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Abstract

United States Air Force aircraft currently average 30 years old. As this aircraft fleet
continues to age, the cost of corrosion maintenance, both in terms of dollars spent and lost
operational readiness, increases correspondingly. Corrosion maintenance cost the Air Force over
$1.5 billion in 2004, and trends show that number quickly rising, as it cost only $800 million in
1998. These rising costs must be reversed before Air Force operations suffer serious detrimental
effects. Nanotechnology offers one possible solution for creating new revolutionary
anticorrosion coatings capable of adapting to environmental damage and conditions.
Nanoscience research and development aims to discover new properties and behaviors of
materials at the nanoscale (1 to 100 nanometers (nm); 1 nm = 10 m). Nanotechnology,
subsequently, is the application of nanoscale discoveries toward accomplishing specific
functions. The proposed nanotechnology-enhanced corrosion control coating, or NEC?, will
prevent and combat corrosion degradation by directly targeting the thermodynamic enablers to
corrosion, namely the galvanic cell formed between the anode, cathode, and electrolyte.
Specifically, it will detect and repair small coating damage, detect and signal maintainers of
moisture intrusion, detect corrosion and signal maintainers of its presence, release inhibitors to
combat corrosion, replenish its corrosion inhibitors from the environment, and integrate needed
repairs to the coating. Though significant technological hurdles remain, such as developing
successful self-assembly methods and efficient nanocomponent manufacturing and integration
processes, a trend forecast based on microelectromechanical systems (MEMS) development
indicates that an integrated approach to research and development should make the NEC®

possible by 2029.
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Introduction

United States Air Force aircraft currently have an average age of 30 years. Fighter aircraft
average 21 years; bombers average 30 years; while tankers average an amazing 47 years old!"'
Another way to estimate the age of an aircraft involves the operational age, or number of flight
hours, combined with the severity of the operating environment. This provides the best estimate
of an aircraft’s true “age” and corresponding remaining service life, much like comparing a car’s
highway versus city driving miles. The harsher the environment the more it causes “aging” of
the vehicle. As this operational age increases so do the number of aircraft maintenance issues.
Of these, fatigue cracking and corrosion damage prove to be the two most common and
detrimental issues affecting Air Force aircraft operations and maintenance costs.>  While fatigue
cracking damage proves slightly more common, corrosion produces the single largest siphon of
maintenance cost and man-hours, bleeding over $1 billion annually from the Air Force budget.’
As the aircraft fleet continues to age, the cost of corrosion maintenance, both in terms of dollars
spent and lost operational readiness, will increase correspondingly.

The Air Force has historically combated corrosion in two ways—through the use of coatings
to protect materials from environmental effects, and through the development of better metals to
reduce susceptibility to corrosion. Materials science research and development (R&D) aimed at
engineering new metals less prone to corrosion has proven very successful. This paper, though,
targets the development of new “adaptive” coatings capable of better preventing, detecting, and
combating corrosion. Specifically, it investigates the potential to leverage nanoscience to create
adaptive corrosion coatings that combat the environmental conditions that enable corrosion.

Nanoscience involves research and development aimed at discovering new properties and

behaviors of materials at the nanoscale (1 to 100 nanometers (nm); 1 nm = 10" m).
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Nanotechnology is the application of nanoscale discoveries toward accomplishing specific
functions.* Nanoscience and technology R&D sprouted largely over the last two decades of the
20™ century as a result of transistor technology advances in the computer industry. Nanoscale
materials are already in use and having profound effects in certain industries. Examples include
nanostructured coatings applied to cutting tools and wear-resistant components, the controlled
manufacturing of silicon transistors on the nanoscale, and a computer’s nano-thin magnetic film
on the spinning disk. >® The recent increased world-wide focus on nanotechnology research will
serve to advance this industry farther and faster than ever before.

This paper argues that nanotechnology can be leveraged to create new revolutionary
anticorrosion coatings capable of adapting to environmental damage and conditions, effectively
eliminating the AF’s #1 aging aircraft concern. To accomplish this, it first outlines the main Air
Force corrosion issues and impacts, along with a brief discussion of the science behind corrosion
degradation. From this, it derives the corresponding historical and current AF corrosion
prevention methods. Next, the paper lays out the relevant basics of nanotechnology, highlighting
relevant areas that offer potential corrosion prevention and control solutions for the future. The
paper then turns to focus specifically on what relevant technological and social advances need to
occur before an adaptive corrosion prevention nanocoating can be realized, specifically by
looking at technological, support, and military suitability hurdles. Finally, it leverages an
overview of the technological development of microelectromechanical systems (MEMS), the last
effort to miniaturize technology and the closest for comparison with nanotechnology, to
extrapolate a nanotechnology future trend portraying how a corrosion prevention coating may

develop over the next 20 years.



AU/ACSC/AVRAM/AY09

Chapter 1. Air Force Corrosion Issues and Resulting Impacts

Industry manufactures Air Force aircraft on the leading edge of the design envelope,
utilizing mostly advanced aerospace aluminums with high strength-to-weight ratios. Military
spending cuts, and the resulting reductions in aircraft acquisition projects, have forced the Air
Force to utilize its fleet of aircraft well beyond their original design service lives.”® Managing
this aging aircraft fleet to ensure structural integrity for operations has therefore become a main
focus of AF sustainment engineers and maintainers.” Fatigue cracking and corrosion degradation
inflict the most damage on the aging aircraft fleet. While these two issues can occur separately,
they often have a synergistic effect, with corrosion damage acting as an initiation point for
fatigue cracking. The most notable example of this was the 1988 catastrophic failure of Aloha
Airlines Flight 243, where 18 feet of fuselage exploded off in flight, causing numerous injuries
and the death of a flight attendant. The resulting investigation showed that the combined effects
of corrosion and fatigue cracking caused the accident.'’ This chapter summarizes the main Air
Force corrosion issues and impacts beginning with an overview of the main corrosion types and

followed by a look at both the operational and financial costs of corrosion.

Corrosion Types

Corrosive degradation takes on many forms dependent on the materials being utilized, the
type of loading involved, and environmental factors. The Center for Aircraft Structural Life
Extension (CAStLE) at the USAF Academy displayed this well in a graphic published in 2007 as
part of their failure analysis course, shown in Figure 1."" While the graphic shows seven
different variants of corrosive attack, the four that the AF most commonly confronts are pitting,

intergranular attack, exfoliation, and stress corrosion cracking (SCC).
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Figure 1 Types of Corrosion Common to Aerospace Aluminum Structure

Pitting—a localized inhomogeneity that causes a “pit” in the material surface—is the
origin for all other forms of corrosion. Severe pitting also risks fatigue crack initiation. If pitting
is not in conjunction with an applied load, it is common for continued corrosion to propagate
along the aluminum’s grain boundaries. All metals are crystalline and consist of an ordered
network of “grains”, the microscopic portions of the material with identical atomic structure.'”
Depending on the orientation of the grains, corrosion can either be intergranular, where the
corrosion propagates into the depth of the material, or exfoliation, a variant where corrosion runs
parallel to the metal surface and causes metal to flake off in thin sheets. Figure 2 shows

examples of all three non-stress related corrosion types.'

