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During ion implantation in a solid sur-
face, the incoming ion dislodges atoms
from their lattice sites, and these atoms
in turn displace other atoms, and so on.
Thus, thousands of atoms are set in
motion along the track of each ion in
what is called a “collision cascade”
(left). These recoiling atoms stay in
motion and interact for only a short time
and then settle into new arrangements in
the newly damaged solid (right).

When charged atoms, or ions,
produced in an accelerator bombard
a target material, the ions pene-
trate into the near-surface layers of
atoms in that material and become
embedded there. This technique is
called ion implantation doping. Ion
implantation is a precisely con-
trolled method for introducing
impurities into solids. The depth to
which an ion is implanted is con-
trolled by regulating the energy of
the ion beam; lateral uniformity is
achieved by beam scanning; and a
focused ion beam can even be used
to “write” implanted patterns into
solids with <1 X 10-5-m resolution.
The implanted dose (concentration)
is accurately controlled by measur-
ing the charge accumulation in the
target.

Ion implantation doping is a
nonequilibrium method because the
implantation of any ion species into
any solid is unaffected by the nor-
mal constraints such as solubility
limits and diffusion rates. Addi-
tionally, the detailed motion of the
atoms in the solid contributes to a
“rapid quenching” of the material’s
near-surface region. As each inci-
dent ion penetrates into the solid, it
collides with the atoms of the solid
and displaces them from their
lattice sites; these recoiling atoms
in turn collide with other atoms,
causing more displacements. As a
result of these collisions, thousands
of atoms are set in motion along
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the track of each ion (the so-called
“collision cascade”). However, these
atoms remain in motion only for
very short times (~101%-1010g)
before finding new configurations
in the newly damaged solid. This
rapid, short-lived movement of
atoms leads to a mixing and rapid
cooling (~10'2-10'* K/s™), which
can result in numerous non-
equilibrium materials interactions
such as amorphous structures
(material whose crystalline order is
completely destroyed), and new
metastable alloy phases, as later
examples will show.

All these attributes, coupled
with reliability and reproducibility,
have made ion implantation doping
a premier processing technique in
the semiconductor industry today.
The tremendous explosion in hand-
held caleulators, digital watches,
video games, and personal comput-
ers can be traced directly to
integrated circuit technology and

ion implantation fabrication tech-
niques.

In addition to its widespread use
in the semiconductor industry, ion
implantation is rapidly gaining
acceptance as a materials process-
ing technique for altering the
near-surface properties of metals,
ceramics, polymers, and a variety of
other materials. The potential for
fundamental materials research
and ultimate practical applications
will be illustrated later by some
recent collaborative projects under-
taken here at ORNL.

A companion ion beam process-
ing technique is ion beam mixing.
In this process a thin film of one
material is deposited on the surface
of another material (substrate) by
conventional means such as evapo-
ration, sputter deposition, or elec-
troplating. Then an energetic ion
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In pulsed-laser mixing, unique surface
modifications occur as the energy of the
incoming laser light is absorbed into the
electrons of material B and transferred to
the atoms as heat. Rapid melting and
mixing by liquid diffusion result at the
surface (A + B), followed by rapid cool-
* g and recrystallization as the heat is
vunducted away from the molten surface.
The bottom line of this process is a new,
uniform composition at the surface
(A.B,) that has the desired properties.

Pulsed laser processing of solids
is yet another way to “pull a fast
one” on Mother Nature. It is a
nonequilibrium method for selec-
tively processing the surfaces of
solids to achieve extremely rapid
heating, even melting, and rapid
cooling. It has numerous advan-
tages over conventional thermal
processing and is particularly com-
patible with ion implantation dop-
ing and ion beam mixing. The tech-
nique is more often called laser
annealing or laser mixing, and like
the ion beam processing methods
already discussed, it is capable of a
range of unique surface modifica-
tions. Recently, laser processes have
been used at ORNL for fabricating
high-efficiency silicon (Si) solar
cells.

The relevant mechanisms associ-
ated with laser processing are a
field of study in themselves. The
annealing source usually consists
of a powerful laser (such as a
Q-switched ruby, Nd:Yag, or exci-
mer lager), which emits an intense
burst of coherent light in a pulse
that lasts only a split second (10-°-
10'2s). This laser light is absorbed
initially into the electrons sur-
rounding the atoms of the target
solid, but is quickly transferred to
the atom cores as heat. If enough
energy is present in the pulse (e.g.,
1-2 joules/cm? for a 15 X 10°-s
duration pulse from a ruby laser on
Si) the near-surface region will
melt in times comparable to the
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pulse duration, according to find-
ings by ORNL researchers. Because
the vast bulk of the Si is still solid
and still cool, the heat from this
molten surface layer will be rapidly
conducted away. This extremely
rapid cooling catches Mother
Nature unaware and makes possible
a variety of new properties in
materials.

Ion beam and laser processing
techniques are attractive for funda-
mental research on materials
because they greatly expand the
range of interactions that can be
induced in materials, and in some
instances they even provide new
channels for interactions. Earlier, I
suggested that the technique of
splat quenching was a method of
rapid cooling capable of fooling
Mother Nature. The important
parameter for this technique is the
cooling rate, which is typically
<10" K/s. Using a variety of pulsed
lasers, we can obtain cooling rates
from 10° to 10! K/s in several
ways: (1) by varying the pulse dura-
tion times (i.e., using nanosecond or
picosecond lasers), (2) by tuning the
wavelength of laser light to alter
the absorption depth in the solid,
and (3) by controlling the tempera-
ture of the substrate to increase or
decrease heat conduction. Thus the
hand of pulsed laser processing

becomes quicker than the eye of
Mother Nature.

The 1mmportant consequences of
rapid heating and cooling for fun-
damental research is that alloy sys-
tems can be made with a much
wider range of compositions. For
example, gold and silicon can be
mixed and splat quenched to form
an amorphous metglass only near
the eutectic composition, which is
82% gold and 18% silicon; however,
because the cooling rates of pulsed
laser mixing are at least 100 times
faster than those of splat quench-
ing, these same metglasses can be
formed at all compositions of gold
and silicon.

The development of a new class
of supersaturated substitutional
alloys of silicon is an excellent
example of how basic research can
lead to a practical development.
Although the utility of these alloys
was recognized in 1983 by an I-R
100 award given by Industrial
Research & Development magazine
to Woody White, Wayne Holland,
Jagdish Narayan, and me, related
research involved many researchers
in the Solid State Division. We ben-
efited greatly from the work of Ben
Larson, Dave Zehner, Doug
Lowndes, Fred Young, Rosa Young,
Dick Wood, Jay Jellison, Jim Wang,
and Syd Wilson (now at Motorola).

One type of these supersatu-
rated alloys is fabricated by
combining the nonequilibrium pro-
cessing advantages of ion implanta-
tion doping and pulsed-laser
annealing. Dopants of boron, phos-
phorus, gallium, arsenic, indium,
antimony, thallium, or bismuth are
first ion implanted into the near-
surface region of silicon. This
implantation severely damages the
single crystalline silicon, turning
the near-surface region completely
amorphous. To make a semiconduc-
tor device, manufacturers must
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much more easily. Consequently,
room-temperature implantation of
Cr or nitrogen (N) makes the near-
surface region of SiC completely
disordered (amorphous). As a
result, the surface hardness actu-
ally decreases because the amor-
phous SiC surface expands and
becomes much more flexible; how-
ever, the fracture toughness
increases because cracks are much
more difficult to initiate. We also
discovered that Al,Ogcould be
made amorphous, with decreased
surface hardness, by implanting it
at liquid nitrogen temperatures.

These results are important to
the materials needs of several pro-
grams of interest to DOE. Because
ceramics are light, strong, wear-
resistant and suitable for use at
high temperatures, they are the
materials of choice for bearing and
wear materials in adiabatic diesel
angines and for high-speed bearings
in rotors and jet engines. Two seri-
ous limitations to their use are
their mechanical properties and
lubrication problems. Ceramics tend
to crack under mechanical shock;
thus, increased fracture toughness
from implantation is important.
Also, dry lubricants, which now
must be used in high-temperature
bearings, lead to a number of prob-
lems that limit the use of ceramic
bearings. If implantation or some
associated surface modification
technique could improve mechanical
properties and reduce the need for
lubrication, it would be a signifi-
cant advance. Such results appear
quite possible.

These preliminary studies have
shown that, within limits, we can
tailor the surface properties of the
ceramic by the choice of implanta-
tion conditions, ion species, and
substrate material and that these
alterations can persist to quite high
temperatures. So far we have
altered only the near-surface region
while our mechanical testing proce-
dure samples many times this
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altered depth. We believe that
much greater improvements may be
possible when greater surface
depths are altered by high-energy
ion implantation or ion beam mix-
ing.

Even though we are just start-
ing to reap the fruits of ion beam
and laser processing in materials
research, the techniques themselves
have deep roots at ORNL. Ion
implantation was practically born
in Oak Ridge with the use of the
Calutron isotope separators at the
Y-12 Plant to enrich uranium dur-
ing the war years (1944-1945). The
techniques and equipment
developed there are still preeminent
in the industry today. Similarly,
many of the phenomena responsible
for inducing beneficial alterations
of materials during ion beam
mixing were studied extensively at
ORNL in the 1950s as part of the
effort to characterize the effects of
radiation on reactor materials. In
fact, this was basically the charter
under which the Solid State Divi-
sion started. Finally, although
lasers had been around a long time,
it was not until 1977 that scientists
from the Soviet Union recognized
the benefits of lasers for annealing
the damage in semiconductors. That
same year, Rosa Young, Woody
White, Jagdish Narayan, Greg
Clark, Russ Westbrook, and Warner
Christie at ORNL used ion implan-
tation doping and pulsed-laser
annealing to fabricate and charac-
terize a high-efficiency solar cell.

The future of these techniques
appears very promising. In funda-
mental studies, these techniques
make it possible to test interactions
of materials at limits not previ-
ously possible. In response to this
potential, DOE has established a
Surface Modification and Charac-
terization Collaborative Research
Center in ORNL'’s Solid State Divi-

sion to make these capabilities
available for collaborative funda-
mental studies to researchers in
universities and industries.

The practical use of these tech-
niques for surface modifications is
also progressing rapidly. We have
already noted the prominent role of
ion implantation doping in the
semiconductor industry, and several
major manufacturers are now using
ion beam mixing to form metal con-
tacts and employing laser process-
ing for selective annealing and
shaping. The use of ion implanta-
tion for improving resistance to
friction, wear, and corrosion in
metal surfaces is also beginning to
move from the laboratory to the
marketplace. The Atomic Energy
Research Establishment (AERE) in
Harwell, England now does a siza-
ble business in surface modification
of metals for commercial firms in
the United Kingdom. AERE has
also licensed a commercial ion
implanter for implanting nitrogen
in metals. In the United States at
least four small companies are now
in the business of ion beam
modification of surfaces.

Meanwhile, at ORNL we plan to
continue to exploit the unique capa-
bilities of ion implantation, ion
beam mixing, and laser processing
to create new or improved proper-
ties in materials. It isn’t nice to
fool Mother Nature, but we keep
trying

OAK RIDGE NATIONAL LABO™ " " "RY Review

























automation to x-ray problems and
the rediscovery of dynamical
theory, which was first developed
during World War 1. Much of the
early work with computers was
done at ORNL by Henri Levy, Bill
Busing, and their co-workers. Their
famous least-squares program,
which was used to find an optimum
match between diffraction measure-
ments and the resultant crystal
structure, remains one of the most
frequently cited items in the crys-
tallographic literature. Their early
computer-controlled x-ray diffrac-
tometer was literally the prototype
of the modern diffractometers
available commercially and in wide
use today. Though obsolete, it is
still being used to gather the dif-
fraction data necessary for crystal
structure determinations.

As 18 now widely recognized by
organic and inorganic chemists
alike and by biophysicists, the
development of computers,
computer-controlled diffractome-
ters, and elaborate computer soft-
ware has made single-crystal x-ray
structure analysis the most power-
ful, most informative, and the least
ambiguous method available for the
determination of molecular struc-
ture. Considering the extraordinary
current importance of the method,
not many modern chemists would
now agree with Warren's view that
little interesting information is
generated by doing crystal struc-
tures!

The dynamical theory is the old-
est x-ray diffraction theory; it was
worked out by P. P. Ewald while he
was a lieutenant in Kaiser
Wilhelm’s army on the Russian
front nearly 70 years ago. (How
many second lieutenants have used
their spare time so productively?)
Interest in the theory fairly quickly
faded, however, because it was
found that nearly all crystals are
sufficiently imperfect that their
diffraction patterns are better
described by the simpler kinematic

18

theory. Dynamical diffraction the-
ory requires a truly periodic
medium for approximately the
same kinds of reasons that the
early forms of band theory do.

Two developments made the
dynamical theory a very hot item
around 1960: the general availability
of truly perfect single crystals of
silicon and germanium and the
astounding discovery by
G. Borrmann in Germany that if
oriented to diffract, a perfect crys-
tal becomes nearly transparent to
X rays. This phenomenon, in which
a crystal allows X rays to pass
through because of diffraction, is
explained by dynamical theory,
although no one comprehended it
until after Borrmann’s work, which
was lost to the West for some time
due to World War II, became
widely known. So extraordinary and
unexpected was this phenomenon
that some veteran crystal-
lographers could believe it only
after confirming it for themselves
in their own laboratories.

By means of some very careful
and meticulous experimental work,
Fred Young of ORNL's Solid State
Division was the first to grow soft
metallie single crystals so nearly
perfect that the " ~" action anoma-
lies of the dynamical theory could
be observed with them. In the
1960s, he and his co-workers, T. O.
Baldwin and Alphonso Merlini,
undertook some extraordinary
experiments with these remarkable
crystals—crystals so soft that dry-
ing Duco cement was found to
strain them enough to turn off the
Borrmann effect. A defect and its
strain field—for example, a
dislocation—will cast a shadow in
the Borrmann transmission. The
degree of contrast associated with
the shadow for different Bragg
maxima (x-ray diffraction peaks)
was enough to find the relevant

Burgers vector. In fact, methods
were found to generate a stereo
pair so that the depth of the dislo-
cation in the nearly perfect crystal
could be established.

The availability of these crystals
allowed Ben Larson of ORNL’s
Solid State Division to test the the-
ory of Peter Dederichs, who was
then at ORNL on leave from the
Kern Forschungs Anlage in Jlich,
Germany. This theory predicts the
effect of radiation-induced defects
(and their strain fields) on
Borrmann transmission and diffuse
scattering.

Important instrument develop-
ments useful for x-ray diffraction
research have evolved at our labo-
ratory in the M&C Division. For
many experiments it is desirable
that the incident x-ray beam be
monochromatic; this selection of a
single x-ray wavelength is accom-
plished by first diffracting it from
a special crystal monochromator.
Of course, one pays a price in inten-
sity for this method. To minimize
the price, it is important that the
composition and shape of the mono-
chromator be optimized. This
optimization has been achieved by
Cullie Sparks in his development of
curved hot-pressed pyrolytic
graphic crystals. These crystals are
generally recognized as the best
way to produce a focused beam of
single-wavelength radiation—either
for X rays or neutrons.

