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ABSTRACT
The recent worldwide interest in nanotechnology spans a wide variety of
scientific fields such as electronics, biology, materials science and medicine.

Because

of their extremely small dimensions, nanoparticles demonstrate properties different from
matter at larger scales. Understanding these unusual properties and utilizing them for
macroscale devices is an overall goal for nanotechnology. Moreover, manipulating these
small particles into organized structures is crucial for taking full advantage of what
nanotechnology has to offer, however it has proven to be a difficult task. Recent work
utilizing electrostatic forces shows great potential for the self-assembly of nanoparticles
into organized two-dimensional and three-dimensional structures. Overall, this work
examines how nanotechnology and self-assembly can benefit the field of energetic
materials.
Because of aluminum’s high energy density and low cost, it has been used in the
field of energetic materials for several decades. In order to achieve sufficient energy
release rates, aluminum is typically manufactured as a powder having spherical particles
with diameters on the micron scale. It is well-known that decreasing the original particle
diameter of a fuel particle will increase the burning time and, thus, energy release rate.
Therefore, aluminum particles have recently been made to have diameters on the
nanoscale, and shown to be advantageous for several applications. The combustion of
nanoaluminum (nAl) in various systems is the primary focus of this study. A progression
of experiments is used to analyze the combustion of nAl: 1) a fully heterogeneous flame
spread system, 2) a semi-homogeneous sonicated thermite system and 3) a quasihomogeneous self-assembled thermite system.
The flame spread experiment physically separates the nAl from the gaseous
oxidizer allowing for a well-understood convective, diffusive, reactive system to be
analyzed. Because of the simplicity of the experimental setup, variables are easily
changed and their effects on the flame spread rate are observed. Overall, spread rates are
2 to 3 orders of magnitude greater than what is demonstrated with typical solid fuels due
to the high reactivity of the nAl. This large difference in spread rate brings about a
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fingering combustion instability in normal gravity conditions that has only been shown to
occur in microgravity conditions. Moreover, a stability map is created based on the nondimensional Lewis and Damköhler numbers that predicts when a continuous flame front
will transition to a fingering instability. This, along with the various other trends, is
predicted using a simple scaling analysis.
A nanoscale thermite is created via sonication of nAl and nanocopper-oxide
(nCuO) particles. Although the mixture is unorganized and random, these materials boast
extremely exothermic reactions with propagation rates on the order of 1 km/s.
Experiments are performed to examine the effect of adding a diluent to the system. Two
types of materials are added, a stable end product, aluminum-oxide, and long alkyl chain
hydrocarbons. Both materials severely hinder the propagation rate, however,
experiments suggest that hydrocarbon addition could help with the material’s sensitivity
to electrostatic discharge. Equilibrium calculations suggest that a dual temperature and
gas production criteria must be met to allow for the convective propagation mechanism to
take place and fast propagation rates to occur. Because of the hydrocarbons required for
self-assembly, these experiments also give an indication of how the self-assembled
material will react.
To electrostatically self-assemble a nAl/nCuO thermite, the constituents are first
coated with an ω-functionalized alkyl chain ligand and suspended in a separate solutions.
Upon mixing, the opposite electrostatic charges agglomerate the two constituents, which
subsequently precipitate out of solution. Analyzing the material with Scanning Electron
Microscopy shows that a portion has self-assembled into microspheres having diameters
from 1-5μm. This is the first known energetic nanocomposite built with a bottom-up
engineering approach. The combustion properties of the self-assembled material are
compared to that of the sonicated material, with similar amounts of added hydrocarbons.
The propagation in microchannels is examined. Unlike the sonicated material, the selfassembled material is able to achieve ignition and propagate the full length of the
microchannel. This gives indication that electrostatic self-assembly is a viable method
for building energetic materials from the bottom-up, and could potentially increase the
intimacy of the mixing.
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Chapter 1
Introduction
Nanotechnology is a fast growing field in applied science that spans over a wide
range of technical areas. The ability to manipulate materials at the nanoscale allows for
precise control over macroscopic properties. Furthermore, certain materials exhibit
drastically different physical and/or electrical properties at this small length scale, which
can be exploited at the macroscale if properly understood. This “bottom-up” approach to
science has the potential for many advances in fields spanning from biology [1] to
medicine [2, 3] to electronics [4] and reactive materials[5].
The importance of nanotechnology is evident by the amount of focus and money
that has gone into research throughout many different scientific fields all over the world.
Japan’s Council for Science and Technology has invested over $200 billion since 1996
into their Science and Technology program, most of which is focused on nanotechnology
[6-8]. From 2001-2006 the Chinese government has assigned approximately $300
million towards nanotechnology-related projects with more than 100 industrial
establishments and 70 academic institutions participating [9]. Moreover, the United
States government established the National Nanotechnology Initiative in 2001 to
coordinate and fund nanoscale research in all areas of science and engineering across the
Federal Government. The initial investment of $464 million more than doubled to $1.7
billion for the fiscal year of 2007 with a total investment of $6.5 billion over the last 6
years [10].

1.1 Nanoparticles
When the prefix, nano-, is applied to a unit of measurement, it corresponds to that
unit multiplied by 10-9 (one billionth). This prefix can be applied to any unit of
measurement; however, the field of nanotechnology is particularly interested in length
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scales on the order of nanometers (nm), most commonly 1-100 nm. This is one order of
magnitude greater than the length scale of an atom. A spherical particle having a
diameter of a few nanometers contains only thousands of atoms. Therefore, the ratio of
surface atoms to bulk atoms increases drastically as the diameter of the particle decreases.
Figure 1-1 shows the surface to bulk atom ratio for a spherical iron crystal as a function
of particle size [11].

Figure 1-1: Surface to bulk atom ratio for spherical iron crystals from [11].
Because the surface atoms have a lower coordination, the electrical and thermophysical properties are drastically different than the bulk atoms. When the surface to
bulk atom ratio becomes significant, as it is in the nanoscale range, the bulk material can
begin to demonstrate the properties of the surface atoms. For example, gold is a wellknown inert material. However, if gold particles are made to have diameters of about 1-5
nm they can show excellent catalytic properties [12]. Furthermore, properties such as the
melting point, freezing point, and heat of fusion of a given material begin to change
drastically when diameters are below 10 nm [13-15]. Figure 1-2 shows the effect of
particle size (in angstroms) on melting temperature for tin nanoparticles [15].
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Figure 1-2: Melting point for tin nanoparticles as a function of particle diameter [15].
Overall, there are three main objectives for nanotechnology: 1) to understand the
unique properties of materials at the nanoscale, 2) to utilize these unique properties for
macroscale devices and 3) to be able to manipulate nanoparticles and build devices from
the nanoscale constituents with a “bottom-up” engineering approach. The question this
work attempts to answer is whether the field of energetic materials can benefit from
nanotechnology. Are there any particular properties of nanoscale energetic materials that
are beneficial to their combustion properties and can macroscale materials be built up
from the nanoscale to fully utilize their potential?
Metal powders such as aluminum and boron with particle sizes on the microscale
have been used for many years to enhance energy density in energetic materials such as
propellants and explosives. The thermochemistry for the oxidation of some metals
exhibits relatively high temperatures and large amounts of released energy that could be
used for many applications. However, particular properties of metals and their
corresponding oxide, make diffusion of mass and energy difficult, resulting in a slower,
less dynamic combustion process. Utilizing the unique properties available at the
nanoscale to increase diffusion rates is of great importance to the combustion community.
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One main advantage for energetic materials at the nanoscale is the increase in
specific surface area of the material. This allows for more reaction locations and
enhanced heat transfer rates creating almost instantaneous equilibration to the
surrounding temperature. Moreover, as discussed above, physical properties such as
melting point and boiling point, decrease with decreasing particle sizes proving
advantageous for ignition characteristics. Finally, the total time for complete combustion
of a particle will decrease significantly as the particle size decreases. In fact, the D2-law
states that the burning time of a spherical particle varies linearly with the square of the
particle diameter. This implies that for a factor of 10 decrease in particle diameter there
is a 100 fold decrease in burning time. This will, in turn, significantly increase the
energy release rate for a given mass of material.

1.2 Self-Assembly
Self-assembly of a binary system of particles into an ordered array has the
potential to create macroscale structures with interesting mechanical [16, 17], optical
[18], and electrical properties [19-21]. What makes self-assembly so attractive is the
ability to manipulate matter at the nano and mesoscale. The particles are too small to be
controlled by robots or the human hand and too large to utilize chemical synthesis. Selfassembly offers a practical way to maneuver these sized objects and create ordered lattice
structures up to the macroscale [22-24]. Not only is the symmetry of the system pleasing
to the eye, it can also provide the opportunity for unusual macroscale properties. Some
interesting mesoscale structures formed by self assembly are shown in Figure 1-3 from
[23, 24]. Notice the highly ordered arrangements over a vast range of length scales.
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Figure 1-3: Examples of how self-assembly is used to build ordered structures with mesoscale
spheres. (a) Colloidal crystal of TiO2 on the micrometer scale from [25]. (b) Brass beads
covered self-assembled into a cubic lattice in a rod-shaped cavity on the centimeter scale [26].
(c) Polystyrene beads self-assembled into rings on the micrometer scale [27]. (d) Selfassembled polystyrene spheres in the shape of a colloidosome on the micrometer scale [28]. (e)
Nylon and Teflon spheres electrostatically self-assembled into hexagonal lattices on the
millimeter scale [23].
Early work focused on self-assembling a single type of particle at the micron or
millimeter scale [17, 20, 29-36]. This was motivated by finding organized SiO2
nanoparticles in the opal gem, which is what is responsible for its unusual optical
properties [32-34]. Researchers found that these organized structures were driven by
entropy, thus allowing only certain lattice structures to form under precise conditions [36,
37]. Particle concentration, size ratio and distribution had to be exact in order for these
close-packed structures to form. More recent work has focused on binary systems of
particles that can assemble due to forces other than entropy, such as electrostatics [23, 3841]. The conditions for these systems to self-assemble are less rigid than entropy driven
systems, and the diversity in structure is more easily attained.
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Figure 1-4: Naturally self-assembled SiO2 particles of two different sizes found in the
opal gem [33].
Due to their extremely small length scale and interesting physical properties,
nanoparticles are a primary candidate for self-assembly. Having these extremely small
particles in prescribed arrangements is of interest for many different applications.
Recently, binary systems of nanoparticles have been arranged into various 2-D and 3-D
lattice structures as shown in Figure 1-5. The ability to form the many different crystal
structures is attributed to the particles having electrostatically charged surfaces. The two
constituents are oppositely charged, thus having an attraction for each other and not to
particles of the same species. Lattice structures similar to NaCl, AlB2, and diamond can
be created by self-assembly of nanoparticles.
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d

Figure 1-5: Binary nanoparticle superlattices (BNSLs) formed by electrostatic selfassembly. (a) TEM image of 13.4 nm γ-Fe2O3 and 5.0 nm Au BNSL isostructural with
NaCl [41]. (b) TEM image of 6.7 nm PbS and 3.0 nm Pd BNSL isostructural with AlB2.
(c) SEM and TEM (insets) image of 5.0 Ag and Au BNSL (left) with its sphalerite
counterparte (right) [38]. (d) SEM and TEM (insets) image of 5.0 Ag and Au BNSL
(left) with its diamond counterparte (right) [38].
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Utilizing self-assembly in the field of energetic materials could be of great
significance. Solid energetic materials are classified as either homogeneous or
heterogeneous. Homogeneous materials can be considered fully pre-mixed having the
fuel and oxidizer mixed at the molecular level (Figure 1-6a), whereas heterogeneous
materials have the reactants separated by a larger length scale. Unlike homogeneous
materials, heterogeneous materials need time to diffuse the reactants toward each other
and mix before they can react. The relative positions of the fuel and oxidizer, therefore,
determine the burning characteristics of the particular material. If the fuel and oxidizer
particles could be specifically positioned within the material, complete control over the
burning characteristics could be obtained. Figure 1-6 shows this progression from a
homogeneous to heterogeneous material.

a

b

c

Figure 1-6: Progression from a a) homogeneous material to a b) quasi-homogeneous self
assembled material to a c) fully heterogeneous material.
Currently, the reactant particles must have dimensions on the micro or nano scale
in order to be sufficiently reactive and, therefore, cannot be specifically positioned. Most
heterogeneous energetic materials are highly unordered and only average burning
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characteristics can be acquired as shown in Figure 1-6c. The ability to self-assemble a
fuel and oxidizer to create a “quasi-homogeneous” mixture allows for a highly ordered
system that can bridge the advantages of both homo and heterogeneous energetic material
(Figure 1-6b). Furthermore, the mixing process can be scaled up to create large amounts
of material without the danger of brute-force mixing.
Applying self-assembly to heterogeneous energetic materials with constituent
particles on the nanoscale combines the advantages that nanoparticles offer to the
energetic field with the ability to have a highly ordered structure that can be manipulated
to meet the desired application. The material is as close to fully pre-mixed as possible,
but unlike a homogeneous material, the burning characteristics have the potential to be
tailored. Complete control can be obtained over the distribution of stoichiometry, and
particle size throughout the material. An energetic material can be assembled from the
bottom-up and tailoring the macroscale combustion characteristics can be performed at
the nanoscale.

1.3 Overall Goals and Project Outline
Understanding the advantages nanotechnology and self-assembly offers to the
field of reactive materials is the overall goal of this work. To study this broad topic three
phases of experiments are performed: 1) a completely diffusive system where the
nanoaluminum (nAl) and gaseous oxidizer are initially separated from each other
(Figure 1-7a), 2) a semi-homogeneous system where the nAl is mixed with the solidphase oxidizer particles in a top-down unorganized fashion (Figure 1-7b), and 3) a quasihomogeneous system where self-assembly is utilized to build an organized energetic
material from the bottom-up (Figure 1-7c).

10

a

b

c

Figure 1-7: Schematic of the three phases of the experiment: a) completely diffusive with
gaseous oxidizer, b) semi-homogeneous with solid oxidizer particles and c) quasihomogeneous self-assembled system.
For the first phase of the experiment, a counter-flow flame spread experiment is
performed with nAl as the solid fuel. The goal is to isolate the nAl from the oxidizer and
allow for a focused study on its combustion properties. The simple, convective,
diffusive, reactive system allows for several variables to be systematically changed and
trends to be observed. One particular goal is to theoretically explain the various trends
observed. Furthermore, this should give insight into the unique combustion properties of
nAl.
For the second phase, a nanoscale thermite is created via sonication of nAl and
nanocopper-oxide (nCuO) particles into an unordered semi-homogeneous mixture. The
overall goal for this phase is to understand the unique combustion properties of nanoscale
thermites brought about by the nanoparticle constituents. Furthermore, a particular goal
is to understand the effect of added condensed phase diluents, such as aluminum oxide
nanoparticles and long alkyl chain materials, on the propagation rate and ignition
sensitivity. This will also give a good basis for comparison to the self-assembled
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material created in the third phase, which inherently contains both of these materials
within the mixture.
Finally, for the third phase of the experiment, nanoparticle self-assembly is
utilized to mix and build an organized nAl/nCuO nanoscale thermite from the bottom-up.
A self-assembled monolayer coats the surfaces of the two constituents and gives each an
opposite electrostatic charge. The goal is to have the oppositely charged particles
organize themselves into an ordered lattice structure and build up material with
dimensions orders of magnitude greater than the original nanoparticle constituents. The
self-assembled material’s combustion characteristics are then compared to the sonicated,
unorganized material from the second phase. The main goal is to have the self-assembled
material display improved combustion performance over the typical sonicated material
due to the intimate and organized mixing. This allows for the concept of building
energetic materials bottom-up from the nanoscale to be realized.
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Chapter 2
A Review of Metal Combustion
Metals release more heat than most fuels when ignited, but because of their
relatively high ignition temperatures, they are usually not considered to be a combustible
material in everyday life. The high energy-release makes the combustion of metals a
significant area of interest for propellants, explosives, and high-temperature combustion
synthesis. In the second half of the 20th century research efforts were focused on
understanding the fundamentals of metal combustion, particularly for their application
towards rocket propulsion.

2.1 Thermochemistry

Combustion of spherical metal particles is similar to hydrocarbon droplet
combustion, however because the products could exist in the condensed phase, they offer
different modes of combustion. Metal combustion can be separated into two classes:
those with volatile products and those with non-volatile products. A non-volatile product
occurs when the heat produced from combustion is less than the heat of vaporizationdissociation or decomposition of the metal oxide. Most metal oxides preferentially
volatize or decompose into gaseous suboxides rather than boiling off as gaseous
molecules of the original metallic oxide. This is described mathematically in Eq. 2.1 [1]
o
) = ΔH avail
ΔH vap − dissoc > QR − (H To ,vol − H 298

Eq. 2.1

where ΔH vap − dissoc is the heat of vaporization-dissociation or decomposition of the metal
o
oxide, QR is the heat of reaction, H To ,vol − H 298
is the enthalpy to raise the metal oxide

from a reference temperature of 298 K to its vaporization-dissociation or decomposition
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temperature, and ΔH avail is the available enthalpy. The importance of having a nonvolatile product is the fact that the flame temperature is a known value at the temperature
of vaporization-dissociation or decomposition of the metal oxide, Tvol. This temperature
can be thought of as a pseudo-boiling point of the metal oxide present.
Furthermore, if Tvol is greater than the boiling point of the metal being reacted
(Tb), a vapor phase flame must be present. This is known as Glassman’s criterion for the
vapor-phase combustion of metals. On the other hand, if Tvol is less than Tb, there will be
a heterogeneous surface reaction with the condensed phase metal. Thus, the two modes
of metal combustion can be divided into submodes of volatile and non-volatile metals.
Even further subdivisions could be made on the intersolubility of the metals and metal
oxides, which could have an effect on the combustion dynamics of a given system.
Table 2-1 from [2] shows these classifications.
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Table 2-1: Classification of Metal Particle Combustion [2].
Volatile product

Non-volatile product

Condensed product unnecessary
Product condensation away from particle
could enhance heat release.
Volatile metal

Non-volatile metal

Gas-phase
combustion, like
hydrocarbon droplet
in air.
Soluble
Nonsoluble

Surface combustion
like carbon
particles.
Soluble

Nonsoluble

Product
may dilute
metal
during
burning
and may
cause
disruption
if its
boiling
point
exceeds
that of
metal.

Product
may build
up in
metal
during
burning.

No
product
penetration
into metal.

No flux of
product to
metal.

Condensed product must be present.
Flame temperature does not exceed product
boiling point.
Multiple combustion regimes exist.
Volatile metal
Non-volatile metal
Vapour-phase
Product may coat
combustion like
surface of metal
magnesium particles particle.
in air
Soluble
NonSoluble
Nonsoluble
soluble
If product
returns to
metal it
may dilute
it and
cause
disruption.

Disruption
strongly
favored if
product
returns to
metal.

Metal may
diffuse
through
growing
product
layer, like
titanium in
air. Purely
condensed
combustion
possible,
like SHS.

Product
coating
makes
ignition
difficult,
like
beryllium
in air..

With these simple criterion and classifications, different combinations of fuels
and oxidizers can be examined and conclusions can be made about their burning
processes based solely on the thermochemistry. Table 2-2 from [1] shows properties of
various metal oxides and nitrides that can be used to infer how the particular reaction will
take place.
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Table 2-2: Various Properties of Metal Oxides and Nitrides.

(H

)

Metallic
Compound

a,c
Tvol
(K)

a,c
ΔH vap
− dissoc (kJ/mol)

AlN

2710
(2710)
4000
4010
(2770)
2340
3280
3400
2710
3430
3350
(2150)
3540
(3540)
4000
4280

620 (620)

o
− H 298
+ H vap − dissoc
(kJ/mol)
740 (730)

1860
840 (300)

2550
950 (410)

-1676
-251

2791
4139

360
1160
610
400
670
2120 (870)

640
1700
830
680
920
2420 (1160)

-1271
-1135
-272
-599
-601
-745

4139
2952
3133
1620
1366
3505

700 (450)

950 (710)

-338

3631

1890
920

2970
1320

-2459
-1097

3631
4703

Al2O3
BN
B2O3
Cr2O3
FeO
Li2O
MgO
Si3N4
TiN
Ti3O5
ZrO2

o
Tvap − dissoc

ΔH of ,298

a

(kJ/mol)
-318

Metal
Tbb
2791

Tvol = volatilization temperature (or stoichiometric adiabatic combustion temperature creating
compound under ambient conditions T = 298 K, P = 1 atm).
Tb = metal boiling point at 1 atm
a
Values reported are rounded to the nearest integer
b
Values from JANNAF Tables.
c
Value in parentheses are (or are based on) decomposition temperatures or enthalpies of
decomposition.
Examining Table 2-2 the reactions can be put into their respective classifications
from Table 2-1. For example, the reaction between aluminum and oxygen will not
provide enough energy to fully vaporize-dissociate or volatize the condensed product

{(H

o
Tvap − dissoc

)

}

o
− H 298
+ H vap − dissoc > ΔH of ,298 resulting in a known flame temperature at Tvol.

Since Tvol > Tb, the metal will boil off and a vapor phase flame will occur. Reactions that
exhibit this mode of combustion are represented by the blue cells. Moreover, a reaction
between aluminum and nitrogen shows, again, that the product is non-volatile, however

Tvol < Tb, resulting in a surface heterogeneous reaction, shown in orange. If enough
energy is present to fully vaporize-dissociate or volatize the condensed product (volatile
product) the flame temperature must be calculated and then compared to Tb to determine
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whether a vapor phase (hydrocarbon droplet) or surface reaction (carbon particle) is
present (yellow).

2.2 Combustion Regimes

Examining the thermochemistry can give important information on how a metal
particle will burn, but it does not present the full picture. Metal, spherical particles
introduce various combustion regimes based on the time scales present for chemistry and
mass and energy transport. Chemical time scales associated with the reaction rate are
compared to the time scales associated with the diffusion of mass and energy to
determine which combustion regime is present. When a process is kinetically controlled
spacial non-uniformities are eliminated due to the fact that the reaction rate is slow
compared to the rates of mass and energy diffusion. On the other hand, for a diffusioncontrolled reaction, gradients of concentration and temperature are established and drive
diffusion of mass and energy, respectively, while the chemical reaction rates are
considered infinitely fast.
Under the assumption that the chemistry is infinitely fast and the particle burning
is diffusion controlled a time scale is shown in Eq. 2.2 from [3]

τ b ,diff =

ρ p d p2

8ρD ln(1 + B )

Eq. 2.2

where ρp is the particle density, d p is the initial particle diameter, ρD is the sum of the
gas density and diffusivity, and B is the mass transfer number. The mass transfer number
for a vaporizing metal droplet is defined in Eq. 2.3 as [3]

iYO ,∞ H + C p (T∞ − Ts )
Lv

Eq. 2.3

where i is the mass stoichiometric fuel-oxidant ratio, H is the heat of reaction of the fuel
per unit mass, Cp is the specific heat, T∞ is the gas temperature far from the surface, Ts is
the surface temperature and Lv is the latent heat of vaporization. On the other hand, if the
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diffusion of mass and energy is sufficiently fast compared to the chemical kinetics, the
gradients are eliminated and a time scale for combustion is defined in Eq. 2.4 also from
[3] as

τ b ,kin =

ρ pd p
2 MW p kPX O ,∞

Eq. 2.4

where MWp is the molecular weight of the particle species, k is the chemical reaction rate,
P is the pressure, and X O ,∞ is the oxidizer mole fraction in the surrounding atmosphere.
From Eq. 2.2 and Eq. 2.4 it can be shown that in the diffusion-controlled regime the
particle burn time varies linearly with d p2 , while for the kinetically controlled regime it
varies linearly with d 1p . To determine which regime is present the Damköhler number,
Da, is examined in Eq. 2.5.

Da =

τ b ,diff MW p kPd p X O ,∞
=
τ b ,kin
4 ρD ln(1 + B )

Eq. 2.5

An important piece of information that is taken from knowing the Damköhler
number is how the combustion regime is dependent on the original particle diameter, dp.
For smaller particles, the combustion becomes kinetically controlled. Unfortunately,
there is limited data associated with kinetic and diffusion rates available in the literature,
especially for particles with diameters on the nanoscale. Moreover, burning times of
nanoscale particles is limited to very few studies due to the complications with separating
out single particles [4-8]. A study by Li and Williams [9] did show evidence of this
transition from diffusion to kinetic controlled burning for boron particles at a diameter of
about 100 μm as shown by the d 1p dependence in Figure 2-1.
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Figure 2-1: Calculated and measured dependences of the product of the burning
time and the oxygen mole fraction in the atmosphere on the particle diameter for
different total pressures [9].
The length scale of the mean free path of the gas surrounding the particle is an
important parameter when researching small particles. At small enough diameters the
mean free path of the gas will become commensurate with the diameter of the particle not
allowing for continuum assumption to hold. The dimensionless number that allows for
this determination is the Knudsen number, which is defined in Eq. 2.6 from [3]
Kn =

2λ
dp

Eq. 2.6

where λ is the mean free path of the surrounding gas and defined as

λ=

2μ
⎛ 8MW ⎞
P⎜
⎟
⎝ πRT ⎠

12

Eq. 2.7
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In Eq. 2.7 μ is the gas viscosity, P is the pressure, R is the gas constant, T is the
temperature, and MW is the molecular weight of the gas. When the Knudsen number is
close to a value of 1 the particle cannot be distinguished from the gas molecules.

2.3 Aluminum Particle Combustion

Aluminum is the most common metal used for combustion purposes. Its high
energy density and combustion temperature make it particularly useful in propellants,
explosives and pyrotechnics. Moreover, aluminum is readily available and cheap to
produce.

2.3.1 Structure of Aluminum Particle

The aluminum powders discussed in this work are considered to have spherical
particles based on TEM (Figure 2-2) and SEM micrographs. Flakes of aluminum are also
used in combustion systems, however, this morphology was not examined in these
studies. Pure aluminum particles will immediately react with oxygen to create a thin
amorphous aluminum oxide passivation layer as shown in Figure 2-3. This layer can also
be seen in the TEM image in Figure 2-2.
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Figure 2-2: TEM image of aluminum nanoparticles from Novacentrix Inc. website
(www.novacentrix.com).

