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Abstract

Nanothermites are a key material for engineering applications related to energy and
heat release, such as welding, heating, and pyrotechnics. The ability to additively man-
ufacture energetic nanothermite structures with desired combustion properties is severely
limited by current technology. The reactions are often slow to propagate and release less
energy than desired due to polymer binders that act as an energy sink for the reaction but
are required to support the energetic material. Additionally, the controllability and tuning
of nanothermite reactions are limited by the lack of a conclusive understanding of the re-
action mechanisms that govern the reactions of these materials. Several different reaction
mechanisms have been proposed without any conclusive evidence to support the claims.
In this work we fabricate a polymer-free, reduced graphene oxide (rGO)-based nanother-
mite aerogel with a range of nanoparticle loadings using a novel additive manufacturing
process. The nanothermites analyzed in this work are aluminum iron-oxide (Al/Fe2O3),
aluminum copper-oxide (Al/CuO), and aluminum bismuth-oxide (Al/Bi2O3). SEM im-
ages demonstrate the unique porous structure formed by the thin rGO sheets which form a
skeletal structure that wraps the nanoparticles into individual nanothermite clusters. EDS
confirms the homogeneity of the overall structure of the aerogel and the nanothermite clus-
ters, demonstrating that the particles are well dispersed when printing. DSC-TGA results
and high-speed combustion videos confirmed the enhanced energetic performance of the
printed specimen, suggesting the important role of rGO compared to conventional printing
methods. A relatively high linear burn rate of 5.8m/s was demonstrated for rGO/Al/metal
oxide samples with a diameter of 1.6mm at 95% nanothermite loading by mass. It was also
shown that the propagation rate of the reaction was independent of the print direction.
Thermal camera footage clearly indicated the generation of the pre-heating zone, reaction
front, and cooling zone during the propagation. SEM, EDS, and TEM are used to analyze
the post-combustion material, whose collection is enabled by the novel graphene structure
of the material. By analysing the combustion product within the skeletal fragments of
the sample the reaction mechanisms for three nanothermite pairings are found and dis-
cussed. It is found that in the small nanothermite clusters several previously proposed
reaction mechanisms occur concurrently. Diffusion and melt dispersion, which appear to
be mutually exclusive in literature, are shown to be occurring concurrently. Overall, this
method allows for complex 3D printing fabrication of various rGO/nanoparticle aerogels,
while giving insights as to how the reactions propagate via a series of reaction mechanisms
depending on the metal oxide used for the reaction.
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Chapter 1

Introduction

1.1 Nanothermites

Nanothermites are a group of energetic metallic materials that react to produce large

amounts of energy. Also known as metastable intermolecular composites, these materials

are composed of solid metal fuel and metal oxide particles with one or both components

at the nanoscale. Nanothermites show enhanced combustion properties, including a faster

burn rate compared to conventional thermites due to the increased reactive surface area

between the fuel and oxidizing particles [1, 2]. The most common and widely investigated

metal fuel used in nanothermites is aluminum, as it is easier to produce than other metal

fuels, lower in cost, and has an extremely high combustion enthalpy at 31 kJ/kg. Sig-

nificant research has focused on the development of Al/metal oxide nanothermites, the

the manufacturability with various oxidizers, compositions, and micro/meso structures to
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optimize their energetic performance for specific applications, such as burning rates on the

order of 1 km/s and pressurization rates on the order of 100 GPa/s [3, 4, 5, 6]. Maximum

burn and pressurization rates are common quantitative parameters to compare the quality

of nanothermite materials. However, there are uncertainties about the reactions of these

materials that limit their use in practical applications. Some disadvantages include reactiv-

ity control and issues associated with safe production and handling, due to the occurrence

of phase separation, reactive sintering, the spontaneous formation of alumina shell, and its

sensitivity to external stimuli [7, 8, 9, 10, 11, 12, 13]. Additionally, the limited manufac-

turing methods of energetic materials limit the number of applications for the use of these

materials. Lastly, one fundamental issue for the use of nanothermites is that the reaction

mechanisms that govern their combustion are still unclear, especially for aluminum based

nanothermites. This limits the engineer’s ability to tailor these nanothermites for specific

applications as their behavior is not fully known. Overall, if the critical disadvantages of

using nanothermites can be addressed and a better understanding of the reaction mecha-

nisms can be found, engineers could better design materials with great controllability for

specific applications, and handle these materials in a safer manner.

1.2 Additive Manufacturing of Energetic Materials

In recent years, researchers have been investigating the potential of using additive manu-

facturing for the rapid and convenient production of customizable energetic nanothermites

[14]. Extrusion-based printing methods, and more specifically direct ink writing methods,

have demonstrated the capability to fabricate multi-component, energetic structures with
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controlled mechanical and physical properties [15]. Direct ink writing is also considered a

crucial tool for the development of novel and flexible thermite-based reactive interfaces and

structures [14]. A common additive to these DIW printed energetic materials is a polymer

binder to obtain a desirable viscosity for extrusion and to improve the physical structure of

the printed parts. The viscosity of the ink is optimized to allow consistent and accurate di-

rect writing to occur. Additionally, polymers act as a binder to hold the loose nanoparticles

together within the polymer structure, known as a polymer matrix composite, and increase

the mechanical strength of the final printed structure [16]. Shen et al. demonstrated a

DIW process of energetic material with 10% polymer by weight including a combination

of polymers including hydroxypropyl methylcellulose, nitrocellulose, and polystyrene to

print Al/CuO nanothermite with a maximum linear burn rate of 25 cm/s [17]. Mao et

al. utilized a fluororubber F2311 at 5-25 wt%, to obtain an Al–CuO printed nanothermite

with a maximum linear burning rate of 1.5 m/s [18]. Although polymers possess desir-

able mechanical properties, they often have undesirable combustion properties as they do

not actively enhance the reaction and often consume some amount of energy produced

by the reacting particles themselves. They also typically limit the thermal conductivity

of the material, which significantly reduces the reaction rate of the material [16]. The

printed, polymer-assisted, energetic material often has a high density, which is not ideal

for maximizing the propagation rate but is required for adequate viscosity of ink during

printing and final mechanical strength. Due to these factors, the typical burning rates of

nanothermite materials reduce from hundreds of meters per second to below one meter per

second. Therefore, an easy and adaptive fabrication method for additively manufacturing

nanothermite material without significant loss in reactivity is desired.
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1.3 Graphene and Aerogels

Graphene and functionalized graphene have been utilized in past research as an additive in

nanothermite composites to improve their performance by reducing large agglomerations

in the material [19] Graphene has also been used in the past to improve the safety of

nanothermite material by reducing the electrostatic discharge sensitivity and the chance of

accidental ignition [20]. While the participative roles of graphene in thermite reactions are

not yet well understood, the graphene sheets allow for a large surface area for metal and

metal oxide nanoparticles to assemble on [21]. Additionally, the ability to use functionalized

graphene to varying degrees can allow for the control of desired reaction behaviors [22, 23].

Graphene-based aerogels are a promising candidate to replace the polymer materials

in the additive manufacturing of energetic materials. Functional graphene aerogels possess

a skeletal structure that can be loaded with nanothermite particles that, combined with

its considerably higher conductivity when reduced than polymers, can lead to the creation

of useful energetic materials. Graphene aerogels are prepared via sol-gel methods using

molecular precursors and the subsequent removal of the solvent under freeze-drying or

supercritical drying, and demonstrate a tunable porous structure with a high surface area

[24], The gelation process during fabrication typically involves the reduction of graphene

oxide using a chemical reducer or a hydrothermal method [25]. The porous structure

allows for the loading of nanoparticles within the reduced, interwoven graphene sheets,

which can have applications in supercapacitors [26], electrodes [27], catalysts [28], etc.

Previous research has shown that energetic nanoparticles can be loaded into a graphene-

based aerogel using a chemical reducer [29]. Within the graphene skeleton of the material,
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small metal/metal oxide clusters are created when the graphene sheets wrap around the

nanoparticles during reduction. This packing of the nanoparticles minimizes the phase

separation between the fuel and oxidizer, enhancing the surface contact and shortening the

diffusion length of the reaction. This research presented material with a burn rate near

1000 m/s with 3 times the electrostatic threshold, demonstrating enhanced combustion

rates and a safer material to handle. The structure presents the opportunity for a wide

variety of particle loading types and amounts.

The fabrication of reduced graphene oxide nanothermite aerogels has the potential to

be conducted using a direct ink writing additive manufacturing method. The graphene

oxide and nanoparticles have the potential to be loaded into an ink before being reduced

to form a gel and printed onto a substrate to form a final product. A key factor in this

process will be the rheological properties of the ink before and after the gelation process

during extrusion. The ink must be an appropriate viscosity to be easily extruded from the

printer, while also being mechanically strong enough to support its as-printed structure.

Current 3D printing methods of rGO aerogel typically require a series of processes that

are not compatible with nanothermites to achieve successful prints [30, 31, 32, 33]. Water

is typically used as a solvent during this process to modify the viscosity of the printing

ink. Additionally, to enhance the reduction process of the graphene oxide sheets and

solidification of the gel structure a chemical reducer or heat treatment process is typically

used. These additional processes significantly limit the use of various nanoparticles that

have a sensitivity to water or high temperature. For example, Aluminum, one of the most

common metal fuels, is sensitive to water as it will become less reactive due to hydroxide

production within the aluminum, and sensitive to high temperatures due to its reactivity
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with air creating aluminum oxide. Very few successful additive manufacturing processes

have been reported using rGO loaded with nanoparticles [34]. Therefore, an innovative

direct ink writing method that does not require the use of water or heat treatment is desired

for the production of nanothermite graphene aerogel. It is desirable for this material to be

very reactive, while controllable, and allow for a wide range of particle loadings and types.

1.4 Reaction Mechanisms of Nanothermites

The difficulty in determining the reaction mechanism is due to the variable reaction rates

that researchers have been able to analyze in nanothermites, based on the heating condi-

tions of the experiments. Experimental heating rates range from <50 K/s in DSC-TGA in

an equilibrium state to an extremely rapid heating rate of over 109 K/s during combustion,

which leads to complex physical and chemical processes [35]. These complex processes in-

clude the crystallization and cracking of the Al2O3 shell, reactive sintering, melting and

boiling of the Al reactive core, and the chemical redox reaction between fuel and oxidizer

[36, 37]. In the past researchers have proposed several reaction mechanisms including qui-

escent shell rupture due to phase change[38], reactive sintering via diffusion[39], and melt

dispersion[40]. However, no definitive conclusion has been reached at this time.

