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ABSTRACT

EFFECT OF SYNTHESIS PARAMETERS ON STRUCTURAL PROPERTIES
AND THERMAL BEHAVIOR OF SOL -GEL SYNTHESIZED IRON OXIDE
XEROGELS

Di n- er ,NMEzhgima z
Ph.D.,, Department o€hemicalEngineenng
Supervisor :Prof. Dr.G¢ r WKam a k a K
August 2018231 pages

Currently used igniter systeaompositiors are mostly based on the pyrotechnic blends

of fuelsandoxidizers.In this studynanostructured metallic xerogelere synthesized by
sokgel method by using various types of proton scavengedsthee metallic xerogels

were used as oxidizer the experimentde(NG)sl. 9.8 was used as a precursor and

a wide range of proton scavengers (propylene oxide, 1,2 epoxybutane, tetrahydrofuran,
tetrehydropyran, 1,4 dioxanendammonium hydroxide ) were used to start the gelation
mechanismslin order to dry the gelsand to obtain xerogel structures, the room
temperature drying method was utilized which was followed by low temperature direct
drying mettod. Further, to figure out the effect of drying conditions, sequential solvent

exchange (SSE) was applied to obtain xerogel structures.

The energetic compositions were prepared by mixing nanostructus€s kerogel
samples withmetal/fuelpowders.The fuels used in these energetic compositions were
commercially available boron, aluminum, magnesium and 20% magnesium coated boron.

The energetic properties pfetal/fueltFe:0s composites were determined and the effect

\Y



of proton scavengerslrying conditionsequivalence ration the textural properties and

thermal behavioof the thermite mixtures were examined.

The results showed th#te iron oxidexerogels dried with SSE process have exhibited
intrinsic properties of aerogels with high surface areagtaigan300 m?/g, mesoporous
structure with a size range of43nm and nangcale particle sizes with-@nm. It was
observed thathe surface area of xerogelssstrongly dependent on the type of proton
scavenger used. The heat output values offalefiron oxide nano thermites were
determinedrom 85 to 3285J/g depending on the fuekidant ratig proton scavenger,
drying conditions and fuel tydeased on DSC/TG analysiswas shown that the type of
proton scavengedrying conditionsand fuetoxidart ratio could be used to modify the
combustion performancéhermal behavioand the structural properties of nanothermites
andthepatrticle size distributiorsurface areandcrystallinity of the xerogelsynthesized

with the solgel synthetic route.

The structural and morphological properties of the samples were characterized by XRD,
FTIR, elemental analysis and SEWVhe surface area andrticle size distributionf the
samples were determined by BET method. Thermal behaviorand combustion
characeristics were characterized by usinG-DSC Instrument andParr Bomb
Calorimetry. The impact and frictiasensitivity of the energetic nanocompositesre

evaluatecdby BAM Impact and Friction Tester.

Keywords: Xeroge| SotGel, Proton Scavenger, Energelanocomposites, Sequential
Solvent Exchange
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SOL-JELY¥NTEMKE SENTEZLENEN DEMKR OKSKT KSER
YAPI SAL VE TERMAL ¥ZELLKKLERK ! ZERKNE
PARAMETRELERKNKN ETKKSK

Di n- er ,NMEzhgima z
Doktorg KimyaM ¢, h e n dB °sll ¢ nji ¢
TezY° n et Rraf.DrsG¢:r Kam a k a K
AJ ust o 231lsayal 8 ,

Géenegmegzde kull anél an atekl eyi ci Karjl ar é;
kompozisyonlardér. Bu -al ékmadijael -g%Xnt éiniy
sentezlenentabhnk kapebpemkeer oksitleyici (
Fe(NQ) 9686 met al bakl atécé ol arak kull aneéel méecx
(propil en oksit, 1,2 epoksib¢gtan, vetetrah
amonyum hidroksit) mt a | bakl at @cénén j el l ekme ade
kull anél mékter. El de edilen el yapel e ma
sécakl ekl arda férénda kurutma ile kseroje
mal zeme ¢zeninemcet knmeni amaceéeyl a, oda Kk
-%z¢c¢ uzakl aktéerma yo°nt emi uygul anmécxkt er .
Nano yFe@: & |1 ée -eki tli met al tozl ar é kar é«k
hazérl anmékteéer. Ticar.i ol ar ak hazeée%20 al éna

magnezyum kapl é& bor enerjik kompozisyonl al
edilenmet al-Fepak @mpozi tl erinin enerjipmotor? zel | i
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tutucu/jellexkxme ajané, kurut ma koksal |l aré ve

°zelli klerine ve termit kareéekéemlarén ésel dav
¥zellikle oda -Hekukl mréemnda kuz3ednt/igadrd akiser oj e |
b¢yek yeéezeynmllameyt I3ar éndaki -4mm boyupuhdake ne k1 iy a
paacék beyekl ¢ ¢ il e, aerojellerin °czel li kil
gor¢él megktegr . EIl de edi |l en sonu-1|ar a gere kse

kull anél an proton t uD8ATG/A)alelerinedyge metal/demimanéna baj |
oksit naneermiit er i ni n yanmasé@ sonucu aoksitlgriei - € k an € ¢
or angrnat,on tutucu/jellexkme ajaneéna, kurut ma Kk
-ekKi di8de3g85¥/eg arasénda defewittilfii jpbelll ek men ma K
fark | € Kkurutma kokull aré ve f arkellé yyanktéetnlinyeteal
sentezl enen kserojellerin par - acék boyutu d

yapésénéenen Ve aksdr djlel ikmmrmetéarlé sonrasénda el

yanma performansénén, ésél ve yapeéesal °zell ik
El de edil en mal zemel erin yapésal ve morfol oji
ve SEM ile karakterize edil miktirrdaj]Mdleznemel er
BET metoduyla incelenmicktir. |-BSClve Par e |l | i k1l er
Bomb Kal ori metr.i cihaze ile incelenmiktir. Dal
S¢rtée¢nme Test Cihazé ile karakterize edil mi kt
Anahtar KelimelerKserojd, SolJ e | Proton Tutucu, Enerji k Nan:

Uzakl aktérma Y°nt e mi
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Scope of the Study

The pyrotechnic compositions used in the initiator systems are generally activated by a
specific well defined electrical impulse. These initiators are useeleatroexplosive
devices(EEDs)which are integrated iigniters Safe andArm devces (SAD) and gas
generators immilitary systems likemissiles, rockets and munitianShey can also be
utilized in civil applicationsas micro-chip initiators, microelectromechanical systems
(MEMS)-based microthrust systems for microspacecratind astriggeringmeans for

the inflation of automobile airbags, 2, 3].

The pyrotechniccompositions; especially thermites, used for nearly 100 Jdarare
utilized in welding of railroad linewhere thethermitereaction produatolteniron flows
through the joirg [5, 6, 7].

The pyrotechnic compositions are prepared by physical mixing of fuel and oxidizer
componentsHowever recently, anothemethodcalledsolgel methochas been used for

the synthesis ofenergetic material This method is a safe processing of energetic
materials at room temperatui@lowed bylow temperature drying. It provides intimate
mixing and contact of the components. tailoring the properties of final energetic

materal, sotgel methods a rather easy processmpared to conventional methods

It is possible to synthesize nasized energetic materialy ising the sefel methodit
is known that en the particle size decreases, matedislay different propertse



compared tahe bulk of same material.

Another fact is thathe surface to volume ratio and the interfacial contact area of the
components increase when the particle size decreases to nanblsghlesurface to
volume ratio and interfacial contactear lead higher energy release rate during the

combustion process indicating that the particle size of the material is very important.

A B o t-u maanmceptual beginningn what later became known as nanotechnofiogty

came up with Richard Feynménsalk, i Ther eds Pl enty of Room at
American Physical Society Meeting in 1988]. The field of nanoparticles tsbeen

grown with many research studies. Howevke application of nanotechnology on the

energetics iselativelya new topicThe resegch studieshowthatnanaesized energetic

materials will become nexgeneration energes8cdue to their controllable energy

densites patrticle size distributianand power/heat releasall of which can beailored

by varyingfuel and oxidizer compositis. The application of nano energetics to MEMS

technology may lead to size and mass reductions of the mamyionsuksystems in the

future [3].

In the first sectiorof this part the literature survey is fosed on detailed information
about energetic materials and thethodology okerogel synthesis. Theharacterization

of xerogelsamples are mentioned in the later sections of literature survey.

In the second part, the experimental studies and restdtsgigen in detail. The
experimental procedure and the properties of both xerogels and synthesized energetic
samples are explaine@omparison is made for thermal atmmbustiorperformances of

the nonenergetic and energetic compositiamaracteried by SEM, XRD, TGA, DSC

and BET.



The aim of this study was to develop easily ignitable nanothermite compositions with
higher heat output when properly initiated. In order to develop energetic nanocomposites,
a very weltknown sotgel procedurevas applied onysthesis and preparation of thermite
compositionsThis proceduréas many advantages over conventional methods suich as
lets safeprocessing of energetic materials at room temperatupeovidescontrolable
parameterdo tailor the properties of fiha&nergeticcompositionand it ispossible to

achieveultrafine particle dispersion

Furthermore, He increasing demand for longer shelf life of rocket motor systems
demonstrates the necessity of development of igniter charges and pyrotechnic
compositios having longer shelf life. Boron has beene of the most interesting
materias, which has been used as fuel for pyrotechnic compositions not only due to its
longer shelf life, but because of hgyher heat of combustion and l@~atomic weight

with high gravimetric and volumetric energy conteomparedo other fuels.

In the scope of this study, in order to compare the effects of different fuels on the
performance of nanocompositégagnesium, Aluminum and Magnesium coated Boron

were used addition Boron.

Another major objective of the study was to investigate the effects -giesalynthesis
parameters such as proton scavenger, concentidtibe precursor solutioand drying
conditions on the structurpfoperties and thermal behavior of yathesizedsamples.

1.2 Energetic Materials and Conventional Methods for Preparation

The energetic materiaksre the compositionghat canstore large amount of chemical

energy ad canreleag this stored energyapidly whenany properignition sourceis



introduced Theenergetianaterials arenainly classified intahreegroups pyrotechnics,

propellants and explosives.

Pyrotechnic materials burn with the velocity range of mm/s to produce special effects,
propellants deflagrate with the velocity range d&rto produce thrust and explosives

detonate with supersonic velocityore than 1 km/s to produce shock.

Primary explosives are used to detonate secondary expldsiy@educing shock wave
and they are very sensitive to shobkat,impact and/or frictio. Secondary explosives
are insensitive energetic materials and more energyeedi detonate the secondary
explosives. Howeverthey have more energy output compategrimary explosives.
Lead azidelead styphnate and DDNP (diazodinitrophenol) amaes of the examples of

the primary explosive®DX (cyclotrimethylene trinitramine PBXN-5 (polymer bonded

explosive), HMX ¢yclotetramethylene tetranitramjpand HNS {fans2 , 26, 4, 406, 6, 6

hexanitrostilbenedre some of the examples of secondary (higplosives.

Propellants do not detonate or explode, they do burn. They can be doubleobased
composite typeDouble base propellants contain nitroglycerine and nitrocellulose.

Composite propellants comprise oxidizer and binder.

1.2.1The Pyrotechnics

i Py rhontieccs 0 i cerived fromh &reek wordsp y r ( meaping fire and

t e ¢ h n erfedning artg skill. Pyrotechnics is the sciemtgch generally deals with
compositions and systentisat utilize these compositions. It also deals with production
and test méhods of these compositions and systems.
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It is important to note that the pyrotechnic compositions burn withte of mm/s
however in the caseof combustion in a closed space, the velocity reaches to m/s ranges
and detonation camccur.

Pyrotechnic copositions contain fuel and oxidizer which react together to give necessary
amount of energy in the systems such as piston actuators, gas generators for airbags,
igniters for rocket propellants etc. Pyrotechnic compositmmslucelight, heat, smoke

and sundwhen they burrso theycan also be utilized as firewotks

The pyrotechnic compositions can be usedranular or pellet formdepending orthe
application. The examples of such compositions are MagneBgiion-Viton (MTV),
Boron Potassium NitratéBPN) and Zirconium Potassium Perchlorate (ZPP). The

calorific heat outputalue of these compositions is in the rangé@i0-6750J/g.

For a pyrotechnic composition the ignition and combustion performances are very
important.That is,ignition energy ad ignition time of a compositiorare used tgpecify

the suitability of that composition for a particular applicafi@n Regardinghe nature of

the combustion, the pyrotechnic compositions can be classified as flame, thermite and
smoke compositiondl)].

1.2.1.1 The Thermite Compositions

Thermites can be defined as a subsegiyobtechnics 11]. In thermite compositionthe
oxidizer can be metal oxide or oxygeantaining salt. Thermite reactions are exothermic
reactionghatoccu by reduction of metal oxidesithh metals The reactionproceedwith

selfsustaining oxygen content. The reactions can be represented as following,

bo 0 900 0O OQwo



MO Metal oxide
M1 : Metal

Large thermal stimulus is requirddr the ignition of thermites This large thermal
stimulus requirement comes from the high melting poinhetal and oxidizers used in
the thermiteslgnition is obtained with melting ahetal and oxitder componentsso

thermitesare difficult to ignite comparedith the other pyrotechnic compositiof$s 12].

There are some differences between the combustion mechanism of thermites and that of

pyrotechnics. These differences can be summarized as follows:

1 Therearenct any gaseous reaction prodsict
1 The combustion reaction temperature is very high as-20800 0 ¢ C.

1 Molten slags are formed.

Thermites with a composition of F&s/Al (2.75/1) are generally used for military

purposes. The ignition temperaturetioermites isabout 8061 3 0 0 e C. Thermites ca
ignited with pyrotechnic devices such as electrical igniters and squdjig]. Oncethey

are ignited antheyf i nal Iy burn, the temperature rises t

The oxidizer used in the compositions should have a londidatmation alow atomic
weight, sufficient oxygen content and high density darefficient combustiorof the
thermite compositionsOne of the following oxidizers can be used in the composition;
B20s3, SiQ,, CrOs3, MNO,, FeOs, FeOs, CuO.In addition b oxidizers;Al, Mg or the
alloys of Ca, Ti, Si and B can be utilizad the fuel (meta[13].

Wilson etal. [11] introducedan illustration of the comparison @€&locity and pressure

achieved by different energetic materials. MICs have faster burning velocities than



propellants. Howevethey cannot reach high presssiike explosives.

It was mentioned that the explosives exhibited more gaseous prodogiged to MICs
which causeénstantaneous pressure and shock.

The Equivalence Ratio

The equivalence ratio can be defined as the ratio of the actual mass ratio of fuel to oxidizer

to the stoichiometric mass ratio of fuel to oxidizer. It is calculated as;

Equationl.1

The actual fuel to oxidizer ratio is derived from thepemmental values and the
stoichiometric fuel to oxidizer ratio is derived from the energetic reactiSosne

examples to these reactica® given below.

It should also be noted that if the equivalence ratio is larger thath&.0pmpositions

defined asafuel richcomposition

Here are some examples for thermite reactions with heat of repeif@mne mole of
oxidizer[5, 13, 15, 16]:



FeOs + 2Al A Al20s + 2Fe + 858kJ
3MnQOz + 4AI A 3Mn + 2AL0O3 + 1778kJ
Cr0s + 2Al A 2Cr + AbOz + 544kJ
3Fe0s + 8AI A 4AI,0z + 9Fe + 3356kJ

3CuO + 2AIA Al203 + 3Cu + 1213kJ

2CuO + TiA TiO2 + 2Cu + 310kJ
2CwO + TiA TiO2 + 4Cu + 29%J
FesOs + 2Ti A 2TiO, + 3Fe + 197kJ
2NiO + TiA TiO2 + 2Ni + 230kJ

2Zn0O + TiA TiO2 + 2Zn + 121kJ

2CuO + ZrA ZrOz + 2Cu + 389kJ
2CwO + ZrA ZrOz + 4Cu + 377kJ
FexOs + 2ZrA 2ZrO, + 3Fe + 272kJ
2NiO + ZrA ZrOz + 2Ni + 310kJ

2Zn0 + ZrA ZrOz + 2Zn + 2akJ

2CUO + HfA HfO; + 2Cu + 397kJ
2CWwO + Hf A HfO, + 4Cu + 385kJ
FesO4 + 2Hf A 2HfO; + 3Fe + 280kJ
2NiO + Hf A HfO, + 2Ni + 318kJ

27Zn0 + HfA HfO, + 2Zn + 209kJ

Somereseachers L7, 18] demonstratethat the optimum value of equivalence ratio was
greater than 1.0. It was mentioned that the reactions were carried out at ambient air
therefore,oxygen was excess and the reaction of metal obtained from thermite reaction
was caried out withan excessamount ofoxygen.Furthermorethe increase in thermal

conductivity due tdheincrease in metal content enhanced the combupgdiormance

of the composition

The characteristics of the compositions can be tailored by changiaguhelence ratio

and the content® have optimum conditiorfer following properties.