Figure 2-3: Structure of a single aluminum particle.
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Because the oxide layer creates a diffusion barrier for oxidizers, it has a large
contribution to the combustion properties of aluminum particles. Its most important
aspect is its ability to hinder the ignition of the aluminum. Therefore, the ignition
temperature for aluminum particles is classically defined as the melting point of
aluminum oxide, Tm ,Al2O3 , (2327 K) [10]. Once the oxide layer melts, the molten
aluminum (melting point, Tm,Al = 933 K) is exposed to the oxidizer and reacts. The phase
change of the oxide shell has also shown to be an important ignition criteria as the
particle sizes decrease [11-14]. At temperatures lower than Tm ,Al2O3 the oxide layer
changes to a more dense γ-Al2O3 exposing pure aluminum to the oxidizer. The surface
area of pure aluminum exposed from a phase change is shown to increase 8000 times
when going from particle sizes on the micron scale to the nanoscale [14].

2.3.2 Thermochemistry of Aluminum

The first step in understanding the combustion of aluminum is to examine the
thermochemistry. Glassman performed extensive work researching the equilibrium of
aluminum with various gaseous oxidizers [15]. Various plots were created and analyzed
creating the framework for understanding aluminum combustion. One of the most
important aspects of aluminum combustion is the limit temperature created due to the
condensed product requiring more heat to vaporize-dissociate or pyrolize than is
available from the reaction (Eq. 2.1). Upon examining equilibrium calculations of
aluminum reacting with either oxygen or nitrogen at various equivalence ratios (initial
conditions of 298 K and 1 atm), it is shown that the temperature is nearly constant
(Figure 2-4 from [1]).
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Figure 2-4: Adiabatic combustion temperature of various metal-oxygen/nitrogen systems
as a function of equivalence ratio, φ . Initial conditions 298 K and 1 atm [1].
Another way to show the effect of this limit temperature is by looking at
equilibrium calculations of aluminum and oxygen (or nitrogen) as a function of assigned
initial enthalpy (Figure 2-5 and Figure 2-6 from [1]). From these two plots the effect of
the limit temperature is shown by the flat temperature profile between two input
enthalpies. Furthermore, the condensed Al2O3 or AlN decreases from a mole fraction of
1.0 to 0.0 between these two values reconfirming the fact that this is a pseudo boiling
point. Comparing this temperature to Tb demonstrates that, when reacted with oxygen,
the aluminum will be in the vapor phase until about 11 kJ/kg of enthalpy is removed from
the system. On the other hand, when reacted with nitrogen the reaction will be
heterogeneous and on the surface of the condensed phase aluminum until about 11 kJ/kg
of enthalpy is added to the system.
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Tb

Figure 2-5: Equilibrium product composition and adiabatic combustion temperature for
stoichiometric Al and O2 at 298 K and 1 atm as a function of assigned enthalpy. An
assigned enthalpy of zero corresponds to the true ambient condition. (l) specifies a liquid
product, (s) specifies a solid product, all other products are gases [1].

Tb

Figure 2-6: Plot similar to Figure 2-5 for stoichiometric Al-N2 system [1].
Varying the pressure will have an effect on both the adiabatic flame temperature
as well as the vaporization temperature of aluminum, which will determine whether or
not a surface reaction is present. Bucher [16] plotted adiabatic flame temperatures for
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reactions of aluminum with various oxidizers as a function of pressure and compared it to
the vaporization temperature of aluminum as shown in Figure 2-7. From these
calculations a crossover-pressure for each oxidizer is found that determines when a
heterogeneous surface reaction is expected to occur. The reaction of aluminum with pure
oxygen will always have a vapor phase flame in this range of pressures, but if it is diluted
with 3.76 moles of argon to form a “pseudo-air”, the crossover-pressure occurs at about
170 atm. A more practical example reacts aluminum with ammonium perchlorate
(NH4CLO4). These are two of the three components in the Space Shuttle reusable solid
rocket motor (RSRM) propellant, which runs at 62 atm. Examining Figure 2-7 shows
that the cross-over pressure is not met and the aluminum is expected to react in the vapor
phase.

Figure 2-7: Boiling temperatures of aluminum, and adiabatic flame temperatures of
various stoichiometric Al-oxidizer-inert systems, as a function of pressure [16].
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2.3.3 Single Particle Burning

To fully understand how aluminum particles will react in a large system such as a
rocket, their burning has to be fully characterized for a single particle. Many experiments
have been performed and models made for combustion of a single particle of aluminum
[4-8, 16-21]. Finding radial temperature and species profiles, total burning times, and
ignition criteria is the main objective of single particle combustion experiments. Once
these are fully understood, trends in larger applications can be predicted.
Bucher et al. [16, 20, 21] performed combustion experiments of single aluminum
particles (210 μm) free falling in various oxidizers. While burning in free fall, timeexposed natural luminosity images were taken along with two-camera, two-excitation
line, planar laser-induced fluorescence (PLIF) images, giving both radial temperature and
AlO concentration profiles. Electron microprobe analysis was performed on a quenched
particle to measure the radial concentration of condensed phase Al2O3. Figure 2-8 shows
the time-exposed natural luminosity images for a single particle falling in various
atmospheres. Examining the 21% O2 79% Ar case, a detached flame envelope is clearly
present indicating the aluminum is reacting in the vapor phase as predicted by the
thermochemistry. The flame envelope decreases in size for CO2 and furthermore for the
H2O oxidizer, showing a transition to a surface heterogeneous reacton. This is what is
predicted from the thermochemistry in Figure 2-7 where the cross-over pressure is closer
to atmospheric for CO2 and H2O. Radial profiles of temperature, AlO, and Al2O3 match
reasonably well with predictions as shown in Figure 2-9, and a limit temperature was
clearly shown by the plateau in the radial temperature the data at ~4000 K.
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Figure 2-8: Chopped natural luminosity images of aluminum particles burning in various
oxidizers as a function of distance from particle generation and ignition in the
combustion chamber [16].

Figure 2-9: Non-dimensional radial profiles of temperature, and AlO and Al2O3 relative
concentrations for 210 μm aluminum particle combustion in 21% O2 and 79% Ar at 298
K and 1 atm [16].
As discussed in section 2.2 the thermochemistry only gives a piece of the full
picture. When evaluating equilibrium conditions it is assumed to be a fully pre-mixed,
adiabatic system as time goes to infinity. However, when particles of aluminum are

29
burning, time scales associated with diffusion and chemistry become important (Eq. 2.5).
One of the most important properties of burning aluminum particles is the total burning
time and how it varies with original diameter. In a review by Beckstead [4], aluminum
particle burning times are given from various experiments under different conditions as
shown in Figure 2-10 . The large scatter in the data is due to the different conditions
analyzed, such as oxygen content or pressure, for each particle size.

Figure 2-10: Aluminum burning time measured under a wide variety of conditions and
test techniques [4].
The important aspect of this plot is the dependence of burning time on particle
diameter. For the range of particle sizes shown here the burning time (tb) roughly has a
d p2 dependence indicating the combustion is controlled by diffusion. A correlation was

created that accounted for the different pressures, temperatures and oxygen concentration
that ended up giving and exponent of 1.8 instead of 1.99. This more accurate exponent
deviates from 2 because it accounts for the condensed phase aluminum oxide product
forming an oxide cap on the aluminum surface and hindering uniform diffusion of mass.
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In another review by Beckstead et al. [19] aluminum particle modeling is
examined. This model includes the effect of the oxide cap on the particle distorting the
species and temperature profiles and finds the pressure exponent varies from ~1.9 for
larger particles down to 1.2 for smaller particles. This decrease in exponent value
indicates the particle is transitioning from being controlled by diffusion to kinetics.
Determining the controlling mechanism for a particle of a given original diameter is
crucial in the fundamental understanding of aluminum combustion especially for
nanoscale particles.

2.4 Combustion of Nanoscale Aluminum

Recently, new technology has made it possible for mass production of aluminum
nanopowders opening up a whole new area of research. The small diameters of the
individual particles create large surface areas for the reaction to take place. Heat transfer
rates are increased allowing for the particle to equilibrate to its surroundings almost
instantaneously and burning times to drastically decrease. On the other hand, the oxide
layer can no longer be considered thin relative to the aluminum core and, thus, the
percentage mass of active aluminum significantly decreases. Moreover, heat losses from
the flame surface to the surroundings increase drastically, which further deviates the
system from adiabatic conditions. Based on the thermochemistry, nanoscale particles
should behave exactly the same as particles with larger diameters. However, if time
scales are examined there are aspects of the combustion that drastically change with
smaller particles.

2.4.1 Nanoscale Aluminum Combustion Regimes

The time scales associated with the combustion of a spherical particle are shown
in Eq. 2.2. The characteristic burning time for a particle in the diffusion controlled
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regime shows a d p2 dependence while a particle in the kinetic controlled regime shows a
d 1p dependence. Examining the Damköhler number (Eq. 2.5) one can see that as the

particle diameter decreases the combustion transitions from diffusion to kinetically
controlled. The question as to whether a nanoscale aluminum particle is controlled by
diffusion or kinetics is still under debate.
As mentioned previously, Beckstead’s model for aluminum particle combustion
[19] demonstrates the exponent’s decrease from a value of 2 to 1 as the particle decreases
in size. Unfortunately, the particle diameter where this transition begins to take place
was not mentioned. Experiments that attempted to isolate single nAl particles showed a
transition from a d p2 dependence to a d p0.3 dependence [8, 22] at approximately 10 μm.
The unusual exponent of 0.3 is attributed to the difficulty in isolating a single
nanoparticle. Another experiment by Bazyn et al. [5] examined temperatures, AlO
production, burn times and pressure dependencies for 40 μm to 80 nm particles in a shock
tube. The data showed evidence that at about 10 μm the transition to kinetic controlled
combustion occurred resulting in an exponent of ~0.6. The temperature of the reaction
was also shown to decrease below the boiling point of aluminum indicating a surface
heterogeneous reaction. Unfortunately, there was no way of telling whether the particles
were not agglomerates, which could be the reason for the unusually low exponent. On
the other hand Park et al. [6] claimed to isolate single nanoaluminum particles in a single
particle mass spectrometer (SPMS). This system uses an aerosol time-of-flight mass
spectrometer to isolate single particles after being exposed to a furnace for a given
amount of time. It was concluded that the combustion is diffusion controlled for particle
sizes as small as 20 nm. However, these experiments were conducted at much lower
temperatures than most combustion situations and diffusion control occurred in the
condensed phase rather than in the surrounding gas phase.
This question of whether the combustion of nAl particles is diffusion or
kinetically controlled for a given particle size at given conditions is of fundamental
importance. Knowing where this transition occurs and why will lead to more accurate
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models and a more complete understanding of how nanoparticles change the combustion
properties of macroscopic applications.
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Chapter 3

Flame Spread Over a Bed of Nanoaluminum Powder

Aluminum powders have been an area of interest in the combustion community
for several years due to their applications in propellants, explosives, combustion
synthesis and metallurgy. For each of these applications the combustion properties of the
system depend on a variety of parameters dealing with the aluminum particle, such as
dimensions and geometry. Moreover, the phase and species of the oxidizer can
drastically affect the combustion behavior. Counter-flow flame spread is used in this
portion of the project to elucidate how nanoaluminum (nAl) particles react and combust.
The nAl is physically separated from the oxidizer allowing for a completely diffusive
setup.

3.1 Background on Opposed-Flow Flame Spread

Opposed-flow flame spread is a classic convective-diffusive combustion system
that has been performed with solid fuels such as cellulose or polymethylmethacrylate
(PMMA) for many years. A review by Wichman discusses the experimental and
modeling work performed in this field since its inception [1]. The research is motivated
by the simple experimental setup offering a fundamental understanding of a convectivediffusive combustion system and, more practically, by many fire safety applications.
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3.1.1 Background on Opposed-Flow Flame Spread Modeling and Experiments at 1g

The first modeling was performed by DeRis [2] in 1968, in which the twodimensional steady state conservation equations were solved. This created the
framework for the present understanding of opposed-flow flame spread and motivated
further modeling and experiments. The DeRis model states that the gas phase flame
provides the energy to bring the solid fuel bed to its vaporization temperature, which then
diffuses into the oxidizer flow, mixes with the incoming oxidizer and reacts in the gas
phase. It is assumed that the reaction rate is infinitely fast and the oxidizer flow has an
Oseen (flat) profile. A spread rate (vf) equation was derived for a thermally thin and
thermally thick fuel based on this analysis. Figure 3-1 shows a diagram of the flame
spread process, where δox is the length scale in the gas phase defined as

α ox
vox ,app

, αox is the

gas phase thermal diffusivity and vox,app is the applied oxidizer velocity, Tfl is the flame
temperature, Tv is the solid fuel vaporization temperature, To is the initial solid fuel
temperature, htp is the height of the top plate and τheat is the thickness of the heated layer
[3-8].
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Figure 3-1: Schematic of classic opposed-flow flame spread process.
A simple derivation of the spread rate equation can be obtained by equating the
heat transfer through the gas phase (Eq. 3.1), to the enthalpy necessary to raise the
temperature of the fuel from the To to Tv (Eq. 3.2) resulting in an expression for vf
(Eq. 3.3),

λox δ oxW

(T

fl

− Tv )

δ ox

ρ f c f τ heatWv f (Tv − To )

vf =

(T fl − Tv )
λox
ρ f c f τ heat (Tv − To )

Eq. 3.1

Eq. 3.2

Eq. 3.3

where W is the width of the bed, λox is the gas phase thermal conductivity, ρf is the solid
fuel density and cf is the solid fuel specific heat [3-8]. A thermally thin fuel assumes that
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heat conduction down through the solid bed is negligible and only gas phase heat transfer
is important. Thus, τheat is the total thickness of the fuel, τbed, and the spread rate for a
thermally thin fuel (vf,thin) is equivalent to what is shown in Eq. 3.3.
For a thermally thick fuel, however, the solid phase conduction in the y-direction
is not negligible. Therefore, an expression for τheat is obtained by equating the gas phase
conduction, as shown before, to the solid phase conduction, λ f , y δ oxW

(Tv − To )
τ heat

, as shown

in Eq. 3.4,

τ heat =

λ f , y (Tv − To )
δ ox
λox (T fl − Tv )

Eq. 3.4

where λf,y is the solid phase thermal conductivity in the y-direction. Since the length
scale in the gas phase is

α ox
vox ,app

, Eq. 3.4 is substituted into Eq. 3.3 and an expression for

the spread rate of a thermally thick fuel is found (Eq. 3.5).

v f ,thick = vox ,app

λox c p ,ox ρ ox (T fl − Tv )
λ f , y ρ fs c f (Tv − To )

Eq. 3.5

The most important difference between the spread rate of a thermally thick and thermally
thin fuel is the fact that v f ,thin ∝

1

τ heat

and v f ,thick ∝ vox ,app .

Fernandez-Pello et al.[9, 10] demonstrated these trends for both a thermally thin
and thermally thick fuel, however, they only held true in a certain range of oxygen
concentrations and oxidizer velocities. Figure 3-2 from [10] shows graphs of vf versus
vox,app for a thermally thick sheet of PMMA and a thermally thin sheet of filter paper.
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a

b

Figure 3-2: Flame spread rate versus oxidizer velocity over (a) thermally thick PMMA
and (b) thermally thin filter paper from [10].
For both, as vox,app increases there is a critical point where vf begins to decrease and
eventually extinguishes for each oxygen concentration. To explain this, the authors use a
simplified time-scale analysis where they compared the time scale for the chemical
reaction, tchem, to the time scale for heat conduction through the gas phase oxidizer, tcond,ox
which is the controlling mechanism for propagation. The equations for these time scales
are shown in Eq. 3.6 and Eq. 3.7.
t chem =

ρ ox

Y f Yox ,∞ P Aox exp(− E ox RT fl )
n

t cond ,ox =

α ox
vox2 ,app

Eq. 3.6

Eq. 3.7

where Yf is the fuel mass fraction, Yox,∞ is the oxygen mass fraction, P is the pressure, n is
the reaction order, Aox is the pre-exponential factor, Eox is the activation energy, and R is
the universal gas constant. From this analysis it is shown that with an increasing vox,
tcond,ox ~ tchem and the reaction rate can no longer be considered infinite. In other words,
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the Damköhler number, Da, defined as t cond ,ox t chem , decreases from infinity to a value of
one with increasing vox,app indicating, the chemistry cannot keep up with the heat transfer
and the flame is blown off.
On the other end of the spectrum, both the thermally thick and thermally thin fuel
show vf becoming independent of the vox,app as vox,app decreases. This is expected for
thermally thin fuels as shown in Eq. 3.3, but not for a thermally thick fuel, where it
should be linearly dependant as shown in Eq. 3.5. For higher oxygen concentrations,
experiments with the thermally thick fuel show this region of linear dependence; however
at a given vox,app it becomes independent. The reason vf becomes independent of vox,app at
low values of vox,app is due to the buoyancy flows created by the hot flame moving faster
than the induced flow and feeding the flame at a constant rate, vb. The buoyant flow can
be estimated to have a velocity of (α ox g )

13

≈ 6 cm

s

[11].

3.1.2 Background on Opposed-Flow Flame Spread in Microgravity

Because the buoyancy plays a key role in the flame spread phenomenon over
typical fuels such as cellulose and PMMA, experiments were performed in microgravity
to gain a better understanding of the process [6, 11-18]. The question is; what happens at
low values of vox,app when the buoyancy flow is not present? Another criteria for flame
extinguishment occurs that is not present at 1g [6, 11]. With lower values of vox,app, the
time scale associated with gas phase heat transfer, tcond,ox, increases and eventually
becomes commensurate with the time scale for radiation from the surface, trad,f. Eq. 3.8
describes the time scale for radiative losses from the surface,
t rad , f =

ρ f c f τ heat (Tv − To )
εσ (Tv4 − To4 )

Eq. 3.8

where ε is the thermal emissivity of the fuel bed and σ is the Stefan-Boltzmann constant.
The heat loss from radiation suppresses the gas phase conduction and eventually
extinguishes the flame. This leads to a low velocity extinguishment criteria in
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microgravity that states, when the non-dimensional radiation number, R, which is defined
as

t cond ,ox
t rad , f

, increases from zero to a value of 1 the flame will no longer propagate. Hence,

in microgravity there is a dual-limit extinguishment criteria for flame spread; the upper
limit occurs when tcond,ox < tchem and the lower limit occurs when tcond,ox > trad [5, 6, 11,
12]. This lower limit does not occur in 1g because the relatively fast induced buoyant
flow keeps tcond,ox small enough, not allowing for radiation loss to become important.

3.1.3 Background on Fingering Combustion Phenomenon

At this lower limit where radiation begins to suppress gas phase conduction an
interesting phenomenon occurs before extinction of the flame. A fingering instability
occurs whereby the flat flame splits off into separate flamelets and a fingering
combustion regime is present [11, 14, 19]. This fingering combustion was also shown to
occur at 1g by Zik and Moses [20] over thin paper sheets if a top plate was brought down
over the surface to a critical height whereby the low Rayleigh number prevents any
buoyant flows. This top plate method was more recently used by Olson et al. to further
understand the fingering phenomenon. [19]. Overall, preventing the buoyant flow and
allowing for slow oxidizer flows brings about this fingering regime before the flame
extinguishes. Figure 3-3 shows the fingering phenomenon for a smoldering flame over a
thin paper sheet in microgravity [15] and in 1g [20].
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a

b

Figure 3-3: Fingering combustion regime over a thin paper sheet present at low oxidizer
flows in a) microgravity from [15] and b) 1g from [20].
There are three conflicting explanations for this phenomenon. Zik and Moses
[20] attribute it to a competition between the convective and diffusive properties of the
incoming oxidizer. A critical Peclet number (defined as

vox ,app htp
Dox

, where Dox is the mass

diffusion coefficient for oxygen) is found at which fingering occurs. Olson et al. [19]
utilizes bio-mathematical modeling and considers the flamelets as a dynamic population
competing over the limited available oxygen at the low flow rates. Lastly, Ronney [8]
argues that the fingering phenomenon is simply a Lewis number instability similar to
what occurs with pre-mixed gas flames at a Lewis numbers, Le, far from unity. Before
the radiation extinguishes the flame, it suppresses the gas phase conduction just enough
so solid phase conduction becomes the driving force(tcond,ox > tcond,f). This allows for the
Lewis number to be defined as

αf
Dox

, which is much less than one, rather than

α ox
Dox

which

is approximately equal to one. This argument is the only one of the three that takes into
account the properties of the solid fuel having the ability to smooth out the flame over the
entire surface.
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3.2 Motivation

Utilizing opposed-flow flame spread to understand the combustion properties of
nAl was first motivated by observations of a pile of nAl burning in a quiescent
environment [21]. The spread dynamics over these piles of nAl show a fingering
phenomenon similar to what is observed in microgravity or thin paper fuels under a top
plate. The experiments with nAl, however, take no measures to prevent any buoyant
flow.
The simple experimental setup allows for a fundamental understanding of the
combustion of the nAl particles. Variables are easily changed and several experimental
trends are observed. Moreover, a practical issue is addressed whereby various different
gaseous oxidizers could be tested to elucidate the different effects of the various product
gases present in a rocket motor. Finally, a simple theoretical scaling analysis is
performed to explain the various trends and give further insight into the fingering
instability.

3.3 Experimental Setup

A volume of 3.81 × 6.35 × 0.635 cm is cut out of a copper block and acts
as the bed for the nAl. A pre-measured mass of nAl powder is placed in the bed
and distributed uniformly. To create a smooth top surface, a glass surface is used
to lightly press the powder into the bed as shown in Figure 3-4. Two ceramic
insulation tubes are inserted through the back end of the copper bed and a
nichrome ignition wire lines the end of the bed.
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Figure 3-4: Copper bed filled with nanoaluminum powder and an ignition wire fed
through two ceramic insulation tubes at the back end.
Four different sized particles are used having diameters of 38 (Technanogy
Materials Development), 50, 80, and 120 nm (latter three from Nanotechnologies, Inc.).
The oxide passivation layers are 3.1, 2.1, 1.9, and 1.8 nm, respectively. Both the particle
sizes and the oxide layers are given by the company. An SEM micrograph of the 38 nm
nAl in Figure 3-5 shows the approximate spherical shape and the uniformity of the
particles.

45

Figure 3-5: SEM micrograph of 38 nm aluminum particles from Technanogy at 100kX
courtesy of Ed Roemer from Los Alamos National Laboratory.
The copper bed (1 in Figure 3-6 ) is placed in an apparatus consisting of a copper
gas diffuser (2 in Figure 3-6), and an aluminum bracket (3 in Figure 3-6), which holds the
quartz top plate (4 in Figure 3-6). To prevent lateral flow over the bed, copper shims are
placed along the sides (5 in Figure 3-6). The top plate rests on the shims, thus, the height
of the shims also determines the height of the top plate. A 0.32 cm ledge is on the bottom
of the bed where the quartz bottom plate (6 in Figure 3-6) rests. Copper bed shims with
thicknesses of 0.08 cm are created to adjust the thickness of the bed. The gas diffuser has
oxidizer inlets on both ends and a row of twenty-four 0.08 cm diameter holes on the exit
face used to distribute the flow across the width of the channel and assure uniform flow
development. A nichrome wire is placed through holes at the opposite end of the bottom
plate and resistively heated by a DC power supply to serve as an ignition source.
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Figure 3-6: Copper bed, top plate and gas diffuser experimental setup.
The camera setup is shown in Figure 3-7. For visualization of the top surface, one
of two cameras is used depending on vf and its position is shown in Figure 3-7. For all
cases, except with an oxidizer flow having an oxygen content above 40% by volume, a
Pulnix TMC-6700-CL is used at 30 frames per second with a shutter time of 1/30 of a
second. For the cases with oxygen content above 40% a Vision Research, Phantom 5.1 is
used. For cases with 60% and 80% oxygen content, the camera is run at 150 frames per
second with a shutter time of 6300 ms. For the case with 100% oxygen the camera is run
at 300 frames per second with a shutter time of 3100 ms. A Sony DCR-TRV8 Digital
Video Camera is used to view the wave from underneath (position shown in Figure 3-7).
A mirror is used to reflect the image towards the camera. Depending on the light
intensity of the reaction waves, different apertures and optical density filters are used to
adjust the exposure without saturation.
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Figure 3-7: Camera setup for view of both the top and bottom surface of the fuel
bed.
The thermal diffusivity of the aluminum powder bed is measured using the
Flashline 5000 laser flash diffusivity analyzer. Measurements were taken at 100°C in
99.999% pure Argon and the powder is packed at a packing density of 200 kg/m3, which
is what is used in the flame spread experiments, into a graphite cup powder holder
provided by Anter Inc. Both the Parker and Optimized Clark and Taylor Method, which
are typical methods of determining thermal diffusivity from the laser flash method, show
a thermal diffusivity of 7.8(10-7) m2/s.

3.4 Results and Discussion

The opposed-flow flame spread experiment is used to understand the combustion
characteristics of nAl powder with gaseous oxidizers. This simple setup allows for
examination of how the flame spread rate over a packed bed of nAl changes depending
on many different variables. Moreover, trends for both the continuous and fingering
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flame front structure are studied systematically. This section first discusses the properties
and dependence of variables in the continuous front regime (no fingering). Next, trends
of the flame spread are analyzed within the fingering regime and finally, a simple scaling
analysis is used to describe the various trends and phenomena observed.

