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Metastable Intermolecular Composites (MICôs) are a relatively new class of 

reactive materials which, through the incorporation of nanoscale metallic fuel and 

oxidizer, have exhibited multiple orders of magnitude improvement in reactivity. 

Although considerable research has been undertaken, their reaction mechanism is still 

poorly understood, primarily due to the complex interplay between chemical, fluid 

mechanic and thermodynamic processes that happen rapidly at nanoscale. For my 

dissertation, I have attempted to tackle this problem by employing controlled 

nanomaterial synthesis routes and optical diagnostics to identify the dominant 

underlying mechanisms. I begin my investigation by examining the nature of metal 

nanoparticle combustion wherein, I employed laser ablation to generate size-

controlled aggregates of titanium and zirconium nanoparticles and studied their 



  

combustion behavior in a hot oxidizing environment. The experiments revealed the 

dominant role of rapid nanoparticle coalescence, before significant reaction could 

occur, resulting in a drastic loss of nanostructure. The large-scale effects of sintering 

on MIC combustion was explored through a forensic analysis of reaction products. 

Electron microscopy was employed to evaluate the product particle size distributions 

and focused ion beam milling was used to expose the interior composition of the 

product particles. The experiments established the predominance of condensed phase 

reaction at nanoscale and the interior composition revealed the poor extent of reaction 

due to rapid reactant coalescence before attaining completion. In light of such 

limitations, the final part of my dissertation proposes a solution to counteract rapid, 

premature coalescence through the synthesis of smart nanocomposites containing gas 

generating (GG) polymers. The GG acts as a binder as well as a dispersant, which 

disintegrates the composite into smaller clusters prior to ignition, thereby avoiding 

large scale loss of nanostructure. High speed optical diagnostics including an 

emission spectrometer and a high-speed color camera pyrometer were developed to 

quantify the enhanced combustion characteristics which indicate an order of 

magnitude improvement in reactivity over counterparts using commercial 

nanomaterials. Moreover, thermal pretreatment as a possible bulk processing strategy 

to improve nanoaluminum reactivity in a MIC is examined, where a 1000% increase 

in reactivity was observed compared to the untreated case. Finally, composites of 

nanoaluminum and reactive fluoropolymers (PVDF) are examined as a possible 

candidate for energetic material additive manufacturing (EMAM) and its viability is 

demonstrated by 3D printing and characterizing reactive multilayer films. 
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Chapter 1 Introduction 

1.1 Background on Energetic Materials 

ñEnergetic materialò is a term used to classify compounds that have large 

stored chemical potential energy with a propensity to rapidly release the energy on a 

short time scale. This latter characteristic of rapid energy release is what distinguishes 

a cookie from an explosive like TNT, in spite of the cookie containing about eight 

times the specific energy compared to that of TNT.[1] Energetic materials can be 

further subdivided into 3 categories: Propellants, Explosives and Pyrotechnics. The 

premise for this characterization is again the rate of energy release, with explosives 

releasing their energy via fast detonation processes whereas propellants and 

pyrotechnics doing so via slow deflagration.[2] Traditional energetic materials (RDX, 

TNT, Nitrocellulose etc.) consist of incorporating the fuel and oxidizer constituents 

into a single molecule (monomolecular materials), which greatly increases their 

reactivity owing to the lack of any mass transfer limitations. Another method involves 

physically mixing powders of fuel and oxidizer to produce energetic composites, for 

example, gunpowder. Such composites suffer from poor reaction rate when the 

particle sizes in the reactant powders are in the >100 ɛm range owing to mass transfer 

limitations. With the energy content of conventional explosives plateauing, 
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significant effort has been laid into the development of new energetic composites 

whose reactivity could be tuned to the needs of the application. 

1.2 Nanoscale Energetic Materials 

An advert used as the motivation for nanoscale energetic material research is 

shown in Figure 1-1. As depicted, the gravimetric (per mass) and volumetric (per 

vol.) heats of reaction of several state of the art explosives are compared with that of 

metal-based composites, in this case, aluminum being the metallic fuel. The drastic 

improvement in the volumetric enthalpy for aluminum based composites compared to 

explosives is particularly noteworthy and is of critical importance in space 

applications where storage comes at a premium. In spite of the vastly superior 

reaction enthalpy, these composites are greatly limited by their inferior reaction rate 

which stifles their employment as energetic materials, the most prominent example 

being the utilization of the Al/Fe2O3 thermite system to weld rails since the turn of 

the 20th century.[3] Given the limitations, an ideal scenario would be the 

development of a composite energetic material that has the reaction enthalpy of a 

metalized systems and the energy release rate of a monomolecular explosive. With 

the advent of nanotechnology, which allows precise control of materials at the 

nanoscale, realizing this ideal has been the major motivation behind the near two 

decade long research on nanoscale energetic materials.[4] The ability to manufacture 

and tune materials at the nanoscale has greatly increased the availability of 
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nanomaterials for commercial use and has led to the advancement of metallic 

composites as energetic materials 

. 

 
Figure 1-1: Volumetric and gravimetric heat of reaction of Thermite formulations 

compared to monomolecular explosives 

Nanomaterials are characterized by at least one dimension being on the order 

of 100 nm. A simple illustration is shown Figure 1-2, where a composite material 

with 1 mm primary particles is compared volumetrically to the same composite with 

100 nm particles. It can be readily seen that with an order of magnitude reduction in 

primary size, there is a significant increase in contact points, increase in surface area 
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and improved intermixing. In addition, for particles at the nanoscale, a significant 

percentage of the constituent atoms are on the surface which due to their lower 

coordination number, have reduced cohesive energy. This diminishes the energy 

required to free a surface atom from the bulk, leading to a depression in melting 

point, as exemplified by the Gibbs Thomson Equation. These advantages directly 

contribute to the increase in reactivity of nanoaprticles.[5] 

 
Figure 1-2: Effect of going to nanoscale on interparticle mixing. 

Armstrong et al.,[6] showed that replacing conventional micron sized (10-100 

ɛm) aluminum powder in gun propellant with aluminum nanopowders resulted in 2 

order of magnitude increase in the burn rate (1 mm/s to >100 mm/s) in closed vessel 

experiments. The increase in burn rate is attributed to the enhanced interfacial contact 

area for reaction at the nanoscale. Similar work done by Dokhan et. al[7] showed an 

increase in solid rocket propellant burn rate with the addition of moderate amounts of 

nano aluminum. Apart from their use as rate augmenting additives, nanoparticles 

1 m particles 100 nm particles

Fuel Oxide
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have been utilized in the development of a relatively new class of energetic materials 

called Metastable Interstitial composites (MIC),[8] whose mechanistic understanding 

is the theme of this dissertation. MIC consists of fuel and oxidizer moieties mixed at 

the nanoscale, which greatly reduce the diffusion length scales and can be considered 

as an intermediate class of materials between the monomolecular energetics (mixed at 

atomic scale) and the traditional, coarsely mixed composites. MICs offer the unique 

advantage of nanoscale mixing, achieving the fast reaction time scales, as well as the 

tunability and high enthalpy of metalized composites. Nanothermite mixtures, 

consisting of metallic fuel (ex. Al) and metal-oxide oxidizer (ex. CuO, WO3, Bi2O3 

etc.), have been one of the most intensely investigated class of MICôs owing to their 

high energy density on both gravimetric and volumetric basis, as highlighted in 

Figure 1-1, and constitutes the major focus of this study. Nanothermite MICs have 

shown tremendous improvement in reaction rate by providing a low activation energy 

pathway for the reaction[9] and with sufficient tuning of the microstructure and 

composition, reaction propagation rates as high as 2500 m/s have been achieved.[10] 

One of the most attractive aspects of nanothermites is the tunability that allows the 

use of different Metal/Metal Oxide combinations,[11] custom nanostructures[12ï14] 

and production techniques.[15ï17] The high reaction rate exhibited by nanothermite 

composites has potential applications in green primers, initiators, detonators, 

improved rocket propellants, explosives, microthrusters, thermal batteries, in situ 

welding, biocidal and other biological applications.[4] 
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1.3 Mechanistic understanding of metal nanoparticle combustion 

In spite of the several years of research, the mechanistic features of the 

reaction of nanoscale energetic materials remain poorly understood. Understanding 

the mechanism of nanoenergetic combustion would require an understanding of how 

nanoscale fuel particles behave. Since this work is primarily aimed at nanocomposites 

that use aluminum particles as fuel, a brief summary of the combustion behavior of 

aluminum particles in different size regimes is warranted. Most commercially 

available fuel particles develop an oxide shell upon exposure to atmospheric 

conditions (Figure 1-3a). This shell, made of high melting alumina, has a profound 

influence on the combustion characteristics of the fuel particles. There are two major, 

widely accepted modes of reaction in particle combustion. The first mode, called 

diffusion-limited regime, occurs when the mass flux of the oxidizer is limiting the 

reaction. The chemical kinetics of the reaction in this regime is considered infinitely 

fast. The second mode is called kinetic limited regime, where the diffusion is 

considered infinitely fast and the reaction kinetics limit the overall progress of 

reaction. In a simplified illustration, adapted from,[18] the generic reaction rate of a 

particle reacting with gaseous oxidizer can be expressed as: 

ⱷ ═
♫▓

♫ ▓
╒  

 Eq. 1-1 
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where, is the reaction rate at the surface of the particle, ɓ is the mass flux of ‫ 

oxidizer, k is the reaction rate and Co is oxidizer concentration away from the reaction 

surface. This leads to explicit forms of the two aforementioned regimes. For diffusion 

limited, k >> ɓ, which reduces the reaction rate to ‫ ὃ‍ὅ. Whereas for kinetic 

limited case, ɓ >> k, which results in ‫ ὃὯὅ. 

Furthermore, the mass flux can be related to the mass diffusivity via the 

Sherwood number, expressed as: 

╢▐
♫

╓Ⱦ▀
 

 Eq. 1-2 

where, D is the mass diffusivity and d is the diameter of the particle. Defining 

burn time as the ratio of mass to reaction rate, I can get qualitative equations that can 

relate the burn time to the particle dimensions. 
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 Eq. 1-3 
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 Eq. 1-4 

As can be seen in Eq. 1-3 and Eq. 1-4, burn times of diffusion limited 

reactions scale with the square of the particle diameter whereas for kinetic limited 

scenario, it scales with the diameter. Experimental data correlate with the 
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aforementioned simplistic model where, as outlined in,[19] large solid aluminum 

particles (30-100ɛm) are observed to burn in a diffusion controlled regime with a 

detached vapor phase flame surrounding the burning particle (Figure 1-3b). The burn 

times (of the form t = adb) have been observed to correlate with a d1.8 power law, with 

d being the particle diameter. The exponent value being lesser than the theoretically 

expected value of b = 2 is considered to be a byproduct of the interference from oxide 

lobe that form on the particle during. As the particle sizes reduce to about ~ 10ɛm, 

the faster diffusion rates result in a transition to a kinetic limited combustion regime. 

The flame is observed to approach the particle surface and the diameter dependence 

approaches unity.[20] In this regime, the effect of the oxidizing atmosphere starts to 

play a crucial role in the observed combustion. As the particle sizes are further 

reduced below ~ 10 ɛm, a fractional diameter dependence is observed with the 

exponent approaching values as small as b = 0.3 or lesser,[5] which cannot be 

explained by any standard theory (Figure 1-3b). 

 
Figure 1-3: (a) Alumina shell on commercial aluminum nanoparticles; (b) 

Dependence of burn time with particle size for metal particles. 

ba
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1.3.1 Mechanism of nanoaluminum combustion 

Aluminum is the popular fuel of choice for nanoscale energetic composite 

owing to its high enthalpy and ease of availability. Commercial aluminum is prepared 

through electrical wire explosion method [21] where an large amount of current is 

driven through an aluminum wire, instantly vaporizing it due to joule heating. The 

nanoparticles subsequently nucleate and grow from the gas phase as the system cools. 

Upon exposure to atmospheric conditions, the NPs develop a 2-5 nm thick alumina 

shell (Figure 1-3b), [22] which given the primary particle size, could account for a 

significant mass percentage. Since alumina melts at a higher temperature (2345K) 

than the ignition temperature of nanoaluminum or nanoaluminum based 

composites,[11] understanding the nature of aluminum transport through the shell has 

been subjected to intense debate over the years. A starting point at understanding how 

the aluminum could be exposed from the shell can be found in the simple diffusion 

model where Al+ diffuse out and O- diffuse in. If oxygen diffused faster than the 

aluminum, this would produce a ñshrinking coreò scenario with the shell thickening 

inward, which  overtime leads to a diminishing metallic core.[23ï25] Alternatively, if 

the outward diffusion of metallic ions is faster, then hollow oxide structures could 

result.[26] However, the low self-diffusion coefficient of alumina pose a significant 

hurdle to viability of this mechanism to sustain the fast reactivity observed in 

nanoaluminum based composites. 
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Figure 1-4: Schematic of the proposed heterogenous oxidation of aluminum 

nanoparticles. Reprinted from [27,28] 

A modification to this model, as developed by Dreizin and coworkers [27] 

incorporating slow heating rate calorimetry, suggested that the phase transition of the 

alumina shell into various polymorphs at high temperatures could lead to the 

development  cracks/ discontinuities in the shell that could rapidly expose the 

underlying aluminum to the oxidizer, as shown in Figure 1-4. Experimental validation 

of such a diffusion based mechanism was provided by Firmansyah and 

coworkers,[29] using high resolution transmission electron microscopy (TEM), where 

they found a freely expanding aluminum core when the sample was heated above 

300C, which was aided in part due to: (a) The reduction in hardness of the aluminum 

core due to grain growth from thermal annealing[30] and (b) due to imperfections in 

shell which allowed the aluminum to freely flow out, as depicted by the TEM images 

 

13 

 

of combustion. Alternatively, a variety of MD simulations have shown a softening 

process in the oxide shell  caused by interdiffusion between core and shell  creating a 

metastable lower melting reduced oxide of Al.17,49-51 Similar behavior was also 

observed in Reference 37 with swell ing of the oxide without an oxidizing 

environment. Also some high heating rate (~5x105 K/s) mass spectrometry has shown 

evidence of a decreased melting temperature of the shell .52 One final option is the 

rupture and cracking of the shell  from stresses induced by the melting of the 

aluminum core at 933 K. Upon melting, Al will  expand by an estimated 6% while the 

oxide shell  remains relatively static.31,48 For nanoparticles this could lead to a 

significant pressure buildup, which could drive the fracturing of the shell . 

 

Figure 1.6. A schematic illustration of a proposed mechanism for aluminum oxidation based on the 

crystallization of the oxide shell. Reprinted with permission from M. A. Trunov, M. Schoenitz, and E. 

L. Dreizin, Combustion Theory and Modelling 10, 603 (2006). Copyright 2006 Taylor & Francis. 

Experimentally validating any of these possible mechanisms is a challenging 

proposition because of the nanoscale of the behavior and the necessity to produce 
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in Figure 1-5, where a clear loss of the nanoscale boundary could be observed for the 

nanoaluminum particles heated to several elevated temperatures. In Chapter 9 of this 

dissertation, the role of the oxide shell is further examined with the objective of 

weakening it so as to improve reactivity. 

 
Figure 1-5: Hot stage TEM images showing the microstructural evolution of 

nanoaluminum with temperature. (a) 300C, (b) 600C, (c) 750C, and (d) 750C 15 min 

after taking (c). (b1) and (c1) magnify the dotted regions in (b) and (c), respectively. 

Reprinted from [29] 

1.4 Mechanistic understanding of nanocomposite reactions 

Moving onto energetic composites, especially propellant mixtures containing 

aluminum as additives, the size dependence on the burn speeds are considerably 
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scattered. Aforementioned results by Armstrong et al. [6] showed a d-2 dependence of 

burn speed for gun propellants containing aluminum particles in the size range of 10 

ɛm to < 100 nm. Similarly, results from Dokhan et al. [7] showed a diameter 

dependence of d-0.28 for aluminum additives in solid rocket propellant with aluminum 

particle dimensions ranging from 30 ɛm to 100 nm. On the other hand, exploring the 

burn speeds of nanothermite MICôs show a similar scatter in the reported diameter 

dependence. Sullivan et al. [31] recently observed that for nanothermite materials 

consisting of nano scale copper oxide as the oxidizer, the burn speeds correlated to a 

d-0.56 dependence, d being the diameter of the aluminum particles used as fuel. The 

range of sizes considered in that study was from 100 ɛm to 3.5 ɛm. The study also 

reported that going to smaller aluminum particle sizes (upto 80 nm) had a detrimental 

effect on the burn speeds. Another study by Weismiller et al.[32] found contradictory 

results and stated that an improvement in burn speeds can be attained by using 

nanoaluminum instead of micron aluminum particles. 

A large body of work has been undertaken to mechanistically probe the 

behavior of nanothermites in combustion environments.[33,34] Owing to the lack of a 

general consensus, the proposed mechanisms are briefly discussed in the following 

sections.  
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1.4.1 Gas-Condensed Heterogeneous reactions 

This reaction mechanism was developed primarily based on the early 

investigations, which observed that several oxidizers decomposing into their 

suboxides, releasing gas phase oxygen (e.g., CuOČCu2O + O2, Fe2O3ČFe3O4 + O2, 

Co3O4ČCoO + O2 etc.). High heating rate mass spectrometry of these oxides and the 

corresponding thermites has shown that this reduction process often occurs at 

temperatures comparable to ignition and that significant gaseous oxygen is present 

during reaction, as shown in Figure 1-6a, where aluminum and oxygen ions were 

simultaneously detected upon Al/CuO nanothermite ignition. [11,35] This is all in 

accordance with the gas-condensed heterogeneous reaction mechanism, where the 

fuel is postulated to burn in a pressurized O2 environment created by the 

decomposition of these oxides. Part of the attraction of this mechanism is its relative 

simplicity, as it can be treated as almost a one component system with the reaction 

limited either by the decomposition step of the oxidizer to liberate oxygen or the 

reaction of fuel particle with the oxygen. This allows for the direct incorporation of 

the extensive combustion models that have already been developed for the 

combustion of metal particles in pressurized, oxygenated environments.[36ï38] 
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Figure 1-6: (a) Time of Flight Mass Spectrometry (TOFMS) results of Al/CuO 

reaction highlighting simultaneous Oxygen and Aluminum release; (b) Ignition 

temperature vs O2 release temperature from pure oxidizer. 

The apparent simplicity comes at the cost of a lack of widespread consensus 

regarding this mechanism. Nanoaluminum combustion in shock tube experiments 

reveal that the shortest observed burn times were on the order of 50-500 ɛs in 

pressurized, high-temperature, oxygenated environments.[39] On the other hand, 

constant volume combustion tests have revealed that the pressure generation during 

nanothermite reactions occur on a time scale of ~10 ɛs,[40] which is shorter than the 

shortest burn times reported for nanoaluminum. The optical signal in these constant 

volume tests doesnôt reach its maximum until ~100 ɛs and has a full width at half 

maximum (FWHM) value of more than twice that, which matches up with the 

reported burn times of nanoaluminum particles. Similarly, nanothermite reaction in 

a b
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extended burn tube studies revealed that the reaction continued to occur for ~3 ms 

after initial expansion.[41] This order of magnitude difference in time scales suggests 

a two-step process that could be indicative of initial reaction, which heats up and 

reduces the oxidizer followed by heterogeneous burning in the released O2. Further 

conflict with this mechanism arises from the experimental results presented in Figure 

1-6b (from Ref.[11]) where the ignition temperature of various nanothermite systems 

were correlated with the oxygen release temperature from neat oxidizers. The results 

indicate that there are some oxidizers (e.g., CuO, Fe2O3, AgIO3) that show a 

correlation between the release of O2 and the ignition with Al. However, there are 

many more (e.g., Bi2O3, WO3, MoO3, and SnO2), which ignites in the absence of 

gaseous O2. This suggests that for many cases, a gas-condensed heterogeneous 

reaction is not responsible for ignition but may have a contribution in the long term 

burning of these nanothermite systems. 

1.4.2 Condensed phase interfacial reactions 

An alternative mechanism, which involves the reaction at the material 

interface owing to condensed phase species transport, has been recently suggested. 