1. ignition temperature

2. heat release rate or heat of reaction

3. mechanical properties




moisture absorption
impact sensitivity
friction sensitivity

maximum pressuréPmax)

© N o g &

time to reach to fax

The heat transfaturing the combustion of the pyrotechnic compositisrabtained only

by heat conduction due to ngorous structuregdowever,for an efficient combustion,

the heat transfer mechanism should motolve both conduction and convection.
Therefore,porous structureare necessarfor an efficient anda uniform combustion
mechanism Another parameter which affects the combustion is particle size. The heat
and mass transfer length in the composition decrease tieeparticle size of the
components reduces to nanoscale. This provides uniform combustion and higher energy

release rate. The detailed information is given in following section.

The combustion mechanism of the thermite compositions is so complex thathbot
properties of individual components acallective properties of the mixtuteaveto be

taken in consideratiorit is known that there ia relation between the physitatructural
properties of the components and the combustion mechanism. Theitafoextremely
important to understand the phase changes and the oxidation mechanisms of the fuel/metal
used in the energeticompositiong[19]. It is also known that metal particles wilbe

oxidized with air in progress of time.

1.2.1.2 The Oxidation Model for Aluminum

Aluminum is used aafuel/metal for both pyrotechnic and thermite compositions. There

i's an oxide | ayer surrounding Al particle



than that of Al particle core which ibustratedin Figurel.1. The melting temperatures
of Al core and oxide | ayerl8a@ad e 660eC and 2046

Figurel.1. Schematidllustration of Aluminum Particle Ge and Oxide Shell

The oxidation mechanism of Aluminum has been discussed by many researchers.
Proposed by Turunov ell. [2]], the oxidationof Aluminum has four different stages. In

the first stage, the natural amorphous oxide layer existsathititckness of5 nm At this

level of thicknessthe metaloxide interface stabilizes the layer at low temperatures. In
addition, the rate of increase in layer thickness is controlled by diffusion of Al cations
outside the core. Later aat the second stage, the e | | is trAOsTher med to 9
specific volume ob-Al20s is lowerthanthat ofamorphous oxideAs a result of lower
specific volume, theurface of aluminum ipartialy coveed At this stage the rate of
oxi dati on i n eAh@ myemecomencdntiraidus, the ratedecreases. At the
third-Ab®sagarts t o -AlpCs Mherfatdhe fourth stagéo h ieP$0zd

| ayer t r a PAk®s.0Thim ®xidation mabel gives an idea about diffusion
mechanism through the graioundaies 21, 22, 23, 24].
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1.2.1.3 The Oxidation Layer of Boron

Similar totheother metals, oxide layés formedover the boron particles due to exposure

to airasillustrated in

Figure 1.2. The boron particle can be crystalline or amorphaepending onthe
production method. It is important to note that the cryldtalboron particles hae more
oxide shell than amorphous borgarticles [25]. The oxide shell melts at lower
temperatures than tleron particle coréelhis situation causes kinetic limitations because

this oxide layeslows downhe combustion of boron patrticle

The melting temperatures of the B ~core
respectively 26, 27]. The melting of the oxidelayer before coreesultsa different
scenaridor oxidationcompared t@luminum particleThis scenario includes diffusion
controlled process. Aftexide layer meltsit acts as a diffusive barrier covering the boron
particle.If the boron particlesiburnedatthetemperatureabove the boiling point of oxide
layer,which is206% C26,R7], the oxidelayercan be removed.

Figurel.2. Schematidllustration ofBoronParticle Core and xXide Shell

11
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1.2.2lron Oxide

In this study the sejjel synthesized E©zis used as an oxidizer for the thermite reactions.

It is the most common oxidizer for the thermite compositi@82p,30]. In addition, it

has been utilized as an additive to modify/enhanag® Ibates of the solid propellants
[31,32,33. It has been used over many years starting with théipteric use in the
pigments to draw on the walls of the cave which was followed by the usage in the
applications of welding in the twentieth centuBA]l Furthermore, recently, the Mars
exploration rover Spirit has identified the iron oxide particles such as maghemite and
magnetite on the surface of Mar35]. On Earth, the iron oxide is utilized in many
biological systems36,37,38] and in addition to that, itam be employed as a catalyst, an
inorganic pigment and a photoanode for photoeleatt@mical cell in many
applications. Moreover, iron oxides formed by-gel synthesis have been extensively
studied and the synthesized iron oxide samples were fourayéopgorous structure with

a high surface are89, 40, 41, 42, 43, 44, 45)].

Diebold et al.f6] define the iron oxide structure as a clpseked oxygen lattice in which

Fe cations are distributed in octahedral and tetrahedral intersiitial structure of
maghem t e p hRe©Ogs olmdinedvia the oxidation of#&&%. Ma g h eF@03) e ( 2
preserve its spinel structure with randomly distributed octahedral Fe vacancies as

schematicallyllustrated by Diebold et 44 6].

Maghemite has cation vacancies which affect its crystallographic structure and the
magnetic properties; therefore, the researches on maghemite have received great intention
[47,48,49,50,51] . The s pi n-BeOszcorsistaiof layars o tetmtkal amd
octahedral position®p, 47] and Fergusaat al. p3] indicated that the octahedral sites of
maghemite involve cation vacancies. The cation vacancies are important for the thermite

reactions which arbased on the reduction and oxidation

12



mechanism between the iron oxide and the fuel used in the compositions since the
existence of these cation vacancies affect the structural properties of the iron oxide

xerogels £6].

1.2.3The Methods for Preparation of Pyrotechnics

Recently modern advanced technologies have been applied to the preparation of energetic
materials. These are sgél method, inKetting, vapor deposition techniques, cold
spraying andarrested reamte milling. Nano energetic materials having different
structures and morphologies can be produced by these advanced mgthodbdse
structures can be nanofoiE356], core shell structures¥], nanowires 30|, nanoporous
particles BO] and substrate$g, 59, 60].

In general there are three main technigfs prepaation of nano thermites and

pyrotechnics. These are

1 physical mixing
1 arrested reactive milling

1 solgel methodology

The detailed information about the mixing methods is given in following sections. It is
important to mention that the rate controlling step flee combustionreaction of
physically mixed energetics such as thermites and pyrotechnice imdhks diffusion
between the reactants. On the other hdod monomolecular energetics such as
explosives, the rate controlling sgefor combustionreactionare bond breaking and
chemical kinetics between the reactants. Thermites and pyrotechnics glasedriergy
densitesthan explosives; however, they burn slower and longer than explosives because

diffusion controlled reactions are slower than kinetically controlled react8®hs [

13



1.2.3.1 The Physical Mixing

The pyrotechnic mixtures are conventionally prepabgdphysical mixing of fuel and
oxidizer[61]. The physical mixings a simple and common technique. The technigue
categorized in two groups, dry process and wet prodesshe dry process, the

componentsvhich are in granular forrare mixeddirectly without any solvent medium.

In the wetprocessthe components are mixed in a volatile medium such as acetone and/or
hexane to prevent thestantaneous ignition due é&bectrostatic dischargét the end of

mixing, the liquid phase is decanted of or evaporated and the mixture is sieved.

The wet processs a simple methodandit can be applied to prepavarious mixtures.
However, the process is labor intensive and large amount of solvent igursegl the

process

1.2.3.2 The Arrested ReactiveMilling (ARM)

This method is based on milling of components in a ball mill. The final particle size of
the mixture depends on milling time, size and types of the milling balls. In this method
the milling time is very critial sinceafter a certain time the millingrocesscan lead to

an inadvertent ignition due to the frictiohthe ballson small particle sized composition.
Hence it is very important to stop mixingt a certaintime so that the resulting
composition canéused aathermite p2].

With this method, tiis possible to control the degree of mixing and reactivity of the

composition. Howevethe methodhasavery limited applicationn preparing energetics

due to sensitivity issues.

14



An example of this methods used byDreizin etal. [63, 64, 65, 66, 67, 68, 69] where
Al/M0O3, Al/FexOs andAl/CuO wereprepared during the studies.

The reactants weraixed in a closed container of rotary mixing machine in an appropriate
solvent and under inert atmosphere such asgen or argon which prevents the built up
of electrostatic charge thabwld ignite the composition spontaneousioreover, the

atmospherevas inertto preventhe partial oxidation of the fuglarticles

1.2.3.3 The SolGel Method for Synthesis of Nanoenergets

The importance of the particle size and intimate mixing of the compocrested a need
for new approaokson synthesis othermites 70]. The solgel method is a weknown
method for producing narstructured materialsRecently, applications ofthis well-
known method on synthesis of hanothermites have been stiitiedxamples of these
applications araleveloping sefassembled nanocomposite&l,72] and penetration of
oxidizer through the silicon substrat&8[74, 75|.

The solgel method is the synisis of nanoparticles by the reaction of components in a
solution which is called as O0so0ol sdé and t he
as O0gel 6 wi t hiftpedquid phase & tevapo@tedufiora theres of gel

structuresby contrdled evaporation, densand porousmaterial called as xerogel is

obtained. If the liquid phase is extracted by supercritical method, aerogels which have
highly porous structures are obtained. Shethesizexerogels/aerogels have nanometer

size particleand pores.

The application of sefjel method on energetic materials is a new apprddgh method

has some advantages over conventiomethods T6]:

15



Safe processing of energetic materials at room temperature
Intimate mixing of the components
Easy contol to tailor the properties of final energetic material

Low costcomparedo conventional methods

= =/ =4 4

Possibility to achieve ultrafine particle dispersion which is not possible by

conventional methods

The rate controlling step that is tHaration of mass difision between the reactants can
be reduced with nano particlaadconsequently the reaction rate can be enhanced. So it
is promising that they behave as high energy density physically mixed energetics and high

power monomolecular explosives.

The disadvatage of the method is the possible oxidation of metal/fuel nanoparticles by
water in the metal oxide gel before the removal of solvent. To prevent this situation, the
oxide xerogels can be synthesized separately from the fuel and then the fuel canibe adde
physically to the oxide xerogels. But this can reduce the interfacial contact area between
the components. There is an illustrated example of the difference betwemdqdilzers
physically mixed and sajel synthesized. It is mentioned by Clapsaddial.€77] that,

this form of structure for physically mixed compositions results in particle ejection of the
slower reacting Si@whichcauses rapid burning and reaction propaga#dthough SiQ

is used as the oxidizer to slow the burning, the composiand burn rapidly which is

not preferred for this type of system design with this effect of particle ejection.

1.2.3.3.1 The Gelation Mechanism
Metal alkoxides are good precursors to produce metal oxides. They easily react in

hydrolysis and condensation stepse Thechanism is based on the assumption that the

gelation agents are necessary for extraction of the protons to have hydrated metal
complex. The gelatiomechanism steps are given in following referenZ8s19, 80, 81,
16



82, 83]. With the addition of ethanol tiieiron (lll) nitrate nonahydrate, Fe(NfaL. 9.8,
H-O and (NQ) molecules release. Thereforee[CH2)s]>" react readily with water as

given in Equatiori.2.

Hydrolysis:

& A ( (/1 9 &A (/¢ (/ Equationl.2

Condensation:

&A (/¢ & A ( P (1 &A (&A( ( / Equationl.3
C&A (/¢ P (1 &A ( &A( ¢ (/ Equationl.4
C&A (/¢ P (1 &AI &A ( / Equationl.5

When the propylene oxiderhich is a bases added, it acts aspotonscavengeleading

to irreversible ringopening and production of FeOGiHownin Equationl.6

and Equationl1.7. So FeOs is produced with further hydrolysis and consation of

hydrated metal.
17
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7.
& Al ( % o % &A (/¢

Equationl.6

&A1 1 &A1 P&A (1 Equationl.7

Ring Opening:

Propylene oxile:

] w
+ +
@) @) OH
(P /| © /—< Equationl1.8
O,NO
) )
+ +
@] (@) OH
(G / < (r7°
( Equationl.9 OH

It is mentioned that two different ring opening mechanisms can asaiven irEquation
1.8 and1.9 [84]. Theseare ring opening with the addition BEO and (NQ)” molecules

separately.

18



The hydronium ions areoasumed by the salt anions in solution. Consequently the pH
increasesvith time due to the decrease in hydronium ion concentration. This is shown in

fipH study during gel formatiarwith experimental results.

Ring Opening of some proton scavengers:

THF:
OH OH
( ) ( © [ ) (/7° é ° g ( Equationl.10
© O 2 OH
| /N
H H

In the presence of ammonium hydroxide solution instead opytene oxide the

following reaction mechanisms occur:

&A1  w( / ©&AIJ w(/ Equationl.11
&A o(/( w(/%a( ./ &A( w(/ Equationl.12
&A ( O &AI T (1 Equationl.13
&A1 1 &A1 °@&A (1 Equdion 1.14
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In conclusion, gelation mechanism procedure is based on the phenomena of extracting of
the protons by proton scavengers from the hydrated iron composites to form protonated

complexes.

1.2.4The Effect of Particle Size on Performance

The particle size, distribution, shape and specific surface artbe fafel, oxidizerand
pyrotechnic compositions directly affect the burning characteristics of the materials.
Decrease in particle size increases the sertmea and the contact area between the
components therefore increases the burning performance. As mentioned in previous
sections, the thermite compositions are difficult to ignite due to high melting point of the
components. Howevewhen the particle sezis decreased, the thermal properties change
according to their bulk properties. This can be due to the surface effect of superfine
particles p,85].

Moreover when the particle siziecreases to nano rangesyeyal achieved advantages

can be summarized as:

w The decrease in melting temperature provides easy ignition

w The reduction in activation energy results in easy oxidation hence ignition delay
lowers

w Generally higher thermal conductivity of nanmetal powers increases the heat
transfer between the components accordingly enhances the burning characteristics

w The heat transfer timescales become increasingly fast due to decreases in the ratio

of volume (V) to surface area {yp: T —— where U is the

constant.

20
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Sullivan etal. [70] describedhe mechanism of the heat transfer through the partitle.
is very difficult to heat a nanoparticle because & small thermal load witavery high
rate of heat transfeihe transient conduction is for a soimMhich has a change in its

thermal environmentJnder this circumstance the lumped capacitance method is applied.

The main assumption of the lump cajpaece method is that the solid particle has a

uniform temperature which means the temperature gradients within the solid are

negligible B6).

TheFigurel.3 shows the schematic illustration of Al particle surrounded by gas [&yer.

and T are the temperatuie the particle and gas, respectively. The temperature values
are equal to each other at the initial conditions. When the surrounding gas temperature
increases, the heat transfer through the particle starts. To undersamehtiransfer
phenomenon and the relation between particle size and heating rate, the lump capacitance

model is usedFirstly energybalance is introduced:

% k— % % % Equationl.15
% % Equationl.16
El 4 4 NA — Equation1.17

It can be concluded that when the particle size decreases, the surface area to volume ratio

increases and heat transfer rate is improved.
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Introducing the temperature difference:

k4 4 Equationl1.18
— Equation1.19
— W T . A O Equationl1.20
] k4 4 Equationl.21
—1F O Equation1.22
Agp—0 — —— Equation1.23
z — NA 2# Equation1.24

Figurel.3. Schematic lllustration of Aluminum Particle Surrounded with Gas in a

Control Volume

22



1.2.5The Effect of Moisture on Performance

The hygroscopicity of the components is another factor that affects the performance and
ageing of the pyrotechnics. Moistuseabsorbed by many oxidizers and reacts with metals
causing the formation of a metal oxide or metal hydroxide layer on the surface. So there

will always be an oxide layesurroundhg the active fuel.

