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PREFACE

This book presents reviews of the results of studying the transformations in nanoenergetic
materials. The term nanoenergetic materials is used here to characterize the energetic mate-
rials or energetic systems, containing or consisting of nanocomponents. This is a relatively
young but very promising field of research, and expected results could lead to break-
throughs in the development of advanced explosives, propellants, and microenergetic
devices. Common advantages of nanoenergetic materials are their great reactivity and
ability of very fast chemical transformations.

From the beginning, the most developed nanoenergetic materials were based on
nanometals. Those materials are produced now by difterent methods in several countries
and their production reached a relative maturity. Another direction of research is based
on studying the nano-oxides, which have found wide application as catalysts in solid pro-
pellants as well as in pyrotechnic compositions. Those compositions may demonstrate
extremely high combustion propagation rates comprising few km/s. Energetic nano-
composites can find also wide application in mini rocket motors and in different types
of microchips.

Evidently, efficient realization of unique properties of energetic nanomaterials can be
performed only based on studying the intrinsic mechanisms of the reactions in solids at
the atomistic level. To acquire such knowledge, one needs to explore those mechanisms
with use of advanced techniques and sophisticated approaches. Intense work in this
direction is underway in many countries.

This book summarizes the recent achievements (since ~2005) of the leading scien-
tific groups working in the field of energetic nanomaterials in China, Germany, Israel,
Italy, Russia, and the United States.

Chapter 1 presents a comprehensive review of the modern achievements in nanoma-
terials synthesis and application, emphasizing that the research in nanochemistry opened a
bottom-up approach in the architecture of matter on a different spatial scale. This
approach may provide effective tools for understanding the mechanisms governing the
nanoenergetic materials properties, which would allow creating new energetic substances
with well-tailored chemical and physical properties.

Chapter 2 focuses on developing a better understanding of fundamental reaction dy-
namics associated with particulate media. New strategies for designing aluminum fuel
particles with greater reactivity and faster reacting formulations are presented. In addition
to synthesis, several combustion characterization techniques are examined to quantify the
combustion performance.

A survey of nanometals (mostly produced by electrical explosion of wires) usage in
different energetic systems with the focus on nanometals combustion efficiency is

XV
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presented in Chapter 3. The chemically reacting systems containing nanoaluminum
exhibit improved kinetic characteristics in ignition and burning rate behavior for propel-
lants, explosives, and thermites.

In Chapter 4, the authors provide an overview of the three main components of the
combustion of aluminum nanoparticle-based energetic materials: heat transfer mecha-
nism, effect of the oxide shell, and reaction pathway. They note many experimental chal-
lenges that limit the understanding of the reaction mechanisms and give some
recommendations for the future research activities.

Nanocatalysts, including metal nanoparticles (Ni, Cu, Al), metallic oxide nanopar-
ticles (FeoO3, CuO, Co0,03), and nanoparticles of hydrides (LiH, MgH,, Mg,NiHy,
Mg,CuHj), are discussed in Chapter 5. The catalytic impact of nanocatalysts on the ther-
mal decomposition of AP and AP/HTPB as well on the combustion performance of AP/
HTPB propellant is examined in detail.

The characteristics of coating aluminum particles by nanometric layers of nickel or
iron are considered in Chapter 6. Coated particles ignite at a much lower temperature
and exhibit shorter ignition times than uncoated ones due to exothermic intermetallic
reaction between the aluminum and the coating metal and due to formation of a molten
eutectic layer. Coated aluminum particles produce smaller size agglomerates than regular
aluminum in combustion of metallized solid propellants.

In Chapter 7, research progress is reported on the synthesis, characterization, and en-
ergetic chip performance of multidimensional nanostructured energetic materials,
including carbon nanotubes/KNNO3;, CuO nanowires/Al, Ni nanorods/Al, Co3O4
nanowires/Al, Al/Ti multilayer film, Al/Ni multilayer film, CuO/Al multilayer film,
porous copper/NH4ClOy, and porous copper/NaClOy4, 3D Fe,Os.

The characteristics of gasless metal—nonmetal and metal—metal nanostructured
composite particles, prepared by high-energy ball milling, as well as of thermite-like
metal—metal oxide mixtures of nanopowders are discussed in Chapter 8. Those reac-
tive systems demonstrate extremely low ignition temperatures and very high reaction
front propagation velocities that can be as high as 10°> m/s. Efforts are made to explain
the observed phenomena.

The catalytic effect of nano-oxides of Ti, Al, Fe, and Si on HMX thermolysis and
combustion is discussed in Chapter 9. The point defects in the catalyst material are
considered in the interfacial catalysis mechanism and it is shown that the presence of
acidic or basic surface groups influences the space charges and thus the catalytic efficiency
of listed nano-oxides.

Chapter 10 reports the data on the properties of carbon nanotubes (CNTs) supported
metal (Pb, Ag, Pd, Ni) or metal oxide (PbO, CuO, BiyO3, NiO) catalysts and their effect
on thermal decomposition and burning rate of single, double-base, and composite modi-
fied double-base propellants. The synergistic impact of CNTs and metal oxide nanopar-
ticles on the decomposition and combustion behavior of energetic materials is responsible
for significantly enhanced combustion performance of those materials that makes them
promising candidates for application in solid propellants.
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The characteristics of oxide nanoparticles formed in combustion of aluminum and
titanium microparticles are discussed in Chapter 11. Despite the distinctions in the
mechanism of aluminum and titanium combustion, their oxide nanoparticles are of
almost the same dimensions and display similar morphological and charge properties.
The charging of metal nanoparticles due to thermoelectron emission plays a key role
in oxide nanoparticles formation. The evolution of oxide aerosol particles is described,
and some unresolved problems in studying the mechanism of nanoparticles growth are
formulated.

Chapter 12 summarizes the recent efforts to incorporate the benefits of nanoscale
materials to propellants without the drawbacks due to sintering the nanoparticles and
increasing the viscosity of propellant slurry. One of the effective approaches is encapsu-
lation of nanoscale materials into crystalline particles that for nanoscale catalysts show
improved performance over direct physical mixing. Another approach is encapsulating
the inclusion materials into metals, like aluminum, that may facilitate the ignition of
metal particles and formation of smaller size combustion products since the particles frag-
ment when heated.

Chapter 13 describes the advanced techniques and approaches for precharacteriza-
tion of nanoparticles of Al used in condensed energetic systems. Different properties of
various powders (passivated by air or organic compounds and coated by hydrocarbons
and fluorohydrocarbons) are investigated. The presented results provide some insight
into the relationships between nanosized additives’ morphology/structure, oxidative
reactivity, and propellant/fuel rheological behavior.

Each chapter was carefully edited according to the procedures employed by archival
publications. Thus, the book can be considered as supplemental reading for students,
researchers, and engineers in research centers and in industries dealing with energetic
materials production, characterization, and applications.

Classification of the material presented in various chapters appears in the table.

Vladimir E. Zarko
Alexander A. Gromov
July 31, 2015

Chapter

6 7 8 9 10 11 12 13

—_
N
w
S
[¥,]

Material or process

Nanoaluminum + + 4+ 4+ 4+ + + + + o+
Nanoaluminized propellants 4 + + + + 4 + o+
Nanocomposites + + + + + + + + + +
Nanoexplosives + + +

Nanothermites + 4+ + + + 4+ + o+

Performance characterization + + + + + + + + + + + +
Synthesis of nanomaterials + + + 4+ 4+ 4+ 4+ 4




CHAPTER ONE

Nanoenergetic Materials: A New Era
in Combustion and Propulsion

Vladimir E. Zarko

Voevodsky Institute of Chemical Kinetics and Combustion, Siberian Branch of the Russian Academy of Sciences,
Novosibirsk, Russia; Tomsk State University, Tomsk, Russia

1. INTRODUCTION

The nanoworld corresponds to the place where self-arrangement of atoms leads
to formation of chemical substances. The “nano” concept, which includes nanoscience
and nanotechnology, was introduced in the middle of the twentieth century. The Nobel
Prize winner Richard Feynman declared (in 1959) in a lecture entitled “There is plenty
of room at the bottom” that no law of physics forbids the devices construction of few
atoms size. However, to be correct, mankind actually had deal with nanomaterials many
centuries earlier. Examples are the Lycurgus Cup (British Museum, London, 400 AD),
church windows made of molten glass with embedded gold nanoparticles (~500 AD),
daguerreotype photography (1839), etc.

In recent years, new nanomaterials have been intentionally fabricated, novel
nanotools have been developed and old ones industrially implemented, and novel
properties of matter at the nanoscale level have been discovered. For these reasons,
nanoscience and nanotechnology should not be seen as entirely new but rather as
“work-in-progress science.” Nanotechnology should be seen rather as an evolution, not
a revolution.

The definition of nanomaterials is somewhat arbitrary and can be based on different
criteria. First of all, it involves a scaling measure and usually corresponds to submicron
sizes. Normally, in different fields of science and technology various subdivisions of
length are used to define coarse and fine particles. Typically, 100 nm is accepted as a
boundary between the fine and nano size particles [1|. However, one may define this
boundary as corresponding to sharply changing the physical properties, e.g., melting
temperature. Such a boundary depends on the nature of the substance, and for
aluminum (Al) it is about 15 nm, for gold (Au) about 50 nm, etc. Another approach
can be based on the changes in reactive properties; for energetic materials, the nano-
scale typically starts at 100 nm, at which the noticeable acceleration of ignition and
combustion reactions is realized [2]. Thus, when discussing the issues about nano-
particles properties and their behavior, one has to consider a particular definition of
nanoscale.

Energetic Nanomaterials © 2016 Elsevier Inc.
ISBN 978-0-12-802710-3, http://dx.doi.org/10.1016/B978-0-12-802710-3.00001-5 All rights reserved.
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Nanotechnology manipulates matter for the deliberate fabrication of nanosized
materials. Therefore, the definition of nanotechnology generally includes “intentionally
made nanomaterials,” with the nanomaterials being the objects that have at least one
dimension in the nanometer scale. It has been underscored in a comment by S. Pearton
[3], that nanotechnology, as any new innovation, is developing in a typical manner
while passing through different periods, including pre-buzz, buzz, rave reviews, satu-
rations, overhyped, backlash, and backlash-to-the-backlash. This can be depicted as a
prognostication diagram having a sine form with the first maximum at saturation point
and minimum in backlash point. Various technologies have their own situation
according to this “Florida law of original prognostication,” and in the case of bio-
materials, it seems that they are at the initial peak of their potential. The situation with
nanoenergetic materials has been ingeniously described recently by M. Zachariah [4].
He underlined that the interest in these materials lies in fundamental thermodynamic
limitations obtained from using traditional CHNO systems. Researchers and engineers
have a clear understanding that typical CHNO-based chemical systems are near the
limit of stored chemical energy. Potential benefits of using nanoenergetic materials are
their high volumetric energy density and the capability to produce environmentally
benign products as well as controlled rate of energy release and reduced sensitivity. This
made reactive nanocomposites an attractive material for wide applications, including
environmentally clean primers, detonators, improved rocket propellants and explosives,
thermal batteries, and many others.

In the past, there was great expectation of the probable presence of significant excess
energy associated with high compressive forces in small size particles. Later it was
revealed theoretically and experimentally that there is no noticeable advantage to the
nanoscale that corresponds to practical applications (30—100 nm). At the same time,
there was the expectation that the close proximity (a few angstroms) between the fuel
and oxidizer components in energetic material would result in a strong acceleration of
chemical reaction rate that could be called “nanoenergetics.” These expectations have
been justified, but only partly, because the experimentally observed effects were less
than expected. As stated in Ref. [4], “we still do not have a good conceptual grasp of
many of the initiation and propagation processes in such systems, which are significantly
more heterogeneous than the molecular counterparts.” Therefore, the community must
pay attention to elaboration of fundamentals of the above processes in order to get
answers to the question, how to make a good nanoenergetic composite?

There are some unique examples of obtaining nanoenergetic materials with an
extremely fast burning rate that can be used in different applications. For example, a
burn rate reaching a value of over 3000 m/s was achieved in samples of porous silicon
films impregnating in nanoscale pores with sodium perchlorate [5].

It is also necessary to note that nanoenergetics, as any modern technology, gave
birth to fears related to negative and dangerous consequences of its application, which
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were discussed in a special issue (#12, 2011) of the Proceedings of the French
Academy of Sciences entitled “Nanosciences and nanotechnologies: hopes and con-
cerns.” Even if not considering different social aspects of such technology applications,
it is worth mentioning that nanoparticles have to be processed with certain precautions
because of their toxicity and great ability to penetrate living bodies (carbon nanotubes
have been found in the brains of exposed mice), as well as of enhanced pyrophoric and
energy impact sensitivity [6,7]. It is important to emphasize that until now, at least in
Europe, legal texts dedicated to specific fields of objects of nanoscience and nano-
technologies do not exist. One of the reasons is that scientific knowledge about
professional risks in many cases is uncertain. According to the European definition,
nanoscience “concerns the study of phenomena and manipulation of materials at
atomic, molecular and macromolecular scales, where properties differ significantly
from those at larger scale.”

Risk aspects have to be taken into account when establishing new legislation for
nanotechnology and they have be the basis for any definition used for regulatory
purposes [8]. There were some discussions in this respect related to the question
whether there is a potential release of nano-objects that are the subject of investigation
in nano safety research. From a regulatory point of view, the materials where the
nanoscale structure does not result from discrete particles and when no risk exists if
nano-objects could be released should not be considered as nanomaterials. Definitions
of nanomaterials have to reflect this difference when formulating new nanotechnology
legislation. Actually, regulation of nanomaterials should focus on nano-objects as
concluded in the report by the European Commission Joint Research Center [9].

Nanostructured energetic materials have nanoscale structures at least in one
dimension. Small critical diameter, high reaction rate, and great released heat allow
those materials to fit well for explosive chips. Physical modeling and simulation in the
area of nanoscale composite energetic materials is continuously under process. The
situation is permanently improving, and the methods of preparation and characteriza-
tion of energetic nanomaterials have become more and more sophisticated and efficient.
This chapter discusses some recent developments in this area as well as possibilities for
future research. The peculiarities of ignition and combustion mechanisms of individual
metal particles as well as composite nanosystems and some methods of preparing the
compositions with unique properties are of great interest.

Several authors have stated that the exact physical mechanism for nano-Al particles
ignition is currently unclear. The main reason is the lack of awvailable commercial
experimental techniques because it is difficult to design experiments to record physical
changes occurring with particles of nanosizes at heating rates reaching 10° <+ 10° K/s.
Additionally, while use of tiny particles increases specific surface area and reduces length
scales between fuel and oxidizers, it also limits the ability of probing reactions at the
scale on which they occur.
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Along with the detailed research on Al-based reactive nanomaterials, essential
progress has also been made in creating improved quality high explosive materials. It
was recently shown that explosives’ sensitivity to external stimuli decreases with
decreasing crystal size. This gave a start to work on the synthesis of nanocrystals of
different explosives (like RDX, HMX, CL-20, TATB) by using evaporation-assisted
and sol—gel techniques.

The following materials are only introductory and illustrative in character and are
not meant to be exhaustive. A large volume of information can be found in several
reviews published recently [10-13]. In addition, some fresh information appears in the
present volume. It must be mentioned that the usage of nanoenergetic materials has
some advantages as well as drawbacks. The latter relate mostly to the problems of
nanomaterials handling and preparation of the mixtures on their basis. These are briefly
listed in the following sections. Prospective applications and possibilities for future
research are also discussed.

2. COMBUSTION OF Al NANOPARTICLES
2.1 Heat Transfer of Nanoparticles

Recent studies of nanoaluminum particles combustion [14] revealed some peculiarities
of heat transfer indicating the overestimation of heat losses from nanoparticles in sur-
rounding gas during combustion. For nanoscale particles, the Knudsen number
(Kn = 2A4/d, where A is the mean free path of the molecules in the gas and d is the
particle size) effects have to be taken into consideration when this number becomes
Kn > 10. In such conditions the noncontinuum heat transfer expressions must be used
to describe heat losses from particle to ambient gas. However, it was found that the
formal application of these expressions gives the burning time values, which are two
orders of magnitude shorter than experimentally observed. This finding means that for
correct description of heat transfer of nanoparticles it is necessary to use proper energy
accommodation coefficient and reasonably low values of sticking probability for
collision of oxygen molecules in reaction with the aluminum surface. For example, in
the shock tube experiments [14] with nanoaluminum particles of 80 nm size, the
measured burning time was found to comprise 124 ps instead of 1 ps estimated by
formal calculations. To fit with a theoretical estimate, the authors used the value of
energy accommodation coefficient equal to 0.0035 and sticking probability equal to
0.0009. They concluded that at high ambient temperatures existing in the shock tube
experiments, the nanosized metal particles experience a sort of thermal isolation from
the surrounding gas. This effect has to be taken into account when modeling metal
nanoparticle combustion.
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2.2 Effect of Oxide Layer

It 1s well known that the presence of an oxide layer significantly reduces the amount of
active metal in nanoparticles. For example, in the case of a 3 nm thick oxide layer, the
content of active metal equals 99.9% for 30 pm size particles and only 51% for 30 nm
size particles. That is why numerous efforts were directed in recent years toward the
development of methods to synthesize metal particles without a passivating oxide layer.
An advanced method for protecting active metal against oxidation in air might be use of
organic self-assembling monolayers, which are densely packed organic films organized
on a material surface via chemisorption of a molecular amphiphile [15]. It was expected
that in the case of one organic molecule thick layer “the contamination” of metal
particle would be extremely small. However, in practice the content of active aluminum
in the particles of 80-100 nm size passivated by perfluoroalkyl carboxylic acid
(C13F27COOH) became equal to 23—25% only [16,17]. This is despite the total absence
of oxide layer on the metal particle that resulted from using a wet chemistry technique
with coating of metal in solution.

Another method of passivating nanometal particles has been suggested in Refs [18]
and [19]. The original nano-Al particles of 50 nm size were produced by Gen—-Miller
flow-levitation installation [20] via metal evaporation and following condensation in a
mixture of hexamethyldisilazane vapors with argon. This resulted in formation of tri-
methylsiloxane coating on Al nanoparticles with a small change in particle size—from
48 to 54 nm. Surprisingly, the content of active Al was found to increase only to a very
small extent—from 72.5% for oxide coated to 74.5% for polymer coated. This small
difference in active Al content remained in both types of particles after 60 days storage
(64.4% for oxide coated and 66.6% for polymer coated).

The above information demonstrates great technical difficulties in passivating the
surface of metal particles without loss of the content of active metal.

2.3 Effect on the Burn Rate and Performance of Solid Propellants

One of the first applications of nanometal particles as energetic material was using them
in solid propellants. It was expected that the replacement of micron-sized Al in pro-
pellant formulation would result not only in enhancement of burning rate but also in
decreasing the dependency of the burning rate on pressure. Pioneering data obtained in
the 1960s at the Institute of Chemical Physics (Moscow) demonstrated that the burning
rate of composite propellants based on ammonium perchlorate and bitumen binder
with total replacement of 13 or 31% of 15 pm Al by nano-Al (Gen—Miller type, 90 nm)
was really increased by about 50%, but the pressure exponent in the burning law was
also increased by about 10% [21]. In the following years when obtaining first the
electroexploded nano-Al particles, the researchers assumed the presence of additional
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heat of formation contained in submicron metal particles that can be employed for
enhancement of the energy content of propellant. The idea of the existence of energy
excess (up to 400 cal/g) in aluminum nanoparticles was proposed in Ref. [22]. Later on,
this effect was studied in detail in Ref. [23]. It was revealed in differential thermal
analysis experiments that for Al (50—100 nm) nanoparticles produced by the wire
electroexplosion method and aged for 0.5—1.5 years, any effect of stored energy could
not be detected. The recorded weak exothermic peak at 580 °C is associated with the
oxidation of the particles due to the presence of small amounts of oxygen impurities in
the purge gas (argon or helium), and also with the possible effect of adsorbed air. It has
to be noted that the effect of stored energy should be manifested in the value of the
specific impulse of the solid propellant. However, an increased amount of oxide in
nanosized Al particles can reduce and mask this effect. Therefore, its detection requires
specialized detailed measurements that can be performed in the future.

Another expectation related to using the ultrafine Al particles was decreasing the
pressure exponent in the propellant burning law. Numerous previous attempts to realize
decreasing pressure exponent in experiments with partially replaced micron-sized Al in
solid propellants failed [24-26|. Those experiments established that the heat release in
the condensed phase in fact becomes significantly higher in the presence of nano-Al
particles, which results in increasing the magnitude of the burning rate but does not
decrease its pressure exponent. Note that when replacing micron-sized Al with the
oxide-coating nano-Al, the total energy content in solid propellant decreases due to
enhanced content of AlO3 in nanoparticles (the smaller particle size, the higher oxide
fraction). This leads to decreasing the performance efficiency of solid propellant. By
calculation, in the case of model propellant formulation (70% ammonium perchlorate
and 15% energetic binder) containing 15% Al, the replacement of ordinary 15 pm size
Al (99.5% of active metal) by 80 nm Al (82.3% of active metal) should lead to decrease
in the value of specific impulse from Isp (15% Al) = 266.6 s to Isp (12.3% Al) = 260.6 s.
These values are estimated for the chamber pressure 40 atm and nozzle exit pressure
1 atm.

A specific drawback of using the nanometal particles is that due to their large specific
surface, the viscosity of propellant slurry at the particles contents exceeding 10% weight
becomes too high and prevents application of casting technology in production of solid
propellants. Studies of the rheological characteristics of HTPB-based suspensions filled
with aluminum nanoparticles of Alex type (80—100 nm) have shown that the viscosity
of the suspension 7] alex 18 related to the volume concentration Cy of the solid additive
as follows [27]:

Nrel Alex = nsuspension/nHTPB =1+55C,—-314 C\27 +74.5 C\%

This equation is valid for volume concentrations of metal nanoparticles C, < 50%.
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2.4 Effect of Nanosized Particles Sintering

Some fresh results obtained experimentally and theoretically [28,29] demonstrate the fact
of fast sintering of particles aggregates into bulk alumina in conditions of fast heating rate.
Thus, questions are raised about “effective” particle size during ignition and combustion
of ensemble of nano-Al particles. The reactive molecular dynamics calculations carried
out in Ref. [30] showed that upon rapid heating of aluminum core/oxide shell particles
the melted core Al atoms diffuse outward into the oxide shell, which is driven by an
induced built-in electric field. It leads to the melting of oxide shell at temperatures much
lower than the oxide melting point and to sintering of the particles due to action of
surface tension forces. Importantly, the characteristic sintering time according to calcu-
lations is even shorter than the reaction time. This may qualitatively explain why the
experiment does not give an extremely short burning time for very small Al particles.

3. COMBUSTION OF NANOTHERMITE COMPOSITIONS

Nanopowders are often used to produce so-called metastable intermolecular
composites (MICs). These are mixtures of nanosized reagents that are stable under
normal conditions and capable of interacting with each other with the release of large
amounts of energy after activation by a triggering stimulus (thermal, mechanical, or
electrical). Examples of such MICs are mixtures of nanoparticles of metals such as Al,
Mg, Zr, Hf, etc., and nanoparticles of metal oxides (Fe;O3, MoO3, CryO3, MnOy,
CuO, Bi,O3, and WO3). It is known that in the case of classical thermites, the com-
bustion reaction is slow due to the relatively slow diffusion process. When the reagents
are in the nanoscale, the diffusion path is much shorter and the reaction rate is increased
significantly as compared with the reaction rate of conventional thermites. Additives of
polymer materials or binders or gas-generating agents to metal and metal oxide—based
MICs are able to provide the necessary working body during combustion. An area of
particular interest is the use of MICs in microscale motors. This is related to the
development of microscale propulsion systems and the use of these energetic materials
in micromotors and even small spacecraft. Supposedly, such mixtures could find
application as the gas-generating compositions. They can combine high-energy char-
acteristics with unprecedented stability, safety, and an opportunity to precisely control
the burning rate in a wide range through the regulation of granulometric composition.
In the case of nanothermites, due to fast reactions the energy losses to the combustor
wall are negligible. For example, the burning rate of MoO3—Al nanothermite, prepared
by mechanical mixing of 79 nm aluminum particles and 30 x 200 nm MoOs flakes
reaches 790 m/s in a metal tube of 0.5 mm diameter. This composition is considered a
promising base for microscale rocket propellants [31]. Other possible applications of
nanoscale MICs are ammunition primers and electric matches [32].
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3.1 Methods of Preparing MICs

There are several advanced technologies for mixing nanoenergetic materials, such as ink-
jetting, vapor deposition processes, cold spraying, etc. Three technological approaches to
producing different MICs are widely used: mechanical stirring, arrested reactive mixing,
and sol—gel technology. The first approach is the simplest and most common method of
production of nanothermites. Nanopowders of metal oxides and a fuel are mixed in a
volatile inert liquid (to reduce the static charge) and treated with ultrasound to ensure an
even distribution of the components and their deagglomeration. After evaporation of the
liquid, the thermite is ready to use. The technology of mechanical mixing is suitable for
almost all thermite systems, and its simplicity makes it widely used. Its main drawback is
the need to use nanoscale starting materials.

Arrested reactive milling is based on the use of ball mills and vibratory ball mills. The
method involves co-milling of the metal oxide and aluminum. The component particles
may be both nanosized and micrometer sized. In the course of milling, the particles are
mixed to form nanocomposite particles in which fuel and oxidizer are contained in the
same particle. The particles produced by that technology are in the size range of
1-50 nm and consist of layers of metal (e.g., Al) and oxidizer, about 10 nm thick.
Particle size is a function of the milling time, but because of the high reactivity of the
mixture, after some time of treatment (depending on the initial particle size, type of the
components, and the milling medium) when the particles are reduced below a certain
size, the ignition of the mixture may occur. The term arrested reactive milling implies that
grinding is stopped before the moment of ignition of the mixture. Advantages of this
method are: the possibility of using initial micrometer-sized particles; production of
nanocomposite particles with density approaching the theoretical value; highly reduced
presence of metal oxide because of the effect of encapsulation of the metal in the
particle matrix; and precise control of the degree of mixing and, hence, reactivity by
changing the milling time. The main disadvantage of the method is that only a few
thermite mixtures can be prepared by this method as most mixtures are too sensitive and
ignite before sufficient mixing is achieved.

The sol-gel method of obtaining nanostructured materials implies the processes
where reactive precursors (monomers) are mixed into solution in which polymerization
occurs, leading to the formation of a three-dimensional highly cross-linked solid
network that results in a gel. The gel is then dried using supercritical extraction to
produce samples of highly porous low-density aerogel or to produce xerogel by
controlled slow evaporation. Energetic materials can be incorporated during the for-
mation of the solution or during the gel stage of the process. The composition and size
of the primary particles, the time of gel formation, surface area, and density may be
tailored and controlled by methods of solution chemistry. An important area of
application of the sol-gel methods is the synthesis of nanostructured metal oxides,
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which are used for obtaining different MICs (mainly metal/metal oxide nanothermites).
These methods can be used to synthesize nanostructured oxides of various metals and
metalloids: Fe, Cr, Al, Ga, In, Hf, Sn, Zr, Mo, T1, V, Co, Ni, Cu, Y, Ta, W, Pb, B, Nb,
Ge, Pr, U, Ce, Er, and Nb [33]. To obtain energetic nanocomposites containing metal
oxide and metal, powdered metallic fuel needs to be introduced into the sol before the
beginning of gelation, when the viscosity starts to increase rapidly. In this way, it is
possible to obtain a metal oxide gel matrix with uniformly distributed Al particles.
When other substances are used as the fuel, agglomeration of the particles can be
prevented by ultrasonic agitation. The advantage of sol—gel methods is the broad range
of materials used and relatively high productivity.

3.2 Understanding the MICs Reactive Mechanisms

Over the last three decades there has been significant growth in understanding the
ignition and combustion mechanisms of nanothermites and other nanoenergetic ma-
terials. However, there is still much that is unknown about the physics and processes
that control these highly exothermic reactions. The role of metal oxide oxygen release
in the phenomenon of nanothermites ignition was discussed in Ref. [34]. In that work,
the advanced experimental approach was used, which included simultaneous use of
time-of-flight mass spectrometer, optical emission, and T-jump heating units at heating
rates up to 10° K/s. The reactions of type 2Al + 3MO — AlL,Oz + 3M + AQ were
studied (MO = metal oxide). It was found that the oxygen produced by decomposition
of MO particles plays an active role in the reaction. Experiments with different oxides
like CuO, Fe;O3, and ZnO showed that the reactivity of the Al/MO pair directly
depends on the capability of oxygen release from oxide particles. Therefore, higher
reactivity of Al/CuO mixture can be attributed to the higher oxygen release rate as
compared with the lower release rates for Fe,O3 and especially ZnO. Time-resolved
mass spectrometry records of formation of Al suboxides (AlO and Al,O) show that
the reaction of Al oxidation does not follow thermal equilibrium calculations, indi-
cating that the system is far from equilibrium. Supplementary records by high-speed
X-ray movie (135,000 fps) confirm that the oxygen releases prior to the ignition
instant, indicated by temperature measurements. Actually, ignition temperature defi-
nitely correlates to instant of oxygen release from MO. At the same time, an original
observation was made in experiments with Bi»O3. In the system Al/BiyO3 it was clearly
recognized that nanothermite reaction starts before the oxygen is released from the neat
BixOs. It suggests the condensed phase reaction of liquid Al with oxygen ions formed in
melted Bi;O3 and then transported to the surface of Al particles. It is stressed that these
reactions may play a more significant role than it was previously expected. Later on, the
same authors’ team published an article in a special issue of Combustion and Flame [35]
that generalized the experimental data regarding the mechanism of condensed-phase



10

Vladimir E. Zarko

reactions of Al with different metal oxides, which proceed simultaneously with the
reactive sintering. As was mentioned in an editorial comment to this issue [36], the
results suggest that condensed-phase reactions may be more prominent than previously
thought. Additional evidence of the presence of developed condensed-phase reactions
in ignition and combustion of nanothermite materials were presented recently in Refs
[37] and [38]. The comprehensive review of state-of-the-art formulation of the reaction
mechanism of nanothermites is presented in the Chapter 4 by M. Zachariah and G. C.
Egan in this volume.

S 4, COMBUSTION OF NANOEXPLOSIVES
4.1 Carbon Nanotube Supported Explosives

Nanostructured energetic materials are a new concept composite powder, which can
dramatically improve the performance of gunpowder and explosives. The combination
of nanocrystals of explosives and nanoporous substrates makes the composite products
possess original properties and unique parameters. Following are some examples of
recently reported research results obtained in experiments with nanoexplosives.

One of the first attempts to control the combustion properties of a high explosive in
the nanostate is reported in Ref. [39]. A porous chromium(II) oxide matrix was
impregnated by RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine). The reactivity and
sensitivity of CryO3/RDX nanocomposites were studied by impact and friction tests,
differential scanning calorimetry, and time-resolved cinematography. It was found that
the size of RDX nanoparticles and their distribution in the CryO3; matrix have an
important influence on their reactivity, which differs significantly from those of
micron-sized RDX. In particular, in the nanocomposites with the RDX contents
between 6.2% and 80%, the decomposition starts before the melting point of RDX.
This means that the thermal decomposition of nanometric RDX proceeds with
decreased activation energy. It was also found that for an RDX content of 14.3—42.0%,
the nanocomposites are less sensitive to impact than pure RDX. Note that in this case
the explosive layer is not continuously distributed on the Cry,O3 surface, while with
higher RDX content (42.0-95.0 wt%) it covers all Cr,Os3 surface that results in
increased sensitivity as compared with pure RDX. However, at highest RDX content
(>95%), the same as RDX impact sensitivity has been detected. The combustion of
nanocomposites with relatively low RDX content (14.3% and 25.0%) is very irregular,
and it stops when cutting the laser irradiation. Self-sustained combustion after laser
cut-oft is realized for the RDX-rich nanocomposites (40-95%). The burning rate
decreases when RDX content increases.

Observed RDX reactivity behavior correlates well with the morphology of
explosive material distribution in CryO3 matrix. At low RDX contents (<10 wt%), the
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resulting RDX particles are separated from one another and are typically of 10 nm size.
The decomposition proceeds in one step, and the composition is very insensitive to
impact and friction stress. With increased RDX content (10—40 wt%), the deposited
explosive particles are on the surface of the chromium oxide rods but they are still
discontinuous and nanometric size. The decomposition proceeds in two exothermic
stages before an RDX melting. The combustion is not self-sustaining, and there is no
transition to detonation. At RDX content between 40% and about 75%, the surface of
the oxide pores is totally covered with an explosive layer. The composition undergoes a
self-sustained combustion, and it can detonate in a confined space. Finally, for RDX
content higher than 75%, the explosive layer surrounds the Cr,Ojz core, and the
properties of composition approach those of pure RDX.

Another example of unique properties of nanostructured EMs was described
recently in Ref. [40]. It was demonstrated that a self-propagating reactive wave moving
faster than 2 m/s can be realized using 7 nm RDX annular shell around a multiwalled
carbon nanotube (CNT). This burning rate exceeds more than 10° times the value for
bulk RDX at atmospheric pressure. It was found that the burning rate increment de-
pends on the structure of carbon nanotube. The effect is higher in the case of 10 walls
nanotube (22 nm tube diameter) as compared with that for 9 walls nanotube
(13 nm).The reaction also evolves an anisotropic pressure wave of high total impulse per
mass (300 N-s/kg) and produces a concomitant electrical pulse as large as 7 kW/kg.
The physical reason for unusual combustion behavior of coated CNTs is extremely high
thermal conductivity of CNT, which may reach the value of 3500 W/m-K at room
temperature that is more than 80 times larger than that for the best conductor Ag (430
W/m-K).

Unfortunately, there are great problems with scaling of discovered effects. Actually,
with larger system size the effects become much less and special efforts have to be
undertaken in order to provide practical feasibility of new phenomena. There are also
some technology issues because of heterogeneities in the thickness of carbon nanotubes
as well as the RDX coating, leading to irregular performance along axial position of the
composites.

The continuation and further development of this direction of research was made
with single-walled CNT coated with chemically bonded energetic material [41]. Using
diazonium chemistry, a series of nitrophenyl-decorated CNT composites have been
synthesized. The intention was to explore coated CNT, which may release energy in a
controllable manner, and to investigate the effect of thermal conductivity of CNT on
the rate of explosive reactions. It was established that diazonium chemistry is an efficient
scheme to attach energetic molecules (Nitrobenzenes) onto CNT surface homoge-
neously with high density. It was found that chemically bonded composites release
energy at low temperatures over physically mixed ones (T heat release = 373.6 °C
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against 280.3 °C) and the composites with highly conductive CNT exhibit explosive
behavior at lower temperatures. In addition, it was concluded that the better perfor-
mance is demonstrated when composites are made in vertically arrayed structures with
“metallic” conductivity CNT.

The original attempts of using multiwalled carbon nanotubes as support for
incorporating the polynitrogen, Ng, were made in Refs [42] and [43]. The Ng possesses
giant heat of formation, Hr = 43630 cal/g, exceeding greatly that of the best explosives
(HMX ~ 491 cal/g). It is a known fact that pure polynitrogen systems are metastable,
but advanced theoretical studies showed that when a polymeric nitrogen chain is
encapsulated in a carbon nanotube, it can be stable at ambient pressure and room
temperature, which makes such composites promising nanoscale energetic material.
Actually, clear evidence of polynitrogen atoms presence in carbon nanotubes has not yet
been found. According to experimental data of Ref. [43], the content of nitrogen atoms
in carbon nanotubes can vary in the range 1.7—-4.0%, and nitrogen exists in the form of
pyridine-like, graphite-like, oxidized nitrogen and nitrogen physisorption layer. The
results of experimental studies state that it is possible to obtain nitrogen-doped carbon
nanotubes with controlled concentration and structure. This may provide the devel-
opment of novel nanoenergetic materials.

4.2 Porous Silicon Impregnated Composites

Porous silicon (PSi) was discovered first as a reactive material when it was tested in
combustion studies being immersed in nitric acid [44]. The electrochemical etching of
bulk silicon in solutions containing fluoride (e.g., HF) can be used to produce PSi. It
allows adjusting the pore sizes in the range from 2 to 1000 nm by selecting suitable
etching parameters. Then the nanopores can be filled with a liquid oxidizer (Ca(ClOy)p,
KClOy4, NaClOy, etc.). The potentialities of PSi as fast-burning energetic material were
well established in Ref. [5], when ~65-95 um thick PSi films composed of pores
with diameter less than 3 nm were fabricated using a galvanic etching approach. The
nanoenergetic composite was then created by impregnating the nanoscale pores with
sodium perchlorate (NaClOy). The combustion propagation speed was measured using
specially fabricated diagnostic tools in conjunction with high-speed optical imaging up
to 930,000 fps. For PSi films with specific surface area of ~840 m*/g and porosities of
65—67%, the measured burning rate reached 3050 m/s.

Even faster propagation speed up to 3660 m/s, which is at present the highest re-
ported flame speed for available nanoenergetic systems, was recorded in specially
fabricated channeled porous silicon [45]. It was found that the mechanism of
enhancement of flame propagation rate in channeled porous silicon is different from the
convectively controlled combustion in original porous silicon. The aim of the study was
to relate the speed of sound to events where a flame jumped ahead of the primary, visible
reaction front. Supposedly, there exist acoustically aided reactions in porous silicon
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channel combustion and the channels more readily ignite compared to original porous
silicon. It is believed that acoustic waves traveling through the porous silicon film can
carry enough energy to ignite the sensitive PSi channel structures and propagate the
reaction.

Detailed study of the mechanism of propagating the reactive waves through porous
silicon-sodium perchlorate composites was undertaken in Ref. [46]. The speeds of
propagation were varied by changing specific surface area (SSA) of the samples. The
samples with relatively low SSA (~300 m>/g) normally exhibited baseline speeds of
~1 m/s while samples with high SSA (~700 m®/g) exhibited fast reactive wave speed
propagations of ~ 1000 m/s. To study the effect of microscale structures on the reactive
wave propagation, specially prepared samples were used consisting of an unpatterned
and a patterned section. The patterned section contained micron-sized square pillars
and microchannels. The samples were ignited in the unpatterned PSi section and the
reactive wave propagated into the patterned PSi. Shadowgraph records showed that
upstream permeation of hot gaseous combustion products was responsible for a two
order of magnitude enhancement in the reactive wave propagation speed obtained by
the presence of organized microscale patterns on PSi. It was also taken into account that
the oxidation of silicon atoms in the nanoporous structure results in a volume expan-
sion, which can initiate cracks formation. The experiments indicated that a combi-
nation of conductive and convective burning, possibly assisted by fast crack propagation
within the silicon porous silicon substrate, was responsible for the observed difference in
propagation speeds and was the mechanism by which the reactive wave propagated with
the speed on the order of a km/s within the porous layers.

The very specific application of energetic nanocrystalline porous silicon was
demonstrated in Ref. [47]. It was shown that upon igniting the impregnated porous
silicon by an electrical current passing through 100 nm thick aluminum film deposited
on the unpolished side of the wafer, the ignited sample causes strong explosion, which
destroys the explosive chip into small fragments. Use of such a system allows obtaining
the explosion impulse, which may reach about 140 mN-s. In fact, this value is two
orders of magnitude larger of impulse produced by conventional propellants [48] (about
0.1-6 mN-s for conventional propellants such as lead styphnate or ammonium
perchlorate). Moreover, via stacking three porous silicon chips together, it becomes
possible to get an explosion impulse of 0.25 N-s, which allows propelling a 30 g object
up to 3 m high.

S 5. EXPERIMENTAL METHODS TO CHARACTERIZE
NANOENERGETIC SYSTEMS PERFORMANCE

A wide set of advanced experimental methods and tools are used in characterization
of nanoenergetic systems. These include fast video and X-ray filming, time-of-flight mass
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spectrometry, optical emission measurement, ion-focused tomography, etc. An important
feature of listed methods is extremely high space and time resolution. Some examples of
contemporary approaches are presented herein.

The exploration of structural properties of explosive materials takes using methods
with the length scales spanning several orders of magnitude, from just under 10 nm to at
least 10 um. Those methods can be used for determining the sizes of nano- and mi-
croparticles as well as the sizes of pores and total porosity of the samples. In Ref. [49], a
rich combination of the methods has been employed to characterize triaminotrini-
trobenzene (TATB)-based explosives. It included ultra-small angle X-ray scattering,
ultra-small angle neutron scattering, and X-ray computed tomography. Ultra-small
angle X-ray scattering (USAXS) allows determining structural inhomogeneities from
a few nanometers to a few microns scale. Ultra-small angle neutron scattering (USANS)
bridges the gap between USAXS and imaging techniques, and extends the sensitivity of
scattering to about 10 pm. Synchrotron-based X-ray microtomography allows imaging
the low-z materials with reasonable contrast from a few microns to about 1 cm. In
particular, USAXS explored the smallest voids including hot-spot voids from hundreds
of nanometers to a few microns, and it was found that upon temperature cycling the
number of these voids increases and size distribution shifts toward larger sizes. These
derived data give important information used for better understanding of microstruc-
tural mechanisms affecting the mechanical properties of explosives and can be used as
empirical input to computational models of detonation. The goal of such research is to
determine the relationship between the voids and microstructure and their effect on
detonation properties.

Similar information about the porosity and pores size distribution has been obtained
in Ref. [50] with use of computer-aided X-ray microtomography. These data were used
to correlate the laser initiation thresholds with microstructure of samples of fur-
azanotetrazine dioxide and dinitrodiazapentane mixture, which depended on the
conditions of crystallization of samples and mass ratio of components.

In Ref. [51], when studying the sensitivity of nanocomposite granules containing
small RDX crystals, the method of focused ion beam (FIB) nanotomography with
spatial resolution about 10 nm has been successfully employed. Using the estimates of
theoretical maximum density, it was shown that most of the porosity comes from the
voids with sizes less than 100 nm. It was stated that the low shock sensitivity is primarily
due to the absence of large voids.

Original nanocalorimetry technique has been demonstrated in Ref. [52]. This
technique allows measuring thermal effects upon heating with extremely high heating
rate of the individual crystals of explosives of a few nanograms mass. Thermal sensitivity
of the device comprises 10 microW, the maximal heating rate reaches 1 million K/s.
The device can measure the heat of phase transitions and decomposition. The
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preliminary tests were conducted with the single crystals of RDX, PETN, and CL-20
with mass of 7-30 ng at heating rates up to 2500 °C. The tests showed very peculiar
thermal behavior of listed explosives at high heating rates, which will need to be
examined in detail in the future.

6. CONCLUSION

Research in nanochemistry opened a bottom-up approach in the architecture of
matter, from the atom to millimeter scale. The main idea in energetics is to enhance the
surface area and intimacy between reactive components in order to increase the reaction
rate and decrease the ignition delay. Existing lack of understanding of the underlying
mechanisms stems from the difficulty of experimental observation of the nanoscale
changes occurring in nanoenergetic materials in the very brief time scales associated
with the rapid heating rates and high temperatures intrinsic to the reaction and com-
bustion dynamics.

Obviously, the experiments in a vacuum, which prevent any significant hetero-
geneous gas-condensed phase reaction, can capture the interfacial condensed phase
interaction of the nanoparticle systems without the convoluting effects of gas phase
chemistry. The possible effects of gas phase chemistry and difficulties of interpretation
of experimental data can be demonstrated in examples of measuring the displacement
of the luminescent front in the plastic tubes filled with energetic material. It was
shown in experiments [53] with loosely packed aluminum/copper oxide (Al/CuO)
thermites in an acrylic burn tube, composed of fully and partially filled sections, that
the velocity of the luminous front in unfilled regions approached 1000 m/s and was
about 600 m/s in the filled region. In partially filled regions, the intermediate and
product species expanded forward and completely filled the tube being heated to a
temperature of about 3000 K. In the filled region, the temperature first increased to
the value of 3200 K and then remained at 3000 K even after the front exited the end of
tube. These results suggest that the luminous front may not represent the ignition of
new material but rather that some reacting material part is propelled forward through
the tube.

Qualitatively similar findings were obtained earlier in the burn tube experiments
[54] with MoO3/Al system. In the case of low-density samples of loosely packed
nanoenergetic material, the high “burning rate” reaching 1000 m/s was experimentally
recorded while for densely packed samples a moderate rate was recorded comprising
=1 m/s, which was also typical of the systems with micron-sized powders. The results
indicate that observed very high velocities of luminescent front propagation during
combustion of nanoenergetic systems in thin channels are probably caused by the hot
gas exhaustion and not by the kinetics of heterogeneous chemical reactions in
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nanosystems. This shows that the question about significant differences (few orders of
magnitude) in the reaction kinetics of nano- and microthermite systems remains open.

Note that extremely fast burning rates exceeding 3 km/s recorded in combustion of
impregnated porous silicon materials may have objective meaning, but the controlling
parameters of this process are not yet known in detail. Establishing the real reaction
mechanism for nanoenergetic materials takes designing special experimental conditions
and techniques. Recently, for the first time clear evidence of the fact that the major part
of heat release in nano-Al-based thermite reactions is contributed by a condensed phase
mechanism were obtained in very detailed studies [37] when various nanothermite
combinations were ignited using rapidly heated fine wire. At the same time, practically
the first direct evidence of the contribution of gas-phase oxygen on the ignition and
combustion of nano-Al formulations was obtained in Ref. [55]. This work tested stoi-
chiometric mixtures of nano-Al (50 nm) as fuel and nanoparticles of periodates (KIOy,
NalOy) sized 50-300 nm as oxidizer. The periodate particles were prepared by atomi-
zation of aqueous solutions with subsequent solvent evaporation. Analysis of experi-
mental data on thermal analysis and temperature-jump wire heating showed that
exothermic decomposition of periodate salts contributes to the low ignition temperature
of nanoenergetic formulations. It was shown that the reaction mechanism of periodate
salt-based nanoenergetic formulations differs from those of metal oxide nanothermites
and provides higher rates of gas release and maximum pressure in the combustion cell as
compared with traditional nanothermite (Al/CuQ) and Al/KMnO, mixture. It was
concluded that the gas phase oxygen released in decomposition of periodate salt is critical
to the ignition and combustion of periodate nanoenergetic formulations.

When dealing with nanoenergetic materials, the question arises how to obtain the
advantages of nanoscale compositions without the drawbacks related to technology
limitations. One of the promising options might be use of micrometer-scale particles
with nanoscale features. As an example, such materials were prepared by self-assembling
the energetic compounds in mesoporous substrate [56,57]. For that, HNIW (CL-20)
was first dissolved in acetone and entered the mesopores of linearly ordered mesoporous
material SBA-15 by capillary forces. Then, with the evaporation of acetone, HNIW
was self-assembled in mesopores via host—guest hydrogen bonds. The sizes of both the
nanopores and nanocrystals of HNIW were of the order of 10 nm. The maximum
content of HNIW comprised about 70 wt%. The thermal properties of nanocomposites
were measured by DSC analysis. Compared with pure HNIW and a physical compo-
nents mixture, the decomposition peak temperature of the confined crystals decreased
by 11 °C, while the total amount of heat released slightly increased. Additional ex-
periments showed that mesoporous carbons (like FDU-15) may also play a role of
potential host. When FDU-15 is used, 2,4,6-trinitrophenol (TNP) can also self-
assemble in mesoporous carbon nanochannels to form nanocomposites. The weight
percent of TNP in nanocomposites can reach 66%. Such nanocomposites may have
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great potential to be used in different applications as energetic fillings in various gas-
generating propellants, in microexplosive devices, etc.

Original realization of idea of engineering the molecularly built energetic materials
employing deoxyribonucleic acid (DNA), Al, and CuO has been demonstrated in
Ref. [58]. The authors used the DNA “sticky properties” to graft strands of DNA onto
nanoscopic beads of aluminum and of copper oxide and then mixed together the two types
of nanoparticles coated with DNA strands. As a result, they obtained compact, solid ma-
terial that spontaneously ignites when heated to 410 °C and releases heat up to 1.8 MJ/kg.

The above examples of creating new energetic materials with unique properties do
not cover all fields of their application but clearly show the potential for utilization in
various devices and installations. Due to high energy density and micro-
electromechanical systems compatible fabrication methods, on-chip porous silicon
compounds have considerable promise as an energetic material.

The nanoenergetic composites could also find applications as gas igniters in internal
combustion engines or as fuel in aircrafts and space rockets, miniature detonators, on-
site welding tools, as additives to propellants in rocket engines, etc.

There are still a number of unsolved problems in preparation and application of
nanoenergetic materials. These relate, in particular, to the questions what is the role of
the interface between reacting components and how to predict the reactive behavior in
dependency of ignition method, and what is the relationship between nanoparticles size
and the composites performance? To get answers, the results of the experimental studies
have to be presented in a detailed and concise manner allowing comparison of materials
prepared using different manufacturing approaches. Based on critical assessment of
available information, it will be possible to construct ignition and combustion models
and make reliable predictions of combustion and operational behavior.

The elaborated “bottom-up” approaches must provide efficient tools for better
understanding the structural mechanisms governing nanoenergetic materials thermal
properties. Such knowledge will allow the ability to create molecularly manipulated
energetic substances and formulations having well-tailored chemical and physical
properties.
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CHAPTER TWO

Fast-Reacting Nanocomposite Energetic
Materials: Synthesis and Combustion
Characterization
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1. INTRODUCTION

Combustion can be defined as a rapid chemical reaction that produces heat and
light. For composite energetic materials the reacting materials consist of a fuel and an
oxidizer. Once the reactive materials come together, if there is enough energy to initiate
the reaction, combustion occurs. When one of the reactants (i.e., either fuel or oxidizer)
has nanoscale dimensions, the composite is referred to as a nanocomposite energetic
material. If the energy obtained from combustion is more than necessary to sustain the
reaction, energy spreads to the surrounding reactants. As the energy of the surrounding
reactants also reaches a threshold, continued combustion is initiated and energy transfers,
thus propagating the combustion [1].

For a combustion reaction to be initiated, the participating reactants should possess
energy beyond a certain threshold, called activation energy, a term coined by Svante
Arrhenius. He defined a relationship between activation energy and reaction rate k(7T)
according to Eqn (1):

k(T) = A-exp (— e > (1)
RT

where A is the preexponential factor, R is the gas constant, and T is the absolute tem-
perature. The activation energy of an exothermic reaction as a function of the reaction
path is depicted in Figure 1. The initiation of a combustion reaction is commonly referred
to as ignition. Reactants can be ignited using several approaches, such as thermal,
mechanical, electrical, shock, optical, chemical, or acoustic stimuli. Each method gives
rise to unique combustion characteristics depending on the state of the reactants and the
heating rate among other factors.

After reactants are ignited, since combustion is exothermic by nature, the chemical
reaction generates enough energy to drive the surrounding reactants to their activation
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Figure 1 Plot showing energy as a function of reaction path during an exothermic combustion
reaction.

energy and, thus, ignition. The cycle of ignition and energy transfer then repeats
consequently throughout the reactants and is physically manifested as a flame. A thor-
ough review of the different theories available in the literature discussing ignition and
propagation in combustion of composites is provided by Farley et al. [2].

Energetic materials are broadly classified into homogeneous and heterogeneous
materials. Homogeneous reactive materials, sometimes referred to as monomolecular
energetics or explosives (like TNT, HMX, RDX, PETN, etc.), include fuel (i.e., carbon
and hydrogen) and oxidizer (i.e., oxygen, fluorine, and nitrogen) bonded within the
same molecule. Combustion occurs when the activation energy barrier is reached
through external stimuli and the bonds in the homogeneous reactive material are broken.
What follows is a very quick release of energy. Since the time scale for energy release is
small because the controlling mechanism is bond breaking, the power delivered from
these materials is high. However, by the very nature of being monomolecular, they often
have an imperfect fuel-oxidizer ratio and thus, low energy density.

Heterogeneous reactive materials, also called energetic composites, consist of physical
mixtures of fuel and oxidizer components. The fuels in physical contact with oxidizer
undergo combustion at the points of contact. Figure 2 shows a particulate composite
mixture of magnesium (Mg) fuel combined with manganese oxide (MnQO). Rates of
reaction are limited by the diffusion of particles and are comparatively lower. But,
compared to monomolecular explosives, energy density is very high (i.e., ~16,736 J/g
for aluminum and molybdenum trioxide (Al + MoO3) compared with 2094 J/g for
TNT). Homogeneity of the fuel-oxidizer mixture and the size of the particles become
important factors in determining the rate of energy release and therefore the power
available from reaction. Energetic composites offer versatility in many parameters to
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Figure 2 Scanning electron microscopy (SEM) with color mapping to show magnesium particles in
red (dark gray in print versions) and manganese oxide particles in green (light gray in print versions).

control reactivity including, particle size, formulation, composition, number of
reactants, fuel—-oxidizer ratios, to name a few. In this way, energetic composites may be
tailored for specific applications that require increased reliability, controlled reaction
rates, and tailored sensitivity, and hence enable multifunctionality.

Conventional energetic composites contain particles ranging in size between 1 and
100 pm. Since classical combustion theory suggests that these reactions are diffusion
controlled, decreasing the size of the reactant particles decreases the transport distance
and thus enhances the operative mechanism, thereby increasing reaction velocity.
Decreasing the particle size from micron- to nanoscale considerably increases the surface
area-to-volume ratio. A larger ratio will imply decreased diffusion distances between the
particles, increased number of contact points between the reactants, and subsequently,
greater reactivity. Nanoscale energetic composites are thus known to exhibit greater
reaction velocities than their micron-scale counterparts, although the energy density of
the bulk materials remains identical.

Brown et al. decreased the particle size of the Sb/KMnOy system from 14 to 2 pm
and found that the burn rate increased from 2—-8 mm/s to 2—28 mm/s [3]. Shimizu et al.
showed that an increased number of contact points between the fuel and oxidizer in the
FexO3/V,05 system increased the reaction rate of the components [4]. Aumann et al.
examined nano-aluminum in the loose powdered media and suggested that aluminum
thermite mixtures with an average particle size 20-50 nm reacted almost 1000 times
more than conventional thermites because of the reduced diffusion distance between the
individual reactants |5]. Bockmon et al. showed that when the size of the reactants is
reduced from micron to nanoscale, reaction velocities increase by up to 1000 times for
loosely packed powders [6].
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Figure 3 Transmission electron microscopy images of aluminum nanoparticles with aluminum oxide
shell [8].

Aluminum (Al) has been a preferred fuel in nanoenergetic composites, finding
extensive use in ordnance and industrial applications, because of its high heat of
combustion (~32k]J/g) [7]. An aluminum oxide (Al,O3) or alumina shell of 2—4 nm
thickness forms a barrier between the pure Al core and available oxygen and reduces
the spontaneous pyrophoric nature of the fuel, making aluminum particles stable and
easy to work with. Figure 3 shows transmission electron microscopy images of Al
particles, with the alumina shell.

For micron-size Al particles, the alumina shell accounts for about 1% of the particle
weight. On the other hand, for nanoscale Al particles, depending on the diameter, the
AlLOj3 shell forms 20—-45% of the total weight, which is a substantial part of the particle.
However, the alumina shell typically does not participate in combustion and acts more
like a heat sink. It also forms a barrier between the oxidizer and active Al core, hindering
the particle’s oxidation. Depending on the size of the Al particles, reaction takes place
when the fuel or oxidizer diftfuses through the alumina shell. Thus, alumina behaves both
as a barrier to Al oxidation and a heat sink at elevated temperatures.

Fluorine (F) is one of the few elements strong enough to react with alumina and the
aluminum—fluorine bond is one of the strongest in nature (665 kJ/mol). In fact, fluorine
is the most reactive element and is often called a material of extremes [9] because it is the
most electronegative. Since it is so reactive, fluorine gas is not commercially used as a
reactant. However, fluorine also forms an extremely strong bond with carbon (536 kJ/mol).
French chemists Dumas and Peligot are credited for displaying the stability of the C—F bond
[10]. The discovery of polytetrafluoroethylene (PTFE) by Roy Plunkett of Dupontin 1938,



Fast-Reacting Nanocomposite Energetic Materials: Synthesis and Combustion Characterization

25

when he was experimenting with tetrafluoroethylene (TFE) to create a safe refrigerant,
was the beginning of the fluoropolymer era in earnest [11].

Shortly after PTFE was manufactured commercially, the use of fluoropolymers in
energetic composites began [12]. Since then, fluropolymers have found widespread use
in the energetic community as favored oxidizers and/or reactive binders [13,14].
Combinations of PTFE with strong electropositive metals such as Al, magnesium (Mg),
and silicon (S1) dominate the literature as examples of PTFE-based energetic composites
[15-21]. Fluoropolymers are also known for their thermal stability and chemical resis-
tance, which is welcomed in the field of energetics where safety is always a primary
concern.

To better understand the oxidizing nature of fluoropolymers and their highly
exothermic reaction with electropositive metal, it is helpful to understand the decom-
position mechanism of the fluoropolymer into its reactive components. Thermal
degradation of PTFE occurs exothermically around 460-610 °C and depends greatly on
the environment. Heating PTFE in air leads to the formation of its monomer, TFE
(CyFy), and carbonyl fluoride (COF,). The monomer, TFE, can further decompose into
difluorocarbene (:CF;). On the other hand, in a vacuum or inert environment,
decomposition of PTFE is endothermic, forming TFE and a mixture of fluorocarbons,
including cyclic fluorocarbons [12,22].

The mechanism for the reaction between Al and F is an area of intense focus
within the energetics community [16,23,24]. Osborne et al. investigated the reaction
between the alumina shell on Al particles and PTFE and found that an exothermic
preignition reaction (PIR) occurs involving the fluorination of AlO3; by PTFE before
the oxidation of the active Al core. This was the first time the alumina shell surrounding
the aluminum core was found to exothermically contribute to the overall reaction
energy. The idea of using alumina as a catalyst bed to excite exothermic reaction that
contributes to the overall exothermicity of the reaction was born [25]. The first studies
exploring this surface reactivity showed that the exothermicity of the PIR was highly
dependent on the surface area-to-volume ratio of the fuel particles [25]. They also
showed the PIR was constant regardless of fuel-to-oxidizer ratio. Figure 4 is a heat flow
curve from a differential scanning calorimeter analysis of Al + PTFE for varied fuel-
to-oxidizer ratio. The PIR is constant for fuel lean to fuel rich formulations. The
PIR is especially large for nanoaluminum particles because the high surface area-to-
volume ratio promotes more surface exothermic chemistry than micron-scale particles.

Watson et al. [23] studied the influence of the gases released during the burning of an
energetic composite made of Al, PTFE, and molybdenum trioxide (MoO3). Mixtures of
Al/PTFE and Al/PTFE/MoQO3 were burnt in open and confined setups. R esults showed
that confinement had a dramatic effect on the burn velocities of AI/PTFE, leading to a
200-fold increase. They suggested that without confinement, the gases decomposed
from PTFE did not fully react with Al as the products diffused away. Confining the



26

Keerti Kappagantula and Michelle Pantoya

DSC /(mW/mg) IS 30% PTFE
T exo
& PIR same
exothermicity for all
mixtures
30
20 20% PTFE
10 15% PTFE
0

100 200 300 400 500 600 700
Temperature /°C

Figure 4 Heat flux as a function of temperature in an argon environment for nanoparticles of Al and
PTFE as a function of fuel-to-oxidizer ratio (in terms of PTFE weight percent concentration). Initial
exothermic peak is the preignition reaction (PIR).

reactants enhanced reaction dynamics, effectively forcing the fluorine from decomposing
PTEE to react with the alumina shell surrounding Al particles thereby activating Al
oxidation and thus producing higher burn velocities. Table 1 shows the dramatic dif-
ference between flame speeds in the open and confined configuration [23]. Surface
exothermic reaction kinetics between fluorine from PTFE and the alumina surface may
contribute to promoting high flame speeds, especially when coupled with MoQOs.
Yarrington et al. studied the combustion characteristics of loose powder and
pressed pellets of mixtures of Al, PTFE (trade name Teflon®) and a binder,

Table 1 50 nm Al particles combined with polytetrafluoroethylene (PTFE) and/or molybdenum
trioxide (MoOs).
Burn velocity (m/s)

Open burning configuration Confined burning configuration

Wt% Al Al/PTFE Al/MoO5/PTFE Al/MoO3 Al/PTFE Al/MoO5/PTFE Al/MoO3

10 0.00 0.00 2 0.00 0.00 88
20 0.14 11 23 0.01 351 557
30 1.6 356 435 299 690 901
40 3.2 410 456 837 957 960
50 4.2 230 201 752 816 756
60 2.6 76 31 562 272 393
70 2.3 9 3 386 72 160
80 1.3 1 0.8 79 8 0.00
90 0.00 0.30 0.06 0.00 0.00 0.00

See Ref. [23].
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poly(hexafluoropropylene-co-vinylidene fluoride) (HFP-VE trade name Viton®),
known as AITV. Chemical equilibrium codes were used to identify the fuel-to-oxidizer
ratios, dominant products, reaction temperatures and pressures. Burn velocities of the
pellets increased with increasing Al content, and optimized speeds were obtained at
58% wt, far beyond the stoichiometric condition of 28% wt observed during the flame
tube studies. The researchers suggested that the AITV reactions occur in both
condensed and gas phases.

For high-speed reactions, PTFE dominates the energetic composite research as the
most common source of fluorine that produces flame speeds on the order of 1000 m/s.
But, there are other fluoropolymers experimented upon. Graphitic fluoride (—CF—),
has been shown to outperform PTFE as an oxidizer in energetic formulations, yielding
higher combustion temperatures [26]. Cudzilo et al. [27] reported highly exothermic
and self-sustaining reactions between (—CF—), and several fuel particles including silicon
(Si) and Al-Si alloys. They showed that exfoliated graphite is the dominant product
produced despite the fuel used.

[acono et al. explored the use of perfluoropolyether (PFPE), fluorinated polyurethanes
and copolymers of the two, as fluorinated matrices for the preparation of energetic
composites with Al fuels in different structural forms like pellets, fibers, and cylindrical
“pucks” [15,28-30]. As opposed to PTFE, PFPE is a liquid, paste-like oligomer that wets
the surface of Al particles, effectively coating them.

Fluoropolymers have been used as binders in energetic composites. HFP-VF has
been applied as a reactive binder in the place of hydrocarbons such as hydroxyl termi-
nated polybutadiene (HTPB). Nandagopal et al. [14] coated ammonium perchlorate
(AP) particles with HFP-VF in propellant formulations and showed that Al/HTPB/AP
had increased thermal stability compared to control energetic composites without the
HFP-VF binder, thereby providing a safer and easier-to-handle solid rocket propellant.

This chapter will focus on exploring synthesis approaches to activating Al fuel par-
ticles in order to produce fast-reacting formulations. The goal is to improve Al reactivity
by exploiting exothermic surface chemistry inherent in the alumina shell. At one time,
the alumina shell was considered dead weight in the reaction: (1) a barrier to Al
oxidation, limiting Al reactivity; and, (2) a heat sink during the production of liberated
chemical energy. However, alumina is an active catalyst and exploiting catalytic reactions
on the alumina surface to effectively enhance Al oxidation toward production of fast-
reacting mixtures is an important avenue for future energetic materials development.

S 2. EFFECT OF FUEL AND OXIDIZER PROXIMITY ON COMBUSTION

Although decrease in the reactant size enhances reactivity, there are several
problems associated with nanoscale reactants. The higher surface energy of the nano-
particles leads to greater particle aggregation (in order to minimize the free energy of the
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system), which makes homogenizing the composite very difficult [31]. Another issue
associated with the high surface area of the nanoparticles is the increased amount of
viscosity when the nanoparticles are introduced into a solvent during composite prep-
aration, which can lead to unwanted friction generation during particle mixing and
increased composite agglomeration [32]. Apart from these, however, one of the biggest
problems is excessive oxidation of the fuel particle (Al) before combustion [33]. In
general, nano-Al particles have a passivating alumina (Al,O3) shell with an average
thickness of 1.7-6.0 nm [34], which accounts for almost 25—40% of the entire volume,
depending on the particle size. Although the oxide layer is an inert coating, prolonged
exposure to air or moisture will further oxidize the Al particle, thus depleting the active
Al content over time, thereby aging the fuel.

One technique to counter these problems is chemical functionalization of the
nanoparticle surface. In general, surface functionalization refers to the process of
encompassing the nanoparticles in an organic corona. Because the Al particles have a
surrounding Al,Oj shell, the material used for surface functionalization should be
capable of interacting either physically or chemically with the alumina shell. Under
standard atmospheric conditions, the Al;O3 shell can become partially hydroxylated
[35], providing an additional route for surface functionalization. Ample literature is
available about the chemical functionalization of Al,O3 oxide on bulk Al particles using
the condensation of carboxylic acids to surface-bound hydroxyls in order to form self-
assembled monolayers (SAMs) [36—38]. Successtul functionalization of alumina with
silanes [39], phosphoric acids [40], and hydroxamic acids [41] has been demonstrated.
Research shows that the physical properties of these nanoparticles are functions of the
physical and chemical compositions of the surface corona to a great extent [42,43].

Developing new Al-based nanocomposite systems that possess energetic properties
tailored for a desired application often requires the use of very large particle loadings. This
has been achieved by using perfluoroalkyl carboxylic acids [32], silanes [44], and glycols [45]
among others. It was seen that the combustion performance of such Al nanocomposites
was affected by the presence of functional groups on these particles; combustion velocities
of such nanocomposites decreased with the presence of hydroxyl groups [46].

Surface functionalization of Al nanoparticles without the alumina shell was also
achieved [32]. However, flame propagation studies of energetic nanocomposites made
with such Al particles showed that their burn velocity was very low compared to en-
ergetic nanocomposites consisting of Al with alumina shell and no surface functionali-
zation [46]. In addition, the method of preparation of such perfluoroalkyl carboxylic
acid—coated Al particles without the alumina shell was deemed unfit for mass production
because partial fluorine passivation led to an extremely pyrophoric material. Per-
fluoroalkyl acids are particularly interesting as coatings over Al particles because using
fluorinated compounds offers an added increase in energy content of the system during
combustion because fluorine can act as an oxidizer for aluminum. In fact, the formation
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of AlF; releases 55.67 kJ/g of Al, which is a significant increase over the formation of
AlLO3 (30.96 kJ/g) [47]. In an effort to capitalize on this potential, nano-Al particles
with an Al,O3 shell were coated with perfluoroalkyl tetradecanoic (PFTD) acid in an
effort to improve their reaction kinetics [48].

Aluminum particles with and without surface functionalization were synthesized and
combined with molybdenum trioxide, and their flame propagation characteristics were
measured and analyzed. Potential factors relating the burn velocity of the energetic
composites and their chemical makeup are identified in order to improve the under-
standing of fast-reacting energetic nanocomposite systems [49].

2.1 Materials and Sample Preparation

Aluminum particles with 80 nm average particle diameter were used as fuels in this study.
All the Al particles were encapsulated in an alumina (Al,O3) passivation shell with an
average thickness of 2.7 nm with an active Al content of 86% by volume. Surface
functionalization of the Al results in a 5 nm thick layer (35% by weight) of PFTD bonded
to the Al-Al,O3 core—shell particle. The detailed preparation method for the acid-
coated Al particles may be obtained elsewhere [48]. The second type of Al particles
had an alumina passivation shell without acid coating and will be referred to as Al
Molybdenum trioxide (MoQO3) is used as the principal oxidizer and has a flake-like
morphology with 44 nm average flake thickness.

The three different composites, identified as Al/MoO3/PFTD, Al-PFTD/MoQO3, and
Al/MoQ3, were prepared for the flame propagation experiments. The Al/MoO3/PFTD
is a physical mixture of discretely separated powders of Al, PFTD powder, and MoO3. In
contrast, the AI-PFTD/MoQO3 includes MoOs5 and Al particles coated with PFTD chains.
This sample has Al chemically bonded to PFTD. The Al/MoO3 consists of Al and MoOj3
alone. The redox reactions between Al, the PFTD functionalization, and MoQOj3 are
complex; hence, the reactant concentrations are expressed in terms of mass percentages
and not equivalence ratios. Dikici et al. [46] showed that similar AI-PFTD/MoO3
combinations with 70.6% by mass MoO3 have the highest burn velocity, and the same
Al-PFTD/MoOj ratio was adopted here. Since the AI-PFTD particles had 35% by mass
of PFTD, the PFTD content accounted for 10.36% of the total AI-PFTD/MoOs5. This
implied that the active Al and the Al;O3 content in AI-PFTD accounted for 19.06% of
the total composite mass. The same mass percentages were also assumed for preparing the
Al/MoOs/PFTD composite in order to keep the chemistry of the reaction constant and
vary only the proximity of the PFTD to the Al in order to study its effects on the burn
velocity of the composites. The mass percentages of fuel and oxidizers present in the three
different composites prepared are given in Table 2.

Measured quantities of reactants required for preparing each composite were sus-
pended in hexanes. The suspension was then sonicated using a Misonix Sonic wand for
120 s in 10 s intervals to break agglomerates and improve homogeneity of the composite.



30

Keerti Kappagantula and Michelle Pantoya

Table 2 Fuel and oxidizer reactants, along with their masses in the composites prepared.
W1t% reactants

Sample name Fuel Ox 1 Ox 2 Fuel Ox 1 Ox 2

Al/MoQO5/PFTD Al PFTD powder MoO; 19.04 10.36 70.6
Al-PFTD/MoQO; Al-PFTD PFTD coating MoQO; 19.04 10.36 70.6
Al/MoQO; Al MoO; - 21.24 78.76 -

The hexane suspension was transferred to a Pyrex dish and heated to a temperature of
45 °C to facilitate the evaporation of hexane. Once the powder mixture dried, it was
reclaimed for further experimentation. This is a standard procedure for combining solid
particle reactants.

2.2 Flame Propagation Experiments

The prepared composites were subjected to flame propagation experiments. A schematic
of the experimental setup is shown in Figure 5. It consists of a quartz tube, 110 mm long,
with an inner diameter of 3 mm and an outer diameter of 8 mm. Each composite was
loaded into the quartz tube and placed on a vibrating block for 5 s to reduce local density
gradients. Each tube contained approximately 470 & 10 mg of composite resulting in a
loose powder fill estimated to be 7% of the theoretical maximum density. Once prepared,
the tube was placed in a steel combustion chamber with viewing ports for diagnostics.
Three quartz tubes were prepared for each composite allowing for an estimate of the
repeatability and uncertainty in the measurement.

Combustion
chamber

‘ Hot wire
ignition

source

Flame tube filled
with powder
mixture
Software
interface High
: - speed
"4 camera

< {

Figure 5 Schematicillustrating camera position relative for powder-filled flame tube and ignition source.
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Figure 6 Sequential images of the flame propagating along the tube.

Ignition was achieved via thermal stimulus provided by a Nichrome wire connected
to an external voltage supply. A Phantom v7 (Vision Research, Inc., Wayne, NJ) with a
Nikon AF Nikkor 52 mm 1:2.8 lens was used to record ignition and flame propagation.
The camera captured images of the reacting composite, perpendicular to the direction of
flame propagation, at a speed of 160,000 frames per second, with a resolution of
256 x 128 pixels. Vision Research software was used to postprocess the recorded
photographic data. When a reference length is established, the software determines speed
based on a distance between sequential time frames. Using a “find-edge” image filter that
identifies preset variations in pixel intensity, the flame front location (the region of the
flame with the maximum radiance) is identified and marked for speed measurements.
Figure 6 shows representative sequential images from high-speed imaging of flame
propagation through this tube apparatus filled with powder energetic composite.

2.3 Results

Figure 7 shows a representative plot for the distance traversed by the flame front as a
function of time. The initial portion of the curve shows unsteadiness as the flame
progresses down the quartz tube. Flame speed is measured when propagation attains
steady-state behavior seen in the latter portion of the tube represented by linearity in
the distance versus time plot. The slope of the linear region represents burn velocity.

The steady-state burn velocities are compared in Figure 8 with bars representing
standard deviations. The burn velocity of the acid-coated aluminum (Al-PFTD/MoO3)
is 366% faster than the physical mixture of aluminum and perfluorotetradecanoic acid
(Al/MoO3/PFTD). The burn velocity of the composite with the acid-coated
aluminum, AI-PFTD/MoQs3;, is almost double that of nontreated nano-aluminum
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Figure 8 Burn velocity of Al/MoOs/PFTD, Al-PFTD/Mo0s, and Al/MoOs with uncertainty measurements.

composite, Al/MoOj. Interestingly, the composite containing the surface-
functionalized Al, AI-PFTD/MoO3, had the highest burn velocity in the study, while
the physically mixed composite, Al/MoO3/PFTID, had the lowest burn velocity.

The increase in the burn velocity of AI-PFTD/MoO3 may be attributed to the
bonding of the oxidizing PFTD to the Al fuel. During the combustion of the acid-
coated aluminum, the reaction is hypothesized to progress in two distinct stages. In
Stage 1, the PFTD chains on the surface of the Al fuel particles react with the Al;Oj3 shell
to form AlF3 Fluorination of the alumina shell is identified as a rate-determining step for
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Al reactions with fluoropolymers [25]. This interaction makes the Al core readily
available for further reactions. The proximity of the PFTD chains in the surface func-
tionalized Al enhances the rate of the fluorination reaction when compared to the
unbonded PFTD. Subsequently, in Stage 2, the aluminum core undergoes rapid oxi-
dization by the fluorine from the PFTD, MoQOs3, and air.

In the case of AI/MoO3/PFTD composite, the PFTD particles are not bonded to the
Al nanoparticle. The diffusion distance between Al and PFTD particles is therefore
greater and the fluorination reaction may take longer. As a result, the burn velocity of
Al/MoOj3/PFTD is significantly less than AI-PFTD/MoOj3.

The burn velocity of the physically mixed composite, Al/MoO3/PFTD, is lower than
the simple Al/MoQO3 composite. In the case of Al/MoO3;/PFID, there are two
competing reactions progressing during combustion: Al reacting with PFTD and Al
reacting with MoQOj3. The primary oxidizing component of PFTD is fluorine, which
reacts with Al;O3 and Al. This reaction is similar to Al reacting with PTFE since the
PFTD chains resemble PTFE polymer chains after their initial decarboxylation during
reaction. PFTD may start reacting with Al before the MoQOj3 does due to its proximity to
the Al. Watson et al. [23] showed that the burn velocity of Al with PTFE is lower than
with MoQOj3. They also showed that the burn velocity of Al with PTFE and MoO3
combined is lower than Al/MoQ3. Similar trends are mirrored in the results from the
current study. Fluorine separation from PFTD may be the rate-determining step to
reaction with Al and decrease Al’s availability to react with MoQOj3, making the AI-PFTD
the primary reaction. If the slower reaction becomes the primary reaction, then the burn
velocity of the entire ternary composite would be less than that of the binary composite,
Al/MoQO3. Similar results were observed by Prentice et al. [50] when they performed
flame propagation studies with Al mixed with varying compositions of silicon dioxide
(Si0Oy) and iron oxide (Fe;O3). They showed that Al/SiO; had the lowest burn velocity
and Al/Fe;O3; had the highest, whereas the burn velocities of all composites with
increasing percentages of SiO; added to Al/Fe,O3 had correspondingly decreasing burn
velocity. Prentice et al. [50] showed that for ternary composites, competing reactions
with Al tend reduce the burn velocity over the highest binary reaction burn velocity
when the mixtures are physically mixed and diffusion limited.

S 3. TUNING COMBUSTION PERFORMANCE OF ENERGETIC
NANOCOMPOSITES THROUGH SURFACE FUNCTIONALIZATION
OF THE FUELS

Flame propagation studies of energetic composites made of PFTD functionalized
and nonfunctionalized Al nanoparticles (Al-PFTD and Al respectively) combined with
molybdenum trioxide (MoQO3) demonstrated that the PFTD actively participates in the
reaction and contributes to the enhanced flame speed of AI-PFTD/MoQOj3 compared to
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Al/MoO;. However, functionalizing Al particles with PEFTD only leads to increased burn
velocity. The greater goal is on achieving process control and tailorability of Al particles by
studying the flame propagation of Al nanoparticles functionalized with per-
fluorocarboxylic acids such that the burn velocity of the corresponding energetic com-
posite will decrease. Thermites are ideal energetic composites because of their tailorability
based on manipulating reactant properties. To this effect, a shorter, more sterically hin-
dered organic acid, perfluorosebacic acid (PFS) was used to functionalize Al nanoparticles
according to the procedure in reference in [48]. Experiments were performed to study the
thermoequilibrium and nonequilibrium combustion behaviors, using differential scanning
calorimetry and flame propagation experiments. Activation energy (E,) and burn velocity
of the energetic composites were evaluated and the relationship between the structure of
the acid coating and the combustion behaviors was investigated [51].

3.1 Material Synthesis

Three different types of Al with 80 nm average particle diameter were used as fuels. All
the Al particles were encapsulated in an alumina (Al,O3) passivation shell with an average
thickness of 2.7 nm. Al-PFTD particles had a 5 nm thick layer of PFTD over the Al,O3
shell. Similarly, particles referred to as AI-PES henceforth, had a 5 nm thick layer of PFS
over the AlOj shell. It is noted that these acids bond to the alumina shell through the
surface hydroxylation. The third type of Al particles had an alumina passivation shell
without any acid coating and will be referred to as Al. The structures of PFTD and PFSs
are shown in Figure 9.

4 Q )
) o °
Perfluoro tetradecanoic acid (PFTD)

“Va¥ata¥a¥g

Perfluoro sebacic acid (PFS)

. Carbon . Fluorine ‘ Oxygen . Hydrogen
Figure 9 Schematic representation of the chemical structure of the PFTD and PFSs, respectively.
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The Al nanoparticles used throughout this study were procured from Nova Centrix
Corp. Austin, TX, USA. These Al particles were coated with PFTD to obtain AI-PFTD
and with PFS to obtain Al-PFS, respectively in slurry of diethyl ether. The powder
product was washed three times in diethyl ether to remove any acid that was not bonded
to the alumina shell. The end result was Al particles with a perfluoroalkyl acid self-
assembled monolayer surrounding the Al,O3 shell. The detailed preparation method
for these acid-coated Al particles may be obtained elsewhere [48]. It was proposed that
the perfluoroalkyl acids, PFTD and PFS, bond to the alumina through the carboxylic
functional group [32]. The oxidizer comprised of MoO3 was procured from Mach I,
USA. The MoOj particles have an average thickness of 44 nm with rectangular plate-
like morphology, whereas the Al particles are all spherical.

For preparing the energetic composites, requisite amounts of Al fuel (with and
without SAMs) and MoO3 oxidizer were measured and suspended in hexanes. The
suspension was then sonicated as described in Section 2.1 following standard mixing
procedures for reactive powder preparation. Three energetic composites were prepared
corresponding to the three different Al fuels.

3.2 Flame Propagation Experiments

Flame propagation experiments were conducted using the three energetic composites to
determine the burn velocity. The flame tube apparatus was used and reported extensively
in flame propagation experiments [6,46,52—54]. Each energetic composite was loaded
into the tube and placed on a vibrating block for 5 s to reduce local density gradients.
Each tube contained about 468 £ 10 mg of energetic composite resulting in a loose
powder fill estimated to be 7% of the theoretical maximum density. Once prepared, the
tube was placed in a steel combustion chamber; the experimental setup is schematically
represented in Figure 6. In these experiments, the camera captured images of the reacting
composite, perpendicular to the direction of flame propagation, at a speed of 160,000
frames per second, with a resolution of 256 x 128 pixels. Vision Research software was
used to postprocess the recorded photographic data.

3.3 Thermal Equilibrium Experiments

Activation energy was found using a thermoequilibrium isoconversion method.
Samples of approximately 6 mg were loaded into a Neztsch STA 409 differential
scanning calorimeter (DSC) and thermogravimetric analyzer (TGA) and heated to
1273 K at 2, 5, or 10 K/min in a 1:3 (by volume) oxygen-argon environment. Within
the DSC/TGA, the sample crucible is compared to an empty reference crucible in
order to obtain the net energy and mass change. Also, the sample carrier was mounted
on a microscale (i.e., TGA) allowing for mass change measurements that relay phase
change (i.e., gas production) information as a function of equilibrium temperature.
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The slope of the DSC curve changes when the reaction within the DSC/TGA pro-
duces enough energy to become noticeable within the natural noise of the machine.
The area under the DSC curve corresponds with the net exothermic behavior. The
activation energies were then calculated using Eqn (2) from the Type B-1.95 peak
method as described by M. J. Starink [55]:

B 4 < E, ) 2
 dexp(-
)% RT,

In Eqn (2), B is the heating rate, A is the preexponential factor, E, is the activation
energy, R is the universal gas constant, and T}, is the temperature at the exothermic peak
of the reaction. Reaction rate is approximated by B/ TS’%. Taking the natural log yields
Eqn (3):

m(-2 ) = b +InA 3)
\rs ) T TRT T

By plotting In(B/ Tg'%) as a function of (1/RT,) for the different heating rates,
E, (kJ/mol) can be found as the slope of the trend line.

3.4 Results of Flame Speeds

The activation energy for these samples as well as their burn velocity is shown in Table 3.
The burn velocity of AI-PFTD/MoQO3 1s 86% faster than the burn velocity of Al/MoOs3,
whereas the burn velocity of AI-PES/MoOQO3 is almost half of Al/MoOs.

