A soldier stands amid aluminum particulate clouds. (Al image generated by Charlotte Richter, Military Review)
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ilitary missions require small energy-dense
formulations to power future generations
of miniature autonomous systems and

satellites, and to provide sufficient destructive energy
yields in small explosive payloads. The weapons effects
will need to be tailorable; that is, tuned for explosive
yield or impact resistance, and the materials sufficient-
ly robust to operate within the unique constraints of
hypersonic missiles that are subject to extreme aero-
dynamic forces. In addition to their formulation as
explosives and
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particle sizes of energetic materials are used. Mass
transport simply means that with larger-scale tra-
ditional explosives, the longer distance between a
molecule of fuel and a molecule of oxidizer is a more
important factor than the speed or kinetics of reaction.
By contrast, the opposite is true of nanomaterials: the
high surface area of small particles and the short diffu-
sion length between particles are expected to enhance
the role of chemical kinetics, an important consider-
ation in designing energetic materials because particles

By contrast, the opposite is true of nanomaterials: the
high surface area of small particles and the short diffu-
sion length between particles are expected to enhance
the role of chemical kinetics, an important consideration
in designing energetic materials because particles that

propellants, na-

noenergetic ma-
terials can also
be employed as
pyrotechnics for breaching fortifications by destroying
advanced materials such as ceramics, composites, and
metal alloys, which are used for collective protection,
and in antitamper devices and systems. In addition,
their superior energy density relative to traditional mo-
no-molecular materials such as TN'T make them ideal
candidates for future energy generation and storage
devices. The figure illustrates the range of applications
of nanoenergetic materials.

A key reason to explore nanoenergetic materials
for fuels and propellants hinges on potential improve-
ments resulting from altered chemical kinetics rather
than thermodynamics. For example, 1-nm aluminum
particles (nanoscale) reacting with oxygen release only
1.04 times as much energy as does ultrafine aluminum
(traditional micron particle-size range), but the rate
of energy release (i.e., the kinetics) of the former is
potentially faster because the balance of the rate-con-
trolling factors shifts as the particle size is reduced.'
This is because the rate of combustion, or the balance
of the generally slower mass transport rates and
faster chemical reaction rates, controls the explosion
process.

This fact frequently makes mass transport a con-
trolling energy release process in conventional mu-
nitions and propellants in which micron and larger

are closer together are going to react more quickly.

that are closer
together are
going to react
more quickly. In addition, an unprecedented degree of
control of the energy release rate may be possible by
varying the composition on the nanodimensional scale.
The burning rate might be accelerated, the delivered
specific impulse, or shock wave, could be increased by
improved combustion efficiency, and the detonation
might achieve greater results while not increasing the
size of the fuel package.”

Nanoenergetic materials such as nanothermites
are generally formulated as an elemental metal such as
aluminum combined with a metal oxide (i.e., a metal
with an oxygen bond; for example, rust); the former is
the fuel and the latter is the oxidizer.? These have su-
perior reaction rates and energy yields relative to their
“meso-scale” traditional formulations and to conven-
tional explosives but pose problems unique to reactions
at these small scales. Recent advances in understanding
the physical and chemical properties of nanomaterials
have begun to address these problems, and formula-
tions with superior energy yields now show promise for
applications in miniature military systems and to be
the next generation of explosives and propellants. This
is due to their decreased sensitivity to impact, friction,
and shock waves, and increased energy release and
burning rate.* These characteristics make them much
safer to handle than current munition fills.
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Figure. Applications of Nanoenergetic Materials

In addition to traditional military mission ap- potential for such microrobotic systems to be deployed
plications, there is an increased emphasis on the use as distributed, coordinated networks or swarms both
of autonomous systems such as unmanned aerial, increases mission flexibility and complicates an adver-
ground, and underwater vehicles, and other autono- sary’s countermeasures.
mous systems to perform surveillance, reconnaissance, Space assets are now at risk from numerous po-
search and recovery, and search and destroy missions. tential adversaries, especially at the onset of a conflict,
There are advantages to miniaturizing these systems and will have to be rapidly reconstituted, most likely
such as signature reduction, ability to penetrate small, with swarms of “nanosatellites, each about the size
enclosed spaces, and reduced logistics. In addition, the of a shoebox. Compact, energy-dense nanoenergetic

A nanometer is a unit of length in the International System of Units equal to one billionth of a meter
(0.000.000.001 m). One nanometer can be expressed in scientific notation as 1 x 10 -9 or 1/1,000,000,000 me-
ters. This article is focused on discussing the potential for generating greatly increased amounts of energy from
the energy conducive properties of collected quantities of energetic nanoparticles (about one nanometer each
in size) than can be generated by current materials. These would take less space, be lighter and more resilient
to stress, and produce much greater amounts of energy for various uses than those currently employed.
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materials will power the tiny thrusters needed to ma-
neuver such satellites in orbit.

