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INTRODUCTION

Under the authority and direction of the Atomic Energy Act, the
Atomic Energy Commission supports and fosters basic research related
to its overall program. Virtually all such research is performed by
contractor orgsnizations. Continuing programs are conducted in AEC-
owned institutions operated by universities or industrial concerns.
In addition, the Commission provides assistance to universities,
other government laboratories, industrial laboratories, and others,
who can contribute to the program of the Commission by research in
their own laboratories.

While a certain amount of basic research is, of necessity, per-
formed in association with projects with applied objectives, the
central effort of the Commission in the support of basic research in
the physical sciences is the responsibility of the Division of Research.
Under its auspices, research is being supported in the fields of high
and low energy physics, chemistry, materials sciénce, and controlled
thermonuclear processes. This document summarizes the program on
materials science supported by the Office of Metallurgy and Materials
Programs of the Division of Research.

The objective of the Metallurgy and Materials Programs is to
insure that research is conducted which advances the body of fundamental
knowledge used to cope with the broad spectrum of materials problems
facing nuclear technology. The approach taken is to investigate
material structures, properties, and phenomena in the most rigorous
possible fashion so that they may be explained and predicted in terms
of fundemental laws of nature. This program embraces the traditional
disciplines of physicel metallurgy, ceramics, crystallography, corrosion,
etc., but each in its most basic context. The newer discipline of solid
state physics occupies a position of major importance in the program.
Special importance is placed on understanding in detail the effects of
irradiation on materials and the methods and tools of all these disci-
plines are applied to this problem.

In terms of the distribution of funds, about two-thirds of the
Metellurgy and Materials Programs are conducted in the AEC laboratories
and, of the remaining one-third, most is spent in colleges and univer-
sities. At the end of the pest fiscal year, June 30, 1963, the Office
of the Metallurgy and Materiels Programs was supporting 160 contracts
in its contract research program, of which 142 were in 71 educational
institutions.
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Much of the research conducted at the AEC laboratories requires
experimental and support facilities not found elsevwhere, such as high
flux reactors and facilities for handling highly radioactive materials.
Also, at the AEC laboratories concentrated efforts by relatively large
numbers of mature scientists of many disciplines may be devoted to
specific problem areas for extended periods of time, such as pure mate-
riels preparation and characterization.

The offsite contract research program provides breadth and
flexibility to the ARC program. By supporting such programs in
universities, the ABC obtains the benefit of research conducted by
those individuals who prefer an academic environment. For the most
part, the offsite program is composed of small, short term projects
in which graduate student participation is an important factor. The
contracts supporting these projects originate from unsolicited pro-
posals based on the scientific interest of the principal investigator.
0f the meny such proposals submitted to the AEC, those chosen for
funding are selected on the basis of their scientific merit and their
pertinence to the AEC program. The resulting contracts usually cover
a one year period but may be renewed if the research continues to be
productive and of AEC interest and if sufficient funds are available.

This report contains summaries of the reseurch programs active
during Fiscal Year 1963. Part I presents the research conducted in
the AEC laboratories and Part II, the research conducted elsewhere.
For the most part, these summaries were written by the investigators
themselves. However, some editing has been done for the sake of con-
sistency. The summaries have been indexed in terms of senior technical
people involved and in terms of scientific content.
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PART I

RESEARCH IN AEC LABORATORIES






Contractor: Ames Laboratory, Iowa State University, Ames, Iowa

Contract Number: W-7405-ENG-82
Present Contract Term: July 1, 1962 through June 30, 1963

Cost to AEC: $660,000

Contract Title: Baslc Research in the Metallurgy Division
Investigators: F. H. Spedding, O. N. Carlson and staff

Scope of Work: A. Preparation and Properties of Pure Materials

1. Preparation of Pure Metals and Metal Compounds
0. N. Carlson, R. E. McCarley, D. T. Peterson, J. Verhoeven and
H. A. Wilhelm

Work on the treatment of cesium and rhenium bearing ores or con-
centrates was begun with the objective of preparing these metals and
their compounds in very high purity. The chemical properties of the
halides of Nb, Ta, W, Mo and V are under investigation since these
compounds are of interest to the preparation and/or purification of
these metals. The tetrachlorides and tetrabromides of Nb, Ta, W and
Mo were shown to be 1sostructural. The vaporization reactions and the
nature of the vapor species are being determined and the nature of solid
solutions of mixed halides investigated.