The special research interest of
Bob Hendricks, formerly of the
M&C Division diffraction group,
was small-angle x-ray scattering—a
kind of diffraction experiment of
use to professional disciplines from
metallurgy to biology. In his efforts
to create an optimum instrument
for such measurements, he recog-
nized that it should be large enough
to magnify the small pattern
around the direct beam and should
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be equipped with a powerful, care-
fully collimated, monochromatic
x-ray beam and with a detector sys-
tem more sophisticated and quanti-
tative than is the traditional photo-
graphic film. For several years his
prize-winning 10-m instrument has
been used by visitors who come to
ORNL expressly for small-angle
x-ray scattering studies. Its inci-
dent beam is generated by a Sparks
graphite monochromator and a
powerful rot: ** : anode source. Its
detector is a novel two-dimensional
position-sensitive proportional
counter—one of the first of its
kind—which was developed by Cas
Borkowski and Manfred Kopp of
ORNL'’s Instrumentation and Con-
trols Division.

Though one often thinks first of
diffraction as the phenomenon used
in x-ray research to characterize
solids, X rays are used for other
types of research. Because of the
powerful, focused beams of X rays
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that can be obtained from his new
monochromator, Sparks has long
been interested in detecting trace
amounts of elements by measuring
the intensity of the fluorescence
excited by such beams. He has
found that by combining his mono-
chromator with the enormous x-ray
intensity of synchrotron sources,
detection limits as low as a few
parts per billion in concentration
are attainable. Luis Alvarez of the
Unive ‘tyof Ca~+ “aat ™ rkeley
is interested *~ possibly using this
fluorescence detection method hav-
ing an ultrahigh sensitivity to test
his theory that a giant asteroid
struck the earth about 65 million
years ago, causing many cata-
strophic changes, including the
extinction of the dinosaurs. This
work has stimulated others to
attempt the construction of an
x-ray microprobe with resolution on
the order of a micron.

An unexpected consequence of
the fluorescence development
research was a significant advance
in x-ray physics—the discovery of

This drawing of the crystal structure of
orthorhombic zinc chloride was generated
by the Oak Ridge Thermal Ellipsoid Pro-
gram (ORTEP), a universally used com-
puter program developed at ORNL by

C. K. Johnson for drawing crystal struc-
ture illustrations with a mechanical
plotter. This crystal structure is based on
a hexagonally close-packed array of
corner-sharing ZnCl, tetrahedra, three
layers of which are shown here. Zinc
atoms are those with shaded octants.
Three Zn-Cl distances in one tetrahedron
are labeled in Angstrom units. ORTEP
can accept output from another program,
such as ORNL’s Busing-Levy program,
which uses least-squares procedures to
estimate atomic coordinates and thermal
vibration parameters from x-ray or neu-
tron diffraction data. The ZnCl, structure
shown above was determined from x-ray
diffraction data collected with W. R.
Busing’'s automated diffractometer.
ORTEP is a good example of the degree
to which the manipulation of diffraction
data and the representation of results
derived therefrom have become dependent
on the computer.

anomalous Raman resonance
scattering, normally an optical and
not an x-ray phenonemon. In this
phenomenon the outgoing X rays
have less energy than the incident
radiation, and the X rays produced
are not phase related to the X rays
doing the excitation. The scattering
pattern is thus inelastic and inco-
herent. This phenonemon was first
observed by Sparks and interpreted
for us by Sam Faulkner. This part
of the scattered radiation, like the
Compton scattering, contains no
information about the atomic array.
However, we expect that it will pro-
vide valuable new insights into the
details of atomic structure itself.

What does the future hold for
x-ray research in general and for
our research community here at
ORNL in particular? Clearly, the
next big event for us will be access
to an extraordinary new x-ray
source—synchrotron radiation. This
radiation, which is produced by
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method of neutron scattering, rea-
sons for using it instead of x-ray
scattering, research projects
currently being carried out at
ORNL, and speculation about
future directions in the field.

The neutron has several special
properties that make it a particu-
larly valuable tool for research on

ing, thereby providing information
on bulk properties rather than sur-
face properties and allowing a sam-
ple to be studied quite conveniently
in extreme environments provided
by cryostats, furnaces, or high-
pressure cells, which can have walls
made nearly transparent to neu-
trons.

And, finally, it is (almost
incredibly) fortunate that, in addi-
tion to the above highly desirable

Neutron scattering experiments at ORNL have shed light on the struc-
ture of water, the way in which water reduces the performance of solid
electrolytes in experimental batteries, the magnetic ordering of
copper-manganese crystals, atomic bonding forces in crystals, and the
structure of uranium crvstals at a verv lory temhorature

problems of condensed matter
(liquids and solids). Perhaps the
most basic is its wave property. For
condensed-matter studies, it is a
fortunate coincidence that the most
abundantly available neutrons,
those from thermal-neutron reac-
tors such as ORNL’s High Flux Iso-
tope Reactor (HFIR), possess
wavelengths of the same size (1 A)
as the typical distance between
atoms. Thus, these “slow neutrons”
are ideally suited for studies of the
spatial arrangement of atoms
because of the interference between
neutron waves elastically scattered
by different atoms.

The neutron possesses a mag-
netic moment—that is, it behaves
somewhat like an atomic-scale
magnet and interacts with the
atomic moments existing within
magnetic solids. The resulting neu-
tron scattering pattern contains
just that information needed to
determine both the spatial arrange-
ments and the orientations of the
atomic magnetic moments. No
other experimental technique can
provide such information.

In comparison with X rays or
electrons, the neutron interaction
with most materials is very weak.
Thus, neutrons are highly penetrat-
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properties, the energy spectrum of
neutrons from nuclear reactors
overlaps nearly ideally the energy
spectrum associated with the
motion of atoms and their magnetic
moments as a result of their ther-
mal excitations. Consequently, the
relative energy change of a neutron
scattered inelastically is large and
can be measured accurately and
easily by neutron spectrometry,
thus providing the most detailed
information available experimen-
tally about the bonding and mag-
netic forces between atoms in con-
densed matter.

For structural studies, neutron
scattering is similar to x-ray (or
electron) scattering in many
respects. Typically, a well-
collimated beam is directed onto a
sample and the intensity of the
scattered radiation is measured.
The variation of the intensity with
scattering angle is determined by
the spatial arrangement of the
atoms and by the relative scatter-
ing cross sections of different ele-
ments in the sample—that is, the
probability that a given element
will scatter neutrons at certain
angles and intensities. Almost all of
the structurally important scatter-
ing from crystalline samples is con-

centrated into relatively few dif-
fracted beams that are sharply
peaked in scattering angle (Bragg
peaks or reflections). Usually, the
intensity of each beam is measured
separately with a small radiation
detector that at one setting inter-
cepts a small portion of the range
of possible scattering angles. Sam-
ples that are not crystalline (e.g.,
liquids and amorphous solids) or
are quasi-crystalline (e.g., plastics
and some metal alloys) scatter radi-
ation over rather large angular
ranges. For these situations it is
sometimes possible to use detectors
that can intercept at one setting a
large portion of the scattering pat-
tern. The relatively recent develop-
ment at ORNL by Cas Borkowski
and Manfred Kopp of position-
sensitive, large-area detectors for
both neutrons and X rays has con-
tributed to a rapid growth in
research on such materials.

A brief examination of the
differences between neutron and
x-ray scattering methods provides a
convenient means for illustrating
the significance of the neutron
experiments. The differences in
experimental procedures are largely
dictated by differences in source
intensities, source energy spectra,
and the origins of unwanted back-
ground radiation. Until recently,
X-ray experiments typically
involved a spectrometer and source
that fit on top of a table. By con-
trast, most neutron experiments, at
least at ORNL, are carried out on
very large spectrometers, some of
which could hardly fit into a typical
laboratory room. Furthermore, the
neutron source itself occupies a
much larger space. The large size of
the neutron equipment is necessary
because of the low source intensity
(large samples and large beams
help to increase the signal-to-noise
ratio) and because of the massive
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that even below the ordering tem-
perature, the atomic moments
(sometimes called spins) retain
their random orientations. In other
words, the atomic spins freeze into
a random or glassy state (spin-
glass), which is loosely analogous to
the random arrangement of the
atom positions occurring in
glass—or so it was believed until
the neutron scattering experiments
of Cable and Wakabayashi.

By using an incident beam of
polarized neutrons (e.g., all the neu-
tron spins oriented up) and by mak-
ing a polarization analysis of the
scattered beam, they were able to
separate the magnetic scattering by
the Mn spins from the scattering by
the Cu and Mn nuclei. The ORNL
results showed that neither the Mn
atoms nor their spin orientations
are distributed truly randomly on
the sites of the underlaying copper
crystal lattice. Instead, inhomo-
geneities in the Mn distribution
produce regions of short-range
atomic ordering (SRO) in which a
Mn atom has fewer Mn neighbors
than the average value expected for
a random distribution. In alloys
SRO is quite common and even
expected. However, in this case it
led to an exceedingly complicated
magnetic ordering—that is, a
ferromagnetic ordering within
crystal regions that possessed SRO
was superimposed on antiferromag-
netic ordering in regions where the
Mn distribution is approximately
random. This microscopic connec-
tion between the atomic and mag-
netic ordering, suggested by the
results of neutron scattering
experiments at ORNL, will
undoubtedly lead to new physical
pictures of spin-glasses.

Ferromagnetism and supercon-
ductivity (electron flow without
resistance) are two forms of long-
range order that may exist in a
material at low temperatures.
When both are present, they com-
pete with and may destroy one
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another. Many physicists have won-
dered under what conditions they
might coexist. Recently, at HFIR,
Argonne National Laboratory scien-
tists in collaboration with Herbert
Mook of ORNL’s Solid State Divi-
sion discovered that superconduc-
tivity and ferromagnetism can
coexist in a material chilled to less
than one degree above absolute
zero. The material is a crystal of
erbium rhodium boride grown at
Argonne—the only such crystal in
existence. A report on the discovery
of this unusual phenomenon of
coexistence in this and another
rare-earth material appeared in
Physics Today in March 1982.

The atoms in solids are not sta-
tionary. Because of their thermal
energy, they are in constant
motion. However, because the
atoms are strongly bound to each
other, they do not move far. Rather,
they move back and forth, or
vibrate, around their equilibrium
positions. The frequency of vibra-
tion depends on the strength of
these bonds: for strong bonds, as in
diamond, the frequency is high; for
weak bonds, as in lead, the fre-
quency is low. However, in no solid
is there only one vibration fre-
quency. If we imagine the atoms
bound to each other by springs, we
can understand that the motions
are not independent. The movement
of one atom affects its neighbors,
and they in turn move, affecting
their neighbors, and so on. Imagine
the many different kinds of jiggling
patterns possible in a collection of
trillions of atoms (even a crystal
1 mm on a side contains 10% atoms)
in a three-dimensional array. In
fact, there are trillions of different
vibration frequencies. This problem
may appear to be hopelessly com-
plex; however, a remarkable
ordering to the “allowed” frequen-
cies exists. Rather than look at the

motion of individual atoms, we
must look at the possible modes of
collective motion of groups of
atoms. Many years ago theoretical
physicists had concluded that these
collective motions were most easily
described in terms of vibration
waves and that the complicated
vibration patterns of the atoms in
crystals were simply a collection (or
superposition) of many such waves,
each having a particular wave-
length and frequency. Under cer-
tain simplifying, but realistic
assumptions, the frequency « and
wavelength \ are connected accord-
ing to a simple equation [w =
Asin(xd/\)] known as the disper-
sion curve, or dispersion relation.
This equation relates frequency to
wavelength in terms of the distance
(d) between neighboring atoms and
the strength of the bonding force
(A). Because the wavelength can
vary in increments of interatomic
distances from a minimum value of
a few angstroms (10%cm) to a
maximum value comparable to the
dimension of the crystal (a few cen-
timeters), trillions of vibration fre-
quencies can all be related by this
dispersion relation.

A major triumph of neutron
scattering research has been the
direct and unambiguous experimen-
tal determination of the atomic
bonding forces by measuring the
dispersion relations for hundreds of
crystallized compounds and ele-
ments. At ORNL these measure-
ments are carried out on triple-axis
spectrometers capable of analyzing
the energy distribution of the neu-
trons scattered by a sample. A peak
in this distribution determines fre-
quency, and the scattering angle
determines wavelength. Such mea-
surements, here and elsewhere,
have led to many discoveries. For
example, the above equation is usu-
ally much too simple to describe
measured dispersion curves, thus
indicating that the forces between
atoms in solids are more compli-
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cated than is a collection of springs.
In metals, particularly supercon-
ductors, the electrons that are
responsible for electric currents
produce effective forces between
atoms separated by large distances.
In some compounds (such as
samarium sulfide and thulium
selenide) a fluctuation of the num-
ber of valence electrons occurs.
Mook has discovered that such
fluctuations strongly perturb the
atomie vibrations. In addition, the
influences on vibrations of impurity
atoms, radiation damage, and phase
transitions, to name a few effects,
have been studied in detail at
ORNL.

Typically a phase transition
involves an abrupt change in the
spatial arrangement of atoms at a
particular temperature. Sometimes
this change occurs when a vibration
wave with a particular wavelength
ceases to vibrate. The correspond-
ing vibration pattern freezes in
place as the vibration frequency
falls to zero (a “soft” vibration
mode) as the transition tempera-
ture is approached. The new atomic
structure normally can be identified
easily through measurements of the
diffraction pattern before and after
the transition. The Bragg diffrac-
tion peaks of one structure are
replaced by new peaks of the other
structure. An interesting exception
to this situation was found in an
ORNL study of uranium ecrystals.

For many years it had been
known that abrupt changes in cer-
tain physical properties of uranium
(heat capacity, elastic constants,
and thermal expansion coefficient)
occurred at a temperature of 43 K.
The observed behavior was typical
of that often found at structural
phase transitions, but neutron and
x-ray diffraction studies had failed
to detect any significant changes in
the scattering pattern of uranium.
A clue leading to the explanation of
this puzzling situation was first
obtained by Harold Smith of the
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Solid State Division through his
study of the dispersion curves of
uranium by neutron scattering. He
found that one of the dispersion
curves possessed a peculiar shape; a
deep anomalous “dip” in frequency
occurred in a very narrow range of
vibration wavelengths. Although
the first measurements were
obtained at room temperature,
which is far removed from 43 K,
this behavior was indicative of a
soft vibration mode. Indeed, further
measurements at lower tempera-
tures showed that the frequency at
the dip approaches zero near 43 K.
The new, previously undetected
Bragg diffraction peaks of the
transformed structure were then
easily found, thus allowing a
description of the new structure to
be made for the first time.

Although these examples of
recent applications of neutron
scattering at ORNL to the study of
materials are typical, by no means
do they represent the breadth of
materials properties under investi-
gation here. Other typical studies,
to name a few, include magnetic
forces and the energy spectra of
spin oscillations; magnetic moment
distributions within individual
atoms; hydrogen motions in biologi-
cal systems; the structural, mag-
netic, and dynamical properties of
noncrystalline (amorphous) materi-
als; energy distributions of atoms
in liquids; and, of course, small-
angle scattering (SANS) studies of
polymers, fluxoid lattices in super-
conductors, precipitates and voids
in metals, and the structure of
macromolecules in biological sys-
tems previously discussed by Wally
Koehler in the Summer 1980 issue
of the Review and by V. R. Rama-
krishnan in the Spring 1983 issue.