It is vital to choose an oxidizer that can passuglothis oxide layer to react with metal
efficiently. The oxide layers cause changes in ignition and combustion performance
negatively due to nereactivity and this leads ageing of the composition. Therefore the
shelf life of the compositions is directigpendent on the moisture content and absorption.
Hence the knowledge about the moisture absorption characteristics of components and
reactivity with moisture is very important. One way to prothetcomposition from the
moisture is that it could be codtby some additives like binders. The ageing and life time

of the pyrotechnics are explained in detailili4 The Ageing of Pyrotechnias

1.2.6The Effect of Binder in the Composition

Many resin types and polymers can be used as binders for pyrotechnic compositions. The
binder behaves as filler between the fuel and oxidizer binding them together. At the same
time it increases the mechanical strength and it modifies burategvhiledesensitimng

the energeticompositions. It is important to note that some of the binders with high
oxygen content like unsaturated polyesters and epoxy resins improve the efficiency of

combustion 13].

23



1.2.7Nanothermites

One of the important parameters which affect the combustion is particle size. The heat
and mass transfer length in the composition decrease when the particle size of the
components reduces to nanoscale. This provides uniform combastdmgher energy
release rate. Théhermites that include nano oxidizer and fuel can be defined as
nana@ompositethermites metastable intermolecularterstitial composites (MICs)r
superthermitef87]. Thesignificant changes in ignition and combusti@rfprmance are

observed for the energetics with 100 nm or smaller particle size.

At this scale of the particle size, some properfiles melting point may not change
however nanasized particles enhance the burning rates and combustion efficietney of
composite energetic materials as a consequenggroate contact of the components and

higher surface area than micrsizedparticles B8,89.

As mentioned, not only the convection but also the conduction heat transfer is important
for proper combusgin, so if the interfacial conduct of the components increases with
decreasing patrticle size, the conduction heat transfer can be increased. The functional
groups on the surface of nanothaemialso enhance the combustidhiruvengadathan

et al. investigted the effects of functional groups of hydroxyl, methyl and methylene on

the combustion with change in presstiree characteristics. It is shown that the
functional groups provide an increase in gas generation and enhance the convection heat
transfer. Aso it is mentioned that the convection heat transfer is dominant at lower
percentages of theoretical maximum density (TMD %) while the conduction heat transfer
is dominant at higher TMD %@8J/].

It is furtherstated that,ite conventional mechanism based on the diffusion of aluminum
and oxygen atoms in oxides is not a sufficient explanation for the fast reaction propagation

of nanothermites.
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The reason behind that could be the oxide shell on the melted Apandictes starts to
degrade physically. Different atomistic mechanisms are proposed by different researches
and therefore it is important and crucial to understand how the reaction of molten metal
with an oxide is initiated in picoseconds. Shimojo etainfl that a 400 m/s combustion
front propagates through a 4 nm oxide shell in 10 picosed¢80031].

1.3 The Sensitivity of Energetics

Sensitivity is a very important criterion for energetic materials. The sensitivity values of
an energetic material giveformation about howit shouldbe worked with the material
during production, handling, transportation and storage. One should also know the
sensitivity of a new designing pyrotechnic composition while choosing its components
and production techniqueé. proper energetic material should be sensitive enough to
ignite and also insensitive enough to not to be initiated inadvertently during storage and
handling. Sensitivity can be classified into three groups:

1. Friction sensitivity
2. Impact Sensitivity
3. Electrostatt Discharge (ESD) Sensitivity

Friction sensitivity is measured by the scraping of various weights over an energetic
material and its unit is in Newtons (N). Impact sensitivity is measured by dropping

weights fromvarious heights on the energetic sampleitadnit is in Joules (J).
The impact and friction sensitivity levels for energetic materials are defireddewhere

[299293]. ESD is instantaneous static electricity flow from an object to another by

confact. It is tested bglischarginga spark of specified energy through an
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energetic sample and its unit is in milljoules (mJ). The ESD measurement is critical

because the static discharge from human body is in the range bet@8enXband this

energy isenough to initiate very sensitive energetic materials. So, while handling these

materials extra precautions must be taken. The correlation between particle size and ESD

sensitivity was studied by Weir et a@4] and it was shown that the sensitivity insed

when the patrticle size decreased for energetic samptbsAl as fuel. For Al/MoQ
composition, ESD stimuli were measured as 0.2
Al.

1.4 The Ageing of Pyrotechnics

The service life of the pyrotechnic compositiongasy important due to the explosion in
different environmental and storage conditions. Particularly, the munition systems used
at high altitudes are subjected to lower atmospheric pressure which causes to vaporization
and sublimation, so changes in promstof the compositions. Therefore the quality of

the seals of pyrotechnic systems is very important to preserve the properties of the
compositions. For a reliable system, the components are tested under simulated
environmental conditions such as subjegtihem © different relative humidity80%,

7%, 80%) with different temperature ranges. The reactions occurring at high
temperatures can be visualized by Arrhenius equation to have some idea about the ageing
mechanism of the composition. Approximate se\ife of the sample can be calculated

with Equation1.25 and1.26 according to STANAG 2895 by using data from different
temperature ageing tests3[ 95)].

E 18 7 Equation1.25

& — A Equationl.26
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1.5The Literature Studies

Both fuel/metal and oxidier are main components of tipgrotechnics. One of the
common metals is Al umi num. 1Rd4d.@de@xidatonas de
Model for Aluminuno |, It ideHagies witb kigh melting point therefore it causes

ignition delays and slow combustion velocities. Yen eto] §ives thegravimetric and

volumetric heats of oxidation for metals.

Boron has a very high heat of combustion and low atomic wegghpaedto other fuels
so it is one of the highesnergy density materialgith high gravimetric (59 kJ/kg) and
volumetric energy content (140 kJ/&nfi97,98]. Therefore the ignition and combustion

of boron particles have been of great interest.

Ma licand Semjfe [99] and Yeh etal.JOO pr o p o s sst@gedfi tbwo ni ng mec ha
means thathe combustion of boron tagplace in twosteps the removal of oxide layer

and the combustion of core of boron patrticle. The first step is kinetic and diffusion limited

step andakes place in a large period of time with respect to combustion of boron particle.

As di s c us s €hd OxidatiorsLayerbfiBaranthgiremoval of liquid oxide shell

IS avery important process in the igom and combustion of boron.

Boron patrticle ignitially at the room temperature aitds completely covered by oxide
layer.Then it is suddenlgurrounded byhe hot gases. The initial surface chemigrhe

rate controlling stage and after the oxidger is completely consumed exothermic
heterogeneous reactions are carried out at the surface of core boron particle. Detailed

combustion mechanisswill be described in the following.

There is twestage reaction of boron which includes ignition and aastibn.Boron oxide
layer removal is defined as firststagend ficl eand boron combust.

stage.
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When the oxide layer is totally removyele second stage staltss that the oxide layer

of boron acts as an energy/heat tra@.[Initially there is a heat up stagéich leads to
phase change of boron oxide from solid to liquid. Then after this point there are two
different types of assumptidor the first sage Glassman et aJ101] suggested thathe
oxidation of boron is controlled by the diffusion of boron through the oxide layer to the

oxide and oxygen interface.

On the other haning [102103104,105 suggested that oxygen, not boron, diffuses

through the oxidéayer to the oxide and banccore interface.

There is a heterogeneous reaction between boron and oxygen which leads to vaporization
of oxide layer by producing heat. When the oxide layer becomes very thin, rapid increase
in temperature of the particle abtained. So the first i@ of combustion is completed

and then the second stage begfisg [10Z proposed that water vapor is obtained by the
reactions between boron and oxygen then water vapor reacts with boron oxide layer and
forms HOBO(g) species. Later on HOBO(g) diffuses through the oxide layer and reacts
with boronand boron oxide and formssBkO3(g) at the interface of boron and oxide

|l ayer. Thi s modetl ageod ccad rlkelsheasscondthgeotitset |
combusion is diffusion controlledand it is modelled as the combustion of clean surface
boron particlg106]. There are two surface reactions which are boron pargeleting

with oxygen / boron oxide to produce BO and gas phase reaction of BO and oxygen to
yield boron oxide. This phenomenon is suggested by Makino and1Gdv [

Some numerical models were constructed by defining the problem as ignition and
combustion of isolated, sing@mponent spherical particle covered by quiescent gases.
The models involve woiticomponent molecular transport in the gas phase layer,

heterogeneous reactions, absorption on the interface of boron and surrounding layer.
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The detailed information is given in elsewhet®§ 109. Zhou et al. 109 classified

these stages as:

1. The particle heat up
2. Removal of oxide layer

3. The combustion stage

There are two interfaces during the oxidation and ignition/combustion. These are liquid
oxide/gas interface and boron/liquid oxide interface. Hence tmerelifferent reaction

mechanisms.

The phase change of liquid oxide layer to gaseous imakee liquid oxide/gas interface
kinetics model reactions are given 48§ 110:

"/ 1P "] C Equation1.27
"/ 1 | CP ¢t A Equationl.28
"1 ( ¢CP (Y A ("I/A Equationl.29
"1 /1 (cP " A (Y A Equation1.30
"1 (1 CPc(r A Equationl.31
"/ 1 " (CP ("IA "I A Equation1.32
"/ CP "/ A Equation1.33
(" ICP (" /A Equationl.34
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(" ¢P (" A Equation1.35

"/ ¢cP "] A Equationl.36

"/CP " A Equationl.37

The model introduced by Zhou et &0 assumed thatoron is transferred from to the
oxide surface and forms suboxides as BO;,B@®ese subxides B.0.. BO, BQ, B20»)

at the solid surface can be absorbed through the liquid oxide taygy, OH(g), HO(g),
BH(g) and O(g) are consumed at the liquid oxide/gas interface with adsorption

The oxidation of boron particland possible heterogeneokinetic reactiondetween
boron substrate and dissolved gastethe interface of boron/liquid oxide layare given
as [L0g:

¢"O0 [/ Aoc¢c" /A Equationl.38
"O | Aoc¢t A Equation1.39
¢"0O | Ao A Equationl1.40
O "/ Aoc¢" /A Equation1.41
O "/ Ao A Equationl.42
O #/ Ao" /A #/A Equationl.43
O "/ ITP"/A "] A Equationl.44
O "/ 1P ao" /A Equationl.45

30



The species dissolved in the liquodide layer transport from liquid oxide/gas interface
through the liquid oxide layer/boron interface and react with boron particle at this
interface as given in Equatidr38-1.45. The dissolved products of these reactions diffuse

through the liquid oxidgjas interface.

All these reactions simulate the heat up of the particldlai@emoval of the oxide layer
of boron.Zhou et al. £08 describe this model and find that especially-B&d HBQ are

the main sulace species at the liquid oxide layer/gas interface.

The adsorption and desorption rates are very critical and limiting steps for the removal of

oxide layer.

In additionit is mentioned that the water vapor increases the rate of gasification of boron
oxide layer and species with hydrogen enhances theplygmse combustion
[112,112113114). However water vapor leads to formation of HB@nd trapping of

boron which causes less energy oufdds.

In this study the reaction between boron and iron oxide is toidge understand. The

expected possible reaction products are showrabie1.1 andTablel.2.
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¢" &A o "/ ¢c&A (A)

p" o&A O 1"/ w&A (B)
¢c" o&MI"] oc&A (C)
&R &A" (D)
¢" /[ o (E)
¢" -/ o " (F)
/] o "/ (G)

Furthermore some possible reactions between boron particles surrounded with oxide
layer and ammonium nitratehich was obtained duririgon oxide gelation process were

also considered and given as followir%|f

G A G A G A G (A)
¢" o(l O ao(lL "1 (B)
(. (. P .1 (1 ©)
¢c" o./ O . " (D)
G A Y G B (E)
(.1 9 . ¢/ (F
"I o (/P " (G)
(1Pl (H)
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The combustiomprocess can biemited by diffusionor kinetics [LOg. If the combustion

rate is controlled by Blaw which means total burning timgs) is directly proportional

with the square of the particle diametbe combustion idominatedy diffusion Mainly
particles wi t dvedffusibelimited comdustion. n® irthefcombustion

is controlled by B-law which meanstis directly proportional with the particle diameter,

the combustion idominatedoy kineticsGener al |y smal |l er than 10
have kinetics comblled combustionl t can be decided by deter
number(Da)and if it is around 1 there is a transition from diffusion controlled to kinetics
controlled combustiorDa is defined aslf06119:

$A — Equationl.46

The combustion of larger particles at high pressigdimited by diffusion and on the

other hand that of smaller particles at low pressures is limited by kihtigs

Boron was used as an additive for Al/B/Bg composition prepared by sgel method
[120. The combustion characteristics were compared with ABfand physical mixed
Al/B/Fe;O3 composition. It was observetat heat of combustion of Al/B/E®@3 was

higher than those of the others. Boron had an enhanced effect on the composition.

Tillotson et al. 6] synthesized nanocomposites of ABBe with using organic epoxal
asgelationagent by sefel method. They obtained1® nm sized clusters of & which

is contact with 25 nm Aluminum particles. They found that Al particles have oxide layer
outside with 5nm thickness which is seen as light colored ring by HRTEM snapes

means the sajel method does not affect the metal because normally Al has similar
thickness coating of oxide when the energetic material has been prepared by other
methods. Their sejel method at low solution pH does not have any effect on axidat

of Al particle. It is mentioned that smaller particles areCzexerogel clusters and
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spherical particles are Aluminum which is also confirmed with selected area electron
diffraction pattern (SAED).

The synthesized materials were ignited by a thesoaice and their DSC thermograms
with exother mi c.Theraskltpmte that th@amplegre BrieQekidd
was [12]] also studied with different solvents and precursors for iron oxide xerogel

synthesis.

Gash et al.122123 studied solgel synthesis of chromia from Cr(lll) inorganic salts and

the effects of solvents and gelation agent/salt ratio were determined. They found that these
variables affected the rate of gel formation. They formed metal oxide aerogels and
xerogels from their metal ipsalts of F&, Al In®*, G&*, zr**, Hf*', T@*, Nb** and

We*,

Spitzer et al. 124 prepared and compared the nano aluminum/tungsten (VI) oxide

(AlI/WO3) and micron Al/WQ according to their sensitivity and combustion rate. It was

found that nano sizedIAVO3 (51/50nm) is more sensitive and so dangerous to handle

and to work with than micron sized A/Q 1. 912 0Om/ 0. 724 Om)he On the o
results showdthat the nano sized thermite can be used in percussion primers due to its

high impact and frictn sensitivity.

Poda et al125 studied the reaction products of Al4ae and Al/BOs hanothermites. It

was found that the particle size of the products ePBiwas s mal |l er than 5 Om
included Bi and AIO3 particles according to SEM, EDS, XRD amad/results. They

found that the particle size of the products of MBewva s | ar ger than 75 Om.
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Gangopadhyay et al126127] also have studies with Al/E®3. They determined the
effect of polymer loading (acrylamieeethyl cellulose acetate butyrate, MEAB) on

the iron oxide composition. They first synthesized iron oxide bygsbimethod and
surfactant templating, and then mixed with aluminum powder. The equivalence ratio was
1.4. They also used Brij76 which was nonic surfactant to have a templatgth
micelles and the hydrolysis step was carried out around the micelles. They mentioned that
after the removal of surfactant by drying the oxidizer with uniform pore déstebution

was obtained. They loaded polymer on matrix to have gas generatiiooonibustion of

the Al/FeOs composition.