The preparation and purification of the less common metals contin-
ued using various methods of reducing high purity compounds followed by
refining processes such as electron beam melting, iodide refining,
distillation, selective deoxidation, electron beam- and arc-zone refin-
ing. Thorium metal has been purified by electron beam zone refining
with significant reductions in the carbon and nitrogen contents. Iodide
vanadium has been given further purification by electron beam melting
and new techniques for reducing high purity V,0r are being studied. The
aluminum reduction of Nb205 with subsequent e%egtron beam melting shows
promise as a new method of“producing high purity niobium. Increased
emphasis will be given to preparing high purity rhenium metal.

A new program is being initiated under Dr. John Verhoeven on
studying the effect of an electric field on the transport of solute
impurities during zone refining. Correlation with present theories
will be attempted.



2.- Elastic Properties
J. F. Smith

A program for the determination of elastic constants of single
crystalline metals has been in progress for several years because of
the fundamental importance of these constants to theories of lattice
dynamics, metallic bonding and mechanical properties. Extension of
the use of ultrasonic technigques to the measurement of other proper-
ties 1s also planned. Single crystals of rhenium were grown and its
elastic constants are being determined. Like wise the elastic con-
stants of the three crystalline forms of thallium are being measured.
Those for the hexagonal form have been completed and single crystals of
the f.c.c. form grown using indium to stabilize this form. The thermal
expansion of sodium-tungsten, bronze, and magnetic susceptibility of
indium are in progress. Further measurement of elastic behavior of
single crystals using diffuse x-ray techniques will be carried out due
to the discrepancy in results obtained by the two methods.

3. Effect of Impurities on the Plastic Deformation of Metals
0. N. Carlson, D. T. Peterson and H. A. Wilhelm

A study of the effect of impurities upon the brittle-ductile trans-
ition and other mechanical properties of the b.c.c. metals is continuing.
Nitrogen raises the ductility transition temperature of single crystal-
line chromium from -800C for the iodide metal to +40°C for the 0.11 w/o N
alloy. The maxima in the tensile strength associated with strain-aging
are shifted from 300°C and 410°C in pure chromium to 410°© and 510°C in
chromium containing 150 ppm N,. The role of nitrogen in strain aging
and strain zge hardening in c%romium is being studied by tensile and
electrical resistivity measurements and electron microscopic observa-
tions. This work will be extended to include the effect of quenching
and solute size and distribution on the transition temperature and
strain age hardening.

Similar studies on vanadium indicate that this metal is relatively
insensitive to embrittlement by nitrogen and carbon and no strain aging
effect that can be directly attributed to these impurities has been
found. Further purification with respect to carbon is required before
the effect of this impurity on vanadium can be ascertained.

The effect of strain rate, temperature and impurities.on the plas-
tic properties of thorium is being investigated. Thorium, which has a
tensile yield point of 18,000 psi at room temperature has been observed
to creep at an appreciable rate at stresses as low as 10,000 psi. The
influence of alloying with carbon and cerium on the mechanical-proper-
ties will be measured and the deformation of high purity single crystals
will be-investigated. ' ' ' : C



B. DProperties of Alloys

1. Structure and Deformation Properties of Superlattices
F. X. Kayser

A program is being initiated on the deformation behavior of super-
lattices. Short range ordering in the Fe-Al system in the composition
of the ordered phase Fe3Al, and the yield point assoclated therewith
wlll be studied. The defect structure and the domain structure of the
ordered region will be studied employing various techniques including
the use of transmission electron microscopy.

2. Structures and Thermodynamic Properties of Intermetallic Compounds
J. F. Smith, D. T. Peterson and P. Chiotti

Phase relationships and the thermodynamic properties of the inter-
mediate phases are being studied for several different types of systems.
The phases that exist in the metal-metal hydride systems of the alkaline
earth and rare earth metals is of particular interest. The calcium-
calcium hydride and strontium-strontium hydride systems were investigated.
A phase transition was observed at 230°C in strontium metal containing
hydrogen but not in the hydrogen-free metal. The structure of metal-
carbon-hydrogen ternary compounds will be investigated employing x-ray
diffraction, nuclear magnetic resonance and neutron diffraction tech-
niques.