Expected Operational
Developments by 2040

The next twenty years will see the development of
small, highly energetic explosive payloads for micro-
drones, which could be deployed in virtually unde-
tectable swarms to disable power grids and commu-
nications networks, penetrate life support systems of
underground facilities, and disable electronics and life
support systems. In addition, smaller payloads for hy-
personic missiles and conventional artillery will result
in reduced logistics and smaller radar, heat, and optical
signatures. Ultimately, the energetic yields of such ma-
terials could be dialed up or down to restrict collateral
damage or maximize destructive effects.

The military will also need propulsion systems to
enable maneuvering in orbit of critical space assets for
communication and targeting.” Nanoenergetic materi-
als will be critical for solid fuel propulsion systems with
much lighter weight and greater energetic yields than
current solid fuel systems with minimal environmental
impact.

Breaching and antimateriel applications rely on
much the same chemistries as propellants and explo-
sives but have their own unique requirements. These
include stable and low-temperature ignition but
extremely high-temperature combustion for breaching
fortifications such as underground bunkers or destroy-
ing advanced materials such as ceramic composites
and metal alloys, as well as for welding during forward
repair or industrial manufacturing.

Finally, energy storage and power generation in for-
ward-deployed units with limited logistics reach-back
will require new energy dense materials for batteries
with greater yields per mass than current materials.®

General Technology Limits

Controlling particle size of nanomaterials and their
tendency to stick together in larger clusters during syn-
thesis is a major challenge that has yet to be resolved.
The goal is to prepare monodisperse particles—that
is, particles of identical size and shape, in the optimal
range of 10-100 nm, since metal particles smaller
than 10 nm tend to be pyrophoric and spontaneous-
ly combust in the presence of an oxidizer such as air.

NANOENERGETIC MATERIALS

New surface particle coating materials are needed to
enhance energy content, control ignition temperatures,
tailor the rate of combustion, and mitigate processing
issues.”

Ignition behavior of nanoparticles is not well un-
derstood, and most research has focused on aluminum.
Therefore, a systematic analysis of other elements and
chemical compounds that may be superior to alumi-
num is needed. A better understanding of the thermo-
mechanical properties of the oxide layer, a layer that
spontaneously forms and interferes with combustion,
on nanoparticles is required to develop a complete
model for particle ignition. Combustion temperatures
are dependent on several properties, and the relative
importance of vapor-phase and surface reactions is not
currently sufficiently worked out to allow for the pre-
dictive modeling needed to tailor the materials.®

Nanofluid fuels hold great promise, but some basic
mechanisms need to be examined. These include the
relative catalytic and thermal effects of the addition
of nanoparticles to fuel, the agglomeration of the
nanoparticles in the fuel that can lead to uneven burn,
and the multiphase flow dynamics in the exhaust
nozzle of rocket engines. In short, will adding nanopar-
ticles enhance propellant burn or have unpredictable
negative effects on the combustion process?

This article is organized according to the three
operational capabilities, which the authors posit as the
prime beneficiaries of advances in nanoenergetic mate-
rials. The capabilities are described generally in terms
of current performance and technological advances
required within the year 2040 time frame, which was
selected to align with Under Secretary of Defense for
Research and Engineering mission-level assessment
exercises. These operational capabilities are explosives
for improved weapons effects; propellants for terrestri-
al, underwater, and space systems; and breaching and
antimateriel operations.

Explosives for Improved Weapons
Effects

General background. We have reached the limits of
energy that can be released as an explosive or pyrotech-
nic using traditional chemical formulations, which rely
on the energy inherent in CHNO—carbon, hydrogen,
nitrogen, oxygen—chemical bonds.” Weapon systems
benefit by reducing their size, hence signature and
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Concept for an autonomous Al augmented drone (Al image generated by Charlotte Richter, Military Review)

logistics burden, and by the ability to tailor weapons
effects depending on mission requirements. New ener-
getic materials with increased yield and more flexible
applications are required.

Current explosives such as HMX, RDX, and TNT
are monomolecular formulations in which fuel and
oxidizer groups are present on a single molecule and
the rate of reaction is determined by breaking chemical
bonds. The speed of the reaction—hence the explosive
power—is largely determined by mass-transfer lim-
itations; that is, the larger the particles, the slower the
speed of reaction, and the density of these formulations
is very limited."

