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Abstract

Nanaenergetic materials, also known as metastable intermetallic composites (MICs), have
shown promis in applicationssuch agpropellants, pyrotechnics, and explosives. The work
in this thesispursuesa deep understanding ehe reaction mechanisms of typical nano
thermite composites and the functions of CNTs in Awleomite reactionslhe thesidbegins
with the development of nartbermite composites with layered structure using Al an@fe
nanoparticles viathe Electrophoretic Deposition EPD) process. The narthermite
composites shova consistencyin onset temperature even witlifferent ratios of Al and
FexOs, which suggests uniform interfacial formation, where the ftaaomite reactionare
initiated. This work investigates the reaction mechanisms of typical {theonite
compositesAl/CuO and AI/NiO. The results show that the Al/CuO ndhermite system
exhibitsa gassolid reaction mechanism, whereas the Al/NiO systetibits acondensed
phase reaction nebanism Furthermorethe functions of CNTs in nartbermite reactions
are investigatedlhe mass transfer mechanisms and thermal conductivities affect the energy
release and reaction ratsmprovemergin thermal conductivity and mass transiez able to
enhance the reactivity of naileermite compositesMeasurenents indicatethat CNTs
possessextremely high thermal conductivity compared with Al and metal oxidizers
Meanwhile the NiO nanoparticles and CNTeactto release CO or C(at the initialstage
of the thermite reaction. The CO or &€€arrythe oxygen atoms to the Al layers, followed
bythe reaction between Al and @@verall,the function ofCNTs in nanethermite reactios

using the AI/NiO nandhermite composités to change the reactioftom a solid-solid



mechanisnio acondensegbhase nechanism. Finally, silicon wafeese weldedising nane
thermite composites in order to achieve the application attdimpas been showrthat
increasing energy release and decreaspgrentctivationenergy can provide anhanced
amount of energyo the interfacial area, which producleettermechanical strengtin the

welded zone.
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Chapter 1: Introduction

Energetic materials have shown their promise in applications such as propellants,
pyrotechnics, and explosives. Melalsedenergeticmaterials, also known as thermite
composites, have been attracting more attemtioacent decades due to their higher energy
density compared with other types arfergeticmaterials. Micresized powders havieeen
usedin traditional thermite systems, wh havebeen utilizedin many industrial areas.
However, the drawbacks of thesenventionathermite composites restrict the universality
of their useTo improve the performance of thermite composites, faped powders known
as metastable intermetalikcomposites (MICs) or nartbermite composites, with lower onset
temperatures and higher burning rates than those of bulk metal, are developeithdxarte
composites show a significant improvement by providing energy with fast reaction rates in
micros@le applications. Although the research on rém@smite composites haseen
conductedor several decades, the existing investigation technologies limit the progress of
fundamental research on nati@rmite reactions. The work in this thesis introducethous
to solve the problempertaining tothe investigation of nanthermite composite reaction

mechanisms. A welding attempt using ndhermiteis also conducted

1.1 Energetic materials
Energetic materials include a wide range of materials that cavagiamounts of energy.
In the monomolecular compound category, the comerargetianaterials are TN;JRDX,

HMX, and CL-20 [1]. The monomoleculaenergeticmaterials can perform exothermic



reactions withhigh-speedreaction rates. However, energy densities of monomolecular
compounds areetatively low compared to metalsed fuels. Metddased fuels can contain
Zr, Ti, Mg, Al, and B among other elements. The comparison of energy densities amongst

these elements cdre seenn Figure 11.

Zr
Ti |—
MQ |r—— —
Al
B
CL-20 — —
RDX —— -
HMX —— —
TNT //—— —

0 10 20 30 40 50 0 30 60 90 120 150
[kJ/g] [kJ/cm?]

Maximum combustion enthalpy

Figure 11 Reaction enthalpy of monomolecular energetic materials and metalfels

Metal fuels selected fagnergeticapplications show higher energy release, both by mass
and by volume, compared to monomolecw@aergeticmaterials. The metal fuels used for
energeticpurposesare formedwith powde morphology, leading to slower and more
controllable reaction rates compared with monomolecafsrgeticmaterials. For two
decades, metdlasedenergeticmaterials have drawn a growing interest in the scientific
domainandcivil industry, thanks to theiattractivecapacity of producing localizeghs, heat,

and powej2].



1.2 Thermite composites and applications

Goldschmidt first defined thermite in 1908 when he was trying to produce pure metals.
Thermite refers to the combination of two or more components that store great amounts of
chemical energy that can be released rapidly. Thermite reactions describe the reaction
between oxidizeand fuel, which involves reduction of the metallic oxidizer and oxidation
of the fuel. The fuels can be aluminum, magnesium, titanium, zinc, silicon, or boron. Because
of its high volumetric energy density and affinity for oxygen, aluminum is used wisl¢hea
fuel componenf4]. Aluminumi s abundant in the earthos cru
high reactivity as well abenignproducts. Meanwhile, the aluminum oxide shell serving as
a passivation shelt able toprevent reactive Al from further oxidah and achieve safer
storage. The oxidizers of thermite composites include such elements as copper oxide (CuO)
[5-16], iron oxide (FgOz) [17-19], molybdenum oxide (Mo§) [9, 20, 21] tungsten oxide
(WO3) [9], and nickel oxide (NiO)2, 22].

Thermite reactions produce a large amount of energy as shdwabla11. The adiabatic
reaction temperature can reach above 3000K with phase change and more than 5000K
without phase change.

Eg. 11 shows the typical thermite reaction:

M+ ADMO + AaH (Eq. 11)
whereM andAO are the metal (fuel) and oxidizeespectivelyMO andA refer to the newly

produced oxidizer and metakspectivelyandm Hs the enthalpy of the reaction.



Table 11 Thermochemicabropertiesof thermite systemg3]

Adiabatic reaction State of

Reactants Gas production| Heat of reaction
temperature (K) products
moles
No with State | State
gas |gofgas -Q, -Q,
Constituents| g/cn? | phase | phase of of

per per g callg | cal/cn?

changes changes oxide | metal
100g

2Al+3CuO | 5.109| 5718 2843 | liquid | 1-g |0.5400f 0.3431| 974.1 4976

2Al+Fe0s | 4.175| 4382 3135 | liquid l-g |0.1404| 0.0784 | 945.4 3947

2AI+3NiO | 5.214 | 3968 3187 | liquid -g |0.0108| 0.0063| 822.3 4288

2Al+MoO3z | 3.808 | 5574 3253 I-g liquid | 0.2425| 0.2473 | 1124 4279

2AI+WO3 | 5.458 | 5544 3253 I-g liquid | 0.1434| 0.1463 | 696.4 3801

4A+3WO, | 8.085| 4176 3253 I-g solid | 0.0662| 0.0675| 500.6 4047

4A1+3Mn0O. | 4.014 | 4829 2918 | liquid | gas |0.8136| 0.4470| 1159 4651

Thermitereactions can exposeminimalarea tcan extremely high temperatur€his heat
generatedn asmall spot can be used to cotetal or weld metal components by melting
joining componentsand by injecting molten metal from the thermite reagtimuuctg24].
For example, thermite maye usedor repairing locomotive axlrames by welding thick
steel sections without removing the gdrom theirinstalled location$24]. The traditional
applicationgn railway welding use micrgized powders of aluminum and iron oxide. The
mixture is ignited with a stick of magnesium. Due to tlsgnificant amount of heat

production, the thermite reaction is a type of -seltained reaction. Wing joining, the




railway partsare connectedh an enclosed sand mold with a defined gap. The melting iron
liquid, produced by the thermite reactjdlows down to the bottom of the reaction crucible
and injecs into thegapbetween two railwagectiong24].

Due to the high energy density of metal andakexide composites and simple apparatus,
thermite composites have shown attractive properties related to-thmias[25-27], micro-
initiation [28, 29] gas for actuatiof30, 31] gas for chemical reactidi32], heating and
welding[33], and switchind2, 34]. In the past cdnry, they havébeen extensively used

themilitary, mining, and demolition sectors.

1.3 Drawbacks of traditional thermite composites

One of the drawbacks of using metal fuels is the relatively low reaction rates upon ignition.
Due to the longer distance of mass and heat diffusion paths-sie powders have a long
ignition delay compared to the onset of monomolecetargeticcompainds. Thideadsto
longer selfsustaining combustion time between metal powders and ox$§idn addition
the micrasized metal fuels are not fully consumed during the reaction to provide energetic
benefits for applications such as explosives, propellants, and pyrotechnics. The ragagtion r
between metal powders and oxygea limitedby the oxygen transport time required to reach
the surface opowdersand the diffusion rate through the-®k shell[35].

Mixtures of Al micro-powders and metal oxides in thermite composites increase the
interfacial contact between reactants to make the thermite reaction tunable. However, the

contactbetween Al micrepowders and metal oxides does not reduce ignition delay, and does



not resul in a significantincreasein reaction rates. Ignition delag associateavith the
diffusion of oxygen through a natural Al passivation shell. Even with different reaction
mechanisms between Al and oxides, the oxygen provided by the oxide leads teasingc
amount of contact are@he oxygen concentration outside of Al powders can provide only a
negligible effect on the diffusion processes of oxyddaanwhile the passivation shell of
Al>0Osincreases as thibermitereaction proceeds, leading to a thicker oxide shell and a longer
diffusion path for oxygen. The ignition delay of metal powder combustion causes reduced
efficiency, whichalsoleads to high activation energy and a slow reaction rated&laged
reactionrateis associatedith a heat loss of longer duration, which may cause a quenching
effect in someapplications The heat losaffectsthe consistencgignificartly when using
thermite in MEMS applications. Although significant improvement in enhancinghe
performance of thermitevelding has beenmadeby combining chemical compoun{i36],
traditional compositesxhibitrelatively slow reaction rasghat make it difficult to meet the
requirements of micrgcale applicationg[37]. Meanwhile, initiation of composites
composed of metal and metal oxide is veif§icult, such as the ignition between-E&03
thermite[24]. A magnesium stick must ignitedin advance of the initiation of titeermite
system to provide a piigeatng source for the purpose of joining railway bars. Because of
the high thermal conductivity of metal and metal oxide, thessedfained thermite reaction
needs to bgranteda heatsource to compensate for the heat loss to the surrounding
environment. Dudo the ignition delay and slow reaction rate of conventionaF&0D3

thermite, a largeamount of preheatingenergy is required untithe heat loss can be



compensated for by the thermite reactiOm the other handanoethermite composites are
good candiate in the applications, such as initiators for migngs or ignition of solid
propellant [38-40]. The fast reaction rates and high energy release of-thenmite
composites are able to compensate the heat loss effect orappdications and ignition of
other type opropellant.

Furthermore, the combustion of Al powders also has the problems of long ignition delay
and slow reaction rat€oupled with theagglomeratioreffect of metal powders, the ignition
delay of Al micresized powders leads to insufficient combusfih, 42] Al powdersare
combinedwith ammonium perchloratéAP) along with abinder, which must melt and
undergo agglomeration before ignition. The agglomerated Al mpiovalers cannot react
completely during the thermite reaction, which may undergo a long ignition delay. Due to
the ignition delay, the Al micrkgized powder cannot even burn until it is ejected from the
propulsionchamber, whiclheduceghe combustion efficiasy. The problems of conventional

thermite result iminimal useful applications.

1.4 Nancthermite composites

Even with significant efforts to improve traditional thermite composites, the performance
of low reaction rates and long ignition delagannot meet the demands of microscale
applicationsTo improve the performance of thermite systerasearchers must develop new

systemausing patrticles of different dimensions.



Thermite composites are composed of metal and metal oxide powders. Thetgchiema
of a thermite composite cdre seenn Figure 12.

The thermite reactions &l and metal oxide powdeme initiatedat the interface of the
reactants. It cabe expectedhat the diffusion length of reactive chemical componénts
basedon the adameters of the particles involved in thermite reactions. The reduction of
particle size can significantly improve the performance of thermite compoBiteghieve

this goal researchers introduced nanoscale particles to thermite composites.

Allayer < _, Interface
. Oxide nanoparticles
Oxide layerd === =27 =27 o =2
\. ~ / \\., 3 - y y y

Figure 12 Schematiwiew of thermite composite with the interface between reactants

The reaction rate is controlled by the mass diffusion gatbughan oxidelayer. The
growth of theoxide layer with the thermite reaction can prevent thermite reactions, which
reduces reaction rates. With decreasing particle size, the surface area to volume ratio can be
increased significantly, which leads to increased reactivity by several orders of meagnitu
The phenomenon was first described by Aumetnal, who used a Al/Mo@nanothermite
composite with the dimensions of ~0.02 pm to 0.05 pm to obtain a reaction 1000 times faster

than conventional thermites due to thereasedurface contact and shented diffusion path



[43]. This nanethermite reaction exhibits different reaction mechanisms compared with
conventionathermite systems. After achieving the nahermite raction, researchers made
efforts into the investigation of narsibermite systems to identify the thermal properties and
combustion performance. Natleermite composites are also known as metastable
intermolecular composites (MIC) due to their performaniceilar to monemolecular
energetic materials.

Metal fuels have several component options, such as aluminum, boron, zinc, and silicon.
However, as with aluminum miceowders, aluminum nanoparticles hdezn widely used
due to their high energy density, abundanceeihe ear t hds c.rMostt , anc

importantly, Al naneparticles can form a natural oxide shell thegventdurther oxidation,

and carbuild interfacial contact with metal oxide without undergoing anesection.

10 000 : A
e e . explosives
1.000

mic

100
1 i P
n1 _ l [ propellants J

201

velocity (m/s)

1 10 100 1000 10000 :100.000 1000,000

pressure (atm)

Figure 13 The different performance regarding pressurefkamde propagationelocity
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Comparisons between natieermite composites, propellants, and explosives baes



madein previous researctegardingreaction pressure, velocity, and reaction enthpy
The results are shown kigure 13.

Nanothermite composites (MICs) exhibit different performance compared with
propellants and explosives. Natiermite compos$es generate pressures similar to
propellants and possess comparable velocitieexXplosives Conventionapropellantshave
a relatively longer diffusion path, whereas MICs can react with a diffusion path on the nano
scale, which leads to the faster reaction rate of MICs. On the other hand, explosives possess
a similar or even smaller diffusion distance between reacflints.can lead to comparable
reaction rates between MICs and explosives. However, although the velocity of MICs is
similar to explosives, the low amount of gas production results in low preSfigrenergy
densities of MICs areonsiderablyhigher than mnomolecularenergeticmaterials, which
leads to potential applications either using it alone or by adding it to other typesrgétic
materials.

Nancthermites have attractecbnsiderableinterest for a wide range of applications
involving energetic fanulations,such agpyrotechnic devicegropellantsand initiators. In
the civil sectors, the localized energy release favours-tiermites for joining purposeas
it can meltjoint componentsand preventhe whole device from being exposed to high
temperatures. lirecentyears, the nanthermite reaction has been extended to describe a
broader class atactiors, for examplethe reaction between metallic components composed
of the bimetallicenergetimanostructures of Ni/Ti, Co/Al, Ni/ARndPt/Al. These bmetallic

nanathermites, ofteromposef coreshell structures or nargcale multilayers, provide a
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direct interface between two reactive metals and then promote a thermite reaction without
gas generation.

Overall, nanethermite composites possess distinct and superior thermochemical and
combustion properties over traditional energetic materials. Meanwhile,-themoite

composites show different reaction mechanisms compared with-sizerdenergetiduels.

1.5 Motivation

Nancthermites composed of nanopartic®mponentshave drawn much attention and
show great potential in a wide range of applications including gas generatorsimtiators,
micro-thrusters, and micrwining, etc.[2]. Depending on articularapplication tunable
and controllable nanthermite compositions and products aseallyrequired. For example,
gas generators need a thermite reaction that produces more gas and heat, with a fast reaction
rate, that reaches higher temperatamas pressures. On the other hand, gas phases produced
in thermite reactions would jeopardize the quality of joining in welding applications. In
welding, less gas production and a relativbBnign reaction rateare usually required
Generally speaking, is better to be able to control thbass of products, energy release,
and reaction rate for specific applications. Investigations into the reaction mechanisms of
nancthermite arethereforebecoming significanto understand the reaction process. For
example, Sullivan and Zachariah characterized the reaction mechanisms and reaction kinetics
of a variety of nandhermiteqd44, 45] They found that most oxidizers such as CuO anthSnO

generate pressure, which suggests the decompositiaidfers before the thermite reaction
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occurs,indicatingthatthereaction rate is controlled lilze chemical reaction ciluminum
The nanethermite reaction rate between Al and®eis limited by the decomposition of
FeOs. However, a deep understandofghe reaction mechanisms is still required.

The utlization of nanoparticles causenany challenges in handling and mixinthe
increasedsurface area to volume ratio produces a higher surface ensaggingan
agglomeration effectTherefore,variouspreparatiortechnologieshave been developed to
form thermite composites with more uniformdistribution to maximize the interfacial
contact of components. However, pnixed nanoparticleare not suitable fothe direct
investigation of nanohermite reation mechanisms. The observation oéaction
mechanisra can only be achievedby indirect approachessuch asoptical emission,
pressurization change, and mass spectrum techn@bpyMeanwhile indirectinvestigation
may lead to a misunderstanding of the reaction mechanisms. For example, a pressurization
increase in the chamber upon the ignition of Rm@mMite composites is possibly caused by
heating the surrounding atmosphere rather than the decomposition atos{¢h]. The Q
gas detected by the mass spectroscopy device is perhaps produced fiecothposition
of oxidizer after the nanthermite reaction is complet¢4i6].

For thereasos statedabove nanethermite composites with ritirlayered structures are
proposedin this work to form uniform interfaces, which armore suitable for the
investigation of reaction mechanisnThe thermite reactiorexe initiatedn principleon the
interfacial area between reactants. The interfaoesdd in multilayered structures can

provideahomogeneous contact between twactivelayers.
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The developed technologies that form midiiered structureinclude physical vapor
depositionsuch aselectron beam evaporation, magnetron sputtering anchi@tayer
deposition[47, 48] In these methods, the electron beam or plasma is used on metal targets
to produce ions of elements which are ejected from the taidet®lenentsarecoated ora
substrate to form thin layers. For example, Petrantoni §4@)J.fabricatedmultilayered
Al/CuO with magnetron sputtering. The aluminum and copper oxiele deposited ora
silicon oxide substrateseparately. The aluminum and copper targets that received argon
plasmawere alteredfor depositingdifferent types oflayers. In magnetron sputtering, the
precursor materials ausuallymetal targets ejected by plasmagiproducts othesubstrate
are not formedvith nanoparticles, and shadifferent reactioomechanismm[49]. Meanwhile
the layered structurdermedwith sputtering have several problerifie aluminumayers
formed withouta passivation shell can react with the copper oxide Isyentaneously ithe
nanothermite composites with multilayers. Theactionmechanisms arstill unclearwith
these structures, especially with the investigation of nanolesrtiConsequentlysample
preparationmethod that form layered structigeusing nanoparticles are required to
investigate the reaction mechanismsnaincthermite composites Overall, the reaction
mechanisms of nartlvermite composites witlarious nanoparticle components and the
practical preparationtechnologiesto form proper structures are exigencies for the

applications of nanthermite composites.

1.6 Objectives
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The first objective isthe investigation of reaction mechanisms using different
combinations of nanroomponentss conductedFirst of all, abrication techniques that form
multi-layered structurewithout impuritiesare developed Then, nandghermite composites
with multi-layered structures are heated up to initiate the-tiagronitereaction. First of all,
Al/Fe-Oz nancethermite composite is selected, whisliormedvia electrophoretic deposition
(EPD). Then, the microstructure and thermochemical properties of the @lFeermite
systemare investigatedo confirm the formation of a unifornmterfacebetween reactive
layers and the thermite reaction that dam initiated The aluminum and iron oxide
nanoparticles are deposited on a stainless steel electrode to form detailelhymrdt
structures. The sial-solid interfacial contact of two depositing layes®bservedising SEM
images. Thermal gravimetric analysis (TGA) is performed to study the onset temperature and
degree of the thermite reaction. Differential scanning calorimetry (DSC) is used taeneasu
the energy release and the ignition temperature of the corresponding thermite composites.
Furthermore,hetypical nancthermite composites, Al/CuO and AI/NiO, are selected, and a
method is employed to directly observe the distinct reaction mechafibmsanethermite
compositesare then formedsia vacuum filtration technology. The experiments on the
reaction mechanism will show thariousreaction routes. Finallyo enhancethe heat
conductivity and interfacial contaatarbomanotube¢CNTSs) are dded to the nanthermite

compositesMeanwhile, the improvement of the reaction mechanism from condehsse
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to gassolid reaction increases the interface formation between reactéwetsunctions of
CNTs in thenanoethermitereactionare then investatedin this work.

The second objectivef this thesisis to conduct the joining of silicon wafers in the
application attempt. In the experiments, the thermite composites containing hanomaterials
are usedo achieve the joining of silicon wafers. In this work, greergetic properties and
reaction kinetic®f nanothermitecompositeswith thin film structure formed via @acuum
filtration methodare investigatedlhe diversity of energy release and reactioe paoduces
the different microstructures and chemical compositions in the welding zone, which
determines joint qualitiesThe apparent activation energy is one of the parameters to
determine the reaction rate, alsdevaluatedn this work. Furthermorehe energy release
andapparen@ctivation energy of nanthermite composites are then related to the joining

quality.

1.7 Thesisorganization

Chapter 2 is a review of the relevditeératureto examinethe synthesis, characterization,
and application of ancthermite composites.The background of developing thermite
composites and the design principles of nHremitesare includedin this chapter.
Furthermorethe characterization methalreviewedwith respect taneasuring nanoparticle
size, microstrutire, thermochemical properties, and reaction Kkinetid¢so, the
methodology of fabrication and characterization, the determination of reaction kinetics

previous researcre demonstrateid this chapterin chapter3, the multilayered structure
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of Al/Fe-O3 nanoethermite compositeis developedhrough theEPD process. The energetic
properties of the microstructures of layered compositesthen measured this chapter.
Chapter 4is an investigation of the diversity of reaction mechanisms with LKYGnd
AI/NiO nancthermite composites using muléiyered structures. The systems show- gas
solid and condenseghase reaction mechanisms corresponding to Al/CuO and Al/NiG nano
composites. The use of different types of oxides results in-themmite compsites
possessing distinct reaction routes when the +tla@anite reactioims initiated In Chapter 5

the reaction route of AI/NIO narthermite composite with the condengathse reaction
mechanism is tuned by adding CNTs into the rdm@omite, which ighen improved with
respect to the reactivity of the natieermite system. The functions of CNTs in the thermite
reactionare investigatetly adding different layersf either Al or NiO. Chapter 6overs an
application attempt using nattlbermite compositto weld silicon wafers. The energy release
and reaction kinetics can affect the joining quality of the interfacial area of silicon wafers.
Therefore, the measurements of the energy release and apparent activationaemergy
conducted The properties of fferent nanethermite composites in relation to both
thermodynamics and kinetics produce the distinct welding zoneelation to the
microstructure, chemical composition, and microhardness of the interface, which further
determines the joining quality tte silicon wafers. In Chapter themajorcontributions of

this thesis, along with recommendations for future war&,presented
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Chapter 2: Literature review

2.1 Background

In this chapterthe relevantiteratureis reviewedto provide sufficient knowledge and
information for completing the thesis. As statedGhapterl, the conventional thermite
composites using micrsized powders cannot satisfy the requirements of rsicabed
systems. The narnthermite compositeare then dveloped First, conventionalthermites
using micresized particles, prepared using naixture of thermite compositionsare
introduced The concept of reducing miegized particles in conventional thermites to rano
scaled particless described. Nanthemites show improved properties compared with
conventional thermites. The comparisdretween micro- and nanesized thermites
emphasizes thienprovement of nanthermitereactivity.

Although the nandghermites prepared with nanoparticles have advantages,asuhigh
energy release rate, high heat production, anddaition temperatureetc, new difficulties
in storing, handling, and mixingrise which require the development of n@neparation
technologies Physical mixing, segel, and selassembly a& among the most popular
methods to prepare naitioermites. In addition, the ball milling procedure can produce-nano
thermite composites with various structures. However, it is a dangproosssthat may
cause arexplosionduring the preparation proce@urMeanwhile, ball millingnay reduce
the active content of fuels. Vapor deposition, including electron beam evaporation,

magnetron sputteringgnd atomic layer method, forms thermites with named layered
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structurs. The disadvantages involving the-situ reaction during fabricatioare also
discussedh this chapter.