The thermodynamic properties of alloy phases plays an important
role in the prediction of the products of metal reactions and in under-
standing the energetics of alloy phases. Thermodynamic properties are
being measured by electromotive force, calorimetric or vapor pressure
techniques for correlation of these properties with the structures in
an attempt to evaluate the strength and directionality of the interatomic
bonding of intermetallic compounds.

The structures of the two allotroplc forms of YAl, were determined
and those of Nb Sn Nb Sn and Y,M are curréntly being inves-
tigated. The measérement of t e aagnetlé stusceptibility of a family of
compounds with the fluorite structure is in progress. The elastic
constants and enthalpy of formation of CaMg, were measured.

The phase diagrams for the zinc binary systems of thorium, zircon-
ium and yttrium have been worked out and the structures and some thermo-
dynamic properties of the intermetallic compounds in these systems were
determined. A rigaku specific heat and differential thermal analysis
apparatus is being used to measure the specific heat and heat of trans-
formation of YZn The specific heats of the other six compounds in
the yttrium-zinc system will also be measured over the temperature
range of 100 to 600°C., This work will be extended to include zinc com-
pounds of uwranium, thorium, zirconium and cerium.




The equilibrium vapor pressures of magnesium binary alloys have
been determined for a number of systems from which the thermodynamic
function may be computed. Work on the Th-Mg system has been completed
and is well along on the Co-Mg system. Determination of activity by
electromotive force measurements on vanadium-aluminum alloys is being
attempted. Also a differential acid solution calorimeter has been
designed and is being used in the determination of the enthalpies of
formation of the aluminum-rich compounds of vanadium.

3. Properties of Metallic Solutions
D. T. Peterson, A. H. Daane and F. X. Kayser

The nature of metallic solutions, both liquid and solid, is being
studied by several investigators. One program is directed toward the
nature of metals and alloys using the rare-earth metals because of the
unique similarity of their outer electronic structures. Such properties
as vapor pressure, electrical resistivity, heat capacity, magnetic and
phase equilibria are being investigated for several rare-earth alloy
systems. A very interesting and significant observation was that of the
existence of the samarium-type structure in solid solutions between
light and heavy rare earths. A more detailed investigation of this
phenomena 1s planned. The physical properties of scandium metal have
been characterized and the use of scandium in alloying studies with other
rare earths is now possible. The magnetic nature of YMn;, has been stud-
ied and the magnetic properties of other rare-earth alloys will be inves-
tigated. The nature of bonding in rare earth borides has been tested and
found compatible with proposed models.

A study of the nature of solid solutions employing high-precision.
methods for measuring density as a function of composition will be
initiated. From these measurements the partial molar volumes of the
solutions and other properties of thermodynamic interest will be obtained.
The nature and valence state of a metal when it is dissolved in its
halide salt is being determined by studyling alkaline earth metals in
their liquid halide salts. The vapor pressure of the metal over the
solution is being measured and the diffusion of the metal solute in its
liquid salt is being studied by observing the rates of evaporation of
the metal from the solution. Vapor pressure data on calcium in solution
in CaCls indicate that two solute particles are formed for each calcium
atom in solution. This work will be extended to strontium and barium
chloride solutions and to solutions of the alkaline earth metals in
their iodides and bromides.

The diffusion of the interstitial atoms, hydrogen, carbon, nitrogen
and oxygen in thorium, zirconium and the rare-earth metals is being
studied. The effect of non-metallic impurities on the physical and mech-
anical properties of a metal is related to the kinetics of the diffusion
process. Study of the diffusion of hydrogen in barium, europium and
ytterbium is currently underway and the diffusion of carbon in a selected
group of metals will be measured to permit testing of several theories
of interstitial atomic diffusion.
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The microstructural changes resulting from the Kirkendall effect
in Al1-Mg alloys is being investigated by transmission electron micros-
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Scope of Work:

1. Electronic Structure of Crystalline Solids - A :
R. G. Barnes, G. C. Danielson, A. V. Gold, R. H. Good, J. M. Keller,
Sam Legvold, A. R. Mackintosh, R. C. Young and D. J. Zaffarano