3.4.1 Continuous Front Regime: Three Consecutive Combustion Modes for
Nanoaluminum Flame Spread

A baseline test with a given set of conditions is created whereby a continuous
front is achieved and, from which, comparisons are made. This set of conditions results
in three different, consecutive modes of combustion, the first of which is a continuous
flame front. The baseline conditions are presented in Table 3-1.
Table 3-1: Baseline Test Properties.
Oxidizer
Diluent
Yox,∞
dp
vox,app
τbed
htp
ρf

O2
Ar
20%
38 nm
20 cm/s
0.32 cm
4 mm
0.22 g/cm3

The flame spread over a bed of nAl differs from other flame-spread studies in that
there are three modes of combustion that occur consecutively: 1. counter-flow surface
reaction wave, 2. co-flow bulk reaction wave, and 3. cellular flames randomly
propagating through the material somewhat similar to what was observed by Zhang et al.
[22] with filter paper in low Lewis number atmospheres near the extinction limit. When
viewing the reaction from underneath the first wave is not seen indicating that the
reaction takes place only on the top surface. For the baseline study the three waves are
shown in Figure 3-8.
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SIDE VIEW

TOP VIEW

Figure 3-8: Three modes of combustion unique to flame-spread over a bed of
nanoaluminum powder. The three modes are described as 1) a counter-flow surface
reaction wave, 2) co-flow bulk reaction wave and 3) cellular flames randomly
propagating through the material.
This first wave propagates counter-flow to the oxidizer and at a faster velocity
than both the second wave and the cellular flames of the third wave. The second wave
propagates through the bulk of the material co-flow to the oxidizer and perpendicularly
downward through the bed at a relatively slow rate. When viewed from underneath, the
second wave is seen after a certain time delay (tlag). The third wave consists of cellular
flames propagating randomly through the bed of aluminum and when observed from the
underside of the bed these cellular flames closely follow the second wave as shown in
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Figure 3-9. The cellular flames have a brighter intensity indicating a higher temperature
than both the first and second wave. After the baseline case is fully reacted, the products
are gray in color and the smooth top surface formed a lightly packed shell.

Figure 3-9: Second and third combustion mode visible from the bottom surface of fuel
bed for the baseline case.
The second and third modes of combustion each have unique characteristics and
show various trends based on the conditions at hand, but for this study only limited
qualitative analysis is performed on these two modes, all of which are based on
observation. The second mode is more similar to a filtration combustion or smoldering
front [23-29] than a flame spread. Its spread rate is slower than the first mode due to the
slow time scale associated with oxygen diffusing into the packed aluminum bed.
Moreover, this flame spread is no longer an opposed-flow setup, but rather a co-flow
flame spread [30].
The third mode of combustion is unique. Because the whole bed is heated from
the first two modes, these flamelets are most likely due to a different oxidation state of
the aluminum. In fact, Driezen et al. [31, 32] found three stages of aluminum particle
combustion based on the different temperatures forming more dense polymorphs of the
oxide layer. This cellular mode of combustion could be due to a denser polymorph being
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formed on particles in local areas of high temperatures and allowing for more oxygen to
penetrate into the aluminum core.
Due to the complex nature of all three modes of combustion, a systematic
approach is taken and only the first mode is quantitatively examined for this study.
Moreover, this first mode is more similar to classic opposed-flow flame spread allowing
for a deeper understanding of important mechanisms.

3.4.2 Continuous Front Regime: Trends Shown from Changing Variables

In the regime where the fingering phenomenon is not present, variables are
systematically changed to demonstrate different trends. Each of the following are varied:
vox,app, τbed, Yox,∞, dp, and oxidizer species. Typically, the resultant vf is examined along
with other physical characteristics of the flame.

3.4.2.1 Varying the Applied Oxidizer Velocity, vox,app

Within the continuous front regime vox,app is varied from 10 m/s to 48 m/s while
holding all other variables at the baseline conditions. It is clearly shown in Figure 3-10
that vf is independent of vox,app for the range of velocities examined. At slower values of
vox,app the fingering regime is reached.
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Figure 3-10: Flame front velocity versus applied oxidizer velocity for the baseline
conditions.
Even though the flame spread rate is independent of the oxidizer velocity, other
characteristics of the system may vary because more oxygen per unit time is being added
to the system. The first aspect that could potentially be affected is the amount of oxygen
consumed by the reaction. Oxygen concentration measurements are taken at the back end
of the apparatus with a gas chromatograph to examine if all of the oxygen was consumed.
For the baseline case, there is 0.8% oxygen concentration (96% reduction) in the exhaust
gases. It is therefore reasonable, at this condition, to assume all of the oxygen is
consumed. At vox,app of 48 cm/s, there is 3.1% oxygen concentration (85% reduction).
The oxygen, in this case, is not all consumed by the front. The total amount of oxygen
consumed, however, is still more than double the amount consumed in the 20 cm/s case
due to the higher vox,app. For a simple analysis it is assumed that all of the oxygen is
consumed.
If a mass conservation analysis is performed using the mass stoichiometric
coefficient, φ ,as shown in Eq. 3.9, an equation for the depth of the burn, τheat can be
solved (Eq. 3.10)
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φ −1Yox ,∞ ρ ox v ox ,app htp = ρ f v f τ heat

τ heat =

Eq. 3.9

Yox ,∞ ρ ox vox ,app htp

Eq. 3.10

ρ f vf

From Eq. 3.10 it is shown that τ heat ∝ vox ,app if vf remains constant as is shown in
Figure 3-10. Indirectly, this increase in τheat is seen by other characteristics of the flame.
As the depth of the burn increases, more mass of aluminum is at higher temperatures per
unit surface area of the fuel bed, which should increase the amount of high intensity light
entering the camera. In fact, the maximum light intensity, If, increases linearly with
vox,app as shown in Figure 3-11 . Moreover, the length of the flame, Lf, increases linearly
with vox,app as shown in Figure 3-11 and Figure 3-12 due to the increasing mass of hot
products present behind the flame front. The length of the flame is measured using an
image processing program to measure the distance from the point of highest intensity to
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Flame Length (cm)
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where the intensity drops to 10% of this maximum.

Flame Length
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Applied Oxidizer Velocity (cm/s)
Figure 3-11: Maximum light intensity, If, and flame length, Lf, as a function of oxidizer
velocity.
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Figure 3-12: Images of flame at different values of vox,app. Increase in light intensity and
flame length can be seen.

3.4.2.2 Varying the Bed Thickness, τbed

At the baseline conditions the total thickness of the bed, τbed is varied from 0.16
cm to 0.4 cm. Since the first mode of combustion takes place over thin region, τheat, it is
expected that this mode will not be affected by the bed thickness until it becomes of the
same order as τheat. From observations of the bottom surface, the first wave is not visible
even at the thinnest bed thickness of 0.16 cm. Moreover, as shown in Figure 3-13 , vf is
independent of τbed.

Flame Front Velocity (cm/s)
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Figure 3-13: Flame front velocity as a fuction of bed thickness.
The second wave does show some differences as τbed becomes thicker. With a
thicker bed the light intensity of the second wave remains bright for a longer period of
time due to the increasing amount of nAl powder that is burned. However, the cellular
flames in the third mode are less abundant and travel at a slower velocity through the bed.
A measurement of the time from ignition until when the flame is first visible from
underneath, tlag, increases with τbed. However, the average velocity through the bed,
calculated by dividing τbed by tlag, remains constant with increasing τbed as shown in
Figure 3-14.
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Figure 3-14: Time lag, tlag, and average velocity through the fuel bed, vbed as a function of
bed thickness, tbed.

3.4.2.3 Varying the Oxygen Concentration, Yox,∞

Oxygen concentration in the oxidizer is varied from 5% to 100% by volume while
the remainder of the variables were kept constant at the baseline values. Figure 3-15
shows this increase in vf of the first wave as a result of an increase in Yox,∞.

100

f

Flame Front Velocity, v (cm/s)
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Figure 3-15: Flame spread rate as a function of oxygen percentage in the oxidizer.
The oxygen percentage in the oxidizer affects vf significantly, increasing it three
orders of magnitude over the range of oxygen percentages. This increase is significantly
more than the decrease in burn time of nAl seen in a shock tube experiment with
increasing oxygen percentage [33]. The particle burn times varied linearly
( t b = −2.9 ⋅ Yox ,∞ + 220 ) unlike the power dependence shown in this experiment. For
micron aluminum, however, the particle burn time did have a slight power dependence
(exponent of -1.3) on oxygen content [34].
There are many qualitative differences when different oxygen concentrations
were used. For all cases, the first reaction wave is not visible from underneath indicating
it is purely a surface reaction. The light intensity did increase significantly with
increasing Yox,∞ indicating higher reaction temperatures although quantitative
measurements are not made. The second and third waves are drastically changed as well
as Yox,∞is varied. Figure 3-16 shows qualitatively how the different reaction modes varied
with oxygen percentage. The pictures have a different color at 60% oxygen and above
because a faster camera is needed to visualize the front that was monochrome.
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Figure 3-16: Various different flame structures shown for each mode of combustion at
different oxygen concentrations.
As Yox,∞ increases from the baseline to 40% the second wave grows in initial light
intensity, but fades out quicker. After the second wave propagates back to the ignition
side, a quenching front follows. This quenching front shadows the wave front visible
from underneath. Cellular flames followe the wave front from underneath as they did
with the baseline case, but stay much closer to the front and are less prevalent. The shape
of the front underneath is a parabola, but its curvature is opposite that of Figure 3-9. The
front speed of the second mode at the bottom surface increases from the baseline case.
The cellular flames of the third wave are practically non-existent from the top. The
combustion products are similar in color and structure to that of the baseline case.
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When increasing Yox,∞ up to 60% or 80%, the second wave behaves similar to the
40% case with an increase in velocity. The third wave, however changes significantly.
Cellular flames are present in the center of the bed that have a larger diameter than the
baseline case and significantly more light intensity indicating a much higher reaction
temperature. These cellular flames move randomly through the bed and are seen from
underneath as well. More of the bed is oxidized with the 80% O2 case than with the 60%
O2 case, but they have similar characteristics. A picture of the cellular flames for the
80% O2 case is shown in Figure 3-16. The products from these two cases are similar to
the baseline and 40% O2 case except where this third wave is present. In the vicinity of
the third wave, thin white columns are formed, perhaps agglomerated alumina. This
indicates that the reaction temperature is above alumina’s melting point of 2054◦C.
At 100% oxygen the second wave appears significantly different than any other
case, and no third wave is present. The wave is a continuous front that propagates coflow to the oxidizer. The light intensity of the second wave is similar to that of the third
wave in the 60% and 80% case. The view from underneath shows the second wave just
as it is seen from the top. This indicates the wave is reacting with the whole depth of the
bed simultaneously. The products formed after this second wave are distinct from any
other cases. Agglomerated white spheres of alumina with diameters of about 0.5 cm are
left adhering to the bottom quartz plate. The spheres are about 1.0 cm apart from each
other and the rest of the bottom plate had an alumina film on it. An image of the products
is shown in Figure 3-17 .

Figure 3-17: Products from the 100% oxygen case. Spheres of alumina approximates 0.5
cm of diameter formed on the glass bottom surface.
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Decreasing the oxygen percentage below the baseline case shows drastically
different results. At an Yox,∞ of 10% the light intensity of the first wave decreases
significantly indicating a lower temperature reaction. The second wave propagates about
half way back through the bed before it is not visible anymore indicating quenching.
However, after about a 40 second delay, the third mode appeares on the top surface
(shown as the 2nd mode in Figure 3-16) and is similar to the baseline case. The bottom
surface shows small, low intensity cellular flames that are randomly appearing
throughout the bed and no front is visible. The products are similar to the baseline case.
For the 5% case there is no second or third wave and no reactions are visible from
underneath. The products for this case are distinct from any other case in that no color
change is apparent. The bed remaines black and the top surface is no longer smooth like
the baseline case. These black products are the result of a low temperature reaction (low
light intensity first wave) not fully reacting the nAl particles.
The flame structure of the first wave is thin relative to the baseline case and has a
low light intensity as shown in Figure 3-16. The aperture is opened seven f-stops from
the 10% and baseline case in order for the full front to be visible. Bright spots appear and
disappear along the front indicating local hot spots. A wavy pattern is also observed
indicating an instability in the system, but no fingers are present.
To understand why the products remained black for the 5% oxygen case a
thermogravimetric analysis (TGA) is performed on the particles in an environment of
21% oxygen and 79% argon. Three measurements are made. The first measurement
analyzes the weight gain from room temperature to 850◦C starting with unreacted nAl.
The solid line in Figure 3-18 shows two weight gain regimes. The weight gain begins
(regime I) to occur at ~ 450◦C, which is well below the melting temperature of aluminum
(660◦C). This gives evidence that a change in the polymorph structure of the alumina
passivation layer occurred, similar to what was studied in [31, 32, 35], which allows
diffusion of oxygen to the aluminum surface. At ~ 550◦C the rate of weight gain
decreases indicating a change to a second alumina polymorph (regime II). A 41% overall
weight gain is observed and the nAl becomes gray in color similar to the products of the
baseline case.
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Figure 3-18: Thermogravimetric analysis of 38 nm aluminum particles in an oxidizer
composed of 21% O2 and 79% Ar.
A second measurement is made starting with unreacted aluminum where the TGA
is halted after reaching 550◦C (end of regime I). There is a 28% weight gain, confirming
that a reaction has occurred, but the nAl is still black in color, similar to the products of
the 5% oxygen run. This shows the ability for nAl to react at low temperatures and a
visible difference between product colors. This gives evidence that the first wave for the
5% case has a temperature below 550◦C and does not allow for the aluminum to fully
react, thus giving the black products.
A third measurement is made (shown by the dashed line) starting with the
particles that had been reacted through regime I. The percent weight starts at 128%
because it is graphed relative to the initial weight before any reaction occurred. There is
no reaction present until the initial temperature of regime II is reached (550◦C). The
alumina polymorph that was formed during the second measurement remaines on the
particles and does not allow any oxygen to diffuse to the aluminum surface in the
temperature range for regime I. Once the temperature reached 540◦C, the alumina
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structure changes and the weight gain followes the same trend as the first measurement in
regime II.
Overall, changing the oxygen percentage in the oxidizer drastically changes the
flame spread characteristics. When increasing from 5% to 100% oxygen the spread rate
of the first combustion mode increases three orders of magnitude. Moreover, the
structure of each mode of combustion changes drastically when viewed from both the top
and bottom surface of the fuel.

3.4.2.4 Varying the Particle Size, dp

To further understand the combustion of nAl particles by utilizing a flame spread
experiment, the diameter of the particle is varied for the given baseline conditions.
Unfortunately, the 38 nm particles have a thicker oxide layer and are from a different
company, which lead to some differences in the powders. Figure 3-19 shows the effect
of dp on vf.
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Figure 3-19: The effect of particle diameter on the flame front velocity.
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If flame spread over a bed of nAl is governed by the same set of assumptions and
conditions as classic flame spread over a continuous solid fuel, Eq. 3.3 should fully
describe the flame front velocity. Examining Eq. 3.3, there are no terms that show any
dependence on particle size. In essence, when the particle size is varied, the reaction rate
or mass consumption rate is varied. In deriving Eq. 3.3 an infinite Damköhler number
assumption is made suggesting that reaction rates are infinitely fast and, thus, should not
play a role. This assumption does not hold with a bed of nAl and, therefore, Eq. 3.3 does
not hold. The trends demonstrated in this section are of interest because they
demonstrate some differences between nAl and typical flame spread fuels.

3.4.2.5 Varying Oxidizer Species

Four oxidizers typically found in the products of solid propellants are
incorporated into the flame spread setup: CO, CO2, N2O, and N2. The CO, CO2, and N2O
were all run at two conditions. One condition is with 100% oxidizer and the other with
20% oxidizer and 80% Ar. The N2 is only run with 100% “oxidizer”, and is initially
seeded with 1% O2 to achieve ignition and then shut off. Table 3-2 shows vf for each
oxidizer at 100% and 20% including oxygen.
Table 3-2: Flame Spread Rates for Various Oxidizers (cm/s)
100%
20%

CO
1.26
0.07

CO2
1.58
0.07

N2O
8.23
0.08

N2
0.17
-

O2
64.85
3.00

For the cases with 100% oxidizer the diffusion down to the bed no longer limits
the propagation rate and direct comparisons can be made. A higher flame temperature
conducts heat forward more effectively and, thus propagates the reaction at a faster rate.
Equilibrium calculations were performed using CHEETAH 4.0 [36] with the JCZS
product library developed by Hobbs and Baer [37] to examine the reaction temperature
for different oxidizers. Figure 3-20 shows a loose correlation between Tfl and vf for the
various oxidizers indicating that the higher flame temperature allows for faster
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propagation. The fact that CO and CO2 show the same spread rate is unexpected. The
oxygen on the CO is more tightly bound than the CO2 and shows a higher flame
temperature. The extremely low vf for the 100% N2 case could be due to the strong triple
bond not allowing for all of the N2 to fully react.
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Figure 3-20: Calculated flame temperature and flame front velocity for different species
at 100% concentration.

For the cases with 20% oxidizer both the diffusion down to the bed and the flame
temperature play a significant role in the propagation of the flame. For the CO2 and N2O
cases, Tfl will be greater than CO, but because these are bigger molecules, Dox, is lower
and this balance is what leads to the propagation rates being equal to that of CO. The
20% O2 case has a relatively fast vf because the Tfl is relatively high and Dox is similar to
that of CO.
Physically, the flame structures for each mode of propagation and the products
differ for each oxidizer. Figure 3-21 shows the flame structures and products for the CO,
CO2, and N2O case.
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Figure 3-21: Flame structures for each mode of combustion and products for CO, CO2,
and N2O flames.
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For the experiments with 20% oxidizer the flame structure and products all look similar.
Only the first mode of combustion occurs and its velocity is irrespective of the oxidizer
used. In fact, the 5% O2 is similar to all of these as well. The cases with 100% oxidizer
all show at least two consecutive combustion modes, and N2O shows all three. Figure 322 shows the flame structure for the 100% N2 case.

Figure 3-22: Flame structure and products for the case with 100% N2 as the oxidizer.

3.4.2.6 X-Ray Diffraction of Products

Powder x-ray diffraction (XRD) is used to analyze the products for each of the
oxidizers at 100%. Eq. 3.11 shows the global reactions for each of the oxidizers and
aluminum. The CO2 reaction is shown in [38] to not fully oxidize if the maximum flame
temperature is required.
2 Al + 3CO → Al 2 O3 + 3C
2 Al + 3CO2 → Al 2 O3 + 3CO
2 Al + 3N 2 O → Al 2 O3 + 3N 2
2 Al + N 2 → 2 AlN

Eq. 3.11
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From the XRD analysis various solid product species can be identified to further
understand what reactions are taking place in the reaction zone. The spectrum is
displayed as the intensity versus 2θ. As a baseline, the spectrum from the raw aluminum
powder is shown in Figure 3-23. This spectrum shows strong aluminum peaks. No
aluminum oxide is detected from the oxide shell due to its amorphous structure.

Figure 3-23: Powder XRD pattern for raw nAl powder.
Examining the products from the 20% O2 and 80% Ar case should as shown in
Figure 3-24 show the aluminum oxide formed. The flame temperatures are hot enough to
allow for a crystal structure to form. Moreover, products from burning the aluminum in
the open air should show aluminum oxide and perhaps some nitrides and oxynitrides.
Examining the pattern in Figure 3-25 shows different phases of alumina and some
nitrides for the Al-air reaction.
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Figure 3-24: Powder XRD pattern for products of Al-20% O2/80%Ar reaction.
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Figure 3-25: Powder XRD pattern for products of Al-air reaction.
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The O2/Ar mixture produces two types of alumina; cubic and tetragonal. No nitrides are
formed indicating that there are no leaks into the system. The aluminum reaction with
the air, however did show a significant amount of both aluminum nitride and aluminum
oxide nitride, as well as the corundum or sapphire form (rhombohedral) of alumina.
Examination of the products from the Al-N2O reaction shows the same spectra as what
was seen with the Al-air. The Al-N2 products show the same aluminum nitride and oxide
nitride, but no corundum. The small amounts of oxide nitride are most likely present due
to the interstitial air present in the bed of nAl. Figure 3-26 and Figure 3-27 show the
reaction products for the Al-CO and Al-CO2 reaction, respectively. Each of these show
corundum, aluminum carbide, aluminum oxide carbide, and aluminum oxide as products,
however the CO2 spectra shows more relative to the amount of left over aluminum.

Figure 3-26: Powder XRD pattern for products of the Al-CO reaction.
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Figure 3-27: Powder XRD pattern of the Al-CO2 reaction.

3.4.3 Within the Fingering Combustion Instability Regime: Comparison to Other
Works

As discussed in section 3.1.3 there is a regime of flame spread whereby the flame
breaks up into a number of flamelets and shows fingering combustion. This was
originally found to occur in microgravity where buoyancy effects are negligible making
slow oxidizer rates possible. Zik and Moses [20] then demonstrated these instabilities in
1g by applying a top plate over the smoldering material. This top plate was brought
down to a height whereby the critical Rayleigh number was surpassed hindering any
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buoyant flows and allowing fingering to occur. This has now been adopted by Olson et
al [19, 39, 40] for continuing the study of this phenomenon. A bed of nAl also shows
this fingering phenomenon in 1g, and is thus explored in this work.

3.4.3.1 The Peclet Number

In order to utilize flame spread as a means of understanding nAl combustion,
comparisons have to be made to flame spread over a continuous solid fuel. The prior
sections dealt with flame spread with a continuous front and similar trends are observed.
This section attempts to compare the fingering regime of flame spread. The experiments
by Zik and Moses [20] with paper as the fuel, laid the groundwork for fingering
combustion in 1g with a top plate and, thus, are used as the primary means for
comparison. The non-dimensional number used in this work to determine the
characteristics of fingering combustion was the Peclet number, Pe. The Peclet number is
a means of comparing the convective transport of the oxidizer to the diffusive transport
and is defined as
Pe =

vox ,app htp
Dox

.

Eq. 3.12

To demonstrate the effect of Pe and htp in the fingering regime, as was done in
[20], 38nm particles were packed at equal ρf of 0.22 g/cm3 in beds with a thickness of
0.32 cm. The effect of dp is investigated at two different Pe values and htp = 2 mm with
particle diameters of 50, 80, and 120 nm. A ρf of 0.34 g/cm3 is used for these
experiments. Due to the inherent pouring density of the Nanotechnologies Inc. particles,
a larger mass is needed to completely fill the bed. Because of a limited amount of these
particles available, τbed was reduced to 0.08 cm for these experiments. Experiments show
this did not affect the first wave (Figure 3-13).
Figure 3-28 shows a sequence of video frames (Δt= 1/15 s). The flame’s trail
loses luminosity a certain distance behind the front. This trail length is the order of 1 mm
long. Integration of all of the frames along the whole length of the bed (Figure 3-28)
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shows the history of the flame spread. Along with Figure 3-28, Figure 3-29 shows flame
histories for a bed of 38 nm particles various Peclet numbers at htp = 2 and various top
plate heights at Pe = 3.

Figure 3-28: a) Sequence of frames each 1/15 s apart b) all frames integrated through the
run to show the history of the flame spread for a 38 nm nAl bed.

Figure 3-29: Integrated flame histories of beds of 38 nm nAl showing the change in
fingering structure when varying either the Peclet number or top plate height.

74
3.4.3.2 Mass Consumption Analysis

Analysis of the exhaust gases by gas chromatography at the exit during the first
wave showed an oxygen concentration of 0.8%, a 96% decrease from the original
amount. It is reasonable to assume in the analysis that all of the oxygen is consumed by
the front and a global mass conservation can be written as Eq. 3.13

Γ Al = φ −1Γ O

2

Eq. 3.13

where Γ Al is the mass consumption rate of aluminum per unit area, Γ O2 is the mass
consumption rate of oxygen per unit area and φ is the stoichiometric coefficient.
When varying the height of the top plate, Pe is kept constant. Therefore, the mass
′′ ) and, thus, Γ O2 is constant. Since Γ O2 is
flow rate per unit area of oxidizer ( m& ox

constant, Γ Al must be equal for each case according to Eq. 3.13.
For the Pe = 3, htp = 6 mm and Pe = 3, htp = 10 mm cases the first 40% of the burn
is neglected. Notice from Figure 3-29 that this area contains noticeably more burned
surface area than the latter 60%. At these Peclet numbers, the vox,app is relatively slow.
The slow velocity could possibly allow a small amount of air to diffuse through the open
end at the exit of the apparatus. An order of magnitude analysis shows that this could
only have a small effect, but preliminary experiments with no oxidizer flow also show
this phenomenon. Moreover, since the oxygen is being consumed, the gas pressure will
decrease after the front creating a pressure gradient that could induce flow in from the
ambient at a higher rate than estimated by diffusion. These observations could also be
an initial transient for the instability that is exaggerated by the high top plate heights and
low advective flows.
The Γ Al is defined as Eq. 3.14

Γ Al = f b ρ Al v f δ b
bed

Eq. 3.14

where ρ Albed is the packing density of just the aluminum in the bed (ρf without oxide
layer), fb is the fraction of surface area burned, and δ b is the non-dimensional depth of
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burned aluminum scaled by a particle diameter ( δ b = d p d ref where dref is a reference
depth of 50nm, a typical nAl particle size). A non-dimensional depth is used because the
depth of the burn is not known for this experiment. It is assumed, however, that the
particles lined up directly on top of each other and the depth of the burn scaled with the
diameter of the particle. The ΓAl was found to be 0.42, 0.43, and 0.49 g/cm2-s for htp of
2, 6, and 10 mm, respectively. The ΓAl for htp = 10 is slightly higher due to the slowest
oxidizer velocity further exaggerating the initial transient discussed above.
When varying Pe, htp is kept constant. As Pe increases, ΓAl should increase
accordingly. Eq. 3.13 can be simplified to f b v f = Zv ox ,app , where Z is a constant equal to

φ −1 ρ O Δox ρ Al δ b , Δ ox is the non-dimensional height of the oxidizer flow channel
2

bed

( Δ ox = h href where href is a reference height of 2 mm, the lowest htp used in the
experiment), and ρ O2 is the density of oxygen. Therefore, vf multiplied by fb should vary
linearly with the velocity of the oxidizer as shown in Figure 3-30 .

vf x fb (cm/s)

4.0

2.0

0.0
0

10

vox, app (cm/s)

20

Figure 3-30: Relation between the flame propagation velocity (vf) and the oxidizer
velocity (vox) for varying the Peclet number (Pe).
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The values of ρ Albed are found to be 0.29, 0.26, and 0.24 g/cm3 for dp of 50, 80,
and 120 nm, respectively. The ΓAl can be found for each case at the same Pe and
compared using Eq. 3.14 . For Pe = 3, ΓAl = 0.06, 0.07, and 0.06 g/cm2-s for dp = 50, 80,
and 120 nm, respectively. For Pe = 5, ΓAl = 0.16, 0.11, and 0.13 g/cm2-s for dp = 50, 80,
and 120 nm, respectively.

