.'Z AKRIDGE NATIONAL LABORATORY Vol.41 + No.2 + 2008

www.ormnLgovw/ORNLReview

ey Y
! : ! t Y .
|II & ] 1 ' II. i
[1\. II.
~I". 'f:r x y |
\ 1 e N "I ,
ANAGED BY UT-BATTELLE FOR - ERGY »

¢
r

Recreating the
Strength of Diamonds

The World’s Most
Water-repellent Surfaces

Simulating the Universe’s Origins



OAK RIDGE NATIONAL LABORATORY

REVIEW

* MANAGED BY UT-BATTELLE FOR THE DEPARTMENT OF ENERGY =

Vol. 41, No. 2, 2008

editorial

1 Extreme Science

features
4 Miraculous Coatings

9 Under Extreme Pressure

news & notes 10 Extremely Strong
- Manhattan Project for Clean Energy 12 Extremely Waterproof
Independence 14 Molecules in Jail
« University of Tennessee lands NSF 16 Defying Traditional Behavior
supercomputer 18 Where It All Began
« Global Venture Challenge marks second- 20 The Universe Is Us
ye€ar success 22 Predictions at the Extreme

« SNS in Guinness Book of World Records a closer view

24 Michelle Buchanan

research horizons
26 Feeling the Heat
27 The Next Small Thing
awards
28 And the Winnerls...




EXTREME SCIENCE

n December 14, 1911, a team of five men and 16 dogs arrived at
90°00’S, the first time in recorded history that humans stood at the
South Pole. Led by Norwegian Roald Amundsen, one of the most signifi-
cant scientific endeavors of his era was accomplished under some
of the most extreme conditions found on Earth. Unlike the tragic expedition of
Robert Scott that followed weeks later, Amundsen succeeded because he had an
appreciation for the extreme conditions, and because he prepared carefully.

Nearly a century later, the scientific community confronts challenges in some respects as
daunting as those faced by the Polar expedition. Today policymakers ask for assurance that
containers storing spent nuclear fuel can resist corrosion for thousands of years. An automo-
tive industry engaged in a ferocious international competition demands new materials that are
lighter and stronger but at the same time cheaper than steel or aluminum. Meanwhile, scientists
must respond to the growing demand for electricity with rapidly accelerated efforts to harness
the sun’s energy for generating electricity for transportation, industrial and residential applica-
tions while addressing concurrent challenges in electrical storage and grid infrastructure.

For researchers at Oak Ridge National Laboratory, each of these challenges requires
entering a new dimension of discovery where exploration is undertaken at the extreme
borders of science with tools unimaginable only a decade ago. In ORNL'’s nanoscience center,
researchers control the structure of materials over a distance one million times smaller than
a human hair. Next door, the Spallation Neutron Source is uniquely suited for the study of
materials under extreme conditions, including pressures approaching those found at the
center of the Earth. In ORNL's Center for Computational Sciences, a supercomputer conducts
classical simulations of three million atoms at 270 trillion calculations per second. Data
used by scientists attempting to understand the mysteries of the universe are measured, not
in centuries, but in billions of years.

This issue of the ORNL Review features a sampling of research that could be defined
as “extreme science.” The research topics represent a broad variety of unique scientific
challenges that can be understood only in the context of extreme conditions of pressure,
temperature, magnetic fields, radiation and intense light. These extreme conditions, in turn,
can be studied only with some of the world’s most sophisticated scientific instruments. One
of the most exciting aspects of conducting research “on the edge” is the discovery that many
materials under extreme conditions behave in new and unexpected ways. The ability to
realign atoms under extreme conditions, for example, holds the potential for some materials
to be as much as 100 times stronger than previously thought possible.

Working with the Department of Energy, ORNL is rethinking both the strategies and poten-
tial made possible by the ability to explore the extreme edge of science. The process requires
that we abandon a host of assumptions that for decades have shaped our instincts about the
limits of scientific inquiry. We are proving capable of this change, and are preparing for a
journey that will lead us into new realms of discovery. Borrowing from Roald Amundsen a
century ago, “Victory awaits him who has everything in order—luck, people call it.”

Michelle Buchanan

Associate Laboratory Director
for Physical Sciences
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Manhattan Project for clean energy independence

U.S. Sen. Lamar Alexander
of Tennessee proposed a new
five-year Manhattan Project
for Clean Energy Indepen-
dence during his May 9, 2008,
visit to Oak Ridge National
Laboratory. He was accompa-
nied by two Tennessee
members of Congress—U.S.
Rep. Bart Gordon, chairman of
the House Science and
Technology Committee, and
U.S. Rep. Zach Wamp, who
represents ORNL in the Third
Congressional District and is a
senior member of the House
Appropriations Committee.

At the forum hosted by
ORNL Director Thom Mason,
Laboratory scientists offered
ideas on research needed to
achieve what Alexander called
“clean energy independence.”
ORNL Corporate Fellow David
Greene discussed the new
generation of batteries,
combined with peak-load
pricing of electricity, required to
transition to an electric fleet of
automobiles. He said that one
of the national goals should be
to double automotive fuel
economy by 2030.

Dana Christensen, ORNL’s
associate laboratory director
for energy and engineering
sciences, emphasized the
importance of closing the fuel
cycle to enable the expansion
of carbon-free nuclear energy
in the United States.