The details of the Fermi surfaces of pure metals are being investi-
gated using the de Haas-van Alphen (Gold) and magnetoacoustic (Mackin-
tosh) effects, angular correlation in positron annihilation (Mackintosh,
Zaffarano), size effect (Young) and magnetoresistivity (Mackintosh)
measurements and cyclotron resonance (Young). While the general empha-
sis is on the transition metals, the de Haas-van Alphen effect has been
studied in lead for pulsed fields of up to 200 kilogauss, with results .
which correlate well with earlier models and which can be represented
theoretically through the use of an orthogonalized plane wave model.
This work is continuing on single crystals of tungsten, molybdenum and
iron. 1In particular, this effect was seen for the first time in iron
in single crystal iron whiskers. The data for iron can be interpreted
in terms of an internal magnetic field in the iron which is several
times the saturation value. Similar conclusions have been drawn from
anomalous Hall effect measurements in ferromagnetics in the past, and
Hall effect measurements are being made on similar iron whisker samples.
The positron annihilation technique has been used to demonstrate the
differences in the electronic structure of liquid and solid mercury.
Measurements of this type are continuing with particular emphasis on
those substances for which more conventional Fermi surface measurements
are difficult or impossible.

Details of the electronic bonding in pure metals, alloys and inter-
metallic compounds are being studied by magnetic resonance techniques
(Barnes). Typical problems involve a combination of high pressure and
nuclear magnetic resonance techniques to study diffusion in lithium-
magnesium alloys, and the investigation of the nuclear magnetic reso-
nance of Y(89) in various intermetallic compounds of yttrium with Mn,
Co, Ni, Fe and Cu. The details of the nuclear magnetic resonance in



pure indium have been mapped out experimentally and are being interpre-
ted in terms of a theoretical model. Approximate formulas for energy
levels needed 1n magnetic resonance work are being developed theoreti-
cally (Good). The anti-ferromagnetic transition in chromium is being
studied as a function of the alloying of Cr with various first transi-
tion series metals using as detectors the nuclear resonance of cr(53)
and a 1 percent tracer of vanadium, V(51). This transition, as well as
a suspected similar transition in vanadium, also has been studied using
thermoelectric power measurements (Mackintosh, Legvold).

2. Superconductivity
A. R. Mackintosh, F. H. Spedding and C. A. Swenson

The avallability and experience of the Metallurgy Groups of the
Laboratory make it natural that this program concern itself primarily
" with the superconductivity of the imperfectly understood transition
metals and their alloys. The superconducting transitions in a magnetic
field have been studied for both high purity tantalum and niobium
(resistivity ratios about 2000) (Swenson). The behavior of these two
related metals 1s basically different, with tantalum showing the "soft"
superconducting properties of a classical type, while niobium transi-
tions show what has been classified as "hard" superconducting behavior
in the past. These experiments establish for the first time that it is
possible for a pure metal, niobium in this case, to have as an intrinsic
property a negative surface free energy between its normal and supercon-
ducting regions. High purity lutetium metal has been cooled to 0.279K
without exhibiting superconducting behavior, and the lanthanum-lutetium
alloy system is being studied to investigate in the limit of small lantha-
num concentrations the temperature at which lutetium is likely to become
superconducting (Mackintosh, Spedding). Transition metal alloy systems
are being studied systematically for superconducting behavior in metal-
lurgically well-defined specimens (Swenson).

3. Thermodynamic Properties of Solids
G. C. Danielson, R. H. Good, D. E. Hudson, A. R. Mackintosh,
J. M. Keller and C. A. Swenson

Measurements are being made of the thermodynamic properties of a
number of different solids over a wide range of temperatures and pres-
sures. Pulse heating techniques (Danielson) have been used to determine
to 1400°K the heat capacity of zirconium, the thermal diffusivity of pure
silicon, and both quantities for high purity Armco iron. The data for
silicon in particular can be interpreted in terms of a lattice contribu-
tion and a large electron-hole recombination term. Mass spectrometric
techniques (Hudson) are used in combination with a Knudsen cell approach
to obtain the coheslve energies for both pure metals and intermetallic
compounds. This work also has included basic studies of surface iloni-
zation and electron-ion collision cross-sections.

The contribution of anharmonic terms to the high temperature ther-
mal expansion of solids has been calculated (Keller). The low tempera-
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ture thermal expansions of aluminum, copper, sapphire and rubidium iodide
have been determined down to 1.89K using a mutual inductance variable
transformer technique which has a sensitivity of 0.5 angstroms for the
detection of sample motion (Swenson). This work, which basically involves
lattice dynamics in one form or another, will be expanded to lnelastic
scattering experiments when the Ames Laboratory Reactor is completed
(Mackintosh).