3.4.3.3 The Effect of the Top Plate

Figure 3-32 shows the trends for the width of the fingers, wf, the width between
the fingers, wb, and fb at a constant value of Pe = 3 with a varying htp value. Since the Pe,
and thus, the mass flow rate per unit area of oxygen ( m& O′′ 2 ) are constant, the fb remains
nearly constant as well. There is a significant increase in wf with an increase in htp, while
wb remains nearly constant. From the conservation of mass analysis above, vf must stay
constant as is shown in Figure 3-31 .

77

60

5

Pe
10

15

20

vf (cm/s)

5
4
2

Pe = 3
htp = 2

1
0

0

5
10
htp (mm)

15

Figure 3-31: Trend for flame propagation velocity (vf) with varying top plate height ( htp)
or Peclet number (Pe) for 38 nm nAl bed; insert shows the steady nature of the front.
Overall, when htp increases, vox,app must decrease to keep Pe constant. With a
slower vox and a higher htp the flame front losses some ability to conduct heat out through
the top plate due to a decreasing convective flow and an increase in the length scale for
conduction. This loss of ability for the front to conduct heat out through the top results in
an increase in wf . To compensate for the increase in wf, fewer fingers are present with
practically constant values of wb, fb, and vf. The average flame front velocity is constant
throughout the run as shown in the insert in Figure 3-31. Each finger will remain at a
velocity nearly equal to the overall average vf if it is undisturbed. However, if a finger
propagates in front of another it will “screen” the finger from the oxygen and extinguish
it.
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Figure 3-32: Trends for the width of the fingers (wf), width between the fingers (wb), and
the fraction burned (fb) at Peclet number (Pe) of 3 for 38 nm nAl bed.

3.4.3.4 The Effect of the Peclet Number

Figure 3-33 shows that fb increases as Pe increases, which results from the
increase in m& O′′ 2 of the oxidizer stream. For the Pe = 3 and Pe = 9 cases, wf was found
nearly constant increasing only slightly from 3 and 5 mm, respectively. The work of Zik
et al. [20] showed this trend as well with filter paper for a constant htp. Since these
conditions have nearly constant values of wf, wb must decrease when fb increases as is
shown in Figure 3-33. At Pe = 16, a nearly flat front is observed forcing wf to be the
width of the bed, wb to be zero, and the total surface area to be consumed. For this
condition, the critical Pe, which is a threshold value where the fingering instability ceases
to occur, has been exceeded. Figure 3-31 shows that vf increases significantly with
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increasing Pe. This increase is directly related to the conservation of mass analysis for
increasing Pe.

wb (cm), fb

1.2

0.8
wb
fb

0.4

0.0
0

10
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20

Figure 3-33: Trends for the fraction burned (fb) and the width between the fingers (wb) at
a top plate height (htp) of 2 mm for 38 nm nAl bed.

3.4.3.5 The Effect of Particle Size in the Fingering Regime

Figure 3-34 shows integrated histories of the flame spread for 50, 80, and 120 nm
at Pe = 3 and Pe = 5. Since smaller aluminum has a higher specific surface area, the burn
time for particles will decrease with decreasing diameter, which should lead to faster
front velocities for beds of smaller particles. These velocities are shown in Figure 3-35 .
The data from the 38 nm cases further demonstrate this trend even though these particles
have a larger oxide passivation layer, lower ρ f , and a larger τbed.

80

Figure 3-34: Integrated flame spread histories for different particle diameters (dp) at
Peclet numbers (Pe) of 3 and 5 and a top plate height (htp ) of 2 mm.
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Figure 3-35: Trend for flame propagation velocity (vf) with varying Peclet number (Pe)
for different particle diameters (dp) at a top plate height (htp) of 2 mm.
The integrated histories of each particle size displayed distinct fingering patterns
at certain Peclet numbers. Figure 3-34 shows the experiments with Pe = 3 having similar
structures. However, with Pe = 5, the fingers look significantly different depending on
dp. The 80 nm particle bed has fingers that have a feathery look, for example. The
branches are wider than the 50 nm particle bed and the edges have a much smoother
intensity gradient. The 120 nm particle bed has fingers that are not well defined and the
edges are extremely jagged.
Changing the particle size will also have an effect on wf and fb. Since a bed of
smaller particles will propagate faster due to the higher specific surface area, the fb must
decrease according to Eq. 3.14 . This trend is shown in Figure 3-36. For the larger
particles, the slower front velocities allow more time for the lateral diffusion of the flame
causing wider fingers. Furthermore, because there are fewer particles per bed for the
same ρ f , larger particle sizes will have less contact resistance. This will lead to a higher
thermal conductivity, which could aid in the widening of the fingers.
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Figure 3-36: Trends for the width of the fingers (wf) and fraction burned (fb) with varying
particle diameters (dp) or surface to volume ratios (S/V) at two different Peclet numbers
for a top plate height (htp) of 2 mm.

3.4.3.6 Nanoaluminum Flame Spread with No Top Plate

What separates flame spread over bed of nanoaluminum from the classic flame
spread over a continuous fuel is what occurs at 1g with no top plate in a quiescent
environment. Without a top plate, buoyancy flows will not be inhibited and with a
continuous fuel, such as paper or PMMA, fingering does not occur. A flame history of
the experiment at 1g with no top plate in a quiescent environment is shown in Figure 337. An explanation for why this occurs with nAl as the fuel will be given in the

following sections.
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Figure 3-37: Fingering combustion shown over a bed of nanoaluminum in a quiescent
environment with no top plate.

3.4.4 Scaling Analysis for Flame Spread: Explaining the Various Trends and
Phenomena

The previous two sections demonstrate all of the various trends and phenomena
associated with flame spread over a bed of nAl powder. The work was split into two
sections, one in the continuous front regime and one in the fingering instability regime.
In the continuous front regime variables were varied and their effect on vf and the 3
modes of combustion were examined. In the fingering regime, the physical
characteristics of the fingers were examined as certain variables were varied. This
section will provide a scaling analysis to explain the various trends shown in the
continuous front regime and give an explanation as to why the flame spread transitions to
a fingering regime. Finally, results are compared to typical fuels such as cellulose and
PMMA to understand why flame spread over nAl is unique.
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3.4.4.1 Background on Scaling Analysis and Comparison to Typical Flame Spread
Fuels

Typical counter-flow flame spread experiments are performed with either thin
filter paper or thick PMMA sheets as the fuel and air as the oxidizer [5, 6, 9, 10, 12, 41].
The flame is located a short distance above the fuel from which heat is conducted
forward to the fresh fuel through the gaseous oxidizer. This forward heat transfer
through the gas phase increases the fuel up to its vaporization, or pyrolysis, temperature,
which then diffuses up to the flame, mixes with the incoming air and reacts.
Three regimes may occur with flame spread, which are all typically based on the
applied velocity of the incoming oxidizer, vox,app [42].
1. Kinetic Regime: Occurs at extremely high values of vox,app whereby the resonance
time in the gas phase becomes of the same order as the chemistry. In this regime
the chemistry is the rate limiting variable for the flame spread.
2. Thermal Regime: Occurs at moderate values of vox,app whereby chemistry can be
considered infinitely fast. Two other important assumptions that hold in this
regime are that vox,app is fast enough such that vox,app >> vf and radiation can be
neglected.
3. Microgravity Regime: Occurs when vox,app is decreased to values such that
vox ,app ≤ v f . This is termed the microgravity regime because low enough values
of vox,app can only occur in the absence of buoyancy flows for typical flame spread
rates.
Recently, a simple scaling analysis [6, 43] has been used to describe the
characteristics of flame spread in the thermal regime. One of the primary concerns for
the scaling analysis is defining the primary mode of forward conduction that acts as the
propagation mechanism [44]. To determine this, length scales associated with forward
heat conduction in the gas, l cond ,ox and solid phase, l cond , f are defined and compared in
Eq. 3.15, 3.16 and 3.17.
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l cond , f =

l cond ,ox =

l cond , f
l cond ,ox

=

(v

αf

Eq. 3.15

vf

α ox

f

+ vox ,app )

Eq. 3.16

α f ⎛ vox ,app ⎞
⎟
⎜1 +
α ox ⎜⎝
v f ⎟⎠

Eq. 3.17

For the typical flame spread materials α f α ox ≈ 10 −2 , therefore
vox ,app v f ≤ 10 2 for the length scales to be comparable and the solid phase conduction to

begin playing a role. Because a major assumption in the thermal regime is that vox,app >>
vf , the condition that vox ,app v f ≥ 10 2 will hold and forward conduction will be dominant
through the gaseous phase. Therefore, when conduction through the gas phase is
balanced with the energy required to pre-heat the incoming solid fuel as shown in
Eq. 3.18 , an equation for spread rate can be determined as shown in Eq. 3.19 (it is
shown in [6] that l cond ,ox = l cond ,ox , y ) which is exactly what is shown in Eq. 3.3.

ρ f v f c f (Tv − T0 )τ heat ≈ λox

vf ≈

λox
ρ f c f τ heat

(T

fl

− Tv )

l cond ,ox , y

⎛ T fl − Tv
⎜⎜
⎝ Tv − T0

l cond ,ox

⎞
⎟⎟
⎠

Eq. 3.18

Eq. 3.19

Moreover, it is shown that the thickness of the heated fuel, τ heat , will be the
thickness of the fuel or the thermal thickness, depending on which is minimum as shown
in Eq. 3.20 .
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τ heat

⎡
= min ⎢τ f
⎢
⎣

⎛ α f α ox
,⎜
⎜ v (v + v
f
⎝ f ox

⎞
⎟
) ⎟⎠

12

⎤
⎥
⎥
⎦

Eq. 3.20

These equations derived from a simple scaling analysis match exactly with the
analytical solution of DeRis [2] and Delichatsios [45] except for a constant of π/4 in the
case of a thermally thin fuel. However, they do involve important assumptions that only
hold for certain scenarios. One of the key assumptions is that vox ,app v f ≥ 10 2 which
allows for the dominant forward conduction to always be through the gaseous oxidizer.
Thus, the right hand side of Eq. 3.18 will always remain as it is shown.
At 1g the applied oxidizer velocity can only be decreased to a value similar to the
buoyant flow induced by the hot flame. If it is decreased to a lower value, the buoyant
flow will take over as the dominant vox,app, thus creating a limiting condition that

[

]

vox ,app = max vox ,app ,vb . The buoyant oxidizer flow will have a velocity of
≈ (α ox g )

(1 3 )

≈ 0.06 m s [11] which is fast relative to the spread rates over cellulose and

PMMA thus keeping vox ,app v f ≥ 10 2 . The classical flame spread system will, therefore,
always be in the thermal regime irrespective of how low the vox,app is decreased to at 1g.
The microgravity regime is named as such because no buoyant flows will entrain
the oxidizer and feed the flame as they will at 1g [11, 18, 42]. This will allow for vox,app
to be decreased to values lower than vb and, thus, vox ,app v f ≤ 10 2 . In this regime two
important phenomena occur that are only seen when vox ,app v f ≤ 10 2 . A lower limit
extinction occurs at a certain value of vox,app that is attributed to radiative losses from the
flame [5, 6, 43, 46]. Just prior to this extinction, a thermal-diffusive fingering instability
is demonstrated, whereby the flat flame brakes up into individual flamelets or fingers of a
certain width [14]. These fingers propagate down the fuel leaving significant areas of
unburned fuel behind.
A method was devised and utilized to allow for the microgravity regime to be
reached at 1g. To hinder buoyant flows, a top plate was placed over the fuel at a low
enough height such that the critical Raleigh number was exceeded [19, 20, 47]. With this
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top plate over a cellulose fuel, the fingering instability is clearly shown to occur when
vox,app was decreased to a critical value.
Another method that could potentially be used to allow for the microgravity
regime to be realized at 1g is to use a material that exhibits spread rates of the same order
or higher than the buoyant flow such that vox ,app v f ≤ 10 2 even when vb takes over as the
dominant applied oxidizer velocity. Using nAl as the fuel allows for these fast spread
rates to be achieved and microgravity regime properties to be realized at applied oxidizer
velocities well above the induced buoyant flow. In fact, Malchi et al. [47] states that the
fingering instability is demonstrated with nAl in a quiescent, 1g environment without a
top plate to depress buoyant flows.
Due to the extremely fast reactivity of the individual nanoparticles, the flame
spread rate is 1 to 3 orders of magnitude faster than over typical fuels at each given
oxygen percentage. Table 3-3 shows the orders of magnitude for spread rates at each
oxygen percentage for each type of fuel. Notice that for all oxygen percentages, except
5%, the condition that vb v f ≤ 10 2 clearly holds indicating that the microgravity regime
will be reached even if vox,app is limited to the buoyant flow limit.
Table 3-3: Orders of magnitude for vf over different fuels at various oxygen
concentrations.
5%
10%
20%
40%
60%
80%
100%

nAl (m/s)
10-3
10-2
10-2
10-1
10-1
10-1
100

PMMA[10] (m/s) Cellulose[10] (m/s)
10-5
10-3
10-4
10-3
-3
10
10-2
10-3
10-2
-3
10
10-2

This work attempts to utilize nAl as a flame spread fuel to study properties and
phenomenon in the microgravity regime. The use of nAl allows for the microgravity
regime to be reached at higher values of vox,app and a more clear study of the flame spread
properties in this regime. Moreover, an argument is made against the current equations
used in the microgravity regime in [6, 43] based on length scale analysis. Finally, the

88
fingering instability is examined in depth and the current theories as to what creates this
phenomenon are discussed.

3.4.4.2 Scaling Analysis in the Microgravity Regime

When flame spread is analyzed in the thermal regime whereby the assumption
that vox ,app v f ≥ 10 2 holds, Eq. 3.17 states that the l cond , f l cond ,ox ≥ 1 and, therefore,

forward conduction through the oxidizer is prominent. Because the spread rates are
relatively slow for PMMA and cellulose, this condition is usually met, even at the lower
limit when the buoyancy flow takes over at 1g. If indeed these assumptions are met,
conduction is considered to be dominant through the oxidizer and the right side of
Eq. 3.18 is appropriate.
At microgravity conditions or at 1g with a top plate, however, the buoyancy flow
is not present and vox,app has the possibility to be decreased down to zero. At this lower
limit Eq. 3.17 states that l cond , f l cond ,ox = α f α ox which is ≈ 10 −2 and the dominant
forward conduction is through the solid phase. Moreover, as mentioned previously, if
vox,app is increased and the ratio vox ,app v f remains less than 102, the forward conduction

will remain dominant through the solid fuel. In this regime the right side of Eq. 3.18,
which represents the conduction through the gas phase, is no longer appropriate. Since
conduction through the gas phase is no longer prominent a new balance must be attained
that only includes the solid phase and is shown in Eq. 3.21 .

ρ f v f c f (Tv − T0 ) ≈ λ f

(T

fl

− Tv )

lr

Eq. 3.21

For this to occur, a reaction within the solid phase medium must be present and
occur over a length scale of l r . The reaction zone length scale is determined by the
chemical kinetics whereby l r ≈ v f ω −1 and a solution for the flame spread rate can be
determined which is exactly what is found for classic laminar flame theory (Eq. 3.22).
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⎡ λf
vf = ⎢
⎢⎣ ρ f c f

⎛ T fl − Tv
⎜⎜
⎝ Tv − T0

⎞ ⎤
⎟⎟ω ⎥
⎠ ⎥⎦

12

Eq. 3.22

Because of the relatively fast spread rates achieved with nAl as the fuel, as shown
in Table 3-3, vox ,app v f is typically less than 102 and therefore, the system is in the
microgravity regime and dominated by forward conduction through the solid. Moreover,
due to the fact that this is a porous bed of small reactive particles with a high amount of
surface area, reactions within the solid medium can take place. This new system can now
be used to experimentally verify Eq. 3.22.
At this point the authors have veered off from the typical scaling analysis found in
[6, 43] for the microgravity regime. A new energy balance is obtained in Eq. 3.21
whereby the right hand side represents conduction through the solid phase rather than the
gaseous oxidizer and reactions within the solid phase represent the dominant reaction
zone. Bhattacharjee et al. [43] states that vox,app does not necessarily have to be much
greater than vf for a thermally thin fuel in the microgravity regime, however continues to
utilize Eq. 4 as the appropriate balance. In order to account for the decreasing vf with
decreasing vox,app and extinguishment in microgravity, it is stated that radiation begins to
play a role due to a small Stark number [18]. It is not argued here whether or not
radiation plays a role in extinguishment at low vox,app, however the fundamental equations
used are not consistent with the assumptions made. Moreover, in deriving the equation
for the thermally thick fuel, the assumption that vox ,app >> v f is held, which is the
definition for the thermal regime, not the microgravity regime. Again, the term for
radiation is included now to account for extinguishment.

3.4.4.3 Particle Size Effect Confirms Solid Phase Conduction as the Dominant
Mechanism

To further confirm the fact that solid phase conduction is the dominant
mechanism and condensed phase reactions are what must occur at vox ,app v f ≤ 10 2 , the
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effect of particle size is examined in the flame spread over a bed of nAl. This was shown
previously in Figure 3-19. By changing the particle size, one is essentially changing the
reaction rate of the fuel because ω = 1 t b . It has been shown that particles can burn in
either a diffusion or kinetically controlled regime based on their original particle size,
whereby decreasing the particle diameter leads to a transition from a diffusion to kinetic
controlled burn [48-51]. A diffusion controlled burn demonstrates a dependence of
t b ∝ d p2 while a kinetically controlled burn has a dependence of t b ∝ d 1p . This analysis

is all based on single particles burning in a quiescent environment with no initial oxide
shell.
If the dominant forward conduction is in the gas phase, Eq. 3.19 should describe
the spread rate. This equation, however, shows no dependence on reaction rates due to
the inherent assumption of an infinite Damköhler number (Da). Therefore, varying the
particle size should not have any effect on the spread rate if conduction is through the gas
phase and Da Æ ∞.
If the dominant forward conduction is in the solid phase and condensed phase
reactions are important, Eq. 3.22 should describe the spread rate. A spread rate
dependence on particle burning time, tb, can be derived with the substitution of 1/tb for
the reaction rate in Eq. 3.22 as shown in Eq. 3.23 .
⎡ λf
vf = ⎢
⎢⎣ ρ f c f

⎛ T fl − Tv
⎜⎜
⎝ Tv − T0

⎞ 1⎤
⎟⎟ ⎥
⎠ t b ⎥⎦

12

Eq. 3.23

Experiments were run at constant vox,app of 0.20 m/s and Yox,∞ of 20%, which
allows for vox ,app v f ≤ 10 2 . Four different particle sizes were used, each with a different
oxide shell thickness. The diameter of interest is the original diameter of the aluminum

core, dal, and is defined as (d p − 2τ shell ) . Due to the inherent packing densities associated
with the particle size, ρ f varied between the samples. Table 3-4 summarizes the
conditions for each particle size.
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Table 3-4: Properties of different size particles.
dp = dp = dp = dp =
38
50
80 120
τshell (nm) 3.1 2.1 1.9 1.8
dal (nm) 31.8 45.8 76.2 116.4
ρ f (g/cm3) 0.22 0.34 0.34 0.34
vf (m/s)

0.030 0.015 0.006 0.003

[

]

Figure 3-38 shows a linear relationship between v f and 1 (ρ f d al1 )

[1 (ρ

f

d al2

)]

12

12

or

clearly demonstrating that Eq. 3.23 holds true for this situation. The fact

that the spread rate varies approximately linearly whether an exponent of 1 or 2 is used
for the aluminum diameter indicates that this experiment will not distinguish between

Flame Spread Rate (m/s)

whether the aluminum combustion is kinetic or diffusion controlled.
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Figure 3-38: Linear relationship for each case indicating that Eq. 3.23 properly describes
flame spread in the microgravity regime for nAl powder.
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3.4.4.4 Analogous to Chamber Diffusion Flame

Because l cond , f l cond ,ox ≤ 1 and the reactions take place within the solid fuel for
the microgravity regime, the flame is no longer thought to be in the gas phase above the
surface of the bed. Instead, the oxidizer must diffuse down into the porous bed of
nanoparticles where it reacts with the fuel. This system is analogous to a chamber
diffusion flame as shown in [52-54], with three differences: Figure 3-39

Yox,∞
h y

vf + vox,app
Yox,∞

vdiff
Yf,0, Yox,0

vdiff

h(x)

y

flame

x

Yf,0, Yox,0

vf
Yf,∞

flame

Yf,∞
vf

Figure 3-39: Schematics for (a)1-D chamber diffusion flame
microgravity flame spread.

[52-54] and (b) 2-D

1. The flame spread system is in two dimensions, whereby the fuel velocity is in the
x-direction and the oxidizer diffusion velocity is in the y-direction.
2. The distance at which the oxygen must diffuse, h, varies as the oxidizer travels
downstream from the flame.
3. The oxidizer also has an x-component of velocity due to the applied convective
velocity as well as the spread rate.
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Figure 3-39 shows a schematic of both the chamber flame and the microgravity
flame spread. In both scenarios the driving force for the one-dimensional diffusion of
oxygen is the difference in the fresh oxidizer concentration, Yox,∞, and the concentration
at the flame, Yox,0, which will be assumed to be zero for simplicity. The classic Stefan′′ , as a function
flow model [55] gives an exact solution for the mass flux of oxidizer, mox
of h as shown in Eq. 3.24 .
′′ (h ) =
mox

ρ ox Dox
h

ln[1 (1 − Yox ,∞ )]

Eq. 3.24

Assuming all of the fuel and oxidizer species are consumed at the flame for an idealized
case, an overall mass (Eq. 3.25) balance states:
′′
m′f′ = φ −1 ⋅ mox

Eq. 3.25

Substituting Eq. 3.24 into Eq. 3.25, and knowing that m′f′ = ρ f v f , an exact solution vf as
a function of h can be found and is shown in Eq. 3.26 .

vf =

ρox Dox
ln[1 (1 − Yox ,∞ )]
φρ f h

Eq. 3.26

This equation will allow for an exact solution in the case of the chamber flame
due to its singular value of h. For the flame spread setup, however, h = h(x) and an exact
solution cannot be obtained. Instead, an empirically derived heff must be found.
Experiments were performed with constant dp of 38 nm and vox,app of 0.20 m/s while
varying Yox,∞ and flame spread rates were observed. Figure 3-40 shows a plot of vf versus

ρ ox Dox
ln[1 (1 − Yox ,∞ )] with a linear curve-fit on a log-log plot, whereby h is purposely
φρ f
omitted because it is the unknown variable. This is shown on a log-log plot to accentuate
the fact that the values at 5% oxygen concentration veer off significantly from the linear
fit. For all other oxygen percentage values the linear relationship holds true and Eq. 3.26
can be properly used for the microgravity regime. This finding is consistent with the
discussion in the above section about Table 3-3 and Eq. 3.17. At 5% oxygen
concentration the flame spread rate decreases to a point where the system transitions from
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the microgravity regime to the thermal regime according to Eq. 3.18. Therefore, Eq. 3.26
should no longer fit the data and the typical equations derived for the thermal regime
become important. Moreover, the different points at each oxygen concentration represent
various values of vox,app used. It is shown that vox,app has an insignificant effect on the
spread rate at each oxygen concentration, except 5% where it transitions to the thermal
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regime and begins to act as a thermally thick fuel.
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Figure 3-40: Flame spread rate and empirically derived heff versus

ρ ox Dox
ln[1 (1 − Yox ,∞ )]
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demonstrating that the ideal chamber flame equation holds true for all values of oxygen
concentration except 5%.
The experimentally observed values of vf can be input into Eq. 3.26 and an heff can
be found for each oxygen concentration. The values found for heff are shown as a
function of Yox,∞ in Figure 3-40. The heff values correlate directly with the primary mode
of heat transfer. The values are similar and relatively low for each Yox,∞ except when

Yox,∞ is 5%. This gives further evidence that the primary mode of heat transfer has
transitioned from conduction through the gas phase (thermal regime) oxidizer to
conduction through the solid phase fuel (microgravity regime) as the oxidizer
concentration is increased.
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An heff value was empirically derived for each Yox,∞ and shown to be independent
of vox,app. Because h = h(x), heff will occur a certain distance x downstream from the
flame as shown in Fig. 2b. This distance x at which heff occurs is dependent on both Yox,∞
and (vf + vox,app) and is named lh. Because the flow down to the bed is driven in onedimension by a concentration difference and depends on h, a quasi-steady analysis of the
classic one-dimensional Stefan-flow problem [55] gives h = h(t ) which can be converted
to h( x ) by noting that t = x (v f + vox ,app ) as shown in . Eq. 3.27

[h( x )]2 = 2 Dox ln[1 (1 − Yox ,∞ )]

x
(v f + vox ,app )

Eq. 3.27

Equation 3.27 is analogous to the D2-law for diffusion controlled droplet or particle
burning. If Eq. 3.27 is rearranged, lh which is equal to x(heff) can be found as shown in
Eq. 3.28 .

lh =

heff2 (v f + vox ,app )

Eq. 3.28

2 Dox ln[1 (1 − Yox ,∞ )]

This is the region in which all of the oxidizer diffuses down into the bed and a
subsequent reaction occurs with the fuel. This can be thought of as the length scale that
fuel is convected through the reaction zone whereby the oxidizer will diffuse down and
react. Figure 3-41 is a schematic of the flame spread setup and its important length
scales. The length scales shown in Fig. 4 are drawn arbitrarily.

lh

vf + vox,app

lcond,ox
y

vf

heff
x

lcond,f
Thickness = lr

Figure 3-41: Appropriate length scales for flame spread in the microgravity regime.
This schematic is representative of the important length scales for any fuel in the
microgravity regime. The length scales in the gas phase are relatively long compared to
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the solid phase not allowing for a gas phase flame to be stabilized above the solid fuel.
Therefore, a reaction within the solid material must occur whereby the oxidizer is
diffused down to the surface via the concentration gradient. In order for a flame to be
stabilized within the solid phase there must be sufficient surface area for the exothermic
reactions to take place. Therefore, a more porous material would be desired whereby
more oxygen can be diffused into the material and react creating more heat to propagate
the reaction forward through the solid phase. This could be an explanation why PMMA
has a critical thickness in a quiescent microgravity environment whereby a flame can no
longer spread even at 100% oxygen and cellulose [56] and foam [13] do not.

