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Energetic materials research focuses on performance analysis of cost-effective 

solid materials which safely, precisely, and efficiently transitions stored chemical 

potential energy to kinetic energy at a rate throttled through chemical or architectural 

means. Heterogenous compositions of metal fuels and solid materials with a high 

storage capacity of condensed oxidizing elements, such as oxygen and/or fluorine, is a 

class of energetic material of interest given its relatively high reaction enthalpies and 

adiabatic flame temperatures. In the wake of the earliest instances of metal fuels being 

used as a high energy additive during World War II, characterizing the reaction 

mechanisms of micron and nanoparticle aluminum fuels with various oxidizer sources 

has been a primary subject of research within the solid energetics community. 



  

 The advent of nanotechnologies within the past two decades brought with it 

the promise of a prospective revolution within the energetics community to expand the 

utility and characterization of metallized energetic materials in solid propellants and 

pyrotechnics. Significant prior research has mapped reactivity advantages, as well as 

the many short comings of aluminum-based nanoscale energetic formulations. 

Examples of short comings include difficulties of materials processing, relative 

increase in native oxide shell thickness, and particle aggregate sintering before primary 

reaction. The less than flaw-less promises of nanoscale aluminum fuels have thus 

become the impetus for the development of novel architectural solutions and material 

formulations to eliminate drawbacks of nanomaterial energetics while maintaining and 

improving the benefits. 

 This dissertation focuses on further understanding reaction mechanisms and 

overall combustion behavior of nanoscale solid energetic composite materials and their 

potential future applications. My research branches out from the heavy research 

involved in binary, aluminum centric systems by developing generalized intuition of 

reaction and combustion behaviors through modeling efforts and coupling time-of-

flight mass spectrometry to rapid heating techniques and novel modes of product 

sampling.  The studies emphasize reaction mechanisms and microwave sensitivities of 

under-utilized compositions using metal fuels such as titanium, generalize the 

understanding of the interaction of fluoropolymer binders with metal fuels and oxidizer 

particles, and characterize how multi-scale architectural structure-function relations of 

materials effect ignition properties and energy release rates. 
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Chapter 1: Introduction 

The discovery of novel materials and improved engineering controls for 

enhanced combustion performance has been instrumental to our existence on this 

planet. They are a means of generating heat, light, and gases for industry, 

transportation, cooking, climate control, and advancements in warfare.1 Combustible 

materials come in all phases (i.e. gas, liquid, solid) with mechanisms for combustion 

being either self-contained (i.e. monomolecular propellants/explosives) or 

heterogenous, in which multiphase processes take place. In particular, the evolution of 

solid energetic materials through history is marked by the desire for controllable, 

reliable access to chemically stored potential energy to be converted to kinetic energy.1 

Research efforts focusing on the utility of solid energetic materials focus on several 

characteristics, which include heat of combustion (amount of energy produced from 

combustion reaction), sensitivity to external stimuli (e.g. impact, shock, electrostatic, 

thermal), brisance (shattering capability), detonation velocity, power (work energy per 

time), material quality, and material stability2 (ability of energetic material to remain 

unaltered under adverse conditions or after long periods of storage).3,4 Furthermore, 

characterization of combustion performance is often standardized based on ignition 

delay times,5 duration of combustion, flame front morphology (e.g. height, intensity, 

area, etc.), velocity, and interactions with the environment.4,6,7 

1.1 Basics of Solid Energetic Materials 

Solid energetic materials are categorized into ñpropellantsò, ñexplosivesò, and 

ñpyrotechnicsò with general applications in space technology,8 ordinance, fireworks, 
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automobile airbags,9 mining, initiators, and deconstruction.3,6,10,11 The difference in 

these categorizations is the rate at which the non-linear reactions proceed after they 

ignite. Compositions ignite when the exothermicity of a reaction exceeds the energy 

dissipation rate to establish a self-sustained chemical reaction at a nominal temperature 

point, known as the ñignition temperatureò.1,3,5,12,13 Explosives are defined as a material 

which detonates, characterized by a high pressure shock wave (i.e. rapid change in 

pressure) moving at supersonic speeds through the explosive medium. The reaction rate 

is determined by the velocity of the shock wave ( 103 m/s) and not the rate of heat 

transfer.1,3,6 Both propellants and pyrotechnics are heterogenous compositions of fuel 

and oxidizer, which are non-explosive with burning described as a deflagration event. 

Deflagration is characterized by a relatively slow reaction taking place on the surface 

of the energetic material and proceeds into the grain via heat transfer mechanisms (10-

3-102 m/s).1,3,6,10,11 In general, explosive materials may also deflagrate in which the 

transition point from deflagration to detonation in both monomolecular and composite 

energetics has been an important topic of research.3,14 Propellants generate gas to 

provide lower pressures over a longer time period to effectively provide and sustain 

pressure (thrust) in propelling objects.3,6 Solid propellants have advantages, such as 

safety, storage stability (30+ years), resistance to unintended detonation, simplicity, 

adequate functionality, and high mass flow rates, which make solid propellants 

preferable in small missiles for instantaneous readiness.9ï11,15 The Saint Robertôs law 

(rb = a·Pn ) is widely used for solid propellant characterization to calculate a fit of 

burning rate, rb, as a function of  pressure, P, and determine its pressure exponent, n, 

which ultimately sets its viability for applicational usage.16 Comparatively, 
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pyrotechnics have many of the same characteristics as propellants but evolve large 

amounts of heat and generate negligible gaseous products.3,6  

1.2 Historical Developments of Solid Energetics 

Developments and advancements of solid energetic materials of all types draw 

a direct relationship between basic research and technology in the realm of warfare, 

where advancements give an impetus to further research.3 Flame and incendiary 

devices are the oldest form of organic material chemical weapons dating back to as 

early as the cavemanôs use of flames and burning coals for cooking and fending off 

animals and rivals.3 Basic incendiaries have proven to be effective in their potential for 

destruction, as exemplified by the use of fireballs of resinous wood and straw in the 

Greco-Roman Classical Era to the indiscriminate deployment of thermite bombs over 

early 20th century European cities and Napalm in the jungles of Vietnam.3 Energetic 

materials have gone through many technological developments and adaptations beyond 

simple incendiary devices and has had a major influence over the course of history as 

we know it.3,17  

The debut of the earliest forms of recreational fireworks for great displays of 

lights, color, noise, and smoke in China during the Song dynasty would eventually lead 

to the development of pyrotechnics for illuminating ravaged fields of battle (e.g. star 

shell flare) and colored smoke signaling devices (e.g. M18 smoke grenades) for air to 

ground identification.3 The discovery of black powder (i.e. KNO3, also known as 

saltpeter, sulfur, and charcoal) by the Chinese, Arabs, and Hindus (formulas recorded 

by the English monk Roger Bacon in 1249) began the history of explosives as a primary 

means to transition chemical energy to mechanical work.3,9,15,17 Further European 
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developments of black powder with differing equivalence ratios (relative ratio of 

composite fuel mass to oxidizer mass compared to the stoichiometric ratio)1,18 led to its 

ubiquitous utility in blasting, mining, and propulsion in early 14th century 

developments of guns and ballistics technology. One notable example is the  British 

Congreve rocket; adapted from crude, black powder fueled Indian bamboo rockets and 

immortalized by Francis Scott Keyôs ñrocketôs red glareò description in the writing of 

the Star Spangled Banner during the siege of Fort McHenry in the War of 1812.3,17,19 

 

Figure 1.1: Historical developments and use of heterogenous solid energetic materials 

from early manôs use of wood fueled fires, the recorded formulation of gun powder, to 

manôs ventures to the stars. Original ñRockets Red Glareò artwork by Abraham Hunter 

©2016. Image sources: Nasa.gov, Wikimedia commons. 

 
In 1833, the synthesis of nitrostarch (i.e. starch in nitric acid) by French chemist 

Henri Braconnot launched the development of modern, more powerful smokeless 

monomolecular propellants, detonators, and high explosive technology after 350+ 

years of black powder use.3,20 The heterogenous energetic composite of black powder 

would be phased out by increasingly more powerful single component nitroamine 
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explosives with utilizations and adaptations developed for differing applications 

depending on various thermal stabilities, mechanical properties, and sensitivities to 

external stimuli.6,21 The power of high explosive technology was put on display during 

World War I & II  with volleys of artillery shells and aerial bombs tipped with 

Trinitrotoluene (TNT), which was developed in 1863 by Germanyôs J. Willibrand but 

not exploited for its explosive characteristics until 1904.3 Likewise, Henning developed 

cyclotrimethylenetrinitramine (RDX or cyclonite) in 1899 Germany. RDX was initially 

used for medical purposes but ultimately became the most viable and utilized successor 

of TNT for its superior brisance and use underwater for torpedo applications.3 

Endeavors for even higher enthalpy molecular architectures with the potential for even 

larger energy output resulted in the synthesis of currently used high explosives such as  

hexanitrohexaazaisowurtzitane (CL-20), cyclotetramethylenetetranitramine (HMX), 

and many other nitroamine explosives.3,6,21  

1.3 Solid Propellants 

Although high explosive materials generate large amounts of gas over a short 

period of time, they alone are largely unsuitable for propellant applications. This is due 

to the exceedingly large pressures generated, lack of mechanical strength, high shock 

and impact sensitivity, lack of thermal stability, and low temperature phase changes 

which compromise mechanical integrity.6,21 Therefore, heterogenous solid propellants 

with greater mechanical integrity and reliability were established as the backbone for 

space exploration through instrumented or manned spacecraft.11 Traditional solid 

rocket propellants are prepared through liquid or semi-liquid methods for fabrication 

of homogenous mixtures of a gas producing solid oxidizer powder embedded within 
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an organic polymeric fuel, which also acts as a plastic binder.3,9,11,22,23 Effective binders 

for solid propellant applications need to be a high caloric material, compatible with 

high-energy ingredients, and allows for high-solid loadings to be thoroughly mixed for 

enhanced interfacing of the fuel and oxidizer.7,11 Typically, this is the case for non-

toxic polymers which are minimally hygroscopic with low glass transition temperatures 

and have a narrow molecular weight distribution for low viscosity precursor mixing.7,11 

While a variety of both energetic (e.g. glycidyl azide (GAP), nitrocellulose (NC)24,25) 

and non-energetic  (e.g. epoxy-, nitrocellulose-, and fluorine- containing polymers3,9,11) 

binders have been employed and extensively studied, no binder type has been as 

effective as the inexpensive polyurethane binder hydroxyl-terminated polybutadiene 

(HTPB).15 HTPB has been used for over half a century owing to its superior mechanical 

and aging properties,9 suitable chemical stability and degradation behavior for 

enhanced reaction kinetics, and ability to mechanically withstand larger variations in 

temperature.6,7,11 

Conventional HTPB solid propellants typically have up to 80 wt.% of oxidizer 

with traditional propellants using ammonium perchlorate (AP) as the primary 

oxidizer.9,15,23 AP was first synthesized by German chemist E.  Mitscherlich in 1832 

and can act as both an oxidizer and low-grade explosive. AP has been extensively 

studied and primarily used in most solid rocket motors for its thermal stability, high 

oxygen content, and ability to generate corrosive gases.26 The chlorine-based corrosive 

gases etch through the native aluminum oxide shell to produce fast burning rates and 

large energy outputs.3,9,11,22,23 Understanding the deflagration behavior of these 

materials and probing the diffusional and kinetic processes between additional 
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energetic components of heterogenous systems has become the forefront of energetic 

materials research in exploring combustion propagation limits.16,20 

1.4 Metallized Heterogenous Energetic Composites 

Due to the fundamental thermodynamic limitations of organic CHNO 

chemistry, fine metal powders with high reaction enthapies are used within 

contemporary heterogenous solid energetic systems. Even the most modern 

molecularly engineered single component high explosives, such as CL-20, are near the 

limitations of potential energy that may be stored in such chemical 

bonds.3,27,28Aluminum is one of the more commonly utilized metal powders in solid 

propellant systems, powder ignitors, and modern incendiary devices. This is due to its 

large abundance in the Earthôs crust29,30, relative stability, low ignition threshold, and  

high specific energy density as a result of oxygen oxidation compared to the enthalpy 

of detonation of high explosives (31 kJ/g vs. 6.2 kJ/g).3,18,20,31 In general, the choice of 

metal powder is dependent on cost and specific kinetics/reaction mechanisms of 

powdered metal fuels with oxygen producing far more exothermic interactions than 

monomolecular explosives and thus reach higher temperatures of reaction.32 A 

comparison of the specific heats of combustion for materials of primary focus within 

the energetic community are shown in Figure 1.2. 
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Figure 1.2: A comparison of specific combustion enthalpies of energetic metals with 

O2 in relation to modern explosives with the relative abundance of reactive metals 

displayed.29 

Aluminized explosives were first proposed by R. Escales of Germany in 1899 

with the creation of ñAmmonalò. This mixture of ammonium nitrate, charcoal, and 

aluminum was utilized utilized in incendiary artillery shells, rifle bullets, and grenades 

to set fire to buildings, supply dumps, and enemy observation balloons by both factions 

of World War I (1914-1917).3 Such energetic compositions are typically categorized 

as either ñreactive materialsò, ñmetastable intermolecular compositesò (MICs), or 

pyrotechnics. Heterogenous powdered mixtures of metal fuels (e.g. Al, Ti, Mg, Si, B) 

and oxidizers in the form of metal oxides or metal salts as a source of condensed oxygen 

(e.g. CuO, MoO3, Fe2O3, Bi2O3, I2O5, KClO4, NH4ClO4, etc.)  are colloquially referred 

to as ñthermitesò and fall under the subcategory of pyrotechnics.23,31,33 These high 

combustion enthalpy reactions are based on the formation of a more 

thermodynamically stable oxide (e.g. Al 2O3, TiO2, MgO, SiO2, B2O3) that typically 

contains a single metal oxide. The addition of multiple oxidizers can lead to unexpected 

results and incomplete combustion due to the potential for unintended alloying 

reactions.34 A generalized thermite reaction between reactants is represented by the 
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basic chemical notation of metals (ὃȟὄ), metal oxides (ὄὕȟὃὕ), and energy release 

(ῳὗ) in eq. 1.1: 

ὃ
ώ

ὼ
ὄὕ

ώ

ὼ
ὄ ὃὕ ῳὗ ρȢρ 

 Traditional thermites are attractive as a cheap, environmentally benign local 

high heat source for applications in welding rail road ties35 and destruction or 

transformation of a substrate material.6,20,24,36 A spur of military research endeavors 

began focusing on the usage of metallized systems after the discovery that the 

extremely effective German bombs of World War II were infused with aluminum 

powder.3 During the early years of the space race with the Soviet Union following 

WWII  (1939-1945), theoretical research showed that the specific impulse (i.e. the 

ability of the propellant to accelerate a payload vehicle) and total energy density of 

propellants could be increased by integrating reactive metal powders (e.g. Al, Mg, B) 

of various size distributions.8,31,37,38 Additionally, the inclusion of reactive metal 

powders minimize combustion instabilities by providing condensed phase particles, 

which can attenuate oscillatory behavior in a rocket motor.37 Thus, industrial 

formulations and casting of solid rocket motors are fueled by widely used HTPB bound 

conventional propellants, which integrate micron sized (15-30 µm) aluminum particle 

fuel along with the standard ammonium perchlorate oxidizer.8,38,39  

1.5 Nanoscale Energetic Materials 

Analysis of the combustion behavior of traditional AP/HTPB/Al systems 

utilizing particle sizes in the range of 10-100 µm showed the formation of large 

aluminum droplets with long ignition delays. Such droplets burn slowly and relatively 
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far from the propellant surface, reducing heat feedback and performance.40ï42 These 

type of experiments demonstrated how the thermodynamic benefits of metals and 

traditional thermite compositions are often offset by their slow kinetics derived from 

diffusion length scale limitations.27,36,43 The rapidity of monomolecular explosive 

reactions is a result of the close proximity of nascent molecular fuel and oxidizer 

decomposition products of the energetic molecule (~10-10 m).27,34 Research over the 

last 20+ years has shown that the reactivity of high energy metallized heterogenous 

composites can be improved by shrinking the diffusion length scales between fuel and 

oxidizer down to the nanoscale (Figure 1.3).6,27,31,36 Solid fuels and oxidizers at the 

nanoscale have higher surface energies and have shown to reduce melting and 

decomposition temperatures, even  though it is generally accepted that there is no 

significant thermodynamic advantage of the nanoscale.41 However, the intimate 

interfacial contact and larger specific surface area (10-50+ m2/g) between spherical or 

irregularly shaped components44 play a critical role in combustion performance and 

energy release rates.6,8,15,20,25,36 The replacement of micron aluminum with readily 

available aluminum nanoparticles (nAl) has shown to reduce Al ignition delay and 

ignition temperature (Ғ2300 K to < 1000 K),45ï47 and ultimately lead to particles 

burning closer to the surface of propellant compositions for continuous heat feedback 

and faster steady burning rates.8,36,39ï41  

Energetic compositions where one or more components are sub-micron, but 

colloquially and arbitrarily less than 100 nm, are referred to as 

ñnanoenergeticsò.20,27,35,36 Nanoscale MICs are generally divided into two categories: 

powdered forms and multilayer laminates.6,48 Components of powdered nanoscale 
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MICs are synthesized by a variety of techniques based on their chemistry and 

composites prepared by arrested reactive milling49,50, physical mixing through 

ultrasound agitation, or solïgel methods. Techniques for nanoparticle synthesis 

include, but not limited to, the following: electrical explosion (metals), high-

temperature combustion method (metal nitrides), aerosol spray pyrolysis (alloys, metal 

oxides), plasma arc vapor-phase synthesis (metal nitrides), and laser techniques.6,18,24,25 

Multilayer reactive laminate films with nanoscale layer thicknesses are typically 

synthesized via bottom-up vapor deposition methods, which make them beneficial for 

precise deposition for microscopic ñsmartò energetic devices.6,20,48,51  

 

Figure 1.3: Reducing heterogenous energetic components enhances reactivity due to 

reduced diffusion length scales and specific surface area, s. Monomolecular energetics 

have fuel and oxidizer ñpre-packagedò at the molecular scale. 

In contrast to traditionally used monomolecular explosives18 which usually 

yield extremely high detonation velocity but low energy density6 and no stoichiometric 

control (typically characterized by molecular oxygen balance),  MICs can be adjusted 

for particle size distribution,6,31 choice of fuel and oxidizer,6,31 equivalence ratio,1,6,31 

material geometry and preparation,34,52 and reactant packing.6,31 Each of these 
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parameters allows for tuning of energy density, reactivity, ignition temperature, 

combustion performance, and gas generation of nanoenergetics.31,33,35 Both oxidizers 

and metal fuel particle size govern ignition onset temperature, burn rate, and dynamic 

pressure of the reaction with variations in the thermal response of the oxidizer upon 

heating (i.e. melting, decomposition to sub-oxides, sublimation, or mechanistic 

sequences thereof) playing a critical role in determining the degree of their utility and 

tunability.31,53 Preparation of hybrid nano-energetic composites consisting of 

elementary constituents of both MICs and traditional explosives has shown even the 

ability to tune the transition from deflagration to detonation and adjust performance 

through material density and ratio of MICs to explosives, making them suitable 

replacements of primary explosives.54  

The length scale and performance tunability of high energy density nanoscale 

MICs make them appropriate systems for tunable generators of biocidal-agents (e.g. 

