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ABSTRACT OF THE DISSERTATION 

 
 

Probing the Reaction Dynamics of Energetic Materials: the Influence of Physical 

Properties and Heat Transfer on Ignition and Combustion Characteristics 

 
 

by 
 

 

Yujie Wang 

 

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering 

University of California, Riverside, June 2024 

Dr. Michael R. Zachariah, Chairperson 

 

 

Energetic materials convert chemically stored potential energy to kinetic energy through 

combustion. A current focus within this field is to address the constraints related to mass 

transfer, which hinder the rapid release of energy from solid-state energetic materials. 

Nanomaterials have emerged as a promising avenue for overcoming these limitations by 

reducing the distance between fuels and oxidizers, thereby increasing energy release rates. 

This dissertation focuses on understanding reaction mechanisms and combustion behavior 

of solid nanoenergetic composite materials by tuning chemical and physical properties of 

the components as well as manipulating heat transfer of the composites. Specifically, it 

sheds light on the crucial role of oxidizer physical properties in influencing the ignition 

behavior of nanoscale boron, as well as the dominant effect of physical properties of fuels 

and their corresponding oxides on the microscopic combustion characteristics of 
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composites containing different fuels. A significant portion of this dissertation focuses on 

tuning the energy release rate of nanoenergetic composites by manipulating heat transfer 

through various approaches, including: a) Altering the equivalence ratio between fuel and 

oxidizer, b) Decreasing agglomerate surface tension using an additive, and c) Incorporating 

carbon fiber to intercept and retain hot agglomerates near the burning surface. These 

approaches share a common objective of controlling the residence time of agglomerates on 

or near the burning surface, with longer residence times resulting in increased heat 

feedback and, consequently, higher energy release rates. Additionally, this dissertation 

explores the development of energetic biocidal agents using a series of metal iodates by 

studying their decomposition mechanisms and combustion behavior of assembled 

composites with nanoscale aluminum as the fuel. 
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1 Introduction  

1.1 General overview on energetic materials 

 Energetic materials refer to compounds or composites that release large amounts of 

chemically stored energy on a short time scale. The most common exothermic process is 

combustion, where a fuel and an oxidizer undergo redox reaction and release heat. 

Energetic materials find applications in various fields such as fireworks, demolition, space 

technology, mining, and automobile airbags1–4. They are typically classified into three 

main categories: propellants, pyrotechnics, and explosives. These compositions ignite 

when the heat released from the redox reaction surpasses the energy dissipation rate, 

leading to the establishment of a self-sustaining chemical reaction. The distinction between 

these categorizations lies in the rate at which the reactions progress after ignition. The 

energy release rate does not solely depend on reaction enthalpy; rather, the reaction time 

scale is the primary factor influencing the energy release rate. The time scale of the reaction 

depends on both intrinsic chemical kinetics and the diffusion rates of the reacting species. 

Explosives incorporate fuel and oxidizer constituents within the same molecule, reducing 

the mass transfer distance and increasing the diffusion rate of the reacting species, thereby 

significantly enhancing reactivity. Energy release in explosives occurs through detonation, 

generating shock waves that propagate at supersonic speeds5. Commonly used explosives 

include trinitrotoluene (TNT), cyclotrimethylenetrinitramine (RDX), 

cyclotetramethylenetetranitramine (HMX), and hexanitrohexaazaisowurtzitane (CL-20). 
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Pyrotechnics and propellants, often made of heterogenous composites of fuel and oxidizer 

from physical mixing, combust with a deflagration event that has lower energy release rate 

compared to explosives due to mass transfer limitations2,3,6. The black powder, consisting 

of a physical mixture of sulfur and charcoal as the fuel and potassium nitrate as the oxidizer, 

is one of the earliest documented composite energetic materials. The key distinction 

between pyrotechnics and propellants lies in their gas generation capabilities. Propellants 

reliably produce sufficient gas to sustain thrust for propelling objects, whereas 

pyrotechnics have limited gas release capabilities6. Solid-state propellants offer several 

advantages over liquid propellants, including ease of handling, storage stability, safety, 

simplicity, and high mass flow rates3,4,6,7.  

However, traditional micron-scale metal energetics suffer from slow reaction 

kinetics due to the relatively long diffusion length between the fuel and oxidizer8. A 

primary strategy to enhance the reactivity of metal fuel-based energetics is to decrease the 

particle size, which facilitates better contact and reduces the diffusion distance between the 

fuel and oxidizer8–12. The utilization of nanoscale particles has shown dramatically 

increased reactivity. It has been reported that incorporating aluminum nanoparticles into a 

composite propellant can increase the combustion rate of propellant by 5–10 times 

compared to traditional micron-sized particles13. Thermites consisting of nanoscale metals 

and metal oxides have demonstrated reaction rates approximately 1000 times higher than 

the thermites with micron-sized particles, along with significantly reduced ignition 

temperatures14–16. These materials are commonly referred to as nanothermites and 

metastable intermolecular composites (MICs)17. 
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1.2  Combustion mechanism of metal particles 

From the perspective of energy release during combustion, fuels with high energy 

density, both in terms of weight and volume, are beneficial in terms of both economy and 

energy efficiency. Despite having a high energy release rate, explosives often exhibit lower 

energy density and no stoichiometric control compared to metal fuels6. Figure 1-1 

demonstrates that metal fuels, such as Al, B, Ti, Mg, Si, have much higher volumetric and 

gravimetric energy density compared to the commonly used monomolecular compounds. 

The oxidation and combustion mechanism of these metal particles have been widely 

studied. Commercial metal particles have a passivating oxide shell. The distinct physical 

and chemical properties of these oxide shells and metallic cores lead to significantly 

different combustion mechanisms. For example, while the cores of Al and Mg particles 

melt and vaporize at relatively low temperatures, their oxide shells exhibit high-

temperature resistance18–22. In contrast, the core of B particles remains solid while its oxide 

shell melts at a relatively low temperature23–25. For Si and Ti particles, both the oxide shells 

and the cores maintain resistance to phase changes until exposed to high temperatures26–32. 
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Figure 1-1 Gravimetric and volumetric energy density of metals and monomolecular 

compounds. 

Among all the metal fuels listed in Figure 1-1, Al has received the most thorough 

investigation because of its availability, low cost, high energy density, and favorable 

ignition properties33–35. Aluminum has been widely utilized as an additive to rocket 

propellant for improving specific impulse and enhancing combustion stability20,36. For 

example, the incorporation of aluminum in solid propellants has the capability of increasing 

the specific impulse by as much as 15%33.  

Aluminum combustion in air suggests that it burns as a vapor, and the combustion 

process is governed by the diffusion of both the fuel and oxidizer22. Combustion of Al 

particles produces aluminum oxide smoke resulted from the combustion of Al vapor20. The 

ignition process of aluminum particles initiates with a relatively brief phase of 

heterogeneous combustion, which rapidly transitions into a quasi-steady diffusion flame37. 
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Figure 1-2 (a) shows the heterogenous oxidation mechanism of nanoscale aluminum at low 

heating rate developed by Dreizin and coworkers38. This mechanism suggests that the 

phase transition of the alumina shell into different polymorphs at elevated temperatures 

may result in the formation of cracks or discontinuities in the shell. These cracks or 

discontinuities in the shell enable rapid diffusion of gaseous oxygen to reach the Al core, 

thereby facilitating oxidation38. Other studies have proposed an alternative Al particle 

oxidation mechanism based on experimental observation and molecular dynamics 

simulation that Al particle becomes hollow at elevated temperatures (Figure 1-2 (b))13,39. 

These studies have suggested that the difference in charge density between the inner and 

outer surfaces of the oxide shell suggests the induction of an electric field, which prompts 

aluminum cations near the core/shell interface to migrate towards the outer surface, where 

they come into contact with oxygen and undergo oxidation13,39. They have also concluded 

that the diffusivity of aluminum cations through the oxide shell is significantly higher than 

the diffusion rate of oxygen anions towards the core. Therefore, both the inward diffusion 

of oxygen and the outward diffusion of aluminum collectively contribute to the oxidation 

process of aluminum particles.  
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Figure 1-2 Schematic of the proposed oxidation of aluminum particles (a)38 (Reproduced 

with permission from Taylor & Francis). TEM images of hollow Al nanoparticles after 

oxidation (b)13 (Reproduced with permission from Taylor & Francis). TEM images of 

hollowing process of Mg nanoparticles from in-situ heating (c)18. (Reproduced with 

permission from American Chemical Society). 

Similar to aluminum, magnesium also undergoes combustion in the vapor phase. 

However, a notable difference arises due to the extremely high vapor pressure of 

magnesium at relatively low temperatures. This high vapor pressure results in the complete 

vaporization of the magnesium core in magnesium nanoparticles through the porous 

magnesium oxide shell at ~900 K and leads to the oxidation of magnesium vapor in the gas 
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phase (Figure 1-2 (c))18. Furthermore, the rapid sintering of Al nanoparticles before 

oxidation results in the loss of nanostructure, which compromises the oxidation and energy 

release kinetics. In contrast, the combustion of magnesium initiated in the vapor phase with 

most oxidizers should eliminate sintering due to rapid vaporization. Therefore, magnesium 

nanoparticles have significantly faster oxidation kinetics and more complete energy 

extraction compared to aluminum nanoparticles18.  

Among all the metals listed in Figure 1-1, boron (B) stands out due to its 

significantly higher volumetric and gravimetric energy density compared to other metal 

fuels. However, unlikely aluminum and magnesium, boron suffers from low ignitibility 

and slow oxidation kinetics due to its native oxide shell, boron oxide (B2O3), which has a 

low melting point (723 K) and a high boiling point (2130 K) 24,40–45. These temperatures 

are lower than the melting point (2349 K) and boiling point (4200 K) of boron. Therefore, 

the solid boron core is covered by a liquid shell during oxidation when the temperature is 

lower than 2130 K. This liquid oxide layer lacks physical voids and acts as a barrier for 

oxygen or boron diffusion, consequently impeding reactivity 24,40–45. Further oxidation and 

full-fledged combustion of boron particle occurs when the oxide shell is completely 

removed, and the bare boron reacts heterogeneously with the surrounding oxidizer24,41,46,47. 

These two stages are generally referred to the two stages of boron particle combustion. 

During the first stage, the oxidation rate of boron particle is limited by the diffusion of 

reacting species through the liquid oxide shell. While during the second stage, the oxidation 

rate is limited by the reaction of bare boron with the gaseous oxidizer. Another limiting 

factor for extracting the energy from boron is the reduced energy release from boron 
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combustion in gases containing hydrogen due to the thermodynamically favored formation 

of HOBO. This compound "traps" boron, preventing it from forming gaseous B2O3 and 

releasing its full potential energy41,48. 

Similar to B, the oxidation of Ti and Si takes place in the condensed phase and 

oxygen must diffuse through the oxide shell to react with the metallic core26,27,29. However, 

the melting point of the oxide shell of Ti and Si is significantly higher than that of B, 

leading to difference in oxidation mechanism. The oxide shell of Ti contains high 

concentrations of oxygen vacancies as Ti has multiple oxidation states. These vacancies 

promote oxygen diffusion through the oxide shell. Consequently, Ti has the lowest ignition 

temperature in gaseous oxidizers among these commonly used metal fuels. However, 

unlike Al and Mg, the Ti core cannot melt or vaporize and react with oxygen ions on the 

metal oxide surface, it has poor reactivity with condensed phase oxidizers29,31,49. The oxide 

shell of Si nanoparticles contains less oxidation vacancies and melts at a lower temperature 

than that of Ti nanoparticles, therefore the oxidation kinetics of Si nanoparticle is 

inhibited26.  

Overall, the different physical properties of these metal fuels and their 

corresponding oxides dictate their distinct oxidation mechanisms and energy release rates. 

It has been demonstrated that manipulation of the oxide shell to increase the vacancies for 

enhancing oxygen diffusion or break the continuity of the liquid oxide shell favors the 

oxidation kinetics. For example, the reactivity of B particles has been shown to increase by 

coating them with fluorides, oxides, and polymers50–54. Additionally, it has demonstrated 

that pre-stressed aluminum nanoparticles exhibit increased reactivity attributed to 
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accelerated ion migration through the surface under tensile strain55. Apart from these, 

tunable energy release rates can be achieved by mixing different metal nanoparticles in 

energetic composites. For instance, it has been shown that the combination of B and Al 

nanoparticles with copper oxide (CuO) exhibits higher reactivity compared to 

compositions containing only B/CuO or Al/CuO17. 

1.3  Assembling fuel and oxidizer particles in polymer matrices 

 Nanoscale metal fuels and oxidizers have demonstrated enhanced reactivity 

compared to their micron size counterparts due to improved contact and reduced diffusion 

distance with oxidizers8–11. The most straightforward method to achieve an intimate 

mixture between the nanoscale fuels and oxidizers is by physically mixing the 

nanoparticles56. However, the direct usage of nanothermite as loose powder in practical 

applications, such as propellants, is impractical due to the high impact, friction, and 

electrostatic discharge sensitivities associated with the physically mixed nanothermites. 

These sensitivities can lead to the uncontrollability and irreproducibility, rendering the 

approach unsuitable. Hence, there is a need to develop techniques for fabricating compact 

composites with reproducible characteristics. Traditional casting methods used for 

fabricating solid propellants suffer from long processing times and restriction in the types 

of architectures that can be achieved. These limitations have motivated the exploration of 

alternative techniques to assemble thermites into polymer matrices, with additive 

manufacturing techniques such as electro-spraying, electrospinning, and direct ink writing 

(3D printing) being investigated (Figure 1-3  (a))56–61. Among these techniques, 3D printing 

stands out as the most ubiquitous due to its simplicity, higher productivity, greater control, 
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higher compatibility with nanothermites employing a variety of polymers6,58,62–66. 

Therefore, 3D printing has been widely employed to fabricate free-standing propellants 

and pyrotechnics (Figure 1-3 (b)).  

 

Figure 1-3 Different additive manufacturing techniques for fabricating polymer 

composites of metal and metal oxides (a) 58. (Reproduced with permission from American 

Chemical Society) A photo of free-standing energetic stands from 3D printing (b). 

 While the reactivity of metal-based energetic materials improves with the 

utilization of nanoscale particles, the nanostructure of metal nanoparticles is often 

compromised by sintering and agglomeration before or during the combustion process. The 

exothermic nature of oxidation reactions results in a temperature rise, promoting the 

tendency of nanoparticles to agglomerate and sinter together67. Combustion of particles 

within the size range of 30-100 μm typically follows the d2-law (diffusion-limited burning). 

As the size reduces to ~10 μm, the combustion of particles transitions to follow the d-law 

(kinetics-limited burning). However, the burn time of nanoscale particles is nearly 

independent of the particle size (~d0.3), significantly deviating from the kinetically 

controlled mechanism35,67. In-situ TEM heating studies on nanoscale aluminum at high 
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heat rates (~106 K/s) revealed the loss of nearly 80% of the nanoparticle surface area due 

to sintering67,68. These studies also demonstrated that the sintering time of nanoscale 

aluminum (~50 ns) is lower than the reaction time (~10 μs), which indicates that aluminum 

nanoparticles sinter before the main combustion event5,67–69. Consequently, the advantages 

of having a high surface to volume ratio of nanoparticles are negated by sintering and 

agglomeration. 

 Sintering and agglomeration are also frequently observed with in-situ imaging 

techniques during the propagation of energetic composites. For instance, as displayed in 

Figure 1-4 (a), agglomerates with sizes ranging in the hundreds of microns are noticeable 

during the combustion of aluminum-based solid propellant with ammonia perchlorate (AP) 

as the oxidizer36. More recently, Wang et al have observed the sintering process using high-

speed microscopic imaging during the propagation of nanothermite (Al/CuO) composite61.  
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Figure 1-4 Aluminum particle combustion and agglomeration of a propellant strand (a)36. 

Snapshots of burning flame front showing sintering (left) and schematic showing sintering 

(right) (b) 61. (Reproduced with permission from Elsevier and Springer Nature) 

 Various methods have been explored to mitigate the sintering and agglomeration 

of nanoparticles during combustion. One effective approach involves assembling 

nanothermites into mesoparticles with a gas generating polymer binder (e.g. nitrocellulose, 

NC), which has been shown to enhance reactivity by reducing the sintering of aluminum 

nanoparticles56,57,70. The significant gas generation from NC at relatively low temperatures 
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contributes to the disintegration of soft agglomerates before or during the combustion 

events. Similarly, Wang et al employed an unzipping polymer capable of generating 

substantial gas at low temperatures to mitigate the sintering of 3D printed energetic 

composites. Their findings revealed a nearly tenfold increase in burn rate compared to the 

composite containing  binders with minimal gas generation71. Additionally, Sippel et al 

observed that substituting aluminum particles with mechanically activated composite 

particles (aluminum/polytetrafluoroethylene, Al/PTFE) in solid propellants results in 

smaller burning metal particles33.  

1.4  Role of heat feedback on the propagation of energetic materials 

Heat transfer plays a critical role on the combustion performance of an energetic 

material. For steady propagation, sufficient heat transferred from the flame back to the 

nearby unreacted material is essential72–76. Higher amounts of heat feedback have been 

shown to enhance burn rate and energy release rate of energetic systems33,77,78. Thermal 

theories regarding pre-mixed laminar flames argue that the primary mechanism governing 

flame propagation is the heat transfer through layers of gas. This involves the conduction 

of heat from the reaction zone, which is required to elevate the unburned gas temperature 

to the ignition temperature79. It is deduced that the velocity of steady-state propagation can 

be expressed as Equation (1).  

                                                                  𝑣 ~ √𝛼 · 𝜔̇                                                                 (1) 

where 𝑣 is the propagation rate, 𝛼 is the thermal diffusivity, and 𝜔̇ is the reaction rate79. 

This implies that the propagation rate depends on the rate at which heat is released from 
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the reaction (𝜔̇), and how rapidly this heat can be transferred to the unburned gas (𝛼). 

Although Equation (1) was originally formulated for gas phase combustion, prior research 

has shown that this theory can be extended to the solid-state composites80–82. The 

incorporation of materials possessing high thermal diffusivity into solid propellants to 

regulate combustion performance has a lengthy historical precedent83. Caveny et al. 

documented a notable enhancement in the burn rate of a solid propellant upon the 

introduction of a wire with high thermal diffusivity80. Subsequently, wires have been 

extensively employed to customize the burn rate of solid propellants84–86.  

Other strategies for enhancing heat feedback in solid-state composites have been 

explored beyond manipulating thermal diffusivity. For instance, the incorporation of 

carbon fibers into solid composites serves to intercept detached hot agglomerates near the 

burning surface, thereby promoting heat feedback. This inclusion of carbon fibers has been 

shown to significantly increase burn rates77,78. In a separate study, Sippel et al. found that 

the prompt ignition of agglomerates at the burning surface enhances heat feedback and 

pressure sensitivity33. Additionally, Kline et al. demonstrated that the addition of an 

oxidizer with significant metal condensation provides a pathway for improved heat 

feedback and promotes the steady propagation of a composite with minimal metal 

condensation75. 

Recent investigations, however, present a contrasting phenomenon that the 

inclusion of materials with low thermal diffusivity can enhance the burn rate of solid-state 

energetic composites83,87,88. Additionally, modeling studies on solid-solid combustion 

indicate that a lower thermal diffusivity in a composite results in a higher burn rate89,90. 
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This can be attributed to the improved concentration of heat generated during the reaction 

in the adjacent unreacted layer. Thus, more of the energy is used for igniting the adjacent 

reactants rather than diffusing far ahead into the unreacted zone89. These studies suggest 

that the thermal theories of pre-mixed laminar flame may not be applicable to the solid 

energetic composites.  

1.5  Development of energetic biocidal agents  

Throughout history, humanity has faced threats from viruses and bacteria, with the 

emergence of biological weapons presenting new challenges to global security. Therefore, 

the development of effective biocidal agents is imperative to safeguard human health. 

Halogen-containing fungicides, including chlorine-based compounds and HF, have 

demonstrated high efficacy in neutralizing bacteria91. However, their application is limited 

due to potential instability and toxicity concerns. Unlike other elements, iodine possesses 

unique properties, as it can eradicate microorganisms without harming the environment91. 

Iodine can penetrate the cell walls of microorganisms and interact with cellular nucleic 

acids and react with thiol groups in enzymes and proteins, disrupting their structure and 

rendering them inactive92. Iodine has proven to be exceptionally effective as a biocidal 

agent, achieving a 99.999% kill rate for certain viruses and bacteria in just 10 minutes at 

25 °C with concentrations below 15 ppm93. Nevertheless, the direct application of 

molecular iodine as a biocidal agent poses challenges due to its sublimation at room 

temperature, driven by its high vapor pressure. Furthermore, traditional biocidal agents 

containing halogen-based disinfectants often face inefficiencies in large-scale 

microorganism deactivation within short timeframes91. 
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 An alternative approach to deactivate microorganism involves applying a thermal 

pulse, often utilizing energetic materials92. However, this approach may lead to incomplete 

deactivation due to the transient nature of the thermal pulse as well as the potential non-

uniform delivery of heat across the target area92,94. Taking into consideration the pros and 

cons of using halogen-containing fungicides and thermal pulses, the concept of agent defeat 

weapons (ADWs) has been           proposed93,95. ADWs deliver a thermal pulse and remain 

active for an extended period of time afterward from the release of large amounts of strong 

biocides. Therefore, there is a focus on energetic materials with both high energy density 

and high iodine content.   

Nanothermites offer significant advantages for use in ADWs, owing to their high 

energy density and high tunability. Incorporating molecular iodine into energetic materials 

is a direct and effective strategy in the development of ADWs. Recent studies have 

investigated the combustion behavior and biocidal efficacy of composites containing 

molecular iodine, prepared through mechanical milling96–100. However, these composites 

exhibit instability during long-term storage and require the incorporation of an additional 

oxidizer for combustion to occur, which means the overall energy density is compromised 

by adding molecular iodine to the composites. I2O5 emerges as a promising candidate due 

to its high oxygen and iodine content, as well as its strong oxidizing properties. Several 

studies have explored the energy release of energetic composites containing I2O5, along 

with their effectiveness in deactivating spore-forming bacteria101–103. Nonetheless, the 

hygroscopic nature of I2O5 poses significant challenges to its practical application, 

prompting further exploration of iodine-containing oxidizers suitable for use in ADWs. 
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Ideally, the sought-after material would engage in a highly exothermic redox reaction, 

possess a high iodine content, release molecular iodine, be easy to handle, and exhibit long-

term stability for storage92. 

1.6  Motivation and research outline 

1.6.1 Effect of physical properties on ignition behavior and combustion 

characteristic  

 Nanoscale metal and metalloid particles, such as aluminum, boron, silicon, titanium, 

magnesium, and zirconium, attract significant attention in the field of energetic materials 

due to their high energy density18,27,29,50,71,104. Boron has the highest high gravimetric and 

volumetric energy content among these fuels, as shown in Figure 1-1. However, boron 

suffers from slow oxidation kinetics due to the low melting point (723 K) and high boiling 

point (2130 K) of its oxide shell (B2O3). At relatively low temperatures during combustion, 

the B2O3 melts into a liquid shell that lacks physical voids. The diffusion of reacting species 

is significantly limited by this liquid barrier, which leads to the low reactivity and long 

ignition delays24,40,43,105.  

Various methods have been explored to improve the reactivity of boron and lower 

the ignition temperature and ignition delays. One straightforward method is to remove the 

surface oxide layer by dissolving it away. Chintersingh et al found that washing with 

acetonitrile can effectively remove the surface oxide of boron powders and shorten the 

ignition delays106. However, this approach only removes the initial oxide shell of boron 

particles and lacks control over newly formed oxide from the oxidation of boron. Another 



18 

 

effective approach to improve oxidation of boron is to coat the boron surface with 

compound that can potentially interact with B2O3 or produce heat to boil off B2O3
107. This 

approach involves coating or mixing boron particles with metal such as magnesium and 

lithium108–111, metal hydrides112, metal fluorides50, metal oxides51, and polymers54,113. 

Alternative methods to enhance the ignition and combustion performance of boron include 

the utilization of various solid-state oxidizers, such as binary metal oxides42,114, metal 

oxides with oxygen vacancy115,116, and fluorinated compounds41,117–119. However, the effect 

of physical properties of these oxidizers on the boron ignition and combustion is not well 

understood. In addition, the aforementioned approaches to improve boron ignition or 

combustion often result in the reduction in energy density, making it challenging to 

improve boron combustion without compromising energy density. Hence, there is 

motivation to study the ignition mechanism of boron with oxidizers that have high oxygen 

content.  

In Chapter 3 of this dissertation, a systematic study of the ignition mechanism of 

nanoscale boron with alkali metal perchlorates (LiClO4, NaClO4, and KClO4) and iodates 

(LiIO3, NaIO3, and KIO3) is described. Boron combined with perchlorates and iodates 

demonstrates higher energy density compared to boron combined with other commonly 

used oxidizers like CuO and Fe2O3. Significant differences in ignition behavior are 

observed among boron combined with different alkali metal perchlorates, although the 

chemical reaction between boron and these oxidizers are very similar. Specifically, 

B/LiClO4, B/NaClO4 ignite, whereas B/KClO4 does not, as shown in Figure 1-5 (a). The 

heat generated from the reaction between boron and LiClO4 and NaClO4 promotes further 
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decomposition of LiClO4 and NaClO4, whereas this effect is absent for B/KClO4. Similarly, 

for boron with alkali metal iodates, B/LiIO3 and B/NaIO3 ignite while B/KIO3 does not 

(Figure 1-5 (a)). Additionally, there is a notable increase in decomposition observed for 

LiIO3 and NaIO3 resulting from the reaction between B and LiIO3 and NaIO3, whereas 

there is minimal promotion for further decomposition of KIO3 from B/KIO3.  

Analysis of the decomposition process of the alkali metal perchlorates and iodates 

reveals the presence of temperature gap between melting and decomposition onset of 

LiClO4, NaClO4, LiIO3, and NaIO3, respectively, while KClO4 and KIO3 melt and 

decompose concurrently. I have found that the larger interval between melting and 

decomposition provides more time for the oxidizer to melt and envelop the boron 

nanoparticles, facilitating better contact. Consequently, boron nanoparticles have 

immediate access to oxygen once the oxidizer decomposes, results in vigorous ignition 

(Figure 1-5(b)). Whereas for oxidizers that melt and decompose concurrently, there is little 

time for the oxidizer to envelop the boron nanoparticles before decomposition. This implies 

that although oxygen release occurs near the boron particles, only boron nanoparticles with 

intimate contact with the initial oxidizer particles have instant access to oxygen, resulting 

in a small ignition event (Figure 1-5(b)). These findings reveal the significance of physical 

properties of oxidizers in the ignition of metal fuels.  
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Figure 1-5 Ignition snapshots of B with different alkali metal perchlorates and iodates (a). 

Proposed mechanism explaining the relationship of ignition behavior and temperature 

difference between melting and decomposition (b)23. (Reproduced with permission from 

Elsevier)  

  Sintering and agglomeration are commonly observed prior to or during combustion 

and negate the advantages of using nanoscale particles, as discussed earlier. Aluminum is 

commonly employed as the primary fuel in solid propellants, while boron, with its high 

energy content, and titanium serve as alternative fuel sources24,29. Chapter 4 investigates 

the combustion characteristics of high loading composites with nanoscale aluminum, boron, 
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and titanium as the fuel and KClO4 as the oxidizer. KClO4 is selected as the oxidizer due 

to its potential for minimal interaction with the fuel agglomerates during combustion, as 

its decomposition products are gaseous at the temperature of interest. I have found that the 

combustion characteristics are heavily dependent on the fuel type. For instance, mobile 

droplets with dark caps form on the burning surface of composite with aluminum  as the 

fuel. These droplets coalesce and grow before departing the burning surface. While for the 

composites of  boron and titanium as the fuel, fractal-shaped agglomerates form on the 

burning surface (Figure 1-6 (a))28. The difference in combustion characteristics between 

boron and titanium lies in the higher tendency of the fractal-shaped agglomerates to 

transition to a more spherical shape for titanium compared to boron. The agglomerates 

observed in composites containing all three fuels are notably larger than the initial 

nanoscale particles used in their preparation, indicating substantial sintering and 

agglomeration during combustion. 

The combustion characteristic of these composites are attributed to the physical 

properties, e.g. melting and boiling points, of the fuels and their corresponding oxides. For 

aluminum, the temperature of the droplets exceeds both the melting point of aluminum and 

aluminum oxide, leading to the formation of molten droplets. In contrast, for boron, the 

temperature of the agglomerates falls between the melting and boiling points of B2O3, 

while remaining lower than the melting point of boron itself. Consequently, although boron 

oxide exists in a liquid state, the boron core remains solid, resulting in the formation of 

fractal-shaped agglomerates. Regarding titanium, the measured temperature of the 

agglomerates is slightly above the melting point of both titanium and TiO2, indicating a 
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potential transition into molten droplets. However, the agglomerate temperature remains 

below the melting point of Ti2O3, which forms at the interface of titanium and TiO2, thereby 

explaining the retention of the fractal-shaped morphology. I have also observed that the 

agglomerates remain on the burning surface for a certain duration before detaching, and 

their surface residence times vary from ~1.5 ms to ~4 ms. Interestingly, these surface 

residence times are shorter than their theoretical burn times, indicating that the 

agglomerates continue to burn after separating from the burning surface. This observation 

aligns with the experimental findings depicted in Figure 1-6 (b)28. In summary, Chapters 3 

and 4 provide mechanistic insights into how the physical properties—such as melting and 

boiling temperatures—of both fuel and oxides influence the ignition and combustion 

behavior of energetic materials.  
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Figure 1-6 Microscopic imaging snapshot of combustion characteristics (a) and illustration 

of combustion characteristics (b) of Al-KClO4, B-KClO4, and Ti-KClO4
28. (Reproduced 

with permission from Elsevier) 

1.6.2 Tuning the energy release rate of energetic composites by manipulating heat 

feedback 

Sufficient feedback from the flame or reaction front to the unreacted materials is 

essential for the steady propagation of an energetic material72–76 and it has been 
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demonstrated that higher amounts of heat feedback can increase the energy release rate of 

energetic materials33,77,78. These findings prompt a fundamental question: How can heat 

feedback be manipulated to adjust the energy release rate of an energetic system? The 

research conducted in this dissertation has addressed this question by presenting three 

distinct approaches (Chapters 5-7) for manipulating heat feedback to tune the burn rate and 

energy release rate of energetic composites.  

 Convection, conduction, and radiation constitute the three primary mechanisms of 

heat transfer. For the research conducted in this dissertation for manipulating heat feedback 

(Chapters 5-7), the combustion tests of all the energetic composites are performed within 

a vented chamber maintained at approximately the atmospheric pressure. Prior research 

has shown that radiative heat feedback is insignificant for a propellant propagating under 

atmospheric pressure conditions. Therefore the effect of radiative heat feedback can be 

disregarded73,74,76,120.  

Convective heat transfer can be subdivided into two categories: convection of gases 

and convection resulting from the movement of condensed phase material73,121–123. A 

previous study by Egan et al. found that convective heat transfer alone was inadequate to 

maintain combustion for a thermite (Al/CuO) propagating within a narrow channel73. It 

was further inferred that convective heat transfer should be proportionate or even 

diminished for other thermite systems, considering that Al/CuO is among the thermite 

compositions with the highest amount of gas generation73. Moreover, the combustion 

experiments conducted in this dissertation take place within a chamber with a cross-

sectional area that is several orders of magnitude larger than that of the composites. 
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Consequently, convective heat transfer is significantly lower compared to the study by 

Egan et al.73 due to the lack of confinement. Therefore, the convection of gases can be 

neglected for the composites investigated in this dissertation. A significant contribution to 

the overall heat feedback to sustain propagation of Al/CuO in the study by Egan et al. was 

the movement of hot solid and molten material73, which was also suggested by other 

studies122,123. However, I have not observed the movement of burning particles back to the 

unburnt materials after their departure from the burning surface for the research conducted 

in this dissertation (Chapters 5-7). This is likely attributed to the lack of confinement in the 

chamber used for testing the composites. Therefore, it is improbable that convective heat 

feedback plays a dominant role in the propagation of these composites. 

 The remaining heat transfer mechanism is conduction, the significance of which 

has been suggested previously. For instance, a study by Brewster et al. reported that more 

efficient heat transfer from the agglomerates during their residence on or near the 

propellant surface leads to an enhanced burn rate of solid propellant72. Chapters 5-7 of this 

dissertation provide three distinct approaches for manipulating conductive heat feedback 

to tune the energy release rate of energetic composites.  