3.4.4.5 Scaling Analysis Used to Understand the Fingering Phenomenon

Fingering is a known combustion instability associated with flame spread over
various types of fuels. Typically this instability will only appear in the absence of
buoyant flows induced by the hot flame. This can occur in μg or in 1g if a top plate is
placed a short distance above the fuel [19, 20, 47]. If buoyant flows are hindered, vox,app
can be decreased to values lower than the induced buoyant flow and reach a critical value
whereby fingers begin to form. There are three known theories as to why the fingering
instability occurs both at 1g with a top plate and at μg without a top plate.
1. The applied oxidizer velocity is decreased and a critical Peclet number can be
reached whereby fingering occurs [20]. The Peclet number is defined as

v ox ,app htp Dox and is physically described as a comparison between the convective
component of the oxidizer to the diffusive component.
2. The applied oxidizer velocity is decreased to a regime where forward conduction
through the fuel dominates over forward conduction through the oxidizer. This
leads to an effective Lewis number defined as α f Dox , which is much less than 1
and, thus the flame will begin to finger [11].
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3. There are limited available oxygen resources that the flamelets have to compete
for [19].
Each one of these theories does not offer a full explanation as to why the
fingering instability occurs. One of the main facts that these theories overlook is the
ability to bring about the instability by decreasing either the vox,app or the Yox,∞. Figure 342 shows flame spread histories for various vox,app as well as Yox,∞ for the nAl flame

spread experiments. Even though nAl flame spread is usually in the microgravity regime,
a top plate was used for these experiments to prohibit the buoyant flow [19, 20, 47] and
study the fingering phenomenon at all ranges of vox,app. It is clearly shown that the onset
point for the fingering instability is a function of both of these variables.

Figure 3-42: Flame structures for various applied oxidizer velocities and oxygen
concentrations. The circled pictures demonstrate various flame structures for the same
mass flux of oxygen.
The first and second theories are only concerned with the effect of vox,app and,
therefore, can not explain the effect Yox,∞. The third theory does state that it is primarily
concerned with available oxygen, which is based on both vox,app and Yox,∞. The flame
histories at a given oxygen flux, which is defined as Yox ,∞ ρ O2 vox ,app , are circled in
Figure 3-42 as a function of vox,app. It is clearly shown that the fingering instability is
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present for one image and not for the other and therefore, having the same mass flux of
oxygen will not always bring about the fingering instability. This work attempts to
alleviate these conflicting points of view and obtain an overall condition for fingering
that coincides with previous combustion instabilities.
The fingering combustion instability that is shown to occur in a counter-flow
flame spread setup is similar to the cellular instability shown with a chamber diffusion
flame [52-54]. The fingers can be thought of as a cross-section or a two-dimensional
version of the cells. The cellular instability is shown to occur when the Da decreases to a
critical value and the Lewis number (Le) of the limiting component is less than 1 [52-54].
For the flame spread system the effective Lewis number is defined as the ratio of the
thermal diffusivity of the primary medium for thermal diffusion, which can either be the
fuel or the oxidizer, to the mass diffusivity of the primary medium for mass diffusion,
which can only the oxidizer. Therefore, when l cond , f l cond ,ox ≤ 1 , the effective Lewis
number can be defined as α f Dox which is always much less than 1. As mentioned
previously, most of the cases for the nAl flame spread exhibit solid phase conduction as
the primary mode for forward heat transfer, thus the Leeff << 1. The next criterion is that
the Damköhler number must decrease to a critical value.
The Damköhler number is defined as the time scale for advection through the
reaction zone over the time scale for the chemistry within the reaction zone. For the
flame spread system, the time scale for advection through the reaction zone is defined as

l h v f and the time scale for chemistry within the reaction zone is simply the burning
time for a particle, tb. Therefore, the Damköhler number is defined as Eq. 3.29

Da =

t adv ,r
tr

=

(l

h

vf

tb

)

=

heff2 (v f + vox ,app )

2 Dox ln[1 (1 − Yox ,∞ )]v f t b

Eq. 3.29

For all oxygen concentrations, when a vox,app of at least 0.2 m/s was applied, the
fingering instability did not occur. Therefore, the Damköhler number at vox,app = 0.2 m/s
for each oxygen percentage, Da2, is used to normalize the Da at other values of vox,app.
The relative Damköhler number is shown in Eq. 3.30
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Da (1 + vox ,app v f )
=
(1 + 0.2 v f )
Da2

Eq. 3.30

Figure 3-43 shows the normalized Damköhler number as a function of vox,app for
each oxygen percentage. When the ratio decreases to a critical value of 0.4 the fingering
instability will occur if the primary mode for forward conduction is through the solid fuel
allowing for Leeff = α f Dox << 1 . Note that as the oxygen concentration is increased,
the transition to the fingering regime occurs at lower applied oxidizer velocities. This
agrees well with the images in Figure 3-42.
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Figure 3-43: Normalized Damköhler number vs. applied oxidizer velocity for each
oxygen concentration.
By setting Eq. 3.17 equal to unity, Eq. 3.30 equal to 0.4 and solving for vox,app in
each case a stability map is created (Figure 3-44). The shaded area represents the region
where the fingering combustion instability is expected to occur.
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Figure 3-44: Stability map for flame spread over a bed of nanoaluminum powder.
Shaded area represents where fingering instability is expected to occur.
Both Figure 3-43 and Figure 3-44 agree well with the experiments shown in
Figure 3-42. The vox,app corresponding to a fingering instability for each oxygen
percentage decreases as the oxygen content is increased until it drops below zero at
approximately 50% oxygen. At 50% oxygen or higher the fingering instability will never
occur for a counter-flow flame spread experiment similar to what is inferred by Figure 342. Moreover, all of the fingering transition values, except at 5%, are above that of the

gasÆ solid transition indicating the Leeff << 1. This difference found at 5% agrees with
Figure 3-42 where the 5% experiments show relatively no fingering until the applied
oxidizer velocity is decreased to 0.05 m/s allowing for the transition to solid phase
conduction.
In general, at each value of Yox,∞ there is an inherent value of tb, heff and vf. The
flame spread rate and heff can be found empirically and are related through Eq. 3.26. A
length scale associated with the convection of fuel through the reaction zone for a solid
phase reaction, l h , can be found using Eq. 3.28. This is the length scale at each oxygen
percentage that determines when the fingering instability will occur if the forward
conduction is indeed through the solid fuel. At each value of oxygen percentage,
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l h ∝ vox ,app as shown in Eq. 3.28. As the applied oxidizer velocity is decreased, the time
available for the chemistry to take place decreases. Since the chemical time scale is set at
each value of oxygen percentage by tb, eventually the reaction zone will decrease to a
value small enough where the advective time scale is sufficiently smaller than the
chemical time scale and the Damköhler number tends towards zero.

3.4.4.6 Scaling Analysis Used to Understand the Fingering in a Quiescent, 1g
Environment with No Top Plate

Prior to this study the fingering phenomenon has only been observed when the
buoyant flows at 1g are prohibited (in microgravity or with a top plate). Because of the
fast spread rates associated with nAl flame spread, the microgravity regime can be
reached at 1g without a top plate [47]. This brings about nAl’s unique ability to become
unstable and finger at 1g with no top plate and in a quiescent environment so vox,app = vb.
Figure 3-37 shows a fingering instability when a bed of nAl is ignited in the open air.
This has never been shown with classical flame spread and was the inspiration for
examining flame spread over a bed of nAl.
The value of vb at 1g which can be determined as ≈ (α ox g )

(1 3 )

≈ 0.06 m s is

indeed in the shaded region of Figure 3-44 at the quiescent oxygen concentration of 21%,
properly predicting that a fingering instability will occur. The reason the nAl will show a
fingering instability under buoyant conditions is due to the fast spread rate keeping the
ratio of vb v f relatively small. This will allow for the forward conduction to be through
the solid fuel and the relative Damköhler number to be below the critical value of 0.4.

3.5 Conclusions

Opposed-flow flame spread experiments are performed over a bed of nAl at
various conditions. When using oxygen as the oxidizer, two distinct combustion modes
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are shown depending on the applied oxidizer velocity and the oxygen concentration. One
mode demonstrates a continuous front and the other an unstable fingering flame front.
The transition between the two modes and the various trends within each mode are shown
experimentally and predicted using a simple scaling analysis.
When analyzing the three regimes of flame spread, kinetic, thermal, and
microgravity, the most important parameter to determine is the dominant mode of
forward conduction. In the microgravity regime buoyancy flows are hindered
and vox ,app v f ≤ 10 2 , therefore l cond , f l cond ,ox ≤ 1 and conduction through the solid
dominates. This suggests that the flame can no longer be stabilized in the gas phase and a
reaction must take place within the solid fuel. When this occurs the oxidizer must be
diffused down from the convective flow and reacted within the solid medium analogous
to a chamber diffusion flame. Therefore, equations that are different from typical thermal
regime flame spread equations must be used.
By utilizing nAl as the fuel, spread rates are 1 to 3 orders of magnitude faster than
typical flame spread fuels at each oxygen concentration. This allows for the microgravity
regime to be realized at higher values of applied oxidizer velocities. Moreover, even if
the buoyant flow becomes dominant at 1g, it is still slow compared to the spread rate and
the criteria for the microgravity regime still holds. By varying initial conditions such as
particle size and oxygen concentration, the equations used to describe the microgravity
regime in this paper are verified.
Moreover, the fingering phenomenon observed in the microgravity regime is also
analyzed with nAl. A dual-criteria was developed whereby the dominant forward
conduction takes place in the solid phase, thus, the effective Lewis number can be
defined as α f Dox which is much less than 1, and a critical relative Damköhler number
of 0.4 must be achieved in order to show this fingering phenomenon. This is similar to
the criteria needed for a cellular instability in gaseous chamber diffusion flames. Finally,
because of the fast spread rates achieved with nAl, the fingering phenomenon is
demonstrated in a quiescent, 1g environment with no top plate, which has never been
shown before.
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Chapter 4
Al/CuO Nanoscale Thermites and Dilution with Product Species

4.1 Motivation

In the previous chapter, the combustion of nAl was examined in a completely
diffusive setup. The fuel and oxidizer were physically separated requiring the oxidizer to
diffuse to the fuel bed prior to ignition. This setup allows for isolation of the
nanoparticles to easily examine the combustion properties. Moreover, having the
oxidizer in the gas phase simplifies the system in that melting and vaporization are only
required for one of the reactants, the nAl.
The next experiments that are conducted to further understand the properties of
nAl in a combustion system involve a “semi-homogeneous” system. The term “semihomogeneous” is used to describe an unordered mixture of two solid species of
nanoparticles, particularly nAl and nanocopper-oxide (nCuO). Agglomerations and
species distributions are vastly different from batch to batch, however, the overall
macroscale properties are, on average, the same. Diffusion is still necessary to
molecularly mix the species even though both the fuel and oxidizer are in the solid phase,
hence the system is not fully homogeneous. This experiment gives insight into how nAl
reacts with a solid phase oxidizer and what transport mechanisms are important in
governing this nanoscale thermite reaction.

4.2 Introduction

A thermite reaction is defined as a reaction between a metal and a metal oxide [1].
Using aluminum as the metal fuel with different oxidizers creates highly exothermic
reactions that have applications in many areas associated with self-propagating high
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temperature synthesis (SHS) [1] and energetic materials [2]. In this study, thermites are
formulated by sonicating a slurry of the two constituents to a point where the mixture
may be considered a semi-homogeneous system. Burning velocities for these materials
have been shown to be highly dependent on the particle size [3], whereby smaller
particles lead to faster burning rates. Thermites with particle sizes on the nano-scale, also
referred to as metastable interstitial composites (MICs), can exhibit burning rates up to
1000 m/s [4]. The high burning rates and exothermicity makes these materials of great
interest to the combustion community.
One aspect of MIC materials that is not well understood is the mode by which
energy is transferred ahead of the reaction front to sustain the propagation, or the
propagation mechanism. Five propagation mechanisms may be considered when
examining the reaction: radiation, conduction, acoustics, compaction and convection [5,
6]. Solid energetic materials are controlled by conduction, when deflagrating, which can
be enhanced by radiation [7]. Acoustics (shock processes) and compaction becomes
important when a reaction produces pressures sufficient to induce volume changes in the
material. This occurs during detonation or the transition to detonation. Convection is
possible if the material is porous and hot interstitial gas, reactants or products can be
propelled forward through the material by high reaction zone pressures [8, 9].
Nano-scale thermites exhibit combustion velocities approximately four orders of
magnitude greater than that of the micron scale thermites [1, 4]. The drastic increase in
velocity is due to the extremely small time scales associated with mass diffusion and
reaction rates brought about by the small particle sizes. This does not allow time for any
heat loss or depressurization leading to pressurization within the reaction zone leading to
high pressure, hot gases that can be propelled ahead of the front. Therefore, these
systems are thought to be controlled by a convective propagation mechanism [10]
Because the controlling propagation mechanism is convection, both gas
production and temperature, should be important factors when optimizing for the fastest
burning rate. Sanders et al. [11] observed that for four different metal oxides (Bi2O3,
MoO3, CuO, and WO3), the burning rate on a burn tray was maximized at the
stoichiometry that also produced the highest peak pressure in the pressure cell.
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Moreover, equilibrium calculations showed that all of the optimum stoichiometric ratios
were related to the gas production and phase of the products. This optimum
stoichiometry was found to be fuel rich (equivalence ratio of 1.4) for all of the metal
oxides except copper oxide, which optimized at an equivalence ratio close to 1. This
difference was attributed to the fact that one of the main products, copper, has a relatively
high boiling point of 2835K and needed the high temperature of a stoichiometric reaction
to keep it in the gas phase. This work focused on the reaction of nano-aluminum (nAl)
with copper oxide. The global reaction is shown in Eq. 4.1 where ΔH r is the heat of
reaction based on the mass of the reactants.
2Al + 3CuO → Al 2 O 3 + 3Cu

ΔH r = −4.08

kJ
g

Eq. 4.1

Similar to varying the stoichiometry, adding a diluent into the system will
decrease the overall temperature of the reaction. Adding the end product, particularly
Al2O3, as a diluent is a common practice in micron-scale thermite SHS in order to reduce
combustion temperatures and change the mechanical properties of the products [12, 13].
Moreover, the decrease in combustion temperature gave way to slower reaction velocities
and decreasing amounts of gaseous species [1].
This work focuses on the effects of dilution on the combustion properties of the
Al/CuO nano-scale thermite. Alumina nano-particles are added in given mass
percentages and their effect on pressure and reaction velocity is studied. A similar study
was performed with an Al/MoO3 system [14] from which comparisons are made. The
global reaction for this thermite system is shown in Eq. 4.2. One may expect that the
dilution will lower the combustion temperatures, which will decrease gas production and,
thus hinder the convective propagation mechanism.
2 Al + MoO3 → Al 2 O3 + Mo

ΔH r = −4.70

kJ
g

Eq. 4.2
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4.3 Experimental Setup

Three experiments are performed to characterize the effects of adding a diluent
(Al2O3 nano-particles) to an Al/CuO nano-scale thermite or MIC. The pressure cell gives
pressure traces for a constant volume explosion, the burn tray yields a two-point velocity
of the reaction propagating through the unconfined material, and the burn tube provids
information about the pressure and reaction velocity in confined conditions.

4.3.1 Materials and Material Preparation

Care should be exercised and small amounts of material used when handling the
formulated composites because of their sensitivity to impact, spark, and friction.
Nano-aluminum was purchased from Nanotechnologies Inc. (currently,
Novacentrix Inc.) and has a nominal particle size of 80 nm with 88% active aluminum
[15]. Figure 4-1 shows a scanning electron micrograph (SEM) of these particles.
Particles are assumed to all have a spherical geometry. Copper oxide particles were
purchased from Novacentrix Inc. (formerly Technanogies Inc.) with all particles assumed
to have cylindrical geometry with dimensions of 21 nm μ 100 nm. After the particles are
mixed an SEM micrograph shown in Figure 4-2 gives an idea about the degree of mixing
attained from sonication. The alpha-aluminum oxide (Al2O3) particles were purchased
from Nanotechnologies Inc. and had a nominal particle size of 40 nm.

Figure 4-1: Scanning electron micrograph of 80 nm nanoaluminum particles.
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Figure 4-2: SEM micrograph of Al/CuO mixture after sonication.
All composites have a ratio of 22% nAl and 78% CuO by mass (equivalence ratio
of 1.1), which is based on the optimization from Sanders et al. [11]. Alumina is added to
this system in increments to produce the desired dilution (increments are labeled as
percentage of added alumina, thus the overall alumina percentage will be higher due to
the inherent alumina shell on the nAl). Mixtures are combined in glass vials and slurried
in ~12 ml of hexanes. The slurry is sonicated for a total of 1 minute in 0.5 s intervals
(50% duty-cycle) at 200 W using a Heat Systems XL 2020 sonicator. It is then placed in
a steel pan and dried on a hot plate at ~48°C for ~10 minutes (until material appeared
dry). The material is then sieved through a 355 μm mesh to break up any large
agglomerates.

4.3.2 Pressure Cell

A modified Parr bomb is used to acquire constant volume pressure traces [16].
Figure 4-3 shows a cross-section diagram of the Parr bomb, ignition and data acquisition
setup. Ignition is achieved by pulsing a 1064nm Nd:YAG laser (~9 mJ) onto the material
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in the cell via an optical fiber. The free volume of the cell was 13 cm3 and the
appropriate amount of material was placed in a cup resting at the bottom of the cell.
Pressure measurements are taken at the wall of the cell using a PCB Piezotronics
piezoelectronic pressure transducer with a PCB Piezotronics signal-conditioner (model
482A20).

Figure 4-3: Schematic of Parr bomb, ignition source and data acquisition system.
Data are recorded at 10 MHz with a National Instruments PCI-6115 data
acquisition board (DAQ). The q-switch from the laser is used to trigger the data
acquisition system. The mass of MIC material placed in the cup remains a constant value
of 17.5 mg irrespective of the amount of added diluent in the system to keep the energy
content constant. For example, if an experiment is being performed on a sample with 5%
added Al2O3 nano-particles, the amount of MIC would be 17.5 mg (22% by mass nAl
including oxide passivation, and 78% CuO), but the total mass of material in the cup
would be 18.42 mg.
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4.3.3 Unconfined Burn Tray

A loose sample of material (50 mg) is lined up on a metal tray to measure an
unconfined reaction velocity [16]. Two holes, ~1 mm in diameter, are 20 mm apart on
the base of the metal tray, on top of which the material is placed. Two optical fibers are
placed in these holes and attached on their other end to a ThorlabsTM DET-210
photodiode to detect the light emission from the reaction at the beginning and end of the
line of material. The distance and time between these two light signals are used to find a
two-point velocity. The light from the first photodiode is also used as a trigger for the
DAQ system. The data are collected by the same DAQ system described in the previous
section. Material ignition is achieved by piezoelectric discharge. A picture of the burn
tray and the piezoelectric igniter is shown in Figure 4-4.

Figure 4-4: The unconfined burn tray with the piezoelectric igniter.
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4.3.4 Confined Burn Tube

The burn tube experiment originally designed and used by Bockmon et al. [4] is
used in this experiment with some modifications. This experiment gives a means of
measuring the reaction velocity in a confined, more one-dimensional, cylindrical
geometry. An acrylic tube used to hold the material, with length of 8.9 cm, inner
diameter of 0.32 cm, and outer diameter of 0.64 cm, is placed in a polycarbonate block.
Six pressure transducers and optical fiber ports are on each side of the block at 1 cm
intervals. Figure 4-5 shows the burn tube block equip with both the photodiodes and
pressure transducers.

Figure 4-5: Burn tube block with six photodiodes and six pressure transducers from [4].
Materials are loaded into acrylic tubes using a Cleveland vibrating block to assure
uniform powder density. Packing densities are approximately 6% of the theoretical mean
density (TMD), which correspond to 250 mg per experiment or 0.36 g/cm3. Initiation of
the reaction is achieved by means of an exploding bridge wire (EBW), which is placed at
one end of the tube fired by a CordinTM 640 Pulsor at 1.7 kV. A Stanford Research
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Systems pulse generator is used to manually trigger the Pulsar and DAQ system, the
signal from the pulse generator corresponds to t = 0 in the experiments. For these
experiments two Tektronix digital oscilloscopes (models 754D and 7054) with sampling
rates of 5 MHz (0.2 μs resolution) are used to acquire the data.
A Phantom 7.0 high-speed video camera is used to view the luminosity from the
reaction wave propagating down the tube. A frame rate of 110,000 frames per second is
used at a pixel resolution of 256μ32 and exposure time of 1 μs. An appropriate aperture
is chosen depending on the experiment to view the reaction without saturation. The pulse
generator triggers the camera as well.

4.4 Results

Three tests are performed to characterize the effects of added Al2O3 nanoparticles on the burning rate of an Al/CuO nano-scale thermite: the pressure cell, the burn
tray and the burn tube. Both the pressure cell and the burn tray give information about a
semi-confined burn while the burn tube is in a confined setup. Confinement effects are
expected to play a significant role because the convective mode of heat transfer is the
controlling propagation mechanism.

4.4.1 Pressure Cell and Burn Tray

Two pressure traces are recorded simultaneously in the pressure cell for each
experiment. Typical results are shown in Figure 4-6 for varying weight percent of
Al2O3. Only one of the two simultaneous traces are shown due to their repeatability.
Below 5% added Al2O3, ringing is seen in the record. This is interpreted as shock waves
reflecting off the walls inside the cell. A drastic change occurrs in the pressure traces
when 5% Al2O3 is added to the system whereby the peak pressure and rate of pressure
rise (dP/dt) significantly decrease and the induction time (τi) significantly increases. The
rate of pressure rise is defined as the difference between the peak pressure and
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atmospheric pressure divided by the difference between the time of peak pressure and the
time where the pressure first rises above atmospheric conditions. Induction time is
defined as the time from when the ignition energy was delivered to when the pressure
rises above 10% of the peak pressure. Moreover, above 5% added Al2O3 there is no
ringing in the pressure trace indicating the reaction was slowed to the point that a shock
wave is not produced in the gas surrounding the sample.
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Figure 4-6: Typical pressure traces from the pressure cell for increasing amounts of
Al2O3. Data labels shown only on initial pressure rise for each trace.
The Al/MoO3 system used in Foley et al. [14] showed a similar drastic change in
behavior for the rate of pressure rise and induction time at 20% added Al2O3, which
indicates that the Al/CuO system is more sensitive to the addition of Al2O3. The peak
pressure for the Al/MoO3 system using 19 mg, however, was relatively low (0.33 MPa)
compared to the Al/CuO system (1.17 MPa) for the sharp rising pressure traces (low
percentage of Al2O3).
The pressure traces are fairly repeatable for each Al/CuO/Al2O3 case, except for
the 4% case indicating the system is on the threshold of a change. The 4% case is not
shown due to its extremely high variability in results. Specifically, some results in this
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range show a sharp pressure rise with ringing and some result in a more monotonic rise in
pressure similar to conditions where more Al2O3 is added. This distinct transition is
indicative of a change in the mode of reaction propagation occurring.
Three experiments are performed for each weight percentage of Al2O3 in the
pressure cell and values of peak pressure, dP/dt and τi are averaged. Figure 4-7 and
Figure 4-8 show the trends of dP/dt and τi, respectively. The slope of the pressure rise
dropps two orders of magnitude when the Al2O3 weight percentage increases from 3% to
5%, showing two different regimes. The induction time also shows a bimodal nature
with a drastic increase at 5%. Error bars representing a 95% confidence interval are
present for all points, although some are hidden by their respective label.
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Figure 4-7: Rate of pressure rise in the pressure cell with increasing weight percentages
of Al2O3.
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Figure 4-8: Induction time (τi) for the pressure rise in the pressure cell with increasing
weigh percentage of Al2O3.
The trend for the peak pressure, when varying the weight percentage of Al2O3, is
similar to that for the two-point velocity in the burn tray experiment as shown in
Figure 4-9. For both, there is an initial drop of ~ 27% in either peak pressure or velocity
with only 1% Al2O3 added and then a drastic drop off of ~75% at 5% Al2O3. In contrast,
Foley et al. [14] observed a linear decrease in peak pressure and a change of regimes for
velocity at 20% Al2O3 (Al/MoO3 system). Error bars representing a 95% confidence
interval are present, but smaller than the data point labels. The correlation between the
pressure and velocity was also shown in Sanders et al. [11] for various stoichiometric
ratios. This gives further evidence that the propagation mechanism was closely related to
the effects of pressure or gas production.
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Figure 4-9: Peak pressure in Parr bomb and open tray velocity result. There is a clear
correlation between peak pressure in the pressure cell and two-point velocity on the burn
tray with increasing weight percentages of Al2O3.
There is a limit to the amount of Al2O3 that could be added to the system for each
test. The material in the pressure cell does not ignite with 15% by weight of Al2O3 by
laser and the burn tray with 20% with a piezo-igniter. In contrast, the Al/MoO3 from
Foley et al. [14] was ignitable with 50% Al2O3 using the same ignition systems. The burn
tray experiment has a higher threshold for Al2O3 because the ignition systems are
different and more material is used and less is in contact with its container promoting
more heat generation and less heat losses.