As expectedt was found that the combustion wave speed decreased with increasing
polymer loading and increasing equivalence ratio. The authors explained that the
compositions should be slightly fuel rich to os@me the oxide layer around the fuel
[17,126129.

It is important to note that was mentioned the combustion wave speed was optimum
when the mixture was slightfuel-rich because generally fuel has an oxide layer on its
surface and oxidizer has impurities. To overcome these negative effects on combustion,
slightly fuelrich compositions are used. According to their study when fuel rich
composition was used, tleeiwas lack of oxygen to oxidize the fuel for complete

combustion.

It was also observed that when the particle size of the fuel of Al/3W@&3 decreased,

the combustion velocities decreas&dg.
Tantalumtungsten oxide was synthesized by-gel method and physical mixing method

by Cervantes et allp9. They used WOGlas precursor and 3(B/methyloxetane as

gelation agent. Then the combustion properties of the compositions were compared and

37



it was found thathe heat output of sa@el prepared samples were-3D % higher than

physically mixed samples.

Martirosyan et al. 3] studied with eight different compositions that were AlG£
Al/Fez0a4, AI/IM0O2, Al/WO3, Al/MnO>, Al/MoOs3, Al/CuO, Al/Bi>Oz to develop highest
peak pressure fonanoenergetic gagenerators. The highest peak pressure recorded
belonged to Al/BiOsz thermite composition. The addition of carbon to mixture did not

affect the peak pressure while agth of boron increased it nearly by 50 %.

Puszynski et alll30 prepared different nanothermites with coated aluminum and applied

to wet processing of percussion primers. They explained that some nanothermites which

were Al/MoGs;, Al/WO3, Al/CuO, Al/Bi2Os could be used as a replacement of lead

styphnate They coated Al with organic hydrophobic materials such as oleic acid,
butanedioic acid in ethanol and acetone to prevent oxidation with air and moisture and

then removed solvent by drying in an oven séttoperature betweenZ20 e C. They al so
used PETN (pentaerythritol tetranitrate) and GAP (glycidyl azide polymers) as energetic

additives. Then they mixed Al with EDs; in different solvent mixtures such as

polyethylene glycol trimethylnonyl ether in waten acetone, -methyl2-pyrolidinon

(NMP), by ultrasonically and placed the wet mixture into primer cup after some drying

process.

Moore et al.L3]] tested the deflagration of nanocomposites nano Aluminum (132nm,
Technanogy) and nano molybdenum trioxi@érGax) prepared by physical mixing with
40/60 and 45/55 mass ratios. They found that deflagration wave velocity of AMBO
ratio of 45/55 is 7% higher than that of Al/Me®ith ratio of 40/60. They mentioned that
the results obtained are due to thghler emission of AIO by using timeesolved

UV/visible emission methods.
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Gash et al. I3 characterized the nanometred ultrafine grain (UFG)
Aluminum/Viton A/FeOs nanocomposite synthesized by-gel method. They used
FeCFL 628 as precursaand Viton A as binder. They obtained nanocomposite thermites

with ignition temperature of 590¢e¢eC.

Clapsaddle et al3p,77] studied the effect of Si&n Al/FeOs mixture and discussed the
differences of combustion velocity between the physically mixed AD¥8i0, and the
physically mixed Al and F£3/SiO; aerogel in hexane by ultrasonic mixing. They also
observed the ejection of particles from the composition kvhiad been prepared by
physically mixing of oxidizer during the combustionhey mentioned that the less
exothermic reaction of Sgvith Al was carried out with theeaction of Fe@and Al due

to SIQ particles trapped insidée solgel mixed compositioand as a result the burning
velocity decreased. They found that the combustion velocity can be controlled with the
addition of SiQ.

Shimojo et al. 90] studied molecular dynamics (MD) simulation with interatc forces

in the framework of the density functional theory (DFT) for initiation of thermite reaction
of Al/FexOs. They found that redox reaction of Al4® resulted in the formation of iron
metal and AIOs, Al/Fe>Os was initiated with the rapid formatn of Al-O bonds at the

interface within 1 picosecond.

Al/C030s was synthesized on a substrate by hydrothermal method and thermal
evaporation 133. It was mentioned that the theoretical heat of reaction of AD@was

larger than that of Al/E©3z and AllCuO. They firstly synthesized the oxidizer ¢0a) on

a silicon substrate then obtained penetration of Al on the oxidizer by thermal evaporation.
They mainly aimed to use this energetic material network on sibesed micre
electromechanical systems. Tigaition temperature which was a ciritical parameter of

MEMs was measured by DSC.

39



The ignition temperature of synthesized AlfiOp ( 52 0 e C) was | ower t han

AllFe0s( 588e C) and Al / CuO (550eC).

Pantoya et al.1[8] prepared physically mixed Al/Mof¥ia sonication method and tested
according to particle size, equivalence ratio and bulk density. The ignition delay time of
nano Al/MoQ was two times more than that of micro Al/M@Qhey mentioned that the
combustion mechanisms were different from each other for nano MICs and micro MICs
when they were analyzed by DSC. For the nano Al/yth® melting of Al was observed

after an exothermic reaction of the components; however, for the micro AYykheO
melting d Al was observed before the exothermic reaction. The authors concluded that
there was a solid state reaction for nano composition antiqgés reaction for micro
composition. These mechanisms changed the combustion velocities of the Ml@d. In
study,the nano and micron size MIC pellets were pressed to a density between 6.5 to 73
% of TMD. Surprisingly the combustion velocity of nano MICs decreased as the density
of pelletswas i ncreased. On the other hand the
increasedwith increasing density. They explained this trend and concluded that as the
density of micro MIC was increased, the voids which were filled by air were replaced by
fuel/oxidizer particles. And if the combustion was controlled by thermal diffusivity, this
situation would be the reason for increased energy transport and enhanced combustion

mechanism.

Glavier et al. 134 researched the suitable oxidizer for Aluminum in nanothermite
mixtures. They analyzed the burning and pressurization rate of the namitekesf At
Bi20O3, CuO, MoQ, and micron sized AlI/PTFE. The mixtures were prepared by sonication
in hexane. The burning rate of Al48) was the highest with 420 m/s among the others.
In addition Al/BkOs had the highest pressure peak when 20 mg of sangsegnited in

9 mn? closed bomb. MoreoveAl/Bi O3 had the shortest time to reach the maximum

pressure represented delay time which was an important parameter for ignition process.
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Another study with Al/CuO nanothermite was about the investigatidheogffects of
nonstoichiometric mixtures on combustion performand@5. The samples were
prepared by mixing of fuel and oxidizer nano particles with sonication. 10 mg sample was
ignited in 75 ml closed bomb to determine the combustion performance. Aactydhe

test results, the maximum pressure peak and pressurization rate were obtaineatcht fuel
composition.

The slightly fuel rich composition had highest pressure value. The authors indicated that

when the fuel rich compositions were ignited, #mount of gas produced increased.

Hence heat transfer and combustion performance were enhanced.
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CHAPTER 2

EXPERIMENTAL SECTION

In this chapter the experimental method and the materials usesyntresized metallic
xerogelsaredescribedThe analysis methods performed on the samples to characterize

are explained.

2.1 Materials

Iron (lll) nitrate nonahydrate( @995% Sigma Aldrich) and iron (lIl) chloride

hexahydraté @9.0% Sigma Aldrich)were used as precurs@sreceived

Boronpowder( © 98. 5%) with an average ppwaer(ti cl e s
99.0%) with an average particle size of@#4 and20 wt% Mg co&ed boron powder in
micron size weregrovided by a local suppliesind were used as a fuels received
Aluminum powder (9602%) with an average patrticle size of 1% supplied by Mach

I, Inc. was used as a fuel.

Et h a Pa®% Signia Aldrichwas used asolventand propylene oxide (Aldrich), 1,2
epoxybutang(®9%, Aldrichy ammonium hydroxide solutions28% NHs in H.0, O
99.99%, Sigma Aldrich) tetrahydrofuran (anhydrous, 99.9%, Sigma Aldrich)
tetrahydrgyran (anhydrous(09.0%, Sigma Aldich), 1,4 dioxane (anhydrou€99.8%,

Sigma Aldrich)were used agelation agent as received

The gelation agents are very important with their proton scavenger role by reducing the
amount of HO" and maintaininggelation mechanism. The chemical strucsucé the

proton scavengee given irFigure2.1.
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Figure2.1. The structuref proton scavengenolecules a. propylene oxided:0) b.
1,2 epoxybutane (€1gO) c. tetrahydrofuran (@HsO) d. tetrahydropyran (§H100) e. 1,4
dioxane (GHsO»)

In addition to the materials mentioned abave, on (1 1 1) oxi de (< 5Om,
and iron (lll) oxide nangowder (<50nm, Aldrich) are used as oxidiz&wsprepare

energetic compositions kphysicalmixing with the fuelpowders
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The aimof the physical mixing of the commercially available pewsis to compare the

properties with those of the mixtures contagrassynthesized iron oxide samples.

2.2 Experimental Methods
2.2.1Synthesisof Iron Oxide Samples

Iron oxide samples were synthesized bygallmethodasshown inFigure2.2. 4.0 g of

iron nitrate nonahydraté-€(NQ)sl. 9.8) was hydrolyzed in 6.4 ml of ethanol to have a
clear redorange solution in a glass beaker with constant magnetic stirring at 400 rpm by
using explosion proof magnetic stirrer (2 nraggnetic motion atexMIXdrive 1) under
ambient conditionl.5 g of iron nitrate nonahydrat&€(NG)sk. 9.8) was hydrolyzed in

10.0 gof ethanol to haveliluted solution to characterize the effect of concentration of

precursor solution.

' control unit

Figure2.2. Experimental setup for gel synthesis

After the hydrolysis step, the gelation step was carried out by slow addition of the proton
scavenger into the solution. The proton scavefagditated an exothermic
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gelation reaction with a color change of solution to dark brdmvall synthesis work, the
proton scavengers were added as 64.6 mmol except 1,4 dioxane (32.3 anohol)

ammonium hydroxide solutiof128 mmol).

pH study during gel formation

The pH value reasurements were carried out only for the synthesis of the iron oxide with
propylene oxideThe pH and temperature changas measured by WTW ProfiLine pH
3110 pH meterThe experimental setup is showrFigure2.3.

e control unit

pH meter

Figure2.3. Experimental setufor gel synthesis

Two different solvents, ethanol and distilled water were used as a reaction medium to
determine the effects of solvent dretgelation process. For the pH value measurement
experiments 4.0 g (10 mmdhe(NG)sk. 9.8 was dissolved in 20.0 g ethanol. The first

pH measurement was recorded after the dissolution of precursor. Then, the pH value was
recorded at regular intervals withe addition of 4.0 g (68 mmol) propylene oxide part by
part. The same procedure was performed by using distilled water as a reaction medium.
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2.2.2Drying Procedure

As synthesized iron oxide samples weriedafter gelatiorprocessDirectdrying method
andseguential solvent exchange (SS&¢thodwere usedThe detailed procedure is given

in following sections.

2.2.2.1 Direct Drying Method

The samples were dried by c ofaréeagsttoiresnoval ov e
the solvent and volatiles.h€ small fissuresr the monolith pelletsvere formedafter
drying of the sampledhe direct drying process was followed by the granulatiotne

iron oxide samples with a mortar and pestle.

2.2.2.2 Sequential Solvent Exchange (SSHBjethod

The sequential solvent exchange method was applied to remove the residual ethanol and
other volatiles by successive treatment of the gel samples by serieadHsttxane
mixtures containing 25%, 50% and 75%wt hexane. The gel samples were treated with
each solvent mixture for 3 days at room temperature and the solvent was drained
completely after each step. The solvent exchange process was followed by dtiimg of
sampl es at 9 0AAl® eridoftthe drying proteéss) the sampgiasing small
fissures formyere granulated with a mortar and pestle

2.2.3Preparation of Energetic Compositions

B/FeOs composites were obtained Iphysical mixing of specific amount of boron

powder with the iron oxide samples.
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The compositions have a specific mass ratio which can be described with the equivalence
ratio. The equivalence ratio tise ratio of the actual mass ratio of fuel to oxidizer to the
stoichiometric masgatio of fuel to oxidizer. It is calculated by using the main chemical

reaction between the fuel and the oxidizer (Edu2.2,2.3) as;

HEomr
Heo ™ hpnoda
HEo e
Do o ééééiév.?;gggg}‘g..
¢cO6 OQ °60 ¢0OQ e H<=2473J/g Equation2.1
ob "Q 'OQ) © gb "Q0 ¢0OQ eH4217J/g Equation2.2
coa 'O °©o6ww ¢OQ e H<3986J/g Equation2.3

For instance,@ording to the stoichiometric reactifaqu.2.1, 2.2, 2.3 moles of B was
added to 1 mole of E®3 or 2 moles of Fe(Ng@)sl- 9.8 for a stoichiometric composition
(S.T.). The composition of 3 Fuel Rich (3FR) contains 1 mole eDfand 3x
stoichiometric mole numbers (3x2moles) of B. The composition of 9FR contains 1 mole
of FeOsand 9x stoichiometric moleumbers (9x2moles) of B.

The B/FeOs; Mg/FeOs 20%MgB/FeOs: and AlFeOs samples were fuel rich
compositionsThe equivalence ratios of the samples are givarabie2.1.
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Table2.1. The Fuebind Oxidizer Content of Mg/E@s, 20%Mg coated B/R©s
Al/Fe203 and B/FeOs Compositions

Composition  Fuel Type Fuel Content FexOs3 Equivalence
(mmol) Content Ratio,

(mmol) G
3FR B 6 1 3
6FR B 12 1 6
9FR B 18 1 9
6FR Mg 18 1 6
6FR 20%MgB 12 1 6
6FR Al 12 1 6

2.3 Material Characterization
2.3.1Nitrogen Gas Adsorption Analysis

The textural properties of the iron oxide samples prepared by tyelsoiethod were

examined by NBET method. The nitrogen adsorptidasorption isotherms of the

sanples were analyzed with Quantachrome AutogifbInstrument. The samples were
degassed at 200eC for m@6.6xilOAbanThe surfabecarea, s un d
pore size distribution and pore volume were determined by the nitrogen adsorption

desorptio isotherms.
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2.3.2X-Ray diffraction (XRD)

The X-ray diffraction analysis of E®3; samples were performed at room temperature by

Rigaku ULTIMA IV X-r ay di ffractometer usRagsgvithrmonochr oma
wavelength of 0.15405 nm betwe2rd r a n 9 @ A lo dvsica® speed of 0.5 deg/min

and a sampling step of 0.(Ratabase PDR from ICDD was used to specify the lattice

structures and phases.

2.3.3FTIR Spectrum and Elemental Analysis

The iron oxide samplesbtained by sequential solvent drying method were cheniaed

with FTIR and the elemental analyzer. The FTIR spectra of the SSE iron oxide samples
were recorded between 4000 and 600'emith 16 scans per sample by Bruker Model
Tensor 27.

The compositions of th8SEiron oxide samples were analyzed by LECENS-932

elemental analyzer.

2.3.4Thermal Analysis

Thermal analysis of the samples was carried out by NETZSCH STA 449 F3 Simultaneous

TG-DSC Instrument to characterize the onset temperature and energy release of the

samples. T@SC measurements were performsdloading 1.52.0 mg of energetic
samples into AOscr uci bl es and heated from room tempe
heating rate of 30eC/ min with an accuracy of

performed under a high purity (99.999 %) nitrogen atmosphere.
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2.3.5The Calorific Value Tests

The calorific values ofthe samples were determinéy isoperibol operation using

Isoperibol Bomb Calorimeter 6200 (Parr Instrument Company) in accordance with ASTM
D3286 specification. The measurements were performed by usinfl.5.gam of

samples. Nickethromium resistanceiwr e ( Parr 45C10 34 B&S g
diameter was used for the ignition of samples. The tests were carried out in air atmosphere

andbefore the tests; the steel bomb was purged with Argon gas.