Figure 2 Photographic Examples of Pitting, Intergranular, and Exfoliation Corrosion, respectively
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When aircraft loading exists in combination with a corrosive environment, SCC acts as
the main corrosion mechanism. This presents a large problem for the Air Force because it occurs
with even mild corrosive environments and seemingly negligible static loading—far below
maximum design loads. Consequently, large cracks can occur unpredictably and take
maintainers by surprise. As with other types of corrosion, the risk that SCC might transition into
a fatigue crack and continue to propagate to dangerous lengths subsists. Figure 3 shows an

example of SCC."*

Figure 3 Photographic Evidence of a Stress Corrosion Crack in Aluminum Aircraft Structure

Operational Costs of Corrosion

Corrosion damage profoundly impacts AF operations and maintenance costs and unless the
AF develops better corrosion control and prevention methods the historical trends do not bode
well for future operations. According to an Air Force Air Logistics Center, the number of
additional maintenance man-hours required to repair corrosion damage afflicting one specific
fighter/attack fleet had increased from 3,500 hours in 2005 to more than 5,000 hours in 2008. In
just this four-year time span unexpected maintenance due to corrosion damage increased by
more than 45%."> This general trend of a worsening corrosion problem is present throughout the
AF, with the worst effects felt in the tanker and transport communities. Historically, tanker and
transport fleets suffer even more serious corrosion degradation problems, with fighter/attack

fleets tending to suffer more from fatigue damage.'® Fighter aircraft are designed much closer to
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the limits of the aeronautical design envelope than tanker and transport aircraft, with smaller
margins of safety. This allows them to be more agile and maneuverable, exposing them
frequently to high operational fatigue loads that often lead to fatigue crack initiation. Tanker and
transport aircraft, on the other hand, operate in safer and less harsh environments. As a result,
tanker and transport aircraft do not develop aggressive widespread fatigue damage as quickly
and operate in service much longer, where corrosion plays a larger role. To reinforce this view,
the average age of AF fighter aircraft is 21 years old, while the age of tankers is 47 years old.
While aircraft depots perform a majority of corrosion maintenance, operational field units
also perform extensive amounts.'’ As the AF aircraft fleet continues to age, corrosion
maintenance will become an even larger part of both depot and field unit maintenance
operations. This increase in overall corrosion maintenance required causes a corresponding
impact on AF operational readiness due to the loss of aircraft availability. This impact on
operational readiness can easily be visualized, but actual corrosion maintenance operation

statistics are more readily available in terms of financial costs, as opposed to operational costs.

Financial Costs of Corrosion

Along with substantial impact to operational readiness, aircraft corrosion degradation also
significantly burdens the AF financially. According to the 2004 Cost of Corrosion report, the AF
spent $1.5 billion dollars on corrosion maintenance alone, with almost $1.2 billion directly
related to aircraft fleet maintenance. The costs of corrosion includes not only direct aircraft
repairs, but also corrosion prevention, detection, and engineering support, which make up a
sizeable portion of the overall cost. In fact, approximately 29%, or $354 million, of the cost goes
toward corrosion prevention (painting, washing and inspection).'”® Appendix A contains more

specific information regarding aircraft corrosion maintenance cost.
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Additionally, corrosion maintenance is a growing portion of the overall USAF annual
maintenance budget. According to the 1998 Cost of Corrosion report, the AF spent less than
$800 million on corrosion. That is an 87.5 percent increase in corrosion maintenance costs in the
six years leading up to 2004’s estimate of $1.5 billion." This growing corrosion cost will
continue to worsen as AF weapon systems are utilized past their designed service lives. As of
2004, three of the four most expensive corrosion maintenance air frames—the XC-135 fleet
($351 million annually), the C-130 fleet ($121 million annually), and the A-10 fleet ($75 million
annually)—have no planned replacement and will continue to be significant contributors to the

AF mission past 2025.7%2!2>%3

Chapter 2.  The Science Driving Corrosion and Corrosion Prevention Methods
Clearly corrosion degradation is a legitimate problem affecting Air Force operations.
Therefore, developing better methods to prevent and control aircraft corrosion needs to be
addressed as a crucial need. In order to understand how best to combat the corrosion problem,
one must first understand the basics of why components corrode. Combining understanding of
the corrosion process with experiences gained through historical Air Force corrosion control
methods and research results on potential future prevention methods allows the best opportunity

to develop successful nanotechnology-based corrosion prevention coatings.

Corrosion Degradation Based on Thermodynamics and Kinetics

Thermodynamics drives the corrosion process, which requires each of the following actors
to be present: an anode, a cathode, an electrolyte, and susceptible materials. When two
dissimilar materials become connected to each other by an electrolyte (an electrical-conducting
liquid medium), one material acts as the anode, or material more prone to give up its electrons

and corrode, and the other acts as the cathode, or material more prone to receive electrons in the
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specific circuit, based on their relative position in the Galvanic Series.** The Galvanic Series
rank-orders different alloys based on their anodic or cathodic tendencies in a specific electrolytic
environment, such as seawater.”> Appendix B shows an example of this series.

Thermodynamics answers the question, “Will corrosion happen?”, based on the difference
in Gibbs free energy, or AG, of a system.”® AG measures a closed system’s (fixed mass and
composition; constant temperature and pressure) tendency toward stable equilibrium. Gibbs free
energy is defined mathematically by the expression, G = H — TS, where H is enthalpy, 7 is
absolute temperature, and S is the entropy of the system.”” Appendix C includes a more detailed
description of Gibbs free energy and the specific properties used to define it. AG is known for
many reactions and can be looked up in charts, like the one shown in Appendix C. When a
negative AG exists for a chemical reaction between two materials, corrosion will occur.
Electrical current flows between the anode and the cathode causing negatively charged metal
ions (anions) to be emitted as corrosive by-product, causing degradation. Reference the

following representation for a better understanding.

Figure 4 Graphic Showing Corrosion Process

Kinetics, as opposed to thermodynamics, answers the question “How fast will corrosion

(_Q/RT), where 4 is a

occur?” An Arrhenius equation defines this rate, expressed as, rate = A
material constant, Q is a material activation energy (free energy required to drive a specific

reaction), R is the universal gas constant, and T is absolute temperature.”” Outside of choosing
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materials wisely to control the applicable properties (4 and Q), temperature remains the only
variable that can be manipulated to reduce corrosion rate. Per the equation, higher temperatures

result in more rapid corrosion, and vice versa.

AF Historical Prevention Methods

Thermodynamic and kinetic processes play main roles in every corrosive reaction. Slowing
the kinetic process or eliminating the thermodynamic process correspondingly affects the
corrosion process. As already stated, outside of material properties, manipulating temperature
remains the only variable that can slow the kinetic reaction of corrosion. Unfortunately, while
reducing the temperature would slow down corrosive reactions, it is not feasible to control the
temperature over the entire surface of an aircraft. Also, while material science research has been
very successful in minimizing corrosion susceptibility, new generations of aluminums still
experience corrosion. More importantly, the current aging aircraft dilemma does not benefit
from these new materials. As a result, the Air Force’s most viable corrosion prevention and
control methods for aging aircraft aim to reduce or eliminate the thermodynamic corrosion
enablers, specifically the galvanic cell formed between the anode, cathode, and electrolyte.

According to Technical Order (T.O.) 1-1-691, “Cleaning and Corrosion Prevention and
Control, Aerospace and Non-Aerospace Equipment,” a successful corrosion prevention and
control program includes “thorough cleaning, inspection, preservation, and lubrication, at
specified intervals.”*® Cleaning removes accumulations of condensation that might combine
with surface sediments of dirt, salt, or dissolved engine exhaust gases to form highly corrosive
electrolytic solutions. This is a crucial step, as testing has shown that sea water (highly

corrosive) accelerates the corrosion rate by up to 1000 times over distilled water (inert).”’
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Lubrication of moving aircraft components reduces the chance of wear, reduces contact
between dissimilar materials, displaces water and other possible electrolytes, and reduces the
local operating temperature.> Component wear breaks down surface corrosion prevention
coatings, so eliminating it is critical. Additionally, reducing effective surface temperature
reduces the rate of corrosion. Preservatives provide corrosion preventive compounds (CPCs)
that protect metallic aircraft, missile, and other component parts by preventing corrosive
materials from contacting and corroding metallic surfaces.”> The Air Force utilizes both water
displacing and non-water displacing CPC’s, depending on the specific application.

