




















NICKEL ALUMINIDES: BREAKING INTO THE MARKETPLACE

trace amounts of a few alloying elements in the
right proportion. It was like turning peanut brittle
into taffy. Their most important discovery was that
the addition of a small amount of boron (200 parts
per million) to a nickel aluminide alloy (Ni,Al)
makes the alloy highly ductile at room ‘
temperature.

ORNL’s modified nickel aluminides have been
attractive for industrial applications because they
are lighter and five times stronger than stainless
steel. They are also affordable: they contain no
expensive, difficult-to-obtain materials of strategic
value. Unlike standard alloys, which have a
disordered structure that becomes even more
random and weaker at increasing temperatures,
nickel aluminides with their ordered structure
become stronger as temperature rises to about
800°C. At high temperatures, they are resistant to
wear, deformation, and fatigue, which is failure by
cracking resulting from repeated stress or
temperature.

Since the mid-1980s, ORNL’s nickel aluminide
alloy compositions have been licensed to about a
dozen companies for various uses, ranging from
processing glass to making dies for forming
beverage containers and other shapes from metal.
Automobile and tool companies have found
ORNL’s nickel aluminides especially appealing.
The reason: because of its high aluminum content,
this class of materials is virtually unaffected by
gases containing oxygen or carbon at high
temperatures. Because of their resistance to
oxidation and carburization at temperatures up to
1100°C (2000°F), nickel aluminides are
considered potentially useful materials for
“furnace furniture”—assemblies used to contain
parts during treatment at high temperatures to
harden their surfaces. They are viewed as excellent
candidate materials for tools for the metal-forming
industry and for trays, belts, radiant tubes,
mufflers, and other furnace components used to
manufacture parts by the automobile industry.

For nickel aluminides to find their niche,
however, they needed yet another ORNL nudge.
Researchers led by Vinod Sikka of the M&C
Division were aware of the reluctance of metal
producers to prepare nickel aluminides and felt
compelled to overcome it.

“These vendors had experience adding less than
1% aluminum to steel to remove trapped oxygen,”
Sikka says, “but they resisted melting material that
had as much as 8 to 12% aluminum. They feared
that the molten aluminum would leak through tiny
cracks in the furnace wall and attack the heating
coils, possibly causing an explosion.”

To address the safety concerns of the alloy
preparation industry, Sikka and Joseph Vought
developed a new process in collaboration with
Seetharama Deevi, who was on a 1-year sabbatical
at ORNL from the Research Center at Philip
Morris in Richmond, Virginia. The development,
called the Exo-Melt process, received a 1995
R&D Award from R&D magazine.

“Qur process is a special way of loading the
furnace crucible to take advantage of the heat that
is generated in the reaction between nickel and
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furnaces to be used for heating metal for
manufacture of horseshoes, pliers, and wrenches.
This company is using ORNL’s nickel aluminide
from United Defense to make rails for its walking-
beam furnaces. The heat-treating furnace moves
steel bars to a very high-temperature region,
softening them so they can be formed into tools
and horseshoes. The company has found that use
of nickel aluminide rails in walking-beam
furnaces has made possible the commercialization
of its rapid-heating furnace technology. Because
this technology provides rapid heating, less
natural gas and process cooling water are needed,
resulting in lower emissions and reduced energy
use. Such technology should enable U.S.
companies to be more competitive and to save
jobs.

A major steel company is interested in using
transfer rollers made of nickel aluminide in its
steel-mill heat-treating furnace. There it heat treats
steel plates at 800-900°C to soften them so they
can be shaped into components for bridges and
other structures. The current rollers, which are
turned by a gear system to move each steel plate
along through the mill, are fabricated from steel.

“These rollers eventually have two problems,”
Sikka says. “In the intense heat, they lose their
strength, sag, and begin to wobble, jostling the
steel plates. Also, they develop oxide particles on
the surface that cause scratches. As a result, a
large fraction of the steel plates produced at the
steel mill are scratched. That’s a problem because
their ¢, titors in Japan are selling steel plates
that are not scratched.”

The approach to the problem has been to shut
down the furnace every third week for an
inspection of the rollers. Sagging rollers are
replaced with new ones. The needlelike oxides are
ground out of the other rollers.

In the past year, the company has tried using
rollers made from nickel aluminide in the mill.
“Company engineers noticed that the oxides
produced on the surface of the nickel aluminide
are smooth,” Sikka says. “Also, they concluded
that nickel aluminides did not sag because they
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are three times stronger than the steel being used
in the rollers.

“They hope to test a large number of nickel
aluminide rollers soon. If the material performs as
well as tests show, they should have to turn off the
furnace only about once a year, not every 6 weeks,
making it much more competitive in the steel
industry.”

Nickel aluminides have come a long way since
1981 when Liu received $10,800 from ORNL’s
seed money program to find ways to make nickel
aluminides ductile. Over $21 million has been
spent on ORNL research that has successfully
developed ductile nickel aluminides and an
efficient process to produce them that is becoming
acceptable to the alloy preparation industry.

“At the end of 1995, 50,000 pounds of Ni Al
had been melted by industry,” Sikka says.
“Commercial sales of nickel aluminide are
approaching a half million dollars. These amounts
should climb rapidly now that a network of both
nickel aluminide suppliers and users exists.”

These successes would not have been possible
without support from DOE’s Office of Energy
Efficiency and Renewable Energy, Advanced
Industrial Materials Program; DOE’s Office of
Energy Research, Basic Energy Sciences
Materials Program and the Energy Research
Laboratory :chnology Applications Prc  im;
and DOE’s Office of Fossil Energy, Advanced
Research and Technology Development Materials
Program. These programs, especially Fossil
Energy, also sponsored ORNL’s research on iron
aluminides described in the sidebar on p. 10.

Thanks to nudges from and networking by
ORNL researchers, nickel aluminides appear to
have found a niche. Clearly, they possess special
properties that make them well suited for specific
uses. Because they may help U.S. industry
become more competitive and save jobs, ORNL’s
nickel aluminides are now breaking into the
marketplace.
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Modified iron aluminides of
industrial value were first
developed ot ORNL in the late
1980s. ORNL researchers were
seeking a good substitute for
stainless steel, which tends to
corrode. They turned to iron
aluminide alloys, which are
resistant to air oxidation and
corrosion. But they had to
overcome this alloy’s annoying
tendency to break too easily at
room temperature. They found that
this brittleness is due to the
formation of hydrogen and its
diffusion into the alloy when
aluminum reacts with moisture in
the air. To decrease brittleness,
they tried adding various alloying
elements until they found the key
ones that prevent or minimize the
deleterious effects of reactions
between aluminum and water
vapor.

The resulting ductile iron
aluminide earned an R&D 100
award in 1990 for Vinod Sikka, C.
T. Liv, and Clau. e McKar .
McKan , who started ot ORNL as
a secretary and then became o
metallurgist, made a key
contribution: she discovered that
small additions of chromium make
iron aluminide more ductile. For
her work, McKamey was named
Inventor of the Year in 1989 by
Martin Marietta Energy Systems,
which then managed ORNL for the
Department of Energy.

ORNL's iron aluminides (Fe,Al)
do not corrode readily in sulfur-
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containing environments because they
form an aluminum oxide coating. “The
aluminum oxide (Al,O,) film resists
attack by sulfur,” says Sikka, “but if the
sulfur should break through, ALO,
forms rapidly again to prevent the
propagation of any sulfur attack. Our
iron aluminide alloy provides higher
resistance to sulfidation when exposed
to hydrogen sulfide and sulfur dioxide
gases than any other iron-based or
nickel-based alloy.”

For this reason, ORNL's iron
aluminides are good candidates for
filters in coal gasification plants. These
plants produce a low-to-medium BTU
fuel gas from coal. By-product ash must
be removed from the gas by filters. As
gas passes through the filter, sulfur
compounds in the gas react with
commercial metal filters, causing them
to deteriorate. Because ORNL's iron
aluminides resist attack by sulfur, they
are being evaluated as coal
gasification filters.

In 1990 Ametek obtained a license
from Energy Systems to produce Fe Al
powder to make filters. These filters,
manufactured by the Pall Corporation
in Corfland, New York, are being
tested for coal gasification applications.

Other companies may find ORNL's
iron aluminide desirable because of
another selling point: it has a lower
density and a higher strength-to-weight
ratio than many stainless steels. These
properties make iron aluminide an
aftractive candidate as a structrual
material for some automotive
components.

ORNL's iron aluminides possess
three properties that also make them
ideal as heating elements. They are
highly resistant to oxidation and
corrosion, and they have electrical
resistivities that are higher than many
commercially available heating-element
materials. Evaluation by a private
vendor showed that iron aluminide
heating elements do not burn up as fast
as commercial heating elements. In one
experiment, an ORNL-modified iron
aluminide element lasted almost three
times as long as the commercial one.

Commercial use of iron aluminides
as heating elements has been slow
because of their limited ductility. But
Sikka thinks ORNL research has found
a solution to this problem.

”After iron aluminide wire is
produced, one vendor found that the
wire can be siretched only about 2 to
3% of its original length before
breaking,” Sikka says. “This problem
limited its use in drawing it through a
die to fabricate a heating element. But
our laboratory research shows that, if
the wire is run through hot water so that
it's heated to about 100°C, its ductility
improves fen times—from 2 o 20%.”

Sikka says that, in a cooperative
research and development agreement
with Hoskins Manufacturing Company,
he hopes it will be shown that heating
elements can be made from iron
aluminides by using both the Exo-Melt
(see main story) and hot-water
processes. If he's right, the iron
aluminide saga might someday become
as big a success story as that of nickel
aluminide.
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Nickel and iron aluminides,
which are lighter and stronger than
stainless steel, are also valued
because they resist heat. However,
these alloys in the form of a sheet,
tube, or block also resist being
shaped into a final product. The
reason: aluminides of nickel, iron,
or titanium are extremely brittle at
room temperature and, t|1erefore,
are nearly impossible to machine.

To solve this problem, Chain T.
Liu of ORNL's Metals and Ceramics
Division, who first developed ductile
nickel aluminide alloys at ORNL,
has spearheaded research in
reaction synthesis using elemental
metallic powders. Reaction synthesis
is a chemical change in which an
intermetallic alloy is formed from
metallic powders using heat
generated during the reaction. The
method is considered atiractive for
producing aluminide products in
desired shapes with little or no
machining.

Reaction synthesis also can be
used to produce aluminide products
of high density for structural uses.
Aluminides have many uses
because of their low density and
high strength ot elevated
temperatures. However, for
structural applications requiring full
density to bear heavier weights—for
example, in cars, aircraft, and the
space station—aluminides would
not be of interest unless they were
close to full density with minimum
defects such as pores.

Working in collaboration with
visiting scientists from Japan at
different times, Liu has used reaction
synthesis to produce a high-density,
defect-free nickel-aluminide alloy.
Traditional processes have
produced nickel-aluminide alloys
with a 97% density; such a porous

material is too weak and brittle for many
structural applications.

“By using reaction synthesis,” Liu says,
“we formed a ductile nickel-aluminide
alloy product with a density as high as
99.9%.”

Reaction synthesis for preparing alloys
and forming them into products has
other advantages. The self-generation of
heat while making the alloy reduces the
need for energy for material processing.
Also, the cost of alloy and product
preparation is lowered because of
reduced energy requirements and the
ability to form aluminide products
directly from elemental powders.

In reaction synthesis of intermetallic
alloys such as aluminides, fine powders
of aluminum are mixed with the other
metal of interest (iron, nickel, titanium) in
the proper proportion for the desired
compound (say, FeAl or Ni,Al). After the
powders are mixed in a rotating
container called a ball-milling machine,
the “green” unreacted samples are
consolidated by pressing the powders
together in a die, similar to forcing
dough into a cookie cutter, to make a
product of a desired shape. The resulting
“green” disks are placed in a reaction
chamber under vacuum and heated to
660°C, a temperature close to the
melting point of aluminum powders.

At this point, reaction synthesis kicks
in. Because the liberated heat raises the
temperature of the neighboring layers of
atoms of aluminum and the other metal
to as high as 1400°C, the reaction is
self-sustaining like that in a burning
cigarette {except the alloy-forming
reactions move faster—3 to & inches per
second depending on the compound).
Liv and his colleagues found that
applying a few megapascals of pressure
by a compression machine during
reaction synthesis produces a material of
near-theorefical density. “The ideq,” Liu
says, “is to squeeze the pores out of the

material so it’'s more like cheddar
cheese than Swiss cheese.”

More recently, Debra Joslin, Dewey
Easton, Liu, and Stan David, all of
ORNL's Metals and Ceramics Division,
have been studying reaction synthesis of
iron aluminides (FeAl and Fe,Al). Using
high-speed videotaping equipment, they
studied the reaction behavior of iron
aluminides during synthesis in air. They
found that the reaction rate depends on
compact composition and powder
particle size; it increases with greater
aluminum content, and it decreases with
increasing powder size. They also found
that pores formed in the reaction-
synthesized products can be reduced by
applying a compressive force.

Vinod Sikka and S. C. Deevi have
shown that reaction synthesis, not under
vacuum or pressure, can be used to
produce ingots of nickel, iron, and
titanium aluminides. Through forging,
rolling, hot extrusion, and applied
pressure, products can be cast from the
ingots.

The Exo-Melt process described in the
main article was developed by Sikka
and Deevi by extending principles of
reaction synthesis to the melting and
casting of iron aluminide (Fe Al) and
nickel aluminide (Ni_Al). This process,
which uses half as much energy as
traditional processes and addresses
safety concerns of the alloy preparation
industry, was used at ORNL to melt and
cast more than 100 ingots of Ni Al- and
Fe,Al-based alloys.

As a result of these successes, a
unique facility has been developed at
ORNL to study reaction synthesis of
intermetallic alloys. The facility will be
used to sfudy processing parameters
and the feasibility of forming near-net-
shape products. Someday industry may
find this emerging method of making
products from powders too good to
resist.
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he concept of the atom has existed since the 5th century

>ut it was not until the 19th century that this concept was

loped into a scientific theory. Even then, the ability to

see individual atoms was considered an impossible task because they must

be magnified a million times to be visible. However, in 1951 Erwin W.

Miiller, a professor at Pennsylvania State University, achieved this

magnification after constructing a fundamentally new type of microscope

that he called a field ion microscope. The device enabled him to see atoms

on a routine basis. In those pioneering days of the technique, the

scientist was forced to sit in a completely dark room for 20 minutes to let

his eyes become accustomed to the dark so that he could see the faint glow

of the atoms on a phosphor screen. Fortunately, after the introduction of

image intensifiers similar to those used in night vision binoculars, sitting in

the dark was no longer necessary. In 1967, Miiller and his colleagues

further advanced the development of the field ion microscope by adding a

mass spectrometer. The new instrument, called the atom probe field ion

microscope (or atom probe, for short), made it possible not only to see but

also to identify individual atoms. ~ The properties of materials can be
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SEEING AND CATCHING ATOMS: ORNL'S ATOM PROBE FIELD ION MICROSCOPE

The only limitation on the type of
material that can be examined with the
field ion microscope is that it must be
capable of conducting electricity to some
extent. Thus, the technique may be
applied to almost all metals and alloys,
semiconductors. and a few special
ceramic materials.

Although some information about the
identity of the atoms can be deduced
from the brightness of the atom in the
image, a more precise method is to use
the mass spectrometer section of the atom
probe. By rotating the specimen. the
image of the atom of interest is
positioned over a small aperture in the
phosphorus screen that acts as the
entrance to the mass spectrometer. The
atom can be removed by applying a
10-nanosecond, high-voltage pulse to the
specimen to ionize all the atoms in a thin
surface layer. Although all the atoms in
this surface layer are removed and
repelled toward the phosphor screen, only
those atoms that pass through the small
aperture and enter the mass spectrometer
are analyzed. The effective size of this
aperture can be selected to allow passage
of just one atom or the atoms originating
from an area a few atoms wide.

The identity of each atom is
determined based on the time it takes the
atom to travel from the specimen to the
detector—a distance of a little more than
2 meters (7 feet). Because all the
different types of atoms in the specimen
have the same kinetic energy (0.5 mv?)
when they leave the specimen, the
elements of low mass (m) travel faster
than the heavier elements and reach the
detector first. However, this measurement
requires sophisticated high-speed
electronics because the typical velocity
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(v) of these atoms is approximately 360
miles per second. To perform this
measurement with sufficient resolution to
be able to identify all isotopes of each
element in the periodic table, we use a
clock that ticks 1 billion times a second
and count the number of ticks. By
repeating this process, the composition of
small volumes may also be determined by
simply counting the number of atoms of
each element in that volume. A series of
these small volumes can be collected to
estimate the variation in composition in
different regions of the specimen.

In today’s rapidly changing world,
there is a continuing need for new
materials with improved properties. For
example. materials that can be fabricated
into various shapes and that can withstand
high temperatures are needed in highly
efficient engines being designed to reduce
fuel use and emissions of pollutants. One
of the standard approaches to achieving
this goal is to design the alloy by adding
different elements to refine a particular
property. For example, in the commercial
nickel-based superalloys used in turbine
blades in modern jet engines, this
refinement may include the addition of
10 or more elements to achieve the
desired combination of properties,
including strength, toughness, creep
resistance, and oxidation resistance. The
number of permutations of the possible
interactions between this number of
elements and other microstructural
features makes it difficult to predict
properties accurately. Therefore, it is
desirable to determine the role of each of

these additions experimentally. The atom
probe is particularly suitable for
determining the location and distribution
of all these elements within the structure
of the alloy.