“By independence I do not
mean that the United States
would never buy oil from
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Mexico or Canada or Saudi
Arabia,” Alexander said. “By
independence I do mean that
the United States could never
be held hostage by any country
for our energy supplies.”
During the discussion that
led to the passage of the
America COMPETES Act of
2007, the senator noted several
participants suggested that
“focusing on energy indepen-
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U.S. Sen. Lamar Alexander, with Congressman Bart Gordon, lists seven grand chal-
lenges to make America less dependent on foreign oil.

dence would force the kind of
investments in the physical
sciences and research that the
United States needs to main-
tain its competitiveness.”

The growing demand for oil
worldwide and corn-fed
ethanol in the United States is
driving up gasoline and food
prices, motivating the public to
address the availability and
cost of energy with a greater

sense of urgency. This chal-
lenge comes as Americans are
increasingly aware that
burning more coal for elec-
tricity is contributing to
sustained global warming.
Alexander noted that
characteristics of the
Manhattan Project 65 years ago
could be applied to the current
initiative for clean energy
independence. Foremost is the
urgent need to proceed quickly
along several tracks toward a
common goal. Alexander added
that long-term success would
also require Presidential
leadership and bipartisan
support from Congress.
Alexander said a contem-
porary Manhattan Project for
energy should undertake
“seven grand challenges” that
would put America on the path
toward clean energy indepen-
dence within a generation.
Alexander’s seven grand
challenges are:
1. Make plug-in hybrid
vehicles commonplace
2. Make carbon capture and
storage a reality for
coal-burning power plants
3. Make solar power cost
competitive with power
from fossil fuels
4. Safely reprocess and store
nuclear waste
5. Make advanced biofuels
cost-competitive with
gasoline
6. Make new buildings green
buildings by using known



technologies to reduce
energy waste
7. Provide energy from fusion

“Despite ‘the gathering
storm’ of concern about
American competitiveness, no
other country approaches our
brainpower advantage—the
collection of research universi-
ties, national laboratories and
private-sector companies we
have,” Alexander said. “And
this is still the only country
where people say with a
straight face that anything is
possible—and really believe it.”

Alexander’s comments
were echoed by Congressman
Wamp, who asserted that
nuclear power—if managed
safely and efficiently—holds a
key to the region’s ability to
provide adequate energy in a
way that does not contribute
to carbon emissions. Wamp
stressed his belief that Oak
Ridge, as it did once before,
will play a key role in devel-
oping new technologies to
increase America’s security.

Congressman Gordon
stressed the need to fund the

University of Tennessee lands

NSF supercomputer

Tennessee Governor Phil
Bredesen helped mark the offi-
cial launch of the latest super-
computing project at Oak
Ridge National Laboratory, a
partnership among ORNL, the
University of Tennessee and the
National Science Foundation.

The NSF has awarded a $65
million grant to the University
of Tennessee for construction
of a second petascale super-
computer at ORNL. The new
computer, dubbed Kraken,
will be used to tackle some

of science’s largest problems.
The University of Tennessee
team will study the intricacies
of climate change, planetary
evolution and materials design.

The funding includes $30
million for computer hardware
and $35 million for operation
of the system over the next five
years. The new supercomputer,
which will be built by Cray and
AMD, will be capable of nearly
a thousand trillion calculations
per second, or 1 petaflops.

Global Venture Challenge marks

second-year success

An event combining a
venture capital forum and
a business competition for
university students attracted
participants worldwide who
shared business ideas to
help solve global energy
problems. The event, in its
second year, is a unique
educational and business
forum that brings together
at a national laboratory

students from educational
institutions, employees of
government contractors
and of industrial firms and
venture capitalists.

Teams in the business
competition included the
University of California at
Berkeley, Cornell, Yale, the
University of Texas, the
University of Tennessee, and
Imperial College of London.

Advanced Research Projects
Agency-Energy (ARPA-E), an
agency modeled after the
Department of Defense’s
DARPA that will provide
aggressive funding for innova-
tive research projects carried
out by science and technology
experts from industry, universi-
ties and federal laborato-

ries. Gordon believes the
program will give researchers
unprecedented flexibility and
resources to develop new
technologies through high-risk,
high-return research that can
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provide breakthroughs to meet
the nation’s most pressing
energy challenges.

ORNL Director Mason said
the original Manhattan
Project, which spent 60% of its
$2 billion in Oak Ridge,
illustrated the importance of
parallel paths of research to
determine which approaches
work best and which simply do
not work.

University of Tennessee President John Petersen and Tennessee Governor Phil
Bredesen, at the official launch of the NSF petascale supercomputer project at ORNL

SNS in Guinness Book of World Records

The Department of Ener-
gy’s Spallation Neutron Source
at ORNL has been officially
confirmed by the Guinness
Book of World Records as the
world’s most powerful pulsed
neutron spallation source. The
accelerator-based SNS recently
ramped up beam power to
more than 300 kilowatts,
producing 4.8 x 101¢ neutrons
per second. The SNS is
currently sending neutrons to

five instruments of an eventual
24. The first scientific paper
based upon research from

an SNS experiment has been
accepted by Physical Review
Letters. Each time the SNS
ramps up toward an eventual
beam power of 1.4 megawatts,
this incredible tool for “seeing”
the positions and motions of
atoms and molecules in mate-
rials will set a new neutron
production standard.
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hen Arvid Pasto

first heard about
an amazing surface treatment in 2001
from a lawyer named Mark Deininger, his
first thought was, “This sounds like snake
oil.” But Pasto, then director of the High
Temperature Materials Laboratory at Oak
Ridge National Laboratory, changed his
mind after talking to a long-time trust-
worthy friend at the same scientific confer-
ence in Pittsburgh where Deininger person-
ally described the innovation. The friend is
a consultant to Deininger’s company.