While the slower heating tests are not a great representative of the combustion of

nanothermites they can offer insight into how rapid combustion reactions are occurring.

Several research groups have investigated the reaction mechanisms of nanothermtie materi-

als in an equilibrium, slow-heating environment with great consistency [1, 41]. Under slow

heating conditions, individual physical and chemical processes can occur sequentially and
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to completion before the proceeding process, based on the slowly increasing temperature.

In the case of aluminum nanoparticles, the amorphous aluminum oxide shell crystallizes

and cracks near 350◦C, which allows pathways for oxygen to penetrate the particle’s pure

aluminum core leading to a redox reaction as the temperature approaches the melting point

of aluminum near 660◦C due to its increased diffusivity.

At higher heating rates, different reaction mechanisms have been observed in nanopar-

ticle and nanothermite reactions. A diffusion-based reaction mechanism, involving a con-

densed phase reaction and reactive sintering of aluminum nanoparticles with nanoscale

metal oxide particles, has been observed in many publications with a wide range of metal

oxide particles, including Al/CuO, Al/WO3, and Al/Bi2O3 [42, 43]. During the diffusion-

driven reaction mechanism heat is transferred from the presently reacting particles in the

reaction front to the unreacted material surrounding it, leading to an increase in tempera-

ture in the unreacted material and subsequently its ignition, propagating the reaction. In

this case, the combustion rate is governed by the rate of heat transfer through the material.

It has been shown in the past that the thermal conductivity of the nanothermites decreases

during this type of combustion due to air gaps that form when particles sinter together,

creating inconsistencies in combustion and propagation rates on the microscopic level [44],

The diffusion based reaction mechanism has been demonstrated and is useful in explaining

the behavior of nanothermite combustion under uniform heating or under slower propa-

gation rates on the order of cm/s. However, this diffusion-based reaction mechanism does

not provide a conclusive explanation for extremely rapid nanothermite combustion near 1

km/s due to the limited diffusion rate within the material.

Melt dispersion is a proposed reaction mechanism that offers a more convincing ex-
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planation for the extremely rapid nanothermite combustion at high heating rates, This

reaction mechanism hypothesizes that the high heating rate causes a rapid increase in

temperature of the aluminum nanoparticles leading to the melting and potentially boil-

ing of the aluminum core, which subsequently causes a rapid pressure increase within the

aluminum nanoparticles. The high pressure then leads to a high stress on the aluminum

oxide shell causing it to shatter. Small, high-temperature aluminum droplets are then

ejected from the shell at high speeds and rapidly propagate through the material. This

reaction mechanism provides a possible explanation for the supersonic propagation of nan-

othermites. One problem with this proposition is that at such rapid heating rates, it is

nearly impossible to conduct microscopic imaging during propagation to observe the local

behavior and prove this hypothesis. Collection and analysis of post-combustion material

is also very difficult as the material is consumed and ejected, typically leaving very little

material behind. At this time, there has been very little experimental evidence to sup-

port the melt-dispersion reaction mechanism hypothesis. One group reported a significant

reduction in particle diameter after combustion with propagation rates between 10 and

1000 m/s for nano- and micro-scale Al/MoO3, which is contradictory to reactive sintering

where the particle sizes will increase. However, detailed composition information of these

tiny particles was not reported, and more common nanothermite pairs in industry such

as Al/CuO and Al/Fe2O3 were not covered [45]. Additionally, one group has reported

the observation of the spallation of aluminum nanoparticles at high laser-induced heating

rates, but without nanothermite reaction [46].

Due to the drastic differences between the diffusion-based reactive sintering and the melt

dispersion mechanisms there is a significant debate concerning the real reaction mechanisms
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that propagate aluminum based nanothermite reactions. In order to accurately address

this debate, it is desired to produce a nanothermite combustion with a controllable reaction

rate, while retaining the combustion product. This will allow for further analysis to better

hypothesize how the reactions are occurring. Additively manufactured, reduced graphene

oxide aerogel loaded with nanothermite particles promises to enable this work. This tech-

nology could provide a range of particle loadings and types to give a range of reactions.

The potential to analyze the discrete nanothermite clusters within wrapped graphene sheets

could provide extremely beneficial information. Also, the skeletal structure may also allow

for a simple collection of post combustion debris for further analysis.

1.5 Objectives

The primary objective of this work was to create a novel additive manufacturing device

to print energetic aerogels loaded with nanothermites and demonstrate the capabilities

and benefits of such a material. The secondary objective is to use the novel additive

manufacturing method to evaluate the fundamental reactions that occur in a nanothermite

reaction to better understand them, as they are not well known at this time.
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Chapter 2

Methodology

The objectives of this thesis are met over the course of two primary projects. The first of

which will address the first objective of creating a novel additive manufacturing device to

print energetic aerogels and demonstrate the capabilities and benefits. This project uses

Al/Fe2O3 and Al/Bi2O3 nanothermites of various loadings with graphene and nanoparti-

cles. The second project uses Al/Fe2O3, Al/Bi2O3, and Al/CuO nanothermites with set

loading criteria to address the second objective of evaluating the reaction mechanisms of

the nanothermites. Both of these projects share a similar methodology that is explained in

this section. The few differences in methods between the two projects are also discussed.

2.1 Graphene Oxide Synthesis

The preparation of the energetic aerogel involves several processes to generate an ink that

can be loaded into the direct ink writing printer. Graphene oxide (GO) sheets were first
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synthesized using a modified Hummer’s method that has been reported in previous research

[8, 29]. A brief description of the synthesis is given here. To synthesize the graphene oxide

sheets, 1 g of graphite (XGSciences, Grade H-5, Lansing, MI) and 1 g of sodium nitrate

(NaNO3, Sigma-Aldrich, St. Louis, MO) were added to 46 mL of sulfuric acid (H2SO4,

95–98% Sigma-Aldrich, St. Louis, MO). This solution was stirred for 10 minutes in an

ice-water bath. After stirring, 6 g of potassium permanganate (KMnO4, Fisherbrand,

Waltham, MA) was slowly added to the mixture. The water bath was heated to 35◦C

and left at this temperature for 1 hour to allow for the oxidation of the graphite. Once

the graphite was oxidized 80 mL of deionized water was added to the mixture in small

increments using a dropper, and the bath temperature was increased to 90◦C and left for

30 minutes. The mixture was then allowed to cool to room temperature before 200mL

of deionized water and 6mL of hydrogen peroxide solution (H2O2, 30% by weight, Sigma-

Aldrich, St. Louis, MO) were added to the mixture to terminate the oxidation process. The

purification of the GO was done by repeated centrifugation and dissolution using deionized

water until the pH value of the supernatant reached 5. After 1 hour of sonication and final

centrifugation, GO sheets were obtained after drying the viscous aqueous solution overnight

at 65◦C.

2.2 Aerogel Ink Preparation

Following the preparation of the GO sheets, the nanothermite inks were prepared for

printing. The inks selected for this study included GO/Al/Fe2O3, GO/Al/CuO, and

GO/Al/Bi2O3. These nanothermite pairings were selected due to their unique physical
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properties such as different melting and boiling points which could affect their combustion

and reaction mechanisms. The nanoparticles used in this study included Al nanoparticles

(100 nm, 83% active), Fe2O3 nanoparticles (100 nm), CuO nanoparticles (40 nm), and

Bi2O3 nanoparticles (120 nm), all of which were purchased from US Research Nanomate-

rials, Houston, TX. Each ink had an identical synthesis procedure, with the sole variants

being the metal oxide particle in the ink and the amount of each aluminum/metal oxide to

match the desired loading percentages. The calculated amounts of the prepared GO sheets,

aluminum nanoparticles, and oxidizing nanoparticles were first dispersed in 5 mL, 2.5 mL,

and 2.5 mL of propylene carbonate (PC) (Sigma-Aldrich, St. Louis, MO), respectively.

The three dispersed solutions were then sonicated for 3 hours. The solutions containing

aluminum nanoparticles and metal oxide nanoparticles were then combined into one 5mL

solution and sonicated for 1 hour to ensure homogeneous mixing. The mixed nanoparticle

solution and the GO solution were then combined into a final 10mL solution and stirred

for 10 minutes to ensure the GO sheets and nanoparticles were well mixed. The final ink

solution was then left to rest for 12 to 16 hours to ensure that all of the negatively charged

GO sheets and nanoparticles were dispersed in the solution. While no precipitation was

observed in the mixture after resting overnight, immediately prior to printing the energetic

ink solution was stirred for 5 minutes to ensure homogeneity and avoid any agglomerations

that could disrupt the printing process.

The calculated mass amounts of GO, aluminum nanoparticles, and metal oxide nanopar-

ticles for each nanothermite pairing based on the desired loading are summarized in Table

2.1. For 10mL of ink, it was found that 100 mg of GO was able to create a reliably strong

structure, capable of containing the nanoparticles within the aerogel skeleton structure.
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Table 2.1: Mass Amounts of Particles in Nanothermite Ink (mg)

Mixture GO% Al Fe2O3 Bi2O3 CuO
20 152 248 - -

GO/Al/Fe2O3 10 341 559 - -
5 720 1180 - -
20 69 - 331 -

GO/Al/Bi2O3 10 155 - 745 -
5 329 - 1571 -

GO/Al/CuO 20 86 - - 314

Therefore, 100mg of graphene was consistently used across all samples. An equivalence

ratio of 1.5 was used for each sample as previous research determined that this was the op-

timal composition for these thermites. It is of note that the Go/Al/CuO was not selected

to be used in the first set of experiments examining the relation between the GO load-

ing percentage and combustion properties. Therefore, only samples with 20%GO/Al/CuO

were used during these works to analyze the reaction mechanisms of nanothermite pairings

as this was the set loading condition for the second set of experiments.