SiFx, Ag, I2),
18,20,55 actuation applications in initiators/detonators,20,36 and in single-use, 

solid state, miniaturized microelectromechanical systems (MEMS) for solid propellant 

thruster arrays.6,15,24,56 Adequateness of use in these applications is guaranteed by 

uniform combustion of gas generating nano-thermite propellants (e.g. Al/CuO, 

Al/MoO3, Al/Bi 2O3)
35 where most conventional solid propellants (e.g. AP/HTPB) and 

nano-energetics with metal salt oxidizers (e.g. AP, AN) are not suitable due to ignition 

inconsistencies, hygroscopic nature, lack of sensitivity, encapsulation inadequacies, 

environmental concerns, and lack of safety.15,20,23,24,56 
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1.6 Observed Mechanisms of Nanoscale Thermites 

Divulging the relevant ignition mechanisms of nanoscale metallized energetics 

for applications under various environmental conditions can be complex. Oxidization 

mechanisms and vigor of oxidation correlates strongly with the mode of transport (i.e. 

condensed phase or gas phase) and degree of mobility of the oxidizing agent.57 The 

mode of oxygen transport from metal oxide sources is not strictly gas phase or 

condensed phase driven in general cases. Thermite oxidation mechanisms are often a 

combination of transport mechanisms where the reliance of either mechanism to 

achieve ignition can be discerned by varying the concentration of free oxygen.12,34,53 

The lower bound of ignition temperatures in aluminum thermites has been determined 

to be limited by aluminum diffusion. Condense phase dominated MICs are driven by 

oxygen ion conductivity (e.g. Bi2O3, perovskites)13,53,58 and show no significant change 

in ignition temperatures23,57 as a function of ambient O2 pressure. This behavior is 

contrasted by gas phase dominant reactions whose ignition temperature, under 

atmospheric conditions, correlates well with the release of oxygen gas from solid 

oxidizer sources(e.g. Al/CuO, Al/Fe2O3, Al/KClO4, Al/I2O5)
23,53 and experience a 

comparative increase in ignition temperatures with lowered O2 pressure.12 

Measurements of the global reactivity of various nano-aluminum thermites 

demonstrate a thermally driven, narrow distribution (effectively constant) of critical 

reaction rates at the point of ignition.12 The critical reaction rate is independent of the 

ambient environment, oxidizer choice, overall reaction enthalpy, or mode of oxygen 

transport.12,13,58 Various differences in ignition temperature between materials are a 

reflection of a critical oxygen ion conductivity13 or concentration of gaseous oxygen12 
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necessary for reaching the critical oxygen impingement rate for thermal runaway. 

Kinetics for the critical reaction rate can be described by an exponential Arrhenius 

model where the temperatures for sufficient oxygen mobility are determined by 

material activation energies of oxygen lattice diffusion and/or oxidizer 

decomposition.12,13,23 

1.7 Observed Pitfalls in the Application of Heterogenous Nanoscale Composites 

Despite the addition of light, reactive metals and their hydrides theoretically 

producing higher specific impulses and stability during combustion of solid 

propellants, their experimental inclusion often leads to a reduction in combustion 

efficiency.2,11 Gas generation of low average molecular weight molecules at high 

temperature during propellant combustion is critical to both propellants and 

nanoenergetic materials for achieving a high specific impulse.6,11,15,35 The combustion 

of metallized propellants is said to result in ñtwo-phase flowò. Deflagration generates 

a significant amount of condensed phase particulates being ejected behind the main 

exhaust plume in addition to gas phase species, reducing its efficiency.11,35,43,56 It is for 

this reason that low gas generating thermite mixtures are not directly used as a 

propellant, unlike organic explosives and propellant mixtures.24 Heat generating 

thermite-based propellants typically include gas-generating work substances in the 

form of an energetic binder, like NC, or even low molecular weight oxidizers (e.g. 

AP)59 and explosive constituents such as RDX or HMX60, even though transient 

gasification/pressurization rates are enhanced by high temperature nano-aluminum 

thermite combustion (e.g. Al/CuO < Al/Bi 2O3 < Al/I 2O5 < Al-Bi(OH)3 < Al/KClO 4 < 

Al/NH4ClO4).
6,15,23,24,35 



 

 

15 

 

The perceived advantages of nanoscale MICs are often overshadowed by their 

intrinsic drawbacks which limit their wide utilization in propellant systems.18 

Fabrication of nanoscale MICs are more costly33 than their micron sized counterparts, 

and their increased specific surface area make compositions increasingly hazardous to 

handle due to their ability to aerosolize and enhanced sensitivity to external stimuli 

(e.g. friction, impaction electrostatic discharge (ESD)).8,20,36 Thin, passivating oxide 

shells (2-6nm) are common among nearly all metals and can be characterized via X-

ray Photoelectron Spectroscopy (XPS) and Transmission Electron Microscopy 

(TEM).39,61 This oxide layer becomes a significant volume/weight fraction of the total 

core-shell metal particle composition at the nanoscale.62 While micron aluminum 

contains 95 wt.%+ active content, nano-aluminum particles contain 65-80 wt.% active 

Al content which eventually leads to reduced specific impulse potential and combustion 

performance efficiency.8,36,45,47,62 The thin oxide shell may hinder further oxidation at 

standard conditions, but aluminum powders are easily susceptible to oxidation by 

water. Aluminumôs susceptibility to water effectively limits the application of 

nanoscale aluminum in humid conditions and in mixtures with highly hygroscopic 

oxidizers due to poor long term stability.20,23,36,39 Moreover, the incorporation of high 

surface area nanoparticles within propellant precursor formulations gradually changes 

rheological properties (Einstein formula)8 and makes it more difficult to process and 

uniformly mix nanocomponents within polymer binders.20,27,33,36 Some studies have 

shown that while the addition of Al nanoparticles at low mass loadings (<20 wt.%) 

within a polymer binder may slightly increase material tensile strength, further 

increases in particle loading lead to detrimental deterioration of mechanical integrity.63 
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Mechanical integrity is an incredibly critical feature for propellants where even a tiny 

crack in a burn grain could create local pressure peaks and cause erratic propulsion or 

even rupture the rocket mortar tube.3 

One of the most important observed disadvantages of using nanoparticle fuels 

is the shockingly minimal gain in enhanced burning rates of submicron material 

compared to theoretical expectations (Figure 1.4).27 Burning of larger particles in the 

range of 30-100 µm follow the d2-law (diffusion-limited burning) and transition to 

kinetically controlled burning (d-law) for particle sizes of Ғ10µm. However, particle 

burning times at the nanoscale largely deviates from the kinetically controlled trend 

and becomes nearly independent of particle size (~d0.3).40,45 TEM research focusing on 

morphological properties of nano-aluminum has shown that the high surface energy of 

individual nanoparticles leads to heavy agglomerations via Van der Waals interactions 

which are thermodynamically driven to coalesce (sinter) during high temperature 

applications.39,40,57,64 If the timescale for sintering is faster or comparable to the 

oxidation reaction timescale, then aggregates of nanoscale primary particles will 

coalesce prior to combustion and result in burning times corresponding to that of 

particles with larger characteristic length scales.20,36,45,64  

In situ TEM heating experiments of aluminum nanoparticles at heating rates 

comparable to combustion (~106 K/s) demonstrated that Ғ80% of the nanoparticle 

surface area is lost as a result of sintering.45,64 Moreover, these same experiments 

showed that the sintering time (Ғ50 ns) of nano-aluminum is competitive with the 

reaction time (Ғ10 µs). This indicates that aluminum particles should sinter long before 

the main combustion event.5,45,57,64 This behavior is made apparent by the observation 
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that the reactivity of powered aluminum MICs has been shown to be more strongly 

correlated with the size of the oxidizer particles as opposed to the size of aluminum 

particles.31  

 

Figure 1.4: Modeling and experimentation of the coalescence of aluminum 

nanoparticles under rapid heating conditions. Rapid sintering is a primary factor in 

the reduction burn rates compared to theoretical single particle burn rates. Adapted 

with permission from the stated references.40,45 

1.8 Mechanisms of Nano-Al Particle Oxidation and Thermite Ignition 

Several mechanistic based studies have previously been undertaken to better 

understand aluminum nanoparticle oxidization under various heating conditions to 

optimize the benefits of nanoscale aluminum-based MICs while reducing their 

drawbacks. Much of this research is motivated by preliminary research highlighting 

two mechanistic pathways for aluminum nanoparticle ignition for which there remains 

much debate rooted in the microstructural interactions between the Al core and the 

alumina shell upon heating.31,61  

The melt dispersion mechanism states that, under rapid heating conditions 

(106+ K/s), the high stress on the oxide shell from the expansion of the aluminum core 

as it melts results in a sudden rupture of the oxide shell and high velocity insertion of 
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molten aluminum clusters.8,45,64,65 No direct experimental observations or 

computational works have suggested an explosive rupture of the alumina shell.45,61 The 

vast majority of both experimental and computational studies observe the diffusion 

mechanism of aluminum oxidation. A combination of nano-cracks61,62 generated from 

polymorphic phase transitions34,46,47 of the alumina shell and an induced electric field 

established between the alumina shell and aluminum core45 drives aluminum ion 

diffusion through the permeable sub-oxide shell until encountering oppositely diffusing 

external oxygen.57  

Diffusive reaction behavior was supported early on through studies relying on 

slow heating (1-50 K/min) methods of characterization in the form of 

thermogravimetric analysis (TGA),46,47 in situ hot stage x-ray diffraction (XRD),61 and 

in situ TEM.61,62 These techniques analyzed and monitored the evolution and 

morphology of alumina shell polymorphs. Experiments using high heating rates pushed 

the theoretical line between the proposed regimes of influence of the diffusion 

mechanism and melt dispersion mechanism through T-Jump ignition delay 

experiments (~106 K/s )5,31 and in situ TEM laser heating experiments (~108 K/s).57,64 

Both experiments showed no evidence of aluminum particle spallation and even 

demonstrated that the ignition time delay of nano-aluminum correlated well with oxide 

shell thickness, suggesting a diffusion mechanism even at ultra-high heating rates.  

The phenomenon of ñreactive sinteringò is highlighted in similar in situ TEM 

studies of overall nano-aluminum thermite reaction mechanisms. In the areas of 

intimately mixed fuel and oxidizer, an initial low temperature condensed phase reaction 

produces heat near the Tammann temperature (i.e. half the melting temperature)34,53 to 
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further sinter and draw in surrounding particles to the reacting interface and facilitate 

the reaction to completion.34,57 Gas generating oxidizers such as CuO and Fe2O3 do 

liberate oxygen on their own when rapidly heated to decomposition, but leave much of 

the oxygen trapped in their sub-oxides in the absence of significant local heat 

generation.23,57 Thus, observations of reactive sintering are seen as visual evidence of 

a two-step combustion mechanism where an initial fast reactive sintering step precedes 

a more drawn out burn of the remaining fuel by O2 liberated by the heat released by the 

reactive sintering step.57 This perspective emphasizes the importance of uniform, 

homogenous mixing of nanosized components for efficient, uniform burning.15 

1.9 Fluoropolymer-based MICs for Propellant Systems 

Contemporary energetic materials research focuses on the use of solid 

fluorinated oxidizers and binders which may alleviate the issue of two-phase flow due 

to the combination of high heats of formation of metal fluorides and their associated 

low boiling points compared to metal oxide formation.32,33,43,66 Fluorine is the most 

electronegative element in which the heat of reaction of aluminum with fluorine gas 

(F2) is higher than that of aluminum oxidation by oxygen gas (O2) (55.7 kJ/g vs. 31 

kJ/g).10,32,33,43 MICs  using fluorine containing oxidizers follow suit, having lower onset 

temperatures and higher theoretical energy densities over their oxygen based 

counterparts per mole of fuel consumed.6,33,43 Metal fluoride product species (e.g. BF3, 

SiF4, AlF3, TiF3/TiF4) are much more volatile than metal oxides at standard conditions 

and make it possible to generate more gas phase products at relatively similar adiabatic 

flame temperatures.10,43,66  
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Figure 1.5: Comparison of exothermicity (per gram of metal) and relative volatility 

of products formed from the oxidation/fluorination of energetic metals 

Sources of condensed phase fluorine can be in the form of stable metal fluorides 

(e.g. CuF2, CoF2, BiF3 and NiF2) which may be mechanically mixed or milled into fine 

powders.43,50 Relatively stable forms of condensed phase fluorine are more commonly 

sourced from fluorine containing polymers which may be used in a powdered form or 

fabricated to act as both an oxidizer and a binder for mechanical integrity.10 The 

hydrophobicity of fluoropolymers even provides support for long-term storage, 

transportation, and underwater utilization of MICs.6 Although the use of fluorine 

containing binders has been known to be an acidic oxidizer33,67 as early as 1965, their 

use in nanoparticle thermite systems has only seen a large growth in research within 

the last two decades as a result of the prospects of enhanced particle dispersion and 

increased surface contact with the fluoropolymer.8,11,31 

Fluorinated polymers considered for solid propellant systems have a general 

monomer formula of the type CwHxFyOz. The most researched fluoropolymers used in 

aluminum and magnesium systems are typically polytetrafluoroethylene (PTFE or 
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Teflon, 75 wt.% F), tetrafluoroethylene-hexafluoropropylene-vinylidene fluoride 

(THV, 73 wt.% F), hexafluoropropylene and vinylidene fluoride (Viton A, 66 wt.% F), 

and polyvinylidene fluoride (PVDF, 59 wt.% F).10,11,20,33 Aside from solid propellant 

applications, established applications of energetic metal-fluoropolymer composites 

include the use of Al/Teflon in explosives and Mg-Teflon-Viton (MTV) pyrotechnic 

compositions for infrared decoy flares, signals, ignitors, and tracers rounds.33,68,69  

Choosing a fluoropolymer for a specific application depends on the individual 

thermochemistry, mechanical properties, fluorine content, and solubility in precursor 

solutions.10 In particular, PVDF has a low melting point and the highest solubility in 

compatible organic solvents such as dimethylformamide (DMF) which make it 

attractive for use in contemporary additive manufacturing methods despite the 

relatively low fluorine content.70  

Fluoropolymers such as these are especially attractive in aluminized systems as 

the fluorine content reacts with both the metal fuel and its native oxide layer (Al2O3). 

Reactions with oxide layer provide localized heat release which facilitates the exposure 

of fresh aluminum for further reaction.10,67,71 The reaction of nano-aluminum integrated 

with various fluoropolymer types has been extensively researched and has revealed a 

pre-ignition reaction (PIR) between the fluoropolymers and the aluminum oxide layer 

which is facilitated by the hydroxyl groups on the surface of the oxide shell. The 

exothermic PIR results in decreased onset temperature of polymer decomposition by 

over 100 K and ultimately regulates the burning rates of the main reaction between 

fluoropolymer decomposition products and the aluminum core through either gas-

phase10,33,63,67 or condensed phase mechanisms.6,10,33,67,72 Furthermore, combustion 
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performance and flame temperature of metal-fluoropolymer systems in oxygen 

containing atmospheres is enhanced compared to inert atmospheres as carbon soot 

generated from fluoropolymer decomposition and residual Al are oxidized.63,70 

1.10 Architectural Controls of Energetic Materials 

The primary focus of scientific developments and enhancements of energetic 

materials for the last 150 years has been the synthesis of novel molecules and 

substances.20,54 Owing to thermodynamic limitations and increased sensitivity of such 

molecular engineered materials, contemporary research in energetic materials instead 

focuses on the modification and preparation of existing materials.20 The most critical 

modification to existing materials for enhanced combustion performance and 

progressivity has proven to be control of the burning surface and burn rate through 

architectural manipulations.19,70  

The earliest material approaches to modifying the performance of explosives 

came from the invention of dynamite by Alfred Nobel in the stabilization nitroglycerine 

into different porous nanomaterials, and the discovery of the shape charge effect by 

American scientist Charles E. Munroe in 1888 to focus explosive energy over a limited 

area.54 Many of the issues pertaining to explosives applications was with respect to 

their handling and stability. Early modifications to desensitize neat explosives, such as 

RDX and PETN, used superficial methods to combine them with oils, waxes, or even 

other explosives.3 Later developments at Los Alamos Scientific Laboratory in 1952 

even combined HTPB and fluoropolymers, such as Viton A, to yield plastic-bonded 

explosives (e.g. PB-RDX, C4, Formex) for improved mechanical strength, 

thermostability, safety, and higher energy density.3,6,73,74 More current research on this 



 

 

23 

 

front deviates from simple mixtures and instead looks at creating novel cocrystals of 

two existing explosives (e.g. CL-20 and HMX, CL-20 and TNT) to obtain a unique 

crystal structure with equally unique, potentially improved, physiochemical properties 

compared to either of its co-formers.4,16,75,76 

Similar modifications to solid propellant systems sought to control the 

combustion rate to enhance projectile thrust and velocity. Early examples include the 

use of  ñbrown powderò (i.e. substitution of partially pyrolyzed rye straw for carbon in 

traditional black powder) and 7-perforated progressive geometry which secured 

Commodore George Dewy an overwhelming victory against the Spanish naval fleet in 

1898 at the battle of Manila.3,17,19 The development of nanotechnology for energetic 

materials is motivated by the perceived architectural enhancements that it may provide. 