Figures 10—12 show the DSC/TGA plots of the three energetic composites as a
function of temperature at three different heating rates: 2, 5, and 10 K/min.

Al-PFTD/MoQO3 and Al-PES/MoQOj; reactions show a smaller exotherm before the
bigger one whereas the same is not seen in the Al/MoQj3 reaction plot. On the other
hand, the Al/MoOj; plot shows a two-stage exotherm signifying two reactions occurring
at two different temperatures. Also, two small endotherms are to be noted on the DSC
plots of the energetic composites with acid-coated fuels at about 650—-660 °C. This
temperature corresponds to the melting point of Al, which might mean that the
endotherm may represent the melting of some excess Al left over after it reacts with the
MoQOj; present.

Table 3 Burn velocity and activation energy results.

Activation energy Average flame
Energetic composite E, (kJ/mol) speed (m/s)
Al/MoO; 252 267
Al-PFTD/MoQO; 185 497

Al-PFS/Mo0O3; 553 138
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Figure 12 Heat flow from DSC (three plots on the bottom) and mass loss from TGA (three plots on the
top) of Al-PFS/MoOQs reaction at different heating rates of 2, 5, and 10 K per minute.
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Figure 13 Heat flux curve of AI/MoOj3 energetic composite as a function of temperature for a constant
10 K/min heating rate.

Such an endotherm is not present in the Al/MoO3; DSC plots; there is, however, a
second endotherm present in the Al/MoOj plot. It may be concluded that the first peak
corresponds to the oxidation of Al with MoQOj particles, which is known to occur at
around 540 °C [56]. In order to understand the second peak of the heat curve, a DSC
run of the same energetic composite was performed with the identical sample size and
heating rate in an exclusively argon (Ar) environment. The resultant heat curve is shown
in Figure 13.

The Al/MoO3 combustion in an Ar environment shows an endothermic dip at about
660 °C (corresponding to unburned Al melting). Comparing this to the heat curve
initially observed for Al/MoO3 (Figure 13) combustion in an oxygen-argon environment,
it may be seen that the second exothermic peak corresponds with the Al melt endotherm.
In an entirely argon environment, the only oxidizer available during the reaction would be
MoQO3. Once all the MoOj is used by the Al fuel present in the redox reaction, any
leftover Al particles cannot react with any other oxidizer and hence melt when heated
further. On the other hand, in a 1:3 (by volume) oxygen-argon environment, the Al
particles have two oxidizers to react with: the MoO3 mixed in the energetic composite and
the oxygen in the reaction environment. Therefore, any Al left behind after the entire
amount of MoOj3 is consumed in the redox reaction may be oxidized in the oxygen
environment on further heating. This oxidation of Al by oxygen will result in an exo-
therm. Therefore, it may be concluded that the second exothermic peak in the heat curve
of Al/MoO3 is due to the unburned Al particles being oxidized by oxygen in the reaction
environment. For better comparison, the DSC plots of all the energetic composites for a
constant 10 K/min heating rate are provided together in Figure 14.

Figure 14 shows that the first exotherm on DSC plot of AI-PFTD/MoQOj3 occurs at a
lower temperature than the first exotherm on the Al-PFS/MoO3 plot. The analysis in
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Figure 15 Trend lines showing the activation energy of the energetic composite compositions.

Figure 14 is extended to lower heating rates in order to measure the isoconversion
temperature corresponding to a continuous transition. Using the values for peak tem-
perature at various heating rates (i.e., 2, 5, and 10 K/min), the In(B/ Tg'%) as a function
of (1/RT;) for each energetic composite was plotted, and results are shown in Figure 15.

The slopes of the trend lines in Figure 15 are the activation energies (E,) of the
compositions reported in Table 3 and show that the E, of AI/MoQOj3 is 252 kJ/mol,
corresponding to the E, values of the energetic composite as found in literature [57,58].
The interesting point to note is that the activation energy trend is opposite to that of the
burn velocity values, i.e., compositions with low burn velocity have high E, and vice versa.
Since all the parameters like flame tube diameter, length, Al and MoOj3 concentration,
TMD, and stimulus voltage were maintained constant for all the tests, the contributing
factor for the difference in the burn velocity may be the chemical composition and kinetics
of the acid shell.
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Osborne and Pantoya |25] showed that when Al reacts with PTFE, the fluorine reacts
with the Al,Oj shell at elevated temperatures leading to the formation of aluminum
fluoride (AlF3). This interaction occurs during a preignition reaction around 400 °C.
They postulated that the formation of AlF;3 serves to degrade Al,O3 leaving the Al core
exposed for further reaction. The acid coatings used here contain a large percentage of
fluorine in their alkyl chains terminating in carboxylic groups as illustrated in Figure 9.
PFTD contains 72% fluorine by weight whereas PFS has 62% fluorine be weight. At
elevated temperatures, the fluorine radicals from the acid coating may react with Al,O3
(similar to fluorine radicals from PTFE molecules) degrading the alumina shell and
exposing the Al core for further oxidation. This can be seen in Figure 14 when
comparing the heat flow curves for the two acid-coated energetic composites. Al-
PFTD/MoQOj; exhibits a PIR onset at 320 °C and peak at 342 °C while the Al-PFS/
MoO3 exhibits a PIR onset at 350 °C and peak at 374 °C. After the PIR in Figures 10
and 12, the heat flow curves appear similar and there is no further indication of dis-
crepancies in the equilibrium kinetics that account for the differences in burn velocity
seen in Table 3 (86% increase over Al/MoQOj in case of Al-PFTD/MoQO3 and 48%
decrease in case of Al-PFS/MoQO3).

An interesting interpretation from Figure 10 and Table 3 is that the acid coating may
be tailored to sensitize or desensitize the energetic composite. In the case of PFTD, the
coating appears to enhance ignition sensitivity by the following:

1. reducing the onset of the PIR,

2. having lower activation energy; and,

3. promoting higher flame speeds.

The PFTD has a longer —CF,— chain compared to PES (Figure 9). Longer chains are
less stable and faster to react because they more readily form radicals compared to acids
with smaller chains [59]. Also, PFTD contains higher fluorine wt% (72% compared to
62% in PFS), which is a highly electronegative oxidizer. Dean et al. [20] showed that the
Al-F PIR is directly correlated with fluorine concentration and the specific surface area
of the Al particle. Higher fluorine concentrations and specific surface areas lead to a
lower PIR onset. This is also seen in Figure 15 with a 30 °C reduction in onset PIR with
PFTD compared with PFS. Reducing the onset for the PIR may accelerate the Al
oxidation and explain the observation of increased burn velocity of Al-PFTD/MoQO3
compared to Al-PFS/MoQ3. Controlling the PIR onset may be a key to controlling the
reactivity of the acid-coated Al energetic composite.

Furthermore, PFS is a more symmetrically stable molecule compared to PFTD.
Therefore, bond breaking and radical formation from PFS requires more energy than
PFTD, resulting in higher E,. Also, oxygen and hydrogen from PFS carboxylic group
may bond with fluorine radicals at the reaction front, further decreasing the concen-
tration of fluorine available, consequently inhibiting Al oxidation and decreasing the
burn velocity of the AI-PFS/MoQOj3. Also, PFS molecules have an extra carboxylic acid
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functional group, consisting of a 7 bond between carbon and oxygen. Although
the —C—F— is one of the strongest single bonds with a bond dissociation energy (BDE)
of 490 kJ/mol, the —C=0O— is a 7 bond with a higher BDE of about 799-802 kJ/mol
[59]. This means that almost twice the amount of energy required to cleave a —C—F—
bond is necessary to cleave a —C=O— bond, which may also account for the higher E,
of AlI-PFS/MoQ3. Thadani et al. [60] showed that for solid-state reactants, a reduced
onset temperature would imply a higher reaction rate. It is very interesting to note that
results from this study are consistent with Thadani et al. such that the onset temperature
for AI-PFTD/MoOQOj; is lower than Al-PFS/MoO3, and the burn velocity and E, are
similarly correlated.

The burn velocity and E, have an inverse relationship for the three energetic com-
posites (Table 3). Activation energy measured here is apparent activation energy because
the measurement considers influences beyond fuel-to-oxidizer ratio. The apparent
activation energy quantifies the energy barrier needed to be overcome in order for a
chemical reaction to occur. Reactants having high activation energy require greater
energy input compared to reactants with lower activation energy.

Combustion of an energetic composite in a flame tube proceeds along the lateral
axis of the flame tube. Given that the diameter of the flame tube (i.e., 3 mm) is smaller
than its length (i.e., 10 cm) by an order of magnitude, heat transfer during the reaction
may be approximated as one dimensional along the axis of propagation. Thermal
stimulus via Nichrome wire heats up the portion of energetic composite in its vicinity,
increasing the energy of the reactants above their activation energy. An exothermic
reaction starts during the oxidation of the fuel. Energy released during this oxidation
reaction heats the energetic composite adjacent to the reaction zone. Once the adjacent
reactants obtain energy greater than its activation energy, the fuel and oxidizer particles
start reacting exothermally. Thus, the reaction propagates in a flame tube. This pro-
gression of the reaction manifests itself as a fast-moving flame front that can be observed
visually. Energetic composites with low activation energy require comparatively less
energy to overcome the E, barrier. This implies that energy is more readily transferred
to (rather than consumed by) unreacted energetic composite, and the result is faster
propagation of the reaction and higher burn velocity. On the other hand, energetic
composites with comparatively higher E, consume more energy at the reaction site

and result in lower burn velocity. This is exactly mirrored in the results as can be seen
from Table 3.

4. CONCLUSIONS

The analysis of an approach to particle synthesis by functionalizing aluminum fuel
particles led to characterizations of reaction kinetics and combustion performance of
aluminum—fluoropolymer reactions. Experiments were performed to alter key parameters
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of the reaction, namely flame speeds. Results show that enhanced outcome control and
reaction tailorability may be achieved by simply altering the additive components.

Nanoscale aluminum particles were functionalized using PFTD bonded to the
alumina passivation shell around Al. Three different energetic composites were created
using molybdenum trioxide: Al functionalized with PFTD and MoOs3; non-
functionalized Al with MoO3 and individual PFTD particles; and nonfunctionalized Al
with MoOj alone. Their flame speeds were measured in order to understand the effects
of surface functionalization on aluminum reactivity. Results show that the surface-
functionalized Al composite (AI-PFTD/MoQO3) has a reaction rate twice that of Al/
MoOj3 and three and a half times of AI/MoO3/PFTD. The drastic change in the flame
propagation and burn velocity was attributed to the proximity of the PFTD to the Al
particles and, hence, enhanced reaction kinetics.

Functionalization was further explored to tailor reactivity. Thermal equilibrium and
flame propagation experiments were performed of three energetic composites each
containing 80 nm average diameter Al particles combined with MoO3, but two ener-
getic composites contained Al-coated particles with different acids, and an uncoated Al
energetic composite was used as a baseline for comparison. The acids were self-assembled
monolayers of PFTD and PES such that the energetic composites were labeled:
Al-PFTD/MoQj3, Al-PFS/MoQ3, and Al/MoQOs3. Results showed that AI-PFTD/
MoOj3 had the highest velocity and almost double that of Al/MoQO3. On the other hand,
Al-PFS/MoO3; had the lowest velocity and 48% of Al/MoQOs;. Equilibrium analyses
revealed that the PFTD promoted a lower onset for a preignition reaction that may be
spurred by reduced structural stability of the acid molecular chain. The lower onset for
the fluorine aluminum preignition reaction was the only difference in the heat flow
trends for the two different acid coatings and may be an indication of the key to
increasing or decreasing the reactivity of the acid-coated Al energetic composites.

Activation energy (E,) showed a completely inverse trend with velocity, with highest
velocity associated with the lowest E,. This finding was anticipated because propagation
velocity can be described as a series of ignition sites such that lower activation energy
correlates with higher propagation velocity for the similar energetic composites exam-
ined here.

These findings are impactful because they suggest that the structure of the acid coating
can be tailored to enhance or reduce the reactivity of the energetic composite. Results
suggest that because the PFTD coating is less stable and contains a higher concentration of
fluorine, these factors promote an earlier onset of a preignition reaction that enhances
energetic composite reactivity (results in higher velocity and lower activation energy). On
the other hand, PES is more stable, requires greater bond energy for dissociation, and
results in a delayed onset for the PIR, higher activation energy, and lower flame speeds,
reducing the overall energetic composite reactivity.
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1. INTRODUCTION

Specific surface could be viewed as an effective operational parameter for low-
dimension structures (characteristic size less than ~ 100 nm) along with temperature,
pressure, concentration of reactants, and so on. The fundamental physical characteristics
for nanostructures are normally displaced to low-temperature and low-energy field
(melting temperature, oxidation temperature, red-ox potential, etc.) [1]. Some ther-
modynamic properties of two-dimensional (2D) nanomaterials have abnormal values,
e.g., the extremely high thermal conductivity of graphene (5000 W/m*K) with the
specific surface area Sy, ~ 1000 m®/g exceeds those of metals by a factor of 10 [2]. The
advantage of high specific surface of nanometals in catalysis, ignition, oxidation, and
combustion of energetic systems (ES) results in high rates of heterogeneous reactions.
The existing models in macrophysical chemistry are little applicable for the analysis of the
combustion processes of ES with metal nanopowders or nanometals (nMe; mean surface
particle diameter d ~ 50-500 nm) [3]. An example of such ES is the composition
nAl/nMoQO3 with a burning rate of about 1 km/s [4].

Historically, the technology of nMe application to thermal nuclear engineering
progressed in the United States (US), while at the same time nMe applications were
developed in the Soviet Union for energetics since World War II. The results of Soviet
works on nanometals were primarily published in Morokhov’s book in 1977 [5]. In
Western Europe and the US, the term nanocrystalline material became well known after
Gleiter’s published work in 1989 [6], but engineering works on nMe applications started
about 30 years earlier than the term nano appeared. The terms supetfine, ultrafine, ultra-
dispersed, and submicrocrystalline powders exist along with nano up to now in periodicals
[1,3,5,6]. The discussion on the exact definition of “what is really nano?” continues today.
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Possibilities of using powdery metals as additives to ES began to be intensively studied
after the discovery by two Russian aerospace scientists, Kondratyuk and Tsander, in 1910
[7]. Several review books were published from 1960-1970 [8,9] where the very basic laws
of combustion for micron-sized metal powders (uMe, d ~ 5-500 um) under high-
temperature oxidizing environments were discussed. The drawbacks of uMe as a fuel
were detected during the very first tests of metalized propellants in the 1940s: the clus-
tering of particles (especially for aluminum); a low degree of metal reaction completion in
the gas phase (incomplete combustion, up to 50% of unburned metal); significant two-
phase flow losses of specific impulse (15% for the compositions containing 25 mass%
of uAl) [10]. Zeldovich et al., in the 1970s [10] showed one of the approaches to reduce
these losses by using ultrafine metal particles for fuels and combustion catalysts, in
particular nMe. The recent efforts of several teams in Russia, Italy, France, Germany, US,
and China are focusing more or less on the realization of those ideas in the modern
nanoenergetic science.

S 2. NANOMETALS IN ENERGETIC SYSTEMS

Nowadays, tons of rather cheap nMe are produced in several countries for different
technological applications, while the problems of their standardization, storage,
handling, toxicity, and correct application for ES are still under discussion [1]. The
modern energetic materials community demands the truthful picture of nMe properties
and, consequently, their application avenues. The “romantic atmosphere” of the 1990s
around nMe and myths about their “excess energy” should be changed by clear frames
and conditions of nMe application for energetic purposes. Nanopowders, especially
nMe, still remain rather “capricious” technological raw materials with metastable
physical and chemical properties. In many cases because nMe, in addition to small
particle size, show very high reducing properties: nCu chemically reacts like a massive Zn
(displaces Hp from acids); nAl shows the properties of bulk Na and K: it reacts with water
at room temperature; nT1 and nZr are self-exploding by contact with air, etc.

The current circle of scientific and engineering applications of nAl in ES is shown on
Figure 1. Some basic energetic applications of nAl as well as the analysis of the com-
bustion regimes, the content of intermediate and final burning products, and proposals
for future work in this field are reviewed.

2.1 Nanometals Production, Passivation, and Properties

Gas condensation using different vaporization methods, such as thermal evaporation, laser
ablation, microwave plasma processes, chemical vapor deposition, and pyrolysis of salts are
the most known among the methods of 1Me production by massive metals dispersion and
particles synthesis from atoms [11-13]. The electrical explosion of wires (EEW) method
[14] is the most efficient among the existing methods for nMe production [3].
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Figure 1 nAl applications to energetic systems (green (dark gray in print versions) arrows—developed
areas; yellow (light gray in print versions) arrows—in development; red (black in print versions)
arrow—Ilimited application so far).

The material of the wire transforms into nanoparticles at high temperature and pressure
by EEW. The entered energy is comparable with metal sublimation enthalpy and can be
high enough to disperse metal wires to nanoparticles. EEW nMe have a high active metal
content (85-95 mass%) in comparison with nMe obtained by other methods [3]. The
particle size and active metal content in the powder could be regulated by changing the
parameters of electric explosion. Selection of the conditions of passivation provides the
control of the physical and chemical properties of nMe [15,16]. One of the most
difficult and still unsolved problems for EEW nMe is their wide particle size distribution:
sometimes powder could have a three-modal particle size distribution [3]. The number of
nanosized particles can reach 90% of the total number of particles produced by EEW. But
the major part of powder by mass can consist of micron-sized particles, which are only a
small percentage of the total number of all particles. For example, the mass of the fraction
of micron-sized particles (1-3 pm) was ~68% of the total mass for nAl sample with
Sp =12 m*/g produced by EEW [17]. However, the number of micron-sized particles
was only 2% of the total number of the particles [17]. Thus, the problem of the nMe
production with narrow particle size distribution is still actual. Another problem of the
nMe is the clustering during production caused by liquid particles collision and its further
storage. Clustering provide the right part of the size distribution curves for nMe
(Figure 2). Active nMe with the particle sizes less than ~ 30 nm are normally unstable to
oxidation, sintering, and clustering. The nMe particles of such size are easily sintered at
room temperature even under an inert atmosphere. Their interaction is accompanied by
thermal explosion during heating in chemically reactive media.

The nAl particles, obtained in inert gas media (argon, argon + hydrogen, argon +
nitrogen) by any of existing methods, are normally pyrophoric in air because the amount
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Figure 2 Particle size distribution of n(Cu-6% Ni) produced by EEW.

and the rate of heat release from the oxidation reaction at room temperature is high
enough to heat the nanoparticle to the ignition temperature (~ 400 °C for 100 nm nAl)
[18]. That is why the particle surface should be passivated by a protective layer between
metal and reactive gas (air) for the particle stabilization. The passivation quality defines
the chemical stability of nMe and its reactivity in the further oxidation processes. The
traditional method of pAl passivation is coating with hydrocarbons. For example, in-
dustrial Al with flake particles coated by ~2 mass% of paraffin.

The oxide-passivated layers are formed on the nAl particles at slow oxidation rates by
air during the passivation process (Figure 3). EEW nAl particles have amorphous oxide
layers that crystallize at the definite thickness of 7-8 nm during a storage period of
two to three years at room temperature. The metal content in the powder substantially
reduces (down to 30-50 mass%) if the nAl particle size decreases down to ~30 nm. As a
rule, smaller particle diameters result in lower metal content, and the metal content is

Metal aluminum

5nm 1000nm

Figure 3 Transmission electron microscopy images of air-passivated nAl: (a) individual particle, and
(b) mixture of nAl and uAl.
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~ 30 mass% for the particle size of ~10 nm. The average aluminum content is 70-90
mass% in nAl stabilized with organic reagents [19]. However, all existing passivation
approaches do not allow reaching metal content of 98 mass% for nAl and from this
viewpoint they will never achieve the best Al values (97-99.8 mass%).

2.1.1 Nanoaluminum Thermal Characterization

The most convenient method for nAl thermal characterization is the identification of

reactivity parameters of the certain powder based on the nonisothermal oxidation curves

(by differential thermal analysis (DTA), differential scanning calorimetry (DSC), ther-

mogravimetry (TGA)) [20]. The basic results of nAl thermal characterization by DTA/

DSC/TGA in the first decade of the 2000s are expressed by the works of several actively

published scientific groups since the 1990s (Ivanov et al., II'in et al., Russia; Eisenreich

et al., Germany; Pantoya et al., Dreizin et al., US; Turcotte et al., Canada; and others).

Powders with difterent particle diameters (mostly from 10 to 500 nm), surface charac-

teristics (passivation layers, coatings), and oxidation under various heating rates (from 0.5

to 500 K/min) and oxidizing environments (Ar + additives, Ny, Air, O;) are discussed.

If the nAl oxidizes in air with a low rate, the final oxidation product is nano-a—Al,Oj3

(T > 1200 °C) [21]. For EEW #uAl the formation of nano-y—Al,O; with the

Ssp = 450 m?*/g by slow oxidation (0.5-20.0 K/min) occurs at rather low temperatures

(T = 400-600 °C).

The most common reactivity parameters for nAl characterization can be determined by

thermal analysis (DTA/DSC/TGA) curves (Figure 4) [20]:

* oxidation onset temperature (Tg,), °C;

* heat release over a certain temperature range (AH), J/g (at Ty, °C);

« degree of oxidation Al — Al,Oj3 at the given temperature aaj—ano0,(7T) =
+Am/(AI°-0.89), %

* max oxidation rate, g/°C or g/s.

However, the thermal characteristics of nAl emerging from the DTA/DSC/TGA dataset

appear often contradictory because of several reasons:

1. the nAl metastable physical and chemical properties;

2. the difterent nAl production technologies and storage conditions;

3. the speculative interpretation of the thermal data because of the poor characterization
of nAl and lack of complete information on powder properties (particle size and
shape, size distribution function, specific surface, metal content, etc.).

The third one is the most critical point, since a detailed statistical analysis of the published

experimental data is difficult to accomplish due to the very wide scatter in powder

characteristics. For example, the scatter for T, data taken from the DTA/TGA data
for different samples of nAl, produced by EEW, is up to 80 °C for particles with

d ~ 80-380 nm [18,22]. Anyway, the heating rates by thermal characterization are

much lower than those met in solid propellant and other energetic applications.
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Figure 4 Reactivity parameters taken from DSC/TGA data for typical nAl powder: oxidation onset
temperature (T,,), °C; heat release before Al melting (AH,,), J/g; mass gain (+Am), %.

2.1.2 Nanometals’ Effect on Energetic Materials Decomposition

The decomposition temperature for a wide class of EM can be lowered thanks to the
catalytic effects associated with nMe [23,24]. One of the most convenient methods for the
study of the catalysis in nMe/EM systems is DSC/TGA. The catalytic activity of nAl, nFe,
nW, nINi, nCu, and n(Cu—Ni) mixed with energetic materials (AP, AN, and HMX) as well
as with puAl were studied in Ref. [18]. Experiments were performed in nitrogen to avoid
nMe/air interaction (sample weight 10 mg, heating rate 10 K/min). Nitrogen proved to be
an inert gas for nMe except for nAl [21]. Particles of nFe, nW, nINi, nCu, and n(Cu—Ni)
were negligibly nitrided, after heating in nitrogen up to 600 °C. Thus, the DSC/TGA
study of the mixes ntMe/EM showed interactions only in binary systems, excepting reaction
of components with nitrogen. The mixes (nMe/50 mass% EM) were suspended in ethanol,
dried in air, and then analyzed by DSC/TGA. The size of energetic materials particles
(HMX, AP, and AN) was larger than nMe by a factor of 1000 and equal to ~ 100 pm.

2.1.2.1 nMe/HMX

The T, for the HMX mixture with nAl was 242 °C (Table 1), that is 46 °C lower than
for pure HMX (Ty = 288 °C). Hence, nAl initiated the decomposition of HMX at a
lower temperature. Particles of nFe, nCu, n(Cu-45% Ni) and n(Cu-6% Ni) strongly
affect the HMX decomposition. For n(Cu-45% Ni) and n(Cu-6% Ni) this strong effect
(see temperature decrease, AT, Table 1) could be caused by a catalytic process.



Nanometals: Synthesis and Application in Energetic Systems 53

Table 1 Catalytic effect (+), i.e., high values of AT, for nMe on EM by DSC/TGA in N,.

HMX (T4 = 288 °C) AP (T4 = 307 °C) AN (T4 = 166 °C)
No Metal (alloy) Tons °C AT?, °C Effect T,,, °C AT? °C Effect T,, °C AT? °C Effect
1. uAl 270 18 n.a. n.a. n.a. na. n.a. n.a.
2. nAl 242 46 + 320 13 n.a. n.a. n.a.
3. W 284 4 311 4 155 11
4. uNi 283 5 291 16 149 17
5. nFe 192 96 + 244 63 + 161 5
6. nCu 228 60 + 146 161 + 132 34 +
7. n(Cu-6% Ni) 193 95 + 246 61 + 84 32 +
8. n(Cu-45% Ni) 196 92 + 277 30 + 87 79 +

AT=Ty— Ty, °C.

The decomposition temperature of HMX was 96 °C lower as a result of the nFe
interaction with HMX. Neither nNi nor nW decreased the T4 of HMX significantly.
The main products of HMX decomposition (gaseous carbon oxides and nitrogen oxides
[25]) appeared at temperatures higher than 250 °C and could not promote reaction
“solid HMX/solid nMe.”

2.1.2.2 nMe/AP

The parameters of AP decomposition were practically unchanged for mixtures with nAl.
For other nMe, AP affected their oxidation (not vice versa) because AP had a higher Ty
than all of the studied mixtures of AP with metals and AP released oxidative gases by its
own decomposition.

2.1.2.3 nMe/AN

Except nFe and nW, other metals started to intensively react with AN only by the third
polymorph transformation of AN. The oxidation of nMe was carried out simultaneously
with the AN decomposition. The exceptions are nCu and n(Cu-Ni) for decomposition
of mixtures with AN and AP.

For the studied energetic materials, nMe particles significantly decrease the T, by
nonisothermal heating: nCu, n(Cu-Ni) for AN (nAl, nFe, nW, and nNi have no eftect);
n(Cu-Ni), nCu, and nFe for AP (nAl, nW, and nINi have no eftect); n(Cu-Ni), nCu, and
nFe for HMX (nW and nNi have no effect), while nAl reacts chemically.

S 3. IGNITION OF ENERGETIC SYSTEMS CONTAINING
NANOALUMINUM

It is possible to increase the magnitude of stationary burning rate of ES by
changing the composition of ES, in particular, the percentage of nAl powder in it.
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However, increasing the aluminum content in ES with the same component compo-
sitions and particle size of oxidizers could increase the size of the agglomerated particles
of alumina in the combustion products and reduce the energy performance of ES
[26-29]. Replacing uAl by nAl in the ES increases the acoustic conductivity in the
combustion chamber [30-32].

According to [8], Al;O3 on the surface of Al particles significantly affects their
combustion process by having a melting point substantially above the melting point of
aluminum. It was found [30] that the thickness of the oxide shell for the nAl with the
dsz = 0.18 pm is less by a factor of ~3 than the oxide shell thickness for wAl with the
dy3 = 7.34 pm. Furthermore, the thickness of the oxide shell increases during heating
the Al particles in an oxidizing environment [33]|. Combustion of Al particles occurred at
the high temperature gradient near the burning surface of ES with the appearance of
cracks and destruction of the oxide shell, resulting in intense oxidation of metal. The
diffusion mechanism of combustion for micron-sized Al powder was observed at rela-
tively low heating rates [8,34]. A melt-dispersion mechanism [35,36] is associated with
the destruction of the Al,O3 shell and the initial crushing of nanosized Al particles to
clusters of ~3-20 nm at high heating rates (more than 10° K/s).

The most common experimental setups for the ignition of ES are:

1. direct contact of the heated gas or solid igniter with the cold sample of ES

(conductive ignition);

2. heat transfer radiation from the hot gas or solid particle (radiant ignition);

3. heat transfer by convection from the hot gas (convective ignition).

The results of studying of the ignition process of aluminized ES with radiant and
conductive heating are presented below.

3.1 Ignition by Radiation Heat Flux

There are three different operating modes under the ES heating: ignition, flame
quenching, and thermal explosion depending on the rate of heat release and heat losses.

A lab setup with the radiant power ~600 W (Xenon lamp) and emission spectrum
A =10.25—1.85 pm [37] was used for studying the ignition process of aluminized ES.
The ignition times of ES were determined at different values of the radiant flux density.
The formal kinetics of investigated compositions was studied.

The tested ES formulations were based on ammonium perchlorate (AP), butyl rubber
BKL, and Al powders. The samples had the cylindrical shape of 10 mm in diameter and
5 mm in height. The ignition time 4, was determined by the appearance of the flame
detected by photodiode and ionization gauge.

The dependence of the ES ignition time on radiant flux density figy(q) is shown in
Figure 5. The ignition time is reduced by a factor 1.6 at ¢ = 60 W/cm” and by a factor
2.6 at ¢ = 250 W/cm” under the complete replacement of wAl by nAl in ES.
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Figure 5 The ignition time of ES containing 72 mass% AP, 18 mass% BKL, 10 mass% Al versus radiant

flux density.

Replacement of uAl by nAl (Table 2) leads to reduction of the temperature of
intensive oxidation and ignition time (Table 3). This is caused by the enhanced chemical
reactivity of nAl, which have higher specific surface as compared with uAl (Table 2).

Ignition of aluminized ES by monochromatic radiant flux was carried out using the
setup based on CO; laser with a wavelength of radiation 10.6 wm and a maximum power

Table 2 Characteristics for the studied Al powders.
Al dio, dao, d3o, d3p  dsz  Size distribution Cair Mass da,0,,  Pbr
powder pm nwm wm um wm function, pm™’ % nm g/cm3

wAl 1.47 198 2.67 485 8.05 g(d) = 0.064d"* 98.7 10.8  1.06
exp(—0.303d)

nAl 0.11 012 013 015 0.17 f(d) = 28.7-10°** 86.0 3.1 0415
exp(—46.8d)

Note: dq, dag, d30, d3p, dy3, the average diameters; g(d), f(d), the weight and counting distribution function; Cp), Al metal
content; 0a},0,, the calculated thickness of oxide layer; py, the apparent (loose) density of powder.

Table 3 Reactivity parameters of the studied Al powders.

Al powder Toxs °C dox (660 °C), % dox (1000 °C), % Vox, Mg/s (at T, °C)
uAl 820 2.5 41.8 0.05 (970—980)
nAl 548 39.4 65.0 0.25 (541—554)

Note: T,,,, the temperature of intensive oxidation onset; oy, the degree of oxidation; v,y, the average rate of oxidation on
the most intensive stage.
From DTA/TGA.
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of 100 W [38]. The ES ignition time is determined by the appearance of flame by a
photodiode signal.

The influence of Al powders on the ES ignitability was studied for two basic for-
mulations of ES. The first formulation (sample A) contained 24 mass% of energetic
binder of MPVT-LD type, 56 mass% of mixed oxidizer (AN/HMX in 50/50 ratio), and
20 mass% of Al powder. The second formulation (sample B) contained 12 mass% of inert
binder (butyl rubber SKDM-80), 73 mass% of mixed oxidizer (AN/HMX/AP in
40/40/20 ratio), and 15 mass% of Al powder. Replacement of uAl by nAl generally
reduces the ignition time of ES for both samples A and B at the radiant flux densities
lower than 150 W/cm? (Figure 6).

The thermal imager Jade J 530 SB was used to determine the surface temperature of
the reaction layer of ES at CO; laser ignition. The flame appearance for the sample A3
containing nAl occurred at ~550 °C. The flame appearance of sample Al containing
Al occurred at ~710 °C. The heating and ignition times are substantially greater in the
case of the sample A1 at the same values of the heat flux density.

Partial (50%) uAl — nAl replacement in the composition A (sample A2) reduced the
average surface temperature of the reaction layer to ~660 °C at flame appearance.

The flame appearance for samples B1-B3 occurred at the average temperature
~470 °C, which is determined by the reactions in the gas phase at low temperature
decomposition of oxidizers and combustible binder and does not depend on the Al
oxidation and particle size. The heating time of the reaction layer for the sample B1 based
on the inert binder was much lower than for the sample Al on the basis of energetic
binder containing Al In accordance with the solid phase ignition model, the calculated
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ms [ t,,= 3.75-10%" ms ik 4_10%41.42
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Figure 6 The ignition time of ES versus the flux density of laser radiation: (a) sample A: AN, HMX,
MPVT-LD, and uAl or nAl; (b) sample B: AN, HMX, AP, SKDM-80, and uAl or nAl.
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values of activation energy for ES composition B changed from 78 to 226 kJ/mol for
increasing Al particle size [38] at the radiant fluxes 60200 W /cm?.
Thus, the ignition time of ES is dependent on the formulation, the type of binder,

and the size of metal particles under the same pressure.

3.2 Ignition by Conductive Heat Flux

The ignition study of the ES based on 62 mass% AP, 18 mass% HTPB, 20 mass% Al
(sample A) and 72 mass% AP, 18 mass% BKL, 10 mass% Al (sample B) on a heated body
(conductive heating by a hot metal plate) [39] was conducted in air, at 0.1 MPa and
within a temperature range 350—-440 °C. The purpose was to estimate the temperature of
the reaction layer of ES at ignition and the effect of burning rate control reaction in the
condensed phase.

The ignition time of ES were reduced with the temperature of the plate surface
increasing. Partial (50%) uAl — nAl replacement reduces the ignition time of ES based
on AP and inert binder (Figure 7). The ratio of ignition time of ES by uAl — nAl
replacement is increased from 1.2 to 1.8 when the temperature of the plate surface in-
creases from 350 to 400 °C for samples A and from 1.2 to 1.5 when the temperature
increases from 390 to 440 °C for samples B based on AP and BKL.

The mechanism of the nAl influence on the ignition process of ES is determined by
the intensive oxidation of Al nanoparticles on the surface reaction layer. “Explosive
ignitions” accompanied by cracking of the sample and loud sound effects [39] at the
oxidation of Al nanoparticles in the reaction layer were observed. The two-stage
oxidation is characteristic for nAl when a hot plate temperature is about 400 °C.
Low-temperature oxidation proceeds with a rapid rise in temperature up to 2000 °C
[21]. Thus, the more active the oxidizer and heat resistance of the binder, the more likely
the “explosive ignition” mode occurs.

tign,
s —@— Sample A1, pA/
—il— Sample A2, nAl
—@— Sample B1, nA/
—&— Sample B2, nAl
10
1

350 370 390 410 430  T.C
Figure 7 The ignition time of ES samples versus the temperature of hot plate: sample A: AP, HTPB and
mAl or nAl; sample B: AP, BKL and mAl or nAl.
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S 4. NANOALUMINUM COMBUSTION IN SOLID PROPELLANTS

The nAl improves the ballistics of solid propellants (SP). The presence of
condensed combustion products (CCPs) upon firing the aluminized SP is very effective
in damping the acoustic rocket motor instabilities, but CCPs also reduce the specific
impulse and cause nozzle erosion. Two phase losses are a peculiar negative aspect of the
combustion processes influenced by uAl powders. In addition, a significant amount of
Al>Oj3 slag can accumulate in the chamber space close to the nozzle. Al,O3 accumulation
may have important consequences on specific impulse, thermal insulation behavior, and
thrust vectoring. The US space shuttle solid rocket boosters in static tests produce up to
1400 kg of alumina slag [25].

The usage of nAl is an effective method of minimization for some of the above-
mentioned losses of aluminized propellants performance. Literature data concerning
the burning rate of nAl-loaded SP formulations are summarized in Table 4. In the
presented data summary, the nAl eftfects on the burning rate n, are evaluated by the
coefticient K = n, ,a1/1, ua1 (ratio of the burning rate of nAl-loaded SP formulation and
the burning rate of the corresponding SP formulation with @Al). The latter parameter
has been determined for a reference combustion chamber pressure p = 3.0 MPa. For the
particle size range 20-363 nm, the achieved r, increase with respect to baseline value was
from 25% to 421% for different binders and nAl content (see Table 4).

The possible scatter in the ballistic data could be due to the poor nAl dispersion in the
polymer matrix and different ingredients used. The lab scale samples of few cm sizes also

Table 4 Overview of literature data on burning rate of nAl-loaded solid propellants.

nAl (Production Solid propellant
Particle technique/passivation formulation
size of nAl, d, nm or coating) (AP/Al/Binder), mass% K (at p = 3.0 MPa) References
145—154 EEW‘/ALO; 68/15/17 (HTPB) 1.73—1.76° [40]
363 PC/Hydrocarbon 1.25¢
100" EEW/ALO;3 71/18/11 (PBAN) 5.21 [41]
145—154 EEW/ALO; 68/15/17 (HTPB) 1.80—1.77 [42]
20—80" n.a. 51/15/34 (HTPB) 1.60" [43]
30—100" 1.42°
202 EEW/ALOj3 68/14/18 (HTPB) 1.78—1.52 [44]
202 EEW/1% HTPB 2.03
127—136 EEW/AL,O;3 68/15/17 (HTPB) 2.08—1.83 [45]
363 PC/Hydrocarbon 1.68

*Given by the producer.

PBaseline formulation loaded with wAl spherical particles (d = 34 um).
“Baseline formulation loaded with pAl flake particles (d = 50 pm).
9Electrical explosion of wires.

“Plasma condensation.
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Table 5 The catalyst burning rate efficiency (K.,;) of metallized
in air at atmospheric pressure, depending on the catalyst type
and content.

Catalyst content in SP Keat
0% (no catalyst) 1.00
1% nFe 1.15
1% nCu 1.47
1% nNi 0.10
4% nFe 1.24
4% uFe 1.11

could be a source of errors. The small additives of nAl (2.5-5.0 mass%) to standard uAl-
loaded SP result in 10-360% burning rate increasing at 4 MPa [46].

The catalytic effect of the EEW nMe additives to the SP formulations was evaluated
by the coefticient Ky = o/ 1,0 [47]. The results are shown in Table 5. The studies
were conducted in air at 0.1 MPa. The formulations included 10 mass% of 10 pm Al
powder as the metal fuel. The burning rate increases in the catalyzed compositions by
10—47% due to the metal additives action.

S 5. NANOALUMINUM USAGE IN THERMITES

Nanothermites exhibit a reduced ignition time with respect to conventional,
micron-sized compositions due to their enhanced reactivity demonstrated by DSC and
laser ignition tests [48]. The nonisothermal heating of Al/MoOj; thermite was
investigated by DSC in Ar for two different Al particle sizes [48]. The tested uAl
(d = 10-14 pm) exhibited exothermic reaction at T'= 959 °C, after Al melting. And
nAl (d = 40 nm) presents a marked exothermic effect at T'= 476 °C. Addition of nAl to
Al can reduce ignition time of thermite formulations [49]. Performance of a thermite
formulation depends on several factors: particle size of reagents, equivalence ratio, fuel/
oxidizer particle size distributions, and actual density (free packed powders or pressed
pellets).

Fuel-rich formulations exhibit shortened ignition time and higher burning rate
[50,51] independently on the environment oxidizers (O, CO,, H,O). Combustion tests
on low-density samples of nAl/nMoQj3 at ambient pressure and under vacuum condi-
tions (~3.3 Pa) were described in Ref. [51]. There was no significant difference
between burning rates in atmospheric and vacuum tests. This suggests that the envi-
ronment oxidizers do not influence thermite combustion. Maximum burning rate is
usually associated with fuel-rich conditions for the thermites of #nAl with MoOj3 and
CuO [50].
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6. NANOALUMINUM IN EXPLOSIVES

Aluminum powders are added to explosives to enhance air blast, raise reaction
temperatures, and increase bubble energies in underwater weapons. In explosives, as well
as in solid composite propellants, it is generally assumed that the combustion of pAl
particles occurs behind the reaction front, during the expansion of gaseous detonation
products. Particles act as inert ingredients and are not oxidized in the reaction zone [24].
nAl powders are known to react faster than pAl in propellant and explosive composi-
tions, and nAl particles are small enough to participate in the detonation reaction zone.
The usage of EEW nAl in explosives was first investigated in Ref. [52]. The velocity of
detonation for nAl/ ADN mixtures increased by a factor of 2 [53]. The mechanism of nAl
reactions in explosives is not yet clear and needs to be further studied.

7. CONCLUSION

Several classes of ES loaded with #Al have been analyzed. Many new ES like
nAl/ice [54], SP with nMe as catalysts [39,47| require emphasis and very detailed results
analyses. It is clear that aging |55] and aggregation/agglomeration problems for nAl as
well as the problem of their low metal content will be hardly solved because they are
connected with the physical and chemical state of those metastable nanoproducts. The
limiting key factor of the nAl efficiency for SP technology is the adhesion of nAl particle
surface to binder. However, for solid (hybrid) fuels the adhesion in nAl/binder pair is not
critical, therefore such nAl-loaded ES are the most promising. They are mostly based on
inert binders (HTPB, paraffin, etc.) and thus, aluminum content in powders will not be
affected by storage. Still a lot of research activity has to be done in order to understand
and to control the effects of nMe in explosives and SP with active binders (fast reactions).
Thus, the fundamental question of nAl application—how to use the high specific surface
of nAl with maximum efficiency—is still open for discussion.
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1. INTRODUCTION

As with any other new class of materials, a critical step on the path to optimization
and control is establishing a deep understanding of the physics and chemistry involved in
its processes. This allows for the creation of models that can drive and guide the further
development of these systems. However, for the case of nanoenergetic materials, several
experimental challenges have until recently limited our understanding of the funda-
mental physical processes that control reaction and propagation. In many ways, these
challenges are direct consequences of the advantages gained by moving from traditional
energetics to nanoscale materials. For example, the high reaction rates that make these
materials so desirable also demand that the diagnostic tools used be capable of fast
response and high temporal resolution. Additionally, while using smaller particles
increases specific surface area and reduces length scales between fuel and oxidizers, which
increase reactivity, this also limits our ability to directly probe reaction at the scale on
which it occurs. The small sizes of these materials also lead to the formation of fractal
aggregates during synthesis and handling as can be seen in Figure 1. These complex
morphologies promote coalescence and sintering that reduces surface area and destroys
nanostructure on time scales faster or comparable to reaction [1-3]. Further, the high
temperatures that are one of the most significant benefits of metal-based nanoenergetics
create complex multiphase and nonequilibrium environments during combustion,
which significantly complicates interpretation of results.

More challenges arise from the reactive nature of the metallic fuels often used,
typically aluminum (Al), which causes a 2—5 nm shell of oxide material to form on
the nanoparticles and serves as a barrier to reaction [4,5]. This shell is perhaps also one of
the reasons that nanoaluminum has been shown to have combustion behavior that is
highly heating rate dependent [6,7]. This dependence places further constraints on
experimental techniques with the need to reproduce the high heating rates (estimated at

Energetic Nanomaterials © 2016 Elsevier Inc.
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Figure 1 An example of the complex structures that can occur in nanomaterials. This is a transmission
electron microscope (TEM) image of Al/CuO nanothermite mixed with ultrasonication in ethanol. The
lighter spherical material is Al and the dark, more irregular shapes are CuO.

10°—10% K/s) found during combustion [3,7]. While there is still significant value to slow
heating rate techniques (e.g., DSC, TGA), any theories of mechanistic behavior must be
validated with experiments reproducing these high heating rate conditions [8].

The compounded impact of all these challenges has prevented the development of a
cohesive theory for the physics that control nanoenergetic reaction. Indeed there are still
several conflicting theories for the underlying mechanism [3,5,9—11]. All of this
discussion is exemplified with one of the most prevalent experiments in the nano-
energetic community: burn tubes (see Figure 2) [12]. These experiments are comprised
of loading a tube with energetic material, igniting from one end, and observing the
propagation of the luminous front with high speed video and/or the pressure wave with a
series of pressure transducers to determine a flame speed [12,13]. Such experiments are
good examples of high speed diagnostics and feature the high heating rates of free
combustion, which has led to their results being used as the basis for many of the theories
and models of nanoenergetic combustion [5,14,15]. However, even the straightforward
and exceedingly prevalent measurement (flame speed) has been shown to be significantly
complicated by the challenging nature of these materials. Recent work by Densmore
et al. has helped illuminate how much is still unknown about this widespread technique
[16]. While the luminous front has long been taken as the reaction front, the authors
showed that this front propagates even faster through unfilled tube, which suggests that it
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Figure 2 An example of a burn tube experiment involving Al/MoOs. Parts (a-f) show sequential
frames from a high speed camera taken ~ 20 ps apart, with frame (f) taken 100 ps after frame (a).
Point [a] represents the location of a sensor. Reprinted with permission from Ref. [12]. Copyright 2005,
AIP Publishing LLC.

does not represent the ignition of new material but rather already combusting material
being propelled forward through the tube. Further, they showed that the materials
remain hot and bright long after the luminous front passed, which implies that significant
unreacted material exists and continues to burn far outside the initial passage of
the luminous front. For these reasons and despite being one of the most prevalent
measurements found in the field of nanoenergetics, the actual physical meaning of flame
speed is far from understood.

Even with all these complications and challenges, significant progress has been made
in understanding the mechanism of aluminum-based nanoenergetics by using novel
experimental setups and advanced diagnostics. In this chapter we will provide the latest
and best understanding of the microphysics that control nanoenergetic combustion,
focusing on Al-based nanocomposites, which are referred to as nanothermites and
metastable intermolecular composites (MICs). The overall process of reaction propa-
gation can be divided into two components: heat transfer and reaction. Heat transfer is
generally better understood than the reaction mechanisms but includes some processes
more complex than a simple categorization as conduction, convection, or radiation. This
will be the first topic discussed in this chapter. Before considering reaction, some
discussion on the passivating effect of the oxide shell is needed. This layer serves as a
barrier to reaction and must be overcome before or during the combustion process. This
can be achieved through a simple diffusion of reactive ions through the barrier or a
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physical deterioration of the shell through fracturing or softening. The physics and
evidence for these different processes as well as their potential impact on reaction
mechanism will be discussed.

For the possible reaction mechanism, we will discuss the three major pathways that
have been proposed and considered throughout the literature: gas-condensed hetero-
geneous reaction, condensed phase interfacial reaction, and melt dispersion mechanism
(MDM). The first is a two-step process with the solid oxidizer decomposing to produce
gaseous oxygen, which then reacts heterogeneously with the solid or molten fuel. The
second involves the transport of reacting species through the condensed phase and across
the intercomponent interfaces [1,3,10]. Lastly, MDM has been theorized to occur for
high heating rates of aluminum nanoparticles, where pressure buildup from the melting
of the core causes violent rupture of the oxide shell and spallation of the Al core into
small droplets that burn at high rates [7,11,17]. While multiple pathways could
contribute to the overall reaction process, one will be the dominant process, although it
is possible that which one dominates could change depending on combustion
conditions.

2. HEAT TRANSFER

One thing that is certain from the burn tube experiments is that nanoenergetic
reaction can produce hot material that moves very fast [16]. We also know that these
waves of hot material coincide or slightly precede high pressure waves, even in materials
that are not expected to produce significant gas [13,18]. This suggests that the primary
means of heat transport is a convective process, which has been supported by a variety of
studies [13,14,19,20]. The key evidence from these studies is that the highest flame
speeds coincided with low packing densities, high gas production, low initial pressure,
and confinement, which are all the conditions that are most conducive to moving gases
and material. In comparison, condensed phase conduction would be oppositely affected
or insensitive to those parameters. Convection is further supported by the high specific
surface area and small sizes intrinsic to nanoparticles, which yields a very low thermal
relaxation time, meaning that in a hot gas they will quickly equilibrate to that
temperature [21].

Outside of experiments, it can also be established that a convective mechanism is
dominant, through a process of elimination based on some simple order of magnitude
calculations [22]. To make these calculations simpler, we will use the same base system of
Al/CuO in a 3.2 mm inner diameter burn tube with a packing density of 6% theoretical
maximum density (TMD), which is similar to a variety of experimental setups used in
the literature [13]. In terms of heat transfer, the key value will be the energy needed to
heat room temperature reactants to the point of ignition. For this point we will use
1300 K, which is the point at which Al has been found to be significantly mobile and
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Table 1 Parameters used in the calculations and estimations made in this section.
Those values in bold were chosen based on the experiments in Ref. [13]. The other
values were calculated based on those parameters.

Burn tube calculation parameters

Material system Al/CuO
Tube inner diameter 3.2 mm
Packing density 6% TMD
Assumed ignition temperature 1300 K
Mass of material present 2.4 mg/mm
Energy needed for reactants to reach ignition temperature 2 J/mm

comparable to typical ignition temperatures of Al/CuO at high heating rates [2,23]. We
will assume that no exothermic reaction happens below this ignition point, which is
reasonable considering the fast timescales (<<1 ms) discussed. From the stated param-
eters, this burn tube will contain 2.4 mg of Al/CuO for each mm of packed tube. Using
enthalpy data from the NIST Webbook, it would take ~2 J to heat each mm of material
to 1300 K. All of these parameters are summarized in Table 1 for easy reference. The
following calculations can also be found in more detail in Ref. [22].

With those numbers in mind, we shall consider conduction through the powder
media. While temperature gradients inside burn tubes have not been well characterized,
the ignition front thickness was estimated by Asay et al. to be ~ 10 mm based on pressure
rise times and flame speed, which lines up reasonably well with recent temperature
measurements [16,20]. Other measurements made with pyrometry have suggested even
thicker temperature rise zones of ~40 mm [24]. As we want upper bound estimates for
heat transfer speed, we assume the smaller reaction zone for this calculation. Taking a
thermal gradient from 3000 to 300 K over 10 mm along with the bulk thermal con-
ductivity of Al (237 W/m-K), Fourier’s law gives a heat flux of 6.4 x 10" W/m”. Based
on the assumed tube diameter, this corresponds to a heat flow of 510 W. Now if we
consider all this energy to be delivered to the 1 mm of reactants discussed above, it would
take 0.004 s to reach 1300 K. Dividing that considered distance by that time yields a
flame speed of just 0.25 m/s, which is orders of magnitude less that those measured in
burn tubes and open tray experiments [25]. It should be noted that this calculation stands
as a strong overestimation of conductivity, as the thermal conductivity of Al is the highest
in the system and we made the calculation based on fully dense material. In comparison,
the effective conductivity of a porous nanoparticle bed can be an order of magnitude less
than bulk [26,27].

We can give a similar treatment to radiative heat transfer. Nanoparticles have high
specific surface area, which does support a radiative process. However, in the burn tube,
the only radiation that will transfer heat to the unreacted materials is that which passes
through the circular cross-section of the tube. Based on this, we can sum the
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contribution of the many particles and simplify the system into two black body cylinders
of material, one hot (3000 K) and one cold (300 K). Here the radiative heat transfer
occurs through the presenting ends of the cylinders. Thus, from the Stefan—Boltzmann
law, Qg = GA(T} — T}), where ¢ is the Stefan—Boltzmann constant and A is the
cross-sectional area of the tube. For our problem, this yields radiative heat flow of 36 W,
which is an order of magnitude less than what we found for conduction and corresponds
to flame speed of 0.018 m/s. Again, this calculation serves as an overestimation of heat
flow, particularly because, in practice, the local temperature difference will not be so
extreme.

By ruling out the conduction and radiation, only heat transfer based on the flow of
hot material remains. Yet despite the consensus in literature on the dominance of this
mechanism, there is still much that is unknown regarding the physics of this process. The
key question that remains is, exactly what species and materials are being advected
forward to the unreacted zones? The high pressure wave found for nanothermite systems
and the fast thermal relaxation time seem to suggest that hot gases would play a signit-
icant role in the transportation of heat. However, the amount of gases present in these
systems 1is unlikely to be able to account for the amount of heat needed, as can be easily
llustrated with some further simple calculations.

Returning to our example Al/CuO burn tube, experimental results have shown
temperatures of ~ 3000 K and pressures of ~ 1900 psi [13,16]. Using the 3.2 mm inner
diameter and considering a 1 mm section of tube, the ideal gas law yields only about
4 x 107° mol of gaseous species in that volume at these conditions. If we assume the
movement of gases is responsible for heat transfer, the idealized scenario and upper
bounds for the amount of heat transferred would be taking 100% of the hot gases
produced from reaction and moving them into an equal volume cell of unreacted
material. These gases would equilibrate with this material by cooling down and heating
the reactants. However, the process of cooling the calculated amount of perfect gas
(o =5/2 R) from 3000 to 1300 K would only add 0.15 J to the reactants or only 7% of
the 2 J needed to ignite 1 mm of reactant.

We can also consider that the gas could be in part formed from vaporized metals that
could condense to release additional energy, but even that cannot produce the amount of
energy needed. For Al/CuO at equilibrium, the amount of copper gas expected is 4 mol
per kg of reactant, which is 9.6 x 10~° mol for the 2.4 mg considered [13]. The heat of
vaporization of copper is 300 kJ/mol, thus the energy liberated by condensing this
amount of copper would be 2.9 J, which is 145% of the energy needed to reach ignition.
However, despite theoretically providing sufficient energy, for several reasons it is
unlikely that this mechanism is responsible for the significant portion of heat transport.

First, that concentration of copper gas was calculated at 1 atm constant pressure,
which is not good representation of experimental conditions. Many experiments have
shown that nanothermites can produce high pressures, which means that the reactions



Mechanisms and Microphysics of Energy Release Pathways in Nanoenergetic Materials

71

produce gases faster than they can dissipate [13,28]. Thus, a constant volume approxi-
mation may be more accurate. In this case the confined volume would lead to higher
pressures (as observed experimentally) and the vaporization of copper would be
suppressed upon reaching the vapor pressure of Cu. Based on Cheetah equilibrium code
calculations, Al/CuO at 10% TMD would only produce 0.18 mol of copper gas per kg
of reactant, the condensation of which would only liberate 6.5% of the needed energy
for ignition.

Second, copper vaporization (boiling point ~ 2840 K) is the final step of the reaction
process and serves as a heat sink, which limits the flame temperature, which means that
the potential 4 mol/kg of Cu gas will only exist when the reaction is near 100% com-
plete. Therefore, this gas will only be available to participate in the heat transfer process if
the reaction is sufficiently faster than the heat transport. However, nanothermites have
been found to burn on the order of 0.1-3 ms, while even the slowest flame speeds are
~10 m/s, which means that they cover 1 mm in 0.1 ms [25,28,29]. A 1000 m/s flame
would cover that distance in just 1 ps. This indicates that heat transfer is faster than or at
least comparable to the overall reaction timescale, which indicates that much of the Cu
gas will not participate in the process.

Finally, we must consider nonenclosed scenarios, where much of the gas produced
will escape to the environment and will not contribute to the heat transfer process.
While the exact percent of gas that is propelled forward rather than away from the
propagation direction will depend on the experimental conditions and is not well
defined, if even 30% of the 4 mol/kg of Cu gas is lost, there will no longer be enough
energy to reach the ignition threshold. For all these reasons, we can conclude that the
movement and condensation of Cu gas is likely not entirely responsible for the transfer of
heat during propagation.

While there will be differences depending on the materials used, these calculation
results will be similar as Al/CuO is one of the highest gas-producing thermites in terms
of moles of gas produced [30]. So if the movement of gases does not control heat transfer,
then there must be significant hot condensed phase material that is advected into the
unreacted zones. Such a physical response is not surprising given the high flow velocities,
pressure gradients, and low mass of nanoparticles found in these systems, which are
conditions that would lead to the aerosolization of materials [29]. Indeed evidence of
rapid gas release leading to hot material being rapidly thrown can be seen in high speed
video of many combustion experiments. An example of this is Figure 3, which shows
fuel-rich Al/CuO ignited by a wire heated at a high rate [23]. Hot, light-emitting species
can clearly be seen to leave the wire at high velocity as a result of reaction. Large-scale
effects of such behavior have been observed in the burning of unconfined lines of
nanothermite, where hot material was propelled forward and caused a discontinuous
jump in reaction front [25]. This has been explained as part of a pressure buildup and
unloading model detailed in Ref. [31]. Assuming that the hot material being thrown
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Figure 3 Frames taken from high speed video of fuel rich Al/CuO ignited by a temperature jump
(T-Jump) wire experiment at heating rates of ~5 x 10° K/s. All the material starts on the wire, but
reaction and rapid gas production drives material away at high rates. For scale, the fully bright wire in
the final frame has a length of 10 mm. Reprinted with permission from Ref. [23]. Copyright 2012,
American Chemical Society.

would likely be molten, it would transfer its heat rapidly once in contact with unreacted
material, leading to a very fast, if complex, form of heat transport. Advective behavior is
also predicted by the melt dispersion mechanism, as the molten aluminum droplets
produced would be propelled at high rates and would react as soon as they come into
contact with an oxidizer [11,17].

3. PHYSICAL RESPONSE OF THE OXIDE SHELL

For any given sample of reactive metal, a 2-5 nm oxide shell is expected to form
upon exposure to air (see Figure 4) [4,9,32]. Given the small length scales of nano-
materials, this thin layer can represent a significant portion of the mass leading to a large
amount of dead weight. With aluminum, this passivating layer (Al,O3) has a melting
temperature of 2345 K, which is much higher than the ignition temperatures typically
found for aluminum-based nanoenergetics [19,33,34]. Therefore, through ignition, and
potentially a significant portion of reaction, the shell is expected to be a barrier to
reaction.

The simplest answer for how reaction occurs with respect to the shell would be a
diffusion model where Al™ diffuses out and O~ diffuses in. If oxygen diffused faster than
the aluminum, this would produce a “shrinking core” scenario where the thickness of
the shell increases inward, leading to a smaller and smaller metallic core [35-37].
Alternatively, if the outward diffusion of metallic ions is the faster process, then a thick,
hollow oxide structure could result [38]. However, a hurdle to viability of this behavior is
that self-diffusion coefficients for bulk Al,Oj3 are too low to account for the timescale
measured in combustion experiments [17]. For example at ~2000 K, Ref. [39]
gives values of ~107 " and ~ 10" m?/s for Aland O in alumina. So given even a 2 nm

oxide shell, one can expect a characteristic diffusion time (%) of 4 ms, which is much
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Figure 4 A high resolution transmission electron microscope (HR-TEM) image of an AI-NP and its
amorphous oxide shell. The inset image is a lower magnification (scale bar = 100 nm) image of the
same particle. Adapted with permission from Ref. [32]. Copyright 2012, American Chemical Society.

slower than the burn times and timescales found for AI-NP and nanothermite
combustion, which have shown responses on the order of 10-50 ps. This suggests that
cross-barrier diffusion may only be viable under slow heating rate conditions [17,28,40].
However, the kinetics of this process could be significantly enhanced by other mecha-
nisms, such as an intrinsic electric field to support enhanced diffusion with a Cabrera—
Mott mechanism as has been shown in molecular dynamics (MD) simulations and used
in other models [41,42]. It is also possible that an initial diffusion step occurs during
ignition, which then creates high temperatures and alternate pathways. This could
explain the ignition delay observed in some systems [9].

The alternative to a diffusive process is one that involves the mechanical breakdown
of the oxide shell. This would allow for a molten Al core to quickly diftuse through the
produced cracks or, if associated with a large pressure buildup, potentially lead to violent
spallation into molten drops as predicted by MDM [17,43]. There are several different
manners in which the impact of the shell could be reduced or removed through physical
processes. For example, the breakdown of the shell has been modeled based on the
density changes caused by crystallization from its initially amorphous state, which has
been shown to occur at temperatures below the melting point of Al [4]. An illustration of
this process is shown in Figure 5. Heterogeneous crystallization and localized fracturing
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Figure 5 A schematic illustration of a proposed mechanism for aluminum oxidation based on
the crystallization of the oxide shell. Reprinted with permission from Ref. [4]. Copyright 2006, Taylor &
Francis.

in the oxide shell has also been observed with in situ transmission electron microscopy
(TEM) experiments [32]. However, both of these observations were made from slow
heating rate (<40 K/min) experiments, so it is not clear if the heat rate dependencies
discussed above would impact the kinetics of the observed processes at the higher heating
rates of combustion. Alternatively, a variety of MD simulations have shown a softening
process in the oxide shell caused by interdiffusion between core and shell creating a
metastable lower melting reduced oxide of Al [44—47|. Similar behavior was also
observed in Ref. [32] with swelling of the oxide without an oxidizing environment. In
addition, some high heating rate (~5 x 10> K/s) mass spectrometry has shown evidence
of a decreased melting temperature of the shell [23]. One final option is the rupture and
cracking of the shell from stresses induced by the melting of the aluminum core at 933 K.
Upon melting, Al will expand by an estimated 6% while the oxide shell remains relatively
static [17,43]. For nanoparticles this could lead to a pressure buildup, which could drive
the fracturing of the shell.

Experimentally validating any of these possible mechanisms is a challenging propo-
sition because of the nanoscale of the behavior and the necessity to produce high heating
rates. One approach is to heat AI-NPs at high heating rates ex situ and analyze them after
the fact with TEM. Both flash heating and T-Jump wire heating of Al-NPs in inert
environments have shown the creation of hollow oxide structures that imply the escape of
Al from the oxide shell, but it was not consistent for every nanoparticle [23,48]. Recent
advances in the field of in situ electron microscopy have enabled direct imaging of
morphological changes. High heating rate (~10° K/s) hot stage studies have shown that
heating AI-NPs above their melting points does not necessarily lead to the breakdown of
the oxide shell as can be seen in Figure 6. Here the aggregate (Figure 6(a) and (b)) was
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Figure 6 TEM images of Al-NPs heated in situ on a hot stage capable of ~10° K/s. Images (a) and
(c) are the aggregates before heating to 1173 and 1323 K, respectively; (b) and (d) are the respective
after images. Adapted with permission from Ref. [2]. Copyright 2014, AIP Publishing LLC.
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heated above the melting point of Al but showed no significant rupture or morphological
change except for the circled location where a small fracture may have occurred.
However, the change in contrast between the before and after images does imply that
melting occurred. In comparison, the aggregate heated above 1300 K (Figure 6(c) and
(d)) exhibited significant morphological change. It is interesting to note that the coa-
lescence process that occurred did not include any hollow ruptured shells as in the ex situ
experiments discussed above and neither was there any violent rupturing like predicted by
MDM. Instead it appears that the oxide shell flowed with the molten core, which suggests
either a softening behavior as in the MD simulations or fracturing into pieces small
enough to be carried with the Al. This latter process could be aided by the crystallization
of the shell [4,32]. The same study also employed in situ laser heating to achieve higher
heating rates (10'" K/s) and higher temperatures, which also allowed for nanosecond,
time-resolved imaging with dynamic transmission electron microscopy (DTEM) [2]. As
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Figure 7 Example results from dynamic transmission electron microscopy (DTEM) experiments on
AI-NPs. Images (a) and (b) were taken with traditional TEM imaging and show, respectively, the sample
before and after heating by a 12 ns long 1064 nm wavelength heating pulse. Images (c-e) were taken
using pulsed electrons, which allow for ~15 ns resolved images. Reprinted with permission from
Ref. [2]. Copyright 2014, AIP Publishing LLC.

can be seen from the example in Figure 7, the AI-NPs exhibited similar physical response
under these heating conditions, with apparent unrestrained flow of aluminum during
coalescence. The time-resolved images taken during the laser heating pulse (Figure 7(d))
reveal that the process can occur on the order of ~15 ns. The coalescence observed is
important for two reasons. First, it is dependent upon, and indicative of, overcoming the
alumina barrier. Therefore at the temperatures and conditions at which coalescence can
occur, reaction can proceed on timescales faster than the limited ones discussed for cross-
barrier diffusion. This is supported by the short diffusion timescale observed in Figure 7.
Second, the coalescence represents the loss of both surface area and nanostructure, which
together provide some of the key benefits of using nanomaterials. This point will be
addressed in more detail later in this chapter.

From all the results discussed in this section, it can be concluded that a significant step
to nanoenergetic combustion is the breakdown of the passivating metal oxide layer.
However, cross-barrier diftusion still could be important as a determining factor for
ignition delays or as a mechanism responsible for weakening of the oxide shell. The exact
nature of the overcoming of the shell is not yet well understood, but it has been observed
in a variety of experiments. The breakdown exposes elemental aluminum that can be
readily reacted through the mechanisms to be discussed below.
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4, REACTION MECHANISMS
4.1 Gas-Condensed Heterogeneous Reaction

Unlike with heat transfer, there has been little consensus on the reaction mechanism of
nanoenergetics. As discussed earlier, the possible physics can be fit into three broad
categories. The first is the gas-condensed heterogeneous reaction mechanism, which has
developed in response to the observation that many of the nanoparticle oxidizers used for
nanoenergetics decompose to release oxygen at elevated temperatures [28,33,49|. This
decomposition typically involves the reduction to a stable reduced phase (e.g.,
CuO — Cuj0, FepO3 — Fe3Oy, Co304 — CoO, WO3 — WO,). High heating rate
mass spectrometry of these oxides and the corresponding thermites has shown that this
reduction process often occurs at temperatures comparable to ignition and that signifi-
cant gaseous oxygen is present during reaction [33,49]. This is all in accordance with the
gas-condensed heterogeneous reaction mechanism, which is based on the burning of the
fuel in the high-pressure O, environment created by the decomposition of these oxides.
Part of the attraction of this mechanism is its relative simplicity, as it can be treated as
almost a one-component system. The limiting step is either the reduction of the oxide to
produce oxygen or the reaction of the fuel with the gas. As these two processes likely
have very different kinetics, the overall reaction rate can be reduced to the slower of the
two. Focusing on reaction, the problem of spheres burning in gases is a long-studied and
well-understood one [50]. So even allowing for the role of the shell or the potential loss
of nanostructure, this mechanism is conducive to relatively straightforward models.
Further, it also has the advantage that burning of metallic nanoparticles in oxidizing
environments can be studied directly in a wide array of different experiments [51-53].
Such studies provide a valuable metric in assessing the viability of the gas-condensed
reaction mechanism as the timescales for the two forms of combustion can be compared.

To make this comparison, it is important to establish a timescale for nanothermite
combustion, which is not a straightforward task. From burn tubes, velocities of ~1 km/s
and a reaction front width of 10 mm have been reported [20]. This suggests a charac-
teristic time of ~ 10 s, but as discussed above, the exact nature of this front is not well
understood. Constant volume pressure cell tests of the fastest nanocomposites suggest
two rather distinct timescales, as can be seen in Figure 8. The pressure signal reaches its
peak values in ~ 10 ps, which is comparable to the burn tube experiments. On the other
hand, the optical signal does not reach its maximum until ~ 100 ps and has a full width
at half maximum (FWHM) value of more than twice that. This order of magnitude
difference in timescales suggests a two-step process that could be indicative of initial
reaction, which heats up and reduces the oxidizer followed by heterogeneous burning in
the released O, [28]. For the material ignited by wire in Figure 3, the visible process
takes place over 400 ps, making it comparable to the optical signal in the pressure cell.
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Figure 8 Results from Al/CuO nanothermite combustion in a constant volume pressure cell (25 mg of
reactant in a 13 cc cell). Note that there is a considerable difference in the time to peak for the optical
and pressure signals. For details of the experimental setup, see Ref. [26].

The challenge in interpreting these timescales is that it is not clear how the measured
values relate to the overall reaction progress of these materials.

For Al-NPs burning in oxidizing environments the key measurement is burn time.
One setup used to make this measurement is Bunsen burner—type experiments where
aerosolized Al is burned and the flame produced is observed [53,54]. For particles smaller
than 100 nm, burn times range from 10 ms down to 200 ps depending on temperature
and oxidizing environment. The fastest of these timescales lines up well with the slower
timescales of the nanocomposites. Even faster burn times have been found in shock tube
experiments, which use a reflected shock to ignite materials at a variety of temperatures
and elevated pressures [37,40,52]. Here Al-NPs were found to burn on a timescale of
50-500 ps. While that lower value is approaching the fast timescale for the nanothermites,
the trend observed suggests 50 s is the lower limit for burn time even at extreme pressures
(32 atm) and temperature (>2000 K) [40]. Therefore, it seems unlikely that gas-
condensed heterogeneous reaction could be responsible for the ~10 ps timescale but
could be responsible for a slower burning that occurs after the initial fast reaction.

Another reason why this mechanism is unlikely to play the dominant role in
determining reaction rate is that the decomposition properties of the oxidizer are not a
good indicator of performance. With regard to ignition, there are some oxidizers (e.g.,
CuO, FeyO3, AglO3) that show a correlation between the release of O and the ignition
with Al as shown in Figure 9 [49]. However, there are many more that show no similar
trends. Indeed, Bi,O3, WO3, MO3, and SnO; have all been shown to ignite without any
O; present. This suggests that for many cases, a gas-condensed heterogeneous reaction is
not responsible for ignition.

Further, if gaseous oxygen was critical to the reaction, it would follow that the
materials that release very little oxygen or decompose only at high temperatures would
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Figure 9 Data from high heating rate (~5 x 10 K/s) T-Jump TOF-MS experiments such as those in
Ref. [47]. This figure shows the temperature at which O, was first observed during heating of the
oxidizer alone (Y-axis) versus the ignition temperature of the oxidizer when mixed stoichiometrically
with Al-NPs (X-axis). The oxidizers that were found to not release O, below the experimental limit
(1700 K) are plotted separately at the top of the figure.

perform significantly worse than the O, producers. However, we can compare
Figure 10 and Table 2 to see that this is not the case. Figure 10 shows the oxygen
release profiles for various oxides during 3 ms heating pulses of ~5 x 10° K/s. It is
clear that CuO produces the most oxygen, earliest, followed by Fe,O3, BipO3, and
then SnO,. Note that the time that the O, signal first rises is proportional to the O,
release temperatures plotted in Figure 9. If the presence of gaseous oxygen was
important to the overall reaction process, it would follow that CuO would perform the
best in combustion tests with Fe,O3, Bi»O3, and SnO, performing comparably but
with Fe,O3 being the best of that bunch. Looking at Table 2, we find that this is not the
case. The pressurization rate, which correlates to flame speed in a burn tube and is
indicative of overall performance, is similar for CuO, Bi;O3, and SnO; [55]. Only
Fe,Os3 is a significantly worse performer, with a pressurization rate two orders of
magnitude slower. Similarly, MoO3, which does not release O, below 1700 K, will also
react in the TOF-MS with aluminum without the presence of detectable O, during
reaction [33]. Thus, again, if gaseous oxygen was critical to the reaction mechanism,
MoO3 would be expected to be a terrible performer, but burn tube studies have found
it to be one of the best [13].
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Figure 10 The O, release profiles from various oxidizers as measure by T-Jump TOF-MS. Each sample
was heated with a similar 3 ms long heating pulse of ~5 x 10° K/s. The lines represent a smoothing
of the data point to guide the eye.

Table 2 Experimental pressure cell results for various thermites.

Peak pressure, Pressurization FWHM burn

psi rate, psi/|s time, pis
Al/SnO, 80 7.7 210
Al/Bi,O3 123 12 193
Al/CuO 108 11 185
Al/Fe,O; 13 0.017 936

Data taken with setup discussed in Ref. [26].

4.2 Condensed Phase Interfacial Reaction and the
Loss of Nanostructure

As an alternative to the previously discussed mechanism, this one assumes that oxidation
occurs directly between the condensed phase (i.e., solid or molten) fuel and the
condensed phase oxidizer. While this has often been considered as a possible and viable
pathway for reaction of nanoenergetics, the underlying properties and processes have not
been very well developed. This is in part because it is a far more challenging problem to
conceptualize and model in comparison to particles burning in a gas. Consider the
complex aggregate morphology shown in Figure 1. How would a condensed phase
reaction progress for this case? By definition it must occur across interfaces between the
materials, but in this initial configuration the amount of interfacial area is only the points
of contact between adjacent nanoparticle spheres of differing components. These very
limited interfaces would severely limit the flux of reacting species and lead to very slow
kinetics. However, if there is some degree of mobility in either the fuel or the oxidizer, it
can coalesce toward the opposite component and thereby increase the amount of
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Figure 11 A schematic representation of the reactive sintering process. Adapted from Ref. [3],
Copyright 2012, with permission from Elsevier.

contact. The increased interfacial area will increase reaction rates, which will generate
heat, which will drive further coalescence leading to a feedback loop of sorts. This
general process, which is illustrated schematically in Figure 11, has been dubbed reactive
sintering [3].

Even with this general conception for the mechanism, the details and information
needed to derive models are far from clear. For example, this process is dependent on the
loss of original nanostructure, which means the initial configurations and morphologies
will be lost prior to the bulk of reaction. How then will the length scale and total
interfacial area develop? And how, if at all, will this process be related to that initial
configuration? However, before we delve into such complicated processes, we will assess
the viability of this proposed mechanism.

To do so, we will first consider a system that vastly simplifies the problem of reaction
to a question of one-dimensional diffusion. Reactive multilayers or nanolaminates are
fully dense planar structures made up of alternating layers of fuel and oxidizer (Al/CuO
example shown in Figure 12) or two metals that can combine to form an intermetallic
phase [56-59]. Typically, they are created by physical vapor deposition. Being fully dense
limits reaction to the condensed phase, and the planar geometry means that the interfaces
and diftusion distances are well defined. For Al/CuO nanolaminates, speeds have been
measured up to ~ 80 m/s, which is comparable to values found for nanoparticle ther-
mites in similar open configuration experiments [19,25,58|. This indicates that
condensed phase reaction could be fast enough to account for the high reaction rates in
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Figure 12 An example of an Al/CuO reactive multilayer that was sputter deposited onto an oxidized
silicon substrate. Reprinted with permission from M. Petrantoni, C. Rossi, L. Salvagnac, V. Conedera,
A. Esteve, C. Tenailleau, P. Alphonse, Y. J. Chabal, J. Appl. Phys. 108 (2010). Copyright 2010, AIP Publishing
LLC.

nanothermites if there is sufficient interfacial area. To estimate if this amount of contact is
reasonable, we consider that ~80 m/s was achieved with bilayers that were 150 nm
thick and comprised of 18% Al by weight. For a single bilayer there will be a single
interface between components, and the area of this interface on a per mass basis can be
calculated as ﬁ;p = ﬁ, where A is the interfacial area (width of film times length), #, is
the bilayer thickness, and p is the average density. Therefore, for the 80 m/s case there is
1.3 m?/g of interfacial area. As bilayers are stacked, there will be additional interfaces
between the bilayers, so with an infinite number of bilayers there will be two interfaces
per bilayer, which would mean 2.6 m”/g of interfacial area. Given that the nanoparticles
typically used in nanothermites have specific surface areas an order of magnitude higher
(27.7 m*/g for 80 nm spherical AI-NPs), it seems reasonable that comparable interfacial
area could be achieved even after considerable loss of nanostructure [13].

Another example of thermite material that is restricted to reacting through
the condensed phase is material produced through arrested reactive milling (ARM)
[36,60—-63]. This procedure typically involves ball milling powders into full dense
micron-scale materials that contain both fuel and oxidizer as nanoscale inclusions, as is
shown in Figure 13. As with the nanolaminates, the fully dense nature of the materials
limits the role of any gas-based reaction mechanism, although the geometry here is far
less simple to model and the amount of interfacial area is not as well known. However,
we can still take away the fact that these materials have been found to burn very quickly,
with reaction initiated through electrostatic shock and flyer plates shown to have burn
times <100 ps [61]. This is very similar to the timescales discussed in the previous section
for loose powder nanothermites, which again suggests that condensed phase reaction
kinetics are fast enough to explain combustion.
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Figure 13 An example cross-section of a fully dense Al/CuO nanocomposite produced with ARM.
Note the scale bar represents 1 um. Reprinted from Ref. [60]. Copyright 2011, with permission from
Elsevier.

For an even better study of the viability of this process in loose powder nano-
thermites, recent developments in the field of time-resolved electron microscopy allow
for the timescale of this mechanism to be measured experimentally. Movie mode
dynamic transmission electron microscopy (MM-DTEM) allows for the direct
observation of nanometer-scale morphological change with nanosecond temporal
resolution [1,64—66|. This technique uses short (~15 ns) electron pulses with high
enough intensity that one pulse can generate an image. These imaging pulses are timed
with respect to laser heating (~12ns pulse, 10" K/s heating rate) in order to
determine the temporal evolution of the material. More details of this technique can
be found in Refs [65,67,68]. Given that DTEM experiments occur in vacuum and
with very small sample size, any effect of gas phase species will be greatly reduced,
which makes the technique ideal for probing the condensed phase reaction process.

When applied to Al/CuO, DTEM studies showed morphological progression like
that described above for condensed phase reaction, with melting and coalescence leading
to the formation of large intercomponent interfaces. This behavior was found to occur
on the order of hundreds of nanoseconds as shown in Figure 14. The final morphology
of the DTEM products was consistently phase separated and EDS line scans confirmed
that reaction had occurred with all of the oxygen located in the aluminum phase [1].
Further interaction was also found to have occurred with some cases of alloying to form
Al Cu, phases. The time to completion was found to vary depending on the size of the
aggregates observed, but generally ranged from ~ 0.5 to 5 ps. This lines up well with the
~10 ps discussed above as the defining value of fast nanoenergetic combustion.
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Figure 14 Results from an MM-DTEM experiment performed on Al/CuO nanothermite. The images on
the left-hand side were taken with traditional TEM imaging and show the aggregate before and after
reaction. The nine images to the right were taken with electron pulses spaced 95 ns apart. The listed
times are with respect to the peak of the 12 ns heating pulse. More on this work can be found in
Ref. [1].

Given that the kinetics of this condensed phase reaction appear to be sufficiently fast,
the next step is to determine if it actually occurs during combustion. One of the defining
properties of the condensed phase reaction mechanism as discussed so far is the loss of
nanostructure and increase in particle size. Therefore, the products that result from such a
reaction will be easily identifiable by significant interfaces and large sizes relative to the
initial nanoscale reactants. Indeed there have been several different studies that have
involved the capture of nanoenergetic material from a variety of experimental setups that
have shown this type of product [10,25,69,70]. All these products exhibit resulting
morphologies that were larger than 1 pm and contained both fuel and oxide elements
within one particle as an alloy or in adjoining phases as shown in Figure 15(a). In their
experimental setup, Jacob et al. were able to measure the time at which the product was
collected relative to the point of ignition. From this they were able to determine that the
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Figure 15 Product captured from a T-Jump ignition experiment (like the one shown in Figure 3) of
Al/CuO nanothermite. The material in (a) was captured ~90 ps after ignition and was imaged using
back-scattered electrons (BSE), which makes the heavier elements (Cu) appear brighter. The material
in (b) was captured further out at a time of ~350 us and does not use BSE. Reprinted from Ref. [10].
Copyright 2015, with permission from Elsevier.

products could not have formed from the vapor phase because not enough time had
elapsed to form such large products. Thus, these large products must have formed
directly in the condensed phase. The authors also noticed a large number of nanosized
products that can be seen decorating the micron-scale particle in Figure 15(b). These
averaged ~50nm in diameter and were consistent with homogenous nucleation
from the vapor phase. However, volume analysis indicated that this nanomaterial
represented <15% of the total mass of the product [10].

The results of these studies fully support that condensed phase reaction occurs and is
the dominant mechanism for nanothermite combustion. The significant loss of nano-
structure that occurs in the formation of the large particles effectively closes off the
possibility of gas-condensed heterogeneous reaction as the kinetics of that mechanism are
highly size dependent [53]. Further, the large mass percent that these products represent
suggests that they will be most responsible for generating heat. However, there were
some inconsistencies between results that must be addressed before this mechanism can
be taken for granted. In particular, the work with Al/Bi,O3 in Refs [10] and [69] both
showed the formation of micron-scale particles from coalescence but showed differences
in composition. Jacob et al. exhibited particles that contained both Al and Bi, while Poda
et al. presented particles that were primarily Bi with the Al existing primary as nanoscale
AlOs3. It is unclear why the two different combustion techniques (wire heating vs
constant volume bomb cell) would produce such differences. Additionally, some authors
have reported the opposite trend, with final product morphologies being considerably
smaller [11,48]. In these cases it may be possible that the observed particles were from the
vapor phase as discussed above and that sampling technique minimized the capture of
large particles. So while there is significant evidence for condensed phase reaction being
an important mechanism, future work is needed to explore these issues.
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The general processes of condensed phase reaction raise some further questions about
the effect that nanoscale features have on reactions. In particular, if we lose so much of
our nanostructure prior to and during combustion, what then are the advantages to using
nanomaterial? This is a fundamental question to the discussion of nanoenergetics, and we
will address it several ways.