2.3 Direct Ink Writing of Energetic Aerogel

The printing of the nanothermite aerogels is facilitated by the gelation that occurs when the

graphene oxide sheets turn into reduced graphene oxide (rGO) via a chemical reaction with

ethylenediamine (EDA). The reduction of the graphene sheets causes the sheets to wrap

and interconnect such that a solid structure is formed with nanoparticles and propylene

carbonate homogeneously spread through the material in small microscopic clusters. A

more detailed discussion of the chemical reaction mechanism between GO sheets and EDA
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and analysis of the reduction capabilities can be found in previously published research

[29].

The physical 3D printing was performed using a novel direct ink writing (DIW) setup,

enabled by two syringe pumps used to control the flow rates of the nanothermite inks and

the EDA, respectively. The flow of EDA was connected to the flow of the nanothermite

ink via a 27-gauge needle. The tubing used for extrusion was a 1/16” PVC tube. The flow

rates of the syringe pumps were set to fix the volumetric flow rate between Go/Al/MOx

ink and EDA at 20:1, with a bulk flow velocity and extrusion of 10mm/s. Additionally, the

distance between the needle injection point of EDA and the end of the extrusion tube was

set to 7-8 cm. The most critical factors in printing were the selection of an appropriate

gelation duration and printing velocity such that the reaction between the ink and EDA

would cause the graphene sheet to reduce homogeneously before extrusion to provide the

aerogel structure, while also printing accurately without defects. The large difference in

diameter between the needle and the tube causes a large amount of turbulence at the EDA

injection point, even though the volumetric flow rate was set to 20:1, leading to a good

initial mixing and homogeneous printing structure after continuing to mix in the extrusion

tube. The aerogel samples were printed onto 6.1cm x 6.1cm pieces of acrylic on top of

a linear XY stage where the print pattern was dictated by an external microcontroller.

A series of parallel gel strands were printed on the acrylic base to be used in a series

of experiments to characterize the material. Additionally, a lattice structure was printed

using a selection of sample gels to demonstrate the 3D printing capabilities of the gel.

Figure 2.1 demonstrates a model and actual photo of the 3D printer setup to produce the

energetic aerogels.

14



Figure 2.1: Scheme (A) and actual photo (B) of printing setup and photo (C) of the
gelation junction.

Immediately after printing, each acrylic base and sample was placed in a petri dish

and immersed in tert-butanol (99%, Sigma-Aldrich, St. Louis, MO) to allow the reaction

to terminate. Additionally, the propylene carbonate and EDA were exchanged by tert-

butanol via solvent change under stirring and heat at 35◦C for 3 days. The tert-butanol

was renewed every 12 hours to remove all of the PC and EDA. After the solvent exchange

process was completed, the gel was freeze-dried for 1 day to remove the tert-butanol and

obtain the final nanothermite aerogel samples.

2.4 Characterization

A series of experiments were conducted to analyze both the combustion properties and the

reaction mechanisms of the three nanothermite aerogels. Optical images were captured

using a 10X microscopic lens with the Phantom v2012 monochrome fast camera and the

pixel resolution is 2.8 µm per pixel. The microstructure of the gel prior to combustion was

observed using a Hitachi Su-5000 SEM (Scanning Electron Microscopy) and an Oxford
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EDS (Energy Dispersive Spectroscopy). XRD (X-ray Diffraction) spectrum analysis was

performed by PANalytical X’pert Pro MRD and from 10 to 80◦ at a step of 0.1◦ at GI-XRD

mode. DSC-TGA (Differentiative Scanning Calorimetry and Thermogravimetric Analysis)

was completed using a Netzsch STA 449 F1 from room temperature to 800 ◦C at a heating

rate of 20 ◦C/min under the protection of Argon gas flow at 200 mL/min. Combustion

tests were performed in open air to determine the linear burn rate and temperature of the

reacting samples. Depending on the test, ignition was completed using either a Ni-alloy

hot wire (Parr Instrument) connected to a DC power supply at 30V and 3A, or a 5 W 532

nm continuous laser. High-speed video was captured at 100,000 frames per second with a 5

µs exposure time using a Phantom v2012 monochrome fast camera, and thermal video was

captured at 500 frames per second at 20 µs exposure using a Telops M350 with a 1x lens.

Figure 2.2 demonstrates the combustion setup for synchronous high-speed and thermal

video capture with laser ignition. This is enabled by mounting the samples in a holding

fixture open to the thermal camera side and backed by acrylic on the fast camera side.

This ensures that both cameras will be able to record accurate video while keeping the

sample in place. Additionally, there is a slot in the sample holder such that the laser may

ignite the sample. The microstructure of the gel after combustion tests was first attempted

using the same SEM and EDS equipment as pre-combustion. However, greater detail of

the images was desired. Therefore, a Talos 200x was used to analyze the post-combustion

samples using TEM (Transmission Electron Microscopy).
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Figure 2.2: Modeled Image of Combustion Setup
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Chapter 3

Results

3.1 Pre-Combustion Analysis

Pre-combustion tests were completed to characterize the nanothermite aerogel structure

after it had been printed. This will help to determine how the various constituents of the

aerogel affect the combustion process. The microstructure and elemental distribution of

the nanoparticles will be critical to understanding the combustion of the energetic aerogel.

3.1.1 Print Quality

Several factors affect the quality of the as printed product when using the novel direct ink

writing method. These factors then also affect the final aerogel quality. During the printing

process the most important printing parameters that could be adjusted were the duration

of gelation before the ink is extruded, the print speed, the loading % of nanoparticles which
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affected the viscosity of the nanothermite ink, the distance between the extruder tip and

the print bed, and finally. the distance between the printed parallel lines.

The most critical factor in the printing process is the gelation duration. Gelation began

immediately after the introduction of EDA to the system. If the gelling time was too short,

the ink would be extruded as a liquid and would not hold its cylindrical shape on the acrylic

substrate. If the gelation time was too long, the viscosity of the ink would increase to a

point where the gel would stop and start in the extrusion tube as the syringes pumped

the ink through the system. This would lead to inconsistent prints as the extrusion speed

varied around 10mm/s depending on the pressure being exerted on the solidifying gel as

it was extruded. It was found that the optimal time for gelation given the equipment and

setup used was between 7 to 8 seconds. Therefore, the length of the extrusion tube was

selected based on the print speed to match this value,

The print speed that was found to be optimal for this process was 10mm/s. This speed

was found to be slow enough to accurately lay the printed material on the substrate while

being fast enough such that the syringes applied a consistent pressure to the nanothermite

ink to allow it to print at a constant rate without the friction being a problem in the

extrusion tube as the aerogel formed. Based on the gel duration and print speed the

distance between the EDA injection point and the extruder tip was required to be between

70 and 80 mm.

Another important factor that dictated the print quality and consistency was the load-

ing % of nanothermite particles. This was the reason for the change in viscosity between

the samples. Since the amount of graphene used in each sample remained the same across
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each trial, the only variant was the loading of nanoparticles. It was seen in the trials that

the inks with a higher nanoparticle loading printed with greater consistency. The reason

for this is the smaller change in viscosity between the unreacted ink and reacted ink with

EDA. For the inks with a higher loading of nanoparticles, the EDA is injected into the

stream and the material begins to gel. Since this gel is relatively similar in viscosity to

the ink the unreacted material is pushed through the extrusion tube with the EDA and

already gelled material, completing the gelation process by the end. For the samples with

a lesser nanoparticle loading, and lesser viscosity, it was seen that as the material began

to gel and increase in viscosity, the unreacted, low viscosity ink would rapidly bypass the

gelling material. As the gelling material became stuck in the extrusion tube and EDA was

not able to properly mix, Overall, all sample loadings tested were able to print, however,

the consistency was better with samples of higher nanoparticle loading.

Two physical parameters that affected the quality of the prints were the distance be-

tween the extruder tip and the print bed and the distance between the printed parallel

lines. The distance from the extrusion tip to the print bed was selected to be 5 mm.

This distance allowed the nanothermite gel to bend and lay on the surface of the print bed

without much fracturing due to bending stresses, while also being close enough to the print

bed such that the printing material did not collapse under its own weight. The distance

between the printed lines was selected to be 10 mm because at this distance the printed

sample would minimize any fracture due to the curvature of the gel.

Overall with all of these factors taken into consideration, the printer created for this

project was able to reliably print strands of about 30 to 40 mm without fracturing that

could be used for a variety of combustion and optical tests to achieve the objectives of
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Figure 3.1: Stages of the printing process: Energetic GO(20%)/Al/Bi2O3 nanoth-
ermite ink (A) as printed rGO(20%)/Al/Fe2O3 organogel (B) and post-freeze dried
rGO(20%)/Al/Bi2O3 aerogel (C).

this project. Figure 3.1 demonstrates optical images taken throughout the stages of the

printing process. The mixed, homogeneous nanothermite ink can be seen in Figure 3.1

A. The as printed rGO/Al/MOx organogel with propylene carbonate and nanoparticles

trapped inside is seen in Figure 3.1 B. After the solvent change process, leaving a dry

brittle material, the final aerogel sample can be seen in Figure 3.1 C.

It should be noted that the focus of this work is on the feasibility of printing rGO/

nanothermite aerogels without requiring a polymer binder, and the analysis of its com-

bustion properties. The system built for this study was able to reliably print samples of

sufficient stability and uniformity to conduct the desired tests. The accuracy and structure

of the printed gels are expected to improve with continuous development and optimization

of the additive manufacturing system. This will be a larger engineering challenge for the

commercial development of a graphene aerogel based nanothermite additive manufacturing

system.

It is important to note that the entire manufacturing process of additively manufac-

tured nanothermite aerogels is conducted at a room temperature of 22◦C, including the
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freeze drying process since the melting point of tert-butanol is 25◦C. This ensures the safe

handling of temperature-sensitive nanothermite, which could react and explode at higher

temperatures. An alternative method to freeze drying that could be used to shorten the

post-processing time is supercritical drying. Alternative carrier fluids and drying methods

could also be used to shorten the drying time, however they will predominantly require an

elevated temperature process which was undesired for this project.

