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SUMMARY

FUNDAMENTAL METALLURGY

Physicometallurgical Research

The reorientations which take place during de-
formation have been studied in aluminum rods,
cold-swaged for varying amounts from an initial
orientation of <001>, 88% <111>-~12% <001>, or
<118>. In all instances a major <001 > texture
developed due to room-temperature recrystallization
after approximately 50 to 70% reductions in area.
The <001> orientation was observed to be relatively
stable, and some material retained this texture after
a reduction of 99%. A tendency for movement away
from the <1112 position was noted after a reduction
of 96.1% in the specimen containing a strong initial
<111> texture.

In cerium a study was made of the reversion of
the hexagonal close-packed phase to the face-
centered cubic (fec) structure at 388°K. No iso-
thermal transformation was found, but it was noted
that the relief of transformation stresses caused a
small amount of additional transformation. Metallic
clicks were detected in the temperature range
(95-77°K) where the fcc-to-fcc “transformation
occurs, which is usually interpreted as resulting
from rapid, cooperative atom movements during
the transformation. Therma! cycling cerium 100
times between 293 and 77°K was found to pro-
duce large amounts of the hexagonal phase and to
cause suppression of the collapsed cubic phase
upon further cooling.

The low-temperature specific heats of group IVA
elements, titanium and zirconium, have been meas-
ured to precisions better than 1%. The heat
capacity in each case was found to be of the form
aT + bT 3 over the range 1.2t04.5°K with a relatively
high density of states observed in each of these
transition elements. Measurements of the electronic
specific heat of indium-zirconium alloys have shown
that indium increases the density of states in a
nearly linear manner from 0 to 8 at. % In. The effect
of indium on the Debye temperature was a gradual
decrease with increased alloying. Physical and
chemical impurities introduced into zirconium by arc
casting or quenching through the allotropic transition
did not have any measurable effect on the specific
heat,

In the zirconium-gallium system, supporting
evidence has been found for the intermediate phase
Zr ;Ga and the eutectic, liquid f_:-)erGa3 + B,
reported by Anderko. The solubility of gallium in
B-zirconium is approximately one-third that of
aluminum or indium in B-zirconium.

Vapor pressure measurements of zirconium-cadmium
alloys show that the free energy of formation of the
beta phase can be represented within the accuracy
of the experiments by

X(-2780) R +
+RTIX In X +(1 = X)In (1 = X) +2.22x] ,

where X is the mole fraction of cadmium in the range
0 <X <0.1 and the temperature is in the range

1175 to 1325°K. It should be noted in the above ex-
pression that the reaction between zirconium and
cadmium to form the beta alloy is exothermic and
that the entropy observed is less than that for ideal
mixing. Similar results have not yet been obtained
for the alpha phase, although the pressure measure-
ments have shown that diffusion of cadmium in a-
zirconium is very much slower than the diffusion in
B-zirconium.

X-Ray Diffraction

In addition to the normal service activities of the
X-Ray Laboratory, progress in the more special
problems of high-temperature structures, transition-
metal scattering factors, and aging behavior in
zirconium-columbium alloys is reported.

More accurate methods of temperature estimation
have been used with the Laboratory’s high-temperature
x-ray diffraction apparatus, enabling the thermal ex-
pansion curves for Zircaloy-2 and a Cu—15 at. % Al
alloy to be measured.

Relative scattering factors of 34 transition
elements are being determined to check recent re-
sults suggesting abnormally low 34 electron con-
centrations in a metallic a~iron and chromium.

Single-crystal aging experiments with a series of
zirconium-columbium alloys have shown the follow-
ing: the structure of the metastable omega phase
formed on low-temperature aging of a beta-quenched
alloy is hexagonal, aging at somewhat higher temper-

e causes reversion of the omega phase, and the
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B~ B, + B, dissociation in the miscibility gap of
the zirconium-columbium system proceeds rapidly
in the case of the 25% Cb alloy without apparent
formation of intermediate structures.

Microstresses in Crystals

The x-ray diffraction maxima of Cu,C surface
films grown on copper single crysgcls have been
detected for films as thin as 188 A, A theory has
been developed to interpret the shapes of these
maxima in terms of the film thickness and the im-
perfections present in the crystal lattice. First
efforts to fit theory with experiment appear promis-
ing.

In an effort to understand the effect of reactor
radiation on the alloy Cu~16 at. % Al, diffuse x-ray
scattering measurements have been made before and
after exposure in the reactor. In both cases, a

significant degree of short-range order was observed.

A model for the short-range-order arrangement has
been devised which agrees well with experiment.

The diffraction theory for disordered substitutional
solid solutions containing atoms of different sizes
has been modified to give a simpler and more
accurate expression for the size-effect diffuse
scattering. A comparison of the theory with diffuse
scattering measurements for Cu Au shows good
agreement,

High-Temperature Reactions

Studies have been made of the optical absorption
spectrum of the nitrate ion in a large number of
fused salt media. These measurements show that
the lowest-energy electronic transition is quite
sensitive to the electrostatic fields of neighboring
ions, both cations and anions.

Progress has been made on the problem of the
quantitative analysis of spectra consisting of broad
overlapping bands. Present work indicates the
skew-symmetric Gaussian as a proper function for
fitting.

Measurements of the densities of a large number
of fused salt solutions have been made.

The nuclear magnetic resonance of the fluoride
ion has been measured in several inorganic
fluoride melts.

Studies of the effect which the mode of diffusion
has on the protectiveness of oxide films were con-
tinued with electron-optical studies of the oxidation
of vanadium and titanium.

viii

The development of thickness inhomogeneities in
thin-film oxidation has been studied on selected
faces of single crystals of copper.

Preliminary work is reported on the effect of
nuclear radiation on the oxidation of columbium.

HRP METALLURGY

Zirconium-columbium-X ternary alloys have shown
promise in having an in-pile corrosion resistance
to uranyl sulfate solutions superior to that of
Zircaloy-2. The transformation kinetics and
morphology of @ number of Zr—15% Cb—X and Zr-
20% Cb-X alloys have been determined. The
transformation products and mechanisms have been
partially identified. The age hardening of beta-
quenched material was found to be due to the
formation of omega phase, analogous to the omega
phase of the S-titanium alloys. The martensitic
Widmanstatten platelet phase observed in beta-
quenched material was identified as having a body-
centered tetragonal structure and to exist only on
the (100) planes of the matrix. Both the
Widmanstdtten phase and the omega phase will re-
gress to form the beta phase on heating to temper-
atures above that of their formation. The most
potent ternary alloying element for delaying the
formation of omega phase is molybdenum, the
addition of 2 wt % Mo delaying the reaction for
approximately 4 hr at 400°C, permitting multipass
welding of beta-quenched plate.

In-pile corrosion studies of the Zr-Cb-X alloys
have shown that the optimum columbium content is
15 wt % Cb, that ]/2% Cu is the most potent ternary
addition for improving the corrosion resistance,
followed by Pd, Mo, Pt, Fe, Ni, Cr, and V, and
that heat freatment to produce stable structures
with corresponding high strengths and moderate
ductilities decreases the corrosion resistance of
the ternary alloys.

Thea/(a + B) temperatures of Zircaloy-2 have
been determined by resistance-temperature meas-
urements, being 815°C for material containing
40 to 50 ppm H, and 832°C for material with less
than 5 ppm H.,.

In a study of the fabrication variables of
Zircaloy-2 it was demonstrated that the anisotropy
of plate material can be shown by an analysis of
the size and shape of cross sections of fractured
round tensile specimens, but not from the con-
The data determined
(incomplete) permit the conclusion that there is

ventional tensile values.




no justification as yet for modifying the presently
used HRP fabrication schedule.

With two plates, studied in considerable detail,
the results of the fracture shape studies were con-
firmed by standard impact tests. |t was shown that
in an impact test the notch orientation is more
critical than the specimen orientation. Many of the
usual rules of thumb developed for steels do not
hold when applied to Zircaloy-2, the presence or
absence of shear lip being dependent upon notch
orientation rather than upon break temperature or
the transition location. Ductile-appearing fractures
were obtained which had required less fracture
energy than had other brittle-appearing fractures,
orientation again seeming to be the most critical
variable.

By slant polishing surface layers of hydride on
Zircaloy-2 specimens, the hydrided needles reported
by other investigators to exist within the alpha
grains immediately under the hydride surface layer
were found to be lenticular twins caused by the
deformation occurring in the formation of the surface
hydride.

Nickel was successfully deposited from a Kanigen
bath on anodized Zircaloy-2 for edge protection of
corrosion samples. However, no deposits were made
successfully on the rather heavy air-formed oxides.
Hydriding studies of Zircaloy-2 have also shown
that the hydride forms in patches on the surface at
temperatures of 400°C and less, instead of
occurring as a uniform layer.

In measuring the mechanical properties of Ti A-40,
an irregularity in the temperature dependence of
impact strength was observed, This behavior is
thought to be due to a strain-aging phenomenon;
however, this property appears to be independent
of long-time aging.

Creep tests of 4800 hr for Ti A-40 and A-T110AT
and 7200 hr for Zircaloy-2 indicate that a gradual
transition occurs from second- to third-stage creep.

Studies of the changes in mechanical properties
as a result of exposure to fissioning uranyl sulfate
in high-temperature in-pile loops have been made
of various materials of interest to the HRP. With
both crystal-bar zirconium and zirconium alloys,
only very small changes in either tensile or impact
properties were noted atfast-neutron exposures of
up to 10'? nvr. Small increases were found in
yield points, with small decreases in elongation

and, primarily, in the uniform elongation. Tita-
nium alloys have shown larger changes than have
the zirconium alloys but they are still small.

Small increases were noted in both yield and tensile
strength, with a decrease in necking elongation.
With neither material were any changes noted in
impact strength.

Titanium welds of quality comparable with those
made in a dry box have been prepared in air by
using a tungsten-arc inert-gas torch. Special re-
quirements include the use of a cup of sufficient
size to cover molten metal and that portion of base
metal heated to high temperatures, Also, the sur-
face of each weld pass must be conditioned by
grinding to remove any surface oxidation prior to
succeeding passes. ,

The quality of titanium welds prepared with root
inserts of various geometries was evaluated. Root
inserts of square cross section gave welds of ac-
ceptable hardness but contained porosity of unknown
origin and had an over-all quality inferior to hand-
fed wire welds.

The properties of weldments in Ti A-110AT alloy
have been found to be dependent on the distribution
of a grain-boundary phase present in the base metal.
Acceptable welds have been made in Ti A-T10AT
pipe stock.

The possibility of torch-brazing titanium has been
examined by using silver, platinum, and gold. The
protective properties of the fluxes studied were lost
at temperatures below those necessary to melt the
filler wire.

Air welds comparable in properties with those
made in a dry box have been made on Zircaloy-2
under the conditions listed above for titanium.

In work carried out by subcontract, it has been
shown that if titanium or zirconium or their alloys
are fractured in an atmosphere of high-pressure
oxygen, ignition of and complete consumption of the
sample will occur. In pure oxygen under dynamic
conditions, pressures as low as 50 psi are sufficient
for the ignition. Data are presented showing that
the limiting conditions vary with oxygen pressure,
total pressure, and velocity. Once ignition occurs,
much lower pressures are sufficient to sustain it.
No ignition could be made to occur under a liquid
surface. It has been shown that similar reactions
occur between molten zirconium and water and with
oxygenated uranyl sulfate solution.
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REACTOR METALLURGY

Dynamic Corrosion and Inspection

In the present concept of the ORNL Gas-Cooled
Reactor, one important technical consideration is
the compatibility of the cooling gas with the
graphite moderator, the canning material used in the
fuel element, and the other structural components.
Since helium, an inert gas, was selected for the
cooling medium, the main concern is with reactions
between contaminants in the helium and the com-
ponent parts. Thus a program was initiated to
study the amounts and types of gases evolved from
various grades of graphite when heated to the
service temperature and to study the possible re-
actions between these contaminants and the
structural metals. Equipment was developed to
permit such studies to be conducted under static
and dynamic conditions of gas flow.

Analyses of the gases evolved during these tests
show that substantial amounts of hydrogen, nitrogen,
carbon dioxide, and water vapor are released from
the graphite. No significant differences were noted
in the amounts released or in the rate of attack on
the metal specimens between the static and dynamic
types of tests. As would be expected, zirconium
and zirconium-base alloys were grossly attacked by
the contaminated helium, whereas the nickel-base
alloys and iron-base alloys showed little attack.

The use of a molten salt as a carrier for fuel in
a homogeneous circulating-fluid reactor requires
structural alloys soresistant to corrosion attack of
the salt that a useful operating life of 20 years can
be achieved. Inconel, o well-known high-temperature
alloy, has been extensively studied in the past, and
although the rate at which it is corroded renders it
unattractive for structural purposes, it remains a
valuable material for studying corrosion mechanisms.
A number of salt mixtures, based on both zirconium
and beryllium fluorides, have been evaluated in
terms of such variables as temperature, time, and
flow rate. An alloy developed by the Metallurgy
Division, INOR-8, has been found to be very re-
sistant to attack by the fused salt systems at test
times approaching a year.

The careful screening of all metal, particularly
tubing, by nondestructive testing techniques has
resulted in the rejection of material which would
cause failure in operation or would unnecessarily
complicate post-test analysis. Thus a considerable
saving in effort and expense has been achieved.

Also, a variety of fabricated test parts and as-
semblies were inspected before test to avoid
fractures resulting from defective parts. Welded
joints received the major share of attention.
Specifications for various welding designs have
been evolved based on experience and failure
analyses.

General Corrosion

Various experimental techniques have been
studied in an effort to determine which methods
are most effective in reducing the nitrogen and
oxygen content of lithium metal.

Static corrosion festing of a variety of materials
of interest has been conducted in lithium at
elevated temperatures. Materials tested include
yttrium, beryllium, columbium, zirconium-columbium
alloys, and a variety of refractory-metal-base brazing
alloys. Zirconium- and titanium-base brazing alloys
appear to have good corrosion resistance to 1700°F
lithium in 500-hr static tests.

A series of molybdenum-lithium seesaw furnace
tests has been conducted at hot-zone temperatures
of 1700, 1800, and 1900°F for periods of 100 and
500 hr., One seesaw test of lithium in a columbium
system has also been made.

Two columbijum-lithium thermal-convection loops
have been tested in the stainless steel vacuum
chamber, and the results are given.

A summary of the solution-rate studies of various
materials in lithium conducted by the Nuclear De-
velopment Corporation of America on a subcontract
is included.

Several cermet-metal joints formed by fusing or
brazing of TiC-Ni, WC-Co, and WTiC,-Co cermets
to metals were found to be corrosion resistant to
molten sodium and NaF-ZrF ,-UF , (50-46-4 mole %,
fuel 30) in 100-hr exposures at 1500°F. These
cermet-metal joints were developed to permit these
types of cermets to be jointed to Inconel by
brazing.

An examination was made of the rare-earth-oxide
ceramic cylinders that constituted a prototype ART
control rod and that were exposed to molten sodium
for 3000 hr in a rigorous test of the control rod and
its drive system. Some of the ceramic pieces were
broken as a result of rather large thermal changes.
There was no detectable corrosion of the ceramic
cylinders by the sodium. Despite the breakage of
some of the cylinders, the rod would have been
satisfactory for ART operation because there was

no change in the location of the cylinders.



Preliminary carburization tests involving NaF-
ZrF4~UF4 (50-46-4 mole %, fuel 30), Inconel, and
graphite indicate that the Inconel does not appear
to carburize in 1000 hr in thermal-convection loops
with hot legs at 1300°F. However, a thin Cr,C,
film formed on a graphite specimen in the hot leg
of a thermal-convection loop.

Inconel and INOR-8 tensile specimens were
carburized in the sodium-graphite system and
then tensile- and creep-tested at room and elevated
temperatures to determine what detrimental effects,
if any, carburization has on the mechanical prop-
erties of these materials.

A comprehensive test involving INOR-8, graphite,
and fuel 130 has been terminated after operation
for 2000 hr at 1300°F. From mechanical tests and
chemical analyses conducted on specimens from
this test, it appears that the INOR-8 exposed to
fuel 130 in contact with bare graphite is carburized
enough to slightly alter the mechanical properties
of the material.

Uranium in the form of UO,, precipitated in
appreciable quantities from LiF-Ber-UF4 (62-37-1
mole %, fuel 130) in contact with graphite at 1300°F
under a vacuum of <0.1 p. This occurred even though
the graphite specimens had been degassed well,
flooded with argon, and subsequently exposed to
room atmosphere for less than 3 min prior to testing.

Silver-base brazing alloys had limited corrosion
resistance to fuel 130 in 500-hr static tests at
13C0°F. A gold-base alloy (75 Au—20 Cu-5 Ag)
showed excellent resistance to fuel 130 under the
same conditions,

Fabrication

The production of seamless columbium tubing for
corrosion testing and fabrication of corrosion loops
is now well understood. Techniques for the co-
extrusion of columbium and heat-resistant alloys
are being studied. The reactions of columbium
with gases at low pressures and high temperatures
are being determined. The protection of columbium
structures in air by braze coating with nickel-base
alloys has been studied. The effects of heat
treatment on the cold workability of cast columbium
were evaluated. Alloying additions of elements
known to form very stable oxides have been proposed
for improving cold fabricability. Alloys with small
additions of these elements are being studied.

The process for the production of high-purity
yttrium metal was carried to a reasonable degree of

perfection on a laboratory scale. Evaluation of ma-
terial produced indicated that the process should be
capable of quantity production of high-purity metal.
A facility for the production of 20-Ib ingots has been
installed and is undergoing test operation. The
physical properties of high-purity yttrium and im-
proved procedures for hydriding the metal are being
studied.

The selection of the fuel capsule material for the
GCR-2 was confirmed by extensive surveys and tests.
The reactions of type 304 stainless steel with im-
pure argon and with CO, are being studied in detail.
The fabricability of seamless tubing from an iron-
aluminum alloy (DB-2) was investigated, with dis-
couraging results. Control rod materials for the
GCR-2 were surveyed, and a proposed materials
choice and control rod design were recommended.

The specified composition of INOR-8 was con-
firmed by extensive metallographic and mechanical
property investigation of a series of alloys similar
to INOR-8. The production of INOR-8 products,
including rod, sheet, heavy plate, and seamless
tubing, has been accomplished satisfactorily.

Liquid-Metal Research

In an effort to ascertain the principles governing
the mass transfer of container materials exposed to
liquid-metal coolants, both theoretical and experi-
mental studies have been made. Equations have
been derived in the theoretical studies which relate
the rate-controlling step of the mass transfer process
to the distribution of corrosive attack. Equations
were also derived for the maximum stress at the base
of a crystal under both static and turbulent flow
conditions. A comrelation was made of existing data
on self-diffusion coefficients of liquid metals.

