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EXECUTIVE SUMMARY

Never has the world been so acutely aware of the inextricably linked issues of energy,
environment, economy, and security. As the economies of developing countries boom, so
does their demand for energy. Today nearly a quarter of the world does not have electrical
power, yet the demand for electricity is projected to more than double over the next two
decades. Increased demand for energy to power factories, transport commodities and people,
and heat/cool homes also results in increased CO, emissions. In 2007 China, a major
consumer of coal, surpassed the United States in overall carbon dioxide emissions. As global
CO; emissions grow, the urgency grows to produce energy from carbon-based sources more
efficiently in the near term and to move to non-carbon-based energy sources, such as solar,
hydrogen, or nuclear, in the longer term. As we look toward the future, two points are very
clear: (1) the economy and security of this nation is critically dependent on a readily
available, clean and affordable energy supply; and (2) no one energy solution will meet all
future energy demands, requiring investments in development of multiple energy
technologies.

Materials are central to every energy technology, and future energy technologies will place
increasing demands on materials performance with respect to extremes in stress, strain,
temperature, pressure, chemical reactivity, photon or radiation flux, and electric or magnetic
fields. For example, today’s state-of-the-art coal-fired power plants operate at about 35%
efficiency. Increasing this efficiency to 60% using supercritical steam requires raising
operating temperatures by nearly 50% and essentially doubling the operating pressures.
These operating conditions require new materials that can reliably withstand these extreme
thermal and pressure environments. To lower fuel consumption in transportation, future
vehicles will demand lighter weight components with high strength. Next-generation nuclear
fission reactors require materials capable of withstanding higher temperatures and higher
radiation flux in highly corrosive environments for long periods of time without failure.
These increasingly extreme operating environments accelerate the aging process in materials,
leading to reduced performance and eventually to failure. If one extreme is harmful, two or
more can be devastating. High temperature, for example, not only weakens chemical bonds,
it also speeds up the chemical reactions of corrosion.

Often materials fail at one-tenth or less of their intrinsic limits, and we do not understand
why. This failure of materials is a principal bottleneck for developing future energy
technologies that require placing materials under increasingly extreme conditions. Reaching
the intrinsic limit of materials performance requires understanding the atomic and molecular
origins of this failure. This knowledge would enable an increase in materials performance of
order of magnitude or more. Further, understanding how these extreme environments affect
the physical and chemical processes that occur in the bulk material and at its surface would
open the door to employing these conditions to make entirely new classes of materials with
greatly enhanced performance for future energy technologies. This knowledge will not be
achieved by incremental advances in materials science. Indeed, this knowledge will only be
gained by innovative basic research that will unlock the fundamentals of how extremes
environments interact with materials and how these interactions can be controlled to reach
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the intrinsic limits of materials performance and to develop revolutionary new materials.
These new materials would have enormous impact for the development of future energy
technologies: extending lifetimes, increasing efficiencies, providing novel capabilities, and
lowering costs. Beyond energy applications, these new materials would have a huge impact
on other areas of importance to this nation, including national security, industry, and other
areas where robust, reliable materials are required.

This report summarizes the research directions identified by a Basic Energy Sciences
Workshop on Basic Research Needs for Materials under Extreme Environments, held in June
2007. More than 140 invited scientists and engineers from academia, industry, and the
national laboratories attended the workshop, along with representatives from other offices
within the Department of Energy, including the National Nuclear Security Administration,
the Office of Nuclear Energy, the Office of Energy Efficiency and Renewable Energy, and
the Office of Fossil Energy. Prior to the workshop, a technology resource document,
Technology and Applied R&D Needs for Materials under Extreme Environments, was
prepared that provided the participants with an overview of current and future materials
needs for energy technologies. The workshop began with a plenary session that outlined the
technology needs and the state of the art in research of materials under extreme conditions.
The workshop was then divided into four panels, focusing on specific types of extreme
environments: Energetic Flux Extremes, Chemical Reactive Extremes, Thermomechanical
Extremes, and Electromagnetic Extremes. The four panels were asked to assess the current
status of research in each of these four areas and identify the most promising research
directions that would bridge the current knowledge gaps in understanding how these four
extreme environments impact materials at the atomic and molecular levels. The goal was to
outline specific Priority Research Directions (PRDs) that would ultimately lead to the
development of vastly improved materials across a broad range of future energy
technologies. During the course of the workshop, a number of common themes emerged
across these four panels and a fifth panel was charged to identify these cross-cutting research
areas.

Photons and energetic particles can cause damage to materials that occurs over broad time
and length scales. While initiation, characterized by localized melting and re-crystallization,
may occur in fractions of a picosecond, this process can produce cascades of point defects
that diffuse and agglomerate into larger clusters. These nanoscale clusters can eventually
reach macroscopic dimensions, leading to decreased performance and failure. The panel on
energetic flux extremes noted that this degradation and failure is a key barrier to achieving
more efficient energy generation systems and limits the lifetime of materials used in
photovoltaics, solar collectors, nuclear reactors, optics, electronics and other energy and
security systems used in extreme flux environments. The panel concluded that the ability to
prevent this degradation from extreme fluxes is critically dependent on being able to
elucidate the atomic- and molecular-level mechanisms of defect production and damage
evolution triggered by single and multiple energetic particles and photons interacting with
materials. Advances in characterization and computational tools have the potential to provide
an unprecedented opportunity to elucidate these key mechanisms. In particular, ultrafast and
ultra-high spatial resolution characterization tools will allow the initial atomic-scale damage
events to be observed. Further, advanced computational capabilities have the potential to

Xiv Executive Summary



capture multiscale damage evolution from atomic to macroscopic dimensions. Elucidation of
these mechanisms would allow the complex pathways of damage evolution from the atomic
to the macroscopic scale to be understood. This knowledge would ultimately allow atomic
and molecular structures to be manipulated in a predicable manner to create new materials
that have extraordinary tolerance and can function within an extreme environment without
property degradation. Further, it would provide revolutionary capabilities for synthesizing
materials with novel structures or, alternatively, to force chemical reactions that normally
result in damage to proceed along selected pathways that are either benign or self-repair
damage initiation.

Chemically reactive extreme environments are found in many advanced energy systems,
including fuel cells, nuclear reactors, and batteries, among others. These conditions include
aqueous and non-aqueous liquids (such as mineral acids, alcohols, and ionic liquids) and
gaseous environments (such as hydrogen, ammonia, and steam). The panel evaluating
extreme chemical environments concluded there is a lack of fundamental understanding of
thermodynamic and kinetic processes that occur at the atomic level under these important
reactive environments. The chemically induced degradation of materials is initiated at the
interface of a material with its environment. Chemical stability in these environments is often
controlled by protective surfaces, either self-healing, stable films that form on a surface (such
as oxides) or by coatings that are applied to a surface. Besides providing surface stability,
these films must also prevent facile mass transport of reactive species into the bulk of the
material. While some films can have long lifetimes, increasing severity of environments can
cause the films to break down, leading to costly materials failure. A major challenge
therefore is to develop a new generation of surface layers that are extremely robust under
aggressive chemical conditions. Before this can be accomplished, however, it is critical to
understand the equilibrium and non-equilibrium thermodynamics and reaction kinetics that
occur at the atomic level at the interface of the protective film with its environment. The
stability of the film can be further complicated by differences in the material’s morphology,
structure, and defects. It is critical that these complex and interrelated chemical and physical
processes be understood at the nanoscale using new capabilities in materials characterization
and theory, modeling, and simulation. Armed with this information, it will be possible to
develop a new generation of robust surface films to protect materials in extreme chemical
environments. Further, this understanding will provide insight into developing films that can
self-heal and to synthesizing new classes of materials that have unimaginable stability to
aggressive chemical environments.

The need for materials that can withstand thermomechanical extremes—high pressure and
stress, strain and strain rate, and high and low temperature—is found across a broad range of
energy technologies, such as efficient steam turbines and heat exchangers, fuel-efficient
vehicles, and strong wind turbine blades. Failures of materials under thermomechanical
extremes can be catastrophic and costly. The panel on thermomechanical extremes concluded
that designing new materials with properties specifically tailored to withstand
thermomechanical extremes must begin with understanding the fundamental chemical and
physical processes involved in materials failure, extending from the nanoscale to the
collective behavior at the macroscale. Further, the behavior of materials must be understood
under static, quasistatic, and dynamic thermomechanical extremes. This requires learning
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how atoms and electrons move within a material under extremes to provide insight into
defect production and eventual evolution into microstructural components, such as
dislocations, voids, and grain boundaries. This will require advanced analytical tools that can
study materials in situ as these defects originate and evolve. Once these processes are
understood, it will be possible to predict responses of materials under thermomechanical
extremes using advanced computation tools. Further, this fundamental knowledge will open
new avenues for designing and synthesizing materials with unique properties. Using these
thermomechanical extremes will allow the very nature of chemical bonds to be tuned to
produce revolutionary new materials, such as ultrahard materials.