Degrees of interfacial contact between components impact the reaction zone by controlling
the diffusion path, which further affect thenergeticproperties, including thegnition
temperature and reaction kinetiEsr characterization, scanning electron microscopy (SEM)
is employed to observe the microstructure of nanocompositesrigngetiqoroperties can
be measuredsing TGA/DSC, which shows the initiation temperature, plchsemge, and
energy release produced by thermite reaction.

Due to the advantages of high energy density, high burning rate and low ignition
temperatureas mentioned above, natttermites havéeen useih numerousapplications,
such asmicro thrustersmicroinitiators and micro joininggetc.[28, 29, 3840, 5053]. The

applicationsof nanoethermites will be reviewed hene this chaptem more detail

2.2 Comparison of micro and nano-thermite composites
2.2.1 Energetic properties

Monomolecular compounds including TNTtrifitrotolueng, Nitrocellulose and
nitroglycerineexhibit higher burning rates due to the mixing of reactants at monomolecular
levels. The maximum heat generation of the compoismtisited by the reaction enthalpy
and the degree of reaction completidhe composite mixtussn the monomolecular level

exhibit a very rapid exothermic reaction controlled primarily by the chemical kinetics
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processes of the molecular decomposition. In contrast, the energy density of those
monomolecular energetic materiadsrelatively low compared with thermites.

Higher energy density and controllable burning raresrequiredn someapplicationsIn
comparison with monomolecular energetic materials, thermites demonstrate relatively
controllableenergeticproperties viauning of the interfacial contact between components.
As mentioned inthe literature mentionef?], conventional thermites using mieszed
particles camot meet the demands of applicationsinall areas such as MEMS systems.
The heat loss is one of the most challenging issues that can suspend flame propagation.
Thermites using micrgized particles have drawbacks caused by longer reactant diffusion
paths that significantly reduce the burning r&essiet al.[2] reviewed the literaturand
showed thagxamplesontainng nanasized particles have superior energetic properties over
conventional thermites using miesized particles. Thhigher requirement in reaction rate
indicateshe exigencyof improving the performance of thermites.

Regardinggnition temperature, micrgized thermites experience an ignitewrent atvell
above the melting point of aluminum in aluminloased serief54]. The higherignition
temperature means that more activation energgquiredto ignitethe thermitecomposites
One DTA/DSC result demonstrates the phase change &ltReO3 series using micro
sized particles as shomn Figure 21.

Figure 21 shows that the exothermic peak belonging to the thermite reaction is

substantiallynigher than the melting point of aluminuithe DSC result for the 8Al+3Fe203
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sample exhibits an exothermic peak with a wide range in temperature, indicating a longer

diffusion path, which results in an extended reaction time.

Aluminum
melting

2Al+Fe;04
DTA, mixed powders; 10 K/mi

8Al+3Fe,05

DSC, powders milled 30 mi%

200 400 600 800 1000 1200 1400
Temperature, K

DSC/DTA traces; exotherm up

Figure 21 DTA and DSC traces for AFeO3 mixtures[54]
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Figure 22 DSC tracegor thermites prepared using hapowders of aluminum mixed with

different oxidizerg54]

On the other hand, thermite reactions with naized particles are traced with DSC,
demonstrating the onsetmtperature as shown figure 22 [54]. Each result comes from
different literature sources using different conditions, such as mixing methods, heating rates,

and proportion of components. All of the result®w theignition temperature below the

aluminum melting point.
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2.2.2 Reaction kinetics
The lowerignition temperatures of narbermitesare associatedith improved ignition

mechanisms, enabling rapid flame propagation as sho#gume 23, where decreasing Al

nanoparticle sizes exhibit higher burning rgtes.
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Figure 23 Combustion velocity as a function of particle diametethigh-densitysamples.
Error bars represent maximum and minimuslocitiesfor at least four repeatability tests

[55]

The Al nanoparticles demonstrate faster burning rates and lower activation energy
compaed with bulk Al samples, as shown in titerature[43]. The average particles with
sizes between 24 to 65 nwere measuredith 0.5 eV of activation energy for oxidation,

which is smaller than the value of 1.7 eV for bulk aluminum. Meanwhile, Al/MoQO
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nanocomposites with the ahowacarnpestios rateghatisof 0.

1000 timeghatof conventional powderjg3].

2.3 Definition of nano-thermite composites

Nancthermite, also called metastable intermolecular composites (MICs), refers to
composites using nanoparticles that are less than 100 nm in diameter. Meanwhilesmixtur
that exhibit interactions between reactants with a diffusion path less than 100 nm, such as
nancelaminates, are also deemed ndinermite composites. MICs are a new type of energetic
material (EM) that storea significantamount of chemical energy, vahi canbe definedas
inorganic nanescaledenergeticmaterials (nEMs)2]. As mentioned in théast chapter,
aluminumbased composites are among the most popular series efh@nuotes due to the
high reaction enthalpy of aluminum, low cost, andassivea mount of st or age
crust. Metaloxidizer systems, such as Al/CuO, Algbe, and Al/NiO,etc, exhibit the most
attractive features in applications. Besides mexadizer systems, metahetal and metal
metalloid components have also been developed, with the common feature that the starting
components are always capablepodducinga highly exotlermic reaction. The products of
this initial reaction, intermetallic alloys ametatmetalloid compounds, often continue
oxidizing if thereactionis initiatedin an oxidizing gaseous environmgmi. In this thesis,

all of the work is performed using metatide systems.

2.4 Design principlke of nancthermite composites
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Al nanoparticlesare most widely useas the fuel composition, which benefits from all of
the advantages of Al nanoparticles as stated previously. Although researchers have an interest
in boronbased nanthermites [56], the low @ergy density (B/CuO~3.09 kJ/gs.
Al/CuO~4.08 kJ/g) isone of the limitatiors in using bororbased nanthermites[23].
Therefore, we only discuss Alsed nanthermite systems in this section. significant
numberof oxidizers shown in théterature[23] provide many choices in the selection of
oxidizers, while only dew of them have beesystematicallynvestigated. lis evidentthat
not every series is suitable for applions as energetic materials. The thermochemical
properties are one of the most important considerations, but others have to be taken into
accountto achievespecific purposes. First of all, the reaction rate shbel&nhancetb
minimize the heat lossotachievethe selfsustained reaction and faster burning rate.
Depending on different ignition mechanismnd chemical compositisrof products, the
reaction kinetics are tunabl&o simplify the discussignwe onlytake into accounthe
thermal diffusiviy. Secondly, the particle sizes, purity of the mixture and preparation
technologiesffect the degree of interfacial contact between nanoparticles, which determine
the degree of completion and reaction rate. Here, the particle sizes of nanopamicles
assumed tde uniform basedn the purpose of thdiscussion aboutow to choose the proper
oxidizers. Meanwhile, this point is involved with tlearface morphologywhich is very
difficult evaluatetheoretically. Thirdly, the mass diffusion can limit thexbustion ratand

mustbe considered
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The thermal diffusivity, heat generation rate, and the adiabatic reaction temperature are
hencethe critical factors considered in the strategy of designing ftaeamiteswith respect

to choosing the proper oxidizers.

2.4.1 Thermal conductivity and adiabatic temperature
Tables 2.1 and 2[2] show the calculated diffusivity at 300 K for each case including the
popular organic energetic materials and usin@keMoO,, CuO, NiO, Sn@, SiG;, and TIQ

oxidizers These tableshow high reaction enthalmalues with Al asguidanceor choosing

the proper oxidizer.

Table 21 Diffusivity, heatof reaction, and adiabatic temperat[2p

o _ Adiabatic reaction

Diffusivity at 300 K | Heat of reaction
Organic EMs R Temperature

o (cm=/s) AH (cal/g) ,

Tad(K)

PETN 1.29x1073 1435 4140
HMX 0.77x1073 1350 3255
NC 10-3 960 3000

Meanwhile, the adiabatic tempareg can be found in thé@erature[2, 23] as shown in
Table 11. The stoichiometric ratios of Al and oxidizer are assumedthe reactions of

thermites continue until completion; no chemical compounds are left in an unreacted state.
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Based on the thermal diffusivitifigure 24 demonstrates the MO to Al diameter ratio as

a function of diffusivity, which indicates the decreadimgdency of diffusivity whethe MO

to Al diameter ratio increases. Consequertthis set equal tdwvo.

Table 22 Diffusivity of nanothermites withdifferentdiameter ratios of fuel and oxidizer

Figure 24 Example of diffusivity evolution as a function of the M@®AI diameter ratio for three

MICs: Al/Fe0s, Al/NIO, and Al/MNG; [2]

10 100
MO-to-Al diameter ratio

2.4.2Heat of reaction for different nEMs
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[2]
Diffusivity at 300K | Diffusivity at 300K Diffusivity at 300K
MIC o (em?/s) o (cm2/s) o (cm2/s)
dar=dvio dy=0. Ixdyio da=10"xdvo
Al/MnO, 31.64x107 17%107 16.1%1073
Al/CuO 60x107 33x10° 30x10°3
Al/Fe;05 85%107° 49x107° 45%1073
AINIO 61x10~ 35%107 32x1073
Al/SnO» 190% 107 116x107 107x1073
Al/SIiO, 16.5%10 9%107 8.3x1073
Al/TiO, 48.5x107 27.3x107° 25%1073
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The organic nEMs and naistbermites listed abovare plotedin a diagram showing the
diffusivity and heat ofeactionfor each compositiorAs discussed above, the desired systems
are expected to possess the specified features, including high heat generation, and high
thermal diffusivity.Figure 25 demonstrates the tvaharacteristicef differentsystemsand

indicates the potential of each system.

0
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Thermal diffusivity (cm?/s) dar=dmo

Figure 25 Thermaldiffusivities and heat of reaction for different nEMs systd#js

Following the principle of high hégeneration and high thermal diffusivity, the systems
placed in the upper right cornare consideretb have thdestpotential as nEMs due to high
heat generation and high thermal diffusivity. On the other hand, the bottom left systems are
not good canidates. Figure 25 exhibits the promising candidates: Al/CuO, Al/MnO
Al/Fe>0s, and AI/NIO systems.

The discussion about choosing potential oxidizers for +tlaaonitesgivesdirection for
designing nanocomposites. However, the thermochemical propdri@sa@composites do
not completelyfollow the principles listed ifrigure 25, which is related to the data of heat
of reaction and thermal diffusivity collected undertainassumptions; assumptions such as

the stoichiometric ratio, the heat diffusionechanism nobeingthe onlymechanisnto affect
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reaction kineticsspherical and equalzed nanoparticles, amd effect fronthe preparation
methods For example, flame propagation is not only based on the heat diffusion mechanism.
A differentnancthermite system with specific ignition mechanism can produce gas phase,
such as oxygen, which can®&eaporatedorward to ignite the nexvailablenanocomposite
demonstratingeffective convecton ignition. In this case, ththermaldiffusivity is not the
critical factor for the burning rate. Even farsingle system, different equivalence ratios

exhibit different reaction kinetics under distinct ignition mechanisms.

2.5 Methodology of preparation of nanethermite composites

Nanoparticles exhibithprovedenergetigroperties compared with micszaled particles,
such as higher burning rate, higher energy release rate, and lower ignition temperature. The
reaction rate and energy release of solid reactaetgenerally controlledy mass & heat
trarsfer accompanying the reaction and the degree of intimate contact of reactant components.
The increased specific surface area and interfacial contact in nanocomposites, on the other
hand, enhance the rate of energy release by facilitating diffusion dibeinigermite reaction
[57-59]. Despite this, challenges in dealing with nanoparticles arise, leading to the
development of preparatiotechnologiesto fabricate nanthermite composites using
nanoparticles or narkdminates. The focus is on aspects of handling, mixing, and fabrication.
First of all, the nanoparticles have small sizes that canifiadlaé atmosphere for a long time
and jeopardie theresearch environmengullivan [4] discussed théow of relaxation for

different particle sizes as shownTable 23.
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Table 23 Gravitational settling time and the stopping distance of different sizes of

aluminum particles thrown with an initial velocity of 1000 m/s inafr¢4, 60]

Particle Diameter Slip Correction Time to fall I m Stopping Distance if
(nm) Factor by gravity Initial velocity = 1000 m/s
10,000 1.016 117 seconds 87.6 cm
1,000 1.164 169 minutes 1.00 cm
100 2.85 115 hours 0.246 mm
10 222 61.7 days 19.1 ym
5 43.6 18.0 weeks 9.40 um
2 108 45.3 weeks 3.72 um
1 216 1.75 years 1.86 pm

Secondly, the increased specific surface area ofpaatides leads to higher surface
energy that tends to result in the agglomeration of individual nanoparticles. Thirdly, the
highly reactive nanoparticles can cause a reaction with oxygen and fire in the atmosphere if
improper storage methods are applifitb use nanoparticles safely and efficiently
researchers havdevelopedseveral techniques to solve the problems in handling. In the
review, the preparation methods and corresponding strucineedividedinto two parts
depending on the finatructureof nanocompositeslhe first part shows nanocomposites
with porous or condensed structures using nanoparticle components, including physical
mixing, solgel, seltassembly, and arrested reactive milling. The second part shows
nanocomposites with layeredstructure, such as those produced by vapor deposition and

electrophoretic deposition (EPD).

2.5.1 Types oinEM structures
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The energetic properties and reaction kineticssagrificartly affected by the types of
NnEM structuresthat determire the degree of interfacial contact and diffusion pathhia
thermite reaction.Different preparation technologies form distinct microstructures of
nanocomposites.The microstructure include powder, pelletmonolithic bulk, fully
condensed;oreshell thin film, andmultilayers.Powders of nanocomposites da@é formed
by using nanoparticle components wjithysicalmixing technologes[8, 61, 62] Reactive
componentare disperseth solution andundergoesonication The solutionis then dried
until the nanocomposites remain anbeaker The powders of nanocomposites da@
compresseth pressingdiesto change the structure frgpowderto pelletform [13].

Sol-gel and sekassemblyform nanocomposites with monolithstructure aftegelation
and dying [59, 6367]. Nanocomposites with monolithstructurecontainapproximately 10%
impurities producedy the remaining polymer resid{#. Fully condensed nanocomposites
canbe formedusing arrested reactive millingy embeldingonecomponeninto the matrix
[12, 6876]. Thecomponentseach each otheat thenanometricscale, while the structud
powderis at themicro level.Furthermore, corshell structures can be fabricated with vapor
deposiion. Ohkura et a[.7] reportedacoreshellstructure usinghe Al/CuO thermite system.
CuO nanowiregrow up via the simple thermal annealing method fragopperthin film
formed by deposition. Then, Al filnis depositedon the CuO nanowire via magnetron
sputteringto form a coreshell structure.

The nanocomposites with muléiyer structuresre fabricatedising magnetron sputtering

method[39, 4749, 7781]. Multi-layer structures havevell-defined structure and direct
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contact between reactive components, whighappliedo a wide range of micrtevel uses

such as initiata; micro joining, angropellans.

2.5.2 Physical mixing

Physical mixing is the simplest method to prepare nanocomposites. Nanoparticles of Al
and oxidizer are mixed and dispersed isotvent and therultrasonicatedn a bath until
thoroughlydispersed. In most cases, organic solvents are employed due to the poor reactivity
between Al andorganic solvents. As the literaturf8, 61, 62, 82]reported, Al/MoQ,

Al/Bi 203, AIIKMnO4, and Al/CuOgetc havebeen dispersed in either isopropanol or hexane,
followed by complete evaporation of teelventat a temperature of ~50 €.

Physical mixing is widely used for the preparationMiCs because it has apparent
advantages, such as its simple apparatus renent it is easy to mix and disperse the
nanoparticlesand it avoids direct contact of Al nanoparticles with oxygen. On the other hand,
the smalscale operation limits the use of this method innkestrialsector. In addition, the
degree of dispersiarf nanoparticlegs not controlledrery well. Meanwhile, Al nanoparticles
that have contact with tfelventand stay a relatively long time in solution until the complete
evaporation of liquid, cabe oxidizeddue to the reactivity of Al nanoparticlestivanorganic
solvent such as isopropanol. The exposure between Al nanoparticles and the atmosphere
increases the oxidation degreeAdfnanoparticles when the quantity solventis reduced
due to evaporatioriFurthermoreAl and oxidizers nanoparticléisat have different velocities

when precipitating to the bottom of thathare predicted to lead to the separation of Al and
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oxidizers, whichhasan adverseffect on nanoparticle dispersion. Finally, the nanoparticles

left on the bottom of théath after complete evaporation havel@ose structure,and the
reactants have no intimate interfacial contact, which can reduce the energy release rate and
burning velocity. Therefore, compression of the nanoparticle mixture must be conducted to
form pellets. The friction between nanoparticles produces heatntagtcause further

oxidation or ignition of nanocomposites.

2.5.3 Solgel

The solgel method has been used widely to produce nanocomposites with more intimate
and homogeneous contact between components as an altenagprg/sical mixing
technologies. Sevral types of nanocomposites have been formed successfullgatigiel
approachessuch as Al/F€s, Al/Cr20s, and Al/NIO, etc[63-66, 83] The solgel process
involves several steps to achievmixture of nanopatrticles. First of all, the hydrated salts of
metals, such as Fe(NJ@H 20 and Cr(NQ@®H 20, for example, are dissolved in ethanol
to form asolutionwhich can remain unchanged for even several months, which is called sol.
Secondly, thescalled gel carbe formedby adding propylene oxide into sol to condense
the solution to form a three dimensional structure with pore sizes between 5 and 50 nm. The
Al nanoparticles are added and mixed with the solution just before the formationgef.the
Then, the fluid in the poreis removed by evaporation under various conditions to form
xerogel (dried without supercritical fluid) or aerogel (dried supercritical). The difference

between aerogel and xerogel mainly depends on the strueemegel hasa collapsed
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structure, whereas xerogel has a-goflapsed structure, and this depends on whether the
fluid COz is appliedfor the evaporation dfuid in the pores.

In comparison with thghysical mixing method, sebel offerssuperior controlof the
distribution of nanopatrticles to generate shorter diffusion paths igriti®n to improve the
energy release rate. However, the impurities introduced into the chemical composition of
composites reduces the active content, which may represent 10% im&stalof samples
[2]. The high porosityintroducesan interval between components, which interrupts the
diffusion of reactants and further reduces the reaction rate of thermite. Meanwhile; the sol
gel approachs restrictedby the types of hydrated salt that che gelled Finally, the
introduction of Al nanoparticles must occuragparticulaistage, and it may take@ngtime

and many experiments for a new researcher to grasp the skills.

2.5.4 Seltassembly

Several res@ah groups reported the fabrication method called-asdemblyto obtain
nanocomposites with aorderedstructure. Either the naraxidizer rod or hydrated metal
saltis appliedas theprecursor The oxidizersare functionalizedy polymers, such as poly
(4-vinyl pyridine) [5], P4VP (polyvinyl pyridine])18], and Brij S10 (G@Hz7(OCH.CH),OH,
n~10, average Mn ~711H6] as reported in théterature After the functionalization of
oxidizer, Al nanoparticles can surround namadizers on the surface to form soekdlid

contact with homogeneous distribution.the case of using hydrated metal salts, polymers
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serving as agelation agentare mixedwith the solutionfor gelled oxidizer as in the
corresponding step in ts®kgel process.

Selfassembly requiresmilar steps as sajel techniques such as addinggylene oxide
for gelling the sol to achieve condensation. The difference between thedwwwlogiess
due tothe functionalization process that makes Al nanopatrticles absorb to the surface of the
oxidizer, which can produce thmore ordered structuref nanocomposites, resulting in a
more intimate interfacial contact to improvdidesolid chemical reactiorZhang et al[66]
prepared two samples in which one was formed withgsblwhile anothewas fabricated
with a selfassemblymethod. The twesamplesused thesameparticles,and very similar
process, except that BBjLOwas added asfanctionalizatioragent to the sample undergoing
selfassembly.

In the selfassembly process, Al nanopartiotkenot need to be added into the salt solution
at a specific stage just before the formation gélabecause Al nanoparticles damabsorbed
to the surface athe oxidizer without precipitation, causing the separation of reactants as in
the solgel process. Grthermore the polymers introduced to the mixture serving as
surfactants are impurities that reduce energy density. Therefore, a new method has been
devebped by charging Al and E®@3 nanopatrticles via diffusion charging of gas ions without
adding asurfactant

The selfassembly method solves several problems of thgedgirocess and improves the
energetic properties; the Al nanoparticles do not nedoetadded into the solution at a

specific stage, which makes it easier to control; the distribution of Al and oxidizer
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nanoparticles is not under the random condition whereas Al nanoparticles are absorbed by
oxidizers of either nanorod or foam; while it lsawilar disadvantages to the syl process,
including high porosity which reduces the energy density, the presence of polymers that

restrict the direct contact between components; and the high cost of eusatderoxidizers.

2.5.5Arrested reactive miling

The design principle of narenergetic materials suggests that the components should have
anintimatecontactto shorten the diffusion path. The preparation methods, especially for sol
gel and sekassembly shown in the above sections have drawbagkésing the porous
structures that result in indirect contact, as well as the restriction of oxidizer types.
Nanocomposites with fully dense structures formed via arrested reactive milling have been
developed to increase the contact of components. Asitéhature has reported, several
composites of Al/Mo@ [68, 73, 75, 76] Al/CuO [12, 72, 74] Al/lFe0Os [71, 84] and
AlosMgos/NaNGs [69] have been formed using batiilling method. Arrested reactive
milling employs particles or mesh and mixes components using a steel ball and shaker mill
to achieve inclusion into the matrix. The precursor materials used in arrested reactive milling
are usually in micrescale; it is ot necessary to use nascale materials. The control agent
of theorganicsolvent is added and mixed with powders to inhibit cold welding and patrtial
reaction during millingDueto the introduction of energy into timeixed system caused by
mechanical shang, the thermite reaction can be initiated and-se#tained. Therefore, the

milling process is interrupted just before the selftained reaction occurrs to avoid the
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ignition of thenanocompositeDepending on the particle sizes, the ratio of comptn¢he
shake frequency, the size of the balls, the ball to powder mass ratio @PRand the
specific stage at which the milling process is interrupted fluctuates. The tempevasture
monitoredwith athermistorattached to one side of the millingaly The ignition signal can
be seerfrom digital data marked by a sharp rise in vial temperature.

The method solves the problems of introducing impurities. However, arrested reactive
milling has somdimitations. Onecrucialissue is the presence ofractionin composites,
which is caused by the local reaction initiated by mechanical friction. The local reaction
accountdor asmallpercentage of thentireamount, which cannot sustdurtherreaction
In addition, the safety issue mugt considereth the process. The mixed particles are milled
until the moment just before seadtistained ignition occurs, which may cause an explosion,
damaging the processing equipment and facility. Furthermore, the paatielgsoundn an

organicsolution that cameactwith fuel components to reduce its active content.

2.5.6 Thermite nanocomposites with layered structures

Nanocomposites with layered structures have attracted much more attention in recent
decades. Layered structures can be fabricated with specific thicknesses ardyemeaiti
design and thus serve asefultools in research. Thermite foils have been engiday study
ignition characteristics, propagation behavior, and reaction mechanisms etheamites
[47, 48] Meanwhile, nanocomposites with layered structures are bkittmr many

applications For example,propellant configurations require a layered propellant with
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tailored burn ratgd85]. Some literaturg28, 29, 40]shows that initiators with layered
structures armore easily combinedith micro-chambers, which are used to igmptepellant

as source of thrust. According to the literature, pricmary methods used for the formation

of nanathermite compositions with layered structures are vapor depogiffol8, 7981,

86-88] and electrophoretic deposition (EPR)L, 8391]. The vapor deposition process has
been widely used in a variety of types of oxidizer or metal layers that have direct contact with
either Al nanelayers or Al nanoparticles. The fabrication of ndhermite thin film
structures via EPDOs only reported bya few groups that demonstrate the potential
applications of energetic materials through mild fabrication conditions.