A relatively simple example of this
approach is the addition of boron to
nickel aluminide (Ni Al). Pure Ni Al is
extremely brittle at room temperature,
limiting its technological application as a
potential new lightweight high-
temperature material. However, if as little
as 200 parts per million of boron is added
to the alloy, Ni Al becomes ductile,
permitting it to be shaped into useful
components without cracking (see related
article starting on page 4 of this issue).
This beneficial addition of boron may be
understood by characterizing the
distribution of boron throughout the
alloy. The field ion micrograph on p. 20
reveals a region in a boron-doped Ni Al
specimen that contains part of a grain
boundary. The grain boundary is clearly
seen in this micrograph because of the
presence of a series of bright dots and the
abrupt disruption of the concentric rings
at the boundary where the orientation of
the two crystalline grains changes. The
identity of these bright dots may be
uniquely determined by positioning the
probe aperture over an individual bright
spot in this image. Analysis of the atoms
forming these dots in the mass
spectrometer section of the atom probe
revealed that they were individual boron
atoms that had segregated to the grain
boundary. This type of individual atom
identification is possible only with this
instrument. Atom probe analysis also
revealed that boron was present at all the
other disturbances in the crystal structure,
including dislocations, low-angle
boundaries, stacking faults, and antiphase
boundaries. From these observations, we
concluded that a fraction of the added
boron atoms segregated to the grain
boundary, where they acted as a type of

Oak Ridge National Laboratory REVIEW













SEEING AND CATCHING ATOMS: ORNL'S ATOM PROBE FIELD ION MICROSCOPE

se R&D, is
esearch,

of

ine,

-obe
ns fo
rials

vig, 1989.

se Field-lon
,” Imaging
>nsky, and

xford,

L,

G. Burke,

Oak Ridge National Laboratory REVIEW




MICHAEL K. MILLER. a native of Beaconsfield. Bucks, England, is a senior research staff member
in the Microscopy and Microanalytical Sciences Group in ORNL’s Metals and Ceramics (M&C)
Division. He has a bachelor of science and technology degree in materials science from the University
of Bradford, England. and a D. Phil. degree in metallurgy from Wolfson College. University of Oxford.
England. He was a Science and Engineering Research Council Fellow at Oxford’s Department of
Materials Science for two years. He came to the United States in 1979 to work at U.S. Steel Research
Laboratories in Monroeville, Pennsylvania, and at the University of Pittsburgh. In 1983, he began atom
probe research at ORNL. In 1986 he developed the innovative concept of the three-dimensional atom
probe. His research interests include atom probe field ion microscopy, phase transformations, radiation
damage, intermetallics, and nickel-base superalloys. He is president of the International Field Emission
Symposium. Since 1985 (except for two years), he has been editor of the annual conference
proceedings of the International Field Emission Society. He is the coauthor of two books: Atom Probe
Microanalysis: Principles and Applications to Materials Problems (with G. D. W. Smith), published in
1989, and Atom Probe Field lon Microscopy (with A. Cerezo, M. G. Hetherington, and G. D. W.
Smith). published in 1996.

KAYE F. RUSSELL, a native of Clinton, Tennessee, is the principal technologist whose primary
assignment is technical support and atom probe field ion microscopy research for the Microscopy and
Microanalysis Group. She attended the University of Tennessee as a chemistry major. She came to
ORNL in June 1967 as a Youth Opportunity Program student in the M&C Division’s Welding and
Brazing Laboratory. She transferred to the Metallography Group in the fall of 1967 and worked as a
photographer’s aide and then a metallographic technician. In 1982. she moved to the division’s
Radiation Effects and Microanalysis Group as a technician to prepare specimens for transmission
electron microscopy. She began atom probe research in 1986. In 1993, she received a Martin Marietta
Energy Systems Award for Technical Achievement.

PHILIPPE JEAN PAREIGE of Le Havre, France, is a postdoctoral researcher in the M&C Division’s
Microscopy and Microanalysis Group through the Oak Ridge Institute of Science and Education. He
has a Ph.D. degree in physics from Rouen University in France. While working on his doctoral degree,
he conduci " research at the Laboratoire de Microscopie lonique et Electronique (Ion and Electron
Microscope Laboratory) of Rouen University. In 1991 he received the “young metallurgist” first prize
from the Societe Francaise de Metallurgie et des Materiaux (French Society of Metallurgy and
Materials Sciences) in Paris. His research interests include physical metallurgy, atom probe field ion
microscopy, and nuclear pressure vessel steel surveillance.
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ORNL'S GELCASTING: MOLDING THE FUTURE OF CERAMIC FORMING?

“Engineering ceramics are not made
from clay or other minerals,” says Ray
Johnson, leader of DOE’s Ceramic
Technology Project in ORNL’s Metals
and Ceramics (M&C) Division. “They
are made from highly controlled,
artificially produced raw materials. They
are formed and densified by controlled
processes such as hot isostatic pressing.
They are used for products that have
unusually demanding requirements, such
as turbine blades and parts for rockets,
nuclear reactors, and aircraft and
automobile engines. Their microstructure
is highly controlled. In short. they are
appreciably different from traditional
ceramics in their properties and in the
way they are manufactured.

“I have a ceramic hammer in my office
that I use to show that engineering
ceramics are much stronger and tougher
than traditional ceramics,” Johnson
continues. “I encourage visitors to drive
nails into a piece of wood with my
hammer. which is made from
transformation-toughened zirconia. You
wouldn’t strike a nail with a porcelain
vase.”

In the Ceramic Technology Project,
funded by DOE Energy Efficiency’s
Office of Transportation Technologies,
Oak Ridge National Laboratory is
developing technology for the cost-
effective manufacture of reliable,
lightweight ceramic parts for advanced
engines. These engines will enable cars
and trucks to use fuel more efficiently
and reduce emissions. Our ceramic
industry may someday be using advanced
techniques to manufacture ceramic
engine parts for cars and trucks and
design even better ones for the future,
thanks to ceramic-forming processes
being developed in the M&C Division.
The Laboratory’s innovation in ceramic
forming may be molding the future of
ceramics manufacture.

26

Gelcasting—an advanced process for
forming ceramics—was originally
developed at ORNL to make complex-
shaped automotive parts such as turbines.
It is now receiving industrial and
government support for early
commercialization. The reason: this new
process for making high-quality.
complex-shaped ceramic parts shows
promise for manufacturing ceramics at a
lower cost than conventional forming
techniques. In addition, gelcasting
—--2ars attractive for an increasing
number of applications ranging from
accelerator magnets to artificial bone.

“We developed gelcasting to produce
small, complex-shaped turbomachinery
for our sponsors,” says Mark Janney of
the M&C Division, who had the original
idea for gelcasting. “Now, the
applications are expanding to include
simpler but larger shapes such as ring-
shaped magnets for particle accelerators.
Once we thought the largest shape we’d
ever make would be the size of a loaf of
bread. Now, we're being asked to make
parts as large as a chair.”

Consider the comments from Randall
M. German, Brush Chair Professor in
Materials at Pennsylvania State
University. In a recent letter, German
called gelcasting an “important
advancement in ceramic-forming
technology.” He described gelcasting as
“an innovative process for the production
of ceramics” and as “an enabling
technology that provides an avenue for
implementing the use of ceramics in
many advanced systems.”

“Ten years from now,” Janney says,
“we believe gelcasting will be used as
widely as slip casting, pressure casting,
die pressing, extrusion, and injection
molding are used today. Gelcasting will
be part of the culture.”

Not surprisingly, three industrial firms
have obtained licenses to use ORNL’s
gelcasting technology, and the ORNL

researchers are working with various
companies in seven cooperative research
and development agreements (CRADAs)
and five informal collaborations. In
addition, the technology has won
prestigious awards.

In 1995, ORNL’s gelcasting
technology received an R&D 100 Award
from R&D magazine, one of 79 R&D
100 Awards that ORNL has won since
the competition began. The ORNL
developers who were honored are Mark
Janney, Ogbemi Omatete, Stephen Nunn,
and Claudia Walls, all in the Ceramic
Processing Group of the M&C Division.
This was not their first award. In 1992,
Janney and Omatete received an
International Hall of Fame Award from
the Inventors Clubs of America. Most
recently, Omatete and Walls received a
Federal Laboratory Consortium Award of
Excellence for Technology Transfer.

Janney is a ceramic engineer with a
Ph.D. degree from the University of
Florida. Omatete is a chemical engineer
and professor from Nigeria with degrees
from Princeton University and the
University of California at Berkeley.
Nunn is a ceramic e neer with a Ph.D.
degree from the University of Michigan;
he has been involved with several
CRADAs and is especially interested in
machining gelcast ceramics before they
are hardened.

Walls joined ORNL after earning an
associate degree in mechanical
engineering at a local community college.
While working with researchers Robert
Lauf and Terry Tiegs, both in the M&C
Division, she became interested in
ceramics. In 1988, Walls joined the team
that was working on gelcasting. She has
done much of the lab work that led to the
rapid development of gelcasting. She
received a Technology Transfer Award
from Martin Marietta Energy Systems in
1989 for her early machining studies. She
received a Technical Achievement
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Gelcast ceramics can be formed in molds
to get the precise shape desired because,
unlike ceramics formed by other
processes such as slip casting, gelcast
ceramics shrink uniformly. Thus, the
mold can be designed to compensate for
shrinkage so that a ceramic part of the
desired shape and size can be produced.
“As a forming process,” Omatete says,
“gelcasting is limited only by the quality
of the molds.”

If machining is desired to improve on
the final shape, gelcasting offers another
advantage. After a gelcast part is molded
and dried, it is strong enough not to
crumble when manipulated yet soft
enough to be machined quickly by less
costly carbon steel tools. This process is
called “green-machining” because it is
applied to gelcast ceramics at the *‘green
body” stage. After the gelcast parts are
machined, they are hardened in a
sintering furnace. The amount of final
machining after firing is minimized, thus
greatly reducing the need for machining
with expensive diamond tools.

Green-machining of gelcast materials
can be particularly useful for producing
prototypes rapidly, providing custom
manufacturing, and adding features to a
cast part that would be too difficult or too
costly to include in the mold.

Because the cost of machining
ceramics could be significantly reduced
using gelcasting, low-cost manufacture of
ceramic components for engines may be
feasible. Reducing manufacturing costs is
critical to introducing ceramic
manufacturing into the automobile
industry. Efforts to determine the
feasibility of commercializing gelcasting
are now being pursued by the ceramic
industry and the U.S. government.
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When Mark Janney was studying for
his doctoral degree in ceramic
engineering at the University of Florida,
he learned about several ceramic
processing techniques. Among them was
injection molding, in which ceramic
powder is mixed with wax or a polymer
and forced into a mold. Polymers are
used in ceramic processing because they
bind ceramic powders together. Later in
the process, the polymer (or binder) must
be burned out. Because of the large
amount of organic binder used in
injection molding, the binder must be
burned out very slowly to prevent
cracking, significantly increasing the
cycle time for producing ceramic parts by
injection molding.

Janney was looking for a way to avoid
steps in the injection-molding process
(such as binder burnout) that lead to
defects. He had experimented with
methylcellulose, which is used in paints
and ceramic glazes. When he mixed it
with water, the mixture formed a gel
when heated, just the opposite of Jello™,
which forms a gel when cooled. “The
gels were not very strong,” Janney says,
“but these experiments started me
thinking about a solution-based process
in which the initial material can be
poured rather than forced into a mold.”

Janney worked for a year and a half at
Kennametals, Inc., in Greensburg,
Pennsylvania, in the development of
ceramics for cutting tools. Then he joined
ORNL’s M&C Division in 1983.

In 1984, Janney started research that
eventually led to gelcasting. He knew the
ceramics community at that time had a
dire need for a forming method to replace
injection molding for making large
complex shapes such as turbine rotors.
Many companies were trying to make

silicon nitride and silicon carbide rotors
by injection molding for DOE’s
Advanced Gas Turbine program. Rotors
could be made by injection molding, but
the yield of good product from this
process was very low.

“It was not unusual,” Janney says, “for
a company to make 20 rotors in order to
get one good one. Although this situation
is common in a research environment, it
was not encouraging to industrial people
looking ahead to production.

In the mid-1970s, Janney had worked
on injection molding of ceramics at the
General Electric Company’s Corporate
Research and Development Center.
Based on this experience and his
observation at the University of Florida,
Janney began thinking about alternative
forming approaches. Says he: “I thought
that a solution-based forming process
could eliminate most of the problems
associated with injection molding,
especially the problems of binder
removal and burnout.”

Janney initially focused on developing
gel chemistry because it is central to
gelcasting. “My background in organic
chemistry was limited,” Janney says. “1
did know that some polymers, such as
poly (methyl methacrylate), could be
made by polymerizing a monomer in an
organic solvent. I conducted a series of
trial-and-error experiments using several
different monomers and solvents. I was
able to make some gels, but they were not
very strong.”

A monomer is a relatively light and
simple molecule that can combine with
other molecules to form a polymer. A
polymer is one of many natural and
synthetic compounds that have a high
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molecular weight because they consist of
up to millions of repeated linked units, or
monomers.

In 1985, Janney learned about a new
group of monomers, called
multifunctional acrylates. These are
widely used in making printing inks (as
on plastic cups and cereal boxes) and
other coatings. He observed that gels
made using the multifunctional acrylates
were stronger than anything he had made
so far.

“They were fantastic,” Janney says.
“The gels were hard and stiff, sort of like
a hard rubber sole on your shoe. I mixed
aluminum oxide (alumina) powder with
the gel precursor solution, or premix. to
make a ceramic slurry. I could get more
than 50 volume percent alumina into the
premix, an acceptable level of ceramic
for the molding applications I was
working on. When the slurry was gelled.
it was very strong. You could drop a
gelled part on the floor, and it would not
deform or crack.”

Janney dried the parts, burned out the
binder, and then fired them at a high
temperature. “They came out of the
furnace looking great,” he says. “I knew
then that the concept of gelcasting would
work. Next it was a matter of developing
a water-based system.”

In August 1987, Janney gained a
collaborator in the gelcasting work.
Ogbemi “Omats” Omatete, a professor of
chemical engineering at the University of
Lagos in Nigeria, came to ORNL on a 3-
month sabbatical visit. During Omatete’s
visit, he and Janney worked to develop a
water-based gelcasting system.
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“Industrial ceramic manufacturers are
used to working in water-based systems,”
says Janney, “so a water-based system
would be accepted more readily as an
industrial process.” Says Omatete:
“Water is easy to use, it’s cheap, and it’s
environmentally friendly.”

During his visit, Omatete tried to make
water-based gels using more than 150
different compositions. Unfortunately,
none of these made good gels. Finally,
when they tried making gels based on the
monomer acrylamide, they achieved
instant success.

“We chose acrylamide because we
knew it was used by biologists to make
gels for electrophoresis for DNA
fingerprinting,” Omatete says. The
acrylamide gels were quite strong and
stiff. In addition, when Janney and
Omatete tried to make ceramic slurries
using the acrylamide gel premix, they
discovered that the slurries were even
more fluid than if they had made them in
water alone. Recalls Janney: “Making a
solids slurry that was 55 or 60 volume
percent alumina was easy.”

During the final 2 weeks of Omatete’s
sabbatical, the two engineers cast and
fired an alumina rotor using the
acrylamide-based gelcasting process.
“The first rotor we made came out of the
furnace in great shape,” Janney says.
“We knew we had a winning process. It
was unheard of to make a good rotor the
first time by injection molding.
Gelcasting had proven itself, at least in
concept.”

Over the next 3 years, Janney,
Omatete, and Albert Young, worked out
the engineering details of the process and
tried it on a variety of materials—
alumina, quartz, silicon, silicon carbide,
silicon nitride, sialon, zirconia, and
ceramic composites.

“High solids loading is important,”
Omatete says, “because it minimizes
shrinkage during firing of the part. The

idea is to make the slurry as highly
loaded with ceramic powder as possible
and yet still be able to pour it into the
mold,” Omatete says. “We make it about
the consistency of paint. Fortunately,
gelcasting is a very forgiving process,
and it will work over a range of solids
loadings.”

The key to the process is to add
monomers, not polymers, to the initial
solvent-ceramic powder mix. Here is the
gelcasting “recipe,” or flow chart.

Mix and mill ingredients. Mix
ceramic powder with water (or a
nonaqueous solvent), a dispersant, and
gel-forming organic monomers (later
linked together to form a “binder,” or
polymer-water gel that binds the ceramic
particles together).

Deair. Place the mixture under a
partial vacuum to remove air from it
(otherwise bubbles could form, causing
flaws in the final product).

Add catalyst. Add a “polymerization
initiator” that kicks off the gel-forming
chemical reaction.

Cast. Pour the ceramic slurry into
molds made of metal, glass, plastic, or
wax to cast it into desired shapes. “It’s as
simple as pouring muffin batter into a
muffin pan,” Omatete says.

Create a gel. Heat the molds in a
curing oven. The catalyst will cause the
monomers to form large cross-linked
polymer molecules that trap water,
creating a rubbery polymer-water gel.
The gel permanently immobilizes the
ceramic particles in the desired shape
defined by the molds. It is this setting
step that gives gelcasting its name.