The experimental studies included the investi-
gation of the factors that govern the rate of mass
transfer of benzoic acid in water in a pump loop with
a temperature gradient. Analysis of the data showed
that the mass transfer rate was very sensitive to
changes in the flow rate, but rather insensitive to
temperature changes as large as 40°C. The over-all
rate of mass transfer was controlled by both hot-
zone and cold-zone processes.

A thermal-convection loop for mass transfer ex-
periments under controlled conditions has been de-
signed and constructed.

Nondestructive Test Development

A new, improved transistorized version of the
metal identification meter has been developed



which is more versatile and portable than the former
instrument.

Studies on the eddy-current measurement of clad-
ding thickness on MTR-type fuel plates have revealed
the causes and a possible solution to the problem
of measurement discrepancies. A new technique
has been developed for measuring the thickness of
a nonmagnetic metallic cladding on a ferromagnetic
base.

Studies of the eddy-current inspection of GCR
fuel-capsule tubing with developed equipment in-
dicate that an eddy-current inspection may suffice
as a primary inspection method. The results of the
study will be used in formulating improved in-
spection procedure specifications.

Radiographic images formed by an x-ray-sensitive
closed-circuit television system indicate that the
system has development promise for high-resolution
remote x-ray viewing.

An ultrasonic technique has been developed for
measuring liquid flow rates in small tubing.

Investigations are being made on the application
of pulse-echo ultrasonic techniques to the in-
spection of weldments, and a considerable amount
of data on the interpretation of defect indications
has been assimilated. Although defects in a 4-in.-
thick mild steel test weld were successfully de-
tected and located, difficulty has been encountered
in austenitic stainless steel welds because of
severe ultrasonic attenuation.

A program of study of the attenuation of ultra-
sound in reactor construction materials has been
initiated. Equipment has been procured, measuring
techniques have been established, and a small
amount of data has been assimilated on austenitic
stainless steels, martensitic stainless steel,
carbon steel, and Zircaloy-2. These studies are
producing a better understanding of the transmission
of ultrasound in metals and will facilitate the de-
velopment of improved inspection techniques.

An improved technique has been developed for
inspecting thin sections by the ultrasonic ‘‘through-
transmission’’ method. The new technique allows
inspection with one fransducer where two were
formerly required. Basic studies of the nature of
ultrasonic vibrational modes in elastic plate
structures are revealing many new avenues for
developing simplified inspection techniques for the
detection of laminar discontinuities in thin sheet
and poor-quality bonding in clad structures.
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Mechanical Properties

Cylinders of type 304 stainless steel were studied
to determine the factors which would limit the
mechanical life of fuel elements designed for the
Gas-Cooled Reactor. Buckling due to creep-induced
structural instabilities was found to be a critical
problem.

The mechanical properties of INOR-8 from room
temperature to 1600°F are under study. The extrap-
olation of short-time data to values for 10 and 20
years predict strength values approximating that of
type 316 stainless steel at the operating temper-
ature. No marked deterioration in strength properties
has been noted in tests where the metal is exposed
to a fused-salt environment.

Equipment was designed and built to permit the
testing of materials at temperatures above 1800°F.
Further study of Inconel at 1500°F revealed that
creep rates for the multiaxial-stress state can be
predicted from uniaxial-stress tests. A correlation
between thermal fatigue and mechanical fatigue was
found to exist at elevated temperatures on the basis
of the plastic strain induced per cycle. Failure can
be predicted with the use of a simple equation; how-
ever, structural and test variables have a marked
effect on the constants used in this relationship.

Welding and Brazing

The progress of the Welding and Brazing Group
during the past year has been published in the Re-
actor Projects Division progress and design reports
and in various topical reports. The investigations
have been highly diversified in scope and cannot be
summarized under a general subject. Abstracts
covering the pertinent results of each study are
presented under individual headings.

APPLIED METALLURGY

Process Metallurgy

The major effort during the past year has been
centered on the development of new core components
for the Army Package Power Reactor, investigation
of svitable alloy and powder-metallurgy techniques
for manufacturing plate-type aluminum fuel elements
containing uranium enriched to 20% U233,
metallurgical support work for the Maritime Reactors
Branch in connection with the reactor core for the

NS ‘'Savannah.”’
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The APPR development has been aimed primarily
at improvements in future core loadings for the re-
actor at Fort Belvoir, Virginia, as well as for future
reactors of this general type. Potential irradiation
damage to the boron-iron absorber section of the con-
trol rod has spurred the development of a 38 wt %
dispersion of Ev,0, in stainless steel. The pre-
viously reported reaction between the europium oxide
and the silicon in stainless steel was prevented by
the use of chromium with less than 0.003% silicon.
Consequently, it was necessary to prepare the
powder mixture with elemental iron, nickel, and
chromium powders instead of prealloyed stainless
steel powder.

The buildup of gamma activity in the primary loop
system of APPR-1 has been generally traced to co-
balt, a tramp constituent in the stainless steel.
This condition stimulated procurement of an
austenitic stainless steel with a cobalt content of
0.005 wt % for the second core loading of APPR-1,
It was demonstrated that, by exercising careful
control in selection of materials, a low-cobalt type
304L stainless steel can be obtained economically.

Although it is desirable to double the boron con-
tent in fuel elements for core || of APPR-1, studies
of the effect of this increase on the reaction and
diffusion of boron into the protective cladding of the
plate indicated that neither B4C, ZrB, nor BN is
satisfactory as a burnable-poison compound.
Additional investigations aimed at incorporating the
boron in the fuel core by means of a master-alloy
additive consisting of stainless steel powder con-
taining 0.25 wt % of highly enriched boron revealed
that significant boron losses occurred during sinter-
ing under hydrogen. Results obtained from vacuum
and inert~atmosphere sintering indicated that either
negligible or no losses occurred.

In the development and selection of an optimum
materials combination for the plate-type aluminum
research-reactor fuel element requiring 20% en-
riched uranium, it was demonstrated that a 35 to
48 wt % U~Al alloy containing 3 wt % silicon was
suitable but rather expensive. A powder-
metallurgical method in which UC,, is dispersed in
aluminum was successfully developed but has the
disadvantage that, in the event of a cladding failure,
the fuel mixture will corrode catastrophicaily. Fuel
element fabrication procedures have been developed
for incorporating 37 vol % U0, in aluminum by
powder-metailurgy techniques, roll cladding into
composite plates, and brazing into fuel elements.

A test element, containing 195 g of U235 and
approximately 1200 g of U Oy, is currently under
test in the active lattice of the MTR.

Other investigations aimed at optimization of the
plate-type aluminum fuel element included an ex-
amination of surface contamination of composite
plates by uranium, the utility of high-strength
aluminum as a substitute for type 1100, and the de-
velopment of a cheap but reliable method for
mechanically joining the plates into fuel assemblies.
If care is exercised during cleaning and storage of
aluminum fuel-plate composites, it appears possible
to limit uranium contamination on the surfaces to
approximately 0.4 ppm. Testing of fuel elements in
which types 5050, 6951, and 6061 aluminum were
substituted for type 1100 aluminum revealed that
greater resistance to pressure differentials occurs
and that superior metal-to-water ratics and higher
fuel loadings are possible with such elements. A
mechanical joining method in which the plates are
joined to the side plates in one operation appears
economically attractive. Subsize fuel elements have
been joined in this manner and have a joint strength
of 200 Ib per lineal inch.

As a result of development reported previously, a
full loading of enriched fuel elements for the spher-
ical core of the Tower Shielding Reactor was
successfully produced.

Postirradiation examination of an MTR-type fuel
element containing a 10 wt % Pu-Al alloy prepared
at ORNL with the cooperation of LASL revealed no
signs of gross irradiation damage.

Support of the Maritime Ship Reactor program has
been primarily directed at assistance to MRB in
evaluation of problems encountered by Babcock &
Wilcox in the development of fuel components for
the NS “‘Savannah.’’ Methods for welding caps to
the fuel tubes as well as for brazing the tubes into
bundles were investigated. It was demonstrated that
closures made by using inverted cups or plugs were
equally sound for encapsulating the uo, pellets
within the tubes. Nicrobraz No. 50 brazing alloy
also appeared to be an acceptable selection for
joining tubes into bundles.

Two methods for incorporating the burnable poison
into the fuel element were examined. The primary
method of utilizing wrought boron—stainless steel
tubing is subject to the possibility of boron losses
during heat treatments in hydrogen. Preliminary
work indicated that annealing either in vacuum or
argon was effective in maintaining the boron level.

xiii



Attempts to incorporate boron in the UO, pellet
met with little success; this is discussed in detail
in the ‘‘Ceramics Research'’ section of this report.

Advanced Engineering and Development
of Reactor Materials

A program for studying the effects of irradiation
on reactor fuels has been initiated. The first phase
is a study of the behavior of stainless steel—
uranium dioxide dispersion fuels as a function of
burnup and irradiation temperature. Duplicate
specimens will be irradiated at low temperatures and
subjected to postirradiation annealing treatments.
Comparison of the data will establish the extent to
which low-temperature irradiations can be used to
indicate the effects of irradiation at high temper-
ature. Fabrication techniques are being developed
for miniature fuel specimens. An instrumented
capsule for high-temperature irradiation in the as-
signed ORR facility is being designed and tested.

Fuel element decladding studies to assist in re-
covery of uranium from spent fuels have shown that
zirconium or Zircaloy-2 cladding can be penetrated
intergranularly with magnesium. The brittleness of
the penetrated material allows the cladding to be re-
moved by mechanical methods. Chemical methods
of removal were not conclusive.

A survey of potential solid moderators was com-
pleted. Moderating ratios and neutron ages were
calculated and a literature survey made on some of
the promising hydrides.

Compatibility and growth studies on dispersions
of U,04 in aluminum were continued; U,C, appears
to react with aluminum at 600°C in the following
step reaction:

3U,0, + 4Al = 9UO, + 2A1,0,
3U0, + 16Al = 3UAI, +2A1,0,

The reaction of UO, with aluminum is the same as
in step 2 of the U,0-Al reaction. The ultimate
growth of U 0,-Al fuel plates after 3000 hr at
600°C is ~4%. Growth of 20 to 26% was observed
in UO,-Al fuel plates after 24 hr at 600°C. The
growth rate of UO,-Al plates decreases with temper-
ature, but the ultimate growth may be greater.
Pressed UO2-A| compacts showed an average 76%
reaction after 80 hr of vacuum heat treatment at

600°C.

Ceramics Research

Incorporation of selected additives in high-density
BeO was investigated. A number of borides were .
synthesized and incorporated in BeO, and the
stability of the resulting ceramic bodies was then
studied in air at 1300°C. Several additives de- -
signed to enhance densification were studied and
reported. Investigations into necessary hot-pressing
temperatures to obtain very high densities were
carried out.

An explanation of the theory and procedures of
forming UO, pieces for the Gas-Cooled Reactor
Program was made. Typical types of, failures in
fabrication processes are described and explained.
Studies on the cold pressing of GCR slugs showed
that pressures of 7500 psi and a length-to-diameter
ratio of ~0.65 yield a slug with a green density of
~48%. Sintering temperatures of 1750°C, with a
soaking period of 1 hr, were sufficient to attain
densities desired. The optimum atmosphere for
sintering was a mixture of hydrogen and nitrogen in
a ratio of 7:3. General specifications for the UO,
powder, together with two general flowsheets for
its preparation, are given. Thermogravimetric and
differential thermal analyses were used as a control
in the testing of the uo, powders. Fabrication of
GCR irradiation test specimens is in progress. A
method to monitor pellet temperature during irradi-
ation by incorporating metal wires of widely dif-
ferent melting points appears attractive. Gold,
nickel, vanadium, platinum, and columbium were
selected for this purpose, but platinum was re-
jected because it apparently reacts with UO,, under
the established sintering conditions.

it has been shown that contamination of powdered
ThO, at 1600°C by alumina containers is negligible.
Investigations have not revealed the reason for
lumping in the calcined thoria product,

Possible procedures for controlling several
parameters in the fabrication of Si-SiC fuel elements
are given. Bars of S5i-SiC with a loading of 0.44
and 0.88 g of fully enriched UQ, were forwarded for
irradiation in the ORR. Samples with fuel loadings
as high as 10% have been successfully prepared.

Conclusions on the sintering and densities of 13 ,
rare-earth oxides are given. :
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Metallography

In addition to handling the bulk of the metalio-
graphic work required in support of the various re-
search and development programs under way, some
effort of the section is directed toward devising new
equipment and metallographic techniques to aid the
over-all Laboratory program. In this regard, an
attempt is being made to utilize color in electron
microscopy and to correlate patterns observed on
anodized aluminum surfaces with the topography of
the base metal by electron microscopy. Thermal

effects on the microstructure and the expansion and
contraction of metals are under investigation by
means of hot- and cold-stage microscopy and
dilatometry. Another technique involves the use of
an ultrasonic chisel to remove inclusions from the
microstructure for subsequent identification. Data
are reported on failure analysis, stress-corrosion
cracking, molten-salt corrosion, and other related
phenomena encountered in the performance testing
of equipment for the Homogeneous, Gas-Cooled,
Molten-Salt, and Aircraft-Nuclear Reactor Programs.

XV



A,
-t E P
. < R



FUNDAMENTAL METALLURGY






PHYSICOMETALLURGICAL RESEARCH
L. K. Jetter

C. J. McHargue

STRUCTURE OF METALS
C. J. McHargue

Changes in Orientation During Deformation

of Aluminum Rod

One of the areas of investigation needed inorder
to test the validity of assumptions concerning de-
formation texture formation is the relative stability
of various orientations under the influence of anap-
plied stress., For the most part this problem has
been approached by observing the change in orien-
tation of single crystals with different initial ori-
entations during cold rolling, However, there ap-
pear to be no data concerning reorientations which
occur during essentially uniaxial flow of face-cen-
tered cubic, metal wires or rods. Although the re-
orientation of single crystals loaded in tension is
well known, the movements would be expected to
differ in the forming of wires and rods because of
their circular array of radial compressive stresses
resulting from the die walls or the rolls. Moreover,
it is necessary for a circular cross section to be
retained, whereas the cross section of a single
crystal pulled in tension is often observed to be-
come elliptical due to the anisotropy of the flow
mechanism,

The results of a previous study! of the preferred
orientation developed in aluminum rod under differ~
ent fabricating conditions showed that o variety of
as-extruded textures could be obtained. A study
was made of the change in orientation during defor-
mation by subjecting polycrystalline aluminum rods
with varying initial orientations to a series of re-
ductions by swaging at room temperature, Thus
far, rods with initial orientations of near <001>,
<118>, and 88% <111>-12% <001> have been
examined.,

Initial Orientation, <001 >. — Back-reflection
Lave x-ray photographs showed that aluminum in-
gots cast under the conditions commonly used by
the Melting and Casting Section have a preferred
orientation which can be described as <001 >.
Figure 1a shows that 18 of 21 grains in the cross

Ic. i McHargue and L. K. Jetter, Met. Ann. Prog.
Rep. Oct. 10, 1957, ORNL-2422, p 212.

J. O. Betterton, Jr.

G. D. Kneip, Jr.

section examined had a <001 > direction within 20°
of the longitudinal axis. The three deviating grains
were oriented near <133>. The orientations of
specimens taken from a rod swaged from this ingot
after 20, 40, 60, 70, 80, 90, 95, and 99% reductions
in area are shown in Fig. 15to 17,

For 20 and 40% reductions in area there is little
change in the material oriented near <001 >, There
is a peak in the axis density 5 to 8° from <001 >
which corresponds to a group of five grains in the
ingot cross-section area examined, The center of
this peak moves toward <001 > with increasing de-
formation. The movement of the group of grains
initially near <133> is shown on the stereographic
projection of Fig. 2. A single crystal with such an
initial orientation would be expected to move to-
ward <112> along path | when deforming under a
simple tensile stress, If, due to restraints, duplex
slip occurs on the two most favored systems, the
path of reorientation would be that marked |1, The
concentrations after 20 and 40% reduction in area
lie near the path for duplex slip.

It is obvious, of course, that the stress system
producing the deformation was much more compli-
cated than a simple tensile stress. The work of
Vargha and Wassermann? and of Barrett and
Levenson? seems to show that the major flow com-
ponent is more important in determining textures
than the manner in which the stress is applied.
Thus in swaging there is a secondary tensile
stress along the rod axis, although the deformation
is caused by radial compressive stresses. During
the early stages of deformation the radial com-
pressive stresses probably have little influence
toward developing a radial texture. The reorien-
tation of the group of grains shown in Fig. 2 can be
accounted for by duplex slip, with slightly more
slip occurring on the most favored system, path 1.
The onset of duplex slip inside the unit triangle
could be caused by the restraints imposed by
neighboring grains or by the restraints imposed by
the dies in maintaining a circular cross section,

26, V. Vargha and G. Wassermann, Z. Metallk. 25,
310 (1933).

3C. S. Barrett and L. H. Levenson, Trans. Am. Inst.
Mining Met. Engrs. 135, 327 (1939).
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Fig. 1. Axis Distribution Charts for Aluminum Ingot Swaged to Indicated Reduction in Area,

After a reduction of 60% there is a well-developed
<111> texture component, as well as the <001>
texture, There is also considerable material with
orientations on the <110> zone between <112> and
<M 1>, It was found that 38% of the volume was
associated with the <001> component and that 62%
was in the <112>~<111> orientations.

Further deformation resulted in a decrease in the
intensity of the peak at <111> and a decrease (to

42% after 70% reduction in area) in the volume of
material associated with the component. There
was a corresponding increase in the <001> com-
ponent, These changes were attributed to the onset
of room-temperature recrystallization for reductions
between 60 and 70%. There was metallographic
evidence of recrystallized grains with the <001>
orientation, as well as fragments of original <001>
grains. The amount of <001> component increased
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Fig. 2. Sterographic Projection Showing Reorienta-
tion of a Group of Grains in a Cast Ingot During Defor-
mation. (1) Path for single slip on most favored system;
(1’) path for single slip on next favored system; (l1) path
for duplex slip.

for reductions up to ~85%, then decreased again.
A schematic drawing is shown in Fig. 3 which
separates the observed <001> component into that
retained from the original cast texture and that re-
sulting from recrystallization during deformation.

Initial Orientation, 88% <111>-12% <001>. —-A
section taken from the front end of an aluminum rod
prepared by extruding at 450°F at a rate of 615fpm
and found to have a texture described as 88%
<111>-12% <001> was swaged at room temperature
to further reductions in area of 59.7, 78.7, 92.1,
and 96.1%. The axis distribution charts of speci-
mens taken from these rods are shown in Fig. 4a
to de.