Nano-structed materials have existed and used in human practices for many centuries 

(e.g. the Lycurgus Cup, church windows, etc.) before the deliberate manufacturing of 

nanoscale materials.36  

Global burn rates for propellant and pyrotechnic MICs have been adjusted 

through microstructure and macrostructure architectures which enhance reactivity and 

gas generation, or promote certain modes of heat transfer.57 Nano-thermites alone have 

demonstrated the importance of material preparation and combustion conditions with 

flame velocities ranging between a few millimeters per second to several thousand 

meters per second.31 Global burn rates are maximized with confinement where there 

exists an inverse relationship between packing density and reaction propagation rates, 

regardless of particle size.6,34,52,56 The rapid combustion of loose, low density nano-

thermite powder is dominated by the convection of hot gases and ballistic advection of 
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condensed phase, molten particles20 through voided space.6,52,54,77 Progressively denser 

compositions regress in flame propagation speeds and transitions from convection and 

advection dominated heat transfer to conductive heat transfer as ballistic modes of heat 

transfer are made more difficult in denser, less internally porous materials.6,54,56  

More complex architectures for solid energetics are often motivated or 

fundamentally reinforced by modeled simulations which probe how various degrees of 

system heterogeneity (i.e. global vs. local distribution) in reaction mixtures influence 

combustion processes with respect to kinetics of the chemical reaction and how 

material properties (e.g. thermal conductivity, melt flow) affect heat flow.78ï80 These 

models take the perspective of either two interacting particle types (i.e. fuel and 

oxidizer)81 for kinetics analysis or from an ensemble perspective. Ensemble 

perspectives typically use cellular models to describe micro-heterogenous combustion 

waves to further understand how flame behavior evolves from quasi-homogenous (i.e. 

constant velocity behavior) to so called ñdiscrete combustion wavesò and their 

connection to material length scales (i.e. flame thickness vs. particle size, particle 

density, melt flow).78,79,82  

1.11 Novel Microstructures for Energetic Particle Compositions 

Although the use and various compactions of nanoscale metal particles and 

oxidizers may be considered an architectural enhancement, more sophisticated material 

preparation is sought to both diminish the drawbacks of nanoscale MICs and 

architecturally tune burn rates. The general research goal of the energetic materials 

community has been to develop precision energetic substances for ñsmart materialsò 

with high performance, safety, reliability, and minimal environmental impact.54 
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Architectural microstructure of  energetic materials is expanded beyond simple scale 

downs of particle length scales and packing through modern technological advances 

which permit the ability to create and assemble new types of structures and 

morphologies (i.e. core-shell structures, reactive nanowires, directly-assembled 

particles and laminates, multi-length scale synergetic mixtures, and crystal structure 

manipulations).31,83,84  

Architectural modifications of individual particle microstructures through 

molecular deposition or aerosol spray synthesis techniques are the most prevalent 

methods in producing materials for studying structure-function relationships. One such 

microstructure is core-shell structured energetic materials which play an important role 

in altering energetic and mechanical properties of thermites, explosives, and solid 

oxidizers as a result of the superior interfacial contact between core and shell 

materials.6,85 Physically mixed nano-thermites compositions, as mentioned in Sections 

1.5-1.7, struggle with friction, impact, and electrostatic discharge sensitivities and are 

limited in the degree of physical mixing due to particle aggregations. Sub-micron core-

shell MICs can be fabricated by either reducing, replacing, or completely eliminating 

the passivating native oxide shell of the metal fuel and thus further reducing diffusive 

barriers and length scales.6,36,86 Core-Shell MICs mix constituents at the particle level 

and can help eliminate some of the issues of aggregation. Additionally, replacing of the 

passivating oxide layer with a fluoropolymer, solid oxidizer, or explosive material 

through precision atomic layer deposition (ALD)6 has demonstrated the ability to 

functionalize the shell material to control reaction rates and combustion efficiency, 

alter ignition behavior and energy density, improve long term stability (e.g. 
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encapsulating MICs requiring hygroscopic oxidizers),23,39 and reduce 

sensitivities.6,23,31,85,86  

Precisely controlling composition and shell thickness is critical for all the 

different material combinations of core-shell microstructures to achieve a tunable 

balance between increased energy output, desired pressurization rates, enhancements 

in thermal stability, and reduction in sensitivities.6,23 Despite the high degree of 

precision over microstructural architecture in the fabrication of core-shell materials, 

ALD methods often are limited in the types of materials which can be deposited, take 

a long time to optimize deposition parameters, and are relatively costly to implement 

for large scale production.6 Moreover, there exist pervasive technical problems in 

effectively passivating the surface of metal particles without reducing the active metal 

content.36  

Aerosol methods such as aerosol spray pyrolysis (ASP),23,58 evaporation 

induced self-assembly,26 and electrospray deposition67,87 have potential for scale up 

while offering the ability to synthesize slightly less precise sub-micron core-shell 

particles, simply decorate,88,89 or encapsulate intimately assembled mixtures within a 

polymer matrix or recrystallized oxidizer shell.25,26,90 The atomization of precursor 

droplets effectively generates thousands of microscale mixed microreactors which can 

be subject to electric fields and elevated temperatures in facilitating chemical 

processes.26 Aerosol methods can assemble synergetic compositions of soluble 

oxidizers or explosives embedded in porous structures to limit crystal growth (e.g. 

impregnated porous silica),36,90,91 or synthesize size restricted neat or doped oxidizers. 

The synthesis of doped perovskite oxidizers13,58 and alloyed metal fuels (e.g. High 
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Entropy Alloys (HEAs), Al-Li , Al-Mg),92ï94 in itself represent materials with an even 

higher degree of microstructure tunability. These materials have demonstrated the 

ability to tune the ignition temperature, activation energy, chemical kinetics, and 

specific impulse of MICs as microscopic properties within the crystal structure (i.e. 

average bond energy, electronegativity, oxygen vacancy concentration, ion-

conductivity, melting/boiling points, etc.) are systematically varied.  

The aerosol technique of electrospray deposition (ESD), in particular, is 

compatible with many polymer containing, conductive precursors for use as a facile 

means for nanoparticle assembly within monodispersed micron sized droplets which 

dry before deposition onto a substrate.20,24,25,63 This technique has demonstrated a 

bottom up approach for direct control of packaging sub-micron particles into narrow 

size distributions of micron scale structures held together by a low loading of polymeric 

binder scaffolding (1-10 wt.%).25,40,90 Particles of this type are referred to as 

ñmesoparticlesò and may have their size and morphology changed depending on the 

solvent type, polymer concentration, solids loading, and strength of the applied electric 

field for atomization of the liquid precursor.6,20,25,63 Mesoparticle fabrication stabilizes 

and intimately assembles primary particles consisting of sub-micron metal fuels and 

oxidizers, droplet-size controlled soluble oxidizers (e.g. AP, KClO4),
41 high specific 

area catalysts with complex architectures91 (e.g. mesoporous silica, CuO, Fe2O3), gas 

generating explosives,6 or other niche additives.40,41,55 The primary motivation for 

fabricating mesoparticles lies in its intrinsic characteristics of simultaneously being 

micron sized while having a porous microstructure giving it the equivalent specific 

surface area as an ensemble of individual nanoparticles.25,40,90 The micron size gives 
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mesoparticles the advantage of ease of processing within propellant precursors while 

still maintaining reactivity enhancements of nanoscale materials for faster propellant 

combustion rates and larger specific impulses.37,41,90 Furthermore, using low 

temperature,  gas generating energetic polymers (e.g. NC) and explosive additives (e.g. 

TNT, RDX, AP) enhances dispersion of nanoparticles prior to primary ignition and 

contributes to convective heat transfer.6,26,40,41,60 Optimal composition mixtures reduce 

aggregation and prevent sintering of nanoparticles39,57 at the onset of combustion, 

resulting in improved reactivity,41 short burn times, higher pressurization rates,25 and 

smaller (submicron) product particles compared to physically mixed MICs.24,25,40,90 

1.12 Rapid Prototyping of Energetic Materials (Additive Manufacturing) 

Electrospray deposition is a unique method of aerosol fabrication as it is capable 

of fabricating various propellant architectures. These architectures include 2D thin film 

nanocomposites67,95 and 1D nanofiber mats (electrospinning)96 in addition to the 3D 

mesoparticle architectures (Figure 1.6).6,87,97 

 

Figure 1.6: Polymer bound energetic composite architectures: Mesoparticles (3D), 

Thin films (2D), Fibers (1D).37,96 
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 In general, each architectural type is obtained by adjusting the precursor 

solvent type, polymer type, polymer concentration, and solids loading.40 The porous, 

high specific area nanofiber mats, alone, allow for improved processing and dispersion 

of high viscosity precursors while dramatically increasing combustion propagation 

velocity with decreasing fiber diameter (Ғ60 cm/s vs. Ғ10 cm/s).10,70,96,98 Each 

architecture type is built up along a single dimension which make it possible to 

fabricate a single material which combines two or more architecture types of potentially 

differing equivalence ratios in a layer by layer laminate structure.  

As mentioned in Section 1.7, the aggregation of nanoscale energetic 

components eventually leads to degradation of both reactive and mechanical properties 

at high mass loading.95 This point remains true for electro-sprayed thin films but is 

alleviated when either thin, high-strength energetic nanofibers98,99 or dense layers of 

neat polymer binder95 are interspaced between dense layers of high mass loading of 

nanoenergetic material. Both material schemes are observed to have increased burning 

rates with decreasing layer separation and reinforce mechanical strength with respect 

to fracture toughness, impact behavior, wear corrosion, and tensile strength.70,95,98 

Additionally, ɔ-phase and ɻ-phase PVDF polymer binders are polarizable by the large 

electric field to form piezoelectric ɓ-phase PVDF. 10,20,36 This may be an unintended 

molecular architectural manipulation but ultimately allows these materials to be 

utilized for novel engineering controls. Modeling and experimental efforts have been 

made to acquire ɓ-phase PVDF100 whose orientation relative to Al nanoparticles has 

shown to result in superior reactivity with both the alumina shell and Al core.10 
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Electrosprayôs control of both microscopic and macroscopic patterning, 

porosity, and geometry classifies it as an additive manufacturing (AM)  technique. 

Additive manufacturing, or 3D printing, is a broad set of fabrication techniques and 

technologies for cost effective rapid prototyping of complex, high resolution structures 

based on digital model files.6,20,97,101 Breakthroughs in additive manufacturing 

technologies over the last decade have allowed 3D printing to be successfully applied 

to diverse fields, including the energetics community.20,97,101 Traditional casting 

methods of propellant systems are restrictive in the types of architectures which can be 

achieved as well as the quality of the finished product. Additive manufacturing of 

reactive systems expands component mixing capabilities (e.g. in situ active thermite 

mixing for graded material)102 as well as control over macroscale and microscale 

architectures. Such architectures may tune the degree of enhancements of heat transfer 

modes and provide a spectrum of propellant thrust profiles.20,84,97,103,104 One such 

example is the recent development of repeatably manufactured and successfully fired 

30 mm caliber rounds with complex bore shapes.19,20,36 

Reactive materials additive manufacturing can be roughly divided into two 

types; those with 2D planar structures or those which are manufactured as volumetric 

structures.20,101 Techniques range in complexity from solvent-based blade casting, spin 

coating, electrodynamic deposition, and direct ink writing to solvent-free aerosol jet 

printing, vapor deposition (physical/chemical), fused filament fabrication (FFF), and 

photopolymerization through precision ultra violet (UV) laser stereolithography (SLA) 

or digital light processing (DLP).20,97,101,105 The specific choice of an additive 

manufacturing method typically comes down to material compatibility, applicable 



 

 

31 

 

ranges of precursor viscosity, architectural precision, mechanical integrity, and cost of 

potential scale up. Robotically directed layer-by-layer extrusion105 where liquid phase 

materials/suspensions solidify upon deposition, either by thermally assisted fused 

filament fabrication105,106 or direct ink writing (DIW), is the most ubiquitous form of 

additive manufacturing due to its simplicity and relatively low cost for an individual 

user (Figure 1.7).6,20,97,101,104 While fused filament fabrication has been used to 

manufacture and tailor the performance of Al/PVDF energetic systems107ï110, wet AM 

processes are safer and more compatible with energetic materials utilizing a wide range 

of high-performance polymers and dispersed phases of materials.18,84,105,108  

 

Figure 1.7: Sub-divisions of most common methods for macroscopic additive 

manufacturing of energetic materials.97 

Propellant compositions fabricated through DIW may either be entirely solvent-

based or combine a mixture of DLP photopolymerization and chemical curing to 

produce materials which are mechanical isotropic (Figure 1.7).20,97,105,111 The latter is 

generally preferred as solvent-based processes intrinsically produce potentially toxic 
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fumes upon solvent evaporation and leave behind relatively porous product 

materials.20,72,77,97,112 However, since propellants incorporating nanometal fuels reflect 

much of the incoming UV light, solvent-based precursors are preferable for metallized 

high mass loading prints which may be aided by anti-clogging ultra-sonic 

vibration.20,97,113 Many of the thin films produced by solvent-based DIW processes are 

similar to those manufactured by electrospray as they may use the same precursor 

formulations. DIW, however, can be a much faster process while allowing for much 

greater control over specific patterning with precursor inks at much higher particle 

loadings and product materials which are denser.70,114 With no mechanism to control 

or limit crystal growth, most DIW fabricated materials do not use solid materials which 

are soluble within the precursor solvent, thus barring any practical use of high oxygen 

containing perchlorate oxidizers.70 Moreover, the solvent-based process eliminates the 

use of mesoparticles or nanofibers with higher degrees of microstructure. Mixing of 

nanoscale materials for DIW still remains a potential challenge. 

1.13 Dissertation Research Objectives 

The studies undertaken in this dissertation look to build upon the knowledge of 

some of the prior works mentioned in this introductory section and explore avenues to 

push the limits in the understanding of fundamental processes which may have been 

overlooked or not well studied. The ability to experimentally emulate and probe the 

behavior of underutilized reactive systems subject to rapid heating conditions is a core 

feature of this dissertation. Thermogravimetric/Differential scanning calorimetry 

(TGA/DSC) testing has been the most common technique to characterize thermal 

properties, phase transitions, and exothermicities of both explosives and heterogenous 
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reactive materials in various chemical environments (e.g. air, oxygen, nitrogen, helium, 

argon, etc.).6,115 Slow heating rates (1-50 °C/min) of TGA/DSC allow for precise 

observations and activation energy measurements of crystallinity changes and 

decomposition behavior prior to a perceived thermal initiation event.6,91 However, 

heating rates within self-sustained reaction events exceed 105 °C/s with mechanisms 

for reaction proceeding far from equilibrium.6,10,53,58 Commercial thermal analysis 

techniques using slow heating TGA/DSC largely fail to set the appropriate conditions 

for properly analyzing rapid chemical processes which may have mass transfer 

constraints.53,57,115 Thus, many chemical mechanisms corresponding to combustion 

events at high heating rates require diagnostics which emulate combustion behavior 

within various environments.6,10,67 

Heating rates in the range of 105-108 °C/s have been achieve in previously 

published works using Temperature-Jump (T-jump) rapid wire heating57,67,115 or in situ 

TEM rapid heating (i.e. Protochips rapid heat stage, laser heating), and combustion 

behavior captured and characterized with high-speed color camera 

pyrometry.57,63,64,67,116 The coupling of T-Jump for ignition with Linear Time-of-Flight 

mass spectrometry (T-Jump/TOFMS), in particular, has been a core diagnostic tool in 

the Zachariah Research Group for over a decade as a means to probe the chemical 

evolution and activation energies of reactive materials and their components when 

subject to rapid platinum wire heating (T-Jump).67,91,115 However, there exists a lack of 

mechanistic studies at high heating rates where the kinetics, and relationships between 

ignition conditions and performance of heterogenous reactive material systems are still 

not well understood.27,31,34,53,115 The large majority of studies have focused on 
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aluminum based MICs and their pre-ignition and post-ignition morphological 

properties and chemical speciation.34,57,64,67 MICs with fuels of differing 

thermochemical properties such as silicon (Si), titanium (Ti), zirconium (Zr), and 

magnesium (Mg) have not been well investigated by the same types of studies 

aluminum has been subject to.8,55 Furthermore, while much extensive work has been 

carried out on the decomposition kinetics of single solid oxidizers and fluoropolymer 

interactions with nanoscale Al fuel, little to no studies have investigated how alternative 

nanoscale fuels and solid oxidizers fundamentally interact with the polymer binder 

within tertiary reactive systems during combustion.7,8,115  

One of the main objectives of this work is to investigate the reaction 

mechanisms of superficially studied aluminum and titanium nano-thermite MICs, and 

further probe fluoropolymer interactions with solid oxidizers/native oxide shells using 

rapid heating diagnostic tools. My experimental and theoretical research efforts not 

only probe architectural and thermochemical based synergetic relationships of 

multicomponent nanoscale systems (e.g. laminate structures, carbon fibers, 

mesoporous silica)10,20,99,106 but look to understand how these energetic systems and 

their microstructures may couple and respond to actuated external stimulus (i.e. laser, 

microwaves, static fields, mechanical strain, acoustics, etc.) for controllable throttling 

of ignition behavior and combustion burn rates.9,36,117  

One of the many challenges in the energetics community, as mentioned in 

Section 1.12, is moving from nanopowdered systems to high thermite loading, 

architecturally complex objects with the potential for industrial scale up and 

strengthening through additive manufacturing.54,106,112,118 Solvent-based DIW methods 
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were used in this research to provide flexibility in pattern design, and the range of 

viscosities and material constituents which may be used for producing relatively dense 

materials with reduced anisotropy between consecutive layers compared to 

electrospray fabrication.70,105,112 Although solvent-based wet processes for depositing 

polymer thin films exhibit some limitations regarding fabrication of multilayers and 

control over thin film spatial composition, DIW additive manufactured7 thermite 

laminates can be used for architectural throttling and mechanical strengthening of 

nanoenergetic materials with appropriate choice of laminate constituents and 

engineering controls for optimized solvent evaporation.105             

1.14 Chapter Prefaces 

 Throughout this dissertation, each chapter will describe specific experimental 

approaches whose objective is to add to the general goal of probing chemistry at 

metal/ceramic/polymer interfaces of metallized energetic nanocomposites when far 

from chemical/thermal equilibrium. This knowledge will ultimately be used to tailor 

the throttling of ignition behavior and combustion burn rates of energetic systems for a 

desired application. 

 Chapter 2 presents itself as a chapter which primarily focuses on the diagnostic 

tools, both old and new, used throughout each of the chapters and goes into more detail 

about the importance, background, and functionality of each measurement technique. 

More specifically, this chapter attempts to answer the following questions: How do we 

emulate rapid heating of steady-state combustion of energetic materials and measure 

ignition properties? How can one acquire thermochemical data at rapid heating rates? 
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What were some attempts at improving these methods to increase their reach of 

scientific relevance? 

 The collaborative study with Sandia National Labs to investigate the reaction 

mechanism of the nanoscale dry powder pyrotechnic powder, Ti/KClO4, is the topic of 

focus of chapter 3. This chapter highlights this highly exothermic mixture as the first 

study of mine which looks at the use of an underutilized metal fuel and how its 

interaction with the strong metal salt oxidizer, when subject to rapid heating conditions, 

may be potentially unique based on the composition and thermal response of the 

nanoscale metal fuel. In situ TEM heating is conducted to help answer questions 

regarding both the reaction mechanisms as well as the progression of nanostructure 

morphology, if any. Would titanium nano fuel be susceptible to the same stability 

concerns as aluminum when combined with a hygroscopic oxidizer? Do nano titanium 

particles sinter and lose their nanostructure prior to primary reaction?  Additionally, 

this chapter acts as a continuation of chapter 2 in demonstrating the extent to which the 

technique of temperature jump/time-of-flight mass spectrometry can be utilized to 

reveal the behavior of rapidly progressing thermochemical processes of energetic and 

non-energetic compositions in various ambient environments. 

 Chapter 4 combines the methods learned in chapter 3 in the study of 

determining the effect of packing aluminum-based nano-thermites into previously 

studied aluminum/PVDF propellant films. How does integrating aluminum thermites 

effect local energy density and energy release rates, flame speed, flame temperature, 

gasification, mechanical integrity, and ignition behavior? What is the difference in 

performance between dry thermite powders and how do they behave once bound by a 
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PVDF binder? Does the tertiary system help reduce apparent sintering behavior? Is it 

even useful to do this? Much of these questions are addressed using T-Jump/TOFMS 

but also heavily relies on color camera pyrometry for mapping spatiotemporal 

measurements of the respective flame fronts and the estimation of energy release rates. 

 Several assumptions are made in chapter 4 regarding the energetic formulation 

of the Al/MO/PVDF films as the aluminum fuel may react with both the metal oxide 

and the PVDF binder oxidizers. For simplicity, the stoichiometry of the formulations 

assumed the metal/metal oxide and metal/PVDF reaction were mutually exclusive with 

minimal consideration of the metal oxide/PVDF reaction. Chapter 5 builds on this 

aspect and focuses solely on the metal oxide/PVDF interaction when subject to high 

heating rates. This topic has previously been studied by research almost exclusively 

focusing on the aluminum oxide shell interaction with PVDF as it relates to the role of 

released HF gas in the facilitation of the overall reaction with the metal core. Chapter 

5 generalizes the interaction and subjects several energetic material relevant metal 

oxides, either as a primary oxidizer or native shell oxide of alternative metal fuels, to 

T-jump/TOFMS characterization. 

 Although the chapter 6 and chapter 7 still focus on PVDF bound energetic 

systems, the studies explored in these chapters examine synergetic relationships 

between materials and material architectures which aid in the rate of energy transfer 

throughout the systems to tune and actuate their capabilities. Chapter 6 highlights intra-

material coupling and distribution of energy while chapter 7 investigates the ability of 

added materials to respond to external stimuli for remote actuation purposes. 
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 Chapter 6 assess how randomly distributed/oriented high conductivity rods of 

various aspect ratio can effectively facilitate the proliferation of energy throughout the 

material to enhance overall burn rates. Such a study was approached from a flame front 

model point of view to effectively control the various parameters which are normally 

difficult to control. Dense, porous free energetic materials are considered to answer 

some fundamental questions pertaining to the flow of heat using highly conductive, 

relatively inert materials as a vector for primary heat transfer: to what extent can highly 

conductive, non-energetic additives enhance the burn rates and energy release rates? 