“By separating the mold-filling
operation from the setting operation,”
Janney says, “gelcasting overcomes many
of the problems associated with injection
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In 1990, AlliedSignal Ceramic
Components entered into a cooperative
research agreement with the ORNL
ceramists. The company sent ceramic
powders to ORNL for gelcasting, and the
gelcast parts were returned to
AlliedSignal for its evaluation. In mid-
1991, AlliedSignal approached the
ORNL ceramists about making a joint
proposal to the National Institute of
Standards and Technology’s (NIST’s)
Advanced Technology Program (ATP).
The partners submitted the proposal in
September 1991, and AlliedSignal
received an ATP grant in June 1992.

In December 1993, Omatete had a rare
opportunity. As part of the ATP project,
he was invited to spend 3 months at
AlliedSignal Ceramic Components in
Torrance, California. The purpose of the
stay was to determine if gelcasting was a
viable method for fabricating silicon
nitride turbine rotors.

Silicon nitride was selected as the
material for blades and vanes in these
turbine rotors because it has the required
strength and creep resistance at 1370°C.
Its light weight and wear resistance are
additional advantages. Such turbines are
being manufactured for use in on-board
engines in military and commercial
aircraft. These engines provide auxiliary
power when an aircraft sits idle on the
tarmac and emergency power when a
main engine fails.

AlliedSignal engineers were interested
in investigating gelcasting and comparing
it to two turbine-casting methods they
had been using—injection molding and
slip casting.

In injection molding, the ceramic
powder is mixed with a polymer, forming
a very thick fluid. This fluid cannot be
poured into a mold, as is done with
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gelcasting. Instead, the fluid must be
forced, or injected, into the mold under
high pressure.

The AlliedSignal engineers noted that
gelcasting did not have two problems that
plague injection molding. One problem is
the removal of the binder (the polymer
that binds the ceramic particles together).
In injection molding, the binder can be as
high as 20% of the weight of the ceramic;
in gelcasting, the binder takes up only 3
to 4%. In injection molding, burning out
the binder may take a week, compared to
less than a day for a gelcast ceramic.
Binder burnout is tricky in injection
molding, because if the temperature is too
high, the part can sag, warp, and crack
before the binder is completely removed.
Defects and cracks can also develop in
other stages of the injection-molding
process such as drying. Such problems
are rarely seen in gelcast ceramics if they
are properly dried.

“Gelcasting forms a higher percentage
of defect-free parts than injection molding
because the slurry is poured, not forced
by high pressure, into the mold,” Omatete
says. “In gelcasting, the mold-filling step
is separated from the setting step. The
slurry doesn’t solidify until the molded
material is placed in the curing oven. In
injection molding, the mix must be
superheated so it flows easily into the
mold. But then heat must be removed so
that the mix cools enough to solidify in
the mold. The competition between the
mold-filling and heat-removing processes
can form defects in the material.”

In slip casting, the starting powders are
suspended in water to form a “slip.” The
slip is poured into a porous mold made of
plaster of paris or another appropriate
material. The capillary action of the
porous mold draws water from the slip,
which forms a solid layer inside the mold.
When the part is as thick as desired, the
rest of the slip is poured from the mold.
The part is dried partially in the mold

until it has shrunk away from the mold
and is rigid enough to be removed and
handled.

“The AlliedSignal engineers,” Omatete
says, “noticed that slip-cast turbine blades
had density variations, but the gelcast
blades were uniform. They also were
impressed that the gelcast material was
stronger than the slip-cast material.”

Omatete’s 3-month stay involved a
harrowing experience: the January 17,
1994, earthquake in southern California.
“My bed shook for more than 30
seconds,” Omatete says, “It was pretty
scary.”

The results of the gelcasting process
proved anything but shaky. AlliedSignal
engineers “were high on our process,”
Omatete says. And that was a high point
for him.

Maxine Savitz, general manager of
AlliedSignal Ceramic Components, wrote
a letter praising Omatete’s efforts to
move an ORNL-invented technology into
the marketplace. She states that
Omatete’s daily interacti  vas
invaluable and accelerated the application
of gelcasting as a potential manufacturing
process at Ceramic Components.

The ORNL ceramists have
demonstrated that gelcasting can be used
to form parts from a variety of materials,
























“plane wave” is presumed to be incident
upon the top surface of the thin specimen,
and the wave is modified by passing
through the specimen to form an image.
The resulting image is magnified as it is
projected through several additional
lenses, creating a final image that can be
directly viewed on a fluorescent screen in
the microscope or that can be recorded on
photographic film or on a charge-coupled
device (CCD) detector.

For specimens of crystalline materials,
the regular arrays of atoms aligned on
crystal planes can scatter, or diffract, the
beam in different directions. The
diffracted beams are recombined in the
modermn TEM to form a high-resolution
image that gives details of the atomic
structure of a crystal and imperfections in
the arrangement of atoms in the crystal.
However, the technology of the 1940s
gave images with resolution too poor to
reveal the atomic structure.

Gabor sought a method to remedy this
situation. He realized that the TEM
image, as with an image formed with any
type of radiation, is simply a
superposition of wavelets from each point
in the thin specimen. The image varies in
amplitude and phase from point to point,
depending on the nature of the interaction
between the incident beam and the
specimen as the beam passes through the
specimen. A recording medium such as
film does not record these two image
components separately, however. The
intensities recorded are a combination of
the amplitude and phase, which cannot be
separated in any standard way.

Gabor knew that one of the primary
lens aberrations in the TEM, the spherical
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aberration, affects the phase components
of the electron beam. He reasoned that, if
the phase component could be separated
from the amplitude component, then
perhaps the spherical aberration of the
microscope could be corrected and
eliminated from the image forming
process. This change would inevitably
lead to a marked improvement in the
microscope’s resolution. The primary
problem was how to separate the image
components.

One day, while waiting to begin a
tennis match, Gabor had a brilliant flash
of intuition. The path leading to the
formal development of his method of
holography became instantly clear to
him. The essence of the method was the
combination of two waves within the
microscope: the incident, undeviated
electron wave and the image wave, which
exits the bottom surface of the thin
specimen. If the electron optical
geometry is correctly set up, these two
waves can be made to interfere. The
interference pattern then would be
processed using optical techniques to
form optical holograms.

After describing his method of
recording images from which the
amplitude and phase components could
be separately extracted, Gabor
encountered an obstacle when he tried to
use the technique. The electron
microscopes of his era did not produce an
electron wave with sufficient coherence
to permit the proper degree of
interference required to make a useful
hologram. Similarly, holograms could not
be produced from ordinary light because
typical light sources of the time produced
beams that spread over large angles or
had a wide range of wavelengths. Thus,
holography did not become practical until
the invention of the laser, which produces
light of a single wavelength moving in
one direction. Recently, the development
of TEMs using highly coherent field-

emission electron sources have made
Gabor’s original dream come true.

After its invention, electron holography
was advanced primarily by a group at the
University of Tiibingen, Germany, led by
the work of Gottfried Mollenstedt, Heiner
Diiker, and Herbert Wahl, from the mid-
1950s to the early 1970s. With the advent
of lasers that produced coherent light
beams, and the independent development
of the technique of holography by Emmit
Leith of the University of Michigan,
optical holography was widely advanced
and applied during this period.

Progress in developing electron
holography techniques was slow for a
number of years. Electron holography
was not pursued strongly until the
introduction of the field-emission
electron gun on electron microscopes in
the late 1970s. Holography at Tiibingen
was then carried on primarily by Hannes
Lichte, who trained under Wahl and
Mollenstedt. At the same time, Akira
Tonomura from the Hitachi Corporation
in Japan studied at Tiibingen and returned
to Hitachi to lead a major developmental
effort in electron holography. Tonomura
had the advantage of working for a
company that manufactured electron
microscopes, and he prodded Hitachi into
developing the cold field-emission
electron gun, which culminated in the
construction of a 350-kilovolt (kV)
instrument designed to be optimized for
electron holography. This instrument is
housed in the new Hitachi Advanced
Research Laboratory in Hatoyama, Japan,
a northern suburb of Tokyo. It was used
for research conducted in a recently
completed 5-year, $20-million program
supported by the Japan Research
Development Corporation. The program
achieved its goal: it developed electron
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invented by Moéllenstedt and Diiker in
1955. This device is simply an ultrafine
(0.3 micrometers in diameter) conductive
fiber positioned in an imaging lens
perpendicular to the electron beam so
that it splits the field of view (left). A
thin” 1 imen is placed over one
side of th: ge field. When a positive
voltage is applied to the fiber, the
electron waves on either side of the fiber
are bent toward the center, eventually
causing them to overlap (right). The
overlapping waves create an interference
pattern of parallel fringes. These fringes
are changed in position and contrast,
depending upon how the specimen
affects the electron beam. The pattern is
recorded either on film, or in the case of
the ORNL instrument, directly onto a
digital CCD camera system. This
interferogram, or hologram, is then
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processed to yield separate amplitude and
phase images.

The digital processing software
package currently in use in our laboratory
was written by Edgar V6lkl, who came to
ORNL from the University of Tiibingen
as part of his postdoctoral assignment for
the LDRD project. This powerful,
sophisticated, easy-to-use Macintosh
software package (called HoloWorks™)
has recently been licensed for
commercial sale by Gatan, Inc., the
manufacturer of the digital camera
system used on the HF-2000. It is in use
in several laboratories in Europe and
Japan, as well as in the United States.

In addition to providing a multifaceted
hologram-processing software package,
our electron holography project at ORNL
also has pioneered applications of
holography in a variety of materials
science areas.

The
tecnmque or electron nolograpny offers a
unique capability to characterize the
three-dimensional structure of nano-sized
crystals—crystals about a hundred-
thousandth of a millimeter in diameter.
We have used this technique (as
described below) to study (1) nano-
crystals of palladium supported on silica
microspheres to simulate a catalyst
material (see figure at left), and
(2) shapes of nanocrystals of zirconium
oxide (zirconia) to determine effects of
particle shape on the behavior of the
material during sintering.

Catalytic materials are typically
composed of metallic nanocrystals that
are supported on a highly porous material
such as aluminum oxide. Such materials
are used to control emissions from
automobile exhaust and refine crude oil
to produce gasoline. The morphology of
these nanocrystals is of great interest to
catalysis chemists because morphology
(i.e., the nature of exposed crystal facets,
or sides) affects the behavior and
performance of the catalyst.

Although high-resolution TEM
techniques have made it possible to
image nanometer-sized particles at
atomic resolution, extracting details of
structure and morphology on an atomic
scale is still a formidable challenge. The
oxide support of a metal catalyst often
obscures details of the morphology of
such particles. One way to circumvent the
problem of studying finely dispersed
supported metal particles is to use a
model support of simple geometry such
as amorphous silica microspheres. This
model structure permits metal particles
deposited on the surface to be observed
looking essentially parallel to the plane of
contact between the particle and the
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as potential information storage media,
sensors and actuators, and light
waveguides. They are a member of the
class of “smart” materials identified as
being of significant technological
importance.

Although ferroelectrics have been
studied quite intensively, the details of
their electric domain structures—
randomly oriented regions of uniform
electrical polarization—have remained
unclear because of the practical problems
associated with imaging the domains and
domain walls. Conventional diffraction
techniques in the transmission electron
microscope produce only weak contrast
between regions of different polarization.
This deficiency results from mechanical
strain caused by the polarization rather
than by the electric field itself. As a
consequence, it was not known how wide
the walls were between domains nor how
the polarization rotated across the wall—
parameters that play an important role in
determining the behavior of the
ferroelectric material.

Electron holography provides a
solution to these problems. We have
demonstrated its capability in our studies
of barium titanate (BaTiO,), a
ferroelectric material. As the electron

ferroelectric domains. This phase change
from area to area in the specimen can be
measured directly from the hologram.The
figure below shows schematically the
arrangement used for observation. Two
domains with polarizations at 90° to each
other are separated by a domain wall. The
specimen is tilted so that some component
of the polarization is parallel, or
antiparallel, to the beam direction, and the
sample is thin enough so that electrons can
be transmitted through it.

The figure on p. 48 shows the hologram
recorded from such an area. Note that, as
the fringes in the hologram cross the
position of the domain wall, they shift
sideways. Each fringe represents a contour
of constant phase so the lateral shift shows
that the phase experienced by the
transmitted electron waves changes as
they cross the domain wall. The distance
over which this change occurs, measured
perpendicular to the domain wall, is the

range over which the polarization is
changing and is, therefore, the domain
wall width. This parameter can thus

be measured, easily
Incident beam

wave transmits through the ferro«  tric and accurately, from
material, its phase is alte by the direction the hologr . For
polarization of the material, because the barium titanate, the
phase is influenced in different ways by wall width was found
the varying
directions of the
electric , -
potential in Rakedaiiel e by P P LEE R L PR iy
the o -~ Polarization
,*” Polarization \ / vector
.*  vector R Electron transparent
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'," L’ beam direction
’ 1 ’
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to be between 2 and 5 nanometers (nm),
in good agreement with the most recent
theoretical estimates but nearly a factor of
10 smaller than earlier experimental
measurements made using standard
diffraction contrast imaging methods.

The exact way in which the
polarization vector rotates from one side
of the domain wall to the other can also
be derived from the fringe bending shown
in the figure on p. 48 because the extent
of the lateral shift is proportional to the
component of the polarization parallel to
the beam direction. The insert in the
figure shows how the phase shift across
the domain boundary can easily be
measured.

We have used the same experimental
method to study a variety of other
ferroelectric materials and to investigate
the behavior of ferroelectrics exposed to
increasingly high temperatures.
Subjecting the material to increasing
temperature destroys the domain
structure. The domain structure reforms as
the temperature is lowered. We have
found that the previous domain
configuration usually is “remembered”
when the ¢ 1iins reform, indicating the
presence of defects and other
characteristics that control domain size
and location. An analysis of the electron
holograms indicates that the defects
responsible for this memory are probably
positions in the crystal lattice where
oxygen atoms are missing, resulting
in a buildup of electrons, or “charged
oxygen vacancies.” This solution had
been predicted theoretically, and our
work provided the first supporting
experimental observations.
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X rays from nanometer-sized areas of the specimen. The X rays, which are detected using a solid-
state defector system mounted on the microscope, have energies characteristic of the particular
elements present in the irradiated microarea. A spectrum of these energies is displayed directly on
an Apple Macintosh computer, allowing rapid correlation of specimen features with the elements
they contain.

The HF-2000 is also equipped with a digital camera system from Gatan, Inc. The camera
operates with a charge-coupled device (CCD) chip, similar to the technology used in modern
camcorders (except that our camera system cost $100,000). The CCD camera records images up
to 1000 x 1000 pixels (picture elements) in size, giving us the advantage of immediate viewing,
processing, and analysis of images as well as rapid hard-copy output. This system offers greatly
enhanced data collection for this instrument as well as for all the other electron microscopes in our
laboratory that are equipped with digital recording devices. Most important, the digital camera
eliminates film handling and associated chemical wastes of old-fashioned electron microscopy.

A newly developed spectrometer system, now being installed, will permit digital images to be
made from electrons that have lost specific amounts of energy as they pass through the specimen.
This “imaging filter,” also provided by Gatan, Inc., fits below the microscope and accepts the
electron beam into a magnet that bends the beam around into a detector. The electrons that lose
energy are bent through a greater angle, enabling them fo be selected appropriately by a slit
system and used to form the “energy loss image.” With the low energy spread of the cold field
emitter, we expect to be able to generate images that will show, for example, the dispersion of
nanocrystals of diamond, the crystalline form of carbon, on an amorphous carbon film. These
“maps” of the locations of elements can be generated with just a few seconds’ exposure at nearly
the resolution of the standard microscope image.

The digital imaging capabilities available on the HF-2000 electron microscope have opened a
new and exciting possibility for extending the usefulness of the instrument and for improving the
quality and quantity of our research results. We have developed both an interface to the
microscope and software that is integrated into the camera control software, allowing an operator
to control the microscope to a large extent directly through the local computer. This control
capability has been extended fo allow operators in other cities to have the same control, right from
the computer in their own office or laboratory. An inexpensive (about $200) commercial remote
operation program called TimbuktuPro and a small digital camera such as the Connectix
QuickCam (about $90) permit remote users to access the local microscope and see its display on
their ferminals. © h also can communicate in a “TelePresence” mode with local operators via
the QuickCam camera system, much like scattered participants in a teleconference who “see”
each other on a computer screen. When the remote user operates the computer mouse, the same
motion springs up on the local computer, thus providing all of the microscope control functions
directly to the remote user.

A number of demonstrations of the remote operation of our HF-2000 have already been
conducted, from locations such as San Diego, Washington, Nashville, and Detroit. Many
industrial and university users are already excited about the possibility of interacting with us on a
more frequent and timely basis. In many instances, this capability will eliminate the need fo travel
long distances to complete research, saving time and money.
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ELECTRON HOLOGRAPHY: A NEW VIEW OF MATERIAL STRUCTURE

One of the missions of ORNL’s LDRD electron holography project was to promote and
popularize the use of electron holography for materials and biological science research.
In addition to developing new techniques and applications and publishing the results of
the research, ORNL researchers organized three international symposia/workshops,
which were sponsored by the project. The first symposium, which was held in June 1992
in Knoxville, Tennessee, focused on coherent beam microscopy techniques, including
electron holography. The second was a 2-day symposium on coherent beam imaging
and digital microscopy; it was held in conjunction with the Microscopy Society of
America {MSA) meeting in August 1993 in Cincinnati. Papers from this symposium were
subsequently published in 1994 as a special issue of the MSA Bulletin.