In addition, the variety of ORNL
facilities available for neutron

scattering research is expanding.
Recent developments include a
neutron-sensitive scintillation
detector and television intensifier
system, which was designed by Jack
Davidson of ORNL’s Instrumenta-
tion and Controls Division and
which will allow scattering pattern
measurements to be made very rap-
idly and viewed on a television
monitor. This instrument permits
sample characterizations to be car-
ried out quickly and certain time-
dependent changes in sample prop-
erties (e.g., a phase transition) to be
studied while they occur. A
U.S.-Japan collaboration in neutron
scattering will provide ORNL with
an additional spectrometer for
studies of time-dependent sample
properties as well as with new sam-
ple environment equipment for
achieving extremely low tempera-
tures (less than 0.005 K), high tem-
peratures (2100 K), and high pres-
sures (30,000 atm).

Much of our research involves
collaboration with scientists in
other divisions at ORNL and with
scientists from universities and
other laboratories. We encourage
such collaborations, and we wel-
come proposals for new research
problems. In fact, our involvement
with outside users of ORNL
neutron scattering facilities has
grown significantly in recent years.
All of the facilities are now for-
mally included in a users’ program,
and « _ rimental” : spec-
trometers is made available to any-
one who submits a proposal that, in
the judgment of a review commit-
tee, has sufficient scientific merit.
During the past year approximately
130 experiments (including 100
SANS experiments) proposed by
outside users were carried out. The
future of neutron scattering
research at ORNL promises to be
just as exciting as was the past.
Discoveries of new materials with
interesting and important praner.
ties seem to be never ending
























In the Middle Ages Venetian crafts-
men used cobalt to make a blue
glass of unsurpassed beauty and
popularity. To guard the secret of
the process, in the 18th century the
government of Venice moved all
glass factories to an island and per-
mitted no outsiders to visit and no
glass-makers to leave without per-
mission. When an apprentice fled
the island and set up his own glass
shop in Germany, he met a predict-
able fate: his shop was burned
down and he was stabbed with a
dagger.

s Copper, which was alloyed with
zinc to make bronze for thousands
of years, was used to make coins in
Russia in the 17th century. When
the copper coins replaced silver
money, food prices began to rise. As
a result, an uprising, known in Rus-
sian history as the “copper riot,”
occurred in Moscow in 1662. The
riot was ruthlessly suppressed, but
the copper money was replaced by
silver to appease the people.

¢ Venetsky tells several interesting
stories about silver. The Greek
army under Alexander the Great
became ill with a gastrointestinal
disease, although the military
commanders were generally not
sick. The explanation for this
oddity was that the soldiers

drank from tin cups, whereas the
commanders’ cups were made of sil-
ver, which kills bacteria when it is
dissolved in water. The spendthrift
Emperor Nero of Rome had
thousands of mules shod with sil-
ver. Although many treasure
hunters have tried diving in ocean
waters where Spanish galleons
were known to have sunk, they
could have found silver recently
just below the land surface in
Gotland, a Swedish island. Some
archeologists believe that 1000
Arab silver coins found at the
island’s surface were dug up by a
rabbit!

* When tin is subjected to freezing
temperatures, it disintegrates into
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powder—a phenomenon known as
“tin plague.” This metallic disease
caused the death of Captain Robert
Scott, the British polar explorer,
and his comrades following an
expedition to the South Pole in
1910. They had left caches of food
and kerosene for their trip back,
but when they returned, they found
that their fuel had leaked out of its
cans. The reason: the kerosene cans
had been soldered with tin, which
“caught a cold” and disintegrated.

* Gold, the beautiful yellow metal
that has caused wars, murders, and
immense suffering in the name of
greed, is the subject of many anec-
dotes in this book. Some stories
concern the search by alchemists
in the Middle Ages for the
“philosopher’s stone” to transmute
baser metals into gold and the
plundering of gold from the Aztecs
and Incas by Spanish and Por-
tuguese conquistadors. I like the
story about the man who bought
the roof of an ancient church across
from the Philadelphia Mint. The
church parishioners gladly sold him
the roof because the church was
being renovated at the time. It
never occurred to them that the
buyer would scrape paint off the
roof, burn it, and recover 8 kg of
gold—of much greater value than
the roof itself. The source of the
gold dust was the pipe of the Mint’s
smelter. Another of my favorite
stories concerns Nobel Prize winner
Niels Bohr. Before fleeing Nazi-
occupied Copenhagen in 1943, he
left behind his gold Nobel medal,
which he had dissolved in a retort
of aqua regia (a mixture of nitric
and hydrochloric acids). When he
returned after the liberation of
Denmark, Bohr chemically
extracted the gold from the solution
and had a replica of the medal
made.

¢ Mercury, the only metal that is
liquid under ordinary conditions, is
a well-known poison but is safely
found in human mouths. Mercury

has the ability to dissolve metals
and form amalgams, such as
silver-mercury amalgams used to
fill our teeth. Early in this century
one scientist thought he saw evi-
dence that he had obtained gold
from mercury by passing electricity
through mercury vapor. What hap-
pened was that mercury droplets on
his fingers had dissolved gold from
the rims of his glasses which he
touched; thus, he had inadvertently
transferred gold from his glasses to
the mercury he was studying.

* Lead, which is used largely for
electric batteries, is both a poison
and a protector—against radiation
and against knock in gasoline
engines. Some American toxi-
cologists attribute the decline of
the Roman empire to lead poison-
ing; they believe that the 25-year
lifespan of Roman aristocrats
resulted from their heavy use of
lead dishes and lead cosmetics.

In his chapter on zirconium,
Venetsky twice mentions the impor-
tance of separating hafnium from
zirconium to produce pure zirco-
nium, which is used in nuclear reac-
tors because of its transparency to
neutrons and its resistance to high
temperatures. But Venetsky fails to
note that the difficult process of
separating the two elements was
developed in Oak Ridge.

Venetsky mentions alternatives
to conventional prospecting and
mining for loeating and developing
valuable mineral deposits. He sug-
gests that dogs can be used as ore-
seekers to sniff out deposits of
beryllium and nickel; that certain
sea animals, plants, and bacteria
can extract metals such as copper,
gold, and vanadium from the envi-
ronment; and that rockets could
pull asteroids into the earth’s orbit
for production of iron and nickel. If
scientists and engineers succeed in
using these methods on a large
scale, there may be many more
interesting tales about metals for
Venetsky and others to tell
























Malcolm Stocks was born and educated
in England, where he obtained a
bachelor’s degree in applied physics
from the Technological University of
Bradford and doctoral degree in theoret-
ical solid state physics from the Univer-
sity of Sheffield. After two years of
postdoctoral work in the Theory Group
in ORNL'’s Metals and Ceramics (M&C)
Division and four years on the staff of
the Physics Department of the Univer-
sity of Bristol in England, he returned in
1976 to the M&C Division, where he is
a senior research scientist. His work at
ORNL has focused on developing the
theory of alloys.

stituent to another, metallurgists
can improve the characteristic
properties of metals—e.g., high
strength and ductility, high electri-
cal and thermal conductivities—and
supplement them with other desir-
able characteristics, such as corro-
sion resistance, resistance to dam-
age caused by radiation, high
strength-to-weight ratio, and
enhanced high-temperature proper-
ties. The goal of these modifications
is to produce low-cost alloys that
are specifically engineered to meet
the demands of a wide range of
technological applications.

Used in its broadest sense, the
term alloy simply refers to a sub-
stance composed of a mixture of

treatments and varying amounts of
rolling and shaping.

The development of new and
useful alloy systems and the eluci-
dation of their properties are the
domain of metallurgy. Tradition-
ally, the search for new alloy sys-
tems has been conducted largely on
a trial-and-error basis, guided by
the skill and intuition of the metal-
lurgist, large volumes of experimen-
tal data, the principles of 19th-
century thermodynamics, and ad
hoc semiphenomenological models.
Recently, this situation has begun
to change as a result of develop-
ments in alloy theory that are mak-
ing it possible to calculate the prop-
erties of alloys. For the first time,
it is possible to understand the
underlying mechanisms that control
the formation of alloys and deter-
mine their properties. Today theory
can offer guidance in understanding
the properties of alloys and in
developing new alloy systems.

Although calculation of the
properties of most complex com-
mercial alloys is still well outside
the realm of alloy theory, theoreti-
cal methods have been developed
whereby the properties of indi-
vidual phases can be calculated
from first principles—that is, with-
out recourse to adjustable parame-
ters or parameters obtained from
experiment. Indeed the properties

alloy properties, understand mechanisms that control properties, and
guide the development of superior alloys for technological applications
such as high-temberature energy sysiems.

two or more metals; and, as such, it
covers a multitude of sins. Indeed,
most alloys used commercially con-
tain several different elements; are
for the most part polycrystalline;
usually contain several distinct
phases (regions of distinct chemical
composition and/or atomic arrange-
ment); and are highly defected,
having undergone elaborate heat
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of the electron glue that holds
together an alloy’s atomic building
blocks can now be calculated to
such a precision that many of the
physical and metallurgical proper-
ties of alloys can be calculated
about as accurately as they can be
measured.

For pure metals and ordered
alloys the theoretical techniques

required to perform these calcula-
tions were developed during the
1960s and 1970s at a number of
institutions, including Oak Ridge

| | | ! |
In a pure metal, the lattice sites are occu-
pied by atoms that are all of the same
type, and the whole crystal can be gen-
erated by the replication of a basic unit
cell.

| | | o | |

| | | | |
In an ordered AB alloy, the two different
atomic species are arranged in a regular
manner. Again the whole crystal can be
generated by the replication of a basic
unit cell.

| | { | |

| |
In an A_B,_.random alloy, the two differ-
ent atomic species are distributed ran-
domly over the available lattice sites.
Consequently, there is no basic unit cell
from which the rest of the crystal can be
generated.
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National Laboratory. The develop-
ment of the first principles theory
of random alloys has occurred more
recently, and in this development
ORNL has played a leading role.
The description of the modern
theory of random alloys and the
new perspectives that theory pro-
vides on the rich and varied proper-
ties of alloys are the subject of this
article.

In an isolated atom the posi-
tively charged nucleus is sur-
rounded by a neutralizing charge of
electrons, each of which is confined
to its own orbit and endowed with a
characteristic energy. This energy,
which may be thought of as the
negative of the energy that would
have to be supplied to remove an
electron from its orbit and take it
infinitely far from the nucleus, is
greatest for the orbitals near the
nucleus, the most tightly bound
electrons, and smallest for those far
away from the nucleus, the least
tightly bound electrons. When
atoms are brought together to form
a solid, the separation between
adjacent nuclei, which is typically
the order of a few Angstrom units
(1 A = 10%cm), is sufficiently
small that electrons in the least
tightly 1 orbitals « neighbor-
ing atoms overlap. As a conse-
quence, these electrons are no
longer confined to orbit a single
nucleus; instead, they are free to
move throughout the crystal; fur-
thermore, they can take on any one
of a band of energies. These delocal-
ized, or conduction, electrons (so
called because they are free to
carry electrical current) form the
electron glue that holds the crystal
together. Thus, the way these
conduction band electrons distribute
themselves with respect to the fixed
array of nuclei is of central concern
in the theory of the metallic state.

Most modern first principles cal-
culations of the electronic structure

4

of metals are performed within the
context of a theory called “density
functional theory.” This theory,
which is exact in principle though
not in practical application, gives a
modus operandi for calculating the
way the electronic charge distrib-
utes itself in a crystal. In a macro-
scopic sample of a metal there are
approximately 10% nuclei and elec-
trons, all interacting with one
another. In density functional
theory this impossibly complicated,
many-particle problem is mapped
into a much simpler model of a
single electron interacting with the
nuclei and other electrons through
an effective interaction or potential.
The way in which the electrons
respond to this effective potential is
described by the solution of a
second-order differential equation
called the “Schridinger equation,”
in which the effective potential
occurs. The solution of this
equation, named after one of the
founding fathers of modern physies,
becomes the central task of the
first principles theory of
condensed-matter physics.

Despite the simplicity of the
density functional theory, the
mathematical problem of solving
the hroding equation is still a
formidable one. However, for pure
metals and ordered alloys, the fact
that the electronic charge density
(which describes the way that the
electrons are distributed) and effec-
tive crystal potential are the same
in each unit cell greatly simplifies
the solution of the equation. During
the last 30 years, a whole battery of
techniques called “band theory
methods” have been developed to
effect its solution. At ORNL, work
on band theory methods began in
the mid-1960s with the development
in the Metals and Ceramics (M&C)
Division of the so-called
“Korringa-Kohn-Rostoker” (KKR)
method by Sam Faulkner, Harold

Davies (now in ORNL’s Solid State
Division) and Hugh Joy (no longer
at ORNL). Indeed, Jan Korringa,
the first to discover this method,
has for many years been an ORNL
consultant. The KKR method and
its progeny have been used exten-
sively in recent years to calculate
the properties of pure metals and
ordered alloys. The KKR method
also forms the basis for the devel-
opment of the modern theories of
random, or disordered, alloys.

Using modern band theory
methods in conjunction with den-
sity functional theory, first princi-
ples calculations of the properties
of pure metals and ordered alloys
can be performed with relative
ease. For such properties as the
cohesive energy and the equilibrium
lattice spacing, which give mea-
sures of the energy required to
form the solid from isolated atoms
and the separation between atoms
on the lattice, respectively, as well
as for several other properties, the
results are generally within a few
percent of those measured experi-
mentally.

Recently, in collaboration with
W. M. Temmerman of the Dares-
bury Laboratory of the United
Kingdom'’s Science and Engineering
Research Council (SERC). I looked
at the nickel and iron ¢ des,
(NigAl and Fe3Al), ordered alloys
which are technologically very
interesting. Modifications of NizAl
are currently being developed for
high-temperature applications by
C. T. Liu and his co-workers in the
M&C Division in collaboration with
Cabot Corporation. The NizAl
alloy forms in a metallurgically
favorable erystal structure called
L1, that is basically face-centered
cubic—that 1s, the basic unit cell is
a cube that has one atom at each of
the eight corners and one atom at
the center of each face. In NizAl the
corner atoms are aluminum, and
the atoms on the cube faces are
nickel.
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approximation” (KKR-CPA). The
development of the KKR-CPA took
place in two stages. At the first
level, for a given random crystal
potential, we solved the equations
involved in the CPA and from these
solutions calculated a number of
interesting physical properties.
Even at this stage we were able to
make sufficiently sophisticated
guesses of the crystal potential to
allow us to explain the results of a
large number of experiments. In
the second stage of the develop-
ment, following a number of theo-
retical and technical innovations,
Herman Winter of the Kern-
forschungzentrum in Karlsruhe,
Germany, and I succeeded in imple-
menting methods that allow us to
perform fully self-consistent calcu-
lations. Within density functional
theory, the electronic charge den-
sity determines the crystal poten-
tial; and through the solutions of
the Schridinger equation, the crys-
tal potential determines the charge
density. Thus, in a complete theory,
the Schrédinger equation must be
solved many times for various
guesses of the potential until one is
found that produces a charge den-
sity that is the same as the one
from which it was generated. At
this level, the KKR-CPA is a proper
first principles theory of the elec-
tronic structure of random alloys.
Other than the CPA itself and den-
sity functional theory, essentially
no approximations in the caleula-
tions of properties of an alloy exist.
The inputs required are a knowl-
edge of the atomic numbers of the
constituent species, the crystal
structure, and the lattice
spacing—the last of which we will
soon be in a position to calculate.
The theory of random alloys has
almost caught up with the theory of
ordered alloys.