First, we would like to point out that several studies have shown diminished returns in
performance as particle size is reduced through the nano regime. Take for example the
data reproduced in Figure 16, which show burn tube flame speeds with varied particle
fuel size [21]. Note the marked difference in trends after sizes are reduced to less than
3.5 um, as well as the large spread in nanoparticle data. Another example is burn times of
Al-NPs in gaseous oxidizers, which are expected to scale linearly with diameter under
kinetically controlled burning [50]. However, studies have shown much lower depen-
dence with a scaling law closer to d” instead [53]. In both these cases, the diminished
returns through further reduction in size can be explained by the loss of nanostructure,
with the small initial particles coalescing into large particles. If this happens prior to
significant combustion, the material will have the kinetics of the larger particles. Such a
process is likely as recent results have shown that the timescales for coalescence and
sintering are much faster than those for combustion. This was found in part using
molecular dynamic simulations, an example of which 1s shown in Figure 17. Here, 8 nm
particles were found to coalesce in 0.7 ns [47]. This value can be extrapolated to more
complex aggregates of larger sizes based on a modified Frenkel law [71]. Doing so yields a
time of 50 ns for an aggregate of 100 particles with 50 nm diameters. This value lines up
very well with the AI-NPs DTEM results discussed earlier and shown in Figure 7 [2].
This timescale is orders of magnitude faster than any of those discussed for reaction of
aluminum-based nanoenergetics, the shortest of which was 10 ps.
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Figure 16 The effect of fuel particle size on combustion performance in a burn tube. Reprinted from
Ref. [21]. Copyright 2014, with permission from John Wiley and Sons.
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Figure 17 Molecular dynamics simulation of two 8 nm AI-NPs with oxide shells that were rapidly
heated (0-15 ps) to 2000 K and held there. The system starts as two distinct particles in (a) that
coalesce into a single particle over the course of 600 ps as shown sequentially in (c—f). The different
colors represent the different designations for each oxide as either shell (oxide) or core (aluminum).
More details can be found in Ref. [45].

Second, we want to point out that there are other potential advantages gained by
using nanoparticles even if significant nanostructure is lost. One example is that
nanomaterials allow for far more intimate mixing of fuel and oxidizer compared to larger
composites. While it has been shown that the initial configuration of the material is
quickly lost, the number of intercomponent interfaces during the early stages of reaction
will still be dependent on the degree of segregation and the distances between
components. Indeed, it has been shown that nanothermites are highly sensitive to
mixing, although quantification of how this relates to intercomponent distances has not
been well characterized |72—74]. The initial nanoscale may also aid in heat transfer as the
loss of nanostructure is not expected until temperatures are comparable to ignition.
Thus, the majority of the heating will occur prior to that process and when the material
retains its small thermal mass and short thermal relaxation time. Additionally, the
nanoscale could play a significant role in the breakdown of the oxide shell because the
pressure buildup that could occur upon melting of the core would be size dependent
[17,43]. Also, the added surface energy of nanoparticles will drive coalescence, leading
the molten Al to escape the shell as well as move toward reaction interfaces. In this way
the loss of nanostructure process could be beneficial to some degree.

Third, if we are indeed losing a significant portion of the benefits of nanostructure to
the coalescence intrinsic to this condensed phase mechanism, material design approaches
can account for this and minimize the effect. This will be discussed further in the final

section.
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As a final point of discussion for this section, we want to address the future work that
is needed to fully understand the condensed phase mechanism. There is still much that is
unknown about this process and how it relates to the overall propagation of reaction. The
nature of the interfaces between the two components as the particle size grows is of
particular interest. Many of the product particles were shown to contain elements from
both fuel and oxidizers, so how does one define an interface in this case? Does the
possibility of such alloying enhance the kinetics? These are the types of questions that
must be addressed. The goal of gaining this understanding is to develop a model that can
capture the appropriate physics and relate that to a reaction rate. However, the complex
and dynamic morphologies intrinsic to this process make this a significant challenge.
From the work so far, it seems that capturing the loss of nanostructure process will be a
critical step in future developments. We speculate that this could be in part modeled
based on a modified Frenkel law touched on above [47,71,75]. This could give the total
amount of interfacial area over which reaction could occur, which could then be coupled
with kinetics derived from nanolaminate studies.

4.3 Melt Dispersion Mechanism

The final of the possible reaction mechanisms to be discussed is the melt dispersion
mechanism (MDM) [11,17,43]. As described briefly above, the premise of this reaction
pathway is the violent rupture of the oxide shell that coats AI-NPs, as shown sche-
matically in Figure 18. This event has been theorized to be caused by volumetric
expansion of the metallic core upon melting, which would lead to a high stress buildup in
the still solid oxide shell. It follows that for high heating rates, sufficient pressure would
cause spallation of the core and shell. This material would be propelled forward and the
Al would be readily able to react, which would drive high propagation rates. Consid-
erable calculation and experimental analysis have been done to support this theory, much

Aluminum core covered by

initial alumina shell = o
g .\ 00;9?; 5 o‘o;e:a;%
~p \ -y :be‘-"'-"a‘e..\“ "

D <" 5‘39:3:52;63”‘
Fast melting of Al leads to Unloading wave propagates
spallation of the alumina to the center of Al molten
shell core and generates tensile
pressure  which disperses

small Al clusters

Figure 18 A schematic of the melt dispersion mechanism. Reprinted from Ref. [7]. Copyright 2009, with
permission from Elsevier.
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of which can be found in Ref. [76] and is summarized in a recent review article,
Ref. [43]. This includes a model used to calculate the amount of melt in the core needed
to fracture the shell, which was found to predict experimental flame speeds. Given these
resources, we will not go into much further detail on the theory.

While this mechanism is fundamentally very different from the condensed phase
discussed above, the two are not necessarily mutually exclusive. It is possible that MDM
occurs when one set of experimental parameters is met and a condensed phase mechanism
occurs under other parameters. Alternatively, both could occur simultaneously, but with
one dominating the overall process. For example, in the sample collection experiment by
Jacob etal. discussed in the previous section, there were two size regimes for products [10].
It could be that the micron-sized particles were the result of condensed phase interfacial
reaction, while the smaller nanoscale products resulted from MDM. Even if this small
particle population only represents a small portion of the overall combustion, with MDM it
could still be significant because of the high burn rate suggested by the theory. However, we
would like to point to DTEM experiments of both AI-NPs and Al/CuO nanocomposite,
which have shown that coalescence and condensed phase reaction occur very fast without
MDM. The fast kinetics observed there and discussed in the previous section are important
because MDM was developed in part to explain the high flame speeds that were not
compatible with simple diftusion across an oxide shell [1,2,43]. Further, despite the high
heating rates in the DTEM experiments, there was no evidence of spallation occurring. For
these reasons and the wide support found for it, we find the condensed phase interfacial
reaction mechanism to be a more likely controller of reaction propagation than MDM.

Ultimately, more work is needed to determine what role, if any, MDM plays in the
overall reaction of nanoenergetics. In particular, we would like to see more tests outside
of burn tubes, which we have touched on as not being fully understood in terms of the
kinetics of reaction [16]. And as this theory mostly focuses on the behavior of the fuel, we
would like to see more on the effect of other factors, such as oxidizer material choice and
size, have on determining flame rate.

5. CONCLUSION AND FUTURE DIRECTIONS

Throughout this chapter we have continually referred to how complex the
reactions and mechanisms of nanoenergetic materials are and to the many experimental
challenges that have limited our understanding of them. Despite this, the energetic
community has been able to establish a solid knowledge base, in part with the aid of new
high speed diagnostics and novel experimental setups. So while there is still much work
to be done, the mechanisms of aluminum nanoenergetic reaction and propagation can be
reasonably explained. Based on the discussion in the preceding sections, we can describe
the overall process of combustion as follows. Heat is transferred through a convective
process driven by high pressure buildup in the material. This pressure drives hot solid and
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molten material forward into the unreacted zone. The heated metal escapes its shell
through fracture or softening. It then begins to coalesce with the particles around it,
which creates an interface with the oxidizer. Reaction then occurs across this interface
with potentially significant alloying and intermixing speeding up this process.
Throughout the reaction, gases are generated from the surfaces of these large particles,
which propels more material forward and propagates the reaction. Behind this
front, reaction continues with any O, generated earlier by reduction of the oxide. It is
this step that likely accounts for the slower, secondary timescale found for some
nanocomposites.

From this rough framework for the combustion process, we can anticipate what type
of materials will form the basis of future nanoenergetics. For example, one issue to be
overcome is the loss of nanostructure that occurs during condensed phase reaction.
While to a certain extent this is necessary to increase the amount of intercomponent
interfacial area, it can reach a point where the increased size and decreased surface area
negatively impact kinetics. This effect can be minimized by keeping the aggregates as
small as possible during reaction, which can be achieved with microstructured materials
that incorporate gas generators [70]. Wang et al. were able to use electrospray to assemble
Al/CuO nanothermite into microspheres (~5 pum) bound with nitrocellulose (NC),
which would quickly generate gas at low temperature. The authors found that these
mesoparticles significantly outperformed traditional Al/CuO as well as Al/CuO/NC
that was physically mixed rather than assembled. The increased performance was found
to correlate with product that was significantly smaller, as shown in Figure 19. It follows
that the assembly and gas generation kept the Al/CuO nanoparticles from becoming

ray with 5 wt. % NC

Physical mixing with 5 wt. % NC Electrosp

A i

100 pm

Figure 19 Product collected from the combustion of Al/CuO/NC nanoenergetics. The material for
(a) was produced using a traditional nanothermite mixing technique (ultrasonication). Electrospray
synthesis was used to form mesoparticles, which had increased overall performance and led to much
smaller product as shown in (b). Reprinted from Ref. [70]. Copyright 2014, with permission from Elsevier.
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too aggregated. As a result, the material retained more of its specific surface area as it
coalesced, which would increase the overall reaction rate. This strategy has also been
employed and shown promise in propellants, which further suggests its viability in the
future [77].

Another approach for the future may be to design microstructure that can enhance
and control the transport of energy. An example of this has been found to be effective for
porous silicon-based energetics, where pillars were fabricated into the reaction pathway
[78]. This addition caused a two order of magnitude increase in flame speed. The
groundwork for similar structures has been laid for nanothermites as well. Researchers at
Lawrence Livermore National Laboratory have used three-dimensional printed silver
structures as an electrode, which is then coated with thermite using electrophoretic
deposition [25,79]. With this tool, the goal will be to create well-designed architecture
that can better direct the energy of reaction forward to enhance reactivity, as has been
shown for microconfinement [80]. Such designs could take advantage of the properties
of convective heat transfer discussed in Section 2. For this reason, something similar to
pillars could be a good choice for thermites as well. In such a configuration, the hot
material responsible for much of the energy transport could be thrown forward from one
pillar to be caught by another.

In order to support the design of these new structures and materials, the development
of new models will be critical. So while the exact nature of the next generation of
nanoenergetics is not clear, we can be sure that they will be built with a further
understanding of the mechanisms discussed above.

REFERENCES

[1] G.C. Egan, T. LaGrange, M.R. Zachariah, Time resolved nanosecond imaging of nanoscale
condensed phase reaction, J. Phys. Chem. C 119 (5) (2015) 2792-2797.

[2] G.C.Egan, K.T. Sullivan, T. LaGrange, B.W. Reed, M.R.. Zachariah, In situ imaging of ultra-fast loss
of nanostructure in nanoparticle aggregates, J. Appl. Phys. 115 (8) (2014).

[3] K.T.Sullivan, N.W. Piekiel, C. Wu, S. Chowdhury, S.T. Kelly, T.C. Hufnagel, K. Fezzaa, M.R.. Zachariah,
R eactive sintering: an important component in the combustion of nanocomposite thermites, Combust.
Flame 159 (1) (2012) 2-15.

[4] M.A. Trunov, M. Schoenitz, E.L. Dreizin, Effect of polymorphic phase transformations in alumina
layer on ignition of aluminium particles, Combust. Theory Model. 10 (4) (2006) 603—623.

[5] V.I. Levitas, M.L. Pantoya, B. Dikici, Melt dispersion versus diftusive oxidation mechanism for
aluminum nanoparticles: critical experiments and controlling parameters, Appl. Phys. Lett. 92 (1)
(2008).

[6] M.L. Pantoya, J.J. Granier, The effect of slow heating rates on the reaction mechanisms of nano and
micron composite thermite reactions, J. Thermal Anal. Calorim. 85 (1) (2006) 37—43.

[7] V.I. Levitas, Burn time of aluminum nanoparticles: Strong effect of the heating rate and melt-
dispersion mechanism, Combust. Flame 156 (2) (2009) 543-546.

[8] E.L. Dreizin, Metal-based reactive nanomaterials, Prog. Energ. Combust. Sci. 35 (2) (2009) 141-167.

[9] S. Chowdhury, K. Sullivan, N. Piekiel, L. Zhou, M.R. Zachariah, Diffusive vs explosive reaction at
the nanoscale, J. Phys. Chem. C 114 (20) (2010) 9191-9195.

[10] RJ. Jacob, G.Q. Jian, PM. Guerieri, M.R. Zachariah, Energy release pathways in nanothermites
follow through the condensed state, Combust. Flame 162 (1) (2015) 258-264.

[11] VI. Levitas, M.L. Pantoya, S. Dean, Melt dispersion mechanism for fast reaction of aluminum
nano- and micron-scale particles: flame propagation and SEM studies, Combust. Flame 161 (6) (2014)
1668-1677.



92

MR. Zachariah and G.C. Egan

(12]

[13]

[14]

[15]

B.S. Bockmon, M.L. Pantoya, S.E Son, B.W. Asay, ].T. Mang, Combustion velocities and propagation
mechanisms of metastable interstitial composites, ] Appl. Phys. 98 (6) (2005).

V.E. Sanders, B.W. Asay, T.J. Foley, B.C. Tappan, A.N. Pacheco, S.E Son, Reaction propagation
of four nanoscale energetic composites (Al/MoOj3, Al/WO3, Al/CuO, and Bi,O3), J. Propuls. Power
23 (4) (2007) 707-714.

M.R. Weismiller, J.Y. Malchi, R.A. Yetter, T.J. Foley, Dependence of flame propagation on pressure
and pressurizing gas for an Al/CuO nanoscale thermite, Proc. Combust. Inst. 32 (2009) 1895-1903.
B.D. Shaw, M.L. Pantoya, B. Dikici, Detonation models of fast combustion waves in nanoscale
Al-MoOj3 bulk powder media, Combust. Theory Model. 17 (1) (2013) 25-39.

[16] J.M. Densmore, K.T. Sullivan, A.E. Gash, J.D. Kuntz, Expansion behavior and temperature

(17]
(18]
(19]
(20]
[21]
(22]

(23]

[24]
[25]
26]

[27]

mapping of thermites in burn tubes as a function of fill length, Propell. Explos. Pyrotech. 39 (3)
(2014) 416—422.

V.I. Levitas, B.W. Asay, S.E Son, M. Pantoya, Melt dispersion mechanism for fast reaction of
nanothermites, Appl. Phys. Lett. 89 (7) (2006).

S.W. Dean, M.L. Pantoya, A.E. Gash, S.C. Stacy, L.J. Hope-Weeks, Enhanced convective heat transfer
in nongas generating nanoparticle thermites, J. Heat Transfer Trans. ASME 132 (11) (2010).

M.L. Pantoya, J.J. Granier, Combustion behavior of highly energetic thermites: nano versus micron
composites, Propell. Explos. Pyrotech. 30 (1) (2005) 53—62.

B.W. Asay, S.E. Son, J.R. Busse, D.M. Oschwald, Ignition characteristics of metastable intermolecular
composites, Propell. Explos. Pyrotech. 29 (4) (2004) 216-219.

K.T. Sullivan, J.D. Kuntz, A.E. Gash, The role of fuel particle size on flame propagation velocity in
thermites with a nanoscale oxidizer, Propell. Explos. Pyrotech. 39 (3) (2014) 407—415.

G.C. Egan, M.R.. Zachariah, Commentary on the heat transfer mechanisms controlling propagation
in nanothermites, Combust. Flame 162 (7) (2015) 2959-2961.

G. Jian, N.W. Piekiel, M.R. Zachariah, Time-resolved mass spectrometry of nano-al and nano-
Al/CuO thermite under rapid heating: a mechanistic study, J. Phys. Chem. C 116 (51) (2012)
26881-26887.

M.R. Weismiller, J.G. Lee, R.A. Yetter, Temperature measurements of Al containing nano-thermite
reactions using multi-wavelength pyrometry, Proc. Combust. Inst. 33 (2011) 1933-1940.

K.T. Sullivan, ]J.D. Kuntz, A.E. Gash, Electrophoretic deposition and mechanistic studies of nano-
Al/Cuo thermites, J. Appl. Phys. 112 (2) (2012).

R. Prasher, Ultralow thermal conductivity of a packed bed of crystalline nanoparticles: a theoretical
study, Phys. Rev. B 74 (16) (2006).

X.J. Hu, R. Prasher, K. Lofgreen, Ultralow Thermal conductivity of nanoparticle packed bed, Appl.
Phys. Lett. 91 (20) (2007).

K. Sullivan, M.R. Zachariah, Simultaneous pressure and optical measurements of nanoaluminum
thermites: investigating the reaction mechanism, J. Propuls. Power 26 (3) (2010) 467-472.

K.T. Sullivan, O. Cervantes, J.M. Densmore, J.D. Kuntz, A.E. Gash, ].D. Molitoris, Quantifying
dynamic processes of reactive materials: an extended burn tube test, Propell. Explos. Pyrotech. 40 (3)
(2015) 394—-401.

S.H. Fishcer, M.C. Grubelich, A survey of combustible metals, thermites, and intermetallics for
pyrotechnic applications, in: 32nd AIAA/ASME/SAE/ASEE Joint Propulsion Conference, Sandia
National Laboratories: Lake Buena Vista, FL, 1996.

K.T. Sullivan, S. Bastea, J.D. Kuntz, A.E. Gash, A pressure-driven flow analysis of gas trapping
behavior in nanocomposite thermite films, J. Appl. Phys. 114 (16) (2013).

D.A. Firmansyah, K. Sullivan, K.S. Lee, Y.H. Kim, R. Zahaf, M.R. Zachariah, D. Lee, Micro-
structural behavior of the alumina shell and aluminum core before and after melting of aluminum
nanoparticles, J. Phys. Chem. C 116 (1) (2012) 404—411.

G. Jian, S. Chowdhury, K. Sullivan, M.R. Zachariah, Nanothermite reactions: is gas phase oxygen
generation from the oxygen carrier an essential prerequisite to ignition? Combust. Flame 160 (2)
(2013) 432—-437.

C.E. Aumann, G.L. Skofronick, J.A. Martin, Oxidation behavior of aluminum nanopowders, J. Vac.
Sci. Technol. B 13 (3) (1995) 1178-1183.



Mechanisms and Microphysics of Energy Release Pathways in Nanoenergetic Materials

93

[35]

[36]
[37]
[38]

[39]
[40]

[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]

[49]

[50]
[51]
[52]
[53]
[54]

[55]

[56]

[57]

[58]

K. Park, D. Lee, A. Rai, D. Mukherjee, M.R. Zachariah, Size-resolved kinetic measurements of
aluminum nanoparticle oxidation with single particle mass spectrometry, J. Phys. Chem. B 109 (15)
(2005) 7290-7299.

A. Ermoline, E.L. Dreizin, Equations for the Cabrera-Mott kinetics of oxidation for spherical
nanoparticles, Chem. Phys. Lett. 505 (1-3) (2011) 47-50.

P. Lynch, G. Fiore, H. Krier, N. Glumac, Gas-phase reaction in nanoaluminum combustion,
Combust. Sci. Technol. 182 (7) (2010) 842—-857.

A. Rai, K. Park, L. Zhou, M.R. Zachariah, Understanding the mechanism of aluminium
nanoparticle oxidation, Combust. Theory Model. 10 (5) (2006) 843—859.

W.D. Kingery, H.K. Bowen, D.R. Uhlmann, Introduction to Ceramics, Wiley, 1976.

T. Bazyn, H. Krier, N. Glumac, Combustion of nanoaluminum at elevated pressure and temperature
behind reflected shock waves, Combust. Flame 145 (4) (2006) 703-713.

BJ. Henz, T. Hawa, M.R. Zachariah, On the role of built-in electric Fields on the ignition of oxide
coated nanoaluminum: ion mobility versus Fickian diftusion, J. Appl. Phys. 107 (2) (2010).

D. Stamatis, A. Ermoline, E.L. Dreizin, A multi-step reaction model for ignition of fully-dense
Al-CuO nanocomposite powders, Combust. Theory Model. 16 (6) (2012) 1011-1028.

V.I. Levitas, Mechanochemical mechanism for reaction of aluminium nano- and micrometre-scale
particles, Phil. Trans. R. Soc. A-Math. Phys. Eng. Sci. 2013 (371) (2003).

Y. Li, R.K. Kalia, A. Nakano, P. Vashishta, Size eftect on the oxidation of aluminum nanoparticle:
multimillion-atom reactive molecular dynamics simulations, J. Appl. Phys. 114 (13) (2013).

W.Q. Wang, R. Clark, A. Nakano, R.K. Kalia, P. Vashishta, Fast reaction mechanism of a
core(Al)-shell (AI1203) nanoparticle in oxygen, Appl. Phys. Lett. 95 (26) (2009).

A. Shekhar, W.Q. Wang, R. Clark, R.K. Kalia, A. Nakano, P. Vashishta, Collective oxidation
behavior of aluminum nanoparticle aggregate, Appl. Phys. Lett. 102 (22) (2013).

P. Chakraborty, M.R. Zachariah, Do nanoenergetic particles remain nano-sized during combustion?
Combust. Flame 161 (5) (2014) 1408—1416.

Y. Ohkura, PM. Rao, X.L. Zheng, Flash ignition of Al nanoparticles: mechanism and applications,
Combust. Flame 158 (12) (2011) 2544-2548.

L. Zhou, N. Piekiel, S. Chowdhury, M.R. Zachariah, Time-resolved mass spectrometry of the
exothermic reaction between nanoaluminum and metal oxides: the role of oxygen release, J. Phys.
Chem. C 114 (33) (2010) 14269-14275.

R.A. Yetter, EL. Dryer, Metal Particle Combustion and Classification. Microgravity Combustion:
Fire in Free Fall, 2001, 419—478.

P. Lynch, H. Krier, N. Glumac, A correlation for burn time of aluminum particles in the transition
regime, Proc. Combust. Inst. 32 (2009) 1887-1893.

T. Bazyn, H. Krier, N. Glumac, Evidence for the transition from the diffusion-limit in aluminum
particle combustion, Proc. Combust. Inst. 31 (2007).

Y. Huang, G.A. Risha, V. Yang, R.A. Yetter, Combustion of bimodal nano/micron-sized aluminum
particle dust in air, Proc. Combust. Inst. 31 (2007) 2001-2009.

C. Kong, Q. Yao, D. Yu, S. Li, Combustion characteristics of well-dispersed aluminum nanoparticle
streams in Post flame environment, Proc. Combust. Inst. 35 (2) (2014) 2479-2486.

S.E Son, J.R. Busse, B.W. Asay, P.D. Peterson, J.T. Mang, B. Bockmon, M. Pantoya, Propagation
Studies of Metastable Intermolecular Composites (MIC), Los Alamos National Laboratory, 2002. No.
LA-UR-02-2954.

T.P. Weihs, Fabrication and characterization of reactive multilayer films and foils, in: K. Barmak,
K. Coffey (Eds.), Metallic Films for Electronic, Optical and Magnetic Applications: Structure,
Processing and Properties, 2014, pp. 160-243.

EJ. Mily, A. oni, J.M. LeBeau, Y. Liu, H.J. Brown-Shaklee, J.E Ihlefeld, J.P. Maria, The role
of terminal oxide structure and properties in nanothermite reactions, Thin Solid Films 562 (2014)
405-410.

K.J. Blobaum, M.E. Reiss, J.M.P. Lawrence, T.P. Weihs, Deposition and characterization of a
self-propagating CuO,/Al thermite reaction in a multilayer foil geometry, J. Appl. Phys. 94 (5) (2003)
2915-2922.



94

MR. Zachariah and G.C. Egan

[59]

[60]
[61]

[62]

[65]

[66]

[67]

[68]

[77]
[78]

[79]

[80]

M. Bahrami, G. Taton, V. Conedera, L. Salvagnac, C. Tenailleau, P. Alphonse, C. Rossi, Magnetron
sputtered Al-CuO nanolaminates: effect of stoichiometry and layers thickness on energy release and
burning rate, Propell. Explos. Pyrotech. 39 (3) (2014) 365-373.

A. Ermoline, M. Schoenitz, E.L. Dreizin, Reactions leading to ignition in fully dense nanocomposite
al-oxide systems, Combust. Flame 158 (6) (2011) 1076-1083.

M. Schoenitz, T.S. Ward, E.L. Dreizin, Fully dense nano-composite energetic powders prepared by
arrested reactive milling, Proc. Combust. Inst. 30 (2005) 2071-2078.

D. Stamatis, Z. Jiang, V.K. Hoftmann, M. Schoenitz, E.L. Dreizin, Fully dense, aluminum-rich
Al-CuO nanocomposite powders for energetic formulations, Combust. Sci. Technol. 181 (1)
(2009) 97-116.

W.L. Shaw, D.D. Dlott, R.A. Williams, E.L. Dreizin, Ignition of nanocomposite thermites by electric
spark and shock wave, Propell. Explos. Pyrotech. 39 (3) (2014) 444—453.

M.R. Armstrong, K. Boyden, N.D. Browning, G.H. Campbell, J.D. Colvin, W.J. DeHope,
AM. Frank, DJ. Gibson, E Hartemann, J.S. Kim, W.E. King, T.B. LaGrange, BJ. Pyke,
B.W. Reed, R.M. Shuttlesworth, B.C. Stuart, B.R. Torralva, Practical considerations for high
spatial and temporal resolution dynamic transmission electron microscopy, Ultramicroscopy 107
(4-5) (2007) 356-367.

M.K. Santala, B.-W. Reed, T. Topuria, S. Raoux, S. Meister, Y. Cui, T. LaGrange, G.H. Campbell,
N.D. Browning, Nanosecond in situ transmission electron microscope studies of the reversible
Ge,SbyTes crystalline double left right arrow amorphous phase transformation, J. Appl. Phys. 111 (2)
(2012) 024309.

B.W. Reed, M.R. Armstrong, N.D. Browning, G.H. Campbell, J.E. Evans, T. LaGrange, D.J. Masiel,
The evolution of ultrafast electron microscope instrumentation, Microsc. Microanal. 15 (4) (2009)
272-281.

T. LaGrange, B.W. Reed, ML.K. Santala, J.T. McKeown, A. Kulovits, ].M.K. Wiezorek, L. Nikolova,
E Rosei, B.J. Siwick, G.H. Campbell, Approaches for ultrafast imaging of transient materials processes
in the transmission electron microscope, Micron 43 (11) (2012) 1108-1120.

T. LaGrange, G.H. Campbell, B. Reed, M. Taheri, J.B. Pesavento, J.S. Kim, N.D. Browning,
Nanosecond time-resolved investigations using the in situ of dynamic transmission electron micro-
scope (DTEM), Ultramicroscopy 108 (11) (2008) 1441-1449.

A.Poda, R. Moser, M. Cuddy, Z. Doorenbos, B. Lafferty, C. Weiss, A. Harmon, M. Chappell, J. Steevens,
Nano-aluminum thermite formulations: characterizing the fate properties of a nanotechnology
during use, Nanomater. Mol. Nanotechnol. 2 (1) (2013) 1000105.

H. Wang, G. Jian, G.C. Egan, M.R. Zachariah, Assembly and reactive properties of Al/CuO based
nanothermite microparticles, Combust. Flame 161 (8) (2014) 2203-2208.

T. Hawa, M.R. Zachariah, Development of a phenomenological scaling law for fractal aggregate
sintering from molecular dynamics simulation, J. Aerosol. Sci. 38 (8) (2007) 793-806.

K.S. Martirosyan, L. Wang, A. Vicent, D. Luss, Synthesis and performance of bismuth trioxide
nanoparticles for high energy gas generator use, Nanotechnology 20 (40) (2009).

R.R. Nellums, B.C. Terry, B.C. Tappan, S.E Son, L.J. Groven, Effect of solids loading on resonant
mixed Al-Bi;O3 nanothermite powders, Propell. Explos. Pyrotech. 38 (5) (2013) 605-610.

E Severac, P. Alphonse, A. Esteve, A. Bancaud, C. Rossi, High-energy Al/CuO nanocomposites
obtained by DNA-directed assembly, Adv. Funct. Mater. 22 (2) (2012) 323-329.

S.K. Friedlander, Smoke, Dust, and Haze, vol. 198, Oxford University Press New York, 2000.

V.I. Levitas, B.W. Asay, S.E Son, M. Pantoya, Mechanochemical mechanism for fast reaction
of metastable intermolecular composites based on dispersion of liquid metal, J. Appl. Phys. 101 (8)
(2007).

T.R. Sippel, S.E Son, L.J. Groven, Aluminum agglomeration reduction in a composite propellant
using tailored Al/PTFE particles, Combust. Flame 161 (1) (2014) 311-321.

V.S. Parimi, S.A. Tadigadapa, R.A. Yetter, Control of nanoenergetics through organized micro-
structures, J. Micromech. Microeng. 22 (5) (2012).

K.T. Sullivan, C. Zhu, D.J. Tanaka, J.D. Kuntz, E.B. Duoss, A.E. Gash, Electrophoretic deposition of
thermites onto micro-engineered electrodes prepared by direct-ink writing, J. Phys. Chem. B 117 (6)
(2013) 1686—-1693.

G. Dutro, S. Son, A. Tappan, in: The Effect of Microscale Confinement Diameter on the Com-
bustion of an Al/MoQOj3 Thermite, 44th AIAA/ASME/SAE/ASEE Joint Propulsion Conference &
Exhibit, 2008.



S CHAPTER FIVE

Applications of Nanocatalysts in Solid
Rocket Propellants

Feng-sheng Li, Wei Jiang, Jie Liu, Xiao-de Guo, Yu-jiao Wang and Ga-zi Hao
National Special Superfine Powder Engineering Research Center, Nanjing University of Science and Technology,
Nanjing, China

S 1. INTRODUCTION

The solid rocket should have high capability and reliability, as required by
modern high technology. This makes it urgent for technology to improve the integral
performance of rocket propellant. At present, nanotechnology has gotten extensive
worldwide attention and it has been natural for scientists to utilize the characteristics of
nanoparticles to improve the performance of propellant. Many promising results have
been achieved.

Ammonium perchlorate (AP) was for a long time the most commonly used oxidizer
in the composite propellants, e.g., in hydroxyl-terminated polybutadiene (HTPB)-based
propellants. The main effects of AP usage are as follows: (1) Provision of oxygen in the
combustion of propellant to ensure enough amount of released energy. (2) Filler of
binder matrix to improve mechanical integrity of propellant. (3) Control of the burning
rate of propellant through the granularity of AP. The AP fraction in typical propellants
comprises 60—90%. Thus one can understand that the thermal decomposition of AP
directly affects the combustion performance of propellant, which can be predicted and
evaluated on the basis of results of studying the thermal decomposition of AP and AP/
HTPB.

In this chapter, the impact of metal nanoparticles (Ni, Cu, Al), metallic oxide
nanoparticles (Fe,O3, CuO, Co,03), and hydrogen-storage nanoparticles (LiH, MgHo>,
Mg,NiHy4, Mg>CuHj3) on the thermal decomposition of AP, the impact of the metal and
hydrogen-storage nanoparticles on the thermal decomposition of AP/HTPB, as well as
the impact of nitrogen nanoparticles (nano-Ni), copper nanoparticles (nano-Cu),
aluminum nanoparticles (nano-Al) and nano-Fe;O3 on the combustion performance of
AP/HTPB propellants are discussed in detail.

Energetic Nanomaterials © 2016 Elsevier Inc.
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S 2. IMPACT OF NANOCATALYSTS ON THE THERMAL
DECOMPOSITION OF AMMONIUM PERCHLORATE AS OXIDIZER
IN SOLID PROPELLANTS [1,2]

2.1 Thermal Decomposition Characteristics of Ammonium
Perchlorate

To investigate the effects of metal powders on the thermal decomposition of AP, the
thermal decomposition characteristics of AP itself should be studied first. In this chapter,
the used AP particles were produced by Dalian North Chlorate Company of China with
an average particle size of 60 um. Numerous investigations on the thermal decompo-
sition characteristics of AP have been carried out by experts and scholars worldwide
[3,4], and some coherent results were obtained. AP is represented by relatively stable
white color orthorhombic crystals, which begin to dissociate, sublime, and decompose
when the temperature is higher than 150 °C. The thermal behavior of AP at atmo-
spheric pressure upon increase of temperature has the following stages: (1) At
240—250 °C it transforms from orthorhombic phase to cubic crystal system, and this
process is endothermic with the heat of crystal transformation —9.622 kJ/mol. (2) With
further increased temperature, the minor thermal decomposition (low temperature
decomposition) occurs at 330—350 °C accompanied by the dissociation and sublima-
tion. The low temperature decomposition of AP is exothermic. This process ceases
when about 30% of AP is decomposed. The remaining AP transforms into relatively
stable porous form. (3) With the temperature continuing to increase, the major
decomposition (high temperature decomposition) proceeds at 450—480 °C. In this
stage, AP decomposes, completely releasing a substantial amount of heat. The typical
differential scanning calorimetry (DSC) curve of AP thermal decomposition at the
heating rate of 20 °C/min is shown in Figure 1.
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Figure 1 Differential scanning calorimetry (DSC) curve of AP.
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3. IMPACT OF METAL NANOPARTICLES ON THE THERMAL
DECOMPOSITION OF AP

3.1 Special Performance of Metal Nanoparticles

After the metals and alloys were prepared in the form of nanoparticles, they would
have the common characteristics of nanoparticles such as the small scale effect, surface
and interface effect, quantum size effect, and so on, which make metal nanoparticles
exhibiting brand-new physical and chemical properties and having extensive
application foreground.
1. Thermal properties.
The melting point and crystallization temperature are both much lower for those of
bulk powder materials. Because of the small size, high surface energy, and high
specific surface atom density, nanoparticles require smaller energy to melt, resulting
in the noticeable decrement of the melting point of nanoparticles.
2. Magnetic properties.
Metal nanoparticles may have fascinating magnetic properties, sometimes showing
superparamagnetism or high coercive force.
3. Surface activity and catalytic properties.
In the case of metal nanoparticles the surface bonds and electron forms are
dramatically different from those in the bulk of material, and there are a large number
of unsaturated bonds caused by coordinately unsaturated surface atoms. All these
contribute to the high surface activity of metal nanoparticles. The smaller the particle
size, the bigger the surface atoms fraction, the larger the specific surface area, and the
better the catalytic properties. In addition, much improved high adsorption ability is
favorable for improving the catalytic properties.

3.2 Preparation of Nanoparticle/AP Composites

The preparation method of nanoparticle/AP composites would obviously affect the

catalytic impact of nanoparticles on the thermal decomposition of AP. In order to

disperse nanoparticles homogeneously into AP, we prepared nanoparticles and AP

composite mixtures through careful grinding. This technique enables nanoparticles to

disperse uniformly in AP. The preparation approach of nanoparticle/AP composites is

generally as follows:

1. Sonicating freshly prepared metal nanoparticles in diethyl ether for several minutes
and separately grinding the AP for finite time in agate mortar.

2. Placing the sonicated metal nanoparticles slurry into AP powder, then carefully
grinding the mixture by hand until most of the ether is volatilized.

3. Placing the ground metal nanoparticle/ AP composites in the vacuum-drying oven at
room temperature for 30 min, then slightly grinding the metal nanoparticle/AP
composites by hand to smash the agglomerates.
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All of the above operations must be undertaken using serious precautions in order to
avoid explosion of the mixture.

3.3 Effect of Ni Nanoparticles

According to numerous research reports, the addition of Ni nanoparticles into solid
rocket propellant improves the combustion efficiency and increases the combustion
velocity [5—7]. The eftect of Ni nanoparticles on the thermal decomposition of AP is
discussed below. The micron-sized Ni particles are produced by Jianghui Metal Powder
Co., Ltd. in Botou city of China; they are used as the raw material to produce nanometer
Ni particles with an average particle size of 50 nm using high frequency inductively
coupled plasma technology.

3.3.1 Comparison of the Effects of Ni Nanoparticles and Micron-Sized Ni Particles
on the Thermal Decomposition of AP

The DSC curves of the composites of nano-Ni/AP and micron-Ni/AP at the heating
rate of 20 °C/min are shown in Figure 2. Curve 1 is the DSC signal of AP. Curves 2 and
3 are the DSC signals of the composites of micron-sized nanoparticles (micron-Ni) with
different granularity and AP. The DSC signal of the composites of nano-Ni and AP is
shown in Curve 4. The content of all Ni powders in the composites was 2 wt%. Table 1
presents the DSC data of the Ni/AP composites.

As shown in Figure 2, after adding Ni powders, the endothermic peak temperature of
AP representing the transformation of rhombic to cubic form showed no change,
indicating that Ni powders had no effect on the AP crystalline phase transformation.
However, the exothermic peak temperatures of AP showed an obvious change.
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Figure 2 DSC curves of AP and Ni/AP, 1: AP, 2: 30 um Ni/AP, 3: 20 um Ni/AP, 4: 50 nm Ni/AP.



Applications of Nanocatalysts in Solid Rocket Propellants

99

Table 1 DSC data on decomposition of AP and Ni/AP.

Sample T, °C Th, °C H, kl/g
AP 322.7 477.2 0.436
30 um AP/Ni 315.2 435.5 0.646
20 um AP/Ni 314.4 422.0 0.727
50 nm AP/Ni 326.6 363.7 1.320

The exothermic peaks shifted to the lower temperature and became higher and wider,
suggesting that Ni powders had a distinct effect on the exothermic decomposition of AP.

The stronger effect of nano-Ni is clearly demonstrated. The high exothermic peak
temperatures (Ty) of pure AP and the composites of nano-Ni/AP were, respectively,
477.2 and 363.7 °C, showing that nano-Ni decreased the Ty of AP by 113.5 °C. In
addition, nano-Ni slightly increased the low exothermic peak temperature (T1) of AP, by
4 °C, and the decomposition heat (H) was increased from 0.436 to 1.320 kJ/g.

The kinetic parameters of the thermal decomposition of pure AP and Ni/AP
composites are shown in Table 2. When nano-Ni was applied as the catalyst, the acti-
vation energy of high temperature decomposition (Epy) of AP was decreased from 177
to 168 kJ/mol. At the same time, the activation energy of low temperature decompo-
sition (Epr) of AP was increased from 100 to 108 kJ/mol. Furthermore, the pre-
exponential factor of high temperature decomposition (Ap) and low temperature
decomposition (Ar) were both increased by the order of magnitude.

3.3.2 Effect of Nano-Ni Content

The DSC data of nano-Ni/AP composites with different content of Ni nanoparticles are
shown in Table 3. The contents of nano-Ni in the composites were 0, 1, 2, 5, and 10 wt
%, respectively. As can be seen in Table 3, with the contents of nano-Ni increasing from
0% to 10%, the corresponding Ty decreased from 477.2 to 350.5 °C. When the
nano-Ni content was 1%, the low exothermic peak temperature of nano-Ni/AP
composites was 317.5 °C, which was a bit lower than that of pure AP, indicating a weak
catalytic effect of nano-Ni on the low temperature decomposition of AP. However,
when nano-Ni content reached or exceeded 2%, the low exothermic peak temperature
of nano-Ni/AP composite became a bit higher than that of pure AP. When the content

Table 2 Thermal decomposition dynamics parameters of AP and Ni/AP.

Sample Eor, kJ/mol  Egy, kl/mol  Ap An

AP 100 177 6.92 x 10°  2.68 x 10"
30 pm AP/Ni 100 225 8.83 x 10° 7.01 x 10"
20 um AP/Ni 101 175 1.23 x 107 2.06 x 10'!

50 nm AP/Ni 108 168 5.80 x 107 8.07 x 10"
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Table 3 DSC data on AP decomposition with different
nano-Ni contents.

Content, % T, °C Tw, °C H, kl/g
0 322.7 477.2 0.436
1 317.5 388.0 1.230
2 326.6 363.7 1.320
5 328.6 361.3 1.380
10 350.5 350.5 1.470

of nano-Ni reached 10 wt%, the high and low temperature exothermic peaks of AP
merged into a large exothermic peak with the peak temperature of 350.5 °C. At the
same time, the H of nano-Ni/AP composites was increased from 0.436 to 1.470 kJ/g at
10 wt% of nano-Ni.

The above results show that 50-nm nano-Ni has remarkable effect on the thermal
decomposition of AP, which is pronouncedly stronger than that of micron-Ni. When
nano-Ni is added in AP, the high exothermic peak temperature is decreased. The higher
the nano-Ni content, the lower Ty and the larger H.

3.4 Effect of Cu Nanoparticles

The effect of Cu nanoparticles on the thermal decomposition of AP is discussed in detail
as follows [8—10]. The micron-sized Cu particles with an average particle size of 26 um
are produced by Tong Ling Copper Base Powder Co., Ltd. of China, and these particles
are used as the raw material to produce nanometer Cu particles with an average particle
size of 20 nm using high frequency inductively coupled plasma technology.

3.4.1 Comparison of the Effects of Cu Nanoparticles and Micron-Sized Cu Particles
on the Thermal Decomposition of AP

The DSC curves of Cu/AP composites at the heating rate of 20 °C/min are shown in
Figure 3, and the corresponding data are presented in Table 4. The contents of
micron-sized Cu (micron-Cu) and nano-Cu in the composites were both 5 wt%.

As shown in Figure 3 and Table 4, the addition of micron-Cu or nano-Cu had no
effect on the crystal form transformation of AP but had a clear effect on the high tem-
perature exothermic decomposition of AP, enlarging the exothermic peak significantly.

The low and high exothermic peak temperatures for nano-Cu/AP composites were
287.6 and 347.0 °C, which was by 35.1 and 130.2 °C lower than those of pure AP,
respectively, demonstrating enhanced, as compared with micron-sized Cu, catalytic
effects of nano-Cu on the low and high temperature decomposition of AP. Furthermore,
when Cu nanoparticles were added in AP, the decomposition heat was obviously
increased from 0.436 to 1.300 kJ/g.
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Figure 3 DSC curves of AP and Cu/AP, 1: AP, 2: 26-um Cu/AP, 3: 20-nm Cu/AP.

Table 4 DSC data on decomposition of AP and Cu/AP.

Sample T, °C T, °C H, kl/g
AP 322.7 477.2 0.436
26 um Cu/AP 307.7 359.6 1.290
20 nm Cu/AP 287.6 347.0 1.300

As seen from Table 5, when nano-Cu was added in AP, the activation energies of high
and low temperature decomposition of AP were decreased by 7 and 22 kJ/mol,
respectively. These decrements of Eyp and Egy were larger than those of micron-Cu/AP
composites. The results are consistent with the observations that nano-Cu provided
strong catalytic effects on both the low and high temperature thermal decomposition of
AP. The preexponential factors of low temperature thermal decomposition were prac-
tically unchanged when micron-Cu or nano-Cu were added in AP. However, the
preexponential factors of high temperature thermal decomposition were enhanced by
almost an order of magnitude.

Table 5 Thermal decomposition kinetics parameters of AP and Cu/AP.

Sample Eoi, kJ/mol  Egy, kJ/mol  Ap An
AP 100 177 6.92 x 10°  2.68 x 10"
26 um Cu/AP 98 160 7.60 x 10°  2.61 x 10"

20 nm Cu/AP 93 155 5.65 x 10°  1.85 x 10"
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Table 6 DSC data on AP decomposition with different
nano-Cu contents.

Content, % T, °C Tw, °C H, kl/g
0 322.7 477.2 0.436
1 293.4 367.1 1.170
5 287.6 347.0 1.300
10 303.4 342.7 1.300

3.4.2 Effect of Nano-Cu Content
Table 6 shows the DSC data of nano-Cu/AP composite with various amounts of
nano-Cu addition. The contents of nano-Cu in AP were 0, 1, 5, and 10 wt%, respec-
tively. As shown in Table 6, when the nano-Cu content was increased step by step, the
corresponding low exothermic peak temperatures were 322.7, 293.4, 287.6, and
303.4 °C, showing first the decreasing trend with nano-Cu content increase up to 5%
and then the increasing trend at higher nano-Cu content. However, all the low
exothermic peak temperatures of nano-Cu/AP composites were evidently lower than
those of pure AP. This suggested the noticeable effect of nano-Cu on the low tem-
perature thermal decomposition of AP. On the other hand, with the nano-Cu
increasing, the high exothermic peak temperature decreased gradually. When
nano-Cu content was increased to 10%, the Ty decreased by 134.5 to become 342.7 °C.
In addition, the decomposition heat was evidently increasing with nano-Cu content at
least up to 5 wt%. At higher nano-Cu content, the decomposition heat remained
unchanged.

Thus, the nano-Cu (20 nm) exhibited better catalytic eftectivity in AP decomposi-
tion than that of micron-Cu (26 pm). The higher the nano-Cu content, the lower Ty
and the larger H.

3.5 Effect of Al Nanoparticles [5,11]

Aluminum powders have a high calorific value and are widely used as energetic additives
in solid propellants, the ammunition industry, and different energetic materials [12].
Generally, the particle size of Al particles in the propellants is around 30 pm. Aluminum
particles should have large specific surface area and small average particle size to enhance
their activity in solid propellants. Aluminum nanoparticles have a large specific surface
area so that they may serve as a catalyst in solid propellant. The effect of Al nanoparticles
on the thermal decomposition of AP is discussed below. The micron-sized Al particles
with an average particle size of 25 um are produced by ChangYuan County MingYu
Aluminum Co., Ltd. of China. These particles were employed as the raw material to
produce nanometer Al particles with an average particle size of 30 nm using high fre-
quency inductively coupled plasma technology.
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3.5.1 Comparison of the Effects of Aluminum Nanopatrticles and Micron-Sized
Aluminum Particles on the Thermal Decomposition of AP

The DSC curves of Cu/AP at the heating rate of 20 °C/min are shown in Figure 4, and
the corresponding DSC data are shown in Table 7. The contents of Al in both com-
posites were 5 wt%. The Ty of nano-Al/AP composite was by 51.8 °C lower than that
of pure AP, which indicated good performance of nano-Al in the course of high tem-
perature thermal decomposition of AP. However, the low exothermic peak temperature
of nano-Al/AP composite was by 5.9 °C higher than that of pure AP. When the
micron-sized Al was used, the Ty and the Ty of AP were decreased by 3.8 and 7.7 °C,
respectively. At the same time, the decomposition heat (H) was significantly increased by
0.903 kJ/g from 0.436 to 1.339 kJ/g when nano-Al was added in AP.

3.5.2 Effect of Nano-Al Content

Table 8 shows the DSC data of nano-Al/AP composites with different contents of
nano-Al in the mixtures. The contents of nano-Al were 0, 1, 5, and 10 wt%, respectively.
As can be seen, the high exothermic peak temperature of AP was gradually decreasing
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= 477.2°C
= 32.7°C
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Figure 4 DSC curves of AP and 5 wt% Al/AP. 1: AP, 2: 25-um AI/AP, 3: 30-nm Al/AP.

Table 7 DSC data on decomposition of AP and Al/AP.

Sample T, °C Tw, °C H, kl/g
AP 322.7 477.2 0.436
25-um Al/AP 318.9 469.5 0.738

30-nm Al/AP 328.6 425.4 1.339
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Table 8 DSC data on AP decomposition with different
nano-Al contents.

Content, wt% T, °C Ty, °C H, kl/g
0 322.7 477.2 0.436
1 317.1 439.4 0.937
5 328.6 425.4 1.339
10 329.6 420.7 1.436

with the nano-Al content. When the content of nano-Al was 1%, the low exothermic
peak temperature was lower than that of pure AP, and the decomposition heat was
increased by 0.501 kJ/g. Its value was lower than those of 5% nano-Al/AP and 10%
nano-Al/AP.

According to the above results, the nano-Al (30 nm) demonstrated better catalytic
effect than that of the micron-sized aluminum (micron-Al; 25 um) remarkably
increasing H and decreasing Ty values.

The common feature of decomposition behavior of AP doped with nanometals
is decreasing Ty at low metal content and then increasing Ti with metal content
remaining lower than the Ty for pure AP. The Ty value decreases and H increases
gradually for all three metals studied.

For the above three metal nanoparticles, nano-Cu (20 nm) exhibited the best cata-
lytic effect on the high temperature thermal decomposition of AP, followed by nano-Ni
(50 nm) and nano-Al (30 nm). However, nano-Ni/AP generated the largest decom-
position heat, followed by nano-Al/AP and nano-Cu/AP.

S 4. IMPACT OF METALLIC OXIDE NANOPARTICLES ON THE
THERMAL DECOMPOSITION OF AP

Several universities and research institutes have done extensive research on
nanometer oxide catalysis in solid propellants since the 1950s. Results have shown that
the metal oxides used in solid propellants can provide improved propellant combustion
properties. In this section, the catalytic properties and impact of nano-Fe,O3, CuO
nanoparticles (nano-CuQO), and nano-Co,O3 on the thermal decomposition of AP are
discussed [13,14].

The micron-sized FepO3 particles are produced by WenAn County TianYuan
Chemical Co. Ltd. of China, the micron-sized CuO particles are produced by
ZhiYuan Chemical Product Co. Ltd. in Zhengzhou City of China, and the
micron-sized Co,O3 particles are produced by HuaYi Chemical Co. Ltd. in Zhang-
jlagang city of China. These three metallic oxide materials were used to obtain metallic
oxide nanoparticles.
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Table 9 The DSC data on AP decomposition with
different nano-Fe,O5 contents.

Sample Tws °C
AP 477.2
1% Fe, O3 + AP 439.0
2% Fe,O5; + AP 435.1
2.5% Fe,O3 + AP 420.8
5% Fe,O5; + AP 406.6

4.1 Effect of Fe,O3 Nanoparticles

Table 9 shows the DSC data about the effect of different contents of 12-nm nano-Fe,O3
on high temperature thermal decomposition of AP.

As shown in Table 9, the effect of nano-Fe,O3 content on the high temperature
thermal decomposition of AP is evident. The Ty was gradually decreasing with the
nano-Fe,O3 content. When the nano-Fe,Os content was 5 wt%, the Ty of AP
decreased by 70.6 from 477.2 to 406.6 °C.

4.2 Effect of CuO Nanoparticles [15]

Table 10 shows the DSC data on the noticeable effect of 15-nm nano-CuO different
contents on the thermal decomposition of AP. When 1 wt% nano-CuO was added, the
high exothermic peak temperature decreased by 95.8 from 477.2 to 381.4 °C. With the
catalyst content increasing, the high decomposition temperature was continuously and
gradually decreasing.

4.3 Effect of Co,03 Nanoparticles

Table 11 shows the DSC data about the remarkable eftect of 10-nm Co,0O3 nanoparticles
(nano-Co,03) of different contents on the thermal decomposition of AP. When the 1%
nano-Co,O3 was added, the high decomposition temperature decreased by 130.1, from
477.2 to 347.1 °C. When the catalyst content was increased, the high decomposition
temperature gradually decreased. When 4% nano-Co,O3 was added, the Ty decreased

Table 10 DSC data on AP decomposition with
different nano-CuO contents.

Sample Ty, °C
AP 477.2
1% nano-CuO + AP 381.4
1.5% nano-CuO + AP 378.2
2% nano-CuO + AP 376.9

4% nano-CuO + AP 376.1
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Table 11 DSC data on AP decomposition with
different nano-Co,03 contents.

Sample T, °C
AP 477.2
1% nano-Co,O3 + AP 3471
1.5% nano-Co,O5; + AP 344.4
4% nano-Co,0O5 + AP 330.1

by 147.1 °C, which suggested that Co,O3 nanoparticles have a strong catalytic effect on
the thermal decomposition of AP.

As follows from the data in Table 11, among the studied three metallic oxide
nanoparticles the nano-Co30O; (10 nm) exhibits the strongest catalytic eftect on the high
temperature thermal decomposition of AP, and then are nano-CuO (15 nm) and
nano-Fe;O3 (12 nm). With the contents of these metallic oxide nanoparticles increasing,
the Ty shows a gradual decreasing trend.

S 5. IMPACT OF HYDROGEN-STORAGE NANOPARTICLES ON THE
THERMAL DECOMPOSITION OF AP

Hydrogen is a kind of new clean energy source that has high energy density and
is getting increasing research attention. The micron-sized hydrogen-storage materials
such as LiH, MgH,, Mg,NiHy, and MgyCuHj are produced by the Institute of Metal
Research, Chinese Academy of Sciences. These micron-sized materials are employed
to prepare nanometer particles. The effect of the nanoparticles, including LiH,
MgH», MgyNiHy, and MgyCuHj3, on the thermal decomposition of AP is summa-
rized below.

5.1 Effect of LiH nanoparticles (nano-LiH)

LiH is an important hydrogen-storage composite containing Li; it plays a very
important role in the nuclear chemistry and national economy fields. In LiH, the
hydrogen content is 12.6%. It has the best hydrogen storage capacity and is more stable
than other hydrogen-storage materials. It can be promising material in the new energy
development fields.

LiH is prepared by direct reaction of Li and H. LiH is usually in the form of crystals,
which are white or light-gray. It doesn’t react with oxygen, chlorine, and chlorides at
room temperature. It can decompose quickly into LiIOH and H, when in contact with
water. Because of the high hydrogen content, LiH is potentially an ideal fuel in rocket
propellant.
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Table 12 DSC data on AP decomposition with
different nano-LiH contents.

Content, % Tw, °C H, kl/g
0 477.2 0.436
2 405.2 0.819
5 401.5 1.102
10 369.7 1.185

Table 12 shows the DSC data of AP composites with difterent contents of 25-nm LiH
nanoparticles (nano-LiH). When the nano-LiH contents were 2, 5, and 10 wt%, the
high temperature exothermic peak of AP decreased by 72.0, 75.7, and 107.5 °C,
respectively. Additionally, the decomposition heat of nano-LiH/AP was higher than that
of pure AP, and the H increased with the nano-LiH content. When 10% nano-LiH was
added, the H increased by 0.749 kJ/g.

5.2 Effect of MgH, Nanoparticles

Table 13 shows the DSC data for AP composites with different content of 30-nm MgH,
nanoparticles (nano-MgH>). It is seen that nano-MgH, has a noticeable catalytic effect
on the high temperature thermal decomposition of AP. When the nano-MgH, content
was 2%, the Ty of AP was decreased by 88.7, from 477.2 to 388.5 °C. When the
nano-MgH, content was 5%, the Ty was further decreased to 366.1 °C. However, when
the nano-MgH, content was increased to 10%, the Ty became only a bit lower than that
of 5% nano-MgH»/AP particles. The H of AP composite particles was gradually
increasing with the content of nano-MgH,. When the nano-MgH, content was
increased up to 10%, the H increased by 0.893 kJ/g from 0.436 to 1.329 kJ/g.

5.3 Effect of Mg;NiH; nanoparticles [16—18]

Table 14 shows the DSC data for AP composites with different content of 20-nm
Mg,NiHy nanoparticles (nano-MgyNiHy). It can be seen that nano-MgyNiH, dem-
onstrates similar to nano-MgH), eftect on the high temperature thermal decomposition
of AP. When 2% nano-MgyNiH4 was added in AP, the Ty decreased by 84.2 °C to

Table 13 DSC data on AP decomposition with
different nano-MgH, contents.

Content, % Tw, °C H, kl/g
0 477.2 0.436
2 388.5 1.111
5 366.1 1.232

10 361.8 1.329
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Table 14 DSC data on AP decomposition with
different nano-Mg,NiH, contents.

Content, % Tw, °C H, kl/g
0 477.2 0.436
2 393.0 1.174
5 392.8 1.269
10 366.6 1.379

393.0 °C, and the H increased from 0.436 kJ/g to 1.174 kJ/g. With further increase in
the nano-Mg,NiHy content, the Ty decreased to 366.6 °C at 10% content, and the H
increased to 1.379 kJ/g.

5.4 Effect of Mg,CuH3 Nanoparticles

Table 15 shows the DSC data on AP decomposition with different contents of 25-nm
Mg,CuHj nanoparticles (nano-MgyCuH3). When the nano-MgyCuHjs content in
AP was 2%, the Ty sharply decreased by 108.5 to 368.7 °C, and the H remarkably
increased by 0.928kJ/g to 1.364kJ/g. With further nano-Mg,CuHj content
increasing, the Ty was gradually decreasing and the H slightly increasing. These results
showed that the effect of increase in the Mgy,CuHj content on the thermal decom-
position of AP was not significant.

Among the above four hydrogen-storage nanoparticles, the 25-nm nano-Mg,CuHj3
exhibits the best catalytic effect on the AP high temperature thermal decomposition
peak, followed by 30-nm nano-MgH), 20-nm nano-Mg,NiHy, and 25-nm nano-LiH.
Nano-MgyCuH3/AP generates as well the largest decomposition heat, followed by
nano-MgyNiH,/AP, nano-MgH»/AP, and nano-LiH/AP.

Summarizing the results of this section, the catalytic effect of metallic oxide
nanoparticles on the high temperature thermal decomposition peak of AP is relatively
stronger than those for metal nanoparticles and hydrogen-storage nanoparticles.
In terms of AP thermal decomposition heat, the effect of metal nanoparticles is
relatively higher than that for hydrogen-storage nanoparticles and metallic oxide
nanoparticles.

Table 15 DSC data on AP decomposition with
different nano-Mg,CuHs contents.

Content, % Ty, °C H, kl/g
0 477.2 0.436
2 368.7 1.364
5 363.4 1.391

10 361.4 1.405
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S 6. IMPACT OF NANOCATALYSTS ON THE THERMAL
DECOMPOSITION OF AP/HTPB PROPELLANT

6.1 Thermal Decomposition Characteristics of AP/HTPB

Solid propellants prepared on the basis of HTPB have excellent technological and

mechanical properties and they are well-developed propellants all over the world.

Before studying the effects of metal nanoparticles on thermal decomposition of
AP/HTPB solid propellant, one should examine the thermal decomposition properties
of propellant itself. Figure 5 shows the DSC curve at the heating rate of 20 °C/min for
basic AP/HTPB propellant comprising 75% AP and 25% HTPB.

Due to the high AP percent (75%), the thermal decomposition properties of
AP/HTPB propellant are mostly affected by those of AP. As one can see from Figure 5,
there are one endothermic peak and two exothermic peaks in the DSC curve, which
correspond to the crystal form transition and the thermal decomposition of AP.

1. The endothermic temperature peak of propellant is almost the same as that of AP, and
the thermal effects mainly are caused by the crystal transition.

2. The temperature of the first exothermic peak of AP/HTPB propellant is
335.9 °C, which is slightly higher than that of pure AP (322.7 °C). This is because
the HTPB binder begins melting during the low-temperature exothermic
stage, which delays the temperature of the first exothermic peak of AP/HTPB
propellant.

3. The temperature of the second exothermic peak of AP/HTPB propellant has a value
of 405.8 °C, which is lower than that of AP (477.2 °C). In this stage, HTPB binder
decomposes along with the high temperature decomposition of AP. The high
temperature products of HTPB react with the decomposed products of AP, and these

Exo. 405.8°C
= 335.9°C
z
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8
o
2452°C
I T 1
100 200 300 400 500
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Figure 5 DSC curve of AP(75)/HTPB(25) propellant.
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thermal effects accelerate the decomposition of AP. That is why the second
exothermic peak temperature of AP/HTPB propellant decomposition is decreased
significantly.
When nanocatalysts are added in AP/HTPB, the samples are comprised of 75% AP,
20% HTPB, and 5% nanocatalysts.

S 7. IMPACT OF METAL NANOPARTICLES ON THE THERMAL
DECOMPOSITION OF AP/HTPB [19]

7.1 Effect of Nano-Ni

The DSC curves and data of AP/HTPB and nano-Ni-AP/HPTB at the heating rate of
20 °C/min are shown in Figure 6 and Table 16. As can be seen, when 50-nm nano-INi
was added, the two exothermic peaks merged, and the formed single exothermic peak
has a narrower and higher shape indicating that nano-N1 has a noticeable catalytic effect
on the thermal decomposition of AP/HTPB. The thermal decomposition peak tem-
perature equals 382.3 °C, the decomposition heat is greatly increased by 1.43 kJ/g from
1.94 to 3.37 kJ/g.

382.3°C

z
g
= 405.8°C
g 335.9°C
1
‘_‘_'_'_,.4—»“_4
1 T T
100 200 300 400 500
Temperature /'C

Figure 6 DSC curves of AP/HTPB and 5% nano-Ni-AP/HTPB, 1: AP/HTPB, 2: 5% nano-Ni-AP/HTPB.

Table 16 DSC data on decomposition of AP/HTPB and
5% nano-Ni-AP/HTPB.
Sample T, °C Ty, °C H, kl/g

AP/HTPB 335.9 405.8 1.94
AP/HTPB + 5% nano-Ni — 382.3 3.37
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7.2 Effect of Nano-Cu

Figure 7 and Table 17 present the DSC curves and data of AP/HTPB and nano-Cu-AP/
HTPB at the heating rate of 20 °C/min. It can be seen that when 20-nm nano-Cu was
added, the major exothermic peak became narrower and higher indicating that nano-Cu
has a noticeable catalytic effect on the thermal decomposition of AP/HTPB. The T1 and
Ty were 284.3 and 372.2 °C, which were by 51.6 and 33.6 °C lower than those of
AP/HTPB, respectively. The decomposition heat was evidently increased by 1.21 kJ/g
from 1.94 to 3.15 k]J/g.

7.3 Effect of Nano-Al

DSC curves and data of AP/HTPB and nano-Al-AP/HTPB at the heating rate of
20 °C/min are presented in Figure 8 and Table 18.

As shown in Figure 8 and Table 18, when micron-Al (25 pum) particles were added in
AP/HTPB, the temperatures of the two exothermic peaks were slightly decreased (by 2.9
and 13.5 °C, respectively), and the decomposition heat was increased by 0.74 kJ/g.
When 30-nm nano-Al was added in AP/HTPB, the high temperature exothermic peak

3722°C
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Figure 7 DSC curves of AP/HTPB and 5% nano-Cu-AP/HTPB, 1: AP/HTPB, 2: 5% nano-Cu-AP/HTPB.

Table 17 DSC data of AP/HTPB and 5% nano-Cu-AP/HTPB.
Sample T, °C Ty, °C H, kl/g

AP/HTPB 335.9 405.8 1.94
AP/HTPB + 5% nano-Cu 284.3 372.2 3.15
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Figure 8 DSC curves of AP/HTPB and 5% AI-AP/HTPB, 1: AP/HTPB, 2: 5% micron-Al-AP/HTPB, 3: 5%
nano-Al-AP/HTPB.

Table 18 DSC data of AP/HTPB and 5% AI-AP/HTPB.

Sample T, °C Ty, °C H, kJ/g
AP/HTPB 3359 405.8 1.94
AP/HTPB + 5% micron-Al 333.0 392.3 2.68
AP/HTPB + 5% nano-Al 290.6 374.2 3.39

became higher and narrower, and the temperatures of the two exothermic peaks
decreased by 45.3 and 31.6 °C, respectively. Additionally, the decomposition heat was
essentially increased by 1.45 kJ/g from 1.94 to 3.39 kJ/g. These results showed good
catalytic effect of nano-Al on the thermal decomposition of AP/HTPB.

The results obtained for the above three metal nanoparticles show that the best
catalytic effect on the high temperature thermal decomposition peak of AP/HTPB was
exhibited by 20-nm nano-Cu. Similar effect was exhibited by 30-nm nano-Al and a
lower effect by 50-nm nano-Ni. The results on affecting the AP/HTPB decomposition
behavior by nano-Cu and nano-Al additives were similar to those obtained in
decomposition of pure AP. In the case of nano-Ni the low and high temperature
decomposition peaks merged indicating the specific role of binder transformations on
AP/HTPB decomposition in presence of this additive. The largest decomposition heat
was recorded in the case of the nano-Al addition; a similar effect was demonstrated by
nano-Ni and a lower effect by nano-Cu.
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S 8. IMPACT OF HYDROGEN-STORAGE NANOPARTICLES ON THE
THERMAL DECOMPOSITION OF AP/HTPB

8.1 Effect of Nano-LiH

Figure 9 and Table 19 show the DSC curves and data on decomposition of AP/
HTPB and nano-LiH-AP/HTPB at the heating rate of 20 °C/min. It can be seen
that when 25-nm nano-LiH was added, both exothermic peaks were obviously
changed. The Ty and Ty were decreased by 13.1 and 24.5 °C to be 322.8 and
381.3 °C, respectively. In addition, the decomposition heat was evidently increased
by 1.89 kJ/g from 1.94 to 3.83 kJ/g.

8.2 Effect of MgH, Nanoparticles

Figure 10 and Table 20 show the DSC curves and data on decomposition of AP/HTPB
and nano-MgH,-AP/HTPB at the heating rate of 20 °C/min. It can be seen from the
curves that after 30-nm nano-MgH» was added, the two exothermic peaks merged into
one wide and high peak. The Ty was decreased by 17.5 to 388.3 °C. In addition, the
decomposition heat was essentially increased by 2.34 kJ/g from 1.94 to 4.28 kJ/g.

Heat Flow /mW

335.9°C 405.8°C

100 200 300 400 500
Temperature /’C
Figure 9 DSC curves of AP/HTPB and 5% nano-LiH-AP/HTPB, 1: AP/HTPB, 2: 5% nano-LiH-AP/HTPB.

Table 19 DSC data on decomposition of AP/HTPB and 5%
nano-LiH-AP/HTPB.
Sample T, °C Ty, °C H, kl/g

AP/HTPB 335.9 405.8 1.94
AP/HTPB + 5% nano-LiH 322.8 381.3 3.83
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Figure 10 DSC curves of AP/HTPB and 5% nano-MgH,-AP/HTPB, 1: AP/HTPB, 2: 5% nano-MgH,-
AP/HTPB.

Table 20 DSC data of AP/HTPB and 5% nano-MgH,-AP/HTPB.

Sample T, °C Tw, °C H, kl/g
AP/HTPB 335.9 405.8 1.94
AP/HTPB + 5% nano-MgH, - 388.3 4.28

8.3 Effect of Mg,NiH; Nanoparticles

Figure 11 and Table 21 show the DSC curves and data on decomposition of AP/HTPB
and nano-MgyNiH4-AP/HTPB at the heating rate of 20 °C/min. It can be seen from
the curves that after 20 nm nano-MgyNiH4 was added, the two exothermic peaks
were combined into practically one wide and high peak. The Ty was decreased by 9.6
to 396.2 °C. In addition, the decomposition heat was evidently increased by 1.92 kJ/g
from 1.94 to 3.86 kJ/g.

8.4 Effect of Mg,CuH3 Nanoparticles

Figure 12 and Table 22 show the DSC curves and data on decomposition of AP/HTPB
and nano-MgyCuH3-AP/HTPB at the heating rate of 20 °C/min. It can be seen from
the curves that after 25-nm nano-Mg,CuH3 was added, the T} and Ty were decreased
by 6.5 and 41.7 °C. In addition, the decomposition heat was evidently increased by
1.60 kJ/g from 1.94 to 3.54 kJ/g.

For the above four hydrogen-storage nanoparticles, the best catalytic effect on the
high temperature thermal decomposition peak of AP/HTPB demonstrates
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Figure 11 DSC curves of AP/HTPB and 5% nano-Mg,NiH4-AP/HTPB, 1: AP/HTPB, 2: 5% nano-Mg,NiH,-

AP/HTPB.

Table 21 DSC data on decomposition of AP/HTPB and 5%
nano-Mg,NiH4-AP/HTPB.

Sample T, °C Ty, °C H, kl/g
AP/HTPB 335.9 405.8 1.94
AP/HTPB + 5% nano-Mg,NiH, — 396.2 3.86
364.1°C
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Figure 12 DSC curves of AP/HTPB and 5% nano-Mg,CuHs-AP/HTPB, 1:
nano-Mg,CuHs-AP/HTPB.

AP/HTPB, 2: 5%
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Table 22 DSC data of AP/HTPB and 5% nano-Mg,CuHs-AP/HTPB.
Sample T, °C Ty, °C H, kl/g

AP/HTPB 335.9 405.8 1.94
AP/HTPB + 5% nano-Mg,CuH; 329.4 364.1 3.54

nano-Mg,CuHs (25 nm), followed by nano-LiH (25 nm), nano-MgH; (30 nm),
and nano-MgyNiHy (20 nm). The largest decomposition heat is generated by
the mixture nano-MgH,-AP/HTPB, followed by nano-Mgy,NiH4-AP/HTPB,
nano-LiH-AP/HTPB, and nano-Mg,CuH3-AP/HTPB.

In summary, for the investigated metal and hydrogen-storage nanoparticles, the value
of the catalytic effect on the high temperature thermal decomposition peak of AP/
HTPB obeys the following order: nano-Mg,CuH3 > nano-Cu > nano-Al > LiH >
nano-Ni > nano-MgH, > nano-MgyNiHy. For the effect on the decomposition heat,
the above nanoparticles obey the following order: nano-MgHj; > nano-Mg,NiH4 >
LiH > nano-Mg,CuHj3 > nano-Al > nano-Ni > nano-Cu.

S 9. IMPACT OF NANOCATALYSTS ON THE COMBUSTION
PERFORMANCE OF AP/HTPB PROPELLANT

9.1 Impact of Nano-Ni

When the burning rates of propellants were tested, the samples consisted of 75% AP, 20%
HTPB, and 5% nano-Ni. The results are shown in Table 23.

As shown in Table 23, when the micron-Ni was added in AP/HTPB, the burning
rate at 9.8 MPa was obviously increased from 8 to 20 mm/s, and the pressure exponent
was decreased by 0.09 from 0.58 to 0.49 ranging in 4.0—20 MPa. When the nano-Ni
was added in AP/HTPB, the burning rate at 9.8 MPa was significantly enhanced to
30 mm/s, and the pressure exponent ranging in 4.0—20 MPa was reduced to 0.41. That
is, the burning rate was increased by about 270% and the pressure exponent was reduced
by about 29%, correspondingly. The results clearly demonstrate that the Ni particles,
especially the Ni nanoparticles, can noticeably improve the combustion performance of
AP/HTPB.

Table 23 The burning rate and pressure exponent of Ni particles
added propellant.
Burning rate/mm/s Pressure exponent

Propellant sample (9.8 MPa) (4.0—20 MPa)
AP/HTPB 8 0.58
AP/HTPB-30 um Ni 20 0.49

AP/HTPB-50 nm Ni 30 0.41
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9.2 Impact of Nano-Cu

When the burning rates of propellants were tested, the samples comprised 75% AP, 20%
HTPB, and 5% Cu nanoparticles. The results are shown in Table 24.

As shown in Table 24, when the nano-Cu was added in AP/HTPB, the burning rate
at 9.8 MPa was significantly enhanced to 33 mm/s, and the pressure exponent ranging in
4.0—20 MPa was reduced to only 0.32. That is, the burning rate was increased by about
310%, and the pressure exponent was reduced by about 45%, correspondingly. These
results clearly demonstrate significant impact of the Cu nanoparticles on the combustion
performance of AP/HTPB.

9.3 Impact of Nano-Al

When the burning rates of propellants were tested, the samples comprised 75% AP, 20%
HTPB, and 5% Al nanoparticles. The results are shown in Table 25.

As shown in Table 25, when the nano-Al was added in AP/HTPB, the burning
rate at 9.8 MPa was increased to 23 mm/s, and the pressure exponent ranging in
4.0—20 MPa was reduced to 0.49. Thus, the burning rate was increased by about
100%, and the pressure exponent was reduced by about 16%, correspondingly. These
results demonstrate rather moderate effect of nano-Al particles on the burning law of
AP/HTPB propellant.

9.4 Impact of Nano-Fe,03

When the burning rates of propellants were tested, the samples comprised 75% AP, 22%
HTPB, and 3% Fe,O3 nanoparticles. The results are shown in Table 26.

Table 24 The burning rate and pressure exponent of Cu particles
added propellant.
Burning rate/mm/s  Pressure exponent

Propellant sample (9.8 MPa) (4.0—20 MPa)
AP/HTPB 8 0.58
AP/HTPB-26 pm Cu 25 0.45
AP/HTPB-20 nm Cu 33 0.32

Table 25 The burning rate and pressure exponent of Al particles added

propellant.

Burning rate/mm/s  Pressure exponent
Propellant sample (9.8 MPa) (4.0—20 MPa)
AP/HTPB 8 0.58
AP/HTPB-25 pm Al 16 0.55

AP/HTPB-30 nm Al 23 0.49
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Table 26 The burning rate and pressure exponent of Fe,03 particles
added propellant.
Burning rate/mm/s Pressure exponent

Propellant sample (9.8 MPa) (4.0—20 MPa)
AP/HTPB 8 0.58
AP/HTPB-12 nm Fe,O5 15 0.29

As shown in Table 26, when the nano-Al was added in AP/HTPB, the burning rate
at 9.8 MPa was enhanced to only 15 mm/s and the pressure exponent ranging in
4.0—20 MPa was reduced to 0.29. That 1s, the burning rate was increased by about 87%
but the pressure exponent was reduced significantly, by about 50%.

According to the above results, when the content of metal nanoparticles in AP/
HTPB propellant was 5%, the highest burning rate and the lowest pressure exponent was
demonstrated by the nano-Cu-AP/HTPB propellant while the nano-Al-AP/HTPB
propellant had the lowest burning rate and highest pressure exponent. When 3 wt%
nano-Fe;O3 was added in AP/HTPB propellant, the pressure exponent became much
lower than that of the studied metal nanoparticle-AP/HTPB propellants (0.29!).
However, the burning rate of nano-Fe,O3—AP/HTPB propellant was much lower than
that of the metal nanoparticle-AP/HTPB propellants.

S 10. CONCLUSIONS

The nanocatalysts, such as metal nanoparticles, metallic oxide nanoparticles, and
hydrogen-storage nanoparticles, have obvious impacts on the thermal decomposition of
AP and AP/HTPB, which are higher than those of the micron particles. When nano-
catalysts are added in AP and AP/HTPB, the high exothermic decomposition tem-
perature peak (Ty) is evidently decreasing, and the decomposition heat (H) is remarkably
increasing. The Ty and H changes are greater when the nanocatalyst contents are higher.
The comparison between the magnitudes of the effects could not at this time be made
very precisely because the characteristic sizes of used nanoparticles varied in the range of
12—50 nm. However, a crude estimation can be made on the basis of data obtained.

For the value of catalytic effect on the high temperature thermal decomposition peak
of AP, the nanoparticles obey the following order: nano-CozO; > nano-Cu >
nano-Ni > nano-Mg,CuHj3 > nano-MgH> > nano-CuO > nano-MgoNiHy > LiH >
nano-Fe,O3 > nano-Al. For the impact on the AP thermal decomposition heat, the
above nanoparticles obey the following order: nano-Ni > nano-Mg,CuHjz >
nano-Al > nano-Cu > nano-Mg,NiHy > nano-MgH, > LiH >metallic oxide nano-
particles.
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For the catalytic effect on the high temperature thermal decomposition peak
of AP/HTPB propellant, the above nanoparticles obey the following order: nano-
Mg>CuHjs > nano-Cu > nano-Al > LiH > nano-Ni > nano-MgH, > nano-Mg,NiHy.
The decomposition heat of hydrogen-storage nanoparticles-AP/HTPB is relatively
larger than that of metal nanoparticles~AP/HTPB propellant. For the impact on the
AP/HTPB propellant thermal decomposition heat, the above nanoparticles obey
the following order: nano-MgH, > nano-Mg,NiH4 > LiH > nano-Mg,CuH3; >
nano-Al > nano-Ni > nanoCu.

The burning rates of AP/HTPB-based propellants are essentially increasing and the
pressure exponents remarkably decreasing when studied nanocatalysts are applied, which
clearly demonstrates that those nanoparticles significantly improve the combustion
performance of AP/HTPB. When the content of metal nanoparticles in AP/HTPB
propellant was 5%, the nano-Cu-AP/HTPB propellant demonstrated the highest
burning rate and the lowest pressure exponent, while the nano-Al-AP/HTPB propellant
had the lowest burning rate and highest pressure exponent. With 3 wt% nano-Fe,O3
added AP/HTPB propellant, the pressure exponent became much lower than that for
the metal nanoparticlessAP/HTPB propellant, reaching the value of 0.29. However,
the burning rate of this propellant was almost twice lower than that of the other metal
nanoparticle-AP/HTPB propellants.

In future work, the effects of metal and metallic oxide nanoparticles as well as
hydrogen-storage nanoparticles on the propellant combustion performance character-
istics such as burning rate and pressure exponent must be researched in detail, paying
special attention to studying the intrinsic mechanism of combustion. In particular, it will
be necessary to conduct measurement of temperature and species concentration profiles
in the combustion wave. These results will further promote the applications of nano-
catalysts in solid propellants.
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CHAPTER SIX

Nanocoating for Activation of Energetic
Metals

Valery Rosenband and Alon Gany
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1. INTRODUCTION

Metal powders are used as fuel components in solid propellants because of their
high heat of combustion and high energy density. At present, mainly aluminum
powder has been widely used for rocket motor applications. However, the addition of
aluminum implies some disadvantages, which depend significantly on its combustion
characteristics. Particle agglomeration is one of the characteristic phenomena taking
place during the combustion of aluminized solid propellants. Aluminum particles seem
to accumulate and often agglomerate on or near the propellant burning surface.
Agglomeration of aluminum particles leads to lower combustion efficiency, slag
accumulation, and higher two-phase flow losses, as the combustion products are
accelerated through the rocket nozzle. Rocket motor studies have shown that a sig-
nificant increase in motor performance can be obtained by improvement of aluminum
particles’ combustion efficiency.

Previous investigations [1,2| showed that one of the main phenomena leading to
aluminum particles agglomeration is disruption of the protective oxide film around the
particles under stresses appearing during aluminum melting (because of the volume
increase by about 6%). Liquid metal, penetrating through cracks in the oxide layer, causes
bonding of adjacent particles besides forming large droplets. To prevent agglomeration, a
thin nickel or iron coating on the aluminum particles surface can be used. In this case,
aluminum particles agglomeration on the burning propellant surface may be prevented
[3] by improvement of the aluminum particles ignition and a possible elastic or plastic
deformation because of the relatively small Young’s modulus of nickel and iron compared
to that of aluminum oxide.

A method for production of aluminum powder coated by a nickel or iron layer, based
on thermochemical deposition of nickel or iron on the aluminum particles, was
developed. This method allows for the production of coated aluminum powder with
controlled weight content of nickel or iron, and with a different thickness of nickel or
iron layer on the aluminum particle surface. For the production of coated aluminum
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particles, it is not necessary to remove the initial aluminum oxide film existing on the
aluminum particles’ surface.

S 2. NICKEL-COATED ALUMINUM PARTICLES

Samples of aluminum particles coated by a thin layer of nickel were prepared and
characterized. Atomized aluminum powders, produced by Metal Powder Company,
Ltd., Madurai, India, were used in all experiments. The nickel content in the coated
aluminum particles was 1-16 wt%.

The calculated amount of nickel in the powder and the average thickness of nickel
layer plated on the aluminum particle surfaces are presented in Table 1. The data on the
nickel-coated aluminum particles have been provided by Rosenband and Gany [4]. The
Table also presents the nickel weight percent in the coated aluminum, measured by
atomic adsorption spectroscopy method. It can be seen that the calculated and measured
amounts of nickel are in good agreement.

Volume particle size distribution of the uncoated (as-received) and nickel-coated
(5 wt% of nickel) aluminum powders, determined by laser diffraction using LS 230
Coulter Particle Size Analyzer, is presented in Table 2. The specific surface area of the
powders, measured by BET method in a Coulter SA 3100 device, is also listed in this
table.

The particle sizes of initial (as-received) and coated aluminum particles are practically
the same, indicating no noticeable aggregation of the particles due to the nickel coating.

The average nickel coating thickness ranges from about 16 nm for 1% nickel to
160 nm for 9% nickel. On the other hand, as indicated by Table 2, the surface area of the
nickel-coated Al particles increases significantly (more than fourfold). Scanning electron
microscope (SEM) photographs of the regular and nickel-coated aluminum powders
(Figure 1) can give a good explanation, revealing structural details of initial (regular) and
nickel-coated (5 wt%) Al particles and their surfaces.

As can be seen in Figure 1, the regular Al particle surface is relatively smooth, whereas
the surface of the nickel-coated Al particles is covered by what looks like numerous small
(100200 nm) nickel humps, which compose the coating layer and cause the increase in
the surface area (see details in Figure 2).

Table 1 Weight percent of Ni in the coated aluminum particles.

Initial wt% of Ni Measured wt% of Ni Calculated thickness of Ni layer, nm
0.99 0.93 16
1.96 1.87 33
2.91 3.11 50
4.76 4.33 81

9.09 9.10 162
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Table 2 Volume particle size distribution of uncoated and coated aluminum powders.
Sample Dio, wm  Dys, pum  Dsg, pm  Dys, pm  Dgo, pm  Surface area, m2/g

Initial Al powder 10.88 18.39 29.16 41.00 53.55 0.29
Ni-coated Al powder  9.41 18.08 29.42 42.00 54.87 1.33

Figure 1 Scanning electron microscope (SEM) photographs of regular aluminum particles (left) and
aluminum particles coated by 5 wt% of nickel (right) [4].
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Figure 2 Detailed SEM photograph of the surface of a single nickel-coated aluminum particle.

Results of Auger spectroscopy analysis of an aluminum particle coated by a nickel
layer (with nickel content of 5 wt%) are shown in Figure 3. The Auger profile reveals
dominant existence of nickel within a surface layer of a few tens of nanometer thickness,
in agreement with the calculated average nickel coating thickness.
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Aluminum particles coated with nickel were heated in air to 800 °C. No particle
accumulation or agglomeration was observed after powder cooling. It was shown that
even very thin nickel coating on the aluminum particle surface (calculated thickness of
16 nm, weight content of nickel of 1%) already successfully prevents the accumulation
and agglomeration of aluminum particles, whereas, after heating/cooling stages of
regular aluminum particles, agglomerates in the form of large drops of molten metal were
observed (Figure 4).