Soon thereafter, Pasto arranged for
Deininger, president and chief executive
officer of C3 International, to come to Oak
Ridge to meet with group leaders of mate-
rials sciences and technologies.

From 2002 to 2006, the unique surface
treatment underwent a variety of tests
involving a half dozen researchers. ORNL
researchers were amazed that a Russian
inventor had found a way to attach rare-
earth elements to an organic chain. When
the organic compounds leave, the rare
earth left behind bonds to the substrate as
nanocrystals pin down the element.

The ORNL researchers validated the
properties of this remarkable surface
treatment that Deininger describes as “an
implantation that anchors a nanofilm.”
Blue and others call it a “molecular infu-
sion, or implantation, surface treatment,”
or MIST.

The surface treatment contains
3-nanometer crystallites that plug the thin
oxide film into the grain boundaries of a
bulk material’s surface, making the mate-
rial extremely resistant to wear so it lasts
longer. ORNL researchers measured the
dimensions of the crystallites that make

OAK RIDGE NATIONAL LABORATORY REVIEW

High-power plasma
arc-based lamp

Novel surface treatments are greatly

increasing the durability of industrial tools.

Miraculou

the ultrathin film adhere extremely tightly
to the surface. No other “coating” has
particles this small that bind to a surface.
Deininger lists other extremes associ-
ated with the special surface treatment.
“MIST is extremely easy to apply by
dipping or spraying and extremely cost
effective and economical,” he says. “The
coating is extremely green and environ-
mentally friendly. It is also extremely
versatile because any one of 97 different
elements can be used in MIST on a variety
of surfaces, from metals to ceramics to
glasses to carbides. The permutations add
up to more than 200 million properties.”
Today the American company that
grew out of a Russian discovery has a
research facility on the ORNL campus—the
first private company to be housed at a

national laboratory. Opened for business
under Pasto’s leadership on March 19,
2008, C3 International is a tenant of the
Oak Ridge Science & Technology Park.
When Deininger came to ORNL in
2002, he gave a presentation on his
company'’s solution-based technique for
depositing ultrathin films of rare-earth
oxides and other elements. Researchers
were attracted by the processing tempera-
ture that anchors the nanoscale coating
to an underlying substrate—a tempera-
ture on the order of 400°C that could be
easily achieved by infrared light from
a tungsten-halogen lamp in the lab of
ORNL's Craig Blue, then leader of the
Laboratory’s materials processing group.
Pete Angelini, then manager of the
Industrial Technologies Program, said
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Coatings

to Blue, “Let’s see if Mark can pass the
aluminum die-casting test. No one has
yet proven that a coating can handle the
liquid metal attack.”

A user agreement was set up, allowing
Deininger to work with researchers at the
High Temperature Materials Laboratory
and in Blue’s high bay to evaluate the
ultrathin coating. Blue applied Deininger’s
coatings to steel thermocouple sheaths
that were then immersed in aluminum.

To make an aluminum automo-
bile part, for example, hot molten
aluminum must be poured into a steel
mold to obtain a specific shape. Casting
aluminum components in steel dies is
a problem because hot aluminum has
an affinity for sticking, or soldering, to
the steel in these molds. “You have to

sandblast the aluminum off the steel die
after you open it so the mold can be used
again,” Pasto says.

Blue dipped a steel thermocouple
sheath in Deininger’s cerium oxide liquid
and then plunged the coated sheath in
molten aluminum. He compared the
sheath’s resistance to attack from the
aluminum to that of an uncoated sheath
by measuring how much aluminum
adhered to the surface. When he dipped
the sheath in the coating liquid twice,
he found that the sheath lasted twice as
long as the uncoated sheath; in other
words, the durability increased 100%.
When he dipped the coated sheath three
times, 200%; 4 times, 300%; eight times,
a 700% increase in life extension. Stated
differently, Blue observed an almost

direct linear correlation between the
thickness of the ultrathin coating and the
durability of the coated component.

Researchers at HTML used Auger spec-
troscopy, X-ray diffraction and transmission
electron microscopy to evaluate the surface
treatment and its ability to increase the
wear resistance of coated objects. Studying
a zirconium oxide coating, they obtained
beautiful TEM images showing that the
sizes of the zirconia particles ranged from 3
to 5 nanometers.

Deininger then tried zirconium oxide
coatings for the aluminum-and-steel
challenge. He used a steel pin normally
used to push a molded aluminum part
out of the steel die. The molten aluminum
tends to stick to both the die and the steel
pushout pin.

Vol. 41, No. 2, 2008
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C3 International President Mark
Deininger (right ) with Arvid Pasto

Under the Bright Lights

Few things attract our attention like a sudden burst of light
at night. In Oak Ridge, researchers have the capability not only to
produce but also control intense lighting in the lab coming from
the world’s most powerful plasma arc-based lamp.

For eight years Craig Blue has been demonstrating the
potential industrial applications of rapid radiant heating using
flashes of infrared light from tungsten-halogen lamps and then
shorter flashes of light from a high-power plasma arc-based
lamp (see photograph on pp. 4-5). Vortek Industries of Canada
manufactured the early arc-based lamps. Mattson Technologies,
a California company, purchased Vortek in 2004.