At what point does adding more volume percentage of material hinder propagation? 

What aspect ratio enhances the flame behavior the best and why? Does increasing the 

thermal conductivity of the additive relative to the energetic material indefinitely result 

in appreciable gains in energy release rates?  

 The ability to control the reaction rate and even ignite an energetic material 

remotely without traditional surface joule heating methods is an incredibly useful and 

sought out capability. Past studies have analyzed volumetric heating with the use of 

microwaves which are absorbed by a microwave sensitive material or couple to ionized 

products of an already propagating flame front. However, microwaves have not had 

much success in effectively coupling to unignited aluminumized energetic systems 

even with the use of microwave absorbing carbon-based additives. Chapter 7 

investigates this behavior further by considering alternative metal fuels as a potential 

energetic microwave sensitive additive and how their core-shell morphology and 

chemical composition may lead to successful material ignition. Furthermore, 

microscale architectures are fabricated through additive manufacturing to combine 
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materials which may be highly sensitive to microwaves to those which are not to 

supplement microwave absorbing deficiencies of superior propellant systems. 

 The final chapter of this dissertation covers overall conclusions of this 

dissertation and highlights projects of note where much lab time was devoted but did 

not end up in a publication due to an unsatisfactory result or collaborations which did 

not continue. Topics here include molecular beam mass spectrometry for atmospheric 

sampling of rapidly heat materials, in situ TEM studies of oxygen mobility in doped 

perovskites for tunable oxygen transfer rates, and novel isotope labeling methods for 

T-jump/TOFMS in reaction mechanism tracking. Much of the completed work gives 

impetus for future works in the improvement of novel diagnostic techniques which 

capture transient thermochemical behavior of increasing complex energetic material 

systems. 
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Chapter 2:  Diagnostics and Instrumentation 
 

 

2.1 Rapid Thermometry of Materials (Temperature-Jump)  

2.1.1 Methods and Motivation of Temperature-Jump Thermometry 

 Thermogravimetry and Differential Scamming Calorimetry (TGA/DSC) is a 

powerful, standardized tool for thermal analysis of materials. It can be viewed as a 

sophisticated, high resolution scale which can sense heat fluxes from a platinum 

thermocouple.119 It has been the key instrument for many of the most basic research 

studies across several different fields of research for which many material properties 

such as material melting and boiling point temperatures, heat capacity, exothermicity, 

and chemical kinetics can be quantified.119 The thermal behavior of energetic 

composites through the perspective of TGA/DSC can give one the ability to heat a 

small sample to temperatures as high as 1600 oC and obtain high resolution quantitative 

thermochemical data.67,91,120ï123 However, energetic materials are primarily researched 

for their inherent ability to undergo thermal runaway after being supplied with enough 

initial energy to reach the ignition temperature. Thermal runaway, by definition, can 

only occur when reaction rates and the rate at which kinetic energy is generated within 

the system is much larger than the rate at which kinetic energy is lost from the system. 

Additionally, an energetic material must be able to transport enough of its nascent 

chemically liberated kinetic energy to spatial regions which have yet to ignite for the 

reaction to be sustained. Such a reaction must reach a sufficiently high adiabatic flame 

temperature over a sufficiently small distance which allows a high enough diffusive 

heat flux for unburned material to reach the ignition temperature before the flame is 
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quenched.79,124ï127 The characteristic thermal gradient of the flame front corresponds to 

a heating rate between 105-106 oC/s, much larger than the 25oC/min heating rate of the 

TGA/DSC. 

 To analyze how materials behavior under rapid heating conditions, the 

Temperature-Jump (T-Jump) system was developed. The basic premise of this 

experimental technique is to mimic the heating rate delivered by a flame front by 

initiating the reaction at the characteristic heating rate of 105-106 oC/s. The T-Jump 

assembly consists of a wire flash heating approach where a 76 ɛm diameter platinum 

wire (OMEGA Engineering Inc.) is prepared by soldering 6ī12 mm wire between two 

electrical feedthrough copper leads of a vacuum flange. The flange assembly of the T-

Jump was incorporated to allow one the ability to use a well-sealed, isolated chamber 

to conduct flash ignition experiments of energetic materials in atmospheres of differing 

pressures (10-3-103 Torr) and gas species. Solid material suspended in an inert, volatile 

solvent, in the form of powder in hexane or composite precursor solution, may be 

deposited onto the wire with a micropipette or other suitable coating technique such 

that there exists a thin homogeneous layer of sample (<10 µm, 5-50 µg). If one is 

coating powder, it is best to use powder which is submicron (<1 µm) for effective, 

intimate coating on the wire surface. Larger features can make coating the wire difficult 

and result in anisotropic heating of the sample. Figure S2.1, in the supplemental section 

of chapter 2, serves as an example of the difference in platinum wire coating for 

particles of the same chemical composition but drastically differing particle size. 

Samples to be coated may also be dissolved in a solvent and coated such that the 

dissolved sample recrystallizes on the wire upon the quick evaporation (Ғ3-10 s) of the 
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pipetted droplet.  Generally, the sample need not be energetic if the T-Jump technique 

is coupled to another diagnostic system. 

2.1.2 Conducting and Analyzing the T-Jump Experiment 

Flash heating is implemented by utilizing a triggering square wave pulse 

generator (Stanford Research Systems, Inc. Model DG535 Four Channel Digital 

Delay/Pulse Generator) and a DC power supply which is connected to a heating 

actuator/modulator. When triggered by the trigger box, the actuator delivers up to 10 

A of current when supplied with a single voltage pulse (4-14 V) with a predetermined 

pulse time (1-9 ms) across the platinum wire. The raw data of the current and the 

voltage outputs from the actuator are monitored using a Teledyne LeCroy 600 MHz 

oscilloscope with two channels connecting a Teledyne LeCroy CP030A 30 A 50 MHz 

current probe and a BNC cable placed in parallel with the platinum wire circuit. The 

voltage of the DC power supply (10-21 V) is adjusted for each pulse time length for 

optimized heating such that the platinum wire is as hot as possible, ñwhite hotò, without 

breaking the wire. 
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Figure 2.1: Routine setup of the T-Jump experiment conducted in a sealed chamber 

of differing atmosphere. Key heating, timing, and monitoring components are 

depicted. 

When flashed, the platinum wire acts as the probe by which fast response 

thermometry of the wire can be acquired. Temperature readings obtained through the 

calibrated relationship between the temperature of the Pt wire and its resistance from 

the CallendarīVan Dusen equation show the wire reaching temperatures as high as 

Ḑ1400 K.67,120,128ï130 If one uses a 3 ms heating pulse, this corresponds to a heating rate 

of roughly Ḑ4x105 K/s, when starting from room temperature. The key assumption of 

this technique is that the temperature of a sufficiently small amount of coated sample 

is approximately the temperature of the wire, thus replicating the heating rates expected 

in a combustion event.120  

Synchronizing the triggering mechanism of the heating to the acquisition of 

high-speed videography (105 FPS) allows one to visually analyze the time at which an 

ignition event occurs relative to the start of heating. Throughout all studies using this 

technique, the ignition temperature is defined by the sudden increase in light intensity 

originating from the thermal runaway of the reacting sample.120 The raw data of the 

voltage and current across the platinum wire are processed through a Matlab code 
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(Supplemental) utilizing the CallendarīVan Dusen equation in order to generate a plot 

of the average wire temperature as a function of time with a 0.1 ms resolution and an 

instrument base uncertainty of 25 oC. Despite the temporal resolution, the behavior 

of the temperature plot is smooth enough such that interpolations of the data points may 

be made to form a continuum of values. With this information, one may measure the 

ignition temperature of an energetic material by comparing the time of ignition, found 

through videography, to the temperature of the wire at the time of the observed ignition 

event. This analysis is also aided using two Matlab scripts, one (Appendix: C-0) which 

corrects for the contact resistance of the heated wire circuit, and the other (Appendix: 

C-1) which reports the temperature of the wire at a given time with a finite difference 

estimate of the heating rate at the point of ignition. The heat rate is calculated at the 

point of ignition with the time resolution limited to the frame rate of the high-speed 

camera. The analytical and visual results of the ignition behavior are shown in Figure 

2.2. Other than monitoring the maximum temperature reached, it should be noted that 

the temperature of the wire after the ignition event is no longer analytically useful. 

 

Figure 2.2: Ti/CuO thermite T-Jump ignition in argon illustrating the a) temperature 

profile and light intensity as a function of time where the b) ignition point can be 

determined through frame-by-frame analysis of synchronized high-speed 

videography.  
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2.1.3 Measuring the Activation Energy of Ignition  

Considering the specific range of heating rates is 105-106 oC/s, the choice of 

heating pulse time may seem a bit arbitrary given the constant maximum wire 

benchmark temperature of Ғ1400 K. One may use any pulse time between 1-9 ms and 

achieve a heating rate within the desired range. The convention used in the Zachariah 

lab is that measurements between differing sample type will use the same heating pulse 

time (3 ms) in order to better compare them. However, the T-jump analysis of materials 

is not limited to simply the observation of the ignition temperature of an energetic 

system. Utilizing differing pulse times/heating rates results in a behavior where the 

observed temperature of ignition appears to increase as the heating rate increases.115,120 

It has been shown that that one may use the temperature of ignition as a function heating 

rate data in order to extract an effective global activation energy, Ea, of the ignition 

event using the using the Arrhenius kinetic model approach of the FlynnīWallīOzawa 

isoconversion method.115,131ï134 An example of this analysis is shown in Figure 2.3 

where multiple measurements of the ignition temperature are made for the same heating 

pulse time over five pulse times corresponding to evenly spaced heating rates, ɓ. 

 

Figure 2.3: T-Jump analysis of the a) ignition temperature of Ti/KClO4 energetic 

composition as a function of heating rate(ɓ) for which the b) activation energy of 

ignition maybe calculated using the relation given by the FlynnīWallīOzawa 

isoconversion method. 
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 The activation energy analysis of this type is conducted by treating the average 

ignition temperature for each heating rate regime (heating pulse time) as being the 

reported ignition temperature. The reported ignition temperature is then used to plot 

Figure 2.2b and extract the activation energy the ignition event. 

2.2 Rapid Chemical Speciation (T-Jump/Time-of-Flight Spectrometry)  

2.2.1 Linear Time-of-Flight Mass Spectrometry 

 Temperature-Jump Time-of-Flight Mass Spectrometry (T-Jump/TOFMS) is a 

chemical species detection instrument which couples linear time-of-flight mass 

spectrometry with the rapid heating technique of T-Jump flash heating. By itself, the 

linear time-of-flight mass spectrometer (Jordan TOF Products Inc.) is an instrument 

which is capable of sampling and detecting gas phase species at a rate of 1 full mass 

spectrum per 0.1 ms using an 18 mm Z-Gap microchannel plate (MCP). To obtain a 

full mass spectrum, the sample of gaseous species must be separated into tightly 

consolidated regions according to the mass of the species. The tighter the bunching of 

like masses, the better resolution of the spectrum when detected by the MCP. The 

degree of resolution should be in a state such that the mass spectrum can clearly resolve 

peaks which are 1 mass unit apart, although a resolution of 0.5 mass units is ideal. A 

basic schematic of the linear time-of-flight setup and operation is shown in Figure 2.4 

where a more descriptive diagram maybe found on the Jordan TOF Products Inc. 

webpage. 
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Figure 2.4: Schematic of the a) TOF ionization, acceleration, and detection of gas 

species which have a b) voltage/signal profiles which are actuated by a trigger source 

 

To form the spectrum in the first place, the gas species must enter a sampling 

region defined by two plates with established voltages, one set at ground and the other 

capable of being voltage biased temporally. Gas species which have diffused into the 

sampling region are subject to ionization as a result of a current of bombarding 70 eV 

electrons emanating from an electron gun source. Although the level of electron energy 

utilized is enough to obtain optimal signal-noise ratios, the electron energy is also 

enough to fragment the parent species into a signal profile containing the parent species 

along with its fragmentation species. Many known species have their electron 

ionization fragmentation patterns documented (NIST Web Book) and thus presents a 

means to refine the identification process of a parent species which may have the same 

mass as another species. 

2.2.2 Conducting and Analyzing the TOFMS Experiment 

 The same triggering mechanism which initiates the T-Jump experiment also 

triggers the extraction plate and electron gun power supply with a continuous TTL 
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square wave. After a dwell time of Ғ3 µs for electron ionization, the A2 biasing plate 

extracts positively charged ions into the accelerating region between A2 and A3 plates, 

as illustrated in Figure 2.4.135 A liner at the same voltage as A3 is established within 

the TOF tube in order to create and shield a field free region which maybe traversed at 

constant velocity. Lighter species will be accelerated to a higher velocity than heavier 

species and will therefore separate themselves from the initial packet of ions as the 

species traverse the length of the flight tube. In this way, the length of the flight tube is 

linked to the resolution of the MCP species signal. The longer the flight tube, the more 

time species will have to separate into consolidated regions which impact the MCP 

detector at different times depending on their mass. Generally, lighter masses will have 

higher resolved mass speaks since they move faster and are able to separate themselves 

quicker than the higher mass species. The raw data of MCP signal voltages as a function 

of time are output to the same oscilloscope mentioned in section 2.1.2 and collected 

over a pre-determined time length of 10 ms or 100 full spectra. Since the electron gun 

and extraction plate are triggered multiple times with 100 µs intervals, multiple spectra 

are collected with the same species being observed at periodic absolute time values. 

This periodic behavior is broken up into intervals defined by the 100 µs for each 

spectrum collection time and thus each spectrum, as a whole, corresponds to an 

absolute time value in increments of 0.1 ms. In this manner, one may track the evolution 

of the spectrum, and therefore a single species, with a resolution of 0.1 ms until 

reaching the total data collection time allotted (10 ms). A simple box schematic of the 

wiring of the system outside of Figure 2.4 is shown in Figure 2.5 which includes trigger, 

monitoring, and pulsing systems used. 
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Figure 2.5: Box schematic of the Time-of-Flight electronics wiring setup which 

includes the triggering device, oscilloscope, and power supply for all necessary 

components. 

 

The transient details of the spectrum intensity over time are managed by a 

Matlab script (Appendix C) which takes the raw data directly from the oscilloscope 

(times and MCP signals), processes the data through a mass-time calibration, and 

outputs the mass spectra as the signal intensity as a function of mass/ion-charge ratio. 

The time-mass calibration is constructed by sampling species of known mass and 

noting the time elapsed after the falling edge of the trigger signal before being detected 

within a single spectrum. This measurement is done until enough known species are 

sampled which outlines a smooth calibration curve which spans mass values of m/z=1 

to m/z=260. Species which are easiest to use for calibration include noble gases (Ar, 

Ne, Kr, Xe), air, SF6, and sublimating iodine.136 Theoretically, the calibration should 
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be one which is quadratic since the species should follow a trajectory which is 

consistent with kinematic motion which has a constant acceleration (constant 

electrostatic force between two charged plates) in two regions, constant velocity (field-

free) in one region, and a time of 0 for π . Therefore, the general form of the 

calibration curve should take the form of  
□

◑
╪◄ ╫◄╬, where the values of ὥȟὦȟὧ 

are determined by the parameters of the fitted quadratic determined from calibration 

measurements. The exact detection time of each ion depends on the electric field in the 

accelerating region which is directly proportional to the set voltage of the plates. An 

example of such a calibration curve is shown in Figure S2.2. 

2.2.3 Temperature-Jump Time-of-Flight Mass Spectrometry Method 

The samples of primary interest include solid energetic materials and their 

individual constituents, if belonging to a heterogenous composition. In order to observe 

gas phase reaction intermediates and products evolve from an energetic reaction on 

combustion time scales, it is useful to couple Time-of-Flight mass spectrometry to the 

T-Jump technique discussed in section 2.1.2 The previously discussed resolution of the 

TOFMS (0.1 ms) and total collection time (10 ms) makes coupling T-Jump to TOFMS 

ideal given the characteristic time scales of a nano-thermite combustion event being 

roughly Ғ1-2 ms in length (Figure 2.2). T-Jump is coupled to TOFMS by using a 

custom-made T-Jump probe which consists of a vacuum sealing flange and electrical 

feedthroughs, but also the ability to extend and contract. How the probe couples to the 

main components of the TOFMS system is illustrated in Figure 2.6 which was 

previously made by a former member of the Zachariah Group.137 
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Figure 2.6: Coupling of the a) TOFMS system with the T-Jump technique using the 

b) customized T-Jump probe. 

 The retracted rod-like T-Jump probe is prepared with the coated 76 µm Pt wire 

and inserted into a roughing chamber. The roughing chamber is pumped down to 10-2-

10-1 Torr using a mechanical pump and remains at that pressure range for 5-10 minutes. 

After this process, a gate valve separating the roughing chamber from the mechanical 

pump is closed and another gate valve separating the roughing chamber from the main 

TOF ionization chamber (~10-7 Torr) is immediately opened. The pressure should 

equilibrate to ~10-6-10-5 Torr, a safe pressure for usage of the electron gun and other 

high voltage elements within the TOF chamber. The T-jump probe is then extended to 

close-proximity (Ғ1-2 in.) of the TOF voltage plates for effective sampling of the 

ignition species upon heating. As in the pure T-Jump setup shown in Figure 2.1, a 

viewport directly opposite the T-Jump probe is integrated within the TOF chamber to 

allow for capturing of high-speed videography and the capability to inspect instrument 

parts for potential maintenance issues. The proximity of the violent ignition events to 

the sensitive TOF voltage plates and electronics may cause there to be issues in terms 
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of plates shorting and burning out easily replaceable electronic components or more 

permanent corruption of voltage plate insultation. Issues pertaining to these 

possibilities are linked to how violent the energetic reaction is and its ability to produce 

many transient ions, and the amount of material utilized. Therefore, it is best to coat 

the platinum wires as lightly as possible when dealing with violently reacting materials 

in order to maintain the functionality and integrity of the TOFMS instrument. This 

problem is largely not a factor when dealing with endothermic reactions, but small 

amounts are still needed for more accurate temperature measurements. More on the 

specifics of how to maintain the instrument and things to consider when 

troubleshooting is noted in the Appendix A. 

Since the premise of TOFMS relies on an environment which is essentially free 

from collisions with other gas molecules, the TOF tube and sampling regions, shown 

in Figure 2.4, must be under high vacuum in order to lengthen the mean free path 

(‗ ͯ ) for nascent gas species to be sampled correctly. This means that all 

experiments coupling T-Jump and TOFMS must be conducted under vacuum, which 

has been shown to affect the behavior and morphology of the ignition event when 

compared to pressurized environments.72,120 Regardless, the technique of T-

Jump/TOFMS gives one the ability to simultaneously monitor the temperature of 

ignition between samples, capture high-speed videography, and collect time resolved 

speciation of the entire heating process from start to finish. Since T-Jump and TOFMS 

utilize the same triggering mechanism, the two setups in Figure 2.5 and Figure 2.1 can 

be seamlessly incorporated with channels 1,2,3,4  of the oscilloscope representing the 

pulsar voltage timing signal, the MCP detector signal, the voltage across the platinum 
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wire, and the measured current flowing through the platinum wire, respectively. As 

such, T-Jump/TOFMS is not exclusively used for energetic compositions since now 

there is an added diagnostic technique to ñseeò the unseen from the rapid heating of 

oxidizer components such as nanoscale metal oxides (CuO, Fe2O3, Bi2O3) or submicron 

strong oxidizing salts (Ammonium Perchlorate, KClO4). Knowing the reaction 

pathway for oxidization is an important task which this instrument was designed for 

and presents a quantitative method to tweeze out individual component contributions 

to overall energetic reactions. Figure 2.7 is an example from a published paper of mine 

given as an example of the type of quantitative data obtained from the technique of T-

Jump/TOFMS. 