— i

Figure 4 A large liquid drop of melted aluminum on the sample surface: T = 850 °C (left photograph).
The buckling and wrinkling of a surface oxide shell on following rapid cooling of a drop (right
photograph) [2].
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Hence, nickel coating of aluminum particles seems to be a promising approach for
the reduction of their agglomeration.

3. THERMOANALYTICAL TESTS

Thermoanalytical investigation of the behavior of initial (regular) and coated
aluminum particles during their heating was conducted using STA 449C NETZSCH
Simultaneous TG-DSC Apparatus. Heating of the aluminum powders up to 1200 °C at
a rate of 10 °C/min was carried out in nitrogen and air flow. The main goal was to
investigate how the above-described nickel coating of aluminum particles affects their
flammability.

Figure 5 shows that, under the test conditions, regular Al particles do not react with
N, whereas similar particles coated by Ni (5 wt%) demonstrate fast reaction whose onset
indicates ignition. Results for nitridation of nickel-coated Al particles with different Ni
contents are shown in Figure 6. One can see substantial mass gain due to nitridation
(typically 40-50%, while a complete reaction between aluminum and nitrogen would
theoretically yield 51% mass gain), with a relatively small effect of the nickel content
within the range tested (between 1% and 16% Ni). Nevertheless, nickel content was
found to have a more significant effect on ignition temperature—the higher the content
of nickel, the lower the ignition temperature (e.g., 1100 °C for 1 wt% Ni and 850 °C for
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Figure 5 Behavior of regular Al particles and Al particles coated by Ni (5 wt%) during heating in
nitrogen.
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10 wt% Ni). Thermal analysis results clearly reveal that coating of Al particles by Ni
increases their flammability in nitrogen.

Similar results were received from thermoanalytical study of oxidation of regular and
nickel-coated aluminum powders in air (Figure 7). As can be seen, the reactive heat due
to aluminum oxidation in air is much higher for nickel-coated aluminum powder than
for the regular aluminum powder. One may conclude once again that coating of Al
particles by Ni increases their reactivity both in nitrogen and in air.

4. IGNITION TESTS

To study ignition characteristics of nickel-coated aluminum particles compared
with regular aluminum particles, Rosenband and Gany [5] placed aluminum powders on
an electrically heated canthal ribbon in air. The powder temperature was measured by a
thermocouple embedded in the powder. Experiments revealed that regular aluminum
powders did not ignite upon heating up to the maximum temperature provided by this
device (about 1200 °C), whereas nickel-coated (5 wt%) aluminum powders do ignite at
temperature range of about 800-1000 °C (Figure 8).

Figure 9 shows the temperature history of regular and nickel-coated aluminum
particles during heating in a heated-tape experiment. It can be seen that under the
specific test conditions the maximum temperature of the regular aluminum powder
reaches only 800 °C (as a result of the electrical heating), whereas for the nickel-coated
aluminum powder a temperature of 1200 °C is attained due to occurrence of highly
exothermic oxidation reaction.

Experiments were done not only with aluminum powders consisting of spherical or
nearly spherical particles but also with different types of aluminum flakes. Aluminum
flakes are flat or of scale-like shape whose thickness is small compared with the other
dimensions (Figure 10). Two types of aluminum flakes with a specific surface area of
4.02 and 6.46 m*>/g were used in the experiments. Ignition delay of regular aluminum
flakes, as well as of nickel-coated aluminum flakes (5 wt% of Ni), was measured in the

Figure 8 Behavior of regular (left) and nickel-coated (right) aluminum particles during heating in air.
Regular aluminum powder exhibits no ignition, whereas nickel-coated aluminum powder ignites and
burns violently [5].
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Figure 9 Temperature history of regular and nickel-coated aluminum powders when placed on an
electrically heated ribbon.
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Figure 10 SEM photograph of as-received aluminum flakes.
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Figure 11 Dependency of ignition time on the voltage supplied to the heating tape for as-received
aluminum flakes and nickel-coated aluminum flakes.

heated-tape experiments in air for different heating rates, controlled by the electrical
voltage applied at the canthal tape. The experiments revealed a noticeable improve-
ment of the ignition of the nickel-coated aluminum flake powder, as compared to
initial, as-received aluminum flake powder.

Dependency of the ignition time of regular (specific surface area 6.46 m>/g) and
nickel-coated aluminum flakes on the electrical power supplied to the heating tape is
presented in Figure 11. Ignition of the nickel-coated aluminum flakes was recorded for a
much lower electrical heating power and at about half of the time than in the case of the
initial (as-received) aluminum flakes.

As in the case of aluminum particles, temperatures measured in the aluminum flake
experiments are substantially higher for the nickel-coated aluminum flakes as compared
with initial aluminum flakes (Figure 12), indicating the existence of an exothermic
oxidation or Ni—Al reaction in the former and no reaction in the latter case.

The improved ignition of nickel-coated aluminum particles is supported by Shafir-
ovich etal. [6] who observed a fourfold reduction in ignition time for the coated particles
in their laser-heated particle levitation experiments (Figure 13).

Combustion of nickel-coated aluminum and pure aluminum powders was charac-
terized using a 9.2 L explosion (CVE) apparatus [7]. A cloud of powder was produced in
a spherical vessel filled with air, and the cloud was ignited at its center by electrically
heated tungsten wire. The estimated total electrical energy supplied to the igniter was
30 J. The powder charge was introduced to the explosion vessel with a gas blast from the
air reservoir through a solenoid valve. A pressure transducer was used to record the
pressure pulse produced by the propagating flame. The maximum pressure achieved in
this experiment is proportional to the total energy released in combustion, whereas the
rate of pressure rise is indicative of the reaction rate. The CVE experiment is well suited
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Figure 13 Ignition delay time of Ni-coated Al particles in air as a function of Ni mass fraction, using a
50 W CO, laser beam as the energy source [6].

for the comparison of combustion characteristics for different materials. In this particular

case the combustion behavior of coated and uncoated Al powders was compared.
Characteristic pressure traces recorded for the combustion of nickel-coated

aluminum and pure aluminum powders in a constant volume vessel are shown in



Nanocoating for Activation of Energetic Metals 131

Ni-coated Al_

Uncoated Al

0
-0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30
Time, s

Figure 14 Pressure traces (presented as ratio of the measured pressure over the initial pressure in the
combustion vessel) obtained from the constant volume explosion experiments for the Ni-coated and
uncoated aluminum powders [7].

Figure 14. Both powders ignite and burn producing similar maximum pressures and
exhibiting generally similar rates of pressure rise. Thus, the differences in the overall
combustion energy released in constant volume explosion tests are negligible for the
coated and uncoated powders. The main difference between the two materials appears
to be in the induction period, which is the time after the igniter was initiated and until
a substantial pressure increase was observed. A substantial difference (at the same
concentration of dust) is observed for the induction period, which is about three times
shorter for the Ni-coated material. Hence, the ignition temperature of the nickel-
coated aluminum powders is noticeably lower than that for the uncoated aluminum
particles.

One may propose some explanation for the reasons for increasing ignitability of
aluminum particles due to nickel coating. The specific intermetallic reaction and phase
formation between nickel and aluminum at elevated temperature seem to play a role in
the process of the aluminum particles ignition (Figure 15) [8].

Aluminum and nickel can undergo an exothermic intermetallic reaction, enhancing
the heating rate of the particle. It is believed that initial exothermic reaction, followed by
fast temperature growth, takes place at temperature close to the aluminum melting point
(660 °C). According to the phase diagram of aluminum-nickel system [8], an inter-
metallic A3Ni phase is formed due to this exothermic reaction. As a result, the particle is
coated by a layer of this solid intermetallic compound. However, during further heating
to 854 °C, a peritectoid reaction, Al3Ni = Liquid + Al3Niy, takes place, which proceeds
with a liquid phase formation. Appearance of a liquid surface coating causes a much
more intensive diffusion of oxygen to the metal surface. As a result, a fast and highly
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exothermic reaction of aluminum oxidation can take place, followed by the particle
ignition.

It was suggested [9] that reduced agglomeration can be achieved by improving the
aluminum particle ignition characteristics and shortening the time of ignition. Because a
substantial decrease in ignition temperature and delay time for the nickel-coated
aluminum when compared to the regular aluminum, one can expect reduced agglom-
eration resulting from the nickel coating of the aluminum particles in solid propellants.

Special experiments were done to check the impact of the nickel coating on
agglomeration of aluminum particles during solid propellant combustion [10]. The
experiments were conducted with model propellants composed of 15% aluminum,
55-65% AP, and 30-20% HTPB, respectively (on a weight basis). The aluminum par-
ticles used have diameters of 6 pm and 25 um, and the AP particles were of 20 or
200 wm. Propellants containing regular (as-received) or nickel-coated aluminum were
compared. The propellants were of the same composition, prepared at the same time,
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Figure 16 An isometric view of a double-strand propellant sample (front and upper surfaces are
visible). The dark strand (on the right) is the nickel-coated Al propellant [10].

and under the same conditions. Experiments have been conducted in air both in
pressurized (up to 32 atm) and atmospheric environments. In the experiments, two
almost identical propellant strands were glued together with epoxy, as shown in
Figure 16. They diftered only by their aluminum component, which was either regular
or with nickel coating. The glued strands were ignited simultaneously, in order to better
observe and notice the effect of the nickel coating.

Observations of the burning strands revealed that the use of nickel-coated aluminum
leads to a decreased diameter of ejected aluminum agglomerates. Figure 17 demonstrates
well the phenomenon, showing large agglomerates ejected from the propellant con-
taining regular aluminum (left), and smaller particles at higher flux from the propellant
containing nickel-coated aluminum (right).

In each experiment, a median particle diameter was calculated, for which half of the
particles’ volume is concentrated in larger particles and the other half'is concentrated in
smaller particles. It was found that the diameter of agglomerates resulting from nickel-
coated aluminum is around 60% of the diameter of agglomerates resulting from regu-
lar aluminum, with only little effect of pressure on the diameter ratio. This finding is very
important when the mass reduction is taken into consideration; the “reduced”
agglomerate constitutes approximately 20% mass of the “original” one. This reduction is
expected to lead to more complete combustion of aluminum particles within the solid
rocket motor as well as to reduction of slag accumulation.
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Figure 17 Large agglomerates are observed for the propellant containing regular (uncoated)
aluminum (left side). More intense flow of smaller particles is observed for the propellant containing
coated aluminum (right side) [10].

§ 5. IRON-COATED ALUMINUM PARTICLES

Coating of aluminum particles by a nanometric layer of iron for improvement of
ignition and combustion characteristics of aluminum powders has been studied by
Rosenband and Gany [11]. Similar studies have been done, for instance by Yagodnikov
and Voronetskij [12] and Babuk et al. [13].

For the iron-coated particles study, Rosenband and Gany [11]| prepared and char-
acterized samples of aluminum particles coated with a thin iron layer. It was possible to
obtain iron coating with controlled mass fraction of iron and mean thickness of the iron
layer. Atomized aluminum powder with an average particle size of 25 pm, produced
by Metal Powder Company, Ltd. was used in the experiments. Scanning electron mi-
croscope (SEM) image of received iron-coated aluminum particles is presented in
Figure 18. As can be seen, the iron-coated Al particles are covered with numerous small
(100-200 nm) bonded iron or iron oxide humps.

Thermoanalytical study of oxidation of produced iron-coated aluminum powders in
air at heating rate of 20 K/min was done. DTA curves of iron-coated, nickel-coated, and
regular aluminum powders are presented in Figure 19.
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Figure 18 SEM photograph of aluminum particles coated by 5 wt% of iron [11].
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Figure 19 Behavior of initial (regular) Al particles and Al particles coated by Ni (5 wt%) and Fe (5 wt%)
during heating in air.

As can be seen, similarly to nickel-coated aluminum, iron-coated aluminum particles
oxidizing in air releases much more heat than regular aluminum powder. One may
conclude once again that coating of Al particles by iron increases their reactivity in air. As
well, oxidation of the iron-coated aluminum particles begins at the temperatures lower
than these for the nickel-coated aluminum particles and proceeds with a higher rate.

A noticeable difference exists between the behaviors at the heating of Fe- and Ni-
coated aluminum particles. For Ni coatings, intermetallic reactions do not appreciably
influence the heating rate until the melting of NiAl; on peritectic reaction at 854 °C,
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Figure 20 Binary Al-Fe phase diagram [8].

and as a result, this temperature was determined to be critical for particle ignition.
For Fe-coated Al particles, as can be seen from the Al-Fe phase diagram (Figure 20) [8],
Fe-Al intermetallic reactions contribute significantly to the heating rate upon Al melting
at 660 °C. The lower temperature required for thermal contributions from intermetallic
reactions as compared with Ni-coated particles may explain the more favorable influence
of Fe coatings on ignition and prohibited agglomeration of aluminum particles during
propellant combustion, as was observed in reference [3].

6. CONCLUSIONS

A method for activation of aluminum particles by coating with a thin (nanometric
scale) nickel or iron layer has been developed and tested. Comparative thermoanalytical
and ignition experiments have revealed substantial improvement of ignition of the
nickel-coated and iron-coated aluminum particles compared to regular, as-received
aluminum particles. The conclusion is that nickel and iron coating of aluminum parti-
cles shortens the ignition time of these particles, probably due to the formation of
liquid phases at low temperatures (as compared to aluminum oxide) in nickel and iron
aluminide and via Ni—Al and Fe-Al exothermic reactions, or thermite reaction between
Al and oxides of nickel and iron.

Experiments also show that metal-coated aluminum particles produce smaller size
agglomerates than regular aluminum in combustion of metallized solid propellants. The
shorter ignition time causes a decrease in aluminum accumulation at the propellant
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surface layer prior to ignition, leading to reduction of the agglomeration phenomenon

and to ejection of smaller aluminum agglomerates.
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CHAPTER SEVEN

Nanostructured Energetic Materials
and Energetic Chips
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Micro-Nano Energetic Device Join Laboratory, School of Chemical Engineering, Nanjing University of Science and
Technology, Nanjing, Jiangsu, China

1. INTRODUCTION

Nanostructured energetic materials (NSEMs) have nanoscale objects at least in one
dimension. These are oxides embedded in carbon nanotube (1D), Al/CuO multilayer
films (2D) and oxides embedded in porous silicon or porous copper (3D). The perfor-
mances of NSEMs are very different from that of microstructured energetic materials
in terms of released heat and reaction rate. Small critical diameter, high reaction rate,
and high released heat allow NSEMs to fit very well for energetic chips (or energetic
microchips, energetic MEMS chips). In the applications, energetic microchips and
energetic bridges are very useful to facilitate ignition; they can even directly initiate high
explosives. Because of microcharacteristics, research of nanostructured energetic mate-
rials and energetic microchips has been a hotspot for over 10 years. Great progress in the
synthesis, the energetic microchip fabrication, and the energetic bridge application with
NSEMs has been made. In this chapter, the progress of researchers at the Nanjing
University of Science and Technology (NUST) on the synthesis, the energetic chip
fabrication, and the explosion performance of NSEMs is analyzed and summarized.

2. 1D NSEMs AND ENERGETIC CHIPS

Several one-dimensional (1D) structure materials such as carbon nanotube, CuO
nanowire, Co3Oy4 nanowire, and Ni nanorod are studied to fabricate energetic chips.

2.1 Energetic Carbon Nanotubes

Research motivation on energetic carbon nanotubes (CNTs) is to find a way to obtain
an energetic material with nanometer critical diameter. It was found that the
KNOj3-embedded carbon nanotube (KINO3;@CNTs) material can facilitate ignition
when it was deposited on the conventional bridge [1,2].

The feasible synthesis technology of KNO3@CNTs is as follows. Samples of carbon
nanotubes were suspended in concentrated HNO3 and saturated solution of KNOs3,

Energetic Nanomaterials © 2016 Elsevier Inc.
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Figure 1 TEM of KNOs;@CNTs.
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Figure 2 XRD pattern (a) and DSC/TG cures at heating rate of 5 °C/min (b) of KNO;@CNTs.

and stirred at 140 °C for 24h. After cooling to the ambient temperature, the black
residue was completely rinsed with deionised water and then dried in vacuum at 60 °C
overnight KNO3@CNTs is analyzed by transmission electron microscopy (TEM),
X-ray diffraction (XRD), and differential scanning calorimetry/thermogravimetric
analysis (DSC/TG). The results are shown in Figures 1 and 2, respectively.

TEM analysis results show that only part of KNOs is filled into CNTSs; see Figure 1.
XRD results verify that KNOj crystallizes in CNTs. DSC/TG results (Figure 2) show that
KNO3@CNTs decomposition has a single exothermic peak. The released heat equals
876.1 J/g at the heating rate of 5 °C/min and corresponds to the temperature peak value
of 386.8 °C, and the mass loss of 8.6% proceeds in the range from 373.3 °C to 429.8 °C.
The KNO3@CNTs energetic chip is fabricated by electrophoresis. The fabrication
process is shown in Figure 3. KNO3@CNTs is deposited on a Cu bridge to get the thickness
of the Cu thin film 0.76 pm and that of KNO3@CNTs film 1.45 pm; see Figure 4.

The KNO3@CNTS energetic chip and Cu bridge were ignited by 100 UF capacity
discharge, and their exploding temperatures are shown in Figures 5 and 6, respectively.
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Figure 3 Schematic of fabricating process of KNOs@CNTs energetic chip.
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Figure 4 The Cu bridge film (a) and the carbon nanotubes composite energetic bridge film (b).

Figure 5 Electrical explosion phenomena of Cu bridge (left) and KNOs@CNTs-Cu bridge (right) a
20,000 fps.
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Figure 6 Exploding temperatures of KNO;@CNTs bridge and Cu bridge ignited by 100 uF capacity
charge.

With deposited KNO3@CNTs film, the Cu bridge becomes an energetic chip.
From the high-speed photography experiment results, the electrical explosion durations
of the Cu thin film and the energetic chip are about 0.45 and 0.7 ms, respectively.
Compared with the Cu thin-film microbridge, the electrical explosion phenomenon of
the energetic chip is more intense and its duration is longer. This indicates that chemical
reactions are involved in the electrical explosion process of the energetic chip, accom-
panied by higher heat release [1].

2.2 Al/CuO Nanowires

Zhang et al. early synthesized Al/CuO nanowires and fabricated Al/CuO nanowire
energetic chip, in which the micro Cu film was deposited on Si substrate by vacuum
thermal evaporation [3,4]. The synthesis process of CuO nanowire film is shown in
Figure 7. The Ti film is deposited onto the silicon substrate as the intermediate layer by
magnetron sputtering to prevent copper thin film cracking during thermal oxidation [5].

Heating of the Cu film at 400 °C during 4 h optimizes the process conditions to
synthesize CuO nanowires. This process is shown in Figure 8.

The selected area electron diffraction (SAED) and XRD analysis results are shown in
Figure 9. The nanowires consist of CuO and Cu,O.

Magnetron sputtering Electron beam evaporation CuO nanowire
Ti~30nm I I I I I
SiTT — — .,
Thermal
oxidation

Figure 7 Schematic of fabricating process of CuO nanowires process.
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o . -
Figure 8 SEM cross-sectional images of 1 um thick copper films annealed at 400 °C in air for different

annealing time: (a) 2 h, (b) 4 h, (c) 5 h, and (d) 6 h.
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Figure 9 SAED pattern from a single nanowire (a) and XRD patterns of the copper film in air at 400 °C
for2h,4h,5h,and 6 h (b).

Energetic core/shell nanowires of Al/CuO nanowires are synthesized by sputtering
Al on CuO nanowires, in which CuO nanowires are synthesized by heating Cu film at
400-500 °C in the air, as shown in Figure 10. The exothermal reaction heat of the
CuO/Al is 1263 J/g at the onset temperature of 450 °C determined by DSC analysis,
which is below the melting temperature of Al (660 °C).
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(a)

Thermal Magnetron I
annealing sputtering
— —
/. /
Si substrate CuO nanowires CuO/Al core/shell

nanowires

Figure 10 Schematic of fabricating process of CuO nanowires (a), SEM image of CuO nanowires
(b), and SEM image of CuO/Al core/shell nanowires (c).

2.3 Al/Ni Nanorods

Due to the large contact area and rigid substrate, Al/Ni nanorod energetic chip can be
fabricated by sputtering Al on the free-standing silicon substrate Ni nanorods [6]. Ni
nanorods are synthesized by anodization, electric-chemical deposition, and porous
alumina membrane (PAM) methods. The fabrication process of Al/Ni nanorods is
shown in Figure 11. The microstructures of Ni nanorods and Al/Ni nanorods are shown
in Figure 12.

DSC analysis results show that Al/Ni nanorods have one released heat peak at onset
temperature of about 600 °C, as shown in Figure 13. The released heat depends on the
amount of coated Al and sputtering time. Sputtering Al for 30, 45, and 60 min increases

PAM

Al

Sputtering Anodization
e —_—

! : Pulsed

electrodeposition

Si
Al
Sputtering Etch the PAM
«— -
Al layer

Ninanorods
Figure 11 Schematic of fabricating process of Al/Ni nanorods.




Nanostructured Energetic Materials and Energetic Chips 145

Figure 12 EM images of Ni nanorods and Al/Ni nanorods: (a), (b), and (c) are surface view of Ni
nanorods, with magnification of 5000, 10,000, and 20,000, respectively; (d) is 90° visual angle view of
Ni nanorods; (e) and (f) are surface view of Al/Ni nanorods, with magnification of 20,000 and 50,000;
(g) and (h) are 90° visual angle view of Al/Ni nanorods, with magnification of 20,000 and 50,000.
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Figure 13 DSC analysis results of Al/Ni nanorods at different sputtering time of Al.
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the released heat of Al/Ni nanorods up to 350.7 J/g (60 min), which is far less than the
theoretical value 1381.4 J/g. The difference between practical and theoretical heat
release could be due to two possible reasons. First, it is nearly impossible to synthesize the
stoichiometric ratio multilayer films because of the complex deposition process. Second,
the boundary layer of multilayer films is inactive due to prereaction of reactants.

2.4 Al/Co304 Nanowires

Co304 nanowires can be synthesized by ammonia-evaporation-induced synthetic
method (in Co(NO3), and NHj solution); this is a hydrothermal process. Co3Oy4 has
been used to prepare Al/Co304 based nanoenergetic materials by magnetron sputtering
of coating nano-Al to Co3O4 nanorods [7]. The synthesis process of Al/Co304 nano-
wires is shown in Figure 14.

Field emission scanning electron microscope (FESEM), XRD, and Fourier transform
infrared spectroscopy (FTIR) are used to characterize the prepared samples and analyze
the components. FESEM analysis results show that the Si substrate consists of vertically
aligned nanowires with diameter of about 400 nm; see Figure 15. The Al is integrated

3 [ Co;0,Nanowire Array ] {AI/C03O4 Nanowire Array ]
Ammoni

solution [
Hydrothermal

Sputter coating

synthesis
[————

deposition

Substrate [

A

Figure 14 Schematic of fabricating process of Al/Cos0, nanowires.
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Figure 15 FESEM of Cos0,4 nanowires (a) and Al/Co30,4 nanowires (b).
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Figure 16 XRD analysis result (a) and DSC analysis results at different thickness of Al (b).

around the Co304 nanowires to form a core—shell nanoenergetic material nanostructure.
XRD analysis results show that only diffraction lines for Al JCPDS-652869) and Co304
(JCPDS-431003) are identified and there is no peak for Co, as shown in Figure 16(a).
This means that Co3Oy4 and Al do not react very much in the high vacuum evaporator,
which is mostly due to the low substrate temperature during the evaporation of Al. The
reaction between Al and Co3Oy4 has a high theoretical heat of reaction of 4232 J/g. DSC
analysis results show that the heats of reaction of 3, 4, 5, 6, and 7 um Al thickness
composites are about 1198.2 J/g, 1274.1 /g, 2254.6 J/g, 1489.9 J/g, and 1326.5 /g,
respectively. These follow from the integration of major exothermic peak, as shown in
Figure 16(b). When the content of Al is low, the reaction is not complete, and when the
content of Al is high, the melting endothermic peak of Al appears; both lead to low heat
release. Therefore, Al film with thickness of 5 pm is more appropriate for preparing the
Al/Co304 energetic composites.

Co0304 nanowires are easier to form on a silicon surface than on a gold surface, so
Co0304 nanowires are suitable to fabricate Al/Co304 reactive semiconductor bridge
(Al/Co0304-RSCB), as shown in Figure 17.

The electrical explosion performance of Al/Co304-RSCB is researched by 47 uF
capacity discharge, as shown in Figure 18. The higher the charging voltage, the shorter

% Nano-bars on
Bridge

Bridge Region

SCB

Figure 17 Al/Cos0, reactivity semiconductor bridge.
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Figure 18 Volt-current characteristics (left), and exploding rise time (right) of Al/Co304-SCB by ca-

pacity discharge of 47 pF.

the ignition delay time. The critical ignition energy is in the range of 8.75-9.10 mJ, and
the flame length and the flame duration of Al/Co0304-RSCB are longer than that in
performance of conventional semiconductor bridge (SCB).

g 3. TWO-DIMENSIONAL NSEMs AND ENERGETIC CHIPS

A large group of nanostructured reaction systems can release a high reaction heat.

The calculated heat of reaction systems is listed in Table 1. The reactants of reaction

systems can be sputtered alternatively to multilayer films to obtain two-dimensional

nanostructured energetic materials (2D NSEMs), which are deposited on metal or

semiconductor bridges to fabricate energetic chips or energetic ignition bridges.

Table 1 Reactivity systems for nanostructured energetic materials.

Constituents

Heat of
reaction, cal/g

Constituents

Heat of
reaction, cal/g

2Al + 3CuO
2Al + MoO;
2Al + 3MnO,
2Al + Ni,O;
2B + Ti

2B + Al

2B+ V
2Si+V

974
1124
1159
1292
1320

742

650

700

8A1 + 3CO304
4 Mg + FC304
3 Mg + F6203
2 Mg + MnO,
381 + 5Ti
B+V

Al + Ni
Al+Ti

1012
1033
1110
256
1322
536
330
314
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3.1 Al/Ti Multilayer Film

The cross-section structure of Al/Ti multilayer film is roughly 2 pm in total thickness
produced by sputtering 75 nm Al layer and 25 nm Ti layer for each bilayer (the
components thickness ratio is 3:1). The film image is shown in Figure 19(a). DSC
analysis results of the film show that Al/Ti multilayer film has three exothermic peaks
(340~430 °C, 620~700 °C, 780~930 °C, see Figure 19(b)), and the sum of released
heat is 918.36 J/g, which is about 80.7% of theoretical value.

The released heat of Al/Ti depends on the thickness and the layers number of
reactants. The sum of heat is smaller than the theoretical value, and the sum of heat of the
thin layer is smaller than that of the thick layer due to prediftusion reaction at the
contacted surface [8]; see Table 2.

The results of XRD analysis of the initial and the reacted Al/Ti nanoenergetic
multilayer films (nEMFs) are shown in Figure 20.

The diffraction peaks of initial Al/Ti nEMFs are assigned to Al (111), Al (222), Ti
(100), T1 (110), and AlTi (111). After reaction, the results of XRD analysis of the reacted
Al/Ti nRMFs show that the compositions are AlTi (001), AlTi (111), AlT1 (002), AlTi
(200), AlTi (202), AlTi (220), AlTi (311), and AlTi (222), in which AlTi (111) is the
main reaction product.
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Figure 19 Cross-sectional image (a) and DSC analysis result (b) of Al/Ti film.

Table 2 Released heats of Al/Ti multilayer film at different bilayer cycles.

Al thickness, Ti thickness, Bilayer Total layer Sum of

nm nm thickness, nm thickness, um heat, J/g
25 25 50 2 458.0
50 50 100 2 493 .4

100 100 200 2 696.8
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Figure 20 XRD spectra of initial Al/Ti (left) and reacted Al/Ti nEMFs (right) at different bilayers.

Figure 21 Al/Ti multilayer bridge and its electrical explosion at 100 cycles, capacity 100 pF,
and charge voltage 140 V.

Al/Ti multilayer film has been used to fabricate an energetic bridge of 1 mm length
and 1 mm width. It is ignited by the 100 UF capacity discharge with the charge voltage of
140 V; see Figure 21.

3.2 Al/Ni Multilayer Film

Al and Ni layers with bilayer thicknesses of 50, 100, and 200 nm were prepared by radio
frequency magnetron sputtering. In each bilayer, the thickness ratio of Al to Ni
was maintained at 3:2 ratio [9]. The cross-section structures of Al/Ni multilayer film
with 60 nm Al layer and 40 nm Ni layer are shown in Figure 22(a). DSC analysis results
show that Al/Ni multilayer film has three exothermic peaks (230~250°C,
280~370 °C, 380~460 °C), as shown in Figure 22(b). DSC curves indicate that the
released heat of Al/Ni multilayer films with bilayer thicknesses of 50, 100, and 200 nm
are 389.4, 396.7, and 409.9 J/g, respectively. The released heat of Al/Ni multilayer film
at different deposition cycles is listed in Table 3.

XRD analysis results of initial Al/Ni and reacted Al/Ni nEMFs are shown in
Figure 23.

Before reaction, the compositions Al/Ni nEMFs XRD spectra comprise Al (111),
Al (222), Ni (111), and Ni (200) peaks, but the diffraction peak of ALNiy(AINi (110)) is
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Figure 22 Cross-sectional image (a) and DSC analysis result (b) of Al/Ni multilayer film.

Table 3 Released heats of AI/Ni multilayer film at different
deposition cycles.
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15004

Bilayer Total layer
Al thickness, Nithickness, thickness, thickness, Sum of
nm nm nm pm heat J/g
30 20 50 2 389.4
60 40 100 2 396.7
120 80 200 2 409.9
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Figure 23 XRD spectra of initial Al/Ni (left) and reacted Al/Ni nEMFs (right) at different bilayers.

not confirmed since it overlaps the diffraction peak of Ni (111). After reaction, the

spectra comprise AINi (100), AINi (110), AINi (200), and AINi (211) peaks.

Al/Ni multilayer film is used to fabricate an energetic bridge of 1 mm length and
1 mm width. The ignition capacity charge is the same as for the Al/Ti multilayer film.
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The exploding temperatures show that not only the temperature of Al/Ni is higher than
that of pure Al or Ni explosion, by about 2000 K, but also the area of the exploding field

is stronger than Al and Ni bridges; see Figure 24.

The Al/Ni multilayer film is deposited on a conventional semiconductor bridge to
fabricate a reactive semiconductor bridge (Al/Ni-RSCB) [10], as shown in Figure 25.
The electrical explosion performance of Al/Ni-RSCB was tested by capacity
discharge of 47 uE as shown in Figure 26. The higher the charging voltage, the shorter
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Figure 24 Exploding temperatures (left) and exploding fields (right) of Al (a), Ni (b), and Al/Ni (c).
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Figure 25 Structure and samples of Al/Ni reactivity semiconductor bridge.
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Figure 26 Volt-current characteristics (left), exploding rise time tc (right) of Al/Ni-RSCB by capacity

discharge of 47 uF.
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Al/Ni-RSCB (47 pF, 35V)
Figure 27 Electrical explosion images of (a) SCB and (b) Al/Ni-RSCB at 20,000 fps and (c) bridge area
of ignited Al/Ni-RSCB at different voltage.

the ignition delay time. The critical ignition energy is in the range of 4.0-4.7 m]J, and the
flame length and the flame duration of Al/Ni-RSCB are longer than that of SCB; see
Figure 27.

The output energy can be calculated according to burned area of Al/Ni film, and
the sum of released heat can be obtained by DSC analysis. The output energy of
Al/Ni-RSCB is 15.94 mJ at 47 pE 35V, and this value is about four times higher of
input energy (4.48 m]).

3.3 Al/CuO Multilayer Film

Al/CuO multilayer films are the best nanostructured energetic materials and have been
researched for many years due to their high energy, easy fabrication to energetic
microchips, and compatibility with many materials or MEMS process. The cross-section
structure of Al/CuO multilayer film and its energetic chip fabricated by sputtering as
well as the DSC analysis results are shown in Figure 28.

The thicknesses of Al and CuO layers are controlled in the range of 20-40 nm. DSC
analysis results show that there are two exothermic peaks at onset temperatures of 550
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Figure 28 Cross-sectional structure of Al/CuO multilayer film and its DSC analysis result.
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and 750 °C. The sum of released heat is about 2024 J/g. It is less than the theoretical
value (4079 J/g) due to the prereaction between CuO and Al layers.

Different Al/CuO-RSCB have been researched. Al/CuO multilayer film is used to
fabricate reactive semiconductor bridge by depositing Al/CuO multilayer film on metal
bridge or on semiconductor bridge. The structures of typical reactive semiconductor
bridges are shown in Figure 29.

The tested Al/CuO-RSCB (Figure 29(a)) has two V-type angles (90°) and 380 pm
(width) x 80 um (length) X 2.5 pm (thickness) dimensions. The Al/CuO multilayer
film size is 1 mm (width) X 1 mm (length) X 3 pm (thickness) and the resistance of SCB
is 1.3 Q. When the Al/CuO-RSCB is ignited by capacitor discharge (47 pF, 30 V), the
exploding temperature of Al/CuO-RSCB is higher than that of SCB by about 40%,
reaching about 7000 K (measured by the double line of atomic emission spectroscopy)
[11]. The voltage—current (U-I) characteristic is very similar to that of conventional
SCB, as shown in Figure 30 [12].
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Figure 29 Al/CuO reactive multilayer films, (a) Al/CuO-SCB, (b) Al/CuO-Cu bridge, (c) Al/CuO-dielectric
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Figure 30 Exploding characteristics of Al/CuO-RSCB (a) exploding voltage-current resistance and
(b) exploding temperature.
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Figure 31 Exploding characteristics of Al/CuO-dielectric energetic bridge (a) exploding volt-current
and (b) exploding temperature.

The tested Al/CuO-Cu chip (Figure 29(b)) consists of a Cu bridge of
0.45 mm X 0.45 mm bridge area size with a resistance of 200—250 m2 and a deposited
Al/CuO multilayer film of 4 pm thickness (150 nm bilayer). The exploding temperatures
of Cu bridge and Al/CuO-Cu bridge are about 7000 and 9000 K at capacitor charge of
0.22 pF and 600 V, respectively, as shown in Figure 31 [13].

The tested Al/CuO dielectric bridge (Figure 29(c)) consists of three layers: the top
and bottom layers are 1000 X 1000 X 2 pm joining with Cr contact pad, and the middle
layer is 1000 x 1000 x 7.2 pm Al/CuO multilayer layer. The Al/CuO multilayer in-
cludes six Al/CuO bilayers, and each Al/CuO bilayer is 1.2 pm (0.38 pm thickness of Al
layer and 0.82 pum thickness of CuO). When the Al/CuO dielectric bridge is ignited, the
Al/CuO multilayer is broken down by an electric field, and the current transfers from
one side of Cr film to its another side. The exploding temperature of Al/CuO-dielectric
bridge is about 3773 K (measured by atomic emission spectroscopy) at 40 V DC voltage
source, as shown in Figure 32 [14].
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Figure 32 Exploding characteristics of Al/CuO-Cu bridge (a) exploding volt-current and (b) exploding
temperature.
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g 4. THREE-DIMENSIONAL NSEMs AND ENERGETIC CHIPS

The promising three-dimensional (3D) structured materials, such as porous cop-
per, porous silicon, and 3D Fe,O3 have been researched to fabricate energetic chips [15].
When porous copper, porous silicon, and 3D Fe,Oj3 are deposited by metal fuels or
oxidants in situ reaction, they will become a group of energetic materials.

4.1 Energetic Porous Copper

Energetic porous copper samples can be synthesized by depositing oxidants into porous
copper or by in situ azido reaction in gaseous hydrazoic acid environment, in which the
porous copper can be synthesized by electrodeposition in CuSOy4 (0.2 mol/L)/H,SO4
(1.0 mol/L)/NH4CI (10.0 mol/L) solution [16]. The structures of porous copper and
NaClOy4-porous copper are shown in Figure 33(a) and (b). NaClOy4-porous copper is
prepared by absorbing and drying processes of NaClOy4/ethanol solution, as shown in
Figure 33(c).

The low-temperature and high-temperature exothermic peaks due to the thermal
decomposition of NaClOy can be noticed at the DSC curves shown in Figure 34: these
are listed in Table 4. The TG curve shows fast weight loss near the second exothermic
peak (Figure 34). Note that the onset temperatures increase with the heating rate as well
as the released heat.

The results show the two exothermic reactions, in which the first step reaction is
solid phase reaction between porous copper and NaClO4 (4Cu + NaClOy4 —
NaCl 4 4CuO) and the second step reaction is decomposition reaction (NaClO4 —
NaCl + 20,1).

4.2 Energetic Porous Silicon

Porous silicon is widely used to fabricate energetic chips [17,18]. Oxidants are imbedded
into structure of porous silicon via submerging the silicon into the oxidant acetone

(©)

before filling, X 100 before filling, X 5000 after filling, X 5000

Figure 33 Structure of porous copper and of NaClO, impregnated porous copper.
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Figure 34 DSC and TG analysis of NaClO, impregnated porous copper.

Table 4 Onset temperatures and heat of NaClO4-porous copper
exothermic peaks.

First Second
Heating rate, First exothermic Second exothermic
°C/min onset, °C  heat, J/g onset, °C  heat, J/g
5 319 100.6 423 213.0
10 333 107.0 433 221.0
15 343 108.2 439 212.7
20 350 101.9 442 293.9

solution under ultrasonic treatment. Porous silicon can be synthesized by electrochemical
etching in 30-35% HF acid solution at 0.1-0.5 A.

The porous silicon and its energetic chips are shown in Figure 35. The process of
porous silicon energetic chip preparation can be described as follows: fabricating the
porous silicon chip array on silicon wafer by lithography and electrochemical corrosion,
fabricating the Cr bridges on the porous chip array, and imbedding oxidants into porous
silicon chip array.

The results of DSC and TG thermal analysis of porous silicon-NH4ClO4 and porous
silicon-NaClOy4 show only one exothermic peak (Figure 36). NaClOy4-porous silicon
has onset temperature of 309.8 °C, peak temperature of 393.3 °C, and the released heat
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Figure 35 Structure of porous silicon (a), its porous silicon array (b), and energetic porous silicon chip
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Figure 36 DSC and TG analysis results of NaClO4-porous silicon (a) and NH,CIO4-porous silicon (b).

of 488.1]/g. NH4ClOy4-porous silicon has onset temperature of 305.0 °C and peak
temperature of 387.7 °C, and the released heat of 1046.3 J/g. The loss weights of
NaClOy-porous silicon and NH4ClO4-porous silicon comprise 4.51% and 24.76%; this
may be due to different filling extent of silicon or due to incomplete decomposition of
energetic substance. In accordance with the released heat values, the NH4ClO4-porous
silicon is more efficient than NaClO4-porous silicon.

The igniting performances have been researched in the conditions of capacitor
(100 pF) discharge ignition. The ignition characteristics of NH4ClOy4-porous silicon
chip at different charge voltage are presented in Table 5. The micro Cr bridge of 0.5 mm
(width) x 1.0 mm (length) is fabricated on the porous silicon substrate. The high-speed
images of ignition processes of NH4ClOy-porous silicon chips are shown in Figure 37.

The results show that the plasma excited by higher voltages has stronger ignition
ability in ignition of NH4ClOy4-porous silicon, and the delay time to ignite NH4CIO4-
porous silicon is shorter at 140 V than at 20 V. The electronic exploding temperature of
the bridge is about 7500 °C at the charging voltage of 110 V.
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Table 5 Explosion characteristics of NH4ClO4-porous silicon chips.
Explosion duration time, s

Ignition Ignition Micro Cr NH,4CIO,4 porous
voltage, V energy, mJ exploding silicon exploding
80 0.240 8.9 x 107° 1.1 x 1074
90 0.153 24x107°  80x107°
140 0.286 27%x107°  80x10°
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Ignition process of porous silicon chip at 20V and 20000 frame/s

Figure 37 Ignition processes of NH,;ClIO4-porous silicon chips.

4.3 Three-Dimensional Fe,03 Nanoenergetic Materials

A new nanostructured material, Fe,O3/Al, has been synthesized by template method
and sputtering process [19]. The synthesis process of 3D Fe,O3/Alis shown in Figure 38.
Polystyrene spheres are assembled on the substrate to synthesize polystyrene sphere
template. Fe(NO3)3 solution fills in the polystyrene colloidal template and the 3D Fe,O3
film is synthesized via calcination of a polystyrene spheres template. The 3D Fe,O3/Al
film is synthesized by sputtering Al on the 3D Fe;Os3 film. The images of samples in
different steps are shown in Figure 39. DSC thermal analysis results and thermal
explosion of 3D Fep,O3/Al are shown in Figure 40. The DSC thermal analysis of
Fe,O3/Al film is conducted in a temperature range of 100-900 °C with a heating rate
of 20 °C/min under 30.0 ml/min Nj flow. The first exotherm develops slowly with a
peak temperature at 548 °C. This means that the nanoscale Fe;O3/Al membrane can
react mildly below the melting point of Al, 660 °C. The second exotherm develops
more abruptly with a peak temperature at 770 °C. This suggests that the Fe,O3/Al film
has a faster heat release rate when Al has melted.
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5. CONCLUSIONS

Nanostructured energetic materials are an important group of innovative energetic
materials. Because of their nanoscale structure, the NSEMs can release reaction heat fast
enough to replace traditional energetic materials. The thermal analysis results show the
scale effect in reactions of NSEMs, in which the released heat is lower than theoretical
value, but the reaction rate is high in the small scale.

Because the synthesis processes are compatible with the fabrication processes of
MEMS, NSEMs are suitable for fabricating energetic chips or pyro-MEMS such as
energetic ignition bridge, micropropulsion charge, microexplosive train and microchip
packaging. The energetic igniting bridges can be fabricated by composing NSEMs on
the surface of conventional igniting bridges (such as Cr bridge and semiconductor
bridge), or can be fabricated directly (such as Al/Ni bridge and Al/CuO bridge). The
tested results of energetic igniting bridges show that the NSEMs augment output energy
and igniting ability of igniting bridges. Upon initiating, the energetic igniting bridges
produce higher temperature and longer duration flame than that of conventional igniting
bridge.

Because of broad market application prospects, NSEMs are the subject of continuing
and active academic research. The syntheses, properties characterizations, and applica-
tions of NSEMs are beyond existing theoretical research. Detailed mechanisms of
interfacial reactions and the scale effects of NSEMs performance are still unknown,
therefore, the fundamental research of NSEMs will focus on these in future.
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1. INTRODUCTION

Nanocomposite energetic materials, which consist of nanosized particles or
nanolayers of fuel and oxidizer, possess unique combustion features including low
ignition temperatures and high velocity of reaction front propagation. Such materials
can be produced using different approaches such as convectional mixing of nano-
dispersed powders; mechanical treatment of the microdispersed powders of the fuel and
oxidizer in high-energy planetary ball mills; sol—gel technology; and other methods.
Two types of nanoenergetic materials are the focus of this chapter: gasless metal—
nonmetal or metal-metal nanostructured composite particles and thermite-like metal—
metal oxide mixtures of nanopowders. Based on a literature analysis as well as original
experimental data, in such systems we consider the behavior of the combustion wave at
both the macroscopic and microscopic scales. The gasless nanosystems have unusually
low reaction onset temperatures, as compared to micron-scale mixtures, however,
moderate combustion propagation velocity is typically less than 1 m/s. It has been
shown that the process retardation occurs due to the relatively low rate of heat transfer
at the boundaries between composite particles. Various routes for controlling the
combustion wave velocity by modification of the thermal properties of the interparticle
boundaries are also discussed. On the other hand, nanothermites possess extremely
high ignition sensitivity and demonstrate extremely high combustion velocities
(e.g., >1 km/s). The current opinion is that such high velocities occur due to the
convection of hot gaseous species in confined environments, which rapidly preheats the
reactive media ahead of the front. However, it is not yet clear what intrinsic kinetic
mechanisms can permit the supersonic propagation of the reaction front without
forming a shock wave. This issue will be addressed by examining different reaction
mechanisms suggested in the literature. Current and prospective applications of
nanocomposite energetic materials, including those for solid propellants, igniters, and
joining of materials, are also discussed.

Energetic Nanomaterials © 2016 Elsevier Inc.
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2. NANOSTRUCTURED COMPOSITE HIGH-ENERGY-DENSITY
MATERIALS

At first glance, the fabrication of the nanocomposite energetic materials by
mechanical treatment appears to be a simple and effective technological approach.
Indeed, we just need to mix two or more relatively coarse (usually ~1-100 pm)
powders until the components are milled to nanoscale sizes. Various well-known
methods of mechanical grinding can be applied, including processing in high-speed
planetary ball or vibrational mills, where the particles of the mixture are subjected to
mechanical impacts with force sufficient to break down the brittle components and
plastically deform the viscous ones [1]|. Thus brittle components are milled into finer
particles, whereas plastic components (typically, metals) are subjected to multiple
flattening collisions. The combined eftect is the formation of layered composites in
which layer thickness decreases as milling duration increases. Small fragments of brittle
components are often found inside the particles of plastic component due to the
cold-welding process. As a result, such treatment not only decreases the particle size of
reactants but also increases the contact surface area between them. These new contact
surfaces, formed under severe milling conditions in an inert atmosphere, are typically
oxygen free and involve high concentrations of defects. All these factors enhance
the chemical activity of the prepared reactive media [2,3]. For this reason, the process
of high-energy ball milling (HEBM) is also commonly referred to as “mechanical
activation” (MA).

Despite the apparent simplicity, HEBM of reactive mixtures raises many questions.
For example, what size of the reactive elements can be reached before the reagents start
to chemically react with each other? Indeed, it is well known that the HEBM process
may cause dissolution of one reagent in the other (mechanical doping or mechanical
alloying); or the components of the mixture may react to cause the formation of a new
compound (synthesis). If the components of the mixture are immiscible, or for some
kinetic reason cannot react, then HEBM can result in the formation of nanocomposites
with the size of structural components (phases) in the range of 10-100 nm. However, in
reactive systems the duration of HEBM cannot surpass some critical value beyond which
the reaction is self-initiated by the local impact or friction occurring during the milling
process.

Examples of the dependence of self~ignition temperature (71;) for mixtures subjected
to HEBM as a function of the milling time (f,;,) are shown in Figure 1 [4]. Analysis of
these experimental data allows us to outline two qualitatively different types of
dependences. For Ti + Ni, Ti + Al, Ti + Si mixtures, T; monotonically decreases with
increase of duration of the HEBM, and after some critical milling time the mixtures
become noncombustible. The Ti-BN and Ti-SiC-C mixtures demonstrate another type
of behavior, i.e., T; first decreases and then slowly increases with increasing MA time. It



Combustion Behavior of Nanocomposite Energetic Materials 165

1400

o -
%f) 1200 B ° Ti+BN -
5 10004 N\ - g .
£ q 4— 1
2 800 o< -
2 ] : <3 Titsic+C -
5 600 \ T~ Tital 7
° 1 TN ™ I
E 400 4 3 i+Ni |
<

g 200 - ]
2 i i
5 ] 1

0 T T T T

T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Duration of the mechanical activation, s

Figure 1 Dependences of self-ignition temperature on activation time for some reactive mixtures
prepared in argon [4].

was suggested [4] that in the first case, self-sustained reactions quickly occur during the
milling, while in the second case, the reactions proceed slowly in the mixing jar. This
assumption was proved by X-ray diffraction (XRD) analysis of the particles obtained
after HEBM. For the Ti-Ni, Ti-Al, and Ti-Si systems, the stoichiometric phases, i.e.,
TiNi, TiAl, and TiSi, were the only ones detected when MA time exceeded the cor-
responding critical values. In the case of Ti-BN and Ti-SiC-C systems, product phases
such as TiBy, TiN, and TiC, partially appeared after some specific milling time, and their
amounts gradually increased with additional milling. The first group of reactive mixtures,
which possess the sharp decrease in self-ignition temperatures, is of the most interest for
combustion applications due to their high rates of heat release. Indeed if milling is
terminated just before the critical time, reactive mixtures with low self-ignition tem-
perature and essentially fully preserved heat of reaction can be obtained. This method,
known as arrested reactive milling (ARM), is currently widely used in the fabrication of
nanocomposite energetic materials [5].

It has been proved for many systems that MA leads to a drastic decrease in the self-
ignition temperature. For example, the self-ignition temperature of the Ti-C system
decreases from 1600 K for nonactivated mixtures to 770 K after low-energy activation
during 5-10 h milling [6]; the corresponding decrease in the Ti-Si system was found to
be from 1670 to 870 K after several hours of activation [7]. For the 3Ti-Si-2C system,
the self-ignition temperature decreases from 1190 to 430 K for 90 min of activation, but
spontaneous ignition occurs directly in the milling jar at a temperature of approximately
340 K for 106 min of treatment [8].

The critical duration of HEBM, minimum self-ignition temperature, and combus-
tion parameters of the mixtures strongly depend on the intensity of mechanical



166 Alexander S. Mukasyan and Alexander S. Rogachev

treatment. Analysis of recent publications shows that the “effectiveness” of the MA
process depends on many parameters, including the velocity, acceleration, mass, size, and
shape of the milling bodies, the geometric size of the mill, the mass ratio of the milling
bodies (balls) to the activated mixture, the medium in which the activation is performed
(alr, inert gas, vacuum, or liquid), and many others [9]. However, it is possible to identify
three main parameters that reflect the physical (not engineering) aspect of the process:
the energy of one impact (collision between balls or between a ball and the wall),
collision frequency, and activation time. Using these parameters, one can obtain the total
energy involved in activation. It is worth noting that this does not mean that all this
energy is “stored” in the activated mixture, because the majority of the energy is con-
verted to heat. Nevertheless, these three parameters and their product can be used as a
physical basis for comparison of the obtained results. It is important that the reported data
fall into two clearly distinguished groups in terms of the impact energy. The first group
can be called low-energy activation, where the impact energy is 0.1-0.2 ], and the
activation time ranges from minutes to tens of hours (note that the authors of these
publications often speak about high-energy treatment, but we refer to these processes as
low-energy activation). The combustion velocities and temperatures for this group are
shown in Figure 2 as functions of milling time [6,10-13]. The second group of data is
associated with high-energy activation, where the impact energy is 1-2 J or greater, and
the activation time ranges from several seconds to minutes; the combustion parameters of
this group are presented in Figure 3 [14-17].

In the case of low energy of activation (Figure 2), the combustion velocity and
maximum temperature of the mixtures typically gradually increases with increasing
milling time. The thermodynamic calculation of the adiabatic combustion temperature
yields the following values: T,q4 = 3290 K for the Ti-C composition, 1870 K for Nb-2Si,
2290 K for 5Nb-3Si, 1690 K for Ti-2Si, and 2400 K for 5Ti-3Si. It seems logical to
assume that an increase in the reaction rate owing to mechanical activation for these
compositions decreases the heat losses and thus increases the degree of conversion in the
combustion wave, which in turn would lead to an increase in the measured maximum
temperature. It can be seen that for these systems the maximum combustion temperature
(Thax) gradually approaches the T,4 but never reaches the full value (T < Tog)-

For other systems, the Ty, appeared to be higher than the adiabatic temperature
(Figure 2). These systems include Ta-2Si (T;q = 1794 K), 5Ta-3Si (T4 = 1823 K), and
Si-C (T,q = 1873 K). Based on the experimental data, one may conclude that these
superadiabatic values occur due to the excess energy accumulated by the crystal lattices of
reagents during mechanical processing. In our opinion, this conclusion is premature.
There are at least three sources of errors in the comparison between T,q and T, (1)
error in thermodynamic calculations due to inaccuracies in the thermodynamic func-
tions for the considered systems at high temperatures; (2) inaccuracy of temperature
measurements, especially with the use of pyrometry [11]; (3) uncertainty of the initial
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temperature along the media. The latter error could appear because cylindrical samples
8 mm in diameter and 10 mm height were ignited by a hot spiral located at a distance of
1 mm from the upper surface of the cylinder [11]. Since there was not direct contact
between the spiral and the sample, the surface could be heated relatively slowly, which
allowed heat to penetrate into the volume of the sample to a considerable depth, thereby
increasing the initial temperature. Therefore, additional investigations are necessary to
make a validated conclusion about the influence of energy stored in solid components
during ball milling on the combustion temperature. Finally, for the systems where
the product phase appears gradually during the mechanical treatment, the decrease in
self-ignition temperature is accompanied by a decrease in the combustion temperature.
For example, low-energy MA of the 5Ti-3Si mixture for up to 6 h resulted in depression
of the ignition temperature from 1250 to 1700 K, with a simultaneous decrease of the
combustion temperature from 2170 to 1620 K [17].

It can be seen that the dependences obtained after high-energy activation (HEBM)
are qualitatively different (Figure 3). The combustion velocities typically have maximums
at some activation time in the range of 100-300s. The decrease in the combustion
velocity at longer times is usually explained by the formation of reaction products at the
stage of activation. The temperature curves for some systems also have maximums. It is
interesting that for the same composition the milling time at which T, is observed can
be different from the time of the maximum combustion velocity. A monotonic decrease
in the combustion temperature was observed for Ti-B-Cu compositions. In all cases, the
maximum combustion temperature measured by thermocouples was lower than the
corresponding adiabatic value. It is worth noting that an increase in the combustion
velocity is observed for compositions with low thermal effect (curves 1-6) or low density
(curve 7). In those cases where the initial mixture corresponds to stoichiometry with the
high heat release and was pressed to the optimal density (insert in Figure 3: curves 8
and 9), an increase in combustion velocity was not observed [18]. Mechanical activation
of weakly exothermal compositions makes it possible to increase the degree of con-
version and to decrease the amount of secondary phases in the final product [19].

Mechanical activation was also applied to thermite-type compositions. For the
thermite-type systems, most of the results related to mechanical activation deal with the
initiation of the reaction and less data are available on the combustion propagation
velocity. An overview of the mechanical and thermal activation of various thermites was
made in Refs [21] and [22]. Thermite systems usually burn vigorously, with considerable
heat release, and do not require additional activation to obtain a self-sustained reaction.
Mechanical activation is used for these systems to obtain either fine-grain (nano-
crystalline) products (e.g., the Al3sNi-Al,O3 nanocomposite [23]), or a superactive
thermite composition [23—27]. For this purpose, first, the critical time of self-ignition for
the Me;-Me,Oy system during mechanical mixing is determined (usually, tens of
minutes). Next, mechanical activation is “arrested” at approximately half of the defined



170 Alexander S. Mukasyan and Alexander S. Rogachev

critical time in order to obtain an intermediate product in the form of micron-sized
composite particles with small (beginning from several nanometers) size crystallites.
This intermediate product depends heavily on the mechanical activation conditions.

For example, the arrested reaction milling of Al-CuO thermite was performed in the
shaker mill, with 5 mm steel balls and a small amount of hexane as a process control
agent, for a time range of 2—60 min [20]. It was shown that the ignition temperature
decreases from 850-900 °C to 650-750 °C when MA time is increased from 16 to
60 min. The decrease in ignition temperature was attributed to a higher degree of
structural refinement achieved with longer milling time [20]. An increase in the
combustion velocity for mechanically activated compositions was reported, and fairly
moderate combustion velocities (~0.5 m/s for Al-Fe;Os [25]) were found. The
activation energies of ignition were determined to be 150 kJ/mol for the Al-MoO3
nanothermite and 170 kJ/mol for Al-Fe,O3. These values are close to the activation
energies of ignition for nonactivated thermites (e.g., Eapparenc ~ 170 kJ/mol for the
Al-Fe,O3 system [28]).

Another important research direction is fabrication of pore-free energetic materials.
Two steps should be distinguished: (1) preparation of dense nanocomposite powders and
(2) compaction of these powders into dense macroscopic items. Formation of dense
lamellar particles in metal-metal systems has been described in many works, starting
from the early publications on the HEBM/MA of SHS mixtures, e.g., [2,3,17], dense
thermite-type particles were described in Ref. [23]. It was found by means of high-speed
video recording that propagation of the reaction along the composite particle occurs at a
much higher rate than the measured average macroscopic combustion velocity [29].

However, only recently has a method been developed to consolidate the nano-
composite particles, thus producing pore-free energetic material. A technique known as
the “cold gas dynamic spray” process (CGDS) was used to deposit a dense layer of the
reactive composite particles onto a metal substrate [30]. The particles were injected via
the high-speed gas flow (helium) and consolidated via plastic deformation upon impact
with the Al substrate. The porosity of the media was reduced to approximately
1.0 £ 0.5%. The 99% dense Ni-Al mechanically activated samples possess combustion
propagation velocities of ~20 cm/s, which is higher than that (5 cm/s) of the 75% dense
cold-pressed samples prepared from similar composite particles. It should be noted that
the preliminary mechanical activation is a significant stage in the technique, because the
Ni-Al dense material deposited by CDGS from individual Ni and Al powder particles
was not ignitable [30]. Some microstructure transformations taking place in the Ni-Al
systems during the CGDS deposition were discussed in Ref. [31].

This consolidation method was also applied to the Al-CuO thermite mixture,
yielding formation of fully dense material [32]. However, the reduction of the porosity of
the AlI-CuO energetic material resulted in a decrease of combustion propagation velocity
from 140 cm/s at 20% density down to 15 cm/s at 100% density. This effect was
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explained by assuming that there is a transition from convection mechanism of energy
transfer at high porosity, to heat conduction mechanism at low porosity, when gas
infiltration is essentially eliminated [32].

Increased sensitivity of reactive compositions after HEBM allows initiation of some
activated gasless energetic materials by mechanical impact [33-35]. Comparison of the
HEBM Ni-Al submicron composites with the mixture of Ni and Al nanoparticles
revealed noticeable differences [34]. Exothermic reaction activation energy was found to
equal 230 + 21 kJ/mol for the nanopowders mixture and 117 & 8 kJ/mol for the
HEBM composites. Thus, the HEBM samples were more sensitive to thermal initiation
due to lower reaction activation energy, while the nanopowders mixtures were more
sensitive to mechanical impact initiation due to high contact stresses between nano-
particles during impact. The impact ignition threshold energy for the Ni-Al energetic
material decreases from ~500 J down to ~50 J after HEBM [35].

Summarizing published experimental results, we can conclude that mechanical
activation leads to the following effects: (1) decreases the self-ignition temperature; (2)
expands the flammability limits; (3) favors a more complete reaction; (4) in some cases,
increases the combustion wave propagation velocity, and (5) makes mixtures more
sensitive to mechanical impact initiation. Mechanisms of these effects usually relate to the
micro- and nanostructure transformations caused by HEBM/MA. Let us briefly consider
some such relationships discussed in the literature.

The first effect is related to the formation of the mechanically induced reactive media
with nanoscale heterogeneity, which enhances the reactivity of these systems. For
example, most researchers observed broadening of X-ray diffraction peaks and interpret
this broadening as evidence of the diminishing of the crystalline size. Some authors
present more direct TEM or STEM observation of the nanostructures [17,36—40]. These
results confirm the presence of nanosized particles or crystallites in mechanically treated
powders. An example of STEM data on nanostructured Ni-Al energetic material is
presented in Figure 4 [37]. It was found that a thin (50—100 nm) intermediate layer forms
along the Ni/Al boundary, where nanoparticles of Ni are immersed in the Al matrix.
Formation of such layers results in a significant increase of the reactivity and makes
possible the “solid flame” phenomenon when solely solid-state reactions are responsible
for the thermal explosion in gasless energetic systems [37].

A direct relationship between microstructure and reactivity was revealed also for the
HEBM Ti + C mixtures [38]. Self-ignition temperature decreases from ~ 1900 K down
to ~600 K after short-term HEBM. It was proved that a combination of several factors is
responsible for increasing reactivity, with the carbon playing a key role in the first stage of
HEBM through formation of layers that provide high surface area contacts between the
reagents.

The second effect involves the formation of unstable solid solutions. For example, the
reactive mixture Al-3T1 was prepared in stearic acid (CH3(CH»)1,COOH), which was
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Figure 4 STEM micrograph showing nanoscale Ni particles embedded in Al matrix near interface
surface (a) and the lack of defects in some regions (b). Electron diffraction patterns indicate only Ni
(a=4.52 A), Al (a =4.05A), and unreacted mixture of Ni and Al (center). Adapted from [37].

used as a controlling agent to prevent cold welding of metal particles, and subjected to
low-energy mechanical activation in an argon medium [41]. After 100 h of mechanical
activation, the X-ray diffraction analysis revealed the appearance of a new phase, which
was identified as an oversaturated solid solution of titanium in the FCC lattice of
aluminum. The size of crystallites in this phase, which was determined by the Scherrer
formula, was extremely small (3.8 nm). Moreover, such solutions cannot exist in
accordance with the equilibrium phase diagram. A TEM analysis of particles confirmed
the formation of such a nonequilibrium solution with nanosized crystallites. It is
important that these particles turned out to be highly reactive: exposure to an electron
beam with a current density of =20 pA/cm? for 1 s was sufficient for “self-ignition” of
the solution, with formation of the equilibrium Al3Ti phase with the particle size of
several nanometers. Thus, it was demonstrated that mechanical activation can lead to the
formation of nonequilibrium oversaturated solutions with small-sized crystallites, which
can possess unique reactive properties owing to structural changes. Based on these results,
the parameters of ignition and combustion of such nonequilibrium oversaturated
nanocrystalline solutions in various oxidizing media (air, oxygen) were further investi-
gated [42—45]. For example, a nonequilibrium solution of Mg-Al (10-50% Mg) prepared
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by ball milling has an ignition temperature = 1000 K, substantially lower than that for
aluminum (=2300 K) [42]. Qualitatively similar results were obtained in Al-Ti, Al-Li,
and Al-Zr systems [43—45].

Finally, many authors also indicate that mechanical deformation ensures a clean
(oxygen-free) contact surface between the reagents, free from oxides and contamination,
which enhances the reactivity of the mixtures. This hypothesis requires further exper-
imental validation and quantification.

A mathematical model has been developed for combustion of activated mixtures that
accounts for the following three factors: pumping in an excess of energy into the
mixture; increased contact surface area (fragmentation of the reagents); and changes in
the activation energy of the chemical reaction [46]. This model was later extended by
including the heat of phase transitions [47]. As a whole, these models yield reasonable
and predictable results, e.g., an increase in the combustion velocity. Some features of
propagation of gasless combustion waves in mechanically activated (structured) systems,
especially at the microscopic level, are successfully explained by the microheterogeneous
(discrete) model [29]. The discrepancies between the experimental results and the
theories are still too large to allow precise quantitative modeling of the process. Addi-
tional experimental data on the HEBM processes, as well as on microstructure and
properties of the mechanically activated mixtures, must be obtained in order to create a
basis for adequate theoretical description of the mechanically produced nanostructured
energetic materials.

g 3. NANOTHERMITES

Thermite by definition is a pyrotechnic heterogeneous mixture of metal and metal
oxide powders that produces an exothermic oxidation—reduction reaction. The thermite
reactions in which Al and/or Mg are used as the reducing agents to purify ores have been
known for almost two centuries. Such reactions have been adapted to obtain many
metals including pure uranium [48]. The development of combustion synthesis (CS) as a
novel methodology for production of materials significantly broadened the application of
thermite systems allowing synthesis not only of metals but also much more complex
compositions, including ceramics, cermets, and composites [49]. An example of this type
of CS is:

B,05 +3Mg® + Ti) = 3MgO! + TiB, ™) + 700 kJ/mol,

where TiB; is the desired product (cermet), while MgO can be easily removed by
leaching in acid solutions. The reduction-CS method with additives, which is known as
alkali metal molten salt-assisted CS, is widely used for the production of nanopowders
including metals (Ti, Ta, W) and metal carbides (TiC, TaC, WC) [50].
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The progress in nanotechnologies for production of relatively low-cost nanopowders
allows engineering of the nanoenergetic materials with desired structures and properties.
The main idea in energetics is to enhance the contact surface area between reactive
components in order to increase the reaction rate and decrease the ignition delay time
[51]. While the range of available nanopowders is rather wide and includes metals
(aluminum, nickel, cooper), nonmetals (boron, carbon, silicon), and a variety of oxides, a
review of published works shows that during the last decade the main research interest
has focused on so-called nanothermites or superthermites.

The uniqueness of nanothermites, as compared to the micron-scale reactive
mixtures, is their extremely high ignition sensitivity, both by thermal and mechanical
means; record high reaction rates; and, for some systems, extremely rapid rate of gas
evolution [52]. Thus, the nanothermites have been proposed for use as igniters and
lead-free primers for ammunition [53], as a replacement for toxic substances like lead and
mercury salts. Again, the capability of nanothermite composites to produce reaction
propagation rates similar to those of conventional primary explosives, with pressure levels
well below that of solid explosives, makes them a promising candidate for fast-impulse
microthruster applications [54]. The nanothermite composite is capable of producing
shock waves with Mach numbers up to 2.44 in an air-filled tube [55], which can be
used for production of nanomaterials such as nanodiamonds [56]. The micro- and
nanoelectromechanical systems and sensors are also extremely promising fields for
nanothermites [57]. Finally, their specific application is related to gas generators [58]. In
this chapter, we primarily focus on the combustion characteristics of the nanothermites,
which are critical for the different applications of these nanoenergetic materials.

3.1. Nanothermite Systems: Types and Method of Preparation

The data on the chemical compositions and particle sizes of the reagents for some
investigated superthermite systems are summarized in Table 1. The parameter ¢
determines the composition of the initial mixtures:

¢ = (mf/mox)exp/(mf/mox)st’

where (mg/moy)g 1s the stoichiometric ratio of the fuel to oxidizer mass and (m/mey) exp 1
the ratio used in experiments. It can be seen that the research has been focused primarily
on thermite nanosystems with nano-Al (nAl) being used as the reducing element. Thus it
is important to account for the morphological and microstructural aspects of such
nanoparticles.

The aluminum particle always has a thin layer of alumina on its surface. The Al
nanoparticles (nAl) are typically stored under nitrogen (99.9 vol.% N, with 50 ppm O»)
atmosphere in a glove box to prevent further oxidation and contamination. TEM images
of (nAl) with different exposure time in air (0—90 min) are shown in Figure 5(a—d) [69].
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Table 1 Some parameters of the investigated superthermites.

Oxide particle size

System Composition ¢ Al particle size, nm and morphology References
Al-MoOj;  0.5—4.5 17, 25, 30, 40, 53, 76, 10 pm/10 nm plates [59,60]
100, 108, 160, 200

1.2 50, 80, 120 10 um—10 nm [61]

1—1.45 44, 80, 120 1 pm—20 nm [62]

1 44 15.5 nm [63]

1.2—1.4 30, 45, 140, 170 BET = 66 m2/g [64]

0.65—1.6 80 30—200 nm [65]
Al-WO; 1-1.5 80 20—100 nm [66]
Al-Bi,O3 1—-1.5 80 2—25 pm, fibers [66]

1 40, 100 40, 108, 321, 416 nm  [67]
Al-CuO 1-1.5 80 20—100 nm [66]
Al-Fe;O5  0.9—4 52 BET = 50—300 m?/ g [68]

Figure 5 TEM images of Al nanoparticles oxide layer following different exposure times in air:
(@) 0 min; (b) 5 min; (c) 20 min; (d) 90 min; and (e) Bi,O3 + nAl mixture. Adapted from Ref. [69]

It can be seen that the layer thickness is about 1 nm before exposure in air and reached an

asymptotic value of about 4 nm after 30 min.

The next issue that one must account for is the amount of active metal in nAl

particles, which depends on the size of the powder and the method of its production.

Two nano aluminum powders manufactured by Argonide Corp. and Novacentrix are

widely used by researchers. Argonide aluminum is produced by an exploding wire
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Table 2 Some properties of nAl powders.
% of active  Nominal particle

Powder metal size, nm BET, m*/g  Supplier
Novacentrix Al 79 80 28 Novacentrix
ALEX 86 100 13 Argonide Corp

process and is commonly referred to as ALEX aluminum. Novacentrix aluminum is
manufactured using the inert gas condensation method following plasma heating. The
Argonide aluminum consists of many fused spheres of nanoaluminum mixed with some
even larger micron-scale particles, while Novacentrix nAl consists of spherical particles
with narrow particle size distribution. The properties of these powders are shown in
Table 2. It was demonstrated that such different characteristics lead to different optimum
ratios between Al and the oxidizer, from the standpoint of degree of conversion, and thus
results in different reactions rates [70]. Thus, parameters such as the amount of active
metal inside the particle, which is typically not recognized in micron-scaled systems,
becomes an important issue in the case of combustion synthesis of materials in reactive
nanomixtures.

The following nanothermite systems have attracted the most attention—AI-MoOj,
Al-CuO, Al-Fe;O3 Al-Bi;O3 Al-WOj;—among which the widest range of metal
nanoparticles was provided in experiments with the Al-CuO and Al-MoQO3 mixtures.
The studies with nanothermite systems led to the development of novel approaches for
the preparation of reactive mixtures. A wide variety of methods, like conventional
mechanical and ultrasonic mixing, high energy ball milling, and the sol-gel approach,
have been used to achieve uniform mixing of nanopowders with a high contact surface
area between the reagents. However, each of these method exhibits some disadvantages.
For example, physical methods, such as ultrasonic mixing and HEBM, produce nano-
mixtures with a random distribution of the oxidizer and fuel particles on the nanometer
scale. The sol—gel approach provides better control over the reagents’ dispersion of the
solid, however, typically results in the presence of undesired phases, e.g., Al,O3 (from
dissolved AlClj salt) or SiO; (from added silicon alkoxide). To overcome these limita-
tions, a surfactant self-assembly method has been developed to produce nanostructured
reactive mixtures (e.g., Al metal fuel and Fe;O3 oxidizer) with molecular-level mixing
[71]. This process involves several steps: (1) coating of Fe;O3 nanotubes with a surfactant,
e.g., polyvinylpyrrolidone (PVP) by ultrasonicating in 2-propanol for 4 h; (2) removal of
the residual surfactant by repeated cycles of centrifugation; (3) drying of the extracted
powder at 65 °C for 12 h; (4) ultrasonication of the PVP-coated nanotubes with nAl;
and (5) drying of the obtained mixture at 65 °C for 12 h prior to the characterization.
The morphology and microstructure of the as-prepared mixtures obtained by two
different techniques, i.e., self-assembly and conventional physical mixing, are shown in
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gglomerates

of Al particles

Figure 6 FESEM (a,c) and TEM (b,d) images of Fe,O3-nAl reactive mixtures prepared by self-assembled
(a,b) and physical solvent mixing (c,d) methods. Adapted from Ref. [71].

Figure 6. The self-assembled Al-Fe,O3 system (Figure 6(a) and (b)) clearly showed the
achievement of high interfacial contacts between the Fe;O3 nanotubes and nAl particles.
On the other hand, distinct segregated agglomerations of Al clusters were observed
throughout the sample prepared by physical mixing (Figure 6(b) and (c)).

For example, when the Al + Fe,O3 nanothermite system is prepared by self-assembly
approach, it exhibited significant enhancement in reaction kinetics as compared to
nanoscale thermite samples prepared by simple physical solvent mixing [72]. Increasing
the contact surface area between the fuel and oxidizer by self-assembly significantly
enhanced solid-state diffusion between the reactants. It was also construed that the
interfacial contact area was more important than the reactant size, as revealed by the
reduced thermal reactivity of physically mixed nanosized reactants in contrast to those
prepared by self~assembly. The latter conclusion is of vital importance for the different
applications of the superthermites.

3.2. Combustion Characteristics

The initiation parameters such as ignition temperature and delay time, as well as com-
bustion parameters, i.e., burning rate and temperature profiles, were measured in most
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reported works. It is important to note that the burning rate was determined in three
different experimental configurations: (1) for confined mixtures, e.g., in tubes opened at
one end; (2) for loose mixtures on an open plane or in a channel open over its entire
length; and (3) for freely standing compacted samples. The ignition and combustion
processes were usually registered by a set of photodiodes or by high-speed video cameras
(e.g., Phantom).

Ignition parameters. In general, it was shown that nanothermites have a lower ignition
temperature (7Tig) and time delay (f5) when compared to the same compositions with
microscale heterogeneity. For example, in the Al-MoOj3 system, the thermocouple
measurements of the temperature-time history (Figure 7) of different samples preheated
by laser demonstrate this effect [59]. In these experiments, a 50 W CO; laser is focused
into a beam (2 mm in diameter) on the flat end surface of a cylindrical sample. It can be
seen that a nanothermite with particle sizes ranging from 17 to 200 nm is ignited
approximately within 20 ms, while a thermite of the same composition but with micron-
sized particles (3.5-20 um) has an ignition time delay in the range of 1-5 s. The results of
differential thermal analysis (DTA) confirm that the reaction initiation temperatures for
nanothermites are lower as compared to similar microscale systems. For instance, the
main exothermal peak appears in the MoO3-Al system at a temperature of ~950 °C if
the Al particle size is 10 pm and ~500 °C if the Al particle size is 40 nm [60]. It is worth
noting that these values differ significantly from those of thermocouple measurements
(see Figure 7), but the qualitative conclusion is the same—micron-sized powders exhibit
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Figure 7 Temperature curves (measurements by a C-type thermocouple 75 um thick on the pellet
surface) of heating and ignition of the Al-MoOs3 thermite with the aluminum particle size of 3-4 um
(curve 1) and 55 nm (curve 2). The mixture is ignited by laser radiation with a power of 15 (1) and 5 W (2).
Based on the results of Ref. [59].
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intense interaction when the melting point of aluminum is reached, whereas nano-
powders are active in solid-phase reactions. Pantoya and Granier also studied this
problem by means of DTA for different heating rates [61]. An approximately linear
dependence of the reaction initiation temperature on the precursor particle size and a
weak dependence on the heating rate were obtained.

Puszinski et al. [67] studied the parameters of initiation in a Bi;O3/Al nanothermite
system. Particular attention was paid to searching for effective inhibitors that would allow
mixing of aluminum and bismuth oxide in water without significant changes in the
chemical composition of the reactive mixture. In particular, it was shown that ammonia
dihydrophosphate (NH4HPOy,) is the best inhibitor—by forming a coating on the
aluminum nanoparticle surface, it allows mixing of Al and Bi,O3 powders in water and
the attainment of mixtures with a highly homogeneous composition. The sensitivity of
superthermite systems in terms of ignition under the action of an electrostatic discharge
was examined. The BiyO3/Al system was demonstrated to be the most sensitive because
its ignition requires only ~ 0.1 pJ of energy (the corresponding values for AI-MoO3 and
Al-Fe;O3 systems are ~50 and ~ 1 ). The use of such an inhibitor as oleic acid leads
to a significant (greater than an order of magnitude) increase in energy necessary for
self-ignition of the system under the same conditions. This study also illustrates the
importance of safety aspects in operations with superthermites because of their extremely
high ignition sensitivity.

Combustion velocity. Figure 8(a) shows the generalized data for the burning rate U of
nanothermites under confined conditions, i.e., in closed channels or tubes, with the
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Figure 8 Summary of the burning rates of aluminum-metal oxides nanosystems in closed channels
or tubes with low relative densities of the mixture (a) and burning rate of the MoOs-Al thermite versus
the density of the reactive medium for nano- and microheterogeneous mixtures [59] (b) MoOs-Al [62]
(1-3), MoOs-Al [63] (4), MoOs-Al [64] (5), MoOs-Al [66] (6), Bi203-Al [66] (7), WO3-Al [66] (8), CuO-Al [66]
(9), and Fe203-Al [68] (10).
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mixture density close to the loose density. Though the values are distributed in a wide
range, i.e., from several hundreds of meters to 1 km per second, all of them are much
higher than the mean burning rates of heterogeneous systems with micron-sized
particles.

Bockmom et al. [62] used substantially longer samples (about 10 cm with a diameter
of 3 mm) to study the dependence of burning rate on the metal particle size (Al powders
with 45, 80, and 120 nm). In all experiments, powders with a loose density (relative
density equal to 5-10% of the theoretical value) were placed into long acrylic tubes and
ignited from the closed end, while the other end of the tube remained open. The
burning rate was estimated on the basis of frame-by-frame analysis of high-speed video
recordings of the process and measurements of changes in the gas pressure along the tube
after reaction initiation. Extremely high burning rates were obtained (600-1000 m/s),
which exceed those given for the same compositions in Refs [59] and [60] by a factor of
hundreds.

Record high combustion velocity was reported for the bismuth trioxide (BiO3)
nanoparticles, which were prepared by solution combustion synthesis using bismuth
nitrate and glycine [72,73]. The microstructure of the reaction mixture, which contains
the synthesized Bi,O3 nanoparticles and fresh nAl powders with an average particle size
of 100 nm, is presented in Figure 5(¢). It was observed that such a system can burn with
the glowing front propagation velocity equal to 2500 m/s with an extremely rapid
(~10 ps) gas pressure rise in the reactor. It was demonstrated [72] that the thickness of
the AlbO3 layer significantly influences the reaction kinetics, and thus again it was
concluded that the microstructural characteristics of the metal particles should be
accounted for when nAl is used as a reducing element in thermite systems. Therefore, the
second specific feature of nanothermites is very high velocity of the combustion front propagation.

Dependence on media density. The result of comparison between the dependences of the
burning rate versus the reactive medium density in the MoO3-Al system for micro- and
nanoscale heterogeneous mixtures was obtained by Pantoya and Granier [59,60] (see
Figure 8(b)). It was shown that the burning rate in micron-sized powders increases
with increasing density of the reactive medium (which is associated with the increase
in thermal diffusivity of the mixture). The opposite eftect was found in nano-
mixtures—high burning rates (=1000 m/s) for samples with a comparatively low
density and moderate burning rates (=1 m/s) for dense samples, which is commensu-
rable with data obtained for micron-sized powders. These results indicate that the
extremely high velocities of luminescent front propagation during combustion of
superthermites in thin channels are caused by the macrokinetics of hot gas exhaustion
rather than by the kinetics of chemical reactions in nanosystems. The conclusion that the
burning rate in nanothermites increases with increasing of media porosity was also supported by
observations of the combustion velocities obtained under different experimental
conditions.
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Dependence upon experimental configuration. For example, Sanders et al. [66] studied the
burning rate as a function of the composition and density of the reactive mixture for four
thermite systems: Al/WO3, Al/MoQOj3, Al/BirO3, and Al/CuO. In all cases, Al powder
with a particle size of 80 nm was used, whereas the oxide powders were different: WO3
(100 x 20 nm) and MoQO3 (200 x 30 nm) flakes, CuO (20 x 100 nm) nanocolumns,
and micron-sized (2 pm) Bi,O3 particles. Combustion of these compositions was studied
under three different conditions: in a closed reactor (the dynamics of pressure was
measured), on an open substrate (loose density), and in long thin (=3.5 mm) acrylic
tubes closed on one end (with relative density of 47%). Two main results should be
noted. First, the burning rate for all compositions on the substrate turned out to be
substantially lower than for those in the tube: 365/925 m/s for WOj3, 320/950 m/s for
MoOs3, 525/800 m/s for CuO, and 425/645 m/s for Bi,Os3. Second, the burning rate of the
packed mixtures in acrylic tubes was much lower than that in loose mixtures. Son et al. [65]
studied combustion in even thinner microchannels (inner diameter 0.48, 1.01, and
1.85 mm). Consecutive frames of the process are shown in Figure 9(a). As in Ref. [62],
extremely high burning rates (400-1000 m/s) were registered, despite the small
diameters of the samples. The burning rate decreased with decreasing channel diameter
(Figure 9(b)), which was attributed to higher heat losses.

In recent work [74] it was again shown that in the Al;O3-Al system the combustion
velocity under confined conditions is ~ 960 m/s, while for open geometry it is 12 m/s.
Qualitatively similar trends were observed for other nanothermites.

Dependence on particle size of precursors. In Ref. [59] it was shown that the ignition
delay time in Al-Mo,O3 system does not depend on the size of Al particles in the range
of 17-200 nm. It was also shown [60] that the combustion rate is also weakly dependent
on the size of nano-Al (Figure 10(a)). Some decrease (Figure 10(b)) in velocity of the
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Figure 9 Consecutive frames (with an interval of 13.8 us) of combustion in an acrylic tube (inner
diameter 2 mm) (a) and burning rate as a function of the tube diameter (b) [65].
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Figure 10 Typical dependence of burning rate as a function of nAl particle size in Al-MoOs thermite
system [59,64].

reaction propagation in the same system was observed in [64]. However, in general,
analysis of the literature shows that the burning rate weakly depends on the Al size in the
range from 20 to 200 nm.

To understand these results, we must consider the specific features of the experiments
as well as the combustion mechanism of nanothermite compositions.