As electrical energy demand grows, perhaps by greater than 70% over the next 50 years, so
does the need to develop materials capable of operating at extreme electric and magnetic
fields. To develop future electrical energy technologies, new materials are needed for
magnets capable of operating at higher fields in generators and motors, insulators resistant to
higher electric fields and field gradients, and conductors/superconductors capable of carrying
higher current at lower voltage. The panel on electromagnetic extremes concluded that the
discovery and understanding of this broad range of new materials requires revealing and
controlling the defects that occur at the nanoscale. Defects are responsible for breakdown of
insulators, yet defects are needed within local structures of superconductors to trap magnetic
vortices. The ability to observe these defects as materials interact with electromagnetic
extremes is just becoming available with advances in characterization tools with increased
spatial and time resolution. Understanding how these nanoscale defects evolve to affect the
macroscale behavior of materials is a grand challenge, and advances in multiscale modeling
are required to understand the behavior of materials under these extremes. Once the behavior
of defects in materials is understood, then materials could be designed to prevent dielectric
breakdown or to enhance magnetic behavior. For example, composite materials having
appropriate structures and properties could be tailored using nanoscale self-assembly
techniques. The panel projected that understanding how electric and magnetic fields affect
materials at the atomic and molecular level could lead to the ability to control materials
properties and synthesis. Such control would lead to a new generation of materials that is just
emerging today—such as electrooptic materials that can be switched between transparency
and opacity through application of electric fields. Beyond energy applications, these tailored
materials could have enormous importance in security, computing, electronics, and other
applications.

During the course of the workshop, four recurring science issues emerged as important
themes: (/) Achieving the Limits of Performance, (2) Exploiting Extreme Environments for
Materials Design and Synthesis; (3) Characterization on the Scale of Fundamental
Interactions; and (4) Predicting and Modeling Materials Performance. All four of the
workshop panels identified the need to understand the complex and interrelated physical and
chemical processes that control the various performance limits of materials subjected to
extreme conditions as the major technical bottleneck in meeting future energy needs. Most of
these processes involve understanding the cascade of events that is initiated at atomic-level
defects and progresses through macroscopic materials properties. By understanding various
mechanisms by which materials fail, for example, it may be possible to increase the

XVvi Executive Summary



performance and lifetime limits of materials by an order of magnitude or more and thereby
achieve the true limits of materials performance.

Understanding the atomic and molecular basis of the interaction of extreme environments
with materials provides an exciting and unique opportunity to produce entirely new classes of
materials. Today materials are made primarily by changing temperature, composition, and
sometimes, pressure. The panels concluded that extreme conditions—in the form of high
temperatures, pressures, strain rate, radiation fluxes, or external fields, alone or in
combination—can potentially be used as new “knobs” that can be manipulated for the
synthesis of revolutionary new materials. All four of the extreme environments offer new
strategies for controlling the atomic- and molecular-level structure in unprecedented ways to
produce materials with tailored functionalities.

To achieve the breakthroughs needed to understand the atomic and molecular processes that
occur within the bulk and at surfaces in materials in extreme environments will require
advances in the final two cross-cutting areas, characterization and computation. Elucidating
changes in structure and dynamics over broad timescales (femtoseconds to many seconds)
and length scales (nanoscale to macroscale) is critical to realizing the revolutionary materials
required for future energy technologies. Advances in characterization tools, including
diffraction, scattering, spectroscopy, microscopy, and imaging, can provide this critical
information. Of particular importance is the need to combine two or more of these
characterization tools to permit so-called “multi-dimensional” analysis of materials and
surfaces in situ. These advances will enable the elucidation of fundamental chemical and
physical mechanisms that are at the heart of materials performance (and failure) and catalyze
the discovery of new materials required for the next generation of energy technologies.

Complementing these characterization techniques are computational techniques required for
modeling and predicting materials behavior under extreme conditions. Recent advances in
theory and algorithms, coupled with enormous and growing computational power and ever
more sophisticated experimental methods, are opening up exciting new possibilities for
taking advantage of predictive theory and simulation to design and predict of the properties
and performance of new materials required for extreme environments. New theoretical tools
are needed to describe new phenomena and processes that occur under extreme conditions.
These various tools need to be integrated across broad length scales—atomic to
macroscopic—to model and predict the properties of real materials in response to extreme
environments. Together with advanced synthesis and characterization techniques, these new
capabilities in theory and modeling offer exciting new capabilities to accelerate scientific
discovery and shorten the development cycle from discovery to application.

In concluding the workshop, the panelists were confident that today’s gaps in materials
performance under extreme conditions could be bridged if the physical and chemical changes
that occur in bulk materials and at the interface with the extreme environment could be
understood from the atomic to macroscopic scale. These complex and interrelated
phenomena can be unraveled as advances are realized in characterization and computational
tools. These advances will allow structural changes, including defects, to be observed in real
time and then modeled so the response of materials can be predicted. The concept of

Executive Summary XVvii



exploiting these extreme environments to create revolutionary new materials was viewed to
be particularly exciting. Adding these parameters to the toolkit of materials synthesis opens
unimaginable possibilities for developing materials with tailored properties. The knowledge
needed for bridging these technology gaps requires significant investment in basic research,
and this research needs to be coupled closely with the applied research and technology
communities and industry that will drive future energy technologies. These investments in
fundamental research of materials under extreme conditions will have a major impact on the
development of technologies that can meet future requirements for abundant, affordable, and
clean energy. However, this research will enable the development of materials that will have
a much broader impact in other applications that are critical to the security and economy of
this nation.
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BASIC RESEARCH NEEDS FOR MATERIALS
UNDER EXTREME ENVIRONMENTS

INTRODUCTION

The global energy situation has never been more precarious. The demand for energy is
expected to increase by 50% or more by 2030, with over 70% of that growth coming from
countries with emerging economies. China alone is projected to account for more than 30%
of this global energy demand increase over the next two decades. Worldwide demand is
projected to grow further, perhaps doubling or even tripling, by 2050 as economies and
populations continue to grow. Interestingly, this demand grows in spite of high energy prices.
Limited oil supplies, coupled with increased demand, have resulted in oil prices hovering
closer to $100 per barrel in 2007, compared with $60 per barrel in mid-2005—yet
consumption has increased. These increased costs and decreased supplies of oil are projected
to result in increased demand for electricity. Today electrical power is not available to nearly
one-quarter of the world’s population, and demand is expected to more than double over the
next two decades. These increasing demands for energy have placed enormous pressure on
the environment as atmospheric levels of carbon dioxide continue to increase. In fact, China
has surpassed the United States in total carbon dioxide emissions. In addition to
environmental concerns, this burgeoning demand for energy has enormous implications for
the global economy and security.

Meeting the increases in global energy demand while minimizing the impact on the
environment will not be possible without major investments in new energy technologies.
There is no one solution to meeting these energy challenges, and it is certain that a portfolio
of energy technologies will be needed: solar, advanced nuclear, hydrogen, among others.
However, there is one common need to all future energy technologies: improved materials.
At every step, from production to distribution to consumption, energy technologies are
subject to materials problems critical to engineering or economic feasibility. Specifically,
future energy production and use require materials that can perform and survive in extreme
conditions. These extreme “environments” provide qualitative changes in a material’s
capability to endure stresses and strains, high or low temperatures, corrosive or oxidizing
atmospheres, strong magnetic and electric fields, and intense photon or radiation flux. These
environments are made more extreme by having two or more of these conditions exist
simultaneously, as is the case in nearly every energy technology.

Design choices of materials are based on what is known about both specific materials and the
environments in which they must function; limitations of our knowledge constrain those
choices, often dramatically reducing the usefulness of materials and the efficiency of
systems. Better understanding of materials under extreme environments would have a
tremendous impact for future energy technologies, such as the following:

e Automobiles and airplanes that are lighter with engines that operate at higher
temperatures, resulting in improved efficiency.

e Electrical energy storage devices, such as batteries, that are far more efficient and have
much longer lifetimes.
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e Electricity transmission and distribution systems that are more reliable and efficient.

e Fission reactors, conventional boilers, and stationary turbines that are more efficient,
operating at higher temperatures with longer lifetimes.

e Distribution pipelines for natural gas, hydrogen, ethanol, or other liquid or gaseous fuels
that are not subject to failures resulting from corrosion or other chemical reactions.

e Materials, both structural and functional, that can respond to environmental changes and
can self-heal and even sense and warn before materials fail, for whatever reason.