The samplevas placed in a steel cupth fuse wireinsidea steel vesselcoémbustion

bomb chambenyvhich wassuitable for measurements up0500Jg. The combustion

bomb chamber was submerged to the water which was in a bucket surrounded by a jacket.
The jacket was held at constant temperature. The test aveedgdby giving energy to the

wire to heat and to ignite the energetic sample. Once the sample burns, the heat was

released and flowed through the bomb chamber surface and water.

2.3.6Scanning Electron Microscopy Analysis

The mixture of boron and iron oxideerogel synthesized with ammonium hydroxaatel
propylene oxide werehosen to characterize the morphological structure. The surface
morphology was characterized by using QUANTA 400F high resolution field emission
scanning electron microscope with magrations 0f100,000and 400,0000perating at

30 kV.
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2.3.7Sensitivity tests
2.3.7.1 Impact sensitivity tests

The impact sensitivity response of the energsimpleswas determined using BAM

Impact Machine Test procedurevas applied accordingi@® S TANAG 4488, Expl osi v
Impact SensitivityT e s t93). drhe [testswere basedon the principle of crushing the

energetic sample between steel cylinders dropping weights from various heights. Drop
weightswerel, 2, 5 and 10 kg androp heights changebetween 10 cm to 1 m with a

logarithmic interval of 0.05Decomposition, flash, smoke, sound ignition, crackling or

explosionwas considered dke response of the energetic samplee impact sensitivity

valuein Joules (J) wadetermned by Bruceton procedure.

2.3.7.2  Friction sensitivity tests

The friction sensitivity response of the energstanples wasletermined using BAM

Friction Machine Test procedurevas applied accordingo S TANAG 4487 Expl osi v
Friction SensitivityT e s 1934. ®he famplavasplaced between porcelain peg and plate

The response of the energetic sampllédforward/backward movement of the peg loads

varying from 5 to 360 Nvasdetermined. Decompositioflash, smolk, soundgnition,

crackling or explosionvas considered as respongde friction sensitivity valuen

Newton (N) wagletermined by Bruceton procedure.
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CHAPTER 3

RESULTS AND DISCUSSION

In this chapter, the characterization and performance test results are presented and the
results are discussed in a alktd way. The effect of proton scavenger and drying
conditions on théextural propertiesf iron oxide samples and the effect of the fuel type
and stoichiometric ratio on the performance tbérmite compositions have been

investigated

3.1 Nitrogen Gas Adrption Analysis

The effect of proton scavenger, solvent exchadggeng conditionsand concentration of

the precursor solutioon the textural properties were investigated B\BET method.

3.1.1Effect of Proton Scavenger

In the scope of this study, thdexdt of proton scavenger on the surface area, pore size and
pore volume of thd=eOs xerogel samples were examined. The adsorgt&sorption
isotherms and pore size distribution okG¢samples are presented Figure 3.1 and

Figure3.2.

The ironoxide samplegxhibit Type IV isotherm with a hysteresis loop which indicates

the mesoporous structure36,137]. The hysteresis loops over the relative pressure of
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0.5 also designate the presentenesopores in the skeletal matrb38.

The BET theory was applied to obtain the specific surface area and the BJH theory was
applied to obtain pore volumes fronitrogen desorption isotherms. The data for the

surface area, pore size and the average ghameter are given ifable3.1.

The specific surface area, pore volumes and average pore diameter of the iron oxide
samples prepared by direct drying method vary betwee2ént/g, 0.020.88 cc/g and
1.6:9.7 nm, respectivelyThe wide range of the surface area can be expldigyeithe
different mechanisms, which follow through during the gelation process, depending on

the proton scavenger used.

Table3.1. TheSurface Area, Pore Size and Pore Volume ofds€Compositions

Proton Surface Area (flg) Pore Volume* (cc/g) Average pore
Scavenger diameter* (nm)
Propylene oxide 321.0 0.878 9.697
THF 109.1 0.087 3.804
THP 279.7 0.161 1.683

1,4 dioxane 150.9 0.103 3.406

1,2 epoxybutane 176.2 0.462 9.553
Ammonium 671 0.022 1.646
hydroxide

*The pore volumes and the average pore diameter were obtained from nitrogen de:
isotherms by the BJH theory.
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Figure3.1. Nitrogen adsorption/desorption isotherms ofzexerogels synthesized by

usingvarious proton scavengers

The sample prepared with ammonium hydroxide resulted with the smallest surface area
and pore volume, because the ammonium hydroxide has stronger bammefgred to
other proton scavengers. As a result, the rapid precipitation #9:;Hghase and
crystallization process may lead to destruction of porous structure. However, the particle
size, porosity, surface area and crystallinity of the iron oxide catailoeed by the

synthesis conditions.

The samples prepared with 1,4 dioxane and THF have smaller pore size with a narrow
pore size distribution as shown Fkigure 3.2. Propylene oxide and THP have an

enhancing déct on the surface areBhesample synthesized by propylene oxides the
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highest surface aremdthe sample synthesized by ammonium hydroxide has the lowest

surface area.

The results show that mesoporous iron oxide xerogels with high surface arba can
produced by seyel synthesis method and the structural properties can be tailored by

changing the proton scavenger used to initiate the hydrolysis and condensation reaction

of the precursor salt.
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Figure3.2. The pore size distributions of ¥&; xerogel synthesized various proton

scavengers
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3.1.2Effect of the Drying Condition

In the scope of this study, the effect of solvent exchange and drying conditions on the
textural properties were examined by-BET method. The adsorptiesiesorption
isotherms and pore size distribution opGgsamples are presentedrigure3.3, Figure

3.4 andTable3.2.
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The sampds prepared by sequential solvent exchange method and direct drying method
exhibit Type IV isotherm with a hysteresis loop which indicates the mesoporous structure
[136, 137, 138. The hysteresis loops over the relative pressure of 0.5 designate the
presence of mesopores in the skeletal mafine hysteresis loops are obserwegere
0.4<P/R<0.7 for the samples preparegdirect drying methad~or the samples prepared

by sequential solvent exchange method, the loopstaervedvhere0.7<P/R<0.9. The
presence ohysteresidoopsin different regions of relative pressui@ DD and SSE
samplesmay be related with the fferences in pore diameters of the mesoporous
structures. The pore diameters of samples prepared by DD methodetweeri.6-9.7

nm while the pore diameters of samples prepared by SSE metrgdetween 1.6

nm.

The specific surface area, pore voksnand average pore diameter of the iron oxide
samples prepared by direct drying method vary betwee32@ /g, 0.0220.878 cc/g

and 1.6462.697 nm, respectively. On the other hand, the specific surface area and the
pore volume of the samples preparedbguential solvent exchange are generally higher
than the sampleprepared by direct drying method. The specific surface area, pore
volumes and average pore diameter of the iron oxide samples prepared by sequential
solvent exchange vary between 123 m?/g, 0.0630.432 cc/g and 1.65%.653 nm,
respectively. The wide range of the surface area can be explained by the different
mechanisms, which follow through during the gelation process, depending on the proton

scavenger used.

60



Table3.2. TheSurface Area, Pore Size and Pore Volume eOk€ompositions

Proton Surface Area Pore Volumé Average pore diameter
Scavenger (m?/g) (cclg) (nm)

DD SSE DD SSE DD SSE
1,2 epoxybutane 176.2 267.6 0.462 0.432 9.553 5.653
THF 109.1 231.7 0.087 0.179 3.804 3.776
THP 279.7 214.2 0.161 0.138 1.683 1.656
1,4 dioxane 150.9 190.5 0.103 0.427 3.406 1.654
Ammonium 67.1 123.3 0.022 0.063 1.646 1.664
hydroxide
Propylene oxide 321.0 330.2 0.878 0.365 9.697 3.805

" The pore vlumes and the average pore diameter were obtained from nitrogen desorption isotherms by the BJH

theory.

The results show that the iron oxide samples synthesized {gelsoiethod are in the

xerogel form having mesoporous structures except the sampldsesyetd using

ammonium hydroxide and subjected to direct drying method. The evaporation of the

ethanol and other volatiles from the gel sample by direct drying leads to the excessive

capillary

forces

on t

he gel 6 ssulpioshrnkaget r uct

of the gel matrix. Besides, the solvent removal rate and drying is favored by the presence

of non pol ar

sol vent
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The sample prepared with ammonium hydroxide resulted with th#eshsurface area

and pore volume, because the ammonium hydroxide has stronger basicity compared to
other proton scavengers. As a result, the rapid precipitation #);Hghase and
crystallization process may lead to destruction of porous structure.vdowiee particle

size, porosity, surface area and crystallinity of the iron oxide can be tailored by the

synthesis and drying conditions.

3.1.3Effect of the Concentration of Precursor Solution

In the scope of this study, the effect of the concentrationeoptbcursorifon nitrate
nonahydrate (Fe(N£xL 9.6)) solution on the textural propertied the iron oxide
samples which were synthesized withégbxybutane, THP and propylene oxisere
examined by NBET method. Theadsorptiordesorption isotherms angore size

distribution of FeOs samples are presentedrigure3.5, Figure3.6 andTable3.3.

The samples prepared with dilutédS g of (Fe(NOz)sk. 928) in 10.0 gof ethano) and
concentrated4.0 g of Fe(NQ)3L. 928) in 5.0 gof ethano) precursor solution exhibit

Type IV isotherm with a hysteresis loop which indicates the mesoporous strd@€re [
137,138. The hysteresis loops over the relative pressure of 0.5 designate the presence of
mesopores in the skeletal matrix. The results show that the speciéicesarea and the

pore volume of the samples prepared with concentrated precursor solution aréhaigher

the samples prepared with diluted precursor solution. The changes in the surface area can
be explained by the gelation mechanism, which followsugh during the gelation

process, depending on the concentration of the precursor solution used.
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Table3.3 The Surface Area, Pore Size and Pore Volume e©s€ompositions

Proton . Average pore
Surface Area (fig)  Pore Volumé (cc/g) _
Scavenger diameter* (nm)

diluted concentratec diluted concentratec diluted concentratec

1,2 178.9 176.2 0.169 0.493 3.388 9.553
epoxybutane
THP 169.2 279.7 0.164 0.161 3.806 1.683

Propylene 298.6 321.0 0.165 0.878 1.673 9.697
oxide

* The pore volumes and the average pore diameter etetained from nitrogen desorption isotherms by the BJH theory.

3.2 X-ray Diffractometry (XRD)

X-ray diffraction analyses of iron oxide samples were performed to identify the effect of
proton scavenger, solvent exchandgying conditionsand concentratiomf precursor
solutionon the lattice structures and the phases of iron okidaddition, the crystallite
size was calculated based on the XRD patterns of SE and BD} Bamples using

Scherrer equation.

3.2.1Effect of Proton Scavenger

XRD patterns of iron xide samples which were synthesized with various proton

scavengers and were prepared by direct drying method areigiFagure3.7.

XRD patterns of iron oxide samples synthesized with 1,2 epoxybutane, 1,4 dioxane, THP,

THF andpropylene oxide have broader peaks compared to those of iron oxide sample
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synthesized wittand ammonium hydroxide . The most intense peaks of the iron oxide
samples synthesized with 1,2 epoxybutane, 1,4 dioxane, THP, THF and propylene oxide
are mainly loated in two broad bands ofray diffraction pattern. The intensity of these
diffraction peaks is relatively smaller than the intensity of the diffraction peaks of iron

oxide samples synthesized with ammonium hydroxide.
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e E——— 1,4 dioxane

THP

THF
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Figure3.7. XRD patternf iron oxide samples synthesized with 1,2 epoxybutane, 1,4
dioxane, THP, THF, propylene oxida@adammonium hydroxide
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The broad peaks of the samples prepared Wizrepoxybutane, 1,4 dioxane, THP, THF

and propylee oxidemay be attributed to the structusef

with PDF card no 0@04-0755 of ICDD database as givenHigure3.8.
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Figure3.8. XRD patternf iron oxide samples synthesizedh epoxybutanelHF,

THP, 1,4 dioxaneand propylene oxide/i t h

00-004-0755)

| CDD patte+e@ndor

maghemi tFeOsphase

ma g

Maghemite has cation vacancies which affect its crystallographic structure and the

magnetic propertiesherefore, the researches orgim@mite have received great intention

[47,48,49,50,51].
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The spineb t r u c tFRexD:enaghdmiteoconsists of layers of tetrahedral and octahedral
positions f17, 52] and Fergusan et abJ] indicated that the octahedral sites of maghemite
involve cation vacancie3.hese cation vacancies are important for the iron oxide which

is used as oxidizer in the thermite compositions. The thermite reactions are based on the
oxidationreduction melanism between the iron oxide and the fuel used in the
compositions and the existence of these cation vacancies affect the structural properties
of the iron oxide xerogels and as a result they also affect the thermite reaction mechanism
[46]. Moreover the thermite reaction threshold is influenced by the changes in the crystal
structure and the lattice defects of the iron oxide xerfdg£140,141].

The peaks observed attfzeta=20deg for samples prepared with dpdxybutane, 1,4

dioxane, THP, THF and propylene oxidegure3.8) indicate super lattice structure with

the ordering of cation vacancies in the maghemite crystal lattice which is specifie to sol

gel synthesizedsamples. The intensity of these diffraction peaks was found to be

relatively small presumably because of the lower crystallinity of the xerogel strugture [

142 143 144 145. The given results above are consistentt h Wal keldgps st udi es

related with the iron oxide synthesis with weak bases such as propylene oxide and THF.

On the other hand, the XRD patterns of the sample synthesized with ammonium
hydroxide are different from those of the samples synthesizédlyg epoxybutane, 1,4
dioxane, THP, THF and propylene oxidédure 3.8) as givenin Figure3.9. The sharp
peaks of the sample synthesized with ammonium hydroxide matiieuted to the
structure of residual ammonium nitrate, MD3. The presence of ammonium nitrate,
(NH4)(NOs), presumably arises from the reaction of freesN@hs which are generated
during the hydrolysis step of iron nitrate nonahydrate (FeJMC9.@8) as given in the

following equations:
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&A1 a / ©&AIJ w(/ Equation3.1

&A o(/( w(/%a.( ./ &A& ( w(/ Equation3.2

The other peaks of the sample synthesized with ammonium hydroxide may be attributed
t o the magh e-ReiOt vath RDIF aasdeno @DD40765 of ICDD database
(Figure3.9).
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Figure3.9. XRD patterns of F€s xerogel synthesized with ammonium hydroxide with
ICDD patterns of (N&)(NOz3) (no. 02083-0520) and-FeO3z maghemitgno. 06004
0755)
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3.2.2Effect of the Drying Condition

XRD patterns of iron oxide samples which were synthesized with various proton
scavengers andere prepared by both direct drying and sequential solvent exchange

methods are giveRigure3.10.

As meitioned in previous sectionhé peaks observed attlzeta=20deg for samples
synthesized with 1,2 epoxybutane, THF, THP, 1,4 dioxane and propylene oxide and
prepared by both DD and SSE method indicate super lattice structure with the ordering of
cation vaancies in the maghemite crystal lattice which is specific tgebsynthesized
samples. The intensity of these diffraction peaks was found to be relatively small
presumably because of the lower crystallinity of the xerogel structdré42 143 143

147].

XRD patterns of samples synthesized with ammonium hydroxide apdrpreby direct
drying and sequential solvent exchange method consist of similar sharp peaks attributed

to the residual ammonium nitrate.

XRD patterns of samples synthesized by udij&ppoxybutane, THF, THP, 1,4 dioxane

and propylene oxide and prepategddirect drying are very similar to those of samples
obtained by sequential solvent exchange method except slight increase of peak intensity
after sequential solvent exchandeis hypothesizedhat the slight increasm peak
intensitywould be observediue tothe slight growth in crystallite sizas a result of
Ostwald ripeningphenomenonl48 during solvent exchang®stwald repining can be

described as thgrowth of the large particles on expense of the speflicles in the
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solution The dissolving ad deposition of small particle on the larger ones result in

growth in crystallite siz§148 149.