Chapter 5 introduces one of the approaches to manipulate conductive heat feedback, 

which involves tuning the equivalence ratio between the fuel and oxidizer of the composite. 

I have prepared aluminum/ammonium perchlorate (AP) composites with different 

equivalence ratios (φ=0.5, 1, and 2). All three composites propagate in an inert 

environment, with the formation of molten droplets occurring on the burning surface. The 
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droplet size from composites with an equivalence ratio of 0.5 and 1 are similar, whereas 

the droplet size is significantly larger for the composite with an equivalence ratio of 2. 

One would anticipate that the composite with an equivalence ratio of 1 should 

exhibit the highest burn rate based on energy density considerations. Indeed, the composite 

with an equivalence ratio of 1 demonstrates a higher burn rate compared to that of an 

equivalence ratio of 0.5, aligning with expectations. However, the measured burn rate of 

the composites increases as the equivalence ratio increases from 1 to 2, contrary to initial 

expectations, as illustrated in Figure 1-7 (a). This unexpected trend in burn rate between 

the composites with equivalence ratios of 1 and 2 is attributed to differences in agglomerate 

residence time. The composite with an equivalence ratio of 2 exhibits significantly longer 

agglomerate surface residence time than that of an equivalence ratio of 1, resulting in 

considerably more conductive heat feedback to unburnt materials. This notably higher heat 

feedback offsets the burn rate decrease resulting from lower energy density, ultimately 

leading to a higher burn rate. 

 Chapter 6 explores another method for manipulating heat feedback, focusing on 

tuning agglomerate surface tension. Aluminum/potassium perchlorate (KClO4) composites 

with varying silicon contents were fabricated for this purpose. Silicon is selected as the 

additive to manipulate the agglomerate surface tension due to the similar energy density 

between Si/KClO4 and Al/KClO4, miscibility of Al and Si at the relevant temperature, and 

the lower surface tension of molten Si compared to Al at the same temperature124. I have 

found that the addition of Si slightly increases the agglomerate size with minimal impact 

on the agglomerate temperature. However, the lower surface tension of Si leads to the 
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decreased surface tension of the agglomerate, resulting in a reduced droplet growth rate.  

Consequently, the inclusion of Si extended the agglomerate residence time on the burning 

surface, as depicted in Figure 1-7 (b), thereby enhancing conductive heat feedback and 

ultimately resulting in higher burn rates and energy release rates. 

 Chapter 7 demonstrates the third approach for manipulating heat feedback, which 

involves utilizing carbon fiber (C.F.) as an additive to intercept agglomerates near the 

burning surface, thereby increasing the heat feedback. The loss of nanostructure prior to or 

during the combustion diminishes the benefits of using nanoscale particles, as mention 

earlier. Mesoparticles containing nanoscale fuel and oxidizer particles, along with a low-

temperature gas generating polymer binder, have demonstrated superior combustion 

performance compared to the physically mixed fuel and oxidizer nanoparticles56,57,70. This 

improved reactivity is attributed to the reduced sintering from the breakup of agglomerates 

before or during the combustion due to gas generation from the polymer binder. However, 

the mesoparticles are in the powder form and cannot be directly utilized in practical 

applications such as propellants. An essential advancement for practical application of 

these mesoparticles is the fabrication of free-standing composites containing them. I have 

successfully prepared free-standing composites with 90% loading of mesoparticles via 3D 

printing without compromising the integrity of the mesoparticles.  

However, the printed composite exhibits noncontinuous propagation behavior, 

attributed to the lack of sufficient heat feedback from the flame to the unburnt composite. 

Carbon fiber is introduced to the composite to enhance heat feedback by trapping and 

retaining the hot agglomerates near the burning surface (Figure 1-7 (c)). The inclusion of 
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carbon fiber results in steady propagation. Agglomerate residence time and characteristic 

heat transfer time near the burning surface are estimated and compared for the composites 

with and without carbon fiber. I have found that the composite without carbon fiber has an 

agglomerate residence time comparable to the characteristic heat transfer time, whereas the 

composite with carbon fiber experiences a notably prolonged agglomerate residence time 

compared to the characteristic heat transfer duration (Figure 1-7 (c)). This analysis 

confirms the enhanced heat feedback achieved through carbon fiber incorporation. 
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Figure 1-7 Time-resolved images with corresponding burn rate for aluminum and AP 

composites with different equivalence ratios (a). The measured agglomerate surface 

residence time distribution for the composites of aluminum and silicon as the fuel and 

KClO4 as the oxidizer with varying aluminum-to-silicon content (b). An image showing 

agglomerates residing on carbon fibers for the composites with mesoparticles (left) and 

estimated agglomerate residence time and characteristic heat transfer time for the 

composites with and without C.F. (right) (c). 

 

1.6.3 Developing energetic biocidal agents with metal iodates 

 Interest in the development of agent defeat weapons (ADWs) has facilitated studies 

on iodine-containing compounds for the application as oxidizers in energetic composites 

with high energy density. As mentioned earlier, although having high iodine content and 

high oxidizing capability, I2O5 suffers from moisture sensitivity that limits its practical 

application101. Metal iodates are promising alternative candidates due to their high iodine 

content and strong oxidizing property92,94,125. Combustion characteristics and iodine release 

have been investigated for energetic composites containing a variety of metal iodates, such 

as AgIO3, Bi(IO3)2, Ca(IO3)2, Fe(IO3)2, Ti(IO3)4, and Cu(IO3)2, with iodine content ranging 

from 44.9% to 67.9%92,94,125–127. Interestingly, the studies revealed that not all of these 

iodates can produce molecular iodine as the final decomposition product. For instance, 

AgIO3 decomposes into condensed phase AgI instead of releasing gaseous molecular 

iodine, which means that iodine is kinetically trapped in the form of metal iodide127. While 

AgI is also known to act as a biocide, it is less effective than iodine92. However, the 

underlying decomposition mechanism of metal iodates and fundamental factors governing 

the decomposition pathway remain not well understood.  
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 The research performed for this dissertation has been able to provide a systematic 

study on the decomposition mechanism of alkali and alkaline metal iodates (LiIO3, NaIO3, 

KIO3, Mg(IO3)2, and Ca(IO3)2) with high iodine and oxygen content (Chapter 8). It is found 

that all of these metal iodates produce O2, confirming their potential utilization as oxidizers. 

However, only Mg(IO3)2, Ca(IO3)2, and LiIO3 release significant amount of I2 while NaIO3 

and KIO3 have minimal I2 release (Figure 1-8 (a) and (b)). Analysis of the condensed phase 

species reveals the presence of two distinct decomposition processes among these metal 

iodates. Mg(IO3)2, Ca(IO3)2, and LiIO3 follow a two-step decomposition, while NaIO3 and 

KIO3 follow a one-step decomposition. Two decompositions pathways are proposed based 

on these observations as well as previous studies128–130. One pathway undergoes two 

decomposition steps: (1) Decomposition of metal iodate (MIO3) into metal orthoperiodate 

(Mx(IO6)y) accompanied by I2 and O2 release, and (2) decomposition from metal 

orthoperiodate to metal oxide (MO) accompanied by I2 and O2 release. LiIO3, Mg(IO3)2, 

and Ca(IO3)2 follow this pathway. The other pathway undergoes one decomposition step 

that produces metal iodide and O2. NaIO3 and KIO3 follow this decomposition pathway. In 

this scenario, iodine becomes trapped as metal iodide rather than being released as 

molecular iodine, rendering these iodates less suitable candidates for applications in 

biocidal agents. Thermodynamic data is employed to forecast which decomposition 

pathway is more advantageous for a specific metal iodate, and these predictions are broadly 

aligned with the experimental findings obtained from the examined alkali and alkaline 

metal iodates. These results suggest that not all metal iodates are potential candidates for 
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the application in ADWs, and a simple thermodynamic calculation can predict whether a 

metal iodate is a promising biocidal agent by estimating its decomposition pathway131.  

 

Figure 1-8 Mass spectrum of heated alkali and alkaline metal iodates (a). The measured I 

release of these iodates and their relative intensity to KIO3 (b)131. SEM cross-section of the 

assembled 90% loading composites of aluminum and metal iodates (c). Burn rate and 

relative energy release rate of Al-Ca(IO3)2, Al-LiIO3, and Al-NaIO3 (d)132. (Reproduced 

with permission from Elsevier). 

 To further determine if a metal iodate is suitable to be used in ADWs, its reactivity 

with a fuel as well as the iodine release rate need to be investigated. Furthermore, a 

significant step forward to the real-world application of the metal iodates in ADWs is their 

incorporation into composites with mechanical integrity, high energy density, and iodine 
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content as well as the investigation of combustion characteristics of the composites. To 

achieve high energy density and iodine content, high loading of fuel particles and metal 

iodate particles is desirable. Chapter 9 in this dissertation investigates the ignition, iodine 

release, and reactivity of alkali and alkaline metal iodates (LiIO3, NaIO3, KIO3, Mg(IO3)2, 

and Ca(IO3)2) with nanoscale aluminum, which is the mostly commonly used fuel, as 

mentioned earlier. Consistent with the observation for bare metal iodates in Chapter 8, Al-

Mg(IO3)2, Al-Ca(IO3)2, and Al-LiIO3 release a significant amount of iodine at roughly the 

same temperature, while Al-NaIO3 and Al-KIO3 have minimal iodine release. However, 

the reactivity of Al-NaIO3 and Al-KIO3 is much higher than that of Al-Mg(IO3)2, Al-

Ca(IO3)2, and Al-LiIO3. This indicates that there is trade-off between iodine release and 

reactivity among aluminized metal iodates. The estimation of iodine release rates is 

conducted for thermites containing metal iodates with significant iodine release. The 

findings suggest that Al-Mg(IO3)2 and Al-Ca(IO3)2 have considerably higher iodine release 

rates than Al-LiIO3. 

Free-standing composites of 90% loading of aluminum and metal iodates are also 

successfully fabricated via 3D printing (Figure 1-8 (c)). A high iodine content within an 

energetic composite is desirable for its application in ADWs. These fabricated composites 

boast iodine contents reaching nearly 50 wt%, and their combustion characteristics are 

studied with high-speed videography and pyrometry. It has been observed that only Al-

Ca(IO3)2, Al-LiIO3, and Al-NaIO3 exhibit complete propagation in an inert environment, 

with their microscopic combustion behaviors showing similar characteristics. 

Comparatively, Al-NaIO3 has higher propagation rate and flame temperature than Al-
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Ca(IO3)2 and Al-LiIO3, resulting in a higher energy release rate for Al-NaIO3 than for Al-

Ca(IO3)2 and Al-LiIO3 (Figure 1-8 (d)).  This indicates a trade-off between iodine release 

and energy release rate. These results demonstrate that not all aluminized metal iodate 

composites have potentials in the biocidal applications, Al-Ca(IO3)2 and Al-LiIO3 

composites are promising biocidal agents due to both heat and iodine release132.  
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2 Experimental Methods 

2.1  Temperature-jump time-of-flight mass spectrometry (T-Jump 

TOFMS) 

Studying the behavior of materials under rapid heating conditions is vital for 

investigating energetic materials. Temperature-Jump Time-of-Flight Mass Spectrometry 

(T-Jump/TOFMS) is an analytical tool that combines linear time-of-flight mass 

spectrometry with rapid heating techniques to detect chemical species. The core principle 

of this experimental approach is to replicate the heating rate typically provided by a flame 

front by initiating the reaction at a characteristic heating rate ranging between 105 and 106 

K/s. This high heating rate is crucial for triggering ignition and combustion reactions 

effectively. The T-Jump setup involves a wire flash heating technique that utilizes a 76 μm 

diameter platinum wire. This wire is prepared by soldering a segment of 8−12 mm wire 

between two electrical copper leads. Condensed phase samples can be drop-casted onto the 

platinum wire to form a thin layer. It is important to ensure that the sample layer is 

sufficiently thin, as one key assumption of this technique is that the coated sample has a 

similar temperature to the wire during heating. Rapid heating of the wire is achieved by 

delivering a single voltage pulse with a predetermined pulse time, typically around 3 ms. 

Temperature readings with a resolution of 0.1 ms are obtained using the calibrated 

relationship between the temperature of the platinum wire, derived from its measured 

resistance, and the current passing through the wire, following the Callendar−Van Dusen 

equation1. The platinum wire can reach temperatures of approximately ~1400 K from room 

temperature within 3 ms, resulting in a heating rate of approximately ∼4x105 K/s. 
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The basic schematic of the time-of-flight mass spectrometer is illustrated in Figure 

2-1. It is noteworthy that the chamber needs to maintain at high vacuum as the time-of-

flight mass spectrometry replies on an environment that the species have essentially no 

interaction with other gas molecules. The sample on the sample probe undergoes 

vaporization or gasification through the rapid heating of a platinum wire, after which the 

vapor or gas is ionized by an electron gun source typically operated at 70 eV. It is worth 

noting that this electron energy level is adequate to fragment certain species. Ionization 

occurs between two plates, A1 and A2, initially grounded. For a typical time-resolved 

measurement, following an electron ionization dwell time of approximately 3 μs, a voltage 

pulse of -200 V is applied to A2. Consequently, positively charged ions are extracted into 

the accelerating area between A2 and A3. A constant voltage of -1500 V is maintained for 

A3, serving as the accelerator and exerting force on the ions to traverse through the time-

of-flight tube. A liner, also held at -1500 V within the time-of-flight tube, creates a field-

free region to confine the divergence of the ion beam. Additionally, two steering plates 

currently maintained at a bias of -1600 V perpendicular to A3 optimize the signal by 

ensuring the ion beam follows the path towards the detector. Initially in the same packet, 

ions are accelerated differently based on their masses, with lighter ions reaching a higher 

velocity than heavier ones. Consequently, these ions separate as they travel through the 

time-of-flight tube, with lighter ions arriving at the detector earlier than heavier ones. Raw 

data from the detector, presented as a function of time, are output to a Teledyne Lecroy 

high-frequency oscilloscope for further processing. The electron gun and extraction plates 

are triggered at intervals of 0.1 ms, typically 100 times (10 ms), resulting in the collection 
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of 100 spectra for one measurement. This sampling time period can be adjusted according 

to the intended time scale for the event of interest by altering the sequence number. 

Tracking the evolution of a single species with a resolution of 0.1 ms is feasible. Coupling 

time-resolved temperatures of the platinum wire with time-of-flight mass spectrometry 

provides both time- and temperature-resolved characterization of a reaction. 

 The raw data obtained from the oscilloscope undergoes processing through a mass-

time calibration procedure to generate mass spectra, where the signal intensity is plotted as 

a function of mass-to-charge ratio (m/z). This calibration involves conducting 

measurements for various species with known masses across a wide range, typically from 

m/z=1 to m/z=260. Species that are normally used for calibration include argon, air, SF6, 

CuO, LiIO3. The calibration curve follows a general form represented by the equation  
𝑚

𝑧
=

𝑎𝑡2 + 𝑏𝑡 + 𝑐 , where t denotes the time of flight, and a, b, and c are constants. These 

constants are determined by fitting the time of flight data obtained from ions with known 

m/z values. 
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Figure 2-1 Schematic of T-Jump TOFMS system1. (Reproduced with permission from 

John Wiley and Sons). 

 

2.2  Temperature-jump ignition  

Ignition occurs only at high heating rates, as thermal runaway involves reaction 

rates and the generation of kinetic energy within the system significantly exceeding the 

rate at which kinetic energy dissipates from it. Therefore, ignition characterization is 

conducted using the same heating setup as temperature-jump time-of-flight mass 

spectrometry to achieve high heating rates. The basic schematic of the temperature-jump 

(T-Jump) ignition setup is illustrated in Figure 2-2. The chamber primarily consists of a 

quartz window, a pressure gauge, an inlet for vacuum, and an inlet for gas. Unlike the mass 

spectrometer chamber, which operates under high vacuum, the T-Jump ignition chamber 
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can provide various environments, including atmospheric pressure, vacuum, and pressures 

higher than atmospheric pressure. When testing thermites with solid-state oxidizers, argon 

is typically used to create an inert environment. In the absence of a solid-state oxidizer, air 

or oxygen is employed. A high-speed black and white camera is focused on the sample 

coated on the platinum wire and is triggered simultaneously with the start of heating for 

the platinum wire. This setup enables direct visualization of an ignition event and facilitates 

the analysis of the ignition event's timing relative to the start of heating.  

 

Figure 2-2 Illustration of T-Jump ignition setup. 

 

The ignition time is identified as the time when a sudden increase in light intensity 

occurs at one or more locations after the trigger event, as depicted in Figure 2-3 (a). Voltage 

and current data from the platinum wire, with a resolution of 0.1 ms, are processed to 

generate a plot of wire temperature versus time. The ignition temperature of a sample is 

determined by comparing the ignition time observed in the video to the temperature of the 

wire at that moment, as illustrated in Figure 2-3 (b). It is assumed that the temperature of 

the platinum wire increases continuously, enabling the estimation of the ignition 

temperature with a resolution of approximately 0.01 ms. 
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Figure 2-3 Snapshots of an example T-Jump ignition video showing the ignition point by 

frame-by-frame analysis of the video (a) and the corresponding ignition temperature 

obtained from the heating profile of the platinum wire.  

 

2.3  3D printing  

3D printing plays a crucial role in additive manufacturing, particularly for 

assembling nanothermites into free-standing composites. In the research conducted for this 

dissertation, the printing process begins with the preparation of an ink consisting of 

nanoparticles suspended in a polymer binder solution. Typically, the nanoparticles contain 

both fuels and oxidizers, with a loading of 90 wt%, while the polymer binder content is 

maintained at 10 wt%. For the standard printing procedure, a binder solution comprising 4 

wt% polyvinylidene fluoride (PVDF) and 6 wt% hydroxypropyl methylcellulose (HPMC) 

is utilized due to its optimal viscosity. N,N-dimethylformamide (DMF) serves as the 

solvent because of its ability to dissolve various polymer binders and evaporate at 

moderately elevated temperatures. Once PVDF and HPMC are completely dissolved, 
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oxidizer particles are introduced into the viscous solution and then subjected to 30 minutes 

of sonication. For oxidizers that dissolve in DMF, such as potassium perchlorate, the 

sample is magnetically stirred until full dissolution instead of being sonicated. 

Subsequently, fuel particles are added to the suspension, which is then sonicated for an 

additional 30 minutes before being magnetically stirred overnight. It is imperative to ensure 

that all oxidizer and fuel powders are fully immersed before sonicating the suspension. 

Before printing, the glass substrate of the printer is preheated to approximately 

75°C, and the ink is sonicated for about 15 minutes. Typically, an 18-gauge needle is used 

for printing. During the printing process, it is essential to ensure that each layer is dried 

adequately before depositing another layer, and the distance between the tip of the needle 

and the printed layer is maintained at an appropriate distance. After printing, the films are 

subjected to continuous heating at around 75°C for 30 minutes to remove any remaining 

DMF. Subsequently, the obtained films are cut into approximately 2 cm sticks for further 

characterizations.  

When printing samples containing much larger particles, such as micron-sized 

particles, replacing the 18-gauge needle with a 16-gauge or 14-gauge needle has been 

found to improve printing quality. Additionally, when printing samples with carbon fiber, 

increasing the viscosity of the ink prolongs the time needed for carbon fiber precipitation, 

resulting in smoother printing. When using solvents other than DMF, the temperature of 

the glass substrate needs to be adjusted accordingly. For instance, when a mixture of 

ethanol and dichloromethane is used as the solvent, room temperature is sufficient for 

printing. 
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2.4  Microscopic and macroscopic imaging  

  High-speed microscopic and macroscopic imaging allow for direct observation of 

the combustion process of energetic composites in operando. The schematic of the basic 

setup for both microscopic and macroscopic imaging is illustrated in Figure 2-4. For 

microscopic imaging, a high-speed color camera (Vision Research Phantom VEO710L) is 

combined with a microscope (Infinity Photo-Optical Model K2 DistaMax). Conversely, 

macroscopic imaging employs a high-speed color camera (Vision Research Phantom Miro 

M110). The microscopic imaging setup provides a resolution of 1.7-2.2 μm/pixel, while 

the macroscopic setup typically offers a resolution around 30 μm/pixel. During a typical 

measurement, a printed stick is secured on a holder inside a chamber positioned between 

the two imaging setups. The chamber is usually filled with argon and maintained at 

atmospheric pressure for a sample with oxidizer. For samples without oxidizer, air is 

typically employed instead. A nichrome wire, placed adjacent to one side of the stick, is 

Joule-heated to ignite the stick. The heating of the wire is triggered simultaneously with 

the two cameras, and the ensuing combustion events are recorded. 
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Figure 2-4 Illustration of microscopic and macroscopic imaging setup.  
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3 Effect of Alkali Metal Perchlorate and Iodate Type on Boron 

Ignition: The Role of Oxidizer Phase Change 

3.1 Summary 

Boron often demonstrates low reactivity despite having high gravimetric and 

volumetric energy density. Here I explore a family of oxidizers with very similar 

chemistries to understand controlling mechanisms in boron ignition. Boron nanoparticles 

with alkali metal perchlorates as well as iodates (LiClO4, NaClO4, KClO4, LiIO3, NaIO3 

and KIO3) were investigated under rapid heating conditions (∼105 K/s) by temperature-

jump (T-Jump) ignition and time-of-flight mass spectrometry (TOFMS). T-Jump ignition 

tests in atmospheric pressure argon show that B/LiClO4, B/NaClO4, B/LiIO3, and B/NaIO3 

ignite while B/KClO4 and B/KIO3 do not, despite the nearly identical chemistries.  T-Jump 

TOFMS results demonstrate a dramatic increase of Cl and I containing species for Li and 

Na systems relative to K when B is added. Thermogravimetry/differential scanning 

calorimetry (TGA/DSC) analysis reveals that there is a temperature gap between melting 

and decomposition onset of LiClO4, NaClO4, LiIO3, and NaIO3, respectively, whereas 

KClO4 and KIO3 melt and decompose concurrently.  I find that the larger interval between 

melting and decomposition renders more time for the oxidizer to melt and surround/wet 

the nanoscale B before decomposing, providing instant access to oxygen for B 

nanoparticles that results in vigorous ignition.  This study of a set of equivalent oxidizers 

illustrates the important role of transport phenomena and physical properties have on 

ignition.  
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3.2  Introduction 

Nanoscale particles including boron, aluminum, titanium, silicon, magnesium, and 

zirconium have been the focus of research for energetic materials including propellants and 

pyrotechnics due to their potential as high energy density fuels 1–6. Of these boron has 

always been ranked as the most attractive due to its very high gravimetric and volumetric 

energy content 7–9.  However it is well known that boron suffers from slow oxidation 

kinetics since its native oxide shell boron oxide (B2O3) has a low melting point (723 K) 

and a high boiling point (2130 K) 10, leading to a liquid barrier that retards the reactivity 7–

9,11–14. Another limiting factor is the lowered energy release from combustion of boron in 

hydrogen containing gases due to the thermodynamically favored formation of HOBO, 

which “traps” boron and prevents it from forming gaseous B2O3 and releasing all its 

potential energy 9,15. To overcome the challenge from the low reactivity of boron, various 

approaches have been investigated, including washing to dissolve the oxide layer 16,  using 

metal carbides for accelerating energy release 17, mixing boron with metal or metal hydride 

additives 18–25, decreasing the size of boron particles to the  nanoscale 26,27, coating boron 

particles with oxidants, metal fluorides, organics or polymers 3,28–36. In addition to 

modifying boron particles, other studies have investigated tuning the ignition and 

combustion performance of boron using different solid-state oxidizers including metal 

oxides 10,37, binary metal oxides 10,38, metal oxides with oxygen vacancy 39,40, mixture of 

graphene oxide and graphite fluoride 41, as well as gaseous fluorine-based oxidizers 9,42. 

Alkali metal perchlorates are attractive oxidizers for boron because of their higher oxygen 

content compared to commonly utilized metal oxides. Moreover, B/MClO4 (M=Li, Na and 
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K) reactions have much higher combustion enthalpies on both gravimetric and volumetric 

basis than many common B/metal oxide systems (Figure 3-1). Similarly, B with alkali 

metal iodates also have higher combustion enthalpies compared to B with these common 

metal oxide systems. However, the ignition mechanism of boron with these metal 

perchlorates and iodates as oxidizers have not been widely explored 43. 

This chapter systematically investigates the ignition mechanism of boron 

nanoparticles with alkali metal perchlorates (LiClO4, NaClO4, and KClO4) and iodates 

(LiIO3, NaIO3, and KIO3). Temperature-jump ignition (T-Jump ignition) tests and 

temperature-jump time of flight mass spectrometry (T-Jump/TOFMS) under rapid heating 

(∼105 K/s) conditions were utilized to analyze ignition and reaction characteristics. 

Thermal decomposition of alkali metal perchlorates and iodates under slow heating (10 

K/min) conditions were conducted with thermogravimetry-differential scanning 

calorimetry (TGA-DSC) to support the observations from T-Jump measurements. A 

mechanism explaining the observed ignition behavior difference among the B/MClO4 as 

well as B/MIO3 (M=Li, Na, K) composites is proposed.  
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Figure 3-1  Combustion enthalpies of boron with different oxidizers (Ф=1) per g or cm3 

of boron44. 

3.3  Methods 

3.3.1 Materials/Sample Preparation 

Nanoscale boron (≈100nm, ~85% active) was purchased from US Research 

Nanomaterials, Inc. LiClO4 (99%), NaClO4 (>98.0%), KClO4 (99%), NaIO3 (99%) were 

purchased from Alfa Aesar. LiIO3 (97%) and KIO3 (≥98%) were purchased from Sigma 

Aldrich (Millipore Sigma). Micron-sized alkali metal perchlorates and iodates particles 

were synthesized via an aerosol spray pyrolysis (ASP) approach 45,46. Generally, 1 g of as-

purchased larger particles were dissolved into 100 mL of deionized water and the obtained 

solution was sprayed into small droplets with an atomizer that operated at ~35 psi using 

compressed air. The droplets passed through a silica-gel diffusion drier to remove water 

and sequentially passed through a tube furnace that operated at 350 °C for LiClO4 and 
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NaClO4, 150 °C for KClO4, LiIO3, NaIO3 and KIO3. The final product was collected on a 

filter paper.  

3.3.2 Characterization 

Particles sizes and morphologies of micron-sized alkali metal perchlorates and 

iodates particles from ASP were characterized by Scanning Electron Microscopy (SEM, 

FEI NNS450) operating at 20 kV. Active content of B nanopowder was determined with 

thermogravimetry and differential scanning calorimetry (TGA−DSC) using a Netsch 

STA449 F3 Jupiter thermal analyzer. Boron powder was loaded into an alumina crucible 

inside the instrument and heated to 1200 °C at a heating rate of 10 K/min under an oxygen 

flow of 50 mL/min with an additional isotherm at 1200 °C for 2 h. TGA−DSC tests for 

thermal decomposition of synthesized alkali metal perchlorates and iodates particles from 

ASP were conducted using a SDT Q600 from TA Instruments. Generally, the powders 

were placed into alumina crucibles inside the instrument and heated to 600 or 700 °C under 

an argon flow of 100 mL/min. X-ray diffraction crystallography (XRD, PANanalytical 

Empyrean Series 2 diffractometer) was used to characterize the alkali metal perchlorates 

and iodates particles from ASP with Cu Kα radiation. As shown in Figure S3, the alkali 

metal perchlorate particles synthesized from ASP were LiClO4·3H2O, a mixture of 

NaClO4·H2O and NaClO4, KClO4, respectively. H2O in LiClO4·3H2O was considered as 

an oxidizer for boron oxidation when calculating the equivalence ratio according to the 

following reaction equation (Equation (1)) due to its high content (≈34% of total mass) 7,8. 

For simplicity, LiClO4·3H2O will be referred to as LiClO4. 

                      LiClO4 · 3H2O + 4B → B2O3 + 2HOBO + 2H2 + LiCl                                 (1) 
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H2O in the mixture of NaClO4·H2O and NaClO4 from ASP was not considered due to its 

low content (≈3% of the total mass), as shown in Figure 3-5. Equation (2) was used when 

calculating the equivalence ratio for boron with NaClO4 and KClO4.  

                                              3AClO4 + 8B = 4B2O3 + 3ACl                                                  (2) 

Where A=Na and K. Two equivalence ratios mainly, Ф=1 and 1.5, were studied for the 

three boron/ alkali metal perchlorate systems. Higher equivalence ratios were also studied 

for B/LiClO4.  

XRD results showed the alkali metal iodate particles from ASP were LiIO3, a 

mixture of NaIO3·H2O and NaIO3, KIO3, respectively, as show in Figure S5. H2O in the 

mixture of NaIO3·H2O and NaIO3 was not considered for calculating the equivalence ratio 

due to the low content (<3%). Equation (3) was used to determine the equivalence ratio for 

boron and alkali metal iodates. 

                                                   MIO3 + 2B = B2O3 + MI                                                        (3) 

Where M=Li, Na and K. One equivalence ratio, Ф=1.5, was studied for boron/alkali metal 

iodate systems.  

3.3.3 T-Jump Ignition and T-Jump/TOFMS 

The details of T-Jump ignition and T-Jump/TOFMS experiments and the 

operational settings can be found in previous publications from our group 45,47–51. The 

composites were prepared by a physical mixing method. Generally, boron powder and 

corresponding amounts of oxidizers synthesized from ASP were suspended in hexane in a 

vial. After 30 mins of sonication, a small amount of the suspension was deposited on the 

Pt wire (diameter=76 μm, 0.8-1.1 cm length, OMEGA Engineering Inc.) that was soldered 
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between two copper leads of a T-Jump probe. The Pt wire was resistively heated by a direct 

current voltage supply that delivers a 3 ms pulsed square wave signal.  Fast response 

thermometry of the Pt wire was acquired and temperature readings were obtained through 

the calibration relationship between the temperature of the Pt wire and its corresponding 

resistance from the Callendar-Van Dusen equation. The temperature of the thin coating on 

Pt wire was approximately the temperature of the wire. The measurements were repeated 

at least three times for one sample.  

For T-Jump/TOFMS, mass spectrometry was obtained by using a trigger signal that 

communicates wire heating and collection of mass spectra simultaneously. A 70 eV 

electron gun ionization source was used to ionize gas phase species produced by sample 

heating. A Teledyne LeCroy 600 MHz oscilloscope was utilized to collect the raw data of 

mass spectra, current and voltage readings over a 10 ms collection period with 0.1 ms 

interval.  For T-Jump ignition tests, the Pt wire was soldered on a different sample holder 

that is inserted into a chamber with inlets and outlets for flowing gases and vacuum, a 

pressure gauge as well as a glass window for imaging of the sample inside the chamber, as 

described with details in our previous studies 52,53. The ignition delay time was determined 

from the video captured with high-speed camera (Vision Research Phantom V12.1). The 

ignition temperature was estimated by correlating the video and the measured wire 

temperature. The ignition tests were conducted under 1 atm argon.  
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3.4  Results and discussion 

3.4.1 Ignition under rapid heating rate (∼105 K/s) 

Ignition studies of boron with alkali metal perchlorates and iodates were conducted 

in 1 atm argon. The representative snapshots of ignition with Ф=1.5 are shown in Figure 

3-2 and the progression of ignition with different equivalence ratios are shown in Figure 

S1 and S2. These results reveal that with Ф=1.5, B/LiClO4 and B/NaClO4, ignite although 

B/NaClO4 has a less vigorous flame, while B/KClO4 barely ignites, even though some 

glowing particles are present. Similarly, B/LiIO3 and B/NaIO3 ignite while B/KIO3 does 

not. This demonstrates a reactivity difference among these perchlorates as well as iodates 

acting as oxidizer for boron.  I will explore the reasons for these differences in subsequent 

sections of this chapter. 

 

 



64 

 

 

Figure 3-2 T-Jump ignition snapshots of B with LiClO4 (top left), NaClO4 (top middle), 

KClO4 (top right), LiIO3 (bottom left), NaIO3 (bottom middle) and KIO3 (bottom right) 

with peak flame size in 1 atm argon, Ф=1.5. The inserted time in every snapshot is the 

time after triggering. Note: B/perchlorate (top) snapshots have sensitivity of 1, B/iodate 

(bottom) snapshots have sensitivity of 16.  

