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ABSTRACT 

The work described herein details the characterization of aluminum and bismuth 

trioxide nanothermite thin films formed by electrophoretic deposition. Additionally, 

graphene was added to nanothermites before deposition to enhance the thermal 

conductivity of deposited thin films, to create denser thin films via directed self-

assembly, and to increase the energetic content of the composite. Electrophoretic 

deposition was selected as the deposition method for this work due to its strong synergy 

with MEMS processing methodologies, its scalability, and its tunable deposition 

parameters, which allows for a high degree of control over the resulting nanothermite thin 

film combustion behavior. 

The deposited nanothermite thin films were characterized with respect to mass, 

thickness, density, homogeneity, and combustion velocity. Precursor nanothermite 

suspensions that contained graphene yielded thin film structures with more mass, larger 

thicknesses, and faster combustion velocities. The augmentation of these parameters is 

believed to be attributed to the self-assembly of aluminum and bismuth oxide with 

graphene, which results in densified nanothermite structures that benefit from increased 

interfacial particle contact between fuel and oxidizer particles, as well as reduced mass 

diffusion lengths. Additionally, the high thermal conductivity of graphene allows heat 

generated by the nanothermite reaction to remain within the deposited thin film, which 

contributes to increasing the combustion velocity and total energetic output of the 

nanothermite reaction.  
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Chapter 1 

Introduction 

In recent years, nanotechnology has played a key role in the rapid development 

within many fields of research and for a variety of applications [1-3]. Nanotechnology is 

defined as the manipulation of matter that has at least one-dimensional size between 1 and 

100 nanometers where material of this size often exhibits new chemistry and physics 

behavior that does not occur in its bulk-size counterpart [8]. Consequently, many efforts 

are focused on exploiting the unique behavior of nanomaterials to engineer new devices 

and systems whose operation follows that of the nanomaterials they are comprised of. 

However, the unique behavior of nanomaterials can influence different systems in a variety 

of ways. This chapter provides an overview of how the unique properties of materials with 

nanoscale dimensions influence the nature of energetic material composites. 

1.1 Nanonergetic Materials 

Energetic materials are defined as a reactive substance that has a large potential 

energy stored within its structural bonds that, when released, will yield an exothermic 

reaction that produces heat, light, sound, and pressure [9]. Conventional energetic materials 

are commonly divided into one of three categories (propellants, explosives, or 

pyrotechnics) depending on the rate at which the composite liberates its potential energy 

and the type of application its intended use is for [6]. These energetic materials are further 

classified as either being binary composites, where the fuel and the oxidizer are separate 
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molecules, or monomolecular composites, where the fuel and the oxidizer are bound 

together within the same molecule [9]. 

 Thermites are a subset of binary composite energetic materials comprised of a 

metallic fuel (e.g. aluminum (Al), silicon (Si), or magnesium (Mg)) and an oxidizer (e.g. 

bismuth oxide (Bi2O3), copper oxide (CuO), or iron oxide (Fe2O3)) with discrete particle 

dimensions on the micrometer scale [10-12]. Recent nanotechnology advancements have 

facilitated the ability to synthesize these materials with nanoscale dimensions leading to a 

new binary composite energetic material called nanothermite (Figure 1.1). At nanoscale 

 

 
 

Figure 1.1 The energetic reactivity of a material increases as constituent fuel and oxidizer particles decrease 

in size as found in the transition from traditional thermites to nanothermites. Further enhancements have been 

experimentally demonstrated where nanothermites were assembled on graphene sheets which improved the 

intermixing and interfacial contact of the fuel and oxidizer components [5-7]. 
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dimensions, nanothermites display much different behavior than the traditional thermite 

such as enhanced reactivity and decreased melting temperatures [11, 13, 14].  

These new behaviors have been widely studied and have been attributed to the 

enhanced intermixing of the fuel and oxidizer constituents along with reduced diffusion 

lengths between neighboring particles, which allows for quicker chemical reactions to 

occur at the fuel/oxidizer interface [15, 16]. Consequently, many efforts have been made 

to further improve the interfacial contact and packing density of nanothermite composites 

through various forms of ordered particle assembly [5, 17-20]. Each of these cases resulted 

in improved combustion characteristics, which further prove the important role that 

increasing interfacial contact and decreasing thermal diffusion lengths plays in the 

combustion process. Figure 1.2 shows a plot of the heat of reaction versus thermal 

diffusivity for standard energetic materials and nanothermites where higher thermal 

diffusivity values correspond with quicker, more efficient heat transfer capabilities. It is 

clear from this plot that nanothermite composites have comparable heats of reaction to 

conventional energetic materials but will conduct heat more rapidly. Higher combustion 

Figure 1.2 Thermal diffusivity versus heat of reaction plot for standard explosive materials (tan) and 

nanothermite composites (blue) [6]. 
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rates and smaller particle diameters, combined with proper processing techniques, render 

nanothermite composites extremely compatible with small scale applications where 

parasitic heat loss to the substrate would normally inhibit the sustainment of combustion 

in conventional energetic materials and thermites [6]. The capability of nanothermites to 

sustain a self-propagating reaction in such small confinement has found use in various 

microelectromechanical systems (MEMS) based applications such as microinitiator 

devices and microthrusters [21-25].   

1.2 Characterization of Nanothermites 

 Nanothermites are known to have a wide range of tailorability with regards to their 

physical, chemical, and combustive properties. As such, it is imperative that the behavior 

of the nanothermite is well understood and repeatable with a high degree of confidence so 

that the proper nanothermite composition can be maximized to meet the specifications of 

different applications. A host of methods and techniques exist that can be utilized to 

characterize these properties.  

 Physical properties (e.g. particle size, morphology, or surface area) can be analyzed 

by various microscopy tools such as scanning electron microscopy (SEM), transmission 

electron microscopy (TEM), or optical microscopy [26, 27]. Chemical properties (e.g. 

chemical composition/equivalence ratio, bonding identification, or particle surface charge) 

can be analyzed using energy dispersive x-ray spectroscopy (EDX), x-ray diffraction 

(XRD), Fourier transform infrared spectroscopy (FTIR), or zeta potential [5, 28]. 

Combustion properties (e.g. pressure generation, heat generation, or combustion wave 

speed) can be analyzed via thermogravimetric analysis (TGA), differential scanning 

calorimetry (DSC), reactivity, bomb calorimetry, electrostatic static discharge (ESD) 
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sensitivity, impact sensitivity, or friction sensitivity [5, 7]. A further description of some 

of the primary combustion performance related test systems is described below.  

It is common practice for many combustion characterization tools to be custom-

built in order to reduce cost and have more control over the various parameters that are 

specific to the system and materials being tested. Due to inherent differences in test system 

design and setup among the many groups analyzing these characteristics, it is important to 

understand that the results of custom built equipment can be relative so utilizing well-

known control samples is critical when reporting results. 

A common byproduct resulting from the rapid combustion of nanothermites is the 

generation of large quantities of gaseous products. The production of these gaseous 

products yields large pressure gradients during the combustion process and plays a crucial 

Figure 1.3 Common setup of a pressure measurement system where a pressure transducer sits directly above 

the test material. Test chamber (1), pressure transducer housing (2), pressure transducer (3), test material (4), 

chamber support plate (5), and ignition element (6) [4]. 
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role in determining the rate at which the reaction develops. As such, measuring the amount 

of pressure and the rate at which it is generated (reactivity) is imperative for most 

applications utilizing nanothermites. A typical pressure measurement system requires an 

ignition element (commonly a nickel-chromium fuse wire or electrical spark igniter), the 

test material, and a pressure transducer to be housed within a closed, constant volume 

vessel in order to contain the gasses generated [4, 7, 27]. An example of this measurement 

system is provided in Figure 1.3. Typical pressurization curves obtained from an enclosed 

vessel system are presented in Figure 1.4. The pressurization rate of a nanothermite is 

obtained from the rising slope of the peak pressure by quantifying the change in time 

Figure 1.4 Pressurization response of Al/Bi2O3 nanothermite with various amounts of graphene oxide added 

as a function of weight percentage in the nanocomposite [7]. 
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between 10% and 90% of the peak pressure. Pressurization rates are commonly on the 

order of microseconds for nanothermites. 

 Combustion wave speed is another fundamental property to analyze as it quantifies 

the reaction rate of a nanothermite, which is an essential parameter to consider when 

determining how suitable a nanothermite is for a specific application. A typical 

configuration for a combustion wave speed measurement system is presented in Figure 

1.5. Nanothermite material is evenly distributed along the length of the combustion 

chamber and is ignited at one end to initiate the combustive reaction. Photodiodes are 

commonly utilized to acquire the reaction speed; however, pressure transducers can also 

be used in a similar fashion or even as a secondary detection element in the system. In 

either case, the chosen transducers are placed at fixed, known distances apart and the 

propagating wave front (e.g. light or pressure emission) is monitored with respect to time 

as it passes each transducer. The combustion wave speed is then determined as the average 

Figure 1.5 Illustration of a common combustion wave speed setup. Photodiodes are placed above the 

combustion chamber at fixed, known distances to monitor the light emission from the propagating 

combustion wave front as it passes [4] 
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time of travel between neighboring transducers. However, in some applications, the test 

material requires in situ measurement (e.g. energetic thin films where the integrity of the 

thin film structure needs to be maintained). For samples requiring in situ measurement, a 

high-speed camera can be utilized to monitor and record the entire reaction without 

disrupting the original configuration of the test material. Quantifying the combustion wave 

speed with high speed video is accomplished by correlating the real distance traveled by 

the combustion wave front to its distance traveled per pixel on screen with respect to time. 