Vapor deposition cabe dividednto two categories, physical vapor deposition (PVD) and
chemical vapor deposition (CVDhased on whether or not sequential particles are applied
to startchemical reactiosionthesurface of substrag€in the case of CVD). Vapor deposition
hasbroadapplications in industrial sectors, for example in sleeniconductoindustry. In the
depositionof energetic materials, the PVD categ@yfurther classified aslectron beam
evaporation[48, 80] and magnetron sputtering7, 79, 8688], whereas atomic layer
depositionis in the CVD category81].

The atomic layer deposition method has been utilinetthe deposition of oxidizers as
reported in previous research, includinggGn[92], WOs [93], and NiO[94]. Atomic layer
deposition doerot aim to accomplish the formation of nathermite composites, and there

are no reports of successful deposition of Al nkEyars via atomic layer deposition.
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However,it is an ideal process that is able to depaosiidizer thin films with excellent
uniformity and controllability of thicknesstc

Ferguson et a[81] reported the formation ofthin layer of SnQ on Al nanoparticlesia
atomiclayer deposition. Snelnd HO; are useds the particles, whichre exposetb Al
nanoparticles with particularsequence within the temperature range of 250 € and 350 €
following the reactiorieq. 21.

SnCL+2H202A SNnQ+4HCI+O; (Eq. 21)

Strictly speaking, the composite of Al/Sp{3 not a layered structure at thecroscopic
scale; it features a coshell structure. However, the structure can ensure intimate contact
between reactants, resulting in violent thermite reactions. The drasvbatike technology
include the requirement for high temperature (250 to 350€) that initiates the reaction, as
well as the formation of HCI that can react withassivizedshell of AbOgz that will prevent
thethermitereaction.

In the PVD process, eleabn beam evaporation was used in the early stage for the
deposition of multlayered Rh/S[48] and Al/Ni [80] as the energetic materials. The self
propagéion explosive reaction of Al/Ni composites with a flame propagation rate of 4m/s
was observedLater on, the magnetron sputtering process was employed to deposit multi
layers.To gaina more efficient momentum transfer, the atomic weight of sputterin@mgas
electrons should be close to the atomic weight oftdlhget The sputtering, which uses an
inertgas (mostly argon), replaces the process of electron beam evaporatibrete amore

efficient deposition.

37



Al/Ni [47, 79, 87]and Al/CuQ [86, 88] multi-layers were formed vighe magnetron
sputtering process by alternating targets to fabridéferehnt layers and repeat the deposition
several times. The formation of Cufayersutilizesthe reaction between Cu and oxygen in
thechambeby infusing oxygen into thehamberand mixing it with argon. The thickness of
individual bilayers varies fro@5nm to 80nm for Al/Ni composites, whidan reachL € m
for bilayer of Al/CuQ. The total foil thickness can He4 € m

Magnetron sputtering forms nanocomposites with rlaltered structures having
immediatecontact between reactive componentse Al nanelayers without passivation
shell may leado spontaneous thermite reaction if the thickness is less than J@9hrfhe
bare layers may cause unstable properie=anwhile, the costly devigequiredlimits the
applicationsand storage of composites ispafrticularconcern.

FurthermoreSulivan et al.[11, 89]reported the formation of thin films on a conductive
eledrode viathe EPD process. The Al and CuO nanopatrticles were dispersed in ethanol to
test the stability ofhe suspensionAs reported by Sullivan, the suspension could not remain
stable and the mixture of water and ethanol was used to disperse CuO afu #le
deposition ofthe thin film. The nanoparticlesvere depositen a platinum electrode
sputtered oto a silicon wafer for the flame propagation measuremdiite comparison
between the samples formed with drop cast and EPD was condunctetioned a more
homogeneous distribution in the samghlat underwent thEPD processFigure 26 shows

the SEM image andlementamapping of compsitescreatedvia the EPD process.
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Figure 26 Scanning electron microscopy top amdsssectional images of ail/CuO thermite

film prepared by EP89]

Meanwhile, Zhang et gl91] reported the caleposition of Al and E©s on nickel sheet.
The sample withan equivalence rati@f 1.8 showed the optimum combustion properties,
which wereconsistent with most of the results. However, the EPD process-ttepmsiting
nanoparticles haapparendrawbacks. In practical applicatioresfree-standing structure is
required to match thenorphologyof the equipment.The deposition orthe conductive
electrode canotbepeekdoff from theelectrodavithout damageM eanwhile the increasing
amountbeing depositedesults incracks on the sapte due to the evaporation thie solvent
Furthermore, the ratio of deposited nanocomposites is not equak#ithie solution, which

makes tle process difficult to control.

2.5.7 Fabrication methods
Nanocomposite canbe fabricatedia physicalmixing, selfassembly, segjel, etc Briefly

speakingphysicalmixing is themost straightforwarfbrication technique, but suffers from
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its smaltscale operation and poor controllability. Saffsembly produces a controllable
structure in the derived pducts; however, products are highly porous and have a low energy
density. The solgel method is widely applied for the preparation of AlBe
nanocomposites although impurities may be introduced and reduce the rate and level of
energy releasdn addition, it reducesthe elemental diffusivity.Most importantly, these

methodsarenot appropriate to form nartbermite composites with mulkayered structure.

2.5.7.1Electrophoretic deposition (EPD)

Electrophoretic deposition refers to processes of elextog, cathodic electrodeposition,
anodic electrodeposition, and electrophoretic coating (electrophopeiitting) The
colloidal particles, which are dispersed and suspended in a liquid solvent, can form double
charged layers caused by the polar medilihe particlesare able tamigrate towards the
corresponding electrode when an electric field is applied, and are deposited on the surface of
the electrode Meanwhile, the surface electric charge of particles providepusiveforce
that makes the solution stable without the precipitation of particles. The EPD process is a
complex process involving many parameters that determine the deposition on electrodes,
which provides versatility in the industrial sectdasically,the regatively charged particles
can bedepositedn positive electrodes, whereas positively charged particles deposit on the

opposite electrodes. The schematic view illustrating the EPD prigscgsswnin Figure 27.
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Figure 27 Schematicview of theEPD process showing (a) Cathodic deposition; and (b)

Anodic depositiorj95]

2.5.7.2 Vacuum filtration (VF)

The EPD process provides several advantages for the formation of thin layetre and
investigation aftethethermite reactiomasoccurred These advantages include toeable
thickness of théayer, simple apparatus requirements, and electrodes serving as the supports
for thethin film to avoid crackingHowever, the typeof oxidizers that cabe depositedn
conductiveelectrodesestrictthe EPD processFor example, the experimental results show
that CuO (40nmgannotbe depositedia the EPD process withowt surfactant anddditive,
which introducesmpuritiesthatredue the degree of contact betweenatdze components.
Therefore, a alternative methotdb form different types of oxidizer layers selected. Unlike
the EPD process in which the particles nhesthargeavith the proper surface morphology,
pH value, andype of solvent,etc, vacuum filtration does not require stable solutions. It is
the extension of physical mixing in which tlelvents are evaporated to leave the

nanoparticles. However, the vacuum filtration method can deposit any oxide nanoparticles
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and Al nanoparticles,na can be used to form natitermite composites with laydxy-layer
structure. The thin film for the application attenigmmedwith vacuum filtration allows for

a controllable amount afanocompositesnd asaferpreparation. Meanwhile, the shortened
duration of exposure to the air atmosphere decreases the spread of nanoparticles into the air,

which provides a safer experimental environment.

2.5.8Summary

The previous techniques used for the fabrication of #itheonite composites have been
summarized. ie synthesismethodsformed structure, and disadvantages shownn Table
24. The structuresare essentiato investigate the reaction mechanistug to the indirect
contacts between reactanitowever, the previous fabrication methods hdsadvantages

thatlimit further investigation.
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Table 24 Summary of previous preparation methods

Synthesis Formed structure Disadvantages

Non-uniform distribution; exposure
Physical mixing Powders for alongtime in theair causes

severeoxidation

Porous structure; long preparation

cycle; difficult control in

Solgel Monolithic bulk
preparation; impuritieggestrictedn
thetypeof hydrated salt
Porousstructure, long preparation
Self-assembly Monolithic bulk cycle, impuritiesyestrictedn the

typeof hydrated salt

Dangerous; high temperature durir
Arrested reactive milling Powders
milling may cause oxidation

High cost for devicesstorage
Magnetron sputtering | Multi-layers difficulties; no passivation shell

leading to iRrsitu reaction

Electrophoretic Not a freestanding structure,
Thin film
deposition difficult to control

2.6 Characterization of nanocomposites
The relevant literature on the characterization of tAeomite compositeis reviewedn

this section.

2.6.1 Aluminum nanoparticles

2.6.1.1 Particle size and active content of Al nanoparticles
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First of all, the Al nanoparticles hawenatural aluminum xide shell serving ashe
passivation agent, which prevents further oxidatiathe&luminum active core. The particle
size andactivecontent of Al nanoparticles have dramatic effects on the energetic properties
of nanethermite. Furthermore, the particle size distribution, surface morphology, and the
alumi num oxi de st k@) algoaniuemce theoiniesfacial contarmr U
the penetration of elements through aluminum oxide, whrehtakeninto account in the
characterization of aluminum nanoparticles. On the other hand, these faatbrassize
distribution and morphology cause difficultiesin evaluating the effect®f energetic
properties. The average particle size and spherical morphology are considered in practical
applications to estimate the average amount of energy release, burning rate, and ignition
temperature. The ignition temperatures of thermite compositasnanescaled structures
are lower than the phase transfer of@l For the reasons abovkisthesis does not consider
the effect of particle size distribution, surface morphology, or phase changgef which
are only reviewed in the section tmpide knowledge into the characterization of aluminum
nanoparticles. The particle simeregardedis the average size specified by the suppliers.

The particle size and active content are the key factors that determine the energetic
properties of nanthemite. Generally speaking, increasing the particle size reduces the
reaction rate due to the reduction of surface area to volume, which decreases the surface
contact between reactants. The development of electron microscopy provides a
straightforward techwlogy in the characterizatiorof particle size, although it is labor

intensive to observe different locations for a large number of partidhesmost common
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characterization of particle size iga specific surface measuremer|ty. Usually, a
Brunauer Emmett Teller (BET) measurement is ajipd through surface gas adsorption to
obtain theparticulararea information. Finally, the active surface areabsatranslatetb the
average particle siZ66].

The aluminum oxide shell reduces theiaetcontent, which decreases the fuel supply
component in athermite reaction. Information covering aluminum oxide thickness,
crystallization, microstructure, and homogeneity of the oxide layer is critically important for
understanding the mechanisms oftah@anoparticle oxidation. In turn, the mechanisms of
oxidation affect both ignitionand inetics of nanocomposite®7]. The thickness and
microstructure can be investigated witigh-resolutionTEM as shown in Figures 2.8 and

29.

Figure 28 High-resolutionTEM image showing Al nanoparticles with aluminum oxide sjes]
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Figure 29 High-resolutionTEM (HF TEM) imagesgiving information on the microstructure of

the Aluminum oxide shell with different crystallization staf@g]

The conventional thinking is that the Al oxide shells are crystalline in struetaveever,
recent research showsat the amorphous alumimuoxide film, up to a certain critical oxide
film thickness, and even for high oxidation temperatures, can be thermodynamically rather
than kinetically more st abl-eAlxQ;filmf99].tThee cor r
amorphous phase of aluminum oxide presents in stable status at the outside of aluminum core.
The thickness of thehellis usually 2 nm to 3 nff100], butcanbe extendetb 0.5 nm[101]
to 4 nm[99].

Although highresoluton TEM imaging can provide the specific thickness information of
Al nanopatrticles in one spot, the thicknesses eDApassivation shells are different from
each other, and even by combining the particle size distribution data, the error rate in
estimatirg active content ionsiderablylarge The distinct shapes of particles and the

density difference between different phases afOAlare also difficult to ascertain. The
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thermodynamics research into oxide film thickness exhibits the thermodynamically stab
phase of amorphous ADs.

The active content of Al nanoparticles dadeterminedia thermogravimetri@analysis
(TGA) heating of nanopatrticles in air atmosphere until there is no furtbieraseof mass.
The activecontentcanbe calculatedrom the mass change caused by oxidation ofTAk
accuracyof TGA is considerablybetter thanhigh-resolutionTEM, although it still has
drawbacks that affeetccuracysuch as the absorption of gas on the surface of nanoparticles

and incomplete oxidain due to a fast heating rate.

2.6.1.2 Ignition of Al nanoparticles

This section describes the ignition of Al nanoparticles with oxygen. A wide range of
heating rates are applied to ignite Al nanoparticles, including the order of 50 €/min for the
low heating rate and 0C/s for the high heating rate. The ignition temperature of Al
nanoparticless measuredsing TGA/DSC for théow heating rate. The ignition temperature
depends on particle size, near theltingpoint of Al 203 (2327 K) formore massivearticles
and much closer to the melting point of Al (933 K) for smaller partiglesTGA/DSCis
usedfor the thermal analysis of ignition temperature and phase transformatiopGafasl
shown inFigure 210. The AbOs shell undergoes phasechange from amorphous oxide,

passing thr-cAb@h oW, and d
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Figure 210 Phase change of theJ8l; passivation shell as a function of temperafQig

When using nanoparticletsyo main regimes casescrbe the thermite reactiq02]. The
slow oxidation regime at a temperature lowlesn the melting point of aluminumis the
primary reaction mechanism whereby oxidation is the diffusion of oxygen through the oxide
shell. On the other hand, the fast oxidation regime featuradiftbsion of both aluminum
and oxygen at temperatures aboverttadting point of aluminumThe mpture of an oxide
shell may cause reaction rate enhancemBEm¢ dynamic reaction surface che seerin
Figure 211,
In the slow reaction regime, oxygen diffuses through the oxide shell to readbrtfieum
core, which leads to the growth of the oxithelsfrom the surface of th@uminumcore. In
the fast reaction regime, both melting aluminum and oxygen diffuse through the oxide shell,

which form adynamicreaction surface to result in the growth of aluminum oxide.
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Diffusion \ Surface

Figure 211 Schematiwiew of aluminum core and shetlynamicreaction surfacgl02]

The ignitionevent which occurs at digh heating rateganbe studiedoy recording the
signs of ignition, using methods such as optical emig8iin The details of igniting particles
at high heating rate will be discussedn later sections covering the&nition of
nanocomposites. There are two ignition mechanisms of Al nanopaxtithekigh heating
rates, which still are being studied and have betn elucidatedlearly. The two ignition
mechanisms are: diffusion and melt dispersion, and each is supported by different research
groups.

The diffusion mechanisfi02-105] suggest that the high heatingate makes aluminum
melt and expand to causeechanicabtress orithe ALOs shell, and the melted Al diffuses
outwards throughhe ALOs shell. In contrast, the melt dispersion mechan|$66, 107]
claims that the volumetric expansion of melted Al produsigmificant stress that can cause
rupturing ofthe AkbOs shell Then, the Al mokn cluster ruptures from theore at high
velocity. No agreement aie Al oxidation mechanism under high heating rigtachieved

due to thdechnicallimitations that are not capahdé¢ investigating-apid change.
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2.6.2 Nanethermite composites
2.6.2.1Reaction of nanocomposites

During the reaction of Al and oxygeoxygen diffuses througthe Al oxide shell and
reacheghe Al active corebelowthe melting point of Al (~933K)Anothermechanism for
oxidation occurs aftereaching thenelting pointis the diffusion of molten Al outward from
the Al particles. Thenechanisnmof Al and @ describes the solidas reactionThe solid
solid reaction occurs with more intimate contact between rea@dadialsoimplies more
complex reaction mechanisms dependinghentype of oxidizesused. As mentioned in the
previous section, particle sizetless than 100nm can undergo the thermite reaction before
reaching the melting point of Al, which indicatesdid-solid chemical reactioas being the
reaction mechanismyithout involving molten Al The oxidizers (so far, it is not clear
whetherthe oxidizers remain inert until the moment of ignition or whether they decompose
before thegnition of nanoparticles) diffuse through Al oxidad reactihe aluminumcore
The reaction mechanism determines the initiation process of nanocompositmtrok
combustion propagation, pressurization, and gas generation.

Research into traditional thermite using misiped particles based on different types of
oxidizers habeen conductefd 08]. The oxidizersvere dividednto two main classes based
on chemical stabilitycharacterized bglifferential thermal analysis (DTA) measuremenjs: 1
chemically stale and 2 chemically unstable.@ssl was further dividedéhto two subclasses

based on physical stability:1) physically stable and-2) physically unstableClass2 can
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be dividedinto two subclasses:-P) oxidizers that decompose with thieerationof oxygen
upon heating and-2) oxidizersthatareoxidized further into higher oxides upon heating in
an air atmosphere. Classglincludes NiO, TiQ, Cr0s, Al203, TaOs, and NBOs, showing
neither exothermal nor endothermic processes in the DTA re€iliss 12 involves
evaporation or sublimation of oxidizeniscluding BOs;, MoOs, and WQ, andshowsan
endothermic process belonging to the evaporation of oxidizers. The oxidixessGfCs,
Li>O, and BaQ whichare includedn class 21, undergalecompositiorandreleag oxygen.
FeO and CuO in class2areoxidizedin air atmosphere upon heating, which produces heat
that may help in the ignition of thermite composites. The awthtiteabove discussed the
properties of different oxidizers thaffect the ignition mechanism of thermite composites.
However, the thermites with nanopartidemponentshave amcreasedsurface area to
volume ratio, and thuexhibit different thermochemical properties compared with micro
sized particlesand these therites are poorly understood. The difficulties in understanding
the reaction mechanism of natieermite composites are due to thetwork structure of
nanocomposites, which shows no direct observation to demonstrate the decomposition and
diffusion throughhealuminumshell. Several researgpinoject§44, 45]have been conducted
to investigite the reaction mechanism by measuring the pressure and optical signal in a
combustion cell with Ni coil ignition and two ports (one is a ksgeed Sphotodetector,
andanother is a piezoelectric pressure sensor) located on the sides of the cell.

The reaction mechanism of nanocompositeshigllengingo understand, andthe subject

of considerable debate due to the complex reaction mechanisms under different heating rates.
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After ignition has occurred by introducing sufficient energy, called activatiwergy, the
nanocomposite undergoes sslistained flame propagation, where the heat produced by the
thermite reaction ignites the next local area of the nanocomposite. A rough estimate of this
heating rate is systesependent and has been speculatdgetanywhere from 10 K/s
[4]. The ignition condition catbe reproducedinder the heating rat@andit is a critical
challenge tmbtainuniform heating under the high heating rate. Meanwhile, the triggering
moment of ignition idifficult to observediredly, andreproducing the ignition temperature
does not match the specific system. The efforts to produce a high heating rate were made to
investigate the ignition of nanocomposites.

Laser ignition was applied by researchers to provide a high and adjustablgg rate on
the order of 1810’ K/s by several groudd09-112]. The heating rates can exceedKi8 in
some oftheworks[113-116]. The reaction of samples can be collected usihglaspeed
camera and thermocouples by recording the optical signals. As an example of using laser
ignition, Al/MoOs nanocomposites were physically mixed and compressed into a pellet, and
then ignited with &0-W CO; laser, coupled with high-speedcamera and therahpyrometer
[117]. However,someissues make thiaterpretation ofaser ignition experiments difficult.
The consistency of prepared samples and the difference in efficiency of absorption of the
laserby different material components cause them to heat at veryetitfeates.

An alternative to heating nanocomposites with high heating oat¢he order of 19-10°
K/s isto use a shock tub@4, 118, 119] The nanocomposites of Al/Fes and Al/MoQs

prepared using arrested reactive milliage locatednhear the end of the tube, where an
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incoming shock wave lifts and disperses it. The shock wave then is reflectednmsiitard

heats the particles quickly to cause combustion of the nanocomposites. The ignition
temperatures of Al/E©s and Al/MoQOs composites are 1400 K and 1800 K, respectively,
which are significantly higher than the melting point of{&4].

Another technology that can provide high heating srate nanocomposites involves
coating mnathermite onto thin platinum or nichrome filament or wire, which can be heated
electrically[12, 71, 73] The heating rate, on trerde of 10>-10° K/s, is recorded with a
pyrometer focusing on amncoate filament surface adjacent to the powder coating. The
optical emission is the onset of ignition measured witligh-speedcanera. This heated

filament method offers the advantage of heating samples uniformly.

2.6.2.2 Combustion properties of nanocomposites

The most common method to investigate thacton kinetics of nanahermites is to
collect data on flame propagation sat&he burning rate reflects the combustion properties
combining the energetic properties, reaction mechanism, and propagation mechanism,
including the onset temperature, energy release amount, energy release rate, ignition delay,
and energy propagationh& design principle of using nanoparticles requires a high burning
rate to compensate for heat loss when the method is applied to a small area. The flame
propagation velocity habeen measurely electric conductivity]120] and high-speed
cameras. The nanocomposites are ignited and combusted in various sample configurations,

such as open chann¢l®, 62, 121123], cylindrical tubeg8, 124], and microchannel0].
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As discussed above, nanocomposites undergesgsitlined reacti@upon ignition. The
energy released by the thermite reaction is transferred to the subsequent local area and ignites
it. Four possible propagation mechanisms h#&een described thermal conduction,
convection, radiation, and acoustic/compaction. Acoustic/compasteamsideredo be the
mechanism for detonations, and is essentialfor nanocomposite$4]. Energy transfer
conducted by radiation transfempgessble, but is a relatively small contribution compared to
convection[4, 125] Al/MoOs, Al/WO3, Al/CuO, and Al/ByOz were tested under loose
powder and packed conditions, and showed reduced propagation rates under the packed
condition[8, 55]. The author concluded that convection flame propagation mechanism was
dominant in the transfer of energylow density samples.

In comparison with loose powders, packed samples have less gas between particles, which
leads to small amounts of gas being heated up rapidly and expanding to transfer energy at a
high rate. The thermal properties of the loosely packexen pressed nanocomposites are
poorly quantified. The intervals produced with loose or loosely packed samples lead to no
direct contactsbetween local areas, and this hinders the heat transfer whéantiedront
moves forward. On the other hand, txpanded gas magamagehe quality of results in
some of theapplications such as those requiring gasless products in joining purposes. The
fully condensed compositdd7, 86] with nanclayered structures, generally formed with
magnetron sputtering as mentioned above, were achieved to reduce the convection flame
propagation mechanism, and this is compatiblth the MEMS system[2]. Research

exploring Al/CuOx multilayer omposites with combustion rates of 1.5m/s and 1m/s,
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substantiallyslower than that of using powder ignition, has been condy8&dl26] As
observed in previous resear¢h5], the convection mechanism dominated the flame
propagation in nanocompositegvngrelativelyloose structures. The nanocomposites with
layered structure have no interval between layers; therefore no heated gas is available to help
transfer energy via convection to dramatically increase the flame propagation rate. However,
nanocompsites with layered structures of Al/CuO and Al/Ni nHdiyers havdeen reported

and no other research haportedother compositedepositedvith a sputteringprocess. As
mentioned above, based on different types of oxidizers, the reaction mechdeismsne
whether there is oxygen release, and Al/CuO and Al/Ni are the types of composites that
releasesmall amountsof gas. Whether the convection flame propagation mechanism is
caused by the gas that exists in the interval of samples or whether genogyeleased by

the decomposition of oxidizers is poorly understood.

2.6.2.3 Thermal analysis

Thermal analysis can provide thensettemperature, energy release, amdlti-step
reaction.In most casge the combination of differential scanning calorimetry (DSC) and
thermogravindric analysis (TGA) is used to record tiedothermi@andexothermiaeaction
coupled with masshangecaused by oxidation or decompositi@tc. The samples under
thermalanalyss can receive uniform heating. XRD analysis can be used at the sante time
provide informationaboutphase change under different temperauFae nanocomposites

Al/CuO and Al/MoQ are prepared and analyzed with DSC and XRD to investigate the multi
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reagions[12, 73] It is worthwhile to mention that thermal analysis tastthe degree of
interfacial contact by measuring the ignition temperature and energy reledss;analso
give alow heating rateThermal analysis cahelp researchemmterpret the reactivity fo
nanocomposites and ti@tiation of nanothermite compositesder low heating rate$he
results fromthe thermalanalysis however,cannot explain the ignition mechanism under

high heaihg rates.