Once the rGO/Al/MOx aerogel had been dried it was able to be self supporting and

could hold several layers of its own weight. Figure 3.2 A and B present a printed 2 layer

structure immediately before and after freeze drying, respectively. Two perpendicular

series of parallel lines form a lattice structure that other layers could also then be built

off of. The distance between each parallel strand in this case was 5 mm to ensure that

the second layer of the sample would be adequately supported. This test confirmed the

potential to use this 3D printer for the fabrication of 3D structures. While some defects

were present among the aerogel strands the structure was sufficiently stable to conduct the

desired tests for this study. Future developments will focus on the additive manufacturing

properties and focus on the final quality of the 3D printed material itself.

Figure 3.3 presents a cross-sectional view of the microstructure of the freeze-dried aero-

gels. Although the aerogel was extruded from a PVC tube with an inner diameter of

1.6mm (1/16”), the cross section of the final freeze-dried aerogel was not perfectly circular.

It can be seen that during the freeze drying process, the sample was flattened slightly due

to gravity. Quicker supercritical drying could be used to mitigate this in the future. It

was shown that aerogels with higher particle loading experienced less gravity flattening

during the freeze drying process, indicating that the nanoparticles assisted in supporting
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Figure 3.2: Multi-layer print before (A) and after (B) freeze drying

the graphene skeleton of the aerogel. The reduced cross sectional area of certain samples,

shown in Table 3.1, was caused by gravity and potentially some minor shrinkage during

the freeze drying process. In a fully developed 3D printing system this would need to

be a design consideration and be accounted for. Sections of the samples were cut and

weighed to determine the density of the aerogel. Based on the known particle amounts in

the aerogel, the weight of a cut section, and the measured cross sectional area, the ratio

of density to the theoretical maximum density of a sample with the same loading with no

porosity can be calculated. From this the porosity can then be calculated. The aerogels

all had extremely low densities, ranging from theoretical maximum densities of 1.8% to

7.3%, indicating the formation of a highly porous structure. It is of note that as long as

the concentration of GO in the ink is high enough to form gel with the EDA, the content

of GO can be adjusted, increasing the potential range of densities for printing.
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Figure 3.3: Cross sectional images of rGO/Al/Bi2O3 at 5% GO (A), 10% GO (B), 20%
GO (C) and rGO/Al/Fe2O3 at 5% GO (D), 10% GO (E), 20% GO (F)

Table 3.1: Calculated cross-section area and density of the freeze-dried 3D printed aerogel

Sample Cross Sectional Density TMD% Estimated
Area (mm2) (mg/mm3) Porosity

Ref: Ideal 1/16 inch tube 1.98 N/A N/A N/A
rGO(5%)/Al/Bi2O3 1.34 0.27 4.7% 95.3%
rGO(10%)/Al/Bi2O3 1.20 0.18 3.5% 96.5%
rGO(20%)/Al/Bi2O3 0.99 0.081 1.8% 98.2%
rGO(5%)/Al/Fe2O3 1.32 0.27 7.3% 92.7%
rGO(10%)/Al/Fe2O3 1.12 0.16 4.5% 95.5%
rGO(20%)/Al/Fe2O3 1.04 0.092 2.8% 97.2%
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Figure 3.4: XRD spectrum of rGO(10%)/Al/Bi2O3

3.1.2 XRD

Figure 3.4 presents the XRD spectrum for freeze dried rGO/Al/Bi2O3 and the standard

spectra of related components. Both Al and Bi2O3 were found in the final product. The

XRD peak of rGO is at about 24◦, however, it is indistinguishable in the XRD curve. This

is partially due to the relatively low mass and well distributed mass of rGO in the sample

and also due to its unique thin sheet structure. This structure is further confirmed by SEM

images in the following section. The GO/Al/Fe2O3 sample displayed identical results, and

the XRD test was not performed for rGO/Al/CuO.

3.1.3 SEM & EDS

The microstructure of the aerogels was observed using SEM and EDS. Figure 3.5 shows

the microstructure images of the printed rGO(10%)/Al/Bi2O3. Figure 3.5 A demonstrates
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an overall microscopic view of the porous structure with nanoparticles embedded within

intertwined graphene sheets. Figure 3.5 B show shows that the size of the pores within the

structure are on the order of micrometers. The interconnected rGO sheets that constitute

the framework of the aerogel and hold the nanoparticles in place can be seen in Figure 3.5

B and C. These images demonstrate that the GO sheets were well sonicated prior to being

dispersed in PC and printing, leading to the formation of the extremely thin rGO layers via

reduction with EDA. The reduction of graphene using EDA was confirmed via EDS using

the rGO(10%)/Al/Bi2O3 as a representative sample. This sample showed an increase in

the ratio of carbon to oxygen from 1.8 in GO sheets to 5.2 after the reduction. The amount

of oxygen associated with the rGO sheets is the difference between the total amount of

oxygen present and the oxygen present in the metal oxide. The results of this test are

shown in Table 3.2. Figure 3.5 B also shows the pores, highlighted with white ellipses, and

cluster structures of the aerogel, highlighted with blue ellipses. Figure 3.5 D, E, and F show

the elemental mapping of Al, Bi, and C within the sample, respectively. It demonstrates a

homogeneous distribution of Al and Bi2O3 nanoparticles with no phase separation. It also

shows that the distribution of reduced graphene (Carbon) is more even compared to that

of the nanoparticles across the structure as it plays the role of the supportive structure.

The SEM and EDS images of the other nanothermite aerogels with varying loading per-

centages demonstrate that the loading amount does not change the general microstructure

of the material. The nanoparticles are consistently wrapped in reduced graphene sheets of

the same size. However, when the loading is 95% nanoparticles the graphene sheets become

more difficult to see due to the number of nanothermite clusters that are formed at this

loading, as shown in Figure 3.6. When the graphene oxide loading is 20%, the graphene
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Figure 3.5: SEM images (A-C) and EDS images (D-F) and rGO(10%)/Al/Bi2O3

Table 3.2: Measured elemental composition in GO sheets and rGO(10%)/Al/Bi2O3

Sample Elements Atomic C/O ratio in
Percentage GO/rGO

GO Sheets C 63.8±1.2% 1.81
O 35.3±2.4%
C 45.2±2.4%

O (Total) 24.6±2.1%
rGO(10%)/Al/Bi2O3 Bi 8.6±1.7% 5.20

Al 20.6±2.9%
O (rGO only) 8.7%
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Figure 3.6: SEM images (A,B) and EDS images (C,D) and rGO(5%)/Al/Fe2O3

sheets are easily seen due to the limited number of nanoparticles and the cluster size, as

seen in Figure 3.7.

Overall, a porous rGO skeleton was formed and a homogeneous distribution of both

fuel (Al) and oxidizer (Bi2O3 or Fe2O3 or CuO) nanoparticles can be found across the

samples regardless of the GO percentage in the precursor mixture. It is of note that

rGO(10%)/Al/Fe2O3 aerogel printed with the greatest consistency, and was therefore used

as an example for select experimental tests.
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Figure 3.7: SEM images of rGO(20%)/Al/Fe2O3 (A), rGO(20%)/Al/CuO (B), and
rGO(20%)/Al/Bi2O3 (C)

3.1.4 DSC-TGA

DSC-TGA tests were completed during the first set of experiments with Al/Fe2O3 and

Al/Bi2O3 of varied composition. The results of these tests, as shown in Figure 3.8, demon-

strate the heat exchange and mass change of the samples during a slow heating process.

Exothermic and endothermic peaks are seen between 160 ◦C and 300◦C respectively and

are the result of the decomposition of the remaining oxygen containing functional groups

in the rGO, which corresponds to the mass loss at the same temperatures. For the sam-

ples with higher GO %, and lower nanothermite loading, the weight loss caused by this

decomposition is more significant. The main reaction between Al and the metal oxides

occurs around 500-750 ◦C. The rGO/Al/Bi2O3 samples clearly show reactions before and

after the melting of aluminum at 660 ◦C. The condensed phase reaction, with an onset

temperature of about 515 ◦C, which is lower than the melting point of Al, represents the

reaction between Al and Bi2O3 particles that are in direct contact. This onset temperature

is also lower than that of Al/Bi2O3 loose powder, which is near 525 ◦C [29], indicating that

the Al and Bi2O3 particles are more closely packed inside the graphene wrapped clusters

compared to loose powder. The second thermite reaction peak, which was more evident
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in samples with higher nanoparticle loading, indicated the reaction between the Al and

metal oxide. Once a higher temperature was reached, Al was able to melt and flow freely

to react with Bi2O3. A significant weight loss was also demonstrated during this thermite

reaction, which is likely due to the evaporation of Bi2O3, or Bi due to local high tempera-

tures during the thermite reaction. In the Al/Fe2O3 samples, the curves possess a few key

differences. During this reaction only one major exothermic peak is seen before the melting

of aluminum, demonstrating the dominance of a condensed-phase reaction. No significant

weight loss was seen in these samples due to the much higher boiling point of Fe and Fe2O3.

The onset temperature of this reaction was found to be around 525 ◦C, which is slightly

less than that found in literature [47]. The reduction in onset temperature once again

indicates an improved reactivity as a result of the proximity of the metal and metal oxide

particles within the sample clusters. The proximity of the fuel and oxidizing nanoparticles

in the aerogel structure enhances the condensed-phase reaction, which is the main reaction

pathway of these materials under slow heating due to the high decomposition point of the

oxides. A weight gain was found in the samples with 95% nanoparticle loading, indicat-

ing their exposure to residual oxygen in the system. This has been reported in previous

publications [48]. This weight gain was not seen in samples with less nanoparticle loading

due to the larger rGO barrier wrapping around the nanoparticles, further confirming the

condensed phase reaction between the Al and metal oxides.