Although the computer codes
used to perform fully self-
consistent KKR-CPA calculations
were largely developed on an IBM-
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3033 computer at ORNL, their effi-
cient utilization requires a capacity
not available on this type of
machine at reasonable cost. Conse-
quently, the self-consistent KKR-
CPA calculations done so far have
been performed on the CRAY-IS, a
supercomputer at SERC’s Dares-
bury Laboratory. Although the
CRAY-IS can run the KKR-CPA
codes about 25 times faster than an
IBM-3033, these modern-day
theories of the properties of alloys
are so complex that they tax even
the world’s most advanced com-
puter.

By using the KKR-CPA theory,
we can now explain many physiecal
and metallurgical properties that
were previously outside the realm
of theoretical discussion. This great
predictive/“postdictive” power of
the KKR-CPA theory and the pic-
ture it provides of the distribution
of electronic states in a random
alloy can best be illustrated by a
few examples.

A number of experimental
methods can probe the electronic
structure of random alloys by
indirectly measuring the conduction
band densities of states, n(e). For
each energy e in the conduction
band, 7(¢) measures the number of
electrons that have that energy. In
an x-ray photoemission experiment,
it is the total densities of states
that are measured; in the soft x-ray
emission experiment, the compo-
nent densities of states on the dif-
ferent atomic species are measured.
The results of KKR-CPA
calculations have been used as a
basis for understanding spectros-
copic measurements on a number of
alloy systems, including CucNi, _,,
Ag Pd,_,, and Li.Mg;_.. In all
cases, the calculations offered
detailed explanations of the major
structure in the measured spectra.
Furthermore, the calculations often
pointed to the failings of previous
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On the basis of existing theory, the peak
at an energy of —3.5 eV observed by
ORNL experimenters in the magnesium
L,, soft x-ray spectrum (bottom frame)
was unexpected. Calculations of the spec-
tra based on the KKR-CPA theory pro-
vide an overall understanding of the
shape of both the lithium and magnesium
spectra. They also allow us to identify the
mechanism that gives rise to the peak in
the magnesium spectrum. This results
from negatively charged electrons gath-
ering around magnesium atoms in order
to neutralize the excess unit of positive
nuclear charge that the magnesium sites
Ppossess.

attempts to understand the proper-
ties of alloys in terms of simple
alloy theories. For example, calcula-
tions on Ag.Pd,_. alloys showed
that two models—the rigid band
model and the virtual erystal
approximation—which had previ-
ously been used to describe the
electronic structure of random
alloys were totally incorrect. This
finding was surprising because the
rigid band model, first proposed by
Sir Neville Mott in 1935, has been
used extensively by physicists and
metallurgists to understand experi-
mental results in numerous alloy
systems, including Ag.Pd, _. alloys.
This demonstration of the inva-
lidity of the rigid band model
shows that the ability of a theory
to explain the results of an experi-
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ment does not necessarily mean
that it provides an understanding
of the physics.

At finite temperatures all
metals, except superconductors,
have a finite electrical resistivity
because the current-carrying elec-
trons are scattered by the ther-
mally induced vibrations of the
atoms in the solid. Unlike the case
in pure metals and ordered alloys,
the resistance to the flow of elec-
tricity in a random alloy does not
disappear as the temperature
approaches absolute zero. The
remaining resistivity results from
the intrinsic disorder in the system
and is called “residual resistivity.”

In many homes, the high re-
sidual resistivity alloys Nichrome
and Canthal (nickel with chromium
and iron with aluminum, respec-
tively) are used in heating elements
for stoves. More exotic alloys of
platinum with tungsten have been
used at ORNL to make high-flux
heaters that could be used to simu-
late reactor conditions in reactor
safety studies.

Despite the obvious technologi-
cal importance of this property,
theory was essentially silent on
microscopic mechanisms that con-
trol the size of the residual resis-
tivity in a particular alloy. Indeed
Bob Williams (Physical Properties
Group in the M&C Division) has on
occasion been known to point this
out. Bob has long made important
experimental measurements of the
transport properties of alloys,
including their residual resistivity.
It was therefore particularly satis-
fying when for Ag Pd, —. alloys, Bill
Butler and I could reproduce in
detail the unusual way that the
residual resistivity depends on the
concentrations of silver and palla-
dium. We determined this relation-
ship from a knowledge of only the
atomic numbers of silver and palla-
dium and the measured crystal
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CONCENTRATION OF Ag

Based on the results of KKR-CPA calcu-
lations and a simple theory of electronic
conduction in metals, the unusual concen-
tration dependence of the residual resis-
tivity of Ag. Pd,_.alloys can be repro-
duced in detail, using only the atomic
numbers of the constituent species and
the alloy’s measured lattice-spacing.

structures and lattice spacings of
the alloys. Furthermore, not only
did we show that the qualitative
understanding of the residual resis-
tivity of these systems—which had
been provided by a model called the
“sd-model” (again proposed by
Mott)—was incorrect but we also
substituted for this model one
based on the KKR-CPA.

Although it is important to
understand the intrinsic properties
of the conduction electrons in an
alloy and to offer detailed explana-
tions of experimentally measured
results like those documented
above, such interpretations are not
the major goal of theoretical stud-
ies of alloys. Having gained confi-
dence in the correctness of our the-
oretical methods, we must then use
this knowledge to pursue our true
goal: to understand how the elec-
tron glue determines the structural
arrangement of the atoms in an

alloy and, hence, its metallurgical
properties.

Even in an alloy that is nomi-
nally random, there is usually some
residual order in the way the dif-
ferent species arrange themselves
with respect to one another. In
some alloys such as CuNi; ., like
atoms tend to cluster together; in
other alloys such as Cu/Pd,_,,
atoms of one species prefer to have
near neighbors of the opposite spe-
cies. Alloys of the former type are
said to show clustering; the latter
are said to exhibit short-range
order (SRO). At the lowest tem-
peratures, alloys that cluster tend
to separate into immiscible regions
of pure A and pure B, whereas SRO
alloys tend to form ordered com-
pounds. Using the KKR-CPA, we
have begun to study the question of
whether a particular alloy system
will exhibit clustering or SRO; in
examining this question we are
developing two rather different
methods.

In the first approach, which we
call a “concentration functional
method,” we focus on the way in
which the atomic species of
completely random alloys attempt
to arrange themselves in response
to the electronic structure. By using
this approach, which was developed
in collaboration with Balazs
Gyorffy, we explained the« = = e
of concentration waves in Cu.Pd;_.
alloys. A concentration wave may
be thought of as a long-lived peri-
odic variation in the site concentra-
tion about the average homogene-
ous value. For a completely random
A_B;_. binary alloy, the probability
of occupancy of each site by the A
species is ¢. In a system with a con-
centration wave along some
direction, the average concentration
of the A species at sites along that
direction is different from ¢ and
varies in a periodic manner. The
period of this variation may not be
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A concentration wave may be thought of
as a long-lived periodic modulation of the
average site occupancy in an alloy. Con-
sider an A,;B,; binary alloy and let =
describe the occupancy of each site in the
crystal.
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In a random alloy, & = 0 at all the sites;
and, on average, each site is occupied
equally by the A- and B-species.
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An ordered AB compound can be
described in terms of a periodic variation
in = that is in phase with the lattice such
that the sites are alternately either
always A, £ = +1/2, or always B, = =
—1/2.
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In some alloys, while Z varies periodi-
cally, it does not have the same period as
the underlying lattice. This situation
describes an incommensurate concentra-
tion wave of the type seen in Cu Pd,
alloys.

related to the periodicity of the lat-
tice; such a concentration wave is
said to be incommensurate with the
lattice.

Experimentally, concentration
waves show up in conventional
x-ray, electron, and neutron diffrac-
tion experiments. When, for
example, an x-ray beam is directed
on a perfect crystal, it is diffracted
by the atoms that compose the
crystal. The diffracted beams of
X rays emerge from the crystal at
specific angles; these angles are
called “Bragg angles,” and the scat-
tered x-ray intensities at these

48

angles are called “Bragg maxima.”
It is from the position of the Bragg
maxima that the crystal structure
and spacing between atoms on the
crystalline lattice are inferred. For
a system that has a concentration
wave, extra peaks called “diffuse
scattering spots” occur in the scat-
tered intensity. The position of the
diffuse scattering spots is related to
the wavelength of the concentration
wave.

Electron diffraction pictures
from Cu.Pd; . clearly reveal the
existence of concentration waves.
Furthermore, it is clear from the
variation with concentration of the
positions of the diffuse scattering
spots that the wavelength of the
concentration waves varies substan-
tially with alloy concentration. By
using a result of our concentration
functional theory that allows us to
calculate the diffuse scattering
intensity, we were able to accu-
rately reproduce the concentration
variation in the diffuse scattering
spot position that was measured
experimentally. We were also able
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In Cu Pd,_.alloys, concentration waves
are seen as diffuse scattering spots in
conventional electron diffraction pat-
terns. The separation between these dif-
fuse scattering spots is related to the
wavelength of the concentration waves.
Results of KKR-CPA calculations repro-
duce in detail the rapid concentration
variation in the diffuse scattering spot
separation seen in this alloy system.

to identify a mechanism involving
the behavior of the conduction band
electrons that gives rise to the for-
mation of concentration waves.

While the calculations were specific
to the Cu.Pd, —. alloy system, it was
clear that the explanation for the
existence of the concentration
waves is transferable to a large
number of other systems that show
similar behavior. Thus for a whole
class of alloy systems, we now
understand the origins of these
effects that occur as precursors to
the formation of ordered phases.

In the second approach, we
examine the question of ordering in
alloys by using a cluster method. In
this method, we calculate directly
the energy associated with particu-
lar local arrangements of atoms in
the otherwise random alloy. These
arrangements are chosen to repre-
sent various situations ranging
from clustering to SRO. The
arrangement that the actual system
will prefer to adopt is the one of
lowest energy. By using this
method, Tony Gonis of
Northwestern University, Bill
Butler, and I calculated the elec-
tronic structure of near-neighbor
clusters in an AgysPdy5 alloy. From
these calculations we predicted that
this system would exhibit SRO. For
this particular alloy, measurements
made by Bob Williams of how much
the electrical resistivity varies with
heat treatment taken together with
various thermodynamic measure-
ments suggest that this tendency
toward SRO is the case.

However, for a definitive experi-
mental test of this prediction, we
await the fruits of the latest
developments in x-ray diffraction.
These developments are being
undertaken at the National Syn-
chrotron Radiation Source at
Brookhaven National Laboratory by
a group led by Cullie Sparks of the
Mé&C Division. They will make it
possible to measure the diffuse
scattering for alloys whose atomic
species are near neighbors in the
periodic table, as are silver and pal-
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The neutron scattering facility at the
High Flux Isotope Reactor is a user fa-
cility. Three of the four people shown
above have come from elsewhere to use
ORNL’s specialized research equipment
and to provide apparatus of their own for
special experiments. Present are, from
left, S. Kawarazaki of Osaka University,
Japan; P. Hilton, Oxford Instruments,
Ltd.; Robert Nicklow, ORNL’s Solid State
Division; and N. Kunitomi, Osaka
University. In this case, the Japanese
have provided a dilution refrigerator as
part of the U.S.~Japan Cooperative Pro-
gram on Neutron Scattering. In this
refrigerator (the cabinet at left plus the
vertical cylinder in the center), a mixture
of helium isotopes (*He and ‘He) in the
liquid state provides a means for achiev-
ing temperatures below 0.0005 K. This
ultralow temperature (one of the coldest
on Earth) together with neutron scatter-
ing measurements is used to study
nuclear magnetism. (See sidebar on user
facilities on p. 58.)

materials have received I-R 100
awards from Industrial Research &
Development magazine, which
annually recognizes 100 laboratory
innovations that show promise for
making or being used in commer-
cial products.

In the mid-1970s ORNL
researchers in the Metals and
Ceramics (M&C) Division developed
a stainless steel that is highly
resistant to swelling and
embrittlemen indesirable effects
normally induced in other steels by
neutron radiation in a fast breeder
reactor environment. Arthur
Rowcliffe, Jim Stiegler, Everett
Bloom, and Jim Leitnaker
developed the low-swelling steel by
analyzing why certain heats of steel
swell while others do not. They
found that relatively small amounts
of certain elements suppress the
swelling and that others enhance
it. Based on this information, they
devised specifications for a low-
swelling steel (see Arthur
Roweliffe’s “Design of D9: A Radi-
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ation Damage-Resistant Steel” else-
where in this issue).

In breeder reactor environments
such as the Experimental Breeder
Reactor-II (EBR-II) in Idaho, ener-
getic neutrons wreak havoc on

Based on tests at EBR-II, ORNL
researchers found that stainless
steels that contain controlled levels
of titanium and silicon are superior
to type 316 stainless steel (now
used in breeders) because they

In recent years, UKNL has developed a low-swelling steel, a modified
chromium-molybdenum alloy, a modified nickel aluminide, and
highly-efficient, laser-processed silicon solar cells. Now, these materials
are moving from the laboratory bench to the marketblace.

materials in at least two ways: they
dislodge atoms from their lattice
sites, forming vacated lattice sites
that collect as voids; and they react
with steel constituents to form
helium bubbles that act as nuclei
for the voids. This void formation
increases the volume and reduces
the density of the material, causing
swelling.

To prevent the smaller helium
bubbles from coalescing into larger
bubbles that could expand into
voids, ORNL researchers added
titanium to the steel. ORNL’s
titanium-modified steel trapped the
bubbles on fine-scale titanium car-
bide particulates formed by reac-
tion of the titanium with carbon in
the steel. The effect of this trap-
ping of small bubbles and voids was
to reduce the swelling significantly.
This trapping of helium bubbles
also prevented them from migrat-
ing to the grain boundaries and
thus causing the steel to become
less ductile.

To reduce swelling even further,
ORNL researchers added small
amounts of silicon to the titanium-
modified steel. It is believed that
silicon decreases swelling by trap-
ping radiation-induced point defects
and promoting their recombination.
To improve the material even more,
the ORNL metallurgists increased
the nickel content and decreased
the chromium and molybdenum
content of the steel to avoid the
formation of undesirable precipitate
phases.

exhibit reduced swelling, increased
creep strength, and enhanced
resistance to helium embrittlement.
Because this material known as the
D9 alloy swells by less than 5% of
its original size while type 316
stainless steel exhibits 50% swell-
ing in an equivalent neutron envi-
ronment, the alloy could be a better
material for fuel cladding and ducts
in liquid metal fast breeder reac-
tors; because ducts and cladding
made from the D9 alloy would swell
less, reactor designers can achieve a
greater efficiency in breeding new
fuel.

Hanford Engineering
Development Laboratory (HEDL)
in Richland, Washington, is work-
ing on optimizing alloy chemistry,
improving fabrication procedures,
and establishing a statistically
sound data base for the D9 alloy.
Commercial vendors—Allvac, Car-
tech, Inc., and Superior Tube,
Inc.—have fabricated fuel pin
assemblies and flow ducts from the
D9 alloy. These components are
currently undergoing extensive
irradiation testing in the Fast Flux
Test Facility (FFTF) at Hanford.
Successful performance in these
tests could lead to the gradual
replacement of type 316 stainless
steel by the D9 alloy as the struc-
tural material for the FFTF core.
The new alloy is also being consid-
ered for use in fusion reactors
whose 14-MeV neutrons can pro-
duce 10 times as much transmuted
helium in the alloy as breeders.
























the reactor core. How many times a
single atom is displaced depends on
how long its host component
remains in the core. Economic con-
siderations require that core com-
ponents for commercial breeders
have lifetimes of about 900 full-
power days. Translated to the
microscopic scale, this lifetime

radiation-induced solute
segregation—were closely coupled
with void swelling.