3.3. Reaction Mechanism

The range of the burning rates in nanothermite systems is really remarkable. As discussed
above difterent authors report that the combustion wave velocities exceed 1 km/s, which
is close to the speed of sound in the reactive medium, while the absence of detonation is
clearly outlined. In our opinion, these data require both experimental validation and,
possibly, revision of the interpretation of the results obtained. Indeed, all previously
reported data on combustion velocities in micron-scale thermite systems (cf. [49]) are in
the range 1-100 cm/s. None of the known kinetics models [75] can predict such a large
increase in U, by just accounting for the size effect of the precursors. In addition, the
maximum observed values for combustion velocities in nanofoils [76] do not exceed
100 m/s. It is worth noting that in the nanofoils, the sizes (10-50 nm) of the reagents are
even smaller than those for typical nanothermite systems, and their thermal conduc-
tivities are much higher when compared to the thermal conductivity of porous mixtures
of nanopowders. Based on all the above discussions, it can be concluded that the
measured values of the hot spot propagation in the nanothermite system are not related
to the classical definition of the combustion velocity, but instead are the result of the
combined effect of high temperature, gasification, and gas flow in the constrained
environment.

Understanding the role of the gas phase in the process investigated, Bockmom et al.
[62] proposed a convective combustion mechanism that involves the transport of hot
melted Al and gasified MoO3 species by the gas flow to the cold zone of unreacted
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precursors. This mechanism agrees with the previous conclusion based on the analysis of
the model experiments [63]. In this case, “barriers,” i.e., sapphire disk (0.4 mm thick and
4.4 mm in diameter) and “inert” porous plug (with thickness of several mm) made of
metal oxide powder were placed in the reaction media in the way of combustion wave
propagation for the loose mixture of Al (44 nm) and MoOj3 (15 nm) nanopowders
placed into long acrylic tubes. It was shown that the transparent for radiation heat transfer
disk stopped the propagation of the reaction front. At the same time, the front “jumped”
through the inert porous plug. The results of pressure measurements at the open end of
the tube showed that the main increase in pressure was observed ~7 mm ahead of the
luminescent front and the pressure reached a maximum value (~250 atm) in a time span
of ~10 ps, while the velocity of the luminescent front was ~ 900 m/s. Based on these
measurements, the authors estimated the total width of the preheating and combustion
zones to be 10 mm. If this is the case, then the rough estimate of the characteristic
reaction time is 1 Ls.

The mechanism suggested in Ref. [65] is also based on the leading role of the hot
gaseous species (in their case sublimated aluminum oxide), which “pushes” the melted
molybdenum into the nonreacted medium, leading to rapid heating and reaction of the
latter. The model was formulated based on the results of thermodynamic calculations,
which predict an extremely high adiabatic combustion temperature (>2900 K), which is
above the sublimation temperatures of aluminum oxide and the melting point of
molybdenum.

As concerns intrinsic chemical kinetics, the literature analysis suggests that there are
currently three main mechanisms used to describe and interpret the reaction of nano-Al
particles in an oxidizing atmosphere, including nanothermites. In all of them, the layer of
alumina on the surface of the Al metal particles plays a key role. It is worth noting that
basic physical ideas for nano-Al oxidation are close to those formulated for the micron-
sized metal particles [77,78], where different mechanisms for the internal strains in the
metal particle cladded by oxide layer have been discussed. The strain may lead to the
rupture of the oxide layer, leading to the direct contact between metal and the oxidizer
and thus accelerating the reaction. However, these ideas were reformulated for the
conditions of nanoscale dimensions and high heating rates. The main features of these
models are briefly described next.

First is known as the diffusive oxidation mechanism under internal pressure
gradient, which was first justified experimentally [79] and then developed into a model
[80]. The bottom line is that at high heating rates, ~10° K/s, and temperatures above
the melting point of Al (660 °C) large pressure gradients are present in the oxide shell
of the nanoparticles (Figure 11). If the coating thickness is less than 1 nm, then the
maximum negative pressure is in the middle of the shell (Figure 11(a)). If the oxide
thickness has grown significantly (thickness >>1nm), then a relatively wide
region exists along the oxide shell (Figure 11(b)) with a constant large negative pressure
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Figure 11 Pressure profile inside an oxide-coated nano-Al particle: (a) with oxide coating thick-
ness <1 nm; (b) while the right side is for particle (b) with coating thickness >> 1 nm. Adapted from
Ref. [80].

(~1-2 GPa). A natural effect of this pressure gradient will be the motion of atoms in the
direction of decreasing pressure, which occurs in addition to the diffusive transport
within the oxide shell. Thus, the pressure effect can be thought of as an effective
convective flux of oxygen and aluminum ions in addition to the diffusive flux due to
concentration. Oxygen will diffuse from the outer surface of the particle to the reaction
surface gradient (see Figure 11(b)), while aluminum will diffuse from the metal/metal
oxide interface to the reaction surface, leading to the formation of hollow alumina
particles.

It was found that under the suggested model the kinetics law can be presented in the

following form:

foc pl6£0.1 (1)

where ¢ 1s the time required for a particle to react to a degree of conversion (e.g., 50%)
and r is the initial radius of the particle. If this process was just a surface reaction in the
free molecular regime, one would expect a linear relationship, but here diffusion of
species through the aluminum oxide shell is the rate-limiting step and hence it is not
purely a surface process. If we have diffusion of either only aluminum or only oxygen
through the oxide shell and without any pressure gradients, then the power law obtained
is t o #* and is in agreement with the shrinking core model in the absence of pressure
gradients. It is noted that this rapid diffusion process may be enhanced by the rupture and
thinning of the oxide shell.

Second is a melt-dispersion mechanism (Figure 12), which as it is stated works at
temperature above the melting point of Al and at very high heating rates, >10°K/s
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Figure 12 Schematic representation of the how nAl particles may react via a melt-dispersion
mechanism. Initially melting of Al creates internal pressures followed by spallation of the oxide

shell, exposing the molten core and generating a pressure wave, which disperses small Al clusters.
Adapted from Ref. [83].

[81,82]. It was shown that at fast heating rates, the alumina shell of nanoparticles does not
break until Al melts. The main geometric parameter that determines stresses in the Al
core—shell system is the ratio of Al core radius R to oxide thickness 0, M = R/0. It was
found [81-83] that for M <19, the entire Al particle melts before the oxide shell frac-
tures. Melting of Al is accompanied by a 6% volume expansion, which creates high
dynamic pressures (1-3 GPa) in the liquid core. Pressure of such magnitude overloads the
alumina shell with the hoop stresses oy, that exceed the ultimate strength of alumina
0, and cause the shell’s dynamic fracture and spallation. After oxide spallation, pressure
within the liquid Al remains unchanged while at the bare Al surface the pressure is on the
order of 10 MPa only due to surrounding gas pressure and surface tension. An unloading
wave then propagates from the surface to the center of the particle and creates a tensile
pressure at the particle center of 3-8 GPa. Such a pressure exceeds the strength
(cavitation limit) of molten Al and disperses the liquid Al into small bare clusters, which
travel at high velocity (100-250 m/s). Oxidation of these clusters is not limited by
diffusion through the initial oxide shell.

Based on the experimental results obtained by conventional thermogravimetric
analysis (TGA), the third mechanism, a diffusion-type oxidation model, was
established that accounts for the phase transformations in the alumina shell [84,85]. The
characteristic sequence of changes in the alumina-scale growth on the particle surface is
shown in Figure 13. It was suggested that the entire oxidation process can be divided
into four stages, and the specific processes occurring during each stage are illustrated
schematically. The natural amorphous alumina layer covering the particle initially grows
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Figure 13 Change in mass of the micron-sized aluminum powder under nonisothermal oxidation.
Different stages of oxidation are indicated, and the respective changes in the growing alumina scale
are shown schematically [85].

slowly during the low-temperature oxidation stage I. The energy of the oxide—metal
interface stabilizes the amorphous oxide only up to a critical thickness of about 5 nm.
When the critical thickness is approached or when the temperature becomes sufficiently
high, the amorphous oxide transforms to y-alumina. The density of y-alumina exceeds
that of amorphous alumina, and the smallest y-alumina crystallites have a size of about
5 nm. Thus, if prior to the phase change the thickness of the amorphous layer was less
than 5 nm, the newly formed v-Al,O3 crystallites no longer form a continuous layer
covering the aluminum surface. As a result, the rate of oxidation increases rapidly at the
beginning of stage II as shown in Figure 13. As the openings in the oxide coating heal,
the rate of oxidation decreases. Eventually, a regular polycrystalline layer of y-Al,O3
forms by the end of stage II. The growth of y-Al,Oj3 continues in stage 111, during which
the oxidation rate is limited by the inward grain boundary diftfusion of oxygen anions.
‘When high temperature destabilizes the transition of alumina polymorphs, stage III ends.
The stable and denser a-alumina polymorph starts forming by the end of stage III, and
when the oxide is completely transformed to a-alumina, stage IV is considered to have
started. By the end of stage III, when the first individual a-Al,O3 crystallites begin to
form, the thickness of the y-Al,Oj3 layer decreases and the oxidation rate abruptly
increases. Grain boundary diffusion slows down, and the oxidation rate decreases rapidly
once most of the oxide layer is transformed to coarse and dense a-Al,O3 crystallites,
resulting in continuous polycrystalline coverage.

At high heating rates, the thickness of y-Al,O3 layer may be smaller than some
critical value, which then forms a discontinuous oxide layer with no diffusion resistance.
In this case, the rate of diffusion was controlled by the parent oxide layer, i.e., amorphous
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or y-oxide, for stages Il and III, respectively. However, for practically interesting high
heating rates, the parent oxide may disappear completely before the layer of the new
polycrystalline phase becomes continuous—that is, before the limiting thickness is
reached a portion of the aluminum surface becomes directly exposed to the oxidizing gas
environment.

To describe extremely rapid burning rates in the nanothermite systems, all of the
above models, which have some similarity, but in general lead to different kinetic laws
were used. However, the question is: which of them describes the real nature of the
reduction type combustion in nanoscale heterogeneous media? In our opinion each of
these mechanisms has some strong points as well as weaknesses. Indeed, cracking of the
AlbOj3 layer, which is the conceptual idea of the second model and a possibility
mentioned in the first one, looks reasonable. For example, it explains the rapid reaction
in the system where one of the nano-precursors (Al) has very thick layer of oxide.
However, all models suggested that rupture mechanisms can work at temperatures equal
to or above aluminum’s melting point (912 K). In this case, the big question is how to
explain the values of the ignition temperature for such systems which are typically much
lower than 912 K? (Ref. [59]). One more unresolved question is if the oxygen free
“fresh” surface of solid (or liquid) nanoscale Al particles is exposed to an oxidizing
atmosphere, what will the rate of chemical interaction be? It was reported that
self-ignition temperature for oxygen-free titanium particles in air is equal to room
temperature and combustion occurs with very high velocity (~m/s) [86].

In addition, we suppose that it is vital to include the phase transformation aspects in
the combustion mechanism, as suggested in the third model. However, for extremely
high heating rates in the combustion front and very short reaction time, questions arise
regarding the kinetics of these phase transformations. Is there enough time in the
reaction front to follow all of these equilibrium routes? We strongly believe that without
using extremely high diffusion coefficients, which are experimentally unproved, none of
the models, which are based on diffusion through the layers, can explain observed
extremely low onset temperatures and high rates of combustion wave propagation.
We discussed these issues in our recent review [9] and concluded that more in situ
experiments are required in order to define with enough confidence the characteristic
reaction time (rates) for nanothermite reactions.

4. CONCLUSIONS

Breakthroughs in nanotechnology have allowed the design and fabrication of a
new type of material with high-energy density per volume, so-called nanostructured
composite particles and nano- or superthermites. In both systems, the scale of hetero-
geneity of the medium is in the range 10-100 nm. Such significant decrease of the
characteristic scale leads to new features associated with the reactivity of the materials.
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Indeed, for the same systems but with micron-scale heterogeneity, the self-ignition
temperature is typically equal to or above the melting point of the less refractory
compounds, while for the corresponding nanosystems it can be well below this value.
More importantly, one can tune up this parameter by changing the system nanostructure.
For the composite mechanically induced nanostructured particles, this effect is attributed
to the oxygen-layer-free, extremely high contact surface area between the reactants,
which is formed during high-energy ball milling. The answer for the nanothermite
system is not so obvious, and in addition to low scale of heterogeneity it can be asso-
ciated with the presence of impurities, e.g., in nanoaluminum [87]. A similar situation
occurs with the observed values of the combustion velocity. In the mechanically
fabricated nanostructured composite particles, while the rate of reaction propagation
along each particle is relatively high (up to m/s), the overall velocity of the reaction front
propagation along the media is controlled by the rate of heat conduction between the
particles. For nanothermites to explain extremely high values (km/s) of the front
propagation, one has to admit the convective mechanism of heat transport, which may
involve different gaseous species.

Taking into account the various applications of such systems, ranging from rocket
propellants to material science, where the precise control of the reaction kinetics is vital,
we have to conclude that much more effort, both experimental and theoretical, is
required to clarify the reaction mechanisms in nanostructured high-energy-density
materials.
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1. INTRODUCTION

HMX, also known as cyclotetramethylene-tetranitramine or octogen, is a nitr-
amine explosive with high density and high thermal stability. However, HMX-based
compositions have some serious drawbacks. One of them is a relatively low burning
rate along with high pressure exponent (v = 0.8 for HMX monopropellant and systems
with significant nitramine content [1]), whereas the desired pressure exponent value, as a
rule, has to be in the range of 0.2-0.6 |2]. Another drawback is a well-known HMX
“insensitivity” to the catalysts, which are eftective for other formulations.

There are several ways to control the combustion of energetic condensed systems; the
most useful are particle size variation, surface coating, and addition of catalyst. Varying the
oxidizer particle size is very efficient for changing the burning rate of the ammonium
perchlorate-based formulations, but almost ineffective for compositions without ammo-
nium perchlorate (AP) or with high HMX content [3,4|. The main goals of oxidizer surface
coating are lowering of their decomposition temperature, enlarging the adhesion between
HMX and binder, and lowering the sensitivity to external stimulus. Examples of the HMX
coatings are trans-1,4,5,8-tetranitroso-1,4,5,8-tetraazadecalin [5], isocyanate, tetramethy-
lammonium [6], ammonium perchlorate [7], 1,3,5-triamino-2,4,6-trinitrobenzene
TATB [5,6], and 2,4,6-trinitrotoluene TNT [§].

Despite the advances in modeling and significant progress in experimental
techniques, there is still no reliable theory to predict the effect of a given compound on
the combustion and decomposition of formulations. In practice, the older well-known
techniques are mostly used: for double-base systems the additives of lead- or copper-
containing compounds; and for AP-based compositions, iron-containing species.

Addition of double-base propellant catalysts to HMX/active binder formulations can
enhance the burning rate. However, with an increase of HMX content or replacement
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of an energetic binder with an inert one, the catalytic effect disappears, proving that a
catalyst affects only an active binder [9].

The addition of compounds with high redox potential (ZnO,, 1,05) substantially
increases the HMX decomposition rate [10]. Lithium and magnesium perchlorates
significantly reduce the peak temperature of the nitramine exothermic decomposition;
guanidine nitrate has a smaller effect, but also lowers the peak temperature [10]. Brill
investigated the influence of gaseous environment on the HMX decomposition under
high heating rates. The experiments in Hy, CO, O,, or NO environments revealed no
changes in the primary decomposition products, whereas in the NHj3 environment
significant changes were observed [11]. Indeed, the addition of compounds that generate
NHs, i.e., carbamide, aminoguanidine, aminoguanidine nitrate, reveals lowering of the
decomposition peak temperature [9]. Contradictory results were obtained for the HMX
thermolysis with ammonium salts, which produces NH3 during decomposition: NH4Cl
and NHyBr reduce the HMX decomposition temperature, but (NH4)>,CO3; and
(NH4)>CrOy, which are decomposing at 170 and 200 °C, respectively, have no influence
on it. Finally, all the studied salts have no impact on the HMX-monopropellant burning
rate [12]. Metal cupferronates (Me(C¢HsN205)y), formiates (Me(HCOO),), oxalates
(Me,Cy0y), and salts of propionitrile nitramine (Me(NCCH>CH>NNO3),) decrease
the HMX decomposition temperature [13—16]. The water vapor, which is also
evolving during the decomposition of these salts, has an inhibiting effect on the HMX
thermolysis [13].

Thermal decomposition and combustion processes are characterized by heating rates,
which differ in several orders of magnitude. This difference has a great impact on the
catalytic performance—some additives that are able to catalyze HMX decomposition do
not affect the combustion of nitramine [17,18]. The attempt to capsulate the HMX
crystals by incorporation of compounds with low melting points (acetamide, anthracene,
diphenyl sulfone, hydrochinon) has no effect on HMX combustion velocity [19].

Currently, some catalytic additives are known to affect HMX combustion. For
example, borohydrides decrease the ignition delay time and the burning rate of
HMX-based formulations (NaBH4 LiBHy4 [20,21]), and reduce the pressure exponent
from 0.9 to 0.6 (NaBHy4, methylamine monoborane [22]). Drawbacks of borohydrides
include high hygroscopicity, instability in the presence of moisture, toxicity, in-
compatibility with active binder, and high sensitivity to electrostatic discharge [20,22]. The
addition of lead stearate (C3H70O4Pb) to HMX/polyether binder formulation, and lead
citrate (C12H19014Pb3s) to HMX/active binder formulation, enhances the burning rate
[12,23]. The main drawback limiting the use of lead compounds is their high toxicity [24].

The catalytic influence of nanosized metal oxides on combustion and thermolysis of
ammonium perchlorate [25], CL-20 [26], and aminonitrobenzodifuroxan [27] already
have been demonstrated. The onset temperature of HMX decomposition was shown to
be lowered by the addition of nanosized perovskite-structured powders [28,29]. Possible
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reasons for the observed effect are: (a) the hydrogen abstraction from the HMX
molecule; (b) the typical for perovskites catalytic influence on interaction of CO
with NO, [30]. The addition of a considerable amount of nanosized metal powders
(up to 40-50 wt%) decreases the decomposition temperature and enlarges the amount of
heat release in the condensed phase during decomposition [31,32]. The maximal effect
was observed for the nano-copper and nano-Cu/Ni alloys due to: (a) interaction of
metal with nitro groups of HMX molecule with formation of complexes and, as a result,
weakening of the N—N bond; (b) the NO reduction by copper; and (c) formation of the
“hot spots.”

It has been shown that micron-sized titanium dioxide has no effect on combustion
rate and thermal decomposition of HMX-based systems [19] but decreases the critical
pressure at which the burning rate-pressure dependence changes [33]. The addition of
micron-sized titania results in plateau formation on the curve U,(P) [34] and reduction
of the temperature coefticient in the burning rate dependency on the initial temperature
[35]. In our previous work strong catalytic effect has been found for HMX with
nanostructured TiOj, which resulted in the onset of decomposition temperature
lowering, combustion rate increase, and pressure exponent decrease [36]|. These effects
were found to be exclusively specific for the nanosized titanium oxide powder,
enhancing with decreasing of the particle size and vanishing with ones growing up to the
micron size.

This study aimed to find effective catalysts of HMX-based formulation combustion
among several micron-sized and nanostructured oxides, i.e., TiO,, Fe;O3, Al,O3, and
SiO,. The comparison of different nanomaterials cannot be performed without
knowing their bulk and surface properties. In our present work, several techniques were
used, i.e., low-temperature gas sorption, laser diffractometry, scanning electron, atomic
force, and X-ray photoelectron spectroscopy techniques along with X-ray diffractom-
etry and Fourier transform infrared spectroscopy (FTIR) to characterize the nanosized
powders. Thermal behavior was studied with differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA) coupled with the evolved gas analysis via mass
spectrometer.

The model with the leading reaction in the condensed phase can adequately
represent the HMX combustion process; therefore, the finding of a compound to affect
the HMX thermal decomposition is a key point to control the ballistic parameters of
HMX-based compositions [37]. Based on the theoretical calculations and referring to
the above literature data, two main “ways” to affect the HMX thermolysis can be
distinguished: via the hydrogen atom abstraction with the subsequent heterocycle ring
cleavage, and via the influence on the reactive species behavior during nitramine
decomposition (i.e., on NOp).

Hydroxyl radicals have been identified as one of the most active H atom abstractors
(e.g., ROH + -OH — RO-*) [38]. Depending on the nature of the hydroxyl radicals,
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they are surface-bound [39] or diffused species [40]. The amount of surface-bound
hydroxyl groups of nanocatalysts has been determined by thermogravimetric technique.

The surface acidity of the nanosized titania particles was found to be important for
the catalytic effect on HMX thermolysis, and was altered by corresponding treatment
with acid and base solutions.

Nanosized materials have a high surface-to-volume ratio, which is very beneficial for
catalytic solid—gas and solid—liquid interfacial reactions. In addition, the nanosized state
leads to appearing of space charge regions at the interfaces of the solid catalyst material
with an increased spatially dependent concentration of one of the intrinsic point defects
in the pure material, depending on the surface charge. In addition, acidic or basic surface
groups of the catalyst material will influence the defect structure of the space charge.
Here, we have presented the defect chemistry of pure and doped TiO; and proposed the
position dependence of the concentrations of intrinsic and extrinsic point defects in
nanostructured TiO5.

Finally, we propose a physicochemical model (scenario) of the decomposition and
combustion of the HMX/TiO, mixtures.

S 2. EXPERIMENTAL
2.1 Materials

‘We have studied different oxide powders with variation of particle size and crystal phase,
as listed in Table 1.

The literature shows that Degussa P25 titanium oxide has been widely studied in
literature (e.g., Refs [41-44]), and represents the mixture of two titania crystal phases,
i.e., anatase and rutile. Nanosized titanium oxide Hombitan Anatas also known as
Hombikat (trademark) was studied in [41]. In addition to commercially available TiO5,
some of the laboratory-synthesized samples were investigated. Mesoporous titanium
oxide has been synthesized at the Department of Materials Science, Moscow State
University, via template synthesis technique; details can be found elsewhere [45].

Nanosized iron oxide y-Fe,Os has been synthesized at Semenov Institute of
Chemical Physics via thermolysis of the Fe(CO)s solution in dioctyl ester with the
controlling oxidation of thus-formed iron nanoclusters by trimethylamine N-oxide [46].

The microstructure of y-Al,O3 and a-Fe,O3 nano-oxides was explored by atomic
force microscopy, indicating both powders to have the spherical shape of nanosized
particles. Silicon oxide with the high specific surface (641 &= 13 m®/g) has been fabri-
cated by milling of silica gel in agate mortar, and nanopowder a-Cr,O3 was produced by
potassium bichromate burning in air. Both samples had broad particle-size distribution,
high porosity, and high specific surface.

HMX powders used in this work were feedstock material, 3-phase polymorph, with
the average particle size of 50 pm.



Table 1 Investigated metal oxide powders.
# Size®  Metal oxide powders

Manufacturer (synthesis method)
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XRD phase
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Reagent grade

Degussa P25
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TiO,
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Mesoporous TiO,

Mesoporous TiO,
doped with 3%Cr
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Fe,O3

10 m Reagent grade

11 n Fe,O5

12 n Fe,O3

AL O5

12 m Practical grade
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Si0,

14 m Reagent grade

15 ¢ Highly porous SiO,
16 n AEROSIL® 255
Cr,O3

17 m Reagent grade

18 ¢ Highly porous Cr,O3

LLC “Reakhim”

Evonik

Tayka

Kemira

Sachtleben

ICP RAS (hydrothermal synthesis)
Sachtleben

MSU (template synthesis)

MSU (template synthesis)

LLC “Reakhim”
ICP RAS
ICP RAS (decomposition of Fe(CO)s)

LLC “Khimmed”
LLC “Zond”

LLC “Laverna”
ICP RAS (milling of silica gel)

AEROSIL®

LLC “Laverna”

ICP RAS (combustion product of K,Cr,O5)

4.0 £0.1
52+ 1
110+ 3
165 £ 3
227 £5
120 £2
92+2
181 £ 4
157 £3

242+ 0.5
128 £ 0.3
161 +3

455£09
34.6 £0.7

217 £ 4
641 £ 13

249 £5

35+0.1
44 +1

A85%/R15%

A >90%
A88%/amorphous Ti(OH),
A100%

R > 90%/amorphous phase
Amorphous

Amorphous

a—F€203
OC—FCQOj;
v-FexO;

a-Al,Os5
v-Al,O3

0(—CI'203

*m, micron-sized particles; n, nanosized; ¢, micron-sized conglomerates of nano- and ultrafine particles.

bSBET obtained after outgassing at 120 °C for 2 h.
A, anatase; R, rutile.
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2.2 Methods

Purity and crystallinity of TiO;, nanoparticles was determined by X-ray diffraction
(XRD) using advanced X-ray diffractometer (Bruker AXSDS8 advance) with Cu Ky
(A = 1.5418 A) radiation. Specific surface area was determined by low-temperature gas
sorption analysis (BET) with FlowSorb III 2305 (Micromeritics). The morphology and
particle size distribution for powders were investigated with laser diffractometer
Analysette 22 MicroTec Plus (Fritsch), scanning electron microscope QUANTA 3D
Philips SEM-515 (FEI), and atomic force microscope Ntegra Prima (NT-MDT). X-ray
photoelectron spectrometry (XPS) was used to identify the chemical composition of the
subsurface layer of oxide particles with PHI 5500 ESCA (Perkin Elmer), whereas the
chemical composition of the adsorbed species on the surface was identified by FTIR
spectrometry with Alpha Bruker.

The TGA and DSC curves of HMX with and without TiO, nanoparticles (by
mixing in different ratios) were recorded using STA 449 F3 thermal analyzer (Netzsch).
The sample with mass ~ 1 mg was placed in a closed alumina pan with a pinhole lid and
then heated up to 500 °C with the rate 10 K/min under argon flow (70 mL/min).
During DSC/TGA analysis, the evolved gases were detected online with mass spec-
trometer QMS 403 D Aecolos (Netzsch). At the first step the preliminary tests were
conducted with registration of all the mass lines with m/e = 4-100, because the most
important gaseous species lie within this range [47-50]. Then the 30 most changing lines
were selected and tracked with reduced spectra collection time. Finally, selected mass
lines were attributed to gaseous species according to literature data, including NIST
database [51].

Nonisothermal experimental mass loss curves (TGA) at low heating rates (0.5-2
K/min) were processed with software Thermokinetics™ (Netzsch) using model-free
methods (Kissinger, Ozawa-Flynn-Wall, Friedman) and formal kinetic modeling [52].

2.2.1 Determination of Hydroxyl Groups Concentration
on the Surface of Metal Oxides

Hydroxyl groups cover the surface of metal oxides (Figure 1) and can determine various
properties of powders. For example, the concentration of OH groups on the surface of
TiO; affects the adsorption properties and correlates with the photocatalytic efficiency
[41]. High hydroxyl groups’ content can reduce the flow rate and cause aggregation of
the powder [43]. The amount of OH groups on the surface of nanopowders depends on
the synthesis method and storage conditions.

There are various methods of identifying surface functional groups in powdered
materials. Some of them, such as FTIR and XPS spectroscopy, perform only
qualitative analysis. Among the quantitative methods several approaches can be
distinguished: method of isotopic exchange, thermogravimetry, and chemical
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Figure 1 Diffused and surface-bounded hydroxyl groups on the titanium oxide surface.

techniques. The thermogravimetric method is relatively simple and is based on
determination of the mass loss during dehydroxylation of the sample.

To determine the OH-group concentration on the surface of nano-oxide powders,
the known thermogravimetric method [44] has been refined. The sample was heated
with constant heating rate of 10 K/min from 30 to 120 °C to remove the diffused
hydroxyl groups (dehydration), followed by isothermal heating during 30 min at
Ty = 120 °C. Then powder was heated up with the rate 10 K/min to the final tem-
perature 15, leading to dehydroxylation of the surface-bounded groups. The mass loss,
corresponding to removal of the surface-bounded hydroxyl groups Moy (%), was
registered, and the concentration of these functional groups on the surface was calculated
as follows:

o 2(141(T1) —m(TQ))'NA
Non = « Sper-m(T1) - Mu,o 2

where « is the calibration coefficient, Sgpt is the specific surface area value, My, o is the
molar mass of water, Na is Avogadro’s number, m(T) is the mass of the sample at
temperature 1. The final temperature T, for the TiO, heating was chosen to be 650 °C
because the full dehydroxylation of titanium oxide occurs at a temperature above
500—600 °C [53]; for other oxides T = 800 °C. Multiplier «2» in Formula (1) comes
from the fact that in order to form one water molecule two OH-groups are necessary.
Formula (1) ignores the lowering of the specific surface area under heating connected
with particles sintering, and thus represents the lower estimation of the concentration of
the OH groups on the surface.

Prior to the Npoy values measurements, we have estimated the role of different
experimental factors, i.e., the preliminary evacuation, the sample mass, and selection of
T1 and T5. It was found that the preliminary evacuation lowers the mass loss at the first
heating stage (30—120 °C) but does not change the resulting value of [m(Ty) — m(T5)].
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Table 2 Comparison of the obtained OH-group concentration with literature data.
Now, OH/nm?

Sample Present work Literature data

TiO; No. 2 (nano, Degussa P25) 4.7 £ 0.4 4.6 (manufacturer data), 4.8;

4.9 [44]; 4.5 [41]
SiO5 (nano, Aerosil) 3.0+0.2 2—3 (manufacturer data),
3.2—3.5; 2.8—3.2; 2.8 [44]
SiO; (micro, A.C.S.) 54403 5.0 £ 0.8 [54]

This fact reveals that the dehydration and dehydroxylation processes are separated and
not overlapped. To enhance the measurement accuracy, the special TGA sample holder
was used, allowing us to increase the analyzed oxide mass from 10 mg for the common
DSC/TGA holder to 30—100 mg. Calibration coefficient & was calculated by adjusting
experimental results to the literature data and was found to be 0.46 (Table 2).
Applying the elaborated technique, we have determined the mass fraction of
hydroxyls Mo (%) and concentration Npog (OH/nmz) for studied titanium oxide

powders.

2.2.2 The Catalytic Activity Evaluation for HMX Thermolysis with Nano-oxides
The catalytic activity of metal oxides in HMX thermolysis was calculated based on the
HMX conversion degree at temperature 275 °C (Figure 2):

75 = 1 — mags/m3p, 2

109 hwx

—— HMX+3% nano-TiO,
0,8+

0.6
0.4

0,2

HMX conversion degree

0,0 T T
150 200 250

Temperature, °C

300

Figure 2 HMX conversion degree versus temperature for neat HMX (blue (black in print versions)
curve) and HMX with catalyst (red (gray in print versions)).
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where my75 and mj3 are sample masses at temperatures 275 °C and 30 °C, respectively.
For investigated samples, the 75 values have been derived from experimental TGA data
at constant heating rate, i.e., 10 K/min. Temperature point 275 °C was chosen as
preceding the HMX melting and decomposition. For neat HMX 75 = 0.03, whereas
for the HMX with catalytic additives this parameter was found to be higher.

2.2.3 Burning Rate Measurements

Constant pressure bomb (Crawford bomb) was used for combustion tests. The burning
rate U}, was determined under different pressures of nitrogen (0.1-12 MPa) by two
techniques, i.e., (1) by pressure-time curves, and (2) by video registration with the rate of
1200 fps. The relative error of the U, determination did not exceed 5%.

Samples of HMX monopropellant and HMX with nano-TiO; were compacted from
powders into pellets, applying the pressure load of 300 MPa during 3 min. To increase
the mechanical strength of the samples, one or two droplets of acetone were added
before pressing [5]. The lateral surface of samples was covered with epoxy “Poxipol.”
The sample diameter was selected on the basis of preliminary tests to provide the minimal
increase in pressure inside the bomb during combustion (A P) at initial pressure (Py). For
most of the experiments the ratio AP/P; did not exceed 10%, assuring independence of
the burning rate data on the sample diameter. Finally, the sample diameter of 6 mm was
chosen because Uy, values for 6-, 8-, and 10-mm-diameter charges coincide within the
measurement accuracy.

Impact of additives on HMX burning rate was estimated via parameter Z:

Z = Ucat/UOa (3)

where U, and Uy are the burning rate values for formulations with additive and for
HMX monopropellant, respectively. Subscription of introduced parameter (e.g., Zp)
corresponds to pressure (in MPa), under which it was determined. The accuracy of
determined Z values was estimated to be less than 0.06.

S 3. RESULTS AND DISCUSSION
3.1 Nano-oxides Characterization

Composition, crystal phases, and BET specific surface area for the investigated samples
are presented in Table 1.

Mesoporous titanium oxides consist of highly porous particles with the eftective size
of about 10 pm (Figure 3(a) and (b)). Hombitan Rutile powder has at least two-level
hierarchy complex morphology, i.e., spherical agglomerates of about 10 pm in diam-
eter (Figure 3) are consisting of ultrafine and nanosized particles (Figure 3(c) and (d)).
Such highly porous structure determines the high BET specific surface area of 92 m*/g.
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wh, _5ds
Figure 3 SEM and AFM (d) images of mesoporous TiO, (a,b); Hombitan Rutile, micron-sized
agglomerates (c) with the magnified view of its surface (d); Degussa P25 powder (e).
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Degussa P25 titanium oxide represents the mixture of two crystal phases, i.e., anatase and
rutile in the mass ratio 85:15. Powder comprises nanoparticles with diameter less than
50 nm (Figure 3(e)).

Between available titania powders the highest specific surface area (227 m*/g) has
been found for sample Hombitan Anatas, therefore this powder was investigated further
in more detail. Powder consists of nanoparticles (<50 nm) having crystal edges
(Figure 4(a)). The XRD pattern confirms the sample to be pure anatase—tetragonal
crystal phase of TiO, with the size of coherent scattering region less than 10 nm. X-ray
elemental analysis, coupled with SEM, reveals the presence of Ti and O elements only.

XPS analysis reveals three elements presented on the surface of titanium oxide: Ti, O,
and C. Spectra Ti 2p was approximated with doublet of the peaks 2p3/2 and 2p1/2
(spin-orbit splitting of 2p state) with binding energy of the Ti 2p3/2 equal to 458.8 eV
corresponding to Ti*" in TiO, (Figure 5(a)). The oxygen spectra consist of peak 1 at
530.1 eV resulting from oxygen in oxide and peak 2 at 531.4 eV corresponding to the

(@) (b)

200

150

nm
nm

50
1

400 600 800 1000
nm

Figure 4 SEM (a) and AFM (b) images of Hombitan Anatas sample.
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Figure 5 XPS spectra of the surface of Hombitan Anatas particles: Ti 2p (a) and O 1s (b) signals.
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Figure 6 FTIR pattern: the presence of adsorbed OH groups and water on the nano-TiO, surface (peak
numbers are explained in text).

absorbed oxygen (Figure 5(b)). Proportion of oxide oxygen in total oxygen in the sample
is 77%. The ratio of oxygen concentration in oxide to concentration of titanium is close
to 2, which agrees with the chemical formula TiO;. The carbon spectra were also
registered, corresponding to the absorbed carbon dioxide.

FTIR pattern of the powder consists of three main peaks, as shown in Figure 6.
The narrow peak around 1630 cm™' (peak 1) corresponds to absorbed water; the
broad peak near 3400 cm™ ' (peak 2) accounts for weakly bonded water molecules
and hydroxyl groups [42], whereas the sharp drop of the signal in 500-750 cm ™'
(peak 3) 1s assigned to Ti—O vibrations in titanium oxide. Weak peak near
2300 cm™ ' gives evidence of C=0 bond oscillations caused by the adsorbed carbon
dioxide [42].

The gases evolved from TiO; sample under heating to 800 °C were registered with a
mass spectrometer. The change was observed only for lines m/e = 12, 17, 18, and 44.
Temporal behavior and intensities of these lines indicate that signals correspond to HO
(m/e =17,18) and CO; (12, 44). The concentration of water is two orders of magnitude
higher than that of carbon dioxide. Water evolution is caused by superposition of two
processes: dehydration (molecular H,O loss) and dehydroxylation (removal of surface-
bounded OH groups).

Thus, nanosized TiO, (Hombitan Anatas) consists of nanoparticles in anatase
crystal form, has a high amount of adsorbed water and surface-bounded hydroxyl
groups, and has a small quantity of carbon dioxide at the surface. During heating,
firstly, at temperature below 120 °C, H,O is evolving from the sample in a form of
molecular water, whereas at higher temperature desorption of hydroxyl groups is
observed.
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3.2 Effect of Nanosized Oxides on HMX Decomposition

3.2.1 Thermogravimetric Data

The results of thermogravimetric analysis of the HMX thermolysis with various addi-
tives are summarized in Figure 7. The content of each additive was equal to 3 wt% above
100% HMX. It is evident that the addition of materials decreases the nitramine’s thermal
stability in different extents. Specific surface area values for additives are presented on the
plot in brackets. Some of the additives have specific surface much higher than that of
Hombitan Anatas (227 m>/g), nevertheless, among studied materials the nanosized
titanium oxide Hombitan Anatas exhibits the highest catalytic efficiency. Apparently, the
SpeT value is not the only parameter responsible for the catalytic effect in HMX thermal
decomposition.

The influence of the amount of additive (C,) on catalytic efficiency was studied for
nano-titania in detail (Figure 8). With the increase in nano-oxide content up to 12 wt%,
parameter o075 reaches the maximum, meaning that nitramine is fully decomposed
below 275 °C. At the same time, the onset point of the HMX decomposition is almost
unaftected by the C, increase.

Thus, nanosized titanium oxide is found to be the most efficient catalyst of the HMX
thermal decomposition. The onset temperature of the nitramine thermolysis decreased
from 280 °C to ~160 °C with the addition of nano-TiO,. Comparing some of
the studied nano-oxides, the following order of their catalytic efficiency in HMX
thermolysis was obtained:

TiOy > FeyO3 = AlbO3 > SiO»

The higher the nanosized titanium oxide content, the stronger the effect on the
HMX thermal decomposition.

04-
HMX

+TiO, (227 m2/g)
+ Fe,05 (161)

0,2

+Si0, (641)
+Si (45)
+ Al,O; (54)

+CNT (172)

Conversion degree

00 —

" T " T — NiO (199), PbO/C, BaO,,
150 200 250 Bi,0,, Ti-Zr, Fe,05
Temperature, °C

Figure 7 Dependency of the HMX conversion degree on temperature with 3 wt% of various additives
(in brackets the Sget values are shown in (mZ/g)).
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Figure 8 HMX conversion degree against temperature for various amount of nano-TiO, above 100%
of HMX (shown on the curves in %).

3.2.2 Evolved Gases During Decomposition

Main signals, detected by MS during the neat HMX decomposition, arise from Ny, NO,
NO;, NoO, CH,O, HCN, CO, CO», and H;O gaseous products. The addition of
nanosized oxides doesn’t change the composition of evolved gases, but the temporal
behavior for species becomes different. Evolutions of specific products for the neat
HMX, nitramine with nano-TiO,, and nano-Fe,O3 thermolysis are shown in Figure 9.

B—3d 10 K/min

M M 1 M M M B
T T T T T T

100 150 200 250 300 T,°C
NzocHzo

0,
H,0, N,, CO, CO,)

HICN

N,O CH,0 NO, HCN

H,0, |N2, Co, CO,

HMX+3%TiO,
N,O CH,0 HCN NO,

H,0, N,, CO, CO,
HMX+20%Fe,0, |

Figure 9 Evolution of gaseous products for HMX and HMX with nano-oxides.
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Nanosized iron oxide has specific surface Sgpr = 161 £ 3 m*/g, which is comparable
with Hombitan Anatas titania (227 m>/g). However, to reach the same efficiency as of
3 wt% nano-TiO; (ap75 = 0.4), the nano-Fe,O3 content must be as high as 20 wt%.

For neat HMX the evolution of gaseous products was observed in the temperature
range 250-300 °C, whereas the addition of nano-oxides expands this range to 150-300 °C.

Closer observation of obtained data allows understanding the time (temperature)
history of decomposition process. For HMX with nano-titania at temperature about
150 °C, line 44 began to increase due to N,O evolution. At T = 164 °C signal
m/e = 29 appears, corresponding to formaldehyde CH,O release. After the appearance
of NO; (46) at 200 °C, heat flow (DSC) curve began to grow, along with evolution of
products with m/e =12, 28, and 18, according to reaction:

CH,0 + NO, — NO + CO + CO5 + H,O (4)

The main heat generation during HMX thermolysis is provided by the reaction (4)
[55]. After 220 °C the signal of HCN (27) arises, which is caused by N—NO, bond
breakage as a product of amide intermediates thermolysis. The last group of products,
evolved at about 250 °C, correspond to C3H3N3 (lines 81, 54, 53), CoH4N or N,CH,
(42 and 41), and C,N; (52).

The addition of nanosized iron oxide also leads to substantial lowering of the onset
temperature of the gaseous evolution, and the temporal behavior of main species is
similar to one observed for HMX with nano-TiO,.

Thus, nano-oxides decrease the onset temperature of the gas products evolution
during HMX thermolysis from 250 °C for neat nitramine to 150 °C for mixtures of
HMX with nano-TiO; and nano-Fe;O3. The first registered product for mixtures of
HMX with nano-oxides is N»O. Considering the overall scheme of HMX thermolysis,
which assumes two simultaneous reaction paths [55], we can conclude that with the
nanosized catalyst this reaction scheme is changed, i.e., firstly appear the products of
decomposition pathway (5), and secondly, of the reaction (6):

C4HgNgOg — N>O + CH,O, (5)

C4HgNgOg — NO, + HCN (6)

The molar ratio between intensities of CH,O and NO signals (Figure 10(a)) lies in
between 4/3 and 3/3, that is close to predicted by reaction (5) ratio 1:1. The amount of
NO,; is significantly lower for HMX with TiO; than for HMX with Fe,Oj3
(Figure 10(b), line 46).

3.2.3 Heat Effect of Decomposition with Additives
To investigate the influence of the interface area between the nanoadditive and nitramine
on the catalytic effect, the TGA/DSC experiments were performed in three different
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Figure 10 Mass spectrometry results: (a) ratio of intensities of lines 29 and 44 as function of tem-
perature; (b) intensities of registered lines at 250 °C (black bars—HMX with nano-TiO,, gray—with
nano-Fe,0s).

configurations: (1) the mechanical mixture of two powders, (2) loose HMX powder
covered with a pressed pellet of the nanosized TiO», and (3) separate spots of powders of
HMX and additive without direct contact between them within the pan.

In the first-type experiment, the onset decomposition temperature was lowered and
simultaneously the measured heat effect was reduced as compared to pure HMX. For the
second-type experiment, the onset decomposition temperature was also decreased,
whereas the heat effect was close to that one for pure HMX. Thus, to lower the onset
temperature of the nitramine decomposition, HMX particles need to be in direct contact
with nano-TiO; particles. In the third configuration, the onset temperature was the
same as for pure HMX, but the heat effect was significantly higher than that one for pure
HMX (Table 3). Apparently, the presence of nanosized titania influences the exothermic
reaction between primary HMX decomposition products, Eqn (4).

The data for SiO, and Fe;O3 nano-oxides are also presented in Table 3. These
powders have high specific surface area values, but the heat effect of the HMX ther-
molysis is increased only with the TiO; addition. To estimate sintering influence during
heating, Sggt values were obtained under outgassing temperatures T, = 120 °C and
300 °C. It was observed that the nano-oxides retain high Sggt values.

Thus, in the presence of nanosized TiO, the heat effect measured by differential
scanning calorimetry technique is higher than that for pure HMX, apparently due to the
exothermic reaction (4) on the surface of TiO, nanocatalyst.

Table 3 The surface area changes and the heat effect for HMX decomposition
in the third configuration with additives (50% HMX/50% nano-oxide).

Sger, m2/g Sger, m?/g Heat effect,
Additive (Toue = 120 °C) (Tout = 300 °C) J/(g of HMX)
Pure HMX — — 1500 % 100
Nano-TiO, 227 +5 181 + 4 2500 4 200
Nano-Fe>O; 161 £ 3 113+ 2 1500 4 200

Nano-Si0, 249 £5 262 £5 1400 £ 200
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3.3 Influence of Nanosized Oxides on HMX Combustion

3.3.17 HMX Monopropellant Combustion

Prior to determination of the efficiency of additives, the combustion parameters
for HMX monopropellant were tested and analyzed. The burning rate of HMX
monopropellant has been measured under pressure from 2 to 12 MPa. Density of samples
was varied in the range of 1.81-1.89 g/cm’. Experimentally defined values were
approximated by the Vieille law:

U(mm/s) = B-P(MPa)". (7)

For HMX monopropellant the following parameters were obtained: B =2.3 4+ 0.1,
v =0.82 £ 0.01, which agrees well with the literature data [56—62], as presented in
Figure 11.

3.3.2 Catalytic Influence of Nano-TiO, on HMX Combustion

Addition of nano- and micro-sized Fe,O3, Al,O3, and SiO; powders to HMX did not
result in the burning rate increase. The only nano-TiO, powder being added to HMX
enhanced its burning rate. The maximal effect was obtained at titania concentration
range 0.8-3% (Figure 12(a)), and the maximal burning rate gain approached was 53%
(at 2 MPa) for HMX with 1.5% of nano-Ti1O,. The minimal pressure exponent (0.65)
was reached with 3% of titania (Figure 12(b)). For decomposition process, the increase of
the nano-TiO; content up to 25% enhances the catalytic eftect (Figure 8). Combustion

207 e Taylor, 1962
| e Fogelzang, 1976
Boggs, 1979 s
Mitani, 1986 o 7~
Beckstead, 1989 ° 70
Shackelford, 1989 *
Denisyk, 1998 » °
Atwood, 1999
1 Sinditskii, 2003
Zenin, 2007
10 Frolov, 2007

15 4

Burning rate, mm/s

"%,
\

4 T T T T T 1
2 5 10

Pressure, MPa

Figure 11 Burning rate versus pressure dependency for HMX monopropellant: present work (gray
dotted line) and literature data [56-62].
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Figure 12 Catalyst content influence on relative burning rate increase (a) and on pressure
exponent (b).

results revealed the increase of nano-TiO; content has more complex influence because
at a certain point inert and highly stable oxide decreases combustion temperature. Thus,
the burning rate dependency on additive content (C,) achieves “saturation,” followed by
the decreasing region.

Results of decomposition and combustion studies of the HMX formulations with
additives revealed two factors that play a key role in catalysis: specific surface area and
concentration of nano-oxide. Figure 13 represents the similarities between the influence
of TiO; specific surface area on catalytic efficiency in both processes, i.e., thermolysis
and combustion. Noticeable effect on the U}, (or Z) increase and the pressure exponent
decrease is observed for nanosized titanium oxide with Sgg > 50 m>/ g only. This result
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Figure 13 Specific surface area influence of the catalytic efficiency of nano-titania on HMX com-
bustion: burning rate increase (a) at 2 MPa and pressure exponent (b) function of Sger.
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explains the earlier accepted statement that TiO; has no impact on HMX combustion
[19]: micron-sized powder doesn’t affect the burning rate. As demonstrated in Figure 13,
dependencies correspond to 1.5% of the Hombitan Anatas content. For the titania
content of 0.8% and 3%, similar results were obtained.

Thus, the nano-TiO; exerts similar influence on both combustion and thermolysis of
nitramine—the higher specific surface and catalyst content (up to 1 wt%), the higher
catalytic efficiency.

3.3.3 Kinetic Parameters of HMX Thermolysis with TiO,

Since the model with the leading reaction in the condensed phase can adequately
represent the HMX combustion process [37], the impact on HMX thermal
decomposition will influence the burning parameters of HMX. Therefore, it is
important to study the kinetic parameters for HMX with nano-TiO; decomposition
to observe whether the change in activation energy is the reason for the burning rate
enhancement.

Experimental mass loss curves (TGA) at low heating rates (0.5—2 K/min) were
processed with software Thermokinetics™ (Netzsch) using model-free (Kissinger,
Ozawa-Flynn-Wall, Friedman) and formal kinetic methods. The idea of the thermo-
kinetic approach is to describe the conversion rate by matching particular functions,
i.e., Arrhenius rate k(T) and reaction model f(o):

X = A (@), ®
dt

where « is the conversion degree, E, is the activation energy, A is the preexponential
factor. Both kinetic parameters (E, and A) are considered to have “effective” values
calculated for the overall decomposition process.

Analysis of experimental data of the neat HMX thermolysis revealed that at
maximum conversion rate the conversion degree values are not constant but different;
therefore, the Kissinger method (ASTM E628) cannot be applied. Friedman analysis
established the autocatalytic behavior of decomposition process, which is in line with the
formal kinetic results revealing that the most appropriate model is the first-order auto-
catalytic reaction. Obtained using ASTM E1641 method and formal kinetic technique
kinetic parameters for neat nitramine decomposition are close to value E, = 144 kJ/mol,
which was proposed by Brill for reaction (5), i.e., for heterocycle breakage with for-
mation of CH,O and N,O [55].

Predictions of the mass loss, calculated according to model of first-order autocatalysis,
were compared with directly measured values during isothermal aging at 180 °C.
Results revealed deviation less than 7% between the calculated data and the directly
measured ones, proving the correctness of calculated kinetic parameters and model type,

i.e., k(T) and fle).
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Table 4 Activation energy values (kJ/mol) for decomposition
of HMX with and without catalyst.
Formal kinetics

Sample ASTM E1641 (A — B),xa<0.3
HMX 146 + 8 143+ 7
HMX + 3% nano-TiO, 120 4+ 20 127+ 6

Analysis of TGA data for HMX with nanosized titania using formal kinetics revealed
the best model to be Avrami—Erofeev reaction, which is often used to describe the energetic
materials thermolysis with catalysts [63]. Value E, = 127 kJ/mol, obtained for thermolysis
of HMX with nano-TiO», is lower than that for the neat HMX decomposition, as
presented in Table 4, and lower than estimated bond energies in nitramine molecule [64].
The same result was obtained by isoconversional Friedman analysis (Figure 14), i.e.,
addition of nanosized titania lowers the activation energy of HMX decomposition.

Apparently, obtained activation energy lowering for the decomposition process is
induced by removal of surface-bounded hydroxyl groups on nano-oxide, which is the
only process taking place under heating of titania to temperature of the catalytic HMX
thermolysis (Section 3.1). It is known from the literature that the nitramine decom-
position can be accelerated by OH radicals [64]. The activation energy for hydroxyls
removal from the surface of nano-TiO; is 65 kJ/mol and with the increase of specific
surface area it slightly decreases [65]. When the transport step precedes the chemical
decomposition, the effective activation energy of the overall process lies in between E,
values for both processes [66]. The exact value of this effective activation energy (E.g)
could be determined as follows, using the reaction constants (k{, kp) for different steps:

Er = (ki-Eap + ko E,2) [ (ki + ko). )
200

S 180 PE—
£ 160
2 O —C M
X 140 e
B 120 | s -
2 100
(0]
c 80
'ﬁ 60 “-HMX+3%Ti02
> -
g 40 ~e-HMX
< 20

0 0,2 0,4 0,6 0,8 1

Conversion degree
Figure 14 Isoconversional Friedman analysis for HMX and HMX + 3% TiO,.
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Figure 15 Kinetic parameters for thermolysis of neat HMX and HMX with additives: literature
[16,29,31,55,67] and present work data.

Apparently, obtained activation energy for HMX with nanocatalyst is lowered by
dehydroxylation of titania (and appearance of active agents), whereas decomposition
process is the same as for neat HMX, via C—N bond breakage in heterocycle.

Figure 15 represents a comparison of obtained kinetic parameters with literature data:
gray points depict values for neat HMX from Brill’s review [55]. Brill showed that
nitramine (without additives) exhibits so-called “kinetic compensation effect”—linear
correlation between logarithm A and E,. After addition of the literature data
[16,29,31,67] to this plot, it is evident that kinetic parameters for HMX thermolysis with
additives also lie on the common compensation line. One of the probable explanations of
this fact is the above-mentioned superposition of two registered processes: transport step
and thermal decomposition of HMX. When such superposition occurs, the calculated
effective activation energy changes from E, ; to E, 5, whereas preexponential factor also
changes to compensate this variation, which results in the kinetic compensation.

Thus, kinetic studies revealed the activation energy lowering for HMX with nano-
TiO; thermolysis. Considering the limiting step of HMX combustion to be located in
the condensed phase, the burning rate increase for the combustion of these formulations
is logical. Nevertheless, answers to the question of which factors are the most important
for the HMX catalysis are still unclear.

3.4 Searching the Key Factors of Nano-oxide Effect

on HMX Thermolysis
The influence of the amount of additive and its specific surface on the efficiency
parameter (ap75) for various titania powders was studied in more detail. It was found that
a75 depends linearly on Sggr (Figure 16(a)). At the same time, the mass fraction of
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Figure 16 Catalytic efficiency in HMX thermolysis versus Sger values (a) and the amount of
additive (b).

hydroxyl groups’ Moy is linearly correlated with Sggr. Therefore, dependency of a75
on specific surface comprises the influence of OH groups.

The dependency of the catalyst efficiency on the amount of the additive is close to
linear at additive content less than 6 wt% (Figure 16(b)), and at higher content of nano-
TiO this relationship becomes “saturated.” The slope of these dependencies for different
nano-TiO; powders is a function of specific surface area—the higher Sggy, the more
pronounced catalytic effect is at the same content of catalyst.

Obtained results show that the conversion degree parameter characterizing the nano-
oxide efficiency in the nitramine thermal decomposition is proportional to specific
surface area and to the content of additive:

az75 = Ky SpeT* C, + oHmx, (10)

where apgpx = 0.03 is the conversion degree of neat HMX at 275 °C, K, is the
coefticient of proportionality, which supposed to be characteristic of the oxide type.
Table 5 represents the results of calculation of coefticient K, for different nano-TiO;
powders. Within the accuracy limits, the mean K, value can be estimated as 59 x 107
Similar dependencies a75(SgeT, C,) were obtained for other studied oxides. Values of
K, for nano-oxides are presented in diagram (Figure 17) along with the data for ultrafine

Table 5 Coefficient K, values for different titania powders.

Nano-TiO, Sger, m2/g C. % K,*10°
Degussa P25 52+ 1 3 68 £ 10
Hombitan Rutile 92 +2 3 64+ 6

Hombitan Anatas 227 £5 1.5 54+ 3
3 55+3
5 63 +3
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Figure 17 Comparative diagram of the oxide efficiency on the HMX thermolysis (notation the same as
in Table 1).

and micron-sized oxides. The efficiency of the oxide influence on the HMX thermolysis
decreases in the row:

TiO; > AlLbO3 =Fe; O3 > Si0s.

Thus, analysis of the obtained experimental data revealed that the key factors affecting
the efficiency of oxide influence on the HMX thermal decomposition are specific
surface and the additive content. Conversion degree is linearly proportional to both
factors. The efficiency of nano-TiO; is more than twice higher than that one of other
oxides. To understand the nature of the observed outstanding catalytic activity of nano-
TiO,, we applied a defect chemistry approach.

3.5 Does the “Strength” of the OH Groups Bonding to the Surface
Affect the Catalytic Effect?

We assume the “strength” of the surface-bounded OH groups is affecting the catalytic

activity of oxides in HMX thermolysis. To evaluate this parameter, we study the elec-

tronegativity of the metal cation x;, which characterizes the ability of the metal atom to

shift the electron pair [68]:

Xi = Xo(1+2n), (11)

where Xq is the electronegativity of the metal element, n is the metal charge in the
oxide. The oxides with low x; have the base properties, whereas oxides with high x;
values have acid properties. The K, dependencies on electronegativity of the metal ion
for different micron- and nanosized oxides are plotted in Figure 18(a). Most of inves-
tigated oxides have close mean values of the catalytic efficiency, but with the increase in
X; the value of K, is lowered. The efficiency of the nano-TiO; is two times higher than
that of other oxides, including micro-TiO,, which indicates a complex mechanism of
the influence.



216 Alla N. Pivkina et al.

(@) 70 1 coo Al,O; Fes05 Tio,  SiO; (b) 70 - sio, Tio, @ yFe:0; oFe;05 NiO
60 {zn0 inNiO i 60 1 CrOs aALO;  CoO
i 50 . 50 1 AL '
2 40 - 2 40
X' 30 “ ¥ 30 #5_,4
20 ,i' P i 20 - + +§i
10 10 é ____________ % +
. B I O . 2 N |

8 10 12 14 16 18 123 4567 8 9 101112

Figure 18 Dependencies of experimentally obtained catalytic efficiency of different oxides in HMX
decomposition on cation electronegativity (a) and on isoelectric point (b) of nano- (red (gray in print
versions)) and micron-sized (blue (black in print versions) points) oxides.

The oxide point of zero charge (isoelectric point, IEP) characterizes the acidity of
the surface and is equal to the acidity value of the medium in which the oxide’s surface
has no electric charge. The higher the pHy, of the oxide, the more alkaline its surface
is. Plotting the catalytic efficiency values versus pH, as it is presented in Figure 18(b),
the nearly linear relationship was obtained between these parameters for investigated
nano- and micron-sized oxides. The only nano-TiO; has exceptionally high catalytic
activity (K, about 60 x 107°) and does not fit to this dependency.

Thus, we have demonstrated that the metal oxide surface acidity is an important
factor that influences the catalytic performance of different oxides in HMX thermal
decomposition. Apparently, the metal oxide surface acidity determines the dehydrox-
ylation process dynamics, and the outstanding nano-titania catalytic efficiency is related
to the high activity of the Lewis centers exposed after partial dehydroxylation.

3.6 Changing the Surface Acidity

To study the influence of surface charge of nanosized titania on the catalytic effect in
HMX thermolysis in detail, the acid/base properties of TiO, Hombitan Anatas powder
were altered by treatment with 1 M solution of NaOH and H>SOy4 [69]. Acid treatment
increases the acid sites’ concentration on the surface of oxide and lowers concentration of
base sites, whereas the alkaline treatment acts in opposite manner. The amount of acid
sites on the surface of as-received powder (Hombitan Anatas) far exceeds the number of
base sites [09], therefore the base treatment has more pronounced impact on the catalytic
efficiency than that of acid treatment.

No significant changes of the amount of surface-bounded OH groups on as-received
powder and modified samples were observed. However, the catalytic efficiency of thus



Catalysis of HMX Decomposition and Combustion: Defect Chemistry Approach 217

Table 6 The catalytic efficiency of acid-base treated TiO, Hombitan Anatas powder.

TiO, sample Sger, M?/g 075 Z, Z

Acid treated (10 M solution H,SO,) 265+ 5 0.16 1.52 1.24
Acid treated (1 M solution H,SO,) 195 + 4 0.17 1.5 1.29
As-received 227 +5 0.19 1.53 1.28
Base treated (1 M solution NaOH) 189 + 4 0.24 1.43 1.19
Base treated (10 M solution NaOH) 236 £ 5 0.26 1.18 1.16

modified powders in HMX thermolysis reaction is considerably enhanced with the
basicity increase (Table 6).

Reducing the surface acidity of the nano-TiO; enhances its influence on the HMX
thermolysis, which is in line with the previous result obtained for different metal oxides
(Section 3.5). In addition, when comparing the TG curves, one can conclude that the
higher the acidity of treated samples, the fewer the amount of OH groups evolved at a
given temperature. The catalytic efficiency of thermolysis increases with the TiO,-
surface acidity lowering, whereas the burning rate factors (Z, and Zy) are decreasing.
The influence of TiO; is complex, indicating several simultaneous processes occurring
during combustion and decomposition.

Thus, the surface treatment of nanosized catalyst appears to be a promising approach
to increase its catalytic performance. The presence of acidic or basic groups can be
determined by the synthesis conditions, and the resulting surface charge of the TiO;
catalyst particles is a combination of surface chemistry and space charge as is shown. Total
surface charge being positive will lead to an increase in the number of basic groups and
hence will enhance the catalytic activity.

S 4. ELABORATION OF THE PHYSICOCHEMICAL MODEL OF
CATALYTIC INFLUENCE OF NANO-TIO, ON HMX THERMOLYSIS

Experimental data reveal that the surface charges related to space charges in the
nanostructured TiO, catalytic particles are of paramount importance for its catalytic
efficiency. The question then arises, what is the nature of these charges?

Let us consider the possibility of the electron—hole pair generation upon heating for
TiO,. The bandgap energy E, of TiO; is about 3.2 eV:

E, = kT, (12)

where k is the Boltzmann constant k = 1.381 x 107> J/Kand 1 eV = 1.602 x 10~'7J.
Thus, at very high temperatures, actually above the melting point of titania, 2116 K, the
electron—hole pairs could be thermally excited in TiO».

Obviously, we can propose the following mechanism: upon heating, the intrinsic
point defects are generated, resulting in formation of subsurface space charges of the
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catalyst particles (oxide ion vacancies and Ti’ ' ions) along with free electrons and regular
tetravalent titanium ions. Both the free and the trapped electrons can produce the radical
species. The capacity of the free radical formation is dependent on the degree of non-
stoichiometry. Details of this mechanism are presented below along with the general
defect chemistry approach.

4.1 Introduction to Defect Chemistry of Titanium Dioxide

Titanium dioxide has three crystal forms—rutile, anatase, and brookite—all existing in
nature. In catalysis and photocatalysis, usually the anatase form is used, but also the
mixtures of rutile and anatase forms are being used. All of them are commercially
available. In catalysis, reactions occur at solid-liquid or solid—gas interfaces. For that
reason it is necessary to know which point defects are thermally generated in the catalyst
material and how their concentrations can also be varied by changing the chemical
composition by doping, or by deviations from stoichiometry or from molecularity, i.e.,
via engineering on an atomic scale.

In general, point defects determine properties of inorganic materials, like optical and
electrical properties, and this engineering on an atomic scale is a powerful approach to
control such properties. In addition, the point defects at the interface of an inorganic
catalyst material are to be considered in the catalysis mechanism. Moreover, if the length
scale is decreased to the nanoscale, defect space charges in the interfacial region of an
inorganic material need to be taken into account, besides basic or acidic groups present at
the surface.

The thermal generation of point defects, referred to as intrinsic point defects, can
introduce a combination of a cation and an anion vacancy (Schottky disorder), a
combination of an interstitial cation and a cation vacancy (Frenkel disorder), or a
combination of an interstitial anion and an anion vacancy (anti-Frenkel disorder).
Usually, in closed-packed crystal structures Schottky disorder is thermally generated, for
instance, Vpmg” + Vo ' (MgO), while in the silver halides Frenkel disorder occurs, e.g.,
Ag + Va,'(AgX,X = CI,Br.I). Here, the polarizability of the silver ions plays an
important role in this defect formation mechanism. In the materials with the fluorite
structure, anti-Frenkel disorder occurs, e.g., F/ + Vg (CaF,).

Here the Kroger-Vink notation for the point defects is used [70]. In this defect
chemical notation the symbol S stands for the point defect. In addition, the site, s, of the
point defect in the crystal structure is indicated, along with the eftective charge, ¢, of the
point defect, i.e., S

Here, S can be an atom, an ion, or V for a vacancy; s can be a lattice atom site, a lattice
ion site, or i for an interstitial site. The effective charge —q has as symbol ', the effective
charge +q has as symbol, and x stands for neutral, Oq.

Point defect examples are given above for the thermally generated intrinsic point
defects. The magnesium ion vacancy has an effective charge —2q, and the oxide ion
vacancy has an effective charge +2q. The silver ion interstitial has an effective
charge +q, and the silver ion vacancy an effective charge —q. The fluoride ion
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vacancy has an effective charge +q, and the interstitial fluoride ion has an effective
charge —q. lons on regular lattice sites have no effective charge, i.e.,
MgMgX(MgZJ“), Oox(Ozf),AgAgx(Ag+), and Fg*(F7). An interstitial site has no
effective charge and can be represented by V;*

The point defects can be involved in reactions and these defect reactions require (1)
conservation of mass, (2) conservation of lattice site stoichiometry, and (3) conservation
of charge.

4.1.1 Intrinsic Point Defects in TiO;

The thermal generation of point defects is an endothermic process, and at any particular
temperature there will be an equilibrium concentration of point defects in a crystal. The
formation of point defects produces a commensurate gain in entropy. The enthalpy of
formation of the intrinsic point defects is thus balanced by the gain in entropy such that at
equilibrium the overall change in the free energy of the crystal due to the point defect
formation is zero according to the equation,

AG = AH — TAS (13)

The temperature dependence of the number of the Schottky defects, ng, in a crystal of
composition MX is given by

ng = N exp(—AH,/kT), (14)

where ng is the number of Schottky defects per m” at T(K), in a crystal with N cations and
N anions per m”, AH; (eV) is the enthalpy required to form a set of Schottky defects, T'is
the absolute temperature (K), and k is the Boltzmann constant.

As expected, for an endothermic process increasing the temperature introduces more
intrinsic point defects in a material [71].

[t is common practice to present the thermal formation of intrinsic point defects in a
reaction in which for the perfect lattice the symbol O is used. Here, we present the
formal defect chemical reactions for TiO; (rutile) and include the formation enthalpy of
a set of point defects,

Schottky disorder: O V™ 42V 5.2eV (15)

Anti-Frenkel disorder: Oo* + V¥ o O/ + Vo'~ 8.7 eV (16)

Frenkel disorder: Tit;* + V;* < Ti; + V" 12.0eV (17)

Based on the values of the defect formation enthalpies, it is concluded that the
intrinsic point defects in TiO; (rutile) are thermally generated according to the Schottky
mechanism [72]. It is further assumed that the intrinsic disorder in anatase TiO; is also
thermally generated according to the Schottky mechanism.



220 Alla N. Pivkina et al.

4.1.2 Extrinsic Point Defects in TiO,

In order to control the concentration of intrinsic point defects, it is common practice to
dope the material with an aliovalent dopant or to create a deviation from stoichiometry
in the material. For TiO5 both cation and anion doping have been investigated in detail
because TiO; is also being studied as a photocatalyst [73—75]. As examples, here we
present the dopants Fe,O3 and NbyOs;:

Fe; O3 —2Fery + 300" + Vo™ (18)

1
Nb,Os5 —2Nbr; + 400" + > O (g) + 2¢’ (19)

Two iron ions on Ti lattice sites are charge compensated by an oxide ion vacancy, and
this dopant increases the concentration of the oxide ion vacancies. Doping with the
Nb-oxide fixes the electron concentration in TiO,. These cation dopants lead to
localized energy levels in the bandgap of TiO»; this is relevant for the photo(electro)
chemical application of the doped material as the undoped material only absorbs the near
ultraviolet spectrum while the doped material also absorbs parts of the visible solar
spectrum.

Asahi et al. [76] reported on anion doping of TiO,, and their quantum chemical
calculations revealed that the wave functions of the anion dopants N and C show
significant overlap with the oxygen valence band wave functions, which means that
the sub-bandgap defect energy levels are less localized than those for the cation
dopants.

It should be borne in mind that at high temperatures the point defect concentrations
will be determined by the thermally generated intrinsic point defect concentrations and
that the material virtually behaves as a pure material. This is especially relevant if in a
catalytic process high temperatures will be achieved.

Besides doping, a deviation from stoichiometry will influence the point defect
concentrations; an example of this deviation from stoichiometry is presented in the
defect chemical reaction

x o1 /
Op" Vo +502(g)+26 (20)

Here, the oxide ion vacancy is charge compensated by two electrons. The equilib-
rium constant is

K, = [VO,.][e/]Zp(OZ)l/Z (21)

Such an anion-deficient material at high temperatures can become an n-type semi-
conductor. It is also possible to obtain an anion-excess material, which is exemplified by
the defect chemical reaction

01(g) ©200" + V1y"" + 4h- (22)
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The equilibrium constant is

Ky = [Vr""][h-]*p(O2) ™" (23)

The incorporation of oxygen results in formation of two oxide ion sites, thereby
creating a titanium ion vacancy in order to preserve site balance, which is charge
compensated by four electron holes, making the anion-excess material a p-type semi-
conductor. Deviations from stoichiometry always lead to mixed ionic-electronic dis-
order. In binary materials, only deviations from stoichiometry can occur.

In ternary and more complex materials, besides a deviation from stoichiometry, a
deviation from molecularity can also occur. As an illustration, the defect chemistry of
[-III-VI, chalcopyrite-structured materials with CulnS, has been reported by Perniu
et al. [77]. Here, the deviation from molecularity occurs if the material has dissolved a
small amount of one of the binary compounds, i.e., CusS or In;Ss. Deviations from
molecularity only influence ionic disorder. If a deviation from stoichiometry occurs also
in a ternary material, the electronic disorder is influenced [77].

In order to obtain in-depth information on the influence of a deviation from
stoichiometry in a binary material a Brouwer diagram is constructed, i.e., log [defect
concentration] versus log p(O;), which reveals what ionic and electronic point defects
dominate in a certain p(O;) regime. A detailed derivation of the Brouwer diagram
requires knowing the expressions for the equilibrium constants of the defect chemical
reactions Eqns (20) and (22), i.e., Eqns (21) and (23), the electronic equilibrium constant,

Ks = [][h-] (24)
the Schottky equilibrium constant,

Ks = V"] [Vo ] (25)

and the total electroneutrality condition, i.e.,
2[Vo ] + [h] = 4[] + [¢] (26)

It can be seen from the defect chemical reactions Eqns (20) and (22) that at low
oxygen pressures the material behaves as an n-type semiconductor and at high oxygen
partial pressures as a p-type semiconductor. In an oxygen pressure regime between the
anion-deficient and anion-excess material the ionic regime occurs, where for an
undoped material the intrinsic ionic point defects predominate and the material is an
ionic conductor. In order to derive a detailed expression for the oxygen-partial pressure
dependency of the point defects the use of the total electroneutrality condition Eqn (26)
is not very practical. Brouwer proposed to use reduced electroneutrality conditions. For
example, at low oxygen pressures the reduced electroneutrality condition is evaluated
according to the defect chemical reaction Eqn (20)

2[Vo ] =[] (27)



222 Alla N. Pivkina et al.

At high oxygen pressures it is evaluated according to the defect chemical reaction,
Eqn (22),

4fve™] =[] (28)

With these reduced electroneutrality conditions the detailed expressions for the oxygen
pressure dependency of the individual point defect concentrations can be obtained.

A representative example of a Brouwer diagram for a binary metal oxide (MO) with
Schottky disorder is given in Figure 19 [72].

In case of a ternary material, in addition to Brouwer diagrams of log [defect
concentration] versus the activity of each binary constituent needs to be constructed and
in that case a three-dimensional Brouwer diagram can be drawn [74].
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Figure 19 Schematic representation of the log (defect concentration) as a function of the oxygen
pressure p(0,)” for an undoped metal oxide MO that forms Schottky disorder at the stoichiometric
composition [72].
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4.1.3 lonic Space Charge

The formation enthalpies, AHs and AHF, of intrinsic point defects can be obtained by
studying the temperature dependency for diffusion or ionic conductivity of a particular
material. In case one cation vacancy and one anion vacancy is formed according to the
Schottky mechanism, it is common practice to assign half of the value of the formation
enthalpy to each intrinsic point defect. In case of materials that exhibit Frenkel or anti-
Frenkel disorder, also half of the formation enthalpy is assigned to the interstitial cation
and to the cation vacancy, or to the interstitial anion and to the anion vacancy,
respectively.

However, the formation enthalpy of each individual type of intrinsic point defect is
different and this leads to a space charge potential difference between the bulk and the
surface of the material. The width of this space charge is in ionic materials usually of the
order of a few atom layers, much smaller than in semiconductors, and goes, therefore,
unnoticed for measurements on bulk ionic materials. If the length scale goes down to the
nanoscale, the space charge and its effect on materials properties can no longer be
ignored and that is especially important for phenomena occurring at interfaces, like in
(photo)catalysis.

For TiO,, exhibiting Schottky disorder, the surface will be positively charged if the
formation enthalpy of the titanium ion vacancies is smaller than the formation enthalpy
of the oxide ion vacancies. Within nanostructured TiO; the positive surface charge by
titanium ions is charge compensated by a space charge of titanium ion vacancies. In order
to obtain the position-dependent concentration of the oxide ion vacancies the Schottky
defect equilibrium constant, Eqn (25), is used. At some distance from the surface the
intrinsic electroneutrality condition, Eqn (29), holds

2[vr"] = [Vo '] (29)

Figure 20 presents schematically the position-dependent concentrations of the cation
and the anion vacancies in the space charge region, along with the position-dependent
electrical potential. Here the individual formation enthalpies are presented as gy; and the
Kroger-Vink defect chemical notation is also used for the surface ions.

The surface defect chemistry can be influenced by doping. Ikeda and Chiang [78]
studied the influence of doping on the space charge of nanostructured TiO». Doping
with NbyOs, as presented in the lattice reaction, Eqn (19), leads to a space charge
distribution at high temperatures of the Nb dopant ions with an effective positive charge,
a minor distribution of electrons, and no titanium ion vacancies. Codoping of TiO, with
aluminum and niobium ions was studied as well and provided insight into the role of
aliovalent dopants on catalytic behavior at high temperatures.

Upon further decreasing, the dimensions of sample space charges will start to overlap
[79,80] and then, for example, the intrinsic electroneutrality condition, Eqn (29), will no
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Figure 20 Schottky defects created at the surface with the indicated difference in formation enthalpy
of the individual point defects. The ionic space charge potential difference between surface and bulk
depends on this difference.

longer be achieved in the bulk of the nanostructured material, i.e., the concentration of
one of the intrinsic point defects will be increased beyond the bulk equilibrium value. In
order to obtain the concentration of the other intrinsic point defect, the equilibrium
constant, Eqn (25), can still be used in this example.

The catalytic properties of TiO, have been studied using nonmetal dopants.
Deviations from stoichiometry can be used to incorporate H, N, S, and I via the oxide
ion vacancies, according to defect chemical reaction, Eqn (20). Doping with nonmetal
dopants requires nonstoichiometric TiO,_,, hence large dopant concentrations
require large deviations from stoichiometry. Lin et al. [81] have introduced an elegant
process for the incorporation of large concentrations of nonmetal dopants in TiO»,
using large deviations from stoichiometry. Oxide ion vacancies can be introduced by
thermal treatment in an inert ambient. Lin et al. [81] used molten Al to reduce TiO,
(Degussa P25) nanocrystals, and as a result the oxygen-deficient amorphous layers
surrounding the TiO, cores were obtained. The average thickness of the amorphous
layers is ~4 nm. The amorphous shells loose lattice ordering with a large number of
oxide ion vacancies, charge compensated by electrons, which can convert Ti*" into
Ti>". These core—shell structures TiO,@TiO»_, were successfully used to dope the
material with atoms H, N, S, and I. The nonmetal-doped materials revealed improved
photocatalytic behavior. Improved catalytic behavior for other processes might be
a challenge as these dopants also influence the point defects comprising the space
charge and, therefore, the surface charge. It should also be kept in mind that the
density of surface OH groups on anatase TiOj is larger than on rutile TiO, [82], and
this will lead to differences in the nature of the space charges and hence the surface
charges.
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4.2 Physicochemical Model of the Nano-oxides’ Influence
on HMX Thermolysis and Combustion

On the basis of the above experimental results we propose the following model of the
nano-titania influence on the HMX decomposition (Figure 21). At temperature
~150 °C the surface-bounded OH groups evolve from the nano-oxide surface and
attack the nitramine. The nature of the evolved OH groups is not clear—most of the
experimental techniques, including one used in present work, observe OH groups as a
water vapor. Some authors report about “free OH groups.” It is still unclear whether
they are OH radicals, because their lifetime is very short, no longer than 10~ s
Apparently, the weakening of the surface OH-groups bonding increases their activity and
ability to abstract hydrogen atom from the HMX molecule.

After the hydrogen abstraction, the N—NO; bond energy in HMX molecule
significantly drops (according to Melius calculations [64]), leading to the nitro-group
detachment. The NO, group, in turn, can attack an H-atom in another HMX mole-
cule, just like a “cage-effect” (Figure 21, 3a), or absorb on Lewis centers formed after
partial dehydroxylation (Figure 21, 3b). The adsorption is the reason for the experi-
mentally observed NO; concentration lowering for the system with nano-TiO;.
Adsorption of NO, occurs on the titania surface, thus increasing the heat release in
condensed phase produced by reaction (Figure 21, 4), which was established in our DSC
experiments.

Two main groups of gaseous products are obtained depending on the temperature
and heating rate, i.e., at low temperature and/or heating rate the main products are
CH,O and N,O (Figure 21, 4a), whereas at high rates, HCN and NO, (Figure 21, 4b).
We detected the greater than unity ratio [CH,O]/[N,O], which can be a consequence
of the OH interaction with the double bond (Figure 21, 4c).

H,C —N - CH,
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Figure 21 The model of the nanosized titania influence on HMX decomposition and combustion.
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At higher temperatures the exothermic reaction CH,O + NOj starts, providing the
main exothermic effect.

Finally, the main steps of the proposed model are dehydroxylation of the metal oxide
nanoparticle surface, followed by the initiation of the nitramine decomposition, and
adsorption of liberated NOj on the surface of nano-TiO; particles. Thus, nano-TiO;
plays a twofold role in HMX decomposition: (1) being a source of active species (OH
groups) initiating the HMX molecule destruction at low temperature (150 °C), and
(2) being an adsorption surface to “keep” the NO; close to the condensed phase,
thus increasing the heat release there. Both indicated processes depend difterently
on temperature and heating rate, thus defining the catalytic efficiency of the nano-oxide
in the HMX decomposition and combustion processes. For other than TiO, nano-
oxides investigated (Fep,Os, Al,O3, SiO»), only the first process was observed, leading
to catalysis of the nitramine decomposition and making no impact on HMX
combustion.

S 5. SUMMARY

Experiments reveal nanosized titanium oxide to be the most effective catalyst of
the HMX thermal decomposition as compared to Al,O3, Fe;O3, and SiO;. The onset
temperature of the nitramine thermolysis is considerably decreased with the addition of
nano-TiO; (from 280 °C to about 160 °C). Comparing studied nano-oxides, the
following order of their catalytic efficiency in HMX thermolysis was obtained:
TiO; > Fe;O3 = Aly,O3 > SiO;. The higher the nanosized titanium oxide content, the
stronger the effect on the HMX thermal decomposition.

Various thermal analysis techniques were applied to characterize the HMX
decomposition: DSC, TGA, in situ mass spectrometry of the gaseous species, and
thermokinetic modeling. We have investigated the factors influencing the catalytic
efficiency of TiO, in HMX-decomposition reactions. The catalytic performance was
analyzed, and the key factors were shown to be specific surface area, content, and the
properties of the metal oxide surface. The acidity of the surface of nanosized titania was
varied to evaluate the subsequent changes in catalytic efficiency during HMX com-
bustion and thermolysis processes. These ionic defects alter the catalytic efficiency—the
lower the surface acidity of nanosized metal oxides, the higher the influence on the
HMX thermolysis, and vice versa for nitramine combustion.

Results of analysis of gaseous decomposition products show that addition of
nano-oxides to HMX lowers the onset temperature of gases evolution from 250 °C to
150 °C. Firstly, the products of decomposition pathway C4HgNgOg — N,O + CH,O
appear, and secondly, the products of reaction C4HgNgOg — NO;, + HCN.

Results of the combustion tests reveal that the burning rate as well as the pressure
exponent is affected by the addition of exceptionally nano-TiO,. Kinetic parameters for
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the thermolysis process are decreased with the nano-TiO; addition in comparison to
pure HMX due to the superposition of the dehydroxylation process from the oxide
surface and the nitramine’s decomposition.

A physicochemical model of the influence of the nano-oxides on the HMX
thermal decomposition and combustion, which involves the dehydroxylation of the
nanoparticle’s surface, the initiation of the nitramine decomposition, and adsorption
of NO; on the surface of nano-TiO, particles with subsequent exothermic reaction,
is proposed.

In the present work, attention was particularly focused on the surface and subsurface
conditions of the nanostructured catalyst, and it was shown that alteration of the surface
acidity aftects the catalytic behavior. In our opinion, the defect chemistry approach to the
energetic materials catalysis established here for the first time opens new opportunities in
this field of research.
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S 1. INTRODUCTION

Since it was discovered that the unique shape, high stability, high mechanical
intensity, and high conductivity of carbon nanotubes (CNTs) make them favorable
catalyst carriers, more attention has been paid to their potential applications to nano-
engineering. The nanoscale catalysts can be prepared for special purpose when CNTs
provide support for metals and metal oxides [1-8]. Copper (II) oxide (CuO), as a
functional material, can considerably improve the ballistic performance and present the
special catalytic properties on solid rocket propellants, i.e., it can increase the burning
rate and decrease the burning rate pressure exponent when it is added into the propellant
formulations and employed as a combustion catalyst, and the catalytic effects are espe-
cially clear for the nanoscale CuO [9—-11]. Therefore, CuO/CNTs with CuO nano-
particles supported by CNTs at a high dispersion may exhibit excellent catalytic effects
on the propellant combustion.