 

Figure S1 shows that B/NaClO4 and B/KClO4 maintain their ignition behavior as 

equivalence ratio changes from 1 to 1.5, however, B/LiClO4 does not ignite at equivalence 

ratio of 1 although it ignites vigorously at equivalence ratio of 1.5 and higher equivalence 

ratios (Figure S7). As mentioned previously, XRD results (Figure S3) show that the 

particles synthesized from ASP of LiClO4 is actually LiClO4·3H2O, and I was unable to 

prepare a stable anhydrous sample. Therefore, H2O is considered as an oxidizer in the 

equivalence ratio calculation as shown in Equation (1), although the exact reaction 

mechanism between B and H2O is not well understood 7–9,54–56. The fact that B/LiClO4 only 

ignites when fuel-rich (ignition snapshots of Ф=2 and 3 are shown in Figure S7) suggests 

a different role of H2O than what is shown in Equation (1), but details about the role of 

H2O are out of the scope of this study, therefore will not be discussed further. 
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One may surmise the ignition difference simply arises from the thermochemical 

property difference. But as shown in Figure 3-1, there is no significant difference in 

reaction enthalpies among B/perchlorates as well as in B/iodates. Therefore, the ignition 

behavior difference cannot be explained by the thermochemical property of the reactions.  

3.4.2 Reaction products under rapid heating rate (∼105 K/s) 

T-Jump/TOFMS was utilized to analyze reaction intermediates and products of 

metal perchlorates as well as iodates with and without the presence of B under high heating 

rates (∼105 K/s). The resulting mass spectra summed over a collection period time of 10 

ms at a 0.1 ms interval are displayed in Figure 3-3 (a) and (b) as well as  

Figure 3-4 (a) and (b). 

The bare metal perchlorates have similar decomposition patterns, releasing the 

corresponding metal (Li, Na, K), O2, as well as small amounts of Cl-containing species 

including Cl, ClO, ClO2 and Cl2. When B is introduced, the metal perchlorates behave 

differently, where the intensity of the Cl-containing species dramatically increases for 

LiClO4 and NaClO4, however it only increases slightly for KClO4. Semiquantitative 

analysis of the release behavior of Cl, a representative of the Cl-containing species, was 

conducted by measuring its peak intensity (m/z=35) of B-LiClO4 and B-NaClO4 upon 

release relative to B-KClO4 over the 10 ms of collection time. The results displayed in 

Figure 3-3 (c). 
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Figure 3-3 Mass spectrum of rapidly heated LiClO4 (bottom), NaClO4 (middle), and 

KClO4 (top) in (a), and the corresponding composites with B with Ф=1.5 in (b). The spectra 

are normalized to the corresponding metal ion, and most notable mass species are labeled. 

(c) the measured relative Cl release of B-XClO4 to the B-KClO4, where X=Li, Na.  

 

A higher intensity of a particular species in the spectra indicates that the average 

release rate of that species over the collection period is higher. Figure 3-3(c) clearly 

illuminates that the average rates of release of Cl from B/LiClO4 and B/NaClO4 reactions 

are much higher (∼3X) compared to B/KClO4 reaction. During combustion, a higher 

energy release rate causes rapid increase in temperature, which in turn leads to an increase 
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in the reaction rate. As shown in Figure 3-2, B/LiClO4 and B/NaClO4 ignite while B/KClO4 

does not, indicating more energy is released from B/LiClO4 and B/NaClO4 than B/KClO4. 

For B/LiClO4 and B/NaClO4, the significant amount of energy released from the 

combustion promotes the decomposition of LiClO4 and NaClO4, respectively. Therefore, 

much more Cl-containing species are released compared to B/KClO4 because 

decomposition of KClO4 is not enhanced. 
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Figure 3-4 Mass spectrum of rapidly heated LiIO3 (bottom), NaIO3 (middle), and KIO3 

(top) in (a), and the corresponding composites with B with Ф=1.5 in (b). The spectra are 

normalized to the corresponding metal ion, and most notable mass species are labeled. (c) 

the measured relative Cl release difference between B-XClO4 and XIO3 to the difference 

between B-KIO3 and KIO3, where X=Li, Na.  

 

Figure 3-4 (a) and (b) display the mass spectra of bare metal iodates and B/iodate 

composites upon rapid heating. The bare metal iodates share the same decomposition 

behavior, where they mainly release corresponding metal, O2, I
2, I and I2, and the intensity 

of I-containing species from LiIO3 is much higher than NaIO3 and KIO3, as shown in  

Figure 3-4. Intensity of I-containing species increases for all three iodates when B 

is introduced, however, the extent of the increase is different. Semiquantitative analysis 

displayed in  

Figure 3-4 (c) shows that the increase of I release from LiIO3 and NaIO3 is more 

significant than that of KIO3 when B is added (>2X). As discussed above, a more 

significant increase in intensity of the species from decomposition of the oxidizer indicates 

more energy is released from the combustion reaction. Therefore, the mass spectra result 

suggests B/LiIO3 and B/NaIO3 release more energy than B/KIO3. This is consistent with 

the ignition test results, where B/LiIO3 and B/NaIO3 ignite while B/KIO3 does not in 1 atm 

argon.  

3.4.3 Thermal behavior under slow heating rate (10 K/min) 

This still leaves on the question as to why KClO4 and KIO3 behave differently 

compared to their Li and Na counterparts in boron ignition. To explore this difference, 

thermolysis of the metal perchlorates and iodates were carried out with slow heating rate 
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(10 K/min) thermogravimetric-differential scanning calorimetry (TGA-DSC) in an argon 

environment. The results are shown in Figure 3-5 and Figure 3-6.  

 

 

Figure 3-5 TGA-DSC of LiClO4 (top), NaClO4 (middle) and KClO4 (bottom) under 

argon environment. ● indicates phase transition and Δ indicates melting. The orange area 

indicates the temperature range from melting to decomposition onset. 

 

LiClO4 shows previously documented multiple-stepped mass loss that results from 

dehydration up to 150 °C, a melting endotherm at 248 °C and exothermic decomposition 

onset at 473 °C 57,58. NaClO4 shows an endotherm at 306 °C that corresponds to a phase 

transition from orthorhombic to cubic,  a melting endotherm at 467 °C,  followed by an 
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exothermic decomposition onset at 542 °C 59,60. Similarly, KClO4 demonstrates a phase 

change from rhombic to cubic at 302 °C, a melting process at 610 °C and a decomposition 

onset at 610 °C 61. One think that became clear from these results is that there is a 

temperature gap between the melting and decomposition temperature which I have shown 

as the shaded area. As the shaded areas indicate, the temperature intervals between melting 

and decomposition onset are ∼225 °C, ∼75 °C and ∼0 °C for LiClO4, NaClO4 and KClO4, 

respectively. I believe it is this temperature gap that provides a key to understanding our 

observations. 
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Figure 3-6 TGA/DSC of LiIO3 (top), NaIO3 (middle) and KIO3 (bottom) under argon 

environment. Δ indicates melting. The orange area indicates the temperature range from 

melting to decomposition onset. 

 

Thermolysis results of iodates further support this hypothesis. Iodates demonstrate 

similar decomposition behaviors to perchlorates, where LiIO3 and NaIO3 decompose about 

95 °C  and 80 °C above the melting point, respectively, while KIO3 melts and decomposes 

at about the same temperature, as shown in Figure 3-6 62. From the proposed hypothesis, 

as the intervals between melting and decomposition of LiIO3 and NaIO3 are much larger 

than that of KIO3, it is expected B/LiIO3 and B/NaIO3 to have more violent ignition than 
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B/KIO3. T-Jump ignition test result matches this expectation and validates the hypothesis 

(Figure 3-2).  

3.4.4 Proposed mechanism 

As a general rule, all things being equal, one should expect that the more mobile 

the reactants are, the more facile should be the chemistry, assuming all other variables are 

invariant. As such one might expect then that a reactant that releases an oxidizer fragment 

would most efficiently react with fuel if it is in intimate contact prior to release of the 

oxidant.  In particular I see from Figure 3-5 that LiClO4 particles melt well before 

decomposing and thus one might expect wetting of the B nanoparticles to occur before 

LiClO4 decomposes. Therefore, B nanoparticles have instant access to oxidant upon 

LiClO4 decomposition, leading to violent ignition. NaClO4 behaves similarly to LiClO4, 

but its particles are much larger (as shown in Figure S4) and its melting-decomposition 

temperature difference is smaller than LiClO4, thus there is less time for melted NaClO4 to 

surround/wet B nanoparticles before decomposition, resulting in less vigorous ignition. 

KClO4 is significantly different than either LiClO4 or NaClO4, as its decomposition and 

melting are concurrent, which means that most of oxidant release occurs in the proximity 

of B but not necessarily in intimate contact with B and only B nanoparticles with intimate 

contact with KClO4 initially are oxidized efficiently, leading to a barely visible ignition 

event. This likely is the reason why KClO4 appears to be a poor oxidizer for B. Ignition 

behavior difference among B/iodates can be explained in the same manner, where LiIO3 

and NaIO3 melt and wet the B nanoparticles before decomposing and result in more violent 

ignition than KIO3, which melts and decomposes concurrently. Although the particles 
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synthesized from ASP for KIO3 are slightly larger than LiIO3 and NaIO3, as shown in 

Figure S6, the ignition behaviors with B are far too different to be explained by the particle 

size difference. 

Ignition of B/XClO4 and B/XIO3 (X=Li or Na) may also be further facilitated by 

the added complexity of the interaction between melted B2O3 and XClO4 or XIO3. 

Nanoscale B has native B2O3 shell that melts at 450 °C 10, a temperature that is above the 

melting temperature, but below the decomposition temperature of XClO4 and XIO3, 

suggesting that both the oxide shell and XClO4 or XIO3 are melted before the oxidizer 

decomposition. It is likely that the liquid perchlorates or iodates are partially miscible with 

melted B2O3, so the liquid B2O3 is partially dissolved into the liquid perchlorates or iodates 

before the decomposition of these oxidizers. This means that the thickness of liquid barrier 

that retards the B oxidation is reduced and diffusion of oxygen to the boron core or boron 

to the oxide surface is enhanced, leading to a more violent ignition. While for B/KClO4 

and B/KIO3, this effect is negligible since KClO4 and KIO3 have a minimum window 

between melting and decomposing. These effects are summarized in Figure 3-7.  
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Figure 3-7 Proposed mechanism for the correlation of the ignition behavior and the 

difference between melting and decomposition temperatures. 

 

3.5  Conclusions 

This study investigates the role of alkali metal perchlorate and iodate type on the 

ignition behavior of nanoscale B.    B/XClO4 and B/XIO3 (X=Li or Na) composites ignite 

in atmospheric pressure argon while B/KClO4 and B/KIO3 do not. T-Jump TOFMS 

demonstrates that when B is added, there is a dramatic increase of Cl-containing and I-

containing species from XClO4 and XIO3 than KClO4 and KIO3, respectively, which is 

attributed to the higher amount of heat released from the ignition reaction. TGA/DSC 

analysis reveals that there is an interval of ~225 °C and ~75 °C between the melting point 

and decomposition onset of LiClO4 and NaClO4 respectively, whereas KClO4 melts and 

decomposes concurrently. Similarly, LiIO3 and NaIO3 decompose ~95 °C and ~80 °C after 

melting, respectively, while KIO3 melts and decomposes at about the same temperature, A 
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mechanism emphasizing the difference between melting and decomposition of the 

oxidizers is proposed to explain the difference in ignition behavior among the B/metal salt-

based oxidizer composites. For B/XClO4 and B/XIO3, the larger interval between melting 

and decomposition renders more time for the oxidizer to melt and surround/wet the 

nanoscale B before decomposing, providing instant access to oxidant for B nanoparticles 

that results in vigorous ignition. While for B/KClO4 and B/KIO3, only B nanoparticles that 

are in intimate contact with KClO4 or KIO3 particles have access to oxygen upon the 

oxidizer decomposition, resulting in a less likely ignition event.  
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3.7  Supporting information  

 

Figure S1 T-Jump ignition snapshots of B-LiClO4 (top), B-NaClO4 (middle) and B-

KClO4 (bottom) with Ф=1 and 1.5 in 1atm argon. Sensitivity: 1. 
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Figure S2 T-Jump ignition snapshots of B-LiIO3 (top), B-NaIO3 (middle) and B-KIO3 

(bottom) in 1 atm argon, Ф=1.5. Sensitivity:16 
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Figure S3 XRD analysis of particles synthesized from ASP for LiClO4 (top), NaClO4 

(middle) and KClO4 (bottom). 
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Figure S4 SEM of particles synthesized from ASP for LiClO4 (a) and (d), NaClO4 (b) 

and (e), and KClO4 (c) and (f).  
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Figure S5 XRD analysis of particles synthesized from ASP for LiIO3 (top), NaIO3 

(middle) and KIO3 (bottom). 

 

 



86 

 

 

 

Figure S6 SEM of particles synthesized from ASP for LiIO3 (a) and (d), NaIO3 (b) and 

(e), and KIO3 (c) and (f). 

 

 

 

Figure S7 T-Jump ignition snapshot of B-LiClO4 with Ф=2 (a) and Ф=3 (b) in 1atm 

argon. 
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4 Imaging the Combustion Characteristics of Al, B, and Ti 

Composites 

4.1  Summary  

In this study, I prepare 90 wt% loading composites of Al, B, and Ti with KClO4 by 

3D printing and study their combustion characteristics with high-speed videography and 

pyrometry. Combustion characteristics are found to be strongly dependent on the fuel type. 

For Al, Al droplets with Al2O3 caps form and coalesce before departing the burning surface, 

while for B and Ti, fractal-shaped agglomerates form. Temperatures of the burning 

particles (droplet/agglomerates) are determined with color imaging-pyrometry. The 

combustion characteristics are attributed to the physical properties, e.g. melting and boiling 

points, of these fuels and their corresponding oxides. I can observe particles residing and 

burning on the propellant surface for times on the order of ~1-5 ms.  This is significantly 

lower than the theoretical particle burn time, suggesting particles undergo incomplete 

combustion on the burning surface, consistent with the experimental observation that 

particles continue to burn after departing the surface. The estimated particle downstream 

burning distance is significantly larger than the observed luminous zone, implying it does 

not represent the complete flame zone.  Since Al undergoes vapor phase combustion while 

B and Ti combust in the condense phase, burn rate of Al should be drastically higher than 

B and Ti, However, the differences are not as significant as expected. This is attributed to 

the formation of much larger droplets for Al that results in dramatically longer particle burn 

times.  
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4.2  Introduction 

Energetic nanocomposites, such as nanothermites typically consist of nanoscale 

fuels and oxidizers, offer higher energy release rates compared to their micron counterparts 

due to significantly increased interfacial area and reduced diffusion distance between fuel 

and oxidizer1–3. Nevertheless the enhanced combustion rates are not as high as they should 

be based on simple theoretical arguments. One contributing factor is the loss of 

nanostructure during a reaction, which may be responsible for the lower than expected 

energy release rate4–8. The loss of nanostructure from reactive sintering has a significant 

impact on the combustion behavior of the composite7. Nanoscale aluminum, boron, and 

titanium are attractive in nanothermites based on their potential as high energy density fuels 

and possess very different physical properties such as metal and metal oxide melting points, 

which can impact sintering rates9–12.  Aluminum has been used as the primary fuel in solid 

rocket propellant and other propulsive systems due to its ready availability and high 

enthalpy13–15. Boron has very high gravimetric and volumetric energy content and titanium 

is a viable alternative fuel source11,16–18. Therefore probing and understanding the 

combustion dynamics of these nanoscale fuels are essential for their practical application.  

Previous studies have demonstrated that imaging techniques are particularly useful 

in probing spatial and temporal combustion dynamics19–21. Studies investigating aluminum 

particle combustion have utilized imaging techniques coupled with holography and 

pyrometry for quantifying position, size, and velocity of aluminum particles as well as 

estimating particle temperatures22,23. Although titanium and boron combustion has been 

investigated with videography and pyrometry18,24–26, these studies are far less prevalent as 
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compared to aluminum, and a systematic study focusing on combustion behavior 

differences among different metal fuels is still lacking.  

In this chapter, I prepare free-standing KClO4/nanoscale Al, B, and Ti composites 

at 90% loading by 3D printing, and investigate their combustion characteristics 

systematically. KClO4 is used as the oxidizer since its decomposition products, O2 and KCl 

(boiling point of 1412 °C)27,28, are gaseous at the temperature of interest, thus presumably 

there is little condensed-phase residue interacting with fuel agglomerates during 

combustion. High-speed (µs) videos at high resolution (µm) are obtained for visualizing 

the combustion processes and physical properties of the as-formed agglomerates in-

operando. Color imaging pyrometry is utilized to estimate the temperature profile of the 

reacting zone and provide information about the particle combustion of these metals. 

Scanning Electron Microscopy (SEM) with energy-dispersive spectrometry (EDS) is 

employed to analyze the post-combustion product and provide insight into combustion 

process. Burn rate of these composites are measured and relative energy release rate are 

calculated.  

4.3  Materials and Methods 

4.3.1 Materials 

Aluminum nanoparticles (Al NPs, ~50 nm, 67 wt% active) were obtained from 

Argonide Corporation. Titanium nanoparticles (Ti NPs, ~50 nm, 70 wt% active) and boron 

nanoparticles (B NPs, ~100 nm, 85 wt% active) were purchased from US Research 

Nanomaterials. The active content of these fuels was determined with thermogravimetry 
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and differential scanning calorimetry (TGA−DSC) using a Netsch STA449 F3 Jupiter 

thermal analyzer.  Potassium perchlorate (KClO4, 99%) was purchased from Alfa Aesar. 

Polyvinylidene Fluoride (PVDF, average molecular weight: ~534,000) was purchased 

from Sigma-Aldrich and METHOCEL™ F4M Hydroxypropyl Methylcellulose (HPMC) 

was obtained from Dow Chemical Company. Poly(propylene carbonate) (PPC) pellets 

(Mw196 kDa) were gifted by Novomer. N, N dimethylformamide (DMF, 99.8%) was 

purchased from Fisher Scientific and used as a solvent to dissolve the above polymers as 

well as KClO4. 

4.3.2 Preparation of ink and direct ink writing of 90 wt% loading M/KClO4 

composites 

The details on ink preparation and printing with 90 wt% nanoparticle loading 

composites can be found in our previous study29. Generally, the inks were prepared by 

firstly dissolving 4 wt% of PVDF and 6 wt% of HPMC or 10 wt% PPC in DMF (all 

composites use PVDF/HPMC as binders unless otherwise noted). The effect of binder (4 

wt% of PVDF and 6 wt% of HPMC) on combustion of the agglomerates is believed to be 

insignificant due to the low content, low gas generation, and miminal chemical reactions 

between the fuels and the decomposition product of the polymers30. KClO4 was then 

dissolved in this solution and fuel nanoparticles were added to the obtained solution. The 

mixture was then ultrasonicated for 30 mins and magnetically stirred overnight. The 

amount of fuel and KClO4 was determined with the following equations to prescribe the 

stoichiometric ratio.  
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                                                  8Al + 3KClO4 = 4Al2O3 + 3KCl                                                 (1) 

                                                   8B + 3KClO4 = 4B2O3 + 3KCl                                                   (2) 

                                                     2Ti + KClO4 = 2TiO2 + KCl                                                     (3) 

For printing, an ink was extruded through an 18-gauge nozzle and directly written 

in a pre-designed pattern on a preheated (~75 °C) glass substrate. During printing, I ensured 

that every layer was dry before the deposition of the next layer. After printing, the obtained 

films were heated at ~75 °C for 30 mins to remove the remaining solvent. Then the films 

were cut into ~2 cm long sticks for combustion characterizations.  

4.3.3 SEM/EDS 

The morphology and composition of the 3D-printed samples and combustion 

residues were characterized by scanning electron microscope (SEM, Thermo-Fisher 

Scientific NNS450) coupled with energy dispersive X-ray spectroscopy (EDS). SEM 

images of the as-received fuel nanoparticles and cross section of the printed sticks are 

displayed in Figure S1 and Figure S2, respectively. The post-combustion product was 

collected by placing a piece of carbon tape ~1.5 cm away from a printed composite before 

combustion tests. For Al-KClO4, the larger particles did not attach on the tape probably 

because of the deposition of KCl and aluminum oxide nanoparticles (as shown in Figure 

S3). To resolve this issue and visualize larger agglomerates in SEM, post-combustion 

product of Al-KClO4 was collected on glass at the same distance from the composite (~1.5 

cm), then the product was washed with water briefly to dissolve KCl nanoparticles. To 

minimize oxidation of the particles from water, the washing process was performed by 



92 

 

adding water to the post-combustion product and followed by immediate vortexing for ~20 

s. Then the suspension was centrifuged immediately, and precipitate was collected and 

dried under vacuum in a desiccator before SEM.  

4.3.4 Microscopic and macroscopic imaging  

The details of the imaging process can be found in previous publications from our 

group31. Generally, two imaging systems were used for capturing the combustion process 

of the composites. One of them was the microscopic imaging system with high-speed 

camera (Vision Research Phantom VEO710L) coupled with Infinity Photo-Optical Model 

K2 DistaMax, and the other one was the macroscopic imaging system with high-speed 

camera (Vision Research Phantom Miro M110). Printed sticks (~2 cm long) were mounted 

on a stage inside a chamber filled with argon that was placed between the two imaging 

systems and settings were adjusted so that the surfaces of the sticks were in focus in two 

imaging systems. The sticks were then ignited with a Joule-heated nichrome wire.  The 

burning process was recorded at a sample rate of 24 000 frame/s (512 x 512 pixels, 1.7 

μm/pixel) with a microscopic imaging system and 10 000 frame/s with the macroscopic 

imaging system.  

Size measurement was performed with ImageJ. Only particles that were about to 

depart from the burning surface or already departed were measured. For B-KClO4 and Ti-

KClO4, agglomerates we observed, so an area equivalent diameter is reported. To obtain 

reasonable statistics at least 120 particles were measured for each composite.  



93 

 

4.3.5 Three-color imaging pyrometry  

Details about three-color imaging pyrometry can be found in our previous 

studies1,32,33. Briefly, channel intensities of three colors (red, green, and blue) from the 

Bayer filter and their ratios were used for estimating the temperature of the sample with a 

custom MATLAB routine assuming graybody emission behavior of the sample. 

Calibration factors were obtained by the response to a blackbody source (Mikron M390). 

Temperature uncertainty was estimated to be nominally 200-300 K32,34.  

It is worth noting that I use the entire spectral range for the temperature 

measurement, the issues with which as McNesby et al pointed out35, is the possibility of 

atomic/molecular interference which leads to error in temperature calculation. Our research 

group has estimated the error being less than 300 K based on black body calibration and 

wire emission for this study32,34. When the error exceeds this threshold, the data is removed.  

For this study interference from atomic/molecular emission BO2 has characteristic green 

emission that results in error in temperature calculation. To circumvent this problem, two-

color pyrometry is used for measuring the agglomerate temperature of B-KClO4, the details 

of which can be found in 4.3.6.  

4.3.6 Two-color imaging pyrometry 

For the sample of B-KClO4, imaging data was also processed as two-color 

pyrometry similarly to the three-color process, using a short pass filter (Edmunds Optics, 

625 nm 50 mm Diameter, OD 4.0 Shortpass Filter #84-724) placed between the camera 

and the sample to cut-off wavelengths above 625 nm. The theoretical curves were 

generated using Planck’s law and the response spectrum of the CMOS sensor of the camera 
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after removing wavelengths above 625 nm from the response spectrum. These curves were 

then fitted to a polynomial. The usage of the short pass filter resulted in a different 

calibration curve compared to the previous calibration result without the filter, therefore 

calibration was performed with a short pass filter. Calibration data obtained with a black 

body source (Mikron M390) at known temperatures were compared with the theoretical 

curves and was fit to a linear correction function with the corrected estimated error being 

2-4%. A custom MATLAB script demosaiced the videos and used the polynomial fit from 

the theoretical curves and linear correction function to estimate the temperature of the 

burning particles. Two-color (red and blue) pyrometry was used by neglecting the green 

channel when analyzing the B-KClO4 composite, as the green molecular emission from 

BO2 corrupts the temperature estimation.  

4.3.7 CHEETAH calculation 

CHEETAH was performed with constant pressure (1 atm) where only the fuel 

(including native oxide) and the oxidizer of the composites were considered.  

4.4  Results and discussion 

4.4.1 Combustion behavior at the microscopic scale 

High-speed microscopic video enables direct observation of events near the flame 

front and adds insight into the combustion behavior of a thermite reaction. Figure 4-1 

displays the representative snapshots taken from the high-speed microscopic videos for 

different composites. All the three composites show cone-shaped flame front that is 
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attributed to the porosity difference arising from printing, where the edge of the stick has 

a higher solvent evaporation rate that results in a higher porosity.  

As shown in Figure 4-1 (a), molten droplets form on the burning surface of Al-

KClO4. Prior to departing from the burning surface, the moving droplets coalesce into 

larger droplets with sizes typically below 150 μm (Figure 4-2). The molten droplets, 

particularly those leaving the burning surface, are surrounded by smoke which are 

presumably dispersed aluminum oxide particles nucleated from the oxidation of aluminum 

vapor20,22.  The dark lobes on the molten droplets are Al2O3 caps, which may form from 

three sources: 1) phase separation of the native oxide shell (33 wt%) of Al nanoparticles 

along sintering/coalescence, 2) condensation of oxide smoke, and 3) Al droplet oxidation 

(mostly happens before departing from the burning surface)20,36,37. For the latter, oxygen 

penetrates into an Al droplet and Al-O solution forms, which then phase separates into 

liquid Al and Al2O3 when the dissolved oxygen reaches the solubility limit20. Following 

phase separation, the oxide retracts into a distinct cap through surface tension forces37. 

Rotation is observed on most of the departed droplets, although the rotation frequency 

varies significantly, for example ~4800 Hz vs ~400 Hz as shown in Figure S4 and Figure 

S5 and is due to asymmetric burning of the particle, leading to asymmetric gas 

generation23,36,38. Bubbling and bursting of droplets are also observed, as shown in Figure 

S6. 
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Figure 4-1 Images from high-speed microscopy videos for (a) Al-KClO4, (b) B-KClO4, 

and (c) Ti-KClO4. The dashed lines represent boundaries of the burning surfaces.  

B-KClO4 and Ti-KClO4 burn similarly to each other but dramatically differently as 

compared to Al-KClO4. As illustrated in Figure 4-1 (b) and (c), burning particles 

agglomerate and form fractal-shaped structures before leaving the burning surface. The 

size distribution of the burning particles is displayed in Figure 4-2. Some agglomerates 

melt and shrink to be spheres, as shown in Figure S7 and Figure S8, and the agglomerates 

from Ti-KClO4 have a higher tendency to become spheres than B-KClO4, the reasons for 

which will be discussed in 3.3. Around the burning surface of B-KClO4, a characteristic 

green color arising from the emission of BO2 is observed39,40. As for Ti-KClO4, emission 

from TiO is responsible for the red-orange glow around the burning surface41. 

SEM images and corresponding size distributions of the as-received nanoparticles 

show that the size is generally below 150 nm for Al, 600 nm for B, and 200 nm for Ti 

(Figure S1). Size comparison between these initial fuel nanoparticles and the 

microdroplets/particles formed during combustion reveals extensive 
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sintering/agglomeration of these fuels, as the size increases ~800 times for Al, ~150 times 

for B, and ~550 times for Ti.  

 

Figure 4-2 Size distribution of agglomerates for Al-KClO4 (a), B-KClO4 (b) and Ti-KClO4 

(c). Note: only agglomerates that are about to depart from the burning surface or already 

departed. For B-KClO4 and Ti-KClO4, area equivalent diameter is displayed.  

 

4.4.2 Temperature measurement from imaging-pyrometry  

Three-color (RGB) imaging-pyrometry is employed for temperature estimation of 

Al-KClO4. Smoke present around Al/Al2O3 droplets can bias droplet temperature 

estimation when the smoke is optically thick. To evaluate the effect of the smoke on 

temperature estimation (details can be found in Section S3), the optical thickness is 

estimated based on Equation S1, and demonstrates that the smoke is optically thin (optical 

thickness less than 0.1 as shown in Figure S9)42–44. Figure 4-3 displays the demosaiced 

image and the temperature map for the Al-KClO4 composite. As mentioned above, molten 

droplets are composed of aluminum as the main body and aluminum oxide as the cap. The 

estimated temperature for the Al body of the droplets around 2500 K is higher than the 

melting point at 930 K while lower than the boiling point of Al at 2743 K (Table 4-1). The 

estimated oxide cap temperature at ~3100 K is higher than the Al body temperature as well 
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as the melting point of Al2O3 (Table 4-1). Chen et al has seen similar observations where 

the oxide caps were hotter than Al bodies in molten droplets22. One may suppose that the 

difference in the measured temperature of the Al body and Al2O3 cap arises from the 

difference in their emissivity. Indeed, Al and Al2O3 have drastically different emissivity at 

high temperatures37. However, since we determine temperature based on the gray body 

emission assumption (emissivity remains constant when wavelength changes), the absolute 

value of emissivity cancels out33.  

Molten Al droplets are known to burn with vapor-phase combustion with the 

formation of a detached and diffusion-flame envelope away from the surface of the droplets 

where Al vaporizes, as shown in Figure 4-337,45. Under vapor-phase combustion, 

nanometric smoke formed via homogeneous nucleation primarily consists of Al2O3
37 

SEM/EDS images for post-combustion product confirm the presence of nanoparticles of 

Al2O3 (~100 nm, Figure S11) along with the aluminum oxide microparticles as the final 

product (Figure 4-7).   

The temperature of these nanoparticles, which presumably represents the 

surrounding gas temperature due to their small size, is estimated to be ~3500 K, which is 

close to the adiabatic flame temperature of Al-KClO4 at 3800 K as calculated with 

CHEETAH. 
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Figure 4-3 Temperature map (right) from three-color (RGB) pyrometry for an image (left) 

from high-speed microscopy video of Al-KClO4. High error points and low-intensity points 

were excluded from the calculation. The dashed line represents the boundary of the burning 

surface. 

Table 4-1 Melting and boiling point of Al, Al2O3, B, B2O3, Ti, TiO2, Ti2O3 with references, 

and measured temperature of burning agglomerates. 

 
Melting 

Point (K) 

Boiling 

Point (K) 
References  

Measured 

Temperature 

of Burning 

Agglomerates 

(K) 

Al 930 2743 22 
Al-KClO4 2500 

Al2O3 2345 3240 22 

B 2349 4200 46 
B-KClO4 1950 

B2O3 723 2130 46 

Ti 1941 3560 47 

Ti-KClO4 2350 TiO2 2116 3245 41 

Ti2O3 2400 3300 41 
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Boron has a characteristic green flame emission (between 450 and 600 nm) from 

BO2 as an intermediate during combustion40,48,49. This emission (since it is non-graybody) 

can significantly affect the green-color channel, and lead to inaccuracy in temperature 

estimation from three-color (RGB) pyrometry, under the gray-body assumption. To 

circumvent this problem, two-color (BR) pyrometry was employed (details can be found 

in Section 2.6) and the resultant temperature map is displayed in Figure 4-4, which shows 

the burning particles are at ~1950 K. Figure S10 shows temperature of the burning particles 

of B-KClO4 measured with three-color (RGB) pyrometry is ~2250 K, which suggests a 

300 K discrepancy caused by the molecular emission from BO2. 

It is generally accepted that the combustion of boron particles has two stages, the 

first stage is the burning of boron particles coated with a liquid B2O3 layer, and the second 

stage is combustion of bare boron after the removal of B2O3
16,17,50,51. The estimated 

temperature for agglomerates on the burning surface of B-KClO4 is ~1950 K with two-

color pyrometry, it is slightly lower than the boiling point of B2O3 (2130 K), therefore we 

conclude that the B2O3 is not completely removed and the combustion of agglomerates we 

observe is in the first stage boron combustion. Also, the estimated temperature is lower 

than the melting point of boron at 2349 K, shape of the which is consistent with the 

observation that the particles are still agglomerates.  
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Figure 4-4 Temperature map (right) from two-color (RB) pyrometry for an image (left) 

from high-speed microscopy video of B-KClO4. High error points and low-intensity points 

were excluded from the calculation. The dashed lines represent boundaries of the burning 

surface.  

 

Ti-KClO4 presents a more complex situation than B-KClO4. The obtained 

temperature from three-color pyrometry for agglomerates on the Ti-KClO4 burning surface 

is ~2350 K (Figure 4-5), which is higher than the melting point of both Ti and TiO2 (Table 

4-1). The non-spherical shape of the agglomerates suggests the presence of other oxides 

with a higher melting point. Previous studies on titanium particle oxidation demonstrate 

that the oxidation process consists of different ‘stages’, one of which is the building-up of 

Ti2O3 beneath the TiO2 outer surface41,52. Ti2O3 with a melting point of 2400 K, forms at a 

temperature of 2023 K, and the estimated temperature for agglomerates lies between these 

two temperatures25,41. Thus it is likely the agglomerates on the burning surface are mostly 

composed of Ti, Ti2O3, and TiO2, with Ti2O3 being dominant in contributing to the shape, 

although other oxides including TiO and Ti3O5 may also be present41. Fragmentation, 
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probably caused by the release of gas within the particle from the composition phase 

change, is an important characteristic during the combustion of Ti particles24,25,53,54. A 

previous study observed that the minimum particle size below which Ti particles no longer 

fragments is ~ 30 μm53. Minimal fragmentation is observed during Ti-KClO4 composite 

burning, probably because the size of the agglomerates (at least in one dimension) is 

generally below the minimum particle size of ~30 μm for fragmentation41,53.  