The atoms displaced from their
sites during neutron irradiation are
known as interstitials, and the
resulting empty lattice sites are
known as vacancies. Vacancies and
interstitials are defect regions of

UKNL has developed a steel alloy that is resistant to neutron-induced
swelling. It could prove useful in ducts and cladding in fuel assemblies
of breeder reactors and as a structural allov for fucinn ronrtore

requirement means that in some
regions of the core, each atom in a
component will be displaced, by col-
lisions with energetic particles,
approximately 150 times.

In the mid-1960s, when design
work on many of the world’s cur-
rent breeder reactors began, no
information existed on the behavior
of materials under these exacting
conditions. However, data were
available on the effects of radiation
on materials properties at low dis-
placement levels. This limited infor-
mation, together with proven fabri-
cation technology, led to the almost
universal selection of conventional
austenitic stainless steels of the
AISI 316 type for cladding and
ducts. This material is currently
used, for example, for fuel assem-
blies in the recently commissioned
Fast Flux Test Facility (FFTF) at
Hanford, Washington, which is
designed to test breeder reactor
fuels and components.

During the late 1960s when irra-
diation experiments in fast reactors
achieved increasingly high displace-
ment levels, a new radiation phe-
nomenon was discovered in the
United Kingdom—namely, void
swelling. Subsequently, metallur-
gists realized that two other
phenomena—irradiation creep and
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high energy. These so-called point
defects must be eliminated to
reduce the energy of the system.
Vacancies and interstitials migrate
rapidly and either recombine with
each other or become absorbed at
various favored locations, or sinks,
within the metal structure. The
phenomena of void swelling and
irradiation creep (stress-induced
growth) have their origins in the
way in which point defects are
absorbed at internal sinks. Under
certain circumstances, vacancies
agglomerate and form tiny, three-
dimensional voids in the metal lat-
tice. The corresponding displaced
atoms collect into extra platelets of
atoms known as dislocation loops.
The voids grow continuously during
irradiation, and the dislocation
loops expand and move through the
metal lattice, eventually giving rise
to macroscopic dimensional
changes. In other words, the mate-
rial swells and its density
decreases.

As data became available at
increasingly higher levels of dis-
placement damage, the void swel-
ling phenomenon came to dominate
considerations of reactor core
design. As a result of swelling,
ducts undergo both a radial and an
axial growth. Because of neutron
flux and temperature gradients, the
rate of swelling varies across the
duct wall and induces a bowing

along the length of the duct. Even-
tually, these shape changes cause
significant reactivity changes, lower
the efficiency of breeding pluto-
nium fuel from uranium-238, and
create difficulties in removing indi-
vidual fuel assemblies from the
core.

Recently, it has been shown that
the original material selected for
breeder reactor cores—type 316
stainless steel—undergoes a volume
increase of 50% to 70% when irra-
diated to a level equivalent to the
goal fluence of a commercial
breeder reactor. The serious design
problems created by this phenome-
non and its potential impact on
breeding performance and econom-
ics led to the launching of a major
experimental effort in this country
in 1974 to explore all aspects of
core materials performance and to
seek a solution to the swelling
problem. This program—the
national Clad/Duct Alloy Develop-
ment Program—involved several
national laboratories, universities,
and the principal reactor manufac-
turers. It was coordinated by Han-
ford Engineering Development
Laboratory (HEDL).

Several different classes of
alloys were considered in the search
for low swelling materials, most
notably nickel-based superalloys
and ferritic stainless steels. How-
ever, the AISI 316 stainless steel, in
spite of its poor resistance to
radiation-induced swelling, was
heavily favored because of these
assets: excellent mechanical proper-
ties, resistance to corrosion, and the
existence of a well-developed tech-
nology to fabricate the material.
The appreach advocated by Oak
Ridge National Laboratory’s Radi-
ation Effects Group, then led by
Jim Stiegler and Everett Bloom of
the Metals and Ceramics (M&C)
Division, was to seek improvements
in the swelling resistance of type
316 stainless steel by slightly modi-
fying the alloy composition while
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Louis K. Mansur, group leader of the
Defect Mechanisms Group in ORNL's
Metals and Ceramics Division, came to
ORNL in 1974. His previous experience
includes five years with the U.S. Atomic
Energy Commission (predecessor of the
U.S. Department of Energy) in reactor
physics and engineering. He hoids a
Ph.D. degree in engineering physics and
materials science from Cornell Univer-

sity. His current area of interest is the
mechanistic understanding of atomic and
microstructural processes in metals and
alloys and the application of this under-
standing to materials problems in energy
technology. At ORNL he is developing
the theory of microstructural evolution—-a
theory based on point defect reactions
and integrating experimental and theo-
retical activities in the area of radiation

LYCWLI VIR JTUTI JISIUTL GTIA JUSIOM power plants can lead to profound
changes in metals and alloys. At ORNL theorists and experimentalists
work together to understand how radiation alters the properties of
these materials. Their ultimate goal is to determine the mechanisms
underlying these changes and to select and design alloys that resist radi-

ation damace.

been working on such problems for
more than 30 years; in fact, ORNL
is regarded as a world leader in the
field of radiation effects in struc-
tural metals and alloys. Research in
ORNL’s Metals and Ceramics
(M&C) Division embraces both the
basic science of radiation effects
and the design of radiation-
resistant structural materials for
fission and fusion reactors. The
interaction of these programs is an
outstanding example of the mutual
benefits attainable when both
applied and basic research efforts
are focused on a common problem
area.

ORNL’s basic researchers in
defect mechanisms work with
applied researchers in structural
materials to understand underlying
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atomic and microstructural mech-
anisms of radiation effects. This
information guides the applied
researchers in designing improved
alloys for possible use in fission
and fusion reactors. These
researchers interact heavily with
electron microscopists and receive
extensive support from specialists
in specimen preparation and labo-
ratory techniques. All this research
is supported by the U.S. Depart-
ment of Energy.

The field of radiation effects in
materials is a vital area of reactor
technology as well as an important
area of materials science. In the
United States, DOE spent about
$25 million in fiscal year 1983 on
radiation effects research and
development, excluding the large

effects on materials. Mansur's group
received DOE’s 1983 Materials Sci-
ences Award in the category of signifi-
cant implications for energy technology
for “the effect of helium gas and pulsed
irradiation on materials behavior in
fusion reactors.” This and other work
are described in the article.

cost of operating materials testing
reactors and accelerator-based neu-
tron sources. Additional research is
supported by the U.S. Nuclear
Regulatory Commission. Besides
ORNL, other national laboratories
involved in radiation effects R&D
re Argonne National Laboratory,
Battelle Pacific Northwest Labora-
tory, Brookhaven National Labora-
tory, Hanford Engineering Develop-
ment Laboratory, and Los Alamos
National Laboratory. Corporate
research laboratories and divisions
of companies such as the Westing-
house Electric Corporation and the
General Electric (GE) Company
also participate in this research as
do a number of prominent universi-
ties. In addition to the United
States, France, the United King-
dom, Germany, Japan, and the
Soviet Union have major research
programs in radiation effects.

That radiation affects the prop-
erties of materials has been known
for at least 150 years—ever since
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mechanism of increased cavity
swelling in the presence of
irradiation-induced precipitation
and formulated the theory underly-
ing this mechanism. The theory
holds that, during irradiation,

point defects are absorbed on
precipitate-matrix interfaces and
diffuse along the interface to the
attached cavity, thus causing it to
swell. The existence of the mecha-
nism has been verified experimen-
tally. The effects of helium gas on
swelling are now being investigated.
Recently, we derived a more com-
prehensive description of helium
interaction mechanisms, which is of
particular use in both swelling and
helium embrittlement studies.

We are now constructing a new
type of theoretical framework. This
method, which is termed cascade
diffusion theory, provides a better
tool than does the conventional
theory for understanding radiation
effects. A cascade is the disturbed
local region of material that results
from one collision of a neutron with
a lattice atom. This initial energetic
collision displaces many atoms in
the region by a cascading process in
which the struck atom transfers its
energy to other atoms. The tradi-
tional theory has ignored the fact
that point defects are generated in
discrete bursts initiated by neutron
collisions and lost at spatially dis-
crete sinks (cavities, dislocations,
and grain boundaries); it has
modeled the processes by construct-
ing an “equivalent” homogeneous
medium in which everything is
treated according to its average
value. This description, by defini-
tion, eliminates the possibility of
understanding important processes
that can occur only during point
defect concentration fluctuations
caused by point defect production in
collision cascades. The identifica-
tion of a new mechanism of irradia-
tion creep has been made possible
by ORNL’s new theory, and initial
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indications are that the new mecha-
nism may account for a significant
fraction of the high irradiation
creep rates observed experimen-
tally.

For the future, the M&C radi-
ation effects researchers plan to
conduct in-depth studies of the
processes leading to embrittlement.
Based on many observations of dif-
ferent materials under various irra-
diation conditions, helium and
solute segregation are strongly
implicated in embrittlement. The
object of the research is to learn
more about the role of helium and
solute segregation—on a fundamen-
tal or mechanistic level—in making
materials brittle.

The complex issue of phase
instability during irradiation will
be the subject of continuing investi-
gations at ORNL. We plan to study
new materials, including ferritic
alloys and new model austenitic
alloys of various compositions, to
understand how radiation induces
phase changes. We also plan to
begin studies of radiation effects on
ceramics. Comparatively little is
known about the behavior of these
materials under irradiation even
though they are candidate materi-
als for fusion reactors. Some fusion
reactor designs, for example,
include the use of a ceramic to
breed tritium by neutron-induced
transmutation reactions; such a
material should withstand high
doses of displacement-producing
radiation. Ceramics are also needed
for electrical insulators in fusion
reactors. We view radiation effects
in ceramics as a great challenge at
the basic scientific level because of
the more complex structure and dif-
ferent electronic configurations
that are responsible for differences
in basic microstructure and in the
kinetics of defect formation.
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A plane of atoms in the face-centered
cubic structure of metals such as copper,
nickel, and stainless steel alloys is shown
here. In this simplified representation of
the displaced atoms from a cascade
resulting from a low-energy neutron col-
lision, the open circles are atoms on lat-
tice sites, the dashed squares represent
vacancies, and the shaded circles repre-
sent interstitials. The interstitials, named
for the interstices between lattice atoms,
actually take the form of two atoms shar-
ing the same lattice site, so that each is
displaced from the site by an equal
amount, forming a “dumbbell.” Mark
Robinson, Dean Oen, and other scientists
in ORNL’s Solid State Division have
made important contributions to under-
standing the collision process leading to
atom displacement.

Knowledge of radiation effects
is also important because it
contributes to an understanding of
the physics of materials and of the
basic aspects of materials behavior.
Radiation is a unique tool because
the point defects and changes in
microstructure produced by irradi-
ation often cannot be achieved by
conventional thermal or mechanical
treatments. For example, vacancies
can be produced thermally only at
high temperatures but can be pro-
duced by radiation at low tempera-
tures. Because vacancies can diffuse
and engage in many complex reac-
tions at low temperatures, the use
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aboard the Pioneer (Jupiter),
Viking Lander (Mars) and Voyager
(Jupiter and Saturn) spacecraft. In
the 1980s RTGs will be employed in
the Galileo (Jupiter) and Solar-
Polar missions.

Also in the 1980s, further exploi-
tation of space is anticipated for
both civilian and military
applications that require high
power levels. To this end, three U.S.
government agencies—namely, the
Department of Energy (DOE),
National Aeronautics and Space
Administration (NASA), and the
Department of Defense (DOD)—are
sponsoring the development of
space nuclear fission reactor sys-
tems designed to generate elec-
tricity at power levels ranging from
100 kW to 100 ... ... Compact
nuclear reactors are needed because
these power levels are much higher
than are currently obtained from
photovoltaic solar panels (approxi-
mately 10 kW) and RTGs (approxi-
mately 0.3 kW). Such high-power
reactors could be used aboard an
orbiting space station whose micro-
gravity vacuum may be exploited
for processing certain metal alloys
and crystals for electronics. In
addition, these reactors could be
used for powering ion propulsion
systems for trips to the outer
planets and for defense applications
such as surveillance satellites, large
radar systems, laser-based com-
munications equipment, and laser

84

or particle-beam weapons designed
to destroy enemy missiles in flight.

ORNL has a lead role in the
development of refractory alloys for
these compact reactors. Because
these reactors must operate at a
high temperature to ensure effi-
cient power production, alloys hav-
ing high melting points will be
needed for the nuclear fuel cladding
and as structural materials.

RTGs are the nuclear devices
currently used to provide electricity
for space voyages to the outer
planets. In RTGs, the heat liberated
by the decay of a plutonium
radioisotope (¥¥Pu) is converted
to electrical power in special
thermocouples called thermoelectric
elements. Electricity is generated
when one end of the thermoelectric
element [such as a silicon-
germanium (SiGe) compound] is
heated and the other end is kept
cooler (the Seebeck effect). These
nuclear generators have two advan-
tages: they have no moving parts to
wear out, and the power decreases
only a few percent after several
years because of the degradation of
the thermoelectric elements and the
reduced heat-generation rate of the
decaying fuel (the half-life of the
238py isotope is 87 years).

The space probes to Mars in
1975 (Viking Lander), to Jupiter in
1972 (Pioneers 10 and 11), and more
recently to Jupiter and Saturn in
1977 (Voyagers 1 and 2) had several
RTGs on board. The 100-W RTG
units on Voyagers 1 and 2 consist of
a graphite cylinder about the size
of two 4-L (1-gal) cans stacked end
to end. Twenty-four golf-ball size
spheres of 2*PuQ, inside the graph-
ite cylinder produce 2400 W of heat,
thus raising the temperature of the
assembly of several hundred Si-Ge
thermoelectric elements to about
1100°C.

ORNL’s Metals and Ceramics
(M&C) Division was responsible for
developing a cladding alloy to con-
tain the hazardous nuclear fuel that
is capable of withstanding the sear-
ing heat of reentry into the atmos-

_ phere and the impact of falling on
the Earth. The cladding is heated
to 1300°C under normal design con-
ditions. However, if the spacecraft
fails to escape the Earth’s gravita-
tional pull because of a rocket mal-
function, the total heat produced by
the nuclear fuel and the aero-
dynamic friction of the air on the
generator as it reenters the Earth’s
atmosphere would momentarily
raise the generator temperature to
1800°C. The generator then cools at
lower altitudes because of the
denser air there and then impacts
at 90 m/s (200 mph) at a tempera-
ture of 1300°C. Thus, the task of
the M&C Division in the mid-1970s
was to develop a cladding alloy that
could withstand the possible ther-
mal and mechanical abuse of re-
entry heating and impact. In addi-
tion, the cladding also had to resist
reactions with the Z*PuQ,, graph-
ite, and air.