 

Figure 2.7: Time resolved a) full mass spectrum and b) single species detection 

profile as a function of temperature from the heating of KClO4 submicron particles 

(T-Jump/TOFMS) 

2.2.4 Measuring Activation Energy of Species Release 

 In the same way that the pure T-Jump technique data in Figure 2.3 can be 

processed using the FlynnīWallīOzawa isoconversion method to obtain an activation 

energy for ignition, an activation energy of species release, such as oxygen release, can 

be measured.115 The same Matlab script (Appendix: C-1) used to report the ignition 

temperature and heating rate can be used to report the temperature of initial species 
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detection and the heating rate at that point in time with a characteristic time step of 0.1 

ms. These measurements may be used to develop a kinetics approach to understanding 

the energy landscape of energetic compositions and revealing reaction pathways 

involving non-energetic additive constituents and/or the oxidation pathways of oxidizer 

components which lead to ignition.  

2.3 Rapid Chemical Speciation: Molecular Beam Mass Spectrometry  

2.3.1 Methods and Motivation of Molecular Beam Mass Spectrometry 

 Although T-Jump/TOFMS mass spectrometry is an extremely powerful tool in 

analyzing the transient behavior of chemical species under rapid heating conditions, it 

can only be conducted under high vacuum conditions with small amounts of material 

(Ғ10 µg). Samples to be rapidly heated from the T-Jump Pt wires are intimately 

integrated within the system ionization chamber with no way of decoupling them and 

getting comparable results. Larger amounts of energetic material being sampled will 

either compromise the T-Jump/TOFMS electronics or lead to deviations from the 

temperature gathered from Pt wire thermometry. 

Molecular beam mass spectrometry (MBMS) presents a method of conducting 

chemical speciation through time-of-flight mass spectrometry of energetic systems by 

decoupling the ionization chamber from the region where the energetic reaction takes 

place. MBMS decoupling of the sample from the ionization region allows one the 

capability to probe gas phase products from a flame using relatively large sample types 

(films, liquids, powders) at elevated pressures of differing ambient carrier gases.130 

Since the T-Jump/TOFMS system is performed in vacuum, gas phase interactions are 
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limited with very few collision interactions between species. Elevated pressures allow 

for an environment rich in molecular collisions and interactions where various reaction 

products, not seen in vacuum, can be detected during the full duration of film 

propagation (Ғ1 second), allowing the reaction to be studied in a wide range of practical 

application conditions. Given the duration of a full combustion event of several 

milligrams of material, roughly 3.5 seconds worth of time resolved data can be captured 

utilizing the 600 MHz Teledyne LeCroy Oscilloscope at a sampling rate of 1-3 full 

mass spectra per millisecond (1-3 kHz). Additionally, MBMS utilizes an altered form 

of the TOF tube called Reflectron Time-of-Flight (RF-TOF). RF-TOF effectively 

doubles the flight distance of ions and enhances the resolution of their detection by 

integrating a voltage lens array which directs incident ions back towards the 40 mm 

diameter MCP (larger detection area) located adjacent to the ionization chamber.138 

Adjustments the voltage lens can be made which enhance signal resolution and the 

shape of the signal envelope of the incident mass species. A more technical drawing of 

this system is provided by Jordan TOF Products Inc. The choice of a RF-TOF over a 

quadrupole mass spectrometer is based on the need for detecting a transient event, thus 

the need to sweep the entire mass spectrum in an enhanced time-resolved manner (Ғ10 

kHz). The specifications of the build required additional customized parts for which 

the build of the MBMS was undertaken, completed, and documented by a former lab 

member of the Zachariah Research Group, Jeff Delisio.130 The way in which the 

sampling region is separated from the ionization region and the method of molecular 

beam sampling is illustrated by the MBMS schematic in Figure 2.8. Energetic materials 

are ignited via wire joule heating within a controlled atmosphere and the species of the 
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transient combustion are sampled through a small orifice, ionized from electron 

impaction, and detected through RETOF. 

 

Figure 2.8: Experimental setup and Molecular Beam Mass Spectrometer schematic 

of flame sampling during combustion. 

2.3.2 Formation and Characteristics of the Molecular Beam 

 The premise of molecular beam mass spectrometry relies on the phenomenon 

of creating a molecular beam. The molecular beam has been defined as ña ótrainô of 

molecules with some degree of correlated motion, despite the absence of any overall 

hydrodynamic flowò.139 The formation of such a beam is only possible through a 

differential pumping approach within a choked flow system using the assumption of 

isentropic flow (ȹS=0) which expands gas from a region of relatively high pressure to 

one of much lower pressure while creating a supersonic free-jet of molecules.138ï141 

Hot gaseous products within a carrier gas, with no directed motion, funnel through a 

sampling orifice at the end a quartz tube from which the resulting shock wave is probed 

and further collimated by a skimmer cone into a refined beam with little directional 
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deviations among gas molecules, as shown in Figure 2.8.140,141 The energy of the 

isentropic flow system must be conserved during the transition and can be represented 

as the sum of the directional kinetic energy and the enthalpy, as equation 2.1 shows. 
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In the system of interest, ὺ π since the gas which diffuses through orifice is 

largely stagnate with no directed motion. The act of rapid expansion through the 

transition from the high-pressure continuum region (reaction event) to the collision-

less low-pressure region (ionization region), through the small orifice (100-200 µm), 

constitutes isentropic free-jet expansion.139ï142 Thus, the work needed to expand gas 

within the lower pressure environment must originate from the internal energy of the 

system. How much internal energy is converted depends on the change in the 

temperature of the gas as it transitions form the high pressure to low pressure regions 

corresponding to the relationship between pressure, P, and temperature, T, during an 

adiabatic process (equation 2.2).  
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 One can see from equation 2.2, that a system with a nitrogen (‎ ρȢτ) carrier 

gas which starts at room temperature with a pressure difference ratio of 10-7 (103 Torr 

to 10-4 Torr) results in a final beam temperature of roughly 1.5 K. Other experiments 

also report the drastic decrease in molecular beam temperatures as low as 1K.140,142 The 

ultra-cold molecular beam is a corner stone feature of MBMS sampling in which the 

creation of the beam not only efficiently transports the sampled molecules to the 

ionization chamber, but also freezes the gas molecules to no longer react, enabling the 
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preservation of the sample during transit.142 Given the degree of temperature decrease 

from the transition from high to low pressure regions through the choked flow orifice, 

nearly all the thermal energy of the system has converted to kinetic energy for which 

one can define the Mach number as it relates to the supersonic speeds reached as 

result.140,142,143 Combining equations 2.1 and 2.2 while dividing the beam velocity by 

the speed of sound gives an expression shown in equation 2.3 which relates the Mach 

number, Ma, to the initial pressure drop ratio across the choke point141.  

ὓὥ
ὺ

ὺ

ς

‎ ρ

ὖ

ὖ
ρ  ςȢσ 

 As equation 2.3 infers, one would need a pressure difference ratio of at least 2 

for the supersonic (Ma>1) nature to be obtained and the molecular beam formed.140,141 

Figure 2.8 represents the specific instrument setup which routinely establishes a 

pressure difference ratio of 10-7 between the sampling region and the atmospheric 

conditions within the quartz tube, inferring the emergence of the supersonic molecular 

beam. This pressure differential theoretically corresponds to a beam speed of roughly 

Mach 20 in a nitrogen (‎ ρȢτ) gas carrier, and Mach 40 in an argon (‎ ρȢφ) gas 

carrier.140 Differential pumping utilizing a molecular pump and turbo pump adds an 

additional difference of 10-2 Torr established across the skimmer cone separating the 

ionization chamber from the sampling region. The gate valve behind the skimmer cone 

in Figure 2.8 is only opened once the appropriate pressure in the sampling region has 

been reached. 

The skimmer cone orifice was designed with a diameter of 100 µm so that the 

molecular beam flow through the skimmer cone can be optimized such that there exists 
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a large MBMS signal to noise ratio and the ionization chamber pressure can be 

maintained between 10-5 Torr and 10-6 Torr.130 The structure of the shockwave relative 

to the position of the skimmer cone has been previously documented and visualized by 

studies using sketches and Schlieren photography.139,140 For optimal species sampling 

and optimized MBMS signal intensity, it is paramount that the skimmer cone be aligned 

well with the sampling orifice of the quartz tube and placed within the isentropic center 

streamline region of the shockwave structure at a separation distance of roughly Ғ1 

cm.139,141 This separation puts the entrance of the skimmer cone just before the Mach 

Disk of the shockwave structure.139,141 The alignment process can be difficult but made 

easy when aided with the use of a 3D stage manipulator which allows one to move the 

sampling orifice into place while monitoring the live signal of a carrier gas displayed 

on the oscilloscope. The quartz tube is then locked into place once the maximum signal 

for molecular beam sampling has been found. The results of preliminary MBMS 

experiments are discussed in chapter 8 and will highlight limitations and expanded 

utilities of MBMS beyond what has been noted in this chapter. 

2.4 Instrumental Build: T-Jump Nano 

2.4.1 Introduction and Project Purpose 

As mentioned in section 2.2.1, the cornerstone instrument in the Zachariah 

Group is the Temperature Jump (T-Jump) Time of Flight Mass Spectrometer 

(TOFMS). In summary, the main feature of this instrument is that it couples and 

synchronizes mass spectrometry with the rapid heating of a fast response platinum wire 

thermometer coated with a small amount of sample. As it stood, a single synchronizing 
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function generator acts as both a single and continuous triggering mechanism. In 

normal operation, a 1-10 KHz TTL square wave, with a width of roughly 5 µs, triggers 

an oscilloscope to start recording data, an electron gun pulsar power supply to vary 

ejection of ions, and the heating of a platinum/Nichrome wire. Data collection occurs 

over a 10 ms where 10-100 total spectra are collected. In order to achieve this type of 

data collection, both the oscilloscope and electron gun pulsar source must see a 

continuous trigger signal corresponding to each spectra/ionization time period. 

However, heating of the wire over a period of 1-100 ms requires only a single heating 

pulse with a variable width and amplitude. As a result, the current setup must utilize a 

separate heating pulsar box powered by a variable power supply which takes the 

continuous trigger input and outputs a single heating pulse with a calibrated width and 

amplitude. 

The purpose of this project is to modernize the current setup while physically 

consolidating all the major control components, increasing versatility of control, and 

enhancing ease of availability and mobility for this type of system to be utilized for 

other instrument setups requiring synchronization and various heating schemes, such 

as laser heating.  

While there isnôt anything necessarily wrong with the current setup, most of the 

components are bulky and lack portability. The system requires a function generator, 

heating pulsar box, oscilloscope, and power supply. All  these components, in total, 

require considerable desk space and are also interchangeably used for different 

experiments in the lab, making setup and break down of the instrumentation quite time 

consuming. The current heating scheme is also fairly one dimensional by only allowing 
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a single heating pulse. Previously, there was no way of being able to take the continuous 

trigger input voltage and output a continuous square wave with a variable width and 

amplitude for heating purposes. This capability alone would broaden the studies I could 

undertake with the T-Jump/TOFMS system and other experiments requiring such 

behavior. 

 

2.4.2 T-Jump Nano Operation and Design 

The project design and construction were undertaken by me and Dylan J. Kline. 

This project was called the T-Jump Nano. The design relies on the versatile capabilities 

of a programmable Arduino Uno microcontroller in place of a function generator. This 

switch instantly downsizes the current function generator while enhancing control 

capabilities with a modernized and simplified interface. For this specific design, a 

programmed Arduino Uno was coupled to the circuit board to have three BNC output 

types: a programmable continuous waveform, a programmable single shot, and a 

modulated heating waveform which could be either single shot or continuous. Switches 

are implemented complementary to the programmed Arduino Uno action within the 

circuit scheme for all waveforms to be output simultaneously. This allows for the 

capability of triggering an oscilloscope, or any other electrical component, while 

capturing the data which may come as a result of the single shot output.  

The base circuit design for creating a device with these functions was adopted 

by a circuit scheme put together by an ex-lab member of the Zachariah Group, Dr. 
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Jeffrey DeLisio.130 Elements of the base design are depicted in the modified circuit 

diagram shown in Figure 2.9. 

 

Figure 2.9:  Schematic of the T-Jump nano (Autodesk Eagle 8.4.2.) apparatus 

including the high heating rate wire, solid-state relay, and oscilloscope.  

The base design was adapted to integrate the Arduino Uno microcontroller as 

the brains to operate the backbone of the instrument in the monostable multivibrator. 

The low voltage/current mechanical relay was replaced with a relatively high 

voltage/current solid-state relay for flexibility in utilized current and voltage while 

ensuring longevity of instrument components. Indicator LEDs were also integrated for 

troubleshooting purposes and presentation. Although the label for the input waveform 

for the monostable multivibrator (Pin1) has a parallel BNC monitor output labelled 

ñBNC OUT Single Shotò, the waveform can be any customizable waveform created in 

the Arduino Uno software which can be a single pulse or a series of pulses of varying 

time widths. A push switch initiates the waveform delivered by the Arduino Uno and 

will run until completion. The ñBNC OUT Repeat Shotò monitors the continuous 

waveform which is needed for the TOFMS configuration. This waveform is activated 
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via a flip switch and is independent of the ñBNC OUT Single Shotò waveform, meaning 

that it may have a unique customization simultaneously. The prototype of this design 

in depicted in Figure 2.10. 

 

Figure 2.10: Initial solderless breadboard prototype of the T-Jump nano. The 

breadboard in the top left includes a monostable multivibrator and solid-state relay 

that would actuate a high-voltage pulse to resistively heat a wire. This multivibrator 

would be modulated with a signal sent by the Arduino Uno (top right) which is 

controlled with triggers wired in on the breadboard below it.  

 

Initial experiments to test the functionality of the Arduino Uno and its execution 

of the triggerôs code produced two simultaneous pulses like those in Figure 2.11. 
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Figure 2.11: Arduino output waveforms: repeated (green) and single shot (blue). 

 

 As one can see, the device properly executes the implemented 5 ms, single shot 

pulse (blue) that would be used to trigger the resistive heating of a wire. At the same 

time, the other segment of the circuit board continuously produces 20 µs pulses (green) 

until collection by the oscilloscope stops or the trigger is deactivated. When examining 

the pulses closely, there appeared to be a response resembling those seen in 

proportional-integral (PI) or proportional-integral-derivative (PID) control schemes. 

Zoomed images of the initial setpoint change (from LOW to HIGH) was reflected by 

the output of the device through a sharp step change accompanied by oscillations as the 

device attempts to control the output voltage internally. This noise to signal ratio is well 

within the acceptable range for its desired utility.  

When the single shot pulse ends, there appears to be a gap of Ғ150-200 µs that 

can be readily explained by the code shown in Appendix D. In the section of the code 

executed from lines 46-64, the code turns the Pulse Width Modulation (PWM) pin 3 to 
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low, which has been benchmarked as lasting 6-10 µs, and then the code prints a serial 

output to indicate the amount of time the single shot pulse was on. This series of actions 

accounts for the remaining time. In operational conditions, the prototype code shown 

would eliminate the serial printing since it could be measured much more easily on the 

oscilloscope directly and the digitalWrite() command could be substituted for direct 

port calls that are benchmarked at Ғ0.4 µs. It is important to note, however, that the 

typical application of this device calls for 100 µs pulses and thus the significance of the 

gap in the collection by the oscilloscope would be 1-2 samples at maximum. 

The heating aspect of this circuit utilizes a re-triggerable monostable vibrator 

chip (SN74LS221N) which is powered by the Arduino Uno 5 V pin and activated by 

the programmed Arduino waveform input. The chip takes the input waveform and 

elongates the pulse width using timing components in the form of a capacitor and 

potentiometer as shown in Figure 2.9. The width of the output waveform is related to 

the discharge time of the capacitor by the relation Ⱳ Ȣ ╡╒. Having the resistor be 

a potentiometer allows one to have relative control over the width of the output 

waveform. This added component does nothing but modulate the input waveform. In 

order to gain control over both the output waveform width and amplitude, 

an amplifying BJT transistor is powered by a 9V battery and actuated by the output of 

the monostable vibrator chip at the BJT base (Pin 13). This action controls a solid-state 

relay which is connected in series to a separate circuit loop which initiates heating of a 

the already existing T-Jump probe by a variable power supply. In this way the heating 

behavior of the wire can be programmed directly by the Arduino Uno and executed by 

the monostable vibrator in a variety of ways which can be simultaneously measured by 
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a continuously triggered oscilloscope for a select number of data segments. A summary 

of the result is shown in Figure 2.12. 

 

Figure 2.12: Theoretical output signals for heating and Arduino control (BNC 

outputs) 

 

2.4.3 T-Jump Nano Printed Circuit Board and Housing 

 The circuitry of this build was designed so that the corresponding circuit board 

would attach directly to the Arduino Uno as an Arduino shield. This eliminates the use 

of the bulkier heating pulse box and function generator and replaces them with a 

roughly 4in2 board with a 2-inch height. Combined with the solid-state relay and BNC 

connects, this corresponds to a build which can easily fit inside a small enclosure that 

is several times smaller than the combined real estate taken up by its predecessors. 

Although the Arduino Uno does need a computer to initially program it, this 

responsibility is simply taken up by the oscilloscope which itself is a Windows 

computer acting as a consolidated power source and programming interface. Below, 

Figure 2.13 and Figure 2.14 illustrate the final PCB layout, Arduino shield, and the 

fabricated aluminum enclosure. 
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Figure 2.13: Diagram of custom printed circuit board to serve as a shield for Arduino 

Uno (Rev3). Printed circuit board is manufactured by OSH Park. 

 

 
Figure 2.14: a) PCB of T-Jump Nano circuit mounted to Arduino board and b) PCB 

aluminum enclosure with output switches, BNC connectors, and heating relay. 
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Chapter 3: Probing the Reaction Mechanism of Nanoscale 

Titanium/Potassium Perchlorate Pyrotechnic Powder* 
 

Summary: 

 

 The reaction mechanism and ignition characteristics of the pyrotechnic 

composite of titanium nanoparticles and micron-sized potassium perchlorate was 

investigated under rapid heating conditions (Ḑ5×105 K/s) by temperature jump (T-

Jump) time-of-flight mass spectrometry. X-ray photoelectron spectroscopy surface 

analysis and transmission electron microscopy (TEM) characterization of titanium 

nanoparticles show a reactive oxide layer (Ḑ6 nm) composed of amorphous TiO2 and 

roughly 20% crystalline TiN and titanium oxynitride. The T-Jump and 

thermogravimetric analysis reveals the oxide layer to be responsible for catalysis of 

oxygen release from KClO4, resulting in ignition temperatures as low as 720 K in 

atmospheric pressure argon. Fast and slow in situ heating TEM corroborate the findings 

of oxygen atmosphere ignition characteristics, which illustrate KClO4 melting and 

coating of titanium nanoparticles immediately before oxidizer decomposition and 

titanium oxidation. Unlike aluminum, which has been shown to have a rapid loss of 

surface area before combustion as a result of sintering, Ti retained its high surface area. 

A combination of a reactive shell and the preservation of titanium nanostructure under 

rapid heating may lead to enhanced oxygen diffusion and increased potential for 

transient energy release. 