2.6.3 Characterization methods
2.6.3.1 XRay Diffraction (XRD)

X-Ray Diffraction (XRD) is the common technique to investigate the crystalline phases of
samples; it uses diffracted-pays to collect information for both reactants and products. In
brief, the crystalline phases in the sampleshmudetectedvhen they pasess periodicity in
their atomic structure. The constructive interference of diffractedyX can identify the
atomic arrangement of samples, also known as the crystal lattice. Theanelsksed on the
Braggods | a®wg.22s shown in

¢ _ cQi Q¢ (Eq. 22)

Where é is the incident Xray wavelengthd and ¢ are the planar spacing of the
crystalline phases and incident angl e, res
relationship between incident radiation and planar distance, vidiahle toidentify the
specific crystal phas@n incidentof X-raysirradiate the sample, and the rays are reflected

by the atoms. The path difference ofrdys reflected by theeverallattice planes changes
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when the Xrays sweep with various angleseof. Wi t h t he satisfacti
which the path differencef two X-rays is equal to the integral multiple of tavelength

the detector can receive a strengthened intensityralyX, which shows the peak in the result.
Typically, the Xxrays sweep along the surfacevatiousincident angles. A detector collsct

the diffracted Xrays and measures the intensity. With the kna@vnand ¢ , the planar
distanced canbe determinedwhich corresponds to the specific type of samples.

The nanoparticlesused in this thesiare formedas crystalline structures, which caa b
detected using Xay diffraction. XRD can provide information on the crystal phases of both
reactants and products, which confirms that the thermite reactiofd®s conducted
Meanwhile, itis able totest whether the thermite reaction imalti-stepreaction and if the

intermediate phases have formed.

2.6.3.2 Thermogravimetric Analysis (TGA)

TGA is a device that uses a sensitive scale that can detect the mass change of samples
undergoing reaction. The programmable heating furnace to heat samfile<iuncibleis
installed with a TGA device. The TGA device can test the increase of mass caused by the
absorption of surrounding gas, such as the oxidation behavior. The sensitive scale can also
detect the mass decrease ofshmplecausedyy the decompsition to release thgasphase
to the surrounding environment. In this thesis, the TGA instrumentisisedipledwith a
DSCdevice that wilbe introducedh the next section. Due to the presence of th©#Adhell,

the active content of Al nanoparticlesust be measured. Meanwhile, the procedure of
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preparing nandhermite compositesxposeshe Al nanoparticles to the air, farmscontact
between Al nanoparticles and arganicsolvent. It is necessary to measure the active content
before and after thereparation procedure. The reaction between Al anca@ increase the
entire mass of the samples, which provides the information used to calculate the active

content of Al nanoparticles. The details of the calculationsbeikhowrin later chapters.

2.6.3.3 Differential Scanning Calorimetry (DSC)

DSC isa usefultool to measure the heat flow through samples. When a reaction occurs in
a sample,it usually releasesor absorbsenergy, whichcorrespondgo an exothermic or
endothermic reaction. Theampleseed to release or receigaergyfrom thesurrounding
environment, whicttausesheat flow that can be detected by the DSC device. The DSC
device comparesthe reference sample and the unknown sample to provide quantitative
information on the energy abstign or release of the unknown sample. The TGA/DSC

device used in this thegs shownin Figure 212.
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Figure 212 TGA/DSC device in our lab

Furthermore, the DSC device can provide information about the onset temperatine and
peaktemperature of a reaction. It is important to measure the onset temperature to providing
information on the ignition mechanism, and the peak temperature for calculating the
activation energy in reaction kinetics. The details of the DSC dathevpkesentedh later

chapters.

2.6.3.4 Scanning Electron Microscopy (SEM)

SEM is a valuable tool to investigate the surface morphology and elemental contrast of
samples. It provides excellent resolution to see the nanopatrticles in detail. The electron beam
generated in the SEM device interacts with the surface of samples usangnditypes of
electron beams. The two main types of electron beams produced lsartiesare

secondary electron beam (SE) and bschitered electron beam (BSE). Generally, the SE
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detector is mounted on the side of theamberwhereas the BSE detects mountedn the

top of thechamber The SE possesses less energy and is affected by the electric field that
restricts the SE flight to the top area. However, the BSE has a leigbegythat can fly to
theheadareaand bereceived by the BSE detector.

The former beam reflects the surface morphology ofénmeple whereas the latter electron
beam carries the information on atomic weight. $amplesnust beconductiveto eliminate
charging on the sample surface. If they are not conductive, they mustadbed with
conductive coating, such as gold or carbon.

In this thesis, the SEM apparatus is used to measure the layered structure of samples
composed of Al and oxide nanoparticles. The SE beam shows theseobiss morphology,
whereas the BSE beam legfts the elemental contrast. In the BSE signals, the heavier
elementshowasbrighter images on the screen. Therefore, the latter beam clearly shows the
different layers in the crossection of the samples. Due to the fwmmductive nature of Al
and oxia nanoparticlesyold was coate@nto the crossection of the samples. Furthermore,
the magnification of images can reach up to 100,000 times in this thesis, which shows the
morphology of nanoparticles and products after ttiermite reaction. Overall, th SEM
instrument provides information on the morphology of the esestion and the detailed

morphology of nanoparticles and products.

2.6.3.5 Energy Dispersive XRay Spectroscopy (EDS)
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EDX is a powerful characterization technique coupled with SEM analysis. Tragsare
generatedis part of the primary electron interaction with the sample surface. The primary
electrons irradiate the surface of tbemple which forms electronswith a lower level of
energyWhen the formed electrons eject the higher energy electrons, the electrons with lower
energy level fill the holes of ejected electrons at the same time thatréngs Xorm as part
of this transition from higher energy level to loweeryy level. The wavelength of the X
rays corresponds to the specific energy unigugatticularelements, which provides both
the identity and relative abundance of ealdment inthe composition..

EDX can providejualitativeinformation on the types of elements. Howeveraitestimate
the relative abundance with low accuracy in the quantitative analysis due to various factors.
First of all, the Xrays generated aemittedin all directions. In addition, they may not all
egape from the samples. It can be said that the accuracyauidhétativeanalysis depends
on the energy of the -Xays, the composition, amount, and density of materials. For these
reasons, the EDX method used in this thesis aims to prquiaktativeinformation on the
el ement s6 di st r i-quantitatie analyses.This means tyat tlee quaetitative
information serves as a reference.

In this thesis, EDX provides information coupled with SEM images to show the- multi
layered structure andehdistribution of elements throughout the layers. The distribution of
elementds detectedn the samples before and after the thermite reaction, which shows the
positional change of the elements. Coupled with TGA/DSC and SEM images, the migration

of elemants measured using EDX shows the thermite reaction process, which reflects the
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reaction mechanism during tttieermitereaction. The details of the application of EDX will

be shownin later chapters.

2.6.3.6 Microhardness
Indentation hardness refers to efetining the hardness ohaterialswith respect to
deformation. Microhardness is one type of indentation hardness that has been widely used in
the literature to describe hardness testing with low applied loads. Imeéhsuremenia
certainforce through aiamond indenter of a specific geomeasappliedto the surface of a
sample. The hardness on the microscopic scalbeaibservedsing microhardness testing.
Microhardness testing measures the hardness of the welding zone of silicon wafers. One
application of nanehermite composites is to weld small and brittle parts by providiocgé
heat sourcéActually, the best way to investigate the joint quality is to test the tensile strength.
However, due to the brittle and small nature of silia@fers,the tensile strength test cannot
be conducted. The clips holding the silicon wafers damage the parts before loading is applied.
To investigate the joining qualityweconductednicrohardness testing for the welding zones
welded with various nanthermitecomposites. Due to the narrow welding zone (~€36h)

microhardness testing is employed to measure hardness on the microscopic scale.

2.6.4 Reaction kinetics
In this thesis, the application of using nahermite composites to weld two silicon wafers

is canducted Thermodynamics and reaction kinetics affect the joining quality and
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microstructure of the welding zone. The energy release and reaction rate determine the energy
that can be received by the welding zone to fornmeerfacialconnection between the two
silicon wafers. The welding experimentere conductedt room temperature without a pre
heating process. The reaction rate becosssentialdue to the heat loss effeoh the
surrounding environment. The energy release candssured directly usingl2SCdevice
as mentioned in the last section. However, the evaluation of the reaction rate cannot be tested
directly by using instruments. The reaction ratelmaexpressedith the equation described
by Borchardt and Danie[827, 128]

— QYp & (Eq. 23)

Where k(T) and n are specific rate constants at temperatlirand reaction order,
respectively. Furthermor&(T) canbe expressedith the following equatiofil28].

QY QT (Eq. 24)

WhereZ andEa are the preexponential factor and activation energyis the gas constant

(8.314 J/mol K)Eg. 25 can be deduced by substitutiBg. 23 intoEq. 24.
— QT p W (Eq. 25)

The reaction rate is one of the composite properties, which is related to the apparent
activation energy. Estimating tregparentactivation energy igssentiain evaluating the
reaction kinetics of thermite composites. It shob&l notedthat theappareh activation
energyis calculatedin this work The activation energy means the barrier at which the
reaction carbe initiated However, the thermite reaction includes a mass and heat diffusion

process, which is not the reaction between chemical compwsifilherefore, the apparent
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activation energy is appropriate to determine the reaction kinetics in the thermite reaction.
The Kissinger method appliedin the evaluation of thapparen@activation energy128].

Then,Eq. 26 can be deduckby differentiation oEq. 25.

- — —— WEp ® Q— (Eq. 26)
At the peak temperature, the maximum reaction isa&chieved Therefore,— — is

eqgual to zeroThe following equation can be obtained.

— wWéEp O Q— (Eq. 27)

The Kissinger approach assumes thap @ Is irrelevantto a heéing rae and
approximately equal to onEq. 28 can be expressedhiy. 27.

— 0 (Eq. 28)

Then the following equation cabeyieldedfrom Eq. 28 by taking thelogarithmof both
sideg[128].

| T— 11— — (Eq. 29)

Where,b is the heating rate, equal te-. According toEq. 29, the apparent activation
energyEacan be calculated with the slope bfl — vs —.

Using the peaks in the DSC results and the calculation, the apparent activation energy for
each nandghermite composite cabe obtainedBased on thapecific energy release and
reaction rate of nanthermite composites, this provides the welding zone ditferent
qualities, whichhelpsin the preparation of the proper nath@rmite composites for future

applications.
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2.7 Applications of nano-energetic materials

Metastable intermolecular composites (MICs) have been used in a wide range of
applications, such as propellap®3, 85, 129132], pyrotechnic§133], microinitiators[28,

29, 40] gas for actuatiof30, 134136], gas for chemical reactiof82, 137] and micre
joining [138-140]. Nanocompositeare usedor different purposes based on their energetic
properties. One of the typical nanocomposites useprégrellantsandmicro-thrusterss the
combination of Al, ammonium perchlorate (AP), and hydreegininated polybutadiene
(HTPB), where AP serves as the oxidizer and HTPB works as the binder. Theizehall
nanoparticles were mixed with axidizer and improved the burning rate and stability as
reported129]. The particle sizes of AP in the reported literature remaimati@-sizelevel
that reluces the entire combustion rate.

Typically, solid propellants havieeen usedor rocket boosters, and in conjunction with
MEMS technology to fabricate micron or millimetscale devices that provide thrust. These
devices are composed of three main pasabustion chamber, igniter, apdopellant In
general, polysilicomesistorsare dopedo create the igniteAn easierfabrication method is
required to produce the fuel ignition components for the devices. Thepsalgk and
conductive fuels are prepared and then combined with relearodes in thehambethat
can allow the current passing through the fuel foil toitegthe fuel uniformly. Graphite
additive makes theropellantconductive and 20% of the additive by volume enabled
conventional composiype propellantsto become conductivi9]. The drawback of the

initiator is apparent as theonventionalpropellantproduces gas phase can damage the

65



propellantoefore ignition occurs due to the presencenafjaition delay for most of theolid
energetic materials, which leads to unreliable and uncontrollable reactions. Another research
work studied the formation of Au/Ti nanocomposite asnarator for the replacement of a

wire igniter inmicro spacecraftand showed improvement in the total impuk@]. The

Au/Ti doublelayered sructurewas formedwith electron beam evaporation that required a

high device cost.

2.8Summary

Thereviewof thefabrication characterization, and application of MliSsncludedn this
chapter.The fabrication technologgescribeshe preparation methodsed tomix fuel and
oxidizer to form homogeneous compositBlysical mixing and arrested reactive milling
fabricate the combination with pow@ekrmaterials in which the former uses nanopatrticle
components and the latter empladlge microparticles Sol-gel and sedassembly are similar
to each other when the salt components are applied. The only difference between the two
technologies is that the surfacef the nanoparticleare functionalizedor absorptionto
obtaina moreuniform structure in selissemblyAn alternativeo using oxidizer nanorods
in seltassembly is to functionalize the surface of oxidizeshich can absorb Al
nanoparticlesThe monolithic gel with porous structure cdme formedusing these two
methods. Sptering and EPD proceghablethe formation ohanocompsiteswith layered
structureghatare suitable for the applications of ignition and migmming. The summary

of the fabrication, characterization, asoplicationis shownin Table 25.
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Table 25 Summary of fabrication, characterization, and application

Methods

Specification

Physical mixing

Powder structure

Fabricdion Solgel Porous structure
Seltassembly Porous structure
Arrested reactive milling Condensed structure
Fabrication Sputtering Multi-layers structure
EPD Thin-film structure
TGA/DSC Thermal analysis
SEM Microstructure
Characterizatior EDAX Elemental mapping
XRD Phase analysis
High-speed camera Reaction kinetics
Propellant Propulsion resource
Pyrotechnics Propulsion resource
Application

Initiator

Micro-joining

Ignition

Heat resource
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Chapter 3: Layered nanothermite composites with EPD

process

3.1 Overview

Thermochemical properties and microstructures of layered aluminiurargdliron oxide
(Fex0O3) nanethermite were investigated via thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC) and scanning electron microscopy (SEM) for developing a new
type of metastable intermolecular composites (MIC). The natidea of Al and FgOs were
dispersed in solution and deposited separately on stainless steel electrodes by means of the
electrophoretic deposition (EPD) process. These nanoparticles were dispersed and deposited
without any surfactant and additive, whielminates potential contaminates in products. In
order to produce layered structures, nanoparticles were deposited in a sequence which
promotes effective bonding between two different types of nanoparticles. SEM images
demonstrate a layered structure wiltle intimate contact between Al and:Be DSC data
was collected to characterize the onset temperature and energy release per unit mass from the
layered composites with different molar ratios of AlBe It is revealed, based on the
consistent onset tgmeratures from different composites, that the ignition of Al antDfe
layers is closely associated with oxygen which is produced from thermal decomposition of
FeOs. In addition, the thickness of the reaction zone is restricted by the diffusion length of

oxygen across the layss-layer interface, which results in a varying degree of reaction

1 Chapter 3 has been published in the journal. The publisher provide the right to include it in a thesis or difké®ation
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completion within the composite and subsequently the distinct energy release values per unit
mass. The decomposition of B& nanoparticles, diffusion path of oxygen and interfacial
contact between Al and F@&s layers are found to determine the energetic properties of

layered thermite composites.

3.2 Introduction

This study focuses on the microstructure and thermochemiogkrties of Al/FgOs
thermite system. Among a variety of thermite systems, ADgkeomposite has been widely
researched for developing propellaii#l], explosive$142], free standing heat sourjde! 3],
airbag ignition materia[144], and welding torchefl45], etc. In comparison with other
thermite systems such a¥NiO with the eaction enthalpy 08.44kJ/g and Al/WQ with
the reaction enthalpy &.91kJ/g Al/Fe-Oz composite exhibits a greater reaction enthalpy
(3.95kJ/g and has been consideredaasery attractive source for localized heat|28].
Meanwhile, the adiabatic temperature of the AdB=dhermite reaction is only 113 € above
the boiling point of ion, which possibly facilitates the gasless energy produf2@jn

The objectives of thistudy are, 1) to fabricate and characterize the microstructure of
layered composites of Al/E®z nanathermite; and 2) to investigate their ignition mechanism
and energetic properties. To achieve these goals, Al ai@ Ranoparticles are deposited
on a $ainless steel electrode to form mud#tyer structures. The soleblid interfacial contact
of two depositing layers is examined using scanning electron microscopy (SEM) images. The

thermal gravimetric analysis (TGA) is performed to study the active ioaubel mass change
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during reaction. Differential scanning calorimetry (DSC) is used to measure the energy

release and the ignition temperature of corresponding thermite composites.

3.3 Methodology
3.3.1Materials and experimental setup

Al nanoparticles with an average diameter of 18 nm and 99.8% purity (which accounts for
the mass fraction of Al nanopatrticles over other impurities in the sample) were provided by
Microbonds Inc The purity of Al nanopatrticles was specified by the supplieorder to
examine the potential oxidation of these nanopatrticles during fabrication, transportation and
handling, the mass fraction of their-8k shells was measured via TGA using representative
samples and compared with the reference values. Ti@ Ranoparticles were purchased
from Sigma which have a specified diameter of 20 nm. In order to describe energetic
properties as the functions of molar ratio of AlBg the mass of deposited samples was
adjusted accordingly.

The stoichiometric ratio (280 in mass) was obtained through evaluating the following
reaction

2 A+F gO;f ALO3+2 Fe (Eq. 32)

The deposited mass on the stainless steel was adjusted by changing the EPD parameters
including the depositingtimeamedl ect ri ¢ fi el d potential. The
dependence of deposited mass on these EPD parafidt@rs

0O _ ' 0680Q0 (Eq. 32)
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wherew ande are the weight of materials deposited and the electrophoretic mobility constant,
respectivelyE, A, andC are the electric field strength, the surface area of electrode and the
mass concentration in suspension, respectivedyhe depositing time whehe electric field

is applied. In this study, the mass concentration of nanoparticles was controlled by measuring

the mass of nanopatrticles added into the solution angbtbime of the solution.

Cathode

Holder

Cell

Electrode <

Nano-particles<

> Suspension

0.6cm

Figure 31 Schematic diagramf experimental setupf EPD device

The schematic diagram of EPD process is shovaguare 31. The distance between these
two electrodes was set to 6 mm. The deposits of Al ap@sReere found on the cathode,
which indicates that Al and E®3 nanoparticles were charged positively in ethanol and
isopropanol, respectively. Al and & were coated separately. The Al nanopatrticles were
deposited with the electric fields of 10 V/cm, 20 V/cm and 30 V/cm, which correspond to 6

V, 12 V and 18 V of th electrical potential, respectively. The depositing times were set to
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30 s, 1 min, and 1.5 min, respectively. The deposition rate-@hkF@noparticles was found
being slower than that of Al nanoparticles. The electric field strengths #0g Bespensins
were 30 V/cm, 40 V/cm and 50 V/cm and with the depositing durations of 1 min, 1.5 min
and 3 min, respectively. The deposition mass was determined by measuring the weight of
electrodes before and after each deposition step.

The uniform interface can Bermed by depositing E®s and Al nanoparticles separately
in a sequence that can improve the effective boraigcontacof reactive components.

The layeredstructurehaswell-definedgeometric structure artdethermite reaction occurs
in the interfa@l zone when the temperature rigeghe ignition temperature.hE ignition
temperature isssumed to bendependenof the molar ratio of fuel and oxidizer due to the
reaction characteristics that only ocatithe interfaceThe firststepto achievinglayerby-
layer structures ito use th&ePD process to deposit nanoparticl&se electrodes serving as
the substrate for deposition calsobe thesupportghat eliminatehe breakage of thin layers
and makes handling easi&he available soknts for dispersing and depositithg particles
are ethanol, distilled water, asbpropanalDistilled water reacts with Al nanoparticles and
evaporateata slow rate itheatmosphereompared with other organsolvents Ethanol is
an ideal candidat®r dispersionbutthe FeOs solution using ethanol solvecannotremain
in astable conditionandprecipitationoccurswithin a shorttime. Therefore jsopropanois
chosen to disperse the0s nanoparticles and depositem on the electrodesAfter the
deposition of the first layer, thelectrodeis extracted out of solution and dried for several

minutesin the ovenuntil there isno mass chargg The deposite@lectrodes theninserted
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into the Al solution for another deposition and treatedhia same wagsabove.To retain
the layered structure without damagee cutthe electrodewith nanocomposite together

using scissors to fit the size tbie crucible for TGA/DSC measurement.

3.3.2Selection of solvents for aluminum and iron oxide nanopécles

During EPD the stability of nanopatrticle suspension in its solution plays an important role
in producing a good quality of deposits. In some solvents nanopatrticles are naturally charged,
which is able to suspend nanoparticles in solution and producesfgiisgtelectrophoretic
mobility under the electric field. A double layer structure is formed surrounding the
nanoparticle, ashown inFigure 32(a), when it is dispersed in a solvent. Meanwhile near the
electrode, the electrical double layer is also #uirf146], asshown inFigure 32(b). The
different types of nanoparticles exhibit distinct electronic properties in the solution. Thus it
is necessary to choose the proper solvent for effectively dispersing Al #b¢l Besra and
Liu discussed about the selection principle of solventsR@ groces§o5]. It was suggested
that the particle size, dielectric constant, conductivity of suspension, viscosity of suspension,
and zeta potential are major parameters which affect the stability of suspension and the
quality of depositionIn this study, the organic solvents are expected to have little reactivity
towards these particles. The selection of solvents was therefore mainly based on the dielectric

constant and viscosity of suspension.
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Positively charged Al-NP

(c) Diffuse-double layer

Figure 32 Schenaticview of aluminum naneatrticles withthe double layers structure: (a)

surfacecharge, (b) stern layer, (c)fflise layers of countaons[146]

Table 31 shows the physical properties of a number of solvents under considgd&iion
Note tha a very small dielectric constant would result in unsuccessful deposition due to
insufficient dissociation, whilst a very high dielectric constant could lead to a high ionic
concentration in the liquid which reduces the length of the double layer regin a
consequently restricts the electrophoretic mobility. An EPD process usually prefers the
dielectric constant in the range of 12 to[25]. Several solvents (ethanokpnopanol, ise
propanol, Abutanol and acetone) shownTiable 31 meethat requirement. In order to assess
their solution viscosity, the Henry equati@b] was used to illustrate the dependence of the
electrophoretic mobility of nanoparticles on the physical properties of solvents

C -—"Qll i (Eq. 33)
where * is the electrophoretic mobility; is the permittivity of vacuum; is the

relative permittivity of the solvent;- is the solvent viscosity, an®ll i is the Henry
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coefficient which depends on thigickness of the double layegwAll) and the core radius (r)

of the particle. Henry equation suggests an increase of the permittivity leads to a greater
mobility of nanoparticles. On the other hand, increasing the viscosity can result in a decreased
mobility. Three kinds of solvents, i.e., ethanol-mopanol and distilled water, were chosen

and tested for their reactions wi#h nanoparticles. The samples were sonicated and then
settled for three hours before nanoparticles were filtered out and exanfitretreaction
between a solvent and the Al nanopatrticles happens, the color of nanoparticles would become
whiter. The color change of nanoparticles indicates the phase change from A)ioBssed

on these testgthanol HPLC grade with 90% purityvas chosen to disperse and deposit Al

nanoparticles.

Table 31 Physical property of solvents

Solvents Viscosity €P)=10° Nsni?  Relative dielectric constan
Methanol 0.557 32.63
Ethanol 1.0885 24.55
n-Propanol 1.9365 20.33
Iso-propanol 2.0439 19.92
n-Butanol 2.5875 17.51
Ethylene glycol 16.265 37.7
Acetone 0.3087 20.7
Acetylacetone 1.09 25.7

Iron oxide nanoparticles were also dispersed and tested in distilled water, ethanol, and
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isopropanol, respectively. Theselutions were settled for ten minutes after sonication. Then
the degree of dispersion of nanoparticles was examined. Based on the comparison
isopropanol was selected to prepare th€kesuspension. It was found the suspensions of

Al and FeOs nanopartiaks in ethanol and isopropanol, respectively, possess a good stability
after sonicated for 280 minutes at 40 KHz.