Blue manages industrial technologies and materials
processing at Oak Ridge National Laboratory, which owns two

OAK RIDGE NATIONAL LABORATORY REVIEW

“The easiest way to test whether the
C3 zirconium oxide film effectively resists
aluminum attack on steel is to characterize
the coated pushout pin,” Pasto explains.
“Mark proved that the coated pin resisted
aluminum attack and could be used over
many times without need to blast the
aluminum off the steel pin.” C3 Interna-
tional passed the test.

“We made great strides in aluminum
die casting and filed patents on this
application in 2003,” Deininger says. But
pressures on the U.S. automotive industry
made it difficult for C3 to penetrate a
highly competitive market.

“We have a business model at C3
International to look for partners that are
strategically located in an industry to scale
up our surface treatment technology,”
Deininger explains. “In late 2007 we
signed a license agreement with Magna-
Tech Manufacturing in Indiana, which
treats aluminum parts coming out of the

steel dies and is involved with every
major aluminum diecaster in North
America. The company does not
make the dies.
“We are training Magna-Tech
employees how to apply the
custom-engineered chemical
surface treatment. The
coating is designed to extend
the life of the die tools from
which aluminum compo-
nents are made as well as the
parts themselves.”

high-power plasma arc-based lamps. Blue has advised Mattson on
how the lamp can be used as a research tool.

By adjusting lamp-processing parameters such as flash time
and power densities, Ron Ott can reach several extremes in a
pursuit to achieve advances in flexible electronics.

“We can flash the lamp down to 1 millisecond while discharging
12 megawatts, providing to the surface 20,000 watts per square
centimeter and heating the surface on the order of 1 million degrees
per second. Only nature can exceed these extremes.”

Ott leads a group that explores the potential of the high-power
lamp’s photons in helping to fabricate more-efficient, lower-cost
thin-film batteries, thin-film transistors and photovoltaic cells for
converting the energy of sunlight into electricity.



Chaitanya Narula, leader of ORNL's
Physical Chemistry of Materials group
and a catalyst chemist, has found ways
to use engineered C3 surface treatments
on particulate exhaust filters for diesel
engines. As a result, the traps use less
energy to remove carbon and last longer.
A similar application of the coating in
oil refinery cokers slows carbon buildups,
resulting in reduced releases of carbon
dioxide to the atmosphere.

Boring in

“The ORNL coating achieved
a 20 to 30% increase in disc
cutter lifetime despite the
presence of mountain rock
such as gneiss and granite.”

“The range and scope are extremely
small and extremely large at the same
time,” says Pasto. “We can spray this
surface treatment with nanofilm dimen-
sions on extremely large industrial tools in
steel and petrochemical plants. Applying a
nanofilm onsite to stainless steel tubes and
huge rollers is unheard of.”

Deininger asserts that MIST is
extremely divergent in its applications,
based on the number of industries that will
likely find uses for the technology: steel and
aluminum for the automotive industry,
particulate exhaust filters for diesel engines,

“Our focus is to do high-temperature processing of non-crys-
talline silicon over broad areas on low-temperature substrates,”
Ott says. “Non-crystalline silicon and silicon-germanium layers are
cheaper than crystalline silicon layers.

“We have shown that we can initiate solid-phase crystallization,
which will introduce a nanocrystalline structure with fewer defects
and higher efficiencies. The goal is to optimize the microstructures

to improve photon collection efficiencies for solar cells while not
altering the underlying substrate.”

Furthermore, the lamp’s flash of light will heat only the surface
layers to extremely high temperatures. The substrate will barely be
heated at all. That means the underlying layer, which is usually metal
to withstand high-temperature processing, can be replaced with a

petrochemicals, fuel cells, microelectronics,
solar energy and food processing.

Although Georgians experienced a
severe drought in 2007, they are not far
removed from periods of heavy rain and
flooding. One problem plaguing Atlanta
had been the inability to store and treat
combined sewage and storm-water

overflows from major rainfall events.
Two tunnels have been built to capture
and store the overflows and then convey
the polluted water to treatment facilities,
preventing sewage from entering and
contaminating area rivers.

In 2007 when the tunnels were being
completed, an experiment was under way.
Normally, a Herrenknecht tunnel boring
machine chews through mountain rocks
until its steel disc cutter rings are smashed
into metallic hexagons too worn to crush
rock. When the cutters are no longer
performing well, the machine is pulled

features

back out and the disc cutters are replaced—
an expensive procedure. During the experi-
ment the disc cutters at the front end had
been coated with a material developed by
ORNL materials researchers. As hoped, the
tunnel boring machine penetrated deeper
than usual through the mountain rock.

ORNL's Bill Peter and Craig Blue have
developed an iron-based, 200-micrometer-
thick, nanocrystalline coating formed by
heating amorphous powders with laser
light. The coating’s specific application is
designed to increase the lifetime of the disc
cutter rings in tunnel boring machines.
Preliminary results indicate that the novel
coating extends the lifetime of the disc
cutter 20 to 30%.

The researchers put the amorphous
powder into a polymer binder and sprayed
the powder onto a disc cutter. Blue
explains that the extremely high heating
P and cooling rates of their laser-based
S i = technique change the non-crystalline bulk
metallic glass powder into a nanocrystal-
line structure, while creating a metallur-
gical bond between the coating and the
steel cutter substrate. The strength of the
bond prevents the coating from spalling,
or breaking into chips.