 

 

Figure 4-5 Temperature map (right) from three-color (RGB) pyrometry for an image (left) 

from high-speed microscopy video of Ti-KClO4. High error points and low-intensity points 

were excluded from the calculation. The dashed line represents boundary of the burning 

surface. 

4.4.3 Combustion performance 

Al is known to combust in the vapor phase [34] while B and Ti in the condensed-

phase16,17,55, which implies that the combustion rate of Al should be significantly higher 

than B and Ti, whose combustion is limited by O2 diffusion in the condensed-phase. 

However, we observe only moderate differences, as the burn rate of Al-KClO4 (~10 cm/s) 
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is about 4 times of B-KClO4 (~2.5cm/s) and about 2 times of Ti-KClO4 (~5 cm/s), as shown 

in Figure 4-6 (b), and the resultant energy release rate of Al-KClO4 is not dramatically 

higher than B-KClO4 and Ti-KClO4 (Figure S12). A primary question now arises: Why 

does Al-KClO4 burns only moderately faster than B-KClO4 and Ti-KClO4? 

Combustion of Al droplets is limited by the availability of Al vapor that depends 

on the evaporation rate of Al, therefore the combustion rate of Al decreases dramatically 

when droplet size increases since the evaporation rate of Al is significantly reduced due to 

the decreased overall surface/volume ratio. Typically this scaling is: Burn rate ~ 1/D2. The 

average size of Al droplets (~ 90 μm, Figure 4-6(b)) is significantly larger than the starting 

Al nanoparticle (~100 nm, Figure S1). The correlations between burn-times and sizes 

(Figure 4-6 (c)) of Al droplets and Ti particles (agglomerates) have been theoretically 

evaluated through application of a droplet evaporation model36 and kinetic shrinking core 

model55 (surface reaction controlled), respectively (details can be found in Section S5). A 

similar evaluation is not conducted for B particle combustion due to the lack of data and a 

well-accepted oxidation mechanism. These correlations suggest that although the 

calculated burn time of a 100 nm Al  particle should be 4 orders of magnitude smaller than 

a 100 nm Ti particle (initial particles are both about 100 nm, as displayed in Figure S1), 

the calculated burn time of a 100 μm Al droplet (~0.05 s) is only slightly lower than the 

burn time of a 50 μm Ti particle (~0.1 s), as shown  in Figure 4-6 (c). This means the 

experimentally observed Al droplets burn only moderately faster than the Ti particles, since 

the size of Al droplets is large.  
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Visualization under microscopic conditions as seen in Figure 4-6 (a) shows that 

particles are not immediately ejected from the surface but ignite and subsequently burn for 

some time. A series of snapshots of a representative droplet/agglomerate forming, growing, 

and departing from the burning surface for Al, B, and Ti are displayed in Figure 4-6 (a), 

and the extracted surface residence times are estimated based on the time from the 

emergence of the droplets/agglomerates to their departure, and are tabulated in Figure 4-

6(d).  It is noteworthy that the theoretical burn times of Al droplets and Ti particles are 

both much larger than their corresponding residence times on the burning surface, 

suggesting both Al droplets and Ti particles should have incomplete combustion before 

departing from the burning surface. This is consistent with the experimental observation 

that the burning droplet/agglomerate continues burning after departure. As Al droplets and 

Ti agglomerates have similar temperatures (2500 K vs 2350 K), a higher surface residence 

time should result in more heat feedback to the unburnt solid composite that leads to a 

higher burn rate 56. This also contributes to the observed higher burn rate of Al than Ti in 

addition to the aforementioned lower burn time of Al droplets compared to Ti particles. 

It is clear from the images that luminous zones are indicative of significant burning 

away from the surface, the sharp edges of which terminate immediately near the burning 

surfaces (~0 mm, ~0.02 mm, and ~0.03 mm for Al-KClO4, B-KClO4, and Ti-KClO4, 

respectively). Droplet/agglomerate velocity after departing from the burning surface is 

measured by tracking the location and the corresponding time. The result of this analysis 

is displayed in Figure 4-6 (e), which shows there is no significant droplet/agglomerate 

velocity difference between Al-KClO4 and Ti-KClO4. The expected burning distances of 
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the dispersed Al droplets and Ti agglomerates are shown in Figure 4-6 (e) and are estimated 

based on their velocities and calculated burn times after departing from the burn surface 

(Figure 4-6 (d)). The result shows that the Al droplet would need to travel ~11 mm and Ti 

agglomerate ~16 mm for complete oxidation. These distances are significantly longer than 

the sharp edge of the luminous zone. This implies that the luminous zone cannot represent 

the complete flame zone.   
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Figure 4-6 Time-resolved snapshots of the particles (droplets/agglomerates) evolving 

before departing from burning surface (a), particle size and burn rate of different 

composites (b), correlations between burn-times and sizes of Al droplet and Ti agglomerate 

based on droplet-evaporation model and kinetic shrinking core model, respectively (c), 

particle surface residence time on the burning surface and particle burn time of the observed 

size (100  μm for Al and 50 μm for Ti) after departing from the burning surface (d), and 

measured particle velocity and estimated particle burning distance for complete oxidation 

(e).  

 

4.4.4 Post combustion products 

Further insight can be gained when microimaging observations are analyzed in 

tandem with SEM images of post-combustion products of these composites (Figure 4-7 

and Figure S11). Micron-sized particles from Al-KClO4 and B-KClO4 are mostly spherical 

and fractal-shaped, respectively, consistent with morphology of the burning particles 

observed in microimaging (Figure 4-7 (a) and (b), Figure 4-1 (a) and (b)). However, 

different from the dominating fractal-shaped burning particles observed in microimaging, 

particles of post-combustion products from Ti-KClO4 are spherical (Figure 4-7 (c)). This 

morphology change is attributed to the aforementioned transition of Ti2O3 to TiO2 during 

oxidation after agglomerates depart from the burning surface.   
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Figure 4-7 SEM images of microparticles for post-combustion products of Al-KClO4 (a), 

B-KClO4 (b), and Ti-KClO4 (c). Note: For Al-KClO4, the product was water-washed 

briefly to remove KCl so that large agglomerates can stay on the carbon tap for SEM. 

More details can be found in 4.2.3.  

 

SEM/EDS images of the sub-micron particles of post-combustion products of 

Al/B/Ti-KClO4 composites also demonstrate the difference and similarity in combustion 

behaviors. As shown in Figure S11, KCl nanoparticles are produced for all three systems, 

from the condensation of KCl vapor as the product of decomposition of KClO4. Both Al 

and B systems show significant aluminum oxide and boron oxide nanoparticles, 

respectively, but oxide nanoparticles are barely observed for the Ti system.  The presence 

of aluminum oxide nanoparticles confirms the vapor phase reaction of Al. Boron oxide 

nanoparticles arise from the condensation of evaporated boron oxide as the measured 

temperature of the burning particles is close to the boiling point of B2O3 (Table 4-1). For 

Ti, both vapor phase combustion and oxide evaporation are negligible as the temperature 

is not sufficiently high. Unlike boron agglomerates being at the temperature close to the 

boiling point of B2O3 (difference is ~180 K), temperature of titanium agglomerates is much 

lower (~1000 K) than the boiling point of titanium oxides (TiO2 and Ti2O3), therefore 

evaporated titanium oxides are less significant (Table 4-1). 
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4.4.5 Discussion on combustion characteristics 

The combustion process of the three composites are summarized and represented 

in the illustration shown in Figure 4-8. KClO4 melts and decomposes concurrently at 

610 °C, and the decomposition product KCl has a boiling point of 1412 °C27,28, therefore 

presumably no KClO4 or KCl is present in solid state during burning. The combustion 

behavior differences between Al-KClO4 and B-KClO4 or Ti-KClO4 as well as the similarity 

between B-KClO4 and Ti-KClO4 are attributed to the physical property (e.g. melting and 

boiling point) of their corresponding metal and metal oxide, as shown in Table 4-1. 

Although the Al2O3 shell has a relatively high melting point, the phase transition from 

amorphous to γ-Al2O3 below 900 K introduces voids in the oxide shell, enabling the molten 

Al core to leak through the oxide shell when the temperature reaches its melting point at 

930 K57 . As oxidation of Al continues, and sintering/coalescence occurs below the melting 

point of Al2O3 because the high mobility of Al within Al2O3 likely softens it58. Molten Al 

on the surface merge to form larger droplets before they depart the surface. Based on 

analysis of the images this this process takes on the order of ~ 4 ms.   

B and Ti have much higher melting points compared to Al, and thus are relatively 

less mobile with considerably smaller atomic diffusivities.  This explains why B and Ti 

primarily form fractal-like structures rather than spherical droplets (Figure 4-8). As 

mentioned in 3.1, some of these fractal-shaped agglomerates may ball up into spheres 

during burning, and agglomerates of Ti-KClO4 have a higher tendency for becoming 

spheres than those of B-KClO4.  The measured temperature of agglomerates on B-KClO4 

burning surface is ~400 K lower than the melting point of B, thus it is less likely for the 



110 

 

agglomerates to melt and become spheres without a temperature increase. As for Ti-KClO4, 

the fractal-shaped agglomerates are in the combustion stage where Ti2O3 dominates the 

structure. As agglomerates continue burning, the amount of TiO2 increases while Ti2O3 

and other lower oxides diminish. The newly-formed TiO2 melts upon formation, which 

means that the agglomerates transition into spheres even if the temperature remains 

invariant. There is minimal temperature change observed along the burning of 

agglomerates on the burning surface of both B-KClO4 and Ti-KClO4, explaining why 

agglomerates of Ti-KClO4 are more likely to become spheres than those of B-KClO4. The 

time spans from emergence to departure of B and Ti agglomerates are ~3 ms and ~ 1.5 ms, 

respectively, both are slightly lower than the Al droplets, contributing to lower heat 

feedback to the composite and thus lower burn rates, as discussed in 4.3.3.  

Macroscopic combustion features of the three composites are also displayed in 

Figure 4-8. As discussed in 4.3.3, the luminous zone ends immediately after the burning 

surface although the droplets/agglomerates are not completely combusted in that region, 

indicating a temperature drop downstream. 
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Figure 4-8 Illustration of the microscopic features (droplet/agglomerate evolution) with 

corresponding time stamps as well as the macroscopic features of Al-KClO4 (left) and B-

KClO4 (middle) and Ti-KClO4 (right).  

4.5  Conclusions 

In this chapter, I study the combustion characteristics of high-loading Al-KClO4, 

B-KClO4, and Ti-KClO4 composites with high-speed microscopy and pyrometry and find 

that combustion characteristics of these composites are strongly dependent on the fuel type. 

Mobile Al droplets with Al2O3 caps form on the burning surface of Al-KClO4, then 
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coalesce into larger droplets before departing from the burning surface. As for B-KClO4 

and Ti-KClO4, fractal-shaped agglomerates form. Temperatures of the burning particles 

are determined with color imaging-pyrometry. The combustion behavior difference 

between Al-KClO4 and B/Ti-KClO4 as well as the similarity between B-KClO4 and Ti-

KClO4 are attributed to the physical properties, e.g. melting and boiling points, of these 

fuels and their corresponding oxides. Particles reside and burn on the propellant surface 

with the residence time on the order of ~1-5 ms. This is significantly lower than the 

theoretical particle burn time, implying incomplete particle combustion on the burning 

surface. This is consistent with the experimental observation that particles continue to burn 

after departing the burning surface. The estimated particle downstream burning distance is 

drastically larger than the observed luminous zone, suggesting the luminous zone does not 

represent the complete flame zone.  Since Al combusts in the vapor phase while B and Ti 

combust in the condense phase, the burn rate of Al should be significantly higher than B 

and Ti, However, the differences are not as drastic as expected because the formation of 

much larger droplets of Al results in dramatically longer particle burn times.  
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4.7  Supporting information 

S.1 SEM  

 

Figure S 1. SEM images of the initial nanoparticles of Al (a), B (b), and Ti (c) as well as 

their corresponding size distribution of Al (d), B (e), and Ti (f). Note: area equivalent 

diameter is displayed for B. 

 

Figure S 2. SEM images of the cross section of the printed sticks of Al-KClO4 (a), B-

KClO4 (b), Ti-KClO4 (c). 
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Figure S 3. SEM image and corresponding EDS images containing micro aluminum 

oxide particles for post-combustion product of Al-KClO4.  

S.2. Snapshots from microimaging videos 

 

Figure S 4. A series of images with time stamps from Al-KClO4 showing a particle 

spinning at high frequency. (The particle is enclosed in the dash square) 
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Figure S 5. A series of images with time stamps from Al-KClO4 showing a particle 

spinning at low frequency. (The particle is enclosed in the dash square) 

 

Figure S 6. A series of images from Al-KClO4 showing a particle bubbling and busting.  
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Figure S 7. A series of images from B-KClO4 showing an agglomerate balling up into 

sphere. 
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Figure S 8. A series of images from Ti-KClO4 showing an agglomerate balling up into 

sphere. 

 

S.3 Optical thickness calculation  

The optical thickness of the smoke surrounding the Al droplets are estimated with 

the following equation: 

                                                     τ =  −ln (10𝜖𝑐𝐿)                                                       (S1) 

Where τ is the optical thickness, 𝜖 is molar absorption coefficient that is calculated with 

Mie theory (Biswas, P.; Mulholland, G. W.; Rehwoldt, M. C.; Kline, D. J.; Zachariah, M. 

R. Microwave Absorption by Small Dielectric and Semi-Conductor Coated Metal Particles. 

J. Quant. Spectrosc. Radiat. Transf. 2020, 247, 106938.), c is the number concentration of 
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particles in the smoke that is estimated to be between 1014 and 1018/m3 and we use 1016/m3 

for the estimation (Biswas, P.; Ghildiyal, P.; Mulholland, G. W.; Zachariah, M. R. 

Modelling and Simulation of Field Directed Linear Assembly of Aerosol Particles. J. 

Colloid Interface Sci. 2021, 592, 195–204.), and L is the smoke thickness/optical path 

length, which is assumed to be 100 μm. The complex permittivity of the Al2O3 was 

assumed to be around 9.78+0.001i to perform the Mie theory calculation (Kline, D. J.; 

Rehwoldt, M. C.; Turner, C. J.; Biswas, P.; Mulholland, G. W.; McDonnell, S. M.; 

Zachariah, M. R. Spatially Focused Microwave Ignition of Metallized Energetic Materials. 

J. Appl. Phys. 2020, 127 (5), 055901.  

Estimated optical thickness in the range of visible wavelength with different 

particle sizes is shown in Figure. S10.  
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Figure S 9. Estimated optical thickness for different particle sizes in the range of visible 

light wavelength with number concentration c=1016/m3.  

S.4 Characterization from SEM of the post-combustion products and three-color 

(RBG) pyrometry for B-KClO4 

 

Figure S 10. Temperature map from three-color (RGB) pyrometry for an image from 

high-speed microscopy video of B-KClO4. High error points and low-intensity points 

were excluded from the calculation. The dashed line represents boundary of the burning 

surface. 
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Figure S 11. SEM images and corresponding EDS images focusing on background areas 

without larger microparticles for post-combustion products of Al-KClO4 (a), B-KClO4 (b), 

and Ti-KClO4 (c).   
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S.5         Energy release rate and modeling details  

 

 

Figure S 12 The relative energy release rate of Al-KClO4, B-KClO4, and Ti-KClO4. 

 

        Energy release rate per unit area of a composite is estimated based on the following 

equation: 

 

                                                       E =  ρ × v × A × Cp × ΔT                                                 (S2) 

Where ρ is the density of the printed composite, v is the burn rate, A is the cross-section 

area of the composite, Cp is the heat capacity of the composite, and ΔT is the difference 

between flame temperature and room temperature. Cp is assumed to be the same for all 

three composites. For all the three systems, estimated temperature of the agglomerates from 

pyrometry is used.  
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        Model of burn time of Al droplets is based on the following equation 

t =
𝐷0

2

𝐾
 

K =
8𝑘𝑔

𝜌𝑙𝑐𝑝𝑔ln (1 + 𝐵)
 

B =

𝛥ℎ𝑐

𝑣 + 𝑐𝑝𝑔(𝑇𝑏𝑢𝑙𝑘 − 𝑇𝑠)

𝑞𝑖−𝑙 + ℎ𝑓𝑔
 

Where 𝐷0 is initial droplet diameter, 𝛥ℎ𝑐   is combustion enthalpy (31kJ/g) [NIST], 𝑣 is 

oxygen to fuel mass ratio, 𝜌𝑙 is the density of liquid Al (2357 kg/m3), 𝑘𝑔 is the thermal 

conductivity of air (0.024 W/mK), 𝑐𝑝𝑔 is specific heat of Al (900 J/kgK), 𝑇𝑠 is 298 K, 𝑇𝑏𝑢𝑙𝑘 

is 2350 K (avg. from experiments), ℎ𝑓𝑔 is latent heat of vaporization (293.4 kJ/mol), 𝑞𝑖−𝑙 

is interface to liquid heat transfer, which is 0 as  it is assumed that there is no thermal 

gradient inside the droplet.  

        Model of burn time of Ti particles are based on the following equation: 

t =
𝜌

2𝑘𝑟𝐶𝑇𝑖
𝐷0 

𝑘𝑟 =
2𝐷𝑒

𝐷∗
 

where 𝑘𝑟  is surface reaction rate, 𝜌  is the density of Ti (4500 kg/m3), 𝐶𝐴 (
𝑚𝑜𝑙

𝑚3 ) is the 

concentration of Ti atoms in the particle. 𝐷𝑒 is effective free-molecular diffusivity of O2 in 

air., which is 10-5 m2/s.  𝐷∗  is the critical diameter from diffusion to surface reaction 
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transition (~30 µm) (Zong, Y.; Jacob, R. J.; Li, S.; Zachariah, M. R. Size Resolved High 

Temperature Oxidation Kinetics of Nano-Sized Titanium and Zirconium Particles. J. Phys. 

Chem. A 2015, 119 (24), 6171–6178.).   
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5 Investigating the Combustion Behavior of Al/AP Composites with 

High-Speed Videography 

5.1  Summary 

In this study, I prepare 90wt% loading composites of aluminum and ammonia 

perchlorate with different equivalence ratios and study their combustion behavior with 

high-speed microscopic and macroscopic videography and pyrometry. For all equivalence 

ratios, microscopic videography reveals the formation of fractal-shaped agglomerates that 

transform into molten droplets eventually growing into larger droplets before departing the 

burning surface. Droplet size analysis suggests that droplets of similar sizes evolve from 

composites with equivalence ratio of 0.5 and 1, while dramatically larger droplets are 

observed for composite with equivalence ratio of 2. Temperature measurement from three-

color pyrometry suggests that there is no difference in temperature among the 

agglomerates/droplets from difference equivalence ratios. Burn rates obtained from the 

macroscopic imaging show that burn rate of the composites increases as equivalence ratio 

increases, although one expects that equivalence ratio of 2 should have a lower burn rate 

due to its lower energy density. Analysis of droplet residence time on the burning surface 

shows that while the droplets on the burning surface in the case of composites with  

equivalence ratio of 0.5 and 1 have similar residence times, droplets at equivalence ratio of 

2 have significantly longer residence times on the burning surface, which results in 

significantly more heat feedback to the unburnt propellant and leads to the unexpected 

higher burn rate than equivalence ratio of 1. 
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5.2  Introduction 

Aluminum (Al) particles are widely used in solid propellants as additives to 

increase specific impulse and enhance combustion stability 1. Al nanoparticles offer a 

higher energy release rate and lower ignition temperature than traditional Al microparticles 

2–5. Nevertheless, the nanostructure of Al nanoparticles is typically rapidly lost prior to and 

during combustion due to reactive sintering and in-combustion agglomeration 6–8.  This 

means that the effective size of Al particles increases during combustion 9–11. This 

phenomenon can have a significant impact on the combustion performance of the 

propellant and is the motivation for imaging studies explored in this work.   

The Al particle agglomeration in propellants has been widely observed and a 

variety of diagnostic techniques have been applied to investigate the particle behavior 12–

16. Ex-situ techniques using electron microscopes for characterizing the captured particles 

from combustion are commonly used to study  agglomerates 12,13,15,17. Recently, in-situ 

high-speed imaging techniques have proven to be particularly useful for probing spatial 

and temporal combustion dynamics as well as estimating particle temperatures, quantifying 

size, and velocity of Al particles 1,18–21. Despites these studies, a systematic investigation 

focusing on characterizing combustion behavior of Al/AP (ammonium perchlorate) 

composites with various equivalence ratios using high-speed imaging techniques is still 

lacking.  

In this chapter, I prepare free-standing Al/AP composites with 90% loading with 

different equivalence ratios by 3D printing and investigate their combustion behavior 
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systematically using high-speed (µs) and high resolution (µm) imaging techniques, which 

enable direct visualization of Al agglomerates/droplets evolving during combustion 

process in-operando. Size and residence time of droplets on the burning surface are 

measured. Temperature of the burning agglomerates/droplets in the reacting zone is 

estimated with three-color pyrometry. Burn rate of different composites and droplet 

velocity after departing from the burning surface are obtained from macroscopic imaging. 

5.3  Materials and Methods 

5.3.1 Materials 

Aluminum nanoparticles (Al NPs, ~70nm, 66 wt% active) were purchased from US 

Research Nanomaterials Inc. The active content of these fuels was determined with 

thermogravimetry and differential scanning calorimetry (TGA−DSC) using a SDT Q600 

from TA Instruments. Ammonia perchlorate microparticles (AP MPs, 90 μm) were 

obtained from Pyro Chem Source. Ethanol (200 proof) was purchased from Koptec. 

Dichloromethane (99.9%) was purchased from Fisher Scientific. Polymethyl methacrylate 

(PMMA) was purchased from Alfa Aesar.  

5.3.2 Preparation of ink and direct ink writing of 90 wt% loading Al/AP 

composites 

A typical ink was prepared by firstly dissolving 10 wt% of PMMA in the mixture 

of ethanol and dichloromethane (volumetric ratio of 1:1). AP was then added to the solution 

and the obtained suspension was sonicated for 15 mins. Then Al was added, and the 

obtained suspension was sonicated for 30 mins. After sonication the suspension was stirred 



132 

 

for ~3 h before printing. The amount of Al and AP was determined with the following 

equation, and different equivalence ratios (φ=0.5, 1, and 2) were considered.  

                                 10Al + 6NH4ClO4 = 5Al2O3 + 6HCl + 3N2 + 9H2O                                         

Details about printing can be found in our previous studies 22. Generally, for 

printing, an ink was extruded through an 18-gauge nozzle and written on a glass substrate 

at room temperature. After printing, the films were cut into ~2 cm long sticks for studying 

combustion behaviors.  

5.3.3 Microscopic and macroscopic imaging 

The details of the microscopic and macroscopic imaging process can be found in 

our previous publications 21. Briefly, the macroscopic imaging was performed with a high-

speed camera (Vision Research Phantom Miro M110) and the microscopic imaging was 

performed with a high-speed camera (Vision Research Phantom VEO710L) coupled to a 

long working length objective; Infinity Photo-Optical Model K2 DistaMax. For a typical 

measurement, a printed stick was mounted on a stage holder within a chamber filled with 

argon, and the chamber was placed between the two imaging systems. The stick was then 

ignited with a nichrome wire by Joule-heating. The combustion process was recorded at a 

sample rate of 10 000 frame/s with the macroscopic imaging system and 24 000 frame/s 

(512 x 512 pixels, 1.7 μm/pixel) with the microscopic imaging system. The schematic of 

the setup is shown in Figure 5-1. 
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Figure 5-1 Setup of the microscopic and macroscopic imaging systems. 

Size measurement was performed only on spherical droplets (fractal-shaped 

agglomerates were not counted). For φ=0.5 and 1, residence time of droplets were 

performed in microimaging videos by tracking the starting time of the emergence of the 

fractal-shaped agglomerates, to the time when the droplets leave the burning surface 1. For 

φ=2, in addition to the aforementioned tracking method in microimaging videos, residence 

time of large droplets were also tracked in macroscopic imaging videos due to their much 

larger size and longer residence time. Particle velocity in the gas phase was measured by 

tracking the location of the particles and the corresponding time.  

5.3.4 Three-color imaging pyrometry 

Details about three-color imaging pyrometry can be found in the previous studies 

from our group 19,23. Briefly, temperature estimation of a sample was performed with the 

ratios of channel intensities of three colors (red, green, blue) from the Bayer filter by using 

a custom MATLAB routine assuming graybody emission behavior of the sample. 

Calibration parameters were collected by the response to a blackbody source (Mikron 

M390) and the temperature uncertainty was estimated to be nominally 200-300 K 10,24.  
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5.3.5 Results and discussion 

High-speed microscopic videos enable direct visualization of events on the burning 

surface that provides key understanding of the combustion characteristics.  Figure 5-2 (top) 

shows the representative snapshots from the high-speed microscopic videos for Al-AP with 

different equivalence ratios. For all the three equivalence ratios, fractal-shaped 

agglomerates form and transform into molten droplets with dark Al2O3 caps 18, which may 

coalesce into larger droplets. For equivalence ratio of 0.5 and 1, these droplets depart from 

the burning surface, and do not coalesce further significantly. While for equivalence ratio 

of 2, the majority of droplets merge into much larger droplets before leaving the burning 

surface. Size distribution of the droplets and its impact on the macroscopic combustion 

behavior will be discussed further in the following section.  

Three-color (RGB) pyrometry was used for estimating temperature of the 

agglomerates/droplets and the obtained representative temperature maps for different 

equivalence ratios are shown in Figure 5-2 (bottom).  For all the three equivalence ratios, 

fractal-shaped agglomerates have a temperature of ~2100 K. Although this temperature is 

significantly higher than the melting point of Al at 930 K, it is lower than the melting point 

of Al2O3 at 2345 K 1, therefore Al2O3 is in the solid-state and prevents the fractal-shaped 

agglomerate from becoming droplets. As oxidation continues and temperature increases 

near the melting point (~2345 K), Al2O3 melts and phase separates from Al, and retracts 

into a distinct cap through surface tension 25. The measured temperature of droplets is 

~2350 K, which is about the melting point of Al2O3, explaining the observed nearly 

spherical morphology. It is noteworthy that although droplets of equivalence ratio of 2 are 
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significantly larger than equivalence ratio of 0.5 and 1, these droplets have the about same 

temperature at ~ 2350 K. For equivalence of 2, it is clear than the Al2O3 cap is slightly 

hotter (~150 K) than the Al body, consistent with the observations from previous studies 

1,18. This temperature difference is attributed to the evaporation of Al that removes heat 

from the Al body.  

 

Figure 5-2 Representative images from high-speed microscopy video for Al-AP at 

different equivalence ratios on the top and their corresponding temperature map from three-

color pyrometry on the bottom. High error points and low-intensity points were excluded 

from the temperature calculation.  

Size distributions of droplets observed in microimaging videos for Al-AP with 

different equivalence ratios are displayed in Figure 5-3 (a). There is minimal difference in 

size distribution between equivalence of 0.5 and 1, as the majority of the droplets for both 

equivalence ratios are below 120 μm. While for equivalence ratio of 2, the overall droplet 
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sizes are dramatically larger with more than half of the droplets being above 200 μm. It is 

noteworthy that the primary Al particles initially incorporated into the composite is 70 nm, 

which implies that there is extensive sintering/coalescence and agglomeration of Al during 

the combustion process and the sintering/agglomeration extent of equivalence of 2 is 

significantly higher, as the size increases ~1000 times for equivalence ratio of 0.5 and 1, 

whereas ~ 4500 times in the case of equivalence ratio of 2.  

Figure 5-3 (b) displays a series of snapshots of a representative droplet forming 

from a fractal-shaped agglomerate and growing before departing from the burning surface 

at equivalence ratio of 1. This visualization shows that the droplets burn for some time on 

the burning surface rather than departing upon formation. The droplet residence time on 

the burning surface is estimated based on the time span from the emergence of an 

agglomerate that evolves into a droplet to the departure of that droplet, and the obtained 

residence time distribution of different equivalence ratios are shown in Figure 5-3 (c). 

Similar to the size distribution comparison, there is minimal difference in droplet residence 

time between equivalence ratio of 0.5 and 1, and majority of the residence times are less 

than 6 ms. While for equivalence ratio of 2, the overall residence time is significantly 

higher, with about 40% of the droplets having residence times more than 8 ms.  
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Figure 5-3 Droplet size distribution of Al-AP with different equivalence ratios (a), time-

resolved snapshots of a representative droplet evolving before departing from the burning 

surface for φ=1 (b), and residence time distribution of Al-AP with different equivalence 

ratios (c).  

Burn rate of a composite normally reflects its energy release rate, and provides 

insight on the overall combustion performance9,26,27. Figure 5-4 (a) displays a series of 

time-resolved snapshots from the macroscopic videos for different equivalence ratios, with 

their corresponding burn rates. It is worth noting that some droplets are sufficiently large 

to be resolved in the macroscopic videos for equivalence ratio of 2. Droplet velocity in the 

gas phase after departing from the burning surface is measured by tracking the travelling 

distance and the corresponding time. The obtained velocity distribution is shown in Figure 

5-4 (b), which reveals that majority of droplets have a velocity above 2 m/s for equivalence 
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ratio of 0.5 and 1, while for equivalence ratio of 2, the droplet velocity is mostly below 2 

m/s. This difference is attributed to the considerably larger droplet size of equivalence ratio 

of 2 compared to equivalence ratio of 0.5 and 1. It is interesting that although there is only 

minimal difference between equivalence of 0.5 and 1 for both droplet size and residence 

time on the burning surface, the droplet velocity in the gas phase of equivalence of 1 is 

about twice of equivalence ratio of 0.5. As the equivalence ratio changes from 0.5 and 1, 

the AP content decreases slightly, which means the amount of gas generated cannot explain 

this difference. Nevertheless, the heat generated from equivalence ratio of 1 is almost twice 

of equivalence ratio of 0.5. The higher amount of heat generation causes faster gas 

expansion performing PV work by pushing the droplets apart and thereby results in a higher 

droplet velocity, which is believed to be the primary reason for a higher droplet velocity of 

equivalence ratio of 1.  

As equivalence ratio increases from 0.5 (fuel lean) to 1, burn rate increases as 

expected from 1.6 cm/s to 3.2 cm/s. As equivalence ratio increase from 1 to 2 (fuel rich), 

burn rate is expected to decrease as the overall energy density of the composite is reduced 

due to the excess content of fuel and the burn tests are performed in an argon environment 

that provides no extra oxygen. However, I observe that the burn rate increases from 3.2 

cm/s to 5.4 cm/s when equivalence ratio increases from 1 to 2. Previous studies have 

demonstrated that reduction in agglomeration/sintering of aluminum particles effectively 

promotes the propagation rate 9,10,15,28,29. A primary question now arises: Why does the 

composite with equivalence ratio of 2 have a higher burn rate than equivalence ratio of 1 
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even though it has lower energy density and significantly more severe 

sintering/agglomeration? 

For propagation sufficient heat transferred from the flame back to the unreacted 

material is essential for steady propagation 24,29–31. For Al based composites, previous 

studies have demonstrated through calculation that conduction is not the dominant source 

for heat feedback to the unburnt material 24,30. These calculations had the underlying 

assumption that burning particles depart from the burning surface immediately after 

reaching a certain temperature. However, in the case of the current study, droplets reside 

on the burning surface for a significant duration after reaching the maximum temperature. 

Figure 5-2 shows that droplets from composites with different equivalence ratios have the 

same temperature, which suggests a higher amount of absolute energy has been provided 

as conductive heat feedback for a longer residence time if assuming other factors remain 

invariant. As discussed above, droplet residence time from composite with equivalence 

ratio of 2 is significantly longer than equivalence of 1, which indicates that a higher amount 

of total heat is provided back to the unburnt material from the burning droplets for 

equivalence ratio of 2 than equivalence of 1. This higher heat feedback results in enhanced 

burn rate, and this enhancement exceeds the reduction effects from lower energy density, 

and more severe sintering/agglomeration. Therefore, a higher burn rate is observed for the 

composite with equivalence ratio of 2 than equivalence ratio of 1.  
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Figure 5-4 Time resolved-snapshots of high-speed macroscopic video with corresponding 

burn rate (a), and droplet velocity distribution (b) of Al-AP with different equivalence 

ratios. Note: the videos have the same framerate.  