Despite the marked changes which occur in the
values of the axis density at the peak position,
there is little change in the amount of material
associated with each component for reductions up
to 92.1%. There is a marked sharpening of the
<111> component at first to give an extremely sharp
texture after the reduction of 59.7%. Further defor-
mation causes a spreading of this texture, and after
a reduction of 96.1% there is a noticeable shift
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Fig. 3. Schematic Representation Showing the Rela-
tive Amount of an Observed <001> Texture Due to Room-
Temperature Recrystallization and the Amount Due to

Retained Initial Texture.

along the <110> zone toward <112>. After a re-
duction of 96.1%, 80% of the volume is associated
with <I11>, 12% with <001>, and the remaining 8%
near <112>,

The initial buildup at <001> in Fig. 45 is proba-
bly due in part to room-temperature recrystalli-
zation, For higher amounts of deformation there is
a gradual decrease in the sharpness of this com-
ponent. Although the axis distribution charts show
that relative amounts of the texture components re-
main about the same for reductions up to 92,1%,
this does not necessarily imply that there are no
orientation changes in the individual grains. This
may result from the rate of change due to defor-
mation being equal to the rate of recrystallization,
which produces a <001> texture, A metallographic
study which is being made may show how much of
the <001> component is due to recrystallization,

Initial Orientation, <118>. — A rod extruded at
a fast rate at 850°F was completely recrystallized
and contained the single <118 > texture shown in
Fig. 5a. The axis distribution charts for speci-
mens reduced 59.7, 78.7, 92.1, and 96.1% by
swaging at room temperature are given in Fig. 5b
to Se.
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After a reduction of 59.7%, there was a marked
increase in the peak intensity at <001> (T0 =5to
T, = 92), whereas the value at <118> remained
constant. A small amount (~3%) of material
moved to <111>. With more deformation, the
amount of material near <001 > and the peak in-
tensity at <001 > decreased and there was a build-
up of the <111> texture. After a reduction of 92.1%,
40% of the volume had the <111> texture and 60%
the <118 >—<001> textures. Room-temperature re-
crystallization apparently began for reductions be-
tween 92.1 and 96.1%.

Discussion. — The study of reorientations oc-
curring during the deformation of aluminum rod is
handicapped by the occurrence of room-temperature
recrystallization. The amount of prior deformation
necessary to cause such recrystallization ap-
parently is related to the initial orientation. This
relation is a manifestation of some other factor,
such as different rates of work-hardening for
different orientations.

An initial <001 > orientation shows a relatively
high degree of stability under further deformation,
if such stability is measured by the amount of
initial texture left after heavy reductions. In the
present study it was found that ~10% of an initial
<001 > texture was retained after a 99% reduction
in area, It was noted that some material, probably
that farthest from the <001> peak position, first
started to move away after a reduction of ~20%.

From the study of a specimen with an initial
<118 > orientation, it is tentatively concluded that
material oriented on the <100> zone within about
20° of <001> first moves to the <001> position.

In no case_was a concentration of axes noted
along the <110 > zone between <113> and <112>.
One interpretation of this behavior is that the
change in orientation from near <001> to near
<111> takes place in a sudden and complete
manner, such as occurs in kink-band formation.
Another interpretation, which is possible but not
very likely, is that there is a continuous change in
orientation along the <110> zone at such a rate
that there is always about the same volume of ma-
terial with a given orientation.

With an initial <111> orientation a sharpening of
this component was noted at first with increasing
amounts of deformation, but after reductions of ap-
proximately 80%, there was a decrease in sharp-
ness. _After a reduction of 96.1%, a component on
the <110> zone between <111>and <112> may tend
to develop.

Phase Transformations in Metallic Cerium

fn a previous report® initial results of a
study of the phase transformations in high-purity
metallic cerium were given for the range 77 to
425°K. |t was reported that a previously uncooled
specimen of cerium which had been annealed at
625°K had a face-centered cubic (fce) crystal
structure at ambient temperatures with ay = 5.15 A,
Transformation to a four-layer repeat hexagonal
close-packed (hcp) structure (c¢/a = 3.239) began
upon cooling at 263 £ 10°K, No isothermal trans-
formation was observed, and the amount of hex-
agonal phase depended only upon the temperature
difference between T _(263°K) and the observation
temperature, At 96 £ 5°K, the fcc phase which had
not transformed to the hcp phase Eéegan to transform
to a second fcc phase (az0 = 4,85 A at 77°K) with a
volume decrease of 16.5%. Plastic deformation at
any temperature was found to suppress the fcc -
hep transformation, and sufficient deformation
could lead to its complete suppression.

This investigation has been continued in order to
study the nature, kinetics, and effects of prior
treatments on the transformations. The only de-
tected impurities in the cerium, which was obtained
from the Institute for Atomic Research, Ames,lowaq,
and was vacuum-melted, were 260 ppm of O,, 40
ppm of H,, 15 ppm of N,, 140 ppm of Fe, and 60
ppm of Mg.

The hcpstostce Transformation. — A study was
made of the nature of the reversion of the hcp phase
to the fcc structure at higher temperatures. It was
previously reported that this transformation began
at 375 £ 5°K and was complete at 411 £ 10°K and
appeared to have martensitic characteristics.
Masson and Barrett®+® report that the martensitic
hep phase produced by deformation of the body-
centered cubic (bcc) AgCd beta phase reverts to
the original bcc structure by a thermally activated
process. In view of these results in the AgCd
system, it seemed desirable to confirm the earlier
conclusion that the hcp » fcc transformation does
not proceed isothermally,

A specimen of cerium was annealed for 1 hr at
625°K and cooled to 77°K in the x-ray camera. At

4c. . McHargue, H. L. Yakel, Jr., and L. K. Jetter,
Met. Ann. Prog. Rep. Oct. 10, 1957, ORNL-2422, p 207.

5D. B. Masson and C. S. Barrett, Trans. Am. Inst.
Mining Met. Petrol. Engrs. 212, 260 (1958).

6D. B. Masson and C. S. Barrett, unpublished work at
the University of Chicago.



this temperature the specimen contained 12% fcc
phase, 30% hcp phase, and 58% fcc * (collapsed
cubic) phase. Upon being heated, the specimen
was found to be composed of 45% fcc phase and
55% hep phase at 296°K. Heating was continued
and the hep - fcc transformation was observed to
begin at 373°K, in agreement with earlier studies.
The temperature was raised to 388°K, where it
was held (£2°) for 6 hr; during this time an ap-
propriate range of Bragg angle was repeatedly
scanned. Calculations based on the integrated
intensities of the (10.2) and (10.3) reflections of
the hcp phase and the (200) reflection of the fcc
phase showed the amounts of fcc and hep phases
to be 54% and 46%, respectively, 5 min after the
temperature of 388°K was reached. During the
next 25 min, the amount of fcc phase increased

to 60% and the hcp phase decreased to 40%. No
further change was noted during the next 6 hr at
this temperature. At the end of 6 hr the tempera-
ture was raised by 6°to 394°K, and it was noted
that an additional 8% of the hcp phase transformed
during the first 10 min at this temperature. These
data strongly indicate that there is no isothermal
reversion of hcp cerium to the fcc form. The
initial increase in cubic cerium during the first
30 min at 388°K is attributed to the relief of trans-
formation stresses in the polycrystalline sample,

Sonic Activity. — Processes in solids involving
the rapid cooperative movements of atoms in phase,
such as those occuring in typical martensitic trans-
formations and deformation twinning, produce sound.
In order to obtain information regarding the nature
of the fcc - hep and fec » fcc * transformations, ex-
periments have been conducted on the detection of
sonic activity in cerium specimens being cooled or
heated.

A cerium specimen was attached to a long copper
rod to which a small phonographic crystal pickup
was secured. A copper-constantan thermocouple
was aftached to the specimen. The assembly was
mounted over a large, deep Dewar partially filled
with liquid nitrogen. The signal from the pickup
was amplified with a Bogen LX30 amplifier and
was transmitted by an 8-in. speaker. The operation
of the apparatus was checked by mechanically de-
forming a specimen of indium. The clicks accompa-
nying the mechanical twinning were clearly de-
tected. In order to attain the lowest temperatures,
it was desirable to bring the specimen into contact
with the liquid nitrogen. When the specimen was
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submerged, the boiling of the nitrogen at the speci-
men surface caused a high background noise. This
noise was eliminated by placing a large copper
block in the bottom of the flask with its surface
just above the surface of the liquid and then, after
the block had come into thermal equilibrium with
the nitrogen, cooling the specimen assembly by
clamping it to the block.

In a series of runs no sonic activity was detected
in the temperature range where the cubic-to-hex-
agonal transformation occurs. That such a trans-
formation had occurred was confirmed by x-ray ex-
amination of a specimen after one run,

Metallic clicks were heard upon both cooling and
heating in the temperature range where the cubic-
to-cubic transformation occurs.
activity was detected on cooling, but not upon
heating unless the heating rates were very rapid.

In all cases sonic

Such sounds are usually interpreted to mean that
volume elements change structure by a rapid
shearing motion similar to twinning. In the
present case, however, where the two phases have
the same crystal structure and differ only in the
size of the unit cell, it is difficult to imagine any
cooperative shearing motion which would convert
one into the other., It is intended that the crystal-
lographic relationships between the phases and
possible atom movements be investigated by means
of such treatments as that developed by Wechsler,
Lieberman, and Read’ and by observation of habit
plane relationships.

Effect of Thermal Cycling, — Lock® observed
that the change in magnetic susceptibility associ-
ated with the fcc » fcc ” transformation and a
second discontinuity at 12.5°K were markedly af-
fected by thermal cycling between 293 and 4.2°K.
From these data Lock concluded that less of the
normal cubic phase transformed on each subsequent
cycle, but since he made no observation regarding
the fcc -+ hep transformation, he concluded that
the fcc phase becomes antiferromagnetic at 12,5°K,

A specimen of annealed cerium which was found
to have only the normal cubic phase present at
room temperature was alternately cooled to 77°K
and warmed to room temperature, The relative

7M. s. Wechsler, D, S. Lieberman, and T. A, Read,
Trans. Am. Inst. Mining Met. Engrs. 197, 1503 (1953).

8J. M. Lock, Proc. Phys. Soc. (London) B70, 566
(1957).
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amount of each phase present under various con-
ditions is shown in Table 1. The results at 293
and 77°K after the first two cycles are consistent
with those reported earlier.” It is seen that
cycling 105 times has greatly increased the amount
of hcp phase present at room temperature and
that the collapsed cubic phase was completely
absent upon the next cooling. This behavior is
similar to that found by M. K, Wilkinson and H. R.
Child of the Physics Division, who are making a
neutron diffraction study in collaboration with
these x-ray studies. When they cycled the speci-
men 100 times between 293 and 4°K, they found
that there was complete suppression of the fcc -
fcc ’ transformation and that there were large
amounts of the hexagonal phase.'® Thus it ap-
pears that Lock's magnetic measurements after
100 or more thermal cycles may have been made
on a specimen containing primarily the hexagonal
phase rather than the fcc phase,

The specimen which contained 15% fcc phase
and 85% hcp phase at 77°K after 107 coolings
was plastically deformed in the x-ray camera at
that temperature. Interestingly, this deformation
resulted in the appearance of the collapsed cubic

9C. J. McHargue, H. L. Yakel, Jr., and L. K. Jetter,
Met. Ann. Prog. Rep. Oct. 10, 1957, ORNL-2422, p 207.

1074 be reported by M. K. Wilkinson et al. in the
Pbys. Semiann. Prog. Rep. Sept. 20, 1958, ORNL-2610
(in press).

.phase (in the amount of 50% of the total volume).

Upon further heating and cooling, the specimen
behaved in a manner similar to one which had not
been thermally cycled. It is not yet clear whether
the deformation causes the hexagonal phase to
transform back to the normal cubic form, which
then transforms to the collapsed cubic phase, or
whether it causes the hexagonal phase to go
directly to the collapsed cubic form, At temper-
atures above T _ for the fcc - fec ’ reaction, the
former behavior was observed,® but, as is dis-
cussed below, between 77 and 4°K the hexagonal
phase appears to go to the collapsed cubic phase
without the benefit of plastic deformation.

Effect of Cooling to 4,2°K. — Appdratus has
been constructed so that an x-ray specimen can
be cooled to liquid-helium temperature and has
been mounted on a G-E XRD-5 x-ray spectrometer,
The specimen is cooled to 4.2°K and the dif-
fraction pattern recorded as the specimen heats
to room temperature,

A specimen of cerium annealed at 625°K which
was observed to contain only the fcc phase at
room temperature was cooled first to 77°K and then
to 4.2°K. At 77°K the specimen contained ~ 60%
collapsed cubic phase, 30% hcp phase, and 10%
normal fcc phase. At 4.2°K, only the collapsed
cubic phase was found to be present, indicating
that both the hcp structure and the fcc structure
had transformed to the collapsed cubic structure,
The changes in the amounts of the phases present

Table 1, Effect of Thermal Cycling on Transformations in Cerium

At 293°K specimen in annealed condition was 100% fcc

Stage of Observation

Transformations (%
Observation Temperature (%)

(°K) fce hep fce’
After 1 cycle 293 80 20
Second cooling 77 10 40 50
After 105 cycles 293 30 70
106th cooling 77 15 85
After 106 cycles 293 25 75
107th cooling 77 15 85
Specimen worked while being cooled to 77°K for 107th time 10 50 40
Specimen then heated back to 293°K 50 50
Specimen cooled again to 77°K 10 55 35

10



as the temperature was raised are shown in Fig. 6.
At ~125°K the fcc ’ phase starts to revert to the
hecp phase, and this transformation appears to
cease at 195°K, with only 20% of the specimen
being in the hexagonal form. The transformation
from fcc * to fcc takes place over the range 150

to 210°K.
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Fig. 6. Per Cent of Each Phase Present upon Heating
an Annealed Specimen of Cerium Cooled to 4.2°K.

The specimen from the above series of experi-
ments which contained 80% fcc phase and 20% hcp
phase at 293°K was again cooled., The amounts of
phases present at 77°K were 75% fcc’, 17% hep,
and 8% fcc, and at 4,2°K there was a trace of hep
present in addition to the fcc * phase. The surface
of the specimen was plastically deformed at 4,2°K
by scratching with a tool built into the x-ray
camera. This work caused no detectable change in
the x-ray diffraction pattern. Again the collapsed
cubic phase transformed to both hexagonal and
normal cubic structure, and at 293°K the specimen
consisted of 80% fcc and 20% hcp.

Results on a second annealed specimen were
essentially the same as for the above specimen.

These data show that the hcp phase will trans-
form to the collapsed cubic form at a sufficiently
low temperature. However, there appears to be
some factor which differentiates the collapsed
cubic phase originating in the hexagonal phase
from that coming from the normal cubic phase.
Thus a specimen which is entirely in the fcc ” form
will revert to fcc and hep in approximately the
same ratio that existed before these phases trans-
formed to fcc “ upon cooling. This ‘‘memory’’
etfect could possibly be caused by a characteristic
distribution of stacking faults in the fcc ” phose.
A careful study of the stacking faults present in
all three phases is now being conducted.
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THEORY OF ALLOYING

Specific Heats of Zirconium Alloys at Low
Temperatures

G. D. Kneip, Jr. J. O. Betterton, Jr.
J. O, Scarbrough

The primary substitutional solid solutions of the
group VA metals of the periodic table, with other
metals as the solutes, are particularly interesting
from the standpoint of alloying theory. Two of the
four valence electrons in the free atoms are s elec-
trons, and the other two are d electrons, Chemically,
these elements almost invariably are quadrivalent,
indicating little difference in energy between the
electronic states of the valence electrons. Recent
evidence has shown that as far as the effects of
various solutes on the allotropic transformations
are concerned the group IVA elements may be
considered to be divalent.!! The band structure
of these metals has not been satisfactorily solved,
but in view of the difference in the valence ex-
hibited in solid solutions as compared with the
chemical valence, it seems likely that the band
structure is complicated and consists of over-
lapping s and d bands. The variation of the axial
ratios of zirconium and titanium that occurs when
they are alloyed has been interpreted in terms of
Brillouin zone overlaps,12:13 indicating that the
shape of the curve for the density of states may
have maxima and minima.

One experimental approach to the study of the
characteristics of the electronic energy bands is
the measurement of the electronic specific heat,
Since only the electrons at the top of the occupied
region can be thermally excited into vacant energy
states, their heat capacity is a measure of the
density of states at the top of the filled region of
the energy band. This electronic heat capacity is
proportional to temperatyre and, at normal temper-
atures, is small compared with the vibrational heat
capacity of the atoms. At sufficiently low temper-
atures, however, where the vibrational heat ca-
pacity is proportional to the cube of the temper-
ature, the electronic specific heat is an appreciable

115, 0. Betterton, Jr., and J. H. Frye, Jr., Acta Met.
6, 205 (1958).

125 M. Denny, A Study of Electron Effects in Solid
Solution Alloys of Titanium, Sixth Technical Report,
Physical Metallurgy Laboratory, California Institute
of Technology, January 1955.

13). 0. Betterton, Jr., Met. Semiann. Prog. Rep.
April 10, 1956, ORNL-2080, p 228.
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part of the total. In general, in the liquid-helium
temperature range, the total specific heat can be
expressed as'4

Cv 72 T?
2l NE, ) N —,

3 max 3

0D

where N(qux) is the density of states at the top
of the occupied portion of the band and Op is the
Debye temperature., Furthermore, the difference
between C, and C, at these temperatures is negli-
gible, so that if the experimentally determined
values of the specific heot are plotied in the form
C/T vs T?, the density of states and the Debye
temperature can be obtained from the intercept
and the slope, respectively, of the resulting linear
plot.

The details of the apparatus used to measure
the specific heats of alloy specimens in the liquid-
helium temperature range were described earfier,!?
The heat capacity is determined by measuring the
temperature drift of the specimen as a function of
time and applying known heat inputs at appropriate
intervals, The heat capacity, then, is the energy
input divided by the temperature rise,

A semiconducting carbon resistance thermometer
is used as the temperature-sensing element for the
heat-capacity measurements. The resistance ther-
mometer is calibrated against the vapor pressure of
liquid helium by use of the vapor-pressure temper-
ature scale (TSSE) of Clement, lLogan, and
Gaffney'® prior to the heat-capacity measurements
on each specimen. In order to facilitate the ther-
mometer calibration, a resistance temperature, T
is defined by the equation

R

log R

= (0.60521 — 1.05028 log R)? ,
R

and the thermometer calibration then consists in es-
tablishing T ~ T as a function of T . Above
the lambda point of liquid helium the vapor pres-
sure of the liquid helium is measured with a helivm-

M. F. Mott and H. Jones, The Theory of the Proper-
ties of Metals and Alloys, pp 4, 179, Clarendon Press,
Oxford, 1936.

ISG. D. Kneip, Jr., and J. O. Betterton, Jr., Met. Ann.
Prog. Rep. Oct. 10, 1957, ORNL-2422, p 214,

16, R. Clement, J. K. Logan, and J. Gafiney, Phys.
Rev. 100, 743 (1955).
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vapor-pressure thermometer whose bulk is an integral
part of the specimen contained, in order to avoid the
uncertainties involved in making a hydrostatic heat
correction,

Below the fambda point the vapor pressure is as-
sumed to be equal to the pressure over the bath,
since the high thermal conductivity of helium 1l
assures the equality of temperature throughout the
bath. The thermometer deviation curve and its
slope are then used to correct the observed mean
temperatures and AT's, respectively, for each
measurement of the heot capacity, Figure 7 shows
the thermometer resistance as a function of temper-
ature, and Fig. 8 shows several deviation curves.
Slight shifts in the T, ~ T curve are seen to
occur when the thermometer and heater assembly
is shifted from one specimen to another. No ap-
parent changes in the thermometer were found,
however, on several occasions when the ther-
mometer was warmed to room temperature and then
recooled without removing the thermometer as-
sembly from the specimen, The cryostat holds

UNCLASSIFIED
ORNL-LR~DWG 33750

1,000,000

100,000
w0
£
3 T
x

10,000 N\ —
e \
1000 J\
1.0 20 30 4.0 50

7 (°K)

Fig. 7. Thermometer Resistance as a Function of

Temperature.