Lastly, inspection provides a crucial corrosion deterrent for the Air Force’s corrosion
prevention and control program. Detection of corrosion early allows any corresponding damage
to be minimized. Otherwise, severe damage can ensue causing aircraft downtime and substantial
maintenance costs, or even loss of an asset. Maintainers utilize both visual inspection and non-
destructive inspection (NDI) methods to search for corrosion symptoms. The maintainers eyes
remain the main tool used for visual inspection, but magnifying glasses, boroscopes,
videoscopes, and fluorescent dye penetrant aid greatly in the process. NDI involves utilizing
equipment and methods to detect corrosion damage below metal surfaces without damaging the
aircraft. The main tools used for NDI are eddy current and ultrasonic testers, and radiographic
(X-ray) equipment.>* Any corrosion found is repaired in accordance with Air Force T.O. 1-1-

691 and other specific aircraft repair manuals.

Future Trends in Corrosion Prevention and Control
Engineers aim to better manage corrosion degradation by designing in corrosion prevention
through better material selection in the acquisition process. Aerodynamics, structures, avionics,

fuel systems, and hydraulics design make up just a few of the iterative design efforts ongoing at

10
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any given time during airframe design. Within these efforts, designers tend to focus more on
performance-based aspects of the product, as opposed to life-cycle aspects, like corrosion
control. This attitude may be engrained in engineers from their educational experiences, as one
professional noted, “the instruction we received in this class discussed what corrosion is, and not
how to select materials and technologies to prevent its occurrence.” In reality, much of DOD’s
corrosion degradation could be avoided with smarter design.’® The DOD’s recently established
Office of Corrosion Policy and Oversight ensures that new acquisition programs now plan for
corrosion prevention and control from the beginning of a system’s life-cycle through proper
material selection.’’

Air Force efforts also aim to utilize superior processes and inspection techniques to better
manage fleet corrosion. Detection of corrosion early limits material degradation and ensures that
it does not transition into more serious problems, such as fatigue crack initiation. As such,
Battelle® is working to apply coating-embedded sensors that provide qualitative information on
coating viability and also detect corrosion occurring under the coating.*® Additionally, the Air
Force develops and utilizes better processes to manage specific corrosion concerns. For
instance, R&D specifically targeted sand and dust intrusion in the Southwest Asia operating
environment and resulted in more effective sealants, sealing tapes, and gasket materials that
provided better corrosion prevention and control to deployed units.” They also make strides
with fleet modernization efforts. One study covering a 10-year span showed that more
corrosion-resistant aluminum, better sealants, wet installation of fasteners, and more corrosion-
resistant coatings applied to the C-5 Galaxy and C-130 provided a 53 percent and 82 percent

. . . . . 4
reduction in total corrosion maintenance cost, respectively.*’

11
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Lastly, the Air Force teams with industry and academia to develop more technologically
advanced corrosion prevention coatings. University of Pittsburgh researchers are working with
AFRL to develop new novel corrosion inhibition methods, specifically targeting aluminum
surfaces.* Also, researchers at several leading universities collaborated R&D efforts to develop
corrosion-resistant metallic coatings. These coatings would provide on-demand release of
corrosive ionic inhibitors (positively charged ions, called cations, to counter the negatively
charged anions released by the corrosion process), a local barrier to corrosive environments, and
sacrificial cathodic prevention to protect against corrosive degradation.*? Finally, University of
Virginia researchers, funded by the DOD, researched an environmentally compliant, multi-
functional coating for aerospace application. This new coating would combine corrosion
inhibitors, embedded sensors, and a nanotechnology-enhanced coating layer to sense both

. . . . . 4
corrosion and mechanical damage and actively combat corrosive degradation.*

Chapter 3.  Nanotechnology Overview

While all of the AF’s efforts to prevent and control corrosion degradation have merit, the
considerable size and cost of the corrosion dilemma calls for even more aggressive efforts at
stemming this problem. Nanotechnology interest as a potential solution has risen, as the
University of Virginia research indicates. According to the National Nanotechnology Initiative
(NNI), nanotechnology is the “ability to work—to see, measure, and manipulate—at the atomic,
molecular, and supra-molecular levels, in the length scale of approximately 1-100 nm range, with
the goal of understanding and creating useful materials, devices, and systems that exploit the
fundamentally new properties, phenomena, and functions resulting from their small structure.”**

More simply put, nanotechnology aims to apply newly discovered material properties at the

nanoscale toward developing capabilities across fields of science, engineering, and medicine.*
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Nanotechnology Background

Advances in scientific instruments related to computer and information technology
development first enabled manipulation of objects more than 1,000 times smaller than a
microcircuit.*® The earliest applications of nanoscale materials involved free-form use of
nanoscale powders for cosmetics, reflective paints, and wear-resistant coatings.*’ The military
soon realized the potential of nanotechnology and became a main driving force in R&D in the
1980’s with programs like the Ultra Submicron Electronics Research program, the Navy’s
interfacial nanostructures research for coatings technology, and the Army’s Institute for Soldier
Nanotechnology.” Federal coordination on nanotechnology research efforts began informally in
1996, but started officially in 1998 with the establishment of the Interagency Working Group on
Nanotechnology (IWGN). Support for nanotechnology reached the highest levels of government
in 2001 when then-President Clinton recognized nanoscale science and technology as a national
initiative, establishing the NNI with the goal of coordinating national R&D efforts.*’

Since the establishment of the NNI in 2001 nanotechnology research has resulted in
numerous new military and industrial capabilities. The US oil industry saves approximately $12
billion a year using nanoparticles called zeolites that extract up to 40 percent more gasoline from
crude oil.>° Also, nanoparticle filters remove “viruses, bacteria, and protozoa such as Hepatitis

A, E-coli and Giardia from water.”!

In 2002, the US Navy started using a nano-coating on ship
air intakes and exhaust valves, resulting in an estimated $20 million savings over the next 10
years.”> More than 1200 companies currently conduct nanotechnology research and
development and sales of products incorporating nanotechnology amounted to $32 billion in

2005. Along with applications already available for military and industrial use, numerous

R&D programs exist that show promise for future applications. Nanostructured coatings for
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detection of chemical and biological warfare agents, carbon nanotube-reinforced composite
structures, antibiotics based on peptide nanotubes, and metallic iron nanoparticles used to filter

groundwater contaminated with heavy metals are just a few examples.>*

Hurdles to Nanotechnology Development

Nanotechnology, like other developing advanced technologies before it, must overcome
technological and social challenges to realize its full potential. The largest technological hurdle
lies in nano-manufacturing. The size and negligible mass involved at the nanoscale makes the
process and equipment for manufacturing more challenging to develop and produce. Widely
used microchip-based top-down construction methods have inherent scale limitations. Self-
assembly is a bottom-up construction method where individual atoms and molecules are
organized by energy minimization and/or selective affinity of the substructures into specified
nanocomponents.”> This method does not suffer from scale limitations and must be fully
understood and developed. Additionally, integrating molecular components into higher-order
working machines and systems presents a large challenge.’® Nanoparticles, with their inherent
increased surface volume, cause difficulties with friction, stiction, surface tension, etc. during
operation. Finally, there are challenges associated with making nano-manufacturing economical
for industrial use.”’