Combustion wave speeds can cover a broad range of values depending on the type of 

nanothermite used, the method of preparation, the degree of confinement, and the type of 

application. Nanothermite reaction rates have been reported in numerous studies with 

speeds as low as a few meters per second and as high as 2400 meters per second [4, 29]. 

 The violent combustion processes that nanothermites undergo are highly 

exothermic reactions. Consequently, using nanothermites to generate thermal energy is of 

interest for many applications. Calorimetry measurement tools, such as bomb calorimetry 

or differential scanning calorimetry, are common methods utilized to quantify the heat 

generation and energy output of nanothermites. Bomb calorimetry is typically used to 

evaluate larger quantities of nanothermites (approximately 1 to 1.5 grams) whereas 

differential scanning calorimetry only requires nanothermite quantities of a few 

milligrams. Bomb calorimetry is conducted inside an enclosed stainless steel vessel of 

constant volume in an ambient oxygen environment. This vessel is submerged in a known 

volume of water and the known mass of material is ignited while the vessel is submerged. 

The generated heat from the reaction will transfer through the walls of the vessel and raise 

the temperature of the water surrounding it. Because the heat capacity of the stainless-steel 
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vessel and water are known factors, the heat generated by the nanothermite can be 

calculated, thus yielding the energy output of the reaction.  

Heat and energy content is quantified via differential scanning calorimetry in a 

similar fashion. A few milligrams of nanothermite are placed in a silica cup which rests on 

a temperature probe inside a closed chamber filled with an ambient gas of known pressure 

and temperature. The ambient gas can be oxygen or an inert gas (e.g. argon) depending on 

the type of study being done. A control sample, typically an empty silica cup, is placed on 

a secondary temperature probe to be used as a reference. The test sample and reference 

sample are then both heated to a final temperature at a fixed rate. Throughout the entirety 

of the experiment, the system will try to maintain equivalent temperatures for both samples. 

Figure 1.6 Differential scanning calorimetry graph of various equivalence ratio compositions of Al/Bi2O3 

nanothermite containing 5% graphene oxide by weight. Exothermic and endothermic reactions are presented 

as increasing and decreasing peaks, respectively. Peaks at ~560°C represent exothermic C-Bi2O3 reactions, 

peaks at ~599°C-618°C represent the primary exothermic Al-Bi2O3 reaction, and peaks at 660°C represent 

the endothermic reaction of excess Al melting [5]. The subset image reveals the entire temperature range 

tested.      
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However, the heat flow to the test sample will vary accordingly as the sample absorbs heat 

(endothermic) or emits heat (exothermic) during any reactions that occur within the 

selected temperature range. An example of a differential scanning calorimetry test is 

presented in Figure 1.6. 

1.3 Miniaturized Device Integration of Nanothermites 

 Substantial advancements in technology over the years has led to drastic reductions 

in the physical size of a numerous amount of systems and devices. One of the strongest and 

most well-known fields leading in the development of this technology is MEMS where 

interactive devices are being developed with dimensional resolutions between 20-100 

micrometers [30]. The development of MEMS evolved from the fabrication processes 

utilized in the semiconductor device industry where micrometer sized structures are 

constructed primarily on top of silicon to form integrated circuit chips and other electronic 

devices [31]. The materials and processes used by this industry have been widely studied 

and further expanded upon for the integration and development of many systems including 

batteries, solar cells, micro thrusters, initiators, and sensors [25, 32-35]. 

 In particular, nanothermites are inherently ideal candidates for integration with 

MEMS technology due to their enhanced energy densities, increased reaction rates, and 

decreased ignition energy as compared to conventional thermites with micrometer sized 

dimensions. In small scale geometries, such as those found in the physical structures of 

MEMS, these properties become particularly important because heat loss to the 

environment is amplified and is a significant factor as to whether or not a combustive 

reaction can be sustained. As a result, parasitic heat loss to the environment is one of the 

primary concerns when integrating energetic materials with miniaturized device platforms.  
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One method of diminishing the intrinsic heat loss barrier is by increasing the 

thermal conductivity (thermal diffusivity) of the energetic material, which can be achieved 

by reducing particle sizes as illustrated in Figure 1.. Increased thermal diffusivities result 

in more heat being transferred to neighboring fuel and oxide particles, thus contributing 

more energy to the sustainment of combustive reactions instead of being wasted and lost 

to exterior entities such as a substrate. Another method is to increase the rate of the reaction 

so as to minimize the amount of time available for heat to be lost to a substrate. An 

additional method is to reduce the ignition temperature of the energetic material as it 

reduces both the time and energy required to begin the combustion process. All of these 

mechanisms have been demonstrated for nanothermites in various studies, thus proving 

their viability for integration with MEMS technology [11, 28, 29]. 
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Chapter 2 

Review of Nanoenergetic Thin Films 

 

 Applications and studies involving nanothermites have garnered more attention in 

recent years as a result of technological advances prompting demands for more efficient 

combustion systems and simultaneous reduction in size of energetic material related 

devices and systems. Many of these systems are being fabricated with MEMS 

technologies at micro and nano scale dimensions which promotes the adoption of 

utilizing nanothermites in more densified structures, such as thin films, for more optimal 

integration in confined geometries. The main work of this thesis involves the deposition 

and characterization of graphene enhanced Al/Bi2O3 nanothermite thin films, therefore a 

literature review of novel studies pertaining to nanothermite thin films is presented in this 

chapter.     

2.1 Energetic Thin Films 

 Nanothermites can be prepared by a wide variety of methods with the most 

common method being mechanical powder mixing or slurry sonication [3-7]. Most 

practical applications require nanothermites to be packaged in defined geometries where 

the material will self-propagate upon scheduled ignition in a finely controlled and 

predictable manner. As a result, large efforts have been put forth in order to expand 

beyond the commonly used powder mixing and sonication processing techniques in an 

attempt to augment the deposition precision and range of controllability of nanothermite 
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energy outputs. Examples of some of the techniques explored for this purpose include 

sputter deposition, physical vapor deposition, doctor blade casting, electrophoretic 

deposition, electrospray deposition, and the formation of three-dimensionally ordered 

microporous structures [1, 8-15]. Common among all of these techniques is the resulting 

formation of thin film structures which consequently necessitates further development 

and studies that focus on understanding the underlying mechanics that drive the 

combustion process within the unique geometry of energetic thin films. 

 Energetic thin film characterization can be quantified with a diverse number of 

parameters such as thickness, density, equivalence ratio, reaction temperature, heat of 

reaction, combustion wave speed, pressure generation, and film structure. Each of these 

parameters plays a critical role in the behavior of the reaction that propagates through the 

length of the thin film and will determine its suitability for individual applications. The 

unique geometry and tailorability of energetic thin films facilitates a robust methodology 

for integrating nanothermites with MEMS applications.        

2.2 The Role of Substrates 

 Every application that utilizes a nanothermite will also involve the interaction of 

that nanothermite with its surrounding medium whether it be air, vacuum, a substrate, or 

a combination of these. The most common nanothermite related studies and simulations 

are performed at atmospheric conditions in air while resting on a substrate or within a 

containing vessel, however, the combustion environment is not commonly altered to 

study the effects of thermal losses to the substrate or containing vessel. Manesh et al. 

sputter deposited alternating Al (26 nm thick) and CuO (54 nm thick) multilayered thin 
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films (3.2 μm total thickness) onto a variety of substrates which allowed them to analyze 

these thermal heat losses through experimentation [8]. 

 

 

 

 

 

  

 In their study, Al/CuO multilayered thin films were deposited onto four different 

substrates: glass, photoresist on top of silicon, silicon dioxide on top of silicon, and 

silicon by itself. Combustion wave speeds for Al/CuO multilayered thin films deposited 

by Manesh et al. are presented in Table 2.1. The results from this study revealed that the 

heat generated by the combustive reaction is absorbed by the substrate at varying degrees 

depending on the thermal conductivity and the thickness of the substrate. Photoresist had 

the lowest thermal conductivity and acted as a strong thermal isolation barrier between 

the nanothermite and silicon layers thus maximizing the amount of heat retained within 

the combusting nanothermite layer and producing the quickest reaction rates. When the 

nanothermite layer was deposited onto sufficiently thin silicon dioxide layers or directly 

in contact with silicon, the combustive reaction was completely quenched as a result of 

the high thermal conductivity of silicon causing the substrate to effectively behave as a 

heat sink. They found that the silicon dioxide layer becomes negligible at a critical 

Table 2.1 Substrate parameters and combustion wave speeds of deposited Al/CuO multilayered thin 

films. Values in the substrate thickness column refer to the thickness of the glass, the photoresist layer, 

and the SiO2 layer [8]. 

Substrate Thermal Conductivity 

(W/m·K) 

Substrate 

Thickness (μm) 

Average Combustion 

Wave Speed (m/s) 

Glass 1.1 1000 46.75 

Photoresist/Si 0.19 – 0.31 1.1 53.96 

10 61.45 

SiO2/Si SiO2 (1.06) 

Si (148) 

0.03 Quenched 

0.1 Quenched 

0.2 2 

0.5 42.72 

2 42.54 
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substrate thickness of approximately 500 nm which was referred to as the thermal 

penetration depth of the substrate, δ, and can be clearly seen in Figure 2.1 by the sharp 

drop off in combustion wave speed at this thickness. 