The third and most significant workshop was co-sponsored with the Tonomura Electron
Wavefront project in the Experimental Research for Advanced Technology Program of
the Japan Research Development Corporation {JRDC). The Japanese government
provided $20 million for this 5-year program of research in electron holography, which
was directed by Akira Tonomura of the Hitachi Advanced Research Laboratory, one of
Japan’s leading candidates for the Nobel Prize for physics. Most of the funding for the
workshop was provided by the Japanese government through the JRDC, which wanted to
publicize further the outstanding results obtained during the run of the Tonomura project.
Because of the recognition achieved by the ORNL project during its brief run, the JRDC
management decided that a joint workshop held in the United States would be the best
way to celebrate the end of both holography projects. The 3-day workshop was held in
August 1994, also in Knoxville. It had nearly 30 invited speakers, including 18 from
overseas.

More than 35 full papers were published as a hardbound proceedings from this
workshop by Elsevier North-Holland. Two of the five editors of this book, Electron
Holography, are associated with ORNL—Larry Allard of the Metals and Ceramics
Division and David Joy, ORNL-UTK Distinguished Scientist.
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LARRY AILLARD is a senior research staff member in the High Temperature Materials Laboratory
(HTML) of ORNL’s Metals and Ceramics Division. He holds B.S.E., M.S.E., and Ph.D. degrees in
materials science and engineering from the University of Michigan. While at the University of Michigan
for 13 years, he co-founded the Electron Microbeam Analysis Laboratory and served for several years as
group leader and associate director. In 1986 he joined ORNL as a member of the HTML’s Materials
Analysis User Center, where he has used various electron microscope techniques to study ceramic
whiskers, structural ceramics, ceramic-matrix and metal-matrix composites, and catalysts. In recent years
he has co-organized four symposia or workshops in holography and coherent beam imaging, and he is
currently co-organizing the 2nd International Holography Workshop as well as a workshop on Direct
Imaging of Catalytic Materials. He is a recent recipient of a Lockheed Martin Energy Systems Technical
Achievement award, and he is co-editing with David Joy and Edgar V&lkl a new textbook on electron
holography.

TED NOLAN, a senior research staff member in ORNL’s Metals and Ceramics Division, is manager of
the division’s Materials Analysis Group in the High Temperature Materials Laboratory. He holds degrees
from Purdue University and the University of Louisville and has undertaken advanced studies at the
University of Tennessee at Knoxville. He was one of the first staff members to join the team that created
the HTML User Program. His research at the HTML has focused on studies of high-temperature structural
ceramics, ceramic whisker growth, ceramic composite interfaces, and catalysts. More recently, he has been
instrumental in implementing digital imaging and data analysis in the Materials Analysis Group, which is
now a national leader in digital microscopy. Before coming to ORNL, Nolan spent many years
characterizing materials systems for gaseous diffusion and advanced uranium isotope separation processes
at the Oak Ridge K-25 Site. He is a recent recipient of two Lockheed Martin Energy Systems technical
achivement awards and a best paper award.

DAVID JOY is a University of Tennessee—ORNL Distinguished Scientist. He has an M.A. degree in
physics from Trinity College, Cambridge University, and a D.Phil. degree in materials science from the
University of Oxford. After 13 years at AT&T Bell Laboratories in New Jersey, he joined the staffs of
ORNL and the University of Tennessee at Knoxville in 1987. Since that time, he has been involved in the
development of electron holography and other advanced microscopy and microanalytical techniques. Joy
is the author or co-author of more than 200 publications in electron microscopy and the author or editor of
7 books. He is past president of the Microbeam Analysis Society of America and winner of the
Microscopy Society of America Burton Award for Early Achievement.
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researchers wanted to test this hypothesis
and to learn whether heat treatment of
rotors would reduce distortions, making
the rotors less likely to vibrate.

The Ford researchers brought to ORNL
some standard rotors and some rotors that
had been heat-treated to relieve stresses.
Neutron-mapping studies at HFIR
showed that standard rotors do have
significant strains and that these can be
reduced by heat treatment.

Residual stresses in joints between
metals and ceramics are also being
studied at the ORNL center to identify
the process that makes the most reliable
joints. In research involving DOE’s Idaho
National Engineering Laboratory (INEL),
neutron measurements were made on
nickel joined to alumina because of past
disagreement between computer model
predictions and experimental
measurements of residual stresses. In the
samples studied, joints made of nickel
and alumina vary in their composition
and structure from end to end. The
m’  res of nickel and alumina changed
in steps (with the alumina concentration
being low near the nickel piece and high
near the alumina piece). The residual
stress measurements made by INEL’s
Barry Rabin at ORNL agreed with model
predictions of residual stress sizes for
different joint types. The information
could lead to selection and modification
of processes for making improved metal-
to-ceramic joints.

Microstresses in silicon nitride were
studied at the ORNL center by I. M.
Peterson and T. Y. Tien, both at the
University of Michigan. They were
interested in the relationship between
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microstresses and fracture toughness, a
material’s resistance to cracking. The
silicon nitride they studied has an
aluminosilicate in its grain boundaries,
microscopic areas between the crystalline
silicon nitride grains. As the silicon
nitride is heated with sintering aids
containing magnesium, calcium, or
barium oxide along with alumina and
silicon dioxide, these grain boundary
constituents become glasslike and serve
as a glue that holds the ceramic particles
together. It was found that microresidual
stresses increased with the fraction of the
volume that is occupied by the glassy-
grain boundary material. The reason:
while compressive stresses develop in the
silicon nitride grains, tensile stresses
develop in the grain boundary phase. It is
believed that not only does glassy
material bridge the silicon nitride grains
but also that tensile stresses may assist
crack deflection, increasing fracture
toughness and minimizing the ceramic’s
susceptibility to cracking and failure.

The GIXD capability at ORNL was
developed in response to a user need.
AlliedSignal came to the center for help
in developing a quality assurance
technique to check whether a vendor used
the correct procedure in grinding silicon
nitride parts for fuel metering in jet
engines. If the incorrect grinding
technique is used to finish this ceramic
component, it can be damaged. Such
damage could lead to unexpected failure
or improper operation of the fuel system.
So the ORNL center was used to measure
the near-surface residual stresses to
determine whether the ceramic was
damage free. The researchers found that
the conventional grinding technique
produced stress gradients compressive at
the surface and tensile within a few
microns below the surface. Participants in

the research included Rick Rateick,
Philip Whalen, and Franz Reidinger from
AlliedSignal. Subsequently, other users,
including Ben Ballard and Paul Predecki
from the University of Denver in
Colorado and Warren Liao and Kun Li
from Louisiana State University, have
assisted with developing the technique
and applying it to other materials such as
photovoltaic coatings and other ground
ceramic parts. Ceramics must be
machined to exacting dimensions for use
in engines. Development of proper
grinding processes that do not adversely
affect mechanical strength is being
guided by ORNL’s GIXD technique.

In the X-ray studies with Louisiana
State University, ORNL researchers
found that machined silicon nitride shows
damage in the form of “steep stress
gradients.” They observed that the
subsurface damage layer becomes deeper
as the machining or grinding wheel speed
increases.

In other X-ray studies at the Residual
Stress User Center, GIXD provided the
U.S. Navy with critical information about
expensive machining. TRW and
Vanderbilt University used residual stress
data from the center to improve the
design and performance of gas containers
for air bags in automobiles. The
University of Florida at Gainesville used
the center to characterize diamond
coatings.

Using both X rays and neutrons for
residual stress studies, scientists working
at the ORNL center provided data on
residual stresses in welds to help
Lockheed Martin Manned Space
Systems, Pennsylvania State University,
and the University of Alabama refine
knowledge of welds and weld repair
procedures for a high-strength aluminum
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MATERIALS UNDER STRESS: ORNL’'S MEASURES FOR HELPING INDUSTRY

The recovery boiler is a critical, and certainly the most expensive, component of paper
mills that use the Kraft process to produce pulp from wood chips. This most widely used
pulping process enables the production of dark paper used for wrappings, envelopes, and
grocery bags and, affer bleaching, white paper used for printing or personal cleanliness.

Recovery boilers, however, have a problem: they can fail unexpectedly. Over the past 40
years in North America, about two boilers a year have exploded. Somefimes workers are
injured or even killed, and the boiler usually is damaged. The downtime resulting from a
boiler failure may cost a paper mill as much as $1 million a day. Continuing concern about
the problem has led the paper industry to work with ORNL and other research institutions.

In the Kraft pulping process, wood chips are treated with a mixture of caustic soda and
sodium sulfide in the digester vessel to separate wood fibers from lignin, the complex
polymer that binds the fibers together. The concentrated waste stream from the digester,
called black liquor, contains both lignin and spent pulping chemicals. From this black liquor,
the recovery boiler separates chemicals for reuse in the pulping process and burns the lignin
to produce steam. Steam is used to provide heat to various processing units, such as
digesters and paper-making machines, and to produce eleciricity for use in other parts of the
paper mill.

The steam is produced in the array of tubes that form the heat exchangers and walls of a
recovery boiler. Because of the boiler’s highly corrosive environment and high temperature
and pressure, these tubes are subject to catastrophic failure. If a tube ruptures, high-pressure
water can be released into the boiler. There on the floor, the water contacts molten
chemicals. Because these chemicals are as hot as 800°C, the water instantly vaporizes upon
contact, causing an explosion that can severely damage the recovery boiler.

The cause of the failure of bimetallic tubes in the lower portion of most recovery boilers is
not known. However, failure mechanisms such as thermal fatigue, stress corrosion cracking,
and corrosion fatigue have been proposed. Because of the nature of the stainless steel—clad
carbon steel tubes (known as composite tubes in the boiler industry}, high residual siresses
can be generated when the tubes are heated. In all of the failure mechanisms suggested,
resiiuol stresses are an essential part of the environment required for each mechanism to
work.

To help the paper industry unravel the mystery, a multidimensional project is being
conducted that involves ORNL and U.S. and Canadian paper institutes in cooperation with
boiler tube suppliers, boiler manufacturers, and most major paper companies. This program
involves an industry-wide survey to define all that is known about tube failures, a thorough
characterization of the environment to which the tubes are exposed, residual siress
measurements fo define the stress state of composite tubing, computer modeling to predict
the stresses experienced by the tubes during boiler operation, and laboratory fatigue and
corrosion tests in environments like those of recovery boilers. It is hoped that this work will
lead to alternative materials or operating procedures to prevent tube cracking.

As part of the effort to unravel the mystery, Xun-Li Wang and Camden Hubbard of
ORNL’s Residual Stress User Center are working fo identify stresses in boiler tubes that could
lead to a tube failure.

“Cracks have been found in composite steam tubes after service,” Hubbard says. “We
think some cracks form from stress corrosion cracking brought on by residual stresses
introduced during manufacture and made worse by thermal and fatigue effects and
mechanical stresses from pipe bends and other constraints. Our early results show significant
differences in residual stresses in boiler tubes from diffc. ... manufacturers and with different
clad coatings. We hope to identify the materials that hold up the best. We will provide data
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for computer models that simulate the elevated temperature operation and use of improved
tube materials that may extend the service life of recovery boilers.”

“The paper industry,” Hubbard says, “hopes the research will lead to improved materials
that will have two benefits for recovery boilers. One is enhanced safety by decreasing the
chances of tube failure and boiler explosions. The other is increased efficiency by allowing
increases in boiler operating temperature and pressure and by reducing downtime.”

Neutron diffraction measurements are being made to characterize stresses inside straight
tubes and in tube bends and welds. The measurements are being made at room temperature;
in the future, they will be made at higher femperatures. Stresses on tube surfaces under
fieldlike conditions are being measured using X-ray diffraction.

In addition, ORNL is using advanced computer modeling to simulate the operation of a
recovery boiler and calculate internal stresses at high temperatures typical of normal and
abnormal operation. The hope is that by modeling the materials, components, and stresses in
a recovery boiler system, scientists will be able to better understand causes of failure and to
predict time of failure under various conditions. The computer modelers will use data from
ORNL's Residual Stress User Center, such as room-temperature residual stress measurements
in steam tubes, to help make their model predictions more accurate.

The ORNL researchers are working with a team of researchers from a group of 11 pulp
and paper companies (including Weyerhaeuser, Georgia-Pacific, International Paper, and
Union Camp) and five major boiler suppliers, including Babcock & Wilcox and ABB
Combustion Engineering. Besides ORNL, research sites for the project include the Institute of
Paper Science and Technology in Atlanta and the Pulp and Paper Research Institute of Canada
in Vancouver, British Columbia.

The work is sponsored by the Advanced Industrial Materials Program, Office of Industrial
Technologies, Energy Efficiency and Renewable Energy, U.S. DOE. It is hoped the capabilities
brought to bear on these problems will benefit the paper industry.
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as a sensor going out, it can be detected
and compensated for aboard the Hayes.
Calibration of the system can also be
done remotely.

“Close to half of our effort is for
testing—proving that the system is
working and debugging it when it
doesn’t,” Wetherington said. “In all, the
1&C Division and subcontractors have
put about 30 years of conceptual
development and prototyping, 20 work-
years of software development and
integration, and 10 years into electronics
design, integration, and tests. We’ve also
fabricated and performed quality
assurance checks on 1300 multilayer
printed-circuit assemblies.”

The AMFIP 1 system consists of
components and software from seven
commercial suppliers, ORNL
researchers, and three subcontractor
teams. Putting together a product of the
complexity of AMFIP II from these
diverse sources required careful systems
integration. “An important aspect of this
project is the teamwork,” Wetherington
says. “ORNL had 147 staff members
who worked on the effort. Our sponsor
was very supportive and worked as a
member of the team. We also had top-
notch support from several
subcontractors, including Planning
Systems, Inc.; Cray Research, Inc.;
Colonial Assembly and Design; and the
University of Tennessee.”

The 1&C Division’s AMFIP project
began in 1986; the first acoustic
processing system that ORNL developed
was delivered in late 1989, and AMFIP
II began soon after. The meticulous and
ongoing attention to detail and project
planning came to fruition again in
October 1994 when ORNL successfully
delivered and installed the first portion
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of the new AMFIP 1l measurement
technology. The remaining components
were installed in July 1995. The Navy
sponsors have indicated that they intend
to apply the technology to other tasks
throughout the fleet. The acoustic
signaling technology is also being
considered for medical applications such
as diagnosing a malfunctioning heart
through its acoustic signature.

AMFIP II evolved from a project that
played to the I&C Division’s strengths in
instrumentation, computing, and systems
integration. The team of researchers also
proved themselves in adapting to new
projects and identifying when to go
outside the Laboratory. They identified
new technologies and coordinated a
complex effort that involved six large
organizations and a variety of
engineering disciplines from electronics
to high-speed computing. The
astonishing stealth of the Navy’s “quiet
platforms,” Wetherington said, made
necessary the awesome amounts of data
and the electronic and computing
expertise and toil involved in harnessing
that data. “All of that effort has been
needed to lift one analog signal, a
submarine’s acoustic signature, up out of
the ambient noise of the ocean.”

1&C Division researchers, who
considered customer satisfaction as one
of the most important goals of the
program, count the Navy as a happy
customer and the product that they have
delivered as a giant step forward for their
division.
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EARTH SCIENCES AND ORNL: A LONG PARTNERSHIP

groundwater are being developed. For
instance, in situ vitrification at ORNL
and deep-soil mixing with vapor removal
of organics at Portsmouth draw heavily
on a healthy blend of earth and
engineering sciences. The importance of
such cost-effective applications, coupled
with expanded computer capabilities for
improved decision analysis, cannot be
overlooked in an era of tight budgets in
the restoration world.

A significant milestone was reached
with the updated mapping of the Oak
Ridge Reservation, confirming that it has
the most complex geology (and resulting
hydrology) of any DOE site nationwide.
This, coupled with high rainfall, an
active groundwater—surface water
system, long use of diverse disposal
methods, and a nearby population center,
makes the restoration challenges at Oak
Ridge the greatest in the DC ™ system.
Partially as a result of this complexity, a
company-wide Groundwater Program
Office was formed in the early 1990s; it
is unique within the DOE system
because it provides highly technical
guidance on remediation and
groundwater issues for five sites.

Other new initiatives included data
management for atmospheric studies
(Atmospheric Radiation Program) and
biogeochemical studies ( Data Archive
Center).

ESD now has a large cadre of earth
scientists, including 75 who hold
graduate degrees, reflecting a steady
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growth since 1972. Over the years, the
emphasis on earth sciences has changed
from soil science to more geochemistry,
hydrology, and applied engineering
sciences. Activities of ESD earth
scientists are spread across the United
States and in many foreign countries.

The earth sciences have played a key
role in the evolution of ORNL, although
their role has often been behind the
scenes. As for the earliest use of earth
science principles in waste disposal and
the attitudes of some of the earliest
scientists toward disposal of liquid
waste, there is a greater story to be told
—one that deserves more investigation.
Indeed, earth science principles actually
were involved in the original decision to
site part of the Manhattan Project in Oak
Ridge. The abundance of surface water
and electricity (from hydroelectric
plants), the topography that aliowed each
facility to be placed in a separate valley
(to help isolate accidental releases), and
inexpensive land (poor farm land
because of topography) were among the
reasons this site was selected.