PERIOD ENDING OCTOBER 10, 1958

UNCLASSIFIED

g ORNL—LR—DWG 33751
6
rﬁ - log R
4 {0.60521 —1.05028 lag R)°
2
o
\" 2! -
E o Ja 1= 18] 1O B ¥ o S, T Zr—=0 % In
(3
;I\ -2 o T iy S oo a
W o N
8 4
}\ —_
O
-6
v \V\
-8 o ~ Zry ]
\O{N “p
-10 T
(o]
-12
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

T, (OK)
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sufficient liquid helium to last for over 24 hr, thus
making it feasible to spread the thermometer cali-
bration and heat-capacity measurements over
several days,

In order to correct the alloy specific heats for
the heat capacity of the thermometer and heater
assembly, the heat capacity of the addendum has
been measured separately, and the results are
shown in Fig. 9. It can be seen that the experi-
mental data fit a straight line when plotied in the
form C/T vs T2. The value of the coefficient of
the electronic term, determined experimentally
(1199 ergs/deg?), is in very good agreement with
the value computed for the sum of the metal parts
of the assembly, 1205 ergs/deg?, from the known
specific heats of zirconium and copper and an
estimated value for Manganin. The close agree-
ment for these two values indicates that the
graphite thermometer and the organic cement
used to hold the thermometer and the heater
winding to the zirconium plug have a very low
electronic specific heat, as would be expected,
Unfortunately, no attempt can be made to com-
pute an effective Debye temperature because of

the lack of information about the specific heats
and molecular weights of the organic materials,
Figure 10 shows a typical recording of the ther-
mometer potential drop as a function of time. The
fower part of the curve corresponds to the sample

(x10%)
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Fig. 10. Typical Heating Curve for 0.7649-mole Zir-
conium Specimen. Heater current, 60 pa; heater voltage,
97.277 mv; time, 54.208 sec.

drift before the heating pulse, the rapid rise in
the curve corresponds to the heating pulse, and
the upper portion corresponds to the drift after the
heating pulse. The temperature rise caused by
the heat input is determined by extrapolating the
initial and final portions of the curve back to the
middie of the heating period, calculating the ther-
mometer resistance at these two points, and then
computing the mean temperature and the tempera-
ture increase from these two resistance values.

It can be seen from Fig. 10 that this is easily

14

done as long as the drift rates are smal! compared
with the value of AT, Figure 11 shows the ob-
served thermal coupling between the specimen and
the bath for two experiments. When the specimen
and the bath are at the same temperature, the
specimen warms up slowly as a result of the power
input to the thermometer. After the specimen has
been warmed above the bath temperature by several
heating pulses, the net heat flow tends to cool the
specimen back toward the temperature of the bath,
and the heat conduction through a unit length of
No. 60 cotton thread is estimated to be 10~2 to
10-3 times that of a unit length of 2-mil columbium
wire.
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Specimens of iodide titanium and iodide zir-
conium, from which the hydrogen had been removed
by vacuum-annealing at 1100°C and 10~7 mm Hg,
were machined for the calorimetric studies. After
the machining operation the specimens were alpha-
onnealed and slowly cooled to remove any residual
stresses. The typical impurity contents and the
hardness of these materials are listed in Table 2,
Two additional zirconium specimens were made.



Table 2. Impurity Content and Hardness of lodide

Titanivm and Zirconium

Concentration* (ppm)

Impurity

Zr Ti
Ti 80 + 50 Balance
Zr Balance 200--500
Hf 130 £ 50
Cr 5 10
Fe 45 55
Ni 10 5
Si 10
All others <5 <10
C 20-175 10
O2 50-~-350 20
N2 4-5 20
H2 <5 <5
Hardness 63 DPH 63 DPH

*Average values from spectrographic and activa-
tion analyses; H2, N2, O2 from vacuum fusion
analyses.

One specimen was annealed and quenched from

the beta-phase region so that the effects of re-
sidual stresses could be observed. The other
specimen was arc-melted, homogenized in the beta-
phase region, and annealed in and quenched from
the alpha-phase region; then a hole was machined
for the addendum. This specimen was investigated
in order to show the absence of significant impurity
contamination occurring during the melting and an-
nealing treatments. The latter procedure was also
used for preparing the zirconium-indium alloys dis-
cussed below,

The specific heats of the alpha-annealed icdide
titanium and zirconium plotted as C/T vs T2 are
shown in Figs. 12 and 13, respectively. The
scatter of the individual measurements from the
best straight-line fit determined by the method of
least squares is well under 1%, as shown in Fig. 14,
The systematic deviation of the data from the linear
equation for C/T vs T2 below ~2.6°K is within
the uncertainty of the helium-vapor-pressure temper-
ature scale. The coefficients of the electronic
terms and the Debye temperatures for titanium and
zirconium are shown in Table 3.

The observed densities of states of both titanium
and zirconium are considerably higher than would
be estimated by assuming the valence electrons to
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behave as free electrons, in agreement with a
narrow d band having a high density of states.
Since the coefficients of the electronic terms and
the Debye temperatures of the three zirconium
specimens are equal within the experimental error,
it is concluded that the transformation structure
resulting from quenching from the body-centered
cubic form and the equilibrium alpha structure
differ very little as far as electronic energy is
concerned, Furthermore, any increase in the
amount of impurities caused by the melting and an-
nealing treatments has no measurable effect on the
specific heats.
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Table 3. Electronic Coefficients and Debye

Temperatures for Titanium and Zirconium

Y b, (°K)
(ergs-mole"1 -deg"z) b
x 104

Titanium

Alpha-annealed 3.254 £ 0.015* 385.8 £4.4
Zirconium

Alpha-annealed 2.728 £ 0.009 282.3 £1.1

Beta-annealed 2.736 £ 0.013 281.7 £ 1.1

Cast, alpha-annealed 2.751 £0.011% 283.0 £ 1.0

*Random error estimated from {east-squares fit of C/T

vs T2 at 99% confidence level.

The ratio of the Debye temperatures for titanium
and zirconium is very nearly equal to the ratio
1/3 1/6
My Pri

MZr er

where M is the atomic mass and p the density, sug-
gesting a similarity in the vibrational spectra and
elastic constants of the two elements, in agreement
with their positions in the periodic table.

The specific heats as a function of temperature
for part of a series of zirconium-indium alloys are
shown in Fig. 15. Again the data are linearly re-
lated when plotted in the form C/T vs T2, indi-
cating a constant Debye temperature over the range
1.2 to 4.5°K. No indication of a superconducting
transition is found in any of these alloys.
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Fig. 15. Specific Heats of Zirconium-Indium Alloys
from 1.2 to 4.5°K.
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The coefficients of the electronic terms and the
Debye temperatures are shown in Fig. 16 and in
Table 4. The addition of indium to zirconium in-
creases the coefficient of the linear term and
hence the density of states at the Fermi surface
quite rapidly. For hexagonal metals the electronic
energies are expected to overlap the first energy
zone across the {100} and probably also across the
{001} faces at nearly two electrons per atom, ac-
cording to the simple Brillouin zone theory.
Additions of indium, then, should have the effect
of increasing the density of states, assuming the
band structure of zirconium to be rigid and zir-
conium to be divalent.!” The observed expansion
of the axial ratio with electron additions inde-
pendently suggests the same {001} face overlap.

17, 0. Betterton, Jr., and J. H. Frye, Jr., Acta Met.
6, 205 (1958).
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Table 4. Electronic Coefficients and Debye
Temperatures for Zirconium-Indium Alloys

(ergs-mole}"".deg—Z) 613 (°K)
x 104

Zirconium 2,738 £0.011* 28231 1.0
Zr-1.79 at. % In 2.786 £ 0.012 280.5 £ 1.1
Zr-3.63 at. % In 2.875 +0.023 280.0 t 2.1
2.900 £ 0.016 279.9 £ 1.3

Zr~5.33 at. % In 3.012 £0.012 277.6 £ 1.0
Zr-7.96 at. % In 3.108 +0.020 272,72 1.6

*Random error estimated from least-squares fit of C/T

vs T2 gt 99% confidence level,

When further information is available on the
effects of other solutes, such as silver, cadmium,
and tin, on the electronic specific heat of zir-
conium, it will be possible to use the results as
a test of the validity of the various theories of
alloying. At the present time, however, rapid in-
crease of the density of states with indium ad-
ditions does not appear to agree with the hypo-
thesis of Friedel as well as it does with the rigid-
band concept.

The Zirconium-Gallium System
D. S. Easton

The zirconium-gallium system is important in the
study of zirconium alloys because, as a group 111B
element, gallium would be expected to behave like
aluminum and indium in forming a reasonably
concentrated, alpha solid solution and, in this
case, with fairly low nuclear absorption cross
section. If the size distortion effects are not so
great as to be unfavorable to the alpha phase, the
a/f phase boundaries might be expected fo rise
with gallium, In addition, information about the
effect of the presence or absence of the complete
d shell in the solute atom may be provided. The
first intermediate phase also is of interest, since
in the zirconium-indium system a face-centered
disordered phase occurs at Zr,ln; in the zirconium-
aluminum system the corresponding face-centered
cubic phase is ordered in the manner of CuaAu,
which is believed to result from the difference in
the size of the atoms being greater in the latter

J. O. Betterton, Jr.
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system, The zirconium-gallium alloys will help to
show whether this factor alone is important.

The investigation was started at the zirconium-
rich end of the system. The methods employed
were described earlier in connection with other
zirconium systems.'® It wos found that gallium,
in spite of its low melting point, has a sufficiently
low vapor pressure that alloys up to 16 at. % Ga
do not lose gallium appreciably in casting. The
distribution and proportion of phases in cast
microstructures showed that a eutectic, liquid
(~21 at. % Ga) & B (~8at. % Ga) + 6 (~37 at.
% Ga), occurs in this system. A typical micro-
structure illustrating the reaction is given in
Fig. 17. The eutectic is in good agreement with
the eutectic reported by Anderko!? in cast alloys
between 25 and 40 at, % Ga, who found the compo-
sition Zr Ga, to be a homogeneous phase with an
ordered hexagonal D8 -type structure after an-
nealing at 1000°C. Anderko also observed an in-
complete reaction in alloys containing 25 and 33
at. % Ga, which he attributed to a pertectoid re-
action between f-zirconium and Zr_Ga, at some
temperature above 1000°C that caused an inter-
mediate phase of approximate composition ZraGa
to form.

The same intermediate phose was also indicated
in the present experiments when alloys from 0 to
to 16 at. % Ga were annealed for two weeks at
1095°C. A lineal analysis of the proportion of
phases in the (8 + y) region between 5 and 16
at. % Ga indicated that B-zirconium containing
4.5 at. % Ga was in equilibrium with a second
phase containing about 27 at. % Ga, The same
phase was observed to be in equilibrium with j3-
zirconium containing 2,5 at, % Ga at 920°C. X-ray
studies of the alloy containing 16 at, % Ga were
made by spectrometric and Debye-Scherrer tech-
niques, Although not conclusive, the measurements
indicate that a Cu,Au (L1,) structure, which would
be analogous to Zr,Al, is improbable but that a
hexagonal DOI ¢ structure is possible within the
considerable uncertainty of the present results.
Anderko, who examined exira lines in a three-phase
powder sample, was unable to index these lines
with the DOI g or L1, structures,

]8J. O. Betterton, Jr., J. H. Frye, Jr., and D. S,
Easton, Phase Diagram Studies of Zirconium with
Silver, Indium, and Antimony, ORNL-2344, p 2 (Aug. 12,
1957).

V9. Anderko, Z. Metallk. 49, 165 (1958).
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Fig. 17. Cast Structure, Zr + 12

The DO1 g structure occurs in many titanium
systems in the electron concentration 2.3 to 2.6,
the titanium being assumed to be divalent,
McQuillan20 has pointed out that this type of
structure represents an ordered extension of the
alpha phase with the same factors which cause
the axial ratio of the a-titanium to expand when
group |1I1B and IVB solutes are alloyed apparently
contributing to the stability of this phase. |t
would, of course, be interesting if Zr,Ga should
assume this structure, as a zirconium phase has
not been previously found of this type.

A significant characteristic of the zirconium-
gallium system is the unusually fow solubility of
the gallium in B-zirconium, which is only about
one-third that observed for other group 1B solutes,
aluminum and indium, This could be explained by
atomic size é‘actor if the minimum interatomic dis-
tance, 2.44 A, of just two of the atoms in the com-
plicated gallium element structure were adopted,
The size factor on this basis is nearly -21%. An
alternative method for a solute of irregular crystal
structure is the use of the apparent atomic diameter
extrapolated from solid solutions of other alloys in
which gallium has been used. With this method,
the zirconium-gallium size factor is about ~9% and

20, D. McQuillen, J. Inst. Metals 83, 181 (1954).
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would therefore be insufficient to account for the
reduced solubility., The hardnesses of the alloys,
however, tend to support the presence of a large
size factor; that is, the numerical increases in
Vickers hardness numbers for 1 at. % solute are
approximately: silver, 33; cadmium, 8; indium, 12;
gallium, 37; lead, 20; and antimony, 28. An un-
usually large effect evidently occurs with gallium
additions. The hardness numbers for [S-zirconium—
gallium alloys, quenched from 1095 and 920°C, are
shown in Fig. 18,
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Vapor Pressures of ZirconiumsCadmium Alloys

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

The zirconium-cadmium system?! (Fig. 19) shows
an appreciable cadmium solubility in both allotropic
modifications of zirconium with a slowly rising
phase boundary between them, Arguments can be
made that this indicates cadmium and zirconium to
be about equal in valence, and, from this viewpoint,
the alloys are suitable for the study of other factors
without the complication of valence differences.
Some indication of this may be seen in the two
intermediate phases, Zr,Cd and ZrCd,. Both are
disordered face-centerecf cubic phases of the com-
position AB, in which the zirconium and cadmium
assume either proportion without disturbing the
phase stability. The same property is also present
in the corresponding, ordered face-centered cubic
phases TiZn,, Ti Hg, and ZrHg,. Measurements
of cadmium pressures have been started in this
system to determine the heat, entropy, and free
energy of the zirconium-rich phases with the hope
of obtaining a greater understanding of the allo-
tropic boundaries.

A modified form of the Hargreaves method?? was
adapted for this investigation. The principal fea-
tures of the apparatus are illustrated in Fig. 20,

2]D. S. Easton and J. O. Betterton, Jr., Met. Ann.
Prog. Rep. Oct. 10, 1957, ORNL-2422, p 218.

22p, Hargreaves, J. Inst. Metals 64, 115 (1939).
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which also shows the nature of the temperature
distribution in the furnace throughout the experi-
ment. Improved features include a small window at
the end of a short, 1-mm-bore quartz capillary which
is kept at the minimum temperature of the capsule.
A period of time is used to establish equilibrium
between the cadmium gas and the alloy held at a
higher temperature at the other end of the capsule.
Then the window is cooled until a drop of liquid
appears, The vapor pressures of liquid cadmium
are well known, and the formula being used was
obtained from Lumsden:23

5709
log, o P (mm) =11.7750 " 1.1283 log,, T .

The capillary type of window makes the area avail-
able for condensing liquid smaller than usual in
the Hargreaves apparatus, increases the sensi-
tivity, and, since the window is placed within a
closely fitting nickel block, allows the measure-
ment to be made with known and reproducible heat
flows from a temperature gradient along the axis of
the furnace (3°C/in.). The apparatus was cali-
brated by use of a high-purity cadmium bath, care
being taken to reproduce the gradient conditions,
in the vicinity of the window, that were used in
the alloy experiments. This calibration is shown
in Fig. 21. The temperature of the observation
window at the time when a liquid drop first formed
or last disappeared is plotted against the rate of
change of the window, The zero of the graph is
the temperature of a large bath of pure liquid
cadmium held isothermally at the opposite end of

23J. Lumsden, Thermodynamics of Alloys, p 134,
Institute of Metals, London, 1952,
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the quartz tube. Agreement to within 1°C was ob-
tained with rates less than 0.8°C/min and by
averaging condensation and evaporation obser-
vations.,

The alloys were prepared with iodide zirconium
of 99.95% purity.24 The zirconium was outgassed
at 1100°C in a vacuum of 10~% mm Hg for hydrogen
removal, and then arc-cast into buttons and rolled
into 0.011-in, foil. The foil was wound into a coil
weighing ~20 g, with small strips of zirconium
used as spacers, and then wrapped with a pro-
tective tantalum foil. All parts were cleaned
chemically, assembled with minimum contamination,
and baked out at 1000°C. Finally, 99.99% Cd
(Asarco research grade) was freshly distilled into
the evacuated tube from a side arm and the evacu-
ated capsule sealed,

It was found that the initial diffusion occurred
quickly in the beta region above 950°C, The equi-
librium times for this and other temperatures were
determined by noting the time required for con-
stancy in the observed pressure. At the end of
the experiments the specimen was cooled by break-
ing the capsule under water and the composition
determined by chemical analysis. Small corrections

24 A detailed analysis can be found as batch No. 6 in
ref 18,

20

to the composition of the alloy, necessary because
of the different cadmium contents of the vapor
phase at various temperatures, were made by use
of the following equation, which applies in the
case of a sinusoidal gradient:

py
N =

g - 1

R \/ Ts Tw
where N _is the number of moles of cadmium in the
gas, TS is the specimen temperature, and Tw is
the window temperature.