In the samples with a higher GO percentage, the decrease in energy was significantly

larger than the expected change in energy release based on the decrease in nanoparticle

loading. This indicates that the structure plays a significant role in the reaction, especially

at low nanoparticle loading. As the concentration of GO in the nanothermite ink and the
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Figure 3.8: DSC-TGA of energetic rGO/Al/Bi2O3 and rGO/Al/Fe2O3
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Table 3.3: DSC-TGA Data

Sample Onset Temp. Peak Temp. Energy Release of
(◦C) (◦C) Thermite Reaction (J/g)

rGO(20%)/Al/Fe2O3 526 557 136±12
rGO(10%)/Al/Fe2O3 521 549 228±3
rGO(5%)/Al/Fe2O3 523 577 291±21
rGO(20%)/Al/Bi2O3 513 552 158±34
rGO(10%)/Al/Bi2O3 518 554 252±16
rGO(5%)/Al/Bi2O3 516 558 328±7

ratio between the ink to EDA were kept constant between trials, it is reasonable to assume

that the degree of cross-linking and number of clusters were similar among samples with

different nanoparticle loading. Therefore, the samples with lower nanoparticle loading had

both a larger mass of unreacting rGO and smaller nanothermite clusters. The reaction

nature of equilibrium states in DSC-TGA and the limited diffusion length caused by the

unique nanothermtie cluster structure limited the reaction of fuel and oxidizer within a

single cluster wrapped by the rGO sheets. Therefore the completeness of the reaction is

reduced when smaller clusters form with higher GO percentages. As a result, compared to

the energy release values of physically mixed Al/Fe2O3 and Al/Bi2O3 (1100J/g and 700J/g

respectively) the energy release values of the printed nanoenergetic aerogel from DSC-TGA

are comparatively small. The energetic data from DSC-TGA is summarized in Table 3.3.

3.2 Combustion Analysis

While slow heating tests such as DSC-TGA may support the investigation of reaction

mechanisms, they may not fully represent the combustion performance and mechanisms
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due to the differences in reaction completeness and heating rate. For both sub projects

completed during this thesis, combustion tests were completed to gather high speed and

thermal imaging of the nanothermite aerogel combustion.

3.2.1 High Speed Imaging

The first set of samples, rGO/Al/Fe2O3 and rGO/Al/Bi2O3 with nanoparticle loadings

of 80-95% were ignited to analyze their energetic performance. To do this, a straight

piece of each sample ranging from 12 - 20 mm was cut from each printed sample and

ignited. Ignition for this test was done using a 40-gauge nickel-chromium hot wire. The

key frames of the combustion are shown in Figure 3.9. The combustion of each sample is

seen propagating from left to right in each image set. As seen in the images, when the

nanoparticle loading was greater than or equal to 90% the reaction was rapid and violent.

The samples of less than 90% loading demonstrated a more controlled combustion. The

propagation rates are summarized in Table 3.4. The combustion of the high particle load-

ing samples at 95% propagated at a rate of 4.5-6 m/s, which is faster than polymer-assisted

additively manufactured nanothermites of similar loading, which propagate at rates of less

than 1.5m/s, typically on the order of tens of centimeters per second [16, 17, 18]. This

confirms that the aerogel structure has a significant effect on the combustion properties of

the nanothermites. There are several potential contributions to the improved propagation

of both sample sets including the hot-spot formation due to the material’s unique porous

structure [29], the increased thermal conductivity due to the presence of rGO [25], and

the enhanced condensed phase reaction due to the closely packed nanothermite clusters
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held together by the rGO skeleton [49]. A high temperature flame and eject particles are

also seen expanding toward the outer environment during the combustion further demon-

strating the violence of the reaction. This is especially seen in the rGO(10%)/Al/Fe2O3

and rGO(10%)/Al/Bi2O3 shown in Figure 3.9 B and E, where the samples were self pro-

pelled from their initial position due to their light weight and reaction violence. This

demonstrates the potential to use this material as a propellant in the future. When the

nanoparticle loading was set to 95% the reaction propagated at such a rate that the sample

combusted quicker than it could be displaced, and it remained in the same initial position.

When the nanoparticle loading was set to 80% the energy released from the reaction was

sufficient to self propagate, but not sufficient enough to displace the samples. Unlike other

nanothermite reactions, the combustion of rGO(20%)/Al/MOx did not break down the

3D sample structure, which can be observed in Figure 3.9 A. The higher concentration of

rGO in the samples is able to better support the structure while also improving the heat

transfer throughout the samples. It is also worth noting that the reaction rates of both

sample sets were similar at each nanoparticle loading percent. The unique structure of the

porous 3D rGO skeleton was able to govern the macroscale properties of the combustion,

rather than the different reaction characteristics of each nanothermite pair.

A 2D planar combustion test was then completed to compare the propagation rate of the

nanothermite aerogel with and against the print direction of the energetic ink. Figure 3.10

shows the propagation of the reaction through the sample with the flame front highlighted

by the red line. The 2D sample consisted of parallel lines of rGO(10%)/Al/Fe2O3 aerogel

with no lateral spacing between the printed lines. The average calculated flame speed was

1.68 m/s, which is almost identical to the flame speed from the linear combustion tests. It
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Figure 3.9: High speed images of rGO/Al/Bi2O3 at 20% GO (A), 10% GO (B), 5% GO
(C) and rGO/Al/Fe2O3 at 20% GO (D), 10% GO (E), 5% GO (F)

Table 3.4: Linear Burn Rates

Sample Burn Rate Trial 1 (m/s) Burn Rate Trial 2 (m/s)
rGO(20%)/Al/Fe2O3 0.30±0.036 0.165±0.037
rGO(10%)/Al/Fe2O3 1.59±0.221 -
rGO(5%)/Al/Fe2O3 4.73±0.068 -
rGO(20%)/Al/Bi2O3 0.12±0.029 0.186±0.034
rGO(10%)/Al/Bi2O3 0.64±0.128 -
rGO(5%)/Al/Bi2O3 5.85±0.238 -
rGO(20%)/Al/CuO - 0.60±0.102
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Figure 3.10: 2D planar combustion of rGO(10%)/Al/Fe2O3

was observed that the reaction propagates at approximately the same rate both with and

against the print direction. As shown in Figure 3.10 the reaction reaches the top and right

side of the square reaction zone at approximately the same time. The combustion of one

piece of energetic nanothermite aerogel can easily trigger a reaction in adjacent pieces, due

to the hot, rapidly ejected particles. It was also seen that the sample began to self propel

towards the edges of the container during combustion due to its high energy release and

light weight.

High speed videos were also taken of the second set of samples that were combusted

for the purpose of analyzing post combustion material. These samples were combusted in

the synchronous high speed and thermal video configuration. Figure 3.11 demonstrates

the propagation of the nanothermite reaction of an rGO(20%)/Al/Fe2O3 sample. It was

found that the burn rates of the rGO(20%)/Al/Fe2O3 and rGO(20%)/Al/Bi2O3 samples

were very similar to the values as found in the first set of experiments. Additionally, the

burn rate of the rGO(20%)/Al/CuO sample was found to be over three times faster than

the other nanothermite aerogels. Table 3.4 summarizes the linear burn rates of the sample

combusted in each experiment. All of these values are once again much faster than polymer-

assisted additively manufactured nanothermite composites of similar loading [18, 50].
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Figure 3.11: Propagation of rGO(20%)/Al/Fe2O3 sample in second test set

37



3.2.2 Thermal Imaging

Thermal measurements can provide information regarding the combustion of nanothermite

materials and demonstrate the quality of such materials. Combustion temperature could

dictate the applicability of the material as well as provide insight into the fundamental

physics of the reaction itself. When processing the results of the thermal camera, emissivity

is a key parameter that affects the temperature measurement. However, no research has

been published on the emissivity of nanothermite, largely due to its extremely high reaction

rate. In some simulation based research, a value of 0.1 is used as the assumed emissivity

for nanothermite reactions [51, 52]. However, if 0.1 is used as the emissivity in the case of

these trials the maximum temperature is measured to be over 6000◦C, much higher than the

adiabatic flame temperature of Al at 3732◦C. The carbon in the reduced graphene structure

is likely the cause of the need for a higher emissivity value. Considering the possible

role of rGO changing the emissivity, the samples were separated into three groups based

on their percent graphene loading and assigned a consistent emissivity for that loading

such that none of the maximum temperatures surpassed the adiabatic flame temperature

of aluminum. It is expected that the local maximum temperature will closely approach

the adiabatic flame temperature of aluminum and oxygen as shown in a previous study

where a polymer binder was used [13]. The emissivity was assigned during the first set

of experiments and used during both the first and second sets of thermal combustion

experiments. It is of note that the emissivity value only changes the absolute temperature

reading, and the relative temperature distribution among the samples will not change.

Future research is required to accurately measure the emissivity values associated with
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Table 3.5: Emissivity Values by Nanoparticle Loading

Graphene Loading Emissivity
20% GO 0.23
10% GO 0.22
5% GO 0.19

Table 3.6: Maximum Combustion Temperature

Sample Peak Temp. Trial 1 (◦C) Peak Temp. Trial 2 (◦C)
rGO(20%)/Al/Fe2O3 3614 3540
rGO(10%)/Al/Fe2O3 2962 -
rGO(5%)/Al/Fe2O3 3669 -
rGO(20%)/Al/Bi2O3 3630 3278
rGO(10%)/Al/Bi2O3 3710 -
rGO(5%)/Al/Bi2O3 3029 -
rGO(20%)/Al/CuO - 3631

nanothermite combustion. The determined emissivity values for each graphene loading

percentage are summarized in Table 3.5.

Selected frames of the thermal footage of the propagation of rGO/Al/Fe2O3, rGO/Al/CuO,

and rGO/Al/Bi2O3, all with a GO loading percentage of 20% are shown in Figure 3.12. It

is of note that due to the propagation rate and limited frame capture rate of the thermal

camera, only samples containing at least 20% GO were able to capture a reasonable num-

ber of frames for the combustion of the samples. Figure 3.13 demonstrates the combustion

of the 5% and 10% GO samples which are qualitatively analyzed and discussed. In all sam-

ples, a hot flame can be seen propagating, following a thin preheating zone, and followed

by a thicker cooling zone. The maximum temperatures from the thermal measurements

are summarized in Table 3.6.
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Figure 3.12: Thermal propagation images for 20% GO samples
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Figure 3.13: Thermal propagation images for 5% and 10% GO samples
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Figure 3.14: Residue of rGO/Al/CuO Sample

3.3 Post-Combustion Analysis

Figure 3.14 shows an image of the energetic aerogel material after combustion has occurred.