5.4   Conclusions 

In this study, high-speed microscopic and macroscopic imaging techniques were 

used as the primary diagnostic tools for investigating the combustion behavior of 3D 

printed 90% loading Al-AP propellants with different equivalence ratios (φ=0.5, 1, and 2) 

in an inert environment. Microscopic imaging shows that for all the three equivalence ratios, 

fractal-shaped agglomerates transition into spherical droplets that grow into larger droplets 

before departing the burning surface. While droplets with similar sizes are observed for 

equivalence ratio 0.5 and 1, significantly larger droplets form for equivalence ratio of 2. 

Three-color pyrometry employed for measuring agglomerate/droplet temperature shows 

there is no difference among the agglomerates/droplets from difference equivalence ratios. 
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Macroscopic imaging reveals that burn rate of the composite increases as equivalence ratio 

increases. Residence time analysis shows droplet evolving from composite with 

equivalence ratio of 2 has dramatically longer residence time on the burning surface than 

equivalence ratio of 0.5 and 1. This significantly longer residence time is believed to result 

in more heat feedback to the unburnt composite that causes the unexpected higher burn rate 

than equivalence ratio of 1. This study reveals the dominance of conductive heat feedback 

on the propagation rate of an aluminized propellant.  
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6 Role of Surface Tension on Heat Feedback and Power from 

Energetic Composites 

6.1  Summary  

Heat feedback to the unburned reaction interface is an important controlling factor 

on the velocity of the reaction front and power delivery. In this chapter, I investigate the 

effect of agglomerate surface tension and its relationship to surface residence time and heat 

feedback on the combustion characteristics by Si addition to an Al/KClO4 composite. 

Macroscopic imaging demonstrates a significant increase in burn rate with the addition of 

Si despite the fact that Si/KClO4 has a slightly lower energy density than Al/KClO4. 

Microscopic imaging coupled with three-color pyrometry reveals that molten liquid forms, 

and evolves into spherical droplets on the burning surface, which is subsequently ejected 

from the surface. I find that addition of Si results in a small increase in droplet size and a 

negligible impact on droplet temperature. However, the droplet formation rate on the 

surface is slower, leading to a significantly longer surface residence time. This leads to 

enhanced conductive heat feedback to the unburnt materials, thereby increasing the burn 

rate and energy release rate. I attribute the decreased droplet growth rate to the lowered 

surface tension of the liquid mixture with Si addition. This study highlights the crucial role 

of agglomerate physical property (e.g. surface tension) in influencing the combustion 

behavior of energetic composites. 
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6.2  Introduction 

The development of solid propellants using metals as high-energy fuel has gained 

growing interest in the quest for materials capable of achieving higher energy release rates 

1. Metalized energetics has emerged as a promising frontier due to their higher theoretically 

chemical energy density compared to the traditional CHNO energetics 2–6. Despite the 

higher energy density, the relatively long diffusion length between fuel and oxidizer of 

traditional micron-scale metal energetics results in slow reaction kinetics. Modern 

formulations that incorporate nanoscale fuels and oxidizers aim to enhance reactivity by 

increasing the specific surface area and reducing the transport distances 2,5,7–9. Aluminum 

(Al) nanoparticles have been widely used for this purpose due to its high gravimetric and 

volumetric energy density (31.1 kJ⋅g-1 and 83.8 kJ⋅cm-3, respectively) as well as ready 

availability 10–15. However, agglomeration becomes prevalent with the replacement of 

micron scale Al with nanoscale Al 16,17. This is because of the tendency of Al nanoparticles 

to aggregate, sinter, and coalesce due to either solid state diffusion or viscous flow 1,18. The 

agglomeration mitigates the advantages of utilizing Al nanoparticles and decreases the 

energy release rate 10,19,20.  

Previous studies have explored various methods to improve the combustion 

performance of Al nanoparticles, such as surface coating 21–23, utilizing an additive 1, 

employing an unzipping polymer 24, and assembling Al nanoparticles into mesoparticles 

19,25,26. While these studies primarily focus on reducing agglomeration, other factors 

significantly influence combustion performance, one of which is the heat feedback 1,27–32. 

Sufficient heat feedback to the unreacted material is essential for the steady propagation of 
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an energetic system 31–33, and a higher amount of heat feedback has been proven to enhance 

the burn rate and energy release rate 27,28,34. Despite these findings, an investigation 

focusing on the effect of agglomerate physical properties on the heat feedback and burn 

rate is still lacking and is the focus of this chapter. 

In this chapter, I investigate the effect of agglomerate surface tension and its 

relationship to heat feedback on the combustion characteristics of 3D printed 90% loading 

Al/KClO4 composites with Si addition (0 wt%, 10 wt%, and 25 wt%). Si is utilized as 

Si/KClO4 has a similar energy density to Al/KClO4 (8.7 vs 9.5 kJ/g). In-situ imaging 

techniques have been demonstrated to be particularly useful to study the combustion 

behavior of aluminized energetic composites 35–38. Here I employ high-speed microscopic 

imaging to study the reaction front and post-flame with high temporal (µs) and spatial (µm) 

resolution 16,24,39. This enables us to track agglomerate size and surface residence time to 

provide information about the evolution process of agglomerates. Three-color imaging 

pyrometry is used to measure the temperature of the agglomerates. Burn rate of these 

composites are measured and relative energy release rates are calculated. The different 

forces affecting a representative agglomerate on the burning surface are estimated and 

compared to determine the agglomerate detachment mechanism. Scanning Electron 

Microscopy (SEM) coupled with energy-dispersive spectrometry (EDS) and X-ray 

diffraction (XRD) are utilized to analyze the post-combustion product and provide insight 

into the combustion process.  In this chapter I will explain why adding a fuel with a slightly 

lower energy density (Si) to Al can result in an energy release rate increase in power by 

2X. 
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6.3   Materials and Methods 

6.3.1 Materials 

Aluminum nanoparticles (Al NPs, ~70 nm) were purchased from US Research 

Nanomaterials. Potassium perchlorate (KClO4, 99%) was obtained from Alfa Aesar. 

Polyvinylidene Fluoride (PVDF, average molecular weight: ~534,000) obtained from 

Sigma-Aldrich and METHOCEL™ F4M Hydroxypropyl Methylcellulose (HPMC) 

purchased from Dow Chemical Company were used as the binder for printing. N, N-

dimethylformamide (DMF, 99.8%) was obtained from Fisher Scientific and used as a 

solvent to dissolve PVDF, HPMC, and KClO4.  

6.3.2 Synthesis of silicon nanoparticles 

Silicon nanoparticles were synthesized via a nonthermal plasma method 15,40. 

Briefly, the reactor is composed of a quartz tube (8 × 1 in.) and two copper ring electrodes. 

The first electrode was connected to a rf power supply (13.56 MHz) and matching network, 

and the second electrode was grounded. A butterfly valve was utilized to maintain a 

constant pressure of 267 Pa, and a baratron (MKS Baratron Capacitance Manometer) was 

used to monitor the pressure within the reactor. 1.36% SiH4 and argon mixture was flown 

as the precursor gas while the rf input power was set at 80 W at to produce Si nanoparticles. 

The particles were collected downstream of the plasma volume by filtering.  
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6.3.3 Preparation of ink and direct ink writing of 90 wt% loading Al-Si/KClO4 

composites 

Three stoichiometric 90 wt% loading composites were prepared with the fuel being 

Al and Si, and the oxidizer always being KClO4. I will refer to the samples in terms of the 

mass percentage of Al and Si in the fuel. For example, a 90% Al-10% Si sample means 

that 90% of the fuel is Al, 10% of is Si, and the corresponding amount of KClO4 is used as 

the oxidizer to make the overall stoichiometric assuming complete conversion to Al2O3 

and SiO2. The details on preparing ink and printing the composites can be found in our 

previous study 41. Briefly, 4 wt% of PVDF, 6 wt% of HPMC, and KClO4 were dissolved 

into DMF. Every ink had a constant 25 mg/ml polymer binder in DMF. Then the fuel 

nanoparticles were added to the solution, which was ultrasonicated for 30 min and 

magnetically stirred overnight before printing. For printing with a Hyrel printer (SYSTEM 

30 M), the ink was extruded through an 18-gauge needle on a preheated (~75 °C) substrate. 

The substrate was heated at ~75 °C for another 30 min when the printing was finished to 

ensure complete removal of DMF. The obtained films were cut into ~2 cm long sticks for 

combustion investigation. Three composites, Al/KClO4, 90% Al-10% Si/KClO4, and 75% 

Al-25% Si/KClO4, were prepared by 3D printing. For simplicity, these three composites 

are referred to Al, 90%Al-10%Si, and 75%Al-25%Si, respectively. Details of the weight 

percentage of each component of all the composites are displayed in Table S1. SEM images 

of the cross-section for the three composites are shown in Figure S3.  
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6.3.4 Microscopic and macroscopic imaging  

The details of the imaging process can be found in our previous publications 16,42. 

Generally, the combustion process of the composites was studied with two imaging 

systems, one of which was the microscopic imaging system with high-speed camera 

(Vision Research Phantom VEO710L) coupled with Infinity Photo-Optical Model K2 

DistaMax. The other imaging system was macroscopic imaging system with high-speed 

camera (Vision Research Phantom Miro M110). For one measurement, a stick was 

positioned on a stage inside an argon-filled (1 atm) cubic chamber (edge length: 10 cm), 

which was placed between the two imaging systems. The stick was ignited with a Joule-

heated nichrome wire and the combustion process was recorded with both imaging systems. 

For determining the average burn rate along with standard error, a minimum three tests 

were conducted on each composite.  

For droplet size measurement from the microscopic imaging video, a minimum of 

100 droplets were measured for each composite.  

6.3.5 Electron microscopy and X-ray diffraction crystallography  

X-ray diffraction (XRD) [Empyrean PANalytical Series 2; Cu-Kα source (λ = 1.541 

Å)] was used to characterize the as-synthesized Si nanoparticles (Figure S1) and 

composition of the post-combustion product of Al/KClO4 and 75%Al-25%Si/KClO4. The 

size and morphology of Si nanoparticles were characterized by TEM (120-kV accelerating 

voltage; Thermo Fisher Scientific Talos L120C) (Figure S2). Scanning electron 

microscope (SEM, Thermo-Fisher Scientific NNS450) coupled with energy dispersive X-

ray spectroscopy (EDS) was used to analyze the morphology and composition of the post-
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combustion product. Post-combustion product was collected inside a glass tube (ID: 1 inch) 

filled with argon. For 75%Al-25%Si/KClO4, the obtained product was washed with water 

briefly to dissolve KCl nanoparticles, which is formed during combustion, to simplify the 

XRD spectrum 16. To minimize oxidation of the particles in water, the washing process 

involved adding water to the post-combustion product and vigorously vortexing it for 

approximately 20 seconds. Subsequently, the suspension was promptly centrifuged, the 

precipitate was collected, and it was then dried under vacuum in a desiccator before 

conducting SEM and XRD analysis.  

6.3.6 Three-color imaging pyrometry  

Details about three-color imaging pyrometry can be found in previous publications 

from our group 31,39,43. In general, temperature measurements of the sample were conducted 

by analyzing the ratios of channel intensities in three colors (red, green, and blue) captured 

through the Bayer filter. This analysis was performed using a custom MATLAB routine, 

assuming that the sample exhibited graybody emission behavior. Calibration factors were 

determined with a blackbody source (Mikron M390). The estimated temperature 

uncertainty is typically within the range of 200-300 K 27,31.  

6.4  Results and discussion 

Combustion behaviors of the Al, 90%Al-10%Si, and 75%Al-25%Si composites 

were characterized with high-speed macroscopic and microscopic cameras in argon. (For 

simplicity, KClO4 is excluded in the name of these composites). A series of time-resolved 

snapshots of these composites from macroscopic video are shown in Figure 6-1 and Figure 
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S4. All three composites show stable and linear propagation, and the burn rate increases as 

Si content increases, as displayed in Figure 6-1 (a) and Figure S4. Figure 6-1 (b) shows 

that the burn rate is 8.6 cm/s, 11.2 cm/s, and 14.3 cm/s for Al, 90%Al-10%Si, and 75%Al-

25%Si, respectively. It is noteworthy that while previous studies has demonstrated that the 

increase in porosity results in a higher burn rate 44,  the porosity of the composite was 

largely unaffected by Si addition in our composites (all composites have porosity near 

50%). Therefore, the observed increase in burn rate cannot be explained by porosity 

increase. 

 

Figure 6-1 Time-resolved snapshots from high-speed macroscopic video of the composite 

of Al/KClO4, (a). The dashed lines represent the printed composite before ignition. 

Measured burn rates of different composites (b). Images for the cases with Si addition 

appear qualitatively similar and can be found in Figure S4 in the supplemental information. 

Microscopic videos provide important insight into the combustion characteristics 

of a composite by enabling direct observation of combustion events on the burning surface. 

Figure 6-2 (a) shows the snapshots from high-speed microscopic videos of the composites 

with different Si contents. Cone-shaped flame front is observed for all three composites 

and is attributed to a higher porosity on the edge of the composites that arises from a higher 
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solvent evaporation rate during printing 16. For the composite of bare Al, molten droplets 

with dark caps form on the burning surface. The main (bright) body of these droplets is 

almost pure Al while the dark cap consists of Al2O3 
16,45. These mobile droplets coalesce 

and/or absorb newly formed liquid nearby, growing into larger droplets before departing 

from the burning surface 46. The incorporation of 10% and 25% Si has a minimal influence 

on the morphology of the droplets, as shown in Figure 6-2 (a). Droplet sizes of the three 

composites are measured, and the distributions are displayed in Figure 6-2 (b), which 

illustrates that the addition of Si slightly increases the droplet size.  

 

Figure 6-2 Images from high-speed microscopic video (a) and droplet size distribution 

(b) for the composites of Al, 90%Al-10%Si, and 75%Al-25%Si. 
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Three-color (RGB) pyrometry is utilized to measure the temperature of the flame 

front and the representative temperature maps of the composites with different Si content 

are displayed in Figure 6-3 (a). For the composite with bare Al, main body of the droplets 

have an average temperature of ~2350 K, which is significantly higher than the melting 

point of Al at 930 K. It is noteworthy that this measured temperature is approximately equal 

to the melting point of Al2O3 at 2345 K 37. At this temperature Al2O3 melts and retracts, 

forming a distinct lobe due to surface tension 16,47. With the introduction of Si to the 

composite, the average temperature of main body of the droplets is ~2450 K for 90%Al-

10%Si and ~2500 K for 75%Al-25%Si, respectively. The droplet temperature difference 

between bare Al and 75%Al-25%Si is within the uncertainty of the measurement (200-300 

K) 27,31, therefore I conclude that the addition of Si has minimal effect on the droplet 

temperature. For droplets of all three composites, the temperature of Al2O3 cap is higher 

than the main body, consistent with the observations from previous studies 16,37.        

Combustion performance of different composites can be evaluated by comparing 

their energy release rate. Figure 6-3 (b) shows the relative energy release rate of the three 

composites. It is evident that the energy release rate of the composite increases with the 

addition of Si. As the Si content increases from 10% to 25%, the relative energy release 

rate rises from 1.4X to 2.0X that of bare Al. Given that the gravimetric energy density of 

Si/KClO4 is lower than Al/KClO4 (8.7 vs 9.5 kJ/g), the observed increase in energy release 

rate cannot be explained by theoretical energy density difference. In addition, previous 

studies have demonstrated that the smaller agglomeration size favors a higher burn rate 

1,24,27,34. As shown in Figure 6-2 (b), the droplet size of the composite has a slight increase 
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with Si addition. A primary question now arises: Why does the introduction of Si 

significantly increase the energy release rate? 

 

Figure 6-3 Temperature maps from three-color pyrometry (a) and the estimated relative 

energy release rates (b) for the composites of Al, 90%Al-10%Si, and 75%Al-25%Si. 

High error points and low-intensity points were excluded from the temperature 

measurement. Details about relative energy release rate estimation can be found in 

Supporting Information (Section S2).  
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Microscopic imaging videos demonstrate that the initial agglomerates require some 

time to evolve into droplets, which then reside on the burning surface for a period before 

departure rather than being ejected immediately after formation. Figure 6-4 (a) presents a 

series of snapshots depicting a representative process from agglomerate emergence, droplet 

formation, growth, and departure from the burning surface of the bare Al composite. 

Agglomerate surface residence time is estimated by tracking the time span from emergence 

of the agglomerate that evolves into a droplet to the departure of that droplet, and the 

obtained distributions for different composites are shown in Figure 6-4 (b), which shows 

that the addition of Si clearly increases the agglomerate surface residence time. The vast 

majority of the agglomerate residence time for bare Al composite is below 3 ms. With 10% 

Si introduction, the overall agglomerate residence time increases, and approximately 35% 

of agglomerates have residence time exceeding 3 ms. As the Si content increases from 10% 

to 25%, the overall agglomerate residence time continues to rise, with more than 60% of 

agglomerates having a residence time exceeding 3 ms.  



157 

 

 

Figure 6-4 Time-resolved snapshots of the evolution of a representative droplet from 

emergence to departure from the burning surface for the composite of bare Al (a). 

Measured agglomerate surface residence time distribution of Al, 90%Al-10%Si, and 

75%Al-25%Si (b).  

Steady propagation requires the transfer of sufficient heat from the flame back to 

the unreacted material 31–34,48. Conduction, convection, and radiation are the three primary 

methods for heat transfer. Previous studies have demonstrated that radiative heat feedback 

is negligible for a propellant propagating at atmospheric pressure 32,33,48,49. In the current 

study, combustion tests of the composites were conducted inside a vented chamber to 

maintain approximate atmospheric pressure, therefore we disregard the effect of radiative 

heat feedback. Convective heat transfer can be further divided into convection of gas and 

convection from the movement of condensed phase material 33,50–52. Egan et al. investigated 

gas convection in an Al/CuO system propagating inside a narrow channel and concluded 

that convective heat transfer was insufficient  to sustain combustion 33. Calculation shows 

that Al-Si/KClO4 has less gas generation compared to Al/CuO, assuming the oxygen 
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produced from the oxidizers is completely consumed by Al. While the composite of Al-

Si/KClO4 has 10% polymer binder (4% PVDF and 6% HPMC), prior work has 

demonstrated this polymer mixture has little gas release 24. It is noteworthy that the 

combustion test of the composite in the current study was conducted inside a chamber with 

a cross-section area approximately 4 orders of magnitude higher than that of a composite 

stick. This indicates that convective heat transfer effect is much lower than the significantly 

confined Al/CuO system studied by Egan et al. 33, therefore the effect of convective heat 

transfer of gas is insignificant. As for the effect caused by the movement of condensed 

phase material, no movement of burning droplet back to the unburnt composite is observed 

from the microscopic imaging. This can be attributed to the lack of confinement effect from 

the test chamber, given that its cross-section area is drastically larger than that of the 

composite stick. Thus, it can be concluded that the convective heat transfer effect is 

insignificant for the propagation of Al-Si/KClO4 composites. 

From the discussion so far, I can conclude that the radiation heat feedback is 

negligible, and convection is not the dominant mode of energy transport for the propagation 

of Al-Si/KClO4 composites. The remaining mechanism is conduction heat transfer. The 

significance of conductive heat transfer has been suggested previously. Brewster et al. 

concluded that the residence of metal agglomerates on or near the surface of a propellant 

tended to increase the burn rate of the propellant by transferring heat to the propellant 34. 

Our prior work of Wang et al. demonstrated the addition of carbon fiber increased the burn 

rate of Al/CuO by enhancing conductive heat transfer from hot burned/burning particles to 

the unburnt materials 27. In the current study, I have shown that agglomerate residence time 
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increases with Si addition (Figure 6-4 (b)), suggesting an increase in conductive heat 

feedback to the unburnt material, which enhances burn rate. A new question now arises: 

Why does the addition of Si increase the agglomerate residence time? To answer this 

question, I will primarily compare the composites of bare Al and 75%Al-25%Si.  

XRD and SEM/EDS were utilized to analyze the post combustion products. Figure 

6-5 (a) displays the XRD results of post-combustion product from the composites of bare 

Al and 75%Al-25%Si. In the composite of bare Al, KCl resulting from the decomposition 

of KClO4, unreacted Al, γ-phase Al2O3, δ-phase Al2O3, and α-phase Al2O3 are present. In 

the composite of 75%Al-25%Si, in addition to the components observed for bare Al 

composite, SiO and unreacted Si are identified. As discussed in the previous section, for 

the composite of bare Al, the main body of the droplets during combustion is almost pure 

Al while the dark cap is Al2O3 
16,45. SEM/EDS images in Figure 6-5 (b) show that for the 

75%Al-25%Si composite, aluminum, oxygen, and silicon are homogeneously distributed 

on the surface of the particles except for a few small spots. Al and Si are miscible at any 

atomic ratio when the temperature is above the melting point of Si at 1414 °C 53, which is 

significantly lower than the measured temperature of main body of the droplets (>2100 °C). 

This suggests that for the composites with Si addition, the main body of the droplets forms 

a homogeneous mixture of Al and Si, consistent with the EDS analysis that Al and Si are 

homogeneously distributed on the post-combustion particles. For simplicity in following 

discussion, I assume Al and Si are in the main body while SiO and Al2O3 are in the cap for 

the burning droplets of composites with Si addition.  
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Figure 6-5 XRD spectra of post-combustion products from the composites of bare Al and 

75%Al-25%Si (a). SEM image and corresponding EDS images of post-combustion 

products of the 75%Al-25%Si composite (b). Note: Product of the 75%Al-25%Si 

composite was water-washed briefly to remove KCl for obtaining a cleaner XRD spectrum 

and allowing large agglomerates to remain on the carbon tap for SEM. 

Now, let me consider the forces that a droplet feels in order to detach from the 

burning surface. On the burning surface the droplet will experience aerodynamic forces 

(drag or blowing force) due to gas flow effusing from surface, adhesive forces, and gravity, 

as shown in Figure 6-6-6 (a) 29,54,55. Gravity plays an insignificant role in droplet 

detachment as no consistent downward movement is observed for the departed droplets. I 

begin by assuming that the surface generates gas (blowing force) which will want to lift 

the particle from the surface by a drag force. To estimate the drag force, I need to know the 
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blowing velocity at the surface of attachment. To do this, however, I measure the velocity 

of the departed particle and assuming it has reached its terminal velocity and assuming it 

is equivalent to the blowing velocity. I can then calculate the lifting force from Stokes Law 

(i.e. the drag force; 𝐹𝑑𝑟𝑎𝑔) shown in Equation (1) 56. Where 𝐶𝐷 is drag coefficient, 𝜌𝑔 is 

the gas density, 𝑑 is the diameter of the particle, 𝑣 is the relative velocity of the gas flow. 

Counteracting the drag (or detachment) force is the adhesive force (𝐹𝑎𝑑ℎ) characterized by 

Equation (2) 56. The adhesive force arises from the combination of van der Waals, 

electrostatic, and surface tension forces, which are represented by the first, second, and 

third term on the right side of Equation (2), respectively.  

 𝐹𝑑𝑟𝑎𝑔 = 𝐶𝐷

𝜋

8
𝜌𝑔𝑑2𝑣2 (1) 

 

 𝐹𝑎𝑑ℎ =
𝐴𝑑

12𝑥2
+

𝐾ɛ𝑞2

𝑥𝑞
2

+ 2𝜋𝛾𝑑 (2) 

where 𝐴 is the Hamaker constant, 𝑥  is the distance between the particle and the plane 

surface, 𝐾ɛ  is the constant of proportionality, 𝑥𝑞  is the separation distance of opposite 

charges, and 𝛾 is the surface tension of the liquid between the particle and the plane surface. 

For order-of-magnitude estimates I will consider a representative droplet (𝑑=100 µm, 

temperature=2500 K). Velocity tracking of the droplet leads to an average velocity of ~ 2 

m/s, 𝐶𝐷 is estimated to be 1 56, and the gas density (𝜌𝑔) is assumed to be the density of 

argon (1.6 kg/m3). A drag force (𝐹𝑑𝑟𝑎𝑔) from Equation (1) yields a value of 3×10-8 N. 
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In estimating the adhesive force (𝐹𝑎𝑑ℎ), I can safely neglect the electrostatic force 

as the droplet primarily consists of conductive Al, so it is unlikely that charge on the droplet 

accumulates due to the contact with the burning surface. Given the wetting behavior of 

these droplets as evidenced by the clear liquid Al bridge ( Figure S5), van der Waals force 

are likely to be much smaller than surface tension forces. In the calculation of surface 

tension adhesive force, 𝛾𝐴𝑙 is estimated to be 0.6 N/m at 2500 K 57, resulting in a surface 

tension adhesive force of ~4×10-4 N.  This is orders of magnitude higher than the blowing 

force (drag force; ~3×10-8 N), suggesting that gas generation at the surface is too small to 

detach the droplet from the burning surface. Previous studies have shown that for the 

detachment of particles from surfaces, the lifting force usually contributes less than 

tangential forces acting parallel to the surface, which results in rolling or sliding of particles 

58,59. In the current study, droplet rolling on the burning surface is commonly observed, and 

I believe it to be the primary cause for droplet detachment. The observed droplet rolling is 

attributed to the flow dynamics inside the droplet at a high temperature (2500 K), which 

remain consistent for droplets with different sizes due to the invariant temperature among 

these droplets 60. Basu et al. demonstrated that the critical shear rate for the detachment of 

a partially wetting droplet decreases as the droplet size increases 61. Thus, a droplet needs 

to grow to a sufficient size to  reach the critical shear rate for detachment. This explains 

the relatively large droplet size (~100 µm) observed for detachment.  

The preceding discussion primarily focused on the droplet detachment mechanism 

for the composite of bare Al but does not address why the addition of Si results in a higher 

surface residence time. As discussed above, a critical size must be achieved before a droplet 
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can detach. To achieve this critical size neighboring droplets must fuse. The fusion occurs 

through viscous flow, and the characteristic fusion time (𝜏𝐹 ) can be calculated using 

Frenkel’s law 17,62 in Equation (3). 

 𝜏𝐹 =
𝜋𝜂𝑑

𝛾
 (3) 

where 𝜂 is the viscosity, 𝛾 is the surface tension. For Al at 2500 K, the surface tension is 

estimated to be 0.6 N/m and the viscosity is estimated to be 0.48 mPa·s 57,63. For two 

droplets with diameter of 100 µm, the computed characteristic fusion time is ~2.5×10-4 ms. 

This is a few orders of magnitude smaller than the overall measured droplet surface 

residence time and can therefore be neglected.  

Another contributing factor to the surface residence time is the time needed for the 

liquid to evolve into a droplet. Microimaging videos show the formation of burning liquid 

‘pool’ before its evolution into a spherical droplet (Figure 6-4 (a) and Figure 6-6-6 (b)). 

The process for the liquid ‘pool’ evolving into a droplet can be regarded as dewetting of 

the burning surface by the liquid fuel 64. Bertrand et al. demonstrated that growth rate of 

the droplet for dewetting is related to the surface tension of the liquid, and a higher surface 

tension results in a higher droplet growth rate 64. With the introduction of Si, the surface 

tension of the mixture decreases as 𝛾 Si < 𝛾 Al at 2500 K (0.25 N/m vs 0.6 N/m) 57. 

Consequently, the droplet growth rate decreases, and more time is required for the liquid 

to evolve into a droplet. Figure 6-6-6 (b) displays a representative dewetting process for 

the 75%Al-25%Si composite with a measured dewetting time of ~3.5 ms, which is 

significantly longer than the total surface residence time for a representative droplet of the 
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bare Al composite (Figure 6-4(a)). This explains why the introduction of Si increases the 

agglomerate surface residence time.   

 

Figure 6-6-6 Schematic of the forces experienced by a droplet on the burning surface (a). 

A representative dewetting process (top) and the corresponding illustration (bottom) for 

the composite of 75%Al-25%Si (b). 

 

6.5  Conclusions 

This chapter investigates the effect of agglomerate surface tension on heat feedback 

and burn rate of energetic composites by studying the combustion behavior of Al/KClO4 

composites with Si as an additive. The introduction of Si significantly increases the burn 

rate and energy release rate. Microscopic imaging shows that droplets resulting from the 

evolution of molten liquid form on the burning surface, and the addition of Si has minimal 
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impact on the droplet temperature while slightly increases the droplet size. However, the 

lower surface tension of Si compared to Al decreases the overall liquid surface tension, 

leading to a lower droplet growth rate and longer time required for the liquid to transform 

into droplets. This results in a prolonged agglomerate surface residence time and, 

consequently, enhanced conductive heat feedback to the unburnt materials, ultimately 

increasing the burn rate and energy release rate. This study illustrates the crucial role of 

agglomerate surface tension in impacting the combustion behavior of energetic composites.  
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6.7  Supporting information 

 

Section S1 

 

Figure S1 XRD spectrum of Si nanoparticles.  
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Figure S2 TEM image of the as-synthesized Si nanoparticles. 

 

Table S1. Mass percentage of Al, Si, KClO4, and polymer for different composites. 

Sample name  Al (wt%) Si (wt%) KClO4 (wt%) Polymer (wt%) 

Al 31.8 0 59.2 10 

90%Al-10%Si 27.2 3.1 59.8 10 

75%Al-25%Si 22.1 7.4 60.6 10 

 

 

 

Figure S3 SEM images of cross-section for the printed composites of Al (left), 90%Al-

10%Si (middle), and 75%Al-25%Si (right).  
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Figure S4 Time resolved-snapshots from high-speed macroscopic video of the composites 

of 90%Al-10%Si (a), and 75%Al-25%Si (b).  
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Figure S5 A droplet before and after detachment from the burning surface. The dashed 

lines represent the interface between the liquid and the gas. 

 

 

Section S2 Estimation of relative energy release rate 

The following equation is used to estimate the energy release rate of a composite: 

E =  ρ × v × A × Cp × ΔT 

Where E is the energy release rate, ρ is the density of the composite, A is the cross-section 

area of the composite, v is the measured average burn rate, Cp is the heat capacity of the 

composite, and ΔT is the difference between the measured temperature of the droplets on 

the burning surface and room temperature. For simplicity, Cp is assumed to remain 

invariant when Si is introduced. Relative energy release rate is obtained by normalizing the 

calculated energy release rate relative to the energy release rate of Al.  
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7 Oscillating-to-Continuous Combustion Transition in Mesoparticle 

Composites through Manipulation of Heat Feedback 

 

7.1  Summary  

Mesoparticles, which include fuel and oxidizer nanoparticles along with a gas-

generating binder, have shown superior reactivity compared to physically mixed fuel and 

oxidizer nanoparticles. A significant step toward practical application of these 

mesoparticles is the development of composites with both mechanical integrity and high 

loading. In this study, I fabricate free-standing composites consisting of 90 wt% 

nanoenergetic mesoparticles using 3D printing and investigate their combustion 

characteristics. Our findings reveal that the integrity of the mesoparticles remains intact 

during the printing process and a reduction in sintering is observed for the composite of 

mesoparticles compared to the physical mixture. However, the composite of mesoparticles 

exhibits noncontinuous and oscillating propagation behavior at a nominal and steady 

frequency of ~5 Hz. I attribute this to insufficient heat feedback from the flame to the 

unburnt material. To address this issue, carbon fiber (C.F.) is introduced into the composite 

to enhance heat feedback by intercepting hot agglomerates near the burning surface. 

Incorporating C.F. leads to steady propagation of the composite. Agglomerate residence 

time and characteristic heat transfer time analysis near the burning surface indicate that 

while the composite without C.F. has agglomerate residence time on the same order of 

magnitude as the characteristic heat transfer time, the composite with C.F. has significantly 

increased overall agglomerate residence time compared to the characteristic heat transfer 
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time. This confirms the enhanced heat feedback through C.F. inclusion. This study 

demonstrates the crucial role of heat feedback in the combustion behavior of energetic 

composites. 

7.2   Introduction  

The use of nanostructures has significantly increased the research activity into 

novel classes of energetic materials 1–8. The reactivity of thermites that typically compose 

of metals and metal oxides has been increased significantly through the utilization of 

nanoscale particles 9. The enhanced reactivity is generally attributed to the increased 

specific surface area and decreased diffusion length scale of nanoparticles 1. Aluminum 

(Al) particles are widely used as additives in energetic materials such as explosives, 

propellants, and pyrotechnics to improve combustion performance due to its high energy 

density, availability, and low cost 10–13. Nevertheless, substituting micron-scale aluminum 

(nAl) with nanoscale aluminum in energetic materials results in combustion rates that are 

lower than theoretically expected 4,14, as well as more difficult formulation and processing. 