The Al nanoparticle loading of 1% by weight was added into a 20 mL disposable
scintillation vial. After adding ethanol into Al powder, thialwvas put into a 2510 Branson
ultrasonicator and ultrasonicated for 20 minutes at 40 KHz. The ethanol dispersed Al
nanoparticles were kept in a turbid liquid and settled for hours, to produce homogeneous Al
thin films via EPD. The higher density and viarycharging states K@z nanoparticles were
found to affect EPD process. Through several trails, the powder loading was set to 3% by
weight. FeOs nanoparticles were first added into a vial, followed by adding isopropanol. The

suspension was ultrasonicatier 30 minutes at 40 KHz.

3.3.3Characterization

The active contents of Al nanoparticles before and after deposition were first examined
via TGA in air, to access whether oxidation occurred during EPD process. The NETZSCH
STA model 449F3A0918M Jupiter was used. The cressction microstructures of
depasited films were investigated with SEM (LEO 1550 Zeiss) under up to 100,000 times in
magnification. All these samples were coated with a thin gold layer via a UHV sputter system

with the current of 20 mA for 139 seconds to provide a sufficient conductingyignition
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temperature and energy release of the layered-ocamposite on the electrode were
characterized with TGA/DSC with the heating rate of 120€/min in the range of 25€ to 800C.
TGA/DSC measurements were conducted for Alllkeomposites undetrrgon atmosphere.

To investigate the dependence of the deposited mass on EPD parameders F2Ds
films were produced on electrodes separately when the deposition mass Jmgésm
investigated as the function of deposition time. The yield of EPD gsogas calculated by
measuring the weight of the electrode before and after deposition. The Al nanoparticles were
deposited on the electrode for 30 seconrids,secondsl minute, and 1.5 minute under
30V/cm of applied electric field. The & nanoparticle underwent the electric field
strength of 40V/cm for 1, 1.2, and 3 minutes.

To characterize the energetic properties of the layAtednd FeOs nanecomposite
structure, TGA/DSC curves were obtained when the composite was heated to 800€C with a
heatirg rate of 10 €/min and in argon. The layered composite sample was kept on the
electrode and then placed into the crucible, in order to avoid any damage on the structure. In
the TGA/DSC reaction chamber, an uncoated stainless steel electrode was pideed in
reference crucible to retain the balance. Three tests were run under the same conditions in
order to produce the error bar. In order to investigate these effects of different fuel/oxidizer
molar ratios on the performance of layered composites, therarobdl and FeOs deposits
were controlled by changing the deposition time and the applied electric potential. Then the
fuel/oxidizer ratio was estimated by measuring the weight change corresponding to the

individual EPD process.

77



3.4 Results andDiscussion
3.4.1Characterization of asdelivered and deposited Al nanoparticles

An aluminum oxide shell usually forms on the active core of the Al nanoparticle during
fabrication and storage. For nanopatrticles, this oxide shell could represent a letrge &fa
the total mass. A 50 nm nanoparticle with a 5 nm alumina shell was found to contain 58% of
aluminum oxide, leaving a much smaller amount of the active cddini It is important
therdore to check whether the EPD process would significantly change the active content of
fuel component. TGA/DSC was performed in dry air on thdadiwered and deposited Al
nanoparticles for this purpose.

Figures3.3(a) and3.3(b) demonstrate the TGA/DS€sults of the 18 nm Al nanoparticles
before and after deposited on the electrode. The solid line in each figure is referred to the
DSC result which possesses a sharp exothermic peak accompanying the oxidation reaction
of Al nanoparticles with oxygen. Inokh cases the DSC curve shows the onset temperature
of approximately 50608 €. Moreover, the energy release from the-@aivered Al
nanoparticles (3289 J/g) is greater than that of the deposited nanoparticles on the electrode
(2688 J/g)This differenceof energy release can be explained by the following considerations.
First, part of reaction enthalpy is absorbed by the electrode during TGA of the deposited
nanoparticles, which reduces the DSC peak recorded from the measurgevenidly,as
will be illustrated laterthe diffusion path of oxygen is shorter than the thickness of the

deposited thin film, which limits the completion of oxidation and leaveseanted Al
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nanoparticles from TGA/DSCThe dotted line in each figure shows the TGA result
demongtating the increase of mass due to oxidation. It is important to note that the TGA
curves start to increase at approximately 500 € which is slightly lower than the onset
temperature of the DSC curves. This agrees with observation from diftmndrolled
oxidation prior to the thermite reactif04]. The percentage of mass gain of thelelsvered
nanoparticles (35.1%) is about 10% higher than that of the deposited nanoparticles (25.5%),
which most likely indicates thencompletion of the oxidation of nanoparticles tire
electrode due to the restricted diffusion path of oxygen in the EPD deposited films

Separate tests were performed in order to characterize the potential oxidatien of as
produced thin films in air. After deposition, the samples were exposed in &irkdy and 2
hours before TGA/DSC measurements were performed. It was expected, the mass gain of
these samples during TGA would be significantly different if some Al nanopatrticles in the
thin film were oxidized in airTable 32 shows the mass changasasured from GA tests
with thesesamples Clearly he mass changeresulted frondifferent samplesare nearly
constant (with about 1% deviatignidicating that thexidization of the thin film in air is
less important. This finding further suggestst tthee decreasd mass changef deposited
nanoparticles, shown iRigure 33, is unlikely due tooxidationof Al nanoparticlesiuring
the samplereparatiorstage. Tie uncompletedxidation processluring TGA/DSC should
play a more important role mecreamg themass change and reduog theenergy release

The mass change for-delivered nanoparticlesfter TGAIs 35.1%.The active content

was thertalculated using E@.4
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T0a o0 O & (Eq. 34)

The active content is the functionércentagef mass changmeasured by TGAwhich
can be expressed in E3].5.
0o — (Eq. 35)

where "0 is the active content of Al nanoparticles ands the percentage of mass change

in TGA result. herefore, the active content for thedmdivered nanopatrticles is 39.5%.
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Figure 33 TGA and DSC results of (a) deposited and (bdl@lsvered 18nm Al

nanoparticles with 1&/min and in the temperature range of 100 € to 1000 €. The solid
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lines: DSC results. The dotted lines: TGA results
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These analyses basedkigure 33 confirm that the EPD process, together with the power
dispersion method in the solution, leads tostragned impact on the energetic properties of
Al nanoparticles on the electrode. While the EPD process did not cause increasing the onset
temperature which is believed to closely relate to the growth of the alumina shell, the

presence of the electrodeexfts the energy release from the active nanoparticles.

Table 32 Mass change in TGA of deposited nanoparticles

Exposure time Average mass
1 15 2
(h) change (%)
Mass change in
25.5 27.33 26.72 26.52
TGA (%)
Deviation (%) -1.02 0.81 -0.2

3.4.2Deposition mass of Al and F#s3 nanoparticles
Figure 34 (a) and (b) demonstrate the increase of deposition mass with deposition time.

The error bars were determined by repeating the same process for three times under same

conditions.
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Figure 34 Yield of nanopatrticle coating from EPD process (a) the yield of Al nanopatrticles

and (b) the yield of E©3 nanoparticles

Comparingrigure 34 (a) and (b), the deposition rate obBgnanoparticles is about three
times of that of Al nanoparticles due to the greater density #sFa higher concentration
of FeOs solution, and relatively higher electric field applied to the(Ozesolution. This
deposition rate however decreases wittreéasing the thickness of deposited layer. After the
deposition time of 1 mirte, there is less mass changetlar Al deposition on the electrode.
This is due to the significantly reduced electrical conductivity of the electrode, which is

caused by theefatively lower conductivity of the Al film and the weak bonding strength
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between Al nanoparticles and the stainless electriodeontrast, the mass of the.Pa
nanoparticle layer keeps increaswith the deposition timeas showrn Figure 34(b). FeOs
nanoparticle deposits seem to bring less influence on the conductivity of the electrode. Fig.
4 suggests the poorer electricity conductivity of the deposited Al nanopatrticles than that of
the deposited E©3 nanoparticles. The deposition rate of Al naatigles was foundo be
slower with increasinglectric field, while the same phenomenon was not observed with the
deposition rate of RF®3 nanoparticles. It is believed that, since Al nanoparticles possess a
lower electrical conductivity, the overall adunctivity of the deposited Al nanoparticle film
bemmes smaller with increasinglectric field which reduces the deposition rate. The
electrical conductivity of F&3 nanoparticles is much higher than that of the Al nanopatrticles.
Basal on this observatio the layered Al/F€s; nanecomposites were fabricated by
depositing the E©s nanoparticles first. Then the Al nanoparticles were deposited on the
FeOs film. The stronger bonding between thexBefilms with the electrode was found

effectively to preventhe peeloff of the layered composites from the electrodes.

3.4.3 Microstructures of deposited films

SEM images were taken and analyzed to investigate the morphology and microstructures
of the deposited films. The homogeneity of deposited layer surfaces was considered as a
major factor which affects the interfacial contact between two reactive layers and
subsequently influences the species diffusion leagth thermite reaction rat€igure 35

illustrates the SEM images of the depositegizsurface withmagnifications of 10,000 and
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100,000 times, respectivelgnd the crossection view ofthe FeOs layer. The 40 V/cm

electric field strength and 1.5 min deposition time were applied to produceAbgel&ger

shown inFigure 35.

Figure 35 SEM images of the surface of depositedd=zdga) 10,000X and (b) 100,000X.

Insert: the crossection view

A relatively uniform but porous surface was produced afteDfeanoparticles were
deposited from EPD process. The largest pores were found to have sizes of about 200 nm,
which were formed maly from evaporation of the solvent. Meanwhile, when the charged
FeOs nanoparticles moved towards the electrode, a repulsed force could enhance the
porosity of the depositing surfacéhe crosssection view otheFeOz layerconfirms lacking
of major craks across the layer and the quality of EPD process is reasonably satisfying.

The crosssection view of the layered Al/B®: compositesunder the deposition
conditions of 40V/cm electric field applied for 1.5min formikRgOs layer and 30V/cm
applied for 1min forming Al layeon the stainless steel electrode was demonstratédure

3.6. This image shows, first, bonding of &’ nanopatrticles on the stainless steel electrode
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is stronger and no voids or cracks were obser8edondly, the FE©:s film can be deposited

with a | arger thickness (125 &m), t hanks t
conductivity of the aproduced film. Thirdly, it is feasible to deposit Al nanopatrticles on the

FeOs film, although the thickaess of the Al film is restricted by the conductivity of the
composite structure and the bonding strength between Al nanoparticles andahélifhe

The thickness of the Al |l ayer was measured
Al nanoparticle fm demonstrates a more porous structure than th@sFeanoparticle film.
Nevertheless, the layered Al#&® nanecomposite was successfully fabricated via EPD on

the stainless steel electrodalso the direct contact between two types of reactive

nanopaticles is visible.

Iron oxide

&

Aluminum’, "

Figure 36 SEM image of the crossection view of Al/FgOs composite Deposition

condition: 40V/min and 1.5 min fd¥eOs, 30V/cm and 1min for Al

3.4.4Energetic properties
TGA/DSC experiments were performed with thgered Al/FeOz nanecompositeso

investigate their thermochemical stabilities and energetic properties. The onset temperature
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and energy release were characterized and the results of one representativeveaenple
shown inFigure 37. The EPD conditions of this sample were the same as the samyie sh

in Figure 36. The TGA/DSC curves were obtained when the composite was heated to 800C
with a heating rate of 10 €/min and in argon. The TGA curve shows annifisignt mass

change within a few percentages that was considered as an equipment effect. Since the tests
were arranged in argon, the total mass should be constant. The DSC curve demonstrates a
single exothermic event with the onset temperature of 494v8ti;h belongs to the thermite
reaction of Al and F£s nanoparticles presented in the composite. The total energy release
from the sample was calculated #59.4J/g basedon the mass ofl. The reaction stops

when the system temperature reached 581.8fe maximum reaction rate was found at

524.1€C.
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Figure 37 TGA/DSC results of a layered composite heated to 800€C with a heating rate of
10 €/min using 18nm of Al NPsThe solid lines: DSC results. The dotted lines: TGA

results
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Figure 37 providesabout important information dheenergetic properties of the layered
Al/Fe>O3 composite. First of all, the thermite reaction occurs before the melting point of Al
(since no melting peak was observed on the DSC curve), indicating thetstdéicbxidation.
Therefore, the Al/F£€3 nanethermite composite with layered structure folkothe naneo
thermite reaction mechanisnfiscan be described thatygen diffuses through the aluminum
oxide shell of Al nanoparticles and reacts with the active Al core. Secondly, the onset
temperature of the layered composite (494.3€C) was found to erldhan that of the
deposited Al nanopatrticles in air (505€). This suggests the improved ignition performance
of the layered nanthermite composite due to-situ production of oxygen from F@s and
its much shorter diffusion length to reach the Al cdreirdly, the energy release from the
layered composite (~1.7kJ/g) was found much lower than the theoretical enthalpy of the
Al/Fe-O3 system (3.9kJ/g)23]. This observation can be explained by a few factors. The
active content of Al is smaller in nanoparticles due to existence of the aluminum oxide shell,
which reduces the energy release peit mass of Al. The active content of 18 nm
nanoparticles was estimated uskigure 33(b) and its value was found as approximately
40% of the total massalculated with Eq3.6. Another major factor which affects the energy
release is believed to be tineomplete thermite reaction within the layered composite which
contains originally separated fuel and oxidizer components. Upon ignition at the interface
between two layers, the temperature of the composite increases and the diffusion rates of
active conponents (Al, oxygen and Fe) are accelerated. Driven by the temperature enhanced

diffusion, these reactants, especially oxygen released freg@,Faoves towards the Al layer
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and hence the reaction zone is extended in the vertical direction of the layered structure. It is
therefore reasonable assuming that the thickness of the reaction zone is determined by the
diffusion length of oxygen at local conditions. The diffusion pafttoxygen however is
restricted by the newly formed products. Meanwhile, since combustion enthalpy is partially
absorbed by the stainless steel substrate, temperature is reduced and subsequently the

diffusion length of oxygen is reduced.

3.4.4.1 Molar ratio effects onenergy release

The effecs of themolar ratioof Al/FexOz on the onset temperature and energy release per
unit masswereinvestigated by changing the deposition amounts of reactive components.
Eight representative samples were fabricatedl éharacterized for this purpose. The EPD
deposition conditions and derived sample data are shoWabie 33.

Caused by the deposition characteristics of EPD process, the thickness of each layer
changes with the molar ratio of Al/#&&; nanopatrticles added to the corresponding solutions.
Since the reaction zone is mainly located around the interface between two layers, adding
more fuel or oxidizer would not necessarily alter the energetic properties of layered
composites.

The energy relase fromeach sample is shown igure 38. The energy release per unit
mass of Al is increased from 22J/g to 169 J/g when thenolarratio changes frorth.14to
1.4, due to the increase of the active Al content which provides morgofuleé thermite

reaction zoneFurther increasing the molar ratio of Al4& however does not result in
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greater energy release values. Instead, when the molar ratio is increased from 1.4 to 3.96, the

energy release per unit mass keeps decreasing.

Table 33 Deposition condition and amount of each layer

FeOs Al
3% of solid loading 1% of solid loading
Molar ratio
Sample Electric Electric
Time Amount | Time Amount | of Al/FexOs
. field . field
(min) (mg) (min) (mg)
(V/cm) (V/cm)
1 1.5 40 11.5 1 30 2.2 1.14
2 1.5 40 8.9 1 30 2.1 1.40
3 15 40 7.2 1.5 30 2.4 2.00
4 15 40 9.9 1.5 30 4.0 2.40
5 1 40 5.8 1.5 30 2.5 2.54
6 1 40 7.8 15 30 4.1 3.10
7 1 40 2.9 1.5 30 1.7 3.46
8 1 40 4.5 1.5 30 3.0 3.96

Since there is a limited reaction zone around the interface of the layered structure, as
discussed before, Al nanoparticles away from the reactionvzitimet be able to ignite and
hence the degree of complete comlmustilecreases with increasidd mass Meanwhile,
there is relatively loweamount of FgO3 nanoparticles available in the composites with
greater molar ratios. Less oxygen is produced from the thermal decompositiosOef Fe

which further leads to incomplete combustion of ntr@rmite. Thaks to these two factors,
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energy release per unit mass is significantly reduced with larger molar ratios oflifre

the composite.
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Figure 38 Energy release based on Al mass and onset temperature as the function of molar
ratio of Al/FeOs. The molar ratios of each sample sh@wnin the figures as 1.14, 1.4, 2,

2.4,2.54, 3.1, 3.46, and 3.96, respectively

Figure 38 demonstrates as welidchange obnset temperatusewith the molar ratio of
Al/Fe>Os in the layered compositions. #hows that thee is little change of thenset
temperaturewith increasing the molar ratio from 1.14 to 3.96. This confirms the same
ignition mechanism of all layered composition which emphases the role of oxygen, generated
from the thermal decomposition of J&, during ignition. Secondly, it confirms the EPD
process is a satisfying fabrication method to make layered-thanmite composites with

uniform and immediate contacts between two reactive components.
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3.4.4.2 Influence of Al nanopatrticle size on onset temperature and energy release

In order to investigate the effects of the Al nanopatrticle size on the energetic properties,
the 18 nm and 40 nm Al nanoparticles were deposited on @ Eeated electrodesn
comparson, as shown in Fig. 9, the layered composite with 40 nm Al nanoparticles
demonstrates a slightly higher onset temperature (504@& 40 nm Al nanoparticles vs.
494.3C for 18 nm Al nanoparticles). Meanwhile, the DSC curve corresponding to the
composite with 40 nm Al nanopatrticles presents a small endothermic peak at 630 € which
is close to the melting point of bulk Al (660 €), which indicates the melting of unreadted

content in this composite.

16 A Melting point: ~630 °C

14 Area: -1025.5 J/g Al: 40nm

) ;
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Figure 39 TGA/DSC results of a layered composite by using 40 nm and 18 nm of Al

nanoparticles

The influence of the Al nanoparticle size contained in the layered composites on their

distinct energetic properties can be twofold. First, larger nanoparticles are generally less
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reactive than smaller nanopatrticles, likely due to their reduced surface energy. Secondly, with
the specified oxygen partial pressure and temperature profile during TGAtESdGffusion

of oxygen requires a higher activation energy on larger nanoparticles and takes a longer time.
Therefore the degree of thermite reaction completion is lower for the composite made from
40 nm Al nanoparticles in comparison with that made frt8nnm nanoparticles. The
unreacted 40 nm nanoparticles are melted, which produces the small endothermic peak.
Secondly, larger nanoparticles may contribute to the formation of relatively nonuniform
interface between two layers. The diffusion path of orylgecomes longer before it reaches

the reactive Al content in the composites with 40 nm Al nanoparticles, which slightly reduces
the onset temperature. Further investigations, probably with the help of environmental SEM

technology, are needed to reveal itg@ghts of these effects.

3.5 Conclusion

In this study Al and FeOz nanoparticles were deposited on the stainless steel electrode,
via EPD process, to form layered structures. Analysis of the active content of Al nanopatrticles
before and after deposition confirms no additional oxidation was introduced during EPD
processSEM images demonstrate the formation of separated Al a1 g/ers within the
composites and the direct contact between two reactive components at the interface.
TGA/DSC data reveals the energetic characteristics of the layered composite. The consistent
onset temperatures of layered composites with different molar ratios ob@d/Sieggest the

validity of a previously proposed ignition mechanism of the Alllkenancthermite system
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which addresses the role of oxygen in ignition, following the thernairdposition of FgOs.

Energy release per unit mass decreases with increasing the molar ratio gDAldF¢hicker

layered structures, which suggests the incompletion of the thermite reaction during
TGA/DSC. The size of Al nanoparticles in the composidfects their onset temperatures

and degree of reaction completion. More experimental effort is expected to address these

effects.
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Chapter 4. Reaction mechanisms of nanthermite composites

with multi -layered structure

4.1 Overview

The reaction mechanisms and microstructures of various layered -tlanmite
composites were investigated througharacterization of their energetic properties.
Migration of reactive components across the reaction zone was analyzed, which plays a
significant role indetermining the process initiation, reaction propagation, and chemical
stability at low temperatures. Distinct types of nanoparticles were deposited onto filter paper
in a sequencesing the vacuum filtration method, which promotes intimate contact betwee
neighbouring reactive layerScanning Electron MicroscoppEM) images demonstrate a
well-defined contact region between theo layers in theAl/CuO or AI/NiO composites
Differential Scanning CalorimetryDSC) data show that the thermite reactiowccurred
belowthe melting temperature of Atesulting in rapid heat release and improved reaction
initiation. Hemental mappingesultsreveal the migration ofl, Ni/Cu and oxygerbefore
and aftethethermite reactiomvhich was arranged during thermagimetric analysis (TGA).
This analysigndicaesthe dominanpathway of the thermite reaction each composite,
througheitherdecomposition othe CuOnanoparticlesn the Al/CuO composite or through
direct migration of reactive components across thedacting surface within the AI/NiO
composite. Energdispersive Xray Spectroscopy (EDAX) data suggests that the Al and NiO
nanoparticles croswigrate into the counter layers without experiencing decomposition of

NiO, which indicates this is a condeng#thse reaction.
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4.2 Literature review and introduction

The vacuum filtration method has been developed in other applications, such as
fabrication of graphene and carbon nanotube based elecitHest it has not been widely
studied for the preparation of napoergetic material or compositdshis study investigates
the thermochemical properties arehctionmechanisms of Al/CuO and AI/NiO thermite
systems. The Al/CuO thermite system possesseactiar enthalpy of 4.07 kJ/g and a gas
production amount of 0.54 mol/100g, compared to other thermite systems suchea®Al/
(3.96 kJ/g and 0.14 mol/100g) and Al/W@.91 kJ/g and 0.14 mol/100g), which promotes
its applications for developing propellargnd explosive23]. On the other hand, the AI/NiO
system (3.44 kJ/g and 0.01 mol/10pg)duces a small amount of gaseous products, showing
a potential application in weldirff@2].

This thesis chaptefocuses on the fabricath of layered composites of Al/CuO and
Al/NiO nanothermites via vacuum filtration and the characterization of their morphology,
microstructures, and corresponding thermé@actionmechanisms. In order to form muilti
layered structures, Al/CuO and Al/NiGamoparticles are dispersed and mixed in solution.
Then, thin films are formed through vacuum filtration on a filter paper, following akayer
layer procedure. The microstructures of the layered-tlagranite composites are examined
using SEM images andhé fuel content of Al nanopatrticles is estimated using TGA. The
produced energy and initiation temperature of the fihaonite composites are measured

with DSC. Energydispersive xray spectroscopy (EDAXpand elemental mappingre
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employed to study the igniation of elements across the layers in the composites. In this work,
the difference in the reaction mechanisms of the Al/CuO and Al/NiO-camposites is
directly addressed through the fabrication of laygtayer composites, characterization of
their micro-structures, and comparison of their elemental mapping, before and after the

thermite reaction.

4.3 Methodology
4.3.1 Material and vacuum filtration apparatus

Al nanopatrticles, with a size range of-80 nm, and 99.8% purity (the percentage of Al
nanoparticles compared to other impurities in the sampbsgchosen for this experiment.
The Al nanoparticles were provided Microbonds Inc The CuO and NiO nanoggles
were purchased frokyspringnc. andboth had a rated diameter%if nm. To fabricate the
layered composites with a controllable thickness, a vacuunti@hrapparatus, as shown in
Figure 41, was used.iker paper (Whatman quantitative filter paper, ashless, Grade 44) was
placed onto the porous screen support that was installed in a glass funnel. The bottom of this
funnel was connected to the vacuum pump. The nanoparticle suspension was added into the
funnel. When the vacuum pump was turned on (at 25 psi), a pressure difference was created

between both sides of the filter paper, causing a thin film of nanoparticles to be deposited.
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Figure 41 Schematic diagram of the expedntal setup

4.3.2 Experimental procedure

The Al and CuO nanoparticles were dispersed in ethanolaigidding of 1 %&and 3%
by weight, respectively, and sonicated for 30 min. The loading ratio was chosen to produce
a composite with the Al and CuO layers that have a comparable thickness after vacuum
filtration. To avoid the accumulation ohanoparticles at the bottom of the tainer, the
suspension was kept under sonication until used for vacuum filtration. The solution
containing the nanoparticle suspension was added to a funnel and it was temporarily held
above the filter paper. The system was then vacuumed using the vaoaymapd the
nanoparticles were deposited on the filter. To produce the AI/CuO composite, the Al
nanoparticle suspension was added into the glass funnel to form the first layer. As the solvent
was removed by the vacuum pump, an Al thin film was formed avijplorosity that allows
solvent to pass through. Then the CuO suspension was added and the CuO nanoparticles were
deposited on the surface of the Al thin film to form the second layer. The same procedure
was repeated to fabricate a composite with multipgferds. The layered thin film was dried

in a furnace at 200 € for 5 min. During the drying process, cracking could occur on the thin
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film. To avoid thisa pressure of 500 psi was applied to the thin film as it was dried. The thin
film was then detacheddm the filter paper entirelyAcetonewas chosems the solvento
dispersdahe NiO nanoparticles for th&abricationof the Al and NiO multi-layer composite
The NiO nanoparticles were disperseith a3 % weightloading andsonicatedor 30 min.
The man procedure foproducing theAl and NiO compositewas similarto that ofthe Al
and CuO multlayercompositeas described above.