Even in these uncertain times
(remember 1963?) opportunities for the
earth sciences are many, and these
should be clarified. Certainly, efforts to
meet the environmental restoration needs
of DOE (and DOD) will draw heavily on
this discipline, and innovative ways to

blend basic research with applied
programs are paramount. Understanding
the effect of global change on the
environment will continue to be a high-
profile need, and there will be more
attention on earth resources, especially
water. Increased interactions among
earth scientists and engineers across the
ORNL complex seem essential at this
time. All earth scientists are familiar
with James Hutton’s principle of
uniformitarianism: “the present is the
key to the past.” We must look toward
the future, however, and draw on
another phrase that, at least, partially
summarizes the situation: others’ sins
of yesterday are the key to our
tomorrows.
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the numerous energy sources, several important ones come from deep

the earth. Coal, oil, and natural gas have formed over time through the interaction of
enormous pressures and temperatures on organic material. Geothermal energy—steam and hot water—is also a
product of these subsurface forces. Even the raw material for nuclear energy, uranium, comes from ores
deposited by hot water circulating through the earth’s crust. Geochemists in ORNL’s Chemical and
Analytical Sciences Division (CASD) focus on developing experimental and analytical methods to investigate
and quantify the natural processes occurring below the surface. This earth science research examines processes
that influence hydrocarbon and geothermal energy development, nuclear and toxic waste migration, and
elemental cycling in the ocean-atmosphere-lithosphere system—research relevant to human use of the earth’s
energy and material resources. The roots of geochemical research at ORNL reach all the way back to the late
1940s, when pioneering studies of the properties of high-temperature water and salt solutions were conducted in
the old Reactor Chemistry Division. These seminal contributions, spanning more than four decades. were made
by physical chemists Bill Marshall, Charlie Baes, Milt Lietzke, Arvin Quist, Fred Sweeton, Dick Busey,
Howard Holmes, and many others. Their work has been continued by Bob Mesmer (leader). Don Palmer. Mike
Simonson, Patience Ho, and Mirek Gruszkiewicz, all of the High Temperature Aqueous Chemistry Group.
These scientists have firmly established ORNL as one of the world’s leading centers for experimental studies of
the properties of hydrothermal fluids, including water and steam used to generate energy in fossil and nuclear

power plants. It was inevitable that a geoscience research program would grow from this fertile ground because

water is the ubiquitous, premier solvent and transporter of matter and energy in the earth’s crust.
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HOT WATER, HOT ROCKS, HOT SCIENCE

Basic hydrothermal geochemistry
research in Bob Mesmer’s group began
formally in 1975 and grew at a steady pace
to a half-million-dollar per year program
by 1984. It has been supported by DOE’s
Office of Basic Energy Sciences,
Geoscience Research Program and the
Division of Geothermal Technology
Development. The group was able to
determine precisely the acid-base
properties of water in geothermal brines
and the thermodynamics of dissolved
silica species (the major component of
geothermal reservoir rocks) at
temperatures up to 300°C. They used
unique systems developed by Mesmer and
his colleagues for measuring acidity levels
(pH) at high temperatures. Because
another very important earth fluid, silicate
magma, provides the primary heat source
for geothermal energy resources, the
Chemistry Division’s first bona fide
geochemist, Mike Naney. was hired in
1978 to study its properties. He was joined
in the early 1980s by geochemists Ed
Drummond, Frank Dickson, Dave Cole,
Jim Blencoe, and me.

The Geochemistry Group was hatched
from Mesmer’s group in 1985. It was
placed under the leadership of Ed
Drummond, who has since left us for the
more lucrative field of real estate
development in Knoxville. Since 1989 [
have had the great privilege of being the
leader of this group, which includes Jim
Blencoe (see photograph on p. 86), Dave
Cole (see photograph on p. 89), and a
number of visiting scientists, graduate
students, postdoctoral fellows, and
research faculty members at the University
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of Tennessee, Knoxville. It is interesting
to note that Drummond, Cole, and I, as
well as Gary Jacobs [head of the Earth and
Engineering Sciences Section in the
Environmental Sciences Division (ESD)],
were fellow students together in the
Geosciences Department at Pennsylvania
State University at the same time that Jim
Blencoe was a member of the faculty. We
often call ORNL “‘Penn State South.” Just
to show how small the world is, Steve
Stow (author of the previous article in this
issue) was Drummond’s master’s thesis
advisor at the University of Alabama!

Although the Geochemistry Group
maintains strong ties to its past, its
activities have broadened greatly in recent
years. Much of my work involves
continued collaboration with chemists
Don Palmer and Bob Mesmer in
experimental studies of the
thermodynamic and kinetic properties of
reactions and dissolved species in hot
water, often using modified versions of the
same high-temperature pH cell that
Mesmer developed 26 years ago. We try
to identify and study in detail aqueous
reactions that have a contrc " 1g influence
on subsurface solution chemistry; the
solubilities and sorptive properties of
minerals and waste forms; the stabilities of
natural and man-made organic  npounds
in aqueous solutions; and permeability
changes and reservoir characteristics in
hydrocarbon, geothermal, and
groundwater systems.

Dave Cole is one of the world’s leading
experts in the study of geochemical
controls on the relative abundances of the
naturally occurring stable isotopes of
oxygen (*0O/'*0), hydrogen (D/H), carbon
(3C/"*C), and sulfur (**S/**S) in minerals
and fluids. These isotope ratios provide a
wealth of information on the fluid sources

and time-temperature histories of fluid-
rock interactions in geological systems.
Using state-of-the-art analytical facilities
and a wide array of hydrothermal pressure
vessels suitable for operation at
temperatures up to 400°C and pressures up
to 4000 atmospheres, Cole and his
colleagues investigate the kinetics of
isotope exchange reactions and the
equilibrium partitioning of isotopes
between brines and other phases.
including minerals and steam.

Cole is also interested in the natural
distributions of these isotopes in real rocks
and fluids. He published a paper recently
in Nature in which he and collaborators at
New Mexico State University used the
oxygen and carbon isotope ratios in desert
soil carbonates (calcium carbonate, or
“calcite”—CaCO,) to suggest that a major
increase in atmospheric carbon dioxide
some 9000 years ago may have resulted in
a shift in plant communities of the
southwestern United States from grassland
to desert scrub. This research finding
suggests that future productivity of certain
food crops could decrease as carbon

tide levels in the atmosphere continue
to rise.

Jim Blencoe has successfully completed
development of two unique facilities that
were initially conceived by Mike Naney
and Ed Drummond. Our internally heated
pressure vessel (IHPV) is capable of
operation at pressures up to 10,000
atmospheres and temperatures up to
1200°C, conditions similar to those
encountered at the base of the earth’s
crust. Blencoe and his colleagues are using
this system to determine the
thermodynamic properties of granite melts
and coexisting aqueous fluids in a project
funded by DOE’s Office of Geothermal
Technology Development. They also use
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calibration of gas flow meters with
corrosive or noncorrosive gases. It is
significantly more accurate than
existing volumetric calibrators, many
of which can operate only with
nonreactive gases. The gravimetric
gas flow calibrator uses a unique,
patented technique for safe,
automated, in-process weighing of
gases. The device was originally
developed for the semiconductor
industry, which requires accurate
instruments to calibrate mass flow
controllers. These controllers
regulate the flow of tiny amounts of
various gases into vacuum chambers
where semiconductors are produced.
Other applications of the gravimetric
gas flow calibrator are likely. For
more information, see the item on

p. 96.

Ship captains have relied on compasses
responding to the earth’s magnetic field
to guide them safely on their voyages.
However, operators in nuclear power
plant control rooms have found that
magnetic fields can make their sensitive
instruments less reliable.

To address this problem, ORNL
researchers have developed an instrument
to detect electromagnetic interference
(EMI) caused by magnetic fields. EMI
can cause disruptions in some of the
high-performance digital control systems
in nuclear power plant control rooms and
in industries using similar sophisticated
instrumentation.

The ORNL device, called the magnetic
spectral receiver, provides low-cost,
highly accurate monitoring of magnetic
fields in diverse facilities where
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instrumentation is vital to their operation.
By knowing the exact levels of EMI
present, design engineers can more
accurately specify the amount of EMI
resistance required to protect sensitive
instruments. To be safe, engineers
typically call for greater EMI resistance,
or “hardness,” than is actually needed.
Using more shielding than necessary, for
example, is extremely costly and
wasteful.

“EMI resistance is achieved primarily
by adding shielding,” says Steve Kercel,
principal inventor of the magnetic
spectral receiver, which received an R&D
100 Award this year from R&D
magazine. “However, other elements
affecting EMI hardness are physical
layout. proper termination of cables, and
the judicious selection of software
algorithms.

“The big issue is that all measures
intended to improve EMI resistance are
expensive, and it is desirable to use the
least that you can get away with and still
have the system work properly. Experts
estimate that proper knowledge of
ambient EMI would allow designers to
save half the cost of digital
instrumentation and controls packaging.”

The magnetic spectral receiver, which
at 65 pounds is portable, is one of the
world’s first devices that uses the wavelet
transform, a processing system that
provides analysis of transient, or very
brief, effects that conventional receivers
miss. Instead, these receivers treat the
transient peaks as an EMI average. which
fails to tell the whole story.

“It’s similar to driving 100 miles per
hour for an hour and then driving 30
miles per hour for an hour.” Kercel says.
“Your average speed is 65, but that
number doesn’t really paint an accurate
picture.”

Another advantage of the magnetic
spectral receiver is its low cost. Although
conventional EMI receivers cost up to
$75.000, the ORNL unit would cost
about $8000 when produced in
reasonable quantities. One reason that
other receivers cost more is that they
provide high precision. resolution, and
dynamic range. However, these
capabilities are not needed for ambient
surveys. In addition, the magnetic
spectral receiver requires no attendant,
considerably reducing labor costs over
the typical 3-week monitoring period.

Although the magnetic spectral
receiver is primarily intended for nuclear
power plant control rooms, Kercel also
expects it to be used by the textile and
semiconductor fabrication industries.
“Both industries suffer seemingly
inexplicable failures of digital control
equipment and suspect ambient EMI as
the culprit,” Kercel says. Companies in
both industries have expressed interest in
the receiver.

The same basic technology used in the
magnetic spectral receiver could be
modified for use in real-time
environmental monitoring, surveillance,
detection, and signature identification. In
these applications the wavelet processor
could be adapted to identify crucial
features from the transient components of
the signal. For example, Kercel says, by
substituting a seismic transducer for the
magnetic antenna and replacing a couple
of other internal parts, the receiver could
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volume, and pressure are indirect mass
measurement methods that will have
some errors that accumulate in the
calculations.

“Because this calibrator does not
depend on calculation of the gas density
from pressure and temperature
measurements,” Remenyik says, “it is
fundamentally more accurate than
volumetric devices.”

Also, balances that can measure 50- to
100-pound objects, the weight range of
most gas containers, cannot accurately
measure a few tenths of an ounce of gas
inside the container. Scientists usually
must spend hours or days collecting gas
heavy enough to be weighed. Chemical
reactions and adsorption significantly
reduce the accuracy of indirect methods
that derive the gas weight.

In the semiconductor industry, high-
quality wafer chips require accuracy in
the control of gas flow. Dozens of gases
in small doses are used to manufacture
semiconductor chips. The chips, which
may be as small as the tip of a finger, are
used in electronic devices, such as
televisions, radios, and computers.

The ORNL calibrator, which won an
R&D 100 Award from R&D magazine
this year, uses a patented technique to
measure the weight of gas.  m aload
cell balance, scientists suspend an empty
vessel submerged in water to balance its
weight by buoyancy. While submerged,
the 50-pound steel container feels no
heavier than one-tenth of an ounce. The
container seems lighter because water
pushes against objects, causing them to
float like a log in a river. With a lighter
calibration container, scientists can use a
load cell sensitive enough to measure
fractions of one-thousandth of an ounce.
The flow rate is then determined by
subtracting the weight of the empty,
submerged calibration container from the
weight of a calibrator filled with gas for 1
minute.
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“The key to accuracy is the type of
balance used to measure weight,”
Remenyik says. “Balances are made for a
particular range of weight. A balance for
weighing hundreds of pounds will not
accurately weigh a few ten-thousandths
of an ounce of a gas. This is why our
technique is important. Because water
takes away the bulk of weight, we can
use the best balance available for
accurate small measurements.”

The calibration process begins and
ends with the push of a button. In the first
push, a valve seals off the normal path
and reroutes the gas to an empty
calibrator for a specific time interval,
usually 1 minute. With the second push,
the valve closes again and the gas
continues to flow through the regular
path. The test sample is then measured by
the load cell. In the final push, the test
sample is moved to an incinerator, where
itis burned to harmless waste.

In addition to the semiconductor
industry, gas flow calibrators can be used
in standard laboratories and in other
branches of the industry where gas flow
controllers and meters are used. Funding
for the gas flow calibrator was provided
by ORNL’s Metrology Program and the
semiconductor industry.

—April Davidson

Some of the land devastated by the
May 18, 1980, volcanic eruption of
Mount St. Helens is turning into a vast
tree plantation. In other areas, native
grasses and legumes are beginning to
flourish. Fifteen years after the mountain
blew, killing 85 persons and destroying
property and natural ecosystems, it is
taking on a life of its own.

Birds perch on dead, fully stripped tree
trunks standing tall like telephone poles.
Around the trees lie their fallen
neighbors, strewn on the ground like
pickup sticks by Nature’s “blast from the
past” method of instant logging. But
nearby are newly planted Douglas fir
trees and Pacific silver fir trees. Thanks to
these fast-growing native trees and the
return of grasses, wildflowers, and other
natural species in other areas, tourists are
now witnessing the “greening” of the
once barren land around the mountain.

This rebirth amid death and destruction
that marks the 15-year recovery of the
Mount St. Helens ecosystem is of interest
to scientists as well as tourists. Virginia
Dale, a mathematical ecologist and
associate director of ORNL’s
Environmental Sciences Division, has
been studying plant recovery in the
Mount St. Helens area since the eruption.
She presented a paper on her findings on
July 31, 1995, at the annual meeting of
The Ecological Society of America in
Snowbird, Utah.

Dale studied the devastation soon after
the eruption and has since conducted a
series of periodic surveys and analyses of
the recovery. This year she completed
work on her sixth survey of the region.

“Although it will take at least a century
for the area to fully return to preeruption
conditions,” she says, “the data from the
first 15 years show a strong and steady
recovery.

The 1980 eruption, Dale says, created
seven types of disturbances. They were
the development of the crater, the flow of
hot gases, the largest avalanche in history,
a zone in which most trees were blown
over, an area where needles were burmed
off the trees but the trees remained
standing, ash deposits, and mud flows.

“My work is on the debris avalanche,
which was one of the most heavily
devastated areas,” Dale says. “The
recovery in each of the areas is unique.”
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The Mount St. Helens National
Monument was created in 1983 to protect
110,000 acres of the devastated area,
which includes a pumice plain (pumice is
lightweight volcanic glass full of
cavities). This area is now left to recover
in a natural manner.

“The rest of the devastated area—
about 136,000 acres—is owned by the
U.S. Forest Service, the state of
Washington, or private owners,” Dale
says. “It is being actively managed
largely for forestry. Plantations of two
native species, Douglas fir and Pacific
silver fir, will be harvested in about 60
years.”

Dale notes that the area she studies is
recovering from the eruption but still has
a long way to go. In September 1980, the
total number of plant species found in an
area that suffered some of the worst
devastation, the avalanche zone, was only
20. Her 1994 survey found 156 species of
plants in the same area, much closer to

or _ 1256spe ;found in the area
before the eruption.

Her studies suggest that human efforts
to help the recovery have probably done
more harm than good. An immediate
concern after the eruption was the
possibility of massive erosion. To prevent
it, the U.S. Soil Conservation Service,
now known as the Natural Resources
Conservation Service, planted nonnative,
or exotic, grass and legume seeds
(including bird’s foot trefoil) in selected
areas despite scientists’ objections.

The concerns of these scientists were
justified according to Dale’s research. In
the areas where these exotic seeds were
spread, the nonnative plants thrived,
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slowing the return of the native species.
However, Dale’s recent surveys show
that the tide has turned: the native species
are surviving and growing even in the
presence of the exotic ones.

For example, between 1983 and 1989,
several species of trees, including the
Douglas fir, declined in density in areas
that had a large concentration of
nonnative plants. But, between 1989 and
1994, the native trees in these areas are
surviving and growing along with the
exotic species.

“A dramatic effect of the exotic plants
can be seen,” Dale says, “but over time
the native plants have done quite well at
regaining their territory.” Partly because
of this experience, the Natural Resources
Conservation Service now stocks its field
stations with a variety of seeds native to
each area.

Although the area still has a long way
to go to achieve full plant recovery, Dale
is encouraged by the progress she sees.

“In the absence of humans doing
anything,” she notes, “succession is
occurring. And where humans did
intervene, succession is also occurring,
but just a bit more slowly.”

—Carolyn Krause

Eating foods containing a commonly
used synthetic dye may raise a woman'’s
risk of developing breast cancer,
according to research conducted at
ORNL and recently reported in the
journal Cancer Letters. Synthetic food
dyes are added to many foods and
beverages to improve their appearance.

“Food dyes, pesticides such as DDT,
and pollutants may be responsible for the
increasing breast cancer rate among
American women because they mimic

the effects of the hormone estrogen,” says
Craig Dees, head of the Molecular
Toxicology Group in ORNL’s Health
Sciences Research Division. “Some
researchers have suggested that these so-
called environmental estrogens may be
helping to cause the worldwide decrease
in human sperm counts and are the cause
of reproductive abnormalities in animals.
They also have natural estrogen’s ability
to attach to breast cells and order them to
rapidly reproduce, a process that is
required to cause cancer.”

Using a new highly sensitive and
specific test, ORNL researchers have
found that Red Dye No. 3 is a “complete
carcinogen” because it carries out the two
actions that together cause cancer. First,
it damages the DNA, or genetic material,
in breast cells. Second, it gives cells the
order to grow out of control—that is,
divide more rapidly than normal. This
second finding suggests that the synthetic
food dye is an environmental estrogen.
The research was supported by the
Laboratory Directed Research and
Development fund supported by DOE.