This former is attributed to the agglomeration/sintering that results in loss of nanostructure 

during combustion, as nAl tends to aggregate, sinter, and coalesce 15. Agglomeration 

negates the benefits of using nAl and reduces the rate of energy release 11,14,16–22.  

Our research group has explored an approach to minimize sintering effects as well 

as some of the processing constraints in working with nanomaterials in formulations 

through creation of mesoparticles. A mesoparticle is an assembly of nanometric metal fuels 

along with an optional oxidizer, and very importantly a low temperature gas 
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generator/binder. This type of particle system, which assembles nanomaterials into super-

micron particles, has been demonstrated to yield considerable improvement in combustion 

performance on a particle combustion level 13,23–25. The enhanced reactivity is attributed to 

the breaking up of soft agglomerates before/during combustion from the low temperature 

gas generation of NC as well as better mixing between fuel and oxidizer. Another crucial 

advantage of mesoparticles is their ability to maintain an internal surface area roughly 

equivalent to the specific surface area of a nanoparticle while providing ease of processing 

for high loading solid propellant fabrication 23. High specific surface area of nAl results in 

severe processing challenges as the integration of nAl into polymer binders leads to 

dramatically increased viscosity. By assembling nAl into mesoparticles, the overall particle 

surface area decreases significantly, resulting in easier processing and higher particle 

loading of solid propellants 26. Despites the potential advantages of utilizing mesoparticles 

in energetic materials, an investigation focusing on the combustion characteristics of a solid 

composite with high mesoparticle loading is still lacking and is the motivation of this 

chapter.  

In this study, I fabricated free-standing composites consisting of mesoparticles at a 

90% loading using 3D printing and compared their combustion behaviors with composites 

made from a physical mixture. Scanning Electron Microscopy (SEM) analysis of the 

printed composite confirmed that the integrity of the mesoparticles was preserved 

throughout the printing process. High-speed microscopic and macroscopic imaging 

techniques were utilized to  study the combustion behavior of the printed composites. 

Microscopic imaging revealed reduced sintering in the composite of mesoparticles 
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compared to the physical mixture composite during combustion. However, macroscopic 

imaging showed that while the physical mixture composite propagated steadily, the 

mesoparticle composite exhibited non-continuous and periodic propagation behavior. This 

behavior is attributed to insufficient heat feedback from the flame to the unburnt region, 

hindering steady propagation. To address this issue, carbon fiber was incorporated into the 

mesoparticle composite to enhance heat feedback27,28. Microscopic imaging demonstrated 

that carbon fiber intercepted agglomerates near the burning surface, while macroscopic 

imaging revealed that the mesoparticle composite with carbon fiber propagated steadily. 

Theoretical calculations were performed to compare the residence time of agglomerates 

and the characteristic heat transfer time near the burning surface. These calculations 

confirm the critical role of heat feedback in the propagation of the composite of 

mesoparticles. 

7.3   Materials and Methods 

7.3.1  Materials 

Aluminum nanoparticles (Al NPs, ~70 nm, 66 wt% active) were purchased from 

US Research Nanomaterials Inc. The active content of was determined with 

thermogravimetry and differential scanning calorimetry (TGA−DSC, Netsch STA449 F3 

Jupiter) 7,29. Copper oxide nanoparticles (CuO, ~40 nm) were obtained from U.S. Research 

Nanomaterials. Polymethyl methacrylate (PMMA, MW=550,000) was purchased from 

Alfa Aesar and METHOCEL™ F4M Hydroxypropyl Methylcellulose (HPMC) was 

obtained from Dow Chemical Company. The Collodion solution (4-8 wt% in 

ethanol/diethyl ether) was purchased from Sigma-Aldrich, and nitrocellulose (NC) was 
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obtained by drying the collodion solution. Carbon fiber (C.F., diameter: 7 μm, length: ~ 3 

mm) was purchased from Composite Envisions. Ethanol (200 proof) was purchased from 

Koptec. Dichloromethane (99.9%), N-dimethylformamide (DMF), 2-propanol (IPA), and 

acetone (99.5%) were purchased from Fisher Scientific.  

7.3.2 Synthesis of Al-CuO-NC mesoparticles 

Details about mesoparticle synthesis can be found in our previous publication 25. 

Briefly, Al NPs and CuO NPs at stoichiometric ratio were added to an NC solution in the 

mixture of DMF:IPA:acetone (3:5:2 in volume). The choice of 7.5 wt% NC was based on 

our prior work which showed an optimal result 25. The suspension was sonicated for 1 h, 

followed by a minimum of 24 h of stirring. The obtained suspension was spray dried into 

mesoparticles with a Büchi B-290 Mini Spray Dryer. Argon preheated at ~110 °C was used 

as the drying gas throughout the spray drying system. 

7.3.3 3D printing 

Details about 3D printing of 90 wt% loading composites can be found in previous 

publications from our group 20,29. Generally, the inks were prepared by firstly dissolving 

10 wt% PMMA or 4 wt% PMMA and 6 wt% HPMC in the mixture of ethanol and 

dichloromethane (1:1 in volume). Mesoparticles were then added and ultrasonicated for 15 

min and magnetically stirred for ~1 h. For preparing the ink for composite with carbon 

fiber, 2 wt% was added to the PMMA/HPMC solution and gently stirred for ~1 h before 

the addition of mesoparticles. For printing, an ink was extruded through a 14-gauge nozzle 

and written directly on a glass substrate kept at room temperature. The obtained films were 

then cut into ~2 cm long free-standing sticks for further characterizations. It is noteworthy 
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that while mesoparticles can be printed with both PMMA and PMMA/HPMC as the binder, 

mesoparticles with carbon fiber can only be printed with PMMA/HPMC. This is because 

the low viscosity of PMMA solution leads to the rapid settling of carbon fiber, resulting in 

a failed print. The solution of PMMA/HPMC has significantly higher viscosity that ensures 

successful printing.  

7.3.4 Characterizations 

Scanning electron microscope (SEM, Thermo-Fisher Scientific NNS450) was used 

to characterize the morphology of the as-synthesized mesoparticles, printed composites, 

and the post-combustion products.  

7.3.5 In operando microscopic and macroscopic imaging  

Details of in operando macro and microscopic/pyrometry imaging process can be 

found in our previous publications 18,30. Briefly, two color imaging systems were aligned 

on two opposite sides of a printed stick mounted inside a chamber. One is a macroscopic 

imaging system with a high-speed camera (Vision Research Phantom Miro M110). The 

other is a microscopic imaging system with a high-speed camera (Vision Research 

Phantom VEO710L) coupled with Infinity Photo-Optical Model K2 DistaMax. (The 

microscopic imaging videos were utilized for measuring temperature with pyrometry, 

which will be discussed in more details in the following section.) The printed stick was 

then ignited with a Joule-heated nichrome wire and the combustion process was recorded 

by both of the imaging systems. It is worth noting that the chamber was filled with air for 

the composites of physically mixed Al/CuO and mesoparticle with only PMMA as the 

binder. This was because that the composite containing mesoparticles with PMMA failed 
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to propagate in an argon environment. In contrast, the chamber was filled with argon for 

the composites of mesoparticle with PMMA/HPMC as the binder.   

7.3.6 Three-color imaging pyrometry 

Details of three-color imaging pyrometry can be found in our previous studies 

18,27,31. Briefly, temperature measurements were performed by analyzing the channel 

intensity ratios of three color (red, green, and blue) captured by the Bayer filter of the 

camera. A custom MATLAB routine was utilized for this analysis with the assumption that 

the sample exhibited graybody emission behavior. A blackbody source (Mikron M390) 

was used to obtain calibration factors. Temperature measurement uncertainty was 

estimated to be nominally 200-300 K 27,31.   

7.3.7 Infrared radiation (IR) camera imaging 

IR measurement of the printed mesoparticle with PMMA as the binder was 

performed with an IR camera (Telops FAST M3K high-speed infrared camera) to capture 

the infrared radiation signals.  

7.4  Results and discussions 

The concept of utilizing mesoparticles implies that it is crucial to ensure the 

mesoparticles maintain their integrity throughout the printing process. As shown in Figure 

7-1 (a) and (b), there is no apparent difference in morphology between the mesoparticles 

(Al-CuO-7.5wt% NC) synthesized through the spray-drying process and those 

incorporated into the printed composite. This confirms that the mesoparticles remain intact 

during the printing process.   
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Figure 7-1 SEM images of as-synthesized mesoparticles from the spray-drying process (a) 

and the mesoparticles incorporated into the printed composite (b). Note: The binder labeled 

in (b) refers to the binder used for printing (PMMA).  

Combustion characteristics of the printed composites of physical mixture and 

mesoparticles were investigated with high-speed macroscopic imaging. It was expected 

that the printed composite of mesoparticles has a higher burn rate than that of physical 

mixture due to the higher intrinsic reactivity of mesoparticles compared to a physical 

mixture, as previously demonstrated  23,25. Figure 7-2 (a) displays a series of time-resolved 

macroscopic snapshots of the physically mixed composite burning.  However, the 

composite of mesoparticles displays non-continuous propagation behavior that reduces the 

overall burn rate significantly (Figure 7-2 (b)). Furthermore and very curiously, the light 

intensity extracted from the macroscopic imaging video demonstrates a periodic (but 
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steady) combustion characteristic (blinking) during propagation of the mesoparticle 

composite (Figure S1, each peak represents a visible combustion event). The time interval 

between two adjacent visible (blinking) combustion events is ~200 ms and the burn time 

of each combustion event is ~15 ms, which appears to be quite consistent. 

The fact that the composite of mesoparticles reignites after a combustion event 

followed by a relatively long period of time without any visible flame suggests the presence 

of a different ignition source. IR imaging was utilized to measure temperature in-between 

of the visible combustion events for the composite of mesoparticles and the result is 

displayed in Figure 7-2 (c). The sharp peaks in Figure 7-2 (c) correspond to the visible 

thermal events shown in Figure S1. Sample temperature drops to ~450 °C abruptly at the 

end of a combustion event, and then gradually increases to ~650 °C, which is 

approximately the ignition temperature of Al/CuO composite measured from our previous 

study 11. Once this temperature is reached, the sample is reignited and another combustion 

event occurs. This behavior will be discussed in more detail in the following section, as 

well as how to mitigate this behavior.  
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Figure 7-2 Time-resolved snapshots from high-speed macroscopic video of physical 

mixture composite(a) and mesoparticle composite (b). Note: The dashed lines represent the 

printed composites before ignition. Time resolved temperature from the IR imaging video 

for the composite of mesoparticles showing periodic combustion (c).  

 

The preceding analysis primarily focuses on how the non-continuous propagation 

of the composite of mesoparticles occurs but does not address the reason for why the 

utilization of mesoparticles results in such a combustion characteristic. High-speed 

microscopic imaging facilitates direct observation of events occurring near the flame front, 

providing valuable insights into the combustion behavior of a thermite reaction. Figure 7-3 
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(a) and (b) display the representative snapshots taken from the high-speed microscopic 

videos for the composite of physical mixture and the composite of mesoparticles, 

respectively. While previous studies have used ex-situ techniques to prove the reduction in 

sintering when assembling Al/CuO into mesoparticles 23,25, the microscopic videos in the 

current study enable in-situ observation of the  reduced sintering of mesoparticle over  the 

physical mixture. SEM was utilized to analyze the post-combustion products for the 

composites with physical mixture and mesoparticles, as displayed in Figure 7-3 (c) and (d), 

respectively. It is evident that the composite with mesoparticles produces smaller 

agglomerates during combustion compared to the composite with the physical mixture, 

consistent with the observation from microscopic imaging.  

Steady propagation of an energetic system necessitates sufficient transfer of heat 

from the reaction front or flame to the unreacted material 31–35. Previous studies on Al/CuO 

mesoparticles with NC as the binder have demonstrated that the higher reactivity from 

mesoparticles arises from the reduced sintering as a result of significant gas generation 

from NC. However, for the composite with mesoparticles, the large amount of gas 

generation from NC appears to  lead to the rapid departure of agglomerates from the 

burning surface, resulting in less conductive heat feedback to the unburnt region compared 

to the composite with physical mixture. This low heat feedback leads to the extinguishment 

of a combustion event observed from the macroscopic imaging. It is noteworthy that the 

composite comprises 10% polymer (PMMA) to bind mesoparticles into a free-standing 

stick through 3D printing, and PMMA undergoes combustion alongside the mesoparticles 

36,37. However, the flame of PMMA is not visible in the color camera with the settings to 
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observe burning agglomerates, as the combustion products of PMMA (mainly CO2, CO, 

H2O 38,39) primarily emit in the infrared range 40,41. After a combustion event, observed 

from the macroscopic camera, PMMA continues to combust as it forms a continuous 

network within the composite from 3D printing Figure 7-1 (b). The heat generated from 

the combustion of PMMA increases the local temperature, igniting nearby mesoparticles 

when the temperature reaches their ignition point. This is supported by the IR imaging 

result displayed in Figure 7-2 (c). The ignition of these mesoparticles initiates a new 

combustion event observed from the macroscopic camera. This series of events repeats, 

resulting in the non-continuous and cyclic combustion behavior observed in the composite 

of mesoparticles. To reinforce this point, a composite comprising 20% PMMA and 80% 

mesoparticles i.e. less mesoparticles also exhibits a non-continuous and cyclic propagation 

behavior. However, the time interval between two adjacent combustion events is reduced 

by almost a half to  ~110 ms. This discrepancy is attributed to the higher content of PMMA 

in the composite, leading to a faster accumulation of heat from the PMMA flame and 

consequently resulting in quicker reignition of the composite. A more extensive 

investigation into this phenomenon is currently underway in our research group. 
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Figure 7-3 Snapshots from high-speed microscopic video for the combustion of the 

composites of physical mixture (a), and mesoparticles (b). The dashed lines show the 

representative combustion characteristics on the burning surface. SEM images of the post-

combustion product from the composites of physical mixture (c), and mesoparticles (d), i.e. 

mesoparticle combustion products are smaller. 

So far, I have conjectured that insufficient heat feedback causes the non-continuous 

propagation of the composite of mesoparticles. A primary question now arises: If indeed 

this is a heat feedback issue, then  would increasing heat feedback result in continuous 

propagation for the composite of mesoparticles? Previous studies have demonstrated that 

adding carbon fiber (C.F.) increases heat feedback of a solid-state composite by capturing 

the agglomerates departed from the burning surface 27,28. Inspired by these studies, I 

incorporate 2 wt% of C.F. in the 3D printed composite of mesoparticles to increase the heat 

feedback. For simplicity, this composite will be referred as mesoparticle-2% C.F. 
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composite in the following discussion. High-speed macroscopic and microscopic imaging 

reveals that this composite has continuous propagation. Figure 7-4 (a) demonstrates  stable 

and linear propagation of the mesoparticle-2% C.F. composite. Microscopic imaging 

reveals that carbon fibers intercept burning agglomerates, causing them to remain near the 

burning surface rather than dispersing to a greater distance, as shown in Figure 7-4 (b). 

Temperature measurements from three-color pyrometry indicate that the agglomerates on 

the C.F. maintain a temperature of ~2100 K when they are within a distance of ~1 mm 

from the burning surface. Agglomerates on the burning surface and those have recently 

departed from the burning surface without being intercepted by the carbon fibers have a 

temperature of ~2700 K, which is close to the adiabatic flame temperature of Al/CuO at 

2840 K 11. The lower temperature of agglomerates on the C.F. compared to those not on 

the C.F. can be attributed to their rapid heat loss to the C.F. with high thermal conductivity. 

SEM images of post-combustion product of the mesoparticle-2% C.F. composite displayed 

in Figure 7-4 (c) show the extensive attachment of agglomerates on the carbon fibers, 

consistent with the observation from microscopic imaging (Figure 7-4 (b)).  
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Figure 7-4 Time-resolved flame front position with corresponding snapshot from 

macroscopic imaging for the composite of mesoparticles with 2% C.F.(a). Representative 

snapshot from high-speed microscopic video and its corresponding temperature map from 

three-color pyrometry (b) and SEM images of the post-combustion product (c) for the 

composite of mesoparticles with 2% C.F. 
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Previous studies have demonstrated that heat feedback plays a crucial role in the 

propagation of an energetic material as steady propagation necessities sufficient heat from 

the flame to the unreacted material31–34. The preceding analysis has demonstrated 

qualitatively that increasing heat feedback of the composite of mesoparticles by 

incorporating carbon fiber results in a continuous and stable propagation. Now, let us 

perform a semiquantitative analysis on the change in heat feedback resulted from the 

incorporation of carbon fiber by comparing the agglomerate residence time (𝑡𝑟𝑒𝑠) and 

characteristic heat transfer time (𝑡ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟) in a region near the burning surface. I start 

by simplifying the system into a one-dimensional model and building a control volume 

close to the burning surface, within which heat transferred from the agglomerates is 

considered (Figure 7-5). The length of control volume 𝐿 is assumed to be 100 μm as it is 

in between the mesoparticle size (~ 3 μm) and the C.F. length (~3 mm). Convective heat 

feedback is neglected as the combustion test was conducted within an largely unconfined 

environment (the combustion chamber has a cross-section area 4 orders of magnitude 

higher than that of the composite) and the hot gas and particles unlikely move backward to 

the unburn material 34. Radiative heat transfer is also neglected as the presence of C.F. 

should have minimal impact on the radiative property of agglomerates. Therefore, heat 

transfer time ( 𝑡ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 ) is simplified to heat conduction time (𝑡𝑐𝑜𝑛𝑑 ) hereafter. 

Agglomerate residence time for the composite with bare mesoparticles is represented by 

Equation (1). For the mesoparticle-2% C.F. composite, there are two classes of 

agglomerates: those that are not intercepted by C.F. (Equation (1)),  and those that are 

intercepted by C.F. (Equation (2)). 
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                                                                    𝑡𝑟𝑒𝑠1 =
𝐿

𝑣𝑥
                                                                   (1) 

                                                                    𝑡𝑟𝑒𝑠2 =
𝐿−𝑥

𝑢
                                                                (2) 

where 𝑥 is the distance from the agglomerate to the burning surface, 𝑣𝑥 is the agglomerate 

traveling speed within 𝐿 , 𝑢  is the macroscopic burn rate of the mesoparticle-2% C.F. 

composite (1.5 cm/s), 𝑡𝑟𝑒𝑠1 is the residence time of the agglomerate that is not intercepted 

by C.F., and 𝑡𝑟𝑒𝑠2 is the residence time of the agglomerate that is intercepted by C.F. The 

values of 𝑥  and 𝑣𝑥  are obtained from high-speed microscopic imaging by tracking the 

traveling time and distance after the detachment of the agglomerate from the burning 

surface.  

For an order-of-magnitude estimate of heat conduction time (𝑡𝑐𝑜𝑛𝑑), I assume that 

the gas medium near the burning surface is argon and there is no interaction among 

agglomerates. The heat conduction time is characterized by Equation (3)42.  

                                                                    𝑡𝑐𝑜𝑛𝑑~
𝐿2

𝛼
                                                                   (3) 

where 𝛼 is the thermal diffusivity of the medium and is represented by Equation (4). 

                                                                    𝛼~
𝑘

𝜌𝑐𝑝
                                                                       (4) 

where 𝑘 is the thermal conductivity, 𝜌 is the density, and 𝑐𝑝 is the heat capacity. For the 

composite without C.F., argon is the only heat conduction medium. Density of argon is 

calculated based on ideal gas law, and thermal conductivity and heat capacity of argon are 

calculated with USC Mech II43 . For the composite with C.F., there are two scenarios for 
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the agglomerates to conduct heat back to the unburnt composite: those that are not 

intercepted by C.F., and those that are intercepted by C.F. (Figure 7-5). It is assumed that 

the agglomerates not intercepted by C.F. conduct heat through argon only and 

agglomerates intercepted by C.F. conduct heat through C.F. only. The thermal conductivity 

of C.F. used in the current study is estimated to be 10 W·m−1·K−1 and the density and heat 

capacity of C.F. used are based on a previous study27.  

 

Figure 7-5 Illustration depicting the region near the burning surface for the composite of 

mesoparticles without C.F. (a) and with C.F. (b). 

 

Figure 7-6 illustrates the estimated agglomerate residence time and characteristic 

heat transfer time in the region ( 𝐿 ) near the burning surface for the composites of 

mesoparticles with and without C.F. In the case of the composite without C.F., the majority 

of the estimated residence time is on the same order of magnitude with the heat transfer 

time. However, for the composite with C.F., in addition to the agglomerates having 

residence time on the same order of magnitude as the heat transfer time, the agglomerates 

intercepted by the C.F. demonstrate residence times 3 orders of magnitude higher than the 
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heat transfer time. This quantitatively confirms the significant increase in heat feedback 

resulting from the inclusion of C.F. Such enhanced heat feedback is crucial in igniting the 

nearby unreacted material and sustaining steady propagation. This accounts for the 

transition from noncontinuous propagation to steady propagation observed upon the 

incorporation of carbon fiber into the mesoparticle composite. 

 

 

Figure 7-6 Estimated agglomerate residence time and characteristic heat transfer time for 

the composite of mesoparticles with and without C.F.  

 

7.5   Conclusions 

In this chapter, I investigate the combustion characteristics of a free-standing 

composite consisting of 90 wt% nanoenergetic mesoparticles fabricated via 3D printing. 

SEM analysis of the printed composite confirms the integrity of the mesoparticles is 
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maintained during the printing process. High-speed microscopic imaging reveals the 

expected reduction in sintering for the composite of mesoparticles compared to the physical 

mixture. However, macroscopic imaging shows noncontinuous and oscillating propagation 

behavior in the mesoparticle composite, which is attributed to insufficient heat feedback 

from the flame to the unburnt material. To enhance heat feedback, carbon fiber (C.F.) is 

incorporated into the composite to intercept agglomerates near the burning surface. With 

C.F. inclusion, steady propagation of the composite is observed. A theoretical calculation 

is performed to investigate heat feedback by comparing the residence time and 

characteristic heat transfer time of agglomerates near the burning surface. The calculation 

result finds that the overall agglomerate residence time is significantly higher than the heat 

transfer time for the mesoparticle composite with C.F. compared to the composite without 

C.F., confirming increased heat feedback. This study underscores the critical role of heat 

feedback in the combustion behavior of energetic composites.  
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7.7  Supporting information  

 

 

Figure S1 Time-resolved normalized light intensity from the macroscopic video of the 

combustion process of the composite of mesoparticle with PMMA as the binder.  
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8 Combustion Behavior of Aluminized Metal Iodate Composites. 

Part 1: Decomposition Mechanism of Metal Iodates 

8.1  Summary 

Metal iodates are candidates of high temperature biocidal oxidizing agents owing 

to their high iodine and oxygen content. Here I explore the high temperature decomposition 

mechanism of alkali and alkaline metal iodates (LiIO3, NaIO3, KIO3, Mg(IO3)2, and 

Ca(IO3)2). Temperature-jump/time-of-flight mass spectrometry (T-Jump/TOFMS) 

measurements reveal that while all of these iodates release O2, only Mg(IO3)2, Ca(IO3)2, 

and LiIO3 release significant amount of I2 and there is minimal I2 release from NaIO3 and 

KIO3. Thermogravimetric-differential scanning calorimetry (TGA-DSC) measurement and 

X-ray diffraction (XRD) analysis of temperature dependent condensed phase species 

demonstrates the presence of two different decomposition pathways of metal iodates. LiIO3, 

Mg(IO3)2, and Ca(IO3)2, follow a two-step decomposition pathway: (1) Decomposition 

from metal iodate (MIO3, M=Mg, Ca, and Li) into metal orthoperiodate (Mx(IO6)y) 

accompanied by I2 and O2 release, and (2) decomposition from metal orthoperiodate to 

metal oxide (MO) accompanied by I2 and O2 release. NaIO3 and KIO3 follow a one-step 

decomposition pathway, where they decompose into NaI and KI, respectively, 

simultaneously releasing O2. Decomposition temperatures are estimated from 

thermodynamic data and compared between different decomposition pathways to predict 

which pathway is more favorable during decomposition. These estimations predict the 

decomposition pathway of the investigated metal iodates as they are largely consistent with 
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the experimental results. This study unveils a simple strategy for predicting whether a metal 

iodate is a promising biocidal agent by assessing its feasibility of I2 release.  

8.2   Introduction 

Biological weapons pose a significant challenge to the global security. Therefore, 

it is essential to develop a strategy to deactivate or neutralize these highly dangerous 

bioagents. Halogen-containing fungicides, such as HF and chlorine-containing species, are 

effective in destroying bacteria1,2. However, their application is limited by potential 

toxicity and causticity. Iodine, while not benign to the environment has at least a 

significantly diminished footprint while still effective as a biocide.  Iodine can react with 

cellular nucleic acids and thiol groups in enzymes and proteins after penetrating the cell 

wall of microorganisms, which leads to the structure disorder of microorganisms that 

eventually results in their inactivation2. Iodine has been proven to be an extremely effective 

biocidal agent as a very low concentration of I2 (<15 ppm) with a high neutralization of  

99.999% for certain bacteria and viruses in 10 min at 25 °C3. However, application of 

molecular iodine as a biocidal agent is inconvenient as it sublimes at room temperature due 

to its high vapor pressure. Also, these conventional disinfectants with halogen-containing 

fungicides are often inefficient as they are difficult to be implemented for large-scale 

microorganism deactivation over a short time.  

An alternative strategy for deactivating microorganism is the application of thermal 

energy over a short period of time, most conventionally though energetic materials4. 

Nevertheless, this strategy is likely insufficient for complete neutralization due to the 
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transient nature of the thermal event, and the possibility of not homogeneously delivering 

the thermal pulse over the whole target region4,5. Based on the advantages and 

disadvantages of these two strategies, the development of agent defeat weapons (ADWs) 

that remain active for an extended period of time post-thermal pulse, has been proposed3,6. 

Therefore, consideration has been given to energetic systems with high energy density and 

iodine content, and various systems have been explored. Energetic composites containing 

I2 have been prepared by mechanical milling and their combustion and biocidal 

effectiveness investigated7–11. However, these composites are unstable over long time 

storage and an additional oxidizer is required for the combustion to occur. I2O5 has received 

considerable attention due to its high iodine content and strong oxidizing property12. Clark 

et al combined Al with I2O5 and investigated the destruction of spore forming bacteria13. 

Our group tuned the reactivity and energy release rate of energetic composites containing 

I2O5 by varying the fuel composition14. Nevertheless, the hygroscopic nature of I2O5 

largely limits its practical application. Ideally, one desires a material which undergoes a 

highly exothermic redox reaction, contains a high content of iodine, releases molecular 

iodine, easy to handle, and can be stored over a long period.  

Recently, metal iodates have attracted attention for this purpose due to their strong 

oxidizing property and  high iodine content4,5,15. Combustion characteristics and iodine 

release investigations of energetic materials containing various metal iodates, such as 

Bi(IO3)2, Ca(IO3)2, Fe(IO3)2, Cu(IO3)2, and AgIO3, have demonstrated that metal iodates 

are promising candidates in the application of ADWs4,5,15–17. Most noteworthy is that these 

studies show that not all of these iodates produce I2 as the main iodine-containing species. 
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Rather iodine can get kinetically trapped via formation of metal iodide17. However, a 

systematic investigation about the decomposition mechanism of metal iodates and the 

fundamental factors responsible for the decomposition pathway is lacking. 

In this chapter, I systematically investigate the decomposition mechanism of alkali 

and alkaline metal iodates (LiIO3, NaIO3, KIO3, Mg(IO3)2, and Ca(IO3)2), which have high 

iodine and oxygen content (Figure 8-1). Temperature-jump time of flight mass 

spectrometry (T-Jump/TOFMS) under rapid heating (∼105 K/s) conditions is utilized to 

analyze decomposition of metal iodates at high heating rate. Thermogravimetry-

differential scanning calorimetry (TGA-DSC) is used to investigate the decomposition of 

metal iodates under slow heating (10 K/min) conditions to support the observation from T-

Jump measurements. X-ray diffraction (XRD) is utilized to characterize the condensed 

phase species produced at different temperatures of interest with respect to TGA-DSC 

measurements. Thermodynamic prediction of iodate decomposition pathways is proposed.  
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Figure 8-1 Gravimetric iodine and oxygen content in alkali and alkaline metal iodates.  

8.3  Materials and Methods 

8.3.1 Materials 

NaIO3 (99%) was purchased from Alfa Aesar. LiIO3 (97%), KIO3 (≥98%), 

Ca(NO3)2·4H2O (≥99%), MgCl2 (≥98%), NaI (≥99%), and HIO3 (≥99.5%) were obtained 

from Sigma Aldrich. Ethanol (200 proof) was purchased from Koptec. NaOH (≥97%), 

hexanes (99.9%) and HPLC grade water were obtained from Fisher Scientific.   

8.3.2 Size reduction of alkali metal iodates 

Size reduction of LiIO3, NaIO3, and KIO3 was performed via an aerosol spray 

pyrolysis (ASP) approach and was used for temperature jump time of flight mass 

spectrometry (T-Jump/TOFMS)18–20. Generally, 1 g of the as-received iodates were 

dissolved into 100 mL water and the resultant solution was sprayed into small droplets with 
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an atomizer operating at ~35 psi using compressed air. The droplets passed through a silica-

gel diffusion drier for removing water of the droplets, and then passed through a tube 

furnace (Lindberg/Blue) operating at 150 °C. The final product was collected on a filter 

paper. Sub-micron sized particles were obtained20. 

8.3.3 Synthesis of Mg(IO3)2 particles 

50 mmol MgCl2 was dissolved in 100 mL water and 100 mmol of NaOH was 

dissolved in 100 mL water. Then the NaOH solution was added to the MgCl2 solution 

slowly. The obtained suspension was centrifuged at 7000 rpm for 5 min, the supernatant 

was discarded, and the precipitate was washed three times with 120 mL water each time. 

Then the precipitate was dried in oven operating at ~ 100 °C. The dried powder was 

weighed (28.6 mmol) and added to 200 mL water, the resultant cloudy suspension was 

stirred at ~350 rpm. Separately, HIO3 (57.2 mmol) was dissolved in 50 mL water. Then the 

HIO3 solution was added to the suspension slowly. At the end of HIO3 solution, the 

suspension become transparent. The obtained Mg(IO3)2 solution was filtered before further 

utilization. Mg(IO3)2 particles were obtained via ASP with the furnace operating at 300 °C 

and then dried at 300 °C for 10 min in air. X-ray diffraction crystallography (XRD) 

confirms the final product is Mg(IO3)2 (Figure S1).   

8.3.4 Synthesis of Ca(IO3)2 particles  

Details of the preparation of Ca(IO3)2 particles can be found in ref. 21. Briefly, 1 

mmol of Ca(NO3)2·4H2O, 2 mmol of KIO3, 0.5 mL ethanol, and three steel balls (7/32″ in 

diameter, purchased from GlenMills) were loaded into a plastic centrifuge tube 

(FisherBrand 2 mL), which was then milled with a Retsch CryoMill operated at ambient 
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conditions for 20 min at a frequency of 25.0 Hz (25/s). The obtained slurry was centrifuged 

at 7000 rpm for 5 min and the resultant supernatant was discarded. The precipitate was 

washed three times with 30 mL water each time and the obtained sample was then dried 

overnight in a vacuum oven to remove free water and then baked in a tube furnace at 350 °C 

for 40 min in air to remove crystal water16.  

8.3.5 Characterization 

Particle sizes were characterized by Scanning Electron Microscopy (SEM, NNS450) 

operating at 20 kV accelerating voltage. Temperature resolved analysis of as-received 

alkali metal iodates and synthesized alkaline metal iodates was conducted with a Netzsch 

STA 449 F3 Jupiter thermogravimetric analysis-differential scanning calorimetry (TGA-

DSC) operating in argon with a flow rate of 50 mL/min at a heating rate of 10 K/min. It is 

noteworthy that the as-received samples of LiIO3, NaIO3, and KIO3 are used for TGA-DSC, 

while for Mg(IO3)2 and Ca(IO3)2, the synthesized particles are used. Temperatures of 

interest for iterative analysis of each iodate were pinpointed from TGA-DSC profiles. 

Iodates were then heated in a tube furnace at these temperatures for 10 min (LiIO3 at 650 °C, 

NaIO3 at 575 °C, KIO3 at 585 °C, Mg(IO3)2 at 650 °C, and Ca(IO3)2 at 640 °C) or 30 min 

(LiIO3 at 900 °C, Mg(IO3)2 and Ca(IO3)2 at 800 °C) in argon and collected for X-ray 

diffraction crystallography (XRD PANanalytical Empyrean Series 2 diffractometer) 

analysis.  