 

 

 

 

 

 

 

 

 It is evident from this experiment that the substrate plays a tremendous role in 

determining the combustion wave speeds of self-propagating thin films. Manesh et al. 

demonstrated that when the substrate has a substantially high thermal conductivity the 

heat generated by the nanothermite can be partially or even completely consumed by the 

substrate, which considerably hinders the speed of the reaction. On the contrary, if the 

thermal conductivity of the substrate is exceedingly low, then the developing heat will 

stay within the self-propagating thin film and aid in the nanothermite reaction which 

promotes enhanced combustion wave speeds. This relationship becomes notably 

 

Figure 2.1 Plot of combustion wave speed as a function of substrate type and thickness [8]. 
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important when integrating energetic thin film technology with MEMS devices where the 

surface area of the environment for thermal transfer is substantial. 

2.3 Blade Casted Energetic Thin Films Using Binders 

 A recent study was performed by Meeks et al. where blade casting was employed 

to deposit thin films of magnesium (Mg) and manganese oxide (MnO2) onto stainless 

steel substrates utilizing various binders to modify the resulting heat of combustion and 

flame velocity, as well as demonstrate the viability of blade casting as a cheap and 

reliable method to deposit energetic thin films [9]. A wide variety of binders have been 

used with energetic materials including nitrocellulose, paraffin, Viton fluoroelastomer, 

polyvinylidene fluoride (PVDF), and various polymers with the intent of modifying the 

reaction kinetics and mechanical properties of the energetic material [16-19]. Binders are 

typically combined with energetic materials as a means to enhance gas generation, reduce 

the electrical and impact ignition sensitivity, and increase the density of the material. 

Table 2.2 Mixture ratios of various binder-solvent dispersions prepared with Mg/MnO2 nanothermite. 

NMP is shorthand for methyl pyrrolidone [9].  

Solvent Binder Percent of So[8]lids  

in Slurry 

Mass Percent of Binder  

in Dry Mixture 

0.5 1.0 1.5 3.0 5.0 7.0 

Acetone Viton 40 X X X    

NMP PVDF 40 X X X X X X 

Xylene Paraffin 40    X X X 
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Figure 2.2 Illustration of the automated drawdown blade casting system used by Meeks et al. The 

drawdown blade has a slit cut in the bottom edge where the slurry flows through and is left behind after 

the blade is drawn over it [9]. 

 

 To prepare the nanothermites, three different binders were dispersed in three 

different solvents, which were then mixed with micrometer sized Mg and micrometer 

sized MnO2 with final slurry mixtures containing a 40% solids loading content and 0.5-

7% of the solids content as binder material as shown in Table 2.2. The nanothermite 

slurries were deposited onto 50 μm thick, stainless steel substrates using an automated 

200 μm drawdown blade, as illustrated in Figure 2.2, followed by subsequent vacuum 

drying at 60°C for six hours. The deposited films were ignited with a small gauge 

tungsten hot wire in an argon filled blast chamber while being monitored by a Photron 

Fastcam at 5000 frames/s and heat of combustion was acquired by igniting samples in an 

argon filled bomb calorimeter. 
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 A second set of identical samples were prepared to characterize the thickness, 

density, and visual appearance of the deposited films. The results revealed that when 

nanothermites contained higher binder content (3-7%), the thin film thickness and density 

were actually lower than nanothermites that contained lower binder content (0.5-1.5%) as 

seen in Figure 2.3. 

 

 

 

 

 

 

 Interestingly, the heat of combustion increases with increasing binder content, but 

the flame speed appears to decrease with increasing binder content and even quench as 

the binder content reaches 3% or higher when ignited in an argon environment as seen in 

Figure 2.3. Due to the low gas generation of the Mg/MnO2-binder nanothermite reaction, 

the main mechanism of energy transport is conduction through Mg and MnO2 whose 

thermal conductivities are orders of magnitude higher than that of the binders (thermal 

conductivities: 156.0 W/mK (Mg), 4.0 W/mK (MnO2), 0.17 W/mK (Viton), 0.18 W/mK 

(PVDF), and 0.22 W/mK (paraffin)) [20-24]. As the binder content takes up a higher 

percentage of the total nanothermite composition, the number of pathways available for 

conductive heat flow decreases, causing the heat to be lost to the substrate, which 

 

Table 2.3 Measured thickness and %TMD of deposited thin films formed by blade casting [9].  

Solvent Binder Thickness (μm) Average %TMD 

Acetone Viton 122 ± 31 56 

NMP PVDF (Low) 94 ± 6 56 

PVDF (High) 72 ± 9 43 

Xylene Paraffin 91 ± 13 53 
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quenches the flame, even though more energy is being produced by samples containing 

higher binder content. Due to the quenching of low binder content thin films in argon, 

subsequent testing of high content binder thin films was performed in ambient air, 

however, similar findings ensued. 

 

 

 

 

 

 

 

2.4 Electrophoretic Deposition of Al/CuO 

 Electrophoretic deposition (EPD) is a very mature technology but has only 

recently been utilized within the field of nanoenergetic materials. An in-depth discussion 

of EPD is provided in Chapter 3, but in short, this technique exploits the mechanisms of 

electrophoresis where the influence of an electric field induces the motion of colloidal 

particles suspended in a liquid based on their surface charge and results in their 

accumulation on conductive substrates submerged in the colloid. Sullivan et al. 

performed a series of experiments where they employed EPD to form thin films of 

Al/CuO nanothermite on platinum coated silicon and patterned platinum electrodes on 

 

Figure 2.3 Flame speed as a function of binder content for Mg/MnO2 thin films (left) and energy output 

as a function of binder content (right) [9].  
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glass to study the fundamental mechanisms that govern thin film combustion behavior [1, 

2, 25, 26]. 

 Sullivan et al. first compared drop casted thin films with EPD thin films on 

planar, platinum coated, silicon electrodes to study the relationship among a variety of 

parameters including deposited mass, deposition time, electric field strength, equivalence 

ratio, thickness, and combustion wave speed. Planar silicon electrodes were cleaved into 

27 x 27 mm substrates from standard silicon wafers (525 μm thick) and were coated with 

20/200 nm chromium/platinum layers via sputter deposition. Patterned platinum 

electrodes were deposited onto glass in this same fashion while using a mask which 

resulted in 0.25 x 20 mm platinum strips connected to a built-in patterned igniter. Both 

electrodes and the deposition cell, which had a volume of 7 mL and a spacing of 1 cm 

between the counter electrode and deposition electrode, are shown in Figure 2.4. 

Precursor colloidal suspensions were prepared by mixing Al (3.2 μm average diameter, 

99.7% active Al content) and CuO (<50 nm average diameter) in 30 mL of EtOH. Well 

dispersed mixtures were obtained using a probe ultrasonicator (200 W output power at 

50% duty cycle) for 120 total pulses followed by the subsequent addition of 10 mL of 

water with final suspensions containing a total solids loading of 0.2% by volume in a 3:1 

EtOH:H2O solution. Precursor suspensions were flowed into the cell until it was 

completely filled while in a vertical orientation which was then flipped into a horizontal 

orientation for deposition where three different electric field strengths (10 V/cm, 40 

V/cm, and 100 V/cm) were applied for a variety of time intervals ranging from 30 

seconds to 16 minutes. 
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 A visual comparison of thin films prepared by drop casting and EPD at various 

deposited masses presents clear evidence that EPD produces thin films of higher quality 

compared to those of drop casting as shown in Figure 2.5. SEM, elemental mapping, and 

combustion evaluation confirmed that EPD thin films consisted of more homogeneous 

intermixing of fuel and oxidizer particles, better adhesion to the substrate, and obtained 

combustion wave speeds at least two times faster than drop casted films. Subsequent 

density calculations from the measured mass and thickness of the films also revealed that 

 

Figure 2.4 Diagram of the deposition cell used for EPD (top) and images of both the planar and 

patterned electrodes (bottom) used for this study. During EPD, the Al and CuO particles deposit onto 

the surface of the top electrode as illustrated [1, 2]. 
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EPD produces much denser films with densities as high as 51% of the theoretical 

maximum density (TMD) of stoichiometric Al/CuO. As such, thin films prepared by EPD 

were the basis of the remaining experiments performed in this series of work. 

 

 

 

 

 

 

 

 

 The electric field intensity and deposition time for thin films produced by EPD 

were both found to have a substantial impact on the deposited mass of the thin film as 

shown in Figure 2.6. Data from the top plot revealed that the deposited mass exhibits a 

logarithmic relationship with respect to deposition which occurs as a result of the thin 

film thickness continuously increasing and behaving as an isolation barrier that inhibits 

the strength of the electric field. The bottom plot revealed that deposited mass also 

increases linearly with respect to electric field intensity for fixed deposition time frames. 