 

 
* The results presented in this chapter have been previously published and are reprinted with 

permission from: Miles C. Rehwoldt, Yong Yang, Haiyang Wang, Scott Holdren, and Michael R. 

Zachariah, The Journal of Physical Chemistry C, 2018 122 (20), 10792-10800. Copyright 2018 

American Chemical Society. 
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3.1 Introduction 

 Nanoscale metal particles such as aluminum, boron, zirconium, magnesium, 

and titanium have been the focus of recent research regarding their potential as fuels in 

energetic composites. The combination of relatively high combustion enthalpies and 

reduced reaction length scales make nanoscale metallized energetic systems 

particularly interesting for their potential for transient, high yield energy 

release.27,37,130,144ï147 

 Although the favorable thermodynamics of such systems are well known, their 

kinetics are relatively slow and specific reaction mechanics largely unknown. The 

nature of such reaction mechanics depends heavily on the individual and collective 

characteristics of the fuel and oxidizer under the rapid heating conditions indicative of 

combustion.27 Although there have been several mechanistic studies of this type 

involving aluminum nanoparticles due to its relatively low cost and high energy 

density, there have been few such studies that have investigated titanium nanoparticles 

(nTi) as a viable alternative fuel source.128 As a fuel with strong oxidizers, titanium can 

boast of a higher theoretically normalized combustion enthalpy per unit volume 

compared to aluminum and typical organic monopropellants such as 

cyclotrimethylenetrinitramine (RDX) and 2,4,6-trinitrotoluene (TNT).27,130 Significant 

differences in physical and thermal characteristics between aluminum, titanium, and 

their respective metal oxides make such an investigation enticing when considering 

their possible consequences on ignition mechanics (Table 3.1). 
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Table 3.1: Highlighted physical properties of aluminum and titanium species. 

      

 

 

 

 

 This article investigates the reaction mechanism of titanium nanoparticles (nTi) 

with the commonly used, strong pyrotechnic oxidizer potassium perchlorate (KClO4) 

under rapid heating conditions.53,144,145,148,149 This class of energetic mixture is 

commonly used in energetic components such as thermal igniters and/or mechanical 

actuators, taking advantage of a superior combustion enthalpy compared to more 

traditional thermites, which use metal oxide oxidizers (Figure 3.1). Titanium/potassium 

perchlorate (TKP) mixtures were previously studied in a mechanistic manner at slow 

heating conditions by Sandia National Laboratories as a part of their mission to gain 

intuition and the ñability to predict and model pyrotechnic ignition thresholdsò.150 This 

investigation expands upon the findings from the Sandia work by subjecting the 

nanoscale energetic composite to controlled high heating rates while simultaneously 

monitoring gas phase species using time-of-flight mass spectrometry (TOFMS). 

Material Melting Point (K) 

Thermal Expansion 

Coefficient  ╚ ) 

(298 K) 

Density (g/cm3) 

(298K) 

Al  933 23.1 2.70 

Al 2O3 2345 8.4 3.98 

Ti  
TiO2 

1941 

2116 

8.6 

8.4 

4.50 

4.23 



 

 

71 

 

 

Figure 3.1: Maximum combustion enthalpies of stoichiometric mixtures (ὲ=1) 

3.2 Materials/Sample Preparation and Characterization 

3.2.1 Materials Preparation  

 Titanium nanoparticles (30ī50 nm) were purchased from US Research 

Nanomaterials, Inc. and anatase TiO2 nanoparticles (<50 nm) were purchased from 

Sigma Aldrich. Micron-sized KClO4 (Ḑ500 nm mean diameter) particles were 

synthesized via Aerosol Spray Pyrolysis operating at 423 K by first dissolving roughly 

2 g of larger-sized particles purchased from Sigma Aldrich (99.5%) in 200 mL of 

deionized water.146,148,151 Particle sizes and composition were characterized by 

transmission electron microscopy (TEM, JEM-2100, JEOL Ltd.), scanning electron 

microscopy (SEM, Hitachi, SU-70 FEG-SEM), X-ray diffraction crystallography 

(XRD), and X-ray photoelectron spectroscopy (XPS, Kratos AXIS 165 spectrometer). 

Utilizing images from TEM and SEM, specifics of the particle sizes can be analyzed 

using the Nano Measurer 1.2.5 software (Figure 3.2 and Figure 3.3). 
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Figure 3.2: SEM characterized spray-dried micron-sized KClO4 particles with b) a 

rough particle size distribution (200 particle sample size) 

3.2.2 Titanium Nanoparticle Characterization 

 The as received titanium nanoparticles are quoted to have an average size of 40 

nm with a specific area of 50 m2/g from the manufacturer but appear to have many 

particles which are slightly larger (50-150nm), indicating a wide size distribution. As 

is the case with many reactive metals, there exists a thin oxide layer on the surface of 

the titanium nanoparticles once exposed to air.57,130,152 The oxide layer both hinders 

further reactions with ambient oxygen and reduces the amount of reactive material 

available per unit mass of titanium. Probing of the titanium nanoparticles and their 

oxide layer was conducted via a combination of XRD, XPS, and TEM analysis, with 

initial imaging showing most particle oxide layers being around 6 nm or less, as seen 

in Figure 3.3. 
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Figure 3.3: TEM characterized titanium nanoparticles from US Research 

Nanomaterials, Inc. 

3.3 Rapid Heating Experiments 

3.3.1 Temperature Jump (T-Jump)/Linear Time-of-Flight Mass Spectrometry 

 Ignition of physically mixed TKP at ultrahigh heating rates was conducted via 

temperature jump time-of-flight mass spectrometry (T-Jump/TOFMS).53,67,128,129,148 

The apparatus illustrated in Figure 2.6a couples a linear time-of-flight mass 

spectrometer with a T-Jump probe, which is directly loaded into the ionization chamber 

of the linear mass spectrometer. The T-Jump probe is an extendable device, which 

consists of electrical feedthroughs and a vacuum sealing flange separating the high-

vacuum environment of the TOFMS chamber (Ḑ10-6 Torr) from atmospheric 

conditions. 

 Before each experimental run, the T-Jump probe is prepared by soldering 6ī12 

mm of 76 ɛm diameter platinum wire (OMEGA Engineering Inc.) between the copper 

leads of the electrical feedthroughs. The nanopowder samples, 10 mg or less, which 

have been dispersed in hexane and sonicated (30ī 45 min) are deposited on the wire 

with a micropipette such that there exists a thin homogeneous layer of sample (<10 ɛm) 

(10ī40 ɛg) (Figure 3.4 and Figure S3.1).148  
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Figure 3.4: SEM of nTi/KClO4 powder coated on platinum T-Jump wires 

Once loaded into the TOFMS chamber, the platinum wire is resistively heated 

by a direct current voltage supply, which delivers a 1.5ī9 ms pulsed square wave 

signal. The platinum wire acts as the probe by which fast response thermometry of the 

wire can be acquired. Temperature readings obtained through the calibrated 

relationship between the temperature of the Pt wire and its resistance from the 

CallendarīVan Dusen equation show the wire reaching temperatures as high as Ḑ1400 

K at heating rates as rapid as Ḑ106 K/s. In this manner, the temperature of a sufficiently 

small amount of coated sample is approximately the temperature of the wire, whereas 

the heating rate replicates the heating rates expected in a combustion event.27,115,128,129 

In all the cases, the heating rate is varied by maximizing the temperature of the wire 

while varying the voltage pulse time. Measurements were repeated at least three times 

at each heating pulse and heating rates measured at the point of species detection. The 

T-Jump measurements in the mass spectrometer and in argon were conducted using 

1.5, 2, 3, 5, and 9 ms heating pulses, with the current reaching as high as 10 A when 

supplied with voltages in the range of 4ī14 V (depending on pulse time). 

 Synchronized resistive heating mass spectrometry is obtained by utilizing a 

single trigger signal, which communicates simultaneous wire heating and collection of 
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time-resolved mass spectra due to the sample being heated. Gas phase species produced 

as a result of sample heating are ionized by a 70-eV electron gun ionization source, 

which is pulsed at 10 kHz, acquiring 0.1 ms/spectrum. A synchronized Teledyne 

LeCroy 600 MHz oscilloscope collects the raw data of mass spectra, voltage, and 

current readings. Current readings measured by a Teledyne LeCroy CP030A 30 A 50 

MHz current probe are combined with the measured voltage to experimentally 

determine resistance, resulting in a time-resolved temperature profile once processed 

in Matlab. 

3.3.2 TEM Heating 

 In situ microscopy of rapid sample heating was carried out by employing a 

Protochips TEM heating probe, which is depicted in Figure S3.2. The software allows 

for programmable heating of the probe TEM grid, which can reach temperatures as 

high as 1600 K at heating rates as fast as Ḑ6×106 K/s. The heating parameters of the 

probe, described in detail by Dr. Jeffrey DeLisio, mimic the heating conducted in T-

Jump/TOFMS experiments, making this instrument ideal for comparable microscopic 

analysis of relevant samples at combustion time scales.130 For these experiments, the 

Protochips TEM heating probe was programmed to heat to 1470 K at a heating rate of 

4×105 K/s and held for 1 ms. Intermediate TEM heating rates were also utilized to 

capture in situ behavior of the energetic mixture at critical temperature values observed 

from the thermogravimetric analysis (TGA) analysis. The TKP sample was deposited 

onto a TEM heating grid, heated at a rate of roughly 100 K/s, and held at temperatures 

of 773, 853, 1023, and 1073 K. 
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3.3.3 Ignition Characterization 

 Thermal characterization of KClO4 and its interactions with Ti at elevated 

temperatures were conducted using a TGAīDSC analysis. All the samples (1ī3 mg) 

were heated to 1470 K at a heating rate of 25 K/min under an argon flow of 100 

mL/min. Although this method utilizes much slower heating rates, it was employed to 

clearly resolve and identify any significant interactions, which may be of importance 

in the reaction mechanism of TKP at higher heating rates. Before mixing, preliminary 

thermogravimetry and differential scanning calorimetry (TGAīDSC) tests were 

conducted on titanium nanopowder to determine its active titanium content using a 

SDT Q600 from TA Instruments. Roughly 1 mg of titanium powder was loaded into 

an alumina crucible inside the instrument and heated to 1470 K at a heating rate of 25 

K/ min under an oxygen flow of 100 mL/min. Calculations utilizing a series of four 

separate measurements taken from the data sets illustrated in Figure 3.5 report the 

average active titanium mass content to be Ḑ70%. 
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Figure 3.5: Average active Titanium content determined by TGA-DSC of titanium 

nanoparticles heated in oxygen at 10 oC/min. 

 

 Physically mixed TKP was prepared stoichiometrically with the percentage of 

active titanium (70%) taken to be the pre-XPS assumption of a fully TiO2 oxide layer. 

As the results will show, the existence of TiN in the oxide layer adds a chemical species 

which can be further oxidized to form TiO2. Since the TGA-measured reactive mass 

content remains invariant with respect to the findings of XPS, the percentage of active 

titanium is smaller than in the case of a 100% TiO2 oxide layer but still contains reactive 

TiN content. However, even if 20% of the chemical species of the oxide layer is 

composed of TiN and titanium oxynitride (TiON), this only corresponds to a 3ī4% 

decrease in the estimated active mass percentage of titanium. Thus, the following 

single-step exothermic reaction assumption was the foundation of the TKP reactant 

mixture composition.150 
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ςὝὭὑὅὰὕ ᴼςὝὭὕ ὑὅὰ σȢτ 

 Elemental mapping analysis and XRD of TKP combustion products confirm 

this assumption to be valid for both slow and fast heating (Figure 3.6d and Figure S3.3). 

 

Figure 3.6: X-ray diffraction pattern of a) Titanium nanoparticles as received, b) 

simulant TiO2 nanoparticles, c) Spray Dry KClO4 particles, and d) TKP combustion 

products heated to 750ᴈ (TGA) 

 

Spray-dried KClO4 particles, 51 wt %, are first dispersed in hexane and 

sonicated for 30 min. Titanium nanoparticles, 49 wt %, are then added and sonicated 

for another 30 min. The energetic composite is deposited onto the platinum T-Jump 

wires and ignited using various voltage pulse widths. Ignition was carried out in 

vacuum, oxygen, and argon environments, with a separate T-Jump-only chamber used 

for the latter two. The gas phase species of ignition can be monitored in the vacuum 

environment of the TOFMS but not in the atmospheric pressure environments due to 
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operational limitations of the TOFMS. In this study, ignition is defined as the point of 

first light of the heated sample above the visible thermal emission of the wire itself. 

Light emissions from the ignition event are captured through the chamber viewports 

using a synchronized Vision Research Phantom V12.1 highspeed camera running at 80 

000 frames per second (FPS) at 10 ɛs exposure. 

3.4 Results and Discussion 

3.4.1 Oxide Layer Characterization 

 The XRD measurements of the as-received titanium nanoparticles show both 

the hexagonal lattice structure of titanium and the composition of the oxide layer 

(Figure 3.6a). Interestingly, none of the nontitanium metal peaks correspond to any of 

the phases of TiO2, but match the patterns for titanium nitride (TiN) and titanium(II) 

oxide (TiO). The overlapping diffraction patterns of these two species make it difficult 

to distinguish between the two. 

 Further analysis of titanium particle surface composition was conducted using 

high-resolution XPS, with the results shown in Figure 3.7. Samples for analysis 

included as-received titanium nanoparticles at room temperature, titanium 

nanoparticles heated to 650 K inside the high-vacuum XPS environment, and anatase 

TiO2 nanoparticles. Along with carbon-based surface contaminants, the XPS analysis 

of anatase TiO2 particles reports an atomic percentage of titanium, which has roughly 

a 1:2 ratio with oxygen (Figure 3.7a). The atomic quantification measurements, along 

with O 1s and Ti 2p peak positioning, confirms the chemical composition to be TiO2 

for the control sample. All the relevant XPS peaks in Figure 3.7 are the given chemical 
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labels based on the NIST XPS database and literature using C 1s 284.8 eV calibrated 

XPS.153 

 

Figure 3.7: XPS analysis of titanium nanoparticles and TiO2-anatase nanoparticles 

with peak fits 
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 Just as with anatase TiO2, the O 1s and Ti 2p peak positions of the titanium 

nanoparticle oxide layer are indicative of the TiO2 oxidation state of titanium (Figure 

3.7bīe).153 With the lack of TiO2 corresponding XRD peaks, it was concluded that 

TiO2 exists in the oxide layer in an amorphous state. The atomic percentages report a 

titanium-to-oxygen ratio that is slightly smaller than 1:2, but also includes a significant 

amount of nitrogen not seen in the anatase TiO2 sample (Figure 3.7a). This nitrogen 

content detected with XPS agrees with the XRD analysis that observed TiN as an 

additional component in the Ti nanoparticles.154,155 Additionally, it was observed the 

existence of an accompanying N 1s and Ti 2p broadening for which peak fit positions 

correspond to titanium oxynitride (TiON) making up a small percentage of the oxide 

layer (Figure 3.7bīd).153,154 In total, the XPS-based quantification of nitrogen estimates 

the species composition of the oxide layer to be as much as 20% TiN and TiON, with 

amorphous TiO2 roughly making up the remaining 80%. 

  

3.4.2 Rapid Heating (~105 K/s) Mass Spectrum Characterization 

 The T-Jump/TOFMS measurements of micron-sized KClO4 were conducted 

and the results are shown in Figure 3.8.  
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Figure 3.8: a) KClO4 T-Jump averaged spectrum over 10ms collection time (used 

only for species identification purposes) and b) KClO4 oxygen release as a function of 

heating rate (Release temperatures determined by averaging 3-4 repeated 

measurements). 

The transient mass spectra shown in Figure 2.7a clearly illustrates potassium 

ions and molecular oxygen being the primary detected species above the background. 

The full mass spectrum averaged over 10 ms is shown in Figure 3.8a with the 

temperature of first detection of potassium/oxygen ions as a function of heating rate 

shown in Figure 3.8b. The temperatures of oxygen release from KClO4 decomposition 

was experimentally determined by analyzing oxygen (m/z = 32) as a function of time 
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and noting the time where the signal rises above the background in Figure 2.7b. By 

varying the heating rate, ɓ, the activation energy, Ea, for oxygen release can be obtained 

using the Arrhenius kinetic model approach of the FlynnīWallīOzawa isoconversion 

method applied in Figure 3.9 (Table 3.2).115,148  

 

Figure 3.9: Arrhenius plots of KClO4 oxygen release and ignition of relevant 

mixtures. See Table 3.2 for activation energies. 

Generally, determination of the time of oxygen release is limited by the rate at 

which a full spectrum is acquired (0.1 ms). This can make identifying the point of 

oxygen release ambiguous, especially at higher heating rates. It is estimated that the 

extent of uncertainty in this measurement can be in the range of 10ī 30 K. The largest 

contribution to this error stems from the intrinsic uncertainty in the current and voltage 

measurements. This uncertainty is typically larger than the statistical uncertainty of a 

collection of repeated measurements but can be reduced by considering the standard 

deviation of the mean from those same repeated measurements. It should be noted that 

compared to the findings from work by others at Sandia National Laboratories at slow 
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heating conditions, there appears to be only one oxygen release event that can be 

resolved at high heating rates.150 

 At slow heating rates of KClO4 in the TGA, one can identify the 20 K interval 

in Figure 3.10, where exothermic decomposition immediately follows the melting 

endotherm.144,149,156ï158 

 

Figure 3.10: TGA-DSC of Spray Dried KClO4 depicting the onset of a) crystalline 

phase transition (orthorhombic-cubic) at 300ᴈ, b) melting at 590ᴈ followed 

immediately by c) decomposition to KCl at 610ᴈ, and finally d) KCl melting at 

770ᴈ 

In comparison, the release of oxygen under rapid heating occurs at temperatures 

below the TGAīDSC observed melting temperature of KClO4 (Ḑ870 K). Previously 

conducted T-Jump studies investigating the oxygen release of metal oxides 

demonstrate the same behavior of oxygen release occurring at lower temperatures for 

significantly higher heating rates.115 The heightened activation energy of oxygen 

release compared to the metal oxides mentioned in literature may suggest a heightened 
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degree of sensitivity to a sudden release of oxygen, enhancing its ignition capabilities 

for combustion with titanium. It should also be noted that smaller KClO4 particles will 

cause observed melting to occur at slightly lower temperatures compared to as-received 

larger particles.158 

 Outside of oxygen detection, mass spectrum analysis of TKP reveals the 

presence of H2, ClīO products, CO2 formation, and other fragmentation complexities. 

As the mass spectrum shows in Figure 3.11a, the H2 peak (m/z = 2) is unexpectedly 

large. 