4.4.2 Burn Tube

As shown with the pressure cell and burn tray, this material is particularly
sensitive to the addition of Al2O3. An addition of only 5% by weight of Al2O3 in the
mixture drastically changes the pressure output and propagation behavior. Both of these
tests are unconfined, allowing some of the interstitial and combustion product gases to
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leave the system. The burn tube, however, confines the material laterally so all of the gas
remains in the system, with some being propelled forward through the interstitial spaces.
The photodiodes detect the light given off by the reaction and the pressure transducers
detect the pressure change caused by the heating of the interstitial gases and the gas
produced by the reaction.

4.4.2.1 Light Measurements

Six photodiodes record the light production in the burn tube each separated by 1
cm. Figure 4-10 shows a typical sequence of images and light traces from a single
experiment. Knowing the distance of each light detector and the time of arrival for the
light trace, a position versus time plot and, thus a velocity is acquired for each
experiment. Multiple experiments are performed and averaged for each Al2O3 weight
percentage.
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Figure 4-10: Typical sequence of images and light traces from an experiment with 5%
Al2O3.

Both the position and time are zeroed at the first position since this study is not
concerned with ignition effects. Figure 4-11 shows a typical graph of position vs. time
for each Al2O3 percentage. The 0% and 5% experiments are nearly linear indicating a
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constant velocity; while the 10% and 15% have a second order polynomial fit indicating a
non-steady velocity or constant acceleration. The average velocities for the 0% and 5%
cases are 633 m/s ± 7% and 570 m/s ± 5%, respectively. The average accelerations for
the 10% and 15% cases are 2,798,400 m/s2 ± 30% and 76,686 m/s2 ± 17%, respectively.
The initial and final velocities (from the fit) for the 10% added Al2O3 case, are 146 m/s
and 544 m/s, respectively. Likewise, for the 15% added Al2O3 case, the initial and final
velocities (from the fit) are 69 m/s and 112 m/s, respectively. The error represents a
95% confidence interval for a small sample. The Al/MoO3 system first showed nonsteady velocity at 50% Al2O3 [14].
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Figure 4-11: Typical position versus time graphs for reaction waves in the burn tube with
various weight percentages of Al2O3.
For the experiment with 20% Al2O3 not all of the photodiodes record light during
the experiment. This indicats that the reaction does not pass through the material
covering that particular fiber optic and, therefore, the front is not continuous, but consists
of various discrete fronts, or fingers, propagating through the material. In fact, images of
this experiment in Figure 4-12 show a completely different flame structure spiraling
through the material similar to, but not exactly the same as what was observed by others
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[13, 17-19] for diluted classical thermites. This spiraling instability is attributed to the
diluent decreasing the flame temperature and causing a thermal instability. The spiraling
instability observed by Munir and Anselmi-Tamburini [13] was different in that most of
the material was consumed. Moreover, the samples were packed pellets as opposed to
loose powder in a tube and the constituents were not Al/CuO. Preceding this spiraling
combustion, a flat and steady, but relatively slow front is observed to have speeds ~5 m/s.
This will be discussed further after examining the pressure traces for these unstable
experiments.

Figure 4-12: Spinning combustion instability shown.

4.4.2.2 Pressure Measurements

The pressure transducers measure the change in pressure at a particular point due
to the reaction forming hot gases and heating up the interstitial air. Ideally, these traces
would be flat until the reaction reached the face of the transducer, and would then show a
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sharp pressure rise with a relatively slow decay as was shown with other experiments [4,
11, 14]. For this experiment, however, at 0% and 5% Al2O3, the traces are not as ideal.
Even though most traces show the discrete pressure rise, some have oscillations prior to
the sharp pressure rise. Drops in the pressure to approximately -2 MPa (Figure 4-13) are
seen, which is due to equipment malfunction (a pressure of -2 MPa relative to
atmospheric pressure indicates an overall negative pressure!). Some traces do not have a
sharp pressure rise at all and just oscillate around zero with an amplitude of
approximately ±2-7 MPa. These are usually found at the 5th and 6th pressure transducer
positions and may be associated with effects from the open end of the tube. The time
scale for these drastic pressure drops and oscillations is ~5 μs, which is too fast to
attribute to thermal effects on the pressure transducers. Therefore, this could only be due
to mechanical or electrical effects. This issue has not yet been resolved.
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Figure 4-13: Example of pressure rise before light trace and extreme negative pressure
oscillation.
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The oscillations ahead of the sharp pressure rise, seen in the experiments with 0%
and 5% Al2O3, are, in part, similar to what was seen with the Al/MoO3 system [14] with
greater than or equal to 10% added Al2O3. Ignoring the fact that these oscillations give
way to unrealistic pressure drops, the Al/MoO3 system does show a similar growth of a
pressure rise ahead of the main sharp rise and the light trace. This preemptive pressure
rise could be evidence of hot gases convecting ahead of the reaction front or a
compaction wave developing, indicating a different propagation mechanism. Only tests
with longer tubes could resolve this problem as suggested in [14]. Because of these
unknown inconsistencies in the data, the pressure traces are not used to find a particular
reaction velocity, but rather as a measure of the gas production in the system and heating
of the interstitial air.
The experiments with 0% and 5% added Al2O3 give peak pressures of ~10 MPa
and ~9 MPa, respectively, for most positions down the tube. However, at 10% added
Al2O3, where the reaction wave velocity becomes unsteady (constant acceleration), most
of the positions show relatively low peak pressures, ~2 MPa, and only a few positions
show pressures between 6 and 8 MPa. Figure 4-14 shows pressure traces from the 2nd
and 5th position of a particular experiment with 10% Al2O3 demonstrating this bimodal
behavior. In this particular experiment, the pressure, or gas production, show a drastic
increase at the end of the tube giving an explanation for the accelerating front. The slow
reaction in the beginning stages build up gases that would eventually propel the reaction
forward and give it this constant acceleration. Presumably, it would eventually reach a
steady propagation rate. Similar trends for the pressure are seen for 15% added Al2O3
with fewer positions showing pressures ~8 MPa. For 20% added Al2O3, pressure rises of
~2 MPa occur at all pressure locations for all experiments indicating a significantly lower
temperature reaction and mostly condensed phase combustion products. Much lower gas
produced for this experiment could be the reason for the slow and highly unstable
reaction front.
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Figure 4-14: Pressure traces at position 2 and 5 for an experiment with 10% Al2O3
showing the bi-modal characteristic with the high peak pressures at the later positions
down the tube.
As Al2O3 is added to the system, the reaction in the burn tube changes from a
steady rate (0% and 5% by weight), to an accelerating regime (10% and 15%), and
finally, to an unstable regime (20%) where a relatively slow burning velocity is observed
that transitions to a spiraling combustion wave. The pressure traces give indication that
the gases being produced by the hot reaction, such as vaporized aluminum, unstable
intermediates such as AlO or Al2O or stable products such as Cu gas, are condensing or
not forming due to the lower adiabatic flame temperatures. Therefore, this does not allow
for hot gases to be propelled forward to drive the reaction down the tube convectively.
This all occurs at lower levels of Al2O3 compared to the Al/MoO3 system.

4.4.2.3 Thermodynamic Calculations

Equilibrium calculations are performed using CHEETAH 4.0 [20] with the JCZS
product library [21] . Because of the localized pressure rises seen when the reaction
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passes a transducer, the system is thought of as small cross sections of material burning in
a nearly constant volume. Therefore, the calculations are performed assuming a constant
volume. The calculations includ the Al2O3 from the passivation layers and the interstitial
air, but do not include the effect of heat loss through the walls. It is reasonable to neglect
the heat loss because the time scale for conduction through the acrylic tube, τloss, is much
greater than the time for the reaction to propagate through all of the material, τr. The time
scale for heat loss is defined as L2/αacr = 80 s, where L is the length scale for conduction
defined as the wall thickness of the tube, 3.2 mm, and αacr is the thermal diffusivity of
acrylic, 0.137 mm2/s. The time for the reaction to propagate through all of the material is
Ltube/vr = 127 μs, where Ltube is the length of the tube (8.9 cm) and vr is the velocity of the
reaction wave (~650 m/s).
Figure 4-15 shows the calculations and averaged experimental values for peak
pressure as the weight percent of Al2O3 increases and averaged experimental values.
There is a fair agreement between calculations and experiments, which give a first order
validation to these calculations and allow them to be used to help interpret some results.
Figure 4-16 shows the adiabatic flame temperature as a function of the weight percent of
Al2O3. As expected, adding Al2O3 decreases the adiabatic temperature. The temperature
of the reaction seems to cross over the aluminum boiling point (1 atm) at around the same
point that the spiraling combustion occurs.
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Figure 4-15: Comparison of average experimental peak pressure values in the burn tube
to the calculations for the peak pressure with added Al2O3 percentage for constant
volume explosion.
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Figure 4-16: Calculated adiabatic flame temperature as a function of added Al2O3
percentage for constant volume explosion calculations.
To understand the primary mechanism for propagation, the calculated product
concentrations and their phases are examined. The concentrations of the primary
products as a function of Al2O3 are shown in Figure 4-17. Even though most of the
products are in the condensed phase, the depletion of the total gas phase products (bottom
half of Fig. 13) is what most effects the propagation. Examination of the total gas phase
products show an 82% decrease to a mole fraction of 0.004 when increasing from 0% to
20% Al2O3. Furthermore, at values above 15% Al2O3, the equilibrium suggests that the
N2 reacted with the interstitial air to form solid AlN, thus removing some of the initial
interstitial gas from the system. These results further suggest that the addition of Al2O3
lowers the flame temperature, which demotes gas production, as well as overall energy
release, and begins to remove interstitial gases from the system, lowering the pressure
and, thus, hindering the convective mode of heat transfer. Since convection is the
primary propagation mechanism for this system, the reaction velocity decreases
drastically and eventually becomes unstable at 20% Al2O3 where gaseous species are
almost non-existent.
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Figure 4-17: Primary procuct mole fractions as a function of Al2O3 percentage in the
MIC.

4.5 Discussion and Conclusions

This work focuses on the effects of dilution of an Al/CuO nano-scale thermite
with Al2O3 nano-particles. These solid phase end-products act as a heat sink, which
reduces combustion temperatures. This, in turn, hinderes gas production and decreases
the overall effect of the convective propagation mechanism. Three tests were performed
to examine how propagation velocities and pressure output varied as a function of diluent
(Al2O3 nano-particles) concentration. The pressure cell and burn tray are unconfined
tests while the burn tube confines the material laterally.
The pressure cell showed a dramatic drop in peak pressure and rate of pressure
rise when only 5% Al2O3 was added to the system. Moreover, the induction time
drastically increased when the Al2O3 concentration exceeded 5%. These trends suggested
that the addition of Al2O3 nano-particles hindered the gases produced by combustion.
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The peak pressure trend corresponded directly with the two-point velocities found on the
burn tray, which gave evidence that hindered gas production decreased the reaction
velocity.
In the instrumented burn tube, the peak pressures were recorded as the reaction
wave propagated through the material. These pressure traces demonstrated a clear dropoff as Al2O3 concentration increased, eventually showing relatively no pressure increase
at 20% Al2O3. Furthermore, the propagation velocity changed from a steady rate of ~650
m/s for 0% and 5% Al2O3 to an unsteady velocity (constant acceleration) regime for 10%
and 15% Al2O3, and finally became unstable at 20% Al2O3. The unstable regime at 20%
Al2O3 initially showed an extremely slow propagation that eventually transitioned into a
spiraling propagation through the material. Similar spiraling phenomena were observed
with micron-scale thermites when a diluent was added to the system (Munir and
Anselmi-Tamburini, 1989).
This change in propagation behavior and pressure output in the burn tube with
added diluent was interpreted utilizing the results from equilibrium calculations. The
peak pressures predicted by constant volume calculations matched well with the peak
pressures recorded experimentally in the burn tube for each diluent concentration.
Therefore, these types of calculations were used throughout to explain other phenomena.
Calculations showed the total gas production dropping 82% to a mole fraction of
0.004 when increasing from 0% to 20% Al2O3. This drastic depletion in gaseous species
predicted by the calculations at 20% Al2O3 correlated well with the experimental
propagation behavior. The reaction front drastically decreased in velocity and eventually
demonstrated a spiraling combustion instability. This instability was a direct result of the
primary mode of heat transfer, convection, being prohibited.
Examining the propagation of a reaction in a semi-homogeneous system with nAl
as a reactant allows for a further understanding of its combustion properties. As opposed
to the diffusive setup studied in the previous chapter, this thermite system gives
information on how nAl reacts with a solid oxidizer that does not have to diffuse a
relatively large distance to come in contact and mix. However, the oxidizer being in the
solid phase requires energy and time to melt, vaporize, pyrolize and/or dissociate into the
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gas phase in order to mix with the aluminum. Furthermore, the aluminum oxide shell
acts as a barrier between the fuel and oxidizer as well as a diluent. Understanding the
effect of this diluent gave fundamental as well as practical insight into how ageing can
affect its combustion properties.
This mixture is considered semi-homogeneous due to the sonication used to mix
the two constituents. No care was taken in the order of the two nanoparticles overall
distribution. The affects of sonication on the nanostructure of the thermite material, such
as agglomeration and disorder, could lead to differences from batch-to-batch, however
the macroscale effects were assumed to average out. Attempts made to control the
mixing of the two constituents and understanding its effects on the combustion properties
will be discussed in the following chapters.
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Chapter 5
Coating Thermite Constituents with Organic Material

5.1 Introduction

In the previous chapter, the combustion properties of an Al/CuO nanoscale
thermite were examined. In particular, the effect of diluting the system with the endproduct, Al2O3, on the propagation velocity and pressure output was investigated. This
chapter extends this experiment one-step further and examines how an organic material
affects the combustion properties. An organic material differs from dilution with an end
product in that it may play a positive or negative role in enhancing the propagation
velocity due to the endothermic or exothermic reactions that may take place within the
chemistry. Moreover, the gas produced when the organic material is endothermically
broken down into smaller constituents could assist in the convective propagation
mechanism. In fact, Bulian et. al. [1] showed an increase in open tray propagation
velocity for and Al/CuO thermite when increments of oleic acid was added to the system.
The material can be condensed onto, or reacted with, the surface of the thermite
constituents creating a more intimate mixture. This experiment ties directly into the next
chapter and the final goal of this work, applying nanoparticle self-assembly to the field of
energetic materials. A brief introduction to nanoparticle self-assembly is provided to
give a better understanding for the reasons behind performing these experiments. A more
detailed description is given in the following chapter.
The primary reason this work attempts to apply self-assembly to nanoscale
thermites is to enhance the mixing of the two constituents and give the ability to build an
energetic material from the bottom-up. In order to have the nanoparticles self-assemble,
their surfaces first need to be coated with a self-assembled monolayer (SAM) of an ωfunctionalized organic ligand. The ω-functionalizations are oppositely charged to drive
the electrostatic self-assembly of the two constituents and thus, enhance the mixing.
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Figure 5-1 shows each particle with their respective ω-functionalized ligand attached to
the surface. The aluminum is reacted with an ω-trimethylammonium (TMA)
functionalized carboxylic acid, and the copper-oxide with an ω-carboxylic acid
functionalized thiol, or mercaptoundecanoic acid (MUA). Because it is a schematic, this
figure only shows one ligand on the surface of the particle and it is not drawn to scale. In
fact, the length of the ligand is approximately 1/5th of the diameter of the particle and
multiple ligands are attached to the surface. The details associated with the structures of
the molecules, the reaction of the ligands with their respective particles, and the driving
of the self-assembly will be discussed in more detail in the following chapter.

Figure 5-1: Schematic showing a nanoaluminum (nAl) particle with the TMA ligand
(left) and a nano cupric oxide particle with the MUA ligand.
Although the primary reason for assembling nanoscale thermites in this manner is
to enhance the mixing and build energetic materials from the bottom-up, the presence of
these organic materials could play a significant role in the combustion properties. They
could potentially act as a heat sink similar to what was discussed in the previous chapter,
or participate either endothermically or exothermically in the reaction. Moreover, they
could produce a significant amount of gaseous species and promote the convective
propagation mechanism. Since the primary focus is on enhancing the mixing, this
chapter attempts to alleviate how simply introducing an organic material on the surface of
the constituents affects the combustion properties. This allows for a more thorough
understanding of the effects of enhanced mixing brought about by self-assembly.
Moreover, this leads to a more complete understanding of how the organics are utilized to
tailor both the ignition sensitivity and combustion properties.
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5.2 Electrostatic Discharge Sensitivity

Researchers developing applications for nanoscale thermite composites have
recently been experiencing issues with electrostatic discharge (ESD) inadvertently
igniting composites. Other energetic materials have had to contend with ESD issues,
which has brought about spark testing for the approval process of most energetic
materials [2]. Typically spark testing apparatuses in use are designed for examining
secondary explosives or propellants in production situations. Due to the extremely low
ignition energy requirements for many of the nano-material composites, it is nearly
impossible to discern if there is a difference in the ignition threshold using these
instruments. Determining whether the ESD ignition threshold can be influenced by the
addition of minor quantities of materials will be important to furthering the application of
these materials. Moreover, this information could be useful in determining how the
SAMs used for electrostatic self-assembly could potentially be utilized to tailor the ESD
ignition threshold.
To address this issue, an instrument was constructed with a controllable low
energy input. This instrument is tested against an Al/CuO nanoscale composite that is
modified using varying amounts of Viton A®. Viton A® is a fluoroelastomer
polymerized from hexafluoropropylene (C3F6) and vinylidene fluoride (C2H2F2). It is
noted that the organic used for this experiment is different from the TMA and MUA in
that it contains fluorine. It was previously postulated that the ESD ignition threshold
could be affected by altering a material in three ways: increasing the conductivity of the
sample, having the energy from the discharge absorbed by an endothermic reaction, or
increasing the electrical resistance of the material. Researchers in the cited reference
demonstrated the feasibility of the first two strategies [3] and the positive results on the
last approach are reported in this paper. In addition, the effect of the Viton® A on the
performance of the material, particularly the pressure output and time to peak pressure, is
reported. Ideally, the additive would significantly increase the electrostatic ignition
threshold while having no effect on the performance.
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5.2.1 Experimental Setup and Materials Preparation

The nAl purchased from Nanotechnologies Inc. (currently Novacentrix Inc.) has a
nominal diameter of 80 nm with 88% active aluminum and the nanocopper-oxide (nCuO)
purchased from Sigma-Aldrich has a nominal diameter of 33 nm. All values for particle
size and active aluminum content are from the manufacturer and are accepted without
verification. Materials are used as received except when noted. Nanothermite materials
are made to have mass concentrations of 22% Al, and 78% CuO, which was shown to be
optimum in previously published results [4]. The two constituents are mixed via
sonication (30 seconds) in hexanes using a Branson S-450 Sonifier at a power setting
200W of with intervals of 0.5 s. Viton® A is dissolved in acetone (3.5 mg/ml), added to
the nanothermite solution in appropriate amounts, and stirred for 5 minutes to allow for
precipitation of the Viton® A on the particle surfaces. The solutions are then dried on a
hot plate until the hexanes and acetone appear to be evaporated. Samples are made to
have 0%, 3%, 5%, 10% by mass Viton® A.
A novel ESD tester was developed whereby the voltage can be varied across a
constant 10 nF capacitor, thus allowing for control over the energy output by the
discharge event. A probe is manually lowered toward the nanothermite, which is resting
on a grounded pan, until a discharge event occurred. This leads to an ignition event only
if sufficient energy is applied. A schematic of the device is shown in Figure 5-2 .
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Figure 5-2: Schematic of ESD sensitivity tester.
Samples are lightly packed into an aluminum pan (ID-6.43 mm, height-1.58 mm)
and a razor is used to create a flat top surface. After the pans are placed on the grounded
surface, the probe is lowered until the capacitor is discharged. The voltage or energy
from the ESD probe is incrementally increased after each discharge event until ignition of
the nanoscale thermite is achieved. Once ignition is achieved, the test is repeated 5 times
at that energy level to assure repeatability. Moreover, the ignition energy is then
decreased incrementally to a level where no ignition occurs and is repeated 5 times to,
again, assure repeatability. This provides a threshold at which the energy is sufficient
from the ESD to allow for ignition. These tests are repeated for each increment of added
Viton® A. After each test, the sample is changed, and after each ignition event the probe
needle is changed.
To understand the effects of the Viton® A addition on the performance of the
material, constant volume pressure cell experiments are performed. Extensive detail
about the experimental setup can be found in the previous chapter. Each sample is loaded
into the pressure cell whereby the mass of the nanoscale thermite remaines constant (17.5
mg) allowing for a constant mass of energetic formulation in the system. Ignition is
achieved by pulsing a 1064nm Nd:YAG laser (~9 mJ) onto the material in the cell via an
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optical fiber and a PCB Piezotronics piezoelectric pressure transducer recordes the
temporal pressure output. Four tests are run for each concentration of Viton® A to assure
repeatability, and the peak pressure and time to peak pressure are analyzed.

5.2.2 Results

The goal of this work is two-fold: 1) to use the novel ESD sensitivity tester to
demonstrate how Viton® A will affect the ignition threshold of an Al/CuO nanoscale
thermite 2) and to examine its effect on combustion performance in a constant volume
pressure cell. Viton® A is added to an Al/CuO nanothermite at concentrations of 0%,
3%, 5%, and 10% by mass and each mixture is subjected to both the ESD sensitivity
tester and the constant volume pressure cell. Initial testing indicates that Viton® A
significantly enhances the ignition threshold while modestly decreasing the combustion
performance (either decreasing the peak pressure or increasing the time to peak pressure).
Each mixture was subjected to a range of ESD energy values and a go/no go
analysis is performed. Five tests are performed for each energy level and the value that
does not lead to ignition for any of the five runs is considered its ignition threshold.
Table 5-1 shows the results from the go/no go analysis. These numbers indicate the
number of tests, out of the five, that achieved ignition, e.g. a test with 3 ignitions is
shown as 3/5.

Percent
Viton® A
by mass

Table 5-1: Go/No Go analysis for various concentrations of Viton® A in the ESD
sensitivity tester.

0%
3%
5%
10%

0.14
3/5

0.8
5/5
0/5

2.11
5/5
1/5
0/5

ESD Energy (mJ)
3.78 5.62 21.22
4/5
3/5

5/5
5/5
0/5

0/5

101.25

125.00

211.25

2/5

2/5

2/5

The ignition threshold increases as the Viton® A concentration increases, as
shown in Table 5-1, indicating that the material is becoming less sensitive. At 0%
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Viton® A the ignition threshold is well below the lower energy limit of the system and at
10% the energy required to consistently ignite the material is above the upper energy
limit of the system. This test shows that the ESD ignition energy threshold is increased
by small additions of Viton® A.
In addition to increasing the ESD ignition energy threshold, the Viton® A could
potentially affect the performance of the material. If the performance is significantly
hindered relative to the effective increase in ignition threshold, there is no overall benefit
to addition of the Viton® A. However, if it can be demonstrated that the increase in
ignition threshold is significant relative to the decrease in performance, the addition of
Viton® A can be considered beneficial to the current system.
Combustion performance is evaluated by examining both the peak pressure and
time to peak pressure in a constant volume pressure cell. Each mixture is repeated four
times and the values are averaged. Table 5-2 shows the combustion performance
characteristics as well as the ignition threshold for each mixture.
Table 5-2: Performance and ignition threshold values.
Percent Viton®
A by mass
0%
3%
5%
10%

Time to Peak
Pressure (µs)
170.82
574.42
825.72
5077.10

Peak Pressure,
gauge (atm)
5.00
2.42
2.19
0.86

Ignition Threshold (mJ)
<0.14
0.80
2.11
21.22

To assess whether the Viton® A is beneficial to the system, these values are
normalized to allow for comparison. Normalization is achieved by dividing the change in
the specific property by the initial property value, e.g.

PP5% − PP0%
, where PP is the
PP0%

peak pressure and the subscript corresponds to the concentration of Viton® A in the
sample. The normalization shows the relative increase in ignition threshold and relative
decrease in combustion performance characteristics (either decrease in peak pressure or
increase in time to peak pressure). Figure 5-3 shows the relative increase or decrease for
each of the normalized properties as the concentration of Viton® A is varied.

Normalized Change from 0% Viton® A
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Figure 5-3: Normalized time to peak pressure, peak pressure, and ignition threshold.
As shown in Figure 5-3 the ignition threshold is significantly increased as the
concentration of Viton® A is increased. The combustion performance characteristics do
decrease, however, it is small relative to the increase in ignition threshold. To better
visualize this comparison, Figure 5-4 shows the values of the normalized ignition
threshold value over absolute value of each normalized combustion performance
characteristic to give an ignition threshold enhancement efficiency.
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Figure 5-4:
performance characteristic.
This figure demonstrates that if one is concerned with increasing the ignition
threshold while keeping the peak pressure relatively constant, Viton® A isa good choice
for an Al/CuO nanoscale thermite. However, the relative increase in time to peak
pressure with added Viton® A is significant when compared to the ignition threshold
increase. It is noted, however, that at 10% Viton® A the peak pressure (gauge) of 0.86
atm is significantly low for any explosive purpose.

5.3 Hydrocarbon Ligands-Attachment and Combustion Dynamics Characterization

The previous study provided information about the effects of merely having a
hydrofluorocarbon intermixed with the Al/CuO nanoscale thermite. The Viton® A was
condensed onto the surface of the particles to enhance the electrical resistance of the bulk
material. The main purpose of the study was to examine the presence of an additive on
the ESD sensitivity and combustion behavior. The following study examines a system
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that more closely resembles a self-assembled Al/CuO nanoscale thermite, with a focus on
the attachment of the ligands to the surface of the particles and the dynamic combustion
characteristics. This will elucidate the effect of the presence of hydrocarbons on
combustion dynamics. The additives are purely hydrocarbons (no fluorine) and instead
of being condensed onto the surface of the particles their head group is reacted with the
surface of the particle, exactly how the TMA and MUA ligands are attached.
Theoretically, this will form a self-assembled monolayer (SAM), which covers the entire
surface of each particle. These molecules are thought of as “blank” ligands in that they
have the same carbon chain structure as MUA or TMA except they have no ωfunctionalization, and therefore no electrostatic charge. Figure 5-5 shows a schematic of
the ligands with the particles they will be reacted with.