Dees says there is evidence that other
food dyes may also damage DNA. But
ORNL studies show that Red Dye No. 3
is more likely to cause breast cancer
because it also issues an order for these
cells to grow.

Americans’ exposure to pesticides has
dropped in recent years, according to a
study by Curtis Travis, director of
ORNL’s Center for Risk Management.
However, Dees says that today
Americans eat food that may contain
levels of synthetic food dyes that are at
least 10 million times higher than the
level of pesticides. Since 1979, he adds,
the production of synthetic dyes for the
food industry has increased 5% per year.

“The health risk of dyes may be rising
because our diet is increasingly made up
of processed foods that are more likely to
contain food dyes,” Dees says. “These
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“It has been reported in the literature
that a number of compounds present in
the skin’s surface are indicators of some
diseases,” Buchanan said. “We hope to
improve sampling techniques to develop
new methods to detect target compounds
that can tell us more about what’s going
on inside the body.”

Detective Bohanan, an inventor of a
method for lifting fingerprints,
enthusiastically envisions what his police
work and ORNL’s research could lead to
in solving crimes. “Forensic evidence is
often lost or tainted because of delays in
analysis or accidents along the way,” he
says. “I would also like to see this evolve
into skin patch drug tests that could be
used on the scene.” For Bohanan, the
medical applications that could result
would be an especially gratifying bonus
from a scientific pursuit of such sad
origins. —Bill Cabage

(ue
that could be used to rapidly screen many
people for the defective gene that causes
cystic fibrosis (CF) has been applied by
ORNL and the University of Tennessee
Medical Center (UTMC). In a test of
samples from 30 persons who have
normal or defective forms of the CF gene,
the technique was 100% accurate, as
reported in the journal Rapid
Communications in Mass Spectrometry.

CF is an inherited fatal disease caused
by a genetic defect. About 4% of
Americans, mostly Caucasians, carry a
defective form of the gene, which makes
it the most common genetic defect of its
severity in the United States. About
40,000 people in the United States have
cystic fibrosis.
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People with the disease suffer from
respiratory and digestive disorders.
Because their lungs become covered with
a sticky mucus that promotes infection by
bacteria, many CF patients require
frequent hospitalizations and continuous
use of antibiotics and other expensive
medications. The total cost of caring for a
typical person with cystic fibrosis, who
has a median life expectancy of almost 30
years, is estimated at $250,000.

Because each person with CF is the
child of parents who both carry defective
forms of a particular gene, there is interest
in large-scale screening to let people
know their chances of having a child with
CF.

The rapid screening technique was
developed by C. H. (Winston) Chen and
Steve Allman, both from the
Photophysics Group of ORNL’s Health
Sciences Research Division, in
conjunction with L.-Y. Ch’ang,

M S 1 1C.Ringe of
UTMCU s Graduate School ot Medicine,
Department of Medicine, and Dr. Karal J.
Matteson, a CF expert at UTMC’s
Graduate School of Medicine,
Department of Medical Biology. They
were assisted by K. Tang,

a graduate student from Vanderbilt
University. Other collaborators at ORNL
include Bruce Jacobson, Mayo Uziel, K.
L. Lee, M. Docktycz, G. B. Hurst, Scott
McLuckey, Michelle Buchanan, and
Richard Woychik. The ORNL work was
sponsored by the internally funded
Laboratory Directed Research and
Development Program.

“Qur technique uses laser mass
spectrometry,” Chen said, “and this is the
first time that mass spectrometry has been
used to diagnose a genetic disease by
DNA analysis. One advantage of this

technique over conventional analysis by
gel electrophoresis is speed—it’s at least
ten times faster because the whole
procedure can be done in minutes, not
hours. Another is that it does not use
toxic chemical or radioactive materials,
which require costly methods of
disposal.”

In this technique, laser mass
spectrometry detects a common defect or
mutation in the CF gene—the lack of key
genetic material. The absence of three
pairs of chemical bases in a specific
region of the gene on chromosome 7 is
responsible for 70 percent of cystic
fibrosis cases. Chemical bases are the
building blocks of DNA, the blueprint for
life; the particular sequence and number
of these bases, which vary from gene to
gene, determine a gene’s function in
carrying out a life process or transmitting
a trait to the organism’s offspring.

The causes of cystic fibrosis, long a
mystery, are now becoming clear, thanks
to advances in biology. Humans have a
gene that manufactures a special
protein—CFTR—that helps prevent the
buildup of sticky mucus in the lungs. If
the gene is defective, it causes cystic
fibrosis.

Each gene is made up of two alleles,
one from each parent. One correctly
encoded allele of the CF gene is adequate
for normal CFTR function. People who
have a single defective allele are called
carriers; they can pass the defect on to
their offspring. Those with two defective
CFTR alleles have cystic fibrosis.

If two carriers mate and have a child,
the probability is 25% that the child will
have cystic fibrosis. Thus, an accurate,
fast screening technique would inform
more couples of the likelihood that their
future children would be born with CF.
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This approach eliminates the need for
long-term monitoring. ”’
—~Carolyn Krause

A computer code for predicting the
risk that a patient will develop cancer or
die within 30 days of radiation treatment
of bone marrow has been developed at
ORNL. The code can be used to help plan
a safe course of treatment for patients
needing bone marrow transplants to boost
or replace their immune systems or
radiation therapy to kill cancerous cells.

Called MarCell (from marrow cell),
the code was originally developed for the
Department of Defense (DOD) and the
North Atlantic Treaty Organization
(NATO) to predict the survival rate for
soldiers exposed to radiation for weeks or
months during nuclear war. MarCell was
developed by Troyce Jones, a researcher
in ORNL’s Health Sciences Research
Division; Max Morris, a research
statistician in the Computational Physics
and Engineering Division; and Jafar
Hasan, who spent an undergraduate
science 1ester with Jones. Hasan, who
was sponsored by DC _ and ORNL under
the Great Lakes Colleges Association/
Associated Colleges of the Midwest Oak
Ridge Science Semester, was graduated
recently from Albion College in
Michigan. He has continued to work on
the code as a consultant to ORNL.

“The development of the code led to a
revolutionary finding about the nature of
bone marrow,” Jones says. “We found
that the cells that were most
radiosensitive, the stem cells, seem to be
considerably less important than
previously believed. We have found that
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the cells that are the most important—in
fact, critical to the production of blood
cells—are cells of the marrow stroma
including fibroblasts.

“Fibroblasts and even stromal cells
have traditionally been considered the
least important cells in the complex
process of blood formation. Our
calculations support recent experimental
evidence that stromal cells are critical to
this process.”

Besides DOD’s Defense Nuclear
Agency and the NATO applications,
MarCell’s capabilities are of considerable
interest to the National Aeronautic and
Space Administration (NASA). NASA’s
Langley Research Center in Hampton,
Virginia, will be using MarCell to
determine the risk to astronauts posed by
radiation doses from solar flares and
cosmic rays in outer space. Astronauts are
exposed to space radiation during shuttle
flights and work on orbiting space
laboratories. NASA plans to use MarCell
to determine shielding needs and
formulate guidelines for altering or
ending an individual’s space activities.

“We think our code also can be helpful
for doctors and patients planning bone
marrow transplants,” Jones says. “It can
predict the risk of total body cancer and
leukemia from various sources, levels,
and dose rates of radiation from medical,
occupational, and environmental
exposures.”

Recently, human data on leukemia and
lymphoma cells have been used to model
response kinetics of those malignant cells,
as compared with normal stem and
stromal cells. For the malignant cells, cell
proliferation rates or cancer doubling time
data can be entered for the individual
patient.

Before receiving a bone marrow
transplant, a patient must be given
radiation and cytotoxic chemicals to
suppress the normal immune response.
Otherwise, the body would reject the

transplanted marrow through a strong
reaction known as graft-versus-host
disease. Also, because leukemia
originates in bone marrow cells, it may
be necessary to kill the existing marrow
and then transplant healthy marrow from
a matched donor.

For aplastic anemia, a marrow
transplant is needed to replace the “lazy’
cells that fail to supply the needed blood
cells. The lazy cells are destroyed by
radiation and replaced by cells that
proliferate more readily.

In radiation therapy for leukemia or
aplastic anemia, for example, a patient
may undergo several treatments spread

s

~out over a few days. A patient may

receive a total dose of 1000 to 1200 rads
of gamma radiation at less than 10 rads
per minute. The radiation source may be
cobalt-60, cesium-137, or more modern
procedures such as proton therapy.

“The user-friendly code helps you
decide how many radiation treatments are
needed, how to minimize risk to the
patient, and how long the recovery period
will last for a particular course of
treatment,” Jones says. “It provides some
information on patient responses to
different therapeutic aids such as
antibiotics and blood transfusions.
MarCell models the rate of cell loss and
recovery for marrow stromal cells and
stem cells exposed to 12 types of
radiation, including X rays, gamma rays,
neutrons, beta radiation, tritium, and
mixed fields of neutron-gamma
radiations.

In response to menu selections, the
user simply enters dose, dose rate,
number of exposures, and time between
each exposure. A graph appears that
reveals how many bone marrow cells die
and how fast during treatment. An option
permits the same graph to show how
different cell lineages repopulate during,
between, and after individual radiation
treatments; some of the injured marrow
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cells may proliferate and replace some of
the normal bone marrow stem cells.
MarCell calculates the increased risk of
cancer of the blood and lymph glands that
results from marrow transfusion or
immunosuppression.

Since the 1970s, Jones had long been
interested in modeling bone marrow
kinetics, but the standard approach did
not work -~ - -~uately. Then he and Morris
decided to work backwards by starting
with data on survival and death rates of
animals exposed to known doses of
radiation that were delivered over the
course of hours, days, and months.

“We used data on more than 18,000
test animals including mice, rats, dogs,
sheep, swine, and burros,” Jones says.
“These experiments were conducted in
the 1950s and *60s by the U.S. Atomic
Ene-~ Commission and British Mec™
Rescarch Council. To estimate risk ot
cancer and leukemia, we used risk
coefficients based on the response to
radiation of radiologists, atomic bomb
survivors, and victims of radiation
accidents.”

Early bone marrow codes that
attempted to model cell losses and
recovery and predict risk of death failed
for marrow cells irradiated over a long
time. “The approach,” Jones says, “was
to model long-term repopulating stem
cells as the most radiosensitive and as the
cells most critical to blood formation.
The reason is that stem cells are the
parents of specialized marrow cells, such
as platelets (which stop bleeding), red
blood cells (which carry oxygen), white
blood cells (which fight disease), and

108

malignant cells that cause leukemia and
lymphomas.

“We tried a different approach,” Jones
says. “Morris used special techniques to
estimate the numerical constants in our
equations. The equations are based on
simple models that show how marrow
cells can be grouped into normal, injured,
and killed cells and how new cells must
be supplied to replace the killed cells.”

Morris used a powerful workstation
computer to run the math backwards
from all the dose responses to optimize
the numerical coefficients in the model.
He related known radiation exposures to
animal survival and death rates and to
cell survival and death rates.

Hasan made the code more user
friendly for the medical community. He
also modeled malignant cell kinetics.

The ORNL scientists were the first to
use modern statistical techniques and
sophisticated computing power to address
the thorny problem of the death rate and
growth rate of irradiated bone marrow
cells.

“Our big surprise was that the results
of Morris’s¢ ~ illa™ s w0~ e
stem cells as the cells most critical to the
survival or death of an animal. I
suggested that stroma cells might be
more critical than believed, and the
results on both animal and cell survival
rates matched these theoretical cells of
the mathematical model.”

Jones said this finding has been
confirmed by more recent experimental
work. The evidence shows that stroma
cells (stroma means “bed” in Greek) do
much more than simply serve as a
supportive layer to which stem cells must
attach before they can proliferate. “These
fatty yellow cells,” Jones notes, “produce
growth factors, or cytokines, that tell
stem cells when and how fast to divide
and how to differentiate into platelets and
red, white, and other kinds of blood and
lymphatic cells.

The ORNL scientists’ code
calculations led to 10 papers in a number
of journals including the International
Journal on Radiation Oncology. A
drawing by ORNL graphic artist Allison
Baldwin concerning their work graces the
cover of the June 1993 issue of
Experimental Hematology.

Ron Goans and other scientists at Oak
Ridge Associated Universities (ORAU)
are interested in using the same methods
to model losses and recovery of irradiated
lymphocyte cells. Such information can
serve as an early biological indicator of
the response of victims of radiation
accidents as well as the responses of
patients to a series of therapeutic
treatments.

Robert Ricks of ORAU’s Radiation
Emergency Assistance Center/Training
Site (REAC/TS) has collected a wealth of
data from the former Soviet Union
concerning human response to the
Chernobyl reactor accident. MarCell is
expected to be useful in analyzing and
standardizing these data and other
information on accidental and therapeutic
exposures in the '~ AC/TS data base.

—Carolyn Krause

You can easily cut out a cookie from
dough with a cookie cutter. With a little
more effort, you can cut out a puzzle
piece from plywood with a jigsaw. But
how do you cut out a rotor for a
micromotor from a diamond—especially
if it’s as small as the period at the end of
a sentence?

Scientists at ORNL have worked out a
method for making diminutive diamond
devices. They are now collaborating with
researchers in Research Triangle Park,
North Carolina, to develop a nickel
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depends on the speed of the motor
connected to the inverter. Greatest
efficiency gains occur when the motor is
run at less than full speed, typical of an
inverter’s function in an electric vehicle.

An even more important advantage of
the RSI is that it virtually eliminates
EMI. Tests using an oscilloscope show
EMI is greatly reduced compared with
conventional hard-switching inverters
and previously developed soft-switching
inverters. EMI can interfere with the
operations of appliances, telephones,
electronic instruments, television
reception, and other electronic
equipment, such as computer-controlled
ignition in automobiles.

Another benefit of the RSI is that it
reduces voltage and current stress to
inverter components. This feature
improves the reliability and allows the
use of lower-cost power devices. Because
the RSI smoothly, or softly, changes the
voltage and current during device
switching, it can also help reduce the
possibility of motor failure caused by
insulation breakdown and bearing
overheating. Soft switching also reduces
the inverter’s operating temperature,
lessening the need for large, heavy heat
sinks—devices to dissipate heat. Instead.
the RSI can use smaller, lighter, and less
expensive heat sinks to absorb excess
heat before it degrades electronic
equipment and causes failures.

The latest 100-kilowatt, three-phase
RSI built by ORNL researchers is
compact, measuring 9 by 12 by 6 inches
and weighing 20 pounds. Hard-switching
inverters from several years ago were
bulky and weighed several hundred
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pounds. Even newer state-of-the-art
inverters weigh two to three times as
much as the RSIL.

In addition to its use in electric
vehicles, another likely application for
the RSI is in heat pumps. According to
McKeever, using the RSI and fans that
run continuously, comfort levels and
efficiency levels could be increased.

The research was supported by DOE’s
Laboratory Directed Research and
Development fund.

In a different project led by Adams, an
RSI is being incorporated into an
advanced air conditioner to be installed
on electric buses, including one in
Chattanooga in 1997. The unit is the
product of ORNL’s work in advanced
electric motor technology and work in
developing a new air conditioner
technology by a cooperative research and
development agreement partner.
Installation of the unit is expected to
eliminate the need for an auxiliary power

unit required for the bus’s air conditioner.

These auxiliary units are currently
powered by propane, which results in
emissions, noise, added weight, and
increased cost. The RSI should make
people more willing to leave the driving
to the operator of the electric bus.

—Ron Walli

The following five highlights tell of
recent achievements in ORNL’s
Environmental Sciences Division and
Health Sciences Research Division in
analysis of mercury in soil, water, and air
and in removal of mercury from
contaminated solid waste and soil.

An economical, user-friendly
technique for quickly measuring
concentrations of mercury in water, soil,
and sediment on site has been devised by
scientists at ORNL. The technique, which
can be easily learned and used by high
school students, is expected to save
millions of dollars if applied to
remediation of mercury-contaminated
sites.

Already the costs of developing the
mercury analysis technique have been
recovered through costs avoided. In this
case, it was used to make rapid estimates
on site for the project to remediate the
mercury-contaminated floodplain of
Lower East Fork Poplar Creek in Oak
Ridge, saving the remediation project at
least $40,000.

The federal government has decided to
excavate soil from areas in the floodplain
having mercury concentrations above 400
parts per million—the selected remedial
goal option. According to this plan, in
1997 about 20,000 cubic yards of soil
will be removed from two sites along the
creek and taken to a permitted landfill at
the Oak Ridge Y-12 Plant for disposal.

To refine the extent of mercury
contamination on the floodplain, workers
collect samples and measure the
concentration of mercury in each sample.
By determining where surface soil
contains 400 or more parts per million of
mercury, they can estimate the amount
and location of soil that must be
excavated. Preparations for disposing of
the contaminated soil in the landfill can
then be completed.

“We first prepared and processed up to
150 samples in about 3 days,” says Ralph
Turner, developer of the mercury analysis
method and a researcher in ORNL’s
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is digested using aqua regia—a mixture
of hydrochloric and nitric acids used
for dissolving platinum and gold.
Because of the potential hazard of the
mixture, the chemicals are mixed just
before use. The ORNL group has
conducted research on improving the
safety of the technique by replacing
aqua regia with an iodine-based
extractant or by using a commercially
available soil digestion kit.