Adding metal particles, particularly aluminum,
to pyrotechnics, explosives, and propellants is known
to increase the energetic output."* Future explo-
sives will incorporate metallic and other energetic
nanoparticles and a nanoparticulate oxidizer to
greatly increase the surface areas for reaction, thus
liberating vastly more energy in a shorter time than

conventional explosives. They will also be tunable for

specific weapons effects by manipulating the chemis-

tries of the surfaces of the particles, or by introducing
fluidizer components."

Technology challenges. The combination of
molecular self-assembly techniques, colloquially
referred to as “crock-pot chemistry,” and supramolec-
ular chemistry, a field that studies the bonds between
different molecules rather than within a single mol-
ecule, will result in next generation nanoenergetic
materials. For example, self-assembled nanocompos-
ites significantly improve combustion performance
in aluminum and bismuth trioxide nanoparticles.”?
Graphene oxide directed self-assembly can be used to
synthesize nanocomposites with diverse combustion
properties and controlled ignition sensitivity and
directed self-assembly lays the foundation for pre-
paring multifunctional, highly reactive combustion
systems in the future. Metal nanoparticles smaller
than 10 nm are pyrophoric, meaning they can ignite
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spontaneously in the presence of air, which poses a
significant safety problem. The challenge is to pro-
duce uniform particles at sizes within the critical
range of 10-100 nm.

The percentage of atoms on the surface of a particle
increases from 2 percent to 92 percent as the particle
size decreases from 100 nm to 1 nm, and the surface
atoms are much more energetic that those in the
particle core.' This increases speed and completeness
of reactions. Conversely, formation of an oxidation
layer on the surface, which can represent 60 percent
of the mass of the particle, will
have analogous outsized effects
and, depending on the materi-
al, could increase or decrease
energy content and shelf life.
The ideal energetic material is
composed of uniformly sized
and dispersed unoxidized metal
clusters. Clusters of metals have
been shown to mimic the prop-
erties of one or more elements
and have been called “super
atoms” This suggests the use of
clusters as basic building blocks
for new classes of nanoscale ma-
terials with tailored properties.”®
The technical challenge is to de-
velop techniques for the directed
design of metal clusters with
specific particle and cluster sizes
and distribution and relate that
to physico-chemical characteris-
tics. That is, how do size, shape,
and clustering of particles affect
their properties as explosives
or propellants? Current man-
ufacturing methods have some
drawbacks, including incom-
plete heat transfer to precursor molecules, deposition
of clusters on the furnace wall, and impurities from
reactor walls. These issues can be minimized by using
combustion flame chemical vapor condensation (CE-
CVC) methods.'

Ignition of metals is caused by phase transforma-
tions—rapidly transitioning from a solid to a gas—of
the metal core and/or the oxide layer and tend to occur
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at high temperatures. The ideal material would have
a low ignition temperature and ignition delays, which
would maximize energy release rates. Combustion
can take place in the vapor (gas) phase away from the
metal core, at the particle’s surface, or both. A complete
model of particle ignition and combustion has not been
developed and such a model would enable one to tailor
different materials for specific energetic effects.
Supercomputing platforms are facilitating first-prin-
ciples-based simulations to predict behavior of complex
systems never previously achieved."” These simulations

“"Adding metal particles, particularly aluminum, to pyrotechnics, explosives, and propellants is
known to increase the energetic output” (Al image generated by Charlotte Richter, Military Review)

can integrate chemical reactions at the atomic level
and mechanical processes at the meso-scale to solve
mechano-chemistry (i.e., chemical reactions under
mechanical stress) problems such as the sensitivity of
high-energy density nanomaterials whose chemical
reactions undergo shock waves.'* Within a decade, su-
percomputing performance has progressed from 0.478
petaflops (10" floating-point operations per second, or
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Concept for a nanosatellite (Al image generated by Charlotte Richter, Military Review)

one thousand million million operations) for solving
linear systems of equations to 148.6 petaflops in the
summit supercomputing machine at the Department
of Energy’s Oak Ridge National Laboratory."