“The laser, in effect, heats the glassy
coating and a small layer of the substrate
beyond the melting temperature,”

Peter says. “Convective stirring occurs,

changing the chemistry of the coating.

An extremely high cooling rate prevents

grains from coarsening, producing a
Continued on pg. 8

cheaper plastic substrate capable of bending and conforming to a
desired shape, giving rise to the term “flexible electronics.”

In 2004 Blue, Queen City Forging in Cincinnati, Ohio, and
others received an R&D 100 award for an optimized combination
of radiant and convection heating for processing materials. The
forging company now uses this technology to make lightweight
aluminum forged components to replace more expensive and
heavier titanium and other metal parts for aerospace and automo-
tive applications.

In February 2008, producers and cameramen with the cable
television program “Modern Marvels” came to ORNL to film the
high-power plasma arc-based lamp for a feature on ultrahigh-
temperature heating that will likely grab viewers’ attention.—C.K.

Vol. 41, No. 2, 2008
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nanocrystalline composite coating with
high wear resistance.

“We heat and cool the coating at thou-
sands of degrees per second. We found
that laser fusing these coatings works well
on many steel substrate components that
see high wear rates, such as drill bits and
disc cutters.”

The chemical composition of the
coating came from a program they worked
in that was jointly funded by the Defense
Advanced Research Projects Agency and
the Department of Energy’s Office of
Civilian Radioactive Waste Management/
Science and Technology program. The goal
was to develop coatings with high corro-
sion resistance for the steel canisters that
will confine high-level radioactive waste at
Yucca Mountain in Nevada.

“This is the first time that a coating
applied to a disc cutter survived the
extreme environment of boring a tunnel,”
Peter says. “Our coating was first tested at
a one-of-a-kind linear cutting machine at
the Colorado School of Mines. The machine
simulates loads in a tunnel. We used a
video camera and still-shot camera to
monitor the changes in disc cutter coatings.

However, we obtained ‘real’ laboratory
results when we took cross sections of tested
disc cutters and analyzed their coatings.”

The experiment was also the first time
that any coating survived in this machine,
and the School of Mines has been testing
coatings for 30 years. The benchmark was
one the ORNL researchers had to pass
before they could test their coated cutters
in the field.

Operating a $25 million tunnel boring
machine costs $100,000 to $150,000 a
day. Peter rode on the machine testing the
ORNL coating on four disc cutters.

“This machine is monstrous,” he says.
“Tunnel boring machines are like small
factories traveling underneath the ground.
Machines can be as large as 50 feet in
diameter and over 100 feet long with
more than 50 circular cutters. Each disc
cutter measures 17 inches in diameter and
weighs 60 pounds.

“The boring machine pulverizes
rock directly underneath the disc cutter,
causing the rock to crack. After two cracks
intersect, a chunk of rock is removed.
Hydraulic rams push the machine forward
against the rock wall at five-foot inter-

“We heat and cool the coating at thousands of degrees
per second, which works well on many steel substrate
components that see high wear rates, such as drill bits
and disc cutters.”

OAK RIDGE NATIONAL LABORATORY REVIEW

vals. The machine lays down electrical
wires and track as it puts up the tunnel.
The humidity was so high in this extreme
environment that I could not take photos
of the disc cutters up front.”

About 45% of a tunnel boring
machine’s downtime is due to changing
out disc cutters as a result of wear. Herren-
knecht uses a proprietary H-13 steel for
their $350 disc cutters. The company is
interested in finding a coating that costs
no more than 10% of the disc cutter price
and increases lifetime by 20 to 30%.

“At the Atlanta job site we showed that
four disc cutters with the ORNL coating
achieved a 20 to 30% increase in lifetime
despite the presence of mountain rock such
as gneiss and granite,” Peter says. “Some
of our coating remained on the disc cutters
after they traveled 300,000 linear feet
through rock. A competitive coating failed
immediately, but our coating was still on
the disc cutter after seven five-foot pushes.

“The Atlanta site is considered signifi-
cant because it has some of the worst
conditions that a boring machine could
face. The disc cutters with our coating
showed slow abrasive wear. Many of the
disc cutters without a coating lost signifi-
cant chunks of metal.”

The ORNL team will test coated disc
cutters under more typical mountain condi-
tions, such as abrasive slurry, which has the
consistency of toothpaste. An even greater
improvement in the lifetime of coated disc
cutters is expected under these conditions.

“Martin Herrenknecht, founder of
Herrenknecht about 30 years ago, visited
ORNL recently to look at our coating tech-
nology and was impressed by the money-
saving potential,” Blue says. “Through the
Work for Others program here, he funded
further testing of our coating and bought
20 disc cutter rings for us to coat and test.”

Peter will coat 20 rings and test them
on Herrenknecht tunnel boring machines
as they bore the Gotthard Tunnel under-
neath the Swiss Alps.

The 11-mile-long Gotthard tunnel
will be the longest running tunnel in the
world. Preliminary tests suggest that, in
the extreme environment of the Swiss Alps,
the ORNL coating is likely to pass another
benchmark test and is even less likely to be
passed off as snake oil.—Carolyn Krause



Extrerne
Under.Pressure

Achieving the pressure
at Earth’s core-mantle
boundary is now plausible.

he pressure and temperature conditions that humans

commonly experience on Earth are but a small subset of

the conditions to which most materials in the universe

are subjected. These conditions include very low pres-
sures in outer space ranging up to very high pressures at the
centers of neutron stars, as well as temperatures ranging from
nearly absolute zero to many thousands of degrees kelvin.