This report summarizes the results and conclusions of the Department of Energy (DOE)
Workshop on Basic Research Needs for Materials under Extreme Environments, held in
Bethesda, Maryland, June 11-13, 2007. This workshop was convened specifically to evaluate
the potential for developing revolutionary new materials that will meet demanding future
energy requirements that expose materials to environmental extremes. The invited workshop
attendees, numbering more than 140, included representatives from universities (42), national
laboratories (70), government agencies (20), industries (3), and other nations (6). The
workshop program and attendee list are provided in Appendices B and C, respectively.
Participants were provided with a technology perspectives resource document in advance of
the workshop describing the technology and applied R&D needs for materials under extreme
environments. This document is included in Appendix A. Following a plenary session on
technology needs and basic research challenges for materials under extreme environments,
the workshop was divided into the following four topical panels: Energetic Flux Extremes,
Chemically Reactive Extremes, Thermomechanical Extremes, and Electromagnetic
Extremes. In addition, a Cross-cut panel identified areas of synergy across the four topical
panels. Each panel was composed of research leaders in the relevant field from universities,
national laboratories, and industry. Prior to the workshop, the organizers noted that while the
next generation of energy technologies demands extreme environments, these types of
conditions are also highly relevant to materials performances within the national security
mission of DOE, and these issues were also highlighted at the workshop.

Over the last several decades, improvements in materials have occurred in a range of
incremental ways. The workshop concluded that major technology breakthroughs will
require fundamental understanding of the effects of extreme environments on materials. By
understanding the demands placed on materials by extreme environments, particularly at the
atomic and molecular level, we can push our knowledge of the behavior of materials beyond
evolutionary thinking into regimes where truly exciting discovery and breakthroughs can
occur that are revolutionary in nature. The workshop panels all noted that for the first time in
history we have available to us a combination of experimental and computational tools that
have remarkable power and uniqueness suitable for exploring the characteristics of materials
at length and time scales necessary to understand performance in extremes. Among them are
high-intensity synchrotron radiation sources, high-flux neutron sources (accelerator and
reactor based), high-intensity and ultrafast lasers, advanced microscopies (including electron
microscopes and scanning probes), high magnetic fields, and ultrascale computers, combined
with modeling, simulation, and visualization tools needed to take advantage of their power.

These existing and emerging capabilities provide us with unprecedented opportunities to
explore and exploit an extraordinary range of extreme conditions and allow us to detect and
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measure the properties of materials under extreme environments at the appropriate length and
time scales. This knowledge will allow us to make accurate predictions of the behavior of
materials across a full range of extreme conditions. Importantly, this knowledge will provide
the opportunity to develop and apply new methods of synthesis and processing to make
materials with revolutionary capabilities to perform in extreme environments. Further, the
panels noted that these extreme conditions may provide a new dimension to materials
synthesis and processing, opening the door to whole new types of materials with designed
functionality. Finally, the workshop panels concluded that we can no longer wait to solve our
energy problems; we must begin now to realize the revolutionary breakthroughs that will
enable future energy technologies. These breakthroughs will catalyze economic growth in the
United States while enhancing its security.
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ENERGETIC FLUX EXTREMES

Current Status

Materials that function in extreme environments of energetic particle and photon fluxes are
essential to a diverse range of technologies that provide safe, economic, and reliable energy
and that ensure our security. These applications include nuclear fission and fusion reactors,
long-lived radiation waste forms, nuclear stockpile materials, photovoltaic systems, solar
collectors, laser applications, and nanoscale electronics for computers and communication.
The performance of these systems is limited by the damage and degradation of materials
under energetic particle and photon fluxes. For example, the bottleneck for producing lasers
with higher photon fluxes is not the generation of the photon flux itself but the lack of
transparent optical materials that are capable of transmitting and directing these higher
fluxes. The operating temperature and efficiency of nuclear reactors is limited by the
structural materials that can withstand neutron damage at high temperatures in highly
corrosive environments. Solar photovoltaics must withstand the harsh environment of direct
sunlight for decades without degrading their high surface absorbance, losing their
photoelectric conversion functionality, or cracking due to severe thermal stresses.

Materials subjected to energetic particles and photons typically fail at fluxes by a factor of
10 or more below their intrinsic limits. Particle fluxes, for example, damage materials
through the creation of nanoscale defects that subsequently evolve by migration and
clustering, ultimately leading to failure. Next-generation nuclear reactors require materials
that are able to withstand greater than an order-of-magnitude-higher neutron and particle
fluences than is now possible. Perfect SiO; optical material can withstand energies of
200 J cm without damage. Actual SiO,, however, fails at far lower energies of 20 J cm™
because of runaway absorbance of photon energy at nanoscale defects that usually exist on
the surface of the material.

3

The failure of materials far below their intrinsic capability is a severe limitation, as well as a
promising opportunity. Early failure is the primary constraint limiting the performance of
energy and other fundamental technologies. It is an opportunity, however, because the
reasons for early failure are not intrinsic and thus can be overcome with sufficient knowledge
and understanding of their causes. Finding the root causes of early failure and realizing
improvement in materials performance by an order of magnitude or more will enable broad
new horizons for next-generation energy and security technologies. A further opportunity
that may be gained from this knowledge is the possibility of using extreme photon and
particle fluxes to make new classes of materials that will have improved performance for
energy and security applications.

The major roadblock to bridging the gap in functional materials performance is unraveling
the complex evolution of damage originating in atomic and nanoscale defect formation and
culminating in macroscopic materials failure. These changes occur over broad time and
length scales (Figure 1). Two independent scientific revolutions are under way that hold
considerable promise for removing this roadblock. One is the developing advances in
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Figure 1. Exposure to fluxes initiates a cascade of events dimensions. The convergence of
over a range of timescales, originating from point defects and these two rapidly advancing
leading to materials failure. scientific frontiers presents a

remarkable opportunity to understand, for the first time, the hidden pathways of material
damage from energetic photon and particle fluxes that lead ultimately to performance
degradation and failure. This knowledge will enable the design of new classes of materials to
meet future energy and security needs.

Defect structures evolve through a sequence of stages in their lifetimes, from creation as
point defects by a radiation field through relaxation by migration and interaction with other
defects to assembly into large clusters. These clusters ultimately degrade materials
performance at the macroscopic level and may lead to materials failure. Each of these stages
can be tracked by the transfer of energy among the electronic, atomic, vibrational, and
structural systems of the crystal, and by the time and length scales required for each transfer
(Figure 1).

In the case of intense light sources, such as a laser pulse, photons can excite the electronic
states of an individual atom in timescales of attoseconds (10'* s), the time required for light
to cross the diameter of a typical atom. This electronic excitation energy is transferred to the
lattice vibrations, raising the local lattice temperature as high as 10,000 K. This high
temperature melts the crystal locally and, upon recrystallization, leaves a damaged area that
can grow on repeated photon absorption to a few hundred micrometers in diameter

(Figure 2). This damage is produced in approximately a second, the time required to establish
thermal equilibrium following the initial absorption of energy by electronic excitation.

10 Panel 1 Report



The damage produced by
swift heavy ions traveling
at relativistic velocities
follows a similar sequence
(see sidebar, Swift Heavy
Ions), starting with
massive electronic
excitation of many atoms

% QL
i 111

precursor defect High fluence,

~100 nm subband-gap laser
light

F i.g.ure 2. Intense photon beams damage ’optical’matel"ials by along the linear trajectory
depositing energy at surface defects (left). With continued irradiation, the fthe h . it
damage area grows (center) and the optical material must be replaced of'the heavy 1on as 1
(right). Lack of understanding of the damage initiation and evolution limits passes through the crystal.

the operation capacity of optical materials by a factor of 10. Overcoming This excitation energy is
this damage would reduce the cost and size and increase the output power transferred to lattice
of lasers.

vibrations and melts the
crystal locally, leaving a

line of disorder as the crystal re-solidifies. The
relativistic ion may travel many micrometers through
the crystal, leaving a track of damage that may be
only a few tens of nanometers in diameter. The
damage tracks are remarkable for their high aspect
ratio, as high as 10*, and much higher than can be
produced by photons or slower particles. The
disordered material in the tracks can be etched to
produce nanopore templates for assembly of
biomolecules or nanowires (Figure 3). The timescales

Figure 3. (a) Nanopores created by
etching track centers and (b) nanorods

) . created by filling nanopores and
for track production start with attoseconds for removing the matrix.

electronic excitation and end with seconds for
thermal equilibrium, as for photons.