Pressure-volume-temperature. measurements to 20,000 atmos. at temper-
atures from 20°K upwards have been obtained for solid xenon and for ces-
ium metal (Swenson). These data show quantitatively the effects of temp-
erature and pressure on the thermodynamic properties of the solids. A
simple statistical theory of metals is being considered for the analysis
of the alkali metal data (Good). The linear compressibility in 2000
atmos. pressure has been measured to 0.5 percent precision for various
samples of copper and for single crystal silver (Swenson). These data
show that a real difference exists between ultrasonic and bulk determi-
natlions of compressibilities, presumably due to dislocation contributions.
The equation of state of solidified He3 has been deduced from heat capa-
city measurements at temperatures down to 0.3°K and at pressure up to
2000 atmos. (Swenson). The anomalous properties of a thermodynamically-
unlikely body-centered-cubic phase have been established.

4. Properties of Rare Earth Metals and Compounds
R. H. Good, J. M. Keller, Sam Legvold, A. R. Mackintosh and
F. H. Spedding

The electrical transport and magnetic properties of rare earth metal
single crystals are being studied experimentally in some detail (Legvold,
Mackintosh, Spedding). Most recent work has been on terbium, holmium and
gadolinium, with emphasis on thermoelectric power measurements. These
data will be supplemented by both neutron diffraction and spin wave spec-
trum experiments with the Ames Reactor. Measurements of the magnetos-
triction constants of gadolinium and holmium single crystals also have
been completed. The various available data for the rare earth metals
have been analyzed (Mackintosh) to show the effects on the Fermi surfaces
of the metals in the regions of magnetic ordering. In addition, the low
temperature properties of terbium and dysprosium (magnetic and transport)
were shown to be consistent with the hypothesis of an energy gap in the
spin-wave spectrum. The magnetic properties of these metals are being
studied theoretically on a phenomenological basis (Good, Keller). The
optical absorption spectra of the rare earth ethyl sulphates are being
determined experimentally (Spedding), and also are being calculated
theoretically (Good, Spedding). Calorimetric determinations of the hyper-
fine interactions in rare earth metals and alloys are being undertaken
(Spedding, Swenson),

5. Semiconductors and Compounds with Variable Stoichiometry
G. C. Danielson, Ronald Fuchs, D. E. Hudson, D. W. Lynch, J. M. Kel-
ler, A. R. Mackintosh and R. C. Young

The transport and thermodynamic properties of the series of semicon-
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ducting compounds of the form Mg2X (X = 8i, Ge, Sn or Pb) are being
studied extensively (Danielson).” Present measurements include resisti-
vity, Hall Effect, Seebeck coefficient, elastic constants, optical
absorption and reflectlon coefficients (Lynch), photoconductivity, recom-
bination radiation, and low temperature specific heat. Many of these
measurements are being made over a range of temperatures and sample puri-
ties. Experiments to determine the effects of pressures of up to 13,000
atmos. on the resistivities have been initiated (Danielson, Lynch). An
orthogonalized-plane-wave calculation of the electronic band structure of
Mg Si is being undertaken (Xeller). Work on other semiconductors

gludes the measurement of the microwave Hall effect in germanium (Daniel-
?on, Yo?ng), and the temperature dependence of the re51st1vity of dilamond
Hudson

Experiments on non-stoichiometric compounds of the sodium tungsten
pbronze type, Na WO (where x can be varied from close to zero to close
to unity), have beén refined in an attempt to understand their electronic
properties (Danielson). 1In particular, optical reflection (Lynch) and
Seebeck coefficient data have been obtained for the sodium tungsten bron-
zes, as well as a more precise determination of the variation of lattice
parameter with x. Two theoretical models (Fuchs, Mackintosh) have been
proposed to explain not only the transport properties and various crystal
structures of Na WO3, but the properties of the other tungsten bronzes
(such as Li WO3)

6. Ionic Crystals and Color Centers
R. G. Barnes, Ronald Fuchs and D. W. Lynch

The properties of the color centers in CsBr are being investigated
using both electron spin resonance (Barnes) and optical techniques
(Lynch). The nature of the V, and centers which appear in the alkali
halides also 1s being studied (Lynch‘?f The luminescence of F centers in
KC1l is being studied as a function of pressure. The possibility of using
a pseudopotential in theoretical investigations of color centers is being
investigated (Fuchs). The theoretical aspects of the temperature and
pressure dependence of the dielectric constant in ionic crystals also are
being studied (Fuchs).
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