Throughout the universe pressure is expected to span more
than 60 orders of magnitude. At very high pressures the electronic
structure of atoms is altered as positions of electrons orbiting
nuclei are changed, leading to unexpected chemical interactions.

Scientists’ current understanding of the electronic structure of
atoms in elements on Earth forms the basis of modern chemis-
try’s set of rules. Under extreme pressures and temperatures, the
electronic structure of chemical bonds would likely change as
electrons are squeezed between atoms, leading to different “rules”
of chemical interaction.

Knowing the new rules might allow researchers to more
easily synthesize new materials and engineer materials to meet
ever-increasing demands. Scientists have created extreme condi-
tions in the laboratory for many decades. A particularly difficult
task has been to probe the properties of materials subjected to
extreme conditions.

The Spallation Neutrons and Pressure (SNAP) Beamline
instrument at the Spallation Neutron Source, which first opened
its neutron beam shutter on Jan. 24, 2008, has the potential of
exerting pressures near those at the boundary between Earth’s
mantle and iron core (~100 gigapascals) on a wide range of mate-
rials and simultaneously performing neutron scattering studies
of these materials under extreme conditions. Collecting neutron
scattering data under these extreme pressure conditions would be
another world record for Oak Ridge National Laboratory.

Chris Tulk, a condensed matter physicist who oversaw the
construction of the SNAP instrument, is eager to do scientific
experiments in which neutrons are used to determine changes in
a material’s structure after a sample is placed under high pressure
over a wide range of temperatures. He says that SNAP’s suite of
pressure-generating devices can easily cause changes in a mate-
rial’s molecular bonding, crystallographic structure and interac-
tions of atoms.

The increased neutron flux of SNS, combined with SNAP’s
large-volume, gem anvil and gas pressure cells, will enable
researchers to conduct neutron diffraction experiments over a

e
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samples to generate pressures'nearing those at
the Earth’s core, enabling scientists to investigate
atomic-level changes in material structure and
properties using neutron scattering.

large range of pressures and temperatures never before available
in the United States.

“At high pressure, a sample’s crystal structure, or the spatial
distribution and bonding of the elements, could transform from
one set of symmetry operations to another,” says Tulk. “Simply to
accommodate the decrease in volume resulting from the increase
in pressure, the sample thus transforms from one crystallographic
structure to another.

“Changes in electrons’ ranges of energies can cause a material
to go from electrically insulating to conducting to even supercon-
ducting. Scientists still struggle to understand these changes.”

Using neutron scattering, Tulk expects to observe atomic-
level changes as hydrogen gas is compressed enough to become
a crystal, as water is pressurized along with natural gases to
simulate methane hydrates deep in the ocean, and as protein
samples are subjected to the same temperatures and pressures as
extremophile microbes found in thermal vents deep in the ocean.
Magnetic properties of molten iron under pressure might help
researchers better understand Earth’s core and magnetic field.

“SNAP was conceived and built to be a user facility,” Tulk
says. “We are eager to engage with other research groups at ORNL
and throughout the world to enhance their scientific programs.”
—C.K.
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Scientists seek to recreate the strength
of diamonds in artificial materials.

n a strongman contest among
Earth's natural materials, nothing
competes with the diamond.

With a hardness of 96 gigapas-
cals, diamonds demonstrate more than
twice the hardness of second-place
finisher boron nitride and nearly 100
times the hardness of stainless steel.

Theoretical physicists Chong Long Fu,
the late Gayle Painter and postdoctoral
researcher Xing-Oiu Chen have been
trying to unlock the secret of diamond’s
strength. They are among a number
of theorists, experimentalists and engi-
neers at Oak Ridge National Laboratory,
working to understand, develop and test
new breeds of materials that mimic the
strength and toughness found in nature—
without having to recreate the forces that
formed them.

Diamonds are, of course, made of
carbon. But, Painter pointed out, so is
graphite, diamond’s near polar opposite
on the hardness and toughness scale.
Thus, the answer lies not simply in the
atoms themselves but in their structure,
alignment and the bonds among them.

“The big difference between carbon in
graphite and carbon in diamond is that
in diamond a large linking structure exists
that goes all the way through, and each of
those links is a strong bond,” he said. “In
graphite, the structure is similar to a honey-
comb with very weak forces between the
rows. The explanation lies not just in how
the electrons move but also in which direc-
tions they move.” In other words, diamonds
feature a three-dimensional lattice with
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very strong bonds that makes the material
virtually impenetrable—and the choice for
products such as cutting tools and precious
jewelry. Other elements, such as metals,
have less sturdy structures, with weaker
bonds that are easier to break apart.

The theorists have been working on
the idea that carbon and boron, elements
used to create diamonds and boron
nitride in nature, could be incorporated
into metals to create materials that could
vie for diamond’s strength. They also
look for materials that can be made at
zero pressure or high pressure, producing
different properties.

“We are looking at the transition
metals that have “holes” boron and carbon
can easily fill and form strong bonds with,”
Fu says. “Ultimately, we are looking for a
material that has high strength and high
hardness and is easy to make.”