Micrometer-Al/CuO nanothermite films were compared to nanometer-Al/CuO films by 

reducing the average diameter of Al particles from 3.2 μm to 80 nm (active Al content 

 

Figure 2.5 Micrometer-Al/CuO thin films prepared by drop casting (top row) and EPD (bottom row) 

for various masses [1]. 
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73%). EPD thin films were deposited for both of these nanothermites onto platinum 

igniter substrates where combustion wave speed was monitored as a function of 

thickness, deposited mass, and equivalence ratio. Equivalence ratio is defined as the 

actual molar fuel-to-oxidizer ratio relative to the stoichiometric molar fuel-to-oxidizer 

ratio: 

𝜙 =  
(𝐹

𝑂⁄ )𝐴𝑐𝑡

(𝐹
𝑂⁄ )𝑆𝑡𝑜𝑖𝑐ℎ

 

 

Figure 2.6 Plot of deposited mass as a function of deposition time (top) and electric field intensity 

(bottom) for micrometer-Al/CuO EPD thin films [1]. 
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where the stoichiometric ratio is determined from the stoichiometric chemical reaction of 

the fuel and oxidizer, which is aluminum and copper oxide in this case: 

2𝐴𝑙 + 3𝐶𝑢𝑂 → 𝐴𝑙2𝑂3 + 3𝐶𝑢 

 

 

 

 

 

 

 

 

 

 

  

 An optimum equivalence ratio, as determined by combustion wave speed, was 

found to occur at a fuel-rich ratio (equivalence ratios above one) of 1.6 ± 0.2 for 

micrometer-Al/CuO and 1.7 ± 0.2 for nanometer-Al/CuO as seen in Figure 2.7. A clear 

enhancement of the combustion wave speed was demonstrated by the nanometer-Al/CuO 

composites which is a result of improved interfacial contact between fuel and oxidizer 

 

Figure 2.7 Combustion wave speed as a function of equivalence ratio for micrometer-Al/CuO (top) and 

nanometer-Al/CuO (bottom) [1, 2].    
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nanoparticles as well as reduced mass diffusion lengths. The combustion wave speeds as 

a function of mass and thickness are presented in Figure 2.8. Interestingly, thin films 

comprised of micrometer-Al/CuO did not experience any changes in combustion wave 

speed as the mass or thickness of the thin film increased which suggests that heat lost to 

the substrate reached a value where it was negligible. On the contrary, when nanometer-

Al/CuO thin films increased in thickness, so did the combustion wave speed until a 

critical thickness was reached. 

 

 

 

 

 

  

  

 

 

 

 The combustion wave speed appeared to have three distinct regions with respect 

to the thin film thickness: the first region appeared between 10-50 μm where the heat lost 

 

Figure 2.8 Combustion wave speed as a function of thickness for nanometer-Al/CuO (bottom) and as a 

function of both mass and thickness for micrometer-Al/CuO (top) [1].  
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to the substrate was suspected to be most prominent in hindering combustion, the second 

region appeared between 50-120 μm where heat lost to the substrate was negligible 

causing combustion wave speed to increase as thickness does, and the third region 

appeared when thickness was greater than 120 μm where a shift in the mechanism of 

energy transport is suspected to have occurred. Sullivan et al. proposed that in the first 

region, the dominant mode of energy transport was conductive and slowly transitions into 

a more convective mode of energy transport as a result of increased cracking that appears 

in thicker films as seen in Figure 2.9. 

 

 

 

 

 

 

 

 

 

  

 

Figure 2.9 Graphical illustration of (a) thin film thickness behavior (b) and optical imagery throughout 

the deposition process. During the early time frames, deposited particles appear to favor the edges of 

the electrode and exhibit minimal cracking. As time increases, the film becomes more uniform and 

begins to yield further film cracking that is suggested to enhance convective energy transport during 

combustion [2].  
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 They also discovered that particle advection was occurring more frequently as the 

combustion wave speed increased, which was suspected to also play a major role in 

increasing the combustion rates of the thin films. They found that molten particles were 

being ejected from the film at speeds up to three times faster than the propagating wave 

front which was likely a result of pressure build-up and subsequent unloading within the 

thin film. Additional work was done to further study the effects of pressure build up 

within nanothermite thin films where an equation was developed that related the rate at 

which gasses accumulate within the thin film and the rate at which they escape [25]. A 

dimensionless parameter, A, was assigned that related the gas viscosity μ, film thickness 

L, pressure P, pore radius (film density) R, and the gas production rate 𝜏𝑝, as shown in 

the following equation: 

𝐴 =
𝑅𝑎𝑡𝑒 𝑜𝑓 𝑔𝑎𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑔𝑎𝑠 𝑒𝑠𝑐𝑎𝑝𝑒
=

8 ∗ 𝜇 ∗ 𝐿2

𝛥𝑃 ∗ 𝑅2 ∗ 𝜏𝑝
 

For values in which A<1, gas is said to transport out of the thin film faster than it 

accumulates and for values in which A>1, gas is said to accumulate faster than the rate at 

which it can be transported out of the film. As higher values of A are reached, more 

pressure unloading is predicted to occur, which results in additional particle advection. It 

is clear to see from the equation that films will accumulate gasses quicker when deposited 

films (L) are thicker and when the spacing of the pore radius (R) is decreased (e.g. film 

densities are higher). 
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2.5 Summary of Energetic Thin Film Studies 

 Multiple thin film deposition methodologies were reviewed along with 

subsequent findings. Manesh et al. utilized sputter deposition to form alternating Al and 

CuO thin films onto a diverse set of substrates to quantify the effects of thermal energy 

loss to substrates. They found that higher substrate thermal conductivities correspond to 

lower combustion rates and even reaction suppression.  Meeks et al. demonstrated that 

thin Mg/MnO2 nanothermite films can be successfully deposited onto substrates and yield 

large thicknesses and densities using blade casting methodologies. Thin films were 

deposited utilizing high particle concentration dispersions, 40% solids loading, that also 

contained small percentages of various binders to modify the thin films mechanical and 

combustive properties. Despite successful deposition, the binders had negative effects on 

the combustive properties that caused the self-propagating flame to quench due to 

lowered thermal conductivity of the thin film when the binder content was too high. 

Sullivan et al. deposited thin films of Al/CuO, via EPD, onto silicon substrates and 

patterned platinum igniter electrodes. They demonstrated the unique tailorability of EPD 

by depositing thin films that obtained a wide range of mass, thickness, equivalence ratio, 

and combustion rates. They noted the importance of reducing the particle size of 

constituent components from the micrometer to nanometer size scale, as it reduces mass 

diffusion lengths and increases interfacial particle contact. They also noted the important 

role of thickness and gas accumulation within the thin film as it has a drastic influence 

over the resulting combustion rate and the mode of energy transport within the film.          
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Chapter 3 

Electrophoretic Deposition of Graphene Enhanced Aluminum and 

Bismuth Trioxide Nanothermite Thin Films 

 

 This chapter details the underlying mechanics and theory of electrophoretic 

deposition in addition to the development and analysis of graphene enhanced Al/Bi2O3 

nanoenergetic thin films formed via electrophoretic deposition. Small quantities of 

graphene, specifically 2% and 5% by weight, were intermixed with Al/Bi2O3 

nanoparticles in a colloidal dispersion and were deposited onto conductive stainless steel 

substrates. Only dispersions containing 2% graphene yielded deposited thin films. 

Dispersions containing 5% graphene resulted in rapid assembly and complete 

sedimentation of the constituent components yielding no deposited thin films for further 

characterization. Thin films deposited from dispersions containing 2% graphene 

exhibited thicknesses up to 84 μm, densities as high as 49% of the theoretical maximum 

density, and combustion wave speeds of approximately 240 m/s. The results of this study 

reveal that the addition of graphene actively lowers the onset temperature at which the 

nanomaterials begin reacting and effectively aids in stabilizing the colloidal dispersions 

of Al/Bi2O3 long enough to achieve more uniformly deposited thin films, with less phase 

separation, when compared to samples developed without graphene. This study also 

confirms that thickness and density of the thin films are key components that determine 

the combustive reaction kinetics in this type of application. 
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3.1 Introduction 

 Nanoenergetic materials have gained attention in recent years as researchers 

attempt to harness their unique properties for a wide array of micro combustion device 

applications [1-5]. Recent research has shown that decreasing the dimensions of the fuel 

and oxidizer particles from macroscale to nanoscale drastically enhances reactivity by 

promoting homogeneous intermixing and the reduction of heat and mass diffusion 

lengths between the constituent fuel and oxidizer particles [6-8]. The high reactivity of 

nanothermites also bodes well for use in microelectromechanical systems (MEMS) 

devices as power sources [4]. However, methodologies to monolithically integrate 

nanothermites with conventional MEMS fabrication techniques have only recently been 

explored [5, 10, 11].  

 Physical vapor deposition, lift-off photoresist patterning, electrospray deposition, 

doctor blade deposition, and bulk material etching with subsequent impregnation, are all 

mechanisms that have been investigated to integrate nanothermites with MEMS devices 

[12-17]. With the exception of nanoporous silicon impregnated with various oxidizers, 

which obtained combustion rates as high as 3,050 m/s, the average combustion rate of 

nanothermites prepared through such methodologies is generally not greater than 60 m/s, 

which restricts their applications [12, 15]. Alternatively, a variety of loose nanothermite 

powder compositions have demonstrated combustion rates up to 2,600 m/s, however, 

these speeds have not yet been obtained with MEMS device integration [8, 18-22]. The 

low combustion rates currently associated with nanothermites integrated onto MEMS 

devices are likely due to decreased intermixing, decreased interfacial particle contact, 

thermal energy loss to substrates, and reduced confinement [23-26]. Furthermore, these 
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methods can be expensive, quite complex, time consuming, and the use of secondary 

processing chemicals can contaminate samples. Therefore, advanced nanothermite 

processing techniques are needed to integrate fast combustion rate nanothermites with 

MEMS devices to take advantage the inherently high power densities of these materials. 

These applications include initiation platforms, fast impulse thrusters, rapid deployment 

gas generators, and fast response energy conversion generators [10, 27-33]. 