For this application, C. T. Liu
and Henry Inouye developed several
precious metal alloys based on
platinum and iridium. These rare
metals were not inexpensive; they
have cost as much as $1000 per troy
ounce. Liu and Inouye worked with
100 or more ingots, each having the
value of a Cadillac. One of their
six patented alloys, an iridium-
tungsten (Ir-W) alloy, was selected
for the Voyager missions.

They found that iridium became
stronger and more brittle as the
material was made more pure.
Thus, by restricting the tungsten
content of the alloy to 0.3% of the
alloy composition and by doping it
with about 50 ppm each of thorium
and aluminum, they made an alloy
strong enough but with sufficient
ductility (ability to deform without
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research equipment, estimated to
cost about $3 million, will support
the research; (3) laboratory and
office space will be available to
industrial and university researchers
who periodically conduct research
in the HTML, which will be a
national user facility; and (4) about
half of the annual research budget
for the HTML will be oriented to
basic materials research (such as
understanding the behavior of

facility typically requires about
ten years. Once the idea is con-
ceived, an analysis must be per-
formed to show that the conceptual
facility is needed and that the
research to be carried out in it is
justifiable and important. Next,
people in the supporting agency (in
our case, DOE) must be so con-
vinced of the need and importance
of the facility that they will include
the facility in their budget

ORNL’s proposed High-Temperature Materials Laboratory has been in
the federal budget cycle since fiscal 1978. But after several frustrating
years of having funds for the HTML deleted, it looks as if the national
user facility will become a reality by 1989.

dislocations and vacancies in a
material at high temperatures),
while the other half will support
applied research (such as develop-
ment of new ceramics and alloys,
compositions that have superior
strengths at high temperatures).
We think that having basic and
applied research specialists working
closely together can provide sub-
stantial benefits to achievement of
the goals of both types of research.

The sequence of events that
finally leads to a new research
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requests. Following this step, a pri-
vate firm is contracted to prepare
the conceptual design, which con-
sists of considerable detail, includ-
ing the floor plan for all labora-
tories and offices, utilities, and the
heating and air-handling system. In
addition, the firm proposes a con-
struction schedule and estimates
the total cost for the building. This
cost estimate is the basis of the for-
mal budgetary request to the sup-
porting agency.

If the building request survives
the budget processes of the sup-
porting agency and Congress, the

first actual funds are made avail-
able. Achieving this goal, however,
is no small matter, as will be illus-
trated in the story of the HTML.
After Congress appropriates funds,
the next step is the final architec-
tural design and the engineering
design in which numerous engineer-
ing drawings are prepared that will
be used later by the construction
contractor in building the structure.
The design work is performed by a
private firm under contract to the
supporting agency. For the HTML,
the architectural and engineering
design contractor is the firm Deeter
Ritchey Sippel (DRS), located in
Pittsburgh, Pennsylvania. The
A. M. Kinney (AMK) firm in Cin-
cinnati, Ohio, is a subcontractor of
DRS and is responsible for various
engineering aspects of the design.
The architectural design of the
HTML, started in November 1983,
is expected to require about a year.
Following the architectural design
work, a construction contract will
be established by DOE, and build-
ing construction will actually begin.
We plan for construction of the
HTML to start during FY-85
and be essentially completed in
about two years. We expect to
occupy the building about
three years following the start of
construction.










HTML. This committee, which
includes both university and indus-
trial representatives, has met sev-
eral times at ORNL and has been
particularly helpful to ORNL man-
agement.

In July 1980, we received a for-
mal request from the Office of
Basic Energy Sciences (OBES) to
reduce the size of the HTML from
about 7,400 m?2 (80,000 ft?) to about
4,600 m?2 (50,000 ft2). A second con-
ceptual design to meet these new
requirements was completed that
December. Hanna Shapira of
ORNL'’s Energy Division then
prepared sketches of alternate
architectural treatments for the
building.

In December 1980, an important
event occurred—the formation of
the HTML's Industrial Users’ Com-
mittee. Its purpose is twofold: to
advise ORNL management of pos-
sible mechanisms for industry-
ORNL interactions, such as assign-
ing industrial researchers to the
HTML, and to make recommenda-
tions to ORNL management on
future important areas for high-
temperature materials research.

In April 1981, ORNL hosted a
special meeting of the Industrial
Users’ Committee. About 50 senior
industrial R&D executives attended
and heard our ideas for the HTML.
We described selected examples of
ORNL materials research to them
(such as our work in developing
stronger alloys and tougher ceram-
ics) and solicited their support for
the proposed facility. As a result of
this meeting, we received strong
support for the HTML from the
industrial community. Some of our
new industrial contacts requested
information on how to start and
organize research programs in
which interested companies could
collaborate with ORNL materials
scientists and engineers.

The HTML budget fortunes were
looking very favorable during the
FY 1982 budget cycle in 1981. The
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project was included in the
President’s Budget and was for-
mally authorized by congressional
and presidential action; unfor-
tunately, at the last moment, the
HTML funds were deleted during
House-Senate conference action on
the appropriations bill. Also during
1981, I was appointed director of
the HTML, replacing Cathcart, who
returned to full-time research in
the M&C Division. In the same
year, two major ORNL review com-
mittees again strongly endorsed the
HTML concept.

During 1982, in an effort to
bring the HTML into being, we
analyzed ORNL’s research program
supported by the Division of
Materials Sciences of OBES and
identified certain research activities
within the Solid State, Metals and
Ceramics, Chemistry, and Chemical
Technology divisions that would
be consolidated into a high-
temperature materials program.
After several months of effort, Carl
Koch (M&C), Paul Becher (M&C),
and I, aided by the many research-
ers involved in this work, completed
our first set of research plans.

We persevered and, in prepara-
tion for the FY 1984 budget cycle,
undertook to strengthen the sup-
port base for the HTML. For ex-
ample, we provided documents that
support the HTML concept to the
Office of Management and Budget
(OMB), which conducted an inde-
pendent analysis of the project in
late 1982. Then, one day in
December 1982, I was informed that
the project was deleted from the
DOE/OBES budget by OMB. We
were very discouraged, for this
news seemed to be the death knell
for the project. However, the fol-
lowing morning I learned that the
project had been transferred in the
FY 1984 budget to the Office of
Vehicle Engine Research and

Development (OVERD) within the
DOE’s Conservation Program. This
action meant that an entirely dif-
ferent set of House and Senate
Committees would now be responsible
for judging the project.

In February 1983, I made a pre-
sentation on the HTML concept, the
proposed building, and details of
some of ORNL'’s ongoing materials
research to the Solid State Sciences
Committee of the National
Research Council. This committee is
often asked by Congress to provide
advice on whether a proposed
research facility is justifiable and
suitable. In March, Zucker testified
before the Subcommittee on Energy
Development and Applications,
Committee on Science and Tech-
nology, U.S. House of Represen-
tatives. During his testimony, he
presented recent results of ORNL'’s
materials research program and
explained why the HTML is needed.

Since that time, the project has
survived the FY 1984 budget
markup process in the Appropri-
ations Committees of both the
House and Senate, and the
President signed the appropriations
bill on November 4. The FY 1983
budget reprogramming has been
completed, and the FY 1984 budget
for the project was received in
January 1984. The architectural
engineering contractor has been
selected, the contract for this work
was signed this past November, and
the design work is under way. Dur-
ing November and December 1983,
work by DRS and AMK resulted in
determination of the location of the
HTML (immediately south of Build-
ing 4508), selection of the HTML
structure type (reinforced concrete),
the architectural treatment, and
general details for the floor plans.
We expect to start actual construc-
tion in early 1985. For us, 1984 was
the year when our sponsor in
Washington gave the green light to
the project that we beli~ve nap
truly benefit the natior
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and systems for advanced concepts
such as the liquid metal fast
breeder reactor (LMFBR) and the
high-temperature gas-cooled reac-
tor (HTGR) will perform efficiently
and reliably during their design
lifetimes. Like their predecessors,
these higher-performance machines
must last for 30 to 40 years in
potentially corrosive environments
and in high-radiation fields but at
much higher temperatures. Con-
struction and operation of LMFBRs
and HTGRs worldwide have
already provided a great deal of
information on the behavior of
structural materials, but the higher
temperatures proposed for
advanced systems and the several
reported failures of structural com-
ponents in operating plants point
out the need for improved materials
technologies.

In nonnuclear applications,
design of pressure-boundary com-
ponents using the rules of the
American Society of Mechanical
Engineers (ASME) dates back
40 years. The ASME approach is
referred to as design-by-rules and
is used for home water heaters and
fossil fuel plants and has been used
for some older nuclear plants. In
this approach, the critical dimen-
sions for a component are based on
allowable stress criteria, which con-
sider resistance to rupturing when
stressed (stress-to-rupture proper-
ties), resistance to breaking when
subjected to tension (tensile proper-
ties), and resistance to a permanent
change in the material’s shape after
prolonged exposure to relatively
small external forces at high tem-
perature (creep).

Although use of design-by-rules
has generally proven successful for
nonnuclear systems, a material fail-
ure that can be tolerated in a water
heater or a fossil-fired plant may
prove to be extremely costly and
totally unacceptable in a nuclear
plant. The ASME recognized that
additional considerations were
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needed for nuclear components
exposed to high-temperature cyclic
loading and thermal shock condi-
tions. Therefore, the ASME formu-
lated a design-by-stress analysis
requirement where fatigue (the
tendency of a material to break
under cyclic or repeated alternating
stress and strain) and creep-fatigue
properties must also be considered.
In LMFBRs, several structural
failures in piping, heat exchangers,
and steam generators have been
reported. The steam generator is a
particularly critical component in
an LMFBR because its tubes form
the boundary between sodium and
water (or steam); thus, the possi-
bility exists that highly corrosive
sodium hydroxide would be pro-
duced as the result of a structural
failure. Failures of this type have
oceurred in type 304 stainless steel
welds in the French Phenix, the
niobium-stabilized, chromium
molybdenum (2.25% Cr and 1%
Mo) steel superheaters in the Pro-
totype Fast Reactor (PFR) in the
United Kingdom, and the
superheaters (made of the same
material as those in the PFR) in
the Russian BN-350. These failures
were attributed to fatigue,
improper heat treatment, and
undetected defects in welds.

1e cracking of the type 304

tainless steel welds in Phenix
was clearly associated with a defi-
ciency in the design-by-rules
method. Jim Corum and his co-
workers in the Engineering Tech-
nology Division are attempting to
establish a high-temperature design
methodology that addresses the
deficiencies in this method. Some of
the key problems they are studying
are mathematical descriptions of
inelastic behavior, criteria and
rules for time-dependent deforma-
tion and failure, confirmatory
structural assessments, and simpli-
fied methods for minimizing the
cost and time of design analysis.

Although the ORNL High-
Temperature Structural Design
Program was developed for applica-
tion to LMFBRs, it is in many
respects equally applicable to
HTGRs.

Implementation of either
design-by-rules or design-by-stress
analysis requires a good data base
on material properties. Chuck
Brinkman and his Mechanical Prop-
erties Group in the Metals and
Ceramics (M&C) Division provide
baseline design data on tensile,
creep, fatigue, creep-fatigue, and
crack-growth properties, and they
determine the effects of environ-
ment and microstructure on these
properties for specific design appli-
cations.

Fabrication and service defects
are generally unavoidable in any
system, and, as mentioned above,
they have led to component failures
in a number of reactor systems.
Thus, the ability to nondestrue-
tively characterize defects, espe-
cially during service life, is criti-
cally important. The M&C
Division’s Nondestructive Testing
Group led by Bob McClung has
made considerable progress in sev-
eral difficult problem areas, includ-
ing in-service inspection of stainless
steel welds and advanced tech-
niques for the in-service eddy-
current inspection of ferritic steels
to check for flaws.

Standard eddy-current tech-
niques have been found unaccept-
able for.in-service inspection of the
double-wall tubes proposed for use
in an advanced LMFBR steam gen-
erator. The standard technique can-
not overcome two problems: (1) the
need for boreside magnetization of
the 2.25 Cr-1 Mo steel to allow
penetration of the eddy currents
through the tube wall for evalu-
ation of the outer surface and
(2) the high heat generation in the
tubing caused by magnetization.
McClung, Gerry Scott, and Cas
Dodd have achieved the level of
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they are useful in a wide variety of
energy conversion applications.
Some ceramics have optical uses,
such as glass lenses, potassium
chloride laser windows, and
alumina and beryllia microwave
windows. Electrical applications
have been found for ceramics in
insulators, piezoelectric transduc-

ers, semiconductors, and capacitors.

Ceramics are strong when com-
pressed, but, as we will see shortly,
high tensile strength ceramics
require very careful processing so
that the cracks or defects that con-
trol strength are kept quite
small—well under 100 um. These
properties result from the absence
of any plastic deformation in most
ceramics at temperatures below

Ceramics are very hard materials and can be quite strong at high tem-
peratures but because they are brittle, they have had only limited use
in energy conversion devices. However, ORNL researchers have found
that incorporating zirconia particles or silicon carbide whiskers into
ceramics such as alumina substantially increases the material’s tough-
ness, or resistance to cracking under stress. Ceramics made of polycry-
stalline titanium diboride can also be made to have high fracture
strengths and toushness bv careful control of the microstructure.

Ceramics possessing chemical or
wear-resistant properties are used
as abrasives and in pump and valve
components used in the chemical
industry, while those resistant to
high temperatures are found in
refractory insulation and may be
used in components of heat engines
such as valve lifters, piston caps,
cylinder liners, and bearings. In
fact, Oak Ridge National Labora-
tory is the U.S. Department of
Energy’s lead laboratory for
developing ceramics for advanced
heat engines such as the adiabatic
diesel engine.

In each of these cases, the
ceramics are subjected to some type
and magnitude of tensile loads or
stresses. Many times the design of
components has to be modified to
minimize these stresses; and, as a
result, full advantage often cannot
be taken of the material’s desirable
properties. Ceramics often do break
quite readily when subjected to
bending or tension; many college
students learned about this phe-
nomenon in their respective chem-
istry laboratories when they tried
to break a glass rod cleanly, only to
have it splinter into several pieces.
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1000°C; thus, often only modest
tensile-type stresses are necessary
to make inherent cracks grow.

The failure of ceramics under
tensile stresses such as bending
stems from the motion of cracks
under stress; usually, each crack
advances by the elastic stretching
and breaking of the chemical bonds
at the sharp tip of the crack.
Because virtually no plastic defor-
mation occurs at crack tips in
ceramics as it does in metals, little
energy is required to advance the
crack. Thus, ceramics have values
of fracture toughness, or resistance
to cracking, of only about one-tenth
those of metals.

The result of the low fracture
toughness values of ceramics is a
strong sensitivity of the tensile
fracture strength (resistance to
breaking when bent) to the size of
flaws such as cracks or cracklike
defects that are always present. To
improve its tensile fracture
strength, a ceramic’s fracture
toughness must be increased or the
flaw sizes decreased. For ceramics
that have typical critical fracture
toughness values, one must keep
the flaw sizes below 20 um in order

to achieve tensile fracture strengths
of 700 MPa (100,000 psi). Flaw sizes
can be minimized during the fabri-
cation of ceramics by the use of
techiiiques that eliminate pores and
porelike defects and cracks. How-
ever, in making a large number of
ceramic components, it is very diffi-
cult to ensure that the flaws are
small enough and that they will
remain so throughout the life of a
component in service.