Technological hurdles provide the most obvious challenges to nanotechnology progress, but
a lack of sufficient funding and support can also derail nanotechnological advancement. With
only limited funds available, projects with the most chance of being successful—as opposed to
more challenging yet feasible research projects with larger technological payoffs—have the best
chance of getting funded.”® Additionally, the new field of nanotechnology is highly dependent

on a full understanding of many science and engineering fields—physics, chemistry, biology,
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mechanics of materials, etc. Without national interagency partnerships, along with international
cooperation, nanotechnology advancement could stall.”® Scientific transparency and cooperation
will allow nanotechnology to advance more quickly with less wasted effort, making a
nanotechnology-enhanced corrosion control coating a realizable near-term reality, as opposed to

simply a distant pipe-dream.

Chapter 4.  Nanotechnology Applied to Corrosion Prevention and Control

At 0500 hours, the sun is just starting to peak over the mountains in Tucson, AZ. As TSgt
Smith and his maintenance crew approach his A-10 Thunderbolt 1l at Davis-Monthan AFB, he
cannot help but reflect back on how much maintenance has changed over the course of his 14-
vear AF career since he took the oath in August, 2012. He yells to SrA Duffy to hit the
ultraviolet lights in the hangar. During the walk-around, three small areas on the plane jump
out at him—two glowing purple and one glowing yellow. The AF has been using a new aircraft
coating—one that combines paint scheme and corrosion prevention/control—for the last few
years, and it has truly revolutionized aircraft maintenance. When the coating glows purple
under ultraviolet light, it means that a form of corrosive attack has occurred at the metal
surface. This isn’t necessarily a disaster, as the coating now actually fights the corrosion itself
by releasing metal cations to counter the anions released through the corrosion process. As the
coatings supply of cations is depleted, it replenishes them by taking hydrogen electrons out of
water vapor in the air through an electrochemical process, with the only by-product into the
atmosphere being negligible amounts of pure oxygen. After a quick ultrasonic inspection of the
area, TSgt Smith’s team determined no significant corrosion damage requiring repair at either

spot was indicated.
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Now TSgt Smith’s team moves to a closer inspection of the glowing yellow spot, which
indicates some form of moisture at the coating/metal surface interface. It is essential that this be
eradicated as quickly as possible, as moisture acts as a corrosive-enabling electrolyte. After a
thorough NDI inspection of the area, the team verifies the presence of moisture, so a repair will
need to be done. To accomplish this, TSgt Smith puts SrA Duffy and A1C Folley in charge of
removing the coating, drying out the metal surface, and re-applying the coating to re-seal the
area. The new coating and old coating integrate perfectly as the repair is baked on with minimal
applications of heat. TSgt Smith thinks back to how it took a team an entire day just to inspect
the aircraft when he first arrived on station. With the small size of the corrosion and moisture
damage, they wouldn’t even have found these spots until significant corrosion damage had
occurred, requiring much more time and manpower-intensive repairs. Thanks to the new
coating, his team required only 2.5 hours to not only inspect the aircraft, but determine the

extent of corrosion and moisture infiltration and process all repairs. What a savings to the AF!

Nanotechnology-Enhanced Corrosion Control Coating Relevance Tree

The previous scenario describes a potential application and the corresponding advantages of
the nanotechnology-enhanced corrosion control coating (NEC?) in preventing and combating
corrosion degradation. The NEC® concept possesses the ability to detect and self-repair coating
damage; detect moisture at the coating/metal interface and signal maintainers; detect metal
anions, the product of corrosion; release metal cations to inhibit the corrosion process, while
signaling maintainers for a more thorough human inspection; sustain itself by absorbing
electrons from the atmosphere to replenish deficiencies in metal cations; and automatically
integrate repairs to the coating. This capability would greatly enhance the Air Force

maintainer’s ability to combat corrosion, while freeing up their time and resources for other
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operational challenges. In order to make this scenario a reality, however, many developmental
hurdles must be targeted, investigated and overcome.

A relevance tree breaks down a significant problem into successively smaller parts to
highlight those steps that must be accomplished to move an idea from a mere concept to an
actual capability.®® As already discussed, there are numerous hurdles between the concept of a
nanotechnology-enhanced corrosion prevention coating and its application. Appendix E shows

the relevance tree developed to break down this problem.

Relevance Tree Key Node Analysis

The NEC® relevance tree has over 140 branches; hence it is not feasible to analyze every
branch in the tree specifically. This key node analysis, therefore, highlights the main hurdles to
technological advancement of nanotechnology from its potential capabilities to actual application
in fighting aircraft corrosion. This analysis provides a broad survey of three of the branches: the

technological branch, the support branch, and the military suitability branch.

Technological Key Node Analysis

The technological branch has three main sub-branches: nano-manufacturing, corrosion
control, and coating maintainability. Each branch contains significant hurdles to be overcome
before this technology will be viable. First, nano-manufacturing poses the largest technical
hurdle to the advancement of nanotechnology. Researchers point out the inherent problems
associated with equipment utilized to manufacture atomic- or molecular-sized components—they
will be the same size or larger than the atoms they are attempting to manipulate. Also, atoms,
especially carbon, bond to almost everything. This “fat” or “sticky fingers” argument presents
one of the key proposed dilemmas facing nanomanufacturing.®’ Researchers have proposed an

atomic force microscope (AFM) with a “gripper” able to manipulate single atoms or molecules
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(see Figure 10 in Appendix E), but further development must be accomplished.®> Bottom-up
self-assembly methods, such as block copolymer-directed assembly, dielectropheretic assembly,
or tailored adhesion, have been proposed as future solutions to this problem, but more research
needs to be accomplished (Table 7 in Appendix E lists leading self-assembly methods with
corresponding applications).®® Integrating atomic or molecular nanocomponents into higher
order working systems, hence overcoming surface volume effects of friction, stiction, surface
tension, and electrostatic forces, also poses technical hurdles and requires significant
research.®® Once nanomanufacturing has been more fully developed, industrial manufacturing
processes must be developed to ensure feasible, efficient, repeatable and cost effective
production of nanocomponents.®

Along with nanotechnology development, specific corrosion control hurdles exist in
developing a nanotechnology-enhanced corrosion control coating. For the coating to be
adaptable to corrosion it must detect the metal anions released by the corrosion process,
automatically release cations to combat the corrosion, and then be able to replenish its supply of
cations to be prepared for the next “corrosion battle.”®”*® This electrochemical process will
require an electrical power source to drive this process. The electric field created by corrosion
could potentially fill this role.”” An energy source built into the coating, such as solar energy, or
a nano-battery sheet, provides another potential power option. A nano-battery film has already
been demonstrated using nano-engineered viruses.”’ The ability to signal maintainers, saving
countless hours of inspection time on each aircraft, is an essential capability of the proposed
coating. Nanomaterials show interesting light emitting properties, such as cadmium nanocrystals
fluorescing color dependent on the crystal size.”' Research can further develop these properties

to utilize them for flagging corrosion, moisture, or other issues pertinent to aircraft maintenance.
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The final technological branch includes coating maintainability, a key issue to AF
maintainers because aircraft live and operate in harsh environments. The ability to “self-heal”
small damages which might occur from foreign object damage (FOD) strikes, hail damage, or
other normal wear and tear would greatly benefit the Air Force. Although a large technical
hurdle, the benefits of reducing the routine maintenance burden and protecting the integrity of
the corrosion prevention coating make the R&D effort worth it. Ease of application and the
ability to repair small areas with complete integration in the nanocoating system are also
essential requirements for coating maintainability. Lastly, the coating must not inhibit NDI
capabilities of maintainers. The NDI methods utilized to detect corrosion, delamination,
disbonding, fatigue cracking, etc. are visual inspection using the naked eye and fluorescent dye
penetrant, eddy current inspection, ultrasonic inspection, and radiographic (x-ray) inspection.’