For lower energy particles, the times of interest are from hundredths of a picosecond for
energy transfer from the incident particle to atomic displacements, through tens of
picoseconds for the energy transfer to the lattice vibrations that produce local melting and
recrystallization, leaving a displacement cascade of point defects comprising vacancies and
interstitial atoms near the impact site. In a few microseconds, some of the point defects
diffuse and agglomerate into larger clusters, while others annihilate at sinks that pre-existed
or were created by the impact. These larger clusters associated with single ion events then
interact with other clusters created by other impacts and eventually reach macroscopic
dimensions that can degrade materials performance or cause failure. The timescales for these
cluster-cluster interactions are seconds to years; in the case of nuclear waste that creates new
displacement cascades continuously from radioactive decay, the timescale can reach
millennia. In all cases, the important length scales range from atoms, associated with the
initial creation of point defects, through micrometers as the defects accumulate, to meters as
components and devices fail. It is perhaps surprising that nanoscale defects are ultimately
responsible for failure of macroscopic components ranging from electronic devices to large
pressure vessels (see sidebar, From Nanoscale Defects to Macroscale Property Changes).
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Swift Heavy lons _ , , ,
Energetic particles lose energy to either the atomic

or electronic system of the target material. The

high electronic partition between the two systems depends on the
exggation _lg ion energy and mass, with the fraction deposited
10 to1o s, in the electronic system increasing with increasing
at 20 eV/atom ion energy. In the energy range applicable for

swift heavy ions (MeV and GeV), the primary
energy loss mechanisms is to the electrons of the
heati . target material. This causes electronic excitation
eating and particle S .
emission in and ionization along the ion track and occurs on a
10" to10™ s timescale of 107710 107" s (top and middle). This
energy is transferred to the atomic system either
through an explosion-like repulsion of the ionized
atoms or through electron-phonon coupling and

frozen-in atomic lattice heating. The atoms along the track have
real;rangements in high mobility because of the temperature increase
>10 s, with and the reduction in density. The damage state is
10-nm diameter frozen in place as indicated in the cartoon

(bottom) because of the rapid transfer of energy
away from the hot region into the surrounding
lattice. Consequently, a tube of damage with a
narrow diameter, ~10 nm, extending hundreds of
micrometers into the solid is created (lower
micrograph). The aspect ratio of the track is
several orders of magnitude greater than can be
obtained by other methods.

Source: K. Schwartz, C. Trautmann, T. Steckenreiter,

O. Geiss, and M. Kramer, “Damage and track morphology in
LiF crystals irradiated GeV ions,” Physical Review B 58(17),
11232-11240 (1998).

Multiscale experiments and models. Advances in computer simulation and experimental
characterization have the potential of bridging the gap between the time and length scales
that each can access. This confluence of capabilities will dramatically impact our
understanding of the interaction of energetic photons and particles with materials at the
atomic level. Until recently, limitations in computer speed and performance restricted
numerical simulations of materials to short timescales and small numbers of atoms, while
experimental probes operated at long times and macroscopic dimensions. Advances in
computer technologies—both hardware and algorithms—are dramatically expanding the time
and space domains accessible to materials simulation. Similarly, the development of new
characterization tools, especially the advent of intense sources of electrons, neutrons, and
photons from lasers and synchrotrons, is dramatically lowering the time and length scales of
physical phenomena that can be studied. The combination of experiment and theory holds the
promise of being able to predict, measure, and interpret new physical and chemical
phenomena and represents unprecedented capabilities for understanding the full range of
defect creation, damage evolution, and materials performance over all time and length scales.
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From Nanoscale Defects to Macroscopic Property Changes

Energetic ions impart energy and
momentum to atoms in a solid. When
the distance between successive
collisions is approximately equal to
the atomic spacing, all of the atoms
are displaced (top). The timescale for
these displacements is on the order of
Formation of defects tens of picoseconds (107" s) and the
in a displacement length scale is nanometers
cascade (10 m). The vacancy and interstitial
defects produced can aggregate to
produce larger defects such as
dislocation loops and voids (bottom
left). These defects can change the
— macroscale properties by causing
3S5ps swelling or other dimensional
instability of the material, as shown
in the figure at the bottom right. This
is an example of the extreme
variation in dimensions that can
occur in materials such as Type 316
austenitic stainless steel following
|| exposure to fast neutrons.

Displacement cascades grow to
microstructural defects . . .

- v RIS N
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Source: J. L. Straalsund, R. W. Powell, and
| B. A. Chin, “An overview of neutron
| irradiation effects in LMFBR materials,”
Journal of Nuclear Materials 108&109,
299-305 (1982).

For example, the advent of molecular dynamics computer simulations have significantly
revised our understanding of damage in metals caused by exposure to energetic particles.
Simulations have revealed that the origin of vacancy loops (see sidebar, Aging of
Displacement Cascades) is intimately related to the local melting and recrystallization that
accompanies a collision of an ion with a crystal. On recrystallization, vacancies are driven
ahead of the solidification front towards the center of the damage area where they assemble
into a loop. While molecular dynamics can follow the early evolution of cascades in metals,
it is far less applicable to studying such events in ionic materials, such as oxides. This is
another example of a gap that blocks progress in understanding damage creation and repair in
ionic solids.
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Aging of Displacement Cascades

Radiation damage begins with the creation of energetic primary recoil atoms (PRA) by nuclear or
atomic interactions with a flux of bombarding particles. High-energy PRAs quickly lose kinetic
energy by atomic collisions, down to an atomic displacement threshold. The hot displacement cascade
region is several nanometers in extent and contains a very large concentration of vacancy and self-
interstitial atom (SIA) defects and cools in less than 100 ps. This phase of radiation damage has been
extensively modeled and is reasonably well understood in metals, with similar initial damage
production in a wide range of metals and alloys. Thermal migration of SIAs and vacancy defects,
solutes, and cluster complexes results in the spatially and temporally correlated evolution of cascade
structures—cascade aging—over much longer times. An intriguing “self-healing” consequence of this
long timescale evolution is that while the vacancy solute complexes exist, they promote defect
recombination, which can greatly reduce the negative effects of radiation damage.

Kinetic lattice Monte Carlo
4 w - 45x10°s - 1 simulation snapshots of cascade
. L | i . T aging in an Fe-0.3%Cu alloy at
‘ . e © men | 300°C showing the initial
ot T . ;.:.-: B=fy configuration of vacancies (red)
s ” s TE compared with the configuration
- i IS G at 4.5 x 10° s. The diffusion of
o s T s s vacancies and vacancy clusters

results in the formation
vacancy—copper atoms
complexes (green). The last
vacancy leaves the cascade
region at ~10” s, leaving residual
copper clusters.

Courtesy of Simon Phillpot, the
University of Florida.

The number of developing experimental techniques that push to faster timescales and shorter
length scales is especially exciting. Femtosecond laser pulses allow characterization of the
very rapid process of particle formation and phase transformation during ejection of material
from a substrate by laser ablation. Core-level photoemission spectroscopy can provide local
chemical information of a thin surface layer as it ablates into vacuum, while x-ray absorption
spectroscopy of thin foils can provide complementary information on the entire laser-heated
area. Grazing incidence reflectivity at x-ray wavelengths can probe the initial structural
evolution following a particle or photon absorption, determining the timescale for roughness
to form on nanometer length scales. Electron microscopy, with its advances in aberration
correction and energy filtering, is enabling mapping the locations of individual impurity
atoms in a host structure. Microelectromechanical (MEMS) devices and microlithographic
processing allow test platforms to be miniaturized and used in the electron microscope so that
the dynamic response can be observed at atomic resolution while concurrently measuring the
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macroscopic response. Coupling lasers with electron microscopes is ushering in unprece-
dented opportunities to probe reactions, such as phase transformations and solidification,
with nanosecond time resolution. Advances like these set the stage for the first comprehen-
sive experimental picture of defect production and multiscale damage evolution in materials
exposed to energetic photon and particle fluxes. The challenge is to develop the wide range
of tools and instrumentation needed to exploit the faster timescales and shorter length scales
that are now within experimental reach.