For both water and soil samples,
stannous chloride is added to convert
mErcurous mercury or mercuric
mercury from the oxidized state (the
state in which mercury lacks one or two
electrons, making it a positively
charged ion) to the most reduced
state—elemental mercury. The tin in
stannous chloride, which has been used
for many years in conventional
analyses, supplies the electrons to
reduce oxidized mercury to the metallic
element, which tends to escape from
water to the air as a vapor.

The 1-liter plastic bottle containing
the sample is then shaken by hand,
causing about one-third of the
elemental mercury in the soil solution
to leave it as a vapor and to mix with
air in the headspace—the space
between the top of the solution and the
container cap. “This partitioning of the
volatile elemental mercury between a
liquid and a gas according to Henry’s
Law is important,” Turner says,
“because the analyzer detects and
measures only mercury vapor in air or
some other gas, not mercury in water.”

The amount of mercury vapor in the
headspace is measured using a
commercially available analyzer. The
analyzer takes advantage of mercury’s
affinity for gold; the electrical
conductivity of a gold foil in the
analyzer is affected by the amount of
mercury attracted to it, so the measured
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change in conductivity indicates the
mercury concentration.

The battery-powered mercury
analyzer is about the size of a big loaf
of bread. Other materials used with it
can easily be packed in a shoebox,
except for the bottle in which the
headspace measurements are made.

Turner conceived of the mercury
technique when he was working with
ESD’s Steve Lindberg on a project
funded by the Electric Power Research
Institute. The two scientists were
focusing on the exchange of mercury
between air and water surfaces.

“That got me thinking about how
one might apply Henry’s Law in a field
analysis of headspace vapor,” Turner
says. “Headspace analysis for volatile
organic compounds, even in the field,
is pretty well developed, but no one
seemed to be doing mercury. I was also
acutely aware of the need for a faster
way to get mercury concentrations in
the field and laboratory for water and
especially soils. So I began developing
the mercury technique using an old
analyzer we had in the lab.

“While doing some private
consulting to help study a problem with
mercury in groundwater, I was asked
how they might be able to rapidly map
a mercury plume. I tried running some
of the groundwater in their lab after
adding a little bit of stannous chloride.
I was amazed at the ability of the
mercury analyzer to detect even a tiny
bit of elemental mercury released from
the groundwater. I convinced the
consulting company to rent one of
these conventional analyzers, which are
widely available, and buy a bottle of
stannous chloride. This earliest
application worked very crudely, but it
showed the potential.”

Turner then asked the Environmental
Restoration Division of DOE’s Oak
Ridge Operations to support further

development of the technique for
analyzing both water and soil for
mercury on the Oak Ridge Reservation.
For this project, he hired Amanda
Kriger, a chemistry intern from Oak
Ridge Institute for Science Education.

“Amanda greatly refined the basic
technique for water and developed a
prototype technique for soil,” Turner
says. “After she left, I further refined the
technique for analyzing soil. This
refined technique is the one we now use
daily.

“I also hired Norma Ayala, a
postdoctoral chemist, to explore the
iodine-based extractant approach.
General Electric researchers had already
shown that the extractant could be used
to clean mercury-contaminated soil. GE
gave us permission to explore its
application in concert with our
headspace analysis. Use of the iodine-
based extractant proved more difficult
than we thou Isewec__lc
use stannous as the reducing
chemical.

“My GE colleague Don Foust had
suggested an alternative to stannous
chloride: a common sugar called
glucose. This actually works very
nicely, but the whole procedure is still a
bit more tedious and time consuming
than the aqua regia—stannous chloride
technique. I doubt this procedure will be
widely adopted unless it can be
streamlined.”

Turner says that the ORNL field
technique is at least as accurate as
laboratory-type techniques. Our
technique,” he adds, “has probably had
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more performance testing in the real
world and is probably a little less
expensive than competitive field
techniques. Also, the analyzer we employ
in our technique can be rented widely.”

The advantages of the mercury
analyzer, Turner says. are that it can be
used for rapid quantitative detection of
mercury in water at industrial facilities;
for rapid mapping of mercury
contamination in soil, sediments, and
groundwater in the field; and for rapid
direction of soil cleanup activities and
verification that the soil removed has
unacceptable mercury levels and that the
soil remaining is clean. “With our
technique, there’s no need to wait for lab
results,” Turner says, noting that the
ORNL method “has revolutionized my
own lab and field research activities
involving mercury because each new idea
can be quickly tested to see if it should be
accepted or rejected.”

The development of the mercury
analysis technique was supported by the
Envirc~—~~1tal Restoration Division of
DOE’s vak Ridge Operations.

Mercury is a heavy liquid metal, but it
can float through the air as a gas.
Researchers at ORNL have identified an
important species of gaseous mercury in
air that is highly soluble in water. This
finding may help explain the
concentration of mercury in precipitation
and, as a result, in fish in lakes far from
industrial discharges of mercury.

The discovery of a form of mercury in
water was made by Steve Lindberg, a
geochemist in ORNL’s Environmental
Sciences Division, and Wilmer J.
Stratton, professor of chemistry at
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Earlham College in Richmond, Indiana,
who conducted research at ORNL.
Professor Stratton was visiting ORNL as
the faculty director of the Oak Ridge
Science Semester for students from the
Great Lakes College Association.

“During dry weather,” Lindberg notes,
“this form of mercury would also be
rapidly deposited to vegetation where it
may be washed into soils and nearby
streams.”

They developed a novel technique
using a type of cloud chamber, called a
“high-flow refluxing mist chamber,” to
identify and measure reactive gaseous
mercury, called Hg(II), in air. This type
of mercury differs from elemental
mercury, or Hg(0), which also exists as a
vapor in air but is only sparingly soluble
in water, in that the Hg(II) atom is
missing two electrons. The actual
compound in which Hg(II) re~**-s is
unknc , but Lindberg says it 1s most
likely mercuric chloride.

Lindberg and Stratton’s measurements
indicate that 2 to 4% of total gaseous
mercury in air is the highly water-soluble
s 1 about 97% is elemental
mercury vapor. “Because " * low
fraction is highly soluble in water,”
Lindberg says, “it is important to
explaining the observed concentration of
mercury in rain and snow, as well as the
high rates of mercury dry deposition
measured in some areas. Rain and dry
deposition are important mechanisms for
depositing atmospheric mercury on the
earth’s surface, helping to account for the
high levels of mercury in the tissue of
fish in lakes remote from man-made
mercury sources.”

The results should be of current
interest because copies of a draft of an
Environmental Protection Agency (EPA)
report are now in the hands of members
of the U.S. Congress. The EPA’s
Mercury Study Report, which is required
by the Clean Air Act Amendments, noted

the lack of data on airborne water-soluble
mercury. EPA models indicate that a
slight difference in the amount of
mercury dissolved in airborne vapor
could have a large effect on the amount
of mercury deposited on the earth’s
surface.

Sources of Hg(II) emitted directly to
the air are the burning of municipal and
medical waste in incinerators and coal
combustion. Although some coal-fired
power plants have scrubbers to remove
pollutants from flue gases, Lindberg says
their removal efficiency for mercury
varies from about 30 to 70%.

Lindberg first learned about the mist
chamber when he met one of its
developers in 1985 during a global
climate change field study in a Brazilian
rain forest. He was Bob Talbot of the
University of New Hampshire.

Then, in 1990, while participating on a
panel to review Sweden’s mercury
program, Lindberg first heard speculation
about whether water-soluble mercury
vapor may exist in the atmosphere
because it had been identified in
laboratory studies. He saw an opportunity
to determine whether this species exists
in outside air by a novel application of
the mist chamber.

In 1993 Lindberg contacted Talbot and
persuaded him to send ORNL a mist
chamber. Lindberg and Stratton then
found they could trap water-soluble
Hg(II) in an aerosol mist in the chamber.
With support from the Electric Power
Research Institute, they conducted a
number of tests at Walker Branch
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water, and vegetation at the Wartburg
farm.

“We found that mercury deposits from
the air to the trees when they are wet,” he
says. “But we also observed that the trees
are a strong source of mercury to the air
when they are dry, supporting the data
from the ORNL studies.”

In ORNL studies in the 1970s of
mercury-rich soils near a large mercury
mine in Spain, Lindberg, Danny Jackson,
and John Huckabee found that these soils
emit mercury vapors at a rate that
depends on temperature and vegetation
cover. “We found that crops grown on
these soils accumulate mercury in two
ways,” Lindberg says. “The roots take up
mercury from the soil, and the leaves
absorb mercury vapor from the air. These
pathways may provide important
exposure mechanisms if humans
consume either leafy or root-type
vegetables grown on these soils.”

ORNL’s pioneering method to
measure fluxes of mercury over the
landscape has also resulted in another
discovery. Anthony Carpi, a graduate

lent from Cornell University working
in Lindberg’s laboratory, found large
gaseous fluxes of elemental mercury
from sewage sludge applied to forest and
farm soils.

“Sewage sludge used to fertilize soil is
a previously unmeasured source of
elemental mercury to the air,” Lindberg
says. “Carpi found that more mercury
comes off agricultural soil than forest soil
to which the same amount of sewage
sludge is applied. The emission rates
measured over sludge-amended soils
exceeded those measured over forest soils
at Walker Branch Watershed by a factor
of 100 or more. He also discovered and
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measured emissions of methylmercury
from sewage sludge.”

This is significant because sewage
sludge applied to soil is the only known
terrestrial source of methylmercury to the
atmosphere. Methylmercury is a highly
toxic compound formed in the
environment that can be a health hazard
for humans when taken in as food.

In the ORNL studies, mercury vapor is
collected in quartz glass tubes that
contain acid-washed sand coated with
metallic gold. When air is drawn through
tubes at a prescribed flow rate, mercury
vapor adheres to the gold. By heating the
gold, researchers can measure the amount
of mercury vapor released at a precision
level of a few trillionths of a gram.

Some mixed waste on DOE’s Oak
Ridge Reservation contains mercury as
well as other hazardous metals, toxic
chemicals, and low-level radioactive
substances. Can this mercury be removed
to simplify and lower the cost of treating
and disposing of the remaining waste?

Researchers at ORNL have shown that
a commercially developed mercury-
removal process they modified can
extract mercury from mixed waste. In
laboratory studies, the process has been
shown to remove 99.6% of the mercury
present in actual mixed waste and from
synthetic soils, surrogate sediments, and
crushed glass from fluorescent light
bulbs.

In laboratory studies, researchers with
the General Electric (GE) Company have
shown that GE’s patented potassium

iodide—iodine (KU/1,) leaching process
can remove mercury from mercury-
contaminated waste at elevated
temperatures. Two ORNL researchers
have shown that the process can work
effectively on mixed waste at room
temperature, and they have made other
changes so that the leaching solution can
be prepared more rapidly for recycling.

The researchers are Dianne Gates of
the Environmental Engineering Group in
ORNL'’s Environmental Sciences
Division, and Thomas Klasson of the
Remediation Technology Group in the
Chemical Technology Division. In their
tests, they use familiar objects such as
glass flasks and steel wool.

“The mercury removal step is
especially needed as a pretreatment for
mixed wastes in which mercury is the
chief nonradioactive material,” Klasson
says. “For example, mixed waste can
contain mercury and low-level
radioactive metals such as uranium,
technetium, cesium, and strontium.

“It is desirable to remove mercury
because it is volatile—it turns from a
liquid metal into a gas,” he continues. “If
it’s removed, the remaining radioactive
waste can be treated with thermal
processes that melt the components into a

.Inic or turn them into glass.

“The design of the thermal treatment
device would be simpler and less costly if
volatile mercury is removed first. We
would then have fewer gases to deal with
during the heating process.”

At nuclear facilities, there is also
interest in removing mercury from
burned-out fluorescent lights that are
being stored as “administratively
radioactive” waste because of the
presence of radiation in the lights’
original location. If mercury can be
removed from this waste, which is stored
as crushed glass, then the glass can be
reused rather than stored as a waste. For
example, it could be a starting material
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the leaching solution is used to oxidize
elemental mercury (so it won’t escape
into the air as a vapor) and to attack
mercuric sulfide, freeing the mercury
ions from the sulfur ions.

In the ORNL experiments, 10 to 100
grams of mixed waste are poured into a
200-milliliter flask. The flask is placed in
an environmental shaking chamber,
which rotates and shakes for four hours to
mix the solid waste with the leaching
solution. Such mechanical mixing is
required to maximize the contact between
liquid and solid to separate out as much
mercury as possible.

The next series of steps aims at
removing the mercury from the leaching
solution and replacing the solution’s lost
iodine, thus making it reusable for
treating mercury-contaminated mixed
waste. The solution must be recharged
with iodine because some iodine is used
up in oxidation. The mercury-bearing
leaching solution is run through a column
containing steel wool. The mercury forms
an amalgam with iron in the steel wool.

“GE mixes the leaching solution with
iron filings at elevated temperatures to
remove mercury from the leaching
solution,” Gates says, “but we found that
steel wool works better. We can separate
mercury from the leaching solution using
steel wool at room temperature in just
one hour. Because the steel wool can be
packed in a column, we have eliminated
one separation step from the GE process.
Then we use lime to remove any metals
remaining in the solution and to convert
all remaining iodine to iodide, in a
procedure that takes 30 minutes. Finally,
in approximately 1 hour we regenerate
the required amount of iodine in the
leaching solution by adding an acid and
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hydrogen peroxide. Altogether, the
mixing, leaching, mercury separation,
and regeneration processes take less than
8 hours.” All in a day’s work.

The laboratory-scale research was
supported by DOE’s Environmental
Management Program, Office of
Technology Development, Mixed Waste
Integrated Programs. The ORNL
researchers are seeking funding to test the
pretreatment technology at an
engineering scale inside a building.

The Oak Ridge Reservation has soils
that are contaminated with mercury
because of human activities. That’s the
bad news. The good news is that the
reservation also is blessed with microbial
organisms that could be the key to
releasing its soil mercury. Here’s the
story.

About five years ago, Richard Tyndall,
then of ORNL’s Health Sciences
Research Division, discovered a
consortium of bacteria that resides within
amoebae in soils on the Oak Ridge
Reservation. These one-celled organisms
apparently serve as a protective niche for
the bacteria. Arpad Vass of the same
division isolated bacteria from the
amoebae and found that the bacteria
produce a powerful biodispersant that
breaks up oil. It was thought that these
isolates could be used to break up slicks
from the 1989 Exxon Valdez oil spill into
Prince William Sound that was
environmentally damaging to Alaskan
birds and fish. However, the idea was
never tried.

“As we continued to experiment with
this isolate,” Vass says, “we found that it
can break clumps of soil into fine,

dustlike particles, just as a detergent
separates grease particles. After more
experimentation, we found that it could
emulsify mercury—something that was
unheard of.”

Vass and Tyndall discovered that the
bacterial isolate could produce a
suspension of tiny globules of mercury in
a liquid consisting of water and soil fines.
However, as in an emulsion of oil in
vinegar, the globules of mercury will not
mix with the soil fines in the liquid. Says
Vass, “We believe that the biodispersant
overcomes the attractive forces between
the soil particles and the mercury, thus
allowing the mercury to separate from
the soil.”

Tyndall and Vass then contacted their
supervisor Clay Easterly to let him know
what they were trying to do. ““I told him I
was interested in finding a practical
method to remove mercury from soil,
because I had heard about the mercury
contamination of soil around the Oak
Ridge Y-12 Plant,” Vass says. “My idea
was that, since the biodispersant not only
breaks up soil fines but also emulsifies
mercury into thousands of small beads,
we could use electroplating to remove
mercury from the soil. This scheme
didn’t work, so we called Clay and he
suggested that we use copper.”

Easterly recalled to them his days in
high school chemistry class when
students used mercury to shine copper
pennies, giving them the luster of dimes.
“People used to coat nearly worthless
copper coins with mercury to make them
look like valuable silver coins,” Easterly
told Vass.

“So we tried many different copper
sources, but most had improper surface
conditions to amalgamate efficiently with
the mercury.” Vass says. “We went back
to Clay and he said, ‘Try pennies.” His
idea worked. The mercury was attracted
to the copper. Then I suggested using a
magnet to remove the two metals. Clay
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came up with the idea of penny
surrogates—BBs with iron cores and a
copper coating.”

The new ORNL biodispersant-based
amalgam process uses an intra-amoebic
bacterial biodispersant to break up the
soil in a rotating cylinder and copper-

coated iron pellets to attract the mercury.

The mercury-covered pellets are
extracted with a magnet. They are then
placed in a vacuum oven where the heat
separates the mercury from the copper.

“Our process can remove elemental
mercury more efficiently than any other
process we know about, and it will save
time and money,” says Easterly. “It will
also eliminate the costly prospect of
permanently storing thousands of drums
containing mercury-contaminated soil in
controlled hazardous waste sites. We are
moving away from a system “-~* stores
mercury-co ~ 1iinated soil to one that
cleans it up. This new method allows us
toremo 2 'y at. Jose a
health risk in certain chemical forms and
to return the soil to the land to be used
again.”

“The key to this process is the
biodispersant, which is naturally
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occurring, nontoxic, and biodegradable,”
Vass says.

The problem with the process, Easterly
says, is that the soft copper on the BBs
rubs off. He hopes that ORNL’s Metals
and Ceramics Division can develop a
hard magnetic copper alloy and that the
material can be formed with dimples like
a golf ball to present more surface area
for attracting mercury.