In the chapter, CNTs-supported metals or metal oxides, such as Pb/CNTs, Ag/
CNTs, Pd/CNTs, NiPd/CNTs, PbO/CNTs, CuO/CNTs, BiyO3/CNTs,
MnO,/CNTs, CuO-PbO/CNTs, CuyO-Bi,O3/CNTs, BixO3-SnO,/CNTs,
CupO-SnOy/CNTs, NiO-SnO,/CNTs, and CuO-SnO,/CNTs, were prepared by
using CNTs and the metal salts with different methods. The effects of catalysts on the
performance of energetic materials, such as nitrocellulose (NC) absorbed nitroglycerin
(NG) (NC-NG), hexogen (RDX), ammonium perchlorate (AP), and N-guanylurea-
dianitramide (GUDN), were investigated, and the catalytic mechanism was analyzed.
Being used as combustion catalyst, CuO/CNTs, Bi,O3/CNTs, Pb/CNTs, NiB/
CNTs, and NiPd/CNTs were explored in double-base (DB) propellants, whereas

Energetic Nanomaterials © 2016 Elsevier Inc.
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Bi,O3-SnO,/CNTs, CuO-PbO/CNTs, CuO-BirO3/CNTs, CuO-SnO,/CNTs,
and NiO-SnO,/CNTs were explored in the composite modified double-base
(CMDB) propellants.

The synergistic effect of CNT's and metal oxide nanoparticles on the decomposition
reaction and combustion reveals that CuO/CNTs and CuO-PbO/CNTs have potential
applications in the solid rocket propellants.

§ 2. PREPARATION AND CHARACTERIZATION

For the preparation of the composite materials of CNTs supported active com-
ponents, it is very important if there exists efficient bonding between the surface of
CNTs and the precursors of the active components. Therefore, the first step is the
pretreatment for CNTs, removing the impurities as the residual catalyst for preparation
of CNTs, carbon particles, and amorphous carbon; at the same time, the carboxyl groups
are introduced to the surface of CNTs, providing a lot of active sites for the reactions.
With the high stable structure, CNTs show good resistance to strong acid and base,
whereas the impurity with low stable structure possesses bad resistance to them. So, the
pretreatment for CNTs is usually conducted using the technology of hydrochloric acid
dipping, followed by oxidation.

There are four kinds of composite materials discussed in the chapter: CNT-supported
single metal, binary metal, single metal oxide, and binary metal oxide. The first two were
prepared mostly by the physical vapor deposition process, the immersion method, and
the chemical plating. The latter two were obtained mostly by precipitation method.

Pb/CNTs and NiPd/CNTs were obtained by the chemical plating method. It should
be noted that an activation process is required for CNTs before the plating of metal,
which is similar to the chemical plating on other nonmetal materials. The chemical
plating reduces the metal ions to metal particles, which are then deposited on the surface
of the base materials by chemical technology without any electric current provided by
the power unit. The activation is achieved by depositing some catalytic metal such as Pd
on the surfaces of CNTs. The common course for the preparation of Pd/CNTs is that
CNTs are immersed in SnCl, and PdCl, acid solutions, and Pd ion is reduced by Sn ion
to generate the Pd nucleus. The major drawback of the method is that Sn ion can’t be
removed completely, thus the reducing and separating of Pd ion are affected.

A new method was developed to reduce Pd ions by polyatomic alcohol to generate
Pd nucleis supported by the surface of CNTSs, avoiding the intervention of Sn ion and
the appearance of byproducts. The newborn Pd particles on the surface of CNTs
would be the active sites for the next reaction process, i.e., the chemical plating of Pb
and other metals. By using the active CNTs-supported Pd particles, Pb/CNTs and
NiPd/CNTs were obtained separately with the reducing agent of TiCls and ethylene
glycol.
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2.1 Pretreatment of CNTs [12,13]

Three procedures for pretreatment of CNTs are as follows:

1.

Pretreatment by concentrated nitric acid. A certain amount of CNTs were soaked
with HCI solution (30 mass%) for 12 h, washed, and refluxed in concentrated HNOj3
solution at a temperature for 3 h, followed by washing with distilled water until the pH
value of the elution was about 7. The filter cake was filtrated, washed with deionized
water, and dried in vacuum at 80 °C for several hours, and then the pretreated CNTs
were obtained. The oxidation temperatures were: a, 100 °C; b, 120 °C; ¢, 140 °C.
Pretreatment by concentrated sulfuric acid and nitric acid. The soaked CNTs were
refluxed in concentrated H,SO4 and HNO3 mixture solution at 70 °C for 3 h. The
mixed acid was prepared with the following volume ratios of H,SO,4 to HNOj: 4,
1:1; b, 2:1; ¢, 3:1.

Pretreatment by K>CryO7. The soaked CNTSs were refluxed in KoCryO7 solution
with a volume ratio at 60 °C for some time. The oxidation durations were: a, 1 h; b,

2h;¢ 3h.

Fourier transform infrared spectroscopy (FTIR) patterns for CNTs pretreated by
concentrated HNOj at different oxidation temperatures are shown in Figure 1. From the
figure, one can find that the absorbance peak intensities at 1460 cm ™' are different for
samples with the oxidation temperature of 100, 120, and 140 °C. The intensity is
strengthened from 100 to 120 °C, and changed little from 120 to 140 °C. This indicates
that more carboxylic groups were created on the surface of CNTs with the increase of
temperature, but one thing that should be considered is that the high temperature of

Transmittance / %
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Figure 1 FTIR patterns for CNTs pretreated by concentrated nitric acid. Oxidation temperature
(°Q): a, 100; b, 120; ¢, 140.
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Figure 2 FTIR patterns for CNTs pretreated by concentrated sulfuric and nitric acid. Vi,s0, : Vino,: a,
1:1; b, 2:1; ¢, 3:1.

140 °C will lead to the decomposition of HNO3, which is not favorable for the
oxidation of CNTs. Thus, an oxidation temperature of 120 °C was adopted.

FTIR patterns for CNTs pretreated by concentrated sulfuric and nitric acid with
different volume ratios are shown in Figure 2. From it, one can find that the absorbance
peak intensities at 1160 and 1640 cm™ " are increased remarkably with an increase in the
content of sulfuric acid, and this indicates that more carboxylic groups were created on
the surface of CNT's with a larger volume of sulfuric acid. Therefore, a ratio of HySO4 to
HNOj of 3:1 was used.

FTIR patterns for CNTs pretreated by potassium dichromate with a different
oxidation time are shown in Figure 3. From it, one can find that the absorbance peak
intensities at 1400 and 1640 cm ™' are also enhanced remarkably with the increase in
oxidation time, and this indicates that more carboxylic groups are created on the surface
of CNTs with longer oxidation time. Thus, an oxidation time of 3 h was utilized.

FTIR patterns of original CNTs (a) and pretreated CNTs are shown in Figure 4. CNTs
were pretreated by (b) concentrated nitric acid, (¢) sulfuric acid and nitric acid, and (d)
potassium dichromate. The figure shows the appearance of the infrared (IR)) bands at 3470
and 1460 cm™ ' due to —OH stretching and flexural vibration, 1160 cm ™' due to C—O
stretching vibration, and 1640 cm™ 'due to C=0 stretching vibration after pretreatment,
indicating that there are more carboxyl, carbonyl, and hydroxide groups on the surface of
CNTs after pretreatment using the three methods mentioned above. But the relative peak
intensities at 1400 and 1640 cm ™! are distinguished with different pretreatment methods.
Figure 4 shows that more carboxyl, carbonyl, and hydroxide groups are found on the
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Figure 3 FTIR patterns for CNTs pretreated by potassium dichromate. (Oxidation time (h): g, 1; b, 2; ¢, 3).
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Figure 4 FTIR patterns for original CNTs: a and pretreated CNTs. Pretreated method: b, concentrated
nitric acid; ¢, concentrated sulfuric and nitric acid; d, potassium dichromate.

surface of CNTs after pretreatment using procedures 2 and 3. The imported functional
groups on the surface of CNT's provide active sites for the reaction process.

Transmission electron microscope (TEM) images for CNTs pretreated by
(a) concentrated HNOj3, (b) concentrated H,SO4 and HNO3, and (¢) KoCryO7 are shown
in Figure 5. The three samples show similar morphological characteristics, their surfaces
were clean and smooth, and no carbon fragments and catalyst particles were found.
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, O e _ % i -
Figure 5 Transmission electron microscope (TEM) images for CNTs pretreated by (a) concentrated
HNO;, (b) concentrated H,SO, and HNO3, and (c) K;Cr,0,.

100 nm
e

2.2 CNTs-Supported Metal

As mentioned above, Pb/CNTs and NiPd/CNTs were obtained by the chemical plating
method, and an activation process was conducted before chemical plating of CNTs. In
this process of preparation, the metal ions were reduced to metal particles and deposited
on the surface of the CNT directly. Pd was the suitable active metal obtained by the
high-temperature (170-180 °C) reduction reaction with polyatomic alcohol. The
activation reactions can be expressed as follows:

2CH,OH—CH,OH—2CH3;CHO + 2H,O

2CH3CHO + Pd(OH), — CH3—CO—CO—CHj + 2H,0 + Pd

The newly born Pd particles on the surface of CNTs will be the active sites for the
chemical plating of Pb. Pb/CNTSs were obtained with the reducing agent of TiCl3 and
deposited on Pb nucleus. As a poisonous material to catalytic reaction, growth of Pb
particles is slow, thus the depositing process on the surface of CNT's was easy to control.

As for the preparation of NiPd/CNTs, the reducing reactions of the two metal ions
in the solution are correlated closely with their standard electrode potentials (SEP). For
Ni ion and Pd ion, the SEP values are —0.257 and 0.915 V, respectively, therefore Pd ion
can be reduced to Pd particles firstly and deposited on the surface of CNTs, providing
the active sites for the next process. Ni ion will be reduced subsequently, deposited on
the active sites, and then grow up. There is a strong relationship between the particle sizes
and the pH values of the solutions, and the nanoparticles of NiPd on the surface of
CNTs can be obtained with the suitable pH value.

2.2.1 Pd/CNTs
Palladium chloride (PdCly) was dissolved in ethylene glycol with ultrasonic treatment.
The sodium hydroxide (NaOH) ethylene glycol solution with a concentration of
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Figure 6 X-ray diffraction (XRD) patterns of a: pretreated CNTs and b: Pd/CNTs.

0.4 mol/L was added into PdClI, solution until the pH value was 8; the pretreated CNTs
were then added rapidly into the sol at 170 °C and stirred for several hours, and the
resultant black material was washed, filtrated, and dried in a vacuum oven at 80 °C to get
Pd/CNTs.

X-ray diffraction (XRD) patterns for (a) pretreated CNTs and (b)) Pd/CNTs are
shown in Figure 6. The presence of the carbon phase with 26 at 26.2° reveals the existence
of the layer structure of CNT's with Pd on the surface. The strong diffraction peaks with
260 at 39.9°, 46.4°, and 67.9° were attributed to cubic Pd. As shown in the TEM image of
Pd/CNTs (Figure 7), the Pd nanoparticles on the surface of CNTs are mainly spherical
with the diameter of 5-9 nm.

2.2.2 Pb/CNTs [14]

A NaOH solution was added into the chemical plating solution containing ethylene
diamine tetra acetic acid (EDTA), sodium citrate, lead acetate, and titanium trichloride
(TiCly); the pretreated CNTs were then added rapidly into the sol and kept stirring for
120 min at a certain temperature, and the resultant black material was washed, filtrated,
and dried in a vacuum oven at 80 °C, and then Pb/CNTs was obtained.

XRD patterns of (a) pretreated CNTs and (b)) Pb/CNTs are shown in Figure 8. For
curve g, the strong diffraction peak of CNTs did not appear, but only a diftraction peak at
24.7° was detected. The strong diffraction peaks at 31.3°, 36.3°, 52.2°, and 62.2° are
recognized as the characteristic peaks of cubic Pb for Pb/CNTs. The peaks at 28.6°,
31.8°, and 48.5° were recognized as quadrangle phase of PbO. The XRD determination
showed that the final product is composed mainly of Pb and CNTs, although a small
amount of PbO existed in the final product. Four elements (C, Pb, Pd, and Ti) were
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Figure 7 TEM image of Pd/CNTs.
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Figure 8 XRD patterns of a: pretreated CNTs and b: Pb/CNTs.

20 30

detected by energy dispersive spectrometry (EDS) analysis. T1 was imported from CNTs
chemical plating process using the reducing agent TiClj.

TEM image of Pb/CNTs is shown in Figure 9. One can find that Pb particles
deposited on the surface of CNTSs are mainly irregular shape ones with a diameter of

about 50 nm.
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XRD patterns of Pb/CNTs prepared with different plating times are shown in
Figure 10. From the curves g4, b, ¢, and d it was found that the diffraction peak intensities
of Pb became much stronger with the plating time increased from 30 to 120 min, and the
diffraction peaks of PbO and Pb3;O,4 were relatively weak. The amounts of plating Pb
increased with the increase in plating time. However, the diffraction peaks of Pb became

o v = PbO

° v Pb
I S Pb,0, e

%D
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g
r<
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Figure 10 XRD patterns of Pb/CNTs. (Plating time in minutes: a, 30; b, 60; ¢, 90; d, 120; e, 150).
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Figure 11 XRD patterns of Pb/CNTs. (pH value: g, 8.7; b, 8.9; ¢, 9.3; d, 9.7; e, 10.7).

weak and were replaced by Pb3O4 when the plating time was longer than 150 min (see
curve ¢). The experiment shows that Pb could be oxidized to the oxide as Pb3;O4 when
the plating time was too long. Therefore, the plating time of 120 min is optimal for Pb
plating on the surface of CNTs.

XRD patterns of Pb/CNTs prepared with different pH values are shown in
Figure 11. As curve a shows, only the diffraction peak of CNTs appeared on the curve
when pH value was 8.7, indicating that the plating did not occur. As curve b shows,
diffraction peaks of Pb, PbO, (PbO or Pb3Oy) appeared on the curve when pH value
was 8.9. But as curve ¢ shows, the major peaks belong to Pb when pH value was 9.3, and
the diffraction peaks of PbO, are very weak. When pH value was higher than 9.7, the
peak intensities of Pb would decrease and almost disappeared, and only the peaks of
PbO, existed on the curve. The results indicate that pH value has a strong effect on the
plating component. The suitable pH value is near 9 within a narrow range, the optimal
plating was carried out when pH value was less than 9 because Pb was easily oxidized at
pH value exceeding 9.

XRD patterns of Pb/CNTs prepared with diftferent plating temperatures are shown
in Figure 12. From the curves, it was found that the suitable plating temperature was
60 °C, and Pb was easily oxidized to generate PbO on the surface of CNTs when the
plating temperature was higher than 60 °C.

2.2.3 NiPd/CNTs

Palladium chloride (PdCly) and nickel acetate [Ni(AC), - 4H,O] with a molar ratio of 1:1
were dissolved in ethylene glycol. The pretreated CNTs were added rapidly into the
solution and dispersed with ultrasonic treatment. NaOH ethylene glycol solution with a
concentration of 0.4 mol/L was added into the above solution, which was then stirred at
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Figure 12 XRD patterns of Pb/CNTs. (Plating temperature in °C: a, 55; b, 60; ¢, 70; d, 90).

170 °C for several hours. The black material in solution was washed, filtrated, and dried
in vacuum at 80 °C, and thus NiPd/CNTs were obtained.

TEM results of NiPd/CNTs showed that NiPd alloy on the surface of CNTs are
mainly spherical particles with a diameter of 10-20 nm, and the agglomeration of NiPd
particles was found. The Ni to Pd atom number ratio in NiPd/CNTs is 30:1, which was
determined by electron spectrometer.

XRD patterns of NiPd/CNTs (a) and pretreated CNTs (b) are shown in Figure 13.
The presence of the carbon phase with 20 at 26.2° reveals the existence of the layer
structure of CNTs. The strong diffraction peaks with 26 at 44.3°, 51.8°, and 76.4° were
recognized as the characteristic values of cubic Ni.

CNTs|

Ni<111>

Intensity / a.u.
Ni<200>

Ni<220>

T
20 30 40 50 60 70 80
20/°

Figure 13 XRD patterns of NiPd/CNTs (a) and pretreated CNTs (b).
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Figure 14 XRD patterns of NiPd/CNTs, pH value: g, 5.7; b, 7.7; ¢, 8.4; d, 10.0; e, 10.6.

0

XRD patterns of NiPd/CNTs prepared with different pH values are shown in
Figure 14. From the comparison of the five curves in the figure, a weak peak at 40.1°
originating from Pd exists, and its weak intensity was caused by the low content of Pd
compared with Ni. The crystallite sizes of Ni particles on the surface of CNTs with
different pH values were calculated as (a) 17.9, (b) 16.5, (¢) 12.0, (d) 10.2, and (¢) 14.4 nm
by applying Scherrer’s equation. The particle size of NiPd alloy on the surface of CNTs
decreased gradually with the increase in pH value when it was lower than 9, however, an
opposite trend was observed when the pH value was higher than 10. The suitable pH
value was determined to locate between 9 and 10.

2.2.4 Ag/CNTs
Ag/CNTs [15] can be obtained via two methods, i.e., the silver-mirror method and the
hydrothermal method. The details of these two methods are listed as follows.

Silver-mirror method: the pretreated CNTs were added to the Tollen reagent, into
which formaldehyde was then introduced. After the reaction ended, filtration was
conducted on the solution to get the solid, which was then washed with deionized water
until the pH value reached 7. After desiccation of the solid, the final product obtained
was a black powder.

Hydrothermal method: the aqueous ammonia was added drop by drop to an AgNO3
solution until it became transparent. Afterwards, both CNTs and a polyvinylpyrrolidone
solution were added to it. After being thoroughly ultrasonically dispersed, the solution was
loaded into a hydrothermal reactor for 36 h. After completion of the reaction, filtration was
conducted on the solution and the resultant solid was washed with deionized water until
the pH value became 7. The final product, a black powder, was obtained after desiccation of
the solid.
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FTIR measurements were conducted on Ag/CNTs samples. The samples prepared
by using different methods share have identical IR characteristics. FTIR bands at 3400
and 1630 cm™ " originating from the stretching and bending mode of —OH in H,O as
well as the characteristic band of C—O in CO, at 2360 cm ™' were observed. It was
believed that Ag/CNTs prepared by using different methods contained some water.
Indeed, the low relative intensity of the characteristic signal of HyO suggested its low
contents, although KBr used for FTIR tests is also hydrophilic.

Actually, the FTIR spectra of Ag/CNTs are similar to those of the pristine CNTs,
and the characteristic IR bands of metallic Ag near 400 cm™ ', although unlikely to be
easily recognizable, also exist. Therefore, the above FTIR results suggest that Ag/CNT's
samples are mainly composed of Ag and CNTs.

XRD measurements were also conducted on Ag/CNTs as shown in Figure 15. The
diffraction peaks at 25.84° and 44.14° for the sample prepared using silver-mirror
method were believed to originate from the (002) and (101) planes of graphite, and
the corresponding peaks were detected with 26 at 25.94° and 44.26° for the sample
obtained through the hydrothermal method. These results indicated the existence of
layer structure in the composite. However, in comparison with the sample prepared by
using the hydrothermal method, these two peaks were broadened for the composite
prepared by using the silver-mirror method. This phenomenon is believed to be due to
the difference in reaction conditions characterizing these two methods.

Additionally, the diffraction peaks from metallic Ag were detected for both com-
posites. On the composite pattern obtained by using the silver-mirror method, peaks
from cubic Ag (04—0783) with 26 at 37.92°, 44.14°, 64.32°, and 77.24° (corresponding
to the (111), (200), (220), and (311) planer, respectively) were observed. As for the
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Figure 15 XRD patterns of Ag/CNTs prepared by using different methods: (a) silver-mirror method
and (b) hydrothermal method.
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Table 1 Phase contents and grain sizes of Ag of Ag/CNTs.

Chemical Mineral Phase Size of
System PDF No. formula name Content, % nano Ag/nm
A (silver- 04-0783 Ag Silver-3C 62.8 29.3
mirror) 41-1487 C Graphite 37.2
B (hydro- 04-0783 Ag Silver-3C 91.9 35.4
thermal) 41-1487 C Graphite 8.1

sample obtained by using the hydrothermal method, the corresponding peaks were
detected with 26 at 38.04°, 44.26°, 64.38°, and 77.30°. No diffraction peaks from other
substances were detected. The above results imply that the Ag/CNTs were composed of
CNTs and cubic Ag.

Based on the Scherrer’s equation, the crystal sizes of metallic Ag in Ag/CNTs were
calculated by using the (111) and (200) diftraction peaks and listed in Table 1. The phase
contents of the composites are also provided in Table 1.

Obviously, the grain sizes of metallic Ag are different for the composites prepared by
different methods. This is believed to be due to the different reaction conditions for these
two methods.

Scanning electron microscope-energy dispersive spectrometry (SEM-EDS) mea-
surements were conducted on Ag/CNTs. Irregular Ag particles with diameters of
10—80 nm are observed on the surfaces of CNTs, thus forming the Ag/CNTs. It should
be noted that the Ag particles prepared by using hydrothermal method are larger than the
ones obtained by using the silver-mirror method due to the higher temperature and
pressure characterizing hydrothermal method.

EDS measurement on the pretreated CNTs showed the absence of element O,
suggesting that there was no hydroxyl, carboxyl, and carbonyl on the surfaces of CNTs.
As for the Ag/CNTs, only C and Ag were detected. The contents of C and Ag in the
composites prepared by using silver-mirror and hydrothermal methods were approxi-
mate 88 and 12 wt%, and 61 and 39 wt%, respectively.

Brunnaver—-Emmet—Teller (BET) measurements revealed the larger specific surface
area of Ag/CNTs than that of the pristine CNTs. This phenomenon is due to the
depressed agglomeration of Ag particles in the presence of CNTs as supporter.

2.3 CNTs-Supported Metal Oxides

2.3.1 CuO/CNTs [16,17]

Cupric acetate [Cu(OAc);] and sodium hydroxide (NaOH) with a molar ratio of 1:2
were dissolved in ethylene glycol, respectively. The NaOH solution was added dropwise
into the Cu(OAc), solution, and copper (II) hydroxide sol was prepared. Then, the
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Figure 16 XRD patterns of a: pretreated CNTs and b: CuO/CNTs.

pretreated CNT's were added rapidly into the sol, which was stirred at 100 °C for several
hours, and then the distilled water was dropped into the above mixture, which was
refluxed at 100 °C for several hours. Finally, the black material was washed, filtrated, and
dried in a vacuum oven at 80 °C, and then CuO/CNTs were obtained.

The XRD patterns of the pretreated CNTs and CuO/CNTs are shown in Figure 16.
The diffraction peak at 26.2° indicates the presence of CNTs. The strong diffraction
peaks with 26 at 35.4°, 38.5°, 48.8°, 58.5°, 61.4°, 66.1°, and 68.1° were recognized as
the characteristic peaks of orthorhombic CuO. Therefore, CuO/CNTs is a material
composed of CNTs and CuO nanoparticles. The crystallite size of CuO supported by
the surface of CNTs was calculated to be 9.3 nm by applying Scherrer’s equation.

TEM images of the pretreated CNTs are shown in Figure 17(a), which indicate that
CNTs pretreated by hydrochloric acid and nitric acid hardly contain any impurity and

Q

Figure 17 TEM images of (a)

pretreated CNTs and (b) CuO/CNTs.
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Table 2 Data on the Cu content in catalyst determined by ICP-MS.

Cu content Cu conversion
Sample (mass ratio, %) (mass ratio, %)
Pretreated CNTs 0.30 —
Cat-1 23.7 95.2
Cat-2 36.9 85.6
Cat-3 41.0 92.4
Cat-4 50.7 89.0

show a smooth appearance. From Figure 17(b), one can clearly see that the CuO nano-
particles supported by the surface of CNT's are mainly oblate with the length of 8—10 nm,
and occasionally rod-like with the length of 50 nm and diameter of 5 nm. Thus, the TEM
results are in agreement with the values calculated by Scherrer’s equation.

The concentration of cupric acetate in precursor solutions was varied in order to
investigate the influence of the amount of cupric acetate on formation of CuO on CNTs.
CuO/CNTs with different content of CuO were numbered as: Cat-1, Cat-2, Cat-3, and
Cat-4, and the corresponding mole ratios of cupric acetate to CNTs were 1.3:1, 2.5:1,
3.8:1, and 5.0:1. All of the samples were treated by incineration—acidolysis process before
the copper content in each sample was determined by inductively coupled plasma mass
spectrometry (ICP-MS), the results were listed in Table 2. It is shown that the pretreated
CNTs still contain 0.3% Cu (mass ratio), because a copper catalyst was employed during
the preparation process of CNTs. From Table 2, one can find that the conversion effi-
ciencies of cupric acetate to copper oxide for different CuO/CNTs composites were
determined to be of 85.6-95.2%. The mass ratios of CuO can be calculated based on the
Cu content as: Cat-1, 26.6%; Cat-2, 39.9%; Cat-3, 47.9%; and Cat-4, 53.3%.

The XRD patterns of Cat-1 ~ Cat-4 are shown in Figure 18. It was found that the
intensities of both the CNTs dy, diffraction peak located at 26.2° and CuO djqg
diffraction peak located at 38.5° changed significantly with the increase in cupric acetate
concentrations, the former peak was weakened gradually and the latter was strengthened
simultaneously, due probably to the increase in the amount of CuQO supported by the
surface of CNTs from Cat-1 to Cat-4. The crystal sizes of CuO particles were calculated
by Scherrer’s equation with the half~height width corresponding to the CuO (111) peak:
Cat-1, 9.5 nm; Cat-2, 9.5 nm; Cat-3, 9.3 nm; and Cat-4, 8.8 nm. It is seen that the
grain size of CuO supported by CNTs hardly changes with the increase in the cupric
acetate concentration.

2.3.2 PbO/CNTs

Pb(OAc¢),-3H,0 (0.5 g) was dissolved in water to get a transparent solution, and then
0.3 g CNTs was introduced to it [18]. Having been subjected to ultrasonic dispersion,
the solution was magnetically stirred at 50 °C for 3 h. Aqueous ammonia was utilized to
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Figure 18 XRD patterns of CuO/CNTs: g, Cat-1; b, Cat-2; ¢, Cat-3; and d, Cat-4.

modify the pH value of the solution to 9.45, followed by stirring for another 4 h. After
that, filtration was conducted of the solution to get the solid, which was washed with
deionized water and ethanol twice and once, respectively, and then dried at 60 °C. The
final product of PbO/CNTs was obtained by heat-treating the dried solid at 250 °C for
2 h under N, environment.

Figure 19 shows the XRD pattern of PbO/CNTs, which was heat—treated at
300 °C. A diffraction peak at 26° from CNTs was detected. In addition, diffraction peaks
with 26 at 29.09°, 37.82°, 48.83°, and 68.82° from rhombic PbO and peaks from
metallic Pb at 31.31°, 36.27°, 52.23°, 62.12°, and 65.24° were observed. In addition,
overlapped peaks of PbO and Pb were also observed near 28.610° and 31.843°.

CNTs
PbO

Pb

Intensity / a.u.

bO
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Figure 19 XRD pattern of PbO/CNTs.
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1 . L —

Figure 20 TEM images of PbO/CNTs prepared with different pH value of the solution. (pH value:
(a) 8.0; (b) 9.0; () 9.45).

Ll

The XRD results indicate the existence of Pb in the PbO/CNTs, which is believed to
be due to the reduction of PbO to generate metallic Pb on CNTs. It was also found
that almost all the PbO could be reduced to form Pb at a heat-treatment temperature
of 400 °C. Therefore, the optimal heat-treatment temperature is determined to be
250-300 °C.

The influences of pH on the preparation of PbO/CNTs were also investigated. TEM
images of Pb/CNTs prepared by using solutions with different pH value are shown in
Figure 20. As exhibited in Figure 20(a), only a few PbO particles with diameters of
approximately 45 nm are supported by surfaces of CNTs when pH value is 8.0. As for
the sample obtained by using the solution with a pH value of 9.0 (Figure 20(b)),
numerous large size (100-200 nm) spherical particles are observed on surfaces of CNTs.
Interestingly, when the pH value is further increased to 9.45, plenty of small peg-like
particles with sizes of approximately 10 nm are observed to compose with CNTs.
Obviously, the pH of solution is critical for the preparation of PbO/CNTs. The pH
value of 8.0 is too low for the massive production of Pb(OH)3, which is the precursor for
the preparation of PbO. Thus, only a small amount of oxide was obtained when pH was
8.0. On the other hand, a pH value of 9.0 leads to the formation of large size PbO
particles. When the pH value of solution is 9.45, Pb(NO3)s hydrolyzes to form the
Pb(OH)3 gel that covers the surfaces of CNTs evenly. Therefore, the optimal pH value
for the preparation of PbO/CNTs is 9.45.

EDS was adopted to further characterize the compositions of PbO/CNTs. The four
elements C, O, Pb, and Cu were detected. It should be noted that the signal of Cu
originated from the copper network which used for supporting samples. The EDS results
confirm that the composite is composed of PbO and CNTs.

2.3.2 Bi;03/CNTs
Bi(NO3)3-5H,0 (0.21 g) was dissolved in solvent to get a solution, into which 0.1 g of
CNTs was then added [19]. After that, the solution was stirred for 30 min, during which
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Figure 21 XRD patterns of the pretreated CNTs: a and Bi,O3/CNTs: b.

ammonia solution or NaOH solution was added slowly to get a pH value of 9-10.
Finally, the solution was subjected to filtration to get the solid residues, which were then
dried and heat-treated at 300 °C to get the resultant product.

Figure 21 shows the XRD patterns of CNTs (a) treated in a mixture of
concentrated sulfuric acid and nitric acid and Bi,O3/CNTs (b). It is observed that
the dygo peak from graphite is very weak. On the other hand, diffraction peaks at
27.97°, 31.71°, 32.76°, 46.21°, 47.00°, 54.22°, 55.55°, and 57.77°, which were
attributed to the (201), (002), (220), (222), (400), (203), (421), and (402) peaks of
tetragonal Bi,O3 (65—1209), respectively, were detected. In addition, the diffraction
peaks were detected at 27.195°, 37.995°, 39.634°, 48.734°, and 64.559° attributed to
the (012), (104), (110), (202), and (122) peaks of the rhombohedral Bi (44—-1246),
respectively. The above results suggest that the obtained Bi,O3/CNTs contain some
elemental Bi.

TEM image of BiO3/CNTs is shown in Figure 22. It is seen that the Bi,O35 balls
with diameters of 30-50 nm are located on the surfaces of CNTs. Four elements
including C, O, Bi, and Cu were detected by using EDS. It should be noted that the
signal of Cu element originated from the copper network adopted for TEM tests.

The influence of solvent on the morphologies of Bi;O3; nanoparticles was also
investigated. It was found that the morphologies and dispersity of BiO3 nanoparticles
supported on the surface of CNTs varied with the solvents used. When ethylene glycol
and NaOH were used as the solvent and precipitant, the Bi;O3 nanoparticles are rod
shaped with the diameter of 10 nm and the length of 50-100 nm. In addition, the
distribution of Bi,O3; nanoparticles on the surfaces of CNTs is not homogeneous.
However, when dimethyl formamide (DMF) was used as the solvent and NaOH as the
precipitant, the shapes of the resultant BiO3 nanoparticles were spherical or spheroidal
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Figure 22 TEM image of Bi,O3/CNTs.

with diameters from 10 to dozens nanometers, and agglomeration of the particles
was also observed. As for Bi;O3/CNTs in the case of using HyO as the solvent and
NaOH as the precipitant, uniformly distributed Bi;O3 nanospheres with diameters of
60—100 nm were obtained. Whereas for the sample prepared by using H,O as the solvent
and ammonia solution as the precipitant, 30-50 nm spherical Bi;O3 supported by the
surfaces of CNTs were produced with uniform distribution and high loading rate.
The above results imply that adopting water as the solvent and ammonia water as the
precipitant is favorable for obtaining small Bi»O3 particles with the uniform distribution
of its precursors supported by CNTs.

Figures 23 and 24 show the TEM images and XRD patterns of Bi,O3/CNTs
prepared with heat treatment under different temperatures, respectively. As shown in
Figure 23(a), the BipO3 particles were spherical with diameters of 20-30 nm after heat
treatment at 300 °C. On their XRD pattern (Figure 24), a bump between 25° and
35° was detected, indicating the amorphous nature of Bi,O3. As for the product heat-
treated at 400 °C, spherical BiO3 particles were also obtained, although with slightly
larger diameter of 30-50 nm. The corresponding XRD test indicates that the Bi,O3
nanoparticles are contaminated by some Bi produced by the reduction reaction
between Bi,O3 and C. When the heat treatment temperature was further increased to
500 °C, the diameters of the nanoparticles were also increased to 50-100 nm. In
addition, the particles were determined to be mainly composed of Bi, with a small
amount of Bi;Os. It is concluded that both the sizes and compositions of the
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Figure 23 TEM images of Bi,O3/CNTs heat-treated at 300 °C (a), 400 °C (b), and 500 °C (c).
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Figure 24 XRD patterns of Bi,O3/CNTs heat-treated at 300 °C: a, 400 °C: b, and 500 °C: c.

Bi-containing particles are closely related to the heat treatment temperature. With the
increase in the heat treatment temperature, the crystallinity of the particles supported
by CNTs improves and their sizes increase. In addition, more BiO3 could be reduced
to be Bi at higher heat treatment temperatures. The best heat treatment temperature is
believed to be 400 °C because when the temperature is too high (for example,
500 °C), most of the Bi,O3 would be reduced to Bi.

2.3.4 MnO»/CNTs [20]

The CNTs utilized here were pretreated using a mixture of potassium permanganate and
sulfuric acid solutions as described in Section 2.1. It is well known that CNTs are
comprised of carbon six-membered rings without unsaturated bonds. However, upon
treatment with a mixture of potassium permanganate and sulfuric acid solutions, the
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structure of CNTs is changed. It is believed that the following reactions occur during the
purification process:

3C 4+ 4MnO4~ + 4H'T = 4MnO» + 3CO, + 2H,0
Fe + MnO4~ + 4H" = 4MnO, + Fe’T 4+ 2H,O

3FeS + 7MnO4~ + 16HT = 7MnO, + 3Fe*t + 350, + 8H,O

There are some carbon five- and seven-membered rings on the end caps of CNTs,
which are relatively unstable in comparison with the six-membered rings. Therefore, the
end caps of CNTs could be opened through oxidation of the mixture of potassium
permanganate and sulfuric acid solutions on carbon five- and seven-membered rings. In
the meantime, the amorphous carbon, graphite, and catalyst particles were also involved
in the oxidation reactions. As a result, upon the treatment of the mixture of potassium
permanganate and sulfuric acid solutions, MnO,/CNTs was obtained.

From the FTIR measurements one can find that a blue shift of the characteristic
absorption band of the Mn—O bond from 530 to 551.1 cm ™' was observed, originating
from the nanosized effect. Moreover, blue shifts for the O—H stretching mode at
3353.4 cm™~ ' and bending mode at 1547.5 cm ™' were also observed due to the fact that
MnQ; absorbs moisture.

As shown in Figure 25, XRD measurements were also conducted on MnO,/CNTs.
The diffraction peaks from CNTs with 26 at 26.52° and 44.66° are observed. In
addition, the broadened XRD peaks at 21.38°, 35.64°, 40.87°, and 65.42°, which
originate from the orthorhombic y-MnQO,, are recognizable. In addition, the diffraction
peaks from $-MnQO; are detected at 37.36° and 54.45°. The diffraction peaks from
both v-MnO; and $-MnO; are relatively weak and broadened indicating small grain
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Figure 25 XRD patterns of CNTs: a and MnO,/CNTs: b.
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Figure 26 XPS spectra of C 1s, O 1s, and Mn 2p for MnO,/CNTs (a) and high-resolution spectrum of
Mn 2p (b).

sizes of MnO5 and the existence of many crystal defects in them. The XRD results imply
that the MnO, particles are mainly composed of y-MnQO.

Figure 26(a) shows the X-ray photoelectron spectroscopy (XPS) spectra of
MnO,/CNTs, and the C 1s, O 1s, and Mn 2p peaks were observed confirming the
existence of C, O, and Mn. Furthermore, the mass contents of C, O, and Mn were
determined to be 29%, 49%, and 22%, respectively, based on the XPS analysis on the
surfaces of MnO,/CNTs. The content of MnO» in the composite was evaluated to be
64.44% using an atomic absorption spectrophotometer. Therefore, the content of
MnQO; in the tubes of CNTs is 29%.

Figure 26(b) shows the high-resolution spectrum of Mn 2p for MnO,/CNTs. Two
peaks at 641.7 and 653.47 eV with an energy difference of 11.77 ¢V were detected and
attributed to the Mn 2p,/3 and Mn 2p 5 signals, respectively. The chemical states of Mn
2p indicate that Mn exists in the form of MnO,. Moreover, the location of Mn 2ps/3
peak at 641.7 eV suggests that the main phase of MnO, is the vy phase, further
confirming the XRD results.

TEM was utilized to characterize the morphology of CNTs and MnO,/CNTs, as
shown in Figure 27. It is revealed that the surfaces of CNTs are smooth whereas the

().

CNTs ().
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surfaces of CNTs in MnO,/CNTs are rather rough due to the existence of peg-shaped
MnQO; on their surfaces.

2.4 CNTs-supported Metal Oxide Composite

2.4.1 CuO-PbO/CNTs

Cu(NO3),-3H,0 and Pb(NO3), were dissolved in deionized water [21]. The pretreated
CNTs were added into the solution, which was then subjected to ultrasonic dispersion
for 30 min. After stirring at room temperature for 5h and standing for another 4 h,
the pH value of the solution was modified to be 8.5 using a 2.5 wt% aqueous ammonia
tollowed by standing for another 5 h. Filtration was conducted to get the solid, which
was washed with deionized water and ethanol twice and once, respectively, and dried at
60 °C. The dried solid was heat-treated at 280 °C for 2 h to get the final product of
CuO-PbO/CNTs.

XRD measurement was conducted on CuO-PbO/CNTs as shown in Figure 28.
On the XRD pattern of CuO-PbO/CNTs, the diffraction peaks from monoclinic
CuO (45-0937) with 26 at 35.49°, 38.52°, 48.90°, and 61.49° (originating from the
diffraction of the (002), (111), (111), and (202) planes, respectively) are detected and
the peaks at 19.27°, 30.74°, 52.61°, and 56.09° are believed to originate from the
diffraction of the (001), (101), (112), and (211) planes of PbO, respectively. Note that
the diffraction peaks from CNTs in the composite are significantly weakened compared
with the pristine CNTs, which is believed to be due to CNTs in the composites being
covered by CuO and PbO.

Figure 29 shows the TEM image of CuO-PbO/CNTs. A lot of spherical CuO and
PbO particles with diameters of approximately 20 nm are observed. These particles are
distributed evenly on the surfaces of CNTs.
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Figure 28 XRD pattern of CuO-PbO/CNTs.
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EDS was utilized to further characterize the composition of CuO-PbO/CNTs. The
four elements C, O, Cu, and Pb were detected. This result confirms that the composite is
composed of CuO, PbO, and CNTs.

In addition, we investigated the influences of precipitator, pH value of solution, and
the heat treatment temperature on the products. Figure 30 shows the XRD pattern of
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Figure 30 XRD patterns of CuO-PbO/CNTs prepared without precipitator.
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composite prepared without the precipitator. The pattern is almost identical to that of
pretreated CNTs as only a peak at 25.91° originating from the diffraction of (002) plane
of CNTs is observed. On the other hand, besides the peak from CNTs, diffraction peaks
from CuO and PbO were detected in the XR D pattern of the composite. Therefore, the
introduction of precipitator is critical for the formation of CuO and PbO on the surfaces
of CNTs, and the combined impregnation and chemical liquid deposition method is
more favorable for the preparation of CuO-PbO/CNTs.

It was found that the pH value of the solution is also critical for the formation of
CuO-PbO on the surfaces of CNTs. A high pH value would result in the formation of
soluble Cu®"-NHj; complex anions, whereas a low pH is not favorable for the formation
of hydroxides. The optimal pH value of the solution was determined to be in the range
of 8.4-8.5. The heat treatment temperature 1s also important for the purity of metal
oxides on the surfaces of CNTs. The newly formed CuO would be reduced to metallic
Cu at a high temperature, whereas a low temperature would result in the incomplete
decomposition of the precursors to CuO and PbO and poor crystallinity of the final
products. The optimal heat treatment temperature comprises 280-300 °C.

2.4.2 Cu,0-Biy03/CNTs [22]

Bi(NO3)3-5H,O (0.37 g) was dissolved in 30 mL of 1.0 mol/L sulfuric acid and
CuSOy4-3H,0 (0.62 g) was dissolved in water. After that, the Bi(NO3)3 and CuSOy
solutions were mixed evenly and 0.3 g of pretreated CNTs was added to the mixture
solution, which was then subjected to ultrasonic dispersion and stirring at room tem-
perature for 5 h. During the stirring, a 1.0 mol/L NaOH solution was added to the
mixture drop by drop until obtaining pH = 7.8. The resultant solution was subjected to
filtration to get the solid residues, which were washed with water and ethanol twice and
once, respectively. Then the solid residues were dried at 60 °C and heat-treated at
350 °C for 2 h to get the final product of CuyO-Bi,O3/CNTs.

The contents of Bi and Cu were determined to be 22.0 and 22.5 mass%, respectively,
using atomic spectroscopy. As a consequence, the contents of Bi;O3 and Cu;O were
calculated as 24.5 and 25.3 mass%. Figure 31 shows the XRD patterns of pretreated
CNTs and CupO-Bi;O3/CNTs. It is observed that a strong diffraction peak from CNTs
at 26° (20) with some other weak peaks were detected in the pattern of oxidized CNTs.
On the other hand, on the pattern of Cu,O-Bi1,O3/CNTs, the characteristic diffraction
peak of CNTs at 26° (26) is weak, suggesting that the surfaces of CNTs are covered with
Cuy0-BiyO3. In addition, diffraction peaks from the monoclinic Bi,O3 at 27.95°,
31.76°, 32.69°, 46.22°, 46.90°, 54.27°, 55.49°, and 55.66°, as well as the peaks from
the monoclinic CuyO at 36.50°, 42.20°, 61.52°, and 73.70°, are all recognizable,
confirming the successtul synthesis of Bi;O3 and Cu,O.

Figure 32 shows the TEM image of CuyO-Bi;O3/CNTs. It is seen that the
diameters of CNTs in the composite are larger than those of the pristine CNTs as they
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Figure 32 TEM image of Cu,0-Bi,O3/CNTs.

are wrapped with 2025 nm CupO-BiyOj particles. The EDS results of CupO-Bi,O3/
CNTs revealed the existence of the four elements of Cu, Bi, O, and C, confirming the
results of XRD measurements.

Figure 33 shows the XRD patterns of the products obtained by using aqueous
ammonia to modify the pH of solution to different values. For the sample obtained from
the solution with a pH value of 0.5 (no aqueous ammonia was added), only the
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Figure 33 XRD patterns of Cu,0-Bi,O3/CNTs obtained from the solution with different pH values.
(pH value: g, 0.5; b, 6.8; ¢, 7.5; d, 8.3).

diffraction peaks from CNTs are recognizable, suggesting that the amount of oxides on
the surfaces of CNTs is negligible. If the pH value of solution was modified to be 6.8, the
diffraction peaks of CNTs on the XRD pattern of resultant composite became weaker,
whereas strong peaks with 26 at 27.52°, 33.12°, 35.12°, 42.44°, and 46.38° emerged.
These peaks were attributed to Bi;O3. In addition, the diffraction peaks with 26 at
36.49°, 42.26°, 61.45°, and 73.78° from Cuy;O were also detected. The above results
indicate that a lot of CupO-Bi,O3 is supported by the surface of CNTs. The XRD peaks
with lower intensities are observed in the pattern of composite obtained from the
solution with a pH value of 7.5, indicating the reduced amount of CuyO-Bi,O3 on the
surfaces of CNTs. These peaks are further weakened when the pH value of solution is
8.3, thus suggesting the further reduced oxides amount supported by CNTs. Obviously
the amounts of CuyO -Bi, O3 supported by the surface of CNTs are closely related to the
pH value of solution. When aqueous ammonia was utilized as a titrant, the optimal pH
value of solution for the preparation of CuyO-Bi,O3/CNTs should be 6.5-7.0. The pH
value of lower than 6.5 is unfavorable for the formation of hydroxides and thus oxides of
Bi and Cu. On the other hand, if the pH value is higher than 7.5, NH3 would adduct to
Cu”" to generate soluble complex cations, which is also unfavorable for the formation of
hydroxides and oxides of Bi and Cu. It should be noted that the soluble complex cation
can react with NaOH to generate the hydroxide of Cu.

Figure 34 shows the XRD patterns of CuyO-BiyO3/CNTs prepared with different
mass ratios of metal salts to CNTs. It is observed that the peak intensities of CuO and
Bi,O3 increase with the increase in the mass ratios of metal salts to CINTs, whereas the
opposite trend was found for the peak intensities of CNTs. This observation implies that
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Figure 34 XRD patterns of Cu,0-Bi,O3/CNTs prepared by using different mass ratios of metal salts.
(Mass ratio (%): a, 60; b, 100; ¢, 200; d, 250).

the amounts of Cuy,O-BiyOj3 supported by the surfaces of CNTs increase with
the increase in the mass ratios of metal salts to CNTs. When a small mass ratio of
metal salts to CNTs is adopted, only small amounts of CuyO - Bi,O3 would form on the
surfaces of CNTs.

Figure 35 shows the XRD patterns of CuyO-BiyO3/CNTs heat-treated at difterent
temperatures. For the sample heat-treated at 300 °C, only few weak diffraction peaks can
be observed, which suggests the poor crystallinity of sample. When the heat treatment
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Figure 35 XRD patterns of Cu,O-Bi,O3/CNTs heat-treated at different temperatures. (Heat-treated
temperature (°C): g, 300; b, 350; ¢, 400).
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temperature was increased to 350 °C, strong diffraction peaks from BiyO3 with 26 at
27.93°, 32.71°, 46.31°, 55.57°, 57.49°, and 74.46°, as well as the peaks from CuyO at
36.56°, 42.46°, 61.56°, and 73.77°, were detected with the weak diffraction peak of
CNTs at 26°. After heat treatment at 400 °C, the diffraction peak of CNTs at 26° was
recognizable on the XRD pattern of the product, but the peaks from Bi;O3 and Cu,O
disappeared completely. Additionally, the diffraction peaks from metallic Bi at 37.27°,
37.67°, 48.68°, 55.95°, 62.15°, and 64.46° and the peaks of Cu at 43.33°, 50.49°, and
74.10° are detected. Itis believed that Bi,O3 and CuyO deposited on the surfaces of CNTs
are reduced to generate metallic Bi and Cu at the temperature of 400 °C. Therefore, the
heat treatment at 350 °C is optimal for the preparation of CuyO-BiO3/CNTs.

2.4.3 Bi203-Sn02/CNTs

The solutions of Bi(NO3)3 and SnCly, which were prepared by dissolving 0.56 g of
Bi(NO3)3-5H,0 and 0.62 g of SnCly-5H0 in 10 mL of 1 mol/L hydrochloric acid,
respectively, were mixed thoroughly[23]. Afterward, 0.3 g of pretreated CNTs was
introduced into the mixture of Bi(NO3)3 and SnCly solutions, which was then subjected
to ultrasonic dispersion followed by stirring for 5 h and then keeping for another 2 h at
room temperature.

Aqueous ammonia (2.5 wt%) was added into the solution drop by drop until pH
value became equal to 8.8 and then it was left standing for 5 h at room temperature. After
that, the solution was filtrated to get the solid residues, which were washed using
deionized water and ethanol twice and once, respectively. Then the solid powder was
dried at 60 °C and heat-treated at 380 °C for 2h to get the resultant product of
BizOg, . SHOZ/CNTS.

Figure 36 presents the XRD pattern of BipO3-SnO,/CNTs. It is observed that,
besides the diffraction peaks from graphite, the peaks with 26 at 24.62°, 27.38°, 33.24°,
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Figure 36 XRD pattern of Bi,O3-SnO,/CNTs.
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Figure 37 TEM image of Bi;O3-SnO,/CNTs.

37.69°, and 46.31° from cubic BiOj3 (corresponding to the (102), (120), (200), (—112),
and (041) planes, respectively) and 26.61°, 33.89°, 37.95°, 51.76°, 53.14°, and 64.72°
from cubic SnO; (corresponding to the (110), (101), (200), (211), (220), and (112)
planes, respectively) were detected, indicative of the existence of cubic Bi,O3 and SnO».

As shown in the TEM image of BiO3-SnO,/CNTs (Figure 37), Bi,O3:SnO;
particles with an average diameter of about 5 nm were found on the surfaces of CNTs,
which resulted in the increase in diameters of CNTs. In addition, it should be noted that,
after ultrasonic treatment for 30 min, the Bi»O3-SnO; particles were still located on the
surfaces of CNTs.

EDS measurement was conducted to further determine the composition of
Bi,O3-SnO,/CNTs. The four elements C, O, Bi, and Sn were detected. In addition,
the mass contents of Bi and Sn were determined by using the X-ray fluorescence
(XRF) measurements to be 27.3% and 23.1%, respectively. Thus, the contents of Bi;O3
and SnO, were calculated as 30.4% and 29.3%.

The effects of heat treatment temperature on generation of Bi»O3-SnO, on the
surface of CNTs were investigated by using XRD. After heat treatment at 400 °C,
metallic Bi appeared in the product. Upon further increasing the heat treatment
temperature to 500 °C, almost all the Bi;O3 was reduced to form metallic Bi. When a
heat treatment temperature of 380 °C was adopted, only Bi,O3 instead of metallic Bi
could be detected. However, if the heat treatment temperature is lower than 380 °C, the
Bi-containing precursor does not decompose completely to generate Bi,O3. Therefore,
380 °C is believed to be the optimal heat treatment temperature.

Moreover, it was found that the pH value of solution is also critical for the formation
of BiO3-SnO; on the surfaces of CNTs. If the pH value is too high, the newly formed
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Table 3 The productivity of Bi,Os-SnO,/CNTs prepared without the utilization of precipitator.
Starting
(Bi,03-5H,0), g (SnCl;-5H,0), g CNTs, g materials, g (SnO,-Bi,03/CNTs), g Productivity, %

0.0937 0.1212 0.1044 0.3193 0.0925 46.25
0.0928 0.1135 0.1033  0.3096 0.1049 52.42
0.0927 0.1228 0.1044 0.3199 0.0957 47.85
0.0903 0.1200 0.1013 0.3166 0.0916 45.80
0.0925 0.1223 0.1020 0.3168 0.0945 47.25

Table 4 The productivity of Bi,O3-SnO,/CNTs prepared with the utilization of precipitator.
Starting
(BiO3-5H,0), g (SnCl,;-5H,0), g CNTs, g materials, g (SnO5-Bi,03/CNTs), g Productivity, %

0.0920 0.1161 0.1000 0.3081 0.1650 82.50
0.0900 0.1162 0.1003  0.3065 0.1635 81.70
0.0912 0.1123 0.1027 0.3062 0.1630 81.50
0.0926 0.1157 0.1057 0.3140 0.1596 79.80
0.0936 0.1227 0.1034 0.3197 0.1523 76.15

BirO3-SnO; would dissolve in the solution, whereas a low pH value is unfavorable for
the formation of Bi,O3-SnO,. The optimal pH value for preparation of BiO3-SnO,/
CNTs was determined to be 8.8.

The influences of precipitator (aqueous ammonia) on the amount of Bi;O3-SnO;
on the surfaces of CNTs were also investigated. Tables 3 and 4 list the amount of
BixO3-SnO; prepared without and with the utilization of precipitator (aqueous ammonia),
respectively. When aqueous ammonia was not used in the preparation process, the
productivity of metal oxides was about 50%, whereas it increased to higher than 80%
value when the precipitator was utilized during preparation. Therefore, the utilization of
precipitator (aqueous ammonia) is favorable for the formation of Bi»O3-SnO; on the
surfaces of CNTs.

2.4.4 Cu,0-5n0O,/CNTs

The CuyO-SnO,/CNTs catalyst was prepared through the combined impregnation and
chemical liquid deposition method [24]. A given mass of SnCly-5H,O and
CuCly-2H,0 was dissolved in water to generate a solution, into which the pretreated
CNTs and dispersant PEG-400 were then added. The solution was then ultrasonically
dispersed and stirred at room temperature for several hours. After that, aqueous ammonia
was utilized to modify the pH value of solution up to 8.0-8.5. The solution was then

subjected to filtration, washing, desiccation, and finally heat treatment to obtain the
resultant black CupO-SnO,/CNTs powder.



Preparation, Characterization, and Catalytic Activity of Carbon Nanotubes-Supported Metal or Metal Oxide 263

[ snO,
O Cu,0

Intensity / a.u.

20 40 60 80

20/°
Figure 38 XRD patterns of the pretreated CNTs (a) and Cu,O-SnO,/CNTs (b)

Figure 38 demonstrates the XRD patterns of pretreated CNTs and CupyO-SnO»/
CNTs. Diffraction peak with 260 at 26° originating from the (002) plane of CNTs was
detected on the pattern of pretreated CNTs. As for the XRD pattern of CuyO-SnO,/
CNTs, the peak from CNTs with 26 at 26° is relatively weaker. However, peaks with 26
at 26.61°, 33.98°, and 51.78° from SnO; (corresponding to the (110), (101), and (211)
planes, respectively) and peaks at 36.50°, 42.40°, and 61.52° from Cu,O (corresponding
to the (111), (200), and (220) planes, respectively) are recognizable on this pattern,
implying the existence of CuyO-SnO, composites.

Figure 39 shows the TEM image of CupyO-SnO,/CNTs. It is revealed that the
diameters of CNTs in the composite are larger than those of pristine CNTs due to the
existence of CuyO-SnO; balls with a particle size of about 6 nm on their surfaces. This
result confirms the successful preparation of CuyO-SnO,/CNTs.

XRD measurement was used to investigate the difference in phase compositions of
CuyO-SnO,/CNTs prepared with (sample a) and without (sample b) utilization of
precipitator (aqueous ammonia), and the results are shown in Figure 40. For the
composite prepared without precipitator only the diffraction peak from CNTs with 26 at
26° ((002) plane) was detected, no peaks from CuyO and SnO; were discernable. As for
CupO-SnO,/CNTs prepared by using aqueous ammonia as precipitator, diffraction
peaks from CupO and SnO; are observed accompanying the peak from CNTs with 26 at
26°. Therefore, CuyO-SnO,/CNTs can be achieved through the combination of
impregnation and chemical liquid deposition methods. It was also found that the optimal
pH value of solution should be about 8 as a pH value lower than 8 is unfavorable for the
formation of metal hydroxides while pH wvalue higher than 8 would result in the
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Figure 39 TEM image of Cu,0-SnO,/CNTs.
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Figure 40 XRD patterns of Cu,0-SnO,/CNTs prepared with (sample a) and without (sample b)
precipitator.

dissolution of Sn-containing precipitation and formation of soluble Cu-containing
complex anions. Moreover, 400 °C is the optimal heat treatment temperature. Heat
treatment at temperatures higher than 400 °C may lead to reduction of metal oxides to
metals, whereas heat treatment temperatures lower than 400 °C are unfavorable for the
crystallization of metal oxides.
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2.4.5 NiO-5nO,/CNTs

SnCl—NiCl, solution was prepared by dissolving SnCly-5H,O and NiCl,-6H,0 in
water. The pretreated CNTs were then introduced to the solution and PEG-400 was
used as the dispersant. The solution was ultrasonically dispersed and stirred at room
temperature for 8 h. NaOH solution (1 mol/L) was utilized as the precipitator to modify
the pH wvalue of solution to 8.0 and then the solution was kept for 5 h at room
temperature. Filtration was conducted to obtain the solid residue, which was washed
with HyO three times and dried at 60 °C. Finally, the solid was heat-treated at 500 °C for
2hin Nj to get the resultant product, NiO-SnO,/CNTs.

Figure 41 shows the XRD pattern of NiO-SnO,/CNTs. It was found that the
composite is composed of NiO (47-1049), SnO, (41-1445) and CNTs. The TEM
image of NiO-SnO,/CNTs is presented in Figure 42. As shown in Figure 42, spherical
NiO-SnO; particles with an average diameter of 5 nm are supported by CNTs.

EDS measurements were also conducted on NiO - SnO,/CNTs. The four elements Ni,
Sn, O, and C were detected in the experiment, which confirmed the above XRD results.

2.4.6 CuO-Sn0O,/CNTs

SnCly-5H,0 and CuCly-2H,O were dissolved in deionized water to get a SnCly—
CuCl, solution, and the pretreated CNTs were then added to the solution. After being
ultrasonically dispersed for 1 h and stirred at 50 °C for 30 min, the solution was kept
for 5 h. Aqueous ammonia was utilized as titrant to change the pH value of solution to 8,
and then the solution was kept for another 5 h. Filtration was then conducted to
obtain the solid, which was washed with water and ethanol twice and once, respectively.
After that, the solid residues were dried at 60 °C and heat-treated at 400 °C to achieve
the final product of CuO-SnO,/CNTs. The compositions and microstructures of
CuO-SnO,/CNTs were similar to those of NiO-SnO,/CNTs.
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Figure 41 XRD pattern of NiO-SnO,/CNTs.
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3. CATALYTIC ACTIVITY OF CNTs-SUPPORTED CATALYSTS IN
THERMAL DECOMPOSITION OF ENERGETIC MATERIALS

CNTs have been proved to be an excellent supporter for burning rate catalysts.
This is believed to be closely related to their structural characteristics. The catalyst
particles on the surfaces of CNTs are dispersed evenly and their agglomeration is thus
hindered. The gaseous decomposition products of propellants can be easily absorbed by
the active sites of catalysts, which is favorable for the catalytic reactions. In addition,
CNTs are a good conductor of heat, thus favoring the heat transfer during the
combustion of propellants.

3.1 Catalytic Effects on the Thermal Decomposition Reaction of
Nitrocellulose Absorbed Nitroglycerin

3.1.1 Effects of CNTs, Nano-CuO and CuO/CNTs on the Thermal Decomposition
Behavior of Nitrocellulose Absorbed Nitroglycerin [16]

The differential scanning calorimetry (DSC) records with a heating rate of 10 °C/min
of different NC-NG/catalyst samples, which were prepared by mixing NC-NG
and different catalysts physically, are shown in Figure 43 and the parameters of their
thermal decomposition are listed in Table 5 (T}, peak temperature; At, peak width;
At = tend — tsear; AH has been corrected to be the value of 100% NC-NG). Here, it
should be noted that Nano-CuO adopted as catalysts was prepared using a sol-gel
method similar to the preparation of CuO/CNTs without the introduction of CNTs.
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Figure 43 DSC curves of NC-NG, NC-NG/CNTs, NC-NG/CuO, and NC-NG/CuO/CNTs (0.1 MPa, NC-NG:
Catalyst = 5:1).

Table 5 Thermal decomposition parameters of NC-NG, NC-NG/CNTs,
NC-NG/CuO, and NC-NG/CuO/CNTs.

Sample T, °C At, °C AH, J/g
NC-NG 205.6 98.4 1368
NC-NG/CNTs 202.6 88.7 1440
NC-NG/CuO 201.3 73.6 1596
NC-NG/CuO/CNTs 196.5 83.3 1764

In addition, CuO/CNTs catalyst Cat-4 with a carbon content of 46.7% was utilized,
leading to a CNTs content of about 7.8%.

As shown in Figure 43, two exothermic peaks at 183.6 and 205.6 °C were detected
by DSC for the pristine NC-NG. All the above-mentioned catalysts promote the
decomposition of NC-NG and different catalysts make different catalytic effects. With
an NC-NG to catalyst mass ratio of 5:1, CNTs, nano-CuO, and CuO/CNTs decrease
the peak temperature of NC-NG by 3.1, 4.3, and 9.2 °C, respectively. At the same time,
the decomposition enthalpies were increased by 72, 228, and 396 J/g upon the addition
of CNTs, nano-CuO, and CuO/CNTs, respectively. Therefore, it is concluded that
catalysts may not only enhance the decomposition reaction rate of NC-NG but also
increase the reaction enthalpies. In addition, the CuO/CNTs composite shows better
catalytic performances than nano-CuO.

The DSC records of NC-NG/CuO/CNTs samples containing different amounts of
CuO/CNTs are shown in Figure 44, and the related parameters are listed in Table 6. Itis
observed that the DSC peak of NC-NG shifts to lower temperatures with the increase in
the content of catalysts. The peak temperature was decreased by 9.2 °C along with an
increase in decomposition enthalpy by 396 J/g when the NC-NG to catalyst mass ratio
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Figure 44 DSC curves of NC-NG mixed with different contents of CuO/CNTs (0.1 MPa).

Table 6 Effect of the content of CuO/CNTs on the thermal decomposition
of NC-NG (0.1 MPa).

Sample To °C At, °C AH, J/g
NC-NG/CuO/CNTs (20:1) 202.0 87.1 1680
NC-NG/CuO/CNTs (15:1) 200.2 91.8 1752
NC-NG/CuO/CNTs (10:1) 198.4 89.5 1740
NC-NG/CuO/CNTs (5:1) 196.5 83.3 1764

was 5:1. Additionally, the peak temperatures were decreasing by 7.2, 5.5, and 3.6 °C and
the reaction enthalpies were increasing by 372, 384, and 312 J/g when the NC-NG to
catalyst mass ratios were 10:1, 15:1, and 20:1, respectively. Therefore, the increase in the

content of catalysts is favorable for enhancing the reaction rate and extent of decom-
position of NC-NG.

3.1.2 Effect of Other CNTs-Supported Catalysts on the Thermal Decomposition
Behavior of NC-NG

The eftects of Bi,O3/CNTs, Pb/CNTs, NiB/CNTs, and NiPd/CNTs on decompo-
sition of NC-NG are listed in Table 7, and the corresponding DSC traces are shown in
Figure 45. Lower temperature decomposition of NC-NG is observed for the samples
containing the above-mentioned four catalysts. The NC-NG to catalyst mass ratio of
5:1 was adopted. It is determined that the addition of NiB/CNTs, NiPd/CNTs, Bi,O3/
CNTs, and Pb/CNTs decreases the decomposition temperature of NC-NG by 5.0, 5.0,
6.3, and 13.2 °C and increases the reaction enthalpy by 264, 252, 312 and 456 J/g,
respectively. Therefore, these four catalysts are also effective in enhancing the reaction
rates and extents of decomposition of NC-NG, while Pb/CNT was determined to be
the most effective catalyst.
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Table 7 Effect of different CNTs-supported catalysts on the thermal
decomposition of NC-NG (0.1 MPa).

Sample T, °C At, °C AH, J/g
NC-NG/CNTs (5:1) 202.6 88.7 1440
NC-NG/NiB/CNTs (5:1) 200.7 89.4 1632
NC-NG/NiPd/CNTs (5:1) 200.6 82.6 1620
NC-NG/Bi,O3/CNTs (5:1) 199.3 91.8 1680
NC-NG/Pb/CNTs (5:1) 192.5 93.9 1824
804
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Figure 45 DSC curves of NC-NG mixed with different CNTs catalysts (0.1 MPa).

3.1.3 Nonisothermal Decomposition Reaction Kinetics of Mixture of NC-NG
and Catalysts

The effects of CuO/CNTs, Bi,O3/CNTs, Pb/CNTs, NiB/CNTs, and NiPd/CNTs
on decomposition kinetics of NC-NG were investigated in N, environment. The
activation energy (E,) and preexponential factor (A) were evaluated using the Kissinger
method, and the reaction rate constant was determined using the Arrhenius equation.
Asshown in Table 8, the activation energy for decomposition of NC-NG 1s 170.20 kJ/
mol. Upon addition of 17% of CuO/CNTs, Bi;O3/CNTs, Pb/CNTs, Nib/CNTs, and
NiPd/CNTs, the values of E, were decreased by 12.5,51.8, 13.1,27.7, and 14.7 k] mol !,
thus favoring the decomposition of NC-NG. The reaction rate constants of the
decomposition of NC-NG are also increased upon the addition of different catalysts.

3.2 Catalytic Effects of Ag/CNTs on the Thermal Decomposition
Reaction of Hexogen

In order to evaluate the effects of Ag/CNTs on thermal decomposition of hexogen
(RDX), the DSC measurements were conducted on the RDX/Ag/CNTs of different
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Table 8 Kinetic parameters of decomposition of the NC-NG/catalyst samples.

Correlation
Sample E,, kJ/mol A s k, s7' (200 °C) coefficient
NC-NG 170.2 5.831 x 10'° 9.438 x 107 0.9993
NC-NG/CuO/CNTs 157.7 4283 x 10'° 1.648 x 1072 0.9997
NC-NG/Bi,O5/CNTs 118.4 1.309 x 10" 1.103 x 1072 0.9997
NC-NG/Pb/CNTs 157.1 4981 x 10" 2.250 x 1072 0.9979
NC-NG/NiB/CNTs 1425 6.319 x 10" 1.158 x 1072 0.9980
NC-NG/NiPd/CNTs 155.5 1.980 x 10" 1.356 x 1072 0.9977

compositions as shown in Figure 46. The Ag/CNTs samples adopted were prepared
by using two different methods. Figure 46(a) and (b) shows the DSC curves of RDX/
Ag/CNTs containing Ag/CNTs prepared by using the silver-mirror method and
hydrothermal method, respectively.

As shown in Figure 46, the main exothermic peak at 242.0 °C (515 K) and the
shoulder at 253.0 °C (526 K) were detected on the DSC curves of RDX. Upon the
addition of Ag/CNTs, the exothermic peaks shifted to higher temperatures, and
the peak shapes changed. For the sample with RDX to Ag/CNTs mass ratio of 19:1, the
shoulder at 253.0 °C became the main peak whereas the peak at 242.0 °C became a
shoulder. With further increase in the content of Ag/CNTs, the main peak became
sharper and the shoulder almost disappeared. The result suggests that the introduction of
Ag/CNTs modifies the decomposition behavior of RDX. Furthermore, with the
increase in the content of Ag/CNTs, the shoulder (secondary reaction) also shifted to
lower temperatures. This is believed to be due to the high specific surface area of
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Figure 46 DSC curves of the RDX/Ag/CNTs with different compositions; (a) silver-mirror method,
(b) hydrothermal method.
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Ag/CNTs, which is apt to absorb the gaseous products and therefore favors the reaction
between gaseous species.

The eftects of two differently prepared Ag/CNTs on thermal decomposition of
RDX are listed in Table 9 and Table 10. It was observed that the melting point of RDX
decreased gradually with the increase in the content of Ag/CNTs. Moreover, the
decomposition enthalpy of RDX also decreased with the increase in the content of Ag/
CNTs. This was ascribed to the high thermal conductivity of CNTs, which was very
favorable for heat dissipation, thus reducing the amount of heat detected, although more
heat was released during the enhanced secondary decomposition (gaseous reaction).
Based on the reaction enthalpies data listed in Tables 9 and 10, the sample of Ag/CNTss
prepared by using hydrothermal method exhibits better catalytic performance than the
one prepared by using the silver-mirror method.

It is concluded that the thermal decomposition behavior of RDX was modified due
to the existence of Ag/CNTs. With the increase in content of Ag/CNTs, the primary
decomposition reaction of RDX shifted to higher temperatures whereas the secondary
one shifted to lower temperatures. In addition, the DSC peak corresponding to the
primary decomposition of RDX disappeared along with sharpening of the secondary
decomposition peak when the content of Ag/CNTs was higher than a critical value.

Table 9 Effect of the contents of Ag/CNTs prepared by silver-mirror reaction on the thermal decom-
position of RDX.
Te: °C Tml °C Tp1l °C Tp2! °C AHsl J/g AHS(RDX)I J/g

RDX 205.1 205.6 240.0 253.1 2546 2546
RDX:Ag/CNTs (19:1) 203.5 205.1 240.8 251.9 2324 2451
RDX:Ag/CNTs (9:1) 203.0 204.7 — 250.3 1911 2120
RDX:Ag/CNTs (5:1) 201.7 204.6 — 246.0 1109 1480
RDX:Ag/CNTs (2:1) 198.4 203.7 — 244.5 1030 1313

Note: RDX:Ag/CNTs, (mass ratio); T¢, onset temperature; T, melting peak temperature; Ty, and Ty, decomposition
peak temperatures; AH,, enthalpy of the exothermic decomposition reaction of system; AHyr px), converted enthalpy of
RDX.

Table 10 Effect of the content of Ag/CNTs prepared by hydrothermal method on the thermal
decomposition of RDX.
Te, °C T °C To1,°C Tp2,°C AH, J/g  AHgswrpxy J/9

RDX 205.1 205.6 240.0 253.1 2546 2546
RDX:Ag/CNTs (19:1) 203.6 205.6 241.8 251.7 2410 2499
RDX:Ag/CNTs (9:1) 202.8 205.0 — 249.0 1640 2084
RDX:Ag/CNTs (5:1) 203.4 205.2 — 248.0 1556 1853

RDX:Ag/CNTs (2:1) 201.8 204.4 — 2441 1357 1632
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3.3 Catalytic Effects on the Thermal Decomposition Reaction
of Ammonium Perchlorate

DSC measurements were conducted with the samples of the pristine ammonium
perchlorate (AP) and the mixtures of AP/CNTs, AP/MnQO,, and AP/MnO,/CNTs as
shown in Figure 47. An endothermic peak and two exothermic peaks were detected on
the DTA curve of the pristine AP (Figure 47, curve a). The endothermic process at
248.0 °C corresponds to phase transition of AP from orthorhombic to cubic phase.
On the other hand, the exothermic peak at 322.3 °C is due to the low-temperature
decomposition of AP, during which AP partially decomposes to generate some gaseous
products. At higher temperatures, the high-temperature decomposition process peaking
at 478.1 °C on the DTA curve occurs resulting in the full conversion of AP to gaseous
products. Upon addition of MnO, with particle sizes of 60—80 pm and CNTs, the high-
temperature decomposition peak was decreased by 143.6 °C and overlapped with the
low-temperature peak, suggesting the catalytic effects of MnO, and CNTs on decom-
position of AP. More interestingly, it was found that introduction of the same amount of
MnQO,/CNTs decreases the peak temperature of high-temperature decomposition of AP
by 162.2 °C. The resultant peak temperature of high-temperature decomposition was
even 4.4 °C lower than the peak temperature of low-temperature decomposition for the
pristine AP. In addition, the low-temperature decomposition process of the MnO,/
CNTs-added AP disappeared. Therefore, the MnO,/CNTs showed better catalytic eftect
on the decomposition of AP in comparison with the pure MnO,.

The decomposition enthalpies of the pristine AP, AP + CNTs 4 MnO;, and
AP 4 MnO,/CNTs samples were determined to be 370.5, 948.07, and 1490.22 J/g.
The thermal behaviors of these three samples were analyzed, and it was found that the
more the high-temperature decomposition shifted to lower temperatures, the higher the
decomposition enthalpy became.
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Figure 47 DTA curves of different samples (a, AP; b, AP + CNTs + MnO,; ¢, AP + MnO,/CNTs).
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[t is well known that the low-temperature decomposition of AP is a solid—gas reaction,
in which dissociation and sublimation are involved. The reaction can be expressed as
follows:

I\H—L;Jr + ClO4~ — NHj3 (S) + HCIO4 (S) —>NH3(g) + HCIO4 (g)

The gaseous NH3 and HCIOy further react with each other to generate N,O, O,, Cly,
and H,O. The high-temperature decomposition products of AP include NO, O,, Cly,
and H,O. Newman et al. [32] proposed that the rate-determining step of decomposition
of AP was electron transfer from ClO} to NHJ and the catalytic effect of transition metal
oxides on decomposition of AP was believed to originate from that the oxide acted as a
bridge in the electron transfer process. Moreover, the presence of transition metal oxides
modified the composition of decomposition products of AP, and more NO was released,
which promoted the decomposition of AP. In addition, the gaseous species in decom-
position of AP were easily absorbed by active sites on the catalyst particles supported by
CNTs, thus resulting in the superior catalytic performance of MnO,/CNTs in com-
parison with MnO; and CNTs.

3.4 Catalytic Effects on the Thermal Decomposition Reaction
of N-guanylurea-dianitramide [17,25]
3.4.1 Effects of CuO Content in CuO/CNTs on the Thermal Behavior
of Guanylurea-dianitramide (GUDN)
The DSC curves of the mixtures of GUDN and different CuO/CNT catalysts, abbre-
viated as GUDN/Cats (the mass ratio of GUDN to Cats is 5:1) obtained at 0.1 MPa are
shown in Figure 48 where AH (]J/g) is the decomposition heat with conversion of
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Figure 48 DSC curves of a: pure GUDN, b: GUDN/Cat-1, c: GUDN/Cat-2, d: GUDN/Cat-3, and e: GUDN/
Cat-4 (Cat-1, Cat-2, Cat-3 and Cat-4 are different CuO/CNTs catalysts). AH (J/g): a, 1.54 x 10%
b, 1.75 x 10% ¢, 1.78 x 10 d, 1.70 x 10%; e, 1.87 x 10°.
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GUDNY/ Cats mixtures into 100% GUDN. It was found that there is only one exothermal
decomposition peak (T, °C) in each DSC curve, with the peak temperature of the pure
GUDN being 218.5 °C. The CuO/CNTs show favorable catalytic effects on the thermal
behavior of GUDN. The peak decomposition temperature of GUDN was decreased by
13.8, 15.4, 17.2, and 20.2°C, in the order from Cat-1 to Cat-4. The converted
decomposition heats were increased as compared with pure GUDN by 210, 240, 160, and
330 J/g in the order of Cat-1 to Cat-4. Therefore, it is clear that the peak decomposition
temperature of GUDN can be decreased and meanwhile the decomposition heat of
GUDN be increased with the increment of CuO content in the CuO/CNTs.

3.4.2 Catalytic Effects of CuO/CNTs with Different Addition Amounts
on Thermal Behavior of GUDN

The DSC curves of the GUDN/Cat-4 mixtures with mass ratio of 5:1, 10:1, 15:1, and
20:1 obtained at 0.1 MPa are shown in Figure 49, and AH (J/g) is defined the same as in
Figure 48. From Figure 49, one can see that the peak temperature of GUDN decreases
with the increase in the amount of Cat-4, i.e., when the mass ratio of GUDN to Cat-4
was kept as 5:1, the peak temperature of GUDN decreased by 20.2 °C, and the con-
verted decomposition heat of the GUDN/Cat-4 mixtures increased by 330 J/g; when
the mass ratios of GUDN to Cat-4 were kept as 10:1, 15:1, and 20:1, the peak tem-
peratures of GUDN decreased by 18.4, 14.0, and 11.0 °C, respectively, and the con-
verted decomposition heats of the GUDN/Cat-4 mixtures increased by 220, 150, and
70 J/g, respectively. Thus it is clearly seen that the increase in the catalyst amount can
improve the decomposition reaction rate of GUDN and the reaction extent. The Cat-4
showed noticeable catalytic effect, even in the case when the mass ratio of the catalyst to
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Figure 49 DSC curves of a: pure GUDN, b: GUDN/Cat-4 (20:1), c: GUDN/Cat-4 (15:1), d: GUDN/Cat-4
(10:1), and e: GUDN/Cat-4 (5:1). (AH (J/g): a, 1.54 x 10% b, 1.61 x 103, ¢: 1.69 x 103, d, 1.76 x 10%;
and e, 1.87 x 10°,
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GUDN was decreased to 1:20, which is close to the usual catalyst content in the
propellant formulations.

3.4.3 Nonisothermal Decomposition Reaction Kinetics

To explore the catalytic effect of Cat-4 on the thermal decomposition reaction kinetics
of GUDN, and to obtain the corresponding kinetic parameters (apparent activation
energy (E,), preexponential constant (A4)) and determine the most probable kinetic
model function, the DSC curves of the GUDN/Cat-4 mixture (Cat-4 content was 17%)
obtained under 0.1 MPa at the heating rates of 5, 10, 15, and 20 K/min were processed
with five integral methods, Eqns (1-5) and one differential method, Eqn (6).The
methods are listed in Table 11 [26—29].

In these equations, « is the conversion degree of the exothermic reaction (¢ = H,/
Hy); Hy is the total heat effect corresponding to the global area under the DSC curve; H,
is the reaction heat at a certain time instant corresponding to the partial area under the
DSC curve; T'is the temperature (K) at the time instant #; R is the universal gas constant,
fla) and G(w) are the differential model function and the integral model function,
respectively, and the meanings of E,, A, (3, and T, have been mentioned earlier. The data
needed for the equations of the integral and differential methods, «;, 8, T;, T, i=1,2,
3,... are obtained from the DSC curves, and the T ~ «a curves of GUDN/Cat-4
mixture at the heating rates of 5, 10, 15, and 20 K/min are shown in Figure 50. The
values of E, were obtained by Ozawa’s method, Eqn (5), with « varying from 0.02 to
1.00, and the E, ~ « curve of the GUDN/Cat-4 mixture is shown in Figure 51. It is

Table 11 Kinetic analysis methods.

Method Equation

General integral In [%] _ ln[(ﬁ—f;) (1 _ %ﬂ - L (1)

M;jlfai:rlll:;m— log[G(a)] = log (‘g—}f) — 0.4828 V4357 — % (E in kcal/mol) (2)

Satava—Sestak  log[G(a)] = log(%) —2.315 — &85 (3)

Agravl in[38)] — mfummpcael _ g @

Flynn—Wall—  log 8 = log (#fa)) —2.315 — D4S67E 5)
Ozawa

Kissinger ln(%) = ln<%) - REE’, i=1,2,...,4 (6)

P
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obvious that the activation energy changes slightly in the interval of 0.10-0.85 (). Thus,
this interval can be selected to derive the nonisothermal reaction kinetics.

Forty-one types of kinetic model functions and the original data were put into Eqns
(1-6) for calculation [26,27]. The values of E,, log A, linear correlation coefficient (r),
and standard mean square deviation (Q) can be calculated by the computer with the
linear least-squares and iterative methods at various heating rates of 5, 10, 15, and
20 °C/min. The most probable mechanism function is selected by the best values of r,
and Q [26,27|. The results of satisfying the conditions at the same time are the final
results as listed in Table 12, and the relevant function is the reaction mechanism function
of the exothermic decomposition process of the GUDN/Cat-4 mixture under 0.1 MPa.
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Table 12 Kinetic parameters of the decomposition process of GUDN/Cat-4 mixture.

Method B, °C/min E,, kJ/mol log A, s~ r Q
General integral 5 178.0 17.8 0.9914 0.0646
10 189.3 19.1 0.9850 0.1126
15 196.8 19.9 0.9907 0.0697
20 193.3 19.5 0.9880 0.0895
MacCallum—Tanner 5 178.4 17.8 0.9921 0.0122
10 189.9 19.1 0.9861 0.0212
15 197.5 19.9 0.9914 0.0131
20 194.0 19.5 0.9890 0.0168
Satava—Sestak 5 176.6 17.6 0.9921 0.0122
10 187.5 18.9 0.9861 0.0212
15 194.7 19.7 0.9914 0.0131
20 191.4 19.2 0.9890 0.0168
Agrawal 5 178.0 17.8 0.9914 0.0646
10 189.3 19.1 0.9850 0.1126
15 196.8 19.9 0.9907 0.0697
20 193.3 19.5 0.9880 0.0895
Mean 189.1 19.0
Flynn—Wall—Ozawa 182.8 0.9988 0.0005
Kissinger 184.4 18.6 0.9987 0.0025

From Table 12, one can find that the values of E, and log A obtained from the
nonisothermal DSC curves are in fairly good agreement with the values calculated by
both Kissinger’s and Ozawa’s methods.

Finally, a conclusion has been drawn that the reaction mechanism of the
exothermal decomposition process of the GUDN/Cat-4 mixture under 0.1 MPa is
classified as nucleation and growth mechanism, which is described by the Avrami—
Erofeev equation (—In(1 — a) = (k3n)™) with n=2/5, G(a) = [-In(1 — a)]*’?, and
fla) = (5/2)(1 — a)[—In(1 — &)]*”>. When substituting fla) with (5/2)(1 — )
[—In(1 — a)]*”®, E,/(kJ/mol) with 189.1 and A (s~') with 10" into Eqn (7):

da/dt = Af(a) e F/RT (7)

the corresponding kinetic equation of the decomposition reaction of the GUDN/Cat-4
mixture can be formulated as:

da/dt = 10"%4(1 — @)[ — In(1 — a)]Y/3¢~227x10Y/T )

Comparing the apparent activation energy of the decomposition reaction of GUDN/
Cat-4 mixture with that of pure GUDN, one can find that Cat-4 decreased it by
31.1 kJ/mol [GUDN: E, (k]/mol), 220.2; log (A), s~', 21.2] [30], which means that
Cat-4 enhances the rate of decomposition reaction of GUDN effectively.
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3.4.4 Catalytic Mechanism Analysis

The violent decomposition reaction of GUDN (pure) occurs between 214.8 °C and
238.5 °C and produces a great deal of gases, with 16.25-18.39% mass remaining, and
the rate of mass loss decreases with the increase in temperature [31]. The decom-
position reaction of GUDN is a very complicated oxidation—reduction process, and
one can speculate about the importance of the gaseous intermediates to the
decomposition process when analyzing the reaction rate and the volume of the gases
released.

The CuO particles supported by the surface of CNTs with a small grain size and a
large specific area possess a large amount of surface active sites and a strong adsorption
capacity. Consequently, more gaseous intermediates will be adsorbed on the surface of
the nanocatalyst. And the nanocatalyst will therefore accelerate the decomposition of the
gases that may result in a real increase in GUDN decomposition reaction rate.