Materials modification by energetic fluxes: surface and bulk re-organization. If the
processes by which particles and photons interact with materials were understood, the door
would be opened to harness these processes to make new classes of materials. For example,
controlling surface morphology by ion irradiation provides a pathway to explore non-
equilibrium processes at surfaces, a central challenge for thin film and surface science.
Surfaces exposed to environments of low-energy ion irradiation are subjected to self-
rearrangement, including surface roughening and nanoparticle formation. The nature of the
roughening pattern is sensitive to the material, the ion beam parameters such as the ion mass,
energy, and beam direction, and to the processing conditions. The final surface pattern is a
result of interplay between surface kinetics and defects near the surface. Although linear
instability models can account for the initial surface roughening and nonlinear models for the
late stages, there are essential features that cannot be accounted for by either approach. For
example, these models cannot describe the close packing structure of quantum dots on
semiconductor surfaces. Potentially rich applications of quantum dots in photovoltaic energy
conversion, solid state lighting, digital electronics, and quantum computing are blocked by
our inability to predict the variation in sputtering conditions that govern quantum dot
formation for different materials, and for their easier formation on compound than on simple
semiconductors.

An example of ripple pattern and nanoparticle formation caused by ion irradiation of
Cd,Nb,0O7 is shown in Figure 4. The irradiation was conducted with 30-keV Ga ' ions from a
focused ion beam (FIB) instrument. The zigzag arrow in Figure 4(a) shows the FIB scanning
direction and the straight arrow the projected direction of the incident ion beam. The
scanning electron microscope (SEM) images show the ripple pattern that forms under ion
irradiation, with characteristic wavelength varying from a few nanometers to sub-micrometer
scale depending on irradiation conditions. Close inspection of the surface shows that
nanoparticles of pure cadmium with a surprisingly uniform diameter of ~5 nm form within
the ripple features as a consequence of irradiation-induced phase decomposition [1]. This
approach could provide a unique opportunity for spatially placing specified patterns of
nanoparticles on substrates. Surface roughening, pattern formation, and nanoparticle
segregation are potentially powerful nanofabrication techniques, but the guiding principles
that govern their operation are still unknown. A related area that may have more impact but
is even less well understood is bombardment with ion clusters containing a few thousands
atoms and energies of order 10 keV. Such ion clusters produce dramatically higher yields of
sputtered species per event than that produced by irradiation with atoms, especially where the
emitted species are large molecular complexes. The reasons for the large yield must lie in the
very different collision dynamics for ion clusters versus single ions, though little is
understood about the details [2].
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Intense light sources are widely used
in metals processing, semiconductor
manufacturing, optoelectronics,
medicine, and biotechnology. Intense
photon flux can be used to modify
materials morphology and size at a
fixed composition (e.g., drilling,
welding, annealing, recrystallization,
and polishing) and for inducing
chemical reactions that alter
composition (e.g., patterning, coating,
and physicochemical modification).
However, new means of using
photons to make new materials is just
beginning to emerge. For example,
exposing a surface to photon
irradiation in combination with
another environment has the potential
to produce exciting new materials
with novel structures. Exposure of
silicon to the plasma generated by
femto-second laser irradiation in a
SF¢ environment has been shown to

Figure 4. (a) Scanning electron microscope (SEM)

images of ripples on the surface of Cd,Nb,O; created by produce conical structures in which a
30 keV Ga® focused ion beam bombardment. (b) and highly nonequilibrium phase exists in
(c) Enlarged views showing the high degree of texture the near-surface region (Figure 5).

aligned with the scanning and incident beam directions
indicated by the arrows in (a). (d) Nanoparticles of the host
material created by the ion bombardment and embedded in

The surface is rich in S
(>1 atomic %), a chemical change

the ripple structure. (¢) and (f) High-resolution images of that creates “black” silicon [3] that is
nanoparticles in the amorphous region and on top of the remarkably absorbing over nearly the
crystalline substrate, respectively. full optical spectrum, even at

wavelengths in the infrared where pure silicon is transparent. Such surfaces have promise for
applications as photovoltaic devices.

Further, the use of photons to ablate materials from a surface is also an attractive materials
synthesis technique because it is easily applied to a wide range of materials. This approach is
applicable to even polymers and biomolecules, which can be vaporized intact and deposited
on a substrate while retaining their structure and functionality. In order to exploit the full
potential of photons for producing new materials, it is critical to gain a basic atomic- and
molecular-level understanding of the complex physical and chemical processes that occur
when light interacts with materials. This knowledge could provide revolutionary new
capabilities for the design of new materials—from treatment of surfaces that would protect
materials from damage arising from radiation effects or corrosion to the creation of thin films
of materials for photovoltatics and light-emitting diodes.
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Basic Science Challenges and Opportunities

Point defects created in a solid on exposure to energetic fluxes degrade the properties of
materials to the extent that they can fail catastrophically. This degradation and failure is a key
barrier to achieving more efficient energy
generation systems and limits the lifetime of
materials used in photovoltaics, solar collectors,
nuclear reactors, optics, detectors, electronics, and
other energy and security systems employed in
extreme flux environments. These energetic fluxes
can be harnessed, either separately or in conjunction
with another stimulus, to manipulate the surface and
internal structure of materials, enabling exploration
and utilization of conditions that are far from
equilibrium and therefore inaccessible by other
microetrucused sioon means to make revolutionary new materials.
Achieving major advances in our ability to

. minimize or eliminate the degradation caused by
energetic flux interactions with solids or to
capitalize on our ability to fashion new materials

4 using energetic fluxes depends critically on
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absorptance
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crystalline
silicon

e manipulating atomic and molecular structures,
in a predictable manner, to create materials that
can function within an extreme environment

Figure 5. Silicon exposed to a plasma without property degradation and
generated by a femtosecond laser in the

presence of a chalcogen-rich environment ~ ®  synthesizing new structures with novel and
produces “black silicon.” This black silicon exotic properties, or to force chemical reactions

has a conical structure with spherical balls at to proceed along selected pathways.
the ends of the column. The optoelectronic

properties of black silicon compared with . .
crystalline silicon at infrared wavelengths of These advances will only be achieved by

light are shown. elucidating the atomic- and molecular-level
mechanisms of defect production and damage
evolution triggered by single and multiple energetic particles and photons interacting with
solids. This will require fundamental studies of materials using a range of extreme photon
and particle fluxes, including advanced photon and particle-beam sources, coupled with
structural and functional characterization techniques, such as those based on scattering of
electrons, neutrons, x-rays, and others. The increasing spatial resolution and the pulsed time
structure of intense sources such as the Spallation Neutron Source (SNS) and the Linac
Coherent Light Source (LCLS) allow unprecedented opportunities to image the formation of
atomic and nanoscale defects as they are created. Using a variety of characterization
techniques matched to the time and length scales of the defect structure as it evolves, a full
picture of the damage development from nanoscale origins to macroscopic materials
degradation and failure can be experimentally established. Such a comprehensive picture of
damage evolution caused by particle and photon fluxes would enable two new strategic
objectives for materials under extreme environments: preventing materials failure and
performance degradation by interrupting of the nano-to-macro chain of damage evolution,

0 I I
0 1 2 3
wavelength (gm)
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and exploiting the structural modifications triggered by energetic fluxes to create new
materials with enhanced properties that are not accessible by any other synthesis or
modification route.

As our knowledge of the response of atoms and molecules under energetic flux bombardment
advances, it will become possible to manipulate and control these phenomena across wide
time and length scales. Such control explores the limits of current understanding of defects,
structure-property relationships, and of optical and energetic beam technologies. The wealth
of experimental data and insights produced from these targeted experiments will enable
sophisticated multiscale models of material response over the relevant time and length scales
and thus begin to codify and quantify the many effects—cumulative, synergistic, transient
and emergent—of photon- and particle-beam irradiation of materials. Through understanding
how irradiation produces damage, it will become possible to use energetic particles or
photons to repair damage produced by an earlier irradiation. For example, photons have been
used to stimulate recovery of ion implantation damage in semiconductors, and high-energy
particles that deposit energy in the electronic system have been used to aid the repair of
damage in oxides [4]. Quite apart from advancing our understanding of the fundamental
physics and chemistry of bulk matter—and of surfaces and interfaces—such investigations
will point the way to concepts that will provide breakthrough capabilities for future energy
and security technologies: to design the synthesis of materials with tailored characteristics
and to construct physically based predictive models that would not only guide the
development of new systems but would also enable accurate lifetime prediction of materials
in extreme environments.