8.3.6 Temperature jump time of flight mass spectrometry (T-Jump/TOFMS) 

The details of T-Jump/TOFMS can be found in previous publications from our 

group22–24. Briefly, size-reduced alkali metal iodate or synthesized alkaline metal iodate 
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was suspended in hexane and sonicated briefly. The resultant suspension was coated to be 

a thin layer on a Pt wire (diameter=76 μm, 0.9-1.1 cm in length, OMEGA Engineering Inc.) 

that was soldered between two copper leads of a T-Jump probe. The probe was then loaded 

into the high-vacuum T-Jump MS chamber and the Pt wire was resistively heated with a 3 

ms pulsed square wave signal from a direct current voltage supply. Thermometry of the Pt 

wire was acquired and temperature profile of the wire was obtained by applying the 

calibration relationship between the temperature of the wire and its corresponding 

resistance from the Callendar-Van Dusen equation. The temperature of the thin sample 

layer on Pt wire was roughly the same with the wire. A 70 eV electron gun ionizer was 

used to ionize gas phase species produced from heating. A Teledyne LeCroy 600 MHz 

oscilloscope was used for mass spectra collection as well as current and voltage readings 

over a 10 ms period with 0.1 ms interval.  

8.4  Result and discussion  

8.4.1 Time-of-flight mass spectrometry under rapid heating rate (∼105 K/s)  

T-Jump/TOFMS was utilized to analyze the decomposition products of metal 

iodates under high heating rates (∼105 K/s) and the resulting mass spectra are displayed in 

Figure 8-2 (a). O2, as the main volatile species, appears in relatively large quantities for all 

the iodates. While for I, a representative of the I-containing species including I, and I2, the 

peak intensities from Mg(IO3)2, Ca(IO3)2, and LiIO3 are significantly higher than NaIO3 

and KIO3. It is noteworthy that the formation of I arises from the ionization of I2 by the 

electron gun ionizer. Semiquantitative analysis of the I release is conducted by measuring 

its peak intensity as well as relative intensity compared to KIO3, as shown in Figure 8-2 
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(b), which clearly illuminates that the I release of Mg(IO3)2, Ca(IO3)2, and LiIO3 is about 

10 times higher than NaIO3 and KIO3. This analysis suggests the existence of two different 

decomposition mechanisms among these iodates. Stern reported that metal iodates may 

decompose according to three different routes: (a) metal iodide and O2 are produced, (b)  

metal oxide, I2, and O2 are produced, and (c) metal orthoperiodate, I2, and O2 are produced25. 

Ito et al. and Morton et al. argued that orthoperiodate is not the final decomposition product, 

which can further decompose into metal oxide, I2, and O2
26,27. Therefore, based on the T-

Jump/TOFMS analysis, it is proposed that Mg(IO3)2, Ca(IO3)2, and LiIO3 follow pathway 

α, while NaIO3 and KIO3 follow pathway β. 

 {Mg(IO3)2, Ca(IO3)2, and LiIO3}      MIO3 → MO + O2 + I2                                                          (α) 

        {NaIO3 and KIO3}                              MIO3 → MI + O2                                                                    (β) 

where M=metal. It is also noteworthy that metal ions are present for alkali metal iodates 

(Li, Na, and K for LiIO3, NaIO3, and KIO3, respectively), while for alkaline metal iodates, 

the peaks of their metal ions are absent. These metal signatures indicate the formation of 

metal iodides because the iodides are more volatile than oxides, which is due to the lower 

melting and boiling points of alkali metal iodides compared to their corresponding oxides, 

as evident in Table S1. O2 and I release profiles of Mg(IO3)2, Ca(IO3)2, and LiIO3 are 

displayed in Figure 8-2 (c)-(e) and these temporal profiles suggest that O2 and I are released 

at the same temperature for all the three iodates, which will be discussed further in the 

subsequent sections. O2 and I release profiles of NaIO3 and KIO3 displayed in Figure 8-2 

(f) and (g) demonstrate the low intensity of I release over time.  
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Figure 8-2 Mass spectrum of rapidly heated alkali and alkaline metal iodates (a). Most 

notable mass species are labeled. The measured I release of these iodates and their relative 

intensity to KIO3 (b). O2 and I release over time and the corresponding heating profile of 

Mg(IO3)2 (c), Ca(IO3)2 (d), LiIO3 (e), NaIO3 (f), and KIO3 (g). The onset release 

temperature averaged over a minimum of three experiments is labeled.  

8.4.2 Thermochemical analysis under slow heating rate (10 K/min) 

Thermochemical analysis of the metal iodates is performed by slow heating 

TGA/DSC in an argon environment for supplementing the lack of gravimetric and 

calorimetric diagnostics from T-Jump/TOFMS. XRD is utilized to analyze the condensed 



210 

 

phase products around featured temperature points of decomposition identified by 

TGA/DSC. TGA/DSC result and temperature dependent XRD analysis of Mg(IO3)2 are 

displayed in Figure 8-3.  

A two-step decomposition of Mg(IO3)2 is proposed by Ito et al., where magnesium 

orthoperiodate (Mg5(IO6)2) is produced from the first step while MgO is formed after the 

second step, and I2 and O2 are released at each step, as shown in Equation (1) and (2)26. 

However, the verification of the decomposition products of each step is lacking.  

                                      Mg(IO3)2 = 0.2 Mg5(IO6)2 + 0.8 I2 + 1.8 O2                                              (1) 

                                        0.2 Mg5(IO6)2 = MgO + 0.2 I2 + 0.7 O2                                                     (2)  

The DSC in Figure 8-3 (a) reveals that Mg(IO3)2 does indeed follow a two-step 

decomposition process, although this two-step is not as evident in TGA. The measured 

mass losses of 71.9% and 89.6% after the first and the second step decomposition, 

respectively, are very close to the theoretical mass loss of Mg(IO3)2 at 69.7% and 89.3% 

predicated from Equation (1) and (2), respectively. Also, as mentioned in 8.4.1, I2 and O2 

are released at the same temperature for Mg(IO3)2 from T-Jump TOFMS (Figure 8-2 (c)), 

consistent with the proposed mechanism. XRD analysis of the solid-state products 

collected after each step in Figure 8-3 (b) illuminates that Mg5(IO6)2 is formed at the end 

of the first decomposition step (650 °C), although MgO is also detected, indicating a 

portion of Mg5(IO6)2 is further decomposed. After the second step (680 °C), MgO is 

produced. This analysis verifies the decomposition of Mg(IO3)2 follows Equation (1) and 
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(2), and the overall decomposition is consistent with the decomposition route (pathway (α)) 

proposed in 8.4.1.   

 

Figure 8-3 TGA/DSC of Mg(IO3)2 under and argon environment (a), and temperature 

dependent XRD analysis of Mg(IO3)2 heated products (b).  

Figure 8-4 (a) displays the TGA/DSC for the decomposition of Ca(IO3)2 as well as 

the XRD analysis of the solid product collected by the end of each mass loss step. Similar 

to Mg(IO3)2, Ca(IO3)2 demonstrates the previously documented two-step decomposition27, 

and these two steps are shown in Equation (3) and (4). 

                           Ca(IO3)2 = 0.2 Ca5(IO6)2 + 0.8 I2 + 1.8 O2                                                    (3) 

                              0.2 Ca5(IO6)2 = CaO + 0.2 I2 + 0.7 O2                                                        (4)  

The measured mass loss of 64.5% after the first decomposition step is close to the 

theoretically predicted mass loss of 66.9%, and the measured mass loss of 85.4% after the 

second decomposition step is nearly identical to the theoretically predicted mass loss of 

85.6%. XRD analysis reveals that Ca5(IO6)2 is produced after the first decomposition step 

(640 °C) while the final product is CaO (740 °C). These results, combined with the 
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observation that I2 and O2 are released at the same temperature from T-Jump TOFMS 

(Figure 8-2 (d)), confirm that the decomposition of Ca(IO3)2 is consistent with the two-step 

decomposition mechanism.  

 

Figure 8-4 TGA/DSC of Ca(IO3)2 under and argon environment (a), and temperature 

dependent XRD analysis of Ca(IO3)2 heated products (b). 

As discussed in 8.4.1, LiIO3, Mg(IO3)2, and Ca(IO3)2 demonstrate a similar 

decomposition characteristic from the T-Jump TOFMS analysis (Figure 8-2), therefore it 

is proposed that the decomposition of LiIO3 follows the two steps represented in Equation 

(5) and (6) based on the decomposition process of Mg(IO3)2 and Ca(IO3)2. 

                                 LiIO3 = 0.2 Li5IO6 + 0.4 I2 + 0.9 O2                                                             (5) 

                               0.2 Li5IO6 = 0.5 Li2O + 0.1 I2 + 0.35 O2                                                          (6)  

Figure 8-5 displays the TGA/DSC of LiIO3 as well as XRD analysis of temperature 

dependent decomposition products of LiIO3. TGA/DSC of LiIO3, as displayed in Figure 

8-5 (a), shows a two-step mass loss process. The measured mass loss at the end of each 

step is 70.8% and 92.5%, respectively, which are approximate to the predicted theoretical 



213 

 

mass loss of 71.7% and 91.8% according to Equation (5) and (6), respectively. XRD 

analysis reveals that the solid product collected after the first decomposition (650 °C) is 

Li5IO6, consistent with the expectation from Equation (5). The product from the second 

step that ends at 870 °C is a mixture of Li2O, LiI, and undecomposed Li5IO6. While Li2O 

and undecomposed Li5IO6 are expected to form based on Equation (6), the presence of LiI 

suggests a different decomposition pathway from Mg(IO3)2 and Ca(IO3)2, whose final 

decomposition product does not contain MgI2 and CaI2, respectively. This difference will 

be discussed in more details in the subsequent section.  

 

Figure 8-5 TGA/DSC of LiIO3 under and argon environment (a), and temperature 

dependent XRD analysis of LiIO3 heated products (b). ▲indicates melting of LiIO3
20. 

It has been demonstrated from T-Jump TOFMS, TGS/DSC, and XRD analysis that 

the decomposition of LiIO3, Mg(IO3)2, and Ca(IO3)2 occur via two steps, with the first step 

forming metal orthoperiodate, I2 and O2, and the second step producing metal oxide, I2 and 

O2. NaIO3 and KIO3 are expected to follow a different decomposition pathway as they 

produce minimal I2 during decomposition from the T-Jump TOFMS analysis (Figure 8-2). 

TGA/DSC of NaIO3, as displayed in Figure 8-6, shows multiple-stepped mass loss. XRD 
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analysis shows that the solid residue collected at the end of the first mass loss step (575 °C) 

is NaI. The attempt to collect residue at 900 °C was unsuccessful. The formation of NaI 

and the absence of intense I2 peak from T-Jump TOFMS (Figure 8-2) suggest the following 

decomposition of NaIO3: 

                                                   NaIO3 = NaI + 1.5 O2                                                                     (7) 

Additionally, I observe Na peak from T-Jump/TOFMS (Figure 8-2), which also 

indicates NaI formation. The theoretical mass loss based on Equation (7) is 24.4%, which 

is much lower than the measured first step mass loss of 53.7%, and this is attributed to the 

sublimation of NaI28,29. The mass loss after the first step is attributed to the evaporation of 

NaI, whose TGA/DSC shows rapid mass loss after the melting point at 661.6 °C (Figure 

S2). 

 

Figure 8-6 TGA/DSC of NaIO3 under and argon environment (a), and temperature 

dependent XRD analysis of NaIO3 heated products (b). ▲indicates melting of NaIO3 and 

● indicates melting of produced NaI20,30.  
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KIO3 displays a similar decomposition mechanism to NaIO3 based on the presence 

of metal ion peak and minimal release of iodine, as shown in Figure 8-2. Therefore I expect 

the following decomposition pathway for KIO3:     

                                       KIO3 = KI + 1.5 O2                                                                   (8) 

TGA/DSC of KIO3 displays a two-stepped mass loss (Figure 8-7 (a)). The measured 

mass loss of the first step that ends at 585 °C is 22.4%, which is the same with the 

theoretical mass loss of 22.4% predicted from Equation (8). XRD analysis (Figure 8-7 (b)) 

of decomposition product after the first mass loss step reveals the formation of KI. The 

second mass loss step in TGA/DSC is attributed to the evaporation of KI31.  

 

Figure 8-7 TGA/DSC of KIO3 under and argon environment (a), and temperature 

dependent XRD analysis of KIO3 heated products (b). ▲indicates melting of KIO3 and ● 

indicates melting of produced KI20,30. 

8.4.3 Thermodynamic prediction of iodate decomposition mechanism  

Gibbs free energy change determines whether a reaction is feasible. A negative 

Gibbs free energy indicates a spontaneous reaction31. Decomposition of metal iodates can 

follow pathway α, which produces metal oxide, O2, and I2, or β, which leads to metal iodide 
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and O2. For simplicity, all the calculations for Gibbs free energy change is performed with 

standard values of ΔH and ΔS at room temperature. All the calculated values of ΔG are 

positive as none of the iodates decompose at room temperature, as shown in Figure S3. 

The decomposition temperatures of both pathways are estimated, assuming ΔG is 0, while 

ΔH and ΔS are held constant. These estimated decomposition temperatures are then 

normalized to the measured decomposition temperatures from T-Jump MS and are 

displayed in Figure 8-8. For Mg(IO3)2 and Ca(IO3)2, the estimated decomposition 

temperature of pathway α is lower than pathway β, suggesting that pathway α is more 

favorable. This finding is consistent with the observations from T-Jump TOFMS, 

TGA/DSC and XRD. In the case of NaIO3 and KIO3, pathway β is the more favorable due 

to its significantly lower estimated decomposition temperature than pathway α, which is 

also supported by evidence from T-Jump TOFMS, TGA/DSC and XRD. However, for 

LiIO3, the estimated decomposition temperature of pathway α is higher than pathway β, 

indicating that pathway β is more favorable. This contradicts the experimental result 

demonstrating that pathway α is more feasible. This discrepancy is not well understood. 

Overall, the trend is clear that as the metal descends within the same group, from Mg to Ca 

and Li to K, the estimated decomposition temperature of pathway α increases, while the 

calculated decomposition temperature of pathway β decreases. Consequently, pathway α 

becomes less favorable while pathway β becomes more favorable as metal moves 

downward in the same group. A similar argument can be made that when metal moves 

rightward in the same period, from Na to Mg and K to Ca, pathway β becomes less 

favorable while pathway α becomes more favorable. 
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Figure 8-8 Calculated decomposition temperature of metal iodates assuming Gibbs free 

energy change being zero at room temperature relative to the measured decomposition 

temperature from T-Jump MS for different decomposition pathways. More details about 

the calculation can be found in Table S2.  

8.5  Conclusions 

This study investigates the decomposition mechanism of alkali and alkaline metal 

iodates (LiIO3, NaIO3, KIO3, Mg(IO3)2, and Ca(IO3)2). T-Jump TOFMS demonstrates that 

all iodates release O, but not all iodates release I2. Mg(IO3)2, Ca(IO3)2, and LiIO3 release 

significant amount of I2, while NaIO3 and KIO3 have minimal I2 release. TGA/DSC 

measurement of metal iodates and XRD analysis of the temperature dependent condensed 

phase species reveals that the decomposition of these metal iodates follows different 

pathways. Mg(IO3)2, Ca(IO3)2, and LiIO3 follow a two-step decomposition pathway: (1) 

Decomposition from metal iodates (MIO3. M=Mg, Ca, and Li) into metal orthoperiodate 

(Mx(IO6)y) with I2 and O2 release, and (2) decomposition from metal orthoperiodate to 
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metal oxide (MO) with I2 and O2 release. NaIO3 and KIO3 follow a one-step decomposition 

pathway, where they decompose into NaI and KI, respectively, with O2 release. 

Thermodynamic predictions of decomposition pathways are made by comparing 

decomposition temperatures estimated from thermodynamic data, and these estimations 

roughly predict the decomposition pathway of the investigated metal iodates. This study 

reveals that not all metal iodates are potential candidates for biocidal application and 

provides a simple strategy to predict the feasibility of I2 release from metal iodates.  
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8.7  Supporting information  

 

Figure S1 XRD of as-synthesized Mg(IO3)2 from ASP. 

 

 

Figure S2 TGA/DSC of NaI. 
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Table S1 Physical properties 

 Melting pointing (°C) Boiling pointing (°C) 

MgI2 634 (2) -- 

MgO 2825 (2) 3600 (2) 

CaI2 783 (2) 1100 (2) 

CaO 2613 (2) 2853 (3) 

LiI 469 (2) 1171 (2) 

Li2O 1438 (2) 2563 (4) 

NaI 661 (2) 1304 (2) 

Na2O 1134 (2) -- 

KI 681 (2) 1323 (2) 

K2O 740 (2) -- 
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Table S2 Thermodynamic data used for calculation 

 
ΔfH° 

kJ·mol-1 

S° 

J·K-1·mol-1 

LiIO3 -503.4 (1) 151.5 * 

NaIO3 -481.8 (2) 151.5* 

KIO3 -501.4 (2) 151.5 (2) 

Ca(IO3)2 -1002.5 (1) 230 (1) 

Mg(IO3)2 -903.7 (5) 230 ^ 

Li2O -597.9 (2) 37.6 (2) 

Na2O -414.2 (2) 75.1 (2) 

K2O -361.5 (2) 94.1 (1) 

CaO -634.9 (2) 38.1 (2) 

MgO -601.6 (2) 27.0 

LiI -270.4 (2) 86.8 (2) 

NaI -287.8 (2) 98.5 (2) 

KI -327.9 (2) 106.3 (2) 

CaI2 -533.5 (2) 142 (2) 

MgI2 -364.0 (2) 129.7 (2) 

O2 0 (1) 205.15 (1) 

I2 0 (1) 116.14 (1) 

 

* data cannot be found. The values are taken from KIO3 assuming the entropy of LiIO3, 

NaIO3, and KIO3 are the same. 

^ data cannot be found. The values are taken from Ca(IO3)2 assuming the entropy of 

Mg(IO3)2 and Ca(IO3)2  are the same. 
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Figure S3 Calculated Gibbs free energy change of alkali and alkaline metal iodates with 

different decomposition pathways at room temperature. More details about the 

calculation can be found in Table S2. 

 



226 

 

9 Combustion Behavior of Aluminized Metal Iodate Composites. 

Part 2: Iodine and Energy Release Rate 

9.1  Summary 

Metal iodates are attractive oxidizers in the biocidal application due to their high 

oxygen and iodine content. In this study, I systematically investigate the iodine release, 

ignition, and reactivity of aluminized alkali and alkaline metal iodate thermites, namely 

Al-Mg(IO3)2, Al-Ca(IO3)2, Al-LiIO3, Al-NaIO3 and Al-KIO3, as well as the combustion 

behavior of assembled high-loading aluminized metal iodate composites. Temperature-

jump/time-of-flight mass spectrometry (T-Jump/TOFMS) results demonstrate that Al-

Mg(IO3)2, Al-Ca(IO3)2, and Al-LiIO3 release a substantial amount of iodine at 

approximately the same temperature, whereas Al-NaIO3 and Al-KIO3 exhibit minimal 

iodine release. In contrast, combustion cell result reveals that the reactivity of Al-Mg(IO3)2, 

Al-Ca(IO3)2, and Al-LiIO3 is lower than Al-NaIO3 and Al-KIO3, indicating a trade-off 

between iodine release and reactivity among aluminized metal iodates. Iodine release rate, 

derived from the combination of T-Jump TOFMS and combustion cell data, reveals that 

Al-Mg(IO3)2 and Al-Ca(IO3)2 have significantly higher iodine release rates than Al-LiIO3. 

Free-standing Al-metal iodate composites with nearly 50 wt% iodine content are 

successfully assembled by 3D printing and their combustion behaviors are characterized 

by high-speed videography and pyrometry for flame temperature measurement. It is found 

that only Al-Ca(IO3)2, Al-LiIO3 and Al-NaIO3 achieve complete propagation in an inert 

environment, and their microscopic combustion characteristics are similar. The 

propagation rate and flame temperature of Al-Ca(IO3)2 and Al-LiIO3 are lower than Al-
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NaIO3, resulting in a higher energy release rate of Al-NaIO3 compared to Al-Ca(IO3)2 and 

Al-LiIO3, which suggests a trade-off between iodine release and energy release rate. This 

study demonstrates that, while not all aluminized metal iodate composites show promise 

in biocidal application, Al-Ca(IO3)2 and Al-LiIO3 composites hold promise as biocidal 

agents due to their combined heat and iodine release capabilities.  

9.2   Introduction 

As discussed in Part 1 of this study1, viruses, bacteria, formulated into weapons 

pose serious concerns. These threats necessitate a strategy for bioagent deactivation. One 

effective and environmentally friendly strategy for destroying microorganism is the 

application iodine as a disinfectant.2–4 Nevertheless, the high vapor pressure of iodine often 

renders it inefficient and inconvenient to be implemented for destroying large-scale 

microorganism. An alternative strategy for bioagent deactivation is the employment of 

energetic materials for a thermal neutralization.5–7 However, the disadvantage of this 

method is the likely incomplete neutralization as the thermal event is often short. To solve 

the problems and take advantage of both strategies, it has been proposed that, agent defeat 

weapons (ADWs), a new class of energetic material that releases large amounts of strong 

biocides after the delivery of a thermal event, could be effective in deactivation biological 

materials.7–9  

Nanothermites, energetic composites typically consisting of metal fuel and oxidizer 

nanoparticles that undergo highly exothermic reaction upon ignition, have advantages of 

higher energy density and higher tunability over the conventional monomolecular CHNO 
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energetics.10–18 Nanothermites are particularly well-suited for application of AWDs when 

a suitable iodine-releasing oxidizer is used. I2O5 is an attractive oxidizer for this purpose 

due to its high iodine and oxygen content, and various studies investigated the destruction 

of spore forming bacteria and energy release of energetic composites containing I2O5.
9,19,20 

However, the practical application of I2O5 is limited by its hygroscopic properties. Metal 

iodates are potentially very attractive due to their high iodine content and strong oxidizing 

nature. Iodine release and combustion behavior of thermite with various metal iodates 

including Cu(IO3)2, AgIO3, Bi(IO3)2, Fe(IO3)2, and Ca(IO3)2, have been investigated.6,7,21,22 

These studies reveal that not all metal iodates release I2 during decomposition. 

In part 1 of this work, a systematical study was performed on the decomposition 

mechanism of alkali and alkaline metal iodates (LiIO3, NaIO3, KIO3, Mg(IO3)2, and 

Ca(IO3)2), which have high iodine and oxygen content. It was demonstrated that while the 

iodine in LiIO3, Mg(IO3)2, and Ca(IO3)2 are released as I2 during thermal decomposition, 

the iodine in NaIO3 and KIO3 are trapped as metal iodide, which has limited utility as a 

biocide. This study reveals that not all metal iodates are promising candidates in biocidal 

application and provides a simple thermodynamic calculation strategy to predict the 

feasibility of I2 release of metal iodates.  

A key step forward to real-world application is the fabrication of these metal iodates into 

composites with mechanical integrity at high loading to achieve high energy density and 

iodine content, as well as the subsequent combustion behavior of the composites. However, 

the fabrication of high loading nanothermite composites is limited by processing challenges 

due to the high viscosity, which makes the traditional casting methods unpractical.13 
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Additive manufacturing techniques such as  3D printing has attracted attention in energetic 

composite preparation due to its relative simplicity, customizability, and convenience.13,23–

25 Recently, free-standing composites with 90 wt% nanothermite loading were successfully 

prepared with 3D printing and their combustion behaviors were investigated.13,23,26–28 

Nevertheless, these studies mostly use a metal oxide as the oxidizer, and a systematic study 

focusing on the combustion behavior of high loading energetic composite with iodine-

containing oxidizer is still lacking.  

In this chapter, I utilize aluminum (Al), the most commonly used fuel due to its 

high energy density, ready availability, and high reactivity, as the fuel to study the iodine 

release, ignition, and reactivity of alkali and alkaline metal iodates (LiIO3, NaIO3, KIO3, 

Mg(IO3)2, and Ca(IO3)2).
10,12,29 Temperature-jump time of flight mass spectrometry (T-

Jump/TOFMS) and temperature-jump ignition (T-Jump ignition) are employed to analyze 

the iodine release and ignition behavior of aluminized metal iodate thermites, respectively. 

Combustion cell measurement is utilized to determine the reactivity of these thermites. 

More importantly, free-standing composites with 90 wt% loading of aluminized metal 

iodate thermites with iodine content as high as nearly 50 wt% are successfully prepared by 

3D printing and their combustion behaviors are studied by high-speed videography and 

pyrometry.  
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9.3   Materials and Methods 

9.3.1 Materials 

NaIO3 (99%) was obtained from Alfa Aesar. LiIO3 (97%), KIO3 (≥98%), MgCl2 

(≥98%), HIO3 (≥99.5%), Ca(NO3)2·4H2O (≥99%), and polyvinylidene fluoride (PVDF, 

average molecular weight: ~534,000)  were purchased from Sigma Aldrich (Millipore 

Sigma). HPLC grade water, hexanes (99.9%), N, N dimethylformamide (DMF, 99.8%), 

and NaOH (≥97%) were purchased from Fisher Scientific. METHOCEL™ F4M 

Hydroxypropyl Methylcellulose (HPMC) was obtained from Dow Chemical Company. 

Aluminum nanoparticles (Al NPs, ~50 nm, 67 wt% active) were obtained from Argonide 

Corporation. The active content of Al NPs was determined utilizing thermogravimetry and 

differential scanning calorimetry (TGA−DSC, Netsch STA449 F3 Jupiter)13,14.  

9.3.2 Size reduction of alkali metal iodate particles  

Size of as-received alkali metal iodates was reduced via ball milling with a Retsch 

CryoMill operated at ambient condition. Briefly, 0.75 g alkali metal iodate, ~0.75 ml 

hexanes, and three steel balls (7/32″ in diameter, obtained from GlenMills) were loaded 

into a plastic centrifuge tube (FisherBrand 2 mL) and then milled with a Retsch CryoMill 

operated at ambient conditions for 30 min at a frequency of 25.0 Hz for 10 mins. After 

settling for ~ 5 min for cooling, the sample was ball milled again for 10 mins. This process 

was repeated two more times so that the total milling time was 40 mins. Then the sample 

was transferred into a desiccator for drying. SEM (scanning electron microscope) images 

of the obtained samples are shown in Figure S1. 
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9.3.3 Synthesis of alkaline metal iodates 

Details for the synthesis of Ca(IO3)2 micron particle can be found in our previous 

publication.30 Briefly, 236 mg Ca(NO3)2·4H2O, 428 mg KIO3, three alumina balls (7/32″ 

in diameter, purchased from GlenMills), and 0.5 mL ethanol were added to a centrifuge 

tube (FisherBrand, 2 mL) and milled for 20 min at a frequency of 25.0 Hz. The resultant 

suspension was centrifuged at 7000 rpm for 5 min. The obtained precipitate was washed 

three times with 30 mL water every time and then dried in a vacuum oven overnight for 

water removal. The dried solid powder was baked in a tube furnace at 350 °C for 40 min 

in air for the removal of crystal water. 22 SEM image of the obtained Ca(IO3)2 is shown in 

Figure S1. 

Details of synthesizing Mg(IO3)2 can be found in Part 11. SEM image of the 

synthesized Mg(IO3)2 is shown in Figure S1. 

9.3.4 T-Jump ignition and TOFMS 

The details of the T-Jump ignition and TOFMS tests can be found in our previous 

publications.11,31,32 Briefly, Al nanoparticles and the corresponding amounts of metal 

iodates were physically mixed in hexane. Following 30 min of ultrasonication, a small 

amount of the suspension was coated on Pt wire (diameter=76 μm, 0.8-1.1 cm length, 

OMEGA Engineering Inc.), which was then resistively heated by a direct current voltage 

supply. Temperature readings of the Pt wire was obtained through calibrating with 

Callendar-Van Dusen equation. It is assumed the temperature of the thin coating on Pt wire 

is the same with temperature of the wire. A minimum of three tests were performed for 

every sample.  
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For T-Jump ignition tests, the samples were ignited inside a chamber filled with 

argon at 1 atm and the ignition process was recorded by a high-speed camera (Vision 

Research Phantom V12.1). The ignition delay time was determined from the obtained 

video as well as the measured wire temperature. For T-Jump TOFMS, a 70 eV electron 

gun ionizer was used for ionizing gas phase species produced from the sample inside the 

TOFMS chamber held at ~10-6 Torr. For both T-Jump ignition and TOFMS, measurements 

were repeated at least three times.  

9.3.5 Combustion cell measurements 

Reactivity of the Al-metal iodate thermites at stoichiometric ratio were evaluated 

in a constant volume combustion cell (~20 cm3), from which PV/m (P is the maximum 

pressure, V is the volume of the combustion cell, and m is the mass for each measurement), 

pressurization rate, and burn time (half width of the optical signal) were evaluated. Details 

of combustion cell measurements can be found in our previous studies.33,34 25 mg of a 

thermite powder was used for each measurement, which was repeated with a minimum of 

three times in total.  

As Part 1 demonstrated, these metal iodates have two decomposition mechanisms1. 

The amount of Al and metal iodate was determined from the following equations (Equation 

1-5) for prescribing the stoichiometric ratio and are based on the decomposition paths I 

previously determined. 
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                              10Al + 3Mg(IO3)2 = 5Al2O3 + 3MgO + 3I2                                              (1) 

                                10Al + 3Ca(IO3)2 = 5Al2O3 + 3CaO +  3I2                                              (2) 

                                  10Al + 6LiIO3 = 5Al2O3 + 3Li2O + 3I2                                                (3) 

                                            2Al + NaIO3 = Al2O3 + NaI                                                                 (4) 

                                               2Al + KIO3 = Al2O3 + KI                                                                    (5) 

9.3.6 Preparation of ink and direct ink writing of 90 wt% loading aluminized 

metal iodate composites 

The details of ink preparation and direct ink writing can be found in our previous 

publication.13 Briefly, 4 wt% PVDF and 6 wt% HPMC were dissolved into DMF. Metal 

iodate was added to the solution and the obtained suspension was ultrasonicated for 30 min. 

Stoichiometric amount of Al nanoparticles was then added to the suspension and the 

obtained sample was ultrasonicated for 30 min and magnetically stirred overnight before 

printing with a printer (Hyrel System 30 M). For printing, the ink was extruded through an 

18-gauge needle and directly written on a preheated (~75 °C) glass substrate with a pre-

designed pattern. Each layer was ensured to be dried visibly before depositing the next 

layer. Following printing, the obtained films were heated for 30 min at ~75 °C for removing 

the residual solvent. The films were then cut into ~2 cm long sticks for combustion 

characterizations.  
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9.3.7 Microscopic and macroscopic imaging 

The details of the imaging process can be found in our previous study.35 Generally, 

two imaging systems were utilized for studying the combustion behavior of the printed 

composites. One imaging system was macroscopic imaging system with high-speed 

camera (Vision Research Phantom Miro M110) and the other one was microscopic imaging 

system that uses high-speed camera (Vision Research Phantom VEO710L) coupled with 

Infinity Photo-Optical Model K2 DistaMax. For a typical measurement, one stick was 

placed on a stage inside an argon filled chamber that was mounted between the two imaging 

systems. The stick was ignited with a Joule-heated nichrome wire and the combustion 

process was recorded with both imaging systems.  