The dispersion quality of the nanoparticles was evaluated in different solvents using the
following criteria: 1) thenanoparticles should be well dispersed to eliminate agglomeration
of these patrticles, and 2) the solution should provide afnesrenvironment that allows the
dispersed nanoparticles to be stored for a few days. In addition, it was important to choose a
solvent that has no reaction with the Al and oxidizer nanoparticles, which is why ethanol and
acetone were considered. However, the difference in the viscosity of these two solvents was
found to impact the sample preparation times and various microsasicBecause ethanol
has a higher viscosity, it was found to cause a long vacuum filtration time for the NiO
nanoparticles. Therefore, it was replaced by acetone during the deposition of the NiO

nanoparticles.

4.3.3Characterization
To quantify the fuel catent, Al nanoparticles were heated in TGA/DSC (NETZSCH STA
model 449F3A0918M Jupiter) under an oxygen atmosphere. The heating rate was set to

10 €/min and the temperature was increased from room temperature to 800 €. More details
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about this process mae found in the referendd49]. The initiation temperature and
produced energy of the layered composites were characterized with TGA/DSC. Furthermore,
The TGA/DSC measurements were conducted in an argon atmosphere doterimng the
energetic properties of the Al/Cusidd Al/NiO composites.

To fabricatea multtlayer compositevith controllablethicknessesf the individual layers
for different types of nanoparticles, the densities (§@fthese individual layershould be
controlled. More specifically, the density of a layer with the same type of nanoparticles
should be kept as constant. In order to achieve this goal;stépgrocedure was developed.
At this first step, a single layer containing a specifiecetgp nanoparticles was fabricated
using vacuum filtration with a variable thickness. The solution with a fixed nanoparticle
loading (in mg/ml) was added into the glass funnel and the derived thickness of the layer is
dependent on the amount of the solutiorml). The following equation was used to calculate

the density of the single layer film

” - (Eq. 41)
whereV andC are thevolume of solution added into the funnghl), and thenanoparticle

loading ofthe solution(mg/ml), respectivelyD andT denotethe diameter and the thickness

of thethin film, respectivelyDue to the brittle nature of the produced milaiier composites,

it was difficult to measure the film thickness using calipefge film was placed between

two glass discs with the same diameter of the film and the distance between the surfaces of

these glass discs was measured ashilsknessof the film. At the second step when these

multi-layers were fabricated, the volume of each solutiaa determined for every filtration
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process, based on the desired thickness of the corresponding layer and the calculated density
values of single layer nanopatrticle films.

The energetic properties of layered Al/CuO and Al/NiO composites were invegtigate
with TGA/DSC. The detailed procedure and conditions can be found in our previous
publication™* In short, the layered composite samples were placed into a crucible, and were
then loaded into the TGA/DSC reactor. The teawas then vacuumed to remove air, and
then it was filled with argon with 1 bar. The microstructures of the produced composites were
investigated with SEM (Zeiss Merlin). These samples were coated with gold to provide a
needed electrical conductivity. €relemental mapping and EDAX tasks were performed on

the same SEM.

4.3.4 Reaction mechanisms with a muHiayered structure

The reaction mechanisms between Al and oxide nanopadiglésvestigateth this thesis.
As discussed above, the nahermite composites withetwork structure form complex
interfacedetween reactants, which makes it difficulirteestigatehe reaction mechanisms.
With preparation methods using EPD and VF techniques, dhethermite composites
formed with multilayered structure came achievedThe advantage of this unique structure
is the uniform interface between reactive layers. The thermite reaction can be initiated on the
interface area and proceed via mass tranifeugh the interface area.

Regarding different types of oxides, th®jor reaction mechanisms are g=slid and

condensed phase reaction. In the-g@igl reaction mechanism, the oxides undergo
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decomposition to release oxygen in gas phase that furtbeates to reach Al nanoparticles.

Due to the onset temperature of the reaction occurring below the melting palimnaium,

the Al nanoparticles remain in solid phase. The oxygen migrates and surrounds the Al
nanoparticles, which further diffuses throuthe AbOs shell and reaches the Al core. The
nanoathermite reaction occurs between gasphase of oxygen and solid phase of aluminum,
which is known as gassolid reaction mechanisnOn the othehand, the oxide does not
undergo decomposition to resaoxygen in the condensptase reaction, whereas the oxide
nanoparticlegsorm direct contact with Al nanopatrticles. Then, the thermite reaction occurs
between soligsolid phases, known as tbendensegbhasereaction.

With the complex and network strucé of nanethermite composites, it is impossible to
investigate the migration of either oxygen or oxide nanoparticles. The investigation into the
reaction mechanisms can oiblg conductedly using the mass spectrum method to detect the
produced gas phagdowever, the fast narthermite reaction producessignificantamount
of energy, whichncreaseshe local temperature of natleermite composites. It is possible
that the gas phase producedafter thethermitereaction. Meanwhile, the other possilyilis
that the gas phase produced by the decomposition of oxide is absorbed by Al nanopatrticles
to generate the thermite reaction, leading to a misunderstanding of the reaction mechanism.
Under these considerations, the ndmermite composites with multi-layeredstructure
including the uniform interfacare formedvith EPD and VF.

An uniform interfacds formedbetween Al and oxide layers. The thermite reaction can be

initiated from the interface and proceed by mass transfer between the two layers. Assuming
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the gassolid reaction mechanism, which suggests the decomposition of oxide before the
thermite reaction acurs, the oxygen produced from the oxide can migrate from the oxide
layer to the Al layer. In this case, the oxygen atamethe element that migrates from the
oxide layer to theAl layer. On the other hand, the condenphdse reaction mechanism
requires the direct contact between nanoparticles. Here, the oxide does not undergo
decomposition to release oxygen that migrates to the Al layers. After the thermite reaction is
initiated at the interface of the reactive layers, the sintering effettie toform intervals to

allow nanoparticleso migrate to theoppositelayer andform a direct contact between
reactants. Then, the thermite reaction occurs betweensidd phases of Al and oxide
nanoparticles.

As shown in the previous section, EDxable o trace the migration of elements between
layers. In the case of tlgassolid reaction mechanism, the oxygen migrates from the oxide
layer to the Al layer, which increases the concentration of oxygen in the Al layer. On the
other hand, the metal does mobve from the oxide layer to the Al layer. However, both
oxygen and metal migrate to the Al layers in the condepbkade reaction mechanism. The
Al nanoparticles may also move to the oxide layer. In this case, the elements of Al, metal,
and oxygen shouldppear in botltayers

This multi-layered structure, whidls able toseparate two reactants: fuel and oxide,lm&an
usedfor the investigation of the function of CNTs in the ndhermite reaction. The CNTs
canmix with either Al nanoparticles or oxideanoparticles, forming an interfacial contact

between Al and CNTSs, or oxide and CNTs. The interaction of CNTs with Al or oxideecan
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controlledvia fuel and oxide separation. Using a midifered structure can clearly show the
reaction between Al and CNTsr oxide and CNTs. The details regarding the investigation

of the function of CNTSs in thermite reactions via# revealedh a later chapter.

4.4 Results and discussion
4.4.1Fuel content of Al nanoparticles (asdelivered and vacuumdeposited)

Figures4.2(a) and4.2(b) show the TGA resultasing the 40-60 nm Al nanoparticles
before and after being vacueteposited onto the filter paper, respectivelje ata from
300°C t01200°C wascollected to investigate the mass changhe$ampleslin both casg
the TGA curve showsa slightincreasein massat approximately 400C, together with a
significant mass increasd approximately 500C, which agreg with the mass diffusion
mechanism[104]. Moreover, the mass increase wcuumdepositedAl nanoparticles
(57.69%) is slightlylargerthan that of the adelivered nanoparticle$8.81%). This finding
is attributed to the following considerations. The sonication process and subsequent vacuum
filtration can eliminate the agglomerated nanoparticles in the sample, vddokes the
amount of urreacted Al mass. In addition, the layered film create@se intimate contact
between oxygen and Al nanopartigleghich reduce the diffusion path of oxygen during
TGA/DSC andncreasstheoxidation rate. Furthermore, the oxidatimmves of both the as
delivered and vacuwdeposited Al nanoparticles demonstrate a rapid oxidation process with

a sharp mass gain at 500 C, which is bel

103

ow



a
150_ /
140+
3130- Mass Change: 53.81 %
@]
=120+ Onset: 503.0 °C

110 \

100
90~ i T i T T T i |
400 600 800 1,000 1,200
Temperature (°C)
160+ b i
150+ /
1404
1301 Mass Change: 57.69 %
&)
=120+
Onset: 500.0 °C
1101
100
90 o T T T T 1
400 600 800 1,000 1,200
Temperature (°C)

Figure 42 TGA results of (apsdelivered and (b) vacuwaeposited 460 nm Al
nanoparticles, with 10 €/min heating rate, in the temperature range of 300 € to 1200 €,

under air atmosphere

The TGA results confirm that the vacuum filtration process did not change the fuel content
of the Al nanoparticles. After their oxidation in TGA, individual Al nanoparticles were found

to be able to retain their morphology and size, which suggests that sintering of the Al or
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Al203 nanopatrticles is not significant for the vacuum deposited fifmorder toreduce
experimental errorTGA measurements were performtddee timesfor each sampleas
shownin Table 41. The oxidation of Al nanoparticles is described by Reacti¢h
r! /e b, (Eq. 42)
The fuelcontent of the Al nanopatrticles can be calculated by
0 — (Eq. 43)
where "O is the active content of Al nanoparticles gnid the percentage of mass change
in the TGA results, respectivelyh& average fualontents for the ageceivedand vacuum
depositedhanoparticles aré0.28% and64.46 %, respectivelyThese analyses, based on
TGA/DSC, as shown iriTable 41, confirm that the vaaum filtration and sonication

processes did not have a negative impact efusl contenf the Al nanoparticles.

Table 41 Mass change of adelivered and vacuwdepositedt0-60nm Alnanoparticles

from TGA measurements

Mass change from TGA

1 2 3 Average
As-delivered 53.81 % 55.01 % 51.91 % 53.58 %
Vacuumdeposited 57.69 % 56.67 % 57.53 % 57.30 %

4.4.2Density variation of the Al, CuO and NiO nanoparticle multilayers
In order to control the density variation within thepgsduced multlayers, the first task

was to determine the densities of these single layers made of different types of nanopatrticles.
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Table 42 demonstrates the densities of the Al, CuO, and NiO raatidle single layers. The

weight loadings of Al, CuO and NiO nanopatrticles in the solution were set to 1 %, 3 %, and

3 %, respectively. In order to produce the single layer with a different thickness, the volume

of the solution was changed from 5 ml torib Each process was repeated for three times.

Table 42 Thin film densities of layered samples with the Al, CuO and NiO nanoparticles,

respectively

Amount of solution (ml) Density (g/cm) Average density (g/cth

Al thin film

5 124 106 1.20 1.17

10 1.21 112 1.23 1.19

15 1.19 112 1.16 1.16
CuO thin film

5 234 239 234 2.36

10 235 232 240 2.36

15 235 232 237 2.35
NiO thin film

5 242 242 243 2.42

10 243 245 240 2.43

15 241 241 243 2.42

Table 42 shows that these densities of the single layer films of Al, CuO and NiO

nanoparticles keep almost constant, under the same operation pressure of the vacuum pump.

The averaged densities listedTiable 42 were used at treecond step, as illustrated before,
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to determine the volume of the solution at each deposition step for fabricating of the multi
layer composites. Equatigh 4 was used to determine this volume according to the desired

thickness of an individual layer.

\

W (Eq. 44)
where V and C are thevolume of the solution added intdhe glass funnel and the

nanoparticldoading of that solution, respectively.

4.4.3 Energetic properties

The TGA/DSC results of thesepresentative samples of the layered Al/CuO and AI/NiO
composites are shown in kiges4.3(a)and4.3(b), respectively. These curves were obtained
when the composites were heated from the room temperature to 800€ in argon. A small
mass change of aroundfew percentages was observed, which should be counted as an
equipment error. Since the TGA tests were performed in argon, the total mass should remain
the same. As shown Figure 43(a), the DSC curve exhibits a single exothermic peak with
an initiation temperature ohpproximately507 € for the Al and CuO composite. This
exothermic peak belongs to the thermite reaction between ACafmhanoparticles. The
reaction energy release was calculated to be 1.06 kJ/g.

Figure 43(a) brings about the followingbservations on the properties of the layered
Al/CuO composite. First, the thermite reaction occurs below the melting point of Al (which
is shown in the figure by the melting peak of remainingnAFigure 43(a)), indicating that

oxygen diffusion througkthe AkbOz shell is the dominant mechanism in the thermite reaction
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[102, 150] The outward diffusion of Al, as suggested in the refer¢ddpfor micro-scale

Al particles, seems to play a less significant role. Secondly, the energy releadeeimuutiit

layered composite with the 4D nm Al nanoparticles (~1.06 kJ/g) was found to be greatly
lower than the theoretical reaction heat of the Al/CuO system (4.0[R3gNote that the
measured heat release values from these samples can be significantly different from the
theoretical values of heat of reaction of the corresponding tteesystems. This derivation

may be attributed to the following two factors. First, for the Al nanoparticles being
investigated, their AD3 shells can account for approximately 40% of the mass of these
particles. Secondly, due to the geometrical charatiesiof these layered composites, some
reactants were left unreacted due to the incomplete thermite reaction.

Figure 43(b) displays the TGA/DSC results of tineulti-layered composite formed with
the 4060 nm Al and 50 nm NiO nanopatrticles, and shows a siredathermic peakvhen
compared with the Al/CuO systemhdinitiation temperature of the layered nazmmposite
is around 516.0C with an energy releasef appraimately 101 kJ/g. Ths lower energy
release compared with the theoretical data (~3ld4g), can be explained with similar
reasonsas was described abovelhe TGA/DSC result from these two different layered
composites gives some insight on their reactmechanisms.iist of all, theinitiation
temperature (51%C) for the Al/NiO system is higher than theiti ation temperature (50°C)
of the Al/CuO system, which indicates the improved performancthefAl/CuO system

(discussed laterBecondly, botrcurves of theseompositeexhibit themelting peak of Al
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This indicatesanincomplete reaction due to thienited diffusion length of reactive species
which restrictghesize of thereaction zone.

Figure 43 (c) shows the TGA results obtained by heatipgCuO and NiO nanoparticles
without the presence of Al nanoparticles. The solid line displays the data for CuO
nanoparticles, which demonstrates the mass drop starting from approximately 870 €.
Oppositely, the dashed line is the result for NiO nanapesti which presents that the mass
of NiO nanoparticles does not have change during the heating up procetIEGA data
indicates that the CuO nanoparticles release gas phase to the atmosphere to reduce the total
mass upon heating up to ~870 €. The masop in CuO nanoparticles can be caused by the
decomposition of CuO to formx@as phase. On the other hand, the NiO nanoparticles has
no mass change, which suggest that the NiO nanoparticles did not undergo decomposition to

release @to the atmosphere.
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Figure 43 TGA/DSC results for thenulti-layereda) Al/CuO and b) Al/NiOcomposite
heated up to 80@, with a heating rate of 10 €/min, using 460 nm Al NPs.The solid
curve: DSC result. The dotted curve: TGA restHeating up CuO and NiO without the

presence of Al to 1200 €
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4.4.4Microstructures and reaction mechanism ofthe AlI/CuO system

Initiation of the thermite reaction within the composite is primarily affected by the physical
and chemical stabilities of itseactive componentd.he TGA/DSC results show that the
initiation temperature of the AI/CuO composite is below the melting point of Al, which
indicates that the diffusion of oxygen through theGalshell occurd149]. Therefore, the
stability of the oxidizer dominates tleactionmechanism of the Al/CuO composite. The
oxidizers are generally categorized into different groups based on whether the oxidizers can
decompose into oxygen and mdfid@l1]. The thermite reactions asebsequently categorized
into gassolid reactios or condensed phase reacsoiff the solidsolid reaction is the
dominant process between the Al and CuO nanaestiCu and oxygen should-egist
with Al across the reaction zone. On the other hand, if the@akreaction prevails, oxygen
can reach all composite layers without Cu being present.

SEM images were used to analyze the microstructures and shap@sopfrticles at the
intersection of the vacuwaleposited multlayers. The intersection view of the muliers
shows the interfacial contact between reactive compon&hts.SEM images of the as
fabricated multlayersof the Al and CuO compositare slown in Figure 44. The direct
contactof the Al and CuO layerss clearly demonstrated and the Al and CuO layers contact
intimately without forming gaps or cracks. The direct contact between Al and CuO
nanoparticles at the contacting surface facilitates ititiation of the AICuO thermite

reaction. The thicknesses of these layers were approximatdly ad.
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“CuO layer

iSO layer

Figure 44 SEM imagesandcorrespondinglemental mappingf thevacuumdeposited

multi-layer of Al/CuO compositbefore thermite reaction

Furthermore, the elemental mappintages shown ifrigure 44 indicate the distribution
of Al, O, and Cu around the contacting surface of thpraduced compositd.he oxygen
distributes throughout these layers, althoughcdscentrations relatively lowin the Al
layers.The presence of oxygen in the Al layers is due to the formation of.@n sthell on
the Al core, which accounts for approximat88/26 of the total mass of the Al nanopatrticles,
as previously discussed. @lsignals from Cu and Al give evidence supporting that the CuO
and Al nanoparticles do not diffuse into the opposite layer. This indicates that the thermite
reaction was onlynitiated on the contacting surface of the neighboring CuO and Al layers

uponheding up tothe initiationtemperature
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The SEM images of the microstructures of the reacted composites are preséigedein
45. A gap is visible between the neighboring layers and the element distributions are
different from the images iRigure 44. In Figure 45, the concentration of oxygen is greatly
increased in the Al layem comparison td-igure 44. The contacting surfacand reaction
zoneare visible inFigure 45 due to the obvious differersm oxygen concentratiom the
product layersThe Cu and Al remain in their original layers without migrating into the

opposite layers.

Original CuO layer

Figure 45 SEM imagesandcorrespondinglemental mappingf thevacuumdeposited

multi-layer of AI/CuO composite after thermiteaction
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It is important to discuss the possible pathways of the thermite reaction upon heating the
composites to the onset temperature. Before reaching the onset temperature, there was no
significant change in the mass of the composite and no heateaelaa observed. When the
temperature reached the onset temperature, it was suspected that the thermite reaction
between Al and CuO was initiated through the direct interaction of Al and CuO nanoparticles
at the contacting surface of these two reactiver&ySince the onset temperature was quite
low, it seems impossible to achieve the thermal decomposition of CuO at this stage. After the
reaction was initiated, however, the local temperature increased dramatically and the
decomposition of CuO to oxygendazeme possible. Oxygen subsequently diffused into the
Al layer and it oxidized the Al nanoparticles. The production of oxygen from the original
CuO layer was supported by the formation of the gap near the contacting surface of these two
layers. Meanwhile,iffusion of oxygen into the original Al nanoparticle layer was evidential,

thanks to the distribution of separated Al and CuO species in different product layers.

4.4.4.1 Gaps between two reactive layers

Figure 46 shows the gap betwedme reactive layers and the microstructuretioé CuO
layer afterthe reactionAreas fiad andiibo in Figure 46 represenspots inthe CuO layerthat
are atdifferent distances from threontacting surfacef thereactive layersThe direct contact
of reactivelayers on the contacting surfaceausesa faster heaproductionevent at the
initiation temperatureThis is a result othe short diffusion patfor mass transfermlue to

direct contact of Al and CuO nanoparticles. The heateases the local temparet and
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causeghedecomposition of the CuO nanoparticlas.shownin Figure 46, at arediao, the
decomposition of CuO producagorous structure, which allows decomposedtgakffuse

into the Al layers.Oppositely, the SEM imagexhibitsa structurewithout porosity in area

fibo. This can be explained by the faster heat reledsbe contacting surface between the

two layers which melts the productndfill sthe holes within the porous structdoereduce

the volume othe CuO layers These processesuse the shrinking of the reaction zamel

lead to the separation of th€uO and Al layersAt the same timethe increasing local
temperature induces thermal stress, which strengthens the separation effect of the Al and CuO

reactive lgers

Figure 46 SEM image of the contacting area of two layers after heating up to 800 € using
nanacomposites of 480 nm Al nanoparticleand 50 nm of CuQa: the area of CuO
having not direct contact with Al layer. b: the area of CuO having direct contact with Al

layer

4.4.4.2 XRD analysis for the Al/CuO composite before and after the thermite reaction
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The XRD analysis was conducted to characterize thmiclé&compositions of the derived

samples before and after the thermite reaction.
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Figure 47 XRD patterns of samples before and after the thermite reaction for Al/CuO

nanocomposite

Figure 47 shows the XRD spectra andréveals a significant change in the chemical
composition after the thermite reaction occurs. Thanks to the amorphous nature eDthe Al
shell on these original Al nanopatrticles, only Al and CuO diffraction lines are present for the

unreacted composite. fi&r the thermite reaction occurs between the Al and CuO
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nanoparticles, however, clear and sharp Cu an@@iifraction lines show the formation of
products from the thermite reaction. Additionally, small CuO and Al peaks exist, which
suggests some reaota have not been fully consumed. This agrees viighTGA/DSC
results shown ifrigure 43, which demonstrates a small melting peak of remaining Al in the
sample. XRD peaks corresponding te@d are relatively small, which suggests fewer large

Al>0Os crystlline structures were produced from the reaction of layered energetic composites.

4.4.5 Microstructures and reaction mechanism of the AI/NiO system

The layered compositeomposed of Al and NiO nanoparticlegas fabricatedthrough
vacuum filtration witha similar procedurd¢o produce the layerefll/CuO composite The
morphology and microstructisef these compositeswere then investigated with SEM
images as showrin Figure 48. Theseimages show intimatecontact between &Al and NiO
layersat their contacting surfac8imilar to the contact conditiaof the Al and CuO layers,
the direct contact betwedwwo types of reactive nanopatrticles is clearly visible

The elemental mapping resuithow the element distribution tdie asproducedAl/NiO
multi-layers The distribution of O, Ni and Adre displayedrespectivelyfrom left to right
in Figure 48. Oxygenis presentn both theNiO and Al layers, whereahe Al and Ni
elementsarepresent irseparatéayers and do not m After the composite waseated up in
the TGA/DSC to 80C°C, the SEM imagesverecollected to show the microstructuréthe

product.
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Figure 48 SEM imagesandcorrespondinglemental mappingf thevacuumdeposited

multi-layer of AlI/NiO composite before thermite reaction

Figure 49(a) is the SEM image of the reacted AI/NiO composite. Comparison between
Figures4.8 and4.9 supports the following.iFst of all, the NiO layes undemwentshrinking
during the reactignwhile the Al layers remaied in a condensed condition. The reactive
layers remaiad in contact everthough the original NiO layer shlunk. Secondly, the
shrinkingthatoccuredwithin the NiO layer can battributed to thaintering ofthe Ni metal

whichwas produced in thiO layer[152].
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Figure 49 SEM images of the products formed from the thermite reabetween Al and
NiO nanoparticlesa) Interfacial view of reactive layers with 5,0QM) Al layer with

100,00&; c) NiO layer with 100,000

In order taacquire he detailed informatiofrom both layershown inFigure 49(a), 4. 9(b)
and4. 9(c) demonstrate each layer wighhigher magnification(100,000x) Figure 49(b)
shows the Al layer, whil&igure 49(c) shows the NiO layer, respectively. The SEM images
suggest that, after the reaction, the particle sizes were increased from the original 50 nm to
more than 1 pm. This supports the previous statement that the produced Ni metal melted and

this caused large metal particles to foffhese images iRigure 49 alsodemonstrate the €o
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existence of Ni and Al in both layers. This suggests that Ni and Al migrated from their

original locations into both layers. Oxygen is also widely distributed in both layers.