A parallel and equally important need is the development of high-fidelity models to describe
the dynamic response of materials in energetic flux environments accurately. This may
involve validation of the models at each length scale, from the electronic and atomic-level
dynamics in single crystals, to the mesoscopic interactions between grains, and finally to the
bulk polycrystalline response of complex engineering materials. Experimental validation
from the nano- to micro-scales is required to predict material properties. Here we must be
prepared to evaluate the foundations on which current models are based as new processes and
reaction rates are identified by advances in time-resolved experiments.

Modeling energetic particle-beam interactions with matter holds many challenges associated
with multiscale modeling. Present models do not include electronic interactions, stopping
effects, and thermal transport mechanisms. There is a strong need for the development of
interatomic potentials for ionics of much higher fidelity, and to implement the paradigm of
self-consistent charge equilibration. Although there is considerable understanding of the first
100 ps of radiation cascade development in metals, this is just the beginning of a much more
complex and physically rich cascade story that has been just recently studied using a
combination of molecular dynamics and kinetic lattice Monte Carlo tools (see sidebar, Aging
of Displacement Cascades). Multiple defects such as vacancies and interstitials are typically
created, each with its own complex diffusional kinetics. Moreover, large local stresses
created around each defect can greatly modify the kinetic barriers so that defect diffusion
around the cascade in the early stages can differ greatly from transport closer to equilibrium.
Despite advances in conceptual understanding that reveal the importance of these
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fundamental effects, the details of cascade aging in metals, especially alloys, remain largely
unexplored. Other challenges include identifying and incorporating, in a physically realistic
and computationally tractable manner, the microstructural features encountered in real
materials. For example, the long-range stress field of dislocations and other microstructural
features strongly affects impurity segregation and has important consequences on
microstructure and microchemical evolution under irradiation. Extension from the processes
that are complete in the microsecond time frame to the prediction of the properties of
materials in the second and year time frames requires advances in our ability to develop
models that span the many spatial and temporal levels relevant to controlling morphology in
nanostructures and other patterned structures to the prediction of the properties of materials.

Explaining the mechanisms of energy absorption from intense laser pulses to a transparent
optical solid and the resulting material modifications is a challenging problem of nonlinear
optics and defect physics in dielectrics. The fundamental mechanisms behind extrinsic
damage in optical materials remain poorly understood due to the difficulty in identifying
which defects lead to damage, the small volume occupied by these defects, and their scarcity.
There is also little known about the accumulation of nanoscale damage or photochemical
modification resulting from prolonged high average power exposure. Basic research is
needed to understand the dynamics of optical damage, including methods to model and probe
nanoscale defect-assisted energy deposition and the basic material response during a damage
event in which the resulting plasma temperatures exceed 10,000 K. This could be facilitated,
for example, using multi-scale modeling, in which ab initio techniques provide models for
energy deposition that are then used in molecular dynamics or hydrodynamics simulations to
address the material response, combined with high-resolution optical pump-probe schemes to
image the extrinsic damage events.

Materials synthesis, modification, and repair. Advances in sources of energetic particle and
photon flux provide unprecedented opportunities to design a material with unique chemistries
and structures that are inaccessible by other processing routes, to manipulate particles and
molecules to create unique structures, to control transformation pathways and chemical
scheme that extends beyond the traditional time, temperature, and deformation processing
variables by introducing ion flux as an additional external driving force as the system
undergoes thermal relaxation. Further, recent advances in high-density plasma arc—based
photon sources have permitted the controlled manipulation of materials on the atomic scale.
These sources have large areas (up to ~1000 cm?) and can provide controlled heat fluxes (up
to 20,000 W/cm?) with pulse rates down to 1 millisecond to material surfaces with heating
and cooling rates on the order of 10* to 10° K/sec. Because of the large illumination area, it is
believed that a one-dimensional thermal field is established unlike the three-dimensional
thermal field associated with lasers. Also, the spectral output ranges from 0.2 to 1.4 microns
unlike the single wavelength associated with lasers. These capabilities allow rapid controlled
annealing (at different temperatures), which will allow for a unique opportunity to “freeze”
specific microstructures, allowing for direct measurements of nucleation and growth rates as
a function of time and temperature [5]. Adding this and other sources of particles and photon
flux to the traditional synthesis and processing tool set have tremendous promise for
accelerating the development of new materials, such as high-efficiency and ultrastable
photovoltaics and extreme radiation-resistant or hardened materials. It may even possible to
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design materials that “self-report” fatigue and impending failure and/or self-repair (see
sidebar, Manipulating Matter with Photons). All of these capabilities will not be realized,
however, without a detailed knowledge of the chemical and physical processes that occur
during the interaction of photon and particle fluxes with materials.

Conclusion

Materials in energetic particle and photon fluxes typically fail at fluences that are an order of
magnitude or more below their intrinsic limits. This early failure can be traced to structural
defects that originate at atomic (or nanoscale) dimensions and grow by interaction with the
host material and with each other until they dominate the bulk behavior. The evolution of this
damage spans many decades of length and timescales, thus presenting a fundamental barrier
that obscures the cause-and-effect relationship between atomic and nanoscale defect
production and macroscopic materials failure. Like waves on the ocean that are orders of
magnitude larger in size than the molecules they comprise, the structure at one scale is lost at
the other.

Emerging breakthroughs in experimental characterization and theoretical modeling provide
an unprecedented opportunity to capture the multiscale character of defect creation and
damage evolution. Intense sources of electrons, neutrons, and photons from synchrotrons and
lasers now enable formerly invisible phenomena operating at ultrafast time and ultra-small
length scales to be resolved experimentally. Simultaneously, advances in computation are
pushing the limits of numerical simulation to larger time and length scales. The growing
synergies of characterization and numerical modeling tools enables creating comprehensive
and predictive models of damage evolution, inspired and validated by experimentation at
each time and length scale, that connect the defects created by energetic photon and particle
fluxes at the atomic and nanoscale to materials performance and failure at the macroscale.

Once understood, the complex pathways of damage evolution can be intentionally interrupted
at strategic points to prevent the early failure of materials an order of magnitude or more
below their intrinsic limits. Achieving improvement in performance by at least a factor of 10
is not only desirable for extending the lifetime, increasing the efficiency, and lowering the
cost of today’s energy and security technologies but is also essential if we are to implement
next-generation technologies in fission, fusion, and megawatt lasers. The primary roadblock
to realizing these technologies is materials performance. We know the operating principles
and design parameters that will produce dramatic gains in capacity and efficiency, but we
lack the materials that can perform in the extreme environments of photon and particle flux
required to achieve these gains. Breaking through these barriers in materials performance
will only be achieved by reactions, or to initiate repair of the damage in situ. For example,
ion beams can be employed to modify the sub-surface structure and chemistry of binary
alloys, giving rise to a processing fundamental research, which will produce major advances
required for future energy and security technologies.

Beyond improvements in performance, understanding the atomic to macroscale response of
materials in energetic fluxes opens powerful new directions for materials synthesis and
modification. Particle and photon fluxes deliver significant energy to materials, creating
configurations of atoms and molecules that are far from their normal equilibrium structures.
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Manipulating Matter with Photons
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Because atoms and molecules interact with their environment entirely by means of electromagnetic
fields, it is may be feasible to “design” a pulse of light that, when incident on an atom or molecule,
can precisely control its position and orientation in a desired way. For example, amplitude and
phase control of intense light allows placing and orienting of simple molecular systems to dictate
reaction pathways. In condensed matter, ions can be repositioned by tailored light pulses to
promote targeted phase transformations. Computer simulations suggest, for example, the possibility
of converting diamond to graphite using this approach. This provides a tremendous opportunity for
tailoring material properties, exploiting the complexity and emergent behavior of intense light-
matter interactions.

The frequency, amplitude, and polarization of light pulses can be tailored with ultrafast lasers to
distort the structure of complex molecules in controlled ways (upper left). Such distortions can be
used to drive phase transformations, for example from diamond to graphite (upper right). Atoms on
surfaces can likewise be driven laterally, up, or down to make or break bonds with the substrate
(below). Such coherent control of atomic and molecular positions and orientations enables delicate
coherent control of the chemical reactions and phase transformations of materials.