 

Figure 3.11: a) nTi/KClO4 ignition species averaged mass spectrum over 10ms 

collection time and b) nTi T-Jump averaged mass spectrum over 10ms collection time 
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Whereas the presence of H2 in the mass spectrum of KClO4 can be attributed to 

the ionization fragmentation of water vapor originating from background atmosphere, 

the increased H2 is a consequence of added titanium nanoparticles and its behavior 

under rapid heating. The T-Jump mass spectrometry of titanium nanoparticles shown 

in Figure 3.11b alone reveals that these particles release a relatively large amount of 

H2 after rapid heating. Similar observations of H2 release from rapidly heated aluminum 

nanoparticles were documented in the Zachariah group as being an indication of a 

reaction with surface water. The proposed mechanism suggests that upon heating to the 

aluminum melting point, aluminum diffuses outward and reacts with water adsorbed to 

the alumina shell, producing H2.
128 Though this may be a viable mechanism in the case 

of aluminum, there are a couple of observations that make this an incompatible 

mechanism for the case of titanium. Unlike aluminum, titanium does not react readily 

with liquid water (Figure S3.4) and does not have a low enough melting point for metal 

diffusion to take place within the temperatures achieved (Table 3.1). Though it may be 

possible for water to react with surface TiN to form TiO2, H2, and NH3, there is no 

evidence from mass spectrometry indicating the abrupt emergence of ammonia (m/z = 

17) above the background as strongly as hydrogen gas. Given the vacuum conditions 

(~10-6 Torr) of the mass spectrometer and their absence from the O 1s high-resolution 

XPS in Figure 3.7e, the majority of water and hydroxyl radicals must desorb from the 

surface either at room temperature or far below the ignition temperature of TKP, thus 

rendering water as a negligible factor in the ignition mechanism of TKP under vacuum 

conditions. 
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 High-resolution XPS measurements of titanium nanoparticles illuminates a 

surface that is laden with carbon-based contaminants for which the existence of TiN 

has been shown to have surface nitrogen organic complexes.159 In situ XPS heating of 

titanium particles shows a reduction in both the broadening of the N 1s peak and the 

contribution of carbon contaminates to the total carbon XPS signal (Figure 3.7c). 

Reinforced by mass spectrometry, the carbon-based oxynitride contaminants 

decompose upon heating and are further fragmented by the electron gun ionizer of the 

mass spectrometer resulting in the large H2 peak seen from Figure 3.11. 

3.4.3 Rapid Heating (~105 K/s) Ignition Characterization 

 As mentioned previously, ignition studies of stoichiometric mixtures of TKP 

was conducted in vacuum (Ḑ10-6 Torr), argon (Ḑ835 Torr), and various pressures of 

oxygen with video snapshots of combustion intensity shown in Figure 3.12. 

Determining the ignition temperature is a much clearer process, given the capture rate 

of the ignition event using 80,000 FPS videography, which allows for Ḑ10 ɛs 

resolution, and 10 times that of the mass spectra acquisition rates. 

 

Figure 3.12: nTi/KClO4 T-Jump ignition in vacuum (top) and argon (bottom) at 

Ḑ3×105 K/s visually depicting the constraining effect of ignition in a pressurized 

environment. 
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 Analysis of ignition in each environment reveals the dependence of ignition 

temperature on the heating rate depicted in Figure 3.9. Further data processing 

determined activation energies of ignition listed in Table 3.2.  

Table 3.2: T-Jump activation energies.  

Material Event type Environment 
  Pressure 

(Torr) 

 Ea (kJ/mol) 

(±10) 
KClO4 O2 Release vacuum τ ρπ  160 

nTi/KClO4 Ignition vacuum τ ρπ  140 

nTi/KClO4 

nTiO2/KClO4 

Ignition 

O2 Release 

argon 

vacuum  

835 

τ ρπ 

 140 

 105 

 

The results summarized in Table 3.2 characterize the ignition activation energy 

as determined from Arrhenius plots in Figure 3.9 as being independent of external 

pressure. Figure 3.9 consolidates the resulting ignition data found from T-Jump 

experiments in argon and vacuum and plots the corresponding data for oxygen release 

of the pure oxidizer for comparison. In the case of the two ignition environments 

analyzed thus far, the ignition temperatures all occur at least 50 K below the oxygen 

release temperature of the pure oxidizer for a given heating rate. This finding suggests 

that either the reaction mechanism is dominated by a purely condensed phase reaction 

before the temperature of oxygen release in KClO4 or the release of oxygen is catalyzed 

by interactions not yet considered.12,53,129,150,160 

 Past studies aiming to differentiate the effects of free and bound oxygen on 

ignition in aluminum-based thermite systems evaluated the ignition dependence on 

oxygen environments of various pressures.12 For example, the reaction of aluminum 

nanoparticles with bismuth oxide has been accepted as being one that is dominated by 

a condensed phase reaction between aluminum and the highly mobile oxygen ions 
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within the crystal lattice of the metal oxide.34 The results of the study conducted by 

Zhou et al. confirmed this notion by observing the independence of ignition 

temperature with added free oxygen concentration.12,13,57 This investigation utilized the 

same approach to test the possibility of a condensed phase dominant reaction 

mechanism. 

 With ignition of neat titanium nanoparticles in varied oxygen environments 

acting as a reference, the ignition of TKP was conducted at a heating rate of Ḑ2×105 

K/s, and the results are shown in Figure 3.13. The results conclude that the reaction is 

not dominated by a condensed phase interaction. Figure 3.13 demonstrates the gaseous 

dependence of ignition temperature for which both bare titanium and TKP become 

increasingly sensitive to the availability of gaseous oxygen at lower pressures, 

indicating an ignition dependence on gas phase interactions. 

 

Figure 3.13: Pressure dependence of nTi/KClO4 ignition in O2 and Ar. 
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 In Figure 3.13, whereas a higher ignition temperature for pure titanium results 

from the lack of oxygen as the pressure approaches 0, a higher ignition temperature of 

TKP in vacuum is due to the nascent oxygen rapidly escaping the reaction zone. Figure 

3.12 illustrates this behavior where ignition in vacuum appears to have a less restrained 

behavior compared to ignition in argon, resulting in isotropic dispersion of hot 

particles. At elevated pressures, the diffusivity of nascent oxygen from the oxidizer 

decreases, increasing its likelihood of being in close proximity with the titanium fuel. 

This ñcagingò effect of external argon pressure concentrates reactant species closer to 

the wire, increasing the reaction energy release density and lowering the temperature 

necessary for a runaway exothermic reaction (ignition). The feature of Figure 3.13 that 

appears most discernible is that the ignition temperature of TKP at elevated oxygen 

pressure is higher than that of pure titanium by more than 80 K. This suggests a 

mechanism that is actively retarding the reaction rate of gaseous oxygen with titanium. 

As shown in Figure 3.13, the superimposed ignition temperature of TKP in argon 

suggests that though the ignition temperature does depend on whether the system is in 

a pressurized environment, the ignition behavior does not appear to be affected by the 

species of the pressurizing gas. This reinforces the hypothesis of a process that 

effectively insulates the titanium particles from the ambient environment before 

reacting with oxygen supplied by the oxidizer (Ḑ750 K). Although this study concluded 

that there is not a dominant condensed phase reaction, this does not necessarily mean 

that a parallel condensed phase interaction path does not occur.12,57 

 In situ TEM heating at Ḑ100 K/s was carried out to further investigate the 

mechanism within the TKP system which retards oxygen mobility to the titanium core, 
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delaying ignition. Images shown in Figure 3.14 were taken of a single aggregate before, 

during, and after heating.  

 

Figure 3.14: In situ heating of a (a) single TKP aggregate at room temperature with 

micron sized KClO4 superimposed onto nanosized titanium particles. Subsequent (b) 

heating of the aggregate up to 850 K (580 °C) results in KClO4 decomposition (c) 

leaving the remaining reactant/product particles coated in KCl. 

 In Figure 3.14a, an aggregate of the TKP mixture is depicted with the larger 

KClO4 particles encompassing most of the titanium nanoparticles. Heating of the 

aggregate resulted in real-time observations of KClO4 melting, followed by immediate 

decomposition with the apparent extinction of relatively smaller KClO4 particles 

occurring at temperatures as low as 780 K (Figure 3.14b). Closer examination of the 

aggregate post-heating (Figure 3.14c) reveals what appears to be a thin layer of KCl 

product residue coating the residual titanium particles, providing evidence for a 

mechanism that conceals titanium nanoparticles from external oxidation before 

reacting with oxidizer released oxygen. Further heating to 1073 K, past the melting 

point of KCl, illustrates a definitive melting event where the expansion of the KCl melt 

wets and further cloaks the once resolvable titanium/titanium oxide particles. TEM 

elemental X-ray mapping (EDS) in Figure S3.5 confirms the existence of chlorine, 

titanium, and oxygen within these coalesced structures. 

 Additionally, Figure 3.14 and Figure 3.15 depict the agglomerates of titanium 

nanoparticles whose morphology appears to be minimally affected by the prescribed 
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rapid heating. Unlike aluminum particles, the nanostructure of titanium particles is 

preserved under high temperature rapid heating, with the titanium core remaining 

immobile.37,40  

 

Figure 3.15: Rapid Heating TEM of titanium nanoparticles with minimal sintering   

Consequently, titanium nanoparticles maintain their potential for enhanced 

reactivity, which could potentially lead to reduced ignition temperatures compared to 

commonly studied aluminum nanoparticles.12 Gaseous oxygen would thus need to 

diffuse through the titanium oxide layer to react with the titanium core. The oxidation 

kinetics study of nano-titanium particles conducted by Muravyev et al. affirms the 

enhanced reactivity of nano-titanium particles and supports the model of oxygen 

diffusion through the oxide layer.161 Compared to the findings from Muravyev et al., 

results from this study for the ignition behavior and TGA characterization of nano-

titanium particles in an oxygen environment, shown in Figure 3.13 and Figure 3.10, 

correspond to particles whose ignition temperature (Ḑ650 K), oxidation onset, and 

metal content (70 wt %) are more similar to what the Muravyev et al. study finds for 

their porous titanium particles.161 As such, the oxidation mechanism and behavior of 

the titanium particles at relatively high and slow heating rates may align with what their 

study finds for the oxidation trends of the porous titanium particles. 
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 Diffusion of oxygen to the titanium core may also be further facilitated by the 

added complexity of a reactive oxide shell for which TiN is oxidized by nascent 

oxygen.153 Evidence for this is drawn from the absence of TiN in the XRD pattern of 

TKP combustion products (Figure 3.6d). These findings are also corroborated with the 

conclusions made in a previous study conducted by Zong et al., which investigated the 

burning time of titanium nanoparticles synthesized via laser ablation as a function of 

particle size.147 The burning time was found to be a linearly increasing function of 

particle diameter, suggesting a ballistic oxygen diffusion within a kinetically limited 

shrinking core mechanism. The overall proposed mechanism for the TKP reaction is 

summarized and illustrated more clearly in Figure 3.16. 

 

Figure 3.16: TKP primary reaction mechanism summary; the sudden release of 

oxygen from the enveloping KClO4 melt reacts with the preserved nanostructure of 

the titanium particles. Oxygen reacts with the oxide layer, enhances oxygen diffusion, 

and then reacts with the titanium core. 

3.4.4 Pre-Ignition: Oxide Layer Interaction with KClO4 

 Considering the observations thus far, the interaction of the oxide layer with 

potassium perchlorate was investigated using TiO2 nanoparticles with TGAīDSC 
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analysis. To simulate this interaction, various weight percentages of anatase TiO2 

nanoparticles (nTiO2) (<50 nm) were physically mixed with spray dried KClO4. The 

results from this analysis, shown in Figure 3.17, clearly illustrates a catalytic behavior 

of TiO2, where the melting and oxygen decomposition temperature of KClO4 shift to 

lower temperatures as the weight percentage of TiO2 increases. This behavior has been 

investigated previously by repeated studies conducted several years ago, which 

characterized and modeled the catalytic behavior as one that is electronic in nature and 

related to the semiconductor properties of TiO2.
156,160,162 

 

Figure 3.17: Catalytic effect of TiO2 on KClO4 decomposition (TGA analysis in 

argon). 

 

 Based on active titanium content and stoichiometry of a typical mixture of TKP, 

it was estimated that the weight percentage contributed by the oxide layer is roughly 

15 wt %. This equates to a TiO2 content of roughly 20 wt % when mixed only with 

KClO4. The TGA analysis of the stoichiometric TKP and the simulant mixture shows 

oxygen release weight loss occurring at roughly the same time. This 
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phenomenologically confirms the validity of using this weight percentage of TiO2 to 

simulate its interaction with the oxidizer as shown in Figure 3.18. 

 

Figure 3.18: TGA analysis in argon between simulant mixture, TKP, and bare 

oxidizer; oxygen decomposition of TKP and simulant mixture occur at roughly the 

same temperature. 

 The T-Jump/TOFMS measurements of the simulant mixture (nTiO2 (20 wt 

%)/KClO4 (80 wt %)) shown in Figure 3.9 once again demonstrate this catalytic 

behavior, with oxygen release occurring Ḑ40ī50 K before oxygen release from the 

bare oxidizer. The Arrhenius plot of oxygen release for the simulant mixture in Figure 

3.9 gives a corresponding activation energy, shown in Table 3.2, which is Ḑ55 kJ/mol 

smaller than the activation energy for pure KClO4 oxygen release, and roughly 

consistent with the Ḑ42 kJ/mol drop in oxygen release activation energy found by 

Collins et al. under slower heating conditions.160 Catalysis of oxygen release reconciles 

the previous findings, which suggested that ignition occurs before the oxygen release 

from the oxidizer. The ignition temperature displayed in Figure 3.9 closely follows the 

catalyzed oxidizer oxygen release for each respective heating rate, reinforcing the 

notion of a gas phase dominant reaction mechanism. 
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3.5 Conclusions 

 This article reports on the efforts to probe the mechanism by which passivated 

titanium nanoparticles reacts with micron-sized potassium perchlorate particles. The 

roughly 6 nm particle shell composed of TiO2, TiON, and crystalline TiN plays a role 

in the gas phase dominant reaction mechanism of TKP. As in situ heating TEM 

observations and TGA measurements demonstrate, the oxide surface acts as a point of 

catalysis for which KClO4 melts, encapsulates the titanium nanoparticles, subsequently 

decomposes to release oxygen, and reacts with both the oxide layer and titanium core. 

Along with oxide layer catalyzed oxygen release and facilitated oxygen diffusion, lack 

of pre-ignition sintering could be a factor for lower ignition temperature of TKP 

compared to mixtures incorporating widely utilized aluminum fuels. From an 

application standpoint, titanium nanoparticles could thus be a second-best option in 

place of, or complimentary to, aluminum nanoparticles in terms of characteristic 

specific combustion enthalpy and its intrinsic ability to avoid pre-ignition sintering. To 

obtain concrete conclusions on this manner, a more rigorous comparative study with 

aluminum with respect to niche applications would need to be undertaken. 
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Chapter 4: Ignition and combustion analysis of direct write 

fabricated aluminum/metal oxide/PVDF films À 

 
Summary: 

Metallized energetic composite films incorporating high mass loadings of 

aluminum nanoparticle fuels and metal oxide oxidizers (thermite) within a 

polyvinylidene fluoride (PVDF) polymer matrix were constructed via repeatable direct 

write additive manufacturing (3-D Printing). High speed videography, Temperature-

Jump/Time of Flight Mass Spectrometry (T-Jump/TOFMS), and 2D spaciotemporal 

temperature mapping were used to analyze the role of composition and particle loading 

with respect to ignition behavior and combustion performance. This study reveals that, 

while the ignition temperatures of films are relatively unvaried in pressurized 

environments, ignition temperatures in vacuum are strongly dependent on the inclusion 

of thermite material and the specific type of thermite utilized. Increasing thermite mass 

loading results in a reduction in film flame speed and mechanical integrity but increases 

flame temperature. Coupled time of flight mass spectrometry reinforces and elaborates 

on previous findings regarding the Al/PVDF reaction mechanism as it pertains to the 

coupled behavior of incorporating increasing amounts of metal oxides. TOFMS 

highlights carbon dioxide generation from the metal oxide interaction with PVDF, 

leading to unintended stoichiometric considerations and distinct changes in steady burn 

behavior which contribute adverse factors towards flame propagation. 

 
ÀThe results presented in this chapter have been previously published and are reprinted with permission 

from: Miles C. Rehwoldt, Haiyang Wang, Dylan J. Kline, Tao Wu, Noah Eckman, Peng 

Wang, Niti R. Agrawal, Michael R. Zachariah, Ignition and combustion analysis of direct 

write fabricated aluminum/metal oxide/PVDF films, Combustion and Flame, 2020, 211, 260-

269. Copyright 2020 Elsevier. 
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4.1 Introduction 

 The fabrication of solid propellants employing metallic nanoparticles as an 

energy dense fuel has become a promising frontier in the search for novel materials 

with the potential for enhanced energy release rates. In recent years, the draw to 

research metal nanoscale energetics stems from their theoretically greater chemical 

energy density compared to traditional CHNO chemistry.130 Despite reaction enthalpy 

considerations, reaction kinetics of traditional micron scale solid energetics are 

relatively slow, limited by the diffusion length scales between fuel and oxidizer. 

Contemporary formulations utilizing nanoscale fuels and oxidizers seek to increase 

specific surface area and reduce characteristic diffusion length scales for enhanced 

reactivity to approach that of molecular monopropellants such as 2,4,6-trinitrotoluene 

(TNT). Studies utilizing metal particles for energetic purposes commonly use 

aluminum nanoparticles as the fuel for metallized energetic composites due to its light 

weight, superior combustion enthalpy, and cost effectiveness compared to alternative 

nanoscale metal fuels such as titanium and tantalum. Formulations for solid propellants 

typically involve high mass loadings of reactive material incorporated into a polymer 

binder such as polyvinylidene fluoride (PVDF), nitrocellulose (NC), and hydroxylï

terminated polybutadiene (HTPB).37,63,163,164 Recently, fluorine containing polymer 

binders, such as PVDF and THV (copolymer of tetrafluoroethylene, 

hexafluoropropylene and vinylidene fluoride), have come to the forefront of 

experimentation and application due to their ability to act as a reactive binder in the 

formation of Al-F bonds.67,165,166 The fluoropolymer PVDF is primarily utilized for its 

mechanical strength, thermal stability, and solubility in a suitable solvent for expanded 
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materials processing.67 From previous studies, it was shown that early onset 

fluoropolymer decomposition occurs through a gas phase exothermic pre-ignition 

reaction with the aluminum oxide shell, exposing the aluminum core to further 

fluorination.33,67,167 

Thermite systems (metal/metal oxide) have also been the focus of several 

studies as a means for high energy release for a variety of applications for which 

reactivity and flame speeds are enhanced when utilizing nanomaterials.37,95,165,168 The 

metal oxides (MO) considered in this study are copper(II) oxide, bismuth(III) oxide, 

and iron(III) oxide. While Fe2O3 is the most common oxidizer for traditional thermite 

systems, CuO is a well-studied gas phase oxidizer with favorable heat of formation, 

and Bi2O3 is a known condensed phase oxidizer with high oxygen ion mobility.13,34,53 

This study assesses the ability to tune the energy release of stoichiometric aluminum-

fluoropolymer propellant systems by incorporating nano-scale thermites at various 

mass loadings. Analysis of both intended and unintended consequences with respect to 

the fabrication process, chemistry, composite morphology, and apparent mechanical 

properties were documented. 

In the past decade, additive manufacturing (AM) has been an increasingly 

active field of research in several disciplines with applications and research within the 

energetics community becoming more viable and sought out.101 The draw to additive 

manufacturing manifests from the desire for flexibility, potential scale up, and the 

ability to reproduce unique and highly customizable architectures down to the 

nanoscale97 in the most cost effective and efficient manner.101 Although additive 

manufacturing of aluminum containing polymers has been recently explored by other 
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studies,103,108,163,164,169,170 a solvent-based layer-by-layer additive manufacturing 

technique was employed to fabricate thermite integrated energetic materials from a 

precursor solution. This method utilizes a suitable solvent to dissolve the polymer 

binder and allow for thorough mixing with suspended particles. This additive 

manufacturing technique was applied for polymer printing, explicitly described in the 

study conducted by Manjot et al., to allow for wide precursor variations with respect to 

viscosity, employed solvent, and solid loading.105 The controlled translation and 

extrusion dynamics inherent to 3D printing allows for increased degrees of freedom for 

energetic materials to be printed quickly and precisely into a variety of patterns, shapes, 

and (micro)structures which may be characterized by Scanning Electron Microscopy 

(SEM). 