The NEC® must be compatible with these inspection methods.

Support Key Node Analysis

The second main branch in the NEC® relevance tree key node analysis is the support branch,
which contains two main sub-branches: funding support and institutional support. For
nanotechnology development, and hence the NEC?, to progress efficiently across the spectrum of
design challenges and applications, hurdles in both of these areas need to be overcome. First,
funding support can be further broken up into two broad areas: research and development, and
institutional development. With only limited dollars available to fund nanotechnology R&D,
much competition exists. The tendency to fund programs that have a high chance of success, yet
overlook the potentially revolutionary, high risk projects, dominates the funding process. While
the NNI realizes this and moves to support revolutionary initiatives, limited funding often results

in one-year “proof-of-concept” grants. For very challenging R&D problems, like revolutionary
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nanocomponent self-assembly methods or a nanotechnology-enhanced corrosion control coating,
one year is often not enough time to prove a concept.”

Funding must also be allocated for development of nanotechnology research and
manufacturing facilities. Two of the NNI’s five funding themes—Centers and Networks of
Excellence and Research Infrastructure—focus on setting up R&D research facilities and
coordinating efforts between government, industry, and academia.”® In September of 2001, the
NNI announced plans to spend $65 million over 5 years establishing six university-based
nanotechnology R&D centers, with the caveat that each of the centers collaborated with
industry.” Efficient nanotechnology assembly and nanocomponent manufacturing facilities and
processes must be in place before the NEC® can be realized. This goal requires early
collaboration of all research entities.

Along with funding, institutional support for nanotechnology research and development
efforts across the spectrum of sectors—government, industry, academia, and international—is
critical to the continued development of the technology and makes up the second main area of
the NEC? relevance tree support branch. “Nanotechnology is highly interdisciplinary. It is not
just chemistry, molecular biology, medicine, physics, engineering, information science and
metrology; it is all of these fields at once.”’® The NNI has traditionally done a good job
coordinating R&D across all of the sectors.”” In 2001, the NSF chaired a conference reporting
on over 65 nanotechnology Small Business Innovative Research (SBIR) awards funded at more
than $11 million. The DOE’s Nanoscale Science Research Centers are open to US industry
researchers, either for free or for a modest fee. Along the same lines, the NSF works specifically
with academia by providing nanofabrication research infrastructure at five US universities,

available for academic or industrial research.”®
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Along the same lines, support for the development of nanotechnology education and
training opportunities, starting at K-12 and going through post-graduate opportunities, is vital to
the progression of the technology.””® This will help ensure that scientists and engineers
synergistically focus on technology hurdles and that trained technicians exist to produce the new
technology once it is available. Government agencies, like DOD, DOE, DOT, NASA, and NSF,
are leading multi-disciplinary, multi-agency efforts across the spectrum of the NNI’s nine Grand
Challenge Areas.® State and local nanotechnology research must be monitored and coordinated
with these efforts to ensure transparency and coordination of R&D efforts. Nanotechnology
support and funding hurdles must be overcome to ensure general nanotechnology R&D efforts
continue to progress and build toward technology breakthroughs. General nanotechnology
breakthroughs, such as developing atomic self-assembly methods or nanocomponent integration
processes, are essential to the successful development of the NEC? in the face of its many
technological hurdles. For reference, Appendix D further details the NNI’s initiatives to support

nanotechnology development

Military Feasibility Key Node Analysis

The last main branch in the NEC? relevance tree key node analysis reviewed in this paper is
the military feasibility branch. This branch attempts to break down the hurdles to the efficient,
successful military utilization of this coating by specifically looking at coating application,
environmental protection, and integration into military maintenance manuals. Attempts should
be made during R&D of the new coating to ensure its compatibility with current Air Force
coating application equipment. If necessary, should NEC® requirements force the issue, new Air
Force-appropriate application equipment will be developed. New equipment must be compatible

with Air Force standards and interoperable with existing maintenance equipment, both for
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utilization at home-base and at deployed locations. Also, all new maintenance equipment must
be maintainable, with adequate industrial support, both for repair operations and for spare parts.
Along with ensuring feasibility of application, the NEC® must also comply with regulations
prohibiting use of chromate conversion coatings for environmental and personnel protection.
Chromium is listed as a hazardous material and must be eliminated from Air Force operations
and installations in accordance with Executive Orders 13148 and 13423 and OSHA requirements
per Hexavalent Chromium Standard 29 CFR 1910.1026.**® Chromium has been the mainstay
of Air Force corrosion control coatings and there is still no completely chromium-free coating
system available, so this is a significant hurdle to military suitability of the NEC® system.®
Lastly, processes for application of the NEC® must be in accordance with Air Force
standards. Testing on the new corrosion coating must be coordinated with weapon system
corrosion managers, to ensure oversight and compliance with standards. This would also allow
the most conservative testing to be accomplished, i.e. the harshest environments and flight
spectrums. To minimize the risk to Air Force assets, testing will be implemented in the field by
aircraft size, corrosiveness of the materials, and by aggressiveness of the operational
environment.® Once processes have been fully developed and accepted, they must be added to
the appropriate technical orders (AF T.O. 1-1-8, Application and Removal of Organic Coatings;
T.O. 1-1-691, Cleaning and Corrosion Prevention and Control, Aerospace and Non-Aerospace
Equipment; etc.) and job guides. Maintenance personnel must then be trained to apply the

coatings, both initially and for repair operations.***’
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Chapter 5.  Nanotechnology Forecasting
Technological forecasting attempts to predict how future technology will develop and what
timeline of development might be expected. One way to accomplish this is a method called
extrapolation, which uses technological patterns observed from the past to project developmental
trends into the future.*® For this forecast, historical technological development observed for
microelectromechanical systems (MEMS) will be utilized as an example to illustrate what can be

expected for the nanotechnology development timeline, and subsequently for the NEC>.

MEMS Definition and Developmental History

To paraphrase one definition, MEMS is the integrated microsystem which converts physical
stimuli to electrical, mechanical, and optical signals and vice versa; performs actuation, sensing,
and other functions; comprises control, diagnostics, signal processing, and data acquisition
features; and comprises microscale features of electromechanical, electromagnetic, electronic,
electro-optical, optical, electrochemical, and biological components, architectures, and operating
principles.*” More plainly, MEMS aim to utilize the combined effect of micro-devices to
achieve specific effects in a macro-world. MEMS development began in the 1960°s and has
evolved steadily since then as needs arose in the integrated circuit (IC), auto, audiovisual, and
other industries. This discussion is not meant to be an exhaustive study of MEMS development,
but rather will focus on general technological development, with specific mention of
fundamental advances that led to the three biggest MEMS success stories: pressure/acceleration
sensors, ink jet print-heads, and Texas Instruments’ Digital Light Processor.”

Microtechnology is an evolutionary technology with origins in the IC industry, beginning in
the 1960°s with simple strain gages fabricated from single-crystal silicon. Further development

yielded new etching techniques that led to combining strain and pressure sensing mechanisms on
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a single microsensor. Expense limited their usefulness to the aerospace industry in the early
1970’s, but the technology reaped benefits in the late 1970’s and 1980°s with the auto industry.
Implementation of automotive pollution control legislation forced development and
implementation of manifold pressure sensors to reduce emissions and increase automobile fuel
efficiency. High volume production of micromachined sensors ensued, which also resulted in
parallel applications, such as disposable blood pressure sensors for medical use. Ultimately, it
took approximately 15 years to develop micromachined sensor technology adequately enough to
lead to high-volume production and application in the automobile industry.”’