Nanoparticles, owing to their high surface energy exist in a highly aggregated state 

(Figure 1-7a), which promotes significant interfacial contact. Sullivan et al.,[34,42] 

conducted high heating rate experiments in a Transmission Electron Microscope 

(TEM) to gauge the microstructural changes that happen during the nanothermite 
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reaction. Their results highlighted the dramatic loss of nanostructure during the 

reaction, forming large spherical melts. They proposed a mechanism called óReactive 

Sinteringô where a condensed phase reaction at the interface between fuel and 

oxidizer aggregates was the impetus for the initiation, as shown in Figure 1-7b. The 

mechanism is predicated on either of the reactant components gaining sufficient 

mobility so as to coalesce with the other, which could dramatically increase the 

contact surface area. Once the interface reaction gets underway, the heat liberated by 

the exothermic reaction is conducted away from the interface and results in the 

melting of the adjacent particle aggregates. As material is melted during this process, 

capillary forces/surface tension serve to rapidly deliver the newly melted material 

towards the interface, where the reaction continues. Their experiments, which were 

done on three different MIC compositions (Al-CuO, Al-Fe2O3 and Al-WO3), showed 

similar products morphologies, suggesting a common underlying mechanism. 

One of the attributes of such a reaction mechanism is that the initial nanoscale 

morphology is lost before/during the reaction and the resulting product morphologies 

resemble large molten clusters, as seen in Figure 1-7c. Moreover, X-Ray phase 

contrast imaging of these reaction led to the finding that these larger, sintered masses 

were forming on the order of microseconds after ignition, i.e., much faster than the 

millisecond long combustion time scales for these systems.[41] What these results 

inherently imply is that the loss of nanostructure could occur rapidly during the 

reaction and would suggest that there could be diminished performance enhancements 
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as the particle size is reduced through to the nano-regime. Recent results in burn tube 

studies highlight this point where the researchers have noticed a reduction in burn 

speeds when the size of the aluminum in Al-CuO nanothermite was reduced below 

3.5 ɛm.[31] Such an interfacial mechanism could also account for the low diameter 

dependencies that were observed in nanoparticle burn times. In both these cases, the 

diminished returns on further reduction in size can be explained by the loss of 

nanostructure, with the small initial particles coalescing into large particles. If this 

happens prior to significant combustion, the material will have the kinetics of the 

larger particles as opposed to the nanosized starting material. Recent Molecular 

Dynamics simulations in Ref.[19] highlight this point by evaluating the characteristic 

sintering time of nanoaluminum aggregates, found to be on the order of ~50 ns which 

is much faster than the reported burn times of nanoaluminum[39] or 

nanocomposites,[43] both of whom are on the order of microseconds to milliseconds. 
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Figure 1-7: (a) Aggregated state of commercial aluminum nanoparticles; (b) 

Proposed Reactive Sintering mechanism; (c) Change in the morphology during the 

exothermic reaction. Reprinted from [42] 

1.4.3 Mechanochemical Melt Dispersion Mechanism (MDM) 

A third possible mechanism discussed in literature to explain the fast 

reactivity of nanoscale energetic composites is the Melt Dispersion Mechanism 

(MDM) that was postulated on the mechanochemistry of the metal nanoparticles 

under very high heating rates (>106 K/s).[44,45] The proponents of this work argued 

that the diffusion of reactants were too slow to sustain a reaction that occurred on the 

microsecond scale. The reaction mechanism is predicated on the differences in the 

thermal expansion coefficient of the aluminum core and the alumina shell which 

results in the development of compressive (core) and tensile stresses (shell) upon 

particle heating. As the stress exerted by the expanding core exceeds the yield 

strength of the shell, the shell is proposed to violently rupture, releasing the molten 

core as a mist of aluminum clusters that can react readily with the oxidizer, as limited 

by the reaction kinetics. Considerable calculation and modelling efforts have been 

undertaken to prove the applicability of this model extending from oxidation to 

fluorination reactions of nanoaluminum particles.[46] While this mechanism is 

fundamentally very different from the condensed phase discussed above, the two are 

not necessarily mutually exclusive. It is possible that one occurs when one set of 

experimental parameters are met and the other occurs under others, with MDM it 

could still be significant because of the high burn rate suggested by the theory.  
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Motivation and Research Outline 

The objective of this work is to perform critical experiments so as to 

understand the controlling mechanism of nanoparticle/ nanocomposite reactivity and 

subsequently tune out the inherent limitations of the identified reaction mechanism by 

altering the nanostructure. The first part of this dissertation attempts to identify the 

reasons for the observed low diameter dependence of the burn time in nanoparticle 

combustion. In this part, nanoparticle aggregates of Titanium and Zirconium are 

synthesized via pulsed laser ablation. The advantage of this procedure is that the 

nanoparticle aggregates can be created in a highly controlled environment with good 

control on their sizes. The size-selected particles are subsequently burnt in the post 

flame region of a methane-oxygen diffusion burner and their burn times are measured 

using high-speed videography. By selecting a range of aggregate sizes in the nano 

regime and correlating it to the burn time, I attempt to devise scaling laws that can 

relate burn times to the effective diameters. The novelty of this work being that 

aerosol based growth models for nanoparticles are incorporated to deduce effective 

particle size and is further correlated to combustion mechanism by fitting the 

emission profiles to kinetic models. 

The second part of this dissertation aims at mechanistically probing 

nanothermite reactions in order to provide concrete evidence regarding the 

predominant reaction mechanism. Results from the laser ablation experiments are 

used qualitatively to highlight the predominance of ultra-fast, condensed phase 
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interfacial reactions, which drastically altered the starting nanostructure of the 

composite. This part focuses on evaluating and quantifying the relative contribution 

of the competing reaction mechanisms i.e., gas-condensed heterogenous vs. 

interfacial oxidation. The probable role of either mechanisms were evaluated through 

a post-combustion analysis of rapidly quenched product particles of three different 

nanothermites systems. The three systems were chosen owing to their very different 

ignition and burning characteristics so as to provide sufficient breadth to the analysis. 

The third part of this dissertation consists of engineering a reactive composite 

that counters the extent of this early interfacial reactions and enforce the composite to 

burn as smaller clusters. Since the reaction in these systems have been shown produce 

large clusters due to rapid sintering very early in the reaction, the diffusion length 

scales for the reactants could play a major role in the overall reactivity. By dispersing 

the reactants into smaller clusters, the reduction in the effective diffusion length 

scales could consequently attain a more complete reaction. The principle behind these 

custom composites is to pack nanoscale material (nano aluminum or nanothermites) 

using a low temperature gas generator (nitrocellulose) as a binder. The nitrocellulose 

acts as a binder, maintaining the integrity of the composite particle, and also as an 

insitu gas generator, dissociating at ca. 450 K. Since most of these nanoenergetic 

materials ignite above 450 K, our strategy could lead to the break up of these 

composites, before reaction, into smaller clusters, as shown schematically in Figure 

1-8a. Also shown for comparison in Figure 1-8b is a schematic of how a nanoscale 
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energetic material, synthesized via powder mixing, reacts. An aggregate of the 

energetic material (pure nanoscale metal powder or a nanocomposite) could first 

sinter into a large lump and subsequently react over longer timescales. Other novel 

methods to improve nanoenergetic reactivity such as doping the composites with 

different oxidizers or tuning the characteristics of the shell are also discussed in this 

section. Finally, additive manufacturing techniques such as 3D printing is used to 

successfully demonstrate the viability of nanoaluminum-polymer/binder based 

energetic material. 

 
Figure 1-8: (a) Proposed mechanism of composite particle of nanoscale energetic 

material (EM) and nitrocellulose. The nitrocellulose acts as a gasifying agent, 

dispersing the aggregate into smaller clusters; (b) Schematic of how an aggregate of 

nanoenergetic material reacts, which involves sintering into a much larger particle 

before significant reaction. 
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Chapter 2 High Heating Rate Experimental Methods 

Summary 

Characterizing the ultra-fast reactions in energetic materials require the 

development of advanced diagnostics capable of resolving the sub millisecond 

reaction time scales. Conventional techniques for temperature measurements such as 

thermocouples and thin filaments lack response time and the high flame temperatures 

(>3000K) preclude the use of such invasive techniques. In this chapter, two high 

speed diagnostics characterizing the light emission from the energetic material 

reactions are introduced. A high-speed 32 channel spectrometer, capable of ~2.5 ms 

temporal resolution, is developed to quantify the light emission from the reactions. 

The resulting spectra is analyzed for atomic and molecular emission and the 

continuum is fit to Planckôs law to calculate condensed phase temperature. One of the 

limitations of the spectrometer setup is the lack of spatial resolution which skews the 

collected spectra to the brightest spots in the reaction zone. In order to resolve the 

spatial variations in the flame front, as is expected from a complex reaction front, a 

high-speed color camera pyrometer is developed as a complementary diagnostic to 

the spectrometer. The advantages and the limitations of the systems are detailed in 

this chapter along with necessary calibration steps. 
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2.1 Temperature measurements through multiwavelength pyrometry 

Temperature is a fundamental, intensive property of the system and is 

characterized by the chemical reaction and heat transfer experienced by the system. 

Over the past three centuries, beginning with the work of Daniel Fahrenheit in 1714 

on liquid-in glass thermometers, several methods with varying complexities have 

been devised to measure temperature, all of which can be classified into three 

categories: invasive, semi-invasive and non-invasive.[47,48] For the case of energetic 

materials (EM), their high reaction temperatures preclude the use of conventional 

invasive measurement methods such as thermocouples, thin filament pyrometers [49] 

that are routinely used in soot measurements. Semi-invasive methods involve doping 

the EM with salts that leave a thermal signature when heated. The resulting molecular 

emission spectra can be resolved using a grating and fit to the known spectra of the 

salt from which the temperature can be calculated. Barium Nitrate (Ba(NO3)2) has 

been used to measure apparent temperatures of RDX doped with aluminum 

nanoparticles, where flame temperatures as high as 4500K were obtained. [50,51] The 

obvious limitations for this setup is that a high-resolution spectrometer, capable of 

~0.1 nm or better resolution is required to resolve the emission. Moreover, the 

calculated temperature is the temperature of the gas phase that is in equilibrium with 

the dopant ions. Given the condensed nature of the reactants in this study, methods 

using the continuum emission are needed. 
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The third category involves noninvasive techniques where the emission from 

the reaction is characterized at a standoff distance. This method is particularly useful 

for energetic materials owing to their bright flames and with the advent of 

photodetectors with very fast sampling rates, resolving the microsecond combustion 

time scales of explosives have been routinely attempted.[52,53] The basis of such 

characterization is the utilization of the Planckôs law, derived in 1900ôs by Max 

Planck using quantization of energy, which defined the electromagnetic emission 

spectrum of a black body as a function of temperature, as shown in [54] 
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 Eq. 2-1 

Where, L is the spectral radiance (W/(m2-sr-mm), l is the wavelength, h is Planckôs 

constant (6.626 e(-34) J.s), k is Boltzmann constant (1.38 e(-23) J/K) and T is the 

temperature. An additional parameter e called emissivity is added to correct for gray 

bodies that emit only a fraction of that of an ideal black body at the same temperature. 

The earliest forms of non-invasive pyrometers involved the disappearing 

filament technique, where the óbrightnessô temperature was measured by visually 

comparing the emission from the flame with that of a controlled filament in the 

background and adjusting the temperature of the filament till it disappeared in the 

flame. The eye of the operator was soon replaced as the detector by solid state 

photodetectors, which used the ratio of discrete filtered emission from the flame as a 
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measure of the temperature. Soon two, four and six wavelength pyrometers in the 

visible and IR wavelengths were developed and extensively used in characterizing 

combustion systems.[55ï57] Another form of multiwavelength pyrometry involves 

using a high resolution spectrometer to resolve the emission spectra over multiple 

wavelengths to which the Planckôs law from Eq. 2-1 is fit with temperature as a free 

parameter. Implicit in this fit is the assumption of a reasonable model for the 

wavelength dependence of emissivity. For soot, e  ~ l-1.36 whereas for optically thick 

flames a grey body assumption can be used. [58] Some authors have employed the e  

~ l-1 dependence[59,60] which is derived from the spectral dependence of the 

absorption efficiency in the Rayleigh limit, while neglecting the spectral dependence 

of the absorption index. Others have corrected this correlation by incorporating the 

inverse wavelength dependence of the absorptive index, resulting in a e  ~ l-2 

dependence owing to significant absorption effects.[52] Depending on the choice of 

the emissivity function, the final calculated temperatures could fluctuate by as much 

as 1000K. [58] Other forms of non-invasive techniques involve characterizing the 

molecular emission of inherent species (such as Al and AlO in aluminized 

composites) from which the flame temperature could also be calculated.[61,62] In 

this work, I developed a couple of non-invasive diagnostics, one based on a high 

speed spectrometer and the other based on a commercial high speed camera with the 

objective of calculating the reaction temperature from the nanoenergetic composites. 
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2.2 High Speed 32 channel Spectrometer 

The high-speed emission spectrometer was developed to quantify the emission 

spectra from the nanocomposite reaction so as to characterize its reaction temperature 

as well as identify dominant molecular/atomic species in emission. A constant 

volume combustion vessel was used to burn the sample, which is described in further 

detail in Chapter 6. The optical assembly interfacing the spectrometer with the 

pressure cell consists of a Sapphire window, a Plano Convex lens 1F from the inner 

edge of the vessel, a Neutral Density filter (ND2) and a 455 nm color glass filter for 

order sorting. The optical components are assembled inside a 0.5ò lens tube and the 

end of the tube is closed with a SMA fiber optic adapter. The Plano Convex lens 

collimates the light from the inner edge of the vessel which is subsequently attenuated 

by a factor of 100 by the ND2 filter. The choice of the ND filter was empirical with 

the ND2 used for measurements at high irradiances and ND1 for low irradiance 

measurements. A 1mm diameter optical fiber (Princeton Instruments) transfers the 

emission into a 500mm, triple grating, Czerny-Turner Imaging spectrometer (Acton), 

as shown in Figure 2-1. A 150 groove/mm grating and a slit width of 100µm was 

chosen for this work, which gave a dispersion of 13 nm/mm at the focal plane and a 

spectral range of 464-867 nm. The primary objective of this work was to detect 

reaction temperature, hence a low-resolution grating was chosen so as to the obtain 

the widest spectrum. 
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Figure 2-1: Setup of high speed emission spectrometer 

The spectrometer outlet was coupled with a 32 channel PMT module 

(Hamamatsu, H7260) with each channel having a dimension of 0.8mm x 7mm 

(WxH), implying a spectral resolution of ~10 nm/channel. A PMT based detector was 

preferred in this work, owing to their fast rise times (0.6ns), tunable supply voltage 

(400-900V) and single photon efficiency. The multichannel PMT (MC-PMT) is 

interfaced with a high-speed data acquisition system (Vertilon IQSP580) which 

terminates the MC-PMT to 50 ɋ and measures the current output at the anode with 

14-bit resolution. The system is capable of sampling at a maximum rate of ~390kHz 

with an onboard storage for 5x105 32 channel events and has a versatile suite of 

triggering options. Although faster multichannel pyrometers have been recently 

developed for shock physics and detonation experiments[63,64] with time resolutions 

ranging from 800ps-10ns, their total recording time is a significant limitation. At ~ 
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400kHz, the spectrometer discussed herein offers a good compromise between time 

resolution and total recording time especially for the combustion of nanothermites 

which are not only much slower than traditional explosives but also has a wide range 

of combustion time scales. Other advantages include the ability to set the cathode 

voltage of the MC-PMT, which is particularly useful for samples with moderate to 

poor reactivity. The triple grating turret assembly allows the selection of sample 

specific spectral ranges along with the ability to increase the spectral resolution by 

switching to a higher density grating. One of the significant limitations of the setup is 

the 20 µA linearity limit of the MC-PMT, which limits the dynamic range of 

detection. This is offset by running multiple experiments where a ND2 filter was used 

for characterizing the emission at peak irradiances and was replaced with an ND1 for 

the cooler phases of the reaction. 

2.3 Calibration of High-Speed Spectrometer 

The linearity of the MC-PMT was tested by illuminating the collector optics 

with a high temperature black body source at 1273 K and subsequently attenuating 

the signal using neutral density filters (OD 0.4, OD 1). Neutral Density filters 

corresponding to OD 0.4 and OD 1 attenuates the broadband light to 40% and 10% 

respectively. The results of the calibration test are shown in Figure 2-2a for the 

selected MC-PMT voltage of 600V. As can be seen, the detector is fairly linear 

although at low light intensities with OD1 some nonlinearities were observed. The 
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wavelength calibration for the spectrometer was done using a HgNe pencil lamp 

(Newport) and the spectral response calibration was done using a calibrated tungsten 

halogen lamp (Avantes HAL CAL) operated at 2440 K. Figure 2-2b shows the RAW 

counts corresponding to the intensity profile of the calibration lamp, measured at a 

cathode voltage of 600V on the MC-PMT. The spectral response of the entire 

assembly was determined by placing the calibration lamp at the inlet of the collection 

lens assembly for obtaining the RAW data counts at the PMT voltage of interest and 

computing the correction factor by taking the ratio of the RAW counts to that of the 

calibration curve as shown in Fig 2b. Thus, a single correction factor accounts for the 

detector spectral response, the grating efficiency and the transmission efficiency of 

the various optics. 

 
Figure 2-2: Calibration for the MC-PMT a. Evaluating the linearity of the detector by 

attenuating broadband signal using ND filters. Horizontal lines represent expected 

attenuation. b Spectral response calibration using a high temperature Tungsten-

Halogen lamp. 
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In order to make quantitative temperature measurements, the intensity 

corrected data from the MC-PMT was linearized[65ï67] according to Weinôs law as 

shown in Eq. 2. Weinôs Law is a derivative of Planckôs Law (Eq. 2-1) and is 

applicable when the product ‗Ὕ σπππ ʈÍ+,[66] satisfied by most energetic 

material emission in the visible spectrum. Upon linearization, an equation of the form 

Eq. 2-2 is derived from which the parameter Z is calculated and is plotted against the 

wavelength to calculate the temperature from the reciprocal of the intercept obtained 

from the straight line fit. 
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 Eq. 2-2 

Implicit in the above linearization is the grey body assumption for the flame 

cloud generated by the reaction, of which there has been considerable debate in the 

community. Recent efforts by Lynch et. at have suggested that under conditions 

where the high temperature flame front is optically thick, which presumably would be 

the case for a confined reaction in an enclosed vessel, the gray body assumption could 

be valid, and hence is used in this study. During the temperature fitting procedure, 

channels with spectral bandpass that overlapped prominent molecular emission, such 

a Na doublet (588.95nm and 589.59nm) and AlO band (Dv = -1,0,+1, 464nm ï 530 

nm), were removed so as to improve the fit fidelity (Figure 2-3). Built-in MATLAB 

fitting routines were employed to estimate the final temperature (Appendix A). 
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Figure 2-3: (a) Raw spectra from a reaction showing the various molecular emission 

peaks. (b) The channels corresponding to the red circles were removed during straight 

line fitting of the parameter Z to wavelength. 

2.4 High speed color camera pyrometry 

While the experimental setup including the spectrometer described above can 

accurately measure the temperature of radiating particles using multi-wavelength 

integration techniques, its ability to measure the spatial dynamics of the combustion 

process is limited by its means of data acquisition. Since the spectrometer takes in 

information to a small fiber optic cable, two possibilities exist for the origin of the 

data ï focusing of a large area onto a smaller one using a lens, or a small point light 

source being focused directly into the cable. In either scenario, for probing of 

energetic nanomaterial combustion, the use of a spectrometer falls short in large 

volume studies for it is averaging the entire cross-sectional area that is being observed 

rather than having multiple point measurements to account for spatial resolution.  