 Electrophoretic deposition (EPD) and its underlying phenomenon are well 

understood and have been utilized in various applications including solid oxide fuel cells, 

solid-state lighting, biomaterials, and selective deposition of gold onto micropatterned 

surfaces [34-37]. EPD has only recently emerged in the field of nanoenergetics where it 

was utilized to selectively deposit nanothermites onto micropatterned igniters [38]. Due 

to the sensitivity of nanothermite ignition to electrostatic discharge (ESD), wet 

processing techniques, such as EPD, are favorable to use when working with 

nanoenergetic materials as it almost entirely eliminates the opportunity for accidental 

ignition during processing while in a solvent. Additionally, EPD offers a wide variety of 

controllable parameters such as the solvent, solids loading concentration, particle size, 

precursor equivalence ratio, electric field intensity, and electrode material that can be 

easily modified to yield deposited films with desired thicknesses, packing densities, thin 

film equivalence ratios, and combustion properties. Furthermore, EPD can be used to 

selectively deposit nanothermites onto conductive, patterned substrates in a wide variety 

of shapes and sizes. Thus, EPD can be leveraged as a low cost, simplistic method with a 

high degree of tunability for integrating nanothermites with micro device applications 
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where enhanced combustion rates are necessary in order to overcome the parasitic heat 

loss from substrates in small scale geometries [15, 17]. 

 In this work, EPD was utilized to deposit thin films of Al/Bi2O3, as well as 

Al/Bi2O3 with small amounts of graphene additives that resulted in combustion rates as 

high as 244 m/s. Al/Bi2O3 was selected due to its high density, energy content, and gas 

production, which was expected to support convective heat flow during combustion to 

boost combustion rates in comparison to prior EPD work using Al/CuO. To further 

improve combustion performance, graphene was incorporated into nanothermite 

composites as a self-assembly directing agent as well as an energetic additive. Previous 

work demonstrates the important role of graphene as it results in enhanced heat flow rates 

within samples, as well as the formation of ultra-dense structures caused by the high 

surface area of graphene, which promotes long and short range electrostatic attraction 

among constituent materials [22]. Generally, adding carbon to nanoenergetic materials 

has shown to reduce combustion rate, but graphene by virtue of self-assembly, improves 

reactivity [39-42]. These properties are important in thin film applications confined to 

smaller geometries where densified nanothermite layers are more likely to self-propagate 

compared to porous thin film structures.        

3.2 Fundamental Mechanics of EPD 

 EPD can be viewed as a set of three separate processes: the dispersion of particles 

in a fluid due to charge interaction between the particle-fluid interface, the induced flow 

of dispersed particles within the fluid by an electric field (electrophoresis), and the 

accumulation of particles on the target electrode. The ability of a particle to disperse in a 

fluid medium is dependent on the strength of its surface charge. Similarly, the velocity of 
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a particle in a fluid is also dependent on the strength of its surface charge. Studies have 

shown that a particle can achieve a surface charge by the adsorption of ions from the fluid 

onto the surface of the particle, dissociation of ions from the surface of the particle into 

the fluid, dipole moment interaction at the particle-fluid interface, or by the transfer of 

electrons between the particle and the fluid [43]. Fundamentally, the entire EPD process 

revolves around the concept of particle surface charge and its interaction with the 

surrounding fluid and other neighboring particles. As such, a further description of the 

theory and underlying concepts pertaining to particle charge interaction during EPD are 

provided in the next section.         

3.3 Theoretical Mechanics of EPD 

 Electrophoresis is the motion of charged particles dispersed in a fluid induced by 

the presence of an electric field within the fluid [44-46]. The process of electrophoresis 

has a wide variety of applications because many particles tend to have a surface charge 

when placed in a fluid. More recently, electrophoresis has been utilized in biological 

applications as an analytical tool to examine macromolecules such as DNA, RNA, and 

proteins [47-49]. The electrophoretic mobility of a particle is affected by many 

parameters; however, it is imperative that the particles in a colloidal suspension have a 

sufficiently strong surface charge while dispersed in a fluid. If particles in a colloid do 

not exhibit a sufficient surface charge relative to its weight then the particle dispersion 

will be less stable, which could result in sedimentation and even the inability of an 

electric field to interact with the particle. Consequently, many studies over the years have 

been carried out in order to gain a deeper understanding of the role that the particle 

surface charge plays in electrophoresis and colloidal dispersion stability. 
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 A surface charge appears on nearly every particle that is placed into a fluid where 

the strength of the charge is affected by many parameters such as the type of solvent 

being used, the polarity of the solvent, pH level, or ionic density of the solvent [46, 50]. 

The electrical double layer is a widely accepted model for describing the surface charge 

and related charge distribution of a particle in a fluid and is depicted in Figure 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Illustration of the electrical double-layer and the potential energy found at each layer as a 

function of distance. The zeta potential is found at the edge of the diffuse-double layer and is used to 

predict the movement and dispersion of particles in suspension. 
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There are three important regions to analyze when determining the charge distribution 

of a particle: the actual surface charge of the particle, the Stern potential, and the zeta 

potential [9, 43]. In this illustration, the surface charge of the particle is negative which 

causes the positive ions within the fluid to migrate towards and adsorb to the surface of 

the particle via electrostatic and chemical interactions. The edge of this layer of adsorbed 

ions is referred to as the Stern potential and its magnitude is lower than that of the 

surface. The diffuse layer exists outside of the Stern layer, which is comprised of freely 

moving positive and negative ions that electrostatically interact with the particle surface 

charge. While ions within the diffuse layer are not anchored to the surface of the particle, 

they will still interact with the particle via electrostatic interactions and Brownian motion. 

The boundary at which the loosely interacting ions and the non-interacting, mobile bulk 

fluid meet is known as the zeta potential (ζ). The magnitude of the zeta potential is what 

determines the general stability of a colloidal dispersion and the strength of the 

interaction between the particle and an electric field during electrophoresis [9, 43]. 

 A further explanation of a two particle charge interaction within a fluid is 

described by Derjaguin,-Landau-Verwey-Overbeek (DLVO) theory [51, 52]. DLVO 

theory is an approximation that is used to predict the stability of a colloidal suspension 

and is quantified by the balance between the electrostatic repulsion and the attractive Van 

der Waals forces affecting the suspension. This theory is based on perikinetic aggregation 

where the liquid is assumed to be stationary and the collisions among suspended particles 

are a result of Brownian motion when no electric field is present. Figure 3.2 presents an 

illustration of five typical cases that DLVO theory explains. Curve A represents a 

colloidal suspension dominated solely by strong, long range electrostatic repulsive forces 
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resulting in a very stable suspension. The exact opposite case is depicted by curve E 

where the colloidal suspension is dominated solely by attractive Van der Waals forces 

resulting in an unstable suspension and rapid aggregation of particles. Curves B, C, and D 

represent scenarios in between these two extreme cases where there is a combination of 

attractive and repulsive forces where the curve peaks represent energy barriers. The 

electrostatic repulsive force (VR) and attractive Van der Waals force (VA) are expressed 

as: 

𝑉𝑅 =
𝜀𝑎𝜁

2
ln[1 + 𝑒−𝑘𝐷] 

𝑉𝐴 =
𝑎𝐴

2𝐷
f(P) 

where ε is the dielectric constant of the liquid, a is the particle radius, ζ is the zeta 

potential, k is the reciprocal of the Debye length, and D is the distance of separation 

between the two interacting particles of interest. A is the Hamaker constant of the 

particles with respect to the solvent being used and f(P) is a retardation factor. Curves B, 

C, and D have three important peaks: a primary minimum, a secondary minimum, and a 

primary maximum. At long ranges, typically no further than the Debye length (the length 

of the diffuse layer), forces are weakest between two interacting particles, but as the 

particles approach each other, the strength of the forces increases. The secondary 

minimum occurs at an interparticle distance where attractive forces dominate but the 

aggregation of particles will not yet occur until the potential energy of the primary 

maximum is overcome. The primary maximum corresponds to an interparticle distance 

where the particles experience maximum repulsion between each other. Once the energy 
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barrier of the primary maximum is surpassed, particles will fall into the primary 

minimum where the strength of the attraction between the two particles is strongest and 

nearly irreversible. 

 

 

 

 

 

 

 

 

 

 

 

 

3.4 Parameters Influencing EPD 

 The parameters affecting EPD can be broadly divided into two categories: 

parameters related to the properties of the suspension and the physical parameters related 

to the process. Parameters related to the properties of the suspension include dispersed 

 

Figure 3.2 Graph of interaction energy versus interparticle distance between two solid particle surfaces 

dispersed in a liquid [9]. Interaction energy is calculated as the difference between the electrostatic 

repulsion and the Van der Waals attraction forces at varying interparticle distances [9]. 
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particle size, viscosity of the suspension, dielectric constant of the liquid, conductivity of 

the suspension, and zeta potential. Physical parameters related to the process include 

deposition time, applied voltage, and features of the substrate (e.g. conductivity, shape, or 

spacing) [9]. 

 Depositions can occur using a wide range of particle sizes as long as they remain 

stable and well dispersed within a solvent. Particle size heavily influences the stability of 

a suspension because larger, heavier particles will succumb to the force of gravity and 

fall out of suspension before deposition occurs. If the deposition cell is being utilized in a 

horizontal configuration, the electrophoretic mobility of the particles must be higher than 

the mobility induced by gravitational forces. If the deposition cell is being utilized in a 

vertical configuration, an unstable dispersion with large particles could yield films with a 

thickness gradient that are thinner at the top and thicker at the bottom. 