At roughly the same time as micromachined sensor research, parallel efforts into new
etching techniques led researchers to explore two other new microdevices: acceleration sensors
(accelerometers) and microfluidic structures. Combined academia and industry research efforts
ensured the necessary infrastructure was in place to grow the technology. Texas Instruments’
R&D efforts showed significant promise, as they produced micromachined thermal print-heads
for dot-matrix printers. In the mid 1980’s, the poly-silicon sacrificial layer etching process
began being used to micromachine silicon carbide (SiC). This breakthrough, in particular, was
an essential step in making MEMS technology possible.”? Then, in 1988 the first electrostatic
micromotor, the crucial ingredient that made microactuators possible, became operational at UC
Berkeley. In turn, microactuators are the “key device for MEMS to perform physical
functions.”” Around the same time, parallel design efforts resulted in the development of silicon
fusion bonding which allowed direct silicon-to-silicon bonding without any melting alloys, glass
layers, or polymer glues. This greatly reduced thermal residual stresses on micromachined

4
surfaces.’
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Years of MEMS research and development paid off in the early 1990°s when MEMS
devices entered high-volume production in the automobile and computer-based industries.”
MEMS accelerometers were installed on cars, for instance, to signal air bags to deploy during
accidents. Also, MEMS-based ink jet nozzles are now the single largest MEMS product area in
the computer industry.”® As with micromachined sensors, it required approximately 20 years of
R&D to advance the initial technology to the point where high-volume production and use by
industry could commence. One final example of MEMS technology development and transfer to
industry is Texas Instrument’s DLP (Digital Light Projector) projection system, which has a
MEMS chip that contains a “rectangular array of up to 2 million hinge-mounted microscopic
mirrors.” This array of mirrors, coordinated with a digital signal, reflects a high-definition
digital image.”” This technology came to market in 1996 following 20 years of incremental
technological development and is now a greater than $1 billion per year business.”

Lessons learned from MEMS technological development suggest that new technology
requires vast amounts of basic R&D, with small incremental advancements combining to
precede large technological breakthroughs. For MEMS, the process took approximately 15 to 20
years from initial research to high-volume production. This benchmark provides a solid
foundation from which to make a nanotechnology development prediction, although differences

between MEMS and nanotechnology must be explored first.

Correlation between MEMS and Nanotechnology Development Timelines

Studying the historical development of MEMS provides good correlation to nanotechnology
development because many of the technological hurdles are similar. As with nanosystems,
MEMS suffer from scaling effects, where frictional and stictional forces play more dominant

roles than inertia. This presents a hurdle to component manufacturing, as well as system
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integration on both the micro- and nanoscale. Also, integration of many scientific disciplines
was crucial for MEMS development to continue, as it is with nanotechnology.” Finally, as
MEMS technology was the next step in miniaturizing technology to continue Moore’s Law (the
prediction that the number of transistors on a microchip would double every two years, resulting
in exponential growth in IC technology), nanotechnology is the natural next step in miniaturizing
technology, following in the footsteps of the IC boom and MEMS development, in an attempt to
continue the exponential growth in technological advancement.

While there are similarities between MEMS and nanotechnology, there are also some
significant differences. MEMS utilized top-down assembly techniques that were relatively
established in the IC industry. Nanotechnology advancement, however, is contingent on the
development of new, bottom-up self-assembly techniques. Along the same lines, while MEMS
researchers utilized established equipment, nanotechnology advancement depends on the
development of equipment that can manipulate atomic- and molecular-sized components. As
evidenced by these two technology hurdles, nanotechnology requires larger leaps in technology
than MEMS did, which will tend to extend the general development timeline in comparison to
MEMS. However, the NNI provides nanotechnology R&D more widespread support and
funding than MEMS experienced initially. Plus, though it is a relatively young technology,
nanotechnology R&D already has a 20 year history. National and international efforts with ties
to government, academic, and industrial support will tend to shorten the development timeline of
nanotechnology when compared to MEMS. Taken as a whole, it seems reasonable to assume a

similar 15- to 20-year developmental cycle for nanotechnology as was observed for MEMS.
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Predicted NEC® Technological Development Timeline

In order to make a reasonable technological forecast for NEC® development, two main
assumptions were required. The first main assumption is that successful development of bottom-
up self-assembly techniques will occur within the next 10 years. Although this is aggressive,
two facts support the probability that this will occur. First, there is much support and significant
research and development ongoing in this area, as detailed in the previous chapters. Second, 10
years is a significant amount of time in this age of exponential technology growth, as detailed
historically in Figure 5 for both the IC and MEMS industries.

The second main assumption is that the supporting nanotechnology R&D successes required
to enable the NEC?’s development and application on AF weapon systems will be developed
incrementally leading up to five major nanotechnology advances: 1) proven nanotechnology
self-assembly methods; 2) proven nanocomponent integration methods; 3) ability to replenish
cations from the atmosphere; 4) “self-healing” ability of nanotechnology-enhanced coatings; and
5) development of efficient nanotechnology production techniques. Each of these five
developmental areas is crucial to the NEC® becoming operational and will require smaller
technology advances to be realized. This assumption is supported by observing the numerous
incremental technology advances that led up to each major MEMS breakthrough.

Following a conservative 20-year developmental timeline, and applying these two main
assumptions, it is reasonable to forecast that the NEC? should be available for AF use by 2029.
One possible developmental timeline showing the five major nanotechnological advances

required to make the NEC® a reality is provided in Figure 6.
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Conclusions

This paper argued that nanotechnology can be leveraged to create new revolutionary
anticorrosion coatings capable of adapting to environmental damage and conditions, effectively
eliminating the Air Force’s #1 aging aircraft concern. It outlined Air Force corrosion issues and
impacts, the science behind corrosion degradation, and corrosion prevention methods. It then
overviewed the basics of nanotechnology, focusing on areas relevant to future corrosion
prevention and control solutions. Next, relevant technological and social advances required to
allow development of an adaptive corrosion prevention nanocoating were discussed, specifically
looking at technological, support, and military suitability hurdles. Finally, the paper developed a
trend forecast to predict when a nanotechnology-enhanced corrosion control coating might be
realized by drawing conclusions based on an overview of MEMS technological development, the
last effort to miniaturize technology and the closest for comparison with nanotechnology.

The nanotechnology-enhanced corrosion control coating, or NEC®, aims to prevent and
combat corrosion degradation by detecting and self-repairing aircraft coating damage; detecting
moisture at the coating/metal interface and signaling maintainers; detecting metal anions, the
product of corrosion; releasing metal cations to inhibit the corrosion process, while signaling
maintainers for a more thorough human inspection; sustaining itself by absorbing electrons from
the atmosphere to replenish deficiencies in metal cations; and automatically integrating repairs to
the coating. In short, it directly targets the thermodynamic enablers to corrosion, namely the
galvanic cell formed between the anode, cathode, and electrolyte. Though significant
technological hurdles remain, such as developing successful self-assembly methods and efficient

nanocomponent manufacturing and integration processes, a trend forecast based on MEMS

29



AU/ACSC/AVRAM/AY09

development indicates that an integrated approach to research and development should make the
NEC? possible by 2029.