As a complementary technology to the spectrometer, high speed color 

cameras (such as the Vision Research Phantom Miro M110) capable of recording 

high definition videos at a resolution of 1280x800 at a frame rate of 1,630 fps (with 

a
b
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maximum framerate of 400,000 fps at reduced resolution),[68] is used as a spatially 

resolving pyrometer. The use of a high-speed color camera allows for the temperature 

probing capabilities at the rate of a spectrometer, but can do so over an entire image 

that is captured by the sensor and post-processed with camera-specific spectral 

response curves.[49,69ï71] In the case of the particles generated by the combustion 

of energetic nanomaterials, the gray body assumption regarding wavelength-

independent emissivity can be applied and the temperature of an object can be 

calculated using the ratios of intensities between two color camera channels.[69,72] 

Numerous experiments have demonstrated the ability for color ratio 

pyrometry to effectively characterize thermally radiating particles. Color ratio 

pyrometry was first reported in 1994 using an infrared-sensitive pixel array to 

spatially resolve temperature profiles of thin filaments.[73,74] In 2001, Tsyba et al. 

demonstrated the capability for a consumer color camera to be used for temperature 

measurements between 800C and 2500C with an error within 50C.[75] Development 

of high-speed digital color cameras has since led to widespread research on the 

temperature characterization of flames, thin filaments, soot, and direct injection spark 

ignition (DISI) engines.[49,70,71,76ï78] A paper by Densmore et al. detailed the 

setup for a color ratio pyrometer that was successfully used to characterize the 

temperature of an exploded C-4 charge at the U.S. Army Research Laboratory, which 

served as the basis for the experiments performed in this study.[69] The setup 

described by Densmore was later applied to other applications to probe the burn 
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characteristics of other high explosive fireballs, impact combustion, and 

thermites.[79ï81] 

2.5 Operation principle 

In digital color cameras, the sensor used to capture light is sensitive to 

wavelengths extending from the ultraviolet to infrared, with a mosaic color filter 

array (CFA) placed in front of the sensor to serve as a bandpass of extraneous 

wavelengths for later reproduction of color via a demosaicing algorithm (Figure 

2-4a).[69] The most common filter array used in color cameras is of the Bayer 

pattern, which has filters with peak sensitivities corresponding to the red, green, and 

blue portions of the visible color spectrum [69]. The intensity of the signal captured 

by the sensors is dependent on the channel gain, pixel area, solid angle, exposure 

time, lens transmission, spectral power density of the source, and the spectral 

sensitivity of the filter array integrated over the entire spectrum of sensitivity for the 

camera.[69] As a result, solving for temperature based on intensity of a single channel 

becomes inherently difficult as the level of knowledge required for accurate 

estimations of temperature is prone to error. Alternatively, provided that the 

aforementioned variables (excluding filter sensitivity) remain constant for adjacent 

pixels being sampled, a ratio of the channel intensities recorded by the camera can be 

used to back-solve for temperature as shown below, where … is the normalized 

spectral response of the camera and ‪ is the gain of channel Ὥ.[69] In the case of a 
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gray body radiating source, the emissivity is assumed constant and independent of 

wavelength and therefore need not be accounted for in calculation.[69,77] 
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 Eq. 2-3 

By performing this calculation at different temperatures, theoretical values for 

intensity ratios between channels can be then used to determine a ñcalibration factorò 

(ὅ ‪Ⱦ‪) for the specific camera components by comparing the expected ratios 

of intensity to those collected from a standardized radiating temperature source. 

Calculations of temperatures is then reduced to matching of the calibration factor-

corrected ratio of the channels to the theoretical ratios predetermined for the 

apparatus, as shown in Eq. 2-4 and Figure 2-4b. 
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Figure 2-4: (a) Spectral response curve of Vision Research Phantom Miro M110 high 

speed camera. Figure adapted from Vision Research.[68]; (b) theoretical calibration 

ratio profiles as a function of temperature for the three colors in CFA. 

2.6 Color Camera Calibration 

Using the theoretical channel ratios as calculated by Eq. 2-4, calibration 

factors for the cameraôs channels (ὅ ‪Ⱦ‪) were determined by taking videos of 

a blackbody light source and extracting observed channel ratios.[69] As can be seen 

in Figure 2-5a, the black body temperature was adjusted between 1273 and 1473 K 

with 50 K increments. The theoretical estimate from Eq. 2-3 is plotted as the red line 

with the overlaid black markers being the calculated ratios for the Green to Red 

channels. The calibration was extended beyond the inflection point by using a high 

temperature tungsten halogen lamp operated at 2440K which was factory calibrated. 

The calibration data was integrated with the spectral response of the camera detector 

(Figure 2-4a) to obtain the experimental G/R ratio. The linearity of the camera sensor 

was calibrated with various Neutral density filters (OD 0.1, 0.4, 0.5, 1) and the result 

is plotted in Figure 2-5b, along with the expected correlation, confirming the linear 

response of the CMOS array. For the setup used in this dissertation, the calibration 

factors (Cgr, Cbg, and Cbr) for the camera equipped with a macro lens were determined 

to be 0.952, 0.888, and 0.847, respectively. These calibrations are expected to be 

valid from a low temperature of 773 K and calculations have been extended up to 

4773 K. 
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Figure 2-5: Calibration for the Color camera pyrometer: (a) Spectral response 

calibration using a Black body and high temperature Tungsten-Halogen lamp. (b) 

Evaluating the linearity of the camera sensor by attenuating broadband signal using 

ND filters. Dark line represents the expected attenuation 

While color camera pyrometry does allow for spatiotemporal measurements 

of temperature, limitations in the method by which raw data is collected are a strong 

source of error in calculations that are performed, which ultimately lead to deviations 

in temperature measurement from those reported by the spectrometer. Of the many 

elements that emit in the visible region of light during thermal relaxation, sodium is 

often the most noticeable with strong, persistent lines seen as a doublet at 588.95nm 

and 589.59nm.[82] Such emission contributes to the red and green channel intensities 

owing to their high spectral response at these wavelengths (Figure 2-4a), therefore 

leading to error in temperature calculations. Other elements that have strong emission 

and are possible sources of contaminants in the experiments performed include 

potassium and copper. Furthermore, the calculations detailed above fail to account for 

light scattering from small particulates that may be generated throughout the course 

of the reaction, leading to another possible error within the color camera pyrometry 

a. b.
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method for estimating temperature. Hence, in order to maintain fidelity, the error 

minimization algorithm used to calculate temperature is error thresholded to ~ 100K 

and the pixels that report higher errors are browned out in the final false-color 

images. 

2.7 Video Processing 

Raw pixel values were extracted and temperatures calculated using MATLAB 

(Appendix C). Prior to performing temperature calculations, black-level pixels and 

saturated pixels were dilated by a factor of 3 and removed from the area of 

consideration. The raw image array was then passed through MATLABôs ñdemosaicò 

routine with the corresponding Bayer color filter array sensor alignment (gbrg) to 

recover values for the red, green, and blue channels at each pixel. To determine 

temperature, calibration factors were applied to three camera generated ratios 

(green/red, blue/green, and blue/red) and matched to the theoretical values in Figure 

2-4a such that the summed error in all ratios was minimized. Lookup tables 

corresponding to the values presented in Figure 2-4a are generated depending on the 

emissivity model used and the error minimization is performed to obtain the final 

temperature. Once the temperature is calculated, the G/R ratio corresponding the 

calculated temperature is matched from Figure 2-4a and the difference between this 

value and the one obtained from the camera is used to estimate the error in 

temperature measurement. 
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Chapter 3 Size Resolved High Temperature Oxidation Kinetics 

of Nano-Sized Titanium and Zirconium Particles 

Summary 

While ultrafine metal particles offer the possibility of very high energy 

density fuels, there is considerable uncertainty in the mechanism by which metal 

nanoparticles burn, and few studies that have examined the size dependence to their 

kinetics at the nanoscale.  In this work I quantify the size dependence to the burning 

rate of titanium and zirconium nanoparticles. Nanoparticles in the range of 20-150 nm 

were produced via pulsed laser ablation, and then in-flight size-selected using 

differential electrical mobility. The size-selected oxide free metal particles were 

directly injected into the post flame region of a laminar flame to create a high 

temperature (1700 - 2500K) oxidizing environment. The reaction was monitored 

using high-speed videography by tracking the emission from individual nanoparticles. 

I found that sintering occurs prior to significant reaction, and that once sintering is 

accounted for, the rate of combustion follows a near ~ (diameter)1 power-law 

dependence. Additionally, Arrhenius parameters for the combustion of these 

nanoparticles were evaluated by measuring the burn times at different ambient 

temperatures. The optical emission from combustion was also used to model the 

oxidation process, which can be reasonably described with a kinetically controlled 

shrinking core model. 
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3.1 Introduction 

Metal particles are commonly used in energetic materials such as rocket 

propellants and explosives, due to their high energy density and reactivity. While 

aluminum is the most commonly used metallic fuel, other metals are also of interest. 

In particular, titanium (Ti) and zirconium (Zr) have been studied for their application 

in pyrotechnics, fire safety and flame synthesis.[83ï85] Recent interest is also based 

on the potential of both metals in forming special energetic alloys and 

formulations.[86,87] Compared with aluminum (Al), which is the most important 

metallic fuel, both Ti and Zr have much higher melting points, and are less reactive 

with oxygen. Nano-sized Ti and Zr particles provide the added advantage of higher 

reactivity and energy release rates owing to the higher surface area to volume ratio. 

So far, almost all the studies on Ti and Zr combustion are focused on micron-

sized particles.[86ï90] Generally, the combustion of both metals are classified as 

heterogonous, which means surface reactions dominate the burning process, rather 

than gas phase reactions. This is because the boiling points of these metals (Ti: 3560 

K, Zr: 4650K), are close to/higher than their corresponding oxide, according to 

Glassmanôs criterion.[5] For micron-sized particles, Badiola and Dreizin[89] recently 

measured the combustion temperature of the particles, to be 3343 K for Ti and 3683 

K for Zr, which are close to their adiabatic flame temperatures. Micro explosions 

were also observed in their study, similar to the burning of bulk size metals. In terms 

of nano-sized particle burning, some recent studies on aluminum (Al) and boron (B) 
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combustion show that the oxidation rates of the metals are significantly increased, 

that is, shorter burn time and lower ignition temperature than micro-sized 

particles.[91ï93] However, complexities associated with the nature of the oxide 

shell,[94] and the roles of aggregates are as yet unresolved.[19] Most significantly the 

nature of the size dependence on the reaction rate for sub-micron particles are poorly 

described.[38,95ï97] In this paper, I am interested in addressing the nature of the 

latter lack of clarity for the oxidation of oxide free metal nanoparticles. 

The burn time for large metal particles (> 30 ɛm) has long been known to 

obey the ñd2 lawò, where d is the particle diameter, and the overall rate is known to be 

gas-phase diffusion controlled.[27] When the particle becomes smaller, the oxidation 

is no longer limited by gas-phase species diffusion, and transitions to a surface 

reaction controlled mechanism which should follow a ñd1 lawò.[98] This behavior is 

depicted in Figure 3-1.[20] For particles smaller than 1 ɛm, the relationship between 

burn time and particle diameter is currently unclear. The very limited experimental 

studies indicate a power law with the exponent as 0.3-0.5.[92,96] Some studies on Al, 

Ti and Zr in the 1-10 um range have shown that itôs an even weaker function of 

particle size.[38,89] What is unclear however is the mechanistic reason for the small 

power exponent. Chakraborty and Zachariah recently argued through a molecular 

simulation study that small aggregated particles do not necessarily remain nano-sized 

during oxidation due to rapid sintering, with the characteristic reaction time 

comparable to the characteristic sintering time.[19] More recently in-situ dynamic 
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TEM studies have provided experimental proof on the rapid loss of nano structure 

and concluded that significant morphological changes may occur very early in the 

reaction process, implying that the bulk of the energy release chemistry occurs in 

effectively larger particles.[99,100] 

In this study, nano-sized metal particles of Ti and Zr were generated through 

laser ablation in an inert environment. The particles were then ion-mobility size 

selected using a differential mobility analyzer (DMA). The oxidation rate of the size-

selected particles was measured by injecting them into the post flame region of a 1-D 

flame where the temperature could be varied from 1700 K to 2500 K by tuning the 

reactant stoichiometry. Finally, the size dependence of the high temperature oxidation 

rate for sub-micron particles were examined and theoretically interpreted, elucidating 

the role of aggregate sintering. 

 



 

 

 

 

 

 

 

42 

 

Figure 3-1: Conceptual figure showing experimentally determined diameter 

dependence on burn time[19] 

3.2 Experimental Methods 

Oxide free metal particles were generated by laser ablation and size selected 

in the aerosol phase. A schematic of the experimental system for size-selected metal 

particle production and oxidation rate is shown in Figure 3-2. The apparatus consists 

of two parts: An atmospheric pressure laser ablation system, with an integrated 

differential mobility analyzer (DMA) for particle size selection, and a multi-element 

diffusion flat flame burner where particles are oxidized. 

 
Figure 3-2: Schematic of the experimental setup showing the atmospheric pressure 

laser ablation system connected with the DMA and a flat flame burner. 
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3.2.1 Laser ablation for nanoparticle generation 

In our experiments, a Q-switched Nd:YAG pulsed laser (Brilliant, Quantel) 

was operated at 1064 nm, with a pulse energy of 120 mJ at 20 Hz and a pulse width 

of ~5 ns. The pulsed beam was focused with a fused silica plano-convex lens (150 

mm FD) to an energy density of ~ 1010 W/cm2 to create a local plasma. The target 

was a 1ò diameter, high purity (99.995%) sputter target of the respective metals (Kurt 

Lesker). As shown in Figure 3-2, the metal target was mounted on the rotating shaft 

of a stepper motor, and the metal target surface was carefully positioned at the focal 

point of the lens. The laser spot is about 0.5 mm in diameter at the target surface. In 

the experiment, argon was flowed (99.995%) across the ablating surface at 1.5 lpm in 

order to carry the resulting nucleated particles to the DMA. The flow also acted as 

quenching gas to suppress further particle growth in the laser-induced plume, which 

was reported at extremely high temperature and pressure.[23,101] The laser ablation 

system was run continuously during the experiments and did not show any significant 

variation in the particle size distribution. 

3.2.2 Differential Mobility Analyzer (DMA) for NP size selection 

For size resolved measurements a DMA (3085, TSI) was modified and 

mounted upon the laser ablation chamber. The DMA has a cylindrical configuration 

and consists of two electrodes, as shown in Figure 3-3. The inner electrode is held at a 

high voltage (0-10 kV) and the outer cylinder is grounded. The electric field created 
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between the inner and outer electrode results in a size dependent radially inward 

electrical mobility for charged particles and is the basis for the size separation.[102] 

Every charged particle/aggregate in motion under an applied electrical field has an 

inherent electrical mobility which is the balance between the electrical force and 

Stokeôs drag force and is a function of the size (mobility diameter), as shown in Eq. 

3-1, where n is the charge on the NP, e is the elementary charge, C is the slip 

correction factor, m is the viscosity and D is the mobility diameter of the nanoparticle. 

╩▬
▪▄╒

pm╓
 

 Eq. 3-1 

The DMA construction parameters, on the other hand, can be correlated to a 

theoretical value of electrical mobility (Zp), as shown in Eq. 3-2, where qsh is the 

sheath gas flow, V is the applied voltage difference, L is the length between exit slit 

and polydisperse inlet, r2 the outer radius and r1 is the inner radius of the annular 

region. Equating the values of the electrical mobilities provide a relationship between 

mobility diameter and applied voltage, which forms the basis of size 

selection.[103,104] 
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Figure 3-3: Schematic of a DMA showing the various gas flows.[104] 

The metal particles generated by laser ablation are intrinsically charged owing 

to the high temperature in the laser-induced plasma. The generated particles were 

subsequently brought to Boltzmann equilibrium by neutralizing the aerosol using a 
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Polonium source of alpha particles, which resulted in 70% of the nanoparticles in the 

size range of 1-200 nm to be either neutral or have unit charge of either polarity. At a 

fixed voltage, the DMA operates as a band-pass filter for mobility size and can be 

employed as a size selection tool.[105] While argon was used in the ablation chamber 

I found it necessary to use N2 (99.95%) as the sheath flow (4 lpm), owing to its higher 

breakdown voltage than argon. The mono-disperse particle flow was kept as 1.5 lpm, 

which was equivalent to the chamber inlet argon inflow. The DMA used in this work 

was calibrated with another DMA (3081, TSI) coupled to a condensation particle 

counter (CPC, 3776, TSI) to obtain the size distribution of particles emanating from 

the chamber. 

3.2.3 Flat flame Burner and burn time measurements 

A homemade multi-element diffusion flat flame burner, often referred to in 

the literature as a Hencken burner,[106] was used to test the ignition and combustion 

characteristics of the metal particles. The burner has a multi-element and non-

premixed flame configuration. For these experiments, fuel lean (◖~0.25) 

methane/oxygen/nitrogen flows were used to provide an oxidizing environment in the 

post flame region, with an equilibrium distribution of products: oxygen = 44.3 %, 

nitrogen =36.5%, CO2 =6.2% and H2O =12.5%, The post-flame temperature at the 

centerline of the burner could be adjusted from 1700 K to 2500 K by increasing the 

methane flow rate. The flame temperature was measured by an R-type thermocouple 
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(Omega), which is made of platinum and platinum-rhodium alloy wires that contact 

each other with a 0.01-inch junction spot. After size selection, the particle-laden flow 

was injected into a central tube (O.D. 1/16ôô, I.D. 0.022ôô) along the centerline of the 

cylindrical burner as depicted in Figure 3-4. 

 
Figure 3-4: Temperature profiles for different stoichiometries along the burner 

centerline as a function of the height above the burner. 

To evaluate the total burn time, the particle luminosity was tracked with a 

high-speed camera (Phantom V12.1, Vision Research) with an exposure setting of 5 

ms, which is much longer than the particle burn time. Thus, the entire combustion 

event was recorded on a single frame as a streak, whose length could be used to 

extract the burn time. The velocity field above the burner was determined by tracking 

micro-sized seed particles of aluminum with the camera, the centerline velocity was 

measured as 20±2 m/s within the monitored zone for particle burning. At different 
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heights above the burner, the metal particles were sampled by a nanometer aerosol 

sampler (3089, TSI) and characterized by TEM (JEM 2100, JEOL). 

3.3 Results and Discussion 

3.3.1 Size selection of particles 

The size selection of the generated particles is performed by the DMA, which 

produces a mono-disperse aerosol of particles of the selected diameter. For a 

cylindrical DMA geometry, by substituting Eq. 3-1 in Eq. 3-2, the mobility particle 

diameter dm as the function of applied voltage V is obtained, as depicted in Figure 

3-5. Thus, with different voltage settings in the DMA, I can obtain size-selected 

particles from 20 nm to 150 nm. The bandwidth of the selected particle is determined 

by the resolution of the instrument, which is proportional to the ratio of the aerosol to 

the sheath flow rates used. Higher sheath flow rate will result in a higher resolution 

(narrowed band width of selected particles) but also a smaller number concentration 

exiting the device for the oxidation measurements. The settings used were chosen to 

provide the best compromise between these criteria. The mobility selected particle 

size distributions are shown in Figure 3-6, which were measured using a second 

homemade DMA and CPC. Another factor may affect the resolution of the size 

selection is the multi-charging of the particles. According to Eq. 3-1, a larger particle 

carrying more than one charge could have the same particle mobility as a singly 

charged smaller particle, which the DMA would not be able to distinguish. For the 
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particles generated from flame or laser ablation, multiple charging tends to occur for 

relatively large particles over 100 nm.[107] For this reason, I used a Polonium source 

to bring the charged aerosol to Boltzmann equilibrium charge distribution, as 

discussed in 3.2.2. 

 
Figure 3-5: Measured peak size of the particles after size selection by DMA. The line 

represents the theoretically estimated mobility size. 
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Figure 3-6: Particle size distributions obtained for different DMA voltages. 

3.3.2 Combustion characteristics of the particles 

The flat flame burner is adopted to provide a high temperature environment to 

ignite the metal particles, and an oxidizing post flame region for particles to burn. 

This setup allowed great flexibility in the reaction environment by tuning the 

stoichiometry of the reactants. The temperature profiles along the burner centerline 

measured using an R-type thermocouple are plotted in Figure 3-4 after radiation 

correction.[108] An image of the fuel-lean methane flame is also shown in Figure 

3-4. The flame is flat and attached to the surface of the burner, where the temperature 

is the highest along the centerline. By increasing the methane flow, I can increase the 

temperature of the oxidizing zone from 1700 K to 2500 K. It should be noted that the 

melting point of Ti and Zr are 1941 K and 2128 K respectively. As the height 

increases, the centerline temperature decreases because of the heat loss to the 
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ambient. In the current experiments, the emission streaks are short (~1 mm), and 

usually terminate within 20 mm height from the inlet, where the average temperatures 

are still high enough for particle combustion. Another advantage of the current setup 

is that the particles experience a near isothermal ambient condition owing to their 

short burn times. From the temperature profile, I can estimate a temperature change 

of approx. 20 K over a distance of 1 mm, which is the average burn length. 

Furthermore, it has been recently shown that the heat loss from burning nanoparticles 

in the free molecular regime is not significant owing to substantially small values of 

the energy accommodation coefficient (EAC) for nanoparticles.[109] As shown in 

Figure 3-2, the particles of both Ti and Zr are observed to exhibit short emission 

streaks after ignition, which are quite different from those observed for micron-sized 

particles.[89] No micro-explosions were observed for the nano-sized particles and the 

emission streaks were intense and continuous. The major advantage in this study is 

that dilute loading of the aerosol enables us to study small agglomerates to tweeze out 

kinetic effects at the nano scales, as will be shown later. 