CNTs support the CuO particles, which improves the dispersibility of CuO
nanoparticles and increases the specific area, and it is of benefit to the catalytic re-
action process. In addition, due to sp> hybridized construction of CNTs, electrons
can travel along the tube wall and accelerate the electron and heat transfer during
the reaction process. Here, CNTs and CuO nanoparticles show synergistic effect on
the decomposition reaction of GUDN. Therefore, the composite of CuO/CNTs
manifests promising catalytic effect on the thermal decomposition reaction of
GUDN.

§ 4. APPLICATION IN SOLID ROCKET PROPELLANTS

In this section, the effects of CNTs-supported catalysts on the combustion of the
DB and CMDB propellants are discussed systematically [16,17,20].

4.1 Design and Preparation of Formulations

The double base (DB) propellant samples used were composed of 59% (mass fraction)
nitrocellulose (NC), 30% nitroglycerin (NG), 11% diethyl phthalate (DEP), and other
auxiliaries. The strand sample of the control propellant DB-1 composed of 500 g
ingredients without combustion catalyst was prepared by the solvent-free DB
propellant extrusion technique. The propellants DB-2 ~ DB-6 composed of 500 g
ingredients with 12.5 g CNTs-supported catalysts as combustion catalyst were mixed
physically with other compositions and prepared for the comparison with the control
propellant. The catalysts were introduced into the propellants during the slurry mixing
processes.

The CMDB propellant samples used were composite modified double-base
propellants composed of 38% (mass fraction) nitrocellulose (NC), 28% nitroglycerin
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Table 13 Content of CNTs catalysts for DB and CMDB propellants (%).

Type No. Content of catalyst, %

DB propellant DB-1 None
DB-2 CuO/CNTs 2.5
DB-3 Bi1,0O3/CNTs 2.5
DB-4 Pb/CNTs 2.5
DB-5 NiB/CNTs 2.5
DB-6 NiPd/CNTs 2.5

RDX-CMDB propellant MB-1 None
MB-2 Bi,O5-Sn0O,/CNTg 3.4
MB-3 CuO-PbO/CNTg 3.4
MB-4 Cu,OBi,O3;/CNTg 3.4
MB-5 CuO-SnO,/CNTs 3.4
MB-6 NiO-SnO,/CNTs 3.4

(NG), 26% RDX, 8% N-nitro-dihydroxyethylamine-dinitrate (DINA), and other
auxiliaries. The strand sample of the control propellant MB-1 composed of 500 g
ingredients without combustion catalyst was prepared by the solvent-free CMDB
propellant extrusion technique. The propellants MB-2 ~ MB-6 composed of 500 g
ingredients with 17 g CNTs-supported combustion catalysts were prepared for the
comparison with the control propellant. The catalysts were also introduced into the
slurry during the mixing processes.

The contents of CNTs-supported catalysts for DB and CMDB propellants are listed
in Table 13.

4.2 Effect of CNTs-supported Catalysts on Combustion Properties

of DB Propellants
CuO/CNTs, BiO3/CNTs, Pb/CNTs, NiB/CNTs, and NiPd/CNTs were introduced
into the DB propellants as the combustion catalysts. The burning rates of the propellants
were measured and the pressure exponents were calculated as shown in Figure 52 and
Table 14.

For comparison of the catalytic effects of different catalysts, the catalytic efficiency 7,
of different catalysts in DB propellant was calculated (1, = u./ug, u. is the burning rate of
propellant containing catalyst, ug is the burning rate of propellant without catalyst).
The results are shown in Table 15.

These results show that all five catalysts enhance the burning rate of DB propellants
although only a minor improvement was observed in the NiB/CNTs-added propellant.
Under a pressure of 6 MPa, CuO/CNTs exhibited the best catalytic performance as the
burning rate of propellant was increased by 115%, from 5.2 to 11.2 mm/s.
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Figure 52 The burning rates of DB propellants containing CNTs-supported catalysts.

Table 14 Pressure exponents of the DB propellants.

No. n (2~22 MPa) n (6 ~22 MPa) n (16 ~22 MPa) n (18 ~22 MPa)
DB-1 0.74 0.72 0.81 0.88
DB-2 0.60 0.42 0.22 0.22
DB-3 0.55 0.50 0.43 0.42
DB-4 0.63 0.58 0.59 0.55
DB-5 0.79 0.77 0.73 0.71
DB-6 0.54 0.52 0.44 0.44

Table 15 The catalytic efficiency of different catalysts in DB propellant.
n, at different pressures (MPa)

No. 2 4 6 8 10 12 14 16 18 20 22

DB-1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
DB-2 1.3 1.7 2.2 21 2.0 1.9 1.8 1.9 1.8 1.7 1.6
DB-3 1.6 1.8 1.6 1.5 1.4 1.3 1.3 1.3 1.3 1.2 1.2
DB-4 1.4 1.6 1.5 1.4 1.3 1.3 1.3 1.3 1.3 1.3 1.2
DB-5 1.0 1.1 1.1 1.1 1.1 1.1 1.2 1.2 1.2 1.2 1.2
DB-6 1.8 1.7 1.5 1.4 1.3 1.3 1.3 1.3 1.3 1.2 1.2

In the pressure range of 622 MPa, the pressure exponents of DB propellants
decreased from 0.72 to 0.42, 0.50, and 0.52 upon the addition of CuO/CNTs, Bi,O3/
CNTs, and NiPd/CNTs, respectively. Again, CuO/CNTs were found to be the most
effective agent in improving the pressure exponent of DB propellant as the exponent was
decreased by 31% upon addition of 2.5 wt% CuO/CNTs.
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Thus, CuO/CNTs, Bi;O3/CNTs, Pb/CNTs, and NiPd/CNTs composites showed

noticeable catalytic performances in improving the burning properties of DB propellant
and CuO/CNTs was the best burning catalyst.

4.3 Effect of CNTs-Supported Catalysts on Combustion Properties

of CMDB Propellants
Bi,03-SnO,/CNTs, CuO-PbO/CNTs, CupO-BiO3/CNTs, CuO - SnO,/CNTs, and
NiO-SnO,/CNTs composites were added to the RDX-CMDB propellants and their
burning rates were measured. The combustion parameters of catalyzed RDX-CMDB
propellants are shown in Table 16, Figure 53, and Table 17.

For the comparison of the catalytic effect of different catalysts, the catalytic
efficiencies 7, of different catalysts in CMDB propellant combustion were calculated.
The results are presented in Table 17.

As shown in Tables 16 and 17, almost all the catalysts are able to increase the burning
rates of RDX-CMDB propellants. The best catalyst CuO-PbO/CNTs increases the
burning rate by nearly 100% and decreases the pressure exponent by 50%.

Table 16 Pressure exponent of the RDX-CMDB propellants.

No. n(2~22MPa) n(4~14MPa) n(10~14MPa) n(14~18 MPa) n (16~20 MPa)
MB-1 0.79 0.86 0.83 0.79 0.79
MB-2 0.72 0.69 — — —
MB-3 0.43 0.39 0.44 0.41 0.44
MB-4 0.52 0.48 0.51 0.48 —
MB-5 0.60 0.58 0.48 — 0.46
MB-6 0.82 0.77 0.57 — —
30
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Figure 53 The burning rates of RDX-CMDB propellants containing CNTs-supported catalysts.
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Table 17 The catalytic efficiency of different catalysts in CMDB propellant.
1, upon the different pressure (MPa)

No. 2 4 6 8 10 12 14 16 18 20 22

MB-1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
MB-2 1.4 1.4 1.3 1.2 1.1 1.1 1.1 1.1 1.1 1.1 1.1
MB-3 3.1 2.5 21 1.8 1.6 1.5 1.4 1.3 1.3 1.2 1.2
MB-4 2.4 2.0 1.7 1.5 1.4 1.3 1.2 1.2 1.1 1.1 1.1
MB-5 1.6 1.6 1.6 1.4 1.3 1.2 1.2 1.2 1.1 1.1 1.1
MB-6 1.0 1.1 1.1 1.1 1.1 1.1 1.0 1.0 1.0 1.1 1.1

S 5. CONCLUSIONS

Several carbon nanotubes-supported metal or metal oxide composites were
prepared and characterized as combustion catalysts. These catalysts were found to be
effective in enhancing the decomposition rate of the nitrocellulose absorbed nitroglyc-
erin (NC-NG), hexogen (RDX), ammonium perchlorate (AP), and N-guanylurea-
dianitramide (GUDN). In particular, it was found that the decomposition peak
temperature of NC-NG was decreased by 9.2 °C and the decomposition heat was
increased by 396 /g with addition of CuO/CNTs (catalyst to NC-NG mass ratio of 1:5),
which demonstrated better catalytic effect than pure CuO nanoparticles. The thermal
behavior and decomposition reaction process of RDX were also changed by Ag/CNTs.
Upon addition of Ag/CNTs, the secondary exothermic peaks on DSC curves shifted
to lower temperatures, accompanying changes in the shape of the DSC curve. With
addition of MnO,/CNTs the high-temperature decomposition peak of AP was decreased
by 161.2 °C and the low-temperature decomposition peak disappeared. The decom-
position peak temperature of GUDN was decreased by 20.2 °C with addition of CuO/
CNTs, and the decomposition heat was increased by 330 J/g. The apparent activation
energy decreased by 31.1 kJ/mol, and the kinetic equation of the decomposition reaction
of the mixture of GUDN and CuO/CNTs was derived.

The effects of the catalysts on combustion of propellants were also evaluated. CuO/
CNTs, Bi,O3/CNTs, Pb/CNTs, NiB/CNTs, and NiPd/CNTs were tested as the
combustion catalysts in DB propellants. Their catalytic effect on propellant combustion
behavior was noticeable, especially in the case of CuO/CNTs. With its application the
burning rate of DB propellant under 6 MPa was increased by 115%. Bi,O3-SnO,/CNTs,
CuO-PbO/CNTs, CuyO-Bi,O3/CNTs, CuO-SnO,/CNTs, and NiO-SnO,/CNTs
were found to be able to improve the combustion properties of CMDB propellants,
especially in the case of CuO-PbO/CNTs. With this catalyst the burning rate of CMDB
propellant at 6 MPa was increased by about 110%. The synergistic effect of CNT's and
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metal oxide nanoparticles on the decomposition reaction characteristics and the burning
rate demonstrates that CuO/CNTs and CuO-PbO/CNTs may find potential applica-
tions in the solid rocket propellants.
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1. INTRODUCTION
1.1 Aluminum and Its Oxide Al,03

The idea of using metals of high caloric value (more than 2 kcal/g), such as beryllium,
lithium, magnesium, aluminum (Al), zirconium, and titanium (T1), as a fuel for rocket
propellants was published independently and almost simultaneously by Russian scientists
Yu. V. Kondratyuk (1929) and E A. Tzander (1932) [1]. In the 1950s, the idea of
metallized propellants was realized in practice by the Soviet Union (USSR) and the
United States (US) and later on, by other countries. Among the metals mentioned,
aluminum has been most widely used in solid propellants due to its high caloric value
(=9.8 kcal/g), comparative cheapness, and relative harmlessness of the main combustion
product, oxide Al,Os.

Introducing aluminum into propellant formulation increases flame temperature and
the velocity of combustion products, creating a jet thrust, improves the stability of motor
operation by damping the gas oscillations in a combustion chamber, and makes it possible
to control the propellant burning rate. At the same time, the presence of aluminum
particles causes a great number of problems concerned with their behavior in com-
bustion wave, combustion chamber, nozzle, and motor exhaust plume. Thus, a necessity
arises to comprehensively investigate the ignition and combustion of Al particles in
oxidizing media [1]. The efticiency of employing aluminum as a metal fuel is determined
by the peculiarities of metal transformation into condensed combustion products. The
transformation depends mainly on two processes: (1) the agglomeration of the primary
particles of metal powder in a combustion wave, and (2) the burning of aluminum in
the form of agglomerates or in the form of initial particles, followed by the formation
of oxide particles. In the case of rocket motors, the above processes and subsequent
evolution of oxide particles in the flow of gaseous combustion products determine the
parameters of the size distribution function of oxide particles [2]. The size distribution
functions of agglomerates and oxide particles and the data on the completeness of
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aluminum combustion represent information that one needs to optimize propellant
formulation and to estimate the different effects of the evolution of disperse phase
(accumulation of slag in motors, nozzle erosion, two-phase losses of a specific impulse,
damping of gas oscillations in combustion chamber). Outside the motor, the character-
istics of oxide particles are of interest from two points of view: (1) the detection of rocket
start from radiation of an exhaust jet, and (2) the ecological impact of rocket launching.
Thus, the formation of aluminum oxide particles is not only of fundamental interest as a
part of combustion mechanism but manifests a series of practical important aspects.

Let us discuss the ecological aspect. The life cycle of rocket engineering wares
includes the designing, manufacturing, and testing of experimental items, the exploi-
tation of stock-produced items, and their subsequent utilization either because of
physical aging or for other reasons (e.g., the disposal of rockets according to international
agreements on rocket elimination [3]), Figure 1. The actual ecological problems related
to the above stages of the life cycle of rockets have been discussed in many reports, e.g., in
Refs [4-15]. The well-known method of rocket disposal via open firing with a removed
nozzle block is characterized by the following: (1) the localized release of a great amount
of gaseous and solid combustion products and of concomitant substances, and (2) the
burning of aluminum agglomerates at relatively low (as compared with the nominal one)
pressure and also in the air at atmospheric pressure. These peculiarities give an impetus to
the studies on the aerosol systems of oxide particles, especially within a nanosized range.

These particles are almost of no importance from the viewpoint of rocket motor
performance but are of great essence for ecology. In particular, upon motor disposal, the
concomitant substances, e.g., thermal protection materials, adhesive layer, etc., burn
together with a propellant. Generally, combustion products contain toxic compounds,

Figure 1 Combustion product emissions in the life cycle of a solid motor, one of the reasons for
interest in the parameters of oxide nanoparticles: 1—testing; 2—exploration; 3—incineration (without
nozzle).
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e.g., dioxins [14]. Harmful substances may be located at the surface of alumina particles,
in particular, of nanoparticles, which is favored by their high specific surface area.
Therefore, laboratory studies are focused on the size distribution of particles, their
concentration, and morphology. These characteristics determine the ability of particles
to adsorb and transfer harmful substances in the atmosphere.

Thus, the interest in the characteristics of aluminum oxide nanoparticles is first
motivated by the ecological problems of tests, exploitation, and utilization of rocket motors
based on aluminized propellant. The second reason is related to the problems of the
technological combustion of metallic fuel. In technological combustion, metal is used as a
reagent for producing target products with given properties (oxides, nitrides, carbides,
etc.) in various systems, i.e., pressed for self-propagating high-temperature synthesis
(SHS), gelatinous (water gel) [16], loosed specimen, aerogel [17,18], aerodisperse [19-21],
etc. It seems promising to employ the experience and results of the development of
energy-releasing devices based on powdered fuel [19,20] to produce oxide nanoparticles
with the given characteristics. In particular, the so-called method of gas-disperse synthesis
of oxides has been developed [21]. It involves the burning of metal particles in a specially
organized stationary, laminar two-phase flame. The method is characterized by the high
purity of a target product (oxide), low manufacturing cost, high productivity, and
ecological safety. In addition, the properties of the product may be controlled via variation
of flame parameters. In particular, a considerable output of spherical nanoparticles of
tens of nanometers can be achieved. Following, we will consider again the characteristics
of oxide nanoparticles obtained by this method.

The problems of technological combustion of metal particles in the two-phase flame
relate to the general problems of the mechanism of particle burning in a gaseous oxidizer.
Knowing the laws of combustion, including the formation of oxide particles, may serve
as the basis for understanding the mechanism of combustion and ensure the optimization
of combustion process in technical devices.

1.2 Titanium and Its Oxide TiO,

Titanium, as aluminum, is the “aerospace” metal due to its lightness, strength, refrac-
toriness, and corrosion resistance [22|. The fundamental investigations of Ti burning
were carried out in the days of its introduction into technology as a structural material in
the 1960-1970s. The goal of the studies was to determine the practical important
characteristics (e.g., the burning rate depending on conditions) rather than to consider
the combustion mechanism and formation of disperse combustion products. An alter-
native application of Ti powder as a metallic fuel (e.g., in pyrotechnical compositions,
SHS systems, etc.) did not need either detailed understanding of combustion mechanism
or information on oxide particles properties. In other words, as compared with Al, the
needs of practical work did not stimulate studies on the mechanism of Ti combustion
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in a gaseous oxidizer and no corresponding investigations were performed in the past.
However, in 2005, it was proposed (probably first in Ref. [23]) to use the combustion of
Ti particles in the air to form a cloud of photocatalytically active TiO; particles in order
to deactivate either harmful or dangerous substances entering the atmosphere after an
anthropogenic disaster or a terrorist act (Figure 2).

As a result, there was a revival of interest in T1 burning, confirmed by the appearance
of experimental works in France, Germany, Russia, Ukraine, and the US. Studying the
mechanism of Ti combustion appeared to be task oriented, i.e., aimed at solution of
concrete problems. One of the tasks was to study the influence of burning conditions on
the characteristics of resulting TiO; particles and to search for ways of controlling those
characteristics. As in the case of technological Al burning, it was necessary to study the
mechanism of particle combustion in order to develop the schemes of either process
organization or technical device development, which provides an eftective trans-
formation of metal into oxide with the properties required. The researchers were
interested in the size distribution of TiO; particles, their concentration (mass yield), and
morphology. For T1i, an additional parameter of importance is the phase composition of
TiO; particles. The latter is related to the photocatalytic activity of TiO, particles,
which is usually determined in special experiments. Research on the technological
combustion of Ti to obtain target products, in particular, oxide nanoparticles, is also
underway [21].

Actually, the area of interest of the present work is limited by the combustion
products of micron-sized aluminum and titanium particles. In the field of knowledge
related to metallic fuels and their technical applications, micron particles are those that
vary from units to hundreds of microns, whereas the particles of fractions of microns

Main idea
neutralization of the poison cloud with catalytic particles
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Figure 2 Idea to use a cloud of photocatalytic titanium dioxide nanoparticles to decontaminate
atmospheric air, which inspired interest in studying the combustion of titanium microparticles in air.
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(e.g., less than 0.1 pm) are commonly called the nanoparticles [24]. The object for

analysis here are the nanosized oxide particles formed in combustion of the micron-sized

Al and Ti particles. Let us also mention the following.

1.

There is a close relation between the examination of the condensed combustion products
of metallized systems (composite aluminized solid propellants, pyrotechnical
compositions with titanium, etc.) and the study of the process of metal particles
combustion at the level of concepts, techniques, and even objects. On the one hand,
the combustion of metallized compositions is characterized by the formation of the
disperse phase, including agglomerates (the aggregated particles with a considerable
portion of oxide, but containing active metal) and oxide particles with sizes from
hundreds of microns to tens of nanometers. The disperse phase parameters of real
compositions are necessary for engineering calculations and are measured in routine
experiments. On the other hand, special metallized compositions may be used as
a source of “mother” particles (i.e., burning particles that generate the oxide
particles) in studies under various conditions (e.g., in a high-pressure vessel or in air
at atmospheric pressure). This method may be used to produce particles that
simulate agglomerates (i.e., comparatively large metal particles resulting from the
combination of many small particles), formed in combustion of real composite
systems. Thus, the preliminarily characterized “mother” particles of known
dimensions, which burn in a specially produced gas medium, may serve as a physical
model of the combustion of particle agglomerates in technical devices, e.g., in
motor combustion chambers. As for experimental techniques, the essence of most
of them reduces to the firing of particles in a vessel and to the sampling of
combustion products for further analysis. Besides, one of the typical methods is
the forced breaking of particle evolution (extinguishing of mother particles,
freezing of oxide particles).

The nanosized oxide particles present only one among many types of the condensed
combustion products [2]. The nanoparticles may contribute just a minor fraction of
all combustion products (on order of units of percent). However, they, as shown
above, are of considerable interest but are poorly studied.

The nanoparticles usually exist as aerosol systems and these systems are of considerable
practical importance. Remember that the main parameters of nanoparticles, deter-
mined according to practical needs, are the size distribution of particles, their quantity
(concentration, mass output), morphology (regularities of aggregation of primary
particles, aggregate shape), and for TiO,, the phase composition (rutile/anatase/
other phases).

The chapter content is as follows. First, the techniques employed (mainly, the aerosol

ones) are described. Then the experimental data on Al,O3 and TiO; nanoparticles,

mainly the original data of the authors, are reported. In the conclusions, the actual

problems are formulated and future investigations are discussed.
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S 2. EXPERIMENTAL TECHNIQUES FOR PARTICLE SAMPLING

To analyze the disperse phase of burning metallized compositions (the combustion
products of metallized particles), and to estimate the parameters of particle combustion
macrokinetics, e.g., the combustion time, a series of original techniques have been
developed at the Voevodsky Institute of Chemical Kinetics and Combustion, Siberian
Branch of the Russian Academy of Sciences (ICKC SB RAS). Not all of the below
methods were initially intended for studying nanoparticles. In most cases, the nano-
particles were sampled “among others,” i.e., together with larger particles. Particular
attention has been paid to the capacity of different techniques to work within the given
size range. In Refs [25] and [26], the entire arsenal of techniques was used to study the
smoke combustion products of Ti particles. In Ref. [27], all the ICKC SB RAS tech-
niques are presented as well as the main results obtained by these methods. Brief
descriptions of them follow.

2.1 Flow-through Bomb for Sampling the Condensed Combustion
Products of Metallized Compositions

The essence of sampling methods is to extinguish and to trap particles at various stages of
combustion. Further study of sampled particles can be made by different available
physical and chemical methods. This may provide a high informational content, and, at
the same time, involve the development of corresponding analytical techniques and
devices. In particular, for agglomerates and oxide particles, essential are the data on
particle size, chemical, and phase composition. Different sampling methods for studying
the condensed combustion products (CCPs) are employed in the US, Russia, Germany,
Japan, Italy, Taiwan, and other countries. In 1985, at the ICKC SB RAS, an original
technique was developed that exhibits a series of advantages as compared with other
sampling methods. The various modifications of the technique have been repeatedly
described in the Refs [2,25,28-34]. Briefly, a small propellant specimen is fired in a
specially designed flow-through bomb pressurized with inert gas (N, He, or Ar). The
flame of the specimen is directed downward and enclosed in a “protective” tube, where
the particles are in the gaseous combustion products of the specimen. Extinction is
performed at the exit of the tube by mixing combustion products with a cocurrent flow
of inert gas blowing through the bomb. The particles can be frozen at a given distance
from the burning surface by varying the length of the protective tube. In the absence of
the tube, the particles are extinguished at the shortest distance near the burning surface.
Near the exit (inside the bomb), all the particles—combustion products generated by a
propellant sample—are trapped by a wire mesh screen stack and by an analytical aerosol
filter. The so-called “Petryanov” aerosol filter [35] (e.g., of AFA type) efficiently captures
submicron particles. Briefly, the entrapping efficiency of AFA filters amounts to 95% for
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the most penetrating particles—the standard oil aerosol with a diameter of 0.1-0.2 pm.
Below we will consider the AFA filter characteristics and applications in more detail.

These are the real parameters at which the sampling of CCPs was performed:
specimen diameter, 720 mm; length, 10-30 mm; and mass up to 5.5 g. When the
diameter was 7 mm, the shortest distance of combustion products extinction was about
20 mm (ca. threefold specimen diameter). The maximal length of the protective tube
was 190 mm. The maximal pressure was 12 MPa while the minimal one was 0.2 MPa. A
low excess pressure is required for gas to flow through the bomb. In Ref. [25], the
authors report experiments performed without a strong bomb casing, i.e., actually, at
atmospheric pressure. The number of specimens, 1-5, in the series fired under the same
conditions (tube length, pressure) depends on specimen size and is determined by the
sampled mass needed for analysis. The optimum experimental conditions are provided
by the presence of minimal mass, about 1.5 g of the particles sampled. Thus, for a typical
metalized propellant, containing 15-25% Al, the total initial mass of specimens is about
5 g. The representativity of sampling, defined as the ratio between the calculated CCP
mass and that of the CCP sampled, is not worse than 0.85; usually it equals 0.9—0.95 for
aluminized propellants. In Ref. [34], a comparison has been made between the sampling
representativity of the ICKC SB RAS technique and the technique of sampling into
liquid for the combustion products of the propellant, containing Al-Mg mechanical
alloy. In experiments performed at 0.3 and 6 MPa, the sampling representativity of the
former technique was 0.57 and 0.80, and that of the latter was 0.27 and 0.61. Note that
the Al-Mg alloy is a more “difficult” object than pure aluminum.

It is known that the combustion of metallized propellants results in the formation of
particles differing in size by several orders of magnitude, e.g., from 10" to 1072 m. The
maximal size of the particles sampled by the ICKC SB RAS technique is unlimited. In
particular, for some propellants we have sampled skeleton fragments of about 20 mm.
The lower size limit for the particles analyzed is commonly equal to 0.5 pm. These are
the data presented in our papers. However, it is due to the application of a granulometer
“Malvern 3600E sizer” for analyzing small particles and is not a methodical limitation. As
shown above, the AFA filter is effective in the trapping of nanometric particles.
Figure 3(b) of Ref. [36] depicts the nanometric particles from the filter.

The mentioned extremely wide size range of CCP particles requires the application
of special methods of particle size analysis to determine a size distribution function of
particles. A typical method used by many researchers is either the physical or virtual (as
a computational method) division of particles into fractions and the application of
specific methods of analysis for each size range (fraction) followed by the computer
combination of particular distribution functions and the recovery of a distribution
function over the entire range. We have solved this problem using our algorithms and
programs, described partly in Refs [28-30]. It is worth noting that the data on the
chemical composition of particles (at least, in terms of the metal/oxide ratio) are
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needed to evaluate the sampling representativity. The corresponding methods of
analytical chemistry were developed and adapted [37-39] for a quantitative determi-
nation of both the metallic aluminum (called either active or unburned) content, and
the “completeness of combustion” for dual metal fuels such as Al-B and Al-Mg.
Obviously, the sampling method, as well as the other methods used to diagnose
the disperse phase (e.g., photography/filming/video), face certain difficulties in
interpreting the results obtained. For details, see Ref. [40].

2.2 Petryanov Filter

The fibrous filtering materials, Petryanov filters (PFs), are serially manufactured and
widely used in Russia [41]. The analytical aerosol Petryanov filter of AFA type was
employed in Refs [26] and [27] as a tool for determining the total mass of smoke par-
ticles. In this case, a composite propellant specimen or a set of separate metallic particles
were burned in a vessel of finite volume (10-20 L), and combustion products pumped
through the filter during the time shorter than the sedimentation time of smoke particles
in the vessel. If the particles were burned in air, the vessel was initially filled through the
filter to prevent atmospheric aerosol from penetration into the vessel.

According to Ref. [35], for the AFA filters, the trapping efficiency, E, determined
using a standard oil aerosol, is about 95% for the particles with a diameter of 0.1-0.2 um.
The particles of this size are most penetrating. For other sizes, the efficiency is higher,
namely, E > 99%, for those with a diameter of 0.3 um; E > 99.99%, for the particles
of 1 um; E > 99%, for the particles smaller than 0.1 pm; and E > 99.9% for those of
0.02—-0.05 pm. In addition to the high efficiency of particle trapping due to electrostatic
charge, the particles can be easily removed from the filters by dissolving the AFA filter in
acetone. The resulting suspension of particles can be analyzed using, e.g., an automatic
granulometer “Malvern 3600E.” The procedure for making the filter optically trans-
parent via impregnation with glycerine is described in Ref. [36]. Thereafter, the particles
of tens of microns can be examined and measured under an optical microscope without
removing them from the filter.

The Petryanov filters, made of perchlorvinyl fibers, are hydrophobic (the maximal
relative humidity of filtered air being 95%), chemically resistant relative to liquid aerosol
particles of mineral acids and alkali, but of low thermal resistance (up to 60 °C) and are
unstable to oils and organic solvents of the type of plastificators, chlorinated hydrocar-
bons, etc. The Petryanov filters made of acetylcellulose fibers are hydrophilic and
chemically stable to organic solvents of the type of plasificators and oils, but are unstable
to acids, alkali, and organic solvents, such as dichloroethane, acetone, etc. Their thermal
resistance is limited to 150 °C, the maximal relative humidity of filtered air is 80%. Thus,
the main disadvantages of the both types of the Petryanov filters are the limited thermal
resistance and the stability to chemically active materials as well as the low filtration rate
(about 1 cm/s).
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We have tried to estimate the specific surface of filter fibers by the “Sorbi” apparatus,
using the BET method. The idea was to measure filter surface prior to experiments and
then to sample particles and to measure the surface once again. In this case, the difference
in surface values before and after experiment with account for the mass of the particles
sampled would provide the specific surface of the particles sampled. Our efforts have
failed because it was impossible to correctly measure the filter surface which varied
continuously, probably, due to the destruction of filter fibers at cryogenic temperature at
which the working gas is adsorbed by the Brunauer—Emmett—Teller (BET) method.

The advantages and disadvantages of the Petryanov filter are presented in detail in
Ref. [41].

2.3 Aerosol Impactor

A cascade impactor of Anderson type [42] was employed together with the Petryanov
filters [26,27]. The impactor is used to perform the aerodynamic size classification of
particles. Each cascade consists of two plates: the first one is with apertures and the
second is used to sample particles. The flow of particles moves to the surface of a
sampling plate. The cascades differ in diameter, the number of apertures, and the distance
between the plates. They are characterized by the size of particles, deposited on a plate at
a certain airflow rate. We have used a five-cascade impactor “BP-35/25-4, elaborated
and manufactured at the state scientific center of virology and biotechnology “Vector”
(Novosibirsk region, Koltsovo). The nominal, characteristic size of particles, dsg, trapped
by cascade #1 is 17.8 um, 13.5 um for cascade #2, 3.65 um for cascade #3 and 1.27 um
for cascade #4 (calculations were performed for particles of a density of 3.9 g/cm’). The
AFA filter that traps the particles passing through cascades 1 + 4, plays a role of the fifth
cascade. This impactor allows one to estimate the mass size distribution of smoke
particles, including the fraction of those smaller than 1.27 pm. As in the case of the filter,
a vacuum pump and a device to control a gas flow rate are needed for the impactor
to work.

2.4 Diffusion Aerosol Spectrometer

The diffusion aerosol spectrometer (DSA), developed at the ICKC SB RAS [43],
includes diffusion battery, condensation enlarger, and optical counter of particles. It is
used to determine the size and concentration of aerosol particles. Such measurements are
regulated by a state standard [44|, where the working principle of the setup is presented.
For description and a block scheme, see Ref. [43]. The basic technical characteristics
of the DSA are as follows. The measured particle diameters are 3 nm <+ 1 pm, the
concentration range of aerosol particlesis 10" <= 5 x 10 em™>, and the measuring cycle
lasts 5 min. By the given characteristics, the DSA is either in line with the best foreign
aerosol spectrometers [45,46] or even better.
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The DSA was employed to study the nanosized oxide smoke TiO» aerosol, formed
by combustion of tiny specimens of pyrotechnic composition with titanium powder
[25]. It was shown that the mean arithmetic size of particles, Dy, determined by the
DSA, coincides well with that obtained by a laborious detailed treatment of electron-
microscopic images (the particles with Dy ~ 20 nm). Thus, the DSA can be recom-
mended for studying the aerosols of nanoparticles resulting from the combustion of metal
particles.

2.5 Vacuum Sampler

A vacuum sampler is a device, similar by its sampling principle, to the probe of
molecular-beam mass spectrometry, applied for studying the flame structure of
condensed systems [47], and by its deposition principle, to a low-pressure cascade
impactor [42]. The vacuum sampler for trapping submicron particles from specimen
flame or from vessel volume is of the form of a steel capillary tube. One of its ends is
located in the flow of the two-phase medium studied, and the other is in the vacuumized
volume that contains a screen with Formvar film that serves as a substrate for inertially
deposited particles. This system, screen + film + particles, is the commonly used object
for a transmission electron microscope. Other substrates are also possible, e.g., the silicon
ones for a scanning electron microscope. The sampler parameters (capillary diameter, the
degree of rarefaction, the distance between tube end and a substrate) are to be chosen
with regard to the given particle size range. Available are a variant for “cold” aerosols
with a conic, Plexiglas tip (Figure 3), and that with a ceramic capillary for sampling from
flame (Figure 4). The sampler is calibrated using standard aerosols. The residence time of
particles in a working volume of the sampler (from their takeout from flame to depo-
sition on a substrate) varies, depending on sampler parameters, from 1 to 100 ms. In
Ref. [25], we have used the vacuum sampler, developed and patented by the researchers

Figure 3 Vacuum sampler—a variant for cold flows with Plexiglas tip (to the left).
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Figure 4 Vacuum sampler—a variant for aerosol sampling from flame. 1—capillary, 2—specimen of
pyrotechnical composition.

of the ICKC SB RAS [48,49]. Experiments were performed as follows. A conic spec-
imen of titanium-containing pyrotechnical composition of a height of 1 cm was fired in
air at atmospheric pressure. Aerosols were sampled upon combustion from flame through
a ceramic capillary 3 cm long with 1 mm inner diameter under relatively small rare-
faction (pressure drop of a 20 mm water lift relative to atmospheric pressure) (Figure 4).
The aerosol sampled was diluted with purified air at a flow rate of 10 L/min and sent to a
20-L buffer vessel from which it was directed to the diffusion aerosol spectrometer, DSA.
It is assumed then that a fast dilution allows us to avoid the formation of aerosol aggregates.
A typical aerosol concentration in the buffer vessel was 10*~10° cm™>. In the previous
section, it was recommended to use the DSA for studying the aerosols of nanoparticles,
formed in combustion of metal particles. This section demonstrates the application of a
vacuum sampler for collecting aerosol particles from flame. In this case, the following
considerations should be taken into account. If aerosol particles are of complex structure,
e.g., in the form of fractal aggregates consisting of primary nanoparticles, it is likely that
these aggregates will be destroyed upon sampling and transportation through a capillary
under the action of aerodynamic forces. In other words, information on aggregate
structure will be lost upon sampling. If a researcher is interested only in the parameters of
the primary particles, the use of the vacuum sampler together with the DSA is a good
combination. However, when the researcher takes so much interest in aggregate structure
(as shown in the introduction, it plays a key role upon aerosol propagation in the
atmosphere), then he should use more “delicate” methods of sampling, e.g., a
thermophoretic precipitator that is described below.

2.6 Thermophoretic Precipitator

In all our works, the data on the morphology of oxide aerosols were extracted from
particle sampling with a thermophoretic precipitator, developed and produced at the
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Figure 5 Thermophoretic precipitator. 1,2—inlet and outlet water sockets for cooling the lower wall
of the channel; 3—inlet and outlet aerosol sockets; 4—wires for electric heating of the upper wall of
the channel.

ICKC SB RAS. The setup is shown in Figure 5; for details see Ref. [50]. The apparatus
provides a nonselective sampling of particles with an efficiency close to 100% over a size
range of 3 nm—10 wm on the screen with Formvar film, used for subsequent examination
under transmission electron microscope. The principle of operation is the following.
There is a channel of rectangular cross-section 5 mm wide and 100 um high. The
temperature gradients of 2200-2400 K/cm were set by heating the upper wall of
the channel with electric current and by cooling the bottom wall with running water.
The walls of the channel are made of bronze. The set of screens with Formvar film are
fixed on the lower wall. Aerosol moves slowly through the channel (mass flow rate being
below 15 sccm—standard cubic centimeter per minute). The molecules of carrier gas,
which move more vigorously near the heated plate, gradually push away the aerosol
particles toward the cold plate until their deposition on the screen. After the experiment,
the screens are removed and studied by electron microscope. The electron-microscopic
images are treated using original software [28-30,51].

S) 3. ORIGINAL EXPERIMENTAL APPROACHES
3.1 Preparation of Monodisperse Agglomerate Particles

The development of special laboratory technologies for producing the burning
monodisperse particles of agglomerate origin (i.e., resulting from joining many small
particles) has two main motives.
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First, the identical particles are the most convenient objects for studying combustion
mechanism in general and oxide particle formation, in particular. Particle polydispersity
causes the well-known difficulties in interpreting sampling results [40]. The particles of
various sizes exhibit different behaviors in gas flows. They are characterized by individual
temporal parameters, e.g., the time required to cover distance up to extinction in
extinguishing and sampling techniques. Moreover, the macrokinetics of the combustion
of various sized particles is different in the general case, probably due to distinctions in
the structure and morphology of particles, in particular, due to the metal/oxide ratio.
Thus, performing experiments on the particles of a given size and of the same structure
provides the most accurate and reliable data.

Second, in most of the cases (except for technological particle combustion in a dust
jet, see the introduction), researchers deal with the combustion of agglomerates rather
than of single monolithic particles. The regularities of agglomerate combustion should
be examined because of their practical importance. In the general case, the combustion
of solid particles and agglomerates is different. For example, the formation of burning
500 pm aluminum agglomerates in combustion of composite solid propellants is a
common practice [52]. At the same time, a 500 pm solid aluminum particle can be
ignited only when using a powerful CO; laser. Therefore, the relevance of the appli-
cation of a solid particle as a physical model of an agglomerate needs to be proved. For
aluminum particles, it can be assumed that the smaller the particle or the agglomerate,
the smaller are the distinctions in their combustion parameters (the time of complete
combustion, i.e., burning time; a fraction of formed highly disperse oxide, etc.). To
orient someone, remember a diameter value of 100 um. It is shown [54] that the
combustion behavior of agglomerates and particles of this diameter is almost the same.
Similar information is unavailable for titanium particles.

We have developed an original approach to produce monodisperse burning
agglomerates of aluminum and titanium just during experiment. The details of its real-
ization for aluminum and titanium are different, but, in both of the cases, the approach is
based on the transformation of dosed microquantities of highly metallized composition
into individual burning particles. The transformation is performed in a combustion
wave of nonmetallized composition in which the above microquantities of metallized
composition are contained as inclusions. The mass, size, and composition of inclusions
determine the parameters of burning particle agglomerates. The main experimental
difficulty in realizing this approach is that the inclusions should be identical. Nevertheless,
we have managed to produce the particles with a variation coefficient Ky, in the range
0.07 = 0.14. Notice, that in granulometry, the set of particles with variation co-
efficients Ky, < 0.15 ([53], p. 212), is assumed to be monodisperse. Here K., = /Dy,

and ¢ = \/D%O — D%O is the mean-square deviation (standard deviation).
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Using this approach, we have already produced and studied the burning agglomerates
of aluminum 100, 340, and 480 um in diameter, and those of titanium 300, 390, and
480 pm in diameter. The technology of producing inclusions and specimens as well as
the results are fully presented in Refs [36,40,54,55-57] for aluminum agglomerates and
in Refs [58—64] for the titanium ones.

3.2 Chamber with Nozzle for Particle Acceleration

Analyzing the literature and our own data on titanium particle combustion, we assumed
that the combustion parameters (including the characteristics of nanosized oxide) depend
on the velocity of burning particles in a gaseous oxidizing medium [26]. To verify this
assumption, we have constructed a setup in the form of a small chamber with a nozzle
(Figure 0).

In the chamber, a specimen burns to generate monodisperse burning particles, which
are ejected through the nozzle. Firstly, the particles are transported mainly by a jet of
gaseous combustion products. Then, the jet is decelerated and dissipated in the ambient
air, and the particles move under their own momentum, the Stokes drag force, and the
gravity force. The regularities of particle movement in each case (particle diameter,
nozzle diameter, up/down direction, etc.) should be studied in detail and generalized
statistically for a set of particles of the given nominal size. Note that the influence on the
combustion process is related not to the absolute value of particle velocity but to the
velocity of movement relative to the ambient air, i.e., the relative flow velocity [63,64].

Chamber with nozzle

1-nozzle (@1.50r@2mm)

2 — sample in a cup

Figure 6 Knocked-down chamber with nozzle. At the top left, there is a specimen of “nonmetalized
matrix + metalized inclusions” type upon preparation. The preparation involves a gradual filling of a
small cup by successive formation of matrix and particle layers.
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In this case, the smaller particles acquire the velocity of either the jet or the ambient gas
more quickly so that a blow velocity becomes zero. When the nozzle is 1.5 mm (the
minimal value in our experiments) for particles with a diameter of 320 um, a relative
blow velocity, averaged along the entire trajectory, reaches 7.9 m/s. To increase the mean
blow velocity one should solve the optimization problem, taking into account the
parameters that determine particle motion and burning. The main parameters are:
burning rate, temperature, specimen geometry, nozzle diameter, determining the outlet
jet characteristics, the diameter and aerodynamic drag force coefficient of burning
particles that determine particle acceleration/deceleration ratio, and burning time. The
last one determines the time range for averaging. Usually, the motion of particles is
recorded using a video camera. Thus, in Refs [63] and [64], the shooting was performed
at the rate of 300 fps.

3.3 Video Microscopy in Aerosol Optical Cell of Millikan Type

The setup is schematically depicted in Figure 7 (taken from Ref. [65] by authority of the
author of the method). The optically accessible aerosol cell (similar to those of Millikan,
Fuchs, Petryanov) has two windows for a laser beam to pass and one window to record
particle images, resulting from light scattering at an angle of 90°, with the help of a video
camera. The visualized field is located between metallic, parallel electrodes to which a
voltage is supplied. The pump is used to inject an aerosol sample into the cell. The valve
is then turned oft and the behavior of the aerosol sample is recorded.

Specifications of the setup are as follows. The power of helium—neon laser amounts to
2.5 mW. Focusing optical instruments allow one to get an effective beam diameter in a
bottleneck within the range 150-350 pm. The gap between the electrodes is 2.5 mm;

Figure 7 Block-scheme of the system of videomicroscope and aerosol cell [65]: 1—cell; 2—Ilaser;
3—CCD camera with microscope lens; 4—vessel in which the samples, generating aerosol, were
burned; 5—lens; 6—pump; 7—double valve; 8,9—electrodes in the cell.
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the strength of homogeneous electric field is 160-360 V/cm. A black-and-white camera
with a microscope lens provides observation of the working volume region of the cell
with = 15X magnification on the camera charged-coupled device (CCD) matrix. The
spatial resolution of the system (lens + CCD matrix) is about 3 pum, the focal depth is
about 50 pm, and the visualized field of vision in the working volume of the cell is about
300 x 400 pm>. The lower limit to the size of the particles recorded amounts to about
0.1 pm and is limited to the sensitivity of the CCD matrix and the density of laser
radiation flux in the volume visualized. The particles smaller than 3 pm are observed as
light spots, which makes it possible to follow their movement. The shape of the particles
exceeding 3 pm in size can be distinguished, which allows one to observe their rotational
motion (e.g., under the action of electric field).

Thus, this technique may be used to follow the motion of aerosol particles with or
without electric field and to determine the velocities of photophoresis and Brownian
motion, the electric charge, and charge-dipole moment, and the other parameters of
single aerosol particles using an ultra-low mass aerosol sample (ten-hundreds of pico-
grams, tens of particles).

4. CHARACTERISTICS OF OXIDE NANOPARTICLES
4.1 Aluminum Oxide Al,03

The literature data on aluminum oxide nanoparticles, formed in combustion of aluminum
microparticles, are rather scarce. The method of gas-disperse synthesis of metal oxide
nanopowders in a laminar aerodisperse flame was developed at the Odessa National
University (Ukraine). It was referenced in the introduction as an example of technological
combustion. For technological purposes, the laminar flame is usually used. In this case, the
reaction zone is narrow, of almost permanent thickness over the flame surface, with high
temperature gradients in preflame and postflame zones, and without recirculation of
combustion products. As a result, metal burning and the condensation of combustion
products occur along the entire height of the flame zone (conically shaped) almost under
the same conditions. The influence of particle coagulation on the size distribution of
combustion products is negligible, which favors the production of the narrow fractions
of combustion products. The attempt to increase the output of the setup at the expense of
turbulization leads to the polydispersity of condensed combustion products.

Reference [21] summarizes the main results of experimental and theoretical studies on
the effect of the parameters of the aerodisperse diffusion flame of metal particles (Al, Fe,
T1, Zr) on the dispersity of the combustion products of these metals in oxygen-containing
media. The authors [21] have varied the mass concentrations of fuel and oxidizer, the
nature of carrier gas, and the method for flame organizing: laminar diffusion flame (LDF)
or premixed laminar flame (PLF). These results [21] are presented in Tables 1 and 2.
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Table 1 The parameters of aluminum oxide particle size distribution. Effect of initial oxygen
concentration Co,. Initial aluminum particles: mass concentration C¢ = 0.4 kg/m?, size dﬁ') =48 um.

Co,, % Carrier gas djo, Nnm  dyo, NM dso, Nm Sd, nm o dso, nm d,,, nm S, 10* m%/kg
0 N, 103 126 150 73 0.62 77 62 2.4
6.4 83 94 104 44 0.47 75 64 2.3
11.6 69 76 83 32 0.38 66 60 2.7
14.0 61 65 70 22 0.53 58 54 2.8
27.0 63 69 78 28 0.35 59 55 2.7
20.0 He 53 57 60 21 0.31 52 51 3.1

Table 2 The parameters of aluminum oxide particle size distribution obtained in premixed laminar
flame (PLF) regime. Effect of initial aluminum size df}, and concentration C;.
Cr, kg/m® d%, micron dyo, nm dao, M d3o, nm Sd,nm G dsp, nm d,, nm S, 10* m%/kg

0.22 4.8 83 100 119 56 0.57 66 51 2.7
0.40 103 126 150 73 0.62 77 62 2.1
0.62 107 127 152 68 0.63 91 69 1.9
0.7 14.6 71 81 92 39 0.50 63 49 2.7

The parameters used in Tables 1 and 2 are denoted as follows: Crand Cp, are the mass
concentrations of metal fuel and oxygen in the carrier gas, and dyg, do, d3g are the
arithmetic mean, surface mean, and volumetric mean diameters, correspondingly. These

diameters are determined by the formula d,, = \/(Zf:1df’l\7,)/(2521d:71\7,),

where m, and n are the integers setting the order of the mean diameter, k is the total

number of size intervals in histogram, NN; is the number of particles in the i-th interval, and
d; is the middle of the i-th interval. The parameter Sd is the standard deviation determined

by the formula Sd = /d3, — d%,, o and ds are the parameters of the lognormal dis-

S . . S In d—In ds5)*
tribution function of oxide particles in the form ¢(d) = \/i ——exp [— %} . For

the distribution formula of this type, the parameter ¢ is called “width” and the parameter
dsp 1s called “median.” These parameters may be used to calculate “mode” d,,, “specific
surface” S, and other useful parameters. For instance, d,, = ds exp(—az), Se = 6/(pd3),
where p is the oxide particles density, and d3p; = (d30)3/ (dzo)z. The mean diameters doj and
d3p can be calculated using the lognormal size distribution parameter from the common
formula (d,0)" = (dso)" exp(o°/2), where r is the integer.

As follows from Tables 1 and 2, the mean diameter dj( varies from 53 to 103 nm.
The position of a maximum of the lognormal distribution of oxide particles, mode d,,,

varies slightly (d,, = 49—69 nm) within the experimental conditions range studied by
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the authors [21]. The influence of experimental conditions on the dispersity of Al
combustion products reduces mainly to the variation of the width ¢ of the particle size
distribution function (0.31 < ¢ < 0.63).

To control the dispersity of oxide nanoparticles, the authors [21] suggested intro-
ducing admixtures into the primary metallic fuel to affect oxide nucleation in flame via
ionization. The ions are assumed to be the centers of condensation. Increasing their
concentration leads to an increase in combustion products dispersion. This assumption
was verified experimentally [21]. Thus, adding 5% carbon (mechanical mixture of 95%
Al and 5% C) causes the decrease in djo from 103 nm to 34 nm and in d,, from 62 nm
to 30 nm.

As compared with Ref. [21], in our works [57,65—67,69-75], the oxide particles
were characterized by several techniques. When performing “delicate” sampling of
aerosol particles with a thermophoretic precipitator followed by the analysis of samples
by means of transmission electron microscope (TEM), we have managed to study not
only the distribution functions of the primary nanoparticles but also the aggregates,
consisting of nanoparticles, to obtain information on their morphology, phase
composition, etc. The video microscopy made it possible to investigate the charge (and
dipole) properties of the aggregates, their mobility, coagulation, and other characteristics.
As mentioned in the introduction, the morphology of aggregates determines their
transport properties (diffusion coefficient, sedimentation and velocity of photophoresis,
etc.), optical characteristics, specific surface, and the ability to adsorb and transter
harmful substances. As is known, the charge properties of nanoparticles and of their
aggregates have a substantial effect on aggregate formation and evolution. The typical
features of evolution are the change in size due to the merging of the aggregates and
single particles (coagulation) owing to the Coulomb interaction, and the restructuring
(swerving) of the aggregates.

Consider now the main results from experiments [67] on the combustion of
model aluminized composite propellant, containing 20% Al, 25% AP, 35% HMX, and
20% binder (the same as in Ref. [57]). The specimens in the form of a parallelepiped
20-25 mm long and with a cross-section of 1 x 1.5 mm? were burned in a 20-L
vessel in the aerosol-free air at atmospheric pressure. The aluminum mass of the
specimen was =6 mg. The burning surface generated aluminum agglomerates with a
wide size distribution. They burned upon their fall in the vessel for less than 5 s. Six
minutes after propellant burning, the aerosol was sampled from the vessel and its
disperse, morphological, and charge characteristics were analyzed. The time value of
6 min can be called the “age” of the aggregates.

Figure 8 shows a typical TEM image of the aluminum oxide aggregate. As follows,
the aggregate is chain branched and consists of the primary spherical particles from units
to hundreds of nanometers. These particles are called spherules. The images were pro-
cessed to determine the conventional aggregate size R, the number of spherules, and
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Figure 8 (a) A typical view of aluminum oxide aggregate. (b) Mass size distribution function for
spherules of which this aggregate is composed.

their size distribution, see Figure 8. Taking into account particle density, on the basis of
these data one can readily calculate the aggregate mass M. The structural characteristics
of similar aggregates are usually characterized in terms of the fractal dimension Drx.
According to Ref. [68], Df may be defined as an exponent in the power relationship
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M x RPF between the aggregate mass M and its size R. Actually, this approach is based on
the assumption of a minor “overlap” of spherules in the image, so that the aggregate
projection onto the plane corresponds to the volumetric distribution of spherules in the
aggregate. If D¢ < 2, the fractal dimension of two-dimensional projection is equivalent to
that of the three-dimensional object [76]. In Ref. [67], the fractal dimension Df was
found for a set of aggregates, “on average.” In this case, a mathematical procedure reduces
to the determination of the slope of the straight line, which approximates the size
dependency of the mass in logarithmic coordinates log(M) versus log(R). Note that there
are the alternative ways of estimating the fractal dimension and the size of aggregates.
Some of these are discussed in Ref. [51]. In Ref. [67], the authors plotted log(M) versus
log(R) and got D= 1.60 £ 0.04. A total of 52 aggregates at age of 6 min were pro-
cessed. The convention size R varies from 0.09 to 2.31 pm, and the number of spherules
varies from 20 to 3280.

In Figure 8, the fragment in the white frame and its enlarged image demonstrate that
the aggregate consists of spherules. It is worth noting that the aggregate contains
“clusters,” i.e., the regions with particles of visibly different size range. This aggregate
was treated using three different magnifications for the different parts of the aggregate.
The aggregate includes totally 3217 spherules. Plot (b) presents the mass size distribution
function f(D) of aggregate spherules. The value f, a relative spherule mass within the
histogram size interval, divided by interval width, is plotted on the ordinate. Figure 8(a)
illustrates one of the ways to determine a conventional aggregate size or “radius” from
the expression R = 0.5v/LW, where L is the maximal length, and W is the width, the
maximal aggregate size in the direction perpendicular to L. For this aggregate, we get
L =496 pm, W= 3.79 um, and R = 2.17 pum. For comparison: the nominal radius of
the sphere with a volume equal to the total one of spherules in the aggregate is 0.256 pm.

For the above-mentioned model propellant, there are different statistics [57],
supplemented with the data on 18 aggregates at an age of 12 min. In this case, we have
D¢=1.64 £ 0.09. Besides, in Ref. [57], another technique has been used to estimate the
conventional aggregate size. Nevertheless, the derived values of fractal dimension
Dr=1.60 &+ 0.04 and Df= 1.64 £ 0.09 coincide to within experimental error and are
noticeably lower than 1.80, which corresponds to the DLCCA model (diffusion-limited
cluster—cluster aggregation) [76]. For this model it is assumed that the aggregates merge
exclusively due to the Brownian diffusion without long-range interactions between
them. As shown below, the process of coagulation of the aerosol particles under study
involves electrostatic forces, i.e., those of the Coulomb interaction, determined by the
presence of electric charges. Distributed charges promote the formation of “chain”
fragments (clusters) in the aggregate structure. The greater the number of such fragments
in the aggregate, the closer to 1 is D (for a linear chain of spherules M « R). We may say
that the value of Dr deviation from 1.80 characterizes the role and significance of the
Coulomb interaction in aggregate formation and evolution.
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Figure 9 Arithmetic mean radius of aggregates versus coagulation time.

The dependency of aggregate size on age (coagulation time) was revealed in Ref. [69]
(Figure 9). The observed asymptotic character of the dependency, is, probably, deter-
mined by a limited number of aggregates in a vessel. The greater the number of the
aggregates that have already merged, the less is the probability of the subsequent
collisions.

The presence of clusters, in which the difference in spherule size is rather small, but at
the same time, the difference in spherule size from cluster to cluster is essential (Figure 8),
may be explained as follows. The clusters with spherules within a certain comparatively
narrow range were first formed by various mother particles. Then these merged into an
aggregate via coagulation. This assumption is based on the hypothesis that the size of
spherules depends on the size of a burning original particle. The hypothesis was later
verified by experiments on monodisperse burning particles [57]. Indeed, the greater the
diameter of the mother particle, the larger are the spherules formed, see Figure 10 and
Table 3.

Figure 10 shows the joint functions of the normalized density of the size distribution of
a number of spherules obtained by combining histograms for the set of aggregates.
Numbers near the curves denote the diameter of burning particles. The curve “Polydisp.”
corresponds to the population of particles-agglomerates, generated by combustion of
composite propellants. In this case, the efficient diameter of the burning particles is esti-
mated as = 10 pm, which corresponds to the mean arithmetic diameter of aluminum
particles used to manufacture the propellant. The insert plots the arithmetic mean spherule
diameter versus that of the burning particles.

The data in Figure 10 and Table 3 indicate that the spherules, formed by combustion
of a polydisperse system, exhibit a wider size distribution (K, = 0.58, whereas for
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Figure 10 Effect of the size of burning particles on the size distribution of formed oxide nanoparticles.
Here, 4 um, 110 um, 340 pum and “Polydisp.” are the sizes of burning particles.

Table 3 Dependency of the parameters of oxide spherules dispersity on the size of burning

particles [57].

Point no. Number of

in Figure 10  Size of burning  treated D10, Do, Di3g,  Daa, o,

insert particle, micron  spherules nm nm nm nm nm K.
1 Polydisperse 44,843 31 36 43 80 18 0.58
2 340 14,348 68 74 80 107 29  0.43
3 110 14,296 51 56 61 80 23 0.45
4 4 48,885 17 19 21 34 8 0.50

monodisperse particles, Ky, = 0.43—0.50). According to the results of determining the
fractal dimension of the aggregates, the values of D¢ vary from 1.62 to 1.65 in the case of
10-340 um burning particles. For the burning particles of 4 um, Df= 1.80, which
corresponds to the DLCCA model and indicates the reduced role of the Coulomb
interaction as compared to the Brownian diffusion with decreasing sizes of spherules
and/or burning particles. It is interesting that the value of the fractal dimension is actually
independent of coagulation time within the range studied (up to 17 min).

Our data (Table 3) on the sizes of Al,O3 spherules and those of Ref. [21] (Tables 1
and 2) are mutually complementary. In particular, our data were used in Ref. [21] to

construct the dependency of spherule size on the mass concentration of metals (see
Figure 6 in Ref. [21]).
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Video microscopy makes it possible to observe a series of phenomena to be inter-
preted quite plainly.

1. The movement of charged (negative or positive) aggregates in a homogeneous
electric field of 160 V/cm. The motion direction changes with changing field
polarity. A minor part of aggregates does not respond to field switching. Thus, many
aggregates carry an electric charge, which can be either positive or negative.

2. The rotation of some aggregates by 180 degree when switching the electric field
polarity. Interpretation: such aggregates have a distributed electric charge and a rotating
moment appears in the electric field. The (4) and (—) charges may be compensated
for by some aggregates. These aggregates are, as a whole, electroneutral and do not
make a forward motion in the electric field.

3. The acts of the coagulation (approach and sticking) of various objects: aggregate with
aggregate; aggregate with particle; aggregate with wall covered by previously
deposited aggregates and resulting “tendrils.” In all cases, there occur both the
accelerated movement of a fever massive object and the sticking of a given orien-
tation. Interpretation: the accelerated movement is due to the Coulomb force;
orientation is provided by distributed charges.

The above phenomena have been repeatedly illustrated by video record frames [65—67,

69,70], omitted here.

A quantitative treatment of the characteristics of aggregate movement in electric field
allowed us to estimate the electric charges of the aggregates. Most of the particles-
aggregates have a charge with the number of positively and negatively charged parti-
cles being almost the same. The distribution of particles by charge may be approximated
in terms of the Gaussian function, which is symmetric relative to a zero charge. The
characteristic charge of the aggregate composes several elementary units. It is worth
noting that the charge values are estimated using an average size determined by electron
microscopy (R = 1.13 pm at aggregate age of 6 min, see Figure 9), and assuming the
Stokes drag force law.

The X-ray phase analysis indicates that the crystal structure of the spherules, formed
in combustion of aluminum particles, is the o and y phases of Al;O3. For analysis we
used: (a) the samples collected by means of a thermophoretic precipitator, and the
electron microscope, operating in electronogram recording mode; (b) the samples
collected by a vacuum sampler on substrates, and a powder XRD analyzer; and (c) the
samples collected on the Petryanov filters. In this case, a filter fragment, cut out with
scissors, was used “as is” in the XRD analyzer.

4.2 Titanium Oxide TiO,

Let us first specify the terminology. In the literature, the nanosized particles, produced by
decomposition of a titanium-containing precursor (e.g., TiCly) with a subsequent
oxidation of T1i clusters in the flame of a gas burner, are usually called the TiO; particles,
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synthesized by combustion |77]. There is a large body of work, see review [78], devoted to
the traditional methods of synthesis of photocatalytic TiO,, including the above synthesis
in a burner. These works commonly describe the authorized method of synthesis (reagents,
process organization), the properties of produced TiO; particles (size, the specific surface
and morphology of particles, the size of crystallites and the regions of coherent scattering,
the phase composition, photocatalytic activity), and compare the activities of the resulting
particles with the commercial catalysts Degussa P25 or Hombikat.

In the present work, when discussing the TiO; particles produced in combustion,
we imply the combustion products of metallic titanium microparticles.

As shown in the introduction, of particular interest are the photocatalytically active
TiO; particles of nanometric size range and their ability to decompose organic sub-
stances. Therefore, we first present general information on the properties of the particles,
obtained by conventional methods, to compare them with the particles-products of
metallic titanium combustion.

The TiO; nanoparticles are spherical (less often, polyhedral or cubic [79]) and like
the primary Al,Oj3 nanoparticles, they are called spherules. Their diameter does not
usually exceed 100 nm. This size is not the size “natural limit,” but results from the
striving of researchers for producing particles as small as possible to obtain the largest
specific photocatalytic surface. It is readily proved that on the surface of TiO,, any
organic substances, including live cells, bacteria, and viruses, may be oxidized to CO»,
H50O, and inorganic residues. The crystal structure of TiO; nanoparticles (the main
forms, rutile and anatase) has affects the photocatalytic properties, but the data on this
influence are rather contradictory. Numerous studies (see reviews [80,81]) are devoted to
the doping of particle surface by various metals and nonmetals to increase the quantum
yield of decomposition (i.e., photocatalysis efficiency) by broadening the functioning
range for the wavelengths of solar light (it is desirable to shift the edge of absorption band
to the visible region).

Let us discuss the characteristics of the combustion products of metallic titanium
microparticles. The condensed combustion products are the residues of burning parti-
cles, fragmentation products, oxide particles-products of fragment burning mainly in
the heterogeneous regime, as well as the highly disperse oxide particles that are either
the products of burning in the vapor-phase regime or the condensation products
(in particular, spherules). The listed types of the particles-products have been studied in
Refs [25,58-65,74,75] (our works) and in Refs [21] and [82] (other authors).

The evolution of Ti particles of a mean size of =4 pum, moving in a plasmotron
chamber for tens of milliseconds, was first studied in Ref. [82]. The residual particles
were treated according to their morphology as metallic and oxide particles. Besides, the
oxide particles (anatase) smaller than 100 nm were revealed, which allowed the authors
[82] to assume a combined heterogeneous plus vapor-phase regime of Ti particles
combustion.
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In Ref. [21], devoted to the synthesis of oxide particles upon combustion of metal
microparticles in a gas-disperse jet, the data on Al,O3 are presented along with those on
the TiO; spherules formed in combustion of Ti. The synthesis conditions are as follows:
primary Ti particles of =5 pm; oxygen concentration, 40%; particles concentration,
10" m™ and temperature in the jet, 3000-3100 K. The characteristics of synthesized
oxide are the following: mean arithmetic diameter, 40 nm; and standard deviation, 16 nm.
The size distribution of particles is lognormal with the following parameters: median,
38 nm; mode, 35 nm; and width, 0.38. For parameter definitions, see Section 4.1.
The oxide parameters are observed to depend slightly on input conditions (concentration
and initial particle size) upon realization of a stable aerodysperse flame. The authors [21]
assert that an increase in oxygen concentration above 40% (with a constant concen-
tration of Ti particles of 10'”m ™) causes a substantial increase in the yield of TiO5
nanoparticles, which reaches tens of percent by weight due to the change in combustion
regime from heterogeneous to gas phase with a heterogeneous formation of suboxides
and their subsequent, additional oxidation in the vicinity of the particle surface. Thus, in
this case, the intensification of combustion process favors the formation of nanoparticles.
For the general case, this leads to higher temperatures in the reaction zone and the size
and properties of the resulting particles-products depend considerably on subsequent
cooling.

Consider now our data on the combustion products of metallic titanium particles,
first of all, on the particle size, structural, crystal, and electrophysical characteristics of
oxide TiO; nanoparticles.

Various experiments were performed using both the different methods of “genera-
tion” of burning titanium particles and the different sampling techniques. We present the
main experimental techniques.

1. The burning of 1-g specimens of chlorine-free compositions, containing 15-29%
metallic titanium, ammonium nitrate, and an energetic matrix binder [25,75] in a
20-L wvessel, filled with aerosol-free air. The primary titanium particles were of
irregular, “spongy” form with sizes less than 100 pm (the particles smaller than
63 pm contribute 88% of the mass). The composition of plasticine consistency was
used either to fill small cups or to obtain specimens of specific form (e.g., conic).
The initial titanium particles agglomerated in the combustion wave of the
composition. The set of burning particles manifests a wide size distribution, i.e.,
from the size of the primary particles, introduced in the composition, to the
agglomerates of several tens of microns. The size distribution of particles changes
with varying fraction of titanium in the composition. Upon combustion of the
composition inserted in a small cup 1 cm in diameter, the smallest particles burn out
in the flame of the composition while the large ones burn in the air. A certain time
after sample combustion (within 0—10 min), the smoke-like aerosol is collected from
the vessel onto the thermoprecipitator. The information obtained concerns
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aggregate morphology and spherule size. The aerosol is also injected in the video
microscopy cell to study the motion, coagulation, and charge properties of the
aggregates.

2. The burning of the gram specimens of the same compositions having the conic form
with a base of 1 ¢m in air. The aerosol is sampled just from the specimen flame with a
vacuum sampler (Figure 4). We obtain information on spherule sizes.

3. The burning of the gram specimens of the same composition in small cups 1 cm in
diameter in a blow-through vessel [30] in the air stream. The particles are sampled
on the stack of metallic sieve screens, the Petryanov filter, and the lining covering the
surface of the vessel. The time of particle movement from specimen to extinction/
sampling location is less than 1 min. We get information on particle distribution
within the entire size range, including the smoke fractions with particles smaller
than 5 pm.

4. The ejection of single burning particles of 100-350 pum from a horizontal quartz
capillary with an inner diameter of 2.5 mm [71]. Before experiments, the capillary is
loaded with a mixture of ammonium perchlorate (AP) and polymer binder with Ti
particles. The particles fly out from the capillary at a speed of 1.5-2 m/s. The glass
plate, covered with Formvar film on which the oxide aerosol, formed in combustion,
1s deposited thermophoretically, is installed at a small angle to the trajectory of particle
movement. The deposited particles are then studied under the electron microscope.
The method provides information on spherules at the early stage of their growth
(at age of 0.1 ms).

5. The combustion of monodisperse particles in a vertical 10-L vessel 84 mm in
diameter and about 2.4 m in height. The particles used were of two types: (1) A
narrow-sieved fraction of spongy-shaped particles with a characteristic size of 38 pm.
The fraction was extracted using precision sieve screens with a mesh aperture of
36 and 40 pm. (2) The agglomerates formed of tiny inclusions. The diameter of
the agglomerates was 320 pm. A mixture for agglomerate formation consisted
of 69% titanium powder (Russian commercial sort “PTM,” 85% of the mass
included particles smaller than 50 pm) and polymeric, active binder based on
methylpolyvinyl-tetrazole. To realize the ignition and ejection of agglomerates,
we used a nonmetalized composition matrix, consisting of 23% AP, 50% HMX
(all particles smaller than 10 pum), and 27% binder [61]. This composition was of
plasticine consistency. The specimens were in the form of small cylinders, filled either
with a metal-free matrix with inserted metalized inclusions, agglomerate “seeds”
(Figure 6, position 2), or single 38-pm particles. In experiments, the latter were
placed in the nonmetalized matrix in an amount of less than 0.1% and carefully
separated from each other. The combustion of 38-pm particles was completed just in
the flame of the specimen. The combustion of 320-pum agglomerates continued upon
their movement in the air. Experiments on the 38-um particles and 320-pm
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agglomerates were carried out both under ordinary conditions (sample combustion

in a small cup in air, combustion of agglomerates in free fall mode) and using a

chamber with a nozzle (Figure 6). In the last case, the maximal trajectory—mean

velocity of particle movement relative to gas reached 7.9 m/s. These experiments are
discussed below. Earlier experiments [23,60], using a chamber with a nozzle, were
performed on the specimens of compositions, consisting of 14% Ti powder, that
generated polydisperse agglomerates.
In all the cases, the smoke aerosol was sampled from the vessel with a thermoprecipitator,
and the data were obtained on aggregate morphology and spherule size.

The experimental results indicate the following.

The aerosol particles of oxide TiO; smoke, like the Al,Oj3 particles, are the chain-
branched fractal aggregates of 0.1-10 um, consisting of spherules of 5-150 nm. Most
of the aggregates have either a positive or a negative charge (Figure 11).

It has been established that the charge distribution of the TiO; particles is wider than
the equilibrium Boltzmann one at room temperature by a factor of 1.4-3 (the so-called
“over equilibrium” one). When the polarity of external electric field is switched, some
large-size aggregates of titanium oxide rotate through 180° as the aluminum oxide
aggregates. These are the dipoles, i.e., they carry the distributed charges.

The X-ray phase analysis indicates that the smoke particles represent TiO, in the
crystal forms of rutile, anatase, and brukite.

Despite the similarities between the Ti and Al combustion products in the charac-
teristic size of spherules and aggregate morphology, there is a significant distinction in the
combustion behavior of these metals. For Al, the size of Al,O3 spherules depends on the
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Figure 11 Distribution of TiO, aggregates by values of electric charges [74].
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diameter of the burning mother particle. The arithmetic mean diameter, Djjy, of
spherules increases with the size of burning particles and amounts to 17, 51, and 68 nm,
respectively, for Al particles of 4, 110, and 340 pm, see Figure 10 and Ref. [57]. This
actually allows one to control the size of spherules, which is practically impossible for Ti
because the size of spherules is almost independent of the size and burning conditions of
Ti particles. Thus, in all our experiments, except for the chamber with a nozzle, the same
diameter of the TiO; spherules was determined, Djg = 23 nm. We have varied the
formulation of gasifying pyrotechnical compositions (in particular, we used the solid
oxidizers of four types—ammonium perchlorate, ammonium nitrate, hydrazine mon-
onitrate, and HMX), the size, shape and “origin” of burning particles sizes (sizes
from <20 pm to 300 pm; spongy irregular particles and spherical agglomerates,
including monodisperse particles of =38 pm and monodisperse agglomerates 320 pm in
diameter, the polydisperse agglomerates of a size up to 1000 um), and combustion
environment (typically small particles burn in the gaseous products of either pyrotech-
nical composition, solid propellant, or nonmetalized matrix, and the large ones burn in
the air beyond the flame). The fractal dimension of the TiO, aggregates was constant,
D¢ = 1.55.

A conservative character of the TiO; smoke properties makes it actual to search for
the ways to control the parameters of the resulting oxide nanoparticles. These include the
effect on the processes of nucleation and condensation via introduction of admixtures
(experimentally confirmed for Al,O3z in Ref. [21]) as well as the intensification of
particle burning. The latter can be realized either by increasing oxygen concentration
[21] or by blowing the burning particles. In Ref. [26], we have assumed that the size of
spherules depends on the velocity of the burning Ti particle, moving relative to a gaseous
medium (the same as blowing the motionless particle). A tiny chamber with a nozzle has
been proposed (Figure 6) for imposing high velocities to the burning particles. The eftect
of blowing was registered at the qualitative level, but its quantitative description was
difficult. In particular, the particle’s velocity for actually polydisperse population was
estimated very roughly. Therefore, there was a need to carry out more correct experi-
ments on monodisperse particles. In Refs [60,63,64], quantitative experiments were
performed on the monodisperse Ti particles of agglomeration origin of a diameter of
320 pm and with a narrow-sieved particle fraction of about 38 pm. Processing the TEM
images of sampled smoke particles provided the size distribution functions of nanometric
particles-spherules (Figure 12). It has been established that an increase in the velocity of
particle movement relative to gas leads to a decrease in spherule size. This effect was
observed only with the highest (in our experiments) particle blowing velocity, which
indicates its threshold character. For the particles 320 pm in diameter, an increase in
the trajectory-averaged particle-gas relative velocity from 0.9 to 7.9 m/s causes a
decrease in the spherule diameter Dy from 28-30 nm to 19 nm; see the table within the
legends to Figure 12.
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Figure 12 Comparison of approximating size distribution functions of spherules [60,63,64].

Curve labels 1 2 3 4 5

Initial size of burning particles, 320 320 320 38 38
micron

Nozzle, diameter in mm No nozzle 2 1.5 No nozzle 2

Average (over the burning time) 92 568 789 17 7.5

velocity of particle movement
relative to gas, cm/s
Statistical parameters of spherules size distribution calculated via treating histograms

Arithmetic mean diameter Do, nm 30 28 19 29 25
Sd—standard deviation Sd=9 Sd=10 Sd=10 Sd=12 Sd=7
Se—standard deviation of the mean Se=03 Se=03 Se=0.1 Se=02 Se=0.1
The number of measured particles N 860 1458 6056 2743 2687

The movement of the burning Ti particles affects the morphological parameters of
oxide aerosol, in particular, causes an increase in the fractal dimension of aggregates up to
D¢ = 1.79, Figure 13. The plot reproduced from Ref. [26] illustrates the procedure for

determining the fractal dimension from the slope of the M (DgDa%a> line graph. Here,

Dg,p, is the “conventional diameter” of aggregates equal to the doubled “conventional
radius” R = 0.5v/LW, i.e., Dgaba = 2R. The hollow circles are the data [26], obtained
with blowing; the solid circles are the data [25,74], obtained without blowing. The
evaluated maximal blowing velocity is about 10-15 m/s. This rough estimate was
obtained from a video record as the length of visible particle tracks divided by frame
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Figure 13 The effect of particle-gas relative motion of burning particles on the fractal dimension of
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exposure time. It is difficult to present an exact value due to the essential polydispersity of
the burning agglomerate set in experiments [26].The other morphological peculiarities
of combustion products for the particles under blowing are the presence of compara-
tively large particles (up to 300 nm) and mainly rectilinear chains of spherules in
aggregate structure. The presence of large particles in the aggregates is, probably, due to
the fact that the blowing may lead to a strong fragmentation of burning particles. The
fragments burn rapidly in the heterogeneous regime to give comparatively large
particles-products (residues). In addition, the burning time of 320-um agglomerates was
recorded to decrease from 0.45 to 0.26 s with increasing blow velocity from 0.9 to
7.9 m/s [64]. The rectilinear spherule chains appear owing to the charge effects and
Coulomb interaction. The “high compactness” of the aggregates formed under blowing
(verified by higher fractal dimension) is imposed by the presence of large particles whose
mass may amount to 0.8 of the aggregate mass [26].

Thus, the blowing of the burning Ti particles may be considered as a method for
intensifying combustion process and for affecting the burning parameters and the
characteristics of the nanoparticles formed. It is important to note that the method is of
purely physical nature and needs no admixtures.

Finally, we discuss the data of X-ray phase analysis. The crystal structure of TiO;
spherules sampled by thermoprecipitator is anatase (60% wt) and rutile (40% wt). The
smoke particles sampled on the AFA filter are predominantly of crystal rutile form, and
the size of crystallites is 60—80 nm. There are also unidentified reflexes.
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The meagre experimental data [83,84] on the photocatalytic activity of the TiO;
particles, formed in combustion of metallic Ti, suggest that the TiO; aerosol cloud may
be used as countermeasures against the local emission of contaminants.

5. CONCLUSIONS AND FUTURE WORK

The data available show that the charging of particles due to thermoelectron
emission plays a key role in oxide particles formation. The generality of the mechanism
accounts for structure similarity and for the closeness of many parameters, describing the
properties of aerosol Al,O3 and TiO; systems. Schematically, the evolution of oxide
aerosol may be presented as follows. First, a spherule forms and starts growing due to
nucleation and condensation at some distance from the burning particle. Within the
condensation zone, the growth of oxide particles proceeds through coalescence. The
temperature of spherules decreases with distance from the particle. When it drops below
the temperature of oxide melting, the spherules crystallize. The coalescence of liquid
particles is replaced by the merging of solid particles into aggregates. Later, already far
away from the burning particle, the aggregates may combine and change their structure
(e.g., to roll in more compact unit). The forces of electrostatic interaction take part in
spherule aggregation, coagulation, and restructuring.

Finally, we can state that in studies on oxide nanoparticles formation in combustion
of Al and T1 particles, progress was made toward the characterization of particle size and
morphology. Some problems, however, remain unresolved.

Note that the formation of nanoparticles is one of the essential features of the
mechanism of metal particles combustion. This mechanism includes the transport of
reagents to the reaction zone, i.e., oxidizer from the environment, and/or particle
substances (primary metal vapor, suboxides or oxides). A concrete realization of these
processes greatly affects the number and properties of nanoparticles. The interaction
between the macrokinetics of the initial metal consumption and the formation of
dispersed oxide may be considered as the major task for future investigations. For
nanosized oxide particles, the following particular problems can be formulated. At what
stage of mother particle combustion are they formed? What is the actual mechanism?
How can it be intensified?

For aluminum, there are the answers to the first two questions. The nano-oxide
particles form from either the vapor-phase oxidation of metals or the oxidation of
suboxides, evaporated from the burning particle and delivered into the reaction zone
above the burning particle surface. Unsolved is the problem of the intensification of
AlO3 nanoparticles formation. In particular, it is of interest to explore whether the
blowing of Al particle may have any eftect. What will happen after a decrease in the size
of burning particles, e.g., down to the size of submicron particles?



316 Oleg G. Glotov and Vladimir E. Zarko

For titanium, the first two questions have not yet been answered. As for the third
question, it has been established that the formation of nanoparticles may be intensified
via air blowing (in particular, the spherule size may be reduced). An intense evaporation
may occur at an early stage with oxidation reaction proceeding in the kinetic regime. Of
interest is a further increase in particle-gas velocity, i.e., the existence of blowing effect
“scale”. An important problem of the mechanism of titanium particles combustion is the
particles fragmentation, and its feasible application for intensifying combustion and for
increasing the yield of nanoparticles. Of interest may also be the search for admixtures
(e.g., other metals) that may favor the destruction of the oxide layer. Finally, further study
of'the photocatalytic properties of nanoparticles formed in Ti particles combustion is also
needed.
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1. ENCAPSULATED NANOSCALE CATALYSTS

Catalyst efficacy generally scales with surface area [1]. However, the addition of
nanoscale particles, such as high-surface-area catalysts, can result in high-processing
viscosities, and ultimately brittle composite propellants. This could be alleviated with
the use of additional binder; however, performance would be decreased. A possible
solution to this dilemma is to encapsulate the catalysts within the crystalline oxidizer
particles [2—4]. Since the high-surface-area components remain within the crystal,
rheology and ultimate mechanical properties are unaffected. In addition, the catalyst
could be expected to be more effective within an oxidizer crystal than mixed directly
into the binder.

The approach taken by Reese et al. [3] and Isert et al. [4] to encapsulate nanoscale
iron oxide into ammonium perchlorate (AP) is shown schematically in Figure 1, and the
reader is referred to the references for full details. Briefly, a fast-crash solvent—antisolvent
approach is used with the nanoscale particles acting as nucleation sites for the crystalli-
zation process. Importantly, a fast-crystallization process results in preferential nucleation
rather than crystal growth, producing catalyst particles that are captured within or
physically bonded to crystal surfaces. A slower crystallization process is less effective at
capturing particles since crystallization tends to be a purification process. Fortunately, the
size produced using this process is appropriate for replacing typical finer AP crystals,
which are nominally 25 pm in size.

Reese et al. [3] also showed that capture is dependent on antisolvent-to-solvent ratio.
Specifically, increased quantities of antisolvent yielded faster nucleation rates, smaller
crystals, and improved capture. Sonication of the synthesized materials in a hexane bath
also showed that well-captured materials could not be easily displaced from the AP
crystals. Inductively coupled plasma emission spectroscopy was used to quantify the level
of catalyst captured (up to 92% capture rate was demonstrated). This high level of capture
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3. Add antisolvent to begin 4. Filter and dry the crystals
crystal precipitation

Figure 1 Schematic of process to encapsulate nanoscale particles into ammonium perchlorate.

indicates that the nanoscale particles are effective at nucleating crystal growth. Ther-
mogravimetric analysis showed that decomposition was accelerated with encapsulated
catalysts over the physical mixtures, as one might expect with more intimate contact.

Reese et al. [3] also showed that capturing the catalysts inside the crystals yielded a
significant decrease in particle surface area compared to a physical mix. Again, this would
be expected to result in better propellant rheology and final mechanical properties. Initial
encapsulation results were also promising for nanoaluminum with ammonium
perchlorate and nanoaluminum with cyclotrimethylenetrinitramine (RDX) systems, but
more work is needed to optimize and characterize those results. These latter systems may
be particularly interesting for explosives applications, but should be carefully explored
because sensitivity and compatibility may prove to be unacceptable.

Isert et al. [4] recently explored the effect of the composite particles (fine AP with
encapsulated nano-iron oxide catalyst) on the burning rate and flame structure of an
AP-based composite propellant. The coarse AP powders used remained the same (with
no encapsulated catalyst). The propellant containing the encapsulated catalyst particles
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Figure 2 Images of the catalyzed propellant strands (5.8 mm diameter) used by Isert et al. [4]. From
left to right, 53 um catalysts mixed in directly, 3 nm catalyst mixed in directly, and 3 nm catalysts
encapsulated (inside AP fines only).

was compared to a baseline propellant without a catalyst, a propellant formulated with
micrometer-sized catalyst, and a propellant with the same nanosized catalyst mixed
directly. The catalyst loading was held constant. Images of the catalyzed propellants are
shown in Figure 2. The measured burning rates (Figure 3) showed that the encapsulated
fine AP yielded the highest burning rate, followed by nanoscale catalyst mixed in directly.

A Nano F
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0 Micron =T & L
O Encapsulated =7
HE
/// .

-
o

Burning Rate (mm/s)

1 10
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Figure 3 Measured global propellant burning rates. The burning rates for the baseline propellant
(Baseline), propellant with micrometer-sized catalyst (Micron), propellant with nanosized catalyst

(Nano), and propellant with the encapsulated catalyst (Encapsulated) are shown. Modified
from Ref. [4].
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Figure 4 Schematic of the high-speed PLIF system used and images of the camera system and
combustion vessel used.

Overall burning rates are useful in evaluating the effectiveness of the encapsulated
catalysts in comparison to other formulations but do not explain why encapsulation
dramatically improves burning rate. To understand why this enhancement occurs, direct
imaging of the solid propellant flame structure can be done in situ using OH planar laser-
induced fluorescence (PLIF) [4-8]. Isert et al. [4] employed high-speed (5 kHz) OH
PLIF to investigate microscale flame structure and single coarse crystal combustion
properties (ignition delay and burning time/rate) for the different formulated composite
propellants. Since the AP crystals fluoresce in the UV laser sheet, the coarse crystals are
visualized clearly. A schematic is shown in Figure 4, along with images of the camera
with intensifier and lens that were used. At higher pressures, adequate signal to noise
could not be achieved. Propellants were burned in air at 1 atm, and experiments at
pressure were performed in a combustion bomb pressurized with nitrogen at pressures of
up to 0.72 MPa.