 The combination of high-speed videography, thermometry, and time of flight 

mass spectrometry diagnostics were utilized to probe and analyze important ignition 

characteristics and potential throttling behavior of energetic propellants integrated with 

readily available and well-studied nanoscale metal oxides. The results of this study may 

be used for future studies which focus on tunable architectures provided by this method 

of AM to probe the structure-function relation of film combustion performance 

complimentary to the behavior of reactive film constituents. 

4.2 Methods/Experimental 

4.2.1 Materials 

 Aluminum nanoparticles (nAl) (Ḑ80 nm) used in this study were purchased 

from Novacentrix. It was determined from thermogravimetric analysis (TGA) that the 
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passivated aluminum nanoparticles are 81% active by mass. Nanoparticle metal oxide 

oxidizers in the form of CuO (<50 nm), Fe2O3 (<50 nm), and Bi2O3 (90ï 210 nm) were 

purchased from Sigma Aldrich (Millipore Sigma). Poly(vinylidene fluoride) powder 

(PVDF) (MW = 534,000) was also purchased from Sigma Aldrich (Millipore Sigma) 

and N, N-dimethylformamide (DMF 99.8%) solvent was purchased from BDH 

chemicals. All chemicals were used as received. TEM images of all utilized 

nanoparticles are shown in Figure 4.1. 

 

 

Figure 4.1: TEM of as received aluminum and metal oxide nanoparticles 

4.2.2 Film fabrication 

Energetic composites were fabricated using a System 30M pressure driven 3D 

printer purchased from Hyrel 3D (Additional Details in Appendix B). The low viscosity 

(Ḑ0.1 Pa·s) energetic precursor was utilized as a 3D printable ink in a direct write 

approach. Each precursor ink considered was formulated by dissolving a constant 100 

mg/ml PVDF in DMF and adding the appropriate stoichiometric mass content of metal 

fuel and oxidizer Eqs. (4.1ï4.4). The concentration of PVDF in DMF and level of 

particles suspended was chosen based off previous studies in the Zachariah group using 

electrospray for fabrication of similar films.63,166  
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Binder (n chain lengths) Fluorination of Aluminum : 

ςὲὃὰσὅὊὌ ᴼςὲὃὰὊ σὲὌ φὲὅ τȢρ 

Oxidation of Aluminum : 

ςὃὰσὅόὕOὃὰὕ σὅό τȢς 

ςὃὰὄὭὕ ᴼὃὰὕ ςὄὭ τȢσ 

ςὃὰὊὩὕ ᴼὃὰὕ ςὊὩ τȢτ 

 

Stoichiometric mixtures of aluminum oxidized by metal oxide components 

incorporated within the films were considered by treating the parallel Al/PVDF 

reaction and thermite reaction as being mutually exclusive Eqs. (4.1ï4.4). The 

individual mixtures and particle loadings are listed in Table 4.1 where the specific 

loadings correlate to 1/4 wt. content (no added thermite), 1/2 wt. content (low thermite 

loading), and 2/3 wt. content (high thermite loading) of total nanoparticle material in 

the films. These weight percentages were chosen to better observe the effects that the 

metal oxides may introduce as well as to test the previously documented mass loading 

limits of PVDF bound nanopowders.63 

Table 4.1: Energetic precursor formulations 

  
 

 Precursor suspensions are sonicated up to 2 h for each component added, 

depending on particle loading, then left to stir for 24 h using a magnetic stir plate/bar. 

Al  Fuel (wt. %) PVDF (wt. %) Oxidizer: (wt. %) Total Particle Loading (wt. %) 

25 75 ----- 25 

20.8 50 Bi2O3: 29.2 50 

23.9 

26.5 

18.1 

23.2 

27.5 

50 

50 

33.3 

33.3  

33.3 

CuO: 26.1 

Fe2O3: 23.5 

Bi2O3: 48.6 

CuO: 43.5 

Fe2O3: 39.2 

50 

50 

66.7 

66.7 

66.7 
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Before printing, precursor inks are sonicated for 1 h then loaded into a 30cc disposable 

syringe equipped with a 21-gauge blunt Luer Lock needle and mounted to the extrusion 

pump of the 3D printer. Before printing, the ink is primed, and the glass printing bed 

heated to as high as 85 °C. Since the ink is in liquid form, the programmed printing 

routine is optimized for solvent evaporation before subsequent layer deposition. The 

drying process can be controlled by the temperature of the printing bed, the speed and 

extrusion rate of the print, and/or the volatility of the chosen solvent. Dry times for 

these prints were on the order of 10ï15 s per pass. In order to study the 1D combustion 

performance of materials, single line strands were printed with a width roughly 

equivalent to the outer diameter of the extrusion needle (0.8 mm). Individual layer 

thickness may range between 5ï20 ɛm/layer and depends strongly on the ink viscosity, 

print speed, and specific flow parameters (0.5ï5 ml/hr). Multiple 3 cm long strands, 

like those in Figure 4.2c, were harvested from a larger 25 cm perimeter rectangular 

structure printed and carefully peeled from the glass printing bed.  

 

Figure 4.2: SEM images of a) Al/PVDF single layer film cross-section, and b)-c) 5-

layer film morphology and combustion sample prep 

Film porosity estimations were made using Eqs. (4.5) and (4.6) given their 

composition mass fractions (…) as well as their theoretical and measured densities (”  

& ” ) for which these estimates are displayed in Table 4.2.63 
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 τȢυ 

” …” τȢφ 

 

 

 

Table 4.2: Film mechanical and morphological properties. 

 

4.2.3 Characterization 

Films in this study were characterized based on their physical properties and 

reaction properties. Physical properties considered included thickness, reproducibility, 

morphology, mechanical integrity, and composition. Reaction properties considered 

included self-propagating combustion performance in an anaerobic environment, 

ignition in pressured and vacuum conditions, and the content of their condensed phase 

combustion products. 

Cross-sections and top surfaces of each film are analyzed using Scanning 

Electronic Microscopy (SEM, Hitachi, SU-70 FEG-SEM) and compared to one 

another. Properties of precursor inks were characterized using an AR2000 rheometer 

mounted with a 40 mm 2ò steel cone and the tensile strength of single layer films 

measured using a Shimazu Autograph AGS-X tensile tester. 

For each film formulation, combustion was conducted in argon (Ḑ1 atm) and 

repeated in triplicate. A small cylindrical chamber with a gas valve inlet and outlet was 

Film Type (wt. %) 

Porosity 

(%) 

Density 

(g/cm3) 

Tensile 

Strength 

(MPa) 

Youngôs 

Modulus (GPa) 

 
Al (25%)-PVDF (75%) 11±5 1.8±0.2 44±2 1.18±0.10 

Al (20.8%)-Bi2O3 (29.2%)-PVDF (50%) 18±6 3.3±0.2 29±2 0.66±0.12 

Al (23.9%)-CuO (26.1%)-PVDF (50%) 

Al (26.5%)-Fe2O3 (23.5%)-PVDF (50%) 

Al (18.1%)-Bi2O3 (48.6%)-PVDF (33.3%) 

Al (23.2%)-CuO (43.5%)-PVDF (33.3%) 

Al (27.5%)-Fe2O3 (39.2%)-PVDF (33.3%) 

17±6 

20±6 

28±5 

33±5 

----- 

2.6±0.2 

2.3±0.2 

3.9±0.2 

2.7±0.2 

----- 

24±2 

18±6 

22±4 

13±2 

4.4±1.6 

0.83±0.15 

0.47±0.07 

0.64±0.05 

0.68±0.09 

0.14±0.02 
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purged with argon for 5ï 10 min and a mounting rod used to hold the films in place 

(Figure S4.1).  

Film geometry was strictly maintained with approximately the same thickness, 

(70 Ñ 3) ɛm, width, 0.8ï1 mm, and length, 3 cm. Each film strand is sandwiched 

between two braided nichrome wires and anchored at the opposite end with double-

sided tape. Films are ignited within the argon chamber using the nichrome wire and the 

combustion performance assessed using a Phantom v12.0 high-speed digital camera 

operating at 3000 (zoomed out view) and 10,000 (zoomed in view) frames per second 

(FPS) with an exposure of 200 and 20 ɛs, respectively. Self-propagating characteristic 

flame speeds are measured using videos processed in ImageJ manual tracking to obtain 

time resolved positions using data points with a known pixel to distance ratio at every 

25ï50 frames (Figure S4.2c). Two out of place gaps in the example data in Figure S4.2c 

represent the precisely spaced metal gratings in the foreground which block light from 

the flame at certain positions. 

Temperature dependent reaction chemistry and possible mechanisms were 

diagnosed by conducting T-Jump/Time of Flight Mass Spectrometry (T-

Jump/TOFMS) and implementing the diagnostic technique of Color Camera Pyrometry 

(CCP) described in the Zachariah groupôs previous work.116 This method of 

thermometry was developed by members of the Zachariah Research Group, Rohit J. 

Jacob and Dylan J. Kline. The method uses the black body radiation of hot particles as 

a metric for characterizing temperatures during combustion. The use of the spectral 

response of the RBG pixels of a high-speed color camera in tandem with the black body 

spectral distribution allows for the use of a temperature matching algorithm. The 
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algorithm calculates the intensity of the ñredò, ñblueò, and ñgreenò light, as seen by the 

color camera Bayer filter, and produces three ratios based on these intensities. These 

three ratios are matched to empirical reference data for which the combination of the 

three ratios, within the smallest error range, corresponds to a specific temperature 

value. As a result, one may obtain thermometry of a selected area with a high time 

resolution. More on this method of pyrometry is described in their paper.116  CCP offers 

a post-processing method by which the grey body emissions of the film flame-front, as 

captured by the Bayer filter of the color camera, are processed to return 2-D 

temperature maps of the flame front as a function of time.116 T-Jump/TOFMS offers a 

method by which transient gas phase species can be detected prior to and after the 

potential ignition event on the timescale of a combustion event. The technique of T-

Jump/TOFMS is outlined explicitly in Chapter 2 of this dissertation and within 

previously published papers from the Zachariah group. In short, a sufficiently thin layer 

of material (<3 ɛm) is printed directly onto a thin platinum wire (76 ɛm), illustrated in 

Figure 4.3, and rapidly heated (Ḑ3 × 105 K/s) in a vacuum chamber (10-6 Torr) to 

temperatures as high as 1400 K.67,120  

 

Figure 4.3: a) Al/MO/PVDF T-jump wire coating b) ignited via rapid joule heating (T-

Jump) 

Rapid heating is temporally coupled to species detecting mass spectrometry 

(100 ɛs/spectrum) and ignition visualizing high speed videography (105 FPS-10 ɛs 
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exposure).137 Solid phase species of combustion products are collected for X-ray 

diffraction (XRD, Bruker C2 Discover, CuKŬ sealed X-ray tube) and SEM/EDS 

analysis to confirm possible reaction mechanisms for self-propagation. 

4.3 Results and Discussion 

4.3.1 Fabrication of Al/MO/PVDF films 

Al/PVDF films are highly reproducible in both thickness and uniformity with 

respect to morphology through the direct write approach. SEM/EDS images in Figure 

4.4a show that film cross-sections have a high degree of homogeneity between 

aluminum and PVDF. SEM cross-section analysis of 5-layer films containing thermite 

materials incorporating 50 wt.% particle loading are shown in Figure 4.4bï d. Despite 

the difference of metal oxide type and relative particle size range, each formulation 

printed with 5 layers resulted in films with predictable XRD patterns, nearly identical 

thickness, roughly 70 ɛm (Ḑ14 ɛm/layer), and consistent uniformity. The same cannot 

be said, however, for 67 wt.% particle loading films for which their morphology will 

be discussed in a later section of this paper. 
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Figure 4.4: SEM cross-section of 5-layer (Ғ14 ɛm/layer) 3D printed a) Al/PVDF, b) 

Al/Bi
2
O
3
/PVDF, c) Al/CuO/PVDF, and d) Al/Fe2O3/PVDF Films  

 

 The second row of each column of Figure 4.4bïd reveals the contrast between 

the aluminum and metal oxide nanoparticles from SEM electron backscattering of 

heavier elements. Comparisons of the Bi2O3 and CuO particle sizes in relation to 

aluminum particles in Figure 4.4 show that although CuO nanoparticles are quoted to 

be smaller than 50 nm by Sigma Aldrich, they appear to have roughly the same distinct 

aggregate size as Bi2O3 particles (90ï210 nm).Transmission Electron Microscopy 

(TEM) images of as received metal oxide particles in Figure 4.1 shows that CuO 

nanoparticles have smaller primary structures than Bi2O3, but are irregularly shaped 

with a higher degree of aggregation behavior compared to Fe2O3 nanoparticles. This 

leads to the conclusion that CuO particles lack of particle dispersion, either physically 

or chemically, leads to hindered dispersion of CuO particles in Al/PVDF films. Fe2O3 

nanoparticles shown in Figure 4.4, unlike CuO and Bi2O3 particles, appear to be 
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indistinguishable from aluminum in both color contrast and particle size. From Figure 

4.1 and Figure S4.3, Fe2O3 particles at 50 wt.% particle loading appear to have superior 

dispersion behavior of much smaller particles with no obvious regions of severe 

agglomeration. 

 Higher mass loadings of thermite material (67 wt.%) were added to the 

stoichiometric Al/PVDF mixture to study whether film performance can be enhanced 

with an increase in thermite density. Generally, adding more nano-scale particles has 

adverse effects during the printing process.171 The effects that each particle type has on 

printability and resulting film morphology becomes more apparent at higher mass 

loading.164 

The effects of printing film precursors with increasing amounts of 

nanomaterials include the following: 

¶ Increased ink viscosity leading to increased likelihood that the printer nozzle 

will be clogged if the nozzle is too thin and/or the flowrate is below a certain 

threshold.164 

¶ Shear rate-controlled viscosity measurements of select precursor inks extruded 

at pipe flow shear rates on the order of 10ī1ï 102 s ī 1 show viscosities between 

0.1ï10 Pa·s while printing (Figure 4.5). 

¶ Ink with the highest nanoparticle loading and smallest primary particle size 

displays viscosity values four orders of magnitude higher than the viscosity of 

the low particle loading ink, but with clear shear thinning behavior (Figure 4.5). 
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Figure 4.5: Shear rate-controlled viscosity measurements as a function of shear rate 

for the most viscous (red) and least viscous (blue) DMF based precursor inks 

Adding nano-materials to precursor formulations results in the following 

observations to the characteristics of the product films: 

¶ Other than the increased film density of the metal oxide species, composites 

with higher mass loading convey no significant difference in constituent 

homogeneity compared to the lower mass loading (Figure S4.3). 

¶ Reduction in mechanical integrity and increase in film porosity formed due to 

rapid solvent evaporation, leading to extremely brittle films with irregular 

thickness profiles (Figure 4.6 and Figure 4.7) (Table 4.2). 

¶ Small particle size, number of particles, and particle dispersiveness allows for 

enhanced intimacy with the polymer binder, causing a degradation in polymer 

elasticity and its ability to relax after vaporized solvent has displaced material 

(Figure 4.6 and Figure 4.7). 

¶ Considering the density of the metal oxide type (Bi2O3 > CuO > Fe2O3) and 

nominal particle size (Bi2O3 > CuO Ó Fe2O3) (Figure 4.1), this order also 

reflects the gradual reduction in mechanical integrity (Bi2O3 > CuO > Fe2O3) 

(Figure 4.6 and Figure 4.7). 
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Figure 4.6: Stress-Strain curves of a single layer of the various film composites 

 

 
Figure 4.7: SEM images of the cross-section of a) Al/Bi2O3/PVDF, b) Al/CuO/PVDF, 

and c) Al/Fe2O3/PVDF at 67 wt. % particle loading 

 

4.3.2 Film combustion 

 3D printed films often have similar physical appearances, but their combustion 

performance and behavior are quite different. A zoom in of propagation snapshots 

captured at 10,000 FPS are displayed in Figure 4.8a and the flame speed results of all 

compositions studied shown in Figure 4.8b-c. Due to its severe morphological 

inconsistencies shown in Figure 4.7 and Figure S4.4, the highest film loading of Fe2O3 

was not considered for these measurements. 
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Figure 4.8: a) Snap shots of steady flame propagation of Al/CuO/PVDF with 50 wt. 

% particle loading accompanied by b) representative linear distance over time plots of 

each composition. Averaged flame speed results are consolidated in a c) comparative 

bar graph. 

 All combustion events are steady burning with a curved flame front. As Figure 

4.9 illustrates, the characteristic combustion behavior of each composition can vary in 

terms of how product material is shed as thermite mass loading changes. 

 

Figure 4.9: Characteristic film combustion (right to left) behavior of a) Al/PVDF, b) 

Al/Bi 2O3/PVDF 50 wt. % particle loading, c) Al/CuO/PVDF 50 wt. % particle loading, 

d) Al/Fe2O3/PVDF 50 wt. % particle loading, e) Al/Bi2O3/PVDF 67 wt. % particle 

loading, and f) Al/CuO/PVDF 67 wt. % particle loading 

 

The Al/PVDF composite appears to retain its burned material for a much longer 

time, curling on top of itself at times shown in Figure 4.9a. As thermite content 
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increases, material just behind the flame front is torn away and ejected at greater speeds 

(1ï10 m/s), outlining a much clearer and thinner flame front (Figure 4.9e-f). Another 

interesting feature at the high loading of thermite content was the repeated observance 

of the flame to burn in a manner which favored one side of the film with a slanted flame 

front shown in Figure 4.9e. Although this behavior persisted for reasons unknown to 

us, flame fronts were still steady burning with flame morphology maintained and 

simply translating in time linearly. Further analysis of this behavior by Time of Flight 

Mass Spectrometry and Colored Camera Pyrometry will show that these observations 

are likely due to the sudden generation of nascent gaseous species originating in some 

capacity from the added metal oxides,115 carrying away still burning material which 

would otherwise contribute to the forward propagation of energy. This behavior would 

thus be intensified as more thermite content is incorporated and films become 

increasingly porous. 

 Figure 4.8c illustrates the hierarchy of combustion performance which is 

independent of the metal oxide species utilized. Homogenously incorporating thermite 

material within Al/PVDF films does not lead to enhanced burn speeds. As Figure 4.10 

shows, XRD and EDS characterization of films burned in argon finds no evidence for 

any remaining reactant species with respect to aluminum and the corresponding metal 

oxide. These finds were the same for both thermite loadings. 
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Figure 4.10: Combustion products analysis (SEM, EDS, XRD) of a) Al/PVDF, b) 

Al/Bi 2O3/PVDF, c) Al/CuO/PVDF, and d) Al/Fe2O3/PVDF films ignited in an argon 

atmosphere 

 Evidence from EDS line scan characterization in Figure 4.10 shows that 

aluminum interacts with both the metal oxide and PVDF. The cubic AlF3 and coalesced 

Al 2O3-reduced metal product structures exist within the immediate vicinity of one 

another.63,169 Along with potential changes to composite dependent thermal diffusivity, 

it is likely that the kinetics of the Al/PVDF reaction are faster than the Al/MO reaction 

due to PVDF proximity and the relatively low temperature of the Al-PVDF pre-ignition 

reaction.67 As a result, aluminum directly adjacent to PVDF would be consumed 

readily, increasing the characteristic length scale for which oxygen from the metal 

oxide would need to traverse to react with the remaining aluminum. The Al/PVDF 

reaction would thus be the main reaction driving flame propagation with the Al/MO 

reaction occurring just behind the flame front. The proposed burning mechanism based 






























































































































































































































































































































































