I begin by examining the morphology of particle at the pre- and post- 

combustion zones by TEM. In Figure 3-7a, a 21.7 nm DMA selected particle is 

shown that was deposited after injection to the burner, but before ignition. The 

particles are aggregates as shown in the figure, with an average primary particle size 

of 10.3±0.4 nm. Figure 3-7b is also a 21.7 nm DMA selected sample but deposited on 

a TEM grid at a height of 30 mm above the burner, where most emission streaks had 
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ended i.e. post combustion. These particles are seen to be isolated spheres and not 

agglomerates. The average particle diameter observed was 20.3±1.4 nm. Figure 3-7c 

is a high magnification image of the particles sampled at 30 mm height, clearly 

showing lattice spacing, which indicates that the products are crystalline. Compared 

to the standard d-spacing database (PDF #21-1276, ICDD), the particle is identified 

as rutile phase of titania (d-spacing = 3.25 angstrom). From all three TEM images, I 

can say that the nanoparticles undergo both chemical and physical change through 

oxidation, and that the particles are fully oxidized. The morphology of the particles 

has changed, from aggregates to isolated spherical particles, which can be classified 

as a sintering process.[100] Other larger size-selected particles also show similar 

characteristics, i.e., from aggregates to sintered particles, and from metal to metal 

oxides. Similar results were also observed for the zirconium case. 

 
Figure 3-7: TEM micrographs of the Ti particles before combustion (a) and TiO2 

particles after combustion. 
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3.3.3 Size dependent burn time 

Burn times were measured for size-selected particles in the range of 20 to 150 

nm. For each particle size, 20 emission streaks were tracked and the average burn 

time was used to plot Figure 3-8a (titanium) and Figure 3-9a (zirconium) as a 

function of the peak particle size measured after size selection. Under the particles 

size range considered, the burn times of both metals increase as the particle size 

increases. I also note that for the size selected burn times the uncertainty bars are 

small (2%~9%), indicating that particles of a given size have a very narrow range of 

burn times suggesting they all experience an equivalent time-temperature history. For 

Ti, the burn time increases from 0.02 ms to 0.08 ms, which means the emission streak 

is four times longer for 150 nm particles than 20 nm particles. Zr, also shows a 

similar profile and the burn time increases from 0.02 ms to 0.06 ms under the same 

size range considered. The average burn time of Zr is slightly shorter than Ti, which 

is consistent with that found for micron-sized metals.[89] The size dependent burn 

time can be fit to a power law of the form: t=aDb, where ótô is the measured burn time, 

and D is the DMA selected particle diameter. The results of the fit are shown in Table 

3-1. 
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Figure 3-8: Burn time for titanium particles as the function of the particle size. (a) is 

based on the peak DMA selected particle size, (b) is based on the estimated diameter 

after sintering. 

 

 
Ti (aggregates) Ti (sintered) Zr (aggregates) Zr (sintered) 

a 0.23 0.75 0.16 0.45 

b 0.62 0.89 0.53 0.77 

Table 3-1: Results of power law fit: t=aDb for the size dependent burn time for 

titanium and zirconium nanoparticles. 

Our measured exponents are slightly larger than the 0.3-0.5[19,96] values 

observed for Al and show values well below unity, which again cannot be explained 

by standard theory. The exponent is also larger than what was reported for micro-

sized Ti and Zr particles although in that case the fractional exponent may be 

attributed to the significant micro explosions. 
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Figure 3-9: Burn time for zirconium particles as the function of the particle size. (a) 

is based on the peak DMA selected particle size, (b) is based on the estimated 

diameter after sintering. 

As discussed, I have previously conjectured that particles rapidly sinter prior 

to the bulk of the oxidation. Thus the x-axis may not be appropriately calibrated if in 

fact sintering is rapid. This thinking is inspired by the TEM images presented in 

Figure 3-7, and our recent results on high heating rate TEM studies which observed 

ultra-fast loss of nanostructure for nanoparticles (on the order of 50 ns).[100] In order 

to determine the effect of sintering on the apparent burn time scaling law I can 

redefine the particle size assuming fast sintering prior to combustion. This is done by 

estimating the particle size of the reactant particle after sintering D* by[110] 
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where, dm and dp are the mobility equivalent spherical diameters of the 

aggregates and the average primary particle sizes measured from TEM, respectively; 

N represents the number of primary particles. The relationships in Eq. 3-3 are based 

on an understanding of the evolution of aerosol generated fractal aggregates. 

Sintering affects larger sized aggregates more, thus the rescaling of the size axis is 

most pronounced at the large size end. With this renormalization in particle size I 

replot our burn times in Figure 3-8b and Figure 3-9b, which I again fit using the same 

power law, t=aDb. Based on the final size after sintering, the coefficients obtained 

from the fit are also shown in Table 3-1. 

The exponents after correction for sintering are larger than those without the 

correction and now only slightly smaller than unity, which is the theoretically 

expected result for a purely heterogeneous reaction as depicted in Figure 3-1. 

Moreover, the current scaling law, when extrapolated to the size regime studied in 

[89], yields a burn time of approx. 3 ms for a 5 ɛm particle which is within the spread 

of the experimental results found in that study. 
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Figure 3-10: Activation Energy determined via Arrhenius plots of burn time vs. 

temperature for titanium and zirconium. 

Finally, I consider the effect of temperature on burn time by changing the flow 

operating parameters as discussed previously. Owing to the short streaks, I can 

reasonably assume that each particle experiences a near isothermal ambience 

throughout oxidation. For these studies I limited the measurement to only one particle 

size (peak size: 145.9 nm). The starting position (height above the inlet) was 

evaluated for each streak and was used to estimate the temperature using the profiles 

shown in Figure 3-4. The result for both metals is shown in Figure 3-10 in Arrhenius 

plots. Burn times as expected decrease with increasing temperature. In particular for 

Zr, no emission streaks were observed at the lowest temperature around 1700 K. I 

obtain a pre-exponential factor of 7.5E5 s-1 and an activation energy of 56 kJ/mol for 
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Ti; and 3.4E5 s-1 and 43 kJ/mol, for Zr as shown in Figure 3-10. To our knowledge, 

there are no Arrhenius parameters for nano Ti and Zr nanoparticle oxidation. 

Comparing with other metal nanoparticles, the activation energy for Al particles 

smaller than 50 nm was reported to be 25-32 kJ/mol.[23] For boron, the activation 

energy was reported as 33 kJ/mol for the approximate aggregates size around 200 

nm.[91] Our results belong within the same order of magnitude. 

3.4 Mechanistic consideration through single particle combustion modelling 

 
Figure 3-11: Broadband Emission Profile of a 40 nm Ti Particle. 

An extension to the observed size dependence of burn time would be to use 

the emission profile to tweeze out the underlying reaction mechanism. The streak 

from a burning Ti particle in the size bin with a peak size of 40 nm is shown in Figure 

3-11. As can be seen, the profile looks fairly smooth with no sudden intensity spikes 
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which may suggest micro explosions. This particular streak has a burn time of 40µs 

as demarcated by the dashed vertical line thresholded at 10% of peak intensity. Since 

the intensity of the streak can be correlated to the temperature (I ~ T4), the streak 

profile, normalized with peak intensity, can be used as a representative of the 

temperature. 

Since the TEM images reveal final product sizes being larger than the primary 

particles of the initial agglomerates, a reaction mechanism where the reactant species 

diffuse through the ash layer seems to be the case. Several reaction models of the 

form dŬ/dt = k(T)*f(Ŭ) were evaluated, where, k(T) is the rate constant (inverse of 

burn time (Ű, fixed) and f(Ŭ) is the reaction model as a function of the conversion 

factor (Ŭ).[111] The three main reaction models used were (XTi represents the volume 

fraction of unreacted core): 

Shrinking core-Kinetic mode:[112] 
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 Eq. 3-4 

Shrinking core-Diffusion through Ash layer: 
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 Eq. 3-5 

Avrami-Erofeev Nucleation model (AE 4): 
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 Eq. 3-6 

Several mass transport/reaction models were evaluated including the shrinking 

core model with both diffusion limited and kinetic limited regimes (Eq. 3-4, Eq. 

3-5),[112] and the Avrami-Erofeev model (A4, Eq. 3-6) for nucleation and 

growth.[111] Nucleation mechanism was considered owing to the earlier study on 

micro scale titanium and zirconium particle oxidation, which identified the formation 

of Metal-O-N solutions and the subsequent phase change as a major constituent of the 

oxidation process.[88] Heats of combustion of the respective metals were used for 

heat generation during each step of the oxidation. It has recently been suggested that 

at high temperatures the thermal accommodation coefficient (TAC) becomes 

substantially smaller than unity[109,113] and thus I employ a value of 0.005 for the 

accommodation coefficient as in ref. [109] (estimated for aluminum nanoparticles). 
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 Eq. 3-7 

Conduction in the free molecular regime (with an accommodation coefficient 

of 0.005) was used along with radiative heat loss to model the heat transfer. The 

emissivity of the particle was calculated at each step using a molar average of the 

emissivity of the constituent metal and the oxide. In addition, the evaporation of 

oxide from the surface was evaluated from kinetic theory based on the calculation of 
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the heterogeneous condensation rate on particle surface at the saturation vapor 

pressure.[114] The complete set of constituent equations are shown in Eq. 3-7, where, 

dp is particle diameter, Pg: gas pressure (1 atm), mg: air molecular weight (4.8*10-26 

Kg), T: particle temperature [K], Tg: gas temperature (1750 K), ɔ: adiabatic expansion 

factor (=1.3 at 1500 K), ap: surface area of particle (m2), Ůavg: molar average 

emissivity, Nav: Avogadroôs constant, K: Boltzmann Constant (1.38*10-23 m2 Kg s-2 K-

1).  The set of equations were solved numerically to yield temporal plots of the 

emission intensity (Appendix B) for the particle, along with the experimental 

emission profile as shown in Figure 3-12. In the application of the model I employ the 

experimentally determined burn time (t) as a fixed rate parameter within all the 

models (see Eq. 3-4 -Eq. 3-6). Such an assumption obviously comes with a caveat 

that the oxidation is dominated by a single mechanism. Although such a scenario may 

be unlikely, in view of the simplicity of the model, and a near D1 dependence 

suggesting a kinetic limit, I proceed with these caveats in mind. In addition to the 

aforementioned, several power law models, Prout-Tompkins model, Ginstling-

Brounstein diffusion models were also evaluated.[111] 
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Figure 3-12: Model simulations for 40 nm particle. Emission plots with: (a) TAC = 

0.005, (b) TAC = 0.3. 

From Figure 3-12a I can certainly conclude that both a shrinking core 

diffusion model and the nucleation/ phase growth model with the accommodation 

coefficient of 0.005 are not reasonable descriptions. While the kinetic model could 

predict the shape of the emission profile to some degree, it predicted a slightly 

delayed peak for the reaction and the temperature did not drop quickly enough. The 

results for the case of zirconium were essentially similar and are not shown here. 

Based on our experimental results, the burn time scaled with a nearly 

(diameter)1 dependence. Hence it is reasonable to start the fitting procedure using a 

reference model whose reaction rate scaled with the diameter of the particle. From the 

list of condensed phase reaction models, the kinetically controlled shrinking core 

model incorporates a reaction rate that scales with the diameter of the particle and I 

chose this as our reference.[112] In order to proceed with the fitting procedure, I need 

to identify a free parameter. The thermal accommodation coefficient at high 
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temperatures has generated some recent interest owing to the results of Allen et. 

al,[109] whoôs results showed small coefficients for aluminum nanoparticles at high 

temperature, where nominally it has been assumed to be unity. The lack of 

widespread confirmation led us to consider the accommodation coefficient as a free 

parameter. The other option, in case a single model proves insufficient, was to 

combine two reaction models to see if that could provide a better fit. For this 

consideration, I employed a kinetic shrinking core initiation followed by the 

subsequent reaction being controlled by sigmoidal kinetics of nucleation/ growth 

mechanism. A kinetic initiation was incorporated owing to the bare surface of the 

nanoparticle, which may present a kinetic barrier during initiation. The overall 

reaction was modeled such that the nucleation reaction would replace the kinetic, 

once its rate exceeded the rate of the kinetic reaction. The rate constants for all 

models considered here were taken to be the inverse of the experimentally determined 

burn time and thus were not free parameters. 

Treating thermal accommodation as a free parameter in a kinetically 

controlled reaction, I obtained the best fit to the experimental emission profile with at 

TAC=0.3, as shown in Figure 3-12b. Although this value is larger than that suggested 

in ref. [109] (their proposed maximum value is 0.15 for alumina, but could be as low 

as 0.005), the model appears to predict the peak and cooling regimes fairly well, and 

suggests that the quantification of the thermal accommodation coefficient at high 
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temperatures needs further examination. I found similar behavior for other particle 

sizes as well. 

One obvious extension, particularly since I begin with bare particles is to 

consider a two-stage model as a possible improvement. I find however, that while a 

two-stage model enabled a better approximation of the observed cooling rate late in 

the reaction, the improvement is too marginal to warrant further discussion, although 

it has been included in the supplemental. In summary, our modeling analysis implies 

that the combustion of nano-sized titanium and zirconium particles can be thought to 

follow a kinetic limited shrinking core mechanism. 

3.5 Conclusions 

An atmospheric pressure laser ablation system attached with a differential 

mobility analyzer (DMA) was used to produce size-resolved metal particles of 

titanium and zirconium in the range of 20-150 nm. The ignition and combustion 

characteristics of the metal particles were investigated in the post flame region of a 

flat flame burner, with the oxidizing zone temperature ranging from 1700 K to 2500 

K. The particles of both Ti and Zr were observed to exhibit clear short emission 

streaks after ignition, which are quite different from those observed for micro-sized 

particles in literature. From the TEM images it was deduced that the particles 

coalesce during combustion and transform from aggregates to sintered spherical 

particles. After accounting for the effects of sintering I find the burn time obeys a 
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near d1 power law. Additionally, the emission intensity profile from individual 

particles was used to benchmark several kinetic models. It was found that the best fit 

to the experimental data was obtained by using a shrinking core model that was 

limited by the surface oxidation kinetics as well as a Thermal Accommodation 

Coefficient (TAC) that was less than unity. 
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Chapter 4 Energy release pathways in nanothermites follow 

through condensed state 

Summary 

Nanothermite reactions are mechanistically not well understood, due to their 

ultra-fast transient nature, and the complexity of probing both the vapor-phase and 

condensed-state chemistries. In this work I examine the combustion product particles 

of three nano-sized thermite systems (Al/CuO, Al/WO3, Al/Bi 2O3) as a probe of the 

underlying mechanism. Electron Microscopy (EM) and Energy-dispersive X-ray 

Spectroscopy (EDX) were used to evaluate the combustion product particle size 

distribution and composition. The results show two distinct product particle size 

distributions common to all three oxidizers. The larger particles are super-micron 

(though the precursors were nano-sized) and comprise approximately 90% of the 

product mass. Simple scaling arguments show that the large population cannot be 

formed from the vapor given the available residence time. The smaller distribution is 

sub-100 nm which is primarily the reduced metal formed from vapor phase 

condensation. This result implies that the majority of the global reaction and thus the 

energy release is occurring in the condensed phase. Based on these results, a 

phenomenological mechanism for the nanoaluminum based thermite reaction is 

proposed. 
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4.1 Introduction 

Nano-scale reactive composites or metastable intermolecular composites 

(MICôs) are an increasingly active area of research in the field of propulsion and 

energetics, resulting from their high energy densities, high propagation velocities and 

low diffusion length scales. Aumann et al.[9] were the first to show that there is a 

significant difference in the reactivity of nano-sized thermite mixtures over their 

micron-sized counterparts. When compared to the conventional micron scale 

mixtures, their experimentally observed reactivity was much greater owing to the 

reduction in diffusion length scales. In addition to facilitating increased reactivity, use 

of MICs boasts higher control over energy densities compared to traditional 

monomolecular mixtures through the alteration of reactant stoichiometry or by 

changing the constituents with varying packing densities.  

Of all nano-scale reactive composite fuels investigated, the combustion of 

nanoaluminum has been the most frequently studied. Several mechanisms for its 

oxidation have been proposed including pressure build-up resulting in quiescent shell 

rupture,[116] oxidizer diffusion into the aluminum core followed by a heterogeneous 

reaction at the aluminum surface,[26] or the Melt Dispersion Mechanism (violent 

shell rupture followed by molten core spallation).[45,117] Many researchers consider 

diffusion of ionic aluminum and oxygen species across the oxide shell to be the 

controlling process. Trunov et al.[28] have proposed a multi -stage oxidation process 

for aluminum particles which includes both species transport and phase changes in 
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the oxide shell. More recently, studies have suggested that in addition to the 

volumetric expansion of the core, strong electric fields induced in the oxide shell can 

drive cation diffusion across the shell.[118,119] Several studies have also reported the 

development of reaction models for mechanistic studies of these energetic 

composites.[93,120] 

One of the outstanding issues regarding the role of the oxygen carrier in the 

nanothermite is whether oxygen is directly released from the oxidizer or if oxygen, in 

the form of an anion, is transported at the interface between the fuel and oxidizer. The 

latter case may be defined as a condensed state process, in which little or no 

aluminum-oxygen reaction occurs in the vapor phase. Lynch et. al[25] studied the 

combustion of nano-sized and micron-sized aluminum particles in a shock tube. Their 

results explicitly show that there is little Al vapor during an oxidation event of 

aluminum nanoparticles, which would preclude a vapor phase combustion 

mechanism. They also observed a sparse AlO signature in the nanoparticle oxidation 

at temperatures below the bulk melting point of aluminum oxide. These results, 

combined with those of Jian et. al[11] (where the importance of gas phase oxygen for 

reaction initiation was studied) suggest that a condensed phase reaction is prevalent in 

these systems. Another proposed mechanism is the mechanochemical Melt 

Dispersion Mechanism, where the aluminum core is predicted to spallate into nano-

sized clusters upon the violent fracture of the alumina shell.[121,122] Other 

investigations such as Time-of-Flight Mass Spectrometry, pressure and optical 
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signature measurements[11,40,123] have also been conducted, to probe the 

underlying mechanism of these systems. 

Fewer studies[44,124ï126] have explored the reaction product distributions to 

obtain information about the underlying mechanism. One particular study of note is 

by Drew et al.[124] who studied quenched aluminum particles. I build on this work in 

a more quantitative manner to evaluate the probable role of condensed vs. vapor 

phase oxidation through a post-combustion analysis of rapidly quenched product 

particles.  In this study, I observe three different thermite systems that show very 

different ignition and burning characteristics and conclude that they follow a common 

reaction mechanism. 

4.2 Experimental Approach 

The basic approach to this study is to ignite various nanothermite 

combinations on rapidly heated fine wire. By rapidly quenching product particles on a 

substrate, reaction products could subsequently be inspected by microscopy and 

surface analytics. 

4.2.1 Material choice and Properties 

In order to provide sufficient breadth to the analysis, three different 

nanothermite systems were chosen that have displayed very disparate reaction 

characteristics. The systems chosen here, exhibit varied combustion characteristics in 

terms of propagation speeds, pressurization rates and burn times.[11,33] These 
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systems were extensively studied by Sanders et al.[33] employing pressure cell, open 

tray, and instrumented burn tube methods to study the reaction mechanisms. They 

concluded the presence of vapor phase/mobile components was important to enhance 

the propagation velocities and proposed that a shift in the heat transfer mechanism 

(from convective mode to conductive) occurred when the density of the mixture 

increased. A particular case of interest was the performance of the Al/Bi2O3 mixtures 

at low densities which displayed a combination of both modes of heat transfer owing 

to a localized increase in density due to the drastic pressure rise. The adiabatic 

temperatures vary with the choice of the thermites, with Al/WO3 mixtures exhibiting 

a very high adiabatic flame temperature compared to Al/CuO formulations. From the 

observed pressurization rate and temporal behavior of optical emissions, Sullivan et 

al.[40] showed significant differences between Al/CuO and Al/WO3 systems 

regarding the relative timing of the pressure and optical peaks. Specifically, Sullivan 

et al. pointed out that the Al/WO3 nanocomposite does not produce significant 

gaseous oxidizer species until the system temperatures are very high (~2800K). Jian 

et al.[11] points out that the Al/Bi2O3 system ignites almost 700K below its oxygen 

release temperature while the Al/WO3 system does not produce any gas within the 

experimental temperature range. The Al/CuO mixture is observed to closely follow 

the expectation that ignition correlates with oxygen release from the oxidizer. Apart 

from these variations in their respective combustion behavior, these metal oxides 



 

 

 

 

 

 

 

71 

 

exhibit very different physical properties regarding melting and boiling temperatures 

as outlined in Table 4-1. 

Thermite 

Mixture 

Adiabatic 

Flame Temp 

(K)[127] 

Metal Oxide 

decomp. Temp. 