The vapor pressures of several zirconium-cadmium
alloys are shown in Fig. 22. The dotted line repre-
sents the approximate location of the allotropic
phase change, with the beta phase on the left and
the alpha phase on the right. The cadmium pres-
sures increase with temperature and composition in
the usual way. Only a limited number of points are
shown for the 3.2% alloy, as this experiment is un-
finished; the results for the 10,5% alloy are less
accurate than later measurements since they were
done in an earlier, less sensitive apparatus,

These data can be replotted, in a more informa-
tive and sensitive manner, as activities with re-
spect to solid cadmium. For this purpose, the
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vapor pressure of solid cadmium was taken as

5915
lOg] 0 Po (mm) = 9.7822 "—T—' -

~0.2214 log, , T~ 3.212 x 1041

The above formula is based on the specific heat?®
for solid cadmium,

Cp =531 +2.94 x 10-3T1 ,

and recent values for the heat of vaporization and
the entropy of the solid metal.26

Cadmium vapor is assumed to be an ideal mon-
atomic gas when it is in equilibrium with both the
alloy and the solid cadmium at elevated tempera-
tures. (Spectral investigations, which have been
reviewed by Herzberg,2” have shown the presence
of weak Cd,_ molecules of the van der Waals type in
cadmium gas, but the binding energy is only 0,09
ev/Mmolecule, and it is not thought likely that such
weak forces would lead to a large deviation from
ideality of the gas.) Then the free energy of the
cadmium in the alloy can be written relative to the
solid in terms of the free-energy—pressure relations
appropriate to the gas phase:

JF
M _ 0
ch‘<an ch>
=RT In P=RT In P°=RT|nACd .

The logarithms of such activities for the zirconium-
cadmium alloys are shown in Fig. 23. The hori-
zontal scale is reciprocal temperature. The free
energies of the cadmium in the alloys are indicated
by the relative positions of the curves, while the
slopes when divided by R are the relative partial
molar heats, These heats are negative for cadmium
in the beta phase, indicating a release of heat
when the pure elements are mixed, whereas in the
alpha phase (to the right) the slope changes from
negative for the 2.2% alloy to positive for the 5.2%
alloy. The positive heat in the latter may result

2SK. K. Kelley, U.S. Bur. Mines, Bull. No. 476
(1949).

26R. Hultgren, Selected Values of the Thermodynamic
Properties of Metals and Alloys, Mineral Research Lab-
oratory, Univ, of Calif. (1956).

276, Herzberg, Molecular Spectra and Molecular
Structure. 1. Spectra of Diatomic Molecules, 2d ed.,
p 516, tr by J. W. T. Spinks, Van Nostrand, Princeton,
N. J., 1950.
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Cadmium at the Same Temperature.

from imperfect equilibrium, as will be discussed
below, or perhaps this effect results from the sur-
prising behavior of a solute which is exothermic in
one allotropic form and endothermic in the other
form.

The manner of drawing the activity curves in the
alpha region requires explanation. In cooling into
this region, the equilibrium times assumed neces-
sary were 50 to 150 hr, such as had been required
for the beta phase. The high points indicated for
the 5.2% alloy, for example, were obtained in this
way. As the work progressed, the annealing times
were increased to 800 to 1100 hr, The measure-
ment at 820°C and subsequent reheating experi-
ments were all done with these longer times and
gave the points through which the linear curve was
drawn. When the time factor is considered, the
agreement between the cooling and heating points
is better than would seem to be the case inFig.23.
This situation is illustrated in Fig. 24 and shows
that when temperature averages are taken at equal
annealing times, the results agree quite well with
the final temperature observed in the heating ex-
periment. In the absence of a reheating experiment
on the 2.2% Cd alloy, only a provisional line was
drawn from the single 1100-hr point at 1/T =
9.15 x 10~4 to the minimum in the curve, in anal-
ogy with the interpretation above for 5.2% Cd.

2]
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In the above experiments the diffusion rate of
cadmium is clearly greater in 3-zirconium than in
a-zirconium. This was particularly emphasized by
the 5.2% alloy, which, after a total of 4600 hr in
the alpha region, was returned to the beta region
and in less than 50 hr reproduced the pressure
previously measured to within 0,8 mm, or 0.4%.
The latter result also confirms the absence of
important contamination of the zirconium-cadmium
alloy during the long period of the experiment,
Similar results have been found by spectroscopic
analysis for silicon, whereas in neutron activation
analysis 2.2 and 5.2% Cd alloys revealed only
slight contaminations of silicon and tantalum,

The average silicon content was 42 ppm, with a
range of 4 to 91 ppm, and the average tantalum
content was 23 ppm, with a range of 0.3 to 98 ppm.

It is by no means certain that 800- to 1100-hr
anneals were sufficient to eliminate entirely the
cadmium composition fluctuations which would be
expected upon passing the alloys slowly through
the (a + B) region, as was the case in the experi-
ments with the 2.2 and 5.2% alloys. The present
experiment with the 3.2% Cd alloy is being made
with thinner (0,004-in.) foil, and recently this ex-
periment was moved rapidly through the (a + )
region and into the alpha-phase region. The first

28P. Herasymenko, Acta Met. 4, 1(1956).

22

point, shown in Fig. 23, has not changed in the
time period 700 to 1000 hr, It is hoped to increase
the time of annealing in the alpha-phase investi-
gations by another type of experiment, 28 in which
many alloys will be prepared simultaneously at
constant pressure,

A convenient way to discuss the vapor-pressure
data is in the form of activity coefficients. These
coefficients are obtained by dividing the activities
by the composition of the alloys. When this is
done, the excess partial molar free energy is ob-
tained as shown below:

RTIny:RTIna—RTlnX:ng‘—
~ F¥, (ideal) = F, .

These excess free energies are therefore the ex-
perimental free energies less the free-energy term
which would be expected from perfectly random
configurational entropy. The negative of the first
derivative of RT In y is the excess of the measured
entropy over that expected from perfectly random
mixing.

The excess free energies are shown for the zir-
conium-cadmium alloys in Fig. 25 plotted against
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absolute temperature, The data in the beta-phase
region above 1170°K fall along fairly straight lines
of approximately the same slope. The slopes of
these lines were plotted, after change of sign, in
Fig. 26 to show the variation of the excess entropy
with composition X. Similarly, the almost linear
dependence of the excess free energy with compo-
sition for the temperature 1225°K is shown in the
upper part of this figure. The beta-phase excess
free energies are represented to a fair degree of
accuracy by

RT In Ve -~ 4775 - 10,584X + 3,57 +
+ 14,28 TX (cal/mole) .

The intercept at T = 0 represents the relative par-
tial molar heat of cadmium in B-zirconium:

Hé"d ~ ~ 4775 ~10,584X (cal/mole) ,

which, of course, refers to the alloy at temperatures
above 1170°K. When this is differentiated with re-
spect to temperature, the near absence of a relative
partial molar specific heat of cadmium at these
temperatures is indicated: Cé”d =0.
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On the other hand, the significant negative excess
entropies show that Céld is not necessarily negli-
gible in B-zirconium at lower temperatures, The
excess entropy (SE) may, of course, be due to con-
figurational entropy deviations at 0°K such as
would arise from ordering effects. Since its value
varies only slowly with composition, it would seem
more likely to arise from the thermal entropy, given
by the integral

fTCM dT
Cd T *
0

Nonzero values for CMd would therefore be implied
at some lower temperature, The slow variation in
Sgd suggests some nearly linear process in which
the entropy defect involves only a localized region

about each cadmium atom.

The excess free energies for the alpha phase are
shown in Fig. 25 at temperatures below 1160°K,
The lines drawn are provisional and are based on
the interpretation of equilibrium times which was
given for the activities, The slopes of these
curves as they are drawn here would indicate a
very rapid change in excess entropy from a nega-
tive value for 2,2% Cd to a positive value for 5.2%
Cd. It might be possible to relate such rapid
changes to the interesting electronic properties of
a-zirconium, but the slopes of these curves are not
sufficiently well established at the present time
for there to be confidence in even the sign of the
excess enfropy.

The above partial molar properties of the beta
phase of zirconium-cadmium can be integrated by
the Gibbs-Duhem procedure to determine the inte-
gral thermodynamic properties. The integral
excess free energy of formation is

X RT Iny
s T
o (1-x)?

ax

and it is convenient before integrating to divide
RT In s by (1 — X)? and replot the result in the
form a + bX. A slight difference (~3% at X = 0.10)
compared with the results from the earlier linear
formula for RT In yﬁwill occur but will still be
within the experimental accuracy of the data in-
volved and will give to the integrated expression
the property of equaling zero at X =1, The re-
sulting expression is shown below and is valid for
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temperatures between 1175 and 1325°K and for
0<x<0.1:

FE ~ (-4825x - 8275x2 +13,100X3) -
= T(~3.5X ~ 10.5X2 + 14 x3) (cal /mole) .

An approximate form more appropriate to the accu-
racy of the data is as follows:

Fi > X(-2780) R +
+RTIXIn X+(1-=X)In (1 =X)+2.22X]1,

where the free energy of mixing has been included
and the result is the free energy of formation of the
beta phase. The integral properties are plotted in
Fig. 27 for the particular temperature 1200°K, Al-
though these curves are preliminary, they show that
the free energy of the beta phase of zirconium-
cadmium is nearly ideal. The effect is evidently
fortuitous, since a significant negative heat of
mixing exists which just balances the effect of
these alloys having less than ideal entropy.

Work is continuing with Hargreaves-type experi-
ments in which thinner foil will be used and with
new experiments of the constant-pressure type. It
is hoped, in this way, to provide more information
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about the negative excess entropy in the beta
phase of zirconium-cadmium and to measure the
properties of the alpha phase.
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X-RAY DIFFRACTION

H. L. Yakel, Jr.

0. B. Cavin

X-Ray Diffraction Service Problems

H. L. Yakel, Jr. J. C. Richter
R. M. Steele 0. B. Cavin

Approximately 600 x-ray diffraction patterns have
been recorded in the service operations of the X-
Ray Laboratory during the period covered by this
report. The number is below our totals in recent
years, due partly to the elimination of slurry par-
ticle-size measurements for the Chemical Tech-
nology Division. The number reflects, however,
an increased attention to the selection of signifi-
cant samples for diffraction experiments. This has
been achieved by increased cooperation between
those submitting problems and the staff of the X-
Ray Laboratory.

As in the past, the majority of service problems
received by this laboratory can be sorted into the
categories of phase identification, verification of
purity and structure (including the measurement of
precise lattice parameters), semiquantitative analy-
sis of mixtures, measurement of crystal orienta-
tions, and determination of new crystal structures.

Examples of phase-identification studies carried
out this year range from corrosion products formed
on metals exposed to molten salts (submitted by
the General Corrosion Group of the Metallurgy Divi-
sion) to the intermetallic phases which occur in
the binary zirconium-lead and zirconium-gollium
systems (submitted by the Theory of Alloying
Group). A previously unreported phase, cppagenfly
giving a simple cubic pattern with ay = 5.65 A,
has been found in equilibrium with a-zirconium in
several zirconium-rich zirconium-lead alloys. A
new phase near 25 at. % Ga in the zirconiuvm-gal-
lium system was found to give a pattern compatible
with a hexagonal unit cell, but further investiga-
tions must be made with compound-rich alloys
before a final indexing and structure assignment
can be given.

The Physics Division submitted a variety of ma-
terials for identification, verification of purity, and
parameter measurement, prior to their study by neu-
tron diffraction. These included some trifluorides
and trichlorides of 34 and 44 transition elements,
the diiodide, dihydroxide, deuteroxide, and ses-
quioxide of manganese, and miscellaneous com-
pounds (MoF ;, CrTe, etc.). Results in agreement

R. M. Steele

with the literature were obtained for all the com-
pounds except MoF,, which has been reported by
Gutmann and Jack ! as having the cubic ReO,
structure. Preparations of this compound have
thus far shown the cubic pattern, a rhombohedral
pattern (a2, = 5,636 A, a = 55°24") suggestive of
the VF ;-type structure,? and o mixture of both.
Further study of these patterns is continuing.

Among the samples received from the Melting
and Casting Group for identification and purity
verifications were products from U-Si, U-Al, U-C,
U-Al-C, U-Al-C-Si, U-N, and UC,-Al reactions. A
number of samples resulting from the reactions of
UO,-Al and U,0,-Al at elevated temperatures were
analyzed semiquantitatively. Preparations of pure
UAIL,, UA|3, and UAl‘4 were obtained for standard-
ization of these quantitative measurements.

At the request of the Fuel Chemistry Group of
the Chemistry Division, L. A. Harris and G. D.
White of the Ceramics Group have attempted to
grow and microscopically observe single crystals
of several mixed lithium and thorium {or uranium)
fluorides. In the course of their investigation,
Harris and White submitted for x-ray analysis sev-
eral crystals of compounds supposed to be
7LiF-6ThF, and 7LiF.6UF . From single-
crystal Weissenberg and precession data, these
compounds have been identified as probably
3LiF.ThF, and LiF.4UF , respectively. The

unit cell data are given in Table 5.

V. Gutmann ond K. H. Jack, Acta Cryst. 4, 244 (1951).
2M. A Hepworth et al., Acta Cryst. 10, 63 (1957).
Table 5. Unit Cell Data

Cu Ka=1.5418
Lattice
Compound* Lattice Symmetry Purorgeters
(A)
3LiF-Th F4 Tetragonal ay = 6.218
cy = 6.487
LiF.4U F4 Tetragonal ag=17.931
€= 6.390

*Likely compositions; densities have not been deter-

mined.
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Since these materials, while not the desired
7:6 compounds, do have atypical structures, the
analyses of their diffraction patterns will con-
tinve. Crystals of the 7:6 compounds, when
availabie, will be studied by similar methods.

Transitions in Group 1YA Metal Hydrides
H. L. Yakel, Jr.

While no further experimental work on the group
IVA metal hydrides was performed during the past
year, the recent extension of the ligand field theory
by Dunitz and Orgel® may shed light on the theo-
retical interpretation of their transitions. [n order
to make this application, it may be assumed that
the hydrogen atoms carry small negative charges,
that the eightfold coordination field about each
metal atom is a combination of two tetrahedral
fields, and that four 34 electrons are bound to
each metal atom. Under these conditions the
ligand field theory predicts the lattice distortion
(tetragonal, co/a0 < 1) observed. The weadkness
in this theory is the large number of 34 electrons
that must be associated with the metal atoms,
which would seem to leave few electrons for bond-
ing beyond those attached to the hydrogen atom.

In an alternative approach, it may be assumed
that the hydrogen atoms carry small positive
charges, that the fields are tetrahedral, and that
three 3d electrons are bound to each metal atom.
This again leads to the prediction of the observed
distortion, but has the advantage that now one or
two electrons may be considered as bonding elec-
trons.

High-Temperature Diffraction Experiments
H. L. Yakel, Jr.

A major effort has been made during the past
year to obtain optimum vacuums in the Unicam
S.150 high-temperature camera. The mechanical
Wilson seals have been replaced with the more
permonent Kovar seals, and the original specimen-
rotation mechanism was discarded in favor of a
magnetic drive. While the apparatus is now ex-
ternally leak-tight, considerable problems still
arise due to virtual leaks caused by the many in-
ternal metal and ceramic surfaces which outgas.
A vacuum of approximately 10~° mm Hg is ob-
tainable at temperatures up to 700°C, but the

3). D. Dunitz and L. E. Orgel, J. Phys. Chem. Solids
3, 20 (1957).
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pressure is likely to rise to 104 mm Hg during
the initial heating. .

The problem of temperature measurement in the
Unicam has received further study. Frequent cali-
brations of the Pt, Pt=10% Rh thermocouple
against the known thermal expansion of silver?
remains the most suitable method for accurate
temperature measurements for a variety of experi-
ments. Instances arise, however, where tech-
niques involving the incorporation of a secondary
temperature standard in the diffraction specimen
may be applicable. One such instance was the
previously reported® study of the thermal behavior
of TiD, _gg At temperatures up to 450°K, where an
actual mixture of the deuteride and copper filings
constituted the diffraction sample.

Another instance was our recent study of the
thermal expansion of filings of a Cu~15 at. % Al
alloy (2-hr anneal at 750°C, cooled to room tem-
perature at 15°C/hr) for M. S. Wechsler of the
Solid State Division. lIncorporation of a tempera-
ture standard in the specimen was desirable; yet
at the higher temperatures of the experiment a
physical mixture of the afloy and silver filings
might give an undesirable diffusion reaction. A
solution to the problem was found in the use of a
composite double-capillary specimen, with the
alloy filings sealed in an evacuated 0.3-mm-dia
quartz capillary, which, in turn, was sealed in a
second evacuated 0.5-mm-dia quartz capillary con-
taining a small amount of sifver filings. By suit-
able positioning of the sample in the x-ray beam,
good diffraction patterns of both alloy and silver
were obtained. Extrapolated lattice spacings de-
rived from measurements of these patterns gave
specimen temperatures to £3°C (average) and
actual alloy parameters to 1 part in 12,000. The
observed thermal expansion curve for the Cu-15
at. % Al alloy is shown in Fig. 28.

Other experiments performed with the Unicam
apparatus during the past year included a study of
ErMnO, and of the low-temperature aging of Zir-
caloy-2. In the former, no transition from the
hexagonal structure reported earlier® to a more
usual ABO,-type structure was found on heating

4w, Hume-Rothery and P. W. Reynolds, Proc. Roy.
Soc. (London) A167, 25 (1938).

SH. L. Yakel, Jr., Acta Cryst. 11, 46 (1958).

H, L. Yakel, Jr., Met Ann. Prog. Rep. Oct. 10, 1957,
ORNL.-2422, p 228.
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Fig. 28. Lattice Parameter of a Cu-15 at, % Al Alloy
Annealed 2 hr at 750°C as a Function of Temperature up
to 635°C.
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to 1000°K. The latter experiment showed no ob-
vious change, other than normal thermal expan-
sion, in the hexagonal alpha lattice of a swaged
wire of Zircaloy-2 {air-quenched from 750°C) after
100 hr at 300 and 400°C. The lattice parameter
and mean thermal expansion data are given in
Table 6. Corresponding values for pure zirconium
ore also listed for comparison.

X-Ray Scattering Factors of Transition Metals
H. L. Yakel, Jr.

Weiss and DeMarco recently reported’ the re-
sults of an experiment in which the number of
localized 3d electrons in metallic Cr, Fe, Co, Ni,
and Cu was estimated by extrapolation of careful

"R. J. Weiss and J. J. DeMarco, Revs. Modern Pbys.
30, 59 (1958).