Another approach would be, of
course, to increase the fracture
toughness of the ceramic and thus
allow larger flaws. We could
improve fracture toughness by
identifying mechanisms that can
increase the amount of energy that
must be applied to cause cracks to
grow. The question then arises:
what are the processes that can be
used to dissipate additional energy
in the crack tip region?

To dissipate more energy at a
crack tip, some process must be
triggered by the tensile stresses
localized there to increase the frac-
ture toughness of the material. At
ORNL the Structural Ceramics
Group has prepared ceramics that
contain particles that undergo
stress-induced transformations
(changes in crystal structure)
which involve both an increase in
the volume and a change in the
shape of the particle. Such features
are characteristic of the
tetragonal-to-monoclinic phase
transformation in zirconia (Zr0O,)
and hafnia (HfQO,). The nature of
this particular phase transforma-
tion is also such that the stress
required to initiate it can be con-
trolled by both certain chemical
additions (e.g., small amounts of
yttria, or Y,03) and changes in tem-
perature. By decreasing both the
amount of additive and the temper-
ature, the level of stress needed to
initiate the phase transformation












duce ceramic materials involve the
consolidation of ceramic powders at
high temperatures (typically
>1200°C). During consolidation, the
powder particles are joined
together; they grow and change
shape as voids, or pores, are
removed by diffusion processes that
allow atomic species to move. In
this way a dense body containing
many grains is produced. The criti-
cal requirements include both
minimizing the growth of the
powder particles and of the subse-
quent grains that are formed dur-
ing consolidation and elimination of
voids and pores. Particle and grain
growth can be lessened by minimiz-
ing the temperature required for
consolidation.

Several techniques are used to
lower the consolidation tempera-
tures. One is to add small amounts
of selected chemical compounds
that speed up diffusion during the
consolidation process; another is to
start with ultrafine (up to 0.1 um)
powder particles that can be closely
packed together so that the atoms
need move only a small distance to
form grains and remove voids. In
the case of the TiB, ceramics, Car-
los Bamberger, Jorulf Brynestad,
Dale Heatherly, and Fred Land of
the Chemistry Division’s High
Temperature Chemistry Group are
studying high-temperature reac-
tions that could be used to synthe-
size ultrafine, pure powders.
Results to date have shown that
TiB, powders produced by processes
based on the Chemistry Division
studies can be used to form dense
fine-grained (<2 um) TiB, ceramics
at modest temperatures. Additional
studies by Cabell Finch and Pete
Angelini of the Structural Ceramics
Group reveal that when only coarse
(5 um) powders are available, small
amounts (<10%) of metals having
low melting points can be added to
produce dense TiB, ceramics at
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temperatures below 1500°C. When
this technique is used, the resultant
grain size is about the same as the
starting powder size. Both tech-
niques, then, allow us to produce
the fine-grained TiB; ceramics,
which have high fracture strengths
and are extremely resistant to
time-dependent failure under
stress.

In conclusion, several means
exist to tailor the mechanical pro-
perties of ceramics so that they are
much less likely to fracture. We at
ORNL have found that incorporat-
ing ZrO, particles or strong SiC
whiskers into the ceramic during
the fabrication process substan-
tially increases its fracture tough-
ness. This increased fracture tough-
ness allows the ceramic fabricator
to use inspection techniques now
available to verify that the cracks
or flaws in components are small
enough to ensure that components
will have high fracture strengths,
In addition, these toughening tech-
niques greatly reduce the likelihood
that failure will occur with time as
a result of slow crack growth when
the component is subjected to in-
service tensile stresses. In the case
of noncubic ceramics, we can also
use processing techniques that pro-
duce dense, fine-grained ceramics.
This processing will minimize the
internal stresses in the ceramic and
thus result in a high-strength
ceramic with greatly increased
service life. Thus, materials such as
the fine-grained TiB, ceramic can
be used under service conditions in
which high strength [500 MPa
(70,000 psi)] must be maintained for
many years. As understanding and
application of toughening tech-
niques continue to advance, the
image of ceramics as brittle and
fragile may gradually be displaced
by their growing reputation as
durable structural materials
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r industrial conservation pro-

ram, also started in 1977,
emphasizes the development of
technology to make improved
materials for industrial insulation,
for use of alternate fuels, and for
the recovery of waste heat from
industrial furnaces. Our current
work focuses on ceramic recupera-
tors for recovering waste energy
from high-temperature (~1000°C)
industrial flue gases for preheating
combustion air in industrial fur-
naces. Such recuperators could
reduce the use of fuel by 30 to 50%.
This project, led by Irv Federer,
involves testing and analyzing
potential ceramic tube materials in
high-temperature industrial fur-
naces, as well as developing new
materials and processes. Both
ORNL and industrial subcontrac-

tors are participating in the project.

A major concern is whether
ceramic materials will be reliable
when subjected to corrosive indus-
trial gases, such as those in alumi-
num remelting and steel reheat fur-
naces. We are determining the cor-
rosion mechanisms and effects on
properties of ceramics exposed to
corrosive gases simulating those of
the industrial environment. Qur
goal is to help industry select the
most corrosion-resistant ceramic
materials and to predict their
long-term reliability.

1 1981 at the request of DOE’s

)ffice of Vehicles and Engines
Research and Development, Vic
Tennery and I assessed ceramic
technology needs and developed a
long-range plan for using ceramics
in advanced automotive engines.
We arrived at a seven-year,
$100-million, joint laboratory-
industry-university program to
meet those critical technology
needs. DOE assigned ORNL the
lead role in implementing the pro-
gram, which is being managed by
Ray Johnson of the M&C Division.
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Replacing metal parts in engines
with ceramic ones is desirable
because ceramics, unlike metals,
maintain their strength at high
temperatures. In current heat
engines, only about one-third of the
energy from burning fuel can be
used to drive the engine. The
remaining two-thirds of the energy
escapes through friction losses, the
exhaust, and the coolant, which is
used to remove heat to prevent the
metal parts from melting. If metal
parts in automobile engines and
other heat engines were replaced by
heat-resistant ceramic materials,
these engines could use fuel 30 to
40% more efficiently and save the
nation an estimated 8 X 10°m3 (5
X 10® bbl) of oil annually.

Although ceramics have many
desirable properties—high strength
at elevated temperatures, low den-
sity, and resistance to thermal
shock, wear, and corrosion—they
also have a serious limitation as a
structural material. Most metals
usually bend when stressed, but
ceramic materials are so brittle
that they often crack or break
under stress. However, ceramicists
at ORNL have found ways to add
fibers and particles to create com-
posite ceramics that are resistant
to fracture. (See Paul Becher’s arti-
cle “Advanced Structural Ceramics”
elsewhere in this issue.) Further
work on these ceramic materials
could make them suitable for use in
uncooled engines and gas-turbine
engines.

Uncooled engines, such as adi-
abatic (no-heat-loss) diesels, will be
designed to use the exhaust heat to
drive turbine blades for additional
power; such engines will be made of
ceramic parts or coatings and may
be available in the late 1980s. For
the longer term (1990s and beyond),
gas-turbine engines made of
ceramic components are envisioned.
These engines will use fuel more
efficiently because they will operate

at much higher temperatures than
conventional heat engines and
recover exhaust-gas heat. Because
the gas-turbine engine is an exter-
nal combustion device, it can easily
use a wide range of alternate fuels
(for example, synthetic liquids and
gases made from coal or biomass),
which may be required in the future.

ie Energy Conservation and

Jtilization Technology Pro-
gram was established by DOE in
1980 to provide base technology and
innovative approaches for all
advanced conservation systems. The
Materials and Tribology Projects,
managed by Joe Carpenter, involve
long-range research in high-
temperature materials, lightweight
materials, and tribology (the
science of friction and wear in
materials). The materials project is
focused on developing ductile
ordered alloys for use in heat
exchangers, valves, and turbine
disks (see C. T. Liu’s article “Design
of Ordered Intermetallic Alloys”);
finding ways to join ceramic com-
ponents with metal parts or other
ceramic components in engines and
heat exchangers; and recycling the
increasing amount of plastic scrap
in lighter weight automobiles to
reduce the amount of petroleum
used for making plastics. The tri-
bology project, led by Charles Yust,
examines mechanisms controlling
the wear and friction of ceramic
materials, with the goal of increas-
ing their resistance to wear and
lowering their friction.

This basic research program is
aimed at solving the materials
problems for a wide range of
advanced conservation systems,
thus paving the way for the
increased energy efficiency and
industrial productivity needed to
keep the United States competitive
with other countries.—Anthony
Schaffhauser, Metals and Ceramics
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only sources of heat for joining in
those days were wood and coal. The
development of modern welding
technology began in the latter half
of the 19th century when electrical
energy became more easily
available. The growth of modern
welding technology in the last

30 years has been phenomenal,

and the development of new heat
sources such as beams of electrons
and laser light has provided further
impetus to this growth.

In welding, metallic parts are
united by heating, which causes the
parts to flow together. The material
being welded interacts with the
heat source as it is subjected to
temperatures from ambient to
above its liguidus (temperature
above which the material is 100%
liquid). Based on the temperature
distribution and associated metal-
lurgical phase changes, the weld-

ORNL 1s recognized worldwide for advancing the science and
technology of welding. Recently, ORNL researchers have done
pioneering work in producing improved weld metals, optimizing their
properties, and developing welding processes and procedures to make

better transition joints.

Welding encompasses a wide
spectrum of physical and applied
sciences. Because of its complexity,
for years welding technology has
seen growth more as an art than as
a science. However, in recent years
the trend has been changing. The
field has been receiving the
attention and recognition of experts
in physical sciences and engineer-
ing, and more funding has been
made available to support research,
including basic research. Since its
formation in 1950, the ‘Welding and
Brazing Group at Oak Ridge
National Laboratory has played a
significant role in advancing the
science and technology of welding
and is recognized worldwide for its
contributions. ORNL has made
major contributions in the develop-
ment of welding procedures for
critical nuclear and space com-
ponents, pipes, refractory metals,
and filler metals and brazing pro-
cedures for metals and ceramics.
Our strong points include a highly
skilled and experienced staff, a
multidisciplinary approach to prob-
lem solving, and unique capabili-
ties, including a multikilowatt
continuous-wave carbon dioxide
(CO,) laser.
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ment may be divided into three dis-
tinct parts—the fusion zone (FZ),
the heat-affected zone (HAZ), and
the base metal (BM). Regardless of
the welding process, welding may
be carried out with or without the
addition of filler metal and,
depending on the thickness of the
material, the weld may consist of
one or many welds (single or multi-
ple pass).

Although welding activities at
ORNL involve both austenitic and
ferritic steels, significant contribu-
tions have been made to the basic
understanding of the welding of
austenitic stainless steel, a
corrosion-resistant alloy steel that
contains 6-26% chromium, 6-22%
nickel, and 0.08% carbon.

Two of the most important
microstructural constituents of
austenitic stainless steel welds are
austenite and ferrite phases.
Depending on the composition, the
weld may be fully austenitic or con-
tain austenite with varying
amounts of ferrite, which has a
higher chromium content. Fully
austenitic stainless steel weld metal
is known for its tendency to crack
at high temperatures during weld-
ing. This “hot-cracking” phenome-

non is known to be caused by the
segregation of constituents such as
sulfur and phosphorus which
remain molten during solidification.
These “low-melting” constituents
are present in steels as residuals
from the steel-making process.

Various theories have been
offered to explain the role of ferrite
in preventing hot cracking, but
none is very convincing. The prob-
lem of hot cracking can be over-
come by slight adjustments in steel
chemistry to obtain a small per-
centage of retained ferrite in the
microstructure. Although the fer-
rite may prevent hot cracking in
the weld metal, it has been found to
promote corrosion susceptibility,
reduce cryogenic toughness, and
lead to embrittlement at elevated
temperatures because of the trans-
formation of ferrite to the brittle
sigma phase. Hence, because
austenite lacks the drawbacks of
ferrite, it would be highly desirable
to produce a fully austenitic stain-
less steel weld without hot cracks.
To achieve this type of weld, John
Vitek and I have sought to under-
stand the solidification behavior of
these alloys and the role of ferrite
in preventing hot cracking.

In the past five years, our basic
research funded by the U.S. Depart-
ment of Energy’s Basic Energy Sci-
ences Program has made signifi-
cant contributions in this area.
Using controlled solidification
experiments such as interrupted
solidification and sophisticated
electron microanalytical tools such
as scanning transmission electron
microscopy (STEM), Vitek and I
have been able to identify the ori-
gin of ferrite in austenitic stainless
steel weld metal. Interrupted solidi-
fication experiments involve heat-
ing alloy specimens to various tem-
peratures between the points where
liquid and solid coexist in the alloy,
rapidly cooling the specimen, and
characterizing the phases that exist
when the temperature is held at
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Out of these early studies came
the expertise needed to attack the
diverse corrosion problems that
cropped up later.

* The ANP-inspired studies of
molten salt corrosion by Gene
Hoffman, Jim DiStefano, and

Jack DeVan provided the basis

for DeVan’s work in the qualifi-
cation of the ORNL-developed

alloy INOR-8 (later renamed
Hastelloy® N when it was mark-
eted) as the structural material for
the Molten Salt Reactor Experi-
ment. This reactor, incidentally, is
listed in the Guinness Book of
Records as the holder of the world’s
record for the longest period of con-
tinuous operation (20 months).

* The aqueous corrosion work on
the Homogeneous Reactor by Ed
Bohlmann, Glenn Jenks, Ed Com-
pere, and John Griess led to a “fix”
(through the adjustment of the pH
of the cooling water) for the deteri-
oration of the thermal conductivity
of the fuel element cladding in the
High Flux Isotope Reactor. Oxide
scale buildup was identified as the
cause of the reduced heat transfer.
¢ This tradition of aqueous corro-
sion studies has been continued by
the Chemistry Division’s Franz
Posey, Gene Kelly, and their co-
workers. Particularly notable has
been Kelly’s theory of the effect of
magnetic fields on corrosion
processes and his studies of the cor-
rosion of iron, titanium, and cobalt.
His paper describing the Kelly-
Bockris mechanism of iron dissolu-
tion was recently designated a
“citation classic” because of the
number of times it has been refer-
enced in other papers.

¢ QOur studies of oxidation-induced
stresses combined with the x-ray
measurements by Bernard Borie
and Cullie Sparks of strains in
oxide films from 1 to 25 nm thick
provided the basis for an explana-
tion of the marked oxidation rate
anisotropy (different values when
measured from different directions)
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exhibited by many metals. In a
related piece of this research, Dick
Pawel and Hank Inouye developed
the understanding of oxygen solu-
tion effects in tantalum and its
alloys during oxidation; with this
knowledge they certified the space-
worthiness of the tantalum-alloy-
clad isotopic power sources on
Pioneer 10. A grateful National
Aeronautics and Space Administra-
tion (NASA) rewarded Dick and
Hank with tie tacks, but recogni-
tion from NASA pales in compari-
son to the satisfaction of knowing
that these power sources are still
working 10 years later as Pioneer 10
crosses the orbit of Pluto!

* Corrosion problems related to the
use of lithium-cooled nuclear reac-
tors as power sources for satellites
and spacecraft prompted the classic
study by Hoffman, DiStefano, and
Ron Klueh of corrosion by liquid
lithium. In this study they demon-
strated that oxygen in niobium and
tantalum components of the reactor
greatly accelerated lithium corro-
sion. Their “fix” was to add small
amounts of very reactive metals
such as hafnium or zirconium to
the niobium and tantalum alloys to
tie up the oxygen.