The nanescale structures of the iron oxide utilized as the oxidizer mean to achieve higher

mass transport rate which is knowsithe controlling step of the combustion reactions of

thermites.
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Figure3.10. XRD patterns of Direct Dried (DD) and Sequential Solvent Exchange
(SSE) FeOsz samples synthesized with B2 epoxybutane b) HIF ¢) THP d) 1,4
dioxane e€) ammonium hydroxide f) propylene oxide
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Based on the XRD patterns of DD and SSE(sesamples synthesized with 1,2
epoxybutane, THF, THP, 1,4 dioxane and propylene oxide, the crystallite size, L, was
calculated from (311) XRD peawhi ch i s ckefir(magherhite) using
Scherrer equatiorlp0, 151]:

o — Equation3.3

where K is a constant rel at Xday wavelemgthy st al | i t e
(0.15405 nm for CuKU), B is the f-B&Ob wi dth at
di ffraction maximum in radians and d is the d

the basis of Scherrer equation were considered as preliminary medshe crystallite

sizes.

The crystallite sizes of SSE samples are slightly higher than those of DD samples
according to the data evaluated by recalculating of FWHM value from the XRD patterns
as given inTable3.4. It is hypothesized thdahe higher peak intensity and crystallite size

of SSE samples may be explained by the Ostwald ripg@hiegomenonlf48 149 during

solvent exchange.
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Table3.4. CrystalliteSizes on the Basis of Scherrer Analysis of (311) XRD peaks

Proton Scavenger Crystallite Sizé Crystallite Size 2d for (
(nm) (nm) peak (deg)

DD SSE DD SSE DD SSE
1,2 epoxybutane 3.5 3.6 3.0 1.1 35.78 34.66
THF 3.0 3.2 1.3 3.3 35.37 34.83
THP 3.0 3.0 3.2 3.0 34.75 34.52
1,4 dioxane 3.5 3.7 2.9 3.1 34.94 35.14
Propylene oxide 2.9 2.9 2.4 3.0 35.76 34.94

* These data were evaluated by recaltotaof full width at half maximum (FWHM) value from the XRD

patterns rather than getting directly from the XRD measurements.

3.2.3Effect of the Concentration of Precursor Solution

XRD patterns oDD iron oxide samples which were synthesitgdl,2 epoxybutas,
THP and propylene oxidestarting with diluted and concentrated precursor
(Fe(NQ)sl: 928) solution are given ifrigure3.11.

Similar with the results in previous sectiohgtpeaks at-theta=20deg for samples
synthesized with,2 epoxybutane, THP and propylene oxstigrting with both diluted

and concentrated precursor solution indicate super lattice structure with the ordering of
cation vacancies in the maghemite crystal lattice which is specific-gessinthesized

samples.
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The intensity of these diffraction peaks was relatively small presurdaklyothe lower
crystallinity of the xerogel structurd, 142, 143 144, 152,.

XRD patterns of samples synthesized by usirgy epoxybutane, THP and propylene
oxidefrom diluted precursor solutioare very similar to those of samplebtainedrom
concentrated precursor solution. Slight increase of peak intensity of the samples prepared
from concentrated precursor soluticem be explained by Ostwald ripenipigenomenon

[148 149 duringgelationstep
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3.3FTIR Spectrum and Elemental Analysis

The iron oxide samples dried with sequential solexathanganethod was specifically
selected and subjected to FTIR and CHN elemental analysis. The results are presented in

the following sections.

3.3.1FTIR Spectrum Analysis

FTIR spectraof FeOs samples dried witlbSE method are presentedrigure3.12 af.
The broad peaks of th&SE FeOs samples, which weresynthesizedwith 1,2
epoxybutane, THF, THP, 1,4 dioxane, propylene oxide and ammonidiroxXige,in the
region of 300i 3000 cni* may be assigned to the stretching of surface hydroxyl groups.
The peaks between @écm’i 1300 cm' may be related to the bending vibrations f H
OiH bonds and can be assigned to the water and the resiibalpe&s observed
between 11241045 cm' for the samplesynthesizedvith 1,2 epoxybutane, THF, THP,
1,4 dioxane and propylene oxideght be attributed to botstretching of the 0O bonds
and bending of F&© bonds 53. The bands which are in the range of 1680 and
804 cm! may be assigned to the bending i@®H groups of iron oxyhydroxides.
Considering the literature studiebf, 155, 156, the peaks between 67800 cm! might

be associated with the stretching of ®ebonds which may be related with iron oxides

[153.

Additionally, the peaks observed between 22875 cm! and 990780 cm' for the SSE
FeOs3 samplesynthesizedvith 1,2 epoxybutane and propylene oxiday be related to
the stretching o€i H bondsas gven inFigure3.12 a and eThe peaks for the samples
synthesized with ammonium hydroxidethe range 08250 3000 cm* and 1000' 800
cmit in Figure 3.12 f can be attribtd to the NH groupsrelated withthe ammonium
nitratewhich wasgenerated during the hydrolysis stEp]].
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3.3.2Elemental Analysis

The iron oxide samples prepared with SSE method were subjected to CHN elemental

analysis. The CHN elemental dysis results arpresented iTable3.5.

The elemental analysis indiestthe presence of trace organic residuesSBE FeOs
samplesynthesized witli,2 epoxybutane, THF, THP, 1,4 dioxapepylene oxide and
ammonium hydroxideThe presence of N, presumably arises from the precursor, iron
nitrate nonahydrate FE(NQ)sl. 92@8). In addition, FeOs sample synthesized with
ammonium hydroxide has the highest nitrogen conten®gjvtlt is presumably due to
residual aamonium nitrate, NENOg, arises from the reaction of free Bl@ns which are
generated during the hydrolysis step of iron nitrate nonahydrate (Eg(N®@) as
given in previous sections Bquation 3.1 and 3.2.

The elemental analysis results are coesistvith FTIR and TG/DSC results of S6&0s
samples indicating the presence of trace organic residues especially faythbesized

with propylene oxidgl,2 epoxybutanand ammonium hydroxide

Table3.5. Mass perentage of C, H and N in K@s samples prepared with SSE method

Proton Scavenger C (wt%) H (wt%) N (wt%)
1,2 epoxybutane 15.67 3.39 1.21
THF 1.82 2.30 3.45
THP 1.68 2.11 2.89
1,4 dioxane 1.11 2.26 3.32
Propylene oxide 20.04 3.93 0.65
Ammonum hydroxide 0.24 3.53 20.01
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3.4 pH Study During Gel Formation

The changé pH and temperature during thelation of FeOz from Fe(NQ)sL. 9.8 with
propylene oxide was observed and measured in both ethanol and water mewum.
change in pHluring gelation procesdas an increasing trend ethanol medium. It has
seen that the pH profile had a dramatic increase from 0.5 to 5.4 withRigoeg3.13.3).

It is probably explained by the addition of base (propylenged»xand the consumption of
H* ions formed in hydrolysis stepvhich ise x p| ai rl&.8.3.Then Gelation
Mechanism The condensation step can be verified by the asaén temperatur&igure
3.13.a*). However, the process which was performed with distilled water has no evidence
for gelation. The pH trend iRigure3.13.b also supportthis result quantitatively. The pH
gradually rises from 1.0 to 1.7 and remains constant. The results gitegune 3.13.b
and b*are consistent with Gash et @3[a n d Wa 14K studiéss |
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3.5 Thermal Analysis

The effect of proton scavenger, drying conditioeguivalence ratiandfuel typeon the

thermal behavior of thermite compositiomsre investigated.

3.5.1Effects of Drying Condition and Proton Scavengeron the Thermal Behavior of
3FR B/FeO3 Thermite Compositions

The first exothermic events are obs-erved
epoxybutane. The exotherm of the SSE sampl
whichiss | i ght l 'y hi gher t hannfiMD5dnel€is24INIgwhilot al |
the total heat output of SSE sample is 354.6 J/g as giveaibie 3.6, Figure3.14, Figure
3.15andFigure3.16.

I't i s observed that the first exotherm abc
has a heat output of 166.3 J/ g at 629. 3eC
sample has a heat output of 496.9 Jheg at ¢
exothermic events that take place above 60
the exotherms of SSE sample are slightly higher than those of DD sample as given in
Figure3.14, Figure3.15andFigure3.16. It is observed that the last exothermic event of

SSE sample starts at 1188.9 eC with a hea
eventof DD samplestartshat1 00. 7 eC with a heat output of
is observed which overlaps the last exothermic event for both SSE and DD samples. The
onset temperature of this exothée@ Fsr 180
sample. Similar to the regsl between 600 0 0 e C, the onset t e mg
exothermic events above 1000 eC for SSE s

sample.
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The total heat output of DBample is 967.8 J/g while the total heat output of SSE samples
is 1188.7 J/g as gen inFigure3.14, Figure3.15andFigure3.16.

The first exotherm above 6@0C f or DD sampl e prepatoéed with TH
316.1Jgat6346 C whil e the fireae€C eXoFBEErmamploeeh&§80
output of 312.1 J/g at631é6CT.he second exotherm above 600 eC
heat output of 382.4 J/ g at 845.7 SFEC while t
sample has a heat outputd#6.4J/g at847.7¢ CAn additional exotherm fdbD sample

isobservedit 1 0 7 8 .aBeateuiputwfi 148 J/Ghe last exothermic event of SSE

sample starts dt3068e C wi t h a 5b&6a/y and thetlgstethernad event of

DD sample starts é12561e C wi t h a [2&lLa d/g. Vdhen tipeudsultsoaire

compared for the exothermic events that take place betweeh 8000 e C, it 1 s showit
the onset temperatures of the exotherms of SSE sample areydlightér than those of

DD sample as given iRigure3.14, Figure3.15andFigure3.16. The total heat output of

DD sample isL1335 J/g while the total heat output of SSE sampld8il.8J/g as given

in Figure3.14, Figure3.15andFigure3.16.

The first exthermic event oDD sample prepared with Xdioxane has a heat output of

185.9 J/ g at 159. 2 eC. It is observed that th
has a heat output of 424.5 J/ g at 867.7 eC wh
whilet he first exotherm above 600eC of SSE samp
639.3 eC and the second exotherm has a heat o
Figure3.14, Figure3.15andFigure3.16. The total heat output of DD sample is 622.6 J/g

while the total heat output of SSE samples is 718.1 J/g.
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The sharp endothermic peaks are observed for DD samples prepareimmtmium
hydroxideup t o 250 eHRygura3sl4 Egure 1% and Figure 3.16. The
endothermic peaks betweenr56 0 e C c o r r e wlgransfarmatiom IMtllh e cr y s
MANlandllIAl and the endothermic peaks above 15
of residual ammonium nitratd$8 159. The ammonium nitrate phase N¥Ds inside

the structure may be produced during the gelation process mitiloaium hydroxide

according to the possible reactions given in Equation-1.13. The first exotherm is
observed above 500eC for DD composition pr
out put of 696.9 J/ g at 542. 7leGobselvedlwegh t he f
a heat output of 631.6 J/ g at 198.3eC. Whe
events that take place above 650eC, it is
of the exotherm of SSE sample are slightly higher thasetlof DD sample as given in
Figure3.14, Figure3.15 andFigure3.16. The last exothermic event of DD sample starts

at 1 0 9Bh.aheakoGtput of 162.3 J/g which is not observed for SSE sample. The

total heat output of DD sample is 961.6 J/g while the total heat output of SSE samples is
1006.7 J/g.

The onset temperatures of the SSE samples prepared by THF, THP, 1,4 diakane an
ammonium hydroxide are slightly higher than those of DD samplasig et al. 160
proposed that the thermite ignition is controlled by the transport of bound oxygen ions
from the oxidizer and it is related with the internal structure of the oxidiz&d.[
Therefore, the difference in the onset temperatures of SSE and DD iron oxide xerogels
may be attributed to the slight difference in the structure, such as vacancies, defects and
oxygen bonds.
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The heat outputs of SSE samples are approximatéBpb greatethan the heat outputs
of DD samples prepared by 1,2 epoxybutane, THF, THP, 1,4 dioxane and ammonium
hydroxide as given iifable3.6.

The enhancement of the heat output might be related with the textural epéithe
samples which strongly depend on the dryaupditions. Drying method affects the
mechanism of extraction/evaporation of the solvent within the porous structure of gel.

The theoretical and experimental values of heat of reactions for the §&&hsial solvent
exchange and direct dried samples are showialnte3.6. The actuatalorific values are

approximately 155 % of the theoretical values.

It can be concluded that sequential solvent exchangeothétis an enhancing effect on
the heat output due tbé enhancement in the structure #ralincrease in the surface area

and pore volume.

It is observed that the heat output not only depends on drying conditions but also strongly
depends on the type @roton scavenger. The highest heat outputs are obtained with
samples prepared by THP and THF.

Despite the lowest surface area of the sample prepared with ammonium hydroxide among
the other samples, it provides enhancing effect on the heat output. lemehated with

the ammonium nitrate obtained during the gelation process. It is knowantinadnium
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nitrate has an enhancing effect on heat output due to its behavior of strong oxidizing agent

for boron powder.

On the other handhé samplerepared with 2 epoxybutanbasthe highest surface area
howeverl,2 epoxybutanmay inhibit the ignition conditions of the B/K&; by the reason

of being more stable compared to other proton scavengers.

Table3.6. DSC Daafor 3FR B/FeOs nanothermites

Proton 1,2 epoxybutane THF THP 1,4 dioxane Ammon_lum
Scavenger hydroxide

DD SSE DD SSE DD SSE DD SSE DD SSE

Onset Ten - - 238.2 - 2716 306.3 159.2 - - 198.3
Onset Ten - - - - - - - - - 455.2
Onset® mp . 3 - - 629.3 667.0 634.6 6316 5729 639.3 5427 642.6

onset Ten 950.6 873.4 848.7 870.0 8457 847.7 867.7 8551 8519 8645

OReye™® 11827 1117.9 11007 11889 10783 - 10467 - 10957 -
?'T:ect )Temp- 6 - - 1203.6 1302.6 1256.1 1306.8 - 1214.7 - -
Feat Ouput 1 - - 78.7 - 251 197 1859 - - 631.6
Heat Output 2

e - - - - - - - - - 86.6
Heat Output 3 - - 166.3 496.9 316.1 3121 122 336.8 696.6 82.8

(/9

HeatOutput4(ig) 12.5  206.5 210.9 859 3824 4264 4245 3294 1027 205.7

GeOuPds 2308 1481 5119 6059 1489 - - - 162.3 -
Heat Output 6

(lg) - - - - 261.0 553.6 - 51.9 - -
Total Heat

Output (3/g) 243.3 354.6 967.8 1188.7 11335 1311.8 622.6 718.1 961.6 1006.7
Theoretical

Value (J/g) 1977

85



DSC (mW/mg) TG (mass%)

Texo| .c-... . 100 —— DSC-DD-1.2 epoxybutane
mEE IRl e f'.'_'._.:_’,_ - — —- TG-DD-1.2 epoxybutane
Mo DI inmmasASERRREITIET —  DSC-DD-THF
'L ) ----TG-DD-THF
e — B it etk DSC-DD-THP
TG-DD-THP
0 ——— DSC-DD-1,4 dioxane
20 - - —- TG-DD-1,4 dioxane
——— DSC-DD-ammonium hydroxide
— — — - TG-DD-ammonium hydroxide
10
0
-10

0 200 400 600 300 1000 1200 1400
Temperature (°C)

Figure3.14. DSC and TG plots as a function of temperature for DD 3FR.BA-e
samples synthesized with 1,2 epoxybutane, THF, THP, 1,4 dioxane and ammonium

hydroxide
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Figure3.15. DSC and TG plots as a function of temperatureSBE3FR B/FeO3
samples synthesized with 1,2 epoxybutane, THF, THP, 1,4 dioxane and ammonium

hydroxide
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Figure3.16. DSC and TG plots as a function of temperature for DD&SSE* 3FR
B/FeOs samples synthesized with 1,2 epoxybutane, THF, THP, 1,4 dioxane and

ammonium hydroxide
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3.5.2Effect of Equivalence Ratioon the Thermal Behavior of B/Fe2O3 Thermite

Compositions

The effect of equivalence ratio was examined by comparing the heat flow curves of
B/FeOs samples, synthesiddy 1,2 epoxybutane, THF, THP,4ldioxane, ammonium
hydroxideand propylene oxide, whetke fraction of fuel in sampléquvalence ratio)

is increased from 3 (FR3) to 9 (FR9).