The Collaboratory for Advanced Computing and
Simulations at the University of Southern California
successfully tested simulation frameworks on multiple
parallel supercomputers as well as on a grid of six su-
percomputers in the United States and Japan to assess
the scalability of molecular dynamics and quantum
mechanical algorithms. They also used an additional
embedded cellular decomposition simulation frame-
work to determine how processes at the atomic level
inform material processes such as nanoindentation on
nanocomposite materials, oxidation of nanoenergetic
materials, hypervelocity impact damage, fracture,
and the interaction of voids with nanoductility.”’
They used ab initio molecular dynamics simulation
(simply put, simulation of complex molecular systems
and processes on a computer) to evaluate the various
electronic processes that occur during a thermite

reaction. The quantum mechanical simulation further
allowed a quantitative study of the combustion rates
that could not be explained by conventional diffu-
sion-based mechanisms.?! Their collective work result-
ed in the development of high-end reactive simulation
programs at the atomic level, which are critical for
developing new nanoenergetic materials by enabling
billion-atom simulations of mechano-chemical
processes.*

Tunable Propellants for Terrestrial,
Underwater, and Space Systems
General background. Solid-state propellants have
several operational advantages relative to liquid fuels
such as ease and safety of handling and superior read-
iness to launch. However, they are limited in their
energetic yields and ability to control burn rates. The
space shuttle’s solid-state boosters used a composite
energetic material consisting of ammonium perchlo-
rate crystals and aluminum particles in a polymer
binder to increase energy yield and burn rates. This
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is a well-known approach to increasing the energetic
yield of solid propellants used in strategic ballistic and
tactical missiles. Future hypersonic missile systems
will require new, more powerful solid fuel composi-
tions while providing improved shelf life, stability, and
safety over current solid fuel systems.

Future formulations incorporating energetic
nanoparticles will have superior energy density rela-
tive to conventional solid fuels, making them suitable
as propellants for both missiles and small space assets.
They will be tailorable for burn rates and will have in-
creased production, storage, and safety handling char-
acteristics as well as reduced human and environmen-
tal toxicity.” In addition, underwater propulsion could
use aluminum-water reactions to power unmanned
underwater vehicles.>*

Hypersonic missile technology is a priority for
Russia, China, and the United States. Some systems
use liquid fuels, but others will be developed using sol-
id fuels, which are advantageous because they do not
require fueling just prior to launch. Current solid fuels
under investigation are now limiting high Specific
Impulse (Isp) characteristics to below 273 since high
I fuels have been banned from U.S. Navy ships and
submarines due to the explosive hazards they pres-
ent. As fuels for hypersonic missiles mature, a greater
emphasis will be placed on using insensitive munitions
(IM), which are stable enough to withstand shocks,
vibration, fire, and impact by shrapnel but can explode
on target as intended.

Technology challenges. The technical challenge in
manufacturing is spatial patterning to assure optimal
proximities of oxidizer and fuel molecules. The closer
and more evenly spaced the molecules are, the more
efficient the reaction. The enabling technologies are
polymer chemistry, micro-emulsion synthesis, cage
and cluster chemistry and, more recently, artificial
intelligence (AI)-driven modeling and simulation. The
great contribution of Al is the ability to review vast
quantities of data and identify obscure relationships
and patterns which elude the human brain. The nexus
between AI and modeling and simulation (M&S) is
worthy of exploration in the context of examining
its potential to inform computer simulations focused
on both the reactivity and decomposition of nano-
structured materials. While much work has been
done on simulations of nanoenergetic particles, the

NANOENERGETIC MATERIALS

extrapolation into the realm of AT M&S and its poten-
tial for designing new molecules remain relatively un-
realized.” Previous research on the intersection of AI
and M&S underscores how the latter, with its inherent
problems and challenges, may benefit from AI concepts
and techniques.”® Simulation has been used to develop
Al applications including how AI components can be
inserted into a simulation to establish machine learn-
ing or adaptive behaviors, key aspects in determining
structure-function relationships at the molecular level.
Simulation is now recognized as having the ability to
evaluate the impact of incorporating Al into real world
systems such as manufacturing processes.”” Another
innovative opportunity in M&sS is the application of AI
for production process optimization and calibration.?

A supercomputer concept (Al image generated by Charlotte Rich-
ter, Military Review)

The application of AT M&S to nanoenerget-
ic particle research creates multiple opportunities.
Advances in AT M&S can lead to future identification
and development of nanoenergetic materials, including
new methodologies for assembling these materials in
specific functional architectures (say, propellants vs.
explosives) with concomitant increases in performance
and managed energy release rates. These advances can
also inform new and more innovative applications of
their use.”?
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Breaching and Antimateriel

General background. Advances in ceramics, car-
bon fiber composites, high density concrete, and metal
alloys will create new advanced materials which are
resistant or impervious to current munitions. Special
operations, whether terrestrial or underwater, will
require new super-energetic materials which are stable
and have low ignition temperatures but extremely high
combustion temperatures. Nanothermite metastable
intermolecular composites (MICs), discussed in a

Exhaust plume of a nano-composite fuel hybrid rocket (Al image generated by Charlotte Rich-
ter, Military Review)

previous section, can be formulated into thin films,
metal organic frameworks, nanothermite colloids, and
other formulations which will have these desirable
characteristics.*

Current nitramine explosives such as RDX and
HMX and formulations such as Semtex (RDX and
PETN) are used for demolition, and recent exper-
imental formulations using nano-nitramines show
a roughly 60 percent decrease in shock sensitivities,

NANOENERGETIC MATERIALS

hence a significantly increased safety factor.
Nanothermites are the only nanoenergetics currently
used in the military.*!