In a typical nanothermite combustion the post-combustion residue is very difficult to obtain

due to the near-detonation during combustion. The material is scattered from the ignition

point or vaporized, depending on the reacting metals and metal oxides. However, for the

energetic aerogel developed in this research, the controlled combustion of relatively low

particle loading, and the structure of the graphene skeleton facilitated the recovery of the

post-combustion material. This allows for a thorough analysis of the combusted aerogel

products. The goal of the analysis is to determine how the metal fuel and metal oxides

react with each other within the graphene structure and thermite clusters.
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3.3.1 SEM, EDS, & TEM

SEM was first used to evaluate the microstructure of the samples after combustion. It

can be seen that there are significant differences in the morphology of all of the samples

after the high-temperature reactions. In rGO/Al/Fe2O3, seen in Figure 3.15 A, several

large particles on the order of hundreds of nanometers to one micron in diameter, are

seen throughout the sample. This is much larger than the initial particle sizes of the raw

materials used in the fabrication of the aerogel, 100 nm Al and 100 nm Fe2O3. These

large particles are formed due to reactive sintering due to a diffusive reaction, causing the

nanoparticles to lose their nanostructure within nanoseconds as the temperature increases

during combustion [9]. Reactive sintering is also seen in the rGO/Al/CuO sample as shown

in 3.15 C, corresponding well with previously published data [13]. The different levels of

brightness in these images indicate the different elements that have sintered together in this

reaction such as Al and Fe, or Al and Cu. Additionally, the size of the sintered particles

is similar to the size of the nanoclusters as shown in the SEM images before combustion,

indicating that it is highly likely that the origin of the sintered particles is the original

clusters. In the high-magnitude images of Figure 3.15 B, D, and F it can be seen that

there are small, densely packed nanoparticles attached to a substrate, the rGO structure.

The particles are nearly spherical and evenly distributed on the rGO sheets. The sizes

of these nanoparticles range from 5 to 50 nm in diameter, much smaller than the raw

nanoparticles sizes used in fabrication. Therefore, these tiny particles must be generated

as a product during the combustion of the nanothermite aerogel, along with the larger

reactively sintered particles.
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Figure 3.15: SEM of rGO/Al/Fe2O3 (A,B), rGO/Al/CuO (C,D), and rGO/Al/Bi2O3 (E,F)
post-combustion

The residue material of rGO/Al/Bi2O3 however, presents a different structure after

combustion. In 3.15 E it can be seen that there are no large sintered Al or Bi parti-

cles. The same graphene skeleton seen in the previous samples is also seen in combusted

rGO/Al/Bi2O3, holding the reacted particles on its surface. EDS results were analyzed to

show that the Bi content post-combustion is 25wt%, which is much less than the 59wt%

of Bi in the raw material used in the nanothermite ink. This demonstrates that there is

a significant loss of Bi during the reaction. This loss may be attributed to the boiling of

Bi and Bi2O3, as their boiling points are 1564 ◦C and 1890◦C respectively. These boiling

points are notably lower than those of Fe and Cu at 2862◦C and 2562◦C, respectively. The

Al content measured in EDS was measured to be approximately 50%, indicating that the

Al was well preserved during the reaction. Since no large Al or Bi sintered particles are

observed, the reaction mechanism for Al/Bi2O3 was different than those samples that un-
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Figure 3.16: EDS of rGO/Al/Bi2O3 post-combustion

derwent reactive sintering. On the surface of the graphene skeleton of the rGO/Al/Bi2O3

sample, many small circular objects can be seen in 3.15 E highlighted with blue ellipses.

These circular objects have diameters of approximately 100 nm and appear hollow in the

images. A magnified view of the objects is seen in 3.15 F, confirming a hollow structure

with some defects on the shell surface. 3.15 F also demonstrates some very small particles,

less than 50 nm in diameter, similar to the particles observed in 3.15 B and D. Figure

3.16 demonstrates the EDS measurement of rGO/Al/Bi2O3. The accuracy of the EDS

measurement is limited by the maximum resolution of the image. This makes it difficult

to determine the elemental composition of the structures seen at this magnitude.

While the SEM and EDS provided interesting information that has not previously

been seen, such as the tiny particles on the rGO sheets and the hollow shell structures in

rGO/Al/Bi2O3, finer details were desired. Therefore TEM and EDS measurements were

carried out for each of the three post combustion samples. Figure 3.17 demonstrates the

TEM and EDS images of rGO/Al/Fe2O3 after combustion. Similar to the SEM shown

previously, it is observed that there is a mixture of sintered particles and smaller scattered

particles. The large sintered particles have sizes on the order of 1 µm in diameter. The

smaller particles are much smaller than 100 nm as seen in Figure 3.17 B. EDS results show
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that Al and O have a nearly identical distribution, indicating the formation of Al2O3, while

Fe appears to be reduced to a near pure composition due to the oxidation of aluminum.

EDS also demonstrates that the small particles consist of Al and O, indicating the oxidation

of aluminum. As seen previously, the size of the small Al particles is much smaller than

the raw aluminum that was apparent prior to combustion and must have been generated

during the combustion process. This demonstrates that reactive sintering alone cannot fully

explain the reaction mechanism occurring in this thermite reaction. It is hypothesized that

melt dispersion occurs during the rapid heating of the Al nanoparticles. In this case, the

temperature of the Al nanoparticles increases rapidly, causing the inner Al core to melt

and potentially vaporize causing a high pressure within the aluminum oxide shell due to

expansion. This high pressure causes the outer aluminum oxide shell to burst and eject

small particles of melted or vaporized aluminum. The spallation of tiny Al droplets could

either react with the surrounding particles or solidify as smaller particles on the surface of

the rGO structure. The oxidation of the solidifying particles on the surface could be due

to the thermite reaction or oxidation from environmental oxygen.

Figure 3.18 demonstrates the TEM and EDS images of rGO/Al/CuO post combus-

tion. Similar to rGO/Al/Fe2O3, both sintered particles and scattered smaller particles are

present in the image. The sintered particles seen in the rGO/Al/CuO sample are on the

order of a few hundred nanometers, smaller than those of rGO/Al/Fe2O3, and smaller than

sintered Al/CuO samples reported in previous literature [13]. This indicates that the sin-

tering process typically includes fewer nanoparticles than previously shown. This is likely

caused by the unique structure of the rGO skeleton and the subsequent reaction process

of the thermite. In the previously reported polymer-assisted printing [13] the theoretical
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Figure 3.17: TEM of rGO/Al/Fe2O3 Sample
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maximum density was approximately 10%, much higher than that of this study, leading to

larger agglomerations and subsequent sintered particles, The high porosity structure used

in this experiment limits the number of nanoparticles that can reach each other during the

reaction to sinter together. The tightly wrapped rGO/nanoparticle clusters form small re-

action units, leading to the redox reaction occurring within its own structure. The sintered

particles of rGO/Al/CuO are likely smaller than those of rGO/Al/Fe2O3 due to the higher

reactivity and lower ignition temperature of Al/CuO compared to Al/Fe2O3. The higher

reaction rate of Al/CuO allows the redox reaction to complete within a larger number of

small reaction clusters compared to Al/Fe2O3. The lower ignition temperature results in

a more even flame front with more ignition sites, thus forming smaller sintered particles.

Also, similar to the rGO/Al/Fe2O3 sample, there are many small particles attached to rGO

sheets composed of Al and O in the combustion residue, significantly smaller than the orig-

inal material. Once again, this is an indication of a melt dispersion reaction mechanism

that contributes to the reaction of Al and CuO as well as reactive sintering.

Figure 3.19 demonstrates the TEM and EDS images for the rGO/Al/Bi2O3 sample post

combustion. The microstructures seen in the rGO/Al/Bi@O3 sample are clearly different

than those in the rGO/Al/Fe2O3 and rGO/Al/CuO samples. It can be seen that there are

no large, solid sintered particles in the resultant material from the combustion. Many tiny

particles are seen in the background of the image, attached to the reduced graphene sheet

skeleton. Similar to the other two samples these particles are oxidized aluminum. These

small oxidized aluminum particles are around 30 nm in size, much smaller than the 100

nm aluminum used in the ink solution, and are not perfectly spherical. It is hypothesized

that these tiny particles are produced during the spallation of aluminum from the reactive
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Figure 3.18: TEM of rGO/Al/CuO Sample
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aluminum core, indicating that melt dispersion is occurring during this thermite reaction.

Additionally, hollow shell structures in the size range of 100 to 400 nm in diameter are

seen throughout the sample shown in 3.19 A and B. EDS results in 3.19 confirm that

these hollow structures are composed of aluminum oxide. The size and shape of the shell

structures indicate that they were likely produced during the rapid heating and spallation

of the reactive aluminum core, leaving behind the hollow spherical aluminum oxide shell.

it is of note that the post-combustion aluminum oxide shells are approximately 20 nm in

thickness, which is much thicker than the original amorphous aluminum oxide shells, which

are typically less than 4nm thick [53]. The significant growth of the aluminum oxide shell

reveals the occurrence of a redox chemical reaction between the interfacial contact of Al

and Bi2O3 likely caused by diffusion. The reduced bismuth, however, presents a drastically

different distribution compared to the Fe and Cu in the previous samples. As summarized

in EDS statistical data from SEM, a significant loss of Bi occurred during the combustion

of the sample due to its evaporation. The TEM-EDS results shown in 3.19 F confirm this.

The bismuth is seen to be evenly distributed across the sampled region in the image rather

than sintering together into larger particles. This is a clear result of the vaporization and

subsequent condensation of Bi or Bi2O3. Therefore, this is the reason why Bi is not seen

directly in the SEM images but is seen as a distribution in the EDS images. The slightly

more concentrated areas of Bi overlap with the hollow Al2O3 structure indicating a reaction

on the surface of these particles, further confirming the reaction driven by diffusion on the

shell surface. A few extremely small particles, no larger than 10nm are also seen in this

sample, which is also representative of the solidification of evaporate Bi, with minor crystal

growth.
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Figure 3.19: TEM of rGO/Al/Bi2O3 Sample
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Chapter 4

Discussion

4.1 Thermal Propagation Analysis

Thermal propagation during combustion is a key factor in the evaluation of the energetic

aerogel for select applications. The heating and cooling zones can give a lot of information

on the behavior of the material. Due to limitations in the frame capture rate of the

thermal camera at 750fps, thermal analysis could only be completed on the samples made

with 20% GO. For the samples containing 5% and 10% GO, only a few frames were able to

be captured during combustion. Selected frames of the thermal footage of the combustion

of rGO(20%)/Al/Bi2O3 and rGO(20%)/Al/Fe2O3 along with their respective center line

temperature profiles over time are shown in Figure 4.1. The center line location where

temperature is measured for this analysis is shown in Figure 4.1 A and C. It is of note

that the high peak temperature at 1.5mm is caused by the laser used for ignition and is
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Figure 4.1: Thermal propagation of rGO(20%)/Al/MOx samples

disregarded in the analysis of this experiment.