 The viscosity and the concentration of solids within a suspension play key roles in 

the electrophoretic mobility of particles, especially in multi-component systems where 

different particle charge magnitudes and particle sizes already affect the electrophoretic 

mobility. Ideally, the particle concentration and viscosity of the suspension are low 

enough so that the particles can move throughout the bulk fluid, however, if they are too 

low, then the mobility of particles with different charge magnitudes and sizes will differ 

and result in depositions with equivalence ratios that are not the same as they were in the 

initial dispersion. If the concentration of solids is brought to a high enough level, then the 

different particles will have similar mobility and deposit at equal rates [53].      
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 The dielectric constant and conductivity of a suspension are closely related and 

yield similar effects on the quality of deposited thin films. If the dielectric constant is too 

low then deposition will fail to occur as a result of inadequate dissociative power and if it 

is too high, then the size of the double layer will be reduced which subsequently reduces 

electrophoretic mobility which hinders deposition. Similarly, if the conductivity of a 

suspension is too low, then electric charge builds up on the dispersed particles causing 

instability at the particle-solvent interface and if it is too high, then too much charge is 

carried by the ions within the solvent resulting in lowered particle mobility. Both 

parameters have experimentally exhibited a small range of ideal values where deposition 

occurred for the material tested, however, it is expected that these values will be different 

depending on the system and can be modified by adjusting the ionic concentration within 

the solvent for a given colloid [54, 55]. 

 Zeta potential is a method used to quantify the surface charge of particles in a 

colloidal suspension and is one of the most influential parameters affecting the EPD 

process as it plays a major role in the stability of the suspension, the electrophoretic 

mobility of dispersed particles, the direction in which particles will migrate, and the 

density of the resulting thin film. Higher zeta potentials are favorable for EPD as they 

correspond to more stable dispersions resulting from the higher electrostatic repulsion of 

neighboring particles with like charge, as discussed previously. Higher electrostatic 

repulsive forces also yield denser deposits as the stronger forces will push particles away 

from each other within the deposit causing them to occupy what would normally be an 

unfavorable position [56]. In the presence of an electric field, particles with a higher zeta 
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potential will also exhibit higher mobility caused by the increased interaction of 

electrostatic forces between the electric field and the particle. 

 As mentioned in chapter two, deposited film thickness increases linearly as the 

deposition time increases but a plateau in thickness will eventually be reached after long 

enough deposition times. This behavior is expected when a constant voltage is used for 

EPD because the electric field intensity between the two electrodes will decrease over 

time as a result of the increasing insulation from the increasing deposited thin film 

thickness. However, the voltage applied to the electrodes during EPD can be easily 

modified and has been experimentally proven to yield increased deposited masses for 

higher voltages. Basu et al. demonstrated that there is a critical voltage though where the 

higher mobility of particles and stronger electric fields can actually hinder the quality of 

the deposition because the electric field will exert excess pressure on the particles that 

form the deposit which keeps them from interacting with other particles within the thin 

film and settling into more ideal positions [57]. The properties of the electrodes used for 

EPD also greatly affect the quality of the deposited thin films (e.g. surface finish, 

chemical composition, roughness, and spacing). For example, electrodes that are spaced 

too far apart or have too low of electrical conductivities will cause the electric field 

intensity to decrease between the electrodes which results in lower electrophoretic 

mobility and yields similar effects to that of lowering the applied voltage. 

 Careful consideration must be given to all of the parameters listed here when 

utilizing EPD to deposit thin films onto conductive substrates as they all play critical 

roles in the quality of the resulting thin film. The following expression shows the 

relationship among all of the different parameters involved in the EPD process: 
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𝑤 =
2

3
𝐶 ∗ 𝜀0𝜀𝑟 ∗ 𝜁 ∗

1

𝜂
∗
𝐸

𝐿
∗ 𝑡 

where w is the weight of the deposited film, C in the concentration of the particles, ε0 is 

the permittivity of vacuum, εr is the relative permittivity of the solvent, ζ is the zeta 

potential, η is the viscosity of the solvent, E is the applied voltage, L is the spacing 

between electrodes, and t is the deposition time. These parameters become even more 

important to control for EPD applications involving nanothermites in particular because 

the quality of the thin film will determine the reactions kinetics during combustion of the 

thin film. 

3.4.1 Graphene Concentration Effects 

 In this work specifically, another important parameter to consider is how the 

concentration of graphene will affect the dispersion stability, which ultimately affects the 

structure and combustion behavior of the deposited thin films. Graphene and Al 

nanoparticles were dispersed at varying concentrations in order to study the effect of 

graphene particle concentration on dispersion stability and assembly time.  

 For this experiment, graphene was ultrasonically dispersed at three different stock 

concentrations (0.5 mg/mL, 1 mg/mL, and 2 mg/mL) in DMF for 8 hours and a separate 

stock solution of Al (400 mg/mL) was ultrasonically dispersed in IPA for 4 hours. 

Following individual sonication, samples from each of the stock graphene solutions and 

the Al stock solution was pipetted out and mixed together for an additional hour to form 

samples that contained final graphene weight concentrations of 0.5%, 2%, 5%, and 10% 

with respect to weight of Al. This yielded twelve samples in total with final solutions 

containing a DMF:IPA ratio of 1:1 in a total of 6 mL of solvent. All of the samples were 
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Figure 3.3 Image depicting the effects of graphene concentration on the self-assembly and dispersion 

behavior of graphene/Al solutions. Samples closer to the bottom right corner exhibited the highest 

degree of self-assembled particulates whereas samples closer to the top left corner exhibited the highest 

degree of dispersion stability.    

 

allowed to rest undisturbed for 15 hours as shown in Figure 3.3. Samples on the top, 

middle, and bottom rows had a total solids loading content of 0.01%, 0.1%, and 1% w/v, 

respectively.  

  It is seen clearly from the image that all of the samples exhibit varying degrees of 

self-assembly, however, samples containing graphene at a concentration of 10% w/w 

yielded fully assembled particulates regardless of the solids loading content. In these 

samples, noticeable self-assembly between graphene and Al began within 5 minutes of 

resting undisturbed whereas samples containing 0.5% and 2% w/w remained well-

dispersed for longer than 15 hours. The sample prepared with 5% graphene at the highest 
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solids loading content of 1% w/v also yielded fully assembled particulates which did not 

occur in the other samples prepared with 5% graphene. 

 The findings from this experiment prove that a strong relationship exists among 

the graphene concentration, the solids loading concentration, and the dispersion stability. 

For EPD, stronger solution dispersions are desired in order to produce the highest quality 

thin films, however, traditional EPD utilizes no more than two constituent components 

where the particles being used typically have zeta potentials of like charge and similar 

magnitude. In this work, a novel EPD approach utilizing three different components, with 

different magnitude and surface charge polarities, is studied where the balance between 

dispersion stability and self-assembly is crucial to maintain for depositions to occur while 

still containing enough graphene to augment the combustion behavior of the thin films. 

The results of this experiment suggest that this balance exists when graphene content is 

between 2% and 5%, therefore these values were chosen as the focus for testing with 

EPD.    

3.5 Preparation and Deposition of Al/Bi2O3 and Graphene Al/Bi2O3 

Al nanoparticles (81 nm avg. dia., 79% active Al, 2-3 nm Al2O3 passivation 

layer), Bi2O3 (90-210 nm avg. dia.), and commercial grade graphene (xGnP-C-750, sheet 

diameter ≤ 2 μm, thickness ≤ 20 nm, 750 m2/g surface area) were purchased and used as 

received from Novacentrix, Accumet Materials, and XGSciences, respectively. 

Nanothermite precursor suspensions were prepared for EPD by mixing Al and Bi2O3 

nanoparticles at a fuel-rich equivalence ratio of 1.6 in accordance to the theoretical, 

stoichiometric Al/Bi2O3 reaction [25, 58, 59]. Final energetic mixtures were prepared by 
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adding different amounts (2% and 5% by weight) of graphene (G) to Al and Bi2O3. 

Samples containing graphene will henceforth be referred to as G(X%)/Al/Bi2O3, where X 

represents the percentage of graphene by weight with respect to the total solid content in 

nanothermite composites. 

 To prepare nanothermites for EPD Al nanoparticles were dispersed in 2-propanol 

(IPA), Bi2O3 nanoparticles were dispersed in 2-propanol (IPA), and graphene was 

dispersed in N,N-dimethylformamide (DMF) using ultrasonic agitation (output power of 

250 W at a 44 kHz frequency). Initially, graphene was dispersed for 8 hours by itself, Al 

for 4 h by itself, and Bi2O3 for 4 hours by itself. Al and graphene suspensions were then 

mixed together and ultrasonically agitated for one hour.  Then the Bi2O3 suspension was 

added to the G/Al mixture which was further mixed for an additional hour. The final, 

well dispersed, G/Al/Bi2O3 suspensions had a final solvent ratio of DMF:IPA of 2:1 and a 

solids loading concentration of 1.6% weight/volume. To create the control samples, 

consisting of Al and Bi2O3 only, Al and Bi2O3 nanoparticles were both dispersed 

separately in IPA for 1 hour using ultrasonic agitation, followed by 4 hours of mixing 

together to yield a final, well dispersed, Al/Bi2O3 suspension with a final solids loading 

concentration of 1.6% weight/volume. Once final solutions finished mixing they were 

allowed to rest undisturbed for 0, 1, and 3 hours before careful introduction into the EPD 

cell. The resting periods prior to performing EPD were to observe the effects of assembly 

time on the resulting mass and combustion wave speed. 