(K)[11] 

Reduced 

Metal MP 

(K) 

Reduced 

Metal BP 

(K) 

Al/CuO 2843 975 1357 2843 

Al/WO3 3253 - 3695 5933 

Al/Bi 2O3 3319 1620 545 1837 

Table 4-1: Thermo-Physical properties of the nanothermite mixtures 

These dissimilarities provide the motivation for choosing these three materials 

for the current work. All three show significantly different behavior in terms of 

ignition point, combustion intensity, physical properties and gas release. The question 

is how the nature of the product distribution varies for these disparate systems and 

whether analysis of the product distribution will provide insights into the reaction 

mechanisms.  

4.2.2 Material Preparation 

Commercially available Aluminum nanoparticles (ALEX) with an average 

particle size of 50 nm, procured from Argonide Corp., were used in this study. These 

particles had a core-shell structure with an active aluminum content of 70 % which 

was confirmed by thermo gravimetric measurements.[22] These ALEX nanoparticles 

were ultra-sonicated in hexane for approximately 20 minutes with three different 

metal oxide nanopowders. The metal oxide nanopowders used in this study were 

Copper (II) Oxide (CuO), Tungsten Oxide (WO3), and Bismuth Trioxide (Bi2O3) (all 
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from Sigma Aldrich Corp. and <100nm). A representative image of the ultrasonicated 

mixtures (Al/ Bi2O3) can be seen in Figure 4-1, which highlights the intimate mixing 

with the brighter areas corresponding to the heavier bismuth and the darker areas 

corresponding to the aluminum particles (Back Scattered Electron imaging). After 

ultra-sonication, the intimately mixed thermite was micro pipetted onto a platinum 

wire of 76 µm diameter. 

 
Figure 4-1: SEM image of dry, unreacted Al/Bi 2O3 showing the intimate mixing and 

the elemental contrast owing to the mass of the different reactant species 

4.2.3 Temperature-Jump Wire Ignition and Particle Collection 

The experiment consisted of a 12 mm long, 76 ɛm diameter platinum wire 

(Omega Engineering Inc.) coated with the nanothermite, which was resistively heated 

using a high voltage electric pulser. For each run, a pulse width of 3 ms produced a 

heating rate of 2 x 105 K/s and the experiments were performed in air. The details of 

the wire heating system comprising the mass spectrometer and power source can be 

obtained in another work by Zhou et al.[128] Compared to the method of Zhou et al., 

the primary modification herein was the ability to reproducibly capture post-
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combustion material on substrates. This entire assembly was mounted on a bi-axial 

linear translational stage (Newport Research Corp.). This stage had two manually 

controlled micrometer actuators with a resolution of 25 µm. The collecting substrate 

was a separately attached Scanning Electron Microscopy (SEM) stage (15 mm dia. 

Aluminum stage) with a layer of carbon tape on it so as to improve the conductivity 

of the sample, as depicted in Figure 4-2.  

 
Figure 4-2: Experimental setup for rapid quench collection for nanothermite reaction 

products 

A high speed digital camera (Phantom V12.1) was used to capture the video 

of the reaction from which characteristic transit times could be extracted as seen in 

Figure 4-3. By moving the Z direction micrometer, I could collect the product 

particles on the substrate at various distances on the order of several millimeters away 

from the wire with accuracy over several micrometers. The impingement criteria were 
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a separation of 1 mm for the ñnearò substrate condition and 3 mm for the ñfarò 

substrate condition. A similar arrangement was used for the Transmission Electron 

Microscopy (TEM) samples, where a Nickel TEM grid was placed on the SEM stage. 

The substrates were then analyzed in a Hitachi SU 70 SEM and a JEOL Field 

Emission Gun TEM for low and high magnification images respectively. 

 
Figure 4-3: Temporal video snapshots of Al/CuO nanothermite combustion on a 

76mm Pt wire, Heating rate = ~2*105 K/s, time(µs) measured from the start of 

ignition. The red dashed line represents the wire location and the arrow shows the 

location of the TEM grid. 

4.3 Results 

4.3.1 Electron Microscopy of Post-combustion Products 

Combustion product particles were collected at two distinct separation 

distances to make a fair comparison of the particle evolution. The SEM images 

obtained for the three nanothermites are shown in the subsequent images with an 

approximate transit time to the substrate, obtained by performing high speed video 

imaging on the emission from individual particle trajectories. 
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4.3.1.1 Al/CuO Nanothermite 

Figure 4-4 and Figure 4-5 show moderate and high magnification SEM 

images of the residue collected at the near and far substrate condition for the Al/CuO 

case. From these images I can see that there are a significant number of large particles 

(in comparison to the nanoscale starting materials) that have formed from the thermite 

reaction, some of which are as large as 20 µm. Figure 4-5a is a Backscattered 

Electron (BSE) image of the particles found for the impingement criteria of 1 mm 

with the bright areas depicting copper owing to its higher atomic weight. Figure 4-5b 

depicts the same for the far substrate case with both particles having dimensions on 

the order of 10 microns. Layers of small particles were also visible on the surface of 

the larger particles as seen in Figure 4-5b. At still higher magnifications, using a 

JEOL FEG TEM, I observe a layer of much finer particles as shown in Figure 4-6, 

which show a core-shell structure. It is evident from these images that there are two 

distinct particle distributions.  
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Figure 4-4: Post-combustion SEM images of Al/CuO nanothermite collected at 

various distances. a.) Time for impingement = 90 µs. Separation of the collecting 

substrate: 1 mm. b.) Time for impingement = 350 µs. Separation of the collecting 

substrate: 3 mm. 

 

Figure 4-5: Post Combustion high magnification SEM images showing surface 

morphology at the various separation distances for Al/CuO. a.) BSE Image Time for 

impingement = 90 µs. Separation of the collecting substrate: 1 mm. b.) Time for 

impingement = 350 µs. Separation of the collecting substrate: 3 mm. 

 

Figure 4-6: Post-Combustion TEM images (Al/CuO Nanothermite) of the smaller 

particles collected on a Nickel TEM grid. Time for impingement: 150 µs. 

4.3.1.2 Al/WO3 and Al/Bi2O3 Nanothermites 

The set of experiments was then broadened to include the Al/Bi2O3 and 

Al/WO3. The near substrate images for both cases as well as the impingement 
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timescales are shown in Figure 4-7, which highlights that the key features of the 

product characteristics are essentially equivalent to the Al/CuO case. 

 
Figure 4-7: Typical particle sizes for the two Nano Thermites Al/WO3 and Al/Bi2O3. 

a.) Al/WO3, Time for impingement = 300 µs, Separation of the collecting substrate: 1 

mm. b.) Al/Bi2O3, Time for impingement = 250 µs, Separation of the collecting 

substrate: 1 mm. 

4.3.1.3 General Conclusions of the Product Particle Distribution 

Following the preceding observations, I can conclude that the three thermite 

systems (Aluminum with CuO, Bi2O3 or WO3) studied form characteristically large 

particles compared to their nano-sized reactants and would thereby follow a generic 

mechanism in this context. Along with the large particles, a smaller nano-sized 

distribution could also be observed. Assessing the relative importance of these 

particle distributions on the reaction mechanism constitutes the core of this study. 

4.3.2 Elemental Analysis of Post-combustion Products 

As seen in the near-substrate Al/CuO case (Figure 4-5a), there is a distinctive 

bulb formation on the large particles, which was confirmed to be metallic copper 
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from Energy Dispersive X-Ray Analysis (EDX). For the far-substrate case (Figure 

4-5b), the larger particles were heavily decorated with nano-sized particles on their 

surfaces. These spherical nanoparticles were similar to those seen in the TEM images, 

however the structure is not believed to be core-shell as those in Figure 4-6. The 

surface of the large particles were identified to be an alloy of the kind CuXAlYOZ (for 

the Al/CuO case) and is conjectured to be a mixture of CuAl2O4 and Al2O3 based on 

the phase diagrams of CuO-Al 2O3 mixtures[129] and the atomic percentages obtained 

from the EDX analysis. It is reasonable to assume that the rapid quenching leads to 

thermodynamic meta-stable states that may be far from the equilibrium phases. The 

relative elemental composition of the surface varies from one particle to another as 

the fuel/oxidizer combinations involved in the formation of each particle can be far 

from stoichiometric and thus different for each particle. It is important to clarify that 

these atomic percentages were obtained from a surface which was visually devoid of 

any decorations. 

For the Al/WO3 and Al/Bi2O3 cases, elemental analysis shows the surfaces of 

the large particles are an alloy of aluminum, oxygen and the reduced metal. As in the 

case of Al/CuO, surface decorations could be seen in both of these cases, but their 

nature differs considerably. In the case of Al/WO3 (Figure 4-8a) the surface 

decorations could be seen on fewer particles when compared to the case of Al/CuO. 

In the case of Al/Bi2O3 (Figure 4-8b), the surface decorations formed larger bulbs of 

the reduced metal as opposed to the fine nanostructures in the case of Al/WO3. 
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Figure 4-8: High magnification SEM images of the two Nano Thermites Al/WO3 and 

Al/Bi 2O3. a.) Al/WO3, Time for impingement = 300 µs, Separation of the collecting 

substrate: 1 mm. b.) Al/Bi2O3, Time for impingement = 100 µs, Separation of the 

collecting substrate: 1 mm 

Proceeding to the nanoscale population, from Figure 4-6 I can see that they 

are nearly spherical with an approx. size of 50 nm for the Al/CuO case. EDX analysis 

was performed on the core shelled structure which showed a reduced metal (Cu) core 

surrounded by a shell which was an alloy of aluminum, oxygen and copper. The 

Al/Bi 2O3 case displayed spherical nanoparticle morphologies (50-200nm) composed 

of an alloy of the aluminum, oxygen and bismuth (Figure 4-9c). Similarly, for 

Al/WO3, I observed faceted nanoparticles (50-100nm) entirely composed of an oxide 

of tungsten, WOx, which I believe is the unreacted metal oxide or a sub oxide.[130] 

Additionally, spherical particles (50-200nm) could also be seen, as depicted in Figure 

4-9a,b. These nuances in the nanoparticle morphology across the three systems are 

insignificant compared to the degree of similarity of the particle size distributions and 

donôt contribute towards the analysis I are pursuing in this study. In order to attribute 
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a generic mechanism to these results, I require a better understanding of the formation 

of the two particle distributions common to all three thermite systems. To begin, it is 

imperative to know which of these particle distributions constitute the majority of the 

species. 

 
Figure 4-9 a.) High Magnification image of Al/WO3 products showing the faceted 

structure and b.) showing the presence of spherical particles. c.) Al/Bi2O3 case 

showing the spherical nano-particles 

4.4 Discussion 

4.4.1 Large vs. Small Particle Products and its Significance 

To begin our discussion, I refer to the thermo-physical properties of the 

thermite mixtures in Table 4-1. The previous microscopy images showed there were 

two distinct particle populations. Our first consideration is to understand the relative 

importance of these two populations in the context of a mechanism by estimating the 

relative mass distributions. To do this I employed digital image processing using 

ImageJ software. To provide an example an SEM image of the Al/CuO system is 

shown in Figure 4-10. The large particles are first illuminated against a dark 
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background by inverting the colors. By adjusting the image threshold, I can sharpen 

the boundaries of the large particles against the background and use the particle 

analyzer tool of the software to obtain the mean size of the particles. In this analysis, I 

assumed that the background is a uniform distribution of 50 nm particles, based on 

the previous TEM images. This enables us, assuming spherical geometry and total 

aerial coverage of the small 50 nm particles, to estimate the volume of both the small 

and large particle populations. Though this is a crude assumption, it is not 

unreasonable for the analysis I are pursuing. 

 
Figure 4-10: Image processing example for combustion products of Al/CuO. The 

image threshold was adjusted to single out the larger particles from the background. 

From the image processing results, I can attribute an approximate average size 

of 2.5 ɛm to the large particles. Even though the aerial coverage of the large particles 

is significantly lower than that of the nano-sized particles, their larger size results in 

finding that 85% of the total particle volume is occupied by the large particles. 

Assuming the density is roughly constant between the two particle populations, the 

volume ratio is also approximately the mass ratio. Similar analysis for Al/WO3 and 
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Al/Bi 2O3 yielded experimentally indistinguishable results, i.e. approximately 90% 

and 85% of the volume occupied by large particles respectively.  These results are 

summarized in Table 2 and are qualitatively consistent with a very recent study by 

Poda et al.[126] wherein they recover product samples from the interior of a closed 

bomb cell. They also observed large particles in the products whose size deviates 

substantially from that of the nano-sized precursors. Thus, I may conclude that the 

bulk of the chemistry and energy release must pass through a mechanism that leads to 

the larger particles as opposed to the smaller nanoparticle products.  

Thermite System Ratio of volume of micron to 

nanoparticles in reaction product 

Al/CuO  5.7 

Al/WO3 9 

Al/Bi 2O3 6.2 

Table 4-2: Image processing results for the determination of the ratio of micron and 

nanoparticles in combustion products. 

4.4.2 Particle Growth Analysis 

I now turn our attention to how these two populations, one consisting of 

particles in the micron size range, and the other in the 50-200 nm range, are formed. 

Most of these small particles are highly spherical, implying that they were in the 

liquid state at some point in their history, and were rapidly quenched on the substrate. 

The quench time for a single suspended nanoparticle can be estimated using a lumped 

capacitance method outlined in Ref.[42] Under these constraints, the quench time for 

nanoparticles is on the order of one hundred nanoseconds for a 50 nm copper particle 
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cooling from its boiling point to its freezing point at an ambient temperature of 650K. 

Furthermore, early in the formation, the particles were clearly in a free aerosol state 

as molten drops (i.e. they are spherical), otherwise they would have aggregated with 

other smaller solid particles. These results show that the flame zone temperatures are 

sufficiently high to keep the nano-sized particles in the molten state. 

Since the adiabatic flame temperature of copper metal is near the boiling point 

of the metal (Table 4-1 for the Al/CuO mixture), a suitable first approximation is that 

the copper metal, a product of the redox reaction, would vaporize. This is of course 

provides an upper limit, as the actual flame temperatures may be below the adiabatic 

flame temperatures due to incomplete combustion and radiation heat transfer.[60,131] 

This allows us to pose the question: how large a particle can be grown from the 

vapor in the transit time from the wire to the substrate ? To estimate the largest 

possible growth rate, I assume that the copper vapor is in a supersaturated state with 

no nucleation barrier. Here I conservatively assume, to maximize growth rate, the 

entire copper product is in the vapor phase (which is actually a factor of two higher 

than what equilibrium calculations with NASA CEA code predicts). The presence of 

copper vapor is further supported by the detection of copper peaks during the 

combustion of the Al/CuO nanothermite mixture in a mass spectrometer.[93] Without 

a nucleation barrier, nucleation and growth follows the aerosol coagulation equation 

in the free molecule regime.[132] The total mass of copper is estimated from the 

amount coated on the wire, which is approximately 0.1mg, and the stoichiometry of 
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the mixture. The expansion volume for the products of the thermite reaction was 

considered to be half the volume of the cylinder that forms between the wire and the 

collecting substrate, i.e. the axis of the cylinder lies along the wire. This was 

evaluated for the near substrate condition, as that gives the maximum initial monomer 

concentration, thereby giving the fastest rate of coagulation compared to the far 

substrate case. 

To simplify the calculations, I assume a constant collision kernel, K= 5E-10 

cc/s, so that the Smulochowski population balance is reduced to Eq. Eq. 4-1:[132] 

▀╝¤◄

▀◄

╝¤
╚ ╝z¤ ◄zȾ

 

 Eq. 4-1 

where, N¤(0) is the initial monomer concentration (#/cc), N¤(t) is the total particle 

concentration (#/cc) at time t (s). The solution for the average particle diameter as a 

function of time can be obtained by employing a simple volume conservation using 

the Van der Waals radius of copper (~0.14 nm) and assuming an initial monomer 

concentration equal to the maximum vapor phase concentration of Cu. 
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Figure 4-11: Copper particle growth using Equation (1), and assuming Cu vapor in 

supersaturated state with no nucleation barrier to condensation ï i.e. maximum 

growth rate. 

Figure 4-11 shows the growth of particles as a function of time at effectively 

the maximum collision rate. I see that at ~330 µs, which corresponds to the transit 

time of the particles from the wire to the substrate based on the high-speed video, the 

average particle size in the distribution should be approximately 40 nm. This is 

reasonably consistent, given the approximations in our calculation, with the TEM 

results for the small particles. More significantly however, it says that there is no way 

that the large micron size particles, which can be recalled constituting the bulk of the 

mass, can form from the vapor. In their work on arrested reactive milling, Schoenitz 

et al.[133] also found large particles in the product of micron size Al/MoO3 

combustion. In our previous work by Sullivan et al.,[42] real time X-ray phase 

contrast imaging was performed to substantiate the formation of sintered particles 
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early in the reaction. They found large particles forming rapidly and early in the 

reaction. Thus, I believe the large particles correspond to aluminum-metal oxide 

reaction that must have occurred in the condensed phase. Such particles have also 

been formed during flash ignition of nano aluminum thermites,[134] thus 

strengthening a common reaction feature irrespective of the environment, ignition 

mechanism or heating rate. 

4.4.3 Phenomenological Mechanism 

I believe these results can be attributed to a generic reaction mechanism. From 

the previous EDX results (for the Al/CuO case), I observed that the large particles 

were primarily composed of an alloy of aluminum, copper and oxygen on the surface. 

The vast majority of the particle products studied are at least two orders of magnitude 

larger in diameter than the starting nano-sized materials and, as I showed from simple 

calculations, cannot be formed from a vapor condensation mechanism. Thus, the bulk 

of the energetic heat release must come from a condensed phase reaction. The large 

particles are postulated to be the result of sintering hence, I can argue that their 

temperature would, at some point in their evolution, be above the melting point of the 

alloy formed due to complete/incomplete oxidation or diffusion of species. As the 

nanoparticles grow from the vapor phase, they would be expected to be scavenged by 

the larger particles by coagulation/coalescence resulting in morphologies as shown in 

Figure 4-5. The criterion for the metallic cap formation is that the melting point of the 
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coagulating nanoparticle be lower than the ambient temperature and the temperature 

of the large particle on which they impinge. In this case, the incident molten 

nanoparticles would immediately coalesce upon collision and phase separate forming 

the bulb. This can be confirmed from the melting points of the reduced metals: 

Bismuth and Copper (Cu: 1357K, Bi: 545K), which are low melting and as predicted 

forms such caps. Similar results involving metallic caps were observed in the study 

by Schoenitz et al.[133] in a pressure cell (where compressive heating is a major 

factor) implying that the nature of these formations from our wire heating experiment 

does not create an artificial condition. 

From our coagulation calculation it is evident that the large particles cannot be 

formed from the vapor phase. In one of our previous publications, I discussed the 

possibility of early sintering of the reactants due to the heat released by the 

exothermic reaction, termed Reactive Sintering.[42] I believe that the current 

evidence strengthens the arguments made in that work. As outlined in the 

references,[34,42] the reaction initiates at the reactant contact points. The oxidation 

can occur with both the participating species (aluminum and oxygen) counter-

diffusing in the condensed state. Here, the diffusion need not be across a solid shell. 

Rather, it can even be the consequence of shell rupture and the subsequent seepage of 

molten fuel. Once the exothermic oxidation reaction initiates, the system temperature, 

and consequently the vapor pressure of the reduced metal, increases resulting in 

significant volatilization (as per equilibrium code for the mixture, the mole fraction of 
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copper vapor in products is 0.4). The reduced metal in the vapor phase will 

subsequently nucleate and grow depending on the transit time. Lynch et al.,[25] 

studied nanoaluminum burning in a shock tube, and observed little or no aluminum 

vapor when the combustion temperature was below that of the melting point of 

Alumina. Consistent with those results, I observed in a prior study mass 

spectrometrically Al vapor only in small concentration, and no larger Al clusters.[35] 

The results in this work reinforce these other studies, as product particle analysis 

shows aluminum-containing nanoparticles being the minor combustion product 

formed from the vapor. This aluminum could be the result of any metal vaporization 

or spallation. But the striking point is that the cumulative effect of all such events 

which result in aluminum going into the vapor phase is limited to only 10% of the 

products (recall that the product species in the nano regime also has the reduced 

metal) and therefore, the major part of the heat release is contributed by a condensed 

phase mechanism. The proponents of MDM may argue against the formation of 

aluminum vapor from the high energy nano-sized spalls (5-10 nm)[45] and this 

discussion does not preclude such a claim. Rather, I set forth that the combination of 

all such nano-sized dispersions from the system would contribute to only 10% of the 

constituent products. 