Nanoenergetics will move beyond aluminum-based
nanothermites with resulting decreases in sensitivi-
ty, increases in energetic yields, and capacity to tune
these characteristics to mission requirements. Novel
formulations such as tapes and foils for use in special
operations will also be available. Production techniques
such as inkjet printing with > 90 percent nanoenerget-
ic materials and < 10 percent
polymers or microsphere tech-
nology will enable development
of stable but highly energetic
strips or sticks.*

Technology challenges.
Going beyond aluminum-based
nanothermites to other metals
as fuels, to surface function-
alized or energetically filled
carbon nanotubes, or to new
cluster chemistries will re-
quire a “rules-based” approach
to molecular screening, and
practical applications will be fa-
cilitated by ordered molecular
self-assembly. AT algorithms for
determining structure-function
relationships, discussed in an
earlier section of this article,
will also be critical.

New energetic materials
must have low sensitivity to
shock, low pyrophoricity, low
ignition temperatures, and high
combustion rates to be viable
candidates to replace current
propellants and explosives.
Ignition and combustion physics are not currently well
understood in a comprehensive manner and a predic-
tive model is required as materials go beyond alumi-
num-based nanothermites into more exotic chem-
istries. The technical challenge is to develop optimal
ignition and combustion characteristics to enable the
energetic material to breach a diverse set of metals, re-
inforced glass, and advanced polymeric materials used
for personal and collective protection.
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As with all applications of nanoenergetic materi-
als, the rate of ignition and combustion is affected by
the oxide layer in the nanometer range that forms on
the surface of the core particle. These layers signifi-
cantly reduce the energy content of the particles at
nanoscales.”> As previously mentioned, coatings such
as boron can enhance energy release, while others can
inhibit the reaction, a critical issue that all formulations
must account for. The consummate coating material
will amplify both energy content and shelf-life and
facilitate ignition without impacting the low sensitivity
characteristics.** The technical challenge is selecting
the ideal coating material and applying it in a uniform
manner to enhance the energy content, improve reac-
tivity, and reduce particle agglomeration.*

Conclusions

Future operational impact. Next generation space,
terrestrial, and marine weapon platforms will require
higher energy densities for explosive payloads, propel-
lants for hypersonic missiles and nanosatellite thrust-
ers, breaching materials for advanced ceramics and
alloys, and lightweight energy storage. Any mission that
requires the force to “shoot, scoot, or toot” while oper-
ating at a long distance from resupply will have signifi-
cant logistical advantages in lighter weight and physi-
cally smaller packaging, increased lethality due to the
advantages conferred by nanoenergetic materials on
payload yields, and decreased time-to-target enabled
by advanced propellants. In addition, the impact and
friction resistance of these materials and their low igni-
tion but high burn temperatures represent important
safety advantages to both operators handling energetic
materials and in manufacturing processes.

Future research directions. Thermite compounds
have been studied extensively and there exists signif-
icant scientific literature in the field.** More recently,
an understanding of the techniques needed to produce
uniform monodisperse nanoparticles and to passivate
(coat) the surfaces to reduce oxidation have yielded
an order of magnitude increase in reaction rates and
energetic yields but may have reached the limits of
these improvements. The recent design of new classes
of highly energetic cage and cluster molecules—which
increase energy density and solve the “architecture”
problem of arranging the proximity of fuel and oxi-
dizer—and the potential to organize these structures
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systematically in a manner analogous to the Periodic
Table of Elements appear to be the next advances in the
design of nonthermite energetic materials with even
greater reaction rates and energetic yields. As with any
new material and especially those formulated at the
nanoscale, the impact on both the environment and

Concept of a nanoelectronic battery (Al image generated by Char-
lotte Richter, Military Review)

human health will need to be assessed using advanced
toxicogenomic and toxicoproteomic assays that assess
the potential toxic effects on human genes and pro-
teins, respectively, as well as studies of the environmen-
tal microbiome, the beneficial microbes that inhabit
the environment. Large-scale incorporation of these
materials into weapon systems will also require the
development of future manufacturing capabilities. ™
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