Figure 5-5: Aluminum and copper oxide nanoparticles with their respective blank ligands
prior to reaction.
Previous works with thin metal oxide films show that a carboxylic acid (RCOOH) reacts and bonds with the surface of Al2O3 [5-14] and a thiol (RSH) reacts and
bonds with the surface of CuO [10, 15-17]. Lauric acid (COOH(CH2)10CH3) is used to
mimic the TMA reacting with the nAl particles (carboxylic acid reaction with the
aluminum oxide surface) and 1-Dodecanthiol (HS(CH2)11CH3) is used to mimic the
MUA reacting with the copper oxide particles (thiol reaction with the copper oxide
surface). After the ligands are reacted with their respective particles they are subjected to
tests to assure their attachment. Furthermore, combustion experiments are performed to
analyze their effect on the propagation velocity. Since the blank ligands are inexpensive,
large quantities can be made and tested.
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5.3.1 Materials and Experimental Setup

The nAl purchased from Technanogies Inc. (currently Novacentrix Inc.) has a
nominal diameter of 38 nm with 49% active aluminum and the nCuO purchased from
Sigma-Aldrich has a nominal diameter of 33 nm. All values for particle size and active
aluminum content are from the manufacturer and were accepted without verification.
The Lauric acid was purchased from Fluka Inc. and is assured to be puriss ≥ 99% by gas
chromatography. The 1-Dodecanethiol was purchased from Sigma-Aldrich and is
assured to be >98% pure.
The reaction of the blank ligands with their respective particles is performed in a
toluene environment. The ligand (either Lauric acid or 1-Dodecanethiol) is first
dissolved in 250 ml of toluene via stirring for 5 minutes. One gram of particles (either
nAl or nCuO) is sonicated in 750 ml of toluene for ~5 minutes to break up all
agglomerates. The ligand solution is added to the sonicating particle solution and the
mixture is left sonicating for ~ 10 minutes. The ligand and particle are mixed at a molar
ratio of 0.1 mol ligand/mol particle. The coated particles are vacuum-filtered and washed
with hexanes (3 X 50 ml) to eliminate the excess ligand. This step is where this work
differs from the work of Bulian et al. [1] in that they simply added a given amount of
organic material and assumed it was all coating the aluminum particles. Some of this
material, however, could be unreacted and just present in its original form throughout the
material. The coated particles are placed in an oven at 60°C for ~ 1 hr to evaporate any
excess solvent.
Thermogravimetric Analysis (TGA) and Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFTS) measurements are made on the coated particles to
confirm ligand attachment to the particles and measure the weight percent reacted to the
surface. A TA Instruments SDT 2960 is used for TGA measurements with air as the flow
gas. The temperature is ramped at 3°C/min from room temperature to 35°C, left to
isotherm for 5 minutes to allow for equilibration and then ramped at 3°C/min up to
850°C. For the DRIFTS measurements a Bruker IFS 66/S FT-IR spectrometer is used

144
with the Collector II DRIFTS accessory. A single-channel spectrum is taken over a range
of wavelengths from 700-4000 cm-1 and light absorption is measured.
The thermites are mixed via sonication and ligands are treated as inert when
calculating the proper stoichiometry as explained in the previous chapter. Four mixtures
are created and comparied: nAl/nCuO, nAl-Lauric/nCuO, nAl/nCuO-1-Dodecanethiol,
nAl-Lauric/nCuO-1-Dodecanethiol. Reaction velocity measurements are performed in
channels 497 μm wide, 508 μm deep and 2.54 cm long [18]. The powder is filled at a
packing density of ~0.35 g/cm3. Figure 5-6 shows an exploded view (a) as well as a
photograph of the assembled (b) channel used for these experiments.

b

Figure 5-6: (a) Exploded view and (b) photograph of microchannel [18].

5.3.2 Ligand Attachment Results

One preliminary test for assessing the ligand attachment to the particle surface is
its response to water exposure. The long carbon chain and methyl tail group on the
Lauric acid and 1-Dodecanethiol are hydrophobic. If indeed all of the particles are
coated, and thus hydrophobic, they will not penetrate the surface of water. Figure 5-7
shows the different behaviors of uncoated and coated nanoaluminum particles when
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introduced to a water bath. The uncoated particles sink to the bottom of the bath while
the nAl coated with Lauric acid remained on the surface for several weeks. The same
behavior is demonstrated with CuO-1-Dodecanethiol, but is not shown here. This gives
preliminary evidence that the ligands are bonded with the surface of the particles.

Figure 5-7: Preliminary evidence that the Lauric acid reacted with the surface of the nAl
particles. The hydrophobicity of the long carbon chain molecules keeps the particles on
the surface of the water.
To further verify the presence of the blank ligands on the surface, TGA
experiments are performed. Moreover, the results quantifies the mass percentage of the
powder that is now due these ligands. Experiments are run on both the bare particles and
the coated particles and weight percentages are compared. Theoretically, if the particles
have ligands bonded onto the surface, a larger weight loss should occur at the lower
temperature range due to the removal of the ligands. It is noted that this experiment
provides a more clear understanding for the coated copper oxide than it does for the
coated aluminum. The aluminum will show a weight gain due to the reaction with the air
that may overlap with the weight loss of the ligand, thus not giving the exact value for
ligand mass percentage. Experiments were attempted with argon as the flow gas,
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however the TGA is not sealed appropriately and reactions still occurred. Nevertheless,
Figure 5-8 shows the TGA plots for both the nAl and the nCuO (coated and uncoated).
The nAl shows an additional 3% weight loss due to the Lauric acid coating the particles
while the nCuO show an additional 11% weight loss.
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Figure 5-8: TGA plots for coated and uncoated (a) nAl and (b) nCuO.
As a final measure of the bonding of these ligands to the surface of the
nanoparticles, DRIFTS measurements are performed. Results obtained from these
measurements show absorption spectra for the molecular bonds present in the material.
The reaction between the particle and its respective ligand change the bonding structure
at the head-end of the ligand which is be observed with the DRIFTS measurement.
Moreover, after several washes, the ligands that are bonded to the surface remain intact
and should show strong absorption peaks for the CH2 chain and CH3 tail-end group.
The aluminum oxide shell on the nAl contains surface hydroxyl groups due to the
reaction with the water in the atmosphere [13]. These terminated hydroxyl groups
provide a means for the carboxylic acid to react and bond with the surface of the nAl.
The reaction between the surface of the aluminum particle and the Lauric Acid is shown
in Eq. 5.1 along with a schematic of the final product in Fig. 5-9. Comparing the
original structure of the Lauric Acid ( Fig. 5-5) to its final structure (Fig. 5-9), it is shown
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that the C=O bond no longer exists and a resonating structure (carboxylate, CO2-) is
established and bonded with the alumina surface. This removal of the C=O when a
reaction has occurred can be clearly observed from the DRIFTS spectra.
R

H

C
O
O
+ R-COOH Æ H2O + Al

O
Al
O

O

O

O

Eq. 5.1

R = (CH2)10CH3

Figure 5-9: Final product after the Lauric acid is reacted with the surface of the
nanoaluminum particles.
Figure 5-10 shows the DRIFTS absorption spectra for both pure Lauric acid and
Lauric acid reacted to the aluminum surface. The spectrum of the reacted Lauric acid is
obtained by normalization of the coated powder with a spectrum of bare aluminum
particles. It is clearly shown that an organic material is present on the aluminum surface
by the presence of the CH stretching modes in the range from 2800-3000 cm-1 [19].
These peaks are not present in the pure aluminum and show strong intensities for the
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coated powders. It is confirmed that the ligands have reacted with the aluminum surface
by the elimination of the strong C=O stretching absorption peak at ~1700 cm-1 [19] (the
dotted line). Moreover, the presence of the peaks at 1590 cm-1 and 1410 cm-1 correspond
to the symmetric and asymmetric stretching modes of the carboxylate(CO2-) bound to the
Al2O3 [19].

Al-Lauric normalized by pure Al

Pure Lauric

3000
2000
1000
-1
Wavenumber (cm )
Figure 5-10: DRIFTS absorption spectra for pure Lauric acid and Lauric acid reacted
with the aluminum nanoparticle surface.
Unfortunately, the absorption peaks for the SH head group on the thiols are
characteristically weak, and thus, the bonding structure can not be observed for the CuO
1-Dodecanethiol reaction. However, if the coated CuO particles are subjected to a
DRIFTS measurement and normalized by the spectrum from the bare CuO particles the
CH2 and CH3 bonds show strong absorption peaks as shown in Figure 5-11. The fact that
these peaks are still strong after several washes suggests that the ligand is bonded with
the CuO surface.
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Figure 5-11: DRIFTS spectrum for CuO coated with 1-dodecanethiol normalized by the
spectrum for bare CuO particles.
The three experiments performed confirm that a reaction has occurred between
the ligand head group and the particle surface. The SAM of Lauric acid on the nAl
comprises 3% of the total mass (0.3% by mole) of the powder after attachment while the
1-Dodecanethiol accounts for 11% (3% by mole). The next step is to examine how these
particle coatings affect the combustion properties of the materials after they are properly
mixed. This will give an idea of the role they will play in the self-assembled material as
well.

5.3.3 Combustion Dynamics Results

In order to electrostatically self-assemble the two nanoscale thermite constituents,
organic ligands are needed to functionalize the surfaces and provide a means for
attraction. Although this could potentially lead to a more intimate mixture, the presence
of the organic ligands within the material could play a significant role in the combustion
dynamics and propagation velocity. They could play a similar role to the Al2O3
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discussed in the previous chapter and act as a diluent. This would lead to slower
propagation velocities and eventually combustion instabilities. Moreover, the long
carbon chains could further reduce combustion temperatures by endothermically breaking
down into smaller hydrocarbon species. On the other hand, when they are broken down
into smaller hydrocarbons, they could potentially increase the propagation rate by
producing more gaseous species that will enhance the convective propagation wave. This
could be the explanation for the increase in propagation velocities shown by Bulian [1]
when oleic acid was added to an Al/CuO thermite. To elucidate the effects of the
presence of the organic ligands on the combustion dynamics for the self-assembled
material, experiments examining the combustion in microchannels are performed with
blank ligands coating the particles and the mixing is performed via sonication in hexanes.
From the TGA results it is shown that the Lauric acid coating on the nAl accounts
for 3% of the mass (0.3% by mole) while the 1-Dodecanethiol accounts for 11% of the
mass (3% by mole) of the nCuO. Four different mixtures are created to understand the
effect of each coating on the combustion dynamics: nAl/nCuO, nAl-Lauric/nCuO,
nAl/nCuO-1-Dodecanethiol, nAl-Lauric/nCuO-1-Dodecanethiol. For each of these the
ratio of aluminum to copper oxide is constant at an equivalence ratio of 1.1 and the
ligands and oxide shell are accounted for as diluents. Table 5-3 shows the mass
percentages of each constituent where nAlc and nCuOc represents coated nAl and coated
nCuO, respectively.
Table 5-3: Mass percentages of each constituent for coated or uncoated particles to keep
equivalence ratio at 1.1.
nAl/nCuO
nAl-Lauric/nCuO
nAl/nCuO-1-Dod.
nAl-Lauric/nCuO-1-Dod.

nAl (c)
33.7 %
34.4 %
31.1 %
31.8 %

nCuO (c)
66.3 %
65.6 %
68.9 %
68.2 %

Experiments are run with the bare nAl/nCuO mixture to create a baseline for
comparison. The propagation is relatively steady for the length of the channel at an
average velocity of 285 ± 17% m/s. This is approximately half of velocity in the burn
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tube from the previous chapter due to the smaller channel dimensions causing a greater
surface area for heat losses [18]. The three baseline trajectory plots are shown in
Figure 5-12.
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Figure 5-12: Three bare nAl/nCuO baseline trajectory plots.
To examine the effects of having the nanoaluminum coated with an organic
ligand, experiments are performed with a mixture of nAl-Lauric/nCuO. Three of the
experiments run with nAl-Lauric/nCuO are primed with ~0.1 mg of bare nAl/nCuO to
assure a constant ignition and one is not primed. The primed mixtures demonstrate an
initial propagation to about ¾ of the channel length and then the reaction front velocity
decreases significantly. Eventually, a hot spot appears at the end of the channel and
leaves unburned material in the channel. The same combustion dynamics are also shown
to occur when no primer is used however an ignition delay of ~10 ms occurrs. A series
of frames shown in Figure 5-13 demonstrates this unstable, bimodal propagation.
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HOT SPOT

Figure 5-13: Series of frames from a nAl-Lauric/CuO experiments showing the unstable
propagation behavior.
The trajectory plot in Figure 5-14 graphically shows the unstable, bimodal
behavior of the propagation front. The initial velocity is of the order of the baseline
experiment at approximately 330 m/s. The second mode’s velocity is shown with or
without the hot spot taken into consideration and is approximately 56 m/s or 20 m/s,
respectively. When the hot spot is taken into consideration it is assumed to be steadily
propagating through the dark zone. This could be possible if the reaction becomes
unstable and is no longer a one-dimensional combustion wave. The velocity of either
second mode is approximately one order of magnitude slower than the initial mode.
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Figure 5-14: Trajectory plot for nAl-Lauric/nCuO thermite demonstrating a bimodal,
unstable behavior.
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To examine the effects of coating the nCuO with an organic ligand experiments
are performed with a mixture of nAl/nCuO-1-Dodecanethiol. These experiments show a
similar bimodal velocity profile, however, each mode is an order of magnitude slower
than the nAl-Lauric/nCuO experiment. Moreover, the second mode is physically
different in that it appears as a flamelet approximately 1 mm in length propagating down
the channel. Images of the flame structures for the 1st and 2nd modes of the nAl/nCuO-1Dodecanethiol experiment are shown in Figure 5-15. A trajectory plot for each mode is
shown in Figure 5-16 along with their respective velocities. The fact that the velocities
are an order of magnitude slower than the nAl-Lauric/nCuO experiment is possibly due
to the higher percentage of organic material within the thermite acting as a heat sink and
decreasing combustion temperatures significantly. This system has to be primed with
bare nAl/nCuO in order for ignition to occur.

1st
2nd
mode mode

Figure 5-15: First and second mode flame structure for the nAl/nCuO-1-Dodecanethiol
experiment.
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Figure 5-16: Trajectory plot for nAl/nCuO-1-Dodecanethiol experiment showing
bimodal, unstable behavior.
The final experiment with both particles coated is unable to achieve ignition, even
when primed with bare nAl/nCuO. The quantity of ligands seems to exceed the limit
whereby the heat generated by the reaction is absorbed and unable to be utilized for
propagation. This brings about a significant concern for the self-assembled material that
should, theoretically, have the same amount of ligands on the surface of the particles.
Moreover, the fact that this work shows the opposite trend from [1] is of concern and can
perhaps be explained by equilibrium calculations in the next section.

5.3.4 Equilibrium Calculations

Equilibrium calculations assuming an adiabatic constant volume are performed
with the thermite material and their respective ligands, similar to the previous chapter
with added Al2O3. In the previous chapter, as Al2O3 was added to a system of 80 nm
aluminum spheres and 21 nm μ 100 nm copper oxide nanorods, the equilibrium
temperature decreased, which caused the total gas phase species to drop as well due to the
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relatively high “vaporization” temperature of Al2O3. The decrease in combustion
velocity and transition to an unstable propagation was attributed to the decrease in gas
phase species not allowing for the convective propagation mechanism to occur. The
system discussed in this section, however exhibits a relatively large amount of gas phase
equilibrium species due to the low “vaporization” temperature of the hydrocarbon species
at equilibrium. The equilibrium temperature, however, decreases to values lower than if
the system is diluted by Al2O3 due to the endothermic breakdown of the hydrocarbons.
Moreover, since 38 nm particles are used, the oxide shell accounts for a significantly
higher portion of the total mass, 51% compared to 12% for the 80 nm spheres, which will
also significantly decrease the temperature.
Constant volume equilibrium calculations are performed for the four cases
discussed in the previous section (nAl/nCuO, nAl-Lauric/nCuO, nAl/nCuO-1Dodecanethiol, nAl-Lauric/nCuO-1-Dodecanethiol) accounting for the aluminum oxide
shell (51% by mass of 38 nm particles), interstitial air, and hydrocarbon ligands. Both
the equilibrium temperature and peak pressure are plotted and compared to the previous
results for dilution by Al2O3 only. The x-axis is now representative of the total
percentage of diluent in the system, where the diluent is a combination of one or more of
the following species: Al2O3, Lauric acid, and 1-Dodecanethiol. Since aluminum
particles always have an Al2O3 shell, the overall diluent percentage must always be
greater than 0 and the baseline cases for the 80 nm and 38 nm aluminum particles are
labeled. Figure 5-17 shows the plots of (a) temperature and (b) peak pressure.
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Figure 5-17: Constant volume equilibrium calculations of (a) temperature and (b) peak
pressure for an nAl/nCuO thermite diluted with only the Al2O3 shell and with a
combination of the Al2O3 shell and organic ligands.
The organic ligands decrease the temperature to a lower value than if the system
was only diluted by Al2O3 (previous chapter) at the same diluent percentage. This is due
to the endothermic reactions that are needed to break the long carbon chains into smaller
species. These smaller species, however, are in the gas phase at equilibrium as
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demonstrated by the significantly higher peak pressures found when ligands are added
instead of Al2O3. These ligands can therefore be thought of as endothermic gas
generators added to the system. According to convective propagation theory, this should
promote the convective propagation mechanism and thus increase combustion wave
velocities, however, the tradeoff with temperature hinders the system. This brings about
a dual criterion involving both peak pressure (gas production) and temperature, which
needs to be met in order for convective propagation to occur. This critical temperature,

Tcrit, is roughly equal to the vaporization temperature of aluminum at 1 atmosphere. This
explains the unstable combustion behavior shown when organic ligands are added to the
system, even for the small amount of Lauric acid (3% by mass), and is comparable to the
results in the previous chapter with only Al2O3 as the diluent. This also suggests that the
addition of oleic acid to an Al/CuO system with 80 nm particles in [1] improved
propagation velocity because the low percentage of Al2O3 on the 80 nm particles allows
for the temperature to remain above Tcrit and gas production to be significantly increased.

5.4 Discussion and Conclusions

In order to self-assemble a nanoscale thermite system, organic ligands are needed
to coat and functionalize the surface. The self-assembly aspect should, theoretically,
allow for more intimate mixing and the ability to build an energetic material from the
bottom-up, however the presence of the organic materials will have a significant effect on
the combustion properties. This purpose of this chapter was two-fold:
1. To understand the chemistry behind ligand reaction and attachment to the
particle’s surface. This will assist in choosing the head group of each
functionalized ligand used in the self-assembly process.
2. To examine the effects of the presence of the organic material on the electrostatic
discharge sensitivity and combustion dynamics. This information will be used to
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allow for comparison of the sonicated material to the self-assembled material by
separating the effect of the presence of the organics from the intimate mixing.
The first goal is achieved by review of past work and understanding the surface
chemistry of each of the two constituents. It is found that a carboxylic acid reacts well
with an Al2O3 surface and a thiol reacts well with a CuO surface. An alkane chain
molecule with these head groups are used and reacted with their respective particles in a
toluene environment. After the appropriate washing, filtering and drying the coated
particles are subjected to three tests to assure ligand reaction and attachment. The water
exposure, TGA, and DRIFTS experiments demonstrate that the head groups are reacted
with the particle surface and the amount of material attached to the surface is quantified.
Next, coated particles are subjected to a series of tests to examine the effects of
organic material on the combustion properties. Before any ligands are chemically
bonded to the surface, Viton A is condensed onto the surface of the constituents and the
material is subjected to ESD sensitivity and constant volume explosions experiments.
These experiments demonstrate that as organic material is added to the mixture, the ESD
sensitivity improves significantly while the combustion properties decrease by a small
relative amount. This gives a good indication that an optimum amount of organics can be
used to improve ESD sensitivity for these materials while only slightly effecting
combustion properties.
Finally, the organic ligands are chemically bonded to the surface mimicking the
self-assembly procedure that will be described in the next chapter. In this case, however
the ligands have no tail-group functionalization and are sonicated in the same manner as
typical nanoscale thermite systems. This allows for a better understanding of how the
presence of ligands will affect the combustion properties of a self-assembled material.
Moreover, when combustion experiments are performed with the self-assembled
material, the effect of the mixing can be more fully understood.
It was found through experiments and equilibrium calculations that, as expected,
adding the organic ligands will negatively affect the combustion properties. Experiments
show a bimodal, unstable combustion wave when one constituent is coated similar to
what is shown in the previous chapter when the system was diluted with a significant
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amount of the end product, Al2O3. Moreover, when both constituents are coated ignition
could not be achieved.
Theoretically, the self-assembled material should contain a similar amount of
organic material as the experiments with both particles coated. Since this material could
not achieve ignition, the only plausible reason for the self-assembled material to
potentially ignite and propagate would be brought about by the intimate mixing that
should theoretically occur. The next chapter describes the self-assembly process in more
detail and examines combustion experiments with these materials.
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Chapter 6
The Self-Assembly of Nanoscale Thermites

6.1 Motivation

In the previous chapters nanoaluminum (nAl) combustion was examined in two
different experimental setups. The first had the nAl physically separated from the
gaseous oxidizer requiring the oxidizer to diffuse towards the nAl fuel. This setup
isolated the two constituents allowing for an in-depth analysis of how each affects the
combustion. The second setup involved nAl particles mixed with a solid oxidizer; copper
oxide nanoparticles (nCuO). This system was not fully homogeneous because the two
constituents were solid particles that have to vaporize, diffuse towards each other and mix
at the molecular level before reaction can occur. Moreover, the mixture was unorganized
and differences in agglomeration and species distribution varied from batch-to-batch.
The macroscale combustion properties were, therefore, limited by how well one can mix
the two constituents.
A method by which the mixing can be controlled at the nanoscale is desired in
order to manipulate agglomeration and species distribution within the mixture. Selfassembly offers this ability to create ordered lattice structures with nanoscale particles.
The distribution of stoichiometry and particle size has the potential to be fully controlled
and organized at the nanoscale, allowing for complete control over the macroscale
combustion properties. Scanning electron micrographs in Figure 6-1 clearly demonstrate
the difference in organization between a sonicated thermite mixture and a self-assembled
PbSe/Au mixture from [1]. The difference in nanoscale structure could lead to significant
advances in the combustion of nanoscale thermites. Utilizing self-assembly leads to a
material closer to a fully homogeneous system and, therefore, is considered “quasihomogeneous”. Moreover this allows for the ability to build an energetic material from
the bottom-up.
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Al
CuO

Figure 6-1: Comparing the order of a sonicated Al/CuO thermite mixture to a selfassembled mixture of PbSe and Au from [1].

6.2 Background

The ability to build structures has been a basic need for society throughout
history. Humans have been able to use objects with dimensions from the centimeter to
kilometer scale to create larger ordered structures that benefit society on a daily basis. In
more recent history chemists have figured out ways to manipulate atoms to form various
molecules in the field of molecular synthesis. This is in essence building up objects with
constituents on the atomic scale. The length scales from the nanometer to millimeter
range, however, are not easily manipulated. They are two large to utilize chemical
reactions and too small to be manipulated by hand. Self-assembly offers the ability to
control and manipulate matter at this length scale and perhaps provide a means to buildup macroscale devices [2, 3]. Only recently has this form of “building” been extensively
researched.
A major area of interest in the fields of materials science involves assembling
nanoparticles into ordered crystalline aggregates. Utilizing various forces such as hardsphere interactions, van der Walls, or electrostatics, a system of nanoparticles will selfassemble into various ordered lattices allowing for direct control over the stoichiometry
and lattice spacing. The first studies involved a monodisperse ordered lattice structure
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where all particles are of the same size and act as hard spheres [4]. Recently, however,
many studies have focused on binary nanoparticle superlattices (BNSL’s) that rely on
entropy [5] or utilize electrostatic forces [1] to assemble into ordered lattice structures.
Figure 6-2 shows transmission electron microscope (TEM) images of BNSL’s with
various stoichiometries and lattice structures found in binary nanoparticle superlattices
[1].
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Figure 6-2: Various BNSL’s created with different types of particles at various size
ratios. Many different lattice arrays are formed that are isostructural to molecular
crystals. a)13.4 nm γ-Fe2O3 and 5.0 nm Au; b) 7.6 nm PbSe and 5.0 nm Au; c)6.2 nm
PbSe and 3.0 nm Pd; d) 6.7 nm PbS and 3.0 nm Pd; e) 6.2 nm PbSe and 3.0 nm Pd; f) 5.8
nm PbSe and 3.0 nm Pd; g) 7.2 nm PbSe and 4.2 nm Ag; h) 6.2 nm PbSe and 3.0 nm Pd;
i) 7.2 nm PbSe and 5.0 nm Au; j)5.8 nm PbSe and 3.0 nm Pd; k) 7.2 nm PbSe and 4.2 nm
Ag and l) 6.2 nm PbSe and 3.0 nm Pd [1].
These ordered arrays of nanoparticles allow for the nanoparticles to act as
“artificial atoms” that can be used to build various materials from the “bottom-up”.
Creating a macroscale device from bottom-up engineering gives the designer enhanced

165
precision and accuracy that cannot be matched with top-down engineering. There are
many potential applications for ordered arrays of particles on the nanoscale: optoelectronics [6], high-density storage[7], catalysis [8], biological sensing [9], advanced
magnetic recording media [10], light-emitting devices [11], solar cells [12], photonic
band gap materials (PGB) [13], chemical sensors [14], ultrafast optical switches [15] and
energetic materials [16]. These applications cover a wide variety of heavily researched
fields, and understanding nanoparticle self-assembly at the fundamental level will allow
for even greater discoveries.