Clearly visible in Figure 4.1 A and C a hot flame is seen propagating, led by a thin

pre-heating zone and followed by a thick cooling zone. The pre-heating zone is defined

as the zone in front of the peak temperature ranging from 90% to 10% of the difference

between peak temperature and the lowest temperature ahead of the flame front. Similarly,

the cooling zone is defined as the zone behind the flame front, ranging from 90% to 10% of

the difference between the peak temperature and the lowest temperature measured behind
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Figure 4.2: Pre-heating and cooling zone widths of rGO(20%)/Al/Bi2O3 and
rGO(20%)/Al/Fe2O3

the peak temperature. Both the pre-heating and cooling zones can be easily distinguished

and labeled for the rGO(20%)/Al/Bi2O3 sample due to its slow and steady propagation.

Therefore the rGO(20%)/Al/Bi2O3 sample was primarily used for the thermal analysis of

the aerogel material. A pre-heating zone, ranging from roughly 200-1000 µm in width can

be seen as red boxes in Figure 4.1 B, and a cooling zone up to 4mm in width can be seen

as blue boxes in Figure 4.1 B. The change in pre-heating and cooling zone widths over

time can be seen in 4.2. It is clearly seen that the widths of both zones increased with

propagation until 60-65 ms. As the reaction approached its end, the width of the preheating

zone reduced due to the limited remaining sample and more irregular propagation, possibly

due to convection. At the same time, the cooling zone width reached a plateau, indicating

that a possible equilibrium had been reached between the heat generation, heat transfer,

and heat loss to the environment.
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Within the preheating zone, a highly linear temperature rise can be seen between

1000◦C and the peak temperature. It can be calculated that the thermal gradient, repre-

sented by the slope in the graph, can be calculated to be between 3-6×106 K/m. This is a

much lower thermal gradient than reported values for the reaction front at 1010 [54], and

the sintering zone at 3×107 K/m [13]. The reduction in thermal gradient is likely caused

by the increased thermal conductivity of rGO. The calculated overall heat transfer rate

in the preheating zone is calculated to be around 3 Wm−1K−1. This is higher than the

thermal conductivity values reported in literature for Al/Fe2O3 nanothermite with 0.7-0.9

porosity at 0.4-2 W/mK [55] or a consolidated aluminum pellet with 0.2-0.6 porosity at

0.2-1 W/mK [56]. Both previous works used samples with lower porosity than the tested

samples in this experiment, further indicating the enhanced conductivity of the aerogel.

A recent publication indicated that increasing the thermal conductivity of nanothermite

material can enhance the heat transfer modes to the unreacted nanothermite region and

subsequently increase the combustion rate [57]. It should be noted that the possibility of

thermal convection carried by hot gas or hot ejections as well as thermal radiation cannot

be ruled out from the thermal measurements. However, the convection effect would have

to account for 90% of heat transfer for the conductivity to be on the same magnitude as

previously published results of nanothermite with similar porosity. Additionally based on

the linear temperature gradient in the preheating zone, it is hypothesized that the primary

mode of heat transfer is conduction. Considering the high porosity of the sample, 98%, and

lower thermal conductivity of Bi2O3 at around 1 W/mK [58], it is reasonable to believe

that the great heat transfer rate can be mainly attributed to the highly conductive rGO

skeleton. Moreover, the measured value here is one of the first few reported experimentally
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in nanothermite research and can be used for modeling such systems with a low theoretical

maximum density.

The cooling zone can also be used to analyze the heat transfer properties of the nan-

othermite aerogel samples. The plateau of the cooling zone of the rGO(20%)/Al/Bi2O3

sample settled around 3.6mm, which is much thicker than what has been reported in poly-

mer assisted nanothermite [13]. It is hypothesized that the heat from the reaction was well

dissipated throughout the sample due to the addition of the thermally conductive rGO.

The thermal camera footage and temperature profile of rGO(20%)/Al/Fe2O3 can be

seen in Figure 4.1 C and D. Immediately it can be seen that the reaction of this sample

was far more violent and irregular than that of the rGO(20%)/Al/Bi2O3 sample. The

boundary between the flame front, preheating zone, and cooling zone are also less evident,

However, the same 90%-10% analysis can be implemented with some confidence. Similar to

the rGO(20%)/Al/Bi2O3 sample the rGO(20%)/Al/Fe2O3 sample both the preheating and

cooling zones increased in width as the reaction propagated. Additionally, the preheating

zone began to plateau and reduce as previously seen. One difference is that the cooling

zone did not reach equilibrium. This is possibly due to the violence of the reaction from

the higher aluminum percentage and lower activation energy of Al/Fe2O3 at 145 kJ/mol,

compared to that of Al/Bi2O3 at 210 kJ/mol [59, 60]. The more violent reaction could

cause the material to be ejected from the sample holder or shift the material out of the

camera’s focus.
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4.2 Effect of Graphene

Combining the DSC/TGA and combustion test results, it can be concluded that the rGO

used in the printed aerogel plays many roles in the structure of the gel, both enriching and

diminishing the reactivity at the same time. The rGO skeleton allowed nanoparticles to

assemble and form a unique porous structure which was able to accelerate the reaction. In

polymer assisted 3D printed nanothermite materials, the polymer forms a continuous phase

with metal fuel and metal oxide particles dispersed throughout the material, significantly

reducing the amount of contact between reacting particles [17]. Although some polymers

used in 3D printing are considered oxidizers themselves, such as fluoropolymers [13, 18],

the slow decomposition of these polymers is the rate-determining step of the combustion.

However, in the 3D printed rGO/Al/MOx samples, no polymer was involved, and more

importantly, the metal fuel and metal oxide particles were tightly packed together into

clusters. A recently proposed reaction mechanism of nanothermtie combustion based on

reactive sintering and heat transfer can help explain this improvement [13]. In micro-scale

visualization of Al/CuO nanothermite combustion, it was almost always observed that the

thermite reaction happened locally within an agglomerate of Al and CuO nanoparticles,

accompanied by the sintering of the fuel and oxidizer particles within its volume. As a

result, an individual particle assembly of a micro-sized Al2O3 particle covered by Cu is

formed. The propagation rate within the sintered particle was around 50 cm/s. However,

the sintered particle significantly limited the heat transfer to neighboring areas, reducing

the macroscale flame velocity to only 3 cm/s. In the 3D printed nanothermite aerogel

structure presented in this thesis, the formation of clusters during the 3D printing process is

57



expected to facilitate the agglomeration of reactive nanoparticles and subsequently enhance

the reactivity. The significantly reduced diffusion length between the metal fuel and the

metal oxide allows for a much faster condensed phase reaction [43]. Meanwhile, the rGO

skeleton efficiently transfers heat from one agglomerate to the next, further enhancing

the reaction rate. Lastly, the micron-sized pores within the rGO skeleton allowed hot

combustion products to better propagate inside the structure, leading to the local formation

of hot spots in the scaffold [29].

It is possible that the rGO skeleton also hindered the propagation of the nanothermite

reaction. When the nanoparticle loading was lower, and the GO loading was higher,

the combustion enthalpy per unit mass for the thermite reaction was less. The greater

amount of rGO is likely acting as a barrier, effectively reducing the contact between the

metal Al and metal oxide particles, therefore reducing the activity. Also, the thermally

conductive rGO structure could be dissipating the heat generated during the reaction,

hindering combustion progress. Therefore, the nanoparticle loading percentage must be

higher than a certain threshold to guarantee the accelerating effect of rGO in the final

aerogel. This value is dependent on several parameters, including the topology of the

printed aerogel, the properties of the nanothermite materials, and the amount of EDA

used in the gelation reaction when printing. The results observed in this study suggest

that increasing the nanoparticle loading beyond 95% may produce even faster and more

energetic combustion and would also reduce the effects of rGO in forming localized clusters.
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4.3 Reaction Mechanisms

The micro-morphology of each of the three rGO/Al/Metal oxide samples after combus-

tion offers great insights into the chemical reactions and physical processes that dictate

the reaction mechanisms and propagation of the combustion. Overall, the reaction mech-

anism is highly dependent on the metal oxide chosen for the combustion as evident by

the very different morphologies of the sample residue post-combustion. For non-volatile

metal oxides, of which both the metal oxides and its corresponding metal (ex. Fe2O3 and

Fe) have very high boiling points, the post combustion debris confirmed the co-occurrence

of both reactive sintering and melt dispersion. However, in rGO/Al/Bi2O3 where Bi and

Bi2O3 have relatively low boiling points, the reactive sintering is absent while the reaction

diffusion and melt dispersion are seen.

The major difference between the samples is whether or not reactive sintering is ob-

served. In the rGO/Al/Fe2O3 and rGO/Al/CuO samples, both sintered Al and sintered

Fe/Cu are seen. This indicates that the temperature of the flame front is higher than the

melting points of Fe and Cu at 1538◦C and 1085◦C, respectively, but may be lower than

the boiling point of Fe or Cu at 2662◦C and 2562◦C, respectively. These temperatures

correspond fairly well with the measured median flame front temperature of Al/CuO from

two color pyrometry data at about 2700◦C as seen in previous research [13]. This also

indicates that the approximation for the emissivity of the samples may be incorrect as the

boiling of Fe and Cu are not seen. However, the maximum temperature of the combustion

could locally reach temperatures above the boiling points of Fe and Cu throughout the

sample without having the time to boil a significant amount of the material, with the heat
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potentially being dispersed throughout the sample via the graphene structure. Overall,

due to technological constraints, this is an approximation that all research groups working

with the combustion of nanothermite must make.