Collective Manipulation with THz radiation
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Source: T. Brixner, N. H. Damrauer, P. Niklaus, and G. Gerber, “Photoselective adaptive femtosecond quantum control
in the liquid phase,” Nature 414 (6859), 57-60 (2001).
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Understanding the fundamental physical and chemical processes that occur when a particle or
photon beam interacts with a material will allow tuning a specific electronic or vibrational
mode to displace a specific atom or molecule. The ability to selectively alter specific atomic
arrangements allows not only synthesis of new materials but also repair of damaged materials
while they remain in operation. The ability to target selected atomic or molecular species
within a material and to drive them into far-from-equilibrium configurations using energetic
particle and photon fluxes creates qualitatively new approaches to materials synthesis and
modification that cannot be achieved by conventional near-equilibrium routes.
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CHEMICAL EXTREMES

Current Status

Chemically reactive extreme environments are found in numerous advanced power systems,
such as fuel cells, nuclear reactors, and batteries, which are critical to realizing a future in
which society benefits from secure, affordable energy with minimal adverse environmental
impacts. Next-generation energy systems will require materials that perform reliably under
increasingly extreme conditions that include exposure to aqueous and nonaqueous liquid and
gaseous environments. Overcoming the barriers caused by the inability of today’s materials
to function reliably in these extremes of chemical reactivity is a major challenge to meeting
future energy needs. Incremental advances in reducing the reactivity of materials in both
aqueous and non-aqueous liquid and gaseous environments have occurred but not nearly to
the level needed to meet the future challenges imposed by these aggressive environments.
This is because there is a lack of a fundamental understanding of thermodynamic and kinetic
processes that occur at the atomic level under reactive environments. However, an emerging
confluence of new computational and experimental tools presents an exceptional opportunity
to understanding the fundamental processes involved in the degradation of materials in
extreme chemical environments. For example, understanding how materials respond to an
extreme chemical environment at the nanoscale will provide the necessary foundation for
designing next-generation materials to meet future energy requirements for extreme chemical
environments. This understanding of chemistry under extreme conditions will also lead to
opportunities for the synthesis of new materials with, for example, enhanced strength,
hardness, chemical inertness, conductivity, flux resistance, and energy storage capacity.

Chemical reactive environments are encountered in a wide array of situations. In many cases,
the extreme reactivity of a material, whether solid, liquid, or gas, derives from elevated
temperature and/or pressure (e.g., supercritical steam) and/or an impressed or induced
electrical potential. In other cases, the nature of the reactant species itself (e.g., elemental
sulfur, a mineral acid, or a mixture of reactants) presents an extreme over wide ranges of
environmental variables. Furthermore, spatial confinement can lead to extremes under
somewhat benign macroscopic conditions. Examples of the extreme environments
encountered in advanced energy systems (see Resource Document, Technology and Applied
R&D Needs for Materials under Extreme Environments, Appendix A) include the following:

e Agqueous fluids in “ultrasupercritical” fossil and nuclear power plants, hydrogen fuel cells
for transportation, advanced batteries, nuclear waste processing and geological disposal,
and hydrogen production via water splitting

e Reactive and nonreactive gases at extreme temperatures and pressures, including gas
turbines, gas-cooled nuclear reactors, solid oxide fuel cells, and gaseous H, transmission
and storage

e Molten salts and non-ionic liquids as heat-transfer or tritium-breeding media in advanced
fission and fusion systems and thermochemical hydrogen production schemes

e lonic liquids for fuel cell and battery applications

e Steam, gases, and hydrocarbons produced during in situ oil shale processing and coal and
biomass liquefaction and gasification

Panel 2 Report 23



Chemical-induced surface degradation occurs, or at least initiates, at the interface of a
material with its environment. Many materials are utilized in environments that render them
thermodynamically unstable. Chemical stability in these environments is therefore controlled
by protective surfaces, either self-healing, chemically stable films (such as oxides that form
on a surface) or engineered films applied to the surface (coatings), that must also form stable
surfaces upon exposure in the appropriate environment. Besides their stability, these surface
films (whether on the bulk material or an applied coating) must prevent facile mass transport
of reactive species from the environment into the bulk of the material; that is, they must be
permeation barriers and stay attached to the underlying material (see sidebar, Protective
Surface Layers in Reactive Environments). The stability and permeation resistance of these
films are a function of the temperature, pressure, type, and concentration of chemical species
in the environment, as well as material composition (phases), microstructure, deformation,
imposed electrical potential, and other factors. There are many examples where self-healing
films have performed for the lifetime of a component in both aqueous and gaseous
environments. In other cases, these protective films can fail (break down), resulting in
substantially reduced lifetimes (including catastrophic failure) at great economic and energy
costs. Causes of failure that lead to inadequate lifetimes include the following:

¢ the environment is more extreme than realized (although this can, in practice, sometimes
be beneficial);

e uncontrolled impurities or incorrect materials selection for the environment (i.e., not
realizing the material and, in particular, its self-healing film or engineered barrier are not
stable or are too reactive in the chosen system);

e mechanical factors, such as strain or erosion contributing to film degradation; and

e lack of rigorous approaches to predicting chemically controlled materials lifetimes.

Indeed, all these factors ultimately arise from the lack of the mechanistic understanding of
the ramification of thermodynamic and kinetic processes under reactive environments.

A protective film must be stable across a range of environments. For example, environments
can become more extreme through localization effects that occur in crevices, pits, or cracks
that sometimes form as part of the corrosion processes. Even though the film on a material
may be stable at the outset of a component’s life, the conditions can evolve into one that is
too extreme for the stability of the protective film, which is dependent on both the type and
concentration of chemical species in the environment. Thus, there is a compelling need for
the development of a new generation of surface layers that are extremely robust under
aggressive conditions. These new protective layers cannot be realized unless a fundamental
knowledge of reaction dynamics and film stability in such environments is obtained. The
underlying atomic-scale interfacial processes involve fundamental physical concepts, such as
equilibrium and nonequilibrium thermodynamics and reaction kinetics, but are often coupled
in ways that are not currently understood. This knowledge gap is a key challenge for
developing new protective films that will provide long-lived stability to materials in extreme
conditions.
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Protective Surface Layers in Reactive Environments

(Courtesy, K. L. More, ORNL)
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A surface layer of Al,O; (alumina) grown at
1150°C on a Ni-Pt-Al alloy is illustrated in the
accompanying image (shown in cross section in a
scanning transmission electron microscope).
Alumina is one of the best protective surface
oxides for very high-temperature, reactive
environments. It is thermodynamically stable in
oxygen-containing environments down to
vanishingly small levels of O, (10 ppm), resists
volatilization in the presence of environmental
species like water vapor, and has good
permeation resistance to environmental oxygen
and other reactive species. Therefore, many alloys
targeted for very high-temperature service rely on
aluminum to form protective alumina or are
protected by coatings that form such. However, to
be truly protective, alumina (or any other
protective film) must be sound (no through-
thickness porosity or cracks) and remain adherent
in the presence of stresses formed during layer
growth or thermal cycling (i.e., the interfacial
adhesive energy between the layer and substrate
must be high). Typically, measured stresses from
the cooling to ambient temperature (thermal
stresses) are much greater (order of GPa) than
those from growth.

The thermal stress in the film (o) from cooling
from a temperature 7T; to Ty can be calculated from
the difference in respective coefficients of
thermal expansion, «, between the film

(subscript f) and the substrate (subscript s), and
the respective Young Moduli (E), Poisson’s ratios
(v), and thicknesses (%), as shown by the
equation. For alumina on a Ni-Pt-Al alloy (and
many other metallic substrates), oy < «, and the
oxide is under compression on cooling.
Therefore, a weak oxide-metal interface and/or
extreme thermal stress will result in decohesion
by a buckling mechanism, as shown in the lower
schematic.
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Breakdown of initially stable films is another area where fundamental insight into atomic-
and molecular-level processes is critically needed. Two prominent breakdown processes in
aqueous environments are pitting and stress corrosion cracking (see sidebar, Localized
Breakdown of Protective Barrier Films). Related phenomena exist in gaseous environments,
such as preferential grain boundary oxidation. However, the most prominent breakdown
route for high-temperature films is related to cracking or decohesion of protective layers.
This breakdown arises from accumulation of strain energy from growth stresses as well as
strains that develop from thermal cycling due to thermal expansion mismatch between
surface products and the substrate on which they are grown or deposited [1] (see sidebar,
Protective Surface Layers in Reactive Environments).

The kinetics of surface film growth is (usually) rapid initially but then slows to a steady-state
regime. During the steady state, not only does the growth rate become constant, the level of
elastic internal stress also approaches a constant value. Processes that take place during the
initial stage are often under nonequilibrium conditions but can dictate the steady-state film
structure and phase constitution. Indeed, in the case of reaction with oxygen-bearing species,
oxygen adsorption and oxide formation on an alloy surface, for example, are functions of
numerous variables, including surface orientation, chemistry, and defect structure; the
principal oxidizing species (e.g., for oxygen, O,, CO,, or H>O) and its partial pressure; alloy
composition and nano- and microstructure; oxide stabilities; and transport properties of both
the alloy and the surface product.