 The dimensions of the deposition cell used for EPD are shown in Figure 3.4. The 

cell has a 19 mm diameter and 49 mm deep well that was machine bored out of standard 

50.8 mm diameter Teflon round stock and a total volume of 13 mL. Stainless steel 
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(SS304) was chosen as the electrode for nanothermite film deposits due to its low cost, 

robust mechanical properties, and its high thermal resistivity. Aluminum was selected as 

the counter electrode. The electrodes were placed in the cell with a vertical orientation for 

depositions and were spaced 1 cm apart using a Teflon spacer. Nanothermite EPD 

solutions were introduced into the cell, then the SS304 and aluminum electrodes were 

placed into the well and a 60 V DC source was applied across the anode (Al) and cathode 

(SS304) substrates for 10 min. After the deposition, the samples were removed from the 

cell and allowed to dry overnight in a vacuum (300 mTorr) oven at 60°C. Nanothermite 

depositions occurred on the SS304 cathode as expected based on the surface charge 

Figure 3.4 Dimensional geometry and configuration of the deposition cell     



Chapter 3 

 

 

50 

 

values of the nanoparticle precursor suspensions. Before being mixed together, the 

precursor suspension qualities of Al, Bi2O3, and graphene were evaluated through zeta 

potential analysis (Delsa Nano C instrument from Beckman Coulter), which revealed zeta 

potentials of +70, +40, and -50 mV for Al, Bi2O3, and graphene suspensions, 

respectively. Since graphene accounts for such a small portion of the dispersions, the 

bulk potential within the mixed dispersions was positive during the deposition process 

and consistently yields deposited films on the negatively charged SS304 electrode. 

 Thin film mass was quantified by calculating the difference of the average mass 

of the substrates before and after deposition. After drying, EPD thicknesses were 

measured using a Motic DM143 digital stereo microscope by placing samples on their 

side and taking the average of 12 thickness measurements along the length of the film. 

The Motic microscope was calibrated at 10x magnification using a dot calibration slide 

provided by the manufacturer. The measurement method was validated by using a step 

profilometer to perform thickness measurements on scotch tape and Kapton tape, which 

was placed onto a stainless-steel substrate, followed by thickness measurements of the 

same tape samples using the Motic microscope where the thicknesses from both 

measurements were found to be in agreement with each other to within 5% error. The 

measured thickness and mass of thin films was then used to calculate the approximate 

density of the film with respect to the TMD of each nanothermite composition. To 

evaluate combustion wave speed, the samples were end ignited with a NiCr fuse wire, 

and the leading edge of the flame front propagation was monitored at 60,000 fps using 

high-speed video photography. Video analysis of the distance traveled per time stamped 

frame was used to calculate combustion wave speed. A separate set of samples, created 
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with the method described above, was dedicated for measurements made by differential 

scanning calorimetry (DSC) to quantify heat flow characteristics of deposited materials 

as a function of temperature using an SDT Q600 thermal analyzer from TA Instruments. 

Once the dedicated samples were dry, a razor blade was carefully used to harvest small 

flakes of the deposited material for the DSC measurements. All of the DSC 

measurements were performed in an argon environment at a flow rate of 200 mL/min and 

a heating rate of 20 ºC/min. Another set of identical samples was created for Scanning 

Electron Microscopy (SEM) and Energy-dispersive X-ray Spectroscopy (EDS) to 

visualize the chemical composition and spatial homogeneity of the films. The EDS 

measurement system was calibrated with copper on the Ka and La lines prior to sample 

interrogation.  

3.6 Analysis of Deposited Nanoenergetic Thin Films 

 Films were produced using Al/Bi2O3 and G(2%)/Al/Bi2O3 EPD solutions that 

were allowed to assemble for various time periods prior to deposition. G(5%)/Al/Bi2O3 

samples yielded no film deposition due to rapid assembly and precipitation of the 

constituent components. This finding closely follows previous observations that as 

graphene content increases, the time it takes to assemble decreases [22, 60]. Further 

experimentation was consequentially limited to G(2%)/Al/Bi2O3 and Al/Bi2O3 films. 

Films were viewed at 10x magnification with an optical microscope, which 

showed the G(2%)/Al/Bi2O3 films had less agglomerations of large particulates and less 

surface roughness compared to the Al/Bi2O3 films as presented in Figure 3.5. Al and 

Bi2O3 agglomerations appear more frequently towards the lower regions of the deposited 

films in the Al/Bi2O3 samples. Larger particle agglomerations towards the lower region of 



Chapter 3 

 

 

52 

 

 

Figure 3.5 Microscope images of Al/Bi2O3 (right sample) and G(2%)/Al/Bi2O3 (left sample) seen at 

40x zoom (top right image). Al/Bi2O3 samples clearly have more phase separation than G(2%)/Al/Bi2O3 

samples, as indicated by the yellow streaking and large agglomerations of precipitated Bi2O3. 

 

the sample are likely attributed to phase separation of Al and Bi2O3 and the tendency of 

heavier Bi2O3 particulates to sink with gravity towards the bottom of the EPD solution. 

Directed assembly prevented this behavior in the G(2%)/Al/Bi2O3 samples. Larger 

particulates towards the lower end of the sample were similarly visualized with SEM as 

shown in Figure 3.6. EDS analysis revealed that Al/Bi2O3 deposited films had a large 

equivalence ratio gradient from the top to the bottom of the deposited films, seen in 

Table 3.1. The topmost part of the films had a higher fuel-rich equivalence ratio of 3.6 

and the bottommost part of the films had an equivalence ratio of 1.4. The 

G(2%)/Al/Bi2O3 films, however, had no equivalence ratio gradient within the deposited 

films and maintained a uniform equivalence ratio of approximately 1.7 across the length 

of the film. This observation reveals that the assembling of Al and Bi2O3 particles with 
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graphene reduces the amount of phase separation and helps maintain the overall particle 

dispersions by inhibiting Bi2O3 precipitation. The greater mixing homogeneity of 

G(2%)/Al/Bi2O3 films suggests the potential for improved and more uniform combustion 

rates in comparison to Al/Bi2O3 samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.1 EDS data comparing the equivalence ratio of the  top and bottom regions of deposited films 

for Al/Bi2O3 and G(2%)/Al/Bi2O3. All percentages presented have an error of less than 1% as 

determined by the measurement system. 

Nanothermite Aluminum (%) Oxygen (%) Bismuth (%) Equivalence Ratio 

Al/Bi2O3 Top 27.66 10.02 57.94 3.6 

Al/Bi2O3 Bottom 12.75 7.91 75.40 1.4 

G(2%)/ Al/Bi2O3 Top 14.88 7.72 70.22 1.7 

G(2%)/ Al/Bi2O3 Bottom 14.85 7.99 70.51 1.7 

 

 

Figure 3.6 SEM imagery of Al/Bi2O3 top and bottom sample regions (A and C, respectively) and 

G(2%)/Al/Bi2O3 top and bottom sample regions (B and D, respectively). Large gaps were found to 

occur frequently in the upper regions of control samples (left side of frame A). Large Bi2O3 

agglomerations were also found to occur often in the lower regions of control samples (frame C). 

Samples containing graphene upheld a higher degree of uniformity throughout the length of the film 

compared to control samples. 
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Figure 3.7 Frame-by-frame ignition sequence extracted from high speed video capture of Al/Bi2O3 

samples (top) and G(2%)/Al/Bi2O3 samples (bottom) with an elapsed time between frames of 33.33μs. 

Combustion wave speed was calculated by correlating the pixel distance traveled per frame to the 

actual distance traveled with respect to time. Scaling is equivalent for all individual frames presented. 
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Figure 3.8 Combustion wave speeds and mass of samples as a function of settling time before 

deposition: (Sample 1) G(2%)/Al/Bi2O3 0 hours, (Sample 2) G(2%)/Al/Bi2O3 1 hour, (Sample 3) 

G(2%)/Al/Bi2O3 3 hours, (Sample 4) Al/Bi2O3 0 hours 

 

  

 

Photographs from high speed video of Al/Bi2O3 and G(2%)/Al/Bi2O3 flame front 

propagations are presented in Figure 3.7. The combustion wave speeds and deposited 

masses for G(2%)/Al/Bi2O3 and Al/Bi2O3 thin films over a range of settling times are 

shown in Figure 3.8. The average combustion wave speed of Al/Bi2O3 samples was 

206.0±30.0 m/s and 244.03±7.73 m/s for G(2%)/Al/Bi2O3 samples. Additionally, the 

average mass of randomly mixed Al/Bi2O3 and G(2%)/Al/Bi2O3 samples was 
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approximately 58.9±0.9 mg and 88.49±4.45 mg, respectively. Al/Bi2O3 films had an 

average thickness of 52.63±3.29 μm and an approximate density of 42.8±6.0 %TMD. 

G(2%)/Al/Bi2O3 films had an average thickness of 84.23±3.54 μm and an approximate 

film density of 49.0±4.7 %TMD. Interestingly, combustion wave speed did not show any 

dependence on the deposited mass, which fluctuated as a result of dispersion quality 

when allowing the solutions to rest undisturbed for 0, 1, and 3 hours prior to performing 

the depositions. Instead, combustion wave speed appeared to be dominantly a function of 

the TMD and thickness of the deposited films. The thickness, %TMD, and combustion 

wave speeds for G(2%)/Al/Bi2O3 and Al/Bi2O3 thin films that rested undisturbed for 0 

hours before deposition are given in Figure 3.9. 