Table 6. Lattice Parameters and Mean Thermal Expansion Coefficients of Zircaloy-2 and Zirconium

Lattice Parameters

T °Q) o o o4
a, (A) o (A) cg/a0 V (A7)
Zircaloy-2 2213 3.2279 +0.0004 5.1459 +0.0004 1.5942 £0.0003 46.434 £0.014
305 £ 4 3.2322 +0.0004 5.1569 +0.0008 1.5955 £ 0.0004 46.657 +0.017
390 4 3.2348 +0.0003 5.1632 +0.0005 1.5961 +£0.0003 46,789 £0.012
493 1 4 3.2373 £ 0.0003 5.1707 £0.0004 1.5972 +0.0003 46,930 £ 0.011
Zirconium 23 +2 3.2324 +£0.0001 5.1476 £ 0.0002 1.59250 * 0.00005 46.579 1£0.005
321.0* 3.23693 5.15885 1.5937 46.811
381.8* 3.23756 5.16144 1.5942 46.853
503.8* 3.24000 5.16826 1.5951 46.986
Mean Thermal Expansion Coefficients
Ty T
(°C) °C) a_ x10° a__x10° a x 108 a_ x10%""
ma mc m mv
Zircaloy-2 305 22 4.7 £0.4 7.6 £0.5 5.7 0.4 17.0 £ 1.4
390 22 5.8 £0.4 9.1 10.6 6.9 £0.5 20.8 £ 1.6
493 22 6.2 0.5 10.2 0.7 7.5 £0.5 22.6 £ 1.7
Zirconium* 300 25 5.84 7.88 6.52 19.56
400 25 5.89 8.50 6.76 20.29
500 25 5.95 9.13 7.01 21.03

*R. B. Russell, The Coefficients of Thermal Expansion for Zirconium, MIT-1073 (Oct. 19, 1951).

o ! ag (T)) = a5 (Ty)
a = .
ma
ag (T9) T, =Ty

, etc.
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measurements of the x-ray scattering factors from
which theoretical contributions of a corrected
argon core were subtracted., While the number of
3d electrons they obtained for the close-packed
metals cobalt, nickel, and copper is apparently
normal, the numbers similarly derived for body-
centered cubic iron and chromium are unexpectedly
low (2.3 and 0.2 electrons, respectively). Since
this low result for iron and chromium will, if cor-
rect, have far-reaching effects in many theoretical
fields,® it should be verified both by a duplication
of Weiss and DeMarco's original experiment and
by independent methods, if possible.’

At the suggestion of E. 0. Wollan of the Physics
Division we have undertaken a series of relatively
crude experiments in which the scattering power
of a supposedly normal transition metal {say Ni or
Cu) is directly compared with that of an abnormal
metal (Fe or Cr). This is accomplished through a
study of the relative intensities of diffractions
from o mixture of fine, strain-free particles of the
two metals. These relative intensities can be

8N. F. Mott and K. W. H. Stevens, Phil. Mag. (812,
1364 (1957).

%R. D. Deslattes, Phys. Rev. 110, 1471 (1958).

converted into relative scattering powers, with the
usual corrections assumed, and then compared with
the predictions of Weiss and DeMarco.

One such experiment has been performed with
equal-weight mixtures of 10- and 20-x carbonyl
iron and 30- to 40-p carbonyl nickel. The resuvits
of this experiment, which must be regarded as
preliminary, suggest that the scattering factors
of metallic a-iron are indeed lower than the
Thomas-Fermi vclues,w but not as low as those
predicted by Weiss and DeMarco. The data are
summarized in Table 7, where the scattering factor
of iron has been calculated relative to the Thomas-
Fermi scattering factor of nickel. Thk exact num-
ber of 3d electrons in iron is, of course, a function
of the assumed nickel-scattering factor and the
extrapolation method used. Using an extrapola-
tion procedure similar to that of Weiss and DeMarco,
we may infer, from this preliminary experiment,
that there are some four or five 34 electrons for
iron rather than 2.3.

YW pternational Tables for the Determination of Crystal
Structures, vol 2, p 572, Gebrider Borntraeger, Berlin,

1935.

Table 7. Scattering Factors of d-lron Relative to the Thomas-Fermi Values for Nickel?

Experimental conditions: Intensities calculated from planimetered areas on

diffractometer traces using filtered, nonmonochromatic, Mo Ka radiation

o & A
International Tables® 17.1 14.3 12.8
Experiment 1 12.7
2 13.3
3 15.7 13.4 1.3
4 16.0 13.3 1.6
5 15.4 13.9 12.3
Average 15.7 £0.2 13.3 20.3 1.7 £0.4
As —1.4 30.2 ~1.0 £0.3 ~1.1%0.4
“Based on assumed values for nickel of /11! =19.1, 1200 = 17.8, /220 = 14.5; Weiss and DeMarco (ref 7) give

111

/i =19.3 and /10 = 13.8 for Mo Ka radiation.

bThe Fef110} and Nit 111} reflections overlap, but an intensity for the Ni{111} colculated from the other nickel!
reflections in the pattern may be subtracted, leaving the Fet 110} intensity. Since this method is inherently inac-

curate, the values of f::]eo should be given less weight.

“See ref 10.
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In further experiments, mixtures of differently
prepared iron and nickel powders, mixtures of iron
powders with other elements (Cu), and refined ex-
perimental methods will be used in order to estab-
lish these scattering factors more firmly.

X-Ray Diffraction Study of Aging in
Zirconium-Columbium Alloys'’

H. L. Yaket, Jr.

Preliminary diffraction analyses utilizing the
Debye-Scherrer technique in the study of aging
phenomena in zirconium-columbium binary alloys’
have been supplemented by a series of single-
crystal experiments. Most of these experiments
have been performed with a Zr=15 wt % Cb (nomi-
nal) hypoeutectoid alloy aged at 250, 400, and
500°C for varying periods. Some data have also
been collected for the hypereutectoid alloys Zr=25
wt % Cb and Zr~33 wt % Cb aged above and below
the eutectoid temperature. Weissenberg and pre-
cession techniqugs were used with Cu Ka radia-
tion (A = 1.5418 A).

Plates containing large grains (~3—-4 mm dia)
were obtained for each alloy composition by a
strain-annealing technique. All samples were
quenched from 1200°C, well within the beta field.
Orientations of selected grains were determined
by the back-reflection Lauve method, and thin wire-
shaped samples were prepared with the [100] di-
rection of the selected grain parallel to the wire
axis. Chemical polishing of the wires was per-
formed with a nitric acid-lactic acid—hydrofluoric
acid—water reagent.

Data on the mechanical properties and transfor-
mation kinetics of these alloys are given in ‘"HRP
Metallurgy — Zirconium Alloy Development,”’ this
report.

Results. — Typical rotation patterns of single
crystals of the 15 wt % Cb alloy in the as-quenched
condition showed strong diffractions associated
with the retained-beta phase, very weak and dif-
fuse.diffractions associated with the omega phase,
and weak diffractions associated with the Widman-
stdtten precipitate noted metallographically. 13
Such a pattern is shown in Fig. 29A. In similar

2

nThis program is being carried out in cooperation with
the HRP Metallurgy Group. Crystals were prepared and
heat-treated by M. L. Picklesimer and P, L, Rittenhouse
of that Group.

]2H. L. Yakel, Jr., and R. M. Steel, Met. Ann. Prog.
Rep. Oct. 10, 1957, ORNL-2422, p 231.
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photographs of the 25 and 33 wt % Cb alloys in
the as-quenched condition, an absence of the
omega reflections and an enhancement of the
Widmanstdtten reflections were observed.

On aging at 250°C for progressively longer times
up to one week, the following diffraction effects
were observed for the Zr—15 wt % Cb alloy:

1. The omega reflections became sharper and
increased in intensity, with no apparent shift in
their Bragg spacing.

2. The retained-beta reflections showed cor-
responding decrease in intensity but remained
quite sharp. Again, within the limits of error of
the measurement, the spacings of these reflections
remained constant, and were equal to those of the
as-quenched alloy, as aging progressed. The lat-
tice parameter of the retained-beta phase was
3.551 £0.003 A {value measuredofrom Debye-
Scherrer film was 3.546 £0.001 A).

3. The diffractions associated with the Widman-
stdtten precipitate gradually disappeared (com-
pletely after 24 hr).

A pattern of the alloy after aging for one week
at 250°C is shown in Fig. 29B. As the omega-
phase reflections sharpened and grew more in-
tense, it became obvious that the structure of this
phase could not be of the y-brass type suggested
by Parris, Schwartz, and Frost'4 but must have
the hexagonal structure proposed by Silcock,
Davies, and Hardy.'s This structure and its re-
lation to the beta structure are shown for a Ti—16%
V alloy in Fig. 30. The normal orientation rela-
tionships [0001] }! [H]]B, (1210) || (”0),@ were
observed, as well as the equal concentration of
the four possible omega orientations in a single
beta lattice. The lattice parameters- of the omega
phase, after one week of aging at 250°C, were as
follows:

ay = 5.029 £0.007 ,S

cp = 3.080 +0.007 A

e/ ap = 0.6124 .
Volume/atom = 22.5 £0.2 A®

BM. L. Picklesimer, P. L. Rittenhouse, and R. L.
Stephenson, Met. Ann. Prog. Rep. Oct. 10, 1957, ORNL-
2422, p 117,

MW. M. Parris, C. M. Schwartz, and P, D. Frost,
Precipitation Hardening and Embrittlement of High-
Strength Titanium Alloys, WADC-TR-54-355(Pt, fl)
(June 1955).

15, M. Silcock, M. H. Davies, and K, H. Hardy, p 93
in A Symposium on the Mechanism of Phase Trans-
formations in Solids, Monograph and Report Series No. 18,
Institute of Metals, London, 1956.
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Fig. 29. Rotation Photographs of a Zr-15 wt % Cb,Crystal. (A) As-quenched from 1200°C; (B) after aging one
week at 250°C; (C) after an additional aging of 24 hr at 400°C; (D) after an additional aging of 1 hr at 500°C.

o
R = 90/m mm, A = 1.5418 A (Cu Ka).

On a plot of volume per atom vs columbium con-
centration, the observed volume of the omega
phase is seen to agree with the nominal 15% alloy
content, within the experimental error.

To date, a single-crystal specimen of a Zr-25
wt % Cb alloy has been aged for one week at
250°C, and only at the end of this period did a

weak, diffuse omega pattern emerge. Reflections

30

associated with the Widmanstétten phase have
again virtually disappeared.

On aging the Zr=15 wt % Cb crystal (previously
aged for one week at 250°C) at 400°C for times
up to two weeks, the following changes in the dif-
fraction pattern were noted:

1. Reflections from the retained-beta phase com-
pletely disappeared.
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2. The omega reflections continued to be sharp
and intense. Their spacings were changed some-
what toward higher values. Best average lattice
parameters for the omega structure in a Zr—15 wt %
Cb alloy after ]/2 hr of aging at 400°C were as
follows:

o]
aq = 5.047 £0.004 A

(o]
cp=3.131£0.003 A
co/aq = 0.6204 )
Volume/atom = 23.02 % 0.07 AS

3. Diffuse, rather weak reflections appeared
which were characteristic of a body-centered cubic
phase with a parameter of 3.525 +0.006 A (21.9 A3
per atom) after '/2 hr of aging at 400°C. The lat-
tice parameter of this phase decreased slightly as
aging at 400°C proceeded.

A pattern of the alloy after it was aged for 24 hr
at 400°C is shown in Fig. 29C. The volume of the
omega phase of the alloy in this condition indi-
cates that it is considerably more zirconium-rich
than it was after one week of aging at 250°C. The
diffuse reflections of the columbium-rich beta
phase, in conjunction with the split omega reflec-
tions near each original retained-beta reciprocal
lattice point, would simulate “modulated’’ struc-
ture reflections on Debye-Scherrer photographs and
account for this mistaken designation in the pre-
vious report. 12

A set of quite similar observations was made
from diffraction photographs of a Zr—15 wt % Cb
crystal aged at 400°C but not previously aged at
250°C. An exception was the appearance of weak
reflections on the low-angle (high-spacing) side of
omega reflections which should not split regard-
less of changes in cell dimensions. These reflec-
tions emerged after a 96-hr aging period at 400°C
and were attributed to the formation of a hexagonal
alpha phase from the omega phase.

During the 500°C-aging of the Zr~15 wt % Cb
crystal previously aged at 250 and 400°C, a marked
retrogression, or reversion, of the omega structure
was observed. After 1 hr at 500°C, the diffraction
pattern of this sample was predominantly that of a
body-centered cubic phase (4, = 3.543 £0.005 A),
with some weak indications of the hexagonal alpha
(see Fig. 29D). After 5 hr of aging at 500°C, fol-
lowed by a heavy etch, the pattern was similar to
that of the as-quenched sample; that is, the reflec-
tions associated with the Widmanstdtten phase had

32

reappeared and diffuse omega reflections were
noted. Some alpha reflections were again present,

After 24 hr of aging at 500°C, in an unetched
condition, the transformation of beta to alpha had
apparently progressed. There was evidence of the
oriented formation of alpha according to the Burgers
mechanism,]é but some random nucleation could
not be ruled out. The beta-phase reflections were
quite diffuse and their spacings could not be meas-
ured with any accuracy.

Again a similar set of observations was made
from photographs of the second Zr—15 wt % Cb
crystal {previously aged at 400°C, but not at 250°C)
aged at 500°C.

The aging behavior of a Zr-25 wt % Cb alloy at
650°C has also been examined. After a )/2-hr aging
period, the reflections associated with the Widman-
stdtten phase were considerably diminished in in-
tensity and the lattice parameter of the retained-
beta phase had decreased somewhat, relative to
the quenched state. No indication of the dissocia-
tion of the alloy was seen, although the beta-phase
reflections were broadened, as compared with those
in the as-quenched condition.

After a 24-hr aging period at 650°C, the dissocia-
tion of the Zr—-25 wt % Cb alloy was virtually com-
plete. The lattice parameters of the two body-
centered cubicophases were a, (B Zr-rich) =
3.534 £0.002A (20 wt % Cb) and a,, (B, Nb-rich) =
3.333 £ 0.002 A (85 wt % Cb). Approximate com-
positions were estimated from a lattice parameter
vs composition curve for beta-quenched alloys.
They agree well with compositions predicted from
the equilibrium diagram.

The observed diffuseness of the reflections of
both beta phases was probably indicative of strain
rather than of small grain size. The 3, (Zr-rich)
phase was evidently not stable on quenching to
room-temperature, as shown by the appearance of
weak alpha reflections,

Discussion. — The structure of the omega phase
and the aging properties observed are entirely in
agreement with Silcock’s recent study '’ of the
analogous phase in several titanium alloys. The
possible formation of alpha from omega was ob-
served in one instance (for the Zr-15 wt % Cb
alloy aged for 96 hr at 400°C), but this should be

checked rigorously.

16y, G. Burgers, Physica 1, 561 (1934).
17, M. Silcock, Acta Mer. 6, 481 (1958).



The single-crystal data for the Zr-15 wt % Cb
alloy are also in reasonably good agreement with
the previously reported Debye-Scherrer data, if the
erroneous identification of a *'modulated’’ struc-
ture is eliminated. That this identification is so
clearly shown in error illustrates the advantages
of the single-crystal experiments.

The Widmanstdtten platelet phase remains some-
what of an enigma. In a series of experiments
with crystals of the 25 and 33 wt % Cb alloys, the
samples were heated at 250°C and examined in
the etched and unetched conditions. The etching
treatments had to be varied (duration, acid con-
tent, etc.), but in each case it was possible to ob-
tain the Widmanstdtten phase after suitable etch-
ing and to eliminate it by heat treatment. We
interpret this as indicating that the phase may
be a hydride, probably rich in columbium, since
its disappearance is usually accompanied by a
shrinkage of the matrix lattice. Ample evidence
exists that such hydrides may be formed, par-
ticularly in titanium alloys, through etching with
certain reagents. 41718 The diffraction pattern

8p, N. Williams, Hydrogen in Titanium and Titanium
Alloys, TML-100 (May 16, 1958).
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of the Widmanstdtten phase is deceptively simple
and was at first thought to be due to a tetragonal
structure with the same 4 axis as that of the beta
phase and with a cqy axis some 12% longer. Since,
however, electron micrographs of the platelets
showed considerable internal structure, sugges-
tive of twinning, this simple tetragonal structure
cannot be correct. A rhombohedral structure simi-
far to that of NbH , may give better agregment
with both x-ray and microscopic data.

Future Work. — Additional single-crystal speci-
mens of Zr—15 wt % Cb will be prepared in order
to extend the 400°C-aging studies to longer times
and those at 500°C to shorter times. Experiments
at 450°C may further define the upper limit of
thermal stability of the omega phase.

Low-temperature aging studies on Zr-25 wt %
Cb and Zr--33 wt % Cb will be continued in order
to follow the behavior of the metastable omega
phase to higher columbium concentrations. High-
temperature aging studies (just above the eutec-
toid temperature) will be made at more closely
spaced time intervals in order to examine the
initial stages of the dissociation, 8~ 3, + f3,.

Careful vacuum annealing experiments should be
performed to obtain further information concerning
the Widmanstétten phase.
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MICROSTRESSES IN CRYSTALS

B. S. Borie

A Diffraction Measurement of the Structure of
Cu,0 Films Grown on Copper

B. S. Borie J. V. Cathcart

With the hope of contributing to the understanding
of the growth mechanism and the structure of oxide
films formed on metal surfaces, a series of dif-
fraction experiments has been undertaken to deter-
mine whether it is possible, during the very early
stages of the life of such films, to detect their
presence by means of x rays and, if so, to attempt
to interpret the shape of the diffraction maxima
associated with the oxide film in terms of the par-
ticle size of the oxide and the deviations from
crystalline perfection it may experience as it grows.
The experiments have been performed with cuprous
oxide grown on flat surfaces of copper single crys-
tals. To date, attention has been confined to the
{100) and (110) faces of the metal crystal.

Experimental Arrangement. — Figure 31 illustrates
schematically the arrangement of the diffractometer.
X rays from essentially a point source (the focal
spotf of the x-ray tube is, in projection, 1 mm
square) impinge on a doubly bent LiF monochro-
mator. The radii of bending are chosen so that

LITHIUM FLUORIDE
MONOCHROMATOR

X-RAY TUBE
FOCAL SPOT

C. J. Sparks

Cu Ka radiation is diffracted over the angular range
o and so that, vertically, the diffracted beam con-
verges at the specimen, which is a flat copper
single crystal appropriately oxidized. The scat-
tered radiation must pass through the slit S, approxi-
mately 1 cm long and 0.5 mm wide, before striking
the face of a scintillation counter. The specimen
and detector are mounted on a conventional G-E
diffractometer so that parafocusing geometry is
maintained as the counter scans through 26.

With this arrangement the diffraction maxima of
the Cu,0 film were found to be clearly detectable
for films as thin as 188 A, On the basis of the work
dong to date, it is estimated that films as thin as
75 A should still be measurable by this technique.
The success of the method depends on the use of
strictly monochromatic radiation, which ensures a
very low background. The Bragg peaks of the sur-
face film are so weak as compared with the back-
ground obtained with the usual nickel-filtered copper
radiation that they would not be visible, It is prob-
ably necessary also that the film be substantially
a single crystal, so that its whole irradiated volume
may contribute to the diffracted beam to be meas-
vred.,

UNCLASSIFIED
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CRYSTAL SCINTILLATION
COUNTER

Py 29

OXIDIZED COPPER
SINGLE CRYSTAL

Fig. 31. Arrangement of Diffractometer for the Measurement of Thin, Surface Oxide Films.
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Diffraction Theory. ~ Warren and Averbach ! have
shown that if the shape of a Bragg maximum 00/,
broadened because of strain and small particle
size, is represented by the Fourier series

2m'nb3

I(hj) = ; C,e ,

then the coefficients C_ may be related directly to
the particle size and strain distribution present in
the sample. The continuous variable 4, is related
to the Bragg angle € by

lsin 6
3 A !

hy= 2|a

where 2, is a vector along a unit cell edge (the cell
is assumed to be orthogonal). At the center of the
diffraction peak, b4 takes on the value I, Warren
showed that

m=Mw=n
--Am'IAOnm

2milA M -
(4) M+ C, =e on = m)

m=0

N ,
n [
(‘) C ='—<327n Zn> ’
" N

where N is the total number of unit cells in the
crystal and N is the number of unit cell pairs
which may be formed in such a manner that the
vector between the cells is nZ,. |f the crystal is
strained, then the vector between cells is given by
nd 4 + Z d,. The average indicated in Eq. 1 is
taken over all such pairs which may be formed in
the crystal. The area under the Bragg peaks is
normalized so that C, is unity.