Air Force aircraft average approximately 30 years old, and this age will continue to increase
as aircraft operate well beyond their design service lives. This trend leads to increasing
maintenance costs, most notably in the areas of fatigue cracking and corrosion degradation.
Corrosion is the most costly, especially for the tanker and transport fleet who’s less harsh
operational environment leads them to remain in service much longer than fighter/attack aircraft,
making them more prone to severe corrosive attack. Corrosion maintenance currently costs the
Air Force over $1.5 billion annually, but the trend over the last eight years shows that number
quickly rising, as the cost in 1998 was only $800 million. This severe trend of rising costs must
be stopped and reversed, or Air Force operations, which are vital to the United States’ national
security, may become restricted. Utilization of better corrosion prevention methods, such as
adaptable, resilient, self-inspecting coatings, will not only diminish the annual cost of prevention,
but could also substantially reduce the nearly $900 million directly attributable to aircraft
corrosion repairs each year. The NEC® will help enable the US Air Force to better manage their

aging aircraft fleet and continue to dominate the skies as the world’s best air force.

30



AU/ACSC/AVRAM/AY09

Appendix A: Cost of Corrosion Specifics

Table 1 Cost of Aircraft Corrosion Maintenance (millions)'"!

Figure 7 Cost of Aircraft Corrosion Maintenance (millions)'®
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Table 2 Aircraft-Specific Corrosion Maintenance Cost, by Category (thousands)'"
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Appendix B: Galvanic Series in Seawater
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Figure 8 Graphic of Corrosion Potentials in Flowing Seawater (8-13 ft/s), Temperature Range 50-80 F (10-27 C)'*
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Table 3 Detailed Galvanic Series of Selected Metals in Seawater105
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Appendix C: Thermodynamic Principles and Gibbs Free Energy

The following is a brief explanation of Gibbs free energy, the corresponding chemical
properties used to define it, and how the change in Gibbs free energy, or AG, is used to
determine if a chemical phase transformation will occur or not. “Phase Transformations in
Metals and Alloys,” 2nd edition, by D.A. Porter and K.E. Easterling was utilized solely as source
material for this discussion.'®

Thermodynamics applied to physical metallurgy provides a means to determine whether
a given alloy is in equilibrium or not. A system reaches the state of equilibrium when it reaches
its most stable state, i.e. when it shows no desire to change to another phase or state. In other
words, thermodynamics is a tool that can predict whether or not a phase transformation will
occur in a given system (alloy, pressure, temperature, etc.). A phase can be defined as “a portion
of the system whose properties and composition are homogeneous and which is physically
distinct from other parts of the system.” Corrosion is simply a phase transformation from a less
stable phase—i.e. metal alloy—to a more stable, ore-like phase, which is the corrosion by-
product. “The reason why a transformation occurs at all is because the initial state of the alloy is
unstable relative to the final state.”

Gibbs free energy provides a measure of a given system’s relative stability at a constant
pressure and temperature, and is defined by the equation:

G=H-TS

where H is the enthalpy, T is the absolute temperature, and S is the entropy of the given system.
Enthalpy is a measure of the heat content of the given system, defined by the equation:

H=E-PV
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where E is the internal energy of the system, P is the pressure, and V is the volume. When
dealing with incompressible solids and liquids, there is negligible change in volume, meaning the
enthalpy of the system is approximately equal to the internal energy for most reactions (H = E).
The other term that helps define G, entropy (S), is a measure of the randomness of the system.
The laws of thermodynamics show that a closed system in a steady environment
(constant temperature and pressure) reaches stable equilibrium when it has the lowest value of G
possible. For each material system, there may be, and probably is, more than one phase with a

relatively stable G. However, there is only one minimum G for a given material system. Given

time and the appropriate conditions, the laws of thermodynamics will drive the system toward
the most stable equilibrium state with the lowest G. “Any transformation that results in a
decrease in Gibbs free energy is possible.” Therefore, a necessary criterion for any phase
transformation to occur, including corrosion, is:

AG=G,-G, <0
where G, and G, are the free energies associated with the initial and final states of any potential
phase transformation, respectively. See Table 4 for a list of common material systems and

associated thermodynamic properties.
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Species

Aluminum
Al(s)
AICI;3(s)
Al,O3 (S)
Chromium
Cr (s)
Cr203 (s)
CrClI3 (s)
Copper
Cu (s)
CuO (s)
CuClI2 (s)
CuS04 (s)
Iron
Fe (s)
FeO (s)
Fe203 (s)
Fe304 (s)
FeClI2 (s)
FeCI3 (s)
FeS2 (s)
Fe(CO)5
0
Titanium
Ti (s)

TiCl4 (1)

TiCl4 (9)

TiO2 (s)

Table 4 Thermodynamic Values at Standard State (298K)'"’

Name

Aluminum solid
Aluminum Chloride
Aluminum Oxide

Chromium solid
Chromate
Chromium Trichloride

Copper solid
Copper Monoxide
Copper Chloride
Copper Sulfate

Iron solid
Iron (I1) Oxide
Hematite
Magnetite
Iron (11) Chloride
Iron (I11) Chloride
Pyrite (fool’s gold)

Iron Pentacarbonyl

Titanium solid
Titanium Tetrachloride
liquid
Titanium Tetrachloride
gas
Titanium Dioxide

Enthalpy "AH*"
(kd/mol)

-705.63
-1675.7

-1134.7
-556.5

-156.06
-220.1
-769.98

-272
-825.5
-1118.4
-341.79
-399.49
-178.2

-774.0

- 804.2

-763.16
-939.7
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Entropy "S*"
(J/mol*K)

28.3
109.29
50.92

23.62
80.65
123.0

33.17
42.59
108.07
109.05

27.78

87.40
146.4
117.95
142.3
52.93

338.1

30.72

252.34

354.84
49.92

Gibbs energy "AG™

(kJ/mol)

-630.0
-1582.3

0
-1052.95
-486.1

-128.3
-175.7
-660.75

-7142.2
-1015.4
- 302.30
-344.00

-166.9

-705.3

-737.2

-726.7

- 884.5
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Appendix D: National Nanotechnology Initiative Specifics

National and worldwide interest in advancing nanotechnology beyond major scientific
hurdles has raised support and funding to the highest levels in history. From 1999 to 2000,
nanotechnology federal research funding increased by 6 percent. From 2001 to 2003, following
the inception of the NNI, funding increased by an average of 40 percent annually, from $464M
to $709.9M.'® The Bush Administration requested $1.447B for FY2008, a $56M increase over
the previous year, and a 467 percent increase since 1999.'"''° Numerous federal organizations
support nanotechnology research, with the majority of funds since 2005 going to the NSF
($360M average), the DOE ($260M average), and the DOD ($365M average).''! See Appendix
D for more complete information on NNI funding.

NNI funding is organized around five research areas: long-term fundamental research;
Grand Challenges; centers and networks of excellence; research infrastructure; and ethical legal
and social implications. Funding and research in the Grand Challenges is aimed at solving

problems essential for the advancement of nanotechnology.' '

Two of the Grand Challenges—
nanostructured materials by design and manufacturing at the nanoscale—directly impact
corrosion control. The NSF is leading these areas, with complimentary efforts from the DOD,
DOE, Department of Transportation (DOT), Food and Drug Administration (FDA), NASA and
the National Institute for Science and Technology.'"

Many non-federal organizations, including state, academic and industry-sponsored, are
involved in nanotechnology funding and support as well. California committed $100M over a
four year span to fund development of the California Nanosystems Institute (CNSI). CNSI

received another $46.7M in funding from corporations in just the first yearl114. Penn State,

along with other Pennsylvania universities, formed a partnership with the Commonwealth of
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Pennsylvania to establish both 2- and 4-year nanofabrication manufacturing technology degrees
aimed at preparing the future workforce for the nanotechnology industry.115 Lastly, worldwide
nanotechnology research and development investments tripled between 1997 ($432M) and 2001
($1.619B). More than 30 countries now have national nanotechnology R&D initiatives of their

own resembling the U.S. NNIL.116 These international partnerships will hasten the development
and application of nanotechnology, providing more efficient solutions to technology hurdles and

more rapid application of nanotechnology to every day challenges.