The ORNL biodispersant-enhanced
amalgam process can be used to remove
elemental mercury from soil, such as that
at the Y-12 Plant and other industrial
sites. Because the process is an
amalgamation, it would not remove
mercury compounds like mercuric
sulfide. Mercuric sulfide formed in the
soil of the floodplain of East Fork Poplar
Creek in Oak Ridge after the creek
received releases of mercury from the
Oak Ridge Y-12 Plant in the late 1950s
and early 1960s. Mercuric sulfide, which
isvery: luble,isnotrn yt:T up
by the body; elemental mercury is more
hazardous to human health.

The biodispersant obtained from the
bacterial isolate, which could be used in
this process, will be particularly helpful
in extracting mercury from contaminated

areas on the Oak Ridge Reservation that
have what Easterly calls “very tight
soils.” Tight soils make it more difficult
to break the soil into smaller pieces for
better contact between the copper and
mercury.

No dangerous chemicals are used in
the removal process. Both the cleansed
soil and the copper pellets can be used
again. The reclaimed mercury can be sold
to industries that need the element for
their manufacturing. Other advantages
are the mobility of the equipment, short
setup time, and minimal environmental
hazard during the operation.

“Sale of the mercury could offset the
cost of processing, particularly when you
consider the costs of the alternative of
storage or disposal of the contaminated
soils as hazardous waste,” Easterly says.
The cost of the low-technology
equipment is anticipated to be less than
storage of mercury-contaminated soil or
any other methods involving chemistry or
high energy use (such as incinerating the
soil).

The new mercury-removal process
helps to fulfillan ORNL =~ »f
fir ¥ ; more efficient, less costly ways to
clean the environment to comply with the
law and protect human health.
Fortunately, some home-grown
technologies may help us solve some
problems at home. —~Carolyn Krause
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EDUCATIONAL ACTIVITIES

High School draws students from one of
the lowest per capita income areas in
Tennessee. The high school was selected
to participate in the AiS program, and
DOE provided computers for the school.

The AiS program is aimed at
cultivating the interests of minority,
female, and economically disadvantaged
high school students in mathematics,
science, and computing. The program
simulates scientific experiments, which
are safer and less costly than doing
experiments in a laboratory. AiS students
use high-performance computers, graphic
workstations, and networks to conduct
experiments that can be too complex or
dangerous to study in a laboratory. For
example, students can easily perform
simulated crash tests to understand crash
dynamics without the costs of using real
cars. Supe  aputing can also help
predict the spread of fire or the path of a
tornado.

Unlike AiS, OREN is a wide area
network that connects elementary,
middle, and senior high schools in Oak
Ridge and more than a dozen counties,
primarily in East and Middle Tennessee,
to Internet tools. These help students
explore physics, chemistry, art, and many
other subjects that they ordinarily would
not be exposed to until high school.
OREN provides all Internet services,
including global electronic mail, network
news services, World Factbook, weather
maps, and many other resources in
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science, mathematics, social sciences,
and humanities.

“The scientific world increasingly
relies on Internet computer tools to do
research, solve mathematical problems,
and simulate and model science
experiments,” says ORNL Director
Alvin Trivelpiece. “By linking schools to
the Internet, ORNL can help students get
excited about learning new ways to
analyze scientific data or write computer
programs. The Internet will revolutionize
the way students work and think by
helping them tap into resources from
around the world.”

Since October 1991, DOE and ORNL
have invested $2.6 million in computers,
software, training, and networks to
provide the AiS and OREN to Tennessee
school programs. Schools in 15 counties
and two cities are connected to the
Internet through hubs in Memphis,
Nashville, Knoxville, and Oak Ridge.
Participating Tennessee counties are
Anderson, Campbell, Davidson, Gibson,
Giles, Grundy, Knox, Lawerence,
Madison, Monroe, Morgan,
Murfreesboro, Rhea, Roane, and Union.
Connected cities are Oak Ridge and
M: | is. A dial-up modem pool can be
provided so that students and teachers
with home computers can connect after
school hours.

For each AiS school, DOE and ORNL
helped provide four Macintosh computers
with color monitors and printers, training
for teachers at a Summer Institute,
experienced consultants to provide
support, and high-performance
computing with a parallel computer on
loan from nCUBE Inc. At the 2-week
Summer Institute, teachers receive hands-
on training to guide students in
programming solutions to scientific

problems. At the end of the session,
teachers get software applications and
materials to take back to their respective
schools.

“Getting Internet to our schools has
been one of the most successful outreach
programs to come from the Laboratory,”
says Dr. John Wooten, ORNL’s program
administrator for Educational
Technology. “It is a crucial step in
integrating and moving technology
forward into the classroom.”

OREN fumnishes dial-up connections to
at least 1200 Tennessee users. Through
OREN, the Oak Ridge Regional Science
Education Center was equipped with
modern Sun Sparc-10 UNIX-based
computer workstations and phone lines
from ORNL for hands-on science
experiments and full Internet access. At
the Science Education Center, students
can use modern telecomputing for
science data collection and observation.

Through the OREN program, DOE and
ORNL have helped to train more than
1000 teachers in computer technology.
The program has also provided free,
advanced computer training for more
than 300 teachers and stt © ~ at the
Saturday Academy for Computing and
Mathematics (SACAM). Here, ORNL
volunteers teach students to use
computing and mathematical tools to
solve problems, such as determining
sequences of DNA bases in the human
genome—information that could lead to a
cure of genetically linked diseases.

In addition to OREN, the AiS program
has connected 15 high schools, or more
than 3000 enrolled students, to
supercomputing programs. This year,
DOE and ORNL are trying to expand the
program into junior high schools.

—April Davidson
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Editor’s note: Here is a condensed
version of a newspaper column by Alvin
Trivelpiece, ORNL director.

URL: http://csepl.phy.orml.gov/csep.html

Point your browser to this address on
the fantastic information resource known
as the Internet and you will call up
ORNL’s popular “textbook” that has
never been printed by a book publisher.
Our Computational Science Education
Project (CSEP) has been seen by more
than a quarter of a million people, but
you can’t find it at the local bookstore.
CSEP is the first-ever “virtual textbook,”
which exists only in that electronic
information medium we call Cyberspace.
It is currently used at more than 20
universities.

This project was the brainchild of the
DOE’s Office of Energy Research, and
the scientists and computer experts at
ORNL took the lead role in creating
CSEP. Its home is a computer in ORNL’s
Physics Division, but the usage has been
so great that one computer can’t handle
the demand.

Ten “mirror” computers around the
world now contain CSEP. This backup
systemn exists at Vanderbilt University,
Colorado State University, the University
of Kentucky, Drexel University
(Philadelphia), Tampere University of
Technology (Finland), National
University of Singapore, the University
of Frankfurt (Germany), the University of
Giessen (Germany), Universitat
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Tiibingen (Germany), and Edinburgh
University (United Kingdom).

A normal textbook limits your
information search to only those words
on the printed pages. However, our
computer-based book allows you to travel
to many other information resources with
just the click of a mouse. You might start
on that computer in the Physics Division
at ORNL, see something that grabs your
attention, and click into material residing
in a computer at Oxford University or
Yale. You might wonder how scientists
in other disciplines are able to apply
approaches you read about in CSEP, so
this “virtual textbook” makes it possible
for you to cross disciplines.

The long list of this textbook’s authors
includes such experts as the late Chris
Bottcher and Michael R. Strayer of
ORNL, Richard C. Allen of Sandia
National Laboratories, Phillip Bording of
the University of Tulsa, William Martin
of the University of Michigan, and
Geoffrey Parks of Cambridge University.
Verena M. Umar of Vanderbilt
University is editor for contributions to
the book. Each article is reviewed by an
expert before it is accepted.

If your interest in computational
science is narrow and if you're in a hurry,
you can search the electronic textbook by
keyword. Let’s say you're interested in
parallel computing. If you type *“parallel
computing” in the keyword search area,
almost immediately you will be shown a
list of more than 100 documents
containing that term.

Nothing like CSEP had ever been done
before. CSEP is, if not the best example,
then certainly one of the best examples of
how the Internet already is having a
major impact on the dissemination of
information.
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The road to technology transfer has its
twists and turns. The design of the
commercially available 3M ceramic
composite filter, which earned 3M and
ORNL an R&D 100 Award in 1995, is a
case in point. The story behind this
development underscores the
significance of networking to perceive
market needs and of “people skills” to
convince companies that needs for
specific products exist. Also important is
teamwork in the use of technical skills
for developing products. Putting money
in the right places also helps.

In 1984, David Stinton of ORNL’s
Metals and Ceramics Division was asked
to develop a process to fabricate a special
type of ceramic composite for DOE’s
Fossil Energy Materials Program. The
project had a long-term goal: develop
highly dense silicon carbide composite
tubes that have high thermal conductivity
so they can be used as heat exchangers. It
was thought that such tubes would be
needed in advanced combined-cycle
fossil plants in 10 years or so.

So Stinton worked on developing a
dense fiber-reinforced silicon carbide
composite tube that would meet the long-
term need. As he conducted his research,
ORNL’s fossil technology program
managers, Ron Bradley and Rod Judkins,
visited a number of experimental
combined-cycle power plants—
integrated coal gasification and
pressurized-bed coal combustion
combined cycles. These are facilities in
which coal is burned to produce hot
gases that drive a gas turbine as well as
heat that makes steam to spin a steam
turbine. This so-called combined cycle is
expected to be 35 to 50% more efficient
than today’s coal-fired steam power
plants. It is believed that, as natural gas
becomes less abundant and more
expensive, many combined-cycle fossil
plants will be built to generate electricity.
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During these visits in 1985 and 1986,
Bradley and Judkins kept hearing about
an immediate problem facing operators
of combined-cycle fossil plants. The
operators rarely mentioned heat
exchangers. But they talked a great deal
about the breakage of candle filters that
remove coal ash from the hot gases
produced in coal combustion or
gasification. The ORNL managers also
heard about the filter problem through
their interactions with DOE’s
Morgantown Energy Technology Center
(METC). METC was sponsoring a
project at Westinghouse’s Waltz Mill
site, which had been experiencing filter
problems at its coal gasification pilot
plant.

These filters are important because
they prevent the ash from striking the
blades of the gas turbine. “When the
filters break,” Stinton says, “ash particles
get through and erode the metallic blades.
Also, the blades can be corroded by
chemicals in the ash.”

The filters now in use are made of
silicon carbide particulates bonded
together by a glassy matrix consisting of
aluminosilicate clay. These filters can
break because of thermal shock—Ilarge
and rapid changes in temperature—which
occurs when the filters are cleaned during
plant operation.

“The gas flows from the outside of the
filter tube to the inside,” Stinton says.
“The ash particles in the gas cannot get
through the filter material, so they are
trapped as a cake on the outside of the

tube. To clean the outside of the tube, air
or gas inside the filter is blown repeatedly
to the outside. Because the cleaning gas
is colder than the gas being filtered, the
filters undergo thermal shock.”

In 1986, Judkins informed Stinton that
the advanced combined-cycle plants have
an immediate need for ceramic filters that
don’t break at temperatures as high as
850°C. Says Stinton: “I told him that the
process for producing fiber-reinforced
silicon carbide tubes that are 90% dense
for heat exchangers could be modified to
make tubes that are 60% dense—porous
enough to serve as filters.”

The filter tubes were made using
chemical vapor infiltration and deposition
of a ceramic matrix into a structural form
(fibrous preform). Special gases are
introduced to the preform, which is
heated to cause silicon carbide to form
and deposit uniformly throughout the
preform.

Using a small amount of funding from
DOE’s Office of Fossil Energy Advanced
Research and Technology Development
Materials Program, Stinton explored the
concept and found it promising.
Subsequently, with funding obtained
through METC, Stinton worked on the
filter development with Judkins, Rick
Lowden, Laura Riester, and Jerry
McLaughlin, all of the Metals and
Ceramics Division. He later talked to
filter manufacturers to find out ways to
improve the filter. One suggestion was to
make its wall thinner so the filter is
lighter and creates less pressure drop. The
ORNL scientists found a way to do this.

“If lighter filters are used,” Stinton
says, “then the structures built to support
hundreds of them, called tubesheets,
would be simpler and cost less. Also, less
cooling water would be needed for the
tubesheets, which would save energy.”

ORNL lacks the facilities to fabricate
and test candle filters, which are each 1.5
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determined that the failures were not
caused by any flaws in the filters. So 3M
modified the attachments. Ten newly

installed filters were then tested for To
over 1000 hours ending in March Steam stack
1995. They performed well with turbine

no significant problems.

3M has now made sales in the Steam

United States, Europe, and Asia. Waste
Improvements in the filters heat
continue to be made, and boiler —1
production capacity is being

increased. The filter 63—>'
business is expected to Condenser Boiler j

earn $200 million per
year by 1998 with a total A

ir
market of about $7
billion from now to Compressor
2003, according to
independent estimates. - Gas turbine—>"

“Many companies +
don’t like to take risks,”
Stinton observes. “They )
have to be helped along. Dirty gas
Rod helped 3M see the
market, which he learned
about from his visits to the
combined-cycle pilot
plants. He played an
important role because he
kept encouraging 3M to ,_
finis a product Pressurized

for v 1s a need. combustor
“Technology transfer

doesn’t mean simply
transferring an idea from a Additive >
national laboratory to a Coal

private company. It means E— T

feedwater

Generator

having teams from both
work together and
encourage each other to T

improve the final product.”

conditions in these % I

“The demanding
advanced power systems have extended Ash disposal Collected
conventional materials beyond their solids

limits of durability,” says Judkins,
manager of ORNL’s Fossil Energy
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Program. “We simply had to create a
composite material that could better
handle those demands.”

“Coal-fired power plants will supply a
significant portion of world demand for
electricity in the coming decades,” says
Ed Fischer, leader of the 3M hot gas
filtration team. “Products such as the 3M
ceramic composite filter are critical to the
success of advanced coal-fired power
generation technologies.”

ORNL has teamed with the largest
U.S. manufacturer of electrical
transmission cable to develop a
“superconducting cable” that will deliver
electricity efficiently. ORNL and
Southwire Company of Carrollton,
Georgia, are working together to provide
this “third-millenium technology.”

Superconductivity is the phenomenon
in which substances cooled to very low
temperatures lose all resistance to
electrical current, virtuaily eliminating
energy losses during transmission.

Underground cables are being installed
increasingly in dense urban areas and
places where right-of-way space is at a
premium. Superconducting cables will
deliver at least twice as much current as
conventional cables, providing energy
more efficiently.

“This is one of the most exciting and
challenging projects ever undertaken by
Southwire,” says Roy Richards, Jr.,
chairman and chief executive officer of
company. “The efficient use of energy is
critical to our country’s future
competitiveness, and we are confident we
can make a major contribution toward
that goal—confident enough, in fact, to
invest our own money in the program.”
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The two organizations seek to
demonstrate the commercial viability of
the technology. Under a cooperative
research and development agreement
(CRADA), DOE will provide $95,000
and Southwire will contribute at least
$775,000 in the first phase of what could
be a multiphase project.

“This agreement demonstrates DOE’s
role as broker of one of tomorrow’s
exciting energy technologies,” says
Christine A. Ervin, DOE’s Assistant
Secretary for Energy Efficiency and
Renewable Energy. “Through the
marriage of two unique American
strengths—U.S. private sector
entrepreneurial spirit and the unique
technological resources of DOE’s Oak
Ridge National Laboratory—our private-
sector partners can become world leaders
in high-temperature superconductivity
wire and coil manufacture.”

Southwire’s assignment is to design
and fabricate a one-meter (1-m) length of
superconducting cable for testing and
verification of the project’s concept.
ORNL will use its unique testing
facilities to measure the performance of
the cable and will provide cryogenic, or
low-temperature, systems support to
Southwire.

“If the test cable works, then it should
be possible to fabricate much longer
lengths and thus commercialize what is
now an experimental technology,” says
R.L. Hughey, project manager for
Southwire.

Electrical current will be carried by
silver-clad tapes containing dozens of
filaments of “high-temperature”
superconductor made of a copper oxide
ceramic. When chilled by liquid nitrogen
to approximately 77 K (-320° F), the
tapes lose their resistance to electricity

and conduct direct current (dc) with
virtually no energy loss. (The technology
is considered “high temperature” when
compared to the temperature of the much
more expensive coolant, liquid helium,
which is 4.2 K.)

“Superconductors are loss-free only
when carrying dc current,” says Martin S.
Lubell, an ORNL expert on
superconducting magnets. “The
transmission cable we are developing
with Southwire will be carrying
alternating current. Because there will be
ac losses, these must be measured and
kept low for the cable to be ultimately
viable.”

Southwire is the nation’s largest
manufacturer of copper and aluminum
rod, wire, and cable for the transmission
and distribution of electricity. The
company will handle the experimental
fabrication of the cable and work with
ORNL to design and build test equipment
and perform scanning electron
microscopy to study the characteristics of
materials used in the project.

Bob Hawsey, director of ORNL’s
Superconductivity Technology Center, is
project manager for the ORNL effort.
The researchers working on the project
are Don Kroeger and Patrick Martin, both
of ORNL’s Metals and Ceramics
Division, and Lubell, Winston Lue, and
Ed Jones, a postdoctoral research fellow,
all with ORNL’s Fusion Energy Division.
The DOE funding source is Energy
Efficiency and Renewable Energy, Office
of Utility Technologies.

The superconducting cable will be
fashioned from dozens of individual
silver-clad ceramic tapes, purchased by
Southwire from Intermagnetics General
Corporation. These tapes will be wou~ -
around a pipe that carries liquid nitrogen,
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