The samples exhibit a number of exothermic processes at a temperature range of 200
1400eC which might be associat e dOsWhet h t he
observed peaks of exothermic evdoisthese compositions are broad and weak as given

in Table3.7, Figure3.17 andFigure 3.18. The onset temperatures of these exothermic

reactions slightly increse with increasing equivalence ratio.

The broad and eak exothermic event has a heat output of 243.3 J/g with an onset
temperature bffg9o9wiOt g Can 2d@rls &t tldBg/gwitat ur e
an onset temperature above 2X4ybtlesizedby £, r 3 FI
epoxybutane, resptvely (Figure3.17).

I't is realized that the firstOzggnthedzéddoy mi ¢ e
THF has a heat output of 166. 3 J/ g at 629
6FR composition has a heaitputof1 28 . 8 J/ g at 630. 2eC and 7
FR compositior(Figure3.17). The heat output of the first exotherm of 9FR composition

was found to be half of the value of 3FR composition. The heat output trend lod ewint
events around 850eC of the samples is si mi

since the value of 9FR composition is smaller than that of 3FR composition. These
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exothermic peaks of 3FR and 9FR &dydffheobser ved e
| ast exothermic event of B3FR composition sta
exotherm at 1203.6 eC with a heat output of 5
FR composition starts at 1107.8eC dverlappin
1159. 2eC overlapping with the exotherm at 121¢
the onset temperature of 3FR. The heat outputs of the third exotherms for 6FR and 9FR

composition are 492.J/gand 91.5 J/g, which are smaller compared to thedeptt of

3FR compositionThe total energy release of the samples was determined as 967.8 J/g,

690.8 J/g and 392.8 J/g for 3FR, 6FR and 9FR compositions, respectively. As expected,

lower heat release per unit mass of sample was determined for moreHwamposition

under inert atmosphere. The reaction between B ap@:He suggested as given in

Equation 21. The actual calorific values are between5896 of the theoretical values

(Table3.7) depending on thegeiivalence ratio indicating the incomplete reaction.

For the samples prepared with THP, the first

a heat out put of 316.1 J/ g at 634.6 eC and t
composition hasa heatoutput®of3 1. 7 J/ g at 638. 1eC and 232.8 J
composition(Figure 3.17). The heat out put o f exothermic ev
decreasing trend with increasing equivalence ratio. These exothermic peaks 6F&-R

and ¥R are observed atB4 7,6 C8 4 &nd 300EC, respecti vely. The | a:
evensst art at 1078.3eC, 1103.8eC and 1163.9eC,
and 14.8 J/g for 3FR, 6FR and 9FRn additional exotherm is observed for 3FR

compasition which starts at 125621Qvith a heat outpudf 261.0J/g. The total energy

release of the samples was determinebl885 J/g,940.3 J/g andb00.3 J/g for 3FR, 6FR

and 9FR compositions, respectively. As expected, lower heat release per unit mass of

sample was determined for more fuel rich composition under inert atmosphere. The actual

calorific values are betweetD-60% of thetheoretical valuesT@ble3.7) depending on

the equivalence ratio indicating threcomplete reaction.
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It is observed that 3FR B/K@3; sample prepared with 1,4 dioxane has an exothermic
event at 159.2 Qvith a significant heat output of 185.9 J/g compared to other samples.
6FR and 9FR compositions have very weak exotherms and the highest heat output values
of 167.3 J/g and 75.6 J/g are observed at 642@nd 643.6e CFig(re 3.18). 3FR
composition has a sharp exothermic peak wl
424.5 J/g. It seems that the most suitable formulation for the samples prepared with 1,4
dioxane is 3FR. The total heat output of the samples was deterasrgP.6 J/g, 341.1

J/g and 235.6 J/g for 3FR, 6FR and 9FR compositions, respectively. Similar to previous
results, lower heat release per unit mass of sample was determined for more fuel rich
composition under inert atmosphere. The actual calorific sadve between 280% of

the theoretical valuesTéble 3.7) depending on the equivalence ratio indicating the

incomplete reaction.

The sharp endothermic peaks are observed for 3FR, 6FR and 9FR samples prepared with

ammoni um hydr ox(Figue 3.18)p The emdothesnfic peaks between 50

150 eC correspond to ®HlellAlrand HAd land the ans f o
endot hermic peaks above 150 ei@alaamonidme r el a
nitrate 158159 . The first exotherm is observed a
a heat out put o f 696. 9 J/ gnfaBFR>AdJ29FR ¢ C wt
compositions are observed with a heat out
614.1 eC. When the results are compared fo
1000eC, it I's observed t haincrdading eqoivaleneeg t em

ratio similar to the exotherms around 500

The total energy release of the samples was determined as 961.6 J/g, 809.6 J/g and 481.6
J/g for 3FR, 6FR and 9FR compositions. Similar to previous results, lower heat release

per unitmass of sample was determined for composition with higher equivalence ratio
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under inert atmosphere. The actual calorific values are betwesdl4®f the theoretical

values Table3.7) depending on the equivaleneio indicating the incomplete reaction.

The samples prepared wifiropylene oxide have a broad awery weak exotherms

bet ween 500 ¢HgureBA8l DICLn@edEMonstrate two broad exothermic

events which might be associated vtk thermite reaction of B and f&& with the onset
temperatures of 5336 AC and 621. 0AC with a heat release
6FR and 9FR compositions, respectively. The
with a heat output of 612.9 J/g for 6FR, while the second broad exotherm of 9FR starts at

1 0 8 6 . @h ahdat output of 440.5 J/g. The total energy release of broad exotherms is

found to be 1232.9 J/g and 1002.1 J/g for 6FR and 9FR compositions, respectively. The

results show that 6FR composition ignited at slightly lower temperatures with a higher

heat output which makes it a good candidate for the formulation of Bfe
nanocomposites prepared with propylene oxide. Besides, 3FR composition prepared with

propylene oxide was not subjected to thermal tests due to the ignition failure during

calorific value tests, which means it is not a suitable formulation for an energetic
composition. Lower heat release per unit mass of sample was obtained for composition

with higher equivalence ratio under inert atmosphere. The actual calorific values are about

80% ofthe theoretical valueg &ble3.7).
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Table3.7. DSCData forDD B/FeOs nanothermites

Proton

Scavenger 1,2 epoxybutane THF THP

3FR B6FR 9FR 3FR 6FR 9FR 3FR  6FR 9FR
Orset Temp.L - - - 2382 2137 2194 2716 2124 2649
Onset Termp.2 - - - 629.3 6302 6312 6346 6381 6376
OReem™e 9506 - - 848.7 848.0 847.3 8457 8463  840.9
OReyemt 11327 - 1113.2 1100.7 1107.8 1159.2 1078.3 1103.8 1163.9
Onset Temp. 5 12231 - 1203.6 1219.9 12181 12561 - -
Heat Ouput 1 - - ) 787 661 648 251 228 48.6
Healt Output 2 - - - 166.3 1288 794 3161 6317 2328
peatoupu3 15 - - 2109 3.2 1574 3824 2583 2041
o 230.8 - 1942 5119 4927 915 1489 275 14.8
Ht Ouput 5 - 201.6 - - - - 261.0 - -
w2433 2016 1942 9678 690.8 3931 11335 9403  500.3
y;fu";e(jf;' 1977 1549 1266 1977 1549 1266 1977 1549 1266
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Table 3.7 cont. DSC Dafar DD B/FeOs nanothermites

Proton

Scavenger 1,4 dioxane Ammonium hydroxide Propylene Oxide

3FR 6FR 9FR 3FR 6FR 9FR 6FR 9FR

Onset Ten 1592 2125 234.6 - - - - -

onset Ten 5729  442.3 - 542.7 611.3 6141 5336 6210
onset Ten - 642.8  643.6 - - ; . ;
onset Ten 867.7 8494  847.8 851.9  847.7 8428 - -

Oee ™S 10467 9241 11500 10957  1099.1 11031 1083.8 1086.0

Onset Temp. 6 - - -
Onset ] - - - 1284.2 -

Heat Output 1 - -
o) 185.9 405 22.3 - - -

e Output 2 12.2 43.6 - 696.6 74.8 445 620  561.6
Heat Output 3 - -
iy 167.3 75.6 - - -

Heat Output 4(Jg) ~ 424.5 23.3 56.7 102.7 462.5 274.0 - -
L Output’s - 66.4 81.0 162.3 99.8 163.1 6129 4405
Heat Output 6 - - -
e - - - 172.5 -

Total Heat

Cuoui 6226 3411 2356 9616  809.6 4816 12329 1002.1

Theoretical
Value (J/g) 1977 1549 1266 1977 1549 1266 1549 1266
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Figure3.17. DSC and TG plots as a function of temperature3feiR, 6FRand
9FR DD B/Fe0Os samplesynthesized with 1,2 epoxybutaiiédHF and THP
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Figure 3.18. DSC and TG plots as a function of temperaturefeR, 6FR and 9FRD
B/FeOs samples synthesized wilh4 dioxane, ammonium hydroxide and 6FR and 9FR

DD B/FeOs samples synthesized wignopylene oide
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3.5.3Effect of Fuel Typeon the Thermal Behavior of Thermite Compositions

The scope of this part of the study is to find out the effects of the fuel type used in the
formulation on the thermal behavior. For this purpose, the energetic composites,
containirg iron oxide samples as an oxidizer subjected to direct drying method and
magnesium, aluminum, boron or 20% magnesium coated boron, were prepared with an
equivalence ratio of 6 and tested. It is known that Mg, Al and 209BNgwders have
different volumetic and gravimetric energy content. Therefore, it is expected that the fuel

type may have an effect on the thermal behavior.

The TG/DSC analysis of Mg/E®s, 20%MgB/Fe0s, B/FeOs and Al/FeOs xerogels

prepared by THF with a constant equivalence ratarke given irfFigure3.19andTable

3.8. The DSC thermogram of Mg/F@3 nanocomposite exhibits a very sharp exothermic

peak with an onset temperature of 633. 0AC
magnesium (650AC). Therefore, the oxidati o
of magnesium and E®z. The mixture of Mg coated B (20%)/4&&; seems to ignite above
750AC with a broad andFigmme3ld Mastxpomobablg thism as s
particular type of thermite formulation is difficult to ignite. According to TG/DSC

analysis of the 6FR B/E@®3, as given irFigure3.19, the thermal events and mass loss up

to 250eC mi gh th the evaparati®roof theaetharahd avganic residues

inside the structure. The onsets of the broad exothermic events eOB#fe observed

at 630.2 eC and 1wiOt7h 8tehCe wphei ackh aotv elr2l1a9p.s9 e C.
of B/FeOs takes place &ween solid phases of B andBe The thermite reaction of

Al/lFexOsb egi ns above RgAr€E4dLThashargendoteenmicipeak around

650 eC can be associated with t hereantienl t i ng
initiates between the liquid Al and solid 288 phases. Highest energy release was
observed for Mg/F£©s3 sample (2434 J/g). The lowest heat release was utilized by
20%MgB/Fe0O3 sample (202.7 J/g). The combustion performance of ADEE9 %) is
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significantly lower than both B/E©®s (~45 %) and Mg/F€s (80 %) which can be

explained by poor contact between liquid Al and soligdz@hases.

The TG/DSCresults of Mg/Fg03, 20%MgB/Fe0s, B/FeOs and Al/FeOsz xerogels

prepared by THP are very sian to those of the samples prepared by THF as given in

Figure3.19 and Table 3.9. Mg/FeO3 sample exhibits a sharp exothermic peak starts at

638. 6AC which is | owfermadmesitihrm (m&3QAQ)y. pDh ert ¢
to the sample prepared with THF, the oxidation reaction initiates between the solid phases

of magnesium and BE®s. The mixture of Mg coated B (20%)/4&#&; seems to ignite above

900AC with a we akFiguredlf. hseemsthat this maticular typeiofn
formulation is difficult to ignite.2O3The t her me
might be associated with the evaporation of the ethanol and organic residues inside the

structure as given iRigure3.19. The onset temperatures of the broad exothermic events
ofBFeOzare 638.2 eC, 846.3 eC and %tkeds 8eC. The
place between solid phases of B and(ze The thernte reaction of Al/FgOs begins

above 750¢€guell9gi Vleen smarp endothermic peak art
related with the melting of Al particles which means the thermite reaction initiates

between the liquid Al and ddI FeOs phases. Highest energy release was observed for

Mg/FeOs sample (3283.7 J/g). The lowest heat release was utilized by 2@BRégD3

sample (216.9 J/g). The combustion performance of ADE€50 %) is lower than

B/Fe0s3 (60 %) which can be explad by poor contact between liquid Al and solid®=

phases.

The TG/DSC analysis of Mg/E@3, 20%MgB/Fe0s, B/FeOs and Al/FeOs xerogels
prepared by 1,4 dioxane are giveriFigure3.20 andTable3.10.
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Similar to previous results Mg/F@se x hi bi t s a sharp exot her mic
is slightly lower thanthene | t i ng point of magnesium (650A
initiates between the solid phases of Mg andOgeThe mixure of Mg coated B
(20%)/FeOsseems to ignite above 850AC with a h
Figure3.20. The thermal events an@:migdlegelatedss up
with the evaporation of the ethanol and organic residues inside the structure as given in
Figure3.20. The onset temperature of the weak exothermic eeBtF@&Osi s 642 . 8 e (
with a heat release of 167.3 J/g. The thermite reaction of Affee gi ns above 80
given inFigure3.20. The sharp endothermic peak arou
the melting of Al, which means ¢hthermite reaction initiates between the liquid Al and

solid FeOs phases. Mg/E©3 has the highest energy release (3078.0 J/g). 20%Mg

B/FeOs and B/FeOs has the lowest heat release (407.2 J/g and 341.1 J/g). The
combustion performance of Al/E@s (30 %)is slightly higher than that of B/E®s (20

%).

Similar with the previous TG/DSC results, Mg#Pe sample prepared with propylene

oxide Figure3.200 has a sharp exothermic peak with
thantheme |l t i ng point of magnesi um JOHsanpRLT) . Th
prepared with other proton scavengers, the oxidation reaction initiates between the solid
phases of magnesium and®e The mixture of Mg coated B (20%)/#&; seems to ignite

abovel 100 AC with a we akKigwes.20tltlseemsthatahss particubasvn i n
type of formulation is very difficult to ignite. The broad exothermic events of B#-e

take place between solid phases of B anfDkwiththeonet t emper at ur es a
and 1083. 8 Fgue3.20sBrogd amdesery wieak exothermic event of AlBe
begins above FgweB20C Elegshampi@andot her mi c
might be associated with the melting of Al, which means the exothermic event initiates

between the liquid Al and solid ¥&; phases.
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Highest energy release was observed for M@lkesample (2406.0 J/g). The lowest heat
release was utilized by 20%MgyFeO3 (85.7 J/g) and Al/F£3 samples (51.9 J/g). Al
and 20%MgB are not a good candidate of fuel type for the thermite compositions
containing FeO3 synthesized with propylene oxide. The combustion performance of
B/Fe0s3 (80 %) is lower than Mg/R©s (80 %) wherthe heat output values are compared
(Table3.11).

The exothermic events initiate between the liquid Al and soli®fphases, or solid
B/Mg and solid Fg03 phases for all samples. Therefore, the results irlitia¢
importance of surface free energy and wetting characteristics of fuel and oxidant which

might play an important role in the combustion performance.