6.2.1 Background: Monodisperse Self-Assembly

The assembly of monodisperse hard spheres into close-packed structures is the
basis for all of the subsequent research that eventually led to electrostatic self-assembly
of a binary nanoparticle system. The first material found in nature to employ the selfassembly of particles into lattice arrays was the opal [17]. Sanders published the first
electron microscopy study showing the cubic close-packed (ccp) and hexagonally closepacked (hcp) structures of SiO2 particles about 10 μm in diameter. The discovery of this
highly structured system led to some modeling studies of close-packed structures of hard
sphere particles. It was concluded that the maximum packing density of ccp and hcp
structures for a monodisperse system is 0.7405. This monodisperse system was
eventually employed in the laboratory where a number of discoveries were made. The
most prominent was of the various phases shown by the monodisperse colloid. With
increasing concentration of polymethylmethacrylate (PMMA) spheres (305 nm)
stabilized sterically by poly-12-hydroxystearic acid, a progression of phases was
observed that went from a colloidal fluid, to a fluid and crystal phase in coexistance at
around 43% (melting), to fully crystallized samples at around 55% (freezing). At
extremely high concentrations the sample became extremely viscous and full
crystallization could not occur. Instead the particles created an amorphous “colloidal
glass” [4].
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In the 1990’s researchers began using metal nanoparticles in the 1-20 nm size
range to create monodisperse nanoparticle superlattices. Metal nanoparticles have more
applications than the previously used PMMA particles and they themselves are usually a
crystalline material. These metal particles were passivated with a self-assembled
monolayer (SAM), usually a long alkyl chain thiol, to be kept in a stearically stable
suspension as they organized into a crystalline form. Brust et al. [18] and Whetten et al.
[19] utilized long-chained thiols to interconnect gold nanoparticles into a large network
and examined the electronic properties as a function of thiol length (interparticle
distance) and particle size. Three-dimensional self-assembled superlattice structures of
monodisperse, passivated silver particles were also created, and showed a hexagonal
close packed [20] and tetrahedral structures [21]. Monodisperse structures showed some
interesting properties of self-organization, however, organized structures of nanoparticles
of two different sizes, binary systems, contained another level of difficulty and interest.

6.2.2 Binary Self-Assembly

A decade after Sanders found the monodisperse ordered array of SiO2 particles in
opal, it was discovered that they can also contain a binary system of particles [22]. These
particles arranged themselves into two different stoichiometries, AB or AB13 with a
particle size ratio of 0.58. It was speculated that in order for these structures to occur, the
packing density must be greater than or equal to that of a monodisperse fcc lattice,
0.7405. The reason for this ordering was then investigated both experimentally and
theoretically. A binary system of hard spheres of PMMA of the same particle size ratio
were shown to organize themselves into these same stoichiometries depending on the
volume fraction of particles in the solution [23, 24]. A stoichiometry of AB2 was also
shown to be stable. Theoretically, this ordering was found to maximize the entropy for
the particles when organized into these lattice structures [25]. At a certain volume
fraction, the particles had more room for Brownian motion if they were in an ordered
array rather than randomly scattered through the solvent. At different size ratios,
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different stoichiometries were shown to be more stable and phase diagrams were created
for various ratios [26].
The same progression from PMMA hard spheres to thiol-stabilized gold particles
for monodisperse systems was done for binary systems. In 1998, Kiely et al. [27] were
able to fabricate a BNSL of thiol-stabilized gold particles into a 2D array as shown in
Figure 6-3. BNSL’s of various metal particles have been shown to exist in other
stoichiometries such as AB [5], AB13 [28].

Figure 6-3: Electron micrograph of thiol-stabilized gold nanoparticles with a size ratio of
0.58 in an AB2 stoichiometry from [27].

6.2.3 Electrostatic Self-Assembly

Instead of relying on entropy to organize particles into specific lattices,
electrostatic surface charges could be used for assembly. This led to a number of new
lattice structures. A macroscopic example of this was shown by Grzybowski et al. [29]
with hard spheres of PMMA, Teflon, and polypropylene charged triboelectrically by
rubbing on the vibrating gold coated surface. If two materials were used that created like
charges the spheres repelled, however, if opposite charges were created, they assembled
into ordered arrays as shown in Figure 6-4.
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Figure 6-4: Square lattice formed by 1.59 mm Teflon (white) and PMMA (clear) spheres
with equal but opposite charge from [29].
Electrostatic self-assembly was then observed at the microscale and with binary
systems by Leunissen et al. [30] with oppositely charged PMMA spheres. The addition
of tetrabutyl-ammonium bromide (TBAB) salt gave control over the particle charge and
regulated the screening length. They observed complete freezing into large crystals
isostructural to CsCl over areas of the order of 300 μm Χ 300 μm. An external electric
field was also applied to prove that the electrostatics were the driving force. From
Figure 6-5 it is shown that the crystal melts in the presence of an electric field. Monte
Carlo models for this system were also created [31, 32] and predicted the various
structures found from this technique. Unique structures similar to ReO3, Li3N, SiF4,
AB6fcc, AB6hcp, wurtzite, CaF2, Cr3Si, AB6hp, A4C60, and AB4bct were predicted and some
were also observed experimentally.
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a

b

c

Figure 6-5: Melting of electrostatically self-assembled square lattice crystal by an static
electric field a) t=0 s b) t=125 s and c) t=300 s.
In 2006, Shevchenko et al. [1] were able to create a wide variety of BNSL’s with
many different stoichiometries and particle size ratios, even at densities much lower than
the predicted value of 0.7405 (Figure 6-2). Organized structures occurred at these lower
values, which ruled out entropy as the main driving force. Moreover, at these low
densities, van der Walls, steric or dipolar interparticle interactions do not sufficiently
explain why these particles do not separate into single-component superlattices.
Therefore, electrostatics was thought to be the reason for this wide variety of non-close
packed structures to form. If one type of particle is positively charged and the other
negatively charged, this destabilized any single-component lattices and stabilized the
BNSL.
The coulomb energy, instead of the particle size ratio and volume fraction,
determined the stoichiometry with non-close packed systems. In fact, the same
nanoparticle mixture was able to form various BNSLs with different stoichiometry and
packing symmetry. For example, eleven different structures were created from the same
batches of 6.2 nm PbSe and 3.0 nm Pd nanoparticles. Much broader particle size ratios
were also tolerated than for hard spheres and some structures formed were not
isostructural to any specific intermetallic compound.
The most recent work by Kalsin et al. [33-35] eliminated the need for different
particle sizes to assemble particles at the nanoscale. Gold and silver nanoparticles with
diameters ~5 nm were stabilized with an ω-functionalized alkyl chain of opposite charge
and assembled in a solvent. Furthermore, these equal sized gold and silver nanoparticles
were arranged into three dimensional sphalerite (ZnS) and diamond-like lattice structures
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completely eliminating any close packed structure. Figure 6-6 shows the nanoparticle
diamond-like lattice next to its diamond or sphalerite counterpart.

Figure 6-6: Various morphologies of gold and silver nanoparticle crystals (left) and their
sphalerite (a-d) or diamond (e) macroscopic counterparts. Electrostatics are used to selfassemble the two constituents [33].

6.3 Applying Self-Assembly to Energetic Materials

The previous studies laid the ground work for the fundamental understanding of
nanoparticle self-assembly. Applying similar methods to a reactive binary mixture of
nanoparticles, such as a nanoscale thermite, is the next step for this work. This allows for
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mixture control to occur at the nanoscale, which is one of the biggest limitations on the
combustion of these materials. A heterogeneous energetic material with an organized
nanostructure can potentially be created and will be the closest to a fully homogenous
system as one can achieve. This material is considered “quasi-homogeneous”.
Moreover, no energetic nanocomposite has been built in a bottom-up manner from the
nanoscale.

6.3.1 Motivation From Former Study with Au and Ag Nanoparticles

Past studies on nanoparticle self-assembly used inert materials, such as gold and
silver, as the base constituents. If this is to be applied to the field of energetic materials,
the constituents must be chemically reactive. The two constituents used for this study are
38 nm aluminum (nAl) and 33 nm copper oxide particles (nCuO). Both of the particles
are considered spherical based on SEM micrographs as shown in Figure 6-7.
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a

b

Figure 6-7: SEM micrographs of the a) aluminum and b) copper oxide nanoparticles.
The studies by Kalsin et al. [33-35] are used as the basis for this work. To
electrostatically self-assemble the gold and silver particles, long-alkyl chain ligands were
attached to the surface of the particles to form a self-assembled monolayer (SAM).
These ligands contained a thiol head group which reacted with the surface of the particle
and an appropriate tail group that gave it its charge. Figure 6-8 from [33] shows the
structure of the ligands and how they attach to the surface of their respective particle.
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The 11-mercaptoundecanoic acid (MUA) (HS(CH2)10COOH) ligand was attached to the
surface of the Au particles and N,N,N trimethyl(11-mercaptoundecyl)ammonium
chloride (TMA) (HS(CH2)11NMe3+Cl-) to the surface of the Ag particles.
Ag

Au

Figure 6-8: The structure of the AgTMA and AuMUA nanoparticles.
There are two important steps that need to take place in order to achieve the
desired self-assembly. First, the head of the ligand, in this case the thiol group, must
form a chemical bond with the surface of the particles and, second, the two tail groups
must ionically bond to assemble the particles. Because the second step is not dependant
on the type of particle used, the tail groups and chain length will remain the same for the
nAl/nCuO system. The first step, however, must be altered due to the particle surfaces
being metal oxides instead of the metal. Note that the aluminum particles have an
aluminum oxide surface due to the passivation shell. Head groups must be able to react
with these oxide surfaces in order to create a SAM around each particle before they are
electrostatically self-assembled.

6.3.2 Reactions Between Ligand Head Groups and Their Respective Constituent

The previous chapter described in detail the appropriate head groups for each of
the constituents used in this study. As mentioned in Chapter 5, aluminum oxide surface
chemistry is well-known and it has been used as a substrate for many SAM studies [36-
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42]. The ligands used for these fundamental studies as well as this study contain a
carboxylic acid head group that reacts with the hydroxyl terminated aluminum oxide
surface. Therefore, for this study, a modified TMA ligand is used whereby the thiol head
is replaced with a carboxylic acid (COOH(CH2)10NMe3+Cl-). Theoretically, the reaction
shown in Eq. 5.1 will occur and the CO2- will be bonded to the surface of the aluminum
oxide as shown in Figure 5-9. Details on the method of assembling the TMA to the
aluminum particles is described in detail Appendix A. The final structure of the
functionalized ligand attached to the nanoaluminum particle is shown in Figure 6-9.

Figure 6-9: Final structure of nAl-TMA.
Previous fundamental studies as well as this work show that a thiol is the
appropriate head group for a copper oxide surface. Therefore, the MUA ligand is not
altered and the thiol will act as the head group. Moreover, prior to attempting the
reaction of the thiol with the CuO surface, the MUA ligand will be treated to alter the
carboxylic acid tail and create an ionic compound similar to the TMA tail group. Details
on the treatment of the MUA ligand and the method of assembling it to the surface are
described in Appendix A. The final structure of the functionalized ligand attached to the
nCuO particle is shown in Figure 6-10.
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Figure 6-10: Final structure of nCuO-MUA.
After the functionalized ligands are reacted to the surface of their respective
constituent they are each dissolved in a separate bath of Dimethyl Sulfoxide (DMSO),
which is a relatively polar solvent. Due to the polarity of the solvent and the ionic tail
groups on each of the particles, the particles remain suspended in solution and do not
agglomerate. In fact, each solution was left over a period of several weeks and only a
relatively small amount of material precipitated out of solution. An image of each
particle dissolved in DMSO is shown in Figure 6-11.
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nCuO-MUA

nAl-TMA

Figure 6-11: nAl-TMA and nCuO-MUA dissolved in DMSO.

6.3.3 Electrostatic Self-Assembly

The aluminum solution is added to the copper oxide solution dropwise at about 2
ml/hr. As more aluminum is added, the particles begin to assemble and form
agglomerates which neutralize the electrostatic charge and precipitate out of solution.
Eventually, the supernatant is clear and the self-assembled material precipitates out of
solution. A progression of the self-assembly is shown in Figure 6-12. Notice as more
aluminum solution is added to the copper oxide solution the particles precipitate and the
supernatant becomes clear. The material is then washed and, if desired, redissolved in
DMSO at a lower concentration and higher temperature to allow for a slow
crystallization. More details on the assembly procedure are given in Appendix A.
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Figure 6-12: Progression of self-assembly as nAl-TMA solution is added to nCuO-MUA
solution. Eventually all of the particles precipitate out and supernatant is clear.
To understand the chemistry behind the self-assembly process, a schematic of the
chemical reactions is shown in Figure 6-13. When the coated particles come in contact
with each other, the ionic compound on the tail of each of their respective ligands begin
to interact. The NMe4+ cation on the nCuO-MUA reacts with the Cl- anion on the nAlTMA to form an NMe4+Cl- salt. This leaves the nAl-TMA with a positively charged
functionalization and the nCuO-MUA with a negatively charged functionalization. The
particles are attracted to their opposite constituents, bond and precipitate out of solution.
Presumably ordered agglomerates should be formed whereby the nAl is surrounded by all
nCuO and the nCuO is surrounded by all nAl due to the opposite charges.
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STEP 1: SALT FORMATION

STEP 2: PARTICLE SELF-ASSEMBLY

Figure 6-13: Schematic of salt formation and electrostatic self-assembly of particles.
The slowly crystallized assembled material is examined under a scanning electron
microscope. It is found that a portion of the material does self-assemble into structures
with dimensions three orders of magnitude greater than the nanoparticle constituents.
They self-assemble into microspheres having diameters of approximately 1-5μm. SEM
images of the self-assembled nanoscale thermite microspheres (SANTMs) are shown in
Figure 6-14. The yield of these microspheres is low relative to the un-assembled material
as shown in Figure 6-15. Microspheres built from nanoscale constituents have been
shown previously [43-48], however, these are the first known that utilize energetic
materials. Moreover, these SANTMs are the first known energetic material built with a
bottom-up approach from the nanoscale. In other words, nanoscale fuel and oxidizer
constituents are assembled via electrostatic forces to create energetic material structures
having dimensions several orders of magnitude greater than the original constituents.
Presumably, the constituents are now more intimately mixed due to the oppositely
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charged functionlized surfaces. These could lead to many potential advances in the field
of energetic materials that will be discussed.

1 μm

100 nm

100 nm

100 nm

1 μm

Figure 6-14: SEM images of self-assembled nanoscale thermite microspheres
(SANTMs).

1 μm

Figure 6-15: Low magnification image to give an example of the overall yield of the
microspheres. SANTMs are circled.
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6.3.4 Combustion Dynamics of SANTMs

The limiting factor when dealing with propagation rates of traditional, sonicated
nanoscale thermites is the overall mixing of the system. Therefore, an attempt to
circumvent sonication and create a more ordered, well-mixed system is made by utilizing
nanoparticle self-assembly. Self-assembled nanoscale thermite microspheres are created
via electrostatic self-assembly as shown in Figure 6-14 . It is noted that not all of the
material formed into these ordered geometries, however the self-assembly should still
have an effect on the overall mixing. A more ordered and intimate mixture will
theoretically enhance combustion characteristics by increasing the overall homogeneity
of the system. This leads to shorter diffusion time scales for both mixing and reacting.
Even if the system’s mixing is enhanced, the presence of the ligands within the
matrix could play a significant role in the combustion properties. It was shown in the
previous chapter that a sonicated thermite with its constituents coated (Lauric acid on the
nAl and 1-Dodecanethiol on the nCuO) leads to significantly decreased propagation rates.
In fact, when both constituents were coated, ignition could not be achieved even when the
system was primed. Assuming the self-assembled mixture has equal amounts of
organics, the only means by which the material could ignite and propagate would be due
to enhanced mixing.
The same microchannels described in the previous chapter are used here to
investigate the combustion propagation of a self-assembled nanoscale thermite system.
In order to make enough self-assembled material to fill the channel the slow
crystallization step of the synthesis is not performed. Moreover, since the aluminum and
copper oxide particle concentration within each solution is known, the appropriate
amount of aluminum is dropped into the copper oxide solution to allow for the
stoichiometry to be the optimal value of 1.1. This allows for a direct comparison to
previous results.
When primed with ~0.1 mg of bare nAl/nCuO the self-assembled nanoscale
thermite system is able to achieve ignition and propagate down the channel. Similar to
the sonicated thermites with one constituent coated, there are 2 combustion modes
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whereby the first mode has a faster velocity than the second mode as shown in Figure 616 . The second mode in this case however, is extremely unstable, and has many dark

zones as shown in Figure 6-17. Dim flamelets propagate down the channel, disappear
and reappear a certain distance down the channel leaving behind unburned material. The
overall velocity of the second mode is an order of magnitude less than what was seen
previously. This result strongly suggests that the overall mixing is improved over
sonication and the SANTMs within the thermite allow for the material to self-sustain a
combustion wave in the presence of the organic ligands on the surfaces of both of the
particles.

Distance (m)

0.02

0.01
1st Mode
Velocity = 10 m/s
2nd Mode
Velocity = 0.25 m/s

0
0

2.5e-2
Time (s)

5e-2

Figure 6-16: Trajectory plot for self-assembled nanoscale thermite showing two
combustion modes.
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FIRST MODE

SECOND MODE

Figure 6-17: Images of the first and second combustion modes for the self-assembled
nanoscale thermite.

6.4 Discussion and Conclusions

The final experiments for this work involve the self-assembly of a nanoscale
thermite system. This allows for a more ordered, intimate mixture of the fuel and
oxidizer and eliminates the need for sonication to achieve adequate mixing. Moreover, it
allows for a new method of creating energetic materials, whereby they can be engineered
from the bottom-up instead of the usual top down approach.
After coating each of the particles with a functionalized ligand and suspending
them in separate solutions, the aluminum is added to the copper oxide dropwise at a
stoichiometry of 1.1. When mixed, the oppositely charged particles react to form
agglomerates which precipitate out leaving a clear supernatant solution. The
agglomerates form ordered microspheres with diameters of approximately 1-5 μm, which
is three orders of magnitude greater than the original nanoparticle constituents. These
self-assembled nanoscale thermite microspheres, SANTMs, are the first energetic
materials built from the bottom-up.
To understand the effects of self-assembly on the combustion characteristics, the
material is subjected to channel burning experiments. Having self-assembled material
will affect the propagation rate in two ways:
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1. The organic material will act as a diluent and decrease the flame temperature of
the overall reaction.
2. The intimate mixing will decrease diffusion and mixing time scales allowing for
the system to be more homogeneous.
To separate the two effects, experiments were performed with sonicated material
where each of the constituents was coated with blank ligands (Chapter 5). This showed
that when both constituents were coated the material was unable to achieve ignition.
However, with the self-assembled material, the same amount of organic ligands are
present, but the intimate mixing and SANTMs allow for the material to ignite and
propagate down the channel at a rate of 10 m/s (1st mode) and ~0.25 m/s (2nd mode).
This confirms that self-assembly is a viable means for mixing a nanoscale thermite
system and could potentially provide a more intimate mixture than the traditional
sonication. The organic material needed to achieve self-assembly, however, does
significantly hinder the combustion performance.
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Chapter 7
Future Work and Conclusions

The ability to build a material using bottom-up engineering from the nanoscale is
a goal for various fields of science and engineering. This unique capability to manipulate
and organize nanoscale material to build macroscale structures gives one complete
control over the macroscale properties of the device at hand. Whether this technique is
used for the field of electronics, biotechnology, or energetic materials, it is the ultimate
method in which to create any device or macroscale structure.
Nanoparticle self-assembly is in its beginning stages of research and
development. Most of the research performed in this field deals with inert particles and is
interested in fundamentally understanding the process. Some work has been performed
with an application in mind, but none are fully devoted to applicable end products. This
work attempts to utilize self-assembly for the field of energetic materials, and in
particular, nanoscale thermites. Having the ability to manipulate and organize the
nanoscale fuel and oxidizer into structures with dimensions orders of magnitude larger
could lead to many potential benefits for the field of energetic materials.

7.1 Potential Benefits for Utilizing Nanoparticle Self-Assembly to Build Nanoscale
Thermites from the Bottom Up

The nanoaluminum (nAl) and nanocopper-oxide (nCuO) particles are selfassembled via electrostatic forces creating spheres having diameters on the order of 1-5
μm. These spheres are bound together by the functionalized alkyl chains creating an
organized network of fuel and oxidizer particles interwoven between a carbonaceous
binder. The fact that a composite of fuel, oxidizer, and diluent are organized and
compact into a relatively small volume allows for many potential benefits to the energetic
materials field.
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Adding the self-assembled nanoscale thermite microspheres (SANTMs) to a
larger composite mixture could offer some potential benefits over the traditional energy
enhancing additives. Usually aluminum particles having micron scale diameters are
added to enhance flame temperatures and burning rates. The energy release rate of these
particles can be enhanced if smaller particles are used, however due to the high surface
area of the smaller particles this leads to a more brittle material overall. Having a brittle
energetic material is dangerous due to its possibility of cracking and exploding. If
instead the SANTMs are used, the surface area remains similar, however they are a
composite of nanoscale fuel and oxidizer particles intimately mixed. This could
potentially offer extremely high heat release rates and not compromise the structural
stability of the overall material.
Another potential benefit of these materials is the ability to tailor the combustion
properties, in particular the ignition sensitivity and propagation rate. The fuel, oxidizer,
and carbonaceous binder can be altered in size and/or species to achieve the desired
combustion properties. For example, it was demonstrated in this work that organic
material will improve a thermite’s ignition sensitivity and propagation rate due to its
ability to absorb energy through endothermic breakdown reactions. Perhaps, if different
length ligands are used, the overall ignition sensitivity can be altered incrementally.
Moreover, different size carbon chains and particle sizes could also allow for the
material’s propagation rate to be tailored to the application at hand. Various fuel and/or
oxidizer species and particle sizes could potentially assemble into different geometries
and allow for combustion enhancement. Designer ligands could potentially be
synthesized that are energetic themselves. This would eliminate the diluent (except for
the oxide layer on the aluminum) and create a more explosive, energy dense material.
Overall, the distribution and composition of the material within the macroscale energetic
material could be known and organized down to the nanoscale.
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7.2 Future Work with Electrostatic Self-Assembly of Nanoscale Thermites

The first steps of this study have been performed to understand the bonding of a
ligand to the surface of the aluminum and copper oxide nanoparticles and the subsequent
self-assembly between the two particles. The SANTMs created demonstrated that this is
a viable method for assembling nanoscale thermites into ordered structures having
dimensions relatively large compared to the nanoparticle constituents. Moreover, the
self-assembled material was subjected to combustion studies which demonstrated that the
mixture enhancement did lead to a more reactive material.
More work, however, needs to be performed on characterizing the materials of
these SANTMs. First, the yield of these microspheres, is relatively small. From SEM
images of the material only a small portion of the material is assembled. A more in depth
study must be performed whereby variables are changed during the assembly process to
enhance the yield of the SANTMs. Second, the microspheres need to be better
characterized. A method in which the fuel and oxidizer can be distinguished from each
other needs to be established. This will allow for a calculation of the overall
stoichiometry within the microsphere and an understanding of the packing arrangement
of the particles. Finally, the physical characteristics of the ligands within the SANTMs
need to be understood as well. Experiments must be performed with various chain
lengths to understand their effect on the assembly and combustion.
The surface charge or zeta potential of the two particles needs to be quantified by
using the ZetaPALS. These measurements should be done throughout the mixing and
self-assembly process as well to find the ratio of particles needed to achieve electrostatic
neutrality. This experiment was performed by Kalsin et al. [1] on the gold and silver
nanoparticles that were assembled into a diamond-like lattice.
One of the main differences between this work and other self-assembly work is
the size distribution of the original constituents. Most of the other research groups
synthesize their own nanoparticles and coat them with the functionalized ligands in situ.
Care is taken to assure an extremely tight size distribution and uniformity throughout the
particles. If the original constituents are geometrically similar, the macroscale structures
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that form will be more likely to form regular geometries. As of now, the work with
nanoscale thermite materials is performed on particles that are purchased form an outside
source. These materials are created in bulk and extreme care is not taken with particle
size distribution during synthesis.

7.3 Conclusions

The goal of this work was to understand how nanotechnology and self-assembly
can be applied to the field of energetic materials. This was assessed by performing three
experiments with nanoaluminum particles (nAl): 1) heterogeneous flame spread, 2) semihomogeneous sonicated thermite, and 3) quasi-homogeneous self-assembled thermite.
Overall, these three experiments gave insight into why particles with nanoscale
dimensions are beneficial to the field of energetic materials, and why nanoparticle selfassembly is a viable method for building energetic materials with a “bottom-up”
approach.
First, a flame spread setup was examined to understand how nAl reacts with a
gaseous oxidizer in a completely diffusive setup. Due to the simplicity of the
experimental setup, a theoretical scaling analysis was performed and trends were
predicted. Next, experiments were performed with a sonicated thermite mixture to allow
for the understanding of a semi-homogeneous solid-solid combustion system. This
sonicated thermite system was diluted with both end products and long alkyl chain
hydrocarbons to understand their effects on the combustion properties. Furthermore,
these experiments gave an indication as to how the self-assembled material will behave.
Finally, electrostatic self-assembly was utilized to build an ordered nanoscale thermite
from the bottom-up. Self-assembled nanoscale thermite microspheres (SANTMs) were
created having diameters approximately 2 orders of magnitude greater than the diameters
of the nanoparticle constituents. The effects of having a self-assembled structure on its
combustion properties were examined via combustion in microchannels. Unlike the
sonicated material, the self-assembled material achieved ignition and was able to sustain
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propagation down the length of the tube. This significant improvement in combustion
properties is attributed to the intimate mixture created by the self-assembly process.
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