of 20, 30,
and 40 wt % uranium as U30« were pressed at
30 tsi and sintered for 1 hr at 600°C. Aluminum
powder and U30g powder (-100 mesh) were used in
the preparation of these compacts.

The compacts were subjected to the regular MTR
plate fabrication schedule. After several adjust
ments in picture-frame width, alclad, sintered,
U30g plus aluminum powder cores of uniform di
mensions were obtained. Qualitative tests indi
cated that good bonding was achieved between
wrought aluminum and the sintered U.O. plus
aluminum powder material for the three concen
trations tested. Inspection revealed no blister
formation after the flux-annealing treatment.

Substitution of -325 or -100 mesh aluminum

powder material supplied by the Aluminum Company
of America resulted in no noticeable change in the
compacts.

Another set of three alclad U30g plus aluminum
powder compacts of 20, 30, and 40 wt % equivalent
uranium was prepared for a check of the homo
geneity of the core material. The compacts were
pressed at 30 tsi and sintered in air for 1 hr at
600°C. To facilitate examination of the core ma

terial for possible segregation after rolling, the
cores were coated with a colloidal carbon solution

to prevent bonding.
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Samples of the core material were checked for
homogeneity on disks blanked from three locations
along the plate length by three methods radi
ography, density determinations, and chemical
analysis. X-ray pictures showed a uniform texture
throughout, while density determinations indicated
variations of less than 1%. Chemical analysis
results, however, did not agree with the results
found by x-ray and density measurements. A 2%
spread in uranium content was found in the plate
containing 20 wt % uranium, a 5% spread in the
30 wt % uranium plate, and an 8% spread in the
40 wt % uranium plate.

No immediate explanation for these variations
can be offered. At least one contributing factor,
however, may have been contamination of the
samples with various amounts of carbon. Further
work is in progress to ascertain whether segre
gation was present, and if so, to determine how it
can be eliminated.

MISCELLANEOUS FABRICATION WORK

J. H. Erwm W. A. McNeish

In addition to supplying the needs of the various
pro|ects and programs within the Laboratory, the
Division continues to fabricate a variety of items
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on a small-scale basis for outside installations
and other AEC sponsored activities. Items com
pleted during the quarter included the following
1. one highly enriched uranium metal disk 17 cm

in diameter by 1 mm in thickness for thermal
neutron exposure studies at Brookhaven Na
tional Laboratory,

2. three dummy aluminum MTR fuel assembly
shells for irradiation of experimental RaLa
elements in the MTR,

3. five zirconium-clad normal uranium MTA plates
approximately 24 in. long by 1\ in. wide by
0.065 in. thick for testing at the Westinghouse
Atomic Power Laboratory, the zirconium-clad
ding thickness was approximately 8 mils,

4. a batch of 1000 "J" slugs, l\ wt % normal
uranium-aluminum alloy, for chemical proc
essing studies at ORNL and Arco,

5. four normal uranium disks for use in gamma-ray
absorption studies at ORINS, three disks were
\\ in. in diameter by 0.2, 0.5, and 0.5 mm in
thickness, respectively, while the fourth disk
was 1 in. in diameter by approximately 0.200
in. in thickness,

6. two pieces of highly enriched uranium metal
32 in. by 10Jg in. by 5\ mils for use in critical
experiments for the aircraft reactor program.
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