In the rGO/Al/Bi2O3 sample, the boiling of Bi2O3 and Bi causes a significant amount

of heat consumption during the combustion, leading to a significantly lower maximum

temperature at the flame front. Looking at the samples with 20% GO by weight the max-

imum temperatures for rGO/Al/Bi2O3, rGO/Al/Fe2O3, and rGO/Al/CuO were 3278◦C,

3540◦C, and 3632◦C, respectively. Although there is still limited certainty of the maxi-

mum temperature during combustion, the temperature of rGO/Al/Bi2O3 is conclusively

about 300◦C lower than the other two samples. Therefore, it is reasonable to hypothesize

that reactive sintering of Al nanoparticles has a high temperature threshold to trigger and

complete during the combustion. Past research has shown that the reactive sintering of Al

in Al/CuO finishes within 10 ms at 1200◦C [9], while the extremely fast heating (1011K/s)

caused the reactive sintering of Al within 0.5 µs[61]. While the combustion temperature is

definitely considerably higher than 1200◦C, considering the boiling point of Bi2O3 and Bi,

the duration of the locally high temperature may not be sufficient to allow Al nanopar-

ticles to sinter. Therefore, although reactive sintering of Al is clearly a well-established

and confirmed reaction mechanism for high temperature nanothermite combustion with

relatively low speed, it may not be universal to all energetic nanomaterials.

The occurrence of melt dispersion is consistently observed in all of the tested samples.

In each of the three sample cases, the small oxidized aluminum particles of less than

100nm in diameter are densely attached to the surface of the rGO sheets. The spallation

of Al, as described by previous research [40, 45], is the most reasonable explanation for

60



this phenomenon. The Al-O particles formed on the rGO skeleton in the rGO/Al/Fe2O3

and rGO/Al/CuO samples are very spherical as seen in the TEM images, whereas the

Al-O particles present in the rGO/Al/Bi2O3 sample are more irregular in shape. This is

likely caused by the difference in reaction temperature and subsequent reaction violence

during combustion. The higher temperature of the rGO/Al/Fe2O3 and rGO/Al/CuO

combustion may cause a stronger ejection of molten or vaporized Al due to the more

rapid pressurization of the Al2O3 shell. This more rapid and hotter material travels to

the rGO sheets and condenses into spherical particles in cooling. On the other hand, for

rGO/Al/Bi2O3, the melt dispersion effect is weaker at lower temperatures, resulting in

lower temperature Al to be ejected which can condense quicker into irregular forms upon

contact with the graphene sheets. Additionally, in the rGO/Al/Bi2O3 sample, the presence

of the hollow Al2O3 shell strongly supports the melt dispersion case. The hollow shell with

partial openings indicates that it is cracking and breaking during the reaction, and the

fragments confirm high stress is generated within the core of the particle. The presence of

melt dispersion in the rGO/Al/Bi2O3 sample also suggests that melt dispersion will occur

before reactive sintering under low temperatures or at faster heating rates.

Overall, it is critical to analyze all of the possible pathways for the chemical redox

reaction and physical processes that occur during combustion. Although reactive sintering

is not observed in rGO/Al/Bi2O3 post-combustion material, the thickened layer of Al2O3

clearly indicates that a diffusion based reaction occurred at the interface of the fuel and

oxidizer nanoparticles. Therefore, a diffusion reaction, including at least partial reactive

sintering, plays a significant role in all three samples during the reaction. It is reasonable

to believe that both reactive sintering and melt dispersion exist during the combustion of
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all samples with a propagation speed between 15 - 60 cm/s. The high boiling point and de-

composition temperatures of Fe3O3 make rGO/Al/Fe2O3 a great reference sample with the

simplest process. The exothermic reaction is likely triggered by both interfacial diffusion

between fuel and oxidizer and reactive sintering, and the propagation is caused by mass dif-

fusion, heat transfer, and melt dispersion. In rGO/Al/CuO, another major process occurs.

Between 850◦C and 1000◦C CuO decomposes into Cu2O [62], which can provide additional

oxygen for the reaction with aluminum. While the additional oxygen is not required for

the ignition of nanothermite [49], the formation of this oxygen gas can contribute to the

higher propagation rate seen in the rGO/Al/CuO sample. In rGO/Al/Bi2O3, the low boil-

ing points of Bi2O3 and Bi significantly reduced the reaction temperature of this material,

hindering the occurrence of reactive sintering. However, the combustion speed was only

slightly lower than that of rGO/Al/Fe2O3. it is hypothesized that the boiled Bi2O3 or

Bi vapor may travel across the sample similar to the gaseous oxygen of rGO/Al/CuO,

heating up or igniting the unreacted sample, accelerating the flame propagation. Overall,

the combustion behavior of nanothermite is therefore governed by the physical properties

of the metal fuel and metal oxide selected for the reaction.

4.4 Applications

There is a wide range of applications for the additively manufactured energetic aerogel

developed in this project. The great variability and controllability of the combustion be-

havior allow it to be suited for several applications. Slower burning materials with lower

energetic nanoparticle loading could be well suited for propellant, soldering, or welding.
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The high temperature combustion is expected to aid in applications where a lot of heat is

required such as welding. The faster burning samples with higher energetic nanoparticle

loading could be used for explosives, pyrotechnics, and triggering mechanisms. Based on

the direct ink writing method if the loading percentage of the aerogel could be controlled

during the print, a functionally graded material could be created. The functional grading

of a solid energetic material could be used in several applications including solid rocket mo-

tors, which typically require complex manufacturing methods [60]. If a solid rocket could

be functionally graded a less complex grain geometry could be used as the combustion of

the fuel could be controlled via other means such as the loading of reactive components in

the fuel. It is important to note that the applications of this direct ink writing additive

manufacturing method are not limited to combustible materials. The wide range of par-

ticle loading and unique porous graphene structure could have benefits for applications in

supercapacitors, electrodes, and catalysts.
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Chapter 5

Conclusions

This work investigated the structural, thermochemical, and combustion properties of a

novel, polymer-free nanothermite aerogel fabricated by an innovative direct ink writing

method. An rGO/Al/MOx nanothermite aerogel with flexible nanoparticle loading was

fabricated at room temperature by reducing graphene oxide sheets in-line in a direct ink

writing system via a reaction with EDA. The printed nanothermite aerogel presented a

unique porous structure of interconnected reduced graphene oxide sheets and indepen-

dently wrapped nanothermite clusters within the sheets. The nanoparticles showed no

sign of phase separation and showed great dispersion and homogeneity within the reduced

graphene oxide skeleton. The tightly packed metal fuel and metal oxide nanoparticles

within each cluster enclosed by graphene sheets significantly shortened the required diffu-

sion length for the occurrence of an energetic reaction. This reduced the reaction tempera-

ture and promoted the occurrence of condensed-phase reactions, accelerating the reaction

propagation. With a nanoparticle loading of over 90%, the material showed a linear burn
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rate on the order of meters per second, which is much higher than the polymer assisted

3D printed nanothermite composites, highlighting the merit of the polymer-free structure

developed over the course of this project. The nanothermite aerogel also demonstrated a

high combustion temperature, comparable to other alternative 3D printed energetic mate-

rials. It was confirmed that while rGO helped to form local reactive clusters to facilitate

nanothermite reactions, a relatively high nanoparticle loading was favored to achieve a

high combustion rate. It was also shown that rGO played both a role in primarily cat-

alyzing, but also likely hindering the propagation of combustion, ultimately leading to a

high combustion rate of the aerogel compared to polymer based nanothermite 3D printing

methods.

This work also investigated the reaction mechanisms of the three nanothermite pairings

using the unique structure of the rGO aerogel to analyze the post-combustion residue.

The strong, porous graphene structure of the aerogel allowed for the effective collection

of post-combustion materials for deeper analysis using electron microscopy to gain an

improved understanding of the nanothermite reactions. The melt dispersion and diffusion

mechanisms, which were previously thought to be contradictory, have been shown to appear

simultaneously in the reactions depending on the metal and metal oxide pairing. Reactive

sintering required a relatively higher temperature to take place, thus was absent in the

rGO/Al/Bi2O3 sample due to the lower temperature of combustion caused by the boiling

of Bi and Bi2O3. Reaction via general diffusion is observed in all samples regardless of

the temperature. Melt dispersion was also shown to have occurred across all samples,

especially under the circumstances of lower reaction temperature. This was confirmed by

the densely scattered Al-O nanoparticles that were smaller than the raw material used
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in printing and by the fragmented Al2O3 shells. The elevated temperature caused the Al

nanoparticles to melt or evaporate as seen by the very spherical condensed particles. The

reactivity and rate at which aluminum is ejected from the aluminum oxide shell can be an

important factor that boosts the propagation rate of combustion. Other contributors such

as the generation of gaseous oxygen due to decomposition will also change the macroscopic

reaction properties of the nanothermite material. In summary, the choice of metal oxide

plays a critical role in the reaction performance of nanothermite, and the occurrence of

different reaction pathways can be used to achieve desired behaviors for various materials.
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Chapter 6

Future Work

The primary focus of this project moving forward will be the continuous development

of the additive manufacturing system to improve and optimize the system. This rGO

nanoparticle aerogel has promise for both fundamental scientific research and a variety of

industrial applications, with and beyond nanoenergetic materials. The objective moving

forward will be to improve the consistency and accuracy of the prints such that more

complex and detailed structures can be printed with better controllability. It is desired to

have printed material of complex shapes with no breakages, deformities, or inconsistencies.

Potential improvements also lie in the mixing of nanoparticles and reducing agents in

the direct ink writing method. One major improvement that could be made with the

nanothermite ink creation is the variability in loading of the ink in-situ. This would mean

that while printing, based on fluid flow rate the loading of graphene oxide, metal fuel, and

metal oxide could be varied throughout the print. It would also be beneficial to test other

additives that could help the print depending on the desired application. For example,
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a gasifying agent could be included for the application of a propellant. Additionally, if

a greater level of automation could be implemented into the system, the product would

be more viable for commercial applications as less human intervention would be required.

Overall, the development of this project and product will be a large engineering endeavor

and could suit many purposes.

The secondary focus of this project will be continuing to use the additively manufac-

tured graphene aerogel structure to gain a better understanding of the reaction mechanisms

of nanothermite. The reaction mechanisms of other common nanothermite metal/metal

oxide combinations can be analyzed to gain a deeper understanding of how their reactions

propagate, which can lead engineers to better design thermite compositions based on the

application.
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