To specialize the Warren result to the case of an
oxide single-crystal film adherent to a metal sur-
face, we assume that the film is of uniform thick-
ness and that the strain in the film is uniform in a
plane parallel to the metal surface and varies only
in a direction normal to the surface. In such a
case, the average of Eq. 1 need be taken only over
a single column of unit cells parallel to the dif-
fraction vector, the direction of which is the film
normal. Let the film be M + 1 unit cells thick, and
{et them be labeled from zero to M. Then Eq. 1

1B, E. Warren and B. L. Averbach, J. Appl. Phys. 21,
595 (1950).
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may be written

m=Maen
wmil(Z_, ~Z )
@ wenc, = Lo ST eIl

m=0

We consider the variation of Z, as a function of 2.
We may take Z; to be zero, and if @, is chosen to
correspond to the center of gravity of the diffraction
peak, we have that Z, = 0. With these boundary
conditions, we may write Z_ as a power series in

n:

B Z,=ApM-n)(1+An+An?+..) .

We discuss the simplest case, that for which all
the A’s are zerc except A, Then

Zn+m - Zm EAOn(M —-n) - 2A0mn R

and Eq. 2 may be written

sin 2nlA n(M = n + 1)

==

sin 2771Aon

In general, 2nlA n is a very small angle, and so the
denominator in Eq. 4 may be replaced by the angle.
Let B = Ao/[a312, the distance L =nla,|, and the
oxide film thickness T = (M + 1) |a,|. We may then
write the Fourier coefficient of Eq. 4 in terms of

T and the variable L:

sin 2a7/BL(T ~ L)

5 TC
©) L 2#7IBL

Since the Fourier coefficients given by Eq. 4 or
Eq. 5 are real numbers, it follows that the dif-
fraction-line contour which they represent must be
symmetrical. This restriction is a consequence of
the assumption that all A of Eq. 3 except A, are
zero. Any other less simple assumption would
make the summation of Eq. 2 extremely difficult to
perform, though, as we have seen, some such more
general representation of Z_ is necessary to ac-
count for any asymmetry in the shape of the Bragg
maxima.

Comparison of Theory with Experiment. ~ For
the present, we confine our attention to those oxide
films having Bragg maxima which are symmetrical
and hence may possibly be describ>d by the simple
theory discussed above. Of the two orientations on
which we made measurements, this was the case
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only for oxide grown on a (110) face of the copper
single crystal,

Two films of different thicknesses on the (110)
face have been examined. In the first experiment
the crystal was oxidized in purified oxygen for 30
min at 250°C, and in the second, for 3 hr at 250°C,
The resulting oxide fiim thicknesses, as measured
with a polarizing spectrometer, were 188 and
538 A, respectively. The details of the oxidation
procedure have been described previously.?

As determined by Lawless and Gwathmey, the
epitaxial relation between the oxide and copper for
this orientation is such that their cube axes are
parallel. Hence, only reflections of the type 5b0
may be observed without tilting the specimen so that
its normal no longer lies in the plane of the dif-
fractometer. Though other reflections may be ob-~
served by such a tilt, the geometry of our instrument
becomes so distorted by tilting that little meaning
may be assigned to the observed line shapes.

Measurements of the weak 110 and rather intense
220 Bragg maxima were made on the two oxide
specimens. The contours of these symmetrical
diffraction peaks were corrected for instrumental
contributions by the method of Stokes,* and the re-
sultant shapes were resolved into Fourier coef-
ficients. A new orthorhombic unit cell for the oxide
was chosen so that the two useful reflections could
be indexed 001 and 002 (in order to obtain reflections
of the type 00/, as assumed by the theory).

In attempting to fit the theory, it is useful to con-
sider the function LC

L which, from Eq. 5, is given
by

sin 27BL(T - L)
2#IBT

©6) LC, =

As L increases, this function increases from zero
and passes through a maximum. The maximum may
be of two kinds, depending on the magnitudes of the
parameters /B and T. [f these parameters are such
that IBL(T ~ L) =1 for some L, then this point
corresponds to the maximum, and Lc, {max) =
1/2alBT. The function then decreases slowly, and
it is not symmetrical about its maximum. On the

25 V. Cathcart, Met, Ann, Prog. Rep. Oct. 10, 1957,
ORNL-2422, p 93.

3K. R. Lowless and A, T. Gwathmey, Acta Met. 4,
153 (1956).

AR, Stokes, Proc. Phys. Soc. (London) 61, 382
(1948).
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other hand, if IB and T are such that IBL(T - L) <
1 for all L, then the maximum value of LC; occurs
at L = T/2, and the function is symmetrical about
its maximum.

Figure 32 is a plot of the experimentally meas-
ured valves of LC; as a function of L for 00/ = 001
and 002 as determined from the 188-A oxide layer.
It is clear from the shapes of these curves that 002
has a maximum of the first kind, from which may be
determined BT, while 001 is symmetrical about its
maximum, thus determining the thickness T of the
film. The experimental measurements are com-
pared in Fig. 32 with values of LC, computed from
Eq. 6 by using values of B and T as determined
from the maxima. Figure 33 is a similar comparison
of theory and experiment for the 538-A layer.
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Fig. 32. Comparison of fheoExperimentol Values of
Lc, with Theory for the 188-A Oxide Film.
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LCL with Theory for the 538«A Oxide Film.



Discussion. ~ To interpret the meaning of the
parameters B and T, let the interplanar spacing at
the nth unit cell be given by d_ =d(1 + ¢ o) where
d is the average interplanar spacmg as determmed
from the Bragg angle corresponding to the peak
center. Then from the definition of Z,

Gn = Zn - Zn—] -=A°n(M -

n) ~

24 . n ,

~ Agln = 1) (M = n+1) = .

AyM +1) -

or with B =4 /|a,|?, L =nla,|, T = (M + 1)|a,], and
d= 'a3l/lr
7) €, =BITd - 2BILd .

For the 188-A oxide layer, dl = 3.065 A 2aBT =
{43.8 A)"‘, and T = 147 A from which one may
compute that d_ = 3.031 A atn =0 and d, =3.099 A
atn=M+ 1. The interplanar spacing varles
linearly between these values across the film thick-
ness of 147 A. Corresponding values for the 538- A
film are T = 260 A dgy=3.033 A anddj ;=

3.081 A. This vana'non of the interplanar spacing
as a function of position in the two films is illus-
trated in Fig. 34, All d's referred to here are those
of the planes 110 (cubic indexing).
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Fig. 34. Variation of the Interplanar Spacing as a

Function of Position in the Oxide Films.

From this figure, it is clear that, as compared
with the lattice parameters of the bulk oxide, there
is in both films a significant lattice expansion
normal to the surface of the oxide. In the thicker
film, the average interplanar spacing is closer to
that of the bulk oxide, and the gradient of this
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lattice expansion is less extreme than that for the
thinner film.

Unfortunately, the direction of the lattice-
expansion gradient in the oxide film cannot be
fixed on the basis of the x-ray data presented here;
therefore, no unambiguous conclusions can be
drawn concerning the relationship between this
lattice expansion and the epitaxial strain or the
type of lattice defect existing in the film, If the
defects were cation vacancies, a higher concen-
fration of vacancies would be expected at the gas-
oxide interface, suggesting that the larger inter~
planar spacings occur at this interface. It is not
impossible, however, that some other type of de-
fect (e.g., interstitial cations) may predominate in
these relatively thin films even though it has been
shown that the defects in much thicker Cu 0 films
are, in the main, cation vacancies.” |t may be
possible to resolve this question through the care-
ful measurement of the integrated intensities in
absolute units of the two reflections studied, since
their structure factors should be very sensitive to
concentrations of vacancies or interstitial ions.
Measurements of this sort are planned.

There is a significant discrepancy between the
film thickness as measured by x rays and that de-
termined by the polarizing spectrometer. indeed,
for the thicker film, the polarizing spectrometer
value is about twice that obtained from the dif-
fraction experiment. Presumably, the reason for
this is that the spectrometer measures the total
film thickness, while the diffraction line contour
is sensitive only to that portion of the film which
is a single crystal throughout its thickness., At
present, it is not clear what the part of the film
which is not a single crystal may be. [t may be a
polycrystalline layer of Cu,0, though this possi-
bility does not appear to be consistent with electron
diffraction photographs of similar films stripped
from the metal single crystal. An extra, very
broad, very weak line was observed from the thicker
film which presumably is to be associated with the
discrepancy discussed here. It is hoped that
further work will clarify this point.

Though the data of Figs. 32 and 33 appear to fit
the theory reasonably well, the measurements at
larger values of L deviate somewhat from the pre-
dictions of the theory. Since these points are

3. Bardeen, W. H. Brattain, and W, Shockley, J. Chenm.
Phys. 14, 714 (1946).
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associated with small, high-order Fourier coef-
ficients, they undoubtedly suffer most from experi-
mental error. They are also the points most af-
fected by deviations from the assumption that the
film is of uniform thickness.

The Fourier coefficients are also sensitive to
the choice of background, which in this case is
primarily made up of temperature diffuse scat-
tering from the metal substrate. For the measure-
ments here discussed, background was rather
arbitrarily chosen to be a straight line connecting
the tails of the Bragg peak. This is probably
fairly inaccurate and unnecessary. Future experi-
ments will be corrected for background simply by
subtracting the scattering observed from an un-
oxidized copper crystal.

Short-Range Structure of the Alloy Cu=~16 ot. % Al
B. S. Borie C. J. Sparks

Radiation damage experiments by Wechsler and
Kernohan® have shown that the electrical resistivity
of the face-centered cubic alloy Cu—16 at. % Al de-
creases as a function of time in the reactor, passes
through o minimum, and then increases continuously.
Since pure metals do not exhibit such a decrease,
it has been suggested that the resistivity change
may be associated with a radiation-induced change
in the shorterange order present in the alloy. To
determine whether or not this is the case, diffuse
x~ray scattering measurements before and after
exposure of the alloy to reactor irradiation have been
made. This report is concerned only with the inter-
pretation of such measurements before irradiation.

(9) ['(/9]/92)-_— EAIm cos 217(/9]1+/92m)- z

Im

Diffraction Theory. — The theory developed by
Warren, Averbach, and Roberts” has been used.
They have shown that for a solid solution contain-
ing short-range order in which the atoms do not lie
exactly on their lattice sites because of a difference
in their size, or perhaps because of some other
difference in the atomic properties of the two kinds
of atoms, the diffuse x-ray scattering may be
written

I

(8)

NmAmB(fA - /‘B)Z

= 2 a

Imn
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Here, I/N is the diffuse x-ray intensity in electron
units per atom, m , is the fraction of the total
number of atoms in the crystal which have atomic
scattering factor f,, and mg and f are similar
quantities for B atoms. The integers [, m, and n
define a particular coordination shell. The quantity
oy s the short-range-order parameter associated
with the /mn shell. The continuous variables /J.',
hoy by define a particular position in reciprocal
space. At the Bragg maxima, they take on values
equal to half the Miller indices bk

The parameter 3,  is associated with the fact
that the equilibrium positions of the atoms do not
correspond precisely to lattice sites. If the atomic
positions do correspond to sites in the [attice, then
all B, are zero. The derivation of Eq. 8 is de-
pendent on the assumption that the displacement
3 of an atom from its ideal site is sufficiently

small that
>
s=so\ 5
—.s
A

/

2m

exp

may be well approximated by

- >

s =5\,
1+ 2mi\ ———/ 6 .
A

The unit vectors ;0 and ; define the directions of
the incident and scattered beams.

If data are gathered only in the plane b, =0 in
reciprocal space, as was done here, then Eq. 8
may be written

Blm2”(bll + hzm)sin 2a(b I + bzm) s

where
15 ,b.,0)
1(b b ) ,
NmAmB(/A - fB)z
Alm = 21 almn ’

7

6M. S. Wechsler and R. H. Kernohan, Solid State Ann.
Prog. Rep. Aug. 31, 1958, ORNL-2614 (in press).

78, E. Warren, B. L. Averbach, and B. W, Roberts,
J. Appl. Phys. 22, 1493 {1951},
|

Imn €OS 277(19]1 +hom+ ban) - 1571 Blon 277(}111 +hoym o+ /oan)sin 2a(p 1 + hym + /9371)



and
Blm= Eﬁlm ¢

Separation of the Size-Effect Modulations from
the Short-Range-Order Diffuse Scattering. — Figure
35 shows a contour map of the diffuse intensity dis-
tribution in absolute units in the 5 ,b,0 plane of
reciprocal space after division by the atomic form
factor for copper and after correction for Compton
scattering. |t is apparent that this intensity dis-
tribution may not be explained simply by the short-
range-order cosine series of Eq. 9. For example,
the points b b, = I/2, ]/2 and h.b, = 3/2, '/2
should be symmetry centers if this were the case,
and they quite clearly are not. The diffuse scat-
tering map shows significant diffraction effects
associated with the fact that the atoms do not lie
precisely on the sites of a lattice.

Before a Fourier transform may be performed on
the diffuse scattering to obtain short-range-order
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parameters, a correction for the size-effect modu-
lations is necessary. This was done in the follow-
ing way: The function Q(blbz) = I'(b]bz) -

1y, by + 1) was formed. From Eq. 9 it is clear
that

O(h b)) = IE B,,, 2mm sin 2alb |l + b ym) .
m
From this expression may be obtained
(10) P(b |b2) = sz(b ]b2) +h ,Q(bzb])
= IE Blm2”(bll + b2m)sin 27(b N +b2m)
From Eqs. 9 and 10 there results

() I(byp) + Plbyby) = Z A, cos 2nlhyl + bym)

The size-effect series is thus eliminated from the
data without the determination of the parameters
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Fig. 35. Diffuse Intensity Distribution in the b, h20 Plane of Reciprocal Space for Cu~16% Al. Units are I/N/éu.
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B, and without any assumptions concerning their
relative magnitudes. Since the assumptions re-
quired for the derivation of Eq. 9 are best near the
origin of reciprocal space and since the effect of
thermal motion on the short-range-order diffuse
scattering is smallest in this region; the above-
described separation was performed in the area de-
tined by 5, b, <1. The resultant mop is shown in
Fig. 36, Its distribution has all of the required
symmetry properties of the cosine series of Eq. 11,

0.0

0.10 0.

/

Interpretation of the Diffuse Scattering. — The
map of Fig. 36 shows diffuse maxima at the points
blb2 = 0.5, 0.15; b]bz =(0.5, 0.35; b]b2 = 0.65, .5
and b b, =0.85, 0.5. A similar intensity distri-
bution for CusAu, quenched from high temperature
and then heat-treated for a short time below the
critical temperature, has been reported by Guinier
and Griffoul.® They interpret such an array of

8A. Guinier and R. Griffoul, Rev. met. 45, 387 (1948).
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Fig. 36. Diffuse Intensity Distribution After Size-Effect Correction.
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satellites about the normal superstructure positions
with the aid of a theory developed by Wilson.? It
is assumed that the crystal is composed of highly
ordered antiphase domains, the domains being
bounded by faults on the {100) planes in such a way
that gold atoms have only copper nearest neighbors.
The average domain size is determined by the dis-
tance from a normal superstructure position to a
diffuse maximum. |f the domains are infinitely
large, the maxima occur at the superstructure po-
sitions. If, on the other hand, the domains are as
small as possible (one unit cell), the maxima occur
halfway between the normal superstructure positions.
If a similar interpretation of the diffuse intensity
discussed here is attempted, it is concluded that
the probability of faulting on (100) planes in a way
similar to that found by Guinier and Griffoul is
greater than the probability that no such fault
occurs. This must be so since the diffuse maxima
are farther from the normal superstructure positions
than they are from a point halfway between the
superstructure positions. This leads to a model
for the short-range structure in this alloy in which
aluminum atoms form distorted tetrahedra with their
second and third nearest neighbors as illustrated in
Fig. 37. All the nearest neighbors of an aluminum
atom are presumed to be copper. One may imagine
small islands of clusters of such tetrahedra em-
bedded in a copper matrix, more or less randomly

A . C. Wilson, X-Ray Optics. The Diffraction of
X-Rays by Finite and Imperfect Crystals, p 97, Methuen,
London, 1949.
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Fig. 37. Two Face-Centered Cubic Unit Cells Showing
the Proposed Distorted Tetrahedral Aluminum Array. The
face centers are marked by intersections of the dashed
lines. Other atomic sites in the vicinity of the four

aluminum atoms are presumed to be occupied by copper.
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oriented relative to each other, their density in the
alloy being determined by its composition.

Fourier coefficients A, of the diffuse scattering
distribution of Fig. 36 have been determined with
the aid of the Oracle. First efforts to match them
with coefficients computed from the model dis-
cussed above appear promising. An attempt has
been made to reproduce the experimentally deter-
mined size-effect modulations as given by Eq. 10
by assuming that the aluminum atoms are distorted
from their ideal face-centered cubic sites in such a
way that the tetrahedra become more regular; these
resuits also indicate the correctness of this model
for the short-range structure of the alioy.

it is hoped that a similar freatment of the diffuse
scattering measured from an irradiated specimen
will show how reactor radiation rearranges the atoms
in this alloy.

Refinement of the Diffraction Theory for the
Atomic Size Effect in Alloys

B. S. Borie

In a recent puperm (referred to here as Part 1),
the writer developed a theory for the diffraction
effects to be observed because of atomic size from
a binary substitutional solid solution. The theory
is an extension of the ideas of Huang'' and Warren,
Averbach, and Roberts.” It was shown that, in
general, both the Huang diffuse scattering and the
Warren modulations of the diffuse scattering are to
be observed, and that the Bragg maxima, though
still sharp, are reduced in intensity by a factor
similar to the Debye factor for thermal motion.

All three effects were expressed in terms of a
single parameter, C ,, which is a measure of the
degree to which the sizes of the two kinds of atoms
differ from the average atomic size as determined
by the lattice constants of the alloy.