Table 5 Estimated Funding for Nanotechnology from FY 1999 to FY 2003 (million dollars)'"’

Organization® FY 1999 FY 2000 FY 2001 FY 2002 FY 2003
(estimate) (request)
NSF 85 97 150 199 221
DOD 70 70 123 180 201
DOE 58 58 88 91 139
DOJ 1 1.4 1.4
DOT 2 2
NIH® 21 32 40 41 43
NASA 5 5 22 46 51
NIST® 16 8 33 38 44
EPA 5 5 5
USDA 2 1.5 2.5
Total 255 270 464 604.9 709.9

aFunding figures for four additional entities (the Departments of State and Treasury, the CIA, and the Nuclear

Regulatory Commission) that are also joining the NNI are not yet available; "In the Department of Health and
Human Services; “In the Department of Commerce

Table 6 Estimated Funding for Nanotechnology FY2008 ($ millions)'"®

FY 2005 FY 2006 FY 2007 FY 2008

Enacted Enacted Estimate Request
NNI Total 1,200 1,303 1,391° 1,447
NSF 335 344 373 390
DOE 208 207 293 332
NASA 37 45 25 24
DOC (NIST) 63 79 89 97
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EPA 5 7 9 10
DOD 315° 352¢ 417 375
DHS (TSA) 1 1 1 1
USDA 1 3 7 6
USDA/FS® 0 0 2 2
NIOSH® 3 3 3 3
Department of Justice 2 2 1 1
Transportation 0 0 1 1
HHS (NIH) 80 165 170 205

*The revised FY2006 funding levels are contained in President’s Supplement to the FY2007 budget request released
in July of 2006; °U.S.D.A./Forest Service; “Includes $148 million in earmarks, according to DOD; ncludes $130
million in earmarks, according to DOD; “National Institute of Occupational Safety and Health (within CDC)
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NEC? Relevance Tree Key Node Analysis

Appendix E

uaun> Appa.
Suosen

Apgernadssg

Buiiwoo pjo yum Jrdas

Suneod mau Jjo vopesSaiu Ajraesjeda)

VEADWIS 30 e

woned|jdde
WIS USRI LOIIED

B Ca 1195, P

BPeYS/1SEAUD Wl aBuRYD
0|00 Sauel>

EENETETETTENET

2UNS{0W

U0I501103

1Npod-iq
10{504507 UOLUE 30 WIS

siaue e B jvuss

Buen]

SIOHQUUI U0IS03103 BAR | ousaii0n Auieg, koG

uopenauad
@34)0332( 03 Jaleq

uoj33330.d Jjpoyied
Paseg-apoue R Les
SI0IGIYU) UDISOLI0D 3A11
uonenauad
214012918 01 wnq

[CTENETEYe)

FUNE0T UDISO1I0T MIRIEN

BUES 195, BUjR0D patu

ook bl B i)

UDJ3333p UOIUE [RI3W

532203 JNEIS0N1I13

woiesEa3u) WBuodwo)

[CoTETy
SSAUAANDST 350D

AIGUIASSY 1135 U10id-apiidag
Ajquiassy-#)es uojsuay axeuns

1GAD) uonsodaq Jodep
TOAWIYD PIISISSY LOWISE|d

UoiS3YPY paIoje)
Aqusassy diaioydondajaig

spopaw
Aqwassy w5 dn-woilog

Tqueassy
pardaig Jawdjodo) 2019

—
Tesmanba

AgrRieiuiEy Sujeo)

|0AUE) UOSOLI0)

SeunIenuEy-oUeN

jeaidojouyday

.|\

Sjenuey K1)y 0juL 231eIENU|
e R =TTUT=ET

~(2dnqns
SBURRO0D PIseq 3IPWOIYI- U0y

oyiaadsuy aournsse Aljjent
'513A3] 1S Y Fgnedwod
JU|RIT-FA| R PIIURAPY
K1033nposiu)-diseg
J0ddng Ansnpu|

Juumes |

Aungeuns A

Buyjeay-j)as, Suneod paziwy

0nysiow

Aiqeuieiuey _ UOI1D3]9p BRWED JO 3588 N
UOISO100

Kqeieda: paeisaug

uonesddy Suiieo)

Jsoddns Ansnpug
19UU0K],

woddns
FoueuIRUr Jududinba

wsudinba Aleyjiw
BULISEXS YUM 311001

m wopesadon)

8uizeo) jo13u0 1
u_.__m c.wu_:www-w T m..onﬁ_a&u
101504107 ajqerdepy
pasueyu3-ASojouyaaouey

SAANRIIU] |PUCHEN

uopeInp3

Jpwapedy
SADURIAJN0T |CUDIEIEI|
SuoueIgng
SUORN|AdY BuLlaaUEL]
SIUI[IS DISEY

;aenpelg

yaiessay

BULNIRNULY
20UBPIS Jiseq
Japeie Ksnpay
‘uawianod yim vonesadoo)
Suipun 4

31e35/1e13pa4 J0j uopnadwo)

Hoddng BIWApEIY

e
ABooupaiouey (BuopeN

JWEWWAD

1eapas
suopezjuREIQ

sapioes 3ul
TeUoRNINSUY u.: o

SAR)IES Y0y

Bupung wia ) -Suo
SRINII2] PO JO BURGasIY
BESIC
YDARFSIY 12J0S N1y MmO

DUeassy SIURIIS JISeE

$129{0.d
yaueasay ysiy -yl ' anssaildy

Figure 9 Nanotechnology-Enhanced Corrosion Control Coating Relevance Tree
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Table 7 Leading Self-Assembly Methods and Corresponding Applications'*’

METHOD SOURCE/USER CONVENTION APPLICATIONS
Block Copolymer Univ of Wisconsin- Uses thin film Quantum dots,
Directed Assembly Madison & Lab for templates at the 5 to nanowires, magnetic

Micro and 50 nm scale storage media,
Nanotechnology, nanopores and silicon
Switzerland capacitors
Electron Beam Ecole Polytechnique | Uses irradiation of Potential application
Lithography Federale De monolayers with for ultrasensitive
Lausanne, electrons sensor materials
Switzerland, Univ of
Heidelberg, Germany;
Inst. For Molecular
Biophysics, Maine;
Univ of Bielefeld,
Germany; Chinese
Academy of Sciences,
China
Dielectrophoretic Inst of Robotics and Uses Composite AC- | Lateral emitters with
Assembly Intelligent Systems, DC electric field potential use in
Switzerland; Zhejiang vacuum sensing
Univ, China applications
Plasmon Assisted Caltech, Stanford Uses low-power laser | Si nanowires and
Chemical Vapor Univ, and NYU beam single-walled carbon
Deposition nanotubes
Tailored Adhesion IBM Research, Zurich | Uses forces inherent 60 nm gold
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Research Lab, from large surface-to- | nanocrystals
Switzerland volume ratio
Surface Tension Univ of Michigan, MI | Uses forces inherent Scalable biomimetic
Self-Assembly from large surface-to- | actuators
volume ratio
Peptide-Protein Self- | Univ of Washington, | Uses amino acid Materials and medical
Assembly Seattle; New York sequences related applications
Univ, NY, University
of Leeds Centre for
Nanotechnology,
United Kingdom
DNA Self-Assembly | Arizona State Univ; Uses DNA as Molecular printboards
California Inst. Of “scaffolding”
Technology
Viral Self-Assembly | MIT Uses viruses as Nanowires, Batteries
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