 

 

 

 

 

 

 

 

 

 

Further analysis of the thin films energetic and thermophysical properties 

investigated utilizing DSC analysis can be seen in Figure 3.10. The total energy released 

for each reaction was calculated by integrating the area underneath the corresponding 
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Figure 3.9 Thickness, combustion wave speed, and %TMD for Al/Bi2O3 (Sample 1) and 

G(2%)/Al/Bi2O3 (Sample 2). The addition of 2% graphene was found to increase the thickness of 

samples from 52.63±3.29 μm to 84.23±3.54 μm, the mass from 58.9±0.9 mg to 88.49±4.45 mg, the 

packing density from 42.8±6.0 %TMD to 49.0±4.7 %TMD, and combustion wave speed from 206±30 

m/s to 244.03±7.73 m/s. 
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heat flow curve and dividing by the heating rate. The onset temperatures of the two 

nanothermite reactions were also extracted from the DSC analysis software. The 

experimental energy output calculated for Al/Bi2O3 and G(2%)/Al/Bi2O3 was 733±30 J/g 

and 1071±23 J/g, respectively. The onset temperatures for Al/Bi2O3 and G(2%)/Al/Bi2O3 

samples were 524.8°C and 510.6°C, respectively. For Al/Bi2O3 samples, a single 

exothermic peak occurred at 590°C, which corresponds to the main reaction between Al 

and Bi2O3. For G(2%)/Al/Bi2O3 samples, two exothermic peaks occurred at 560°C and 

610°C, which corresponds to the C-Bi2O3 and the Al-Bi2O3 reactions, respectively. A 

significant endothermic peak was also found to occur at 660°C for Al/Bi2O3 samples 

which was not as distinct in G(2%)/Al/Bi2O3 samples.  This peak corresponds to the 

melting of excess Al that was not consumed during the main Al-Bi2O3 reaction and 

indicates poor fuel and oxidizer intermixing, as well as an incomplete combustion of the 

nanothermite which plays a significant role in lowering the energetic output of Al/Bi2O3 

samples. While an increase in total energy output (approximately 30%) is beneficial, a 

decrease in the onset temperature of ~14°C will yield faster combustion rates as less 

energy is needed to reach a higher critical ignition temperature. The reduced ignition 

temperature exhibited by samples containing graphene occurs from the C-Bi2O3 reaction 

that occurs before the main Al-Bi2O3 reaction as a result of high thermal conductivity and 

lack of a passivation layer of graphene. 

 Another property that is crucial to analyze is the packing density of the deposited 

films. K. T. Sullivan et al. have performed similar work with energetic EPD films in 

which they’ve described the relationship among film thickness, film density, and 

combustion rates as described previously in Chapter 2 [61]. In short, gases within the film 
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will accumulate quicker when deposited films are thicker and denser which augments 

convective heat flow. Utilizing graphene as an assembly directing agent enables the Al 

and Bi2O3 to come into closer contact with each other thus enhancing the thickness and 

density of the deposited films which yields the higher combustion wave speeds 

demonstrated in this work. 

 

 

 

 

 

 

 

 

 

 

 

 

3.6.1 Theoretical Cheetah Analysis of Al/Bi2O3 

 It has been proven that the addition of carbon in nanothermite composites can 

modify ignition sensitivity but typically does not enhance combustion rate, as mentioned 

previously [39-41]. To help further resolve the effects of carbon additives in 
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Figure 3.10 Differential scanning calorimetry curves for Al/Bi2O3 and G(2%)/Al/Bi2O3 samples. A slight 

shift in the onset temperature can be seen to occur in samples containing graphene. 
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nanothermites, Cheetah 4.0 thermochemical code was utilized to calculate theoretical 

heats of combustion for Al/Bi2O3 and Al/Bi2O3 with a carbon additive of 2% by weight at 

equivalence ratio 1.6. The heat of combustion run on Cheetah 4.0 will first calculate the 

enthalpy of a scenario where 1% by weight of the designated composition is mixed with 

99% by weight of air at 298K and 1 ATM [62]. The resulting enthalpy is then used to 

calculate the final heat of combustion value per unit mass of the composition. The 

selected reactants were added to the heat of combustion run as weight percentages that 

corresponded with an equivalence ratio of 1.6 under the assumption that no aluminum-

oxide shell was present around aluminum nanoparticles.        

 Aluminum from the JCZS library was utilized which had a heat of formation of 

0.0 kJ/mol and a density of 2.7 g/cc and custom reactants had to be created for carbon 

and bismuth oxide. Carbon was assumed to have a heat of formation of 0.0 kJ/mol and a 

density of 2.0 g/cc which is slightly lower than that of bulk graphite and corresponds 

more closely to what graphene would be. Bi2O3 was assumed to have a heat of formation 

of -987.15 kJ/mol and a density of 8.9 g/cc. To ensure accuracy of the parameters used, 

the heat of combustion for the stoichiometric Al/Bi2O3 reaction was calculated to be 2330 

J/g which closely correlates to the theoretical stoichiometric reaction of approximately 

2117 J/g found in the literature [58].     

 Resulting heats of combustion calculated for Al/Bi2O3 and Al/Bi2O3 with carbon 

additives at equivalence ratio 1.6 were 3998 J/g and 4341 J/g, respectively, which results 

in a theoretical increase in energy output of approximately 8.5%. The addition of carbon 

resulted in the production of gaseous carbon dioxide (CO2) which was not found in 

Al/Bi2O3 samples, however, the extent of CO2 generation was minimal and the gaseous 
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products generated by both samples was found to be nearly identical. While the addition 

of carbon contributes to an overall enhancement of the total energy released, the effects 

are minimal and will be less than this calculated value when employed in physical 

practice as the aluminum-oxide shell will reduce the active Al content in the composite, 

100% TMD is not physically obtainable, and unwanted heat loss to the surrounding 

environment will occur. This result suggests then, that the addition of graphene in this 

work likely provides benefits to the Al/Bi2O3 nanothermite reaction by creating denser 

structures via directed self-assembly and by enhancing the thermal conductivity of the 

deposited thin film which allows more heat to contribute to the propagation of the 

reaction instead of being lost to the substrate. 

3.7 Conclusion 

 In summary, a review of the underlying mechanics of EPD was provided along 

with descriptions of how the various parameters of the EPD process can be modified to 

augment the resulting characteristics of deposited thin films. More specifically, the 

properties and combustion characteristics of Al/Bi2O3 nanothermite films deposited via 

EPD utilizing graphene as an assembly directing agent were investigated. Under the same 

sample deposition parameters, samples prepared with graphene produced more uniform 

films with greater energy content and lower ignition temperatures by virtue of directed 

self-assembly and favorable energetic properties. Combustion wave speeds of greater 

than 240 m/s were attained with G(2%)/Al/Bi2O3 films, which is the fastest reported for 

the EPD process. Combustion wave speeds of Al/Bi2O3 films exhibited a dependence on 

thickness and packing density as reported in prior works using CuO/Al [63]. This work 
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demonstrates the promise of using graphene as an assembly-inducing agent for 

nanothermite composites deposited through EPD. 
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Chapter 4 

Conclusion 

4.1 Summary of Current Work 

 The primary focus of the research described herein was to expand on the 

groundwork of nanothermite thin film technology as it has a strong, inherent synergy for 

use in microscale devices fabricated by MEMS techniques. The highly confined 

geometries of microscale devices necessitate the use of high power density sources that 

nanothermites are capable of providing, however, nanothermite thin films have only 

recently began being investigated for use as such. In this work, EPD was selected as the 

deposition technique for nanothermite thin films due to its set of highly tunable 

parameters that have a strong influence over the final combustion characteristics of the 

resulting thin film, its low cost, simplicity and scalability, as well as its ability to enable 

safer handling of highly sensitive nanothermite materials. 

 Al/Bi2O3 nanothermite is not well-studied in thin film configurations, and as such, 

was selected as the primary material for deposition in order to compare its viability as a 

microscale power source with other studies utilizing different nanothermites in thin film 

configurations. Small percentages of graphene were also added into the EPD dispersions 

prior to deposition to study a novel approach for densifying and thickening deposited thin 

films by virtue of self-assembly. Deposited thin films were visually inspected at 10x 

magnification with an optical microscope, as well as with SEM imagery, where more 

homogeneous intermixing of constituent components was found to occur in samples 

containing graphene. Al/Bi2O3 thin films exhibited an average thickness and density of 
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52.63 μm and 42.8 %TMD, respectively, whereas Al/Bi2O3 thin films containing 

graphene exhibited an average thickness and density of 84.23 μm and 49 TMD, 

respectively. Thin films that contained graphene also displayed an enhanced average 

combustion wave speed of 244 m/s as compared to thin films without graphene which 

had average combustion wave speeds of 206 m/s. The higher quality and enhanced 

combustion wave speeds of thin films containing graphene is a result of the self-

assembling nature of graphene which slows the rate of Bi2O3 precipitation long enough to 

yield more uniform deposits and allows for the formation of thicker and denser thin films.                 

4.2 Future Work 

 As the underlying reaction mechanisms of nanothermite thin films are still not 

fully understood, a considerable amount of work must still be explored before they can be 

successfully integrated with microdevices as high density power sources. More in-depth 

studies are needed that investigate how the different mechanisms of heat and energy 

transport within the thin film affect the resulting combustion properties across a wider set 

of thicknesses and densities for a variety of nanothermite composites to completely 

exploit the technology. Similarly, these studies should eventually involve the deposition 

and investigation of these nanothermite thin films with real microdevice platforms (e.g. 

initiators, actuators, or thrusters created by MEMS methodologies) to fully understand 

the combustion behavior in confined geometries. 

 In this work, EPD was performed on individual electrodes which can become a 

timely endeavor as deposition times increase for large quantities of test samples. Due to 

the highly tunable and scalable nature of EPD, new deposition cells could be developed 
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in order to deposit nanothermite thin films in bulk while adjusting the parameters of the 

deposition to overcome any unwanted changes in behavior of the new cell design. The 

use of graphene in nanothermite thin films was also presented in this work as a new 

method for enhancing the combustion mechanisms and could be more comprehensively 

explored across a wider range of different EPD parameters while monitoring its effect on 

the resulting combustion behavior. Furthermore, graphene has been proven to have an 

influence over the ignition sensitivity and behavior of nanothermites which could be 

capitalized on in future studies to enhance the safety of thin film depositions and aid in 

the realization of their use in microscale devices and systems. 
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