An example of alloy chemistry on high-temperature alloy oxidation behavior is indicated in
Figure 6, which shows gravimetric plots of unmodified and modified Ni3Al undergoing
periodic thermal cycling between the reaction temperature of 1150°C and 100°C. It is seen
that the binary Ni3Al exhibits a relatively rapid initial mass gain that is followed by mass loss
caused by oxide decohesion from the metallic substrate (spallation) due to the imposed
thermal strain. Addition of 5 at. % platinum to the NisAl alloy promotes the formation of an
adherent, exclusive protective Al,Os surface layer that shows mass gain (i.e., no spallation)
throughout the same exposure. Moreover, further addition of 1 at.% hafnium to the Ni;Al(Pt)
causes a substantial reduction in the growth kinetics of the strongly adherent Al,O3 layer.
The first few thermal cycles (graph on right in Figure 6) shows that the hafnium-containing
alloy initially oxidizes more rapidly than the NizAl alloy containing only platinum addition
but eventually leads to a significantly slower-growing Al,Os layer. It is highly noteworthy
that not only did the hafnium addition lead to a significant decrease in Al,O3; growth, but it
also caused the time dependence of the rate to decrease from ~t™ (i.e., parabolic) to ~t™
(i.e., sub-parabolic). The reason(s) for such a significant change has been qualitatively
ascribed to changes in the influence of oxide structure on transport behavior [2]; however, an
accurate, quantitative mechanistic description has not yet been forthcoming. This is just one
illustration of how underlying mechanistic knowledge is needed to achieve the goal of
obtaining a stable surface that is resistant to extreme chemical environments through control
of composition, structure, and interfacial energetics.
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Localized Breakdown of Protective Barrier Films

Breakdown in otherwise stable barrier films can result in accelerated corrosion. Two examples of
such breakdown often seen in aqueous environments are pitting and stress corrosion cracking
(SCC). Once initiated, the local conditions within a pit or crack can rapidly become very aggressive,
and, in fact, propagation of these pitting or cracking events often does not occur without the extreme
conditions caused by localization (chemical for pitting, chemical and mechanical for stress
corrosion cracking).

Two examples of breakdown are shown below. The first is a bright-field transmission electron
micrograph (TEM) of a SCC crack tip propagating in austenitic stainless steel exposed to high-
temperature water. The second is a pit produced in stainless steel that was observed in situ in an
electrochemical atomic force microscope. In both cases, a breakdown in the protective oxide film
results in rapid cracking or pitting due to extremes in chemical and/or mechanical driving forces in
the local environments and thus can cause component failure rather suddenly. In some materials, the
generation or presence of hydrogen produces cracks much like those associated with SCC, with
their propagation rate often exceeding that of the latter by many orders of magnitude.

TEM of SCC crack in stainless steel exposed to In situ atomic force microscopy (AFM) of a pit in
high-temperature water stainless steel in NaCl solution

Sources: Left, courtesy of S. M. Bruemmer and L. E. Thomas, Pacific Northwest National Laboratory, unpublished. Right,
R. E. Williford, C. F. Windisch, Jr., and R. H. Jones, Mater. Sci. Eng. A, A288 54, 2000.
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Figure 6. Behavior of binary Ni;Al and Ni;Al with noble and reactive metal
additions during thermal cycling between 100°C (15 min) and 1150°C (60 min) in
air. Initial weight changes during the first 20 cycles are highlighted to the right. Source:
B. Gleeson, W. Wang, Hayashi, and D. Sordelet, “Effects of Platinum on the
Interdiffusion and Oxidation Behavior of Ni-Al-Based Alloy,” Mater. Sci. Forum
461-462, 213 (2004).

An excellent example of the constructive use of chemical reactivity normally associated with
corrosion is the use of oxidation to passivate silicon and other materials for semiconductor
applications (e.g., see Ref. [3]). Another is the production of porous materials by anodic
oxidation [4]. These examples of controlled oxidation synthesis [5] rely on the same
principles of reaction energetics and dynamics that govern the reactivity at solid-fluid
interfaces and the ability to form stable surface layers. Therefore, gaining atomic-level
knowledge of how to control reaction paths and kinetics under extreme conditions has
enormous potential to lead to new materials and materials processing routes that will enable
the development of materials with greatly improved resistance to surface degradation and
other desired properties.

Basic Science Challenges and Opportunities

Extreme reactivity most often is associated with materials degradation arising from chemical
reactions occurring at interfaces. As discussed previously, establishing stable surface
conditions that resist adverse reactions is the normal way to mitigate this degradation. The
discovery of the principles underlying dynamics and pathways of chemical reactions in
extreme environments present exciting opportunities not only for the discovery of routes to
attain these stable surface configurations but also for synthesis of heretofore inaccessible
materials. While materials degradation arising from chemical processes (e.g., corrosion) has
been studied for many years, today’s rapidly developing capabilities in observing, predicting,
and controlling these processes at the nanoscale hold enormous promise to provide
significant breakthroughs needed for developing materials that meet requirements for future
energy technologies. To achieve necessary breakthroughs that will provide new classes of
materials for future energy applications, the following key fundamental questions must be
addressed.

e How do reaction pathways/mechanisms, products, interfacial and intra-layer transport,
and rate-limiting steps change when materials are subjected to either static or dynamic
extremes in chemical or electrochemical environments?
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e How are processes that are typically controlled by morphology, structure, and defects
affected by extreme chemical activities?

e What new phenomena emerge under extremes in chemical reactivity and can these be
exploited in a beneficial manner, such as for novel synthesis?

e Can processes that occur at chemical extremes be modeled computationally to predict
lifetimes or new and existing materials?

As outlined previously, the range of chemical extremes that are possible in energy systems is
very broad—including exposure of materials to supercritical water, ionic liquids, molten
metals, and sulfur-bearing gases—and is often complicated further by extremes in
temperature, pressure, electrical field, or radiation (see Resource Document, Technology and
Applied R&D Needs for Materials under Extreme Environments, Appendix A). In all cases,
however, the fundamental issues of materials degradation involve the interface between a
material and its environment. Hence, the concept of an ideal interface, or protective surface
layers, under extreme conditions emerges. It actually presents multiple challenges of
developing a basic understanding of phase boundary reactions and stability using state-of-
the-art tools, including modeling and simulation, under dynamic, extreme conditions. In each
case, considerations of energetics and reaction pathways form the foundational science that
underpins development of revolutionary new materials that can resist degradation in extreme
environments or can be synthesized by controlling the reactivity under these conditions.

Atomistic and molecular understanding of oxide growth and breakdown in aggressive
aqueous solutions. An atomistic and molecular understanding of chemical and
electrochemical processes at fluid-solid interfaces is required to unravel the complex and
interrelated effects of interfacial processes on the properties and behavior of materials in
highly reactive fluids. An important example is understanding the electrochemical processes
controlling ionic-to-electronic-current conversion. These processes are associated with both
high-impedance interfaces and high-field (e.g., 10’ volts/cm) conduction of ions across an
oxide film and associated breakdown mechanisms, particularly at high temperatures
(>200°C) (Figure 7). There is also a need to understand the chemical and mechanical stability
of these films and charge transport across them. These are very challenging issues to address
and can be enormously difficult when these interfaces are under additional extreme
conditions. For example, under the influence of radiation, the role of displacement damage
on the physical and electronic characteristics of the protective oxide film can affect the
integrity, chemistry, or physical properties of the film.

O,
V= potential Figure 7. Schematic of the high-field ion
E =field = V/d  conduction across growing oxide film experienced
O, under electrochemical conditions. Cabrera-Mott
B 107 V/em electrons tunnel across oxide to dissociate oxygen and
produce fields that enable this high-field conduction.
Courtesy of H. S. Isaacs, Brookhaven National

Laboratory.
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Growth, adhesion, and stability of surface products formed in high-temperature gaseous
environments. As in aqueous systems, surface films (products of interfacial chemical
reactions) formed in gaseous environments play an important role in controlling the
environmental reactions and protecting the underlying material. However, because these
systems are typically at much higher temperatures, subsurface solid-state processes are active
and, with microstructure, thermodynamics, and stress, play an important role in mediating
overall reactivity of the material with the environment and/or setting the physical and
chemical stability of the product layer. Most problems of scientific and practical interest
involve multiple components as well as multiple reaction pathways. For example, conditions
that can be both oxidizing and sulfidizing to alloy components are found in fossil energy
systems. The 