4.4.5.1 XRD analysis for the AI/NiO composite before andfter the thermite reaction
The XRD analysis was conducted to reveal the chemical compounds before and after the

thermite reaction anbigure 410 shows the XRD results.
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Figure 410 XRD patterns of samples before and affter thermite reaction for Al/NiO

nanocomposite
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Only Al and NiO diffraction lines are visible in the XRD pattern before the thermite
reaction, which is due to the fact that the amorphous phase of 10e gkell cannot be
detected with XRD. The XRD patterns from the reacted composite show clear and strong Ni
diffraction lines. Additionally, NiO, Al, and ADs chemical compounds are present with
small peaks. These weak peaks of Al and NiO can be explainttt lwegree of reaction

completion, which also agrees with the TGA/DSC results showigure 43.

4.4.5.2 EDAX point scan and line scan

EDAX point scans and line scans were conducted to trace the elements migration within
the contacing layers uporthe thermite reactionfigure 411 shows the point scan in the Al
and Ni O | ayers, respectively. Selected area
where Al, Ni, and O are all present. The Au element comes from the gold coating that was
appliedbedbr e conducting the EDAX measurements.
of Al, Ni, and O are also presenthd point scan resslprovide thefollowing information
with regards to thenigrationof elementsFirst of all, after the reactioli becomes available
in the Al layer. Supported by th&XRD and SEM imageghis observation suggestsy NiO
nanoparticlesnigrateinto the Al layer afterthethermite reactiois initiatedon thecontacting
surfaceof thereactive layersNiO thenreacs with the Al nanoparticles to produce Ni metal;
2) the produedNi metal undegoesmelting andt merges intdarger particlesSecondly,the
Al element is presenin the NiO layer, suggesting the followingrocesses:1) Al

nanoparticles migratacross the cdacting surface between the two layers andngothe
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NiO layer. Al react with the NiO nanoparticles to produce Ni metaid AbOsz; 2) the Ni

metalis melted and sintered intargerparticles asshownin Figure 49(c).
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Figure 411 Point scans of EDAX on the original Al (area 1) and NiO (area 2) layers

To further investigate the distribution amagrationof the Al and NiO nanoparticlegline
scan was conducted across tloatacting surfacef thereactive layersasshownin Figure

4.12. The solid line is the distribution of O from the NiO layer to the Al layer, while the dash
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line and daiedline show the signals of Ni and Al in the same direction, respectively. It can
be seen that O, Al, and Ni mess a similar trend throughout these layers, indicating that

these three elements are all involved in the thermite reaction. This suggests that a condensed

phase reaction occurred.
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Figure 412 Line scan irEDAX from the NiO to Al layer, acrosghe contacting surface of

the two reactive layers

4.4.5.3 Elemental mapping of reacted Al/NiO layered composite

Elemental mapping was performed on the reacted Al/NiO composite to further examine the
proposed redimn mechanism, as shownhigure 413, First, in comparison witkigure 48,
the clearly separated distributions of Al, Ni and O in the individual layers of the original
sample are replaced by the unseparated distributions of these elements in abiflyers
product A further comparison witkigure 45 suggests that, decomposition of NiO to form

O did not happen when the thermite reaction between Al and NiO layers was initiated.
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Secondly, all three elements distribute almost evenly across the exaroloete, though

less of them exist in the porous layer.

&
I —

Figure 413 SEM imagesandcorrespondinglemental mappingf thevacuumdeposited

multi-layer of AI/NiO composite after thermite reaction

This observation confirmthe solidsolid reaction between Al and NiO and it supports the
crossmigration of NiO and Al into the opposite layers. The difference between the reaction
mechanisms of AlI/CuO and AI/NiO systems is mainly attributed to their distinct
thermochemical stabii t y and i ncrease of nanoparticl e:
standard enthalpies of formation for-8k, CuO, and NiO are 1669.8 kJ/mel55 kJ/mol,

and-244.3 kJ/mol, respectively. A larger standard enthalpy of formation indicates a more
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stable chmical compound. Since the standard enthalpy of CuO is smaller than that of NiO,

it can decompose into Cu and O at a lower temperature, which agrees with the findings in
this study. On the other hand, the mobility of nanoparticles increases with the temgera
When the sample is heated to an intermediate temperature, before reaching the onset
temperature of the thermite reaction, the CuO nanoparticles would decompose and form Cu
and O while the NiO nanopatrticles migrate to the Al layer. These two prodesadds the
different reaction mechanisms of the layered Al/Cu and Al/NiO +wamoposites studied in

this work.

4.4.6 Strategy to improve the ignition properties and reaction completion

According to the aforementioned experiment results, Al/CuO AHNIO systems
demonstrate diverse reaction mechanisms. For the Al/CuO system, the thermite reaction is
initiated on the contacting surface of the reactive layers through the direct contact of the
reactive components. Next, the CuO nanoparticles undeogomi®sition to release oxygen,
which further diffuses into the Al layer. The oxygen passes through . gthell to reach
the Al core, which agrees with the gaslid reaction mechanism.

In the case of the Al and NiO nanoparticles, the NiO oxidizer dessundergo
decomposition, and the thermite reaction occurs through the direct contact of the Al and NiO
nanoparticles after the thermite reaction is initiated at the contacting surface of two reactive
layers. With increasing temperature, the NiO and Alaparticles migrate into the opposite

layers and form contact between the sslidid compounds. After this stage, oxygen diffuses
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from NiO into the Al nanoparticles, according to the bond order simulation, which presents
the fact that the AD bond formsafter reaching the onset temperature. Because of the fast
energy release from the thermite reaction, the heat is aliSoyltee Ni metal and causes it

to melt,resultingin larger Ni particles. The released energy, captured by the Ni product, is
not suffcient to cause the phase transformation of amorphop@:Ahto a crystalline

structure. This agrees with the sedidlid reaction mechanism.

4.5 Conclusion

In this study, thermite composites consisting of one Al nanopatrticle layer and a CuO or
NiO nanopdticle layer were fabricated via vacuum filtration. SEM images showed that there
was intimate contact between these two reactive layers before the thermite reaction was
initiated. The energetic properties of Al/CuO and Al/NiO composites were investigtgd u
a TGA/DSC device, showing 507 € and 516 € as the onset temperatures of the
corresponding thermite reactions, respectively. Microstructures of these composites were
examined using SEM before and after the thermite reaction. A comparison of thess imag
revealed that, after the reaction had occurred, there was a gap formed between the two layers
of the AI/CuO composite. In contrast, the two layers of the AI/NIO composites remained
attached, but both became highly porous. Further analysis based ontalemsgpping and
scanning (point and line) suggested that, after the thermite reaction Al and Cu were present
separately within the different layers for the Al/CuO composite. In the products of the Al/NIiO

composite, however, Al and Ni were found to be \yidhstributed in both the layers. These
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observations support the following reaction mechanisms of the AI/CuO and Al/NiO
composites. The thermite reaction between Al and CuO nanopatrticles is initiated, at the onset
temperature, by the interactions of Alda@uO nanoparticles at the contacting surface of the
two reactive layers. Then, the thernd@icomposition of CuO occurs, followed by the
subsequent migration of oxygen into the Al layer. The thermite reaction is maintained by the
gassolid reaction betweeAl and oxygen. On the other hand, upon heating the Al and NiO
composite to the onset temperature, their reaction is initiated at the contacting surface of the
two layers. Next, both nanoparticles migrate towards each other within the composite, which
leacs to energetic processes. These processes includessldidreactions, melting, and
sintering, which produces a porous structure in both layers. A future study to investigate the

migration of related nanoparticles under a specified temperature gradnegitly desirable.
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Chapter 5: Nano-thermite reaction with multi -layered structure

tuned by CNTs

5.1 Overview

Single walled carbon nanotubes (CNTs) were added into layered Al/NiOGtinamoite
composites, to tune their energetic and reaction prope8tasining Electron Microscopy
(SEM) images showed a direct contact between the Al and NiO layers, where the presence
of CNTs in a designated layer was clearly visible. Therrhamical data obtained from
Differential Scanning Calorimetry (DSC) demonstratesse composites, although modified
with CNTs in either the Al or the NiO layer, exhibited a nearly constant onset temperature,
implying comparable reaction initiation mechanisms. However, different amounts of energy
release, accompanied with formationdi$tinct layer composition and microstructures of
their products, was produced. It was further revealed that, by means of mass spectrometry,
SEM and Xray Diffraction (XRD) analysis, upon the initiation of the thermite reaction
between Al and NiO at thaterface layer, the reaction between CNTs and NiO nanoparticles
produced CO and COwhich promoted the gasolid chemistry and gas diffusion within the
microstructure of the composite. Both increased the energy release and resulted in less
agglomerated ection products. In comparison, adding CNTSs into the Al layer did not bring
a significant change to the condengddse reaction mechanism which was proposed

previously for the AI/NiO composite.

5.2 Introduction and literature review
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Recently carbon nartubes (CNTs) were tested for their influence to the therheamical
properties of certain types of composites. When mixed into th€0CKa nitroamine
explosive) composite, it was found CNTs could increase the overall thermal conductivity of
the compos#, which subsequently reduced the impact sensitivity of2CI[153]. The
enhanced thermal conductivity was attributed to the formation of adimesnsional heat
conducting network structure of CNTs. In another st[iBA], it was found hybridising
CNTs with metal oxide nanoparticles could lead to-temperature oxidation of CNTs,
when the catalyst (metal oxide) was able to provide its lattice oxygen directly to CNT.
Interestingly enough, the product®rn this reaction, i.e., CO or GQOcan react with Al
nanoparticleg155, 156] Adding CNTs into the Al/CuO narermite composites \ga
found, indeed, to change their energetic properties including an increased exothermic
enthalpy with increasing the CNT content, the lowered ignition temperature of the thermite
reaction by 71€[157]. There is no such report focused on the roles of CNTs in the Al/NiO
nanecomposite in the literature. The distineaction mechanisms of the Al/CuO and AI/NiO
systems, plus the missing mapping of interactions between CNTs and metal oxide
nanoparticles during the thermite reaction, highly suggest a new study on energetic properties
of the CNTs modified AlI/NiO nanthemite composite.

This work focuses on a layered Al/NiO nanoparticle composite, which was modifted
CNTs in its individual layers. Since the Al and NiO nanopatrticles were patterned in separated
layers, which reduced the direct partitbeparticle interation within these layers, the

interface between these neighboring layers played a dominant role in reaction initiation. This
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arrangement facilitated the study of reaction mechanisms. Secondly, CNTs were added into
either the Al or the NiO nanoparticle ky which provided suitable conditions to investigate

the different interactions between CNTs and two reactive components. The microstructures
and thermechemical properties of these layered composites, modifiecCNTs, were
investigated, with the objew® of revealing the roles of CNTs during reaction initiation and
propagation. The energy release and onset temperature were measured with simultaneous
thermogravimetry (TGA) and differential scanning calorimetry (DSC). The chemical
compositions of the pradts were studied by-pay diffraction (XRD) and energy dispersive

x-ray spectroscopy (EDS).

5.3 Experimental method
In this work, the nanthermite composites were fabricated with a ralalyier structure via
vacuum filtration. The detailed procedurevacuum filtration can be found in our previous

publication[158].

5.3.1Samge preparation

The Al (size range: 460 nm) and NiO (average size: 50nm) nanoparticles, with 99% purity,
were purchased frorBkyspring Inc The singlewalled carbon nanotubes (1.1 nm in the
average di ameter and 5~30 em US Researeh | eng
Nanomaterials IncBefore vacuum filtration, the nanoparticles and CNTs were dispersed in

acetone and sonicated to eliminate aggdration. The sonication times of Al and NiO
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nanoparticles were set to 20 min, in order to eliminate the chance of nanosailirelet
reaction. The sonication time of CNTs was set to 90 min. Two types of samples were
fabricated. To produce Sample 1 (tAENIO+CNT composite), the solution with CNT
suspension (0.5 ml) were mixed with the solution containing NiO nanoparticles (0.5 ml).
Then this new solution was added into the glass funnel of the vacuum filtration apparatus.
Driven by a vacuum pump, a sieglayer of mixed NiO and CNT nanostructures was
produced on a filter paper. Then the solution containing Al nanoparticles (1 ml) was
deposited on the top of the NiO+CNT layer, which completed the preparation of one interface
for Sample 1. The same proceewas repeated, until a mulélyered composite containing

9 interfaces was obtained. To produce Sample 2 (the AI+CNT/NiO composite), the CNT
solution (0.5 ml) was mixed with the Al nanoparticle solution (0.5 ml) to form the first layer.
Then the NiO nanmarticle solution (1 ml) was added, to deposit a NiO nanopatrticle layer on
the top of the AI+CNT layer. For a bilayer of these two samples, the Al layer contained 7.84
mg of Al nanoparticles and the NiO layer contained 23.52 mg of NiO nanoparticles. In
addtion, 1 mg of CNT was added to the corresponding layer. The mass ratio of Al and NiO
composite was then calculated as 0.33. Taking into account of the active content (57.30%)
of Al nanopatrticles, as determined previously for the sample batch of nanieg4itis3],

the mass ratio between Ahd NiO reactants in a bilayer was calculated as 0.19. It has to be
noticed that the mass ratio of 0.33 refers to the global ratio of Al and NiO nanoparticles,
including the AYOs shell presenting in the Al nanoparticles. The ratio between active content

of Al nanoparticles and NiO is calculated as 0.33>57.30%=0.19, which excludes the natural
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Al203 shell. The stoichiometric ratio can be calculated according to the reaction equation
between Al and NiO, which is 0.42 in regard to the global stoichiometiw aat 0.24
excluding the AIOs shell. The same procedure was repeated, until a-fayéired composite
containing five Al/NiO bilayers was produced. The global stoichiometric ratio was estimated
to be the same as that of each bilayer. The produced sangrkekence fudean. A detailed
description of these prepared samples is showrale 51. It has to be mentioned that the
global ratio inTable 51 considers the mass of CNT in either Al or NiO layer, which results
in the different value of the globatoichiometric ratio in AI/NiO+CNT and Al+CNT/NiO
compositesFollowing vacuum filtration, Sample 1 featurdisect contact between the NiO
nanogrticles and CNTs within treame layerwhile Sample 2 highlighted the direct contact

between the Al nanop&tes and CNTs within a same layer.

Table 51 Specification of prepared samples using vacuum filtration

Sample 1 (AlI/NiO+CNT)

Al layer NiO+CNT layer Stoichiometric ratié
7.84 mg° 0.43 mg NiO  23.52 mg® 0.59 mg 0.404
(4.49mg)* CNT 1mg

Sample 2 (A+CNT/NiO)

Al+CNT layer NiO layer Stoichiometric ratié
Al 7.84mg (4.49 mdy 0.33mg| NiO 23.52 mg 0.67 mg 0.448
CNT 1 mg

IActive content of Al nanoparticles, based on the calculati¢h58].

2 Global Stoichiometric ratio.
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5.3.2 Characterization

The mtrostructures of the multayered nandhermite composites were examined with a
SEM (Model LEO 1550 Zeiss) under the 20 kV electron beam voltage. EDS equipped on this
SEM was used to study the element distributions of Ni, O, C, and Al throughout tredlayer
structure. Due to the high operation voltage of SEM and to produce a high electric
conductivity, the samples were coated with a gold layer via a UHV sputter system under 20
mA for 120 seconds. Thaitiation temperature and energy release data wasctadiérom
each sample using DSC (NETZSCH STA model 449B83A8M Jupiter)with a heating
rate of 10 C/min, when the temperature was increased up to 1@0QGnder an argon
atmosphere. XRIPXRG 3000, Philips) was utilized to identify the chemicaipositions of
reactants and products. To investigate the gases produced during the thermite reaction, a tube
reactor equipped with a mass spectrometer (CATIEXES) was used. The target sample was
placed on a porous bed of the reactor when its temperataseincreased from room
temperature to nearly 900 €. A carrier gas (ultra & high purity 5.0 argon, Praxair Canada
Inc.) with a flow rate of 20 ml/min was fed into the reactor. At the beginning of the
experiment, the argon was allowed to flow throughré@etor and mass spectrometer for 30
minutes, to purge the system. When the reading values of measured gases became stable, the

tube reactor was heated with 10 €/min and the collection of gas concentrations was started.

5.4 Result
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5.4.1Microstructures and elemental compositions

The SEM images of the nattlbermite composites, produced from vacuum filtratiene,
shown inFigure 51. In order to demonstrate the difference microstructures of the cross
sections of these samples, secondary electron and h#teksd electron im&g are also
presented. Fronfrigure 51, the interfaces which separate the neighbouring Al and NiO
reactive layers are clearly visible. The overall 9 interfaces were formed, as showmnresFig
5.1(a) and5.1(b). Figure 51(a) shows infSample 1 (AlI/NiO+CNT), the region near each
interface exhibits a darker color which is distinguishable from the neighlgoAtirand
NiO+CNT layers. IrFigure 51(b), the produced microstructures of Sample 2 (AI/CNT/NIO)
are less distinguisible from one asther. Differentmorphologies of Samples 1 and 2 are
believed to result from the corresponding interaction between CNTs and the hosting
nanoparticles. In general, NiO nanoparticles have a greater density and therefore it is more
difficult to disperse theminto a solution. During the vacuum filtration, heavy NiO
nanoparticles intend to form agglomerates. Adding CNT into the NiO layer can help fill in
pores among NiO nanoparticles, which results in a smooth boundary between two reactive
layers (Figures 5.1(a) and 5.1(g)). The SEM images with the secondary electron and
backscattered electron detection are shown inrEgp.1(c) and5.1(d) for Sample 1 and
Figuresb.1(e) andb.1(f) for Sample 2. For Sample 1, the gran sizes in the Al layer are much
smaller tharthe grain sizes in the NiO+CNT layer. Interestingly, these three domains found
in Sample 1 (AlI/NiO+CNT) by secondary electron imagingHigure 51(c)) are not shown

in Figure 51(d). Considering the backscattered electrons reflect the elemental ¢cah&ast
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comparison between Figurésl(c) and5.1(d) suggests the slightly dark region at the
interface actually locates in the Al layer. For Sample 2 (AI+CNT/NiO), its microstructure
shown in the secondary electranage Eigure 51(e)) and in the backscated electron
image (Figure 51(f)) is similar, with larger agglomerates in the NiO lay@gure 51(g)
shows the higher resolution image of the region near the interface of one AI/NiIO+CNT
bilayer. The interface is highlighted by a dash line. It confitinesexistence of these three
domains in Sample 1: the Al layer with smaller grain sizes, the darker region in the Al layer,
and the NIO+CNT layer with larger grain sizetelnsert inFigure 51(g) demonstrates the
presence of CNTs in the NiO+CNT lay&igure 51(h) shows the higher resolution image

of the region near the interface of one AI+CNT/NIO bilayer. The interface is also highlighted
by a dash line. The insert Figure 51(h) demonstrates the presence of CNTs in the AI+CNT
layer.

It is importanto mention, due to the limitations of solvent dispersion and vacuum filtration
which were applied in this study, mixing of CNTs with hosting nanoparticles (Al or NiO) is
not homogeneous. Some nanoparticles are agglomerated but the sizes of these agglomera
are still below 100 nn(see the inserts in Figurésl(g) and5.1(h)). Nevertheless, at least in
some area, CNTs form a 3D network to which nanoparticles achedtal he length of CNTs
becomeshorter due to vibration and cutting during sample preéjpardt is worth to mention
that the length of CNT is specified by the manufacturer to be 5m38nd these CNTs are
able to connect the hosting nanoparticles and subsequently increase the heat conductivity of

the sample.
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Three domains

Figure 51 SEM images of the overall view of 10 layers of Sample 1 (a) and Sample 2 (b);
Sample 1 with secondary electron imaging (c) and backscattered electron imaging (d);
Sample 2 with secondary electron imaging (e) and backscaée@don imaging (f); the

zoomin view of Sample 1 (g) and Sample 2 (h)
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The elemental distributi@of C, O, Ni and Al witlin theindividual layers are shown in
the EDSresultsFigure 52. Theinserts show the EDS scanniageason the corresponding
SEM images. InFigure 52(a), the scanning area in the Al lagentainsAl and Q anda
trace ofNi (the amount of C is negligible). The Ni element may come from the sample
preparation procedure, during which the vacuum draws a small amount of NiO nanaparticle
into the Al layer.In Figure 52(b), Ni, C, and O areresentn the NiO+CNT layewith a
trace of Al.Figures5.2(c) and5.2(d) show the elemental distributisim Sample 2In Figure
5.2(c), C, O, and Alre presenin the AI+CNT layerswith a trace of Ni element. llrigure

5.2(d), Ni and O arelominant in the NiO layer, with a trace of Al.
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Figure 52 EDS results showing thdeenental compositions in the Al and NiO+CNT layers
of Sample 1(a) and (b), anthe AI+CNT and NiO layers of Sample 2: (c) and (d), before

thermite reaction
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The SEM and EDS resultgovide the needed information on their layered structures of
Al/NiO nanoc-composites and the degree of mixing between CNTs and reactive nanoparticles.
CNTs are successfully added into a specific layer of Al or NiO, with satisfying contacts with
the surrounding nanoparticles. Meanwhile, an interbsteveerthe fuel and oxidizer layers
is produced for eachAl/NiO system. Intimate contacting between reactimaoparticles is
achieved in this interface range. Moreover, despite of some traces of unexpected elements in
these individual layers, CNTs are primarily located in the desired Al or NiO layers.

Samples 1 and 2 are treated in TGA/DSC from room temperatd000 C, with a heating
rate of 10 C/min in argon atmosphere. Due to direct contacting of these reactive
nanoparticles near the interface, the thermite reaction is initiated when the temperature
reaches the onset temperature. The reaction furthpagates into the microstructure of
these samples, driven by the mass and heat transfer, until the fuel nanoparticles are nearly
consumed. The reaction products are collected from the DSC equipment and their SEM
images are analyzed.

Figure 53 shows the BEM image of the product microstructure derivednir&ample 1
(AI/NiO+CNT). In Figure 53(a) a continuous gap is clearly visible between two reacted
layers, with a thickness of around 1 um. The formation of this gap can be attributed to the
gas formation dung the reaction, which will be discussed later. The zoowmiew of the
region neathe interface is shown iRigure 53(b), showing that these nanoparticles in the

original Al layer still remain their spherical shapes. The produced particles (comgosed o
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mainly Ni, see later) in the original NiO+CNT layer however have a much large size of
around 12 microns compared to the sizes of original NiO nanoparticles. The particles in the
original Al layer are much smaller and in the range of a few hundred n&esnia addition,

it is hard tofind CNTSs in the products.

Figure 53 SEM images of Sample 1 after thermite reaction: (a) the original Al and

NiO+CNT layers with a continuous gap; (b) zoamview near the interface
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Figure 54 shows the reacted structure of Sample 2 (AI+CNT/NiO). For Sample 2, although
the original NiO layer becomes more porous, no obvious gap is visible between two reacted
layers. When CNTs cannot be found igure 54(b), the morphologies of thepeoducts of
Sample 2 are quite different from these of Sample 1. Most interestingly in the original NiO
layer, a wellorganized crystalline structure has bgenduced (see the insert Bigure
5.4(b)), implying the history of a high reaction temperatimethe original AI+CNT layer,

particles are found with wide ranges of sizes and shapes.

Original NiO

e
Original AI+CNT % @’;A

3

i

s 7>

Original NiO

Figure 54 SEM images of Sample 2 after thermite reaction: (a) the original AI+CNT and

NiO layer; (b) zoorvin view near the interface
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In order to identify the chemical composition of these products, EDS results are shown in
Figure 55. Figures5.5(a) ands5.5(b) show the product element distributions in the original

Al and NiO+CNT layers of Sample 1, respectively.