An example of the kind of imaging obtainable is shown in Figure 5. The dashed line
shows the propellant surface location of the fine AP and binder. For the baseline
propellant at elevated pressures, very few coarse particles can be observed protruding
above the surrounding fine AP and binder. With the addition of micrometer-sized
catalyst, the coarse crystals protrude due to the relatively accelerated burning of the
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Figure 5 An example of the OH PLIF imaging obtained for baseline propellant (a), propellant with
micrometer-sized catalyst (b), propellant with nanosized catalyst (c), and propellant with the
encapsulated catalyst (d). Images were taken at 0.7 MPa and the time intervals are 40, 30.8, 25.3, and
354 ms for a, b, ¢, and d, respectively.
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fine AP and binder matrix with respect to the coarse AP. As expected, nanoscale catalysts
are more effective, especially if encapsulated, and this is clearly seen by even more
protrusion. As the fine AP/binder matrix in the encapsulated catalyst propellant burns
away more rapidly, the coarse crystals are exposed to high temperatures sooner,
increasing coarse crystal burning rate. In addition, the rapid matrix combustion
occurring from encapsulation can cause the coarse crystals to be ejected from the
propellant surface [4].

Additionally, dynamic OH PLIF can also be used to quantify the ignition delay of the
coarse AP crystals, flame structure, and flame heights [4]. The burning rate enhancement
of coarse AP crystals is due in part to the shortening of the coarse AP crystal ignition
delay, but this is significant only at very low pressures. Direct catalyst addition was
observed to have some effect on coarse AP burning rate/lifetime. However, comparing
the nanocatalyzed and encapsulated catalyst propellants, the differences in global burning
rate are not primarily a function of coarse crystal burning rate. The main differences are
due to the rate at which the fine AP/binder matrix burns. Interestingly, encapsulated
catalyst had no effect on coarse crystal burning rate as compared to nanocatalyzed
propellants, as evidenced by no observed statistical difference in the local coarse crystal
burning rates [4].

Current work is focusing on other higher surface area catalysts, including the
encapsulation of decorated graphene-based catalysts. Graphene-based catalysts have
ultrahigh surface areas and have been shown to increase low pressure neat nitromethane
combustion significantly with only low (<1 wt%) addition [9]. Such materials might also
be able to be encapsulated within AP. It is also clear that high-speed OH PLIF is proving
to be a very useful tool in gaining a more fundamental understanding of how changes
in the propellant composition affect the flame structure and surface dynamics. Conse-
quently, we can gain a much more fundamental understanding of what is causing the
change in burning rate. This technique could be extended to other species, which may
give further insight into the combustion process.

2. ENGINEERED METALLIC FUELS AND ALLOYS

In addition to considering nanoscale catalyst particles, nanoscale metal fuels offer
potential advantages, including faster burning rates and more complete combustion.
Motivated by this, replacing micrometer-scale aluminum in energetic materials with
nanoscale aluminum has been studied for more than a decade [10]. However, simply
substituting micrometer-scale particles with nanoscale particles in propellants can lead to
drawbacks including unfavorable rheology and final mechanical properties. Nanoscale
aluminum also has a relatively thick oxide layer that reduces the performance. Indeed,
examples of fielded propellants containing nanoscale aluminum are not currently found.
A key question is how one can obtain the advantages of nanoscale fuels without the
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drawbacks. Recently, efforts have focused on micrometer-scale aluminum particles with
an intraparticle nanoscale structure [13,19-21]. The ideal solution may be a micrometer-
sized composite particle that has significantly lower ignition temperature, and when
ignited, produces much smaller particles/droplets.

In multiphase liquid combustion, microexplosions can occur for some miscible
liquids and also in emulsions [11]. The first observation of this appears to be by Ivanov
and Nefedov [12] studying emulsions. A key requirement for this to occur is for one of
the constituents to be more volatile than the other. For miscible liquids, a disparity
between the liquid-phase mass and thermal diftusion is necessary in establishing droplet
dynamics. Mass diffusion in a droplet is one to two orders of magnitude slower than
thermal diffusion [11], and this disparity in diftusivities holds for a metal droplet (e.g., a
very large Lewis number). As a droplet gasifies, the concentration of the more volatile
component in the surface region decreases relative to the core. This is because near the
surface, the diftusion scale is small so that the volatile component can diffuse out quickly.
However, liquid near the center remains relatively unchanged with a higher concen-
tration of the more volatile, lower-boiling-point component. With continued heating,
it is possible that the liquid in the interior can be heated beyond the local boiling
temperature and become superheated. If this occurs, the interior liquid can suddenly
nucleate and gasify once it exceeds the superheat limit (empirically found to be about
90% of the critical temperature for some liquids by Blander and Katz [14]).

For nucleation, the concentration of the more volatile component must be suffi-
ciently high. Again, this nucleation can result in significant internal pressures and result in
fragmentation or breakup of the droplet, as has been observed by many researchers [11].
This has often been termed droplet microexplosion. Importantly, for microexplosion to
occur, the volatilities of the components must be sufficiently difterent. Microexplosion is
also more likely with increasing pressure [11], but one could expect that at very high
pressures it may become inhibited. With the surface relatively devoid of the more volatile
component, vaporization can occur just under this surface region, causing “eruptions”
and subsequent ejections of smaller droplets. Here we term this phenomenon dispersive
boiling. This has been observed in other systems such as gelled fuels [15], although the
mechanism there is driven by a surface buildup of the gelling agent rather than the
accumulation of a less-volatile component. However, the concept is similar.

In contrast to miscible liquids that are a single-liquid phase of two or more liquids
mixed on the molecular level, emulsions are multiple-phase mixtures of liquids that are
not mixed molecularly. Water-in-oil emulsions are the most common systems considered
in combustion studies, with water droplets dispersed within an oil fuel. A small amount
of surfactant is used to stabilize the system. Again, the embedded, more volatile
component (often water) can be heated to its limit of superheat and violently disperse the
droplet. Microexplosion of emulsions are reported to occur more readily, more often,
and with more intensity than miscible mixtures [11]. The reason for this is that the more
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volatile component may not be as inhibited from nucleating by the less-volatile
component in emulsions.

Shattering microexplosions and dispersive boiling of metal fuels, such as aluminum in
propellants or other energetic material applications, would clearly be beneficial. For
example, droplet breakup in a rocket motor could decrease the size of the burning
aluminum droplets and therefore improve combustion efficiency and decrease two-phase
flow losses that can be up to about 10% [16—18]. In addition, injection of droplets cannot
be directly controlled in solid propellants, as with liquid systems with injector design, so
shattering microexplosion and dispersive boiling of engineered aluminum droplets is of
significant practical interest.

In a clear analogy to liquid fuels, metal alloys are like miscible liquid fuels in that the
atoms or molecules are mixed intimately to form a single phase, eutectic, or solid
solution. Likewise, inclusions of more volatile materials within a metal fuel (e.g., a
polymer in aluminum) are the equivalent to an emulsion where multiple phases are
intertwined together but not atomically or molecularly mixed. The intertwining of
phases in a metal can be achieved using milling processes, which can result in lower
particle ignition temperatures and dispersive dynamics [13,19-21]. This method is also
inexpensive and readily scalable. Another approach to achieve a similar outcome could
be the direct bottom-up fabrication of nanoscale fuel particles held together with a more
volatile binder [22]. These composite particles also exhibit lower ignition temperatures
and dispersive dynamics. To date very little research has been directed toward these
modified fuel particles, and much more research is needed. In the following, we review
some recent efforts.

3. COMPOSITES OF NANOSCALE ALUMINUM PARTICLES

As discussed above, one approach to obtain a micrometer-sized particle with
nanoscale features is to assemble a particle composed of nanoscale metal (e.g., aluminum)
with a binder. An example of this is recent work by Wang et al. [22] that considered the
fabrication of a composite particle composed of nanoaluminum (oxide passivated) and a
nitrocellulose binder using an electrospray technique. In addition to being gas producing,
nitrocellulose is an energetic material itself. Additionally, nitrocellulose produces water as
it reacts, which can then subsequently react with the aluminum. The microsphere
composites showed enhanced combustion behavior when ignited by rapid wire heating
compared to micrometer-sized aluminum and nanoaluminum alone. Recently, Young
et al. [23] also formulated a solid propellant with these aluminum mesoparticles. In
comparison with micrometer-scale aluminum particles, the burning rate was 35 wt%
higher, and high-speed imaging qualitatively showed less agglomeration.

This bottom-up approach, and others, shows significant promise. However, some
drawbacks are evident. First, the composite fuel particle is composed of passivated
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nanoscale aluminum. This means that a significant amount of the 50 nm aluminum
particles used is oxide; in this example, likely over 35 wt% of the aluminum particle
weight is oxide. In addition, the composite particles have significant voids making the
theoretical maximum density less than roughly 60%. These drawbacks make this material
unlikely to be adopted into fielded propellants because the higher burning rate and
smaller agglomerate size will not likely compensate for the propellant density and energy
loss. However, these materials could possibly be useful in some pyrotechnic or other
applications where energy and density are not as critical. Also, improved high-density-
and low-oxide-containing composite particles, perhaps even aluminum clusters, may
be developed in the future and would be of significant interest.

4. MICROMETER-SIZED ALUMINUM PARTICLES WITH INCLUSIONS

An alternative approach to fabricating macroscale composites composed of
nanoscale particles is to engineer composite particles by beginning with micrometer-
sized aluminum and introducing nanoscale inclusions of another, more volatile mate-
rial, again analogous to a liquid emulsion. One approach is using mechanical activation
(MA), which is the process of milling an inclusion material into a parent material (e.g., a
polymer into aluminum). This process with proper choice of milling conditions
can result in micrometer-scale particles with nanoscale intraparticle features [13,19-21].
This approach is illustrated conceptually in Figure 6, along with a scanning electron
microscopic (SEM) image of an engineered composite particle. Mechanical activation is
a scalable approach and can yield high-density, nanostructured particles with high-
energy (aluminum) content, as shown by Sippel et al. [13]. Due to the lower quantity
of oxide present on particles, their combustion enthalpy can be as much as 60% higher
than similar mixtures of nanoaluminum and nano-oxidizers. Most importantly, the
presence of polymer inclusions with low-volatilization temperature can result in
microexplosions and enhanced particle breakup, earlier particle ignition, and faster
combustion.

Figure 6 A schematic of the concept of producing a fuel particle with inclusions (left) where initial
particles are milled to produce a micrometer-scale particle with inclusions. An SEM image of an Al/
PTFE particle is shown on the right.
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poly(carbon monofluoride) (PMF) fluorocarbon. Right: Energy dispersive X-ray spectroscopy com-
posite color overlay image of the same showing intraparticle mixing via presence of atomic aluminum
(red), fluorine (green), and carbon (blue) [19].

In addition to inclusion materials that simply have a higher volatility (but are
nominally noninteracting with aluminum), some inclusion materials can react directly
with aluminum such as oxidizing and fluorinating inclusion materials. Materials that
have been considered include poly(carbonmonofluoride) (PMF) and polytetrafluoro-
ethylene (PTFE). PMF is also commonly referred to as graphite fluoride. Due to its
graphitic nature, a composite of very finely divided layers of PMF and aluminum results.
Figure 7 shows an SEM image of such a composite particle and also the corresponding
energy dispersive X-ray spectroscopy (EDS) atomic map. This shows a very uniform
distribution of PME, as indicated by the fluorine (green dots distributed in the image).
These composite particles can be fabricated to be very electrostatic-discharge sensitive, as
well as optically sensitive (camera flash ignition has been demonstrated) [19]. Both of
these characteristics are shared with nanoscale aluminum, though Al/PMF particles are
nearly 400 times larger in diameter.

Sippel et al. [13,20] also considered inclusions of PTFE with aluminum in composite
particles. These particles were thoroughly characterized and were used in a composite
propellant. Using microscopic imaging, it was observed that the tailored particles
promptly ignite at the burning surface and break into smaller particles, which can
increase the heat feedback to the burning surface and improve combustion efficiency.
Figure 8 shows two images from high-speed-microscopic imaging of a baseline spherical
aluminized AP composite propellant and a similar propellant with aluminum replaced by
the same amount of 70/30 wt% Al/PTFE composite particles. It is clear that although
the initial sizes are very nearly the same, particles ignite much more readily, as evidenced
by the higher surface luminosity. Additionally, Al/PTFE results in much smaller burning
particles that leave the burning surface with higher velocity. This is indicated by many
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Figure 8 The left image is from a high-speed microscopic video of baseline spherical aluminized AP
composite propellant. The right image is for a Al/PTFE 70/30 wt%-based propellant. Images were
captured with the same exposure duration.

more longer luminous streaks observed above the propellant surface. Since aluminum
and Al/PTFE particles were sieved to similar sizes prior to use, this also indicates that
smaller burning fragments are produced from breakup of Al/PTFE particles during
combustion.

To quantify the size of the product droplets formed, combustion products were
collected using a plume traversing collection plate and were subsequently analyzed
microscopically. Figure 9 shows particles collected from both the baseline spherical
aluminized and the 70/30 wt% Al/PTFE-containing propellants. The differences
are seen to be dramatic. The baseline propellant product sizes are much larger than the
70/30 wt% Al/PTFE-based propellant. From analysis of the captured condensed phase
products, it is clear that the propellant with modified aluminum particles results in faster,
more complete aluminum combustion. Both AI/PTFE 90/10 and 70/30 wt% com-
posite particles were observed to reduce the coarse product fraction and diameter. The
most significant reduction occurs for the 70/30 wt%-based propellant, where average
coarse product diameter is 25 pm, which is smaller than the original Al/PTFE particle
size and also smaller than the 76 um average coarse products size collected from baseline
spherical aluminized propellant. Some unreacted crystalline aluminum and AP was
observed in the X-ray diffraction of the spherical baseline propellant, compared to none
for the modified aluminum composite-based propellants. The enhanced aluminum
combustion observed with use of modified aluminum also results in a 25% increase in
propellant burning rate at 6.89 MPa due to improved heat feedback to the propellant
surface as aluminum droplets burn closer to the surface.
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Figure 9 The left image is of particles collected from a baseline spherical aluminized propellant. The
right image is for Al/PTFE 70/30 wt%-based propellant.

Though the incorporation of reactive polymer inclusions (e.g., fluoropolymers)
within aluminum can significantly enhance combustion, it is unclear whether inclusion-
aluminum reactivity is requisite to ignition and combustion enhancement. To investigate
this question, aluminum modified with low-density polyethylene (LDPE) inclusions
were considered recently in propellants [21]. Unlike fluorocarbons, LDPE is not
expected to have significant chemical reactivity with the aluminum. In a solid propellant
formulation, the results are qualitatively similar to those found with use of PTFE
inclusions, and product size was significantly reduced for the Al/LDPE particles as well.
The similar results indicate that the gasification properties are likely the most important
in regards to breakup of particles and droplets in propellant configurations. An advantage
of LDPE inclusions is that they could be scaled with much less concern for safety because
little reaction can occur between the Al and LDPE directly.

Current work in this area includes laser ignition of single particles to elucidate the
dynamics and heating rate thresholds needed for disruptive ignition. For example, if the
heating is slow, gas buildup caused by inclusion decomposition within the particles will
simply vent and no breakup will be observed. In addition, work is proceeding to consider
other inclusion materials and also other metals or alloys.

It is clear with the ubiquitous use of metals, especially aluminum, in energetic
materials that there are likely other applications of these modified particles, such as use
in explosives and pyrotechnics. These other applications are currently being explored.
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The current milling approach is low cost, scalable, and results in high-density particles
that are roughly the same size as frequently used metal particles (could be considered as
drop-in replacements). Open questions include: (1) what inclusion materials would
be optimal for specific applications, and (2) precisely what determines the particle
microexplosion dynamics?

S 5. MICROEXPLODING ALLOY FUEL PARTICLES

We argue here that alloys are the metallic analog of miscible hydrocarbon fuels,
and we have begun exploring aluminum-lithium alloys as a replacement for
aluminum in propellants, in part because of the possibility for droplet dispersion. As
discussed previously, for microexplosive droplet shattering or dispersive boiling to
occur, a large difference in constituent volatility is required. The boiling points of
aluminum (2519 °C) and lithium (1342 °C) adequately meet the volatility require-
ment [11]. The results of thermochemical equilibrium calculations show that
aluminum-lithium alloys can be formulated in AP composite propellants to have
good specific impulse and also greatly reduced hydrochloric acid (HCI) is predicted in
the products. Significant lithium chloride, LiCl (a gas at these temperatures), forms in
the place of HCI because of the halophilic nature of lithium. The details and results of
this study will be reported in a future publication, but here we will present a few
initial results.

Figure 10 shows the combustion of a baseline aluminized AP composite (26.80/
61.48/11.72 wt% Al/AP/HTPB) and a propellant where the aluminum has been
replaced with 80/20 wt% Al/Li intermetallic compound. The magenta color of the
flame 1s due to lithium chloride in the products. Figure 11 shows images from backlit
high-speed microscopic videos of the same two propellants. The left image shows the

Figure 10 The left image is of a metalized AP propellant burning at 1 atm. The right image is the
same propellant, but with aluminum replaced with 80/20 wt% Al/Li alloy (one-to-one atomic alloy).
The dashed line is the propellant strand.
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Figure 11 The leftimage is of a metalized AP propellant burning at 1 atm. The rightimage is the same
propellant, but with aluminum replaced with 80/20 wt% Al/Li alloy (one-to-one atomic alloy). Note
the shattering droplet seen in the right image. The dashed line is the propellant strand. All exposures
are 1 ps.

baseline aluminized propellant combustion with large agglomerates forming at the
surface. The burning droplets form an alumina cap on the otherwise spherical droplet
as they leave the propellant surface, and alumina smoke appears above the droplet
surface, forming a long tail. In contrast, the Al/Li alloy propellant surface can be seen
to erupt from dispersive boiling, propelling droplets oft the surface. Above the surface,
larger droplets can also be seen ejecting smaller droplets in a dispersive boiling mode.
This is similar to what is observed in gelled droplets (e.g., see Ref. [15]). Other
droplets (typically smaller droplets) can also be seen to expand quickly and micro-
explode (shattering the droplet) presumably due to superheated lithium in the droplet
core suddenly gasifying and reacting with chlorine. An example of this shattering
explosion can clearly be seen in Figure 11. Alumina smoke above burning droplets
and oxide caps on droplet surfaces are rarely observed. Since the flame temperature
for the burning droplets is well above the boiling temperature of both lithium and
aluminum, homogeneous gas-phase reactions are expected to occur in gases away
from the surface. The LiCl produced is also gaseous at these temperatures, and the
alumina product formed appears to be much smaller than in the baseline propellant.
This could reduce two-phase flow losses in rocket motors, resulting in further
performance improvements.

Figure 12 shows schematically the dynamics of metal combustion. In the top case, a
homogeneous metal melts and then burns in a normal fashion. The initial solid particle
may or may not be spherical. The middle case shows an alloy system that also melts first,
followed by preferential gasification of the more volatile component from the surface and
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Figure 12 A schematic of homogeneous droplet evaporation, dispersive boiling, and shattering
microexplosion due to superheating and flashing to vapor. The gray surface regions indicate the
presence of a volatile component concentration gradient, and the dark regions indicate vapor
nucleation.

then dispersive boiling that ejects smaller droplets. The bottom case proceeds similarly,
but the core has a higher concentration of the volatile component and the conditions are
just right so it can superheat and then suddenly flash to vapor resulting in a shattering
microexplosion. Both of these alloy combustion/evaporation modes are observed in the
Al/Li-based propellant.

In Figure 13 the temperature and the more volatile species concentration, [V], in an
alloy droplet that is evaporating or burning is shown schematically. The surface region
lies between diffusion radius (rg) and the surface radius (r;), and shows a drop in [V]. Here
Tspy and Tgpy are the superheating limit temperature and the boiling point of the more
volatile component, respectively. If the entire core is superheated, then a shattering
microexplosion would be expected. However, if only part of the core is superheated, or
nucleation is induced near the boiling temperature, then dispersive boiling would be
expected that can eject droplets but does not entirely shatter the droplet. A shattering
microexplosion would be expected more often for smaller droplets, and this is observed
experimentally for this system.

Much work remains to be done with Al/Li-based propellants, but initial experiments
and calculations appear promising. The Al/Li alloy will react in the presence of water, so
stability will need to be addressed and further characterization is needed. Similar to the
inclusion materials, other energetic material applications of this alloy are possible and are
being explored. Other alloy systems could also be of interest.
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Figure 13 A schematic representation of temperature and more volatile species concentration, [V], in
an alloy that is evaporating or burning. Conditions for shattering microexplosions and dispersive
boiling are shown schematically.

6. CONCLUSIONS

Conventionally, composite propellant formulators could only change constituents
and their size distributions. Nanoscale ingredients have promised to improve perfor-
mance; however, the high surface area brings unintended consequences such as poor
rheology and ultimately unacceptable mechanical properties, making adoption unlikely.
In this chapter we reviewed some recent efforts to tailor particles to achieve improved
performance.

One approach explored is to encapsulate nanoscale materials into crystalline particles.
This can be accomplished by using a fast-crash process, for example. Encapsulated
nanoscale catalysts have shown improved performance over direct physical mixing into
an AP composite propellant. Additionally, since most of the high-surface-area compo-
nents are within the crystals and not in direct contact with the binder, higher solid
loadings than with conventional nanocatalysts can be potentially considered. Other
crystal systems and nanoscale fuels could also be explored.

The other dominant solid component in many composite propellants is aluminum
powder. As Bob Geisler [24] said, “When God created aluminum powder he realized
rocket scientists would over-use it unless he gave it some undesirable characteristics... He
made it agglomerate to droplet sizes of up to several hundred micrometers at the surface
of solid propellants as it begins to burn... He also provided condensed phase products
which accumulate in motor re-circulation zones as useless unexpended slag weight.
These products also give rise to two-phase-flow velocity and thermal lag losses which
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reduce the delivered performance...” The conventional approach of just replacing
micrometer-sized aluminum with nanoscale aluminum has not proven to be a viable
approach. An alternative is to engineer or tailor the intraparticle structure of
micrometer-sized particles to have nanoscale features. The proper choice of inclusion
materials can lead to dispersive dynamics that produce smaller droplets for combustion
and ultimately smaller condensed-phase products.

Milling of inclusion materials into metals, like aluminum, has been shown to be an
effective approach and shows promise in overcoming some of the vexing problems of
using aluminum in solid propellants. The nanoscale intraparticle features of the com-
posite particle leads to much easier ignition, and smaller products are typically formed
since the particles fragment when heated. We argue here that metal particles with
inclusion materials are analogous to emulsions (e.g., water and fuel oils) studied in
hydrocarbon combustion.

Another analogy to hydrocarbon combustion is miscible fuels and metal alloys. It is
well known that miscible fuels with disparate volatility can lead to droplet micro-
explosions (breakup of the droplet by phase change). An example was presented here of
initial results from an aluminum-lithium alloy-based solid propellant. The burning
surface was observed to eject drops from the surface. Some of these droplets, especially
the larger ones, continue to boil in a dispersive manner, launching smaller droplets from
the mother droplet (termed dispersive boiling here). In others, much of the droplet core
can be superheated up to a limit, and then suddenly vaporize due to intraparticle boiling,
causing inflation of the aluminum-rich surface layer leading to the dramatic shattering of
the drop. Further work is needed to fully characterize the aluminum-lithium alloy
system (and perhaps others), and other applications should also be explored.

Much work lies ahead in developing each of these approaches to the level that
full implementation can occur, but results appear promising. Eventually, high-density/
energy particles may be fabricated precisely by high-throughput, bottom-up processes,
but even today, scalable approaches that yield viable high-density composite particles can
be engineered for a variety of applications using milling processes.
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NOMENCLATURE
ag Ssa-derived particle diameter, a3 = 6/(Ssa pa1), hm
asr. Fitting parameter (see Table 12)
ADN Ammonium dinitramide
Al30 1Al with nominal particle size of 30 pm
ALEX Aluminum exploded (nAl produced by EEW, usually air-passivated)
AP Ammonium perchlorate
BET Brunauer—Emmett—Teller
Cal Active aluminum content, % (wrt overall powder mass)

C-ALEX Catechol-coated air-passivated ALEX
CH-ALEX  HTPB-coated air-passivated ALEX (catechol as coupling agent)

Dys Volume mean diameter, um

DOA Dioctyl adipate

DSC Differential scanning calorimetry

DTA Differential thermal analysis

EEW Electrical explosion of wire

Fluorel™ Fluoroelastomer, vinylidenefluoride hexafluoropropylene (70:30)
GAP Glycidyl azide polymer

HTPB Hydroxyl-terminated polybutadiene

IPDI Isophorone diisocyanate

k Fitting parameter [see Eqn (1)]

n
L-ALEX Stearic acid passivated ALEX

HSR. Fitting parameter (see Table 12)
nAl Nanosized Al
R Universal gas constant (8.314 J/mol-K)
R? Coefticient of determination
(Continued)
Energetic Nanomaterials © 2016 Elsevier Inc.
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—cont'd
b Solid propellant burning rate, mm/s
1 Solid fuel regression rate, mm/s
SEM Scanning electron microscopy
Ssa Specific surface area, m*/g
SPLab Space Propulsion Laboratory
SR Shear rate, s~ !
SR* Slippage limiting shear rate, s~ '
STA Simultaneous thermal analysis
T Temperature, K
Tign Ignition temperature, K
Tona (Tonp)  1st (2nd) intense oxidation onset temperature, K
TED Transmission electron detector
TEM Transmission electron microscopy
TG Thermogravimetry
VF-ALEX  Fluorohydrocarbon-coated air-passivated ALEX
XRD X-ray diffraction
a(T) Al — Al,Oj3 conversion factor (at an indicated temperature T), %

a(T) = Cu/[Am(T)-0.89]
AH; (AH) 1st (2nd) intense oxidation enthalpy release, J/g

Amyg Maximum mass loss (TG), wt%

Am(T) Mass change at the temperature T(TG), wt%
n, n* Viscosity, complex viscosity, Pa-s

7 7* in-phase component, Pa-s

7" 1" out-of-phase component, Pa-s

uAl Micron-sized Al

PAl Al density, kg/m’

S CHEMICALS COMMON NAMES AND IUPAC NOMENCLATURE

Catechol (C¢HgO») Benzene-1,2-diol
Dioctyl adipate (C2oH4204)  Dioctyl hexanedioate
FTOH 10:1, telomer alcohol (2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11)
eicosafluoro-undecan-1-ol
or (1,1,11)trihydroperfluoro-undecan-1-ol
Maleic anhydride (C4H»O3)  Furan-2,5-dione
Stearic acid (C1gH3605) Octadecanoic acid

S 1. INTRODUCTION

Metal powders are high-density fuels commonly used in energetic systems such as
pyrotechnics, propellants, and explosives. Metal fuels yield high ideal gravimetric and
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volume oxidation enthalpies (see Figure 1). Considering the reaction with O, as the
oxidizer, the highest higher heating value is achieved by Hj. Nevertheless, metals
outperform with respect to both Hy and hydrocarbons on volumetric basis, thanks to
their high density. Moreover, metals can supply an amount of enthalpy per available O,
unit mass that is higher than that of other fuels [1]. In rocket propellants, metals are used
to increase both gravimetric and volumetric specific impulse. Missions of trans-
atmospheric vehicles or embarked systems can take advantage of augmented thrust
density to obtain higher volumetric propulsive force [2,3]|. Reactive metals find appli-
cation in air-blast and underwater explosives to increase the formulation performance
when enhanced energy releases are pursued [4,5]. In addition, thermites, which are
pyrotechnic compositions based on a redox reaction between a metal and a metal/non-
metal oxide [6], can release high energy per unit mass thanks to the metal energy density
(e.g., the enthalpy of reaction for the Al + MoQOj3 thermite is 4705 k]J/kg).

Aluminum ofters several appealing features that suggest its use in energetic formu-
lations, in particular, in rocket propellant applications: availability (yielding low raw
material costs), low toxicity, high handling safety (for conventional micron-sized systems
[7,8]), and low oxygen demand. Some substances such as Be and B offer higher com-
bustion enthalpies than Al (see Figure 1). Nevertheless these materials exhibit high
toxicity (for Be and its oxides) or difficult ignition/poor combustion efficiency (for B),
hindering the exploitation of their potential. Moreover, the use of micron-sized Al
powders can suppress combustion instabilities arising in solid rocket motors [2].
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Aluminum powders are usually passivated by exposure to dry air, unless different
strategies are implemented [9]. Air passivation leads to the formation of an amorphous
alumina shell surrounding the metal core of the particle. Under ambient conditions the
AlyOj shell exhibits a thickness in the range 3—5 nm. According to the available open-
literature results [10—13] the shell thickness is almost independent from the particle size.
Considering conventional micron-sized particles (Ssa < 1 m*/g), the limited specific
surface area results in relatively high ignition temperature [14] and low reaction rate [15].
Experimental data suggest that a temperature of ~2300 K is needed to ignite particles
having diameter ~ 10 pm in air [16]. This value progressively lowers when the particle
size is reduced [14]. In particular, nAl particles (Sga >= 10 m>/g) exhibit ignition
temperature below 1000 K [6,14,17]. The combustion of Al particles in air follows a
diffusion-limited regime, which turns to be kinetically controlled only for powder
sizes below 1020 pm [15,16].

High ignition temperature and diffusion-limited reaction rate cause a delay in the
release of combustion enthalpy for micron-sized metal particles. Popenko and co-
authors observed that wAl 4 nAl blends burn in air with a peculiar behavior: the finer
particles lead the reaction process while the micron-sized fraction requires longer
ignition and combustion times [18]. Under the operating conditions investigated in
Ref. [18], mixture ignition cannot be achieved for nAl content <10 wt%, and blends
burn with a staged process: in a first part of the combustion T ~ 1500 K, while in the
second part the reaction temperatures of the order of 2700 K are reached. In particular,
uAl powders with different Sga were tested observing an influence of this parameter on
the duration of the low-temperature stage (i.e., the larger the Sga, the shorter the
combustion time). Experiments on deflagration to detonation transition underline the
role of particle size for the reaction of metal powder suspensions. Data from Ingignoli
et al. [19] referring to experiments performed in both confined and open environments
underline that the transition is achieved only for fine particles with diameter below 1—
5 um. Studies on the effects of Al on the ballistic response of solid rocket propellants
show that the burning rate and the generation of condensed combustion products benefit
from a reduction of the initial metal particle diameter [6]. Published results aiming at the
increment of the regression rate of solid fuels for hybrid rocket propulsion show the
positive effects of using metal additives and, in particular, nAl in HTPB-based formu-
lations [6]. Recent works [6,17,20-22] report the use of improved uAl- and nAl-based
composites obtained by dedicated processes (i.e., mechanical and chemical activation) to
tailor the additive reactivity, thus opening interesting possibilities in the perspective of
solid propellants/fuels performance enhancement. The higher reactivity of nAl yields
increased sensitivity to ageing problems. According to the limited number of open
literature studies on the nAl ageing [23,24], the high Sga facilitates nanosized powders
degradation during storage due to particle interactions with the surrounding environ-
ment. Ageing tests reported in Ref. [25] testify the fast Caj loss of ALEX in a purposely
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created environment with 90% humidity. Under the investigated conditions, the
Al — Al(OH)3 conversion of air-passivated nAl is higher than 90% in 18 days due to the
slow reaction with HyO [25].

Both pAl and its nanosized counterpart are usually passivated by air, though some
non-conventional passivation technique can be implemented (especially for ultradisperse
systems [13]). The difterent Cpj effects on the energetic system performance must be
considered when comparing @Al and nAl. For air-passivated systems, the Al,O3 shell
thickness does not depend on the particle size and the nAl offers reduced Cp; with
respect to the wAl Typically, an air-passivated nAl with a; ~220 nm (Ssp ~ 10 m*/g)
exhibits Ca; ~89%, while for a 15 um spherical powder the active metal content is
>98%. Due to the limited metal content, nAl powders finer than 50-100 nm size
become progressively less suitable from the energetic viewpoint (see Figure 2), though
interest can arise from the consideration of kinetic eftects. These considerations on the
impact of the passivation process on the final product Caj are valid also for non-air
passivated powders treated by different substances. It is important to acknowledge that
the reduction of the metal content can feature different effects in various applications.
Figure 3 shows that GAP-ADN propellants are less sensitive on metal reduction than
AP-HTPB ones. Results reported in Ref. [6] evidence that the specific impulse decrease
due to reduced metal content is almost negligible in Al-loaded fuels for hybrid rocket
propulsion. Moreover, for finer particle sizes (i.e., higher Sgp) the effects of the
increased reactivity on the additive reaction rate (and energy conversion effectiveness)
should be considered in a trade-off process along with all of the nanosized system
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Figure 2 Calculated Cu, for an air-passivated Al particle with spherical shape and uniform oxide layer
thickness of 3 and 5 nm. Steep metal content decrease is visible for a; < 0.1 um.
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Figure 3 Reduction of calculated gravimetric specific impulse as a function of Ca (combustion
chamber pressure 7.0 MPa, exhaust-to-throat area ratio of 40, vacuum expansion). Comparison
between AP-HTPB-Al (nominal mass ratio: 68-14-18) and ADN-GAP-AI (nominal mass ratio: 72-20-18)
formulations.

characteristics. In this respect, the role of experimentation is crucial. Despite the
reduced Caj, nAl-based additives can promote significant solid fuel rrenhancement and
tailoring possibilities [17,20,26]. The implementation of nAl in solid propellant
formulations is reported to provide r, increase by a factor of two and to modify
agglomeration process producing agglomerates of reduced size [27,28]. At the same
time, a reduction of the Vieille’s law ballistic exponent can be observed for nAl-loaded
propellants. The outcomes of nanosized powder use in explosives are ambiguous. For
example, whereas in plastic-bonded explosives the effects are negligible, detonation
velocity and enthalpy of detonation in TNT-Al energetic materials are improved as the
size of metal particles is progressively reduced, still remaining below the thermody-
namic value [29].

The reduced size and the increased Ssa of nanosized systems yield undesired effects of
marked particle—particle interactions (i.e., cluster formation and difficult additive
dispersion [30,31]) and enhanced viscosity of loaded slurries/suspensions. As a conse-
quence, the use of nAl increases the complexity level for the handling and preparation of
the energetic compounds. The nanosized Al has a lower apparent density than pAl and is
more prone to be accidentally suspended in the surrounding environment. This leads to
safety concerns since the minimum ignition energy of the resulting dust cloud drops
when the combustion regime of the particle switches from diffusion to kinetics limited.
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However, it seems that the minimum explosive concentration features a plateau for
particle size smaller than 50 pm [32]. Concerning the manufacturing of nAl-loaded
propellants/fuels, the increase of additive Sgp is related to higher hydrodynamic
component of the particle-suspending medium interaction [33]. Thus, the
compounding viscosity in solid fuels and solid propellants rises as the amount of
nanomaterials in the slurry is incremented. The effect is particularly evident for high
solid loadings (i.e., aluminized propellants) for which the literature data by Popenko and
co-authors show a viscosity ramp-up as the nAl content in the slurry overcomes 5 wt%
[34]. In this respect, purposely developed particle coatings are expected to improve the
ease of additive dispersion down to the nanoscale while granting protection against
further environmental degradation (i.e., nAl ageing during storage) [25,35]. Also in this
case a trade-off analysis is required in order to evaluate the possible effects of the coating
on the overall powder characteristics (i.e., Caj, reactivity) [20,25].

The SPLab research team is active in the development and characterization of
innovative metal additives for space propulsion applications [20,21]. The present work
focuses on a preburning characterization of different nAl powders for rocket propulsion
applications. The investigated additives differ due to the implemented passivation
technique and the particle structure. Air-passivated nAl is compared to a fatty acid
passivated variant of the same powder. The effects of possible powder surface treat-
ments (i.e., particle coatings) are discussed, evaluating their effects on solid propellant
slurry rheology and pot life. The objective of the work is to relate the nAl charac-
teristics to the resulting effects on the solid fuel/propellant development and
manufacturing.

g 2. TESTED ALUMINUM POWDERS: PRODUCTION, PASSIVATION,
AND COATING

The powders tested in this study range from the micron-size to the nanosize.
The reference powder (Al30) is a commercial, air-passivated 30 pum Al produced by
AMG Alpoco, UK [36]. The actual Al30 volume mean diameter (resulting from a dry
measurement by Malvern Mastersizer 2000 [37]) is D43 = 48.2 um while the surface
mean diameter is 29.4 pm. The tested nAl powders were produced by EEW tech-
nique by Advanced Powder Technology LLC, Tomsk, Russia [38]. The hardware for
the nAl production was a UDP-5 machine [39]. For all of the tested powders the
EEW process was performed in an Ar environment with operating parameters
granting a nominal particle size of 100 nm (declared by the supplier). Details on the
operating EEW circuit and powders production parameters are reported in [40,41].
After the wire explosion, the condensed nanosized particles were collected and
passivated by either Ar 4 0.1 vol% air, or stearic acid. Passivation reduces the extreme
reactivity of as-produced nAl powder [30] shielding the metal from intense reactions
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with the surrounding environment (i.e., the powder ignition as exposed to oxidizing
environment). The powder metal content is partially reduced because of the presence
of the passivation layer. Nevertheless, thanks to the barrier to the diffusion of
oxidizing species toward the metal, Caj stabilization in time during storage is achieved
(ageing resistance of the powder being affected by the kind and mass fraction of the
passivation layer [9,25]). Passivation by air reduces the powder Cpa; due to the
controlled Al — Al,Oj3 reaction. On the other hand, the decrease in Cp; after
passivation by fatty acid (or other substances) is caused by the addition of a layer over
the bare metal surface. Passivated nAl powders can be further coated with different
substances for the tailoring of characteristics such as reactivity, ageing behavior, and
compatibility with other ingredients in complex formulations. Table 1 summarizes the
surface treatments of the investigated powders, including those coated after the air
passivation. The C-ALEX was coated by catechol (0.2% of the powder mass) dissolved
in ethyl acetate. The VF-ALEX was coated by a fluorohydrocarbon composition based
on Fluorel " [42] and ester from esterification of 1H,1H-perfluoro-1-undecanol with
furan-2,5-dione. The VE-ALEX coating was solved in an isopropyl alcohol bath and
its concentration was selected to provide a mass fraction over the final powder mass of
5-10% [30]. The C-ALEX was further tretated by 1 wt% HTPB, resulting in the
HC-ALEX [31]. The VF-ALEX coating was selected in light of the fluoropolymer
effects on powder ageing and combustion behavior [13,17]. On the other hand, the
HTPB coating was selected to improve the ageing characteristics and the ease of
manufacturing of HTPB-based fuel formulations. In particular, the use of the same
polymer for coating and solid fuel/propellant manufacturing is a possible strategy to
limit the impact of the disperse system on the viscosity of HTPB + HC-ALEX
slurries. All of the investigated powders except for L-ALEX were manufactured at
lab-scale level, starting from the air-passivated, uncoated nAl. Details of the ballistic
response of HTPB-based solid fuel formulations loaded with VF-ALEX and

Table 1 Passivation and coating details of the tested nAl powders.

Powder ID Passivation Coating
ALEX Air -
C-ALEX Air Catechol (0.2 wt%) solved in ethyl acetate
HC-ALEX Air Catechol (0.2 wt%) and HTPB (1 wt%) solved in
ethyl acetate
L-ALEX Stearic acid solved —
in saturated
hydrocarbon
(5—10 wt%)
VF-ALEX Air Fluorel™ and ester from esterification of telomer

alcohol with maleic anhydride (5—10 wt%)
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HC-ALEX are described in Refs [17,41], while the combustion behaviors of solid
propellants loaded with the considered nAl powders are discussed in Refs [43,44].

S 3. MORPHOLOGY, STRUCTURE, AND METAL CONTENT
OF NANOSIZED ALUMINUM POWDERS

In this section the results of the morphological characterization of nAl are dis-
cussed. Data for a conventional pAl are introduced first, in order to provide a convenient
reference for the definition of the nAl peculiar features. The investigated powders were
characterized by SEM-TED (JSM-7600F), TEM (JEOL JEM-2010), Ssa from nitrogen
adsorption (BET approach), and Ca). The active Al content was determined by a
volumetric technique exploiting the Al 4+ H,O reaction in a basic environment (10 wt%
NaOH(aq)) [45].

The SEM image presented in Figure 4 shows micron-sized particles of nearly
spherical shape, with the presence of few non-spherical particles. The finer cut presents
round edges and apparently smooth surfaces. The larger and nonspherical objects exhibit
a more irregular texture. Thanks to the low dispersity of the powder, particle-particle
interactions are limited, and so are the clustering phenomena. Being in the micron-sized
range, the powder specific surface area is lower than the minimum value achievable
under the investigated conditions by the BET approach (see Table 1). Micrographs of the
ALEX powder are reported in Figure 5. The air-passivated and uncoated nAl shows
spherical/spheroid particles (Figure 5(a)) with apparent smooth texture and a marked

100 pm

Figure 4 SEM image of AI30 powder. Spherical particles are accompanied by relatively large objects.
The smaller particles exhibit smooth texture and spherical shapes. The larger particles show irregular
texture and shapes.
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Figure 5 SEM images of the ALEX powder: (a) particles from EEW exhibit a spherical/spheroid shape,
and a marked clustering tendency, (b) detail of nanosized particles clustered on a micrometric
granule.

clustering tendency. Powders produced by EEW present a bi- or tri-modal size distri-
bution [46], yielding the rare (but possible) occurrence of micron-sized particles in the
final powder, as visible in Figure 5(b). The Sga of the ALEX powder (Table 2) yields
ay = 188 nm, while the powder metal content is 89 wt%. The TED and TEM images of
the investigated powders are presented in Figures 6 and 7 respectively. Transmission
images show the effects of the air passivation of the ALEX particles exhibiting a core—
shell structure. As shown in Figure 6(a), an external Al,O3 shell surrounds the Al core.
This structure is common for air-passivated wAl and nAl, independently from the
particle size. Under ambient conditions, the alumina of the shell is amorphous. A model
developed by Trunov et al. [12] highlights the effects of Al,O3; polymorph phase
transitions on the @Al particle ignition during heating. Recently, experimental data by
Rufino et al. [47] showed how this alumina crystal phase transition could affect the
nonisothermal oxidation of nAl. Considering the ALEX a; and neglecting the presence
of surface adsorbed gases, the Al,Os3 shell thickness calculated from Cpa is 3.2 nm.

Table 2 Specific surface area from N, desorption (BET model), surface-based
particle diameter (as), and active aluminum content (Cp)). The coatings of
particles promote their clustering, thus reducing the Sga.

Powder ID Ssa (BET), m%/g a,, nm Can, Wt%
Al30 < 0.1 > 22000 99.6 + 0.1
ALEX 11.8+04 188 89 + 0.2
C-ALEX 11.3 4+ 0.1 192 88t 1.5
CH-ALEX Not available Not available 89 £1.0
L-ALEX Not available Not available 79"
VEF-ALEX 6.9+0.2 322 78 £ 1.5

*Confidence interval not available.
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Figure 6 TED images of (a) ALEX, (b) L-ALEX, and (c) VF-ALEX. Note the Al,Os shell surrounding the Al
core in (a), and the layered structures of both L-ALEX and VF-ALEX visible in (b) and (c). Particle
clustering induced by the fluorohydrocarbon coating is visible in (c).

This value is in agreement with the open literature data reporting maximum amorphous
Al,O3 layer thicknesses in the range 3—5 nm [10,13|. The TED/TEM images enable
identification of details of the structure of the tested particles that cannot be captured by
SEM, such as the presence of nonspherical elements due to aggregation of molten
aluminum droplets during the wire explosion (see Figure 6(a)).

The TED images of the L-ALEX and of the VF-ALEX (Figure 6(b) and (c),
respectively) show a layered structure with a core surrounded by two shells. For the
powder passivated by octadecanoic acid (i.e., without direct Al consumption due to
conversion in Al,O3 during passivation) this is possibly due to two mechanisms: the
formation of aluminum stearate because of the Al core interaction with the fatty acid
[30] or the ageing of the powder after passivation [13]. Considering the relatively high
thickness of the observed layer (~5 nm according to Figure 6(b)), the birth and growth
of an alumina shell between the octadecanoic acid layer and the aluminum core due to
powder aging during storage is the most likely explanation for genesis of the observed
structure [13]. The presence of aluminum stearate cannot be excluded, considering
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Figure 7 TEM images of (a) C-ALEX and (b) CH-ALEX. C-ALEX exhibits a layered structure with the
catechol coating over the Al,O3 shell that surrounds the Al core. The CH-ALEX presents a uniform
polymeric coating layer around the particles. Details on the HTPB coating and its selection are
reported in Ref. [25].

experimental evidence reported in the open literature [13]. X-ray diffraction analyses
performed on the investigated L-ALEX batch identified Al as the only crystalline phase
existing in the sample. The same holds for all of the investigated nAl powders
considered in this study. The reader should remember that XRD technique can
identify only crystalline phases. The application of a coating layer promotes particle
clustering, as testified by Figure 6(c) and by powder Sga reduction with respect to the
starting ALEX (see Table 2). The passivation by octadecanoic acid yields a consistent
Ca1 reduction with respect to the use of air. Considering the nominal coating mass
fraction (5—10 wt% of the starting powder), this reduction is possible proof of the
powder ageing, with oxygen diffusion through the fatty acid layer, yielding the Al,O3
shell formation and growth. For the VF-ALEX, the relatively low metal content is due
to the coating application over an already air-passivated powder.

§ 4. NANOSIZED Al POWDER REACTIVITY

The reactivity in air of the nAl powders was characterized by non-isothermal
oxidation (DSC and/or TG) and ignition temperature investigations. These tests aim at
providing a relative grading of the powder reactivity in an oxidizing environment at
different heating rates. The heating history, the morphology, and the structure of the
particles can influence their reactivity thus enabling an identification of the features
influencing the powder behavior (i.e., ignition temperature, combustion regime, etc.).
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4.1 Non-isothermal Oxidation: Low-Heating Rate

Slow non-isothermal oxidation runs were performed in air, with a heating rate of
10 K/min, by DSC-TG (Netzsch STA 449 F3 Jupiter) and by a DTA-TG (Seiko
Instruments 6200). The reference pan for the differential analysis was a-Al,O3. The
calorimetric and gravimetric traces of the performed tests were analyzed by the reactivity
parameters identified by Ilyin et al. [48]. Table 3 presents the relevant TG data for all of
the investigated powders, while a typical DSC-TG trace of nAl under the investigated
conditions is reported in Figure 8. The nAl TG trace presents three main events
during the low-rate heating [29,49]: an initial mass loss and a two-stage oxidation. The
initial mass loss is due to different reasons, depending on the nature of powder passivation/
coating layer. For air-passivated powders, the Amy < 0 is related to the adsorbed gas
desorption thanks to heating. This is a first difference between nAl and Al30—the lower
Ssa of the latter limits the phenomenon that is clearly recognizable for the former

Table 3 Thermogravimetry data for the investigated powders
(air, 10 K/min). Data for the L-ALEX are not available.

Amg, Am (T = 933 K), Am (T = 1273 K),
Powder ID wt% wt% wt%
AlI30 0 0.9 1.5
ALEX -1.3 29.5 66.0
C-ALEX -1.3 271 60.8"
CH-ALEX —1.4 27.9 66.1
VF-ALEX —5.8 22.7 53.5

“Evaluated for the limiting temperature of 1200 K.
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Figure 8 Typical nonisothermal oxidation trace of nAlin air at 10 K/min with (1) TG and (2) DSC traces.
Staged Al oxidation, with a first intense reaction before Al melting and a second step involving the
liquid metal [49].
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(see ALEX vs Al30 data in Table 3). For powders passivated/coated by a reactant deposed
on their surface, the initial mass loss is due to the degradation of the applied layer. The
data reported in Table 3 show that the C-ALEX initial mass loss exceeds the mass fraction
of the applied catechol coating. This is due to the small particle size of the powder
featuring a high Ssa (see Table 2), with possible adsorption of environmental gaseous
species during storage. On the other hand, the VF-ALEX exhibits Amy = —5.8%,
implying that the mass loss is mainly due to the coating decomposition. Moreover, since
the applied coating mass fraction is in the range of 5-10%, it is possible that the fluo-
ropolymer is not completely degraded during the oxidation, thus leaving carbonaceous
residuals on the surface of the particles. This explains the different TG behaviors of the
nAl powders having low or high coating mass fractions (respectively, HC-ALEX and
VE-ALEX): the lower coating fraction, the smaller the presence of residuals on the
particle surfaces and, therefore, the higher the powder mass gain thanks to a more
complete Al oxidation.

Under the investigated conditions, two intense oxidation processes follow the initial
mass loss of the powders. This staged oxidation of the nAl powders is due to the
following reasons:

*  EEW-produced nAl exhibits relatively wide particle size distribution (see Figures 5
and 6 and Ref. [46]), thus the finer powder fraction reacts at lower temperatures than
the coarser one;

* During the powder oxidation the Al;Oj3 shell surrounding the Al exhibits complex
phenomena such as polymorph phase transitions [12,47] and possible cracking (due
to Al melting at T'= 933 K), influencing the core oxidation;

* Al+4 N, reactions followed by the possible after-oxidation of the products by
interaction with O, [18,30].

The first nAl intense oxidation starts at temperatures below the Al melting and yields

significant mass increases for the ultradisperse powders thanks to their high Ssa (see

Table 3). ALEX and the variants with catechol-based coatings achieve similar

Am (T = 933 K), while the VF-ALEX performance is influenced by the higher coating

mass fraction. This behavior is maintained also for the second oxidation stage. At the

limiting temperature considered in the study, all of the investigated powders except for

VE-ALEX show similar overall mass increases of nearly 66%. A detailed comparison

between the nonisothermal oxidation behavior of ALEX and VF-ALEX is reported in

Table 4. In this analysis, the first and the second intense oxidation onset temperatures

(Ton,1 and 15, 5, respectively), are defined by the tangent method [50]. The sole air

passivation yields a more reactive powder with respect to the VF-ALEX case. This is

testified by the lower T, 1 of the ALEX that is 36 K lower than the corresponding value
for the fluorohydrocarbon-coated powder (see Table 4). Moreover, VE-ALEX exhibits

AH; =4171]/g, while for ALEX the first enthalpy release is 6667 J/g. Similar
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Table 4 Nonisothermal oxidation data (DSC-TG) for selected investigated powders (air, 10 K/min).
Powder ID T,,.,K AH;,Jlg a(T=933K?® T,n2K AHy+AH, /g o (T=1273K)°

ALEX 852 6667 37.2 991 11032 83.3
VF-ALEX 888 4171 32.7 1065 8090 77.1

*Conversion factor for the Al = Al Oj reaction: a(T) = Cai/[Am(T)-0.89], [48].

considerations are valid for the second intense oxidations of the powders, where the
onset delay of the VF-ALEX reaches 74 K. The fluorohydrocarbon-coated powder
exhibits a reduced overall enthalpy release with respect to the ALEX:
AH, 4+ AH, = 11032 J/g for the air-passivated nAl, while, for the given liming tem-
perature of 1273 K, VF-ALEX delivers 8090 J/g. The oxidation onset delay of the
fluorohydrocarbon-coated powder can be explained by considering that, under low-
heating rates, the coating decomposition and the powder oxidation occur at different
temperatures and times. Consequently, possible interactions between the two phe-
nomena are not possible, while incomplete coating degradation can leave carbonaceous
residuals on the aluminum particles. These fluoropolymer-degradation residuals can
hinder the particle oxidation, thus justifying the achieved results. It is worth noting that
according to literature results, the second oxidation stage is merged with the first one for
tests conducted in O, with heating rates >30 K/min [51].

4.2 Non-isothermal Oxidation: High-Heating Rate

Ignition temperature of the considered powders was investigated by a hot-wire technique.
The test rig developed at SPLab exploits the Joule effect heating a purposely shaped
Kanthal ™ wire where the powders are accommodated and are directly warmed. Powder
temperature history is measured by an S-type (Pt—Pt/10% Rh) microthermocouple
(50 pm junction). An infrared photodiode aids in the determination of the Tig,. Fine
control of the powder heating rate can be obtained by adjusting the electric power input
to the wire achieving up to 350 K/s with high degree of reproducibility. The Tig, of the
tested powders is evaluated by the marked temperature rise during heating, and the
photodiode signal provides a confirmation of the ignition occurrence by detecting a steep
increase in the radiation emitted by the sample. Complete descriptions of the experi-
mental setup and of the data reduction technique are reported in Ref. [6]. The hot-wire
approach offers the possibility to compare the data from low-heating rates of the
DSC-TG with the results of faster-heating rate tests. The data presented in Table 5 are
obtained in air, at 0.1 MPa pressure, with heating rates of (300 &= 50) K/s.

The results for Tig, show different (and opposite) trends with respect to the DSC-TG
runs (see Top 1 in Table 4). In particular, under the investigated conditions, the VF-ALEX
exhibits an enhanced reactivity with respect to the air-passivated ALEX. A Tig, reduction
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Table 5 Ignition temperature results for the tested powders (air, pressure 0.1 MPa,
heating rate [300 + 50] K/s). Confidence interval is evaluated considering 95%
Student’s t-distribution. The reported Tig, is the result of at least 10 single valid tests.

Powder ID Tignt K

Al30 Not available®
ALEX 820 £ 12
L-ALEX 771 £ 16
VEF-ALEX 713 + 20

*Tign above the limiting thermocouple temperature (1873 K).

of nearly 110 K testifies a more prompt ignition of the luorohydrocarbon-coated powder.
A similar trend is testified by the stearic acid—coated powder, whose ignition temperature
is intermediate with respect to the limiting cases of ALEX and VF-ALEX. Under the
investigated conditions, the coating degradation triggers the ignition process of the
powders, thus explaining the observed trend of the results [17,40]. The available data do
not enable to identify if the L-ALEX and the VF-ALEX ignition is triggered by aerobic
reactions between environmental air and coating decomposition products or by hetero-
geneous anaerobic processes between the solid particle and the coating decomposition
products. Literature data from Refs [52] and [53] suggest that an interaction of the second
type is likely. Test rig limitations impair testing in low-O; (or inert) environments to
evaluate the detailed effects of coating decomposition on particle ignition, which are
addressed for future works. In any case, the results obtained testify the heating rate effects
on the powder ignition phenomena, as discussed in Ref. [54]. The same effect is high-
lighted by the differences between results for low- and high-heating rates with
fluoropolymer-containing Al-based composites [20,22]. The possible interactions
between coating degradation products and nAl combustion can be the cause of the
peculiar ballistic behavior of HTPB 4 VE-ALEX fuel burnt at lab-scale level [17,40]. In
particular, the presence of a fluorinated coating possibly reduces the aggregation phe-
nomena affecting the ALEX combustion in solid fuels [17,52,53,55]. Under the inves-
tigated conditions, the ignition temperature of ALEX occurs on the temperature range
identified by Trunov et al. for the amorphous-to-y transition of the Al,O3 that could be
the driving mechanism for the particle ignition [12]. However, other eftects as the
dehydration of Al hydroxides (eventually present on the particle surface as a consequence
of exposure to moisture) must be considered as the possible causes of the ALEX marked
reactivity, as discussed in Ref. [56].

S 5. RHEOLOGY OF NANOSIZED ALUMINUM-LOADED SOLID FUELS
AND PROPELLANT SLURRIES

In this section the rheological behavior of uncured solid fuels and solid propellant
formulations is presented and discussed. The study of the slurry viscosity enables eval-
uation of the effects of the metal powder Ssa, morphology and dispersion on the
compound manufacturing, and final characteristics.
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The dispersion of nanosized additives in a polymeric matrix requires purposely
implemented procedures in order to prevent or limit the particle clustering, thus
granting the additive dispersion down to the nanoscale. The commonly implemented
methods for effective nAl dispersion are based on ultrasound treatment of the mixtures
[25,57]. The fuel and propellant formulations considered in this section are manufac-
tured according to an operating protocol developed at SPLab [58,59] and based on the
use of an acoustic mixer (Resodyn” LabRAM mixer [60]). In particular, during the
fuel/propellant slurry manufacturing the compound temperature was controlled by a
dedicated setup [61] in order to prevent undesired curing reactions due to the self-
heating induced by the intense mixing. The results concerning the rheological behavior
of solid fuel formulations are introduced first, and then the focus is moved to evaluation
of propellant slurry viscosity.

5.1 Rheological Behavior of Uncured Solid Fuel Slurries

In this section the rheological behavior of uncured HTPB-based fuel slurries is discussed.
The experimental investigation was performed on a TA AR2000ex rheometer with the
plate—plate configuration. The fuel slurries were tested under oscillatory conditions
(2% strain, 1 Hz frequency) for the evaluation of |n*| = "> 4+ 12 [61]. Operating
temperature was set to 333 K, and the test duration was 5 h. Details of the HTPB-binder
formulations are presented in Table 6, while composition details of the tested slurries are
reported in Table 7. Additive mass fractions were selected referring to the typical values
considered in the open literature papers dealing with the hybrid rocket fuel regression
rate enhancement studies [17,26,40].

Table 6 Detailed composition of the HTPB-binder considered in the
analysis. The curing level (—NCO/—OH) of the formulation is 1.04.

Ingredient Mass fraction, %
HTPB R-45 HTLO® 79.2
DOA 13.1
IPDI 7.7

*Hydroxyl functionality 0.83 £ 0.5 meqKOH/g, molecular weight 2800 g/mol,
n(T=303K)=5Pas.

Table 7 Detailed composition of the tested uncured fuel slurries. The considered
Al powders were ALEX or L-ALEX. The F-OCT fuel formulation is employed to
evaluate the effects of the pure stearic acid on the HTPB rheological response.

Fuel slurry ID nAl type nAl fraction, wt%
F-HTPB" — —
F-ALEX — 10% ALEX 10
F-L-ALEX — 10% L-ALEX 10
F-OCT" - -

*Nonmetallized fuel formulation (baseline).
PHTPB (99.5 wt%) + stearic acid (0.5 wt%).



358 Christian Paravan et al.

Table 8 Time evolution of |*| under isothermal conditions (T = 333 K, 2% strain, 1 Hz frequency).
Test strain condition is selected to operate in the linear field.
Time elapsed from the test start, min

Fuel slurry ID 0 60 120 180 240 300
F-HTPB 0.56 0.78 1.1 1.5 2.0 2.7
F-ALEX — 10% 0.85 0.94 1.1 1.4 1.7 2.1
F-L-ALEX — 10% 0.85 1.2 1.9 2.9 4.2 6.1
F-OCT 0.82 4.0 19 111 Gelled in 218 min

An extended discussion of the herein presented results (including data on several
micron-sized powders) is reported in Ref. [57], while data concerning the time evo-
lution of the |n*| for the formulations of interest are reported in Table 8.

Under the investigated conditions, the suspensions behave as Newtonian fluids [33].
Due to the high specific surface area, both ALEX and L-ALEX act as semireinforcing
fillers, promoting significant |1*| increases at t = 0 (i.e., at beginning of the test) due to
both hydrodynamic effects and particle—particle interactions. In particular, at the
beginning of the runs, the viscosity of FFALEX-10% and F-L-ALEX-10% is increased by
52% with respect to the F-HTPB case. The F-OCT formulation, which is designed in
order to simulate the possible HTPB-isocyanate-stearic acid interactions occurring in
P-L-ALEX-10%, presents a marked |n*| initial value. This result is due to fast-curing
reactions of the compound during the pre-test phases. The complex viscosity of
F-OCT shows a rapid and monotonic increase during the test (see Table 8). The gelation
point (n" = 1, Ref. [62]) is reached in less than 4 h, suggesting HTPB-stearic acid
interactions in the curing process. This is testified by the F-L-ALEX-10% data reported
in Table 8. In spite of the fact that L-ALEX exhibits a Sgp reduction over ALEX [61],
with a consequent reduction of the hydrodynamic stresses, the F-L-ALEX-10% shows a
|n*| increase in time with a higher rate than both F-HTPB and the ALEX-loaded slurry.
On the other hand, the F-ALEX-10% exhibits a |*| buildup slower than the baseline
slurry. Moreover, for t in the range of 180-240 min, the ALEX-doped formulation
shows a lower |n*| than F-HTPB. The viscosity buildup of the tested formulations is
captured by the fitting parameters reported in Table 9, which refer to the following
exponential approximation:

| = |n7|,—oexp (knt) (1)

The behavior exhibited by the ALEX-loaded formulation is in agreement with the
experimental results of Mahanta and Pathak and MacManus et al., showing a viscosity
buildup rate decrease for uAl-loaded formulations with respect to the neat HTPB case
[63,64]. Interestingly, a-Al,O3 micron-sized particles promote different effects on the

In*

evolution in time [61], so the peculiar behavior caused by ALEX (and pAl) might be
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Table 9 Exponential fitting of complex viscosity buildup under isothermal conditions
(T =333 K, 2% strain, 1 Hz frequency). See Eqn (1) for details.

Fuel slurry ID |n*|e—os Pa-s ks, min™" R?

F-HTPB 0.560 0.00527 0.999
F-ALEX — 10% 0.854 0.00332 0.992
F-L-ALEX — 10% 0.855 0.00665 0.999
F-OCT 0.824 0.02700 0.999

related to the amorphous alumina shell surrounding the particles. Nevertheless, further
analyses are required to assess properly the phenomenon that is not reported in the open
literature.

5.2 Rheological Behavior of Uncured Solid Propellant Slurries

The rheological behavior of uncured solid propellant slurries was characterized using a
Rhemoetrics Dynamic Analyzer RDA II. The slurries were tested in a plate—plate
configuration (Al, plate diameter 40 mm) with a gap of 1 &+ 0.05 mm. The runs were
conducted in a steady rate sweep condition (with shear rate varying from 0.5 to 5 s~ ' and
measurement time of 60 s), at the temperature of 333 K [33,35,65,66].

Tests were performed on propellant formulations whose detailed compositions are
reported in Table 10. The tested slurry contains a bimodal AP size distribution and a
relatively high mass fraction of plasticizer, since DOA is used to simulate the presence of a
liquid curing agent having similar viscosity (not included to prevent from undesired
curing). The Al30 was used for the manufacturing of the baseline formulation and was
gradually replaced by increasing the nAl mass fraction (from 3 to 18 wt%). Details of the
solid propellant manufacturing procedure are reported in Ref. [58] while a list of the
tested formulations 1s given in Table 11.

Under the investigated conditions, an accurate data reduction is necessary to validate
the results focusing on both viscosity and applied torque as functions of the shear rate (see

Table 10 Detailed composition of the tested uncured propellant
slurries. The considered Al powders were Al30, nAl (ALEX, L-ALEX, and VF-ALEX)
or a variable mixture of AI30 and nAl. See Table 11 for further details.

Ingredient Mass fraction, %
AP — 200 pm 58.0
AP — 10 um 10.0
HTPB R-45HTLO" 111
DOA 2.9
Aluminum 18.0

*Hydroxyl functionality 0.83 £ 0.5 meqgKOH/g, molecular weight 2800 g/mol,
n(T =303 K) =5 Pa-s.



360

Christian Paravan et al.

Table 11 Solid propellant slurries tested for the assessment of the nAl effects on
the propellant rheological behavior.

Propellant slurry ID nAl type uAl, % nAl, %
P-Al30 - 18 0
P-Alex — 03% ALEX 15 3
P-Alex — 06% ALEX 12 6
P-Alex — 18% ALEX 0 18
P-L-Alex — 03% L-ALEX 15 3
P-L-Alex — 06% L-ALEX 12 6
P-L-Alex — 18% L-ALEX 0 18
P-V-Alex — 03% VF-ALEX 15 3
P-V-Alex — 06% VF-ALEX 12 6
P-V-Alex — 18% VF-ALEX 0 18

Figure 9). In particular, the correct slurry-plate adhesion is monitored by checking the
change of viscosity during shear rate sweep. The adhesion was correlated with the SR
variations exceeding a critical limiting value indicated as SR* [58]. The results reported in
Figure 9(a) for P-Al30-18% show the trend of a test exhibiting no slippage between the
plates and the slurry. In some cases, this adhesion can fail. An example of this event is shown
in Figure 9(b) where the results of the P-L-ALEX-18% are shown. From the
SR* = 1.58 s~ ' the applied torque evolution exhibits an abrupt fall as a consequence of the
slurry-plate detachment. Viscosity values registered after SR* are therefore unreliable and
are not considered in the following analysis. The experimental results obtained are
presented in Figures 10—12. In order to capture the overall n(SR) behavior, a data fitting
based on exponential- or power-law functions is proposed (see Table 12). These exponential

25
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Figure 9 Uncured solid propellant viscosity dependence on torque for (a) P-Al30-18% and (b) P-L-
ALEX-18%. It was verified by direct inspection that when the slurry adheres to the plate, the torque
variation does not fall below the critical value of —5% (a). The slurry-plate separation produces marked
decreases in the torque variation values (b), producing unreliable data from SR* on.
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Figure 10 Viscosity of uncured propellants of the P-ALEX series. The solid lines represent the expo-
nential fittings of the experimental data shown in Table 12.
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Figure 11 Viscosity of uncured propellants of the P-L-ALEX series. The solid lines represent the
exponential fittings of the experimental data shown in Table 12. The dashed line represents the data
extrapolated from the trend achieved in the range SR < SR*.

10000 ;
+ P-A130

¢ P-V-ALEX-03%

z + P_V-ALEX-06%
& 1000 \\ * P-V-ALEX-18%
= ——
g, \\ T~ ]
8 N\*
2 100 ——
< \\
10 :
0 1 2 3 4 5 6

Shear Rate, SR, s™!
Figure 12 Viscosity of uncured propellants of the P-V-ALEX series. The solid lines represent the
exponential fittings of the experimental data shown in Table 12. The dashed line represents the data
extrapolated from the trend achieved in the range SR < SR*.
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Table 12 Fittings of the propellant slurry rheological behavior data.
Exponential- or power-law data fitting is selected, depending on the form maximizing
the coefficient of correlation (R?) of the approximation.

Propellant slurry ID 1n(SR) approx.? R?

P-Al30 (145.52 4 3.71)-exp[(—0.214 & 0.010)SR ] 0.977
P-Alex — 03% (167.63 4 3.41) - exp[(—0.174 & 0.008)SR ] 0.978
P-Alex — 06% (181.17 + 12.4) - exp[(—0. 154 £ 0.028)SR] 0.746
P-Alex — 18% (499.48 + 5.32) - exp[(—0.281 & 0.004)SR ] 0.998
P-L-Alex — 03% (232.70 + 5.39) - exp[(—0.214 & 0.010)SR ] 0.982
P-L-Alex — 06% (361.78 4 11.8) - SR (7 0-803=0-038) 0.978
P-L-Alex — 18% (1361.4 4 14.8)- SR (7 0-9480-026) 0.996
P-V-Alex — 03% (190.33 + 2.70) - exp[(—0.222 & 0.006)SR ] 0.993
P-V-Alex — 06% (231.71 £ 5.56)-S R( 0.4930.028) 0.969
P-V-Alex — 18% (907.93 4 6.93)-SR (10510089 0.999

*Approximating laws are in the form 7(SR) = as - exp(nsr - SR), or n(SR) = asw - SR™E,

laws were used for the extrapolation of the slurry viscosity in the range from the (eventual)
SR* value until the limiting tested SR of 55", as shown in (Figures 11 and 12).

Figure 10 reports a comparison between the rheological behaviors of uncured
propellants containing a variable amount of ALEX (P-ALEX-series) with the baseline
formulation (P-Al30-18%). Under the investigated conditions, the viscosity of the
slurries shows a shear thinning behavior, with decreasing viscosity for increasing SR.
Due to the higher Sga of the ALEX particles with respect to the Al30, a 3 wt% nAl
addition determines a 27% viscosity increase with respect to the baseline at the
SR =1s"'. Under the same operating condition, when the ALEX content is
incremented up to 6 wt%, the viscosity becomes 181.1 Pa-s (showing a percent
increase of 67% with respect to the baseline). For the reported tests the maximum
viscosity values are achieved by the P-ALEX-18% featuring n(SR =1s"") =
1367 Pa-s. This viscosity is one order of magnitude higher than the respective
property demonstrated by the baseline. Data presented in Table 12 also capture the
highest sensitivity to SR changes of the P~ALEX-18% within the tested slurries. This
result is due to the fact that higher nAl mass fractions imply the presence of more
clusters. These cold-cohesive groups of particles may be destroyed by the hydrody-
namic effects induced by the shear rate, thus generating the observed high SR
sensitivity. Viscosity curves for P-L-ALEX series and P-V-ALEX series of slurries are
reported in Figures 11 and 12, respectively. The propellants loaded with the stearic
acid-treated powder exhibit a trend similar to that of the ALEX-doped slurries. The
P-L-ALEX-06% and the P-L-ALEX-18% have a more marked shear thinning
behavior than the corresponding ALEX-loaded formulations and, as a consequence,
the trend of 7 as a function of SR is better captured by a power-law approximation
(see Table 12). For the SR = 15~ the viscosity percent difference with respect to the
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Figure 13 Viscosity diagram of the uncured propellant slurries with 18 wt% load of nAl. Note the
shear thinning behavior of the L-ALEX- and VF-ALEX-loaded formulations.

baseline of P-L-ALEX-06% and P-L-ALEX-18% are 234% and 1160%, respectively.
According to Ref. [58], the more intense shear thinning behavior of P-L-ALEX
slurries with nAl content higher than 3 wt% is due to the presence of a coating that
modifies interparticle interactions and is evident only when critical L-ALEX content
is reached in the uncured formulation.

In spite of a relatively poor compatibility between fluoropolymer and HTPB, the
rheological behavior of the slurries loaded with the VE-ALEX does not present marked
differences with respect to the results obtained in the P-L-ALEX series (see Table 12). A
comparison between the propellant slurries containing 18 wt% of nAl and the baseline is
reported in Figure 13. The collected data testify to the detrimental effect of nAl-loading
on the rheological response to the applied shear rate, with increased 1 over the baseline.
The L-ALEX and the VF-ALEX generate slurries with enhanced viscosities with respect
to the mix using ALEX. This result is probably due to the wettability of the L-ALEX and
of the fluorohydrocarbon-coated powder surfaces with the HTPB + AP compound.
Further investigations are needed in order to get a better insight into the observed
phenomena.

g 6. CONCLUSION AND FUTURE DEVELOPMENT

This work is focused on characterization techniques for nanosized aluminum
powders used in condensed energetic systems. Both qualitative and quantitative infor-
mation were retrieved from techniques based on electron microscopy (SEM, TED, and
TEM), non-isothermal oxidation (DSC-TG, Tig, determination), and viscosimetry. The
investigated nAl powders were produced by the EEW method. They differ in the
implementation of two passivation processes (air vs stearic acid) and in the eventual
coating of the passivated surface (see Table 1).
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SEM micrographs revealed no significant differences between the morphology of
the tested powders. In spite of their surface treatments (i.e., air or stearic acid
passivation, eventual coating of the air-passivated surface), nAl particles generally
exhibit spherical shape, with particle size possibly in the sub-micrometric or in the
micron-sized range, and smooth texture. Considering air-passivated ALEX particles, a
marked clustering behavior yielding the formation of micron-sized assembles is
observed (see Figure 5). Cold cohesion is a widely observed phenomenon affecting
high-Ssa systems due to particle—particle interactions (e.g., electrostatic forces).
TED/TEM observations of ALEX enable the identification of interparticle necking
and aggregation (effects of the production technique) and particles clustering (a
behavior induced by the powder features such as Ssa, particle size dispersity, and
surface texture characteristics). Transmission images provide effective analysis of the
thickness and of the structure of the oxide layer surrounding ALEX particles, in spite
of the amorphous nature of the Al,O3 preventing its detection by XRD technique.
For coated air-passivated powders, TED/TEM data enable direct verification of the
layered structure of the particles. At the same time, possible critical points (e.g.,
clustering promoted by the coating deposition) can be observed by these diagnostics.
Moreover, TED and TEM allow monitoring the powders’ ageing behavior (e.g.,
oxide shell thickening, metal core consumption). The observation of L-ALEX
double-shell structure that is generated by the oxidizer diffusion through the stearic
acid layer after passivation is a clear example of the possibilities of TEM and TED.

The features of the passivation layer (composition, amorphous/crystalline phase) and
their evolution during heating are crucial to understand the results of the analyses
dedicated to the combustion behavior of the particles [6]. The energy release of the
disperse system oxidation depends on the powder reactivity and Ca). For air-passivated
powders, the oxidation reaction onset is related to the change in the Al,Oj shell char-
acteristics [12,56] and/or integrity [56]. In this respect, the decomposition of coatings
applied on the oxide layer can trigger the particle ignition, if some oxidizing species
diffuses toward (or is in contact with) the metal fuel after coating degradation
[17,20,40,53,54]. The reaction process can be the result of concurring natural oxide
cracking and applied coating decomposition. Non-isothermal analysis at low-heating
rates is demonstrated to be very effective in the investigation of the basic phenomena
occurring as powder temperature is increased, especially in the presence of a coating (see
Tables 3 and 4). Coating degradation, particle oxidation, and even oxide polymorphic
transformations [12,47] can be recorded, even though sometimes the identification of
the single processes can be complex. The TG trace enables to investigate the eftectiveness
of the coating deposition procedure—since under low-heating rates the coating
decomposition occurs over a different temperature range with respect to the oxidation of
pure nAl particles, Amg can provide information on the presence of the coating layer on
the particle surface (see Table 3). Experimental data demonstrated that high-heating rate
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analyses were more informative in the definition of a ranking between the reactivity of
different samples, reproducing realistic thermal stresses on the sample (see Table 5). From
this point of view, the contrast between ALEX and VF-ALEX DSC-TG and Tig,
very important. While at low-heating rates (10 K/min, see Table 3) the coating

data is

degradation and the nAl oxidation occur over well-separated temperature ranges, in the
tests performed at (300 £ 50) K/s VF-ALEX ignites at a lower temperature than ALEX.
In the case of fluorohydrocarbon coating, it is possible that the main cause of the
enhanced particle reactivity is the interaction between fluorine-containing coating
degradation products and the particle metal core, as suggested by theoretical and
experimental results presented in [17,20,41,53,54].

Due to reduced size and increased Sga, nanosized particles are prone to particle—
particle interactions requiring purposely implemented solid fuel/propellant
manufacturing procedures, and strongly affecting the rheological behavior of particle-
loaded suspensions. Rheological analyses performed under low-amplitude and low-
frequency oscillatory conditions reveal the semireinforcing behavior of nAl, yielding
augmented slurry viscosity (see Table 8). The detrimental effect on viscosity buildup for
curing HTPB suspensions loaded with ALEX is captured by the rheological investigation
conducted under oscillatory conditions (see Table 9). The high Sga of ALEX amplifies
the behavior observed for pAl-doped compounds in open literature works [63,64|. On
the other hand, curing process evolution of HTPB + L-ALEX data show the enhancing
effect of the fatty acid layer on the urethane reaction, with a strong and fast viscosity
increase in time under the investigated conditions. Investigations of the rheological
behavior of uncured solid propellant slurries evidenced the marked 1 enhancement due
to nAl loading. Under the tested conditions, increased 71 values are achieved for
increasing nAl content. For nAl 4+ uAl loads with 6 wt% of nanosized powder, the 7
increase over the baseline is ~70%. These results highlight the importance of a rheo-
logical characterization of the nAl powder characteristics for an effective manufacturing
procedure and for possible industrial, large-scale applications.

Future characterization of nAl powders should be performed by an integrated
approach that includes particle morphology, low- and high-heating rate reactivity, and
powder-suspending medium interactions. The “high-safety with high-reactivity”
requirement of rocket propulsion applications implies a comprehensive understanding
of the nanosized system preburning characteristics, directed to the full exploitation of
nAl features. Storage, handling, and use of nanopowders in industrial environments
should be comprehensively analyzed on the basis of wide experimental screening.
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uncured solid fuel slurries, 357—359
uncured solid propellant slurries,
359—363
structure, 349—352
surface treatments, powders, 347—349, 348t
tested aluminum powders, 347—349
Nano-sized products
aluminum oxide, 301t
agglomeration, 285—286
arithmetic mean radius, 305, 305f
burning, 285—286, 306f
combustion product emissions, 286, 286f
Coulomb interaction, 304
gas-disperse synthesis, 287
laminar flame, 300
median, 301
oxide spherules dispersity, 306, 306t
problems, 287
transmission electron microscope, 302, 303f
video microscopy, 307
chamber with nozzle, particle acceleration,

298—299

monodisperse agglomerate particles,
296—298
particle sampling
aerosol impactor, 293
condensed combustion products,
290—292
diftusion aerosol spectrometer, 293—294
ICKC SB RAS, 290
Petryanov filters, 292—293
thermophoretic precipitator, 295—296
vacuum sampler, 294—295
titanium oxide
approximating size distribution functions,
312, 313f
condensed combustion products, 289
experimental techniques, 309—311
metallic fuel, 287—288
over equilibrium, 311
particle-gas relative motion, 312, 314f
photocatalytic titanium dioxide nanoparticles,
287—288, 288f
spherules, 308
values of electric charges, 311, 311f
videomicroscope and aerosol cell, 299—300
Nanostructured energetic materials (NSEMs)
one-dimensional (1D) NSEMs
Al/Co304 nanorods, 146—148
Al/CuO nanowires, 142—143
Al/Ni nanorods, 144—146
energetic carbon nanotubes, 139—142
three-dimensional (3D) NSEMs, 156
energetic porous copper/silicon, 156—158
Fe»O3 nanoenergetic materials, 159
two-dimensional (2D) NSEMs
Al/CuO multilayer film, 153—155
Al/Ni multilayer film, 150—153
Al/Ti multilayer film, 149—150
reactivity systems, 148, 148t
Nanotechnology, definition, 2
Nanothermites
combustion characteristics
combustion velocity, 179—180
dependence upon experimental
configuration, 181
ignition parameters, 178—179
particle size of precursors, 181—182
combustion synthesis, 173
compositions, 7—10
preparation, types and method, 174—177
reaction mechanism, 182—187
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Nickel (Ni)-coated aluminum particles
Auger depth profiling, 123, 124f
large drops of molten metal, 124, 124f

single nickel-coated aluminum particle, 122, 123f

volume particle size distribution, 122, 123t
weight percent, 122, 122t
Non-isothermal oxidation
high-heating rate, 355—356
low-heating rate, 353—355
Novacentrix aluminum, 175—176

NSEMs. See Nanostructured energetic materials

(NSEM:s)

(0]

One-dimensional (1D) NSEMs
Al/Co304 nanorods, 146—148
Al/CuQO nanowires, 142—143
Al/Ni nanorods, 144—146
energetic carbon nanotubes, 139—142

Oxide shell, 73f
aluminum oxidation, 73—74, 74f
Cabrera—Mott mechanism, 72—73
dynamic transmission electron microscopy,

7476, 76f
heating Al-NPs, 74—76, 75f
shrinking core, 72—73

P

Particle agglomeration, 121
Particle sampling
aerosol impactor, 293
condensed combustion products, 290—292
diftusion aerosol spectrometer, 293—294
ICKC SB RAS, 290
Petryanov filters, 292—293
thermophoretic precipitator, 295—296
vacuum sampler, 294—295
Petryanov filters (PFs), 292—293
Poly(carbonmonofluoride) (PMF), 332
Polytetrafluoroethylene (PTFE), 25, 332—333
Porous silicon (PSi), 12—13
Preignition reaction (PIR), 25

R

Radiation heat flux, ignition
Al powders, reactivity parameters and
characteristics, 55, 55t

ignition delay time, 54, 55f
vs. flux density, laser radiation, 56, 56f

vs. temperature under different conditions, 54

S

Scanning electron microscope-energy dispersive

spectrometry (SEM-EDS), 244
Sol—gel method, 8—9
Solid propellants (SP), 58—59, 58t—59¢, 121.
See also Nanocatalysts, application
Stefan—Boltzmann constant, 69—70
Superthermites, 174. See also Nanothermites

T

Thermal decomposition, catalytic effects
ammonium perchlorate, 272—273
hexogen, 269—271
N-guanylurea-dianitramide, 273—278
nitrocellulose absorbed nitroglycerin,

266—269

Thermites, 173

Thermoanalytical tests, 125—127, 125{—126f

Thermokinetics™, 211

Thermophoretic precipitator, 295—296

Three-dimensional (3D) NSEMs, 156
energetic porous copper/silicon, 156—158
Fe;O3 nanoenergetic materials, 159

Two-dimensional (2D) NSEMs
Al/CuO multilayer film, 153—155
Al/Ni multilayer film, 150—153
Al/Ti multilayer film, 149—150
reactivity systems, 148, 148t

U

Ultra-small angle neutron scattering (USANS), 14

Ultra-small X-ray scattering (USAXS), 14
Uncured solid fuel slurries, 357—359
Uncured solid propellant slurries, 359—363

\"

Vacuum sampler device, 294—295

VEF-ALEX, 347—349, 348t
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