In another recent work,[100] these core-shell Aluminum nanoparticles were 

studied in a Dynamic TEM where a pulsed laser was used to heat up these 

nanoparticle aggregates at rates of 1011 K/s, a rate far higher than that of our wire 
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experiments. They observed that the aggregates sintered on a time scale of 10 ns 

which is three orders of magnitude lower than the reaction time scales that were 

reported in[39] where a shock tube was employed. Similar results were also found 

through MD simulations[19] and thus I can safely say that there is a propensity for 

the nanoparticles to aggregate into larger sizes before the reaction can initiate, and I 

believe that the large particles seen in this study and elsewhere in other studies are 

formed as a result of such pre-combustion sintering. 

4.5 Conclusion 

The products of the combustion of three metastable intermolecular reactive 

composites were studied by quenching the product particles on substrates that could 

be analyzed by electron microscopy and elemental analysis. The results show that 

there are two distinct populations of particles. The larger super-micron sized particles 

comprised and estimated 85%-90% of the total product particle mass. The large 

particles are primarily composed of aluminum, oxygen, and reduced metal on the 

surface while the nano-sized particle population was composed of reduced 

metal/metal oxide. Simple scaling arguments show that such large particles cannot be 

formed from vapor phase condensation during the available transit time to the 

substrate and thus must be formed in the condensed state as molten material. This 

result also suggests a possible reason why nanostructured particles may not react as 
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fast as might be expect based on simple surface area arguments due to the rapid 

sintering during the reaction process. 
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Chapter 5 Incomplete reactions in nanothermite composites 

Summary 

Exothermic reactions between oxophilic metals and transition/ post transition 

metal-oxides have been well documented owing to their fast reaction time scales (å 

10 ɛs). This article examines the extent of reaction in nano-aluminum based thermite 

systems through a forensic inspection of the products formed during reaction. Three 

nanothermite systems (Al/CuO, Al/Bi2O3 and Al/WO3) were selected owing to their 

diverse combustion characteristics thereby providing sufficient generality and breadth 

to the analysis. Microgram quantities of the sample were coated onto a fine platinum 

wire, which was resistively heated at high heating rates (å 105 K/s) to ignite the 

sample. The subsequent products were captured/quenched very rapidly (å 500 ɛs) in 

order to preserve the chemistry/morphology during initiation and subsequent reaction 

and were quantitatively analyzed using electron microscopy (EM), focused ion beam 

(FIB) cross-sectioning followed by energy dispersive X-ray spectroscopy (EDX). 

Elemental examination of the cross-section of the quenched particles show oxygen 

predominantly localized in the regions containing aluminum, implying the occurrence 

of redox reaction. The Al/CuO system, which has simultaneous gaseous oxygen 

release and ignition (TIgnition å TOxygen Release), shows substantially lower oxygen 

content within the product particles as opposed to Al/Bi2O3 and Al/WO3 thermites, 

which are postulated to undergo a condensed phase reaction (TIgnition << TOxygen Release). 
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An effective Al:O composition for the interior section was obtained for all the 

mixtures, with the smaller particles generally showing higher oxygen content than the 

larger ones. The observed results were further corroborated with the reaction 

temperature, obtained using a high-speed spectro-pyrometer, and bomb calorimetry 

conducted on larger samples (å 15 mg). The results suggest that thermites that 

produce sufficient amounts of gaseous products generate smaller product particles 

and achieve higher extents of completion. 

5.1 Introduction 

Thermite reactions are exothermic, redox reactions between a metallic fuel 

and a metal oxide and are known to have high energy density on both gravimetric and 

volumetric basis.[136,137] Traditional thermite mixtures, with fuel and oxidizer 

moieties mixed at the micrometer scale, suffer from significant ignition delay times 

and poor reaction rates arising from large diffusion length scales and slow conductive 

heat transfer.[138,139] With the advent of nanotechnology and the subsequent 

improvement of control at the nanoscale, researchers showed two decades ago that an 

enhanced reactivity could be observed when the fuel and oxidizer were mixed at the 

nanoscale[8] and coined the term metastable intermolecular composites (MIC) for 

such systems. MICs have shown tremendous improvement in reaction rate[9] and 

with sufficient tuning of the microstructure and composition, have been shown to 

approach propagation rates as high as 2500 m/s in burn tube measurements.[10,140]  
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One of the most attractive aspects of MICs is the tunability that allows the use 

of different metal/ metal-oxide combinations, custom nanostructures[141,142] and 

production techniques.[13,15,16] Several studies have been undertaken to 

mechanistically explain the combustion of MICs.[33,42] Heat transfer is considered 

to be dominated by convection and molten particle advection,[143,144] corroborated 

by the observation of peak reactivity in cases with highest gas production. The 

initiation may undergo a condensed phase mechanism where the fuel and oxygen ions 

are transported across the reaction interface[34,93] or it may undergo a heterogeneous 

mechanism where the oxygen released from the oxidizer would subsequently react 

with fuel particles.[35,145,146] It has also been suggested that the fuel nanoparticles 

can have a more violent response under very high heating rates leading to a 

catastrophic failure of the protective oxide shell and subsequent spallation of the 

molten fuel.[44,46] Egan et. al[99] recently conducted experiments of nanoscale 

Al/CuO composites in a high heating rate transmission electron microscope (Dynamic 

TEM) and observed the rapid loss of nanostructure to occur about two orders of 

magnitude faster than a heterogeneous reaction, highlighting the dominance of 

condensed phase reactions at the nanoscale. Other studies, which combine high 

heating rates and microscopy, have shown, for Al/WO3[34] and Al/Bi2O3,[147] that 

the loss of nanostructure and the ensuing reaction is limited to regions where there is 

sufficient contact between the fuel and oxidizer, suggesting a condensed phase 

initiation. Another recent study[135] that looked at the reaction products of three 
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nanoscale thermite systems highlighted the morphological similarities between the 

products collected from high heating rate experiments under atmospheric conditions 

with that of those observed in the Dynamic TEM.[99] The study concluded, through 

the inspection of the product distribution, that the major contribution to the 

exothermic reaction occurs through the condensed phase as opposed to a gas phase 

reaction (Chapter 4). 

Recent work studying flame propagation of nanothermites[41] has revealed a 

specialized condition termed óreactive entrainmentô which highlights the prolonged 

combustion of nanothermites which extend over time scales on the order of 

milliseconds (å 3 ms), displaying a gradual release of energy. This combined with the 

confined pressure cell data showing initial pressure rise times on the order of 10 

ɛs[40] suggests the possibility of a two-stage combustion where the fast initiation is 

followed by a slow burning. As the majority of the applications of nanothermites are 

contingent upon the rapid release of energy feeding the initial pressurization, a 

quantification of the extent of reaction during the first stage of combustion seems 

necessary for the development of smart energetics that could be appropriately tuned 

for maximizing the power output. 

The current work is an extension of the previous work on product analysis 

wherein I tried to identify the predominant energy release pathway in nanothermite 

reactions. The first part of this work consists of igniting microgram quantities of 

nanothermites on a resistively heated fine wire followed by rapid quenching and 
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collection of the combustion products, within å 500 ɛs. This allows us to look at the 

products formed exclusively during the rapid, first stage of combustion. The extent of 

oxidation is evaluated by employing the focused ion beam (FIB) technique to cross-

section the collected product particles, which are subsequently subjected to 

quantitative elemental analysis using energy dispersive X-Ray spectroscopy (EDX). 

Three different nanothermite compositions (Al/CuO, Al/WO3 and Al/Bi2O3) are 

analyzed owing to their diverse combustion characteristics, as discussed in the 

experimental section. The result obtained from the cross-section analysis is 

corroborated with the macroscopic heats of reaction for these systems, found using 

bomb calorimetry. Furthermore, temperature measurements using a spectro-

pyrometer were also made to augment the analysis on the extent of reaction. 

5.2 Experimental 

5.2.1 Materials and Preparation 

The composites were chosen to be consistent with those in the previous 

chapter (Chapter 4.2.1) and all three composites exhibit distinctive combustion 

properties. Al/CuO nanothermite shows concurrent oxygen release and ignition 

temperatures in high heating rate experiments, which may entail a gas phase ignition 

whereas Al/Bi 2O3 nanothermite ignites almost 700 K below the oxygen release 

temperature from the bare oxidizer and it has been subsequently verified that its 

initiation proceeds through the condensed phase. It is also the most gas producing/ 
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energetic nanothermite of the three studied.[148] Al/WO3 is believed to undergo a 

completely condensed phase initiation/ reaction as WO3 does not release any gas 

phase oxygen, although it decomposes into gas phase sub-oxides (WOx) at å 2800 

K.[40] The nanothermite composites were prepared through physical mixing by 

ultrasonication, as outlined in Chapter 4.2.2. Commercially available aluminum 

nanoparticles (Argonide Corp.) with an average particle size of 50 nm were used as 

the fuel. These particles had a core-shell structure with an active aluminum content of 

64.5 %, which was confirmed by thermo-gravimetric measurements. The 

nanoparticles were ultra-sonicated in hexane for approximately 20 min. with three 

different metal oxide nanopowders. The metal oxide nanopowders used in this study 

were copper oxide (CuO), tungsten oxide (WO3), and bismuth trioxide (Bi2O3) (all 

from Sigma Aldrich Corp. and <100 nm) in particle size. After ultra-sonication, the 

intimately mixed nanothermite slurries were micro pipetted onto fine platinum wires 

for ignition. 

5.2.2 Wire Ignition Experimental Setup and Product Collection 

The wire ignition experiment consisted of a platinum wire, å12 mm length, 76 

ɛm diameter (Omega Engineering Inc.) onto which a slurry of thoroughly mixed 

nanothermite is coated. The wire is then resistively heated at å 105 K/s using a tunable 

voltage pulse generated by a custom-built power source. The details of the setup is 

presented in Chapter 4.2.3. The combustion event was monitored using a high-speed 
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camera (Phantom Miro) from which the approximate transit time for the products 

before quenching on the stub was calculated. For the current work, the collection stub 

was placed such that it allowed å 500 ɛs of transit time for the products before being 

quenched on the substrate. 

5.2.3 Dual Beam FIB/SEM 

The substrates were subsequently analyzed with focused ion beam scanning 

electron microscopy (FIB/SEM). The instrument used was a FEI Nova NanoLab 600 

DualBeam (Gallium ion source and a Schottky field-emission electron gun) coupled 

with an 80 mm2 Oxford X-Max silicon drift detector to do EDX analysis. The 

primary advantage of the FIB/SEM instrument is the ability to image embedded 

phases,[149] where the high-energy ion beam, upon elastic interaction with the 

sample, mills the material, revealing the cross-section of the sample. The dual beam 

system has a vertical electron beam column and a gallium ion beam column tilted at 

an angle of 52o, both focusing at the same point on the sample. The stage with the 

sample is first tilted at 52o so as to make it perpendicular to the ion beam and the 

specimen is subsequently milled. Once the milling is complete, the electron beam is 

used to image the milled surface as well as obtain elemental spectra (EDX). 

Obtaining the EDX spectra from a tilted surface has its advantages in that the electron 

beam enters the sample at an oblique angle, which results in the sample surface 

absorbing a larger portion of the incident electrons when compared to normal 
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incidence, thereby improving the X-ray emission. However, the stage was not rotated 

to optimize the take-off angle of X-rays toward the EDX detector from the milled 

surface and thus the X-ray photon collection was not optimized and longer acquisition 

times were needed for the analysis. Dual beam FIB/SEM has been extensively used in 

the semiconductor industry[150] and has found other applications in biological 

sciences,[151] fuel cells, optical coatings, atmospheric chemistry[149] and primarily 

TEM sample preparation.[152] Applications of FIB milling in energetics have been 

limited. FIB assisted nanotomography is a technique that has been used to 

characterize microstructure and porosity of high explosives to shed more light on the 

pore collapse mechanism.[153] It has also been used to study intermetallic 

reactions,[154] synthesis of high explosive composites,[155] as well as examining the 

extent of oxidation in fine aluminum particles.[30] In this work, I employ the 

FIB/SEM to mill the product particles of nanothermite reactions so that their interiors 

can be subjected to quantitative elemental measurements. A representative image of 

the products on the substrate is shown Figure 5-1a. Selected particles are then cross-

sectioned using the gallium ion beam, as can be seen in Figure 2b. The cross-section 

of the sample is subsequently analyzed using the electron beam and the silicon drift 

detector for elemental quantification. 
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Figure 5-1: (a) Representative SEM image of products collected for the Al/CuO case; 

(b) a 20 ɛm particle sliced using high intensity gallium ion beam. 

5.2.4 Bomb Calorimetry 

The micro-calorimeter used in this study is a low heat capacity instrument 

specially designed for making measurements of small amounts of reactive materials 

at 1 atm pressure with a choice of ambient gas. The bomb calorimeter is made from 

titanium and has an inlet valve to adjust the environment and two electrical feed-

through pins. Within the bomb, a thin nichrome filament bridges the two electrical 

pins and is bent to a point and lowered into the sample that is held in a small ceramic 

crucible (Figure 5-2). The bomb is sealed, vacuum purged twice and filled with 1 atm 

of argon to ensure a highly inert environment. The bomb is then suspended in a low 

heat capacity silicone oil that is constantly stirred. To react the sample, a 10 V 

potential is applied between the electrical pins, causing the filament to heat and ignite 

the powder in the crucible. The heat from the reaction disperses within the bomb and 

into the surrounding oil bath, causing the temperature of the entire system to increase 

by a small amount, as shown in Figure 5-2d. 
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Figure 5-2: (a-c) Schematic of the micro-calorimeter (reproduced, with permission, 

from K. R. Overdeep, PhD Thesis); (d) Temperature change of the oil bath measured 

using a thermocouple. 

The total test time was approx. 6 min, with 2 minutes each for three regions of 

temperature measurement: pre-reaction baseline, temperature rise after ignition, and 

the post-reaction baseline. The heat of reaction is calculated from the product of the 

calorimeter constant measured during calibrations (135 J/K) and the temperature rise 

of the oil bath measured during the experiment. The electrical power from ignition is 

very small and is subtracted from the calculated heat of reaction. More information 

about this system can be found in a recently published article.[156] 
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5.2.5 Spectroscopy and Temperature Measurement 

In addition to calorimetry and elemental quantification, temperature 

measurements during combustion of these nanothermite composites augment the 

analysis since a reaction temperature closer to the adiabatic flame temperature would 

suggest a more complete reaction. Given the transient nature of the event, the 

diagnostics used require sub millisecond temporal resolution, which precluded the use 

of conventional techniques such as thermocouples as well as infrared (IR) cameras. 

The setup and calibration of the high-speed spectrometer is presented in Chapter 2.2. 

PMT based systems have the advantage of extremely fast rise times (å 1 ns) along 

with high dynamic range and sensitivity, which allowed for extremely fast data 

acquisition. The data was acquired over the wavelength range of 513 nm to 858 nm 

(incorporating 27 channels of the PMT). The sampling rate on the acquisition system 

was set at 50 kHz, which produced a sample every 20 ɛs, sufficient to resolve the sub 

millisecond reactions. The spectrum was subsequently fit to Planckôs law, assuming 

grey body behavior with temperature as a free parameter, to obtain the time-resolved 

temperature profile.[65] 

5.3 Results 

5.3.1 Stoichiometric Al/CuO Reaction Product Cross-Section 

As can be seen in Error! Reference source not found., the collected product 

article sizes have a wide distribution. However, almost all the product particles seen 
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in the SEM micrograph are two orders of magnitude larger than the nanoscale 

reactants (50 to 100 nm primaries). Such large products are a direct consequence of 

coalescence during the rapid exothermic reaction.[42,99] In addition to these large 

particles, nanosized product populations were also observed on the substrate, which 

are a result of nucleation from the gas phase, although their contribution to the net 

product mass was previously determined in Chapter 4.4.1 to only be å 10 

%.[135,157] In order to provide sufficient breadth to the analysis, a range of particle 

sizes (> 1 ɛm) are considered for ion beam cross-sectioning. Figure 5-3 shows the 

cross-sectional view of a å 2 ɛm diameter product particle, quenched during the 

combustion of a stoichiometric Al/CuO thermite mixture (ignition temperature: (1040 

± 50) K),[11] accompanied by the area scans. As I can see, there are no visible phase 

separations within the interior of the particle and the oxygen seems to be evenly 

distributed throughout the sample. 

 
Figure 5-3: Cross-section SEM image of a å2 ɛm product particle (Al/CuO, ◖ = 1) 

with the EDX area scans of the associated elements: aluminum (pink), copper (blue), 

and oxygen (green). Electron beam conditions are 20 keV and 0.62 nA. 
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Prior to obtaining quantitative data from the EDX spectra, the instrumentôs 

calibration was checked using pure, micrometer scale alumina powder (100 ɛm, 

Sigma-Aldrich), for which the EDX system quantified the Al:O atomic ratio as 0.64:1 

which is close to the expected value of 0.66:1 for pure alumina, implying an accuracy 

within 3 %. The elemental composition obtained for the sample in Figure 5-3 is 

shown in Table 5-1 along with an average composition obtained for particles of a 

similar size range (2 to 3 ɛm). The aluminum to oxygen ratio corresponds to an 

effective Al2O2.7 composition, which is close to the expected Al2O3 from complete 

oxidation of the fuel. However, several points regarding this conclusion must be 

clarified. Firstly, since Al2O3 is the only known oxide of aluminum in the condensed 

phase, an effective value of x = 3 in Al2Ox would imply either a composition of (M + 

Al 2O3), where M is the reduced metal (Cu in this case) or a mixture of alumina, MOy 

and Aluminum, with the Al and MOy being mixed such that an effective Al2O3 

composition is obtained. Similarly, if x > 3, it would imply that the Al2O3 in the 

product is mixed with another oxide (MOy) and a x < 3 would imply the Al2O3 in the 

product is mixed with some residual aluminum. Secondly, it can be seen from the 

Al:Cu  ratio in Table 5-1 that the system is significantly aluminum-rich even though 

the reactants were stoichiometrically mixed. 
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Al/CuO Eq. 

Ratio 

Al (at 

%) 

Cu (at %) O (at 

%) 

x in 

Al 2OX 

Al:Cu 

Particle in Figure 

5-3 

1 32 26 42 2.7 1.2 

Avg. <5 ɛm 

particles (total 5) 

1 38 ± 3 21 ± 4 41 ± 3 2.2 ± 0.3 1.9 ± 

0.5 

Avg. >5 ɛm (total 

3) 

1 34 ± 4 36 ± 5 30 ± 1 1.8 ± 0.1 1 ± 0.3 

Fuel-rich (Figure 

5-5b) 

1.5 49 14 37 1.5 3.5 

Al/WO3 Eq. 

Ratio 

Al (at 

%) 

W (at %) O (at 

%) 

x in 

Al 2OX 

Al:W 

Avg. <5 ɛm 

particles (total 2) 

1 32 ± 0 13 ± 1 55 ± 1 3.4 ± 0 2.4 ± 

0.2 

Avg. >5 ɛm (total 

2) 

1 40 ± 2 13 ± 3 47 ± 1 2.3 ± 0.1 3.2 ± 

0.8 

Al/Bi 2O3 Eq. 

Ratio 

Al (at 

%) 

Bi (at %) O (at 

%) 

x in 

Al 2OX 

Al:Bi  

Avg. <5 ɛm 

particles (total 2) 

1 42 ± 1 7 ± 3 51 ± 4 2.4 ± 0.2 7 ± 2.4 

Avg. >5 ɛm (total 

2) 

1 17 ± 1 46 ± 4 37 ± 4 4.4 ± 0.2 0.4 ± 

0.1 

Theor. Complete 

Rxn. 

Eq. 

Ratio 

Al  Red. 

metal 

O x in 

Al 2OX 

Al:M  

Al/CuO 1 27.3 31.7 41 3 0.86 

Al/WO3 1 34.6 13.4 52 3 2.58 

Al/Bi 2O3 1 30.5 23.7 45.8 3 1.29 

Table 5-1: Atomic % values (from normalized k-ratios) obtained for the cross-section 

for different nanothermite systems along with their standard deviations. Equivalence 

ratio of 1 implies stoichiometrically mixed. 

Incorporating the 35.5% weight of the protective oxide shell (estimated via 

Thermogravimetric Analysis) and assuming complete reduction of copper oxide, the 

exothermic reaction can be written as 2Al+3CuO+0.29Al2O3 Ą 1.29Al2O3+3Cu. 

This corresponds to an Al:Cu ratio of 0.86 in products, which means that the interior 

of the particle in Figure 5-3 contains substantially less copper (1.2 vs. 0.86). 