Using supercomputing capabilities at
the National Energy Research Scientific
Computing Center in Berkeley, California,
Fu and his colleagues have predicted the
enhanced mechanical strength and hard-
ness of the metals tungsten, hafnium,
tantalum, rhenium, osmium and iridium
when reinforced with boron atoms.
Combining these elements could produce
alloys that feature the same strong cova-
lent bonds and lattice structures found in
diamonds, boron nitride and other super-
strong natural materials.

Fu shows a diagram of the network of
atoms and bonds, arrayed in tinker-toy-like
fashion, that forms when boron is incorpo-
rated into a theoretical sample of the metal

tungsten. The resulting tungsten boride
has the incompressibility of a diamond,
at 1,000 gigapascals, and the hardness of
its runner-up, boron nitride, at about 45
gigapascals. Tungsten, by itself, although
one of the hardest metals, measures just
10 gigapascals in that category and 520
gigapascals in incompressibility.

The next step is to discover how to
synthesize the new tungsten boride alloy
under ambient conditions in a laboratory.
Potential applications could include highly
wear-resistant cutting blades for tools,
bearings and bearing sleeves and a variety
of other components for use in industries
from aviation to the military. The work
also fits in neatly with the Department of
Energy’s larger research objectives.

“This research ties in wonderfully with
energy,” Painter said. “The goal is simple.
If things do not wear out, energy is not
expended to make their replacements nor
are processes shut down to replace parts.”

Future efforts are being made to explore
the potential of marrying transition metals
with carbon and nitrogen both in zero pres-
sure and high-pressure scenarios.

“Under high pressure the bonds
become shorter, and when the bonds
become shorter they become stronger,” Fu
says. “We will add pressure and see what
happens.”—Larisa Brass

Note: Gayle Painter died March 26, 2008,
following a brief illness. He was a senior
member of the Materials Theory group in
ORNL’s Materials Science & Technology Divi-
sion. He worked at ORNL for 39 years.
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Maximum Studying the theoretical strength of materials
Strength takes researchers down a new path.

Biting a gold ring is an age-old test of authenticity, but, in fact,
extended line defects or dislocations within the atomic structure are
what render this precious element so malleable. Using dislocation-
free gold, workers could, at least in theory, build skyscrapers.

For years, scientists have been studying the theoretical strength
of metals, which can be 1,000 times greater than their typical
strength because of defects and dislocations that prevent atoms
from occupying their perfect positions. The smaller a sample,
the closer the material comes to achieving maximum theoretical
strength as the defects are, in effect, eliminated until all that remains
is a very tiny, defect-free sample.

Researchers have been intrigued, however, by the difficulty in
demonstrating this theoretical strength using a recently developed
method that employs a focused ion beam to hew micrometer-sized
pillars, which are then compressed to test for strength. While the
theoretical strength of metal whiskers was reached decades ago
using a tensile test to pull each whisker apart, researchers have
found that in compression testing many of the recently made pillars
did not respond as expected.

Easo George, an ORNL materials scientist with a part-time
appointment at the University of Tennessee, says he and colleagues
thought the focused ion beam technique might also introduce

dislocations, thereby weakening the micro-pillars. While doing work
on a “completely unrelated” project, the researchers stumbled upon
an entirely new way of forming these tiny metallic shapes.

Using the new method, the researchers produced micro-pillars
using a xenon arc lamp to grow an in situ composite of nickel
aluminide and molybdenum fibers through a process known as
floating zone directional solidification. An acid wash then etches
away the nickel aluminide matrix, leaving behind thousands of free-
standing monocrystalline molybdenum pillars.

“Now that we have these naturally made pillars , we do not need
to do any additional work,” says George. “We can change their size by
altering the rate at which we grow them—a much cleaner process.”
ORNL researchers used an instrument called a nano-indenter to
conduct compression tests on the new pillars and found that all the
tested pillars yielded at the theoretical strength.

“When we demonstrated this result, many of the people who
were testing the pillars made by the ion beams took notice,” George
says. “This discovery now allows us to compare experimental results
and theoretical predictions in a much better way and to carefully
introduce dislocations into each pillar in order to study their effects
in a well-controlled manner.”’

While interesting at a basic discovery level, the research also
has potential applications. As electronic
devices, sensors and other technologies
become tinier, predicting and testing
the behavior of materials in very small
amounts become increasingly important,
George says. In addition, because nano-
scale features are needed to strengthen
even bulk materials, a growing need exists
to isolate and characterize such features.

“We cannot simply push toward the
theoretical strength limit,” George says.

“We also must make materials tougher and
more ductile. But with at least a factor of

100 between what is feasible theoretically
and what is typical, we have a lot of room for
improvement. Understanding the nature and
behavior of dislocations will be important in
pushing us toward the goal of dramatically
improved properties of materials” —L.B.