The measured heat outputs of the mixtures of B, Al or 209BMgth FeOs were found
to be lower thathe theoretical values presumably due to the incomplete thermite reaction
under inert atmosphere because of the limiting oxygen which was suppliedday Fe

Boron is a common fuel for the pyrotechnic materials with its high gravimetric and
volumetric errgy content but it has not been generally used for thermites. According to
DSC results, Mg is a very good candidate however it is known that Mg hadifehisue
problems due to its hydroscopic behavior. In addition, boron seems to be a good candidate
for thermite compositions containing iron oxide since it has a moderate heat output and a

long shelflife compared to the other fuel types.
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Table3.8. DSC Datdor 6FR Metal/FeOs xerogels synthesized wittHF

Mo/FeOs 20%MgB/FeOs B/FeOs Al/Fe0s

Onset Temp. - - 213.7 -
Onset Temp. 633.0 785.6 630.2 -
Onset Temp. - 876.1 848.0 812.3
Onset Temp. - - 1107.8 925.2
Onset Temp. - - 1219.9 -
Heat Output 1 (J/g) - - 66.1 -
Heat Output 2 (J/g) 2434.0 38.99 1288 -
Heat Output 3 (J/g) - 163.7 3.2 483.3
Heat Output 4 (J/g) - - 492.7 21.6
Total Heat Output (J/g) 2434.0 202.7 690.8 504.9
Theoretical Value (J/g) 3040 3178 1549 1762
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Figure3.19. DSC anl TG plots as function of temperature at an equivalence ratio of 6
for Mg/Fe03, 20%Mg-B/FeOs3, B/Fe0s, Al/Fe-O3 samples prepared by THiad THP
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Figure3.20. DSC and TG plots as a function of temperatat an equivalence ratio of 6
for Mg/Fe03, 20%MgB/Fe0s, B/Fex0Os, Al/Fe-O3 samples prepared dy4 dioxane
and propylene oxide
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Table3.9. DSCData for6FR Metal/F£s3 xerogels synthesizesith THP

Mg/FeOs  20%MgB/FeOs B/FeOs  Al/Fex0s

Onset Temp. - - 212.4 461.4
Onset Temp. 638.6 - 638.1 759.2
Onset Temp. - 938.2 846.3 -
Onset Temp. 1163.6 1166.5 1103.8 -
Heat Output 1 (J/g) - - 22.8 41.2
Heat Output 2 (J/g) 3134.0 - 631.7 798.0
Heat Output 3 (J)g - 119.0 258.3 -
Heat Output 4 (J/g) 149.7 97.9 27.5 -
Total Heat Output (J/g) 3283.7 216.9 940.3 839.2
Theoretical Value (J/g) 3040 3178 1549 1762
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Table3.10. DSCData for 6FR Metal/F£s xeragels synthesized with,4 dioxane

Mg/FeOs 20%MgB/FeOs B/FeOs AllFeOs

Onset Temp. 1¢( C) - - - -

Onset Temp. - - 212.5 -
Onset Temp. - 395.3 442.3 -
Onset Temp. 641.6 - 642.8 -
Onset Temp. 856.0 865.7 849.4 8104
Onset Temp. 1038.3 - 924.1 -
Onset Temp. 1198.3 1147.3 - -

Heat Output XJ/g) - - - -

Heat Output 2 (J/g) - - 40.5 -
Heat Output 3 (J/g) - 44.0 43.6 -
Heat Output 4 (J/g) 2852.0 - 167.3 -
Heat Output 5 (J/g) 116.3 293.0 23.3 581.0
Heat Output 6 (J/g) 67.6 - 66.4 -
Heat Output 7 (J/9) 42.1 70.2 - -
Total Heat Outpu(J/g) 3078.0 407.2 341.1 581.0
Theoretical Value (J/g) 3040 3178 1549 1762
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Table3.11. DSCData for 6FR Metal/F£3 xerogels synthesized with propylene

oxide

Mg/FeOs 20%MgB/FeOs B/FeOs AllFe0s

Onset Temp. 641.1 - 533.6 -
Onset Temp. - - 1083.8 -
Onset Temp. - 1147.2 - 1307.3
Heat Output 1 (J/g) 2406.0 - 620.0 -
Heat Output 2 (J/g) - - 612.9 -
Heat Output 3 (J/g) - 85.7 - 51.9
Total Heat Output (J/g) 2406.0 85.7 1232.9 51.9
Theoretical Value (J/g) 3040 3178 1549 1762
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3.6 Calorific Value (Bomb Calorimeter) Test

The calorific values of the samples were determined by the Bomb Calorimeter. In this
section various parametesbich affectthe combustion mechanis are discussed. These
parameters are classified @ging conditions proton scavengegquivalence ratio and

fuel type

3.6.1Effects of Drying Condition and Proton Scavengeron Calorific Value of 3FR
B/FexO3 Thermite Compositions

3FR B/FeOs compositions ynthesized withl,2 epoxybutanel,4 dioxane, ammonium
hydroxide, THF and THP; and prepared by SSE and DD method were subjected to
calorific value tests to determine the effects of drying conditions on the heat output.

The average of the calorific valwé the DD sample prepared with2lepoxybutanes

2117 J/g while the average of the calorific value results of the SSE samp&S8&J/g.

The average of the calorific value results of the DD sample prepared wWithoxands
4230J/g while the averagefdhe calorific value results of the SSE sampléd21J/g.

When the results compared for the samples prepared with ammonium hydroxide, it is
observed that the average calorific value of DD sam@828J/g and that of SSE sample

is 5933 Jg. The averag of the calorific value results of the DD sample prepared with
THF is5025J/g while the average of the calorific value results of the SSE sanfil8%s

Jg. When the calorific values of the samples prepared with THP, it is observed that DD
sample has aaverage calorific value o477 Jg while SSE samples has an average
calorific value 0f6130J/g.
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Figure3.21. Calorific Values of DD and SSE 3FR BA& compositions

Table3.12. The CalorificValues ofDD and SSE 3FB/Fe0O3 Compositions

Proton scavenger Average Calorific ValueXqg)
DD SSE
1,2 epoxybutane 2117 2586
1,4 dioxane 4230 6021
Ammonium hydroxide 3820 5933
THF 5025 5138
THP 4477 6130
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Theaverage values of the calorific heat outputs of SSE samples are approxirrziéty 2
greater than those of DD samples synthesized Wjth epoxybutanel,4 dioxane,
ammonium hydroxide, THF and THP as givenHigure 3.21 and Table 3.12. The
enhancement in the calorific values might be attributed to the textural properties of the
samples which depend on the drying conditions. The reason of that could be the slow
extraction/eaporation of the solvent inside the pores does not cause the contraction of the
skeletal matrix which takes place in direct drying process. It is expected the high surface

area and porous structure of the oxidizer may enhance the combustion propagation.

It is believed that during the calorific value tests, there was air atmosphere inside the steel
closed bomb chamber of the Bomb Calorimeter. Therefore, to compare the experimental
calorific values with the theoretical heat outputs, the calorific value laeitmos of 3FR
compositions were based on the reaction of boron with iron oxide and the reaction of

remaining boron with excess oxygen as given:

@ O ©60 ¢OQ 16 aH=-1996 J/g mix  Equation3.4

T0 ¢0 O tf6 0 THO 0 THVGD e H 4803J/g mix Equation3.5

When the theoretical and experimental calorific values of 3FR SSE and DD saneples
compared, it is observed that the actual calorific values of DD samples are approximately
30-75 % of the theoretical values and the actual calorific values of SSE samples are

approximately10-90 % of the theoretical values depending on the protoreagav.
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It is shown that the drying method directly affects sheface area of the iron oxide
xerogels and the resul t 31Nitaoogea GabiAdaptiors s e d
Analysi® It can be concluded that sequential solvent exchange method has an enhancing
effect on the calorific values which may be related with the enhancémidiet structure

and the increase in the surface area and pore volume.

In addition, t is observed that the calorific values not only depends on drying conditions
but also depends on the type of proton scavenger. Similar to the DSC/TG analysis, DD
samples prepared with THP and THF have the highest calorific values. Furthermore, the
highestcalorific values can be obtained wili SSE samples prepared by 1,4 dioxane,

ammonium hydroxide, THF and THP.

Despite the lowest surface area of the sample prepared with ammonium hydroxide among
the other samples, ammonium hydroxide provides enhaetfiect on the calorific value

of B/FeOs. It may be related with the ammonium nitrate obtained during the gelation
process. It is known that ammonium nitrate can improve the calorific heat output due to

its behavior of strong oxidizing agent for boron pewd

3.6.2Effects of Equivalence Ratio on Calorific Value of B/FeOs Thermite

Compositions

The effect of equivalence ratio was examined by comparing the calorific value césults
B/FeOs samplesprepared by DD method arsynthesizedvith propylene oxide, 2,
epoxybutane, THF, THP, 1,4 dioxane and ammonium hydroxide, where the fraction of

fuel in sample (equivalence rais increased from 3 (FR3) to 9 (FR9).
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The calorific values for fuel ri cligure o mposi
3.22and the average of calorific values are present@dlite3.13. The prepared samples

are ready ignited. The samplesynthesizedvith ammonium hydroxide and 1,4 dioxane

which have an equivalence ratio of 9 have the highest heat outp098/g (average:

5979J/g) and6552J/g (average6314J/g), among the other compositions. On the other
hand,the samplesynthesizedvith 1,2 epoxybutane which has an equivalence ratio of 3

has the lowest calorific value 4891J/g (average2117J/g).

For the samples having equivalence ratio of 3, the highest calorific value was obtained by
THF, while for thesamples having equivalence ratio of 6, the highest calorific value was
obtained by ammonium hydroxide, THF, 1,4 dioxane and for the samples having
equivalence ratio of 9, the highest calorific value was obtained by 1,4 dioxane and

ammonium hydroxide as gw inFigure3.22andTable3.13.
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Table3.13. The CalorificValues of Fuel Rich B/RE©s; Compositions with an

equivalenceratioadi =3, G=6 and (G(=9

Proton scavenger Average Calorific ValueXqg)

3FR 6FR 9FR
Propylene oxide 0 2464 3121
THF 5025 5159 5385
THP 4477 4171 3971
1,4 dioxane 4230 5042 6314
1,2 epoxybutane 2117 2448 2824
Ammonium hydroxide 3820 5422 5979

The samples synthesized by propylene oxide with an equivalence ratio of 3 could not be
ignited with the applied tegirotocol. However, ignitable compositions of the samples
prepared by propylene oxide were obtained with higher equivalence ratios such as 6 and
9. This shows that the equivalence ratio is very critical for the ignition impetus and

combustion performancd the compositions.

It is found that the characteristics of the samples prepgarddHF differ from the other
sampled b e h @he catorific value of the sampleswhich are prepared by THF
decreasavith increasing equivalence ratith is observedhatthe optimum equivalence

ratio for the formulations with THF is 6.
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The calorific value increases with increasing boron content (increasing equivalence ratio).
That s, the higher boron content means the higher active fuel in the energetic composition.
Theoxide layer around the boron particle inhibits the combustion of the fuel therefore it
is possible to overcome this drawback by increasing boron content. Moreover, most
probably, this change in the calorific values of fieh compositions with various
equivalence ratios is resulted from the differences in the oxidizing mechanism of boron

particles.

Despite the lowest value of its surface area among the other xerogels due to the rapid
precipitation of ammonium hydroxide during gelation step, the ammomiiirate
obtained during the gelation provides an enhancing effect on the combustion performance
and calorific value. It should be noted that the nano composites derived with propylene
oxide and 1, 2 epoxybutane may inhibit the ignition conditions ofylmgchnics by the

reason of being more stable despite of their high surface area.

The results showethat the calorific value strongly depends on the type of proton
scavenger and threquivalence ratiolThe equivalence ratio is very critical for the igmit

impetus and combustion performance of the compositions.

Furthermore the change in the calorific values of fulh compositions with diverse
equivalence ratios is resulted from the differences in the oxidizing mechanism of boron
particles. It is odined that thecombustion of boron involves a tvatage mechanism. The
first stage is the removal of oxide layer which surroundsdihe ofboron particle and the

second stage is related with the combustiocooé ofboron particle $9,162163.
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The impurities of hydroxyl groups in small quantities which are resulted from the gelation
process may have promoted the formation of BH®lecule at the second stage of boron
combustion. It is known that the formatiol BHO> molecule is thermodynamically
favored over the formation of-.Bs species which is related to the combustion of boron
[115164). BHO. molecule acts as an energy trap of boron particle and unfortunately

cau®s the reduction in the released energy.

In order to simulate the changes in the amount of BiGlecule with equivalence ratio,
NASA-GLENN Chemical Equilibrium Program CEA2 codkSp, 166 167 was used.
Figure3.23 shows the change in amount of BH@olecule with equivalence ratio. It is
shown that the increase in boron content of the formulation causes reduction in the amount
of BHO». Not only BHQ molecule but also HBO molecule reduces the released energy.
Figure3.24 shows the change in amount of HBO molecule with equivalence ratio and it
is found that the amount of HBO molecule decreases with increasing equivalence ratio.
Consequently, an efficient combustion of borortipkes can be achieved by increasing

the equivalence ratio.

The changes in the released heat amounts obB4feempositionsprepared witlvarious

proton scavengers having the equivalence ratios of 3, 6 and 9, might be explained by
analyzing the combustn products of these compositions which were obtained from
NASA-GLENN Chemical Equilibrium Program CEA2 codiegure3.25 shows the final
combustion products calculated for the energetic compositions. The proadictsare
considered but whose mole fractions were less than 5%xt6 given in the Appendix

section.
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To conclude the results stated above, as expected, the releasedusestcveases with
increasing B content (increasing equivalence ratio) up to a certain amount fe©B/Fe
compositions. It is known that the oxide layer which surrounds the boron patrticle acts as
a heat trap. The boron particle reacts with oxide l&ygroduce BO at the surface and

the surface reaction gives rise to reduction in heat ouffli.[It is believed that the
increase in the amount of boron content lead the composition to rideageergy content

of boron more efficiently.

Therefore, the calorific values were found to be increased for higher equivalence ratios in

air atmosphere.

3.6.2.1 B/Fe20s Compositions Prepared Ammonium Hydroxide

The iron oxide samples prepared with ammonium hydroxide wered famuave the

lowest surface area compared to the samples prepared with the other proton scavengers.
Thus, the compositions d@ and these iron oxide samples prepared by ammonium
hydroxidewhere the fraction of fuel in sample (equivalence ratio) is inece&®m 3

(FR3) to 9 (FR9ere subjected to SSkethod

It was aimed to enhance both textural and energetic properties ottmepesitions

The calorific value test results are giverFigure3.26. It is doserved that thE SE method

has improving effect on B/E@3 composition with ammonium hydroxide for all
equivalence ratios of 3, 6 and 9. The results show that the higher surface area and porous
structure enhances the combustion mechanism whrelsustedwith the highercalorific

values.
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Figure3.26.The effectof drying conditions o8FR, 6FR and 9FB/Fe03

compositionsynthesized with ammonium hydroxide

3.6.2.1.1 Thermodynamidviodel for Flame Temperaturef the Sampleswith

Ammonium Hydroxide

The samples prepared with ammonium hydroxide have lower surface area compared to
samples prepared with other proton scavenger. Despite lower surface area, the calorific
values are similar with the calorific values of other samples.ighttbe attributed to
ammonium nitratevhich is obtained during the gelation process. Ammonium nitrate

a positive effect on heat of combustion due to its behavior of strong oxidizing agent for

boron particles.
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To understand the combustion mechanisfioon particles with ammonium nitrate and
iron oxide at constant vol ume a computati ona
Thermodynamic Codeo by varying the ratio of f

content. The calculated adiabatic flame temipees are given ifigure3.27.

The highest adiabatic flame temperature of Blke 2269K, was reachedly the
composition withstoichiometricvaluehavingequivalence ratio of 1,Qvhile the highest
adiabatic flme temperature oB/NH4NO3, 2821K and 2901K was reached by two