9.3.8 Three-color imaging pyrometry  

The details of three-color imaging pyrometry can be found in our previous 

publications.36–38 Briefly, three color (red, green, and blue) intensities from the Bayer filter 

and their ratios were utilized for measuring the flame temperature of a sample assuming 

graybody emission behavior of the sample. A blackbody source (Mikron M390) was used 

for obtaining calibration factors. The temperature uncertainty was estimated to be 

nominally 200-300 K.28,38 

9.3.9 Scanning electron microscope 

The morphology of the metal iodate micron particles as well as the cross section of 

the 3D-printed composites were characterized by scanning electron microscope (SEM, 

Thermo-Fisher Scientific NNS450).  
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9.4  Results and discussion 

9.4.1  Time-of-flight mass spectrometry and ignition of Al-iodate thermites under 

rapid heating rate (∼105 K/s)  

T-Jump/TOFMS was used to analyze iodine release from the metal iodates with Al 

and the resulting mass spectra are shown in Figure 9-1 (a). As demonstrated in Part 1, alkali 

and alkaline metal iodates follow two different decomposition pathways: (1) 

decomposition into metal oxide, oxygen, and iodine, and (2) decomposition into metal 

iodide and oxygen1. Ca(IO3)2, Mg(IO3)2, and LiIO3 follow pathway (1) while NaIO3 and 

KIO3 follow pathway (2). Therefore, upon thermal decomposition, Ca(IO3)2, Mg(IO3)2, 

and LiIO3 release significant amount of iodine, while NaIO3 and KIO3 have minimal iodine 

release. Similar results are obtained with the addition of Al, where Al-Ca(IO3)2, Al-

Mg(IO3)2, and Al-LiIO3 release significantly higher amount of iodine than Al-NaIO3 and 

Al-KIO3. Semiquantitative analysis of the release behavior of I, a representative of I2, was 

performed by measuring its intensity in different Al-iodate systems and relative intensity 

to Al-KIO3. The results are shown in Figure 9-1 (b), which clearly demonstrates the iodine 

release difference and verifies that Al-Ca(IO3)2, Al-Mg(IO3)2, and Al-LiIO3 are promising 

in biocidal application. One important evaluating parameter for biocidal energetics is the 

biocide release temperature, which is iodine in this case. Iodine release profiles of Al-

Ca(IO3)2, Al-Mg(IO3)2, and Al-LiIO3 displayed in Figure 9-1 (c)-(e) demonstrate that the 

iodine release temperature of these thermites are roughly the same. Such an analysis is not 

conduced on Al-NaIO3 and Al-KIO3 due to their low iodine release.  
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Figure 9-1 T-Jump/TOFMS spectrum of alkali and alkaline metal iodate with Al (a). Most 

notable mass species are labeled. The measured I intensities of the iodate with Al and their 

relative intensity to Al-KIO3 (b). I release over time and the corresponding heating profile 

of Al-Ca(IO3)2 (c), Al-Mg(IO3)2 (d), and Al-LiIO3 (e). The onset I release temperature 

averaged over a minimum of three experiments is labeled. 

 

Ignition studies of Al with metal iodates were conducted in 1 atm argon and the 

representative snapshots of ignition are shown in Figure 9-2 (a). These results demonstrate 

that all the Al-iodate systems ignite in an inert environment, although Al-Mg(IO3)2 and Al-

LiIO3 have less vigorous flames. Figure 9-2 (b) displays the O2 release onset temperature 

obtained from T-Jump TOFMS of metal iodates as well as ignition temperature of Al-

iodate systems. Previous studies demonstrated that polymorphic phase change in alumina 

(~880 K, from amorphous to γ-Al2O3) causes accelerated outwardly diffusion of Al and 
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initiates the thermite reaction when gas-phase oxygen is readily available.11,39 In the current 

study, O2 release onset temperature of metal iodate and ignition temperature of Al-metal 

iodate are nearly the same at about 630 °C (~900 K) for all the thermites, which is slightly 

higher than the phase transition temperature of alumina at ~880 K, indicating the ignition 

is possibly limited by the availability of gaseous oxygen from metal iodate. The ignition 

temperature at about 630 °C is very close to the melting point of Al at 660 °C though. 

Therefore, it is also possible that the ignition is limited by the availability of Al from 

melting. 

 

Figure 9-2 T-Jump ignition snapshots of Al with alkali and alkaline metal iodate (a). O2-

release onset temperature of metal iodate estimated from T-Jump/TOFMS and T-Jump 

ignition temperature of metal iodate with Al.  

9.4.2 Reactivity and iodine release rate of Al-iodate thermites 

Constant-volume cell measurements were conducted on the Al-iodate thermites to 

evaluate their  reactivity and combustion characteristics including PV/m, pressurization 

rate, and burn time.33 Figure 9-3 displays the combustion parameters of the Al with 
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different metal iodates. Al-NaIO3 and Al-KIO3 have significantly higher peak pressure and 

pressurization rate, shorter burn time as compared to Al-Mg(IO3)2, Al-Ca(IO3)2, and Al-

LiIO3, demonstrating their superior reactivity. These differences cannot be explained on 

the basis of energy density that are displayed in Figure 9-3 (d), which shows that 

differences are insignificant. It is well-known that particle size has significant effect on the 

reactivity of a thermite,40–42 however Figure S1 shows that the particle size is similar among 

these metal iodates. Further I show in Figure 9-2 (b), that the onset temperature of O2 

release is roughly the same for all the metal iodates, suggesting that it is unlikely the 

contributing factor for the reactivity difference.  

Another factor that influences the PV/m and pressurization rate is the amount of 

gas released during the combustion process. Equation (1-5) demonstrates that for Al-

Mg(IO3)2, Al-Ca(IO3)2, and Al-LiIO3, Al2O3, metal oxide, and I2 are produced. The boiling 

point of Al2O3, MgO, CaO, Li2O, and I2 is 2967 °C, 3600 °C, 2853 °C, 2563 °C, and 184 °C, 

respectively,43–46 The measured flame temperature of the 3D printed composite of Al-

Ca(IO3)2 and Al-LiIO3 below 1700 °C, which will be discussed further in 3.3, is 

significantly lower than the boiling point of Al2O3, CaO, Li2O. This indicates that Al2O3, 

CaO, Li2O will remain in the condensed phase, and the only gas product is I2. A similar 

temperature comparison for Al-Mg(IO3)2 cannot be performed as the flame temperature of 

its printed composite cannot be obtained. However, MgO has much higher boiling point 

and Al-Mg(IO3)2 has similar reactivity to Al-Ca(IO3)2 and Al-LiIO3. Therefore it is 

reasonable to speculate that MgO also remains in the condensed phase during combustion. 

This analysis indicates that the only gaseous product during combustion for Al-Mg(IO3)2, 
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Al-Ca(IO3)2, and Al-LiIO3 is I2. While for the combustion of Al-NaIO3 and Al-KIO3, Al2O3 

and metal iodide are produced, and the boiling point of NaI and KI is 1304 °C and 1323 °C, 

respectively.44 The measured flame temperature of 3D printed Al-NaIO3 composite of ~ 

2350 °C is much higher than the boiling point of NaI, which means NaI is gaseous during 

combustion. It is speculated that KI is also gaseous during combustion for Al-KIO3 as the 

boiling point of KI is closed to NaI and the reactivity of Al-NaIO3 and Al-KIO3 is similar. 

Figure 9-3 (d) displays the relative amount of gas release during combustion for different 

thermite systems and shows Al-NaIO3 and Al-KIO3 have significantly higher amount of 

gas release compared to Al-Mg(IO3)2, Al-Ca(IO3)2, and Al-LiIO3. This higher amount of 

gas release likely explains the higher PV/m and pressurization rate of Al-NaIO3 and Al-

KIO3. 

Al-Mg(IO3)2 and Al-Ca(IO3)2 have nearly the same reactivity as they have similar 

peak pressure, pressurization rate, and burn time. Al-LiIO3 underperforms Al-Mg(IO3)2 

and Al-Ca(IO3)2 although LiIO3, Mg(IO3)2, and Ca(IO3)2 follow the same decomposition 

pathway and all the three thermites have similar energy density1. It is noteworthy that 

energy density of these thermite systems is calculated from the standard enthalpy of 

reaction at room temperature, which means endothermicity of phase change of the involved 

chemicals during combustion is not considered.  Now a primary question arises: Why does 

Al-LiIO3 has a lower reactivity than Al-Mg(IO3)2 and Al-Ca(IO3)2? As shown in Part 11, 

Mg(IO3)2 and Ca(IO3)2 decompose without a noticeable melting process, while LiIO3 melts 

at 434 °C that corresponds to a sharp endothermic peak. 44  The endothermicity of LiIO3 

melting leads to less heat release during the combustion process. In addition, the condense 
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phase decomposition product of Mg(IO3)2, Ca(IO3)2, and LiIO3 are MgO, CaO, and Li2O, 

respectively. The melting point of Li2O at 1438 °C is much lower than MgO and CaO at 

2825 °C and 2613 °C, respectively.44 The flame temperature is higher than the melting 

point of Li2O for Al-LiIO3 but lower than the melting point of CaO and MgO in the case 

of Al-Mg(IO3)2 and Al-Ca(IO3)2, respectively, which will be discussed further in 3.3. This 

means the Li2O melts while MgO and CaO remain as solid during the combustion process. 

The endothermicity of Li2O melting will result in a further reduction in heat release from 

the combustion of Al-LiIO3 compared to Al-Mg(IO3)2 and Al-Ca(IO3)2. Therefore, 

although the theoretical energy release for Al-Mg(IO3)2, Al-Ca(IO3)2, and Al-LiIO3 is 

comparable, the actual energy release of Al-LiIO3 is lower due to the endothermic nature 

of melting LiIO3 and Li2O during combustion. This likely explains the lower reactivity of 

Al-LiIO3 than Al-Mg(IO3)2 and Al-Ca(IO3)2.  

Iodine release rate of an energetic composite is a critical factor for the application 

as biocidal agent, and different iodine release rate may be preferred in different 

circumstances.2,21 Figure 9-3 (e) displays the relative iodine release rate for thermites with 

significant iodine release and demonstrates that the iodine release rate of Al-Mg(IO3)2 and 

Ca(IO3)2 is similar and dramatically higher than Al-LiIO3. This result suggests that the 

iodine release rate of Al-based thermite can be manipulated simply by utilizing different 

iodates as oxidizer, or perhaps by making mixtures.  
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Figure 9-3 PV/m (a), pressurization rata (b), and burn time (c) of Al with different metal 

iodates. Combustion enthalpies of Al with different metal iodates at stoichiometric ratio as 

well as their relative amount of gas release to Al-Ca(IO3)2 during combustion (d).47 

Estimated relative iodine release rate of Al with different metal iodates based on the iodine 

release rate of Al-LiIO3 (e). The iodine release rate is calculated via dividing the average 

iodine release intensity from TOFMS by the average burn time from pressure cell 

measurement.  

9.4.3 Combustion performance of printed high loading Al-iodate composites 

As mentioned above, fabrication of high particle loading composite with good 

mechanical properties is essential to obtain high energy density for real-world 

application.23 All the Al-iodate thermites can be 3D printed into free-standing composites 

with 90 wt% thermite loading. The photo of a representative printed composite shows the 

smooth and crack-free surface and cross-section SEM images of all the printed composites 

are shown in Figure 9-4 (a). Iodine content and energy release rate are two key parameters 

in evaluating biocidal agent in addition to the aforementioned iodine release rate. These 

composites have high iodine content (nearly 50 wt%, as shown in Figure 9-4 (b)).   
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Figure 9-4 SEM cross-section of the assembled composites (a). Theoretically gravimetric 

iodine content in the printed composite of Al with metal iodates (b). Note: Inactive content 

of Al is not considered for this calculation.  

Combustion behavior of the printed composites were investigated in argon (1 atm) 

with high-speed microscopic imaging and macroscopic imaging coupled with 

pyrometry.26,35 Interestingly, although all the Al-iodate thermites ignite in argon (1 atm), 

not all the printed composites can fully propagate. Al-Ca(IO3)2, Al-LiIO3, and Al-NaIO3 
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composites propagate fully, while Al-Mg(IO3)2 and Al-KIO3 composites have incomplete 

propagation. The feasibility of propagation does not follow the reactivity trend or the 

decomposition pathway of metal iodates and is not well understood.  

For the composites that propagate fully in argon, the microscopic combustion 

characteristic is essentially the same, where Al droplet with dark cap (aluminum oxide) 

forms on the burning surface, as shown in Figure 9-5 (a). These droplets have a size of tens 

of micrometer and there is no significant size difference among different composites. It is 

worth noting that the initial Al particles incorporated into the composite is 50 nm, which 

suggests extensive sintering/agglomeration of Al occurs during the combustion process.26 

SEM images of the post-combustion product for Al-Ca(IO3)2, Al-LiIO3, and Al-NaIO3 

shown in Figure S2 further confirm the similarity in agglomerate size among the three 

composites. SEM/EDS was utilized to analyze the element distribution of post-combustion 

product of Al-Ca(IO3)2 and Al-NaIO3, as shown in Figure S3 and Figure S4, respectively. 

The presence of Na and I overlaps for Al-NaIO3, suggesting the formation of NaI. While 

for Al-Ca((IO3)2, the presence of Ca overlaps with O instead of I, implying the formation 

of CaO. This is consistent to the proposed reaction in Equation (2) and (4) based on Part 1, 

which demonstrates the decomposition of Ca(IO3)2 and NaIO3 follow different pathway 

and produces CaO and NaI, respectively1. The same analysis from EDS is not performed 

for Al-LiIO3 as Li is undetectable in the instrument utilized.  
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Figure 9-5 Representative images from microscopic videos (a), and representative 

snapshots (left) as well as corresponding flame temperature maps (right) from macroscopic 

videos (b) of Al-Ca(IO3)2, Al-LiIO3, and Al-NaIO3. Note: the temperature scale bar is 

different for Al-NaIO3 as its flame temperature is much higher than the other two 

composites.  

Three-color (RGB) pyrometry is employed to measure the temperature of the 

agglomerates on the burning surface from microscopic imaging as well as the flame 

temperature from macroscopic imaging. Figure S5 shows that the agglomerate temperature 

is ~2100 K for all the three composites from microscopic imaging. Figure 9-5 (b) displays 
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the representative flame snapshot from macroscopic imaging of for Al-Ca(IO3)2, Al-LiIO3, 

and Al-NaIO3 and their corresponding temperature map, which demonstrate flame 

temperature is different among the three composites. Flame temperature profiles displayed 

in Figure 9-6 (a)-(c) show that the average flame temperature of Al-Ca(IO3)2, Al-LiIO3, 

and Al-NaIO3 is 1930 K, 1820 K, and 2620 K, respectively. The significantly higher flame 

temperature of Al-NaIO3 is attributed to its higher reactivity, as discussed in 9.4.2.  

In 9.4.2, the lower thermite reactivity of Al-LiIO3 compared to Al-Mg(IO3)2 and 

Al-Ca(IO3)2 is attributed to the endothermicity of LiIO3 and Li2O melting with the 

assumption that the flame temperature of Al-LiIO3 is higher than the melting point of Li2O 

at 1438 °C (1711 K). The flame temperature of Al-LiIO3 thermite should be higher than 

the printed composite at 1820 K as the composite has 10% polymer binder that reduces the 

overall energy density. This is consistent with our proposition that Li2O melts during the 

combustion of the thermite and the endothermicity contributes to the lower reactivity of 

Al-LiIO3. As for Al-Ca(IO3)2, the melting point of CaO at 2613 °C (2886 K) is almost 1000 

K higher than the flame temperature of the printed Al-Ca(IO3)2 composite, which means 

the flame temperature of Al-Ca(IO3)2 thermite is unlikely to be sufficiently high for melting 

CaO.  

A comparison of the combustion performance of the printed composites is 

displayed in Figure 9-6 (d), where the burn rate is obtained from the macroscopic imaging 

and the relative energy release rate is estimated based on Equation S1.27 Al-Ca(IO3)2  and 

Al-LiIO3 have nearly the same burn at ~1 cm/s, which is about half of the burn rate of Al-

NaIO3 at ~2.2 cm/s. The estimated energy release rate of Al-NaIO3 is much higher than 
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Al-Ca(IO3)2  and Al-LiIO3 , consistent with the aforementioned analysis from pressure cell 

tests that demonstrate Al-NaIO3 has significantly higher reactivity than Al-Ca(IO3)2  and 

Al-LiIO3. This means the printed composite of Al-NaIO3 is more effective in releasing 

heating than Al-Ca(IO3)2 and Al-LiIO3.  However, as discussed in 9.4.1, Al-NaIO3 only 

releases minimal amount of iodine compared with Al-Ca(IO3)2 and Al-LiIO3, implying 

there is a trade-off between iodine release and heat release among these printed composites.  

 

Figure 9-6 Time-resolved average flame temperature from macroscopic imaging of Al-

Ca(IO3)2 (a), Al-LiIO3 (b), and Al-NaIO3 (c). Note: Each data point represents the average 

temperature of the entire flame at a specific time, while the average temperature inserted 

is the average of all the shown data points in the figure. Burn rate and relative energy 

release rate of Al-Ca(IO3)2, Al-LiIO3, and Al-NaIO3 (d). The relative energy release rate is 

based on the energy release rate of Al-Ca(IO3)2. 
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9.5  Conclusions  

In this part 2, I conduct a systematic exploration of the iodine release, ignition, and 

reactivity of aluminized thermites containing alkali and alkaline metal iodate (LiIO3, NaIO3, 

KIO3, Mg(IO3)2, and Ca(IO3)2) and the combustion behavior aluminized metal iodate 

composites. T-Jump TOFMS demonstrates that Al-Mg(IO3)2, Al-Ca(IO3)2, and Al-LiIO3 

release significant amount of iodine at roughly the same temperature, while NaIO3 and Al-

KIO3 have minimal iodine release. Combustion cell analysis demonstrates the reactivity of 

Al-Mg(IO3)2, Al-Ca(IO3)2, and Al-LiIO3 underperforms Al-NaIO3 and Al-KIO3, 

suggesting the trade-off between reactivity and iodine release. Incorporating data from both 

T-Jump TOFMS and combustion cell, I find that Al-Mg(IO3)2 and Al-Ca(IO3)2 have a 

similar iodine release rate, which is significantly higher than Al-LiIO3. Free-standing Al-

metal iodate composites with 90 wt% thermite loading and nearly 50 wt% iodine content 

are successfully prepared by 3D printing and their combustion behavior is characterized 

utilizing high-speed videography and pyrometry. It is found that only Al-Ca(IO3)2, Al-

LiIO3 and Al-NaIO3 completely propagate in an inert environment and they display 

analogous microscopic combustion behavior characterized by spherical droplets formation 

on the burning surface. Comparing the macroscopic combustion behavior of the Al-

Ca(IO3)2 and Al-LiIO3 composites, minimal difference in propagation rate and flame 

temperature is identified, leading to comparable energy release rates. In contrast, the higher 

propagation rate and flame temperature of Al-NaIO3 composite result in a significantly 

higher energy release rate than Al-Ca(IO3)2 and Al-LiIO3, highlighting the trade-off 

between iodine release and heat release. This study reveals that while not all aluminized 
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metal iodate composites are potential candidates in biocidal application, Al-Ca(IO3)2 and 

Al-LiIO3 composites are promising biocidal agents due to both heat and iodine release.  
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9.7  Supporting information  

 

Figure S1 SEM images of LiIO3 (a), NaIO3 (b), KIO3 (c), Mg(IO3)2 (d) and Ca(IO3)2 (e). 

 

 

 

 

Figure S2 SEM images of post-combustion product for Al-Ca(IO3)2, Al-LiIO3, and Al-

NaIO3. 
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Figure S3 EDS of post-combustion product for Al-Ca(IO3)2. 
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Figure S4 EDS of post-combustion product for Al-NaIO3.  
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Figure S5 Temperature map of from three-color (RGB) pyrometry for an image from 

microscopy video of Al-Ca(IO3)2 (top), Al-LiIO3 (middle), and Al-NaIO3 (bottom). High 

error points and low-intensity points were excluded from the calculation. 
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Energy release rate of the printed composites is determined in Equation S1.  

                                                             E =  ρ × v × A × Cp × ΔT                                          (S1) 

Where ρ is the density of the printed composite, which is determined by combining the 

length, cross-section area and the corresponding mass of the printed sticks. v represents the 

burn rate, A is the cross-section area of the composite, Cp is the heat capacity of the 

composite and is assumed to be the same for all three composites, and ΔT is the difference 

between flame temperature and room temperature.  
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10 Summary and Future Work 

10.1  Conclusions  

The objective of this dissertation was to gain a comprehensive understanding of the 

reaction dynamics of energetic materials by investigating the influence of physical 

properties and heat transfer on the ignition and combustion characteristics of condensed-

phase energetic materials. Various characterization techniques were employed, including 

temperature-jump ignition, temperature-jump time-of-flight spectrometry, scanning 

electron microscopy, X-ray diffraction, thermogravimetric-differential scanning 

calorimetry, as well as in-operando microscopic and macroscopic imaging coupled with 

color pyrometry, to analyze the phenomena occurring at the reactive interface of these 

materials. Below, I summarize the key findings of each chapter of this dissertation and 

offer suggestions for future studies. 

Chapters 3 and 4 delve into the crucial impact of the physical properties on the 

ignition and combustion characteristics of energetic materials. Chapter 3 investigates a 

series of oxidizers (alkali metal perchlorates and iodates) with similar chemistries to 

elucidate the controlling mechanisms in boron ignition. It is discovered that nanoscale 

boron exhibits different ignition behaviors when paired with these metal perchlorates and 

iodates. Despite the similar chemistries, B/LiClO4, B/NaClO4, B/LiIO3, and B/NaIO3 ignite 

while B/KClO4 and B/KIO3 do not, in an inert environment. Additionally, the boron 

incorporation into LiClO4, NaClO4, LiIO3, and NaIO3 promotes their decomposition due 

to heat release from the redox reactions. However, the boron addition to KClO4 and KIO3 
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has minimal impact on their decomposition. The variance in ignition behavior is attributed 

to the discrepancy in the interval between melting and decomposition of the oxidizers. 

KClO4 and KIO3 melt and decompose concurrently, rendering limited time for the 

oxidizers to envelop the boron nanoparticles as a liquid. Consequently, only boron 

nanoparticles in close initial contact with the oxidizer particles have immediate access to 

gaseous oxygen, resulting in minimal ignition events. Conversely, perchlorates and iodates 

with a relatively large interval between melting and decomposition, such as LiClO4, 

NaClO4, LiIO3, and NaIO3, there is time for the oxidizers to melt and surround the boron 

nanoparticles before decomposition. This facilitates easier access to gaseous oxygen for 

the boron nanoparticles and leads to more robust ignition. This revelation underscores the 

influence of oxidizer physical properties and transport phenomena on ignition behaviors.  

Chapter 4 reveals that the microscopic combustion behavior of an energetic 

composite is significantly influenced by the physical properties of the fuel and its oxide. 

Energetic composites containing nanoscale aluminum, boron, and titanium as fuels are 

investigated. Microscopic imaging unveils notable sintering and agglomeration in all three 

composites. However, distinct combustion characteristics are observed among them. In the 

case of aluminum composites, molten and mobile droplets with dark caps form on the 

burning surface, attributed to the droplet temperature surpassing the melting points of both 

aluminum and aluminum oxide. Conversely, boron and titanium composites exhibit fractal-

shaped agglomerates on the burning surface. The discrepancy in combustion features 

between boron and titanium stems from the fractal-shaped agglomerates of titanium 

exhibiting a greater propensity to transition into a more spherical form compared to boron. 
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For boron composites, the temperature of the agglomerates is measured to be higher than 

the melting point of B2O3 but lower than the melting point of boron, explaining the fractal 

shape. In contrast, the temperature of titanium agglomerates is slightly higher than the 

melting point of titanium and TiO2 but lower than the melting point of Ti2O3, which forms 

at the interface of titanium and TiO2. It is proposed that Ti2O3 contributes to the fractal 

shape of the agglomerates, and its transition into TiO2, with a lower melting point, explains 

the heightened tendency for the fractal-shaped agglomerates to adopt a spherical shape than 

that of boron.  

Chapters 5-7 delve into various strategies aimed at manipulating the heat 

transferred from the flame or reaction front back to the unburnt material, thereby tuning 

the energy release rate from energetic composites. In Chapter 5, one approach explored is 

tuning the equivalence ratio between the fuel and oxidizer. Investigation into 

aluminum/ammonium perchlorate (AP) composites reveals that a composite with an 

equivalence ratio of 2 exhibits a significantly higher burn rate compared to the 

stoichiometric ratio. This is attributed to the prolonged residence time of agglomerates on 

the burning surface due to the formation of larger agglomerates, resulting in increased heat 

feedback. 

Chapter 6 presents another method to manipulate heat feedback by tuning 

agglomerate surface tension. Silicon is introduced as an additive to lower the surface 

tension of aluminum, leading to a reduced droplet growth rate from agglomerate, 

enhancing the overall agglomerate residence time on the burning surface. This leads to 
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improved conductive heat feedback and subsequently higher energy release rates in 

composites of Al/KClO4. 

In Chapter 7, carbon fiber is introduced as a means to intercept agglomerates near 

the burning surface in composites of mesoparticles. The inclusion of carbon fiber addresses 

the issue of noncontinuous propagation observed in mesoparticle-only composites, 

attributed to inadequate heat feedback. By intercepting hot agglomerates, carbon fiber 

significantly enhances heat feedback by prolonging the residence time of agglomerates 

near the burning surface, resulting in steady propagation behavior in the composite. 

Chapters 8-9 provide a systematic investigation into the potential application of 

alkali and alkaline metal iodates (LiIO3, NaIO3, KIO3, Mg(IO3)2, and Ca(IO3)2) as energetic 

biocidal agents. The study reveals that these metal iodates undergo two distinct 

decomposition pathways, yielding different products. Some produce metal oxide, oxygen, 

and iodine (e.g., Mg(IO3)2, Ca(IO3)2, and LiIO3), while others yield metal iodide and 

oxygen (e.g., NaIO3 and KIO3). A thermodynamic calculation is presented, which 

effectively predicts the decomposition pathway of metal iodates. Additionally, the 

combustion behavior of thermites utilizing these metal iodates as oxidizers and nanoscale 

aluminum as fuel is investigated. It is found that Al-NaIO3 and Al-KIO3 exhibit higher 

reactivity compared to Al-Mg(IO3)2, Al-Ca(IO3)2, and Al-LiIO3, albeit with minimal iodine 

release. This indicates a trade-off between iodine release and reactivity. Furthermore, high 

loading free-standing composites of aluminized metal iodates with high iodine content are 

fabricated and their combustion behavior is studied. Only Al-Ca(IO3)2, Al-LiIO3, and Al-

NaIO3 demonstrate complete propagation in an argon environment, with similar 
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microscopic combustion characteristics. However, Al-Ca(IO3)2 and Al-LiIO3 exhibit lower 

burning rates and flame temperatures compared to Al-NaIO3, resulting in lower energy 

release rates. This highlights the trade-off between iodine release and energy release rate. 

Overall, the findings suggest that not all metal iodates are suitable candidates for biocidal 

applications. Aluminized Ca(IO3)2 and LiIO3 emerge as promising energetic biocidal 

agents due to their combined heat and iodine release properties. 

Therefore, this dissertation has addressed multiple challenges related to 

understanding and manipulating the ignition and combustion behavior of energetic 

materials, opening new avenues for improving energy release rate of high-energy systems 

and developing energetic biocidal agents.  
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10.2  Recommendation for future work 

10.2.1 Investigating the noncontinuous combustion behavior of printed composites of 

nanoenergetic mesoparticles 

The objective of this study is to investigate an alternative method for adjusting the 

burn rate and energy release rate of energetic composites. The approach involves 

incorporating two systems with distinct combustion behaviors into a single composite. One 

system produces a steady flame with a relatively slow propagation rate, such as polymers, 

which can be used to ignite the other system with a higher propagation rate and higher 

flame temperature, such as nanoenergetic mesoparticles. As elucidated in Chapter 7, the 

printed composite consisting of 90% mesoparticles (Al/CuO/NC) and 10% PMMA as the 

binder exhibited a noncontinuous and oscillating propagation behavior. This phenomenon 

is attributed to the inadequate heat feedback from the flame due to the rapid departure of 

hot agglomerates from the burning surface. The reignition is hypothesized to occur due to 

the heat accumulation from the continuous combustion of PMMA, reaching the ignition 

temperature of Al/CuO and reigniting the Al/CuO/NC mesoparticles. Consequently, the 

time interval between two consecutive visible combustion events is regulated by the 

combustion of PMMA. It is inferred that a higher PMMA content results in faster reignition 

of the mesoparticles due to accelerated heat accumulation, thereby reducing the time 

interval between two consecutive visible combustion events. 

I have produced a composite comprising 80% mesoparticles (Al/CuO/NC) 

combined with 20% PMMA as the binder. This composite exhibited a reduced interval 

between two consecutive visible combustion events compared to the composite with a 10% 
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PMMA binder. This indicates that the mesoparticles in the composite ignite at a higher rate. 

This initial finding lends support to the hypothesis that the burn rate of a composite 

containing highly reactive mesoparticles can be controlled by adjusting the relative content 

of the polymer binder and the mesoparticles. However, to comprehensively investigate this 

concept, it is necessary to fabricate composites with various polymer binder contents 

containing mesoparticles or other highly reactive energetic components and evaluate their 

combustion behaviors systematically. 

 

10.2.2 Investigating the effect of oxidizer type on the combustion behavior  

 The findings presented in Chapter 4 underscore the significant influence of the 

physical properties, specifically the melting and boiling points, of the fuel and their 

corresponding oxides on the microscopic combustion characteristics of an energetic 

composite. This observation prompts an inquiry into how the oxidizer impacts the 

combustion behavior of such composites. Initial results indicate distinct combustion 

behaviors between 90% loading Al-CuO and Al-KClO4 composites manufactured using 

the same printing technique. Illustrated in Figure 10-1, the agglomerates formed on the 

burning surface of the Al-CuO composite are notably smaller than those of the Al-KClO4 

composite. Furthermore, the agglomerates exhibit a shorter residence time on the burning 

surface in the Al-CuO composite compared to the Al-KClO4 composite. This disparity in 

agglomerate surface residence time may contribute to the differing burn rates observed in 

these two composites, approximately 3 cm/s for Al-CuO and 10 cm/s for Al-KClO4, 

respectively, as inferred from the heat feedback argument. However, further investigation 
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is needed to explore the influence of various oxidizer types, such as Bi2O3, CoO, and Fe2O3, 

in order to fully understand their effects on the combustion characteristics of energetic 

composites. 

 

 

Figure 10-1 Microscopic combustion characteristic of 90% loading composite of Al-CuO 

(left) and Al-KClO4 (right) with 4% PVDF and 6% HPMC as the binder.  

 

10.2.3  Surface modification of boron nanoparticles for improved combustion 

performance 

As discussed previously, the reactivity of boron is hindered by the presence of a 

boron oxide shell, which acts as a barrier, limiting the diffusion of reactants for boron 

oxidation. One potential approach to remove this oxide shell and enhance the reactivity of 

boron is to expose the nanoparticles to hydrofluoric acid (HF), as previous studies have 

shown that the oxide layer removal rate of boron is significantly increased in the presence 

of HF1. PVDF is known to melt at approximately 150 °C and generate HF during 
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decomposition2. Therefore, I propose to coat boron nanoparticles with PVDF to facilitate 

the in-situ removal of boron oxide during heating. Exploiting the relatively low melting 

point of PVDF, I physically mixed boron nanoparticles with PVDF at mass ratios of 9:1 

and 4:1, then heated the mixtures in a furnace set to 160 °C for 2 hours within an argon 

environment. The objective of this annealing process is to melt the PVDF and allow the 

molten polymer to wet the boron nanoparticles, thereby promoting their contact.  

T-Jump ignition conducted in an oxygen environment reveals that the annealed 

boron with PVDF mixtures exhibit clear ignition events, whereas the bare boron shows no 

ignition, as illustrated in Figure 10-2 (a). This suggests that the PVDF coating promotes 

the ignition of boron nanoparticles. Furthermore, thermogravimetric-differential scanning 

calorimetry (TGA/DSC) of the mixture of PVDF and B2O3 at a mass ratio of 1:1 was 

conducted in an argon environment. The results, depicted in Figure 10-2 (b), show a distinct 

exothermic peak at 323.5  °C accompanied by a mass loss, indicating a reaction between 

PVDF and B2O3, implying that B2O3 is partially removed by PVDF. These preliminary 

findings indicate that PVDF is effective in removing B2O3 and facilitating the ignition of 

boron nanoparticles. However, further investigations are necessary to delve into this 

behavior and apply this approach in practical applications. Specifically, transmission 

electron microscopy (TEM) coupled with energy dispersive X-ray spectroscopy (EDS) is 

required to confirm the coating of PVDF on the boron nanoparticles. Additionally, the 

reaction mechanism between PVDF and B2O3 needs to be explored through different 

characterization techniques including T-Jump TOFMS and Fourier-transform infrared 

spectroscopy (FTIR). Furthermore, the boron nanoparticles coated with PVDF must be 
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incorporated into composites, and their combustion behavior needs to be studied and 

compared with that of composites containing bare boron to examine the effect of PVDF 

coating. 

 

Figure 10-2 Representative T-Jump ignition snapshots for B (top), B-PVDF with a mass 

ratio of 9:1 (middle), and B-PVDF with a mass ratio of 4:1 (bottom) in an oxygen 

environment (a), and TGA/DSC of mixture of PVDF with B2O3 with a mass ratio of 1:1 in 

an argon environment (b).  
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