Easo George with the high-temperature
optical floating zone furnace used to
produce monocrystalline molybdenum
alloy micro-pillars
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By varying the chemistry of the etching process and the
glass composition, researchers produce different surface
microstructures and aspect ratios that range from flat
tops to cones with long needlelike structures.

n July 2003 when Brian D’Urso
and his wife Vicky arrived at
Oak Ridge National Laboratory
as Eugene P. Wigner Fellows,
Brian learned he had to find a new
project quickly. The project he was
supposed to join had fallen apart.
Two recollections from his days
as an undergraduate at the California
Institute of Technology and as a graduate
student at Harvard University merged
into a project idea. At Caltech, where he
met his future wife, Brian heard a talk
by Naval Research Laboratory scientists
about a technique for making nano-
channel glass. He found the technique
fascinating. A few years later at Harvard,
he heard a talk about superhydrophobic
materials—waterproof surfaces that repel
water almost as well as the water lily and
young poplar tree leaves in East Tennessee.
“Unfortunately, honeysuckle vine leaves
are also superhydrophobic,” D’'Urso says
with a twinkle in his eye. “If you spray these
leaves with Roundup, the herbicide beads
up and rolls off to the ground. It’s hard to
get Roundup to stick. I don’t think honey-
suckle evolved to defeat Roundup but it
works that way.”
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Making some of the
world’s most water-
repellent surfaces has

become an ORNL niche.

D’Urso shared his idea with

his mentor, John Simpson,
who suggested that the
two write a proposal for
seed money to cover
the cost of Simpson’s

time on the project
and the necessary
research equipment. The
seed money was granted by
ORNL infernal funding program.

Over the next few years D'Urso, a phys-
icist, and Simpson, an optical scientist,
evolved into a team that can produce the
world’s most water-repellent surfaces over
increasingly large areas by making either
sheets or powder-based coatings.

During that time they worked with
Mark Reeves of ORNL'’s technology transfer
office to prepare patent applications.
Today they hold several patents on a
variety of new water-repellent materials
that conceivably could be licensed to
industrial firms or companies that have
military contracts.

The possibilities are virtually limit-
less. Water sticking to windshields and

-

rain-soaked clothing can be annoying.
Cars hydroplaning over slightly wet road
surfaces can be dangerous. Well-soaked
building materials can morph into moldy
health hazards.

The friction felt by water swishing
against the hulls of ships causes drag,
slowing the transport of commercial
products between countries. A surface
treatment with spikes might discourage
algae from sticking to a ship’s hull. One
solution might be to coat these items
with highly water-repellent powder-based
paint. Another could be to cover them
with highly waterproof sheets.

“Over the past five years, we have
been focused on making extremely
superhydrophobic materials and opti-
mizing other properties,” D’Urso says.
“The purpose of the seed money project
was to demonstrate that we could make a
superhydrophobic material. Winning the
seed money was a critical starting point
that launched what turned out to be an
interesting project.”

In late 2003, the ORNL team
contacted Naval Research Lab experts on
nanochanneling to find out which glasses
they should use for various applications.



The ORNL physicists decided to use an
outside company rather than the Naval
Research Lab to make a desired material
by glass drawing without disclosing the
property they were trying to achieve.

“The company’s glass experts said, ‘This
approach using glass drawing won'’t give
you a material with nanoscale or micron-
sized channels,”” D’Urso says. “We replied,
‘That'’s OK, we'll worry about what it turns
into after that.” We were not trying to make
a channeled structure. Rather, we were
attempting to produce spikes in an ordered
pattern on the surface. We got the material
back, etched it with hydrofluoric acid,
then processed and coated it to make a
superhydrophobic material.

“The first time we made a
glass product, it was extremely
superhydrophobic. In fact, this
first material is probably the
most superhydrophobic we
ever made because our first
scanning electron micro-
scope images showed that the
spikes are really ordered and
extremely sharp.”

The researchers observed
very little contact between water
and the solid spiky surface. Air
flowed through the pockets between
the spikes.

“It was a great model to start with,”
D'Urso says. “We were excited because the
behavior of the material was fantastic.”

The spikes have a good aspect ratio—
they are very tall compared with their
average width and are highly protruding
from the surface. The material cannot
be made using standard lithography or
etching processes.

At the end of summer 2005, D’Urso’s
financial support from his Wigner Fellow-
ship and seed money was expended, so
he and Simpson applied for and received
Laboratory Directed Research and Devel-
opment funding for Oct. 1, 2005 through
Sept. 30, 2007.

The purpose of the LDRD project was
to expand the range of superhydrophobic
materials that could be made in the ORNL
lab. Because they had demonstrated the
value of the selected fabrication technique

in making the first material, they received
technology maturation funding to purchase
a glass drawing tower so they could fabri-
cate superhydrophobic glasses themselves.

For the LDRD project, D’Urso and
Simpson continued to develop differen-
tial etching techniques to create spikes in
materials drawn from the tower. Think of a
pencil that consists of a “core” of graphite
surrounded by wooden pencil “cladding.”
Sharpening the pencil is similar to etching
the glass surface to get a spike.

When water strikes the superhydrophobic
disk, each drop is repelled to the water on one
side. John Simpson calls this phenomenon the
“Moses effect,” after the Biblical leader who
parted the Red Sea.

In the first drawn-glass structure made
at ORNL, the core glass was Pyrex, brand
name for heat- and chemical-resistant glass-
ware used for cooking. The cladding glass,
which has a different composition, was the
amorphous material used by the ORNL
glass shop to make glass-to-metal seals.

“In differential etching, we immerse the
core glass and cladding glass in hydrofluoric
acid solution, which attacks both glasses
made by glass drawing,” D'Urso says. “The
cladding glass is etched faster than the core
glass. We first get an array of cores inside
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the cladding glass. The core glass starts
to protrude because the cladding glass is
etched back faster than the core glass.”

The cores are etched from the sides and
the top. They become sharpened because
the tip of each protruding core is exposed to
the acid for a longer time than the base of
the c