[t was necessary to evaluate the lattice sum
associated with the Huang diffuse scattering by
means of an integral approximation. The resultant
expression for the total diffuse scattering was
rather complicated and certainly very approximate.
It is the object of this paper to show that, for a
solid solution with no order, the diffuse scattering
may be expressed in a much simpler and more

108, 5. Borie, Acta Cryst. 10, 89 (1957).
1K, Huang, Proc. Roy. Soc. (London) A190, 102 (1947).
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accurate form, in terms of a single lattice sum which may be readily evaluated numerically.

Diffraction Theory. — It is convenient to begin this modification of the size-effect theory with Eq. 14

of Part |, which may be written:

I -3 -
(2) <= tmgfy +mgfp) (1 =2 L oxplir, )+ tmyff +mpf) +

n#m
b
m '—) >
+2m,C ,(m,f, +mB/B)(/A —/B) ———‘_, 13exp<zk-r”m)+
r
mn

nEm

-
wlmyf, +mgf)? L H_ explitr )

n#m '

>
The notation is that of Part |: I/N is the scattered x-ray intensity in electron units per atom; % is defined

by

262

where s and ;0 are unit vectors in the directions of the scattered and incident beams; and ?mn is the
vector between atomic sites m and 7 in the undistorted lattice. The crystal is composed of A and B
atoms, a fraction m, of which are A atoms of atomic scattering factor f,. Associated with the size
difference of the two kinds of atoms are distortion constants C 4 and Cp, which are related by the ex-

pression m ,C 4 + myCp = 0. Both 2M"and H_ are lattice sums:

> -> 2
m, <k-rm.>
(13) 2M'=——Ci —_';——]—- ’
mg l’ "6
jFm ™
> - >
N k-rm]. k-rn].
“4) Hmn = C2 - - ¢
g r .l3 |r .13
jEm,n ™1 ny

To the first term of Eq. 12 we add

(mufy +mplg)?(1 = 2M)
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to complete the sum for n = m, and we subtract it from the remaining terms

1 >
(]5)W= (maf 4 +mB/B)2(] -2M") Zexp(ik-rmn> +mymp(f, ~ fB)2 +

ik-rmn 5o
+2mACA(mA/A+meB) (fA -/B) " I3exp<zk-rmn>+

r
n#m
>
+ (mA/A + meB)2 !:2M'+ ngm H_ . exp (ikormn>

The first part of Eq. 15 corresponds to the sharp crystalline reflections reduced in intensity by a factor

(1-2M’). The remaining terms give the diffuse scattering, which, with the aid of Egs. 13 and 14, may
be written

I cAZiZ.7
2 mn :’-)
(16) ’:(/A -/B) +2(/A —/B) (mAfA +mB/B)— S exp(zk-rmn>+

S

[we LN

C2
+ (mAfA +meB)2—— E exp (z’/e-rmn)
m ‘rm] {r ls }r ;

Equation 16 is a perfect square if the square of the summation in the second term gives the two lattice
sums of the last term. With the notation

> >
tker n o
G(k,n) ; exp <z'k-rmn> ,
ol

we may write

z.Z';)mn - (‘iz':mj> Sy
(17) l ngmG(k:”) [ 2 =E ‘: )3 exp <ik-rmn> S ‘\3 exp (-z‘k-r m].)
#m

n f?é”l i
(& ) [
T 7 r - /> ->
) 2:*,"; +§: E:—’mn ~expliko{r,, -7 )]
1 il 17 pnl® 17l
jtm T ném | mm
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The first summation of Eq. 17 is identical wnh the
ﬁrsf sum of the last term of Eq. 16. Since rmn -
T = r] , and since for a large crystal the sum
over any two of the three indices m, 7, j is
equivalent to the sum over any other two, the

second sum of Eq. 17 may be written

> >
Z 2 -
m
e

The double sum is taken over any two of the three
indices m, n, j with the restriction that no two of
them may equal each other. This is cleatly
equivalent to the second sum of the last term of

> >

)

-
exp\tker,
’

3 )R

Eq. 16. Since G*(/a n) =G(E,-n), = G(En)is
real, and Eq. 16 may be written "7
(18) 'p
W= (fo=Tg)+myfy+

Comparison of the Theory with Experiment. —
We specialize the result of Eq. 18 for a close-
packed cubic crystal, and we compare the diffuse
scattering distribution thus obtained with that

experimentally measured for CusAu

>

be written 7.
o MAy De writtenr

The vec'ror

+1 2 where

373/
- > .

3;, ay, and aj are half the usual cubic cell vectors.

For a close-packed cubic cell, / Ly and [y are

—>/
= Z]al + 12a2

'II

- -
integers whose sum is even. With b7, b7, b7 re-

. —‘)/ _), 9/ g v
ciprocal to ay, a5, dg, the vector k& may be written

-

habs) .

- > >
k=2m(b by +hyb)+
The continuous variables b, b,, and b are equal
to half the Miller indices at a reciprocal lattice
point. Since the summation of Eq. 18 over the
imaginary part of G(E,n) vanishes, this equation
may be written

I

D
(19) ———
mA" B
8C ,
= (fA—/B)_(mAfA+meB)_
m ,a
50 111213
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where @, is the cubic unit cell size.

The size-effect lattice sum of Eq. 19 is readily
evaluated numerically, Its distribution in the
h b ,0 plane of reciprocal space is shown in Fig.
38. There are singularities at-each reciprocal
lattice point, and in the vicinity of each point the
function is negative on the side of the point
nearest the origin, and positive on the far side.
general, the function is large near lattice points
and increases in magnitude with distance from the
origin, o

With C , = ~0.072 A3 for disordered CujAu (copper
atoms are called A), as determined in Part | from
the decreased integrated intensities of the Bragg
maxima, and with a, = 3.74 A thd diffuse scattering
in the vicinity of hhy b = ]00 (bkl = 200) in the
h b ,0 plane was compu'red by means of Eq. 19 and
the size-effect function of Fig. 38. It is compared

In

ZG/@n .

B[B
g

with the experimentally measured distribution in
Fig. 39. The experimental data are those shown in
Fig. 4 of Part [.

Discussion. — By a rearrangement of the ex-
pression for the diffuse intensity associated with
the atomic size effect, it has been shown that
Huang’s integral approximation is unnecessary and
that the diffuse scattering may be expressed in a
very simple form. In spite of the fact that the
Cu,Au specimen used contained a significant de-
gree of short-range order, agreement between ob-
served and calculated intensity distributions in the
Itis
interesting that the Laue monotonic diffuse scatter-

vicinity of the Bragg maxima is quite good.

ing, the second term of Eq. 15, here completes a
square, while in the case of short-range order with
no size effect it is the leading term of a Fourier
series.

Equation 19 has been arranged so that the size-
effect function shown in Fig. 38 is quite general
and may be used to compute the diffuse scattering
for any close-packed cubic solid solution.

2a(l b + Ihy+ 13b3)

’

(12 21232 sin 277([1}1.I + 12})2 + 13113)
+12 4
1 2 3
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HIGH-TEMPERATURE REACTIONS

G. P. Smith, Jr.

C. R. Boston
J. V. Cathcart

G. W. Clark
J. J. McBride

G. F. Petersen

Near-Ultraviolet Absorption Spectrum of the
Nitrate lon in Fused Salt Media

G. P. Smith C. R. Boston

Measurements have been made of the near-ultra-
violet absorption spectrum of the nitrate ion in the
presence of a variety of cations and anions in
fused salts. These measurements are a part of a
study of the effect which neighbor ions and temper-
ature level have on electronic transitions in ionic
systems. The absorption spectra of ions of the
transition metals are of special importance here
because of the applicability of crystal-field theory.
However, for initial study, the nitrate ion has
certain advantages, among which is the fact that it
is known precisely what entity is absorbing the
light. !Infrared and Raman spectra of fused nitrates
have shown that the nitrate ion in fused salts is
essentially the same entity which is familiar in
aqueous solutions and crystalline salts.

The intrinsic importance of fused salts as
special cases of ionic systems lies in the enor-
mously enhanced mutual solubilities of salt mix-
tures as compared with crystalline salts. This,
of course, greatly facilitates the study of com-
positional variables.

The electronic spectrum of the nitrate ion down
to the vacuum ultraviolet consists of two bands, a
very low-intensity band at about 300 my (referred
to here as the first band) and a high-intensity band
at about 200 mu (referred to here as the second
band). Our measurements cut off at 250 to 260 myu
and hence show the first band together with a part
of the absorption edge of the second band. This
first band has been assigned to the forbidden
n » 77 transition.

The current state of progress for this investi-
gation can be briefly summarized as follows. Ex-
perimental measurements on high-temperature
systems are almost comple're. Semiquantitative
examination of the results shows that changes in
both cation and anion composition of the melts
have a strong effect on both the intensity and the
mean energy of the first band. These changes can
be correlated with the ionic potentials of these
ions and with existing information on the effect of

neighbor ions on the stability of the nitrate ion.
The influence of changes in temperature on the
nitrate-ion spectrum is quite small by comparison
with the influence of changes in neighbor ions
over the temperature ranges currently investigated.
A quantitative Gaussian analysis of the spectral
profiles has been undertaken with a substantial
degree of success. The techniques developed are
the first which will quantitatively analyze a
system of overlapping bands. They have been
tested on a few representative spectra. Their
application to the remainder of the spectra repre-
sents the major uncompleted task of the current
investigation.

Experimental Procedures and Preliminary Treat-
ment of Data. - Measurements were made ac-
cording to techniques previously described. !
Figure 40 shows representative results traced from

1C. R. Boston and G. P, Smith, J. Phys. Chem.
62, 409 (1958).
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Fig. 40. Absorption Spectra of Pure Fused KNO3 at
Two Temperatures for Each of Two Path Lengths.
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chart recordings. Four spectra for fused KNO; are
shown. The two upper spectra were measured with
a path length of 0.0212 cm; they give the more ac-
curate information on the profile of the first band.
The two lower spectra were measured with a path
length of 0.00604 cm; they include data to shorter
wavelengths and hence include more of the ab-
sorption edge of the second band. Numerical re-
sults, to be discussed later, were obtained by
splicing onto the long-path-length spectra the ab-
sorption edges from the short-path-length spectra.

The length of a splice was 10 mpu.
The path lengths employed here are exceptionally

short for a cell-insert system. Consequently, a con-
siderable effort was devoted to the precise determi-
nation of these path lengths by several methods.

In order to obtain the absolute absorbance, it was
necessary to correct the —log T curves for light
loss due to reflections at interfaces and to absorp-
tion by the ceil and insert. The following ex-
pression was derived for the absorbance A, of the
two layers of fluid contained in a cell with insert:

1
1-R

a

A;=-log T~(A)_ ~2log

H

+|ogM ,

-4 log
] /

where T is the transmittance of the entire system,
(AI.)S is the combined absorbance of the two silica
cell walls and the silica insert, R, and R are the
reflectances of the air-silica and fluid-silica inter-
faces, respectively, and M is a correction for
multiple reflections. Each of these terms is, of
course, a function of wavelength. The reflectance

terms were computed from Beer’'s formula
7

(2 ~ )% + 0.0336(\a.)?
R =

1

(n+n")% + 0.0336(Aa,)?

where n and »” are the refractive indices of the
phases forming the interface in question, a_ is the
absorbance index of the absorbing phase, and A is
the wavelength in centimeters, The multiple re-
flection term M is quite involved. However, it may
easily be shown that the only terms of significance
for the specific systems considered here are given

by

~2n(A)*
M=1+ Y R2"10 A
n
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where (Ai)* is the absorbance of the system con-
sisting of cell plus insert plus fluid. All the
above-mentioned quantities were either computed or
measured as was appropriate; it was found that all
the terms involving the properties of the fluid were
negligible for the specific systems considered here,
and so the reference function B, defined as the
difference between ~log T and A, could be ob-
tained from the expression

~log M

B =(Az.)s+2 log 7

It may be shown that, for the spectra discussed
here, the reference function B(),t) at the wave-
length A and temperature ¢ may be taken as:

for 250 <A <280 my

l
B(A,t) = -5 log Tp()t,t) -

l
- <l - l;) log Tp(280 my,t) ,

and for 280 <A < 360 mu

[
B(A,z) = -;;—Iog Tp()\,z) ,

where T, (A,t) is the fransmittance at wavelength A
and temperature ¢ of a silica plate of thickness 7,
and / is a thickness equal to the sum of the thick-
nesses of the two silica cell walls and the silica
insert used in the measurements on the fused salts.

It was thus possible to determine the reference
function entirely from measurements on a silica
plate. Such a reference function is shown at the
bottom of Fig. 40. This reference function, when
subtracted from the —log T curves, gives the ab-
sorbance function A Then, with the aid of the
measured path length and the density and compo-
sition of the fused salt, the molar absorbance index
function a, was computed. For numerical compu-
tation on spectral profiles, valves of a,, were read
at 2-my intervals.

Special attention was given to the possibility of
spectral interference from the nitrite ion, since this
substance, a product of the thermal decomposition
of the nitrate ion, absorbs significantly in the near
The nitrite ion in fused nitrate solution
was found to have an absorption minimum in the
neighborhood of the lowest-energy nitrate band and

ultraviolet.



an absorption maximum at ~ 360 my, where the
fused nitrates are generally transparent. Thus,
inasmuch as all spectral measurements included
the 360-my region, it was possible to detect the
presence of the nitrite ions before they became
concentrated enough to affect appreciably the
nitrate spectrum. For measurements reported here,
there was no spectral evidence of nitrite contami-
nation. This conclusion was supported by colori-
metric determinations of nitrite content by the
formation of an aminoazo complex.

Spectra. — Representative spectra for the pure
fused alkali-metal nitrates are shown in Figs. 41
and 42. These are also fairly representative of the
mixtures, except for a few instances where the first
band was overlapped by the absorption edge of the
second band. This latter situation is illustrated by
Fig. 43, which shows spectra for different compo-
sitions of KNO,-AgNO, mixtures.

Figure 41 glves spectra for LiNO, and NaNO,,,

It will be seen fhaf
semiquantitatively the replacement of Li *ions by
Na* ions lowers the first band maximum by a factor
of about ]/2 and shifts it toward lower energies by
about 0.2 ev. The latter is about twice the energy
of a ground-state vibrational quantum for the nitrate
ion and about four times the thermal energy. In
Fig. 42 it will be seen that the first band maximum
continues to drop with increasing atomic number of
the cation through Rb* and then this trend is re-
versed. The energy of the band maximum progres-
sively shifts toward lower energies (red shift)
throughout the series. Changes among the last
three members of the series are small.

The effect of a change in temperature on the band
maximum, by contrast with the effect of a change

each at two temperatures.

in cation, was quite small. This may be seen for
LiNO; and NaNO, in Fig. 41 and for KNO, in Fig.
40. k was also true for the other members of the
series and for the mixtures. On the other hand, a
decrease in temperature had a substantial influence
on the absorption edge of the second band. Inas-
much as this band overlaps the first band, very
little of a quantitative nature can be said about the
effect of temperature on the first band until overlap
is removed. This subject is considered further in
the discussion of profile analysis.

The effect of mixed monovalent cations on the
nitrate band was determined from spectra of the fol-

LiNO,-NaNO,, LiNO,-KNO,,

lowing mixtures:

PERIOD ENDING OCTOBER 10, 1958

LiNO;-CsNO,, and KNO,-RbNO,. A nonlinear re-
lationship between (czM)max and composition was
observed. An example is shown in Fig. 44, in
which (@ ) is plotted against composition for
the LINd CSNO system. |t can be seen that the
observed ( M) va|ues are lower than would be
expected if the system behaved ‘‘ideally.”” The
largest deviations (~ 10%) occurred in the LiNOa-
CsNO, system, where the cations differ greatly in
size; the smallest deviations were found in the
KNO,-RbNO, system, in which the cations are of

similar size. This nonlinearity in (a may be

M)mux
due to a nonlinear relationship between the extent
of anion-anion contact and composition.

From the above measurements on alkali-metal
nitrates, it can be seen that the light-absorption
characteristics of the nitrate ion are strongly in-
fluenced by the nature of its surrounding cations.
It would be interesting to extend this work to in-
clude another series of pure nitrates, such as the
group |l metal nitrates. However, the nitrate ion is
usually unstable in the presence of divalent cations.
The group Il metal nitrates are no exception, since
they decompose rapidly at their melting points. On
the other hand, mixtures of the type KNOs-M(N03)2,
where M represents Ca, Sr, Ba, or Cd, were found
to be quite stable up to 30 to 40 mole % M(NO,),.
Thus, by measuring spectra at several points in
this stable composition range, an approximate value
of (aM)m” for pure M(NO3)2 was obtained by ex-
trapolation. The latter procedure should be fairly
reliable since (a M) varies linearly with compo-
sition, as shown in Flg 45. A similar procedure
was used to obtain E_  values, and these, to-
gether with (aM)max values, are shown in Fig. 46.

The cation effect on the nitrate band is sum-
marized in Fig. 46, where (aM)mux and E_ v values
for the nitrate band in the presence of the various
cations studied are plotted against the ratio of
charge to radius, or ionic potential, of the cation.

It can be seen that a very good correlation exists
for cations having the inert gas electronic configu-
ration. Cadmium does not have the latter configu-
ration and, in turn, deviates considerably from the
(aM)max line and slightly from the Emox line.

Foreign anions were found to have a pronounced
effect on the nitrate absorption when the cation was
small enough to permit anion-anion contact, as, for
example, in the LiNO,-LiCl system. With larger

cations, as, for example, in the KN03-KC| system,
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Fig. 41. Absorption Spectra for LiNO3 and NaN03, Each at Two Temperatures.
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Fig. 43. Absorption Spectra for Three Fused Mixtures
of Potassium and Silver Nitrates Together with the
Spectrum of Pure Potassium Nitrate, All at the Same

Temperature,

the influence of the foreign anion was greatly re-
duced. Figure 47 shows the effect of Ci™ on the
nitrate absorption in the reciprocal salt system com-
posed of the nitrates and chlorides of lithium and
potassium. The shaded areas of the diagram were
inaccessible in these measurements because of the
high melting points of these mixtures relative to the
decomposition temperatyre of the nitrates. The
circles represent compositions at which spectra
were determined, and the numbers by some of the
circles are the (aM) values at these compo-

sitions. The sysfer;‘s!.:)|(_iNO3-LiC|O4 and LiNO3-
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Fig. 44. Effect of Mixed Cations on Nitrate Absorption
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Fig. 45. Effect of Group Il Cations on Nitrate Absorp-
tion in KN03-M(N03)2 Systems.

LiBr were also measured to further explore this
“anion effect.”” Both Ci~ and CIO,~ enhance the
nitrate absorption, with Cl~ doing so to a slightly
greater extent than ClO,~. Considerable band
overlap occurred in the LiNO,-LiBr spectra, pre-
venting a direct comparison of the Br™ ion with Ci~
and ClO, ™ at this time.

Profile Analysis. — Techniques were developed
for a quantitative analysis of the spectral profiles
with two dist