 

 

 

 

 

 

 

105 

 

Calculation of reaction products using the NASA CEA[158] equilibrium code gives 

an adiabatic flame temperature of å 2840 K for the Al/CuO system which is at the 

boiling point of elemental copper. The calculation predicts a copper vapor mole 

fraction of 0.29, which theoretically leads to an Al:Cu ratio of 1.41 in the condensed 

phase, in qualitative agreement with the results in Table 5-1 that the reaction products 

should be aluminum-rich. The vapor phase copper would subsequently nucleate into 

nanosized particles, but their capture efficiency in our experiment is expected to be 

low. 

A similar analysis is extended to larger particles on the order of 10 ɛm as 

shown in Figure 5-4. There is substantial phase separation in the cross-section of 

these larger particles. Moreover, several cracks and holes can be seen in the copper-

rich region, which suggests the production of gaseous species during sintering. The 

elemental maps show that oxygen is exclusively found in regions containing 

aluminum and the effective oxidation in this case is Al2O1.8 as outlined in Table 5-1. 

This does not imply that the reaction is producing condensed phase AlO, but rather 

that the product Al2O3 is mixed with some residual aluminum from the reactant, 

leading to an effective Al:O composition that implies fuel rich, in spite of the 

reactants being mixed stoichiometrically. What it also means is that at the upper limit, 

the effective oxidation of the fuel is approximately only 50 % complete in these large 

particles. 
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Figure 5-4: Cross-section SEM image of a 10 ɛm product particle (Al/CuO, ◖ = 1) 

with the EDX area scans of the associated elements: aluminum (blue), copper (pink), 

and oxygen (green). Electron beam conditions are 20 keV and 0.62 nA. 

5.3.2 Non-Stoichiometric Al/CuO Reaction Product Cross-section 

Similar analysis is extended to Al/CuO thermite mixtures. Two cases were 

analyzed here: a fuel-lean case with Equivalence ratio (◖) = 0.5 and a fuel-rich case 

with ◖ = 1.5. Figure 5-5 shows the product cross-sections of non-stoichiometric 

reactants along with the elemental maps. For the fuel-rich case (Figure 5-5b), I can 

see that there is a substantial volume of aluminum with oxygen distributed uniformly 

throughout the particle. For the aluminum-rich region, an effective composition of 

Al 2O1.55 is obtained which reiterates poor oxidation. This implies that the improved 

combustion behavior commonly observed at slightly fuel-rich conditions may not be 

a direct consequence of enhanced oxidation but merely because of the larger amount 

fuel in the reactants and the improved thermal conductivity which aluminum provides 

to the reactant mixture.[159] For the case of fuel-lean mixtures, large voids were 

found within the product cross-sections (Figure 5-5a) and the elemental maps 
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confirmed that the voids were found in regions with excess copper. The presence of 

such voids made getting effective Al:O ratio pointless and subsequently I focused 

more on examining the compositional gradients within the particle. A possible 

mechanism for the creation of voids could be the un-reduced or partially reduced 

CuO losing its oxygen during sintering. Given the fuel-lean compositions and the lack 

of aluminum in the elemental maps, it would be reasonable to assume that the 

temperature of this particle would have been quite low, thereby making the 

evaporation of the copper less likely. The presence of oxygen throughout the particle 

(even in aluminum-lean areas) suggests that some of the oxygen is indeed bonded 

with copper, which may subsequently be released into the gas phase leading to void 

formation.  

 
Figure 5-5: (a) Cross-section SEM image and elemental maps of a 10 ɛm product 

particle (Al/CuO, ◖ = 0.5); (b) Cross-section SEM image and elemental maps of a 7 

ɛm product particle (Al/CuO, ◖ = 1.5). Electron beam conditions are 20 keV and 0.62 

nA. 
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5.3.3 Stoichiometric Al/WO3 and Al/Bi2O3 Nanothermite Mixtures 

Experiments on Al/CuO nanothermite mixtures revealed an enhanced 

effective oxidation at the smaller product length scales. Copper oxide nanopowder 

has a high propensity to release gas phase oxygen upon heating,[11] whereas 

oxidizers like bismuth trioxide and tungsten trioxide show no traces of gas phase 

oxygen release at temperatures at or below the ignition temperature. Thus, it can be 

expected that upon reaction with aluminum, Bi2O3 and WO3 must show even higher 

traces of oxygen within the product particles as they are speculated to react solely 

through the condensed phase. The images for the tungsten and bismuth cases are 

shown in Figure 5-6 and the quantitative data shown in Table 5-1 reveal higher 

oxygen content for both cases. Although only a limited amount of data could be 

obtained for these two thermite systems, the results are in qualitative agreement with 

the predicted reaction mechanism. For the Al/Bi2O3 system, four particles (two per 

size regime) were analyzed and the proportion of oxygen atoms in Al2OX was found 

to be 2.4 for < 5 ɛm and 4.4 for > 5 ɛm particles. The expected Al:Bi ratio for a 

stoichiometric reaction is 1.29 which implies the smaller particles are substantially 

low in bismuth whereas the larger particles seem to be bismuth-rich. Equilibrium 

calculations predict that most bismuth in the reaction products is in the vapor phase, 

owing to its low boiling point (1837 K) which could explain the lack of bismuth in 

the smaller particles. The larger particles, which show substantial amounts of 

bismuth, need a more comprehensive examination since they cannot be formed from 
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the vapor phase coagulation.[135] A visual inspection of the collected products for 

Al/Bi 2O3 revealed that the majority of the particles were on the order of a few 

micrometers. I tried to confirm this observation by performing the image processing 

routine outlined in Ref. [135] on the electron micrographs of the collected particles. 

From this analysis, outlined in Chapter 4.4.1, I obtained a qualitative comparison 

between the product sizes of the three systems. Al//Bi2O3 products were the smallest 

with average particle diameters ranging from 600 nm to 1 ɛm. This suggests that the 

large particles found for the Al/Bi2O3 case are probably from a region of poor mixing 

with excessive Bi2O3, which might subsequently decompose due to the heat from the 

adjacent reaction zones. This would also lead to the scenario where x > 3 in Al2Ox 

which would imply the mixing of aluminum oxide in the reaction product with 

excess, unreacted/ partially reacted oxide from the reactants. 

Similarly, for the Al//WO3 case, the proportion of oxygen atoms in Al2OX was 

found to vary between 2.3 and 3.4 (Table 5-1) for different particle sizes, which is 

near the expected value of 3. In both cases the amount of oxygen in the interior was 

higher than the case of copper oxide and the oxygen was predominantly localized to 

regions with aluminum. The Al:W ratio vary between 2.4 to 3.2 which is near the 

predicted value of 2.58, a consequence of barely any gasification. Also, like the 

copper oxide case, the larger particles contained less oxygen than the smaller ones. 
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Figure 5-6: (a) Cross-section SEM image and elemental maps of a 3 ɛm product 

particle (Al/ Bi2O3, ◖ = 1); (b) Cross-section SEM image and elemental maps of a 2 

ɛm product particle (Al/ WO3, ◖ = 1). Electron beam conditions are 20 keV and 0.62 

nA. 

5.3.4 Bomb Calorimetry Results 

Bomb calorimetry measurements were conducted under argon to prevent any 

secondary reaction with air. The measured heat of reaction (ȹHRx), for the three 

nanothermite systems (stoichiometric), are shown in Table 5-2 along with an 

estimated percentage of completion. The reported average values were obtained from 

5 runs of Al/CuO, which helped ensure the repeatability of the experiment and were 

subsequently extended to Al/WO3 and Al/Bi2O3 (2 runs each). The standard 

deviations were within 10%, which precluded the need for additional runs for the 

latter cases. Nanothermite systems reacting via condensed phase mechanism 

(Al/Bi 2O3 and Al/WO3) show higher completion than those having a gas phase 
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reaction component. Literature values for the theoretical gas production, adiabatic 

flame temperature (Tad) and pressurization rate in constant volume cell tests are also 

tabulated for further discussion. 

Thermite 

(phy.mix) 

Exp. 

ȹHRx 

(J/g) 

Theo. ȹHRx 

(J/g)[136] 

% 

Complete 

Gas Prod. @ 

1 atm 

(g of gas/g of 

mix)[160]  

Press. 

Rate 

(kPa/us)[4

0,147]  

Tad 

(K)[1

36]  

Al/CuO 2479 ± 

334 

4071 61 0.343 76.6 2843 

Al/WO3 2192 ± 

176 

2910 75 0.146 0.2 3253 

Al/Bi 2O3 2141 ± 

54 

2115 å100 0.894 108.3 3253 

Table 5-2: Bomb calorimetry results for nanothermite reactions along with standard 

deviations. 

5.3.5 Reaction Temperature 

Reaction temperature was also measured for these nanothermite systems in 

inert environments (Ar, 1 atm) and the results are shown in Figure 5-7 along with the 

adiabatic flame temperature for comparison. Figure 5-7d shows high-speed temporal 

snapshots of the Al/CuO nanothermite reaction, with the time elapsed from trigger 

shown as insets. The snapshot at 2.882 ms corresponds to the peak temperature 

observed in Figure 5-7a. Except for the Al/CuO system, the other two nanothermites 

produce temperatures that are at or below their respective adiabatic flame 

temperature. 
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Figure 5-7:  Temperature profiles in inert environments for (a) Al/CuO, (b) Al/WO3 

and (c) Al/Bi2O3; (d) High speed snapshots of Al/CuO reaction on wire shown in (a). 

5.4 Discussion 

The results from the previous section show that the dimensions of the final 

nanothermite reaction products are on the micrometer scale in spite of the reactants 

being nanoscale. Molecular dynamics simulations done by Chakraborty et. al[19] 

have shown that nanoscale aluminum aggregates can lose their surface area and sinter 

into characteristically larger particles in nanoseconds. Since most nanopowders exist 

in an agglomerated state, this rapid loss of surface area could be substantial. 

Experimental validation of this postulate was recently published where temporal 

snapshots of nanoaluminum aggregates subjected to high heating rates, were taken in 

a Dynamic Transmission Electron Microscope (DTEM).[100] The results indicated 

that the loss of nanostructure was complete on the order of ~ 50 ns which is 3-4 
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orders of magnitude faster than the what is observed for nanoaluminum 

(~0.5ms).[161] 

 
Figure 5-8: Morphological changes to a 500 nm aggregate of Al/CuO heated by a 

12ns heating laser pulse characterized in a DTEM. (a) Aggregate prior to heating; (b) 

Resulting morphology after heating; (c) High speed temporal snapshots of the 

evolution of the aggregate morphology. Reprinted from [99]. 

The same experiment, extended to Al/CuO nanothermite,[99] also showed this 

rapid loss of nanostructure, occurring on a slightly longer time scale of ~ 300 ns, as 

shown in Figure 5-8, which is still much faster than the combustion of these 

composites (~1ms).[43] A direct consequence of this loss of nanostructure is the 

formation of large, condensed phase products which greatly increase the diffusion 

length scales for the reactants, leading to slow afterburning,[41,81] thereby defeating 

the purpose of using nanoscale material for rapid reaction. With this work, I try to 
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examine the detrimental effects of such sintering by quantifying the energy release as 

well as the internal composition. 

The biggest difference between the three nanothermite systems studied here is 

that in reactions where condensed phase chemistry is predominant (Al/WO3 and 

Al/Bi 2O3), the elemental compositions from the interior revealed a higher oxygen 

content, implying a higher extent of reaction. This is directly observed on the 

macroscopic scale as well, in the bomb calorimetry experiments, where larger sample 

mass and longer sampling duration was employed. The aforementioned nanothermite 

systems (Al/WO3 and Al/Bi2O3) were observed to approach their theoretical heats of 

reaction to a greater extent than Al/CuO. Moreover, from Table 5-2, it can be seen 

that the Al/Bi2O3 system is expected to produce the most gas phase products upon 

reaction. This is primarily due to the low boiling point of the bismuth product 

compared to the other two reduced metals, copper and tungsten. Such excessive gas 

production could significantly influence the heat of reaction. Firstly, higher gas 

production could mean a stronger pressure wave emanating from the ignition point 

which could help in de-aggregating the adjacent reactant particles into smaller 

clusters, thereby preventing large-scale sintering. Since condensed phase reactions 

rely on species diffusion, these smaller clusters of fuel and oxidizer would react much 

faster, owing to their shorter diffusion length scales. This could also lead to the 

prevention of a two-stage combustion, as outlined earlier, where sintered particles 

would undergo slow burning in ambient atmosphere. 
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The influence of gas production on the product sizes was examined further 

following the procedure in Chapter 4.4.1, where image processing, using ImageJ, was 

performed on the electron micrographs of the collected product to estimate their 

average sizes. Al/Bi 2O3 products were the smallest with particle diameters ranging 

from 600 nm to 1 ɛm. Al/CuO product sizes were approximately 1 ɛm to 2 ɛm and 

Al/WO3 had product sizes in the 3 ɛm to 4 ɛm range. Correlating this observation 

with that of the gas production, one can see the influence quite clearly with gas 

production scaling as Al/Bi2O3 > Al/CuO > Al/WO3 leading to product sizes 

Al/Bi 2O3 < Al/CuO < Al/WO3 and reaction completion being Al/Bi2O3 > Al/WO3 > 

Al/CuO. 

The latter correlation for reaction completion does not strictly align with 

theory of smaller products leading to higher completion. A possible reason for this 

would be the gas phase oxygen release from copper oxide nanopowder, which has 

been shown to be concurrent with ignition of the Al/CuO nanothermite.[11] This 

release of oxygen could result in diminished local availability of condensed phase 

oxidizer to the fuel particles, leading to poor reactivity. This is indeed observed in the 

spectrometric temperature measurements shown in Figure 5-7, where the initial spike 

in temperature for the Al/CuO case is near the micrometer aluminum flame 

temperatures/ alumina volatilization temperatures.[162,163] Since the flame 

temperatures were measured in an inert environment, the high initial temperature can 

be explained to be a consequence of a sintered aluminum particle reacting with the 
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gas phase oxygen released from the bare CuO. Such large sintered aluminum 

aggregates may not completely combust, leading to a drop off in heat of reaction. 

Moreover, the flame cloud shown in Figure 5-7d at 2.882 ms (at the peak temperature 

shown in Figure 5-7a) need not have a homogenous temperature distribution since the 

spectrometer would be biased to the highest temperature within the cloud (due to 

intensity being a function of T4). Hence isolated events of aluminum combustion with 

ambient oxidizer could be responsible for the high temperature. It should be noted 

that the measured temperatures for Al/Bi2O3 are substantially lower than the adiabatic 

flame temperature in spite of the reaction going to near completion. A possible reason 

for this could be that the grey body assumption for temperature calculation fails for 

this particular reaction due to the highly dilute flame cloud. Recent studies on the 

effect of emissivity of aluminized flame clouds have suggested that in case of dense 

particle clouds, multiple scattering could result in an effective grey body 

behavior.[58] High speed video of the Al/Bi2O3 reaction, shown in Figure 5-9, reveals 

that the flame cloud produced for this system looks less dense compared to those 

produced for the other two thermites. 

 
Figure 5-9: Combustion cloud of Al/Bi2O3 
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Experimental evidence of cracks and voids in the cross-section of the 

collected products of the oxygen releasing thermites like Al/CuO, suggest that the 

sintering might be occurring on a time scale much shorter than the gas release. This 

could be particularly detrimental as the released oxygen would neither support 

condensed phase nor gas phase oxidation of the fuel. Moreover, this was observed 

only in large particle cross-sections (Figure 5-4) and in fuel-lean Al/CuO systems 

(Figure 5-5a), further supporting the claim that smaller products must lead to a more 

efficient combustion. Several recent experiments have been directed at reducing the 

product particle size[125,164] owing to the higher reactivity that has been observed in 

cases where there is less coalescence of reactants. Results of Wang et al.[164] showed 

an increase in the pressurization rate and peak pressure for nanothermite composites 

that were designed to reduce the coalescence of the reactants through internal gas 

generation, thereby allowing greater exposure for the fuel to react. Another recent 

study,[142] which looked at the reactivity of nano aluminum based composites 

containing gas generators, showed an order of magnitude improvement in reactivity 

owing to a smaller sized reactant matrix. The underlying principle for all such 

observations could be explained, based on the current results, as a consequence of 

reducing the effective diffusion length scales for reactants as well as dispersing the 

reactants, which would ensure faster reaction and also prevent the unreacted material 

from getting arrested within a coalesced particle, as seen in Figure 5-4 and Figure 

5-5a. 
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5.5 Conclusion 

Quenched reaction products of thermite systems were analyzed to understand 

the extent of reaction and energy yield. The product particles were quenched 

immediately (within 500 ms) upon ignition so as to prevent any adulteration from 

subsequent reaction with the ambient. The elemental analysis of the product particle 

cross section revealed that nanothermite compositions where condensed phase 

reactions are predominant (Al/WO3 and Al/Bi2O3), the elemental compositions from 

the interior revealed a higher oxygen content, implying a higher extent of reaction. 

This was correlated on the macroscopic scale as well, in the bomb calorimetry 

experiments, where the aforementioned nanothermite systems (Al/WO3 and 

Al/Bi 2O3) were observed to approach their theoretical heats of reaction to a greater 

extent than Al/CuO. The product particle sizes were estimated from the SEM images 

via image processing and were found to be in the order: Al/Bi2O3 < Al/CuO < 

Al/WO3. Which correlated with the total gas release from each nanothermite system 

(from pressure cell tests) Al/Bi2O3 > Al/CuO > Al/WO3. This implies that strong gas 

generation during thermite reaction could have a significant effect on inhibiting 

sintering in the reactants, thereby reducing the length scale that the reactants have to 

diffuse for reaction in the condensed phase. 

 The reaction completion, found using bomb calorimetry scaled as Al/Bi2O3 > 

Al/WO3 > Al/CuO. The lack of correlation between reaction completion and gas 

generation for the Al/CuO case was interpreted as a consequence of gas phase oxygen 
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release from the bare oxidizer which has been experimentally found to match the 

ignition temperature. Such release of oxygen gas led to limited oxidizer being present 

in the condensed phase, which results in poor reactivity observed in calorimetry 

results as well as lower oxygen content in the elemental maps from cross section. 

This could also imply that condensed phase reactions are more efficient when it 

comes overall reactivity since gas phase reactions often occur over longer durations 

and are plagued by sintering. Furthermore, the results were corroborated with reaction 

temperature in inert environments where for Al/CuO, significant gas phase reaction 

between Al and oxygen (released from CuO) was observed ~ 1 ms after ignition. The 

measured reaction temperatures were at and below the adiabatic flame temperatures 

for Al/WO3 and Al/Bi2O3 respectively. 

The elemental maps revealed that in all cases, the oxygen was predominantly 

localized in the regions containing aluminum, although in the case of non-gas-

generating thermites, some oxygen could be seen with the reduced metal too. These 

results imply that the thermite reaction are not be achieving completion even though 

the constituents are mixed on the nanoscale, owing to severe sintering of the reactants 

before the reaction can go to completion. 

5.6 Acknowledgements 

The findings presented in this work were the result of a collaboration with Dr. 

Diana Ortiz-Montalvo, Staff Scientist at the National Bureau of Standards and 



 

 

 

 

 

 

 

120 

 

Technology and Dr. Kyle Overdeep from Dr. Tim Weihsô Lab at Johns Hopkins 

University Baltimore. The results are reprinted with permission from Jacob, R. J.; 

Ortiz-Montalvo, D. L.; Overdeep, K. R.; Weihs, T. P.; Zachariah, M. R. Incomplete 

Reactions in Nanothermite Composites. J. Appl. Phys. 2017, 121 (5).[165] 

  



 

 

 

 

 

 

 

121 

 

Chapter 6 High speed 2-Dimensional temperature 

measurements of nanothermite composites: Probing 

Thermal vs. Gas generation effects 

Summary 

This work investigates the reaction dynamics of metastable intermolecular 

composites through high speed spectrometry, pressure measurements, and high-speed 

color camera pyrometry. Eight mixtures including Al/CuO and Al/Fe2O3/xWO3 (x 

being the oxidizer mol. %) were reacted in a constant volume pressure cell as means 

of tuning gas release and adiabatic temperature.  A direct correlation between gas 

release, peak pressure and pressurization rate was observed, but it did not correlate 

with temperature. When WO3 was varied as part of the stoichiometric oxidizer 

content, it was found that Al/Fe2O3/70% WO3 achieved the highest pressures and 

shortest burn time despite a fairly constant temperature between mixtures, suggesting 

an interplay between the endothermic Fe2O3 decomposition and the higher adiabatic 

flame temperature sustained by the Al/WO3 reaction in the composite. It is proposed 

that lower ignition temperature of Al/WO3 leads to the initiation of the composite and 

its higher flame temperature enhances the gasification of Fe2O3, thus improving 

advection and propagation as part of a feedback loop that drives the reaction. Direct 

evidence of such gas release promoting reactivity was obtained through high speed 
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pyrometry videos of the reaction. These results set the stage for nanoenergetic 

materials that can be tuned for specific applications through carefully chosen oxidizer 

mixtures. 