Element| Weight% Atomic% 1 Element| Weight% Atomic%
4036  54.01 O 25
56.54 44 .86 Al
3.10 1.13 -

Element|Weight% Atomic% &%
0} 27.17  47.70

3350 29.54 pERNwees A 3104 3231
2627 10.65 4 Ni | 4179  19.99

Figure 55 EDS result showing thdemental compositions in the Al and NiO+CNT layers
of Sample 1(a) and (b), and the AI+CNT and NiO layers of Sample 2: (c) and (d), after

thermite reaction

In Figure 55(a), O and Al are present in the original Al layer, whereasrgsmall amount
of Ni may be foundn thesamdayer, indicating theliffusion ofNi element intaheAl layer
is negligible.Figure 55(b) shows, O, Al, and Ni are all present in the origindDNCNT

layer, with comparable concentrations. Téigygests thenigration of Al nanoparticles into
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the NIO+CNT layer Figures5.5(c) ands.5(d) show the element distributions in the original
Al+CNT and NiO layers of Sample 2, respectively demonstratedall three elements (O,
Al, and Ni) are present in both reacted layers of Samphhizh is similar to our previous
studywhere layeredAl and NiO nanecomposites were investigat¢th8]. In that study,
crossmigration ofAl and NiO nanoparticles into the opposite layes found to sustain the

thermite reaction. CNTs are not present in the products of Sample 2.

5.4.20nset temperature and energy release

During the TGA/DSC measurement, the samples are heated, with a constant heating rate,
to the onset temperature fronieh an energy evolving process is started. DBE curves
of Samples 1 and 2 are showrFigure 56. It shows the onset temperatures for Samples 1
and 2 are 517.3 € and 518.5 €, respectively. A previous study reported the onset
temperature of the layed AI/NiO nanecomposite as 516 €158]. There is apparently no
significant change among the onset temperatures of these samples, which implies a similar
reaction initiation process. The area of the major exothermic peak of the DSC curve can be
used to derive the heat release from the r@aciihereactionheatof Sample 1 igalculated
asl.512 kJ/g, wheredbat of Sample & 1.268 kJ/gBoth values are higher than the reaction
heat found from the layered Al/NiO naxsomposite (1.01 kJ/¢)158], thanks to the reaction
involving CNTs. The amount of energy releasem Samplel is increased by approximately
20% compared tahat of Sample 2ln addition, a small DSC peak corresponding to the

melting point of Al nanopatrticles exists on each DSC curve, which implies some unreacted
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Al nanoparticles were left in the sample. Thisidéor is common to layered nanothermite
composite$158].

In order to examine the therrobiemical properties of individual layers, the NiO+CNT and
AI+CNT layers are produced separately from vacuum filtration, following the same
procedure to make other samples. They are tested in the &MB3C instrument with the
same conditions. Their TG and DSC curves are shown iorésg.7(a) and5.7(b),

respectively.
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a
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Figure 56 DSC result of Sample 1 (AI/NIO+CNT) and Sample 2 (ANENIO) up to

1000 € with a heating rate of 18 /min

As shown inFigure 57(a), the onset temperature for the NiO+CNT layer, corresponding to
the maximum mass reduction accompanied with an endothermic process, is approximately

698 C, which is much higher than the onset temperatures of Samples 1 (517.3 €) and 2
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(518.5 €) for their exothermic reactions. Note this onset temperature can be misleading, if
a multistage oxidation happens. Indeed, the TG curve shows a noticeable rbatiiiean
NiO and CNTs at approximately 40C, followed by a more significant oxidative reaction

of CNTs at about 530C.
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This two-staged oxidation of CNT by NiO is further studied by mass spectrometry, which
will be described later in this paper. The mass change betweerC4@9d530 C is only
1.6%, indicating an insignificant process. Itis interesting to find this oxidative process (which
may contain more than one reaction, supported by its broad DSC curve over a large
temperature range) is endothermic, with a small energyafe@d77 kJ/gin Figure 57(b),
the only significant peak of the DSC curve is the endothermic peak caused by the melting of
Al nanoparticles. No reactions between Al and CNTs are obsebBugglto its endothermic
nature, the oxidation reaction between Ni@noparticles and CNTs in the composite may
occur when the thermite reaction between Al and NiO nanopatrticles is able to provide the
needed energy to initiate the NICNT oxidation. Before this process, CNTs mainly act as
an inert network which may enhanthe mass and heat transfes.showing inFigure 57(c),
the Al nanoparticles have reactivity with under Gfimosphere. The DSC result shows the
exothermic reaction with an energy release of 4.447 kJ/g. The mass increase in TGA data
suggests that the Al nanoparticles absorb gas phase, indicating that Al nanoparticles react

with CO» gas with an onset temperatufeapproximately 540 €.

5.4.3 Phase identification usingX-ray diffraction
In order to examine the chemical composition and crystalline structures of unreacted
samples, adeliveredNiO, Al nanoparticles and CNTare mixed and investigated using

XRD. As shownin Figure 58, crystallinestructuras have been identified in tHe¢iO and Al
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nanoparticles, while CNTs are not shown in the XRD patterns. A trace of Ni metal is also
found, which is believed to come from the manufacturing process ofi&hiOparticles. After
the TGA/DSC measurements, the reaction products of Samples 1 and 2 are further

characterized using XRD.
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Figure 58 XRD result of the mixture of Al, NiO nanoparticles, and CNTs before thermite

reaction

As shown inFigure 59(a), the reacted Sample 1 contains predominantly Ni(111), mixed
with other crystal phases such as Ni(200), Ni(220), Ni(311) and Ni(222). This indicates a
series of complex phase transformation processes occurs with Ni durifigilandhg the
thermite reaction. Some distorted Ni grains are detected in the products of Sample 1,
supporting the same reason. The distorted peaks belong to the crystal structure with strain
and tensile deformation that forms a lattice with differenickattonstants. No sharp peaks

of crystalline AbOs are observed in the reacted Sample He drystalline structures of the
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productsof Sample 2shown inFigure 59 (b), are similarto these corresponding ®ample
1, except for the weakened signals ofstheélistorted Ni grains These results will be

elaborated in the discussion section when ¢aetton mechanism is addressed.
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Figure 59 XRD result of the products of (a) Sample 1: Al and NiO+CNT laysrd(b)

Sample 2: AI+CNT and NiO laysafter thermite reaction

5.4.4 Gaseous species studied by mass spectrometry
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Both SEM and EDS results suggest, CNTs in the original composites are consumed during
the reaction, most likely through formation of gaseowxgs, such as G@r CO. In order
to obtain some qualitative understanding on the type(s) of gases produced, which helps
explain the role of CNTs during the thermite reaction, a fepraduced composites (NiO,
NiO+CNT, NiO+CNT/Al, and AI+CNT/NiO) were plced in a tube reactor where argon was
used as the carrier gas. When the sample was heated with a specific heating rate, the reaction
products were examined by a mass spectrometer.

Figure 510 shows the relative intensity of gaseous species detected soyntss
spectrometer. Note that all these experiments are conducted in a tube reactor with a moving
fluid, background noise is therefore expected for gaseous species measuremerds. Fig
5.10(a) and5.10(d) show that the NiO and AI+CNT/NiO composites, wheing heated
from the room temperature to 880 €, do not produce any significant amount of gases such
as Q, CO or CQ. This eliminates the possibility of direct thermal decomposition of NiO.
Moreover, the Al nanopatrticles do not react with CNT in ther@dted temperature range.
Figures5.10(b) and5.10(c) exhibit a similar gas formation characteristic. First, there is no
O- formation during the process. Secondly, the major products from the reactions between
NiO and CNT are C®and CO, while the peak noentration of CQ@is about three times of
that of CO. Thirdly, the formation of GArom the reactions between NiO and CNT is a
multi-staged process, which exhibits two major steps at about 440 € and 565 C,

respectively.

149



It is believed CNTs react with i nanoparticles through the following procedure, as
illustrated by the Marsan Krevelen (MvK) mechanism, to produce £z@d C(O[154]. First,
at a moderate temperature (e.g.,-200 €) the carbon atom of CNTs reacts with the lattice
oxygen of NiO nanoparticle, at the interface of CNT and NiO nanoparticle, to form surface
CO or absorbed CO on the surface of NiO nanoparticle, which leaves a vacancy of oxygen
on the surface of NiO nanopaitt. This vacancy is then filled by other lattice oxygen through
its bulk or surface diffusion. The surface CO can react with another lattice oxygen to form
surface CQ, which desorbs from the nanoparticle and forms a gaseopm@Gi@cule. At an
elevatedemperature (e.g., 500 €) and when the lattice oxygen is depleted, surface CO may
desorb from the nanoparticle and form the gaseous CO molecule. Noticeably, in comparison
with the pure NiIO+CNT sample, the NiO+CNT composite producesat®lightly higher

temperatures (at the first stage: 460 € vs. 420 C; at theoadcstage: 580 € vs. 550 €C).
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Figure 510 Mass spectrometry results of (a) NiO; (b) NiO+CNT,; (c) AI/NIO+CNT and (d)
Al+CNT/NiO composites during heating int@be reactor which was fed with argon. The

heating rate was 10 €/min and the argon flow rate was 20 ml/min

5.5 Discussion

Analysis based orhe SEM and EDS results (Figs. 1 and 2) indicates CNTs are relatively
immobile, at room temperature, in tepecified layers when mixed with either NiO or Al
nanoparticles. A continuous Nifl interface is formed between these two reactive layers,
as shown in the SEM images of both low and high resolutions. Theraghification SEM
images demonstrate the inawe contact between Al and NiO nanoparticles before the
reaction is initiated. Some NiO nanoparticles however migrate into the oppose layer during
vacuum filtration. After Samples 1 and 2 are heated up to 1000 € in argon atmosphere,
different morphologiesnd chemical compositions are produced from these samples. For
Sample 1 (AlI/NiO+CNT), data shown in kiges5.3, 5.5(a) andb.5(b) support the following
discussions. First, the products in the original Al layer remain spherical shape and exhibit the
smalker sizes than these nanoparticles in the original NiO+CNT layer. This observation
agrees with the previous finding on gadid reactions between oxygen and Al nanoparticles
under a moderate heating rate. In that case oxygen diffuses through the sheéll of A
nanoparticles and oxidizes them te@d nanopatrticles. The EDS data shows the content of
oxygen in the original Al layer changes from 22.32 wt% to 40.36 wt%, indicating more

oxygen atoms come from the NiO+CNT layer. Secondly, there is no Ni elemectiatéte
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in the original Al layer. This observation, together with the first point, suggests the reduction
of NiO nanopatrticles into Ni metal in the original NiO+CNT layer. The EDS data shows in
the original NiO+CNT layer, the content of Ni changes from % to 3.10 wt%,
indicating losing oxygen to the Al layer. Thirdly, some Al nanopatrticles are shown to migrate
across the interface between two layers and enter into the NiO+CNT layer where they are
oxidized into AbOz nanopatrticles. This finding is supped by the EDS results. For Sample

1, the Al content in the original NiO+CNT layer increases from 3.43 wt% to 36.24 wt%.
Finally, all CNTs are consumed. Considering the small adding ratio of CNTs (aré&i%yl 4

these CNTs are oxidized by oxygen atoms Wwlape originated from the NiO nanoparticles

(as the only source of oxygen in the system). The above elaboration suggests the following
reaction pathways for Sample 1. Some reaction between NiO nanoparticles and CNT causes
the reduction of NiO into Ni, acoapanied by the formation of gaseous species, which is
most likely CQ and CO, according to the early mass spectrometry studya@OCO diffuse

into the Al nanoparticle layer and oxidize these nanoparticles@sAbnoparticles. A recent

study supportghe reaction kinetics between génd Al, showing the formation of CO and

AlO as the productil56, 159]

For Sample 2 (AI+CNT/NIO), these products in the original AI+CNT lagdiown in
Figures5.4, 5.5(a) and5.5(b), exhibit a complex morphology which includes spherical
particles and sintered agglomerates. In this layer, the content of Ni cHiseorges7 wt% to
26.27 wt%. Existence of a significant amount of Ni in this layer suggests NiO nanoparticles

migrate into the AI+CNT layer and then react with Al nanoparticles. During TGA/DSC, Al
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nanoparticles get oxidized into &3 nanoparticles and retain their spherical morphology
[158], while sintering of Ni metal causes the formation of larger agglomerates. In the original
NiO layer, a bulk 3D crystalline structure (mainly Ni(111)) is observed. This structure
requires an intensive heat evolving process, which besopossible after some Al
nanoparticles migrate into the NiO layer and react with NiO nanoparticles there. This
explanation is supported by the EDS data which shows in the original NiO layer, the content
of Al increases from 2.25 wt% to 31.04 wt%. Finaltypy CNTs are found in the product,
suggesting they are oxidized into CO or CO2. The above analysis suggests the counter
migration of Al and NiO nanoparticles in Sample 2 leads to the thermite reaction which
occurs in both layers. After NiO nanoparticlegmate into the AI+CNT layer, they also react
with CNTs and consume them.

In addition to tuning the reaction pathways, adding CNTs into different-camposite
layers causes the release of different amounts of energy from the thermite reaction, though
theonset temperature remains nearly constant. Since the same amount of CNTs is added and
all these CNTs are consumed, this change in energy release unlikely comes from the reactions
involving CNTSs. In fact, the increased energy release from Sample 1 igdoket@ result
from the gassolid reaction mechanism, which is more efficient than the condeissese
reaction mechanism for Sample 2. Production of gaseous oxidizers such as CQ &odhCO
the reactions between NiO and CNTs in Sample 1 produces gasiéstés effective mass
transfer within the microstructure of the layered composite and causes more Al nanopatrticles

being oxidized. This process leads to the increased total energy release from Sample 1. In
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Sample 2 the thermal reactions are mainly na@metd by migration of Al and NiO
nanoparticles, which leaves some Al nanoparticles unreacted. More unreacted Al
nanoparticles in the produce indicate a reduced energy release. The distorted Ni peaks of the
XRD curve from the products of Sample 1 are stesrigan those from Sample 2, indicating
a higher density of dislocation of Ni atoms in the lattice. The distorted peaks are also known
from other publicationgl60]. The gassolid reaction mechanism found for Sample 1, which
brings about a larger energy release and enhanced reaction ratiel sbothe major
contributor to these heavily distorted Ni peaks from Sample 1. As a secondary factor, adding
CNTs into the composite can certainly increase the heat conductivity of the sample and
provide a network for easier mass transfer, which can ehtirggreaction rate. This factor
however needs further investigations on correlation between the microstructure and reaction
kinetics, which is not the focus of the current study.

Based on the aforementioned discussions, the roles of CNTs in the Ayl nano
composite, when they are added to different reactive laggrsummarized iRigure 511.
When CNTs are added into the NiO nanoparticle layer which is next to the Al nanoparticle
layer, the thermite reaction starts at the interface betwese tivo layers upon reaching the
onset temperature. Activated by the reaction heat produced at the interface, catalytic
oxidation between NiO nanoparticles and CNTs happens in the NiO+CNT layer, which
produces CO and CGODuring this oxidation of CNTs, NiGs reduced to Ni. Then the
gaseous species, mainly &Owill reach Al nanoparticles in the oppose layer. Al

nanoparticles react with G@o form Al,Oz and CO, following the gasolid reaction route.

154



Driven by the energy released from the exothermic r@acsiome Al nanoparticles migrate
into the NiO layer and react with NiO nanoparticles directly. Eventually the gaseous products

leave the composite and the final products include Ni ap@3Al

AVNiO+CNT Nanothermite Composite

Reaction
on interface 'o Heat Proceed

CO Reacted Zone

Energy release: 1.512 kl/g

AIHCNT/NiO Nanothermite Composite

Reaction

on interface Proceed

Heat Al N

i0
Reacted Zone

Energy release: 1.268 kl/g

Figure 511 Proposed reactiomechanisms of Al/NiO+CNT and Al+CNT/NiO nano

thermite composites

The morphologies of the products are determined by the reaction kinetics and the heat
transfer rate. When CNTs are added into the Al nanoparticle layer which is next to the NiO
nanoparticldayer, the thermite reaction also starts at the interface between these two layers
upon reaching the onset temperature. There is no chemical reaction between Al nanopatrticles
and CNTs. Driven by the reaction heat produced at the interface, both Al and NiO

nanoparticles migrate, in the opposed direction, across the interface and enter into the other
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layer. The thermite reaction then occurs between these two nanoparticles in both layers,
mainly though a condensguhase reaction mechanism. Due to the hetemmgennature of

solid-solid reactions, the products possess a wide range of sizes and morphologies.

5.6 Conclusion

Single walled carbon nanotubes (CNTs) have been added into different layers of a multi
layered AI/NiO nandghermite composite, to investigatee role of CNTs in modifying the
reaction routes and subsequently energetic properties of the composites. Adding CNTSs into
different layers of the composite affects the microstructures of the products, their chemical
composition, distributions of Ni eleznts in the composite, and energy release from the
reaction. When the CNTs are added to the NiO nanoparticle layer, chemical reactions
between CNTs and NiO nanoparticles occur and form gaseous CO antheé@as diffuses
into the Al nanoparticle layer amukidizes then into AlOs nanopatrticles. This process is
governed by the gasolid reaction route. When the CNTs are added to the Al nanoparticle
layer, on the other hand, there is no chemical reaction detectable between CNTs and Al
nanoparticles. The thaite reaction is achieved by the direct contact between Al and NiO
nanoparticles, which can be described by the condensed phase reaction mechanism. Further
studies are suggested to investigate the influence of fataie heat and mass transfer,
modified by the creation of a 3D network of CNTSs, to the reaction kinetics of the target

nanothermite composites.
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Chapter 6: Joining of silicon wafers welded with AI/NiO nane
composites

6.1 Overview

The AI/NiO nanethermite composite, fabricated vavacuumfiltration method, vas
investigated as laeat source for joining of silicon wafeksa analuminuminterlayer. Exergy
productionand the reaction kinetics of the natleermite compositewere controlled by
modifying the composite by a specified amount bpAwder (average size ofrin) or Ni
powder (average size ofrin). Scanning Electron Microscopy (SEM) watslized to reveal
themicrostructurs of the welded zongetween two silicon wafers. Energyspersive Xray
Spectroscopy (EDX) weremployedio analyze elemental compositioasross the interface
of these two welded wafer&nergy productio from the AI/NIO nanethermite composites
with different mixing ratios of the additive was measured by Differential Scanning
Calorimetry (DSC)andthe appagnt activation energy watken calculated. Experimental
data shows, the naftbermite composite witthe additive ofAl micro-powder(60%)or Ni
micro-powder(30%)was able tqgoin the silicon wafers. The mictloardness of the wetd
zone wasmeasured a$58.9 HV and 56.0 HV for the Al and Ni modifiechanoethermite
compositesrespectivelyThe reduced joining quality produced by the Ni modified rano
thermiate composite is due to the decreased energy release from the thermite reaction. The
Al micro-powder nodified AlI/NiO composite exhibited a twstep energy release process
which highlights the pilot reaction between Al and NiO nanoparticles and the subsequent

reaction between Al micrpowder and NiO nanoparticles. This unique reaction sequence

157



was found beig critical to deliver the needed energy to the joining zone which is necessary

to achieve a superior joining quality.

6.2 Introduction and literature review

Welding technologies based on combustion synthesis have been used for joining of several
types of materials, such as#Bl composites and TiAl intermetalli¢140, 161, 162]
carbon/carbon composif@38, 139] aluminum alloy[163], and SiC ceramito Nibased
superalloy[164]. According to previous research, the reactive layers including AlBS,
165167], AI-CuO-Ni [161, 163] Al/Ti [162] provide heat to melt metals for joining. The
reactions of AI/Ni and Al/Ti composites produce the alloys with relatively lower
temperatures. The main drawback of the Al/Ni (1.38 kJ/g) and Al/Ti (1.00 kJ/g) composites
is the low reaction enthalpy, which resulisincomplete combustion due to the heat loss
effects[23]. Meanwhile, the theoretical atiatic temperature of Al/Ni (1637 €) and Al/Ti
(1324 €) limits the selection of joining materials. Usually a preheating procedure is required
to increase the temperature of surrounding environment and materials to b¢j38)ekb1,
163], which requires a complex apparatus. On the other hand, thermite reactions between Al
and metal oxidizers possess greater reaction enthalpies and higher adiabatic temperatures,
e.g., Al/CuO (4.08 kJ/g and 2570 €), Al/E©s (3.96 kJ/g and 2862 €), and Al/NiO (3.44
kJ/g and 2914 €)[23]. Al and metal oxidizer composites can provide sufficient energy and

the needed temperature to join either refractory ofremactory materials. One of the major
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concerns exists, the ceramic produck@) is difficult to be removedrom the interlayer of
joining parts, which drastically deteriorates the welding quality.

In order to join materials without introducing impurities and to provide sufficient energy
with an appropriate reaction rate, a new rér@mite composite modifiedybts additives is
investigated in this paper. To prevent the formation of impurities, an interlayer of Al foil is
added between the two silicon wafers to be joined together. Then the thermite composites act
as the heat source which is placed away froninteelayer, without introducing ADz in the
welded zone. Meanwhile, the energy production rate is controlled by choosing the Al and
NiO composite and tuning its chemical compositiongidg is a compulsory technology in
the industry and these methodé axlding surface coating and interlayer material are
beneficial to improve the weldabilif68-171].

In this work, the AI/NiO nardhermite composite which usually exhibits a sedalid
reaction mode is selected, to prevent the oxygen production frodetoenposition of the
oxidizer [158]. A challenge exists when the Al and NiO nahermite composites react
rapidly and undergoes explosion, thanks to its low onset temperature and shortened mass
diffusion path. To overcome this effect, additives of Ni powdaem{) or Al powder (5mm)
are aded with the two purposes: 1) reducing the thermite reaction rate trough the heat sink
effect of Ni micrepowder and Al micrgpowder, and 2) increasing the heat conductivity to
enhance the energy propagation mechanism during combustion. Two tgpegpofsiesare
fabricated, consistingf :1) Al (40 nm}Al (5 mm)-NiO (50 nm), and 2) Al (40 nm)i (1

mm)-NiO (50 nm).

159



Nanathermite composites have been utilized for decptesl63, 172]Due to their nano
sized constituents, the surface to volume ratio of reactants is greatly increased compared with
the micronpowder. Several methods have been developed to reduce the agglomeration of
nanoeparticles[76, 149, 158, 163, 173In this work, the vacuum filtration method is applied
to form nanethermite mixtures with a thin film structure. Three heating rates of 10 €/min,
20 €/min, and 30 €/min are used in DSC measurementintrease the temperature up to
1000 €. The apparent activation energy is calculated from the DSC results, using the well
known Kissinger equatiofil28, 174] The controllable energy release and reaction rate
contribute to formation of different material phases in the welded zone. The microstructures
and elementalistributions at the joint interlayer are investigated with the scanning electron
microscopy (SEM) and energijspersive Xray spectroscopy (EDS) analyses. Finally, the

micro-hardness tests are conducted to estimate the joining qualities.

6.3 Experimental method
6.3.1Nano-thermite composite preparation and joining apparatus

40 nm Al and 50 nm NiO particles (99% in purity), providedSyspring Ing.are used as
the raw material to produce the tHitlm nanothermite composites. The Al f&m) and Ni
(2 mm) micro-powders, acting as the additive, are provided/ByResearch Nanomaterials,
Inc. and SigmaAldrich, respectively. In the preparation of the Al (40 pih)Y5 nm)-NiO
(50 nm) nandghermite composite, the equivalence ratio of fuel (Al) and oxidizeD)YN

remains 2, which means that the mass of 40 nm amd Al particles accounts for 32.52 %
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of the total mass of the prepared composites. The mass ratio of Al (40 nm) tomA) (5

2:3. This sample is labeled as Sample A or the-80%ample. For the A(40 nm}Ni (1

mm)-NiO (50 nm) composite, the equivalence ratio of Al and NiO remains 2, white Nii

particles are added with 30 % of the total mass. This sample is denoted as Sample B or the
30%Ni sample. Furthermore, a pure Al (40 nm) and NiO (50 comiposite is made with

the equivalence ratio of 2. This sample is labelled as Sample C or thddiive sample.

The detailed information on these samples and their preparations is summariaield 6.

Figure 61 Schematic view of joining apparatideat produced by the naitleermite
composite is transferred, through the top silicon wabethe aluminum foilnterlayer,

which results in successful joining

The procedure of vacuum filtration to produce the-filim composites are documented in
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