* Concern about the safety of
light-water reactors led to the
extension of our gas-metal reaction
studies to the Zirconium-Water
Oxidation Kinetics (ZWOK) Pro-
gram. In this work we investigated
the effects of steam oxidation on
the Zircaloy cladding of fuel rods
under loss-of-coolant conditions.
Our goal was to provide the oxida-
tion rate data needed to predict
how hot the cladding ecould get and
how long it could do without cool-
ing before becoming embrittled by
steam oxidation. Largely through
the efforts of Dick Pawel, Rodney
McKee, Ray Druschel, and others,
we were able to develop a reliable
set of high-temperature oxidation
rate data for Zircaloy-4 that con-
firmed the conservatism of the

Baker-Just correlation used by the
Department of Energy to predict
safe temperature-time limits for
“off-normal” reactor conditions.
These results, which are an exten-
sion of earlier work by Marion
Picklesimer, Dave Hobson, and Phil
Rittenhouse, have been incorpo-
rated into DOE’s “best-estimate”
computer codes for deseribing
off-normal reactor behavior, but
I'm afraid that our data are of lit-
tle help in accidents such as the one
at Three Mile Island, where the
reactor core was reduced to rubble.

In more recent times, consonant
with the broadening of ORNL’s
mission, corrosion research has
moved in several new directions.
Emphasis on the use of fossil fuels
has led to studies of sulfidation
processes and hot corrosion, such as
the investigation by DeVan and
Pete Ficalora of corrosion in
fluidized-bed coal combustors. The
possibility of using ceramics as
structural materials at very high
temperatures prompted the efforts
of Vie Tennery, Matt Ferber, and
their co-workers to characterize the
reactions of silicon carbide with
combustion gases at elevated tem-
peratures. New techniques such as
ion implantation and laser mixing
for modifying surfaces and the
steadily increasing use of electron
optics and other sensitive means
for characterizing the micro-
structure and microchemistry of
corrosion specimens are adding new
dimensions to corrosion research.

An old field is taking on a new
appearance, and new opportunities
for understanding corrosion
mechanisms are in the offing. How-
ever, corrosion is such a complex
phenomenon that it will probably
defy an ultimate solution. After all,
in the corrosion business Mother
Nature is on the side of the Black
Hats, and I suspect that, like the
poor, rust will be with us
always!—John V. Cathcart, Metals
and Ceramics Division.
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interest in crystalline substances
was stimulated by optical effects,
these effects and many other often
unique properties are responsible
for the more recent technological
importance of this fascinating form
of matter.
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peratures. Crystals grown from
refractory materials can be used in
systems for energy production, the
storage of nuclear wastes, and
visual and digital information stor-
age. In this article I will describe
some of the methods used at ORNL
to produce single crystals of high-
temperature materials. Fortunately,
these methods do not require the

Man-made single crystals are commonly used for electronic devices,
lasers, gemstones, and structural materials. At ORNL, crystals are grown
from hard-to-melt materials for possible use in systems to produce
energy, transmit electricity, store nuclear wastes, and process optical

stonals.

tronic devices are apparent almost
everywhere. At Oak Ridge National
Laboratory, however, we have
found, and continue to seek, uses
for crystals made from materials
that melt only at very high tem-
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millions of years used by nature—a
feature that is greatly appreciated
by Laboratory management.
Crystals are a highly ordered
state of matter in which the funda-
mental units—ions, molecules, or

In electron beam float zone growth, a
molten region is formed by electron beam
bombardment and held in place between
two solid pieces of the material by sur-
face tension. The electron gun is mechan-
ically translated along the “feed” rod so
that the molten “floating” zone moves
from onre end of the rod to the other. Even
though several crystals may initially
nucleate, frequently one crystal “grain”
dominates and outgrows the others, so the
entire cross section of the rod consists of
one single crystal.

atoms—are arranged to form
identical microscopic structural
blocks called cells. In principle, an
infinitely large single crystal can be
generated from these units by join-
ing them together in an ordered
repetitive way—a little like stack-
ing bricks to form a wall. This sys-
tematic building up of a macro-
scopic solid from identical micro-
scopic structural units produces a
crystal lattice that is characterized
by an important property called
long-range order. Ideally, long-
range order means that by displac-
ing a cell an arbitrary but integral
number of cell lengths along special
directions in the crystal, a situation
can be produced in which each
atom of the displaced cell lies on
top of an identical atom in the new
cell position.

Because the first use of natural
crystals appears to have been in the
nonutilitarian role of beautifying
human possessions, it is not
surprising that the earliest ex-
amples of synthetic crystal growth
represent efforts to duplicate natu-
ral crystalline materials that are
used as gemstones. Attempts to
grow synthetic gems were, in fact,
made by the English chemist
Robert Boyle before 1672, and in
1891, a French scientist named
Auguste Verneuil developed a pro-
cess for growing single crystals of
ruby (i.e., crystals of aluminum
oxide, Al;03, doped with chro-
mium).
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Stereo view of the structure of an ORNL
flux-grown lutetium orthophosphate crys-
tal. The structure can be seen in three
limensions using a small stereo viewer
such as that found in an old slide viewer.
Don Mullica and W. O. Milligan of Bay-
lor University in Waco, Texas, are col-
laborating with ORNL in structural
determinations of the entire lanthanide
orthophosphate transition series by
means of x-ray diffraction techniques.

structural phase transitions and of
magnetic flux pinning in the super-
conducting state. Work of this type
can have important and far-
reaching implications for the appli-
cation of superconducting devices to
producing and conserving energy
and transmitting electricity.

A final example of how single-
crystal growth can make contribu-
tions in even a highly applied and
diverse research area such as the
development of nuclear waste forms
is provided by some of the crystal-
growth efforts of Joanne Ramey
and me. Working with Ramey,
Abraham, and Brian Sales, I have
been trying to develop advanced
ceramic materials for the perma-
nent disposal of nuclear wastes. In
particular, we have evaluated a
polyerystalline ceramic that is
chemically analogous to a phos-
phate mineral called monazite as a
potential primary radioactive waste
form. Ne¢ |l monazite crystals are
made up of a rather complex mix-
ture of rare-earth orthophosphates
(REPO,). Ramey and I have grown
orthophosphate single crystals of
every member of the rare-earth
transition series (except for radio-
active promethium phosphate) for
use in research on nuclear waste
forms. A complete set of these crys-
tals was recently donated to the
Smithsonian Institution in Wash-
ington, D. C., for inclusion in its
mineralogical collection.

Natural monazite crystals often
contain the actinide elements tho-
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rium and uranium, but synthetic
ORNL monazite crystals have been
grown that incorporate most of the
actinide elements produced during
nuclear power reactor operation
such as americium, curium,
neptunium, plutonium, and ura-
nium. We have also grown and
investigated crystals containing
many of the other elements such as
iron and zirconium that are found
in certain types of nuclear waste.
The Solid State Division’s work on
monazite-based nuclear waste
materials was recognized in 1982 by
the I-R 100 Award that Marv Abra-
ham and I received.

As an example of how research
in one area can stimulate new
investigations in another, it turns
out that in addition to their poten-
tial use as a nuclear waste form,
the rare-earth phosphates are
interesting new high-temperature
ceramics in their own right. Rare-
earth orthophosphate compounds
do not melt until heated to a tem-
perature of approximately 2000°C.
Furthermore, the powder-forming
and compaction processes developed
in the Solid State Division can be
used to produce high-density
ceramic bodies. Because the chemi-
cal stability of the rare-earth
orthophosphates is high under
many conditions, these ceramics
may find a variety of energy-
related, nonnuclear applications as
specialized refractories, insulators,
processing components, and high-
temperature structural ceramics.

With the advent of ORNL'’s
High Temperature Materials
Laboratory, demand is increasing
for samples of single crystals of
refractory substances. This
increased research emphasis on
properties of high-temperature
materials will require the develop-
ment of new techniques for the
growth of single crystals. Members

of the Solid State Division’s Crystal
Growth and Characterization
Group are currently implementing
a research program that will focus
on the development of these new
crystal growth methods.

Additionally, we are continuing
to experiment with the growth of
potassium tantalate niobate crys-
tals because of their potential
ability to store vast amounts of
visual and digital information in
the form of laser-produced, three-
dimensional holographic images.
These images can be “written” into
and “read” out of the crystal by
means of laser beams. We are try-
ing to find the best method for
growing crystals that have high
optical quality and the ability to
store holographic images for a long
time.

The relationship between the
preparation and growth of single-
crystal research specimens and
many advances in solid-state sci-
ence is largely symbiotic. Each
research area simultaneously feeds
off and nurtures the other in the
sense that the availability of new
research materials stimulates new
characterization research, and the
results of this research, in turn, are
fed back into the efforts to produce
higher quality materials. In the
absence of the continuing develop-
ment of new or improved research
materials, solid-state science would
soon stagnate, and without solid-
state science, we might still be
using crystals only as glittering
stones to wear around our necks
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Liane B. Russell has been desig-
nated a Corporate Fellow of Union
Carbide Corporation. She is the sec-
ond woman in the corporation and
the first woman in the Nuclear
Division to be so honored.

As was the case in 1982, ORNL
received 6 of the 100 awards
presented this year by Industrial
Research & Development magazine
for innovative developments. The
winning entries and developers
were: nickel-iron aluminides for
structural use at high tempera-
tures, by C. T. Liu and Carl C.
Koch; vacuum ultraviolet spectrom-
eter, by John C. Miller, Robert N.
Compton, and C. Dewey Cooper;
supersaturated semiconductor
alloys, by C. W. White, Jagdish
Narayan, Bill Appleton, and

0. Wayne Holland; multiple-
frequency, eddy-current testing
instrument for detecting defects in
metal components such as steam
generator tubes, by C. V. Dodd, L.
D. Chitwood, and W. E. Deeds;
processes for recovering silver from
photographic and photoreproduc-
tion effluents, by Franz A. Posey
and Al Palko; and an x-ray mono-
chromator for focusing and analyz-
ing synchrotron radiation, by
Cullie Sparks, Gene Ice, and
Melvin Willey.

J. T. Thomas has been elected a
Fellow of the American Nuclear
Society.

128

The U.S. Department of Energy has
presented three of its nine 1983
Materials Science Awards to
members of ORNL’s Metals and
Ceramics, Solid State, and Chemical
Technology divisions. In the metal-
lurgy and ceramics category, the
award for significant implication
for energy technology went to
Louis K. Mansur, Ken Farrell,
Linda Horton, Eal Lee, Monty B.
Lewis, and Nick Packan for “the
effect of helium gas and pulsed
irradiation on materials behavior in
fusion reactors.” In the solid state
physics category, the award for sig-
nificant implication for energy
technology was received by Rosa T.
Young, Russ Westbrook, and
Richard F. Wood (with G. A. van
der Leeden from Helionetics, Inc.)
for “higl fficiency silicon solar
cells by beam processing.” In the
materials chemistry category, the
award for significant implication
for energy technology was given to
T. B. Lindemer, E. C. Beahm, and
T. M. Besmann for “thermo-
dynamic investigations and model-
ing of energy-related chemical sys-
tems.”

Mike Saltmarsh has been
appointed coordinator of the
Development and Technology effort
of the ORNL Fusion Program and
of the Plasma Technology effort of
the Toroidal Program Planning
Office at Princeton Plasma Physics
Laboratory.

The National Society of Profes-
sional Engineers has presented a
certificate to Union Carbide
Corporation’s Nuclear Division in
recognition of its “progressive pro-
fessional employment practices” in
relation to engineers who work at
the four UCC-ND plants.

ORNL researchers recently elected
as fellows of the American Associ-
ation for the Advancement of Sci-
ence are Charles C. Coutant,
Melvin L. Dyer, Chester W.
Francis, Robert V. O’Neill, Henry
Shugart, Robert Van Hook,
Webster Van Winkle, and Michael
Wilkinson.

Roy Cooper has been named man-
ager of the Technology for Space
Nuclear Projects, and M.M. Mari~
has been appointed manager of
Technology for Special Nuclear
Projects. Both efforts, part of
ORNL’s Nuclear Reactor Tech-
nology Programs, aim at developing
radioisotopic and fission-reactor
power systems for use in space.

William R. Laing has been named
head of the new Radioactive
Materials Analysis Section in the
Analytical Chemistry Division.

Robert J. Gray was presented the
President’s Award by the Inter-
national Metallographic Society and
was selected to judge an inter-
national photographic competition
at Nikon House in New York City.
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Joseph A. Carpenter was selected
by the Cooperation Committee of
the Indian Institute of Metals and
the American Society for Metals to
be a guest lecturer for 1983.

Benjamin F. Hobbs, Ralph B.
James, and George Sugihara have
received Eugene P. Wigner Fellow-

ships established and sponsored by
ORNL.

Martin S. Lubell has been chosen
program chairman for the 1985
Cryogenic Engineering Conference,
which will be held at the Massa-
chusetts Institute of Technology.

John Storer, M.D., has been
presented the Distinguished Scien-
tific Service Award by the Univer-
sity of Chicago’s Medical Alumni
Association.

At the request of the U.S. State
Department, William L. Russell
served as a scientific adviser to the
U.S. Delegation to the 32nd Session
of the United Nations Scientific
Committee on the Effects of
Atomic Radiation.

Van D. Baxter received the Willis
H. Carrier Award from the Ameri-
can Society of Heating, Refrigera-
tion, and Air Conditioning
Engineers for the best scientific
paper by a young author.
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A. P. Malinauskas has been named
director of the Nuclear Regulatory
Commission Programs at ORNL,
replacing A. L. Lotts, who went to
Oak Ridge Gaseous Diffusion Plant
to head its Atomic Vapor Laser Iso-
tope Separation work.

Susan Whatley is second vice-
president of the Society of Women
Engineers.

The University of Pittsburgh has
appointed Stan A. David to be
Adjunct Professor of Metallurgical
and Materials Engineering.

Rowena O. Chester is now the
head of the Dosimetry and Bio-
physical Transport Section of the
Health and Safety Research Divi-
sion.

D. P. Stinton and N. M. Atchley
placed first in the Different or
Combined Techniques Category of
the Ceramographic Contest held by
the American Ceramic Society.
Their winning entry was a poster
that describes hydrofracture grout.

P. F. Tortorelli received the
President’s Citation of the Oak
Ridge Chapter of the American
Society for Metals.

Gerald M. Slaughter has been
elected to a three-year term as a
trustee of the American Society for
Metals.

Walter P. Eatherly received the
George Skakel Memorial Award
from the American Carbon Society
in recognition of his contributions
to the science and technology of
carbon.

Paul S. Rohwer has been named
head of the Health Physics
Department of the Industrial
Safety and Applied Health Physics
Division.

Everett Bloom has been appointed
to the Metals Engineering Institute
Committee of the American Society
for Metals.

Ivan Sellin, ORNL consultant, has
been named a Distinguished Service
Professor by the University of
Tennessee at Knoxville.

Dan Robbins has been elected a
director-at-large of the Board of
Directors of the American Society
for Information Science.

Nancy P. Norton was awarded a
Sigma Xi certificate in recognition
of her work as a librarian who has
provided “noteworthy support” to
ORNL research scientists and
engineers.

Julian Dunlap has been appointed
head of the Tokamak Experimental
Section in the Fusion Energy Divi-
sion.
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