6.1 Introduction 

Research in nanoscience, as in many fields, has permeated the development of 

energetic materials where the demand for improved reactivity may be achieved with 

increased intimacy between reactants. Traditional monomolecular CHNO systems 

represent optimal reactant proximity, with mixing achieved at the molecular scale. 

However, the gaseous nature of their reaction products allow limited enhancements in 

their energy content.[166,167] As a result, much recent research has been directed 

towards nanoscale composite energetic materials incorporating metal nanoparticles as 

the fuel so as to enhance energy content and release rate.[168] One of the primary 

advantages of using metallic fuels is their high volumetric energy density leading to 

some metal based energetic materials having heats of reaction larger than state of the 

art CHNO systems.[166] However, using non-molecular, fuel-oxidizer systems 

implies a diffusion-limited process. It has been demonstrated repeatedly that the use 

of nanoparticles, with its decreased length scale, leads to a metastable system with 

orders of magnitude improvement in reactivity compared to their counterparts mixed 

at coarser scales.[9] A large body of recent research has been directed at exploring the 

underlying mechanism responsible for the fast reaction rates observed in such 
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Metastable Intermolecular Composites (MIC)/nanothermite combustion, with the 

general consensus being that the dominant energy transfer mechanism in MIC powder 

is convection and molten particle advection[143] and the primary mode of 

ignition/reaction is via the condensed phase diffusion of reactant moieties.[42,135] 

A significant benefit of MIC systems is their tunability, which stems from the 

extensive permutations in the selections of fuels, oxidizers,[11,169] gas 

generators[170] and architecture[171,172], with the state of the art systems showing 

flame speeds as high as 4000 m/s.[140] Several methods have been developed to 

quantify their reaction dynamics with, ignition temperature and speciation 

measurements,[11,35] thermo-analytical methods,[145] flame speeds,[173] thermo-

equilibrium software (CEA, Cheetah)[137] and constant volume combustion[33] 

being the most common. Although these methods do help in quantifying the 

combustion characteristics of MICôs, the flame speed and pressure measurements are 

significantly affected by variations in their experimental design. Temperature, on the 

other hand, is a fundamental thermodynamic property and is directly related to energy 

release, although its measurement in energetic materials research is not as prevalent 

as one might suppose. Primarily, the wide range of reaction times (10µs - 100ms), 

temperature range (800K ï over 4000K) and spatial inhomogeneity make robust 

temperature measurements a challenge. Moreover, MICôs have significant emission 

interference from atomic and molecular species that participate in the high 
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temperature reaction, thereby reducing the applicability of broadband measurement 

techniques. 

Despite these limitations and challenges, the non-invasiveness and relative 

simplicity of emission measurements as compared to other optical methods and the 

artifacts introduced by traditional invasive methods mean that optical emission is 

preferred for MIC characterization. Weismiller et al.[60] studied three different 

nanothermite compositions in an unconfined pile, and confined burn tube using multi-

wavelength pyrometry. Kappagantula et al.[174] also examined several Al/CuO and 

Al/PTFE based composites with metal additives using an IR camera as a means to 

optically measure performance. Despite the assortment of temperature measurement 

methods used to observe these energetic compounds, a common theme in each 

experiment was the inability for the compound to achieve its adiabatic flame 

temperature. The similarity across different composite mixtures has supported the 

conclusion that the systems under study were limited by the melting and 

decomposition of the oxide. Through such insight into the reaction dynamics, it might 

be possible to tune the reactivity of composite materials by altering the participation 

of competing reactions through mixture content variation. Prior work by Sullivan et. 

al[40] first explored this possibility by incrementally adding nanoscale WO3 to an 

Al/Fe2O3 nanothermite to demonstrate an increase in pressurization rate under 

constant volume combustion environment. The result was counterintuitive as gas 

generation was observed to increase with the reduction of gas generating species 
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(Fe2O3) in the composite. The Al/Fe2O3 nanothermite was postulated to be rate 

limited by oxidizer decomposition, and the performance improvement was attributed 

to efficient decomposition of Fe2O3 induced by the heightened flame temperature at 

higher WO3 concentrations. While the results were corroborated with equilibrium 

calculations, no direct temperature measurement was made to support the claims 

regarding the interplay of reaction mechanisms. The purpose of this work is to extend 

the results of Sullivan et. al[40] through high-speed, multi-wavelength pyrometry to 

probe the tunable reactivity of a nanothermite composite in a closed pressure vessel. 

Moreover, the effects of enhanced gas production on reactivity is visualized under 

unconfined conditions with high spatial and temporal resolution using high speed 

color camera pyrometry. 

6.2 Experimental 

6.2.1 Materials and Sample Preparation 

Commercially available aluminum nanoparticles (ALEX, Argonide Corp.) 

with an active content of 68.7 wt. % (from thermogravimetric analysis) and an 

average particle size of 50 nm were used in this study. The oxide nanopowders (CuO, 

WO3 and Fe2O3) were procured from Sigma Aldrich and all had average diameters < 

100 nm. The samples were prepared by dispersing a known amount of oxide in 10 mL 

of hexane and sonicating in an ultrasonic bath for an hour. This was done in order to 

break down the soft aggregates, ensuring better mixing with the fuel. A stoichiometric 
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amount of aluminum was then added to this slurry and further sonicated for an hour. 

The slurry was left overnight to dry. The dry sample was gently scraped off the vial 

and broken up using a grounded spatula until powder consistency was achieved. 

Samples prepared included stoichiometric blends of Al/CuO, Al/Fe2O3 and Al/WO3. 

Additionally, a set of 5 samples were made where I systematically adjusted the 

oxidizer composition by adding 20, 60, 70, 80 and 90% by mole of WO3 to Fe2O3 

system, while maintaining the overall stoichiometry of the blend as outlined in the 

prior work by Sullivan et al.[40] For experiments involving high-speed videography, 

the slurry was kept as is for drop casting on a fine platinum wire for rapid heating, as 

discussed in the forthcoming sections. 

6.2.2 Constant volume combustion cell 

The constant volume pressure cell used is described in detail 

elsewhere.[40,175] Briefly, the cell is a closed reaction vessel with a free volume of 

~20 cm3, equipped with 3 ports (as shown in Figure 6-1). One port houses a high 

frequency pressure transducer (PCB Piezoelectronics) for measuring the pressure 

signal generated during sample ignition and combustion. The second port is 

connected to an optical assembly used for collecting broadband emission from the 

inner edge of the vessel. The optical assembly consists of a plano convex lens 

(Thorlabs) which collects and focuses the light from the vessel into a 2 meter long 

fiber optic cable (Dia. 1mm, Thorlabs Inc.) coupled to photomultiplier tube (PMT) 
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(Hamamatsu). An optional neutral density filter (Thorlabs Inc.) is placed between the 

lens and the fiber for significantly brighter samples so as to prevent saturation of the 

detector. Both the PMT and the pressure transducer outputs are connected to a digital 

oscilloscope (Teledyne LeCroy Wavesurfer 3000) sampled at 5 MHz. The PMTôs 

cathode voltage is selected empirically by monitoring the output current during trial 

tests. The third port houses another optical assembly which collects and relays the 

emission to a spectrometer, which is detailed in Chapter 2.2. The cell was placed 

inside an artificial environment bag which was purged with argon to mitigate the 

influence of atmospheric oxygen on the reaction. 

Each sample (25 mg) was tested in triplicate by ignition with a resistively 

heated nichrome wire connected to a DC power supply. A custom square wave 

generator was built in-house to simultaneously trigger the spectrometer, oscilloscope 

and the power supply for the nichrome wire. Owing to the high temperatures and 

significant production of gas and condensed species, a sapphire window was used to 

protect the optical assembly and was cleaned periodically so as to ensure accurate 

measurement of the emission. 
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Figure 6-1: Schematic of the experiment consisting of pressure cell and attached 

diagnostics. The pressure cell is shown on the left. The spectrometer is coupled to the 

pressure cell via an optical fiber. The light from the fiber is spectrally dispersed by 

the selected grating on the turret which is subsequently imaged on the 32 channel 

PMT and digitized using the Data Acquisition system (DAQ). The digitized data is 

processed to produce time resolved spectra. 

6.2.3 Hot-Wire ignition tests for spatiotemporal Temperature maps 

While the experimental setup including the spectrometer described above can 

measure the temperature of radiating particles using multi-wavelength techniques, its 

ability to measure the spatial dynamics of the combustion process is limited by means 

of its data acquisition. Owing to the nature of light collection through an optical fiber, 

the spectrometer would be biased to the brightest/hottest spots within the flame due to 

the exponential scaling of light intensity with temperature as per Stefan-Boltzmann 

Law. Furthermore, due to the spatially dynamic nature of the flame front, point light 

sources could constantly move in and out of the field of view, affecting the 
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temperature measurement. As a complementary diagnostic to the spectrometer, a 

high-speed color camera based pyrometer, as described in Chapter 2, is used to record 

videos of the combustion event so as to probe the highly dynamic flame front. 

Although color camera pyrometry does allow for spatiotemporal 

measurements of temperature, limitations in the method by which raw data is 

collected are a strong source of error ultimately leading to deviations in temperature 

measurement from those reported by the spectrometer. Of the many elements that 

emit in the visible region during thermal relaxation, sodium is often the most 

noticeable with strong, persistent lines seen as a doublet at 588.95nm and 

589.59nm.[82] Such emission contributes to the red and green channel intensities, due 

to their high spectral response at these wavelengths, leading to error in temperature 

calculations. Other elements that have strong emission and are possible sources of 

contaminants in the experiments performed include potassium and copper. 

Furthermore, the calculations detailed above fails to account for light scattering from 

small particulates that may be generated throughout the course of the reaction. Hence, 

in order to maintain fidelity, the error minimization algorithm used to calculate 

temperature is error thresholded to ~ 100K and the pixels that report higher errors are 

excluded from the final false-color images. 
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Figure 6-2: Experimental rig for visualizing nanothermite reaction using high speed 

color camera 

Wire ignition experiments were conducted in a stainless steel 6-way cross, 

with windows to visualize the combustion with the high-speed camera (Figure 6-2). 

The interior of the chamber was painted black in order to minimize light reflections. 

A premixed slurry of thermite sample were coated onto a 76ɛm-diameter platinum 

wire and resistively heated in a 1atm argon environment for 4ms at a rate of å105 K/s 

using the T-Jump apparatus detailed by Zhou et al.[35] Two videos were recorded per 

sample at a framerate of 20,000 fps with the ä/# and exposure times empirically 

chosen to provide the best signal to noise ratio. 

6.3 Results 

6.3.1 Al/CuO nanothermite tests in pressure cell 

As a control system, I begin with the most studied thermite system Al/CuO. 

Figure 6-3 shows the temporal pressure response, normalized-integrated radiance 

across all PMT channels (Figure 6-3a) and the temperature fit (Figure 6-3b) for the 
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Al/CuO reaction in the pressure cell. The peak pressure of the system is ~ 741 kPa 

and the pressurization rate is ~118 kPa/µs, calculated based on the rise time of the 

first pressure peak. The temporal temperature profile shown in Figure 6-3b is 

recorded using the ND2 Neutral density filter in order to quantify the emission at 

peak light intensity. The custom fitting algorithm enabled the simultaneous 

calculation of temperature, and the error associated with the fit which was 

thresholded to °400K before plotting the profile shown in Figure 6-3b. The missing 

data points at longer durations correspond to such cases where the calculated error 

was higher than the threshold value. The figure is horizontally sectioned by gridlines 

so as to qualitatively analyze the different regimes. 
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Figure 6-3: Al/CuO nanothermite in pressure cell. a. Pressure-Normalized-Integrated 

Intensity profile, and b. Temporal reaction temperature profile. Region 1-2: 

temperature rise and pressure drop; 2-3: temperature drop and peak pressure; 3-4: 

rapid rise in integrated intensity at a constant temperature with decreasing pressure; 4-

6: broadly represents increase temperature; 6-7: region with temperature plateau, 

decreasing integrated intensity and pressure. 

Owing to the error thresholding, the first temperature data point was obtained 

at ~ 0.005ms from ignition, where the integrated emission is approx. 15% of the peak 

integrated intensity. The pressure trace at this point corresponds to the first local 

maxima, as highlighted by the vertical line 1. Region 1-2 corresponds to a reduction 

in pressure accompanied by a temperature rise to ~ 3600K which is followed by a 

sharp drop to ~ 2800K in region 2-3. This coincides with an increase in pressure to its 
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maximum value at ~ 0.017ms (location 3) and the emission intensity is observed to 

have a sharp positive slope from point 2 onwards. At the instant of peak pressure, the 

normalized emission is ~ 30% and the temperature is near the adiabatic flame 

temperature for Al+CuO (2837 K).[40] Region 3-4 corresponds to the most 

substantial increase in integrated intensity as it rises from 30 to 80% at 0.05ms 

(location 4) although the temperature in this region is observed to plateau at ~ 3000K. 

The pressure profile, on the other hand, shows a steady decline in this region. Region 

4-6 broadly corresponds to an increase in temperature to ~ 3500K (location 6) and the 

emission intensity is observed to first increase in the region 4-5 by ~20%, attaining its 

peak at location 5. Region 5-6 continues the increasing trend of temperature although 

the integrated intensity is observed to drop by ~ 25%, achieving a local maximum at 

location 6, corroborated with an increase in temperature. In region 6-7, the emission 

intensity is observed to decline although the temperature profile is essentially 

plateaued at ~ 3500 K. Measurements beyond this point resulted in high errors due to 

low signal and were thresholded at °400K. The pressure signal is observed to 

continue its decline, although at 0.17 ms, a spike is observed which is the reflected 

pressure wave from the initial pressure spike. Such damped reflections were observed 

over a period of ~ 150 µs, approximately the time it takes a sound wave to traverse 

twice the diameter of the cell. A lack of deviation in the measured temperature 

suggest the same, as a change in combustion mechanism would have manifested in 

the measured temperatures. Qualitatively similar profiles were observed for repeat 
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runs as well and the significance of each regime is discussed in more detail in the 

mechanism section. For measuring temperatures at longer durations, where the 

emission intensity is lower, a complementary test without employing the ND2 filter 

was done and the result is shown in Figure 6-4. 

 
Figure 6-4: Temperature measurement of Al/CuO nanothermite in pressure cell over 

extended durations measured without ND2 filter. The intial parts of the reaction is 

truncated due to saturated emission on the MC-PMT 

Curiously, the integrated intensity (as shown in section 5-7 of Figure 6-3a) is 

observed to decline gradually after reaching the maximum, although the recorded 

temperature is still observed to increase/plateau. A possible explanation for this 

observation could be that the flame cloud could have disintegrated into individual 
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emitters which subsequently attenuate the net emission from the reaction due to the 

reduction in the emission area. Since the lens assembly is focused at the inner edge of 

the cell, and given that the temperature is seen to rise, I believe the spectrometer is 

observing the combustion of such individual emitters which could be sintered 

reactants scattered by the initial pressure pulse. 

6.3.2 Al/Fe2O3 and Al/WO3 nanothermite tests in Pressure cell 

The principal focus of this work is to infer the role of temperature in the 

tunable reactivity of nanothermites, specifically for Al/Fe2O3 nanocomposite doped 

systematically with WO3 nanoparticles. The pressure-temperature profiles for select 

samples are shown in Figure 6-5, and quantitative comparison for the full suite of 

samples are shown in Figure 6-6. As can be seen in Figure 6-5a for the Al/Fe2O3 

sample, the pressure profile is characterized by slow buildup which achieves the peak 

pressure ~10ms after ignition. Such poor performance is again highlighted in Figure 

6-6c, where the average Full Width Half-Max (FWHM) burn time is plotted against 

the composition, with Al/Fe2O3 being the slowest burning composite at 5.5 ms. With 

incremental addition of WO3, the performance of the composite improves 

significantly, exemplified by the faster pressure buildup (Figure 6-5), higher 

pressurization rate (Figure 6-6b), and much shorter burn time, as shown in Figure 

6-6c. With the increase of WO3 concentration in the composite, the pressure and 

pressurization rates are observed to increase till it reaches an optimum value at ~70% 
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WO3 (Figure 6-6b) beyond which any addition of WO3 resulted in the detriment of 

the reactivity. For Al/WO3, the observed pressure buildup was slower than that of the 

composites with mixed oxides although it is still faster than Al/Fe2O3, suggestive of 

higher reactivity as demonstrated by its shorter burn time compared to Al/Fe2O3 (2.5 

ms vs 5.5 ms). The lack of any gas phase products for the Al/WO3 reaction[11] 

explains its poor pressure metrics among all the composites. The qualitative 

difference between the respective plots would be analyzed in more detail from a 

mechanistic standpoint in a later section. 

 
Figure 6-5: Temporal Pressure-Temperature profiles for a. Al-Fe2O3, b. Al-Fe2O3-

20WO3, c. Al-Fe2O3-60WO3, d. Al-Fe2O3-70WO3, e. Al-Fe2O3-90WO3, f. Al-WO3 in 

pressure cell. The grey region is the error bound of the measurement. 

The quantitative metrics for the full suite of samples tested in this study, 

averaged over 3 runs, is presented in Figure 6-6. Theoretical estimates of the 
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temperature and pressure under constant volume conditions, calculated using NASA 

CEA, are also presented for comparison. Figure 6-6a highlights the effect of 

composition on temperature thresholded to a standard error of ° 400 K, as it was the 

maximum error allowed in these measurements. With the addition of minimal 

amounts of WO3 the average temperatures are seen to rise and plateau at around 

3400K which corresponds to the adiabatic flame temperature of Al/WO3 (3447 

K),[40] and is slightly higher than the temperature for full Fe2O3 decomposition. The 

peak temperatures, on the other hand, is seen to rise gradually with added WO3 until 

it reaches a local maximum at 70%WO3, although the high errors associated with 

peak temperatures preclude further discussion. Figure 6-6c compares the average 

FWHM burn times for all composites, with Al/Fe2O3 not surprisingly being the 

slowest (~ 5.5 ms) and Al/CuO the fastest (~150 ms). The other composites show a 

steady burn time of ~2 ms. Al/Fe2O3/70WO3 had the shortest burn time in the 

pressure cell tests, although it is difficult to distinguish on the logarithmic scale. The 

error bars associated with the burn time measurements were, in some cases, smaller 

than the marker themselves. Al/CuO pressure data is not shown in Figure 6-6b owing 

to its large magnitude (Pmax = 572 kPa and Press. Rate = 41 kPa/ms) which skews the 

pressure profile, inhibiting visual comparison. 
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Figure 6-6: Pressure-Temperature profiles for a. Effect of composition on 

temperature, b. Effect of composition on pressure and pressurization rate (Al/CuO: 

Pmax = 572 kPa and Press. Rate = 41 kPa/ms) and c. Effect of composition on Burn 

time. 
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6.3.3 Qualitative Observation of Reaction Dynamics with Camera 

High speed color camera pyrometry videos enabled the identification of the 

different mechanisms of the Al/Fe2O3, the Al/Fe2O3/xWO3 and Al/WO3 reactions due 

to distinct features that appeared throughout the reaction. For the Al/Fe2O3 mixture, 

the gas release from the thermite mixture produced a cloud of reacted material and 

little unreacted material was left as it propagated down the wire (Figure 6-7a). The 

Al/Fe2O3 reaction is believed to be limited by the oxidizer decomposition, and is 

characterized by the slow reaction of the aluminum with gas phase oxygen released 

from the oxidizer, as exemplified by its longer burn durations and slow rising 

pressure profile.[11,40] In comparison, the Al/WO3 reaction is expected to occur in 

the condensed phase due to the lack of oxygen release from WO3.[11] Upon 

observing the videos of the Al/WO3 reaction, the condensed phase nature of this 

reaction was evident by the absence of a reactive cloud, as the reaction seemingly 

occurred on the wire and continued on to the ends after melting the wire (Figure 

6-7c). In line with the observations from the pressure cell, the Al/Fe2O3/70%WO3 

sample (Figure 6-7b) shows both higher peak temperature, and a larger combustion 

zone which I attribute to higher gas release. The use of a color camera to measure 

temperature allows for the direct observation of the disaggregating role that the 

oxidizer gas release plays during reaction since the reaction cloud exhibits higher 

temperatures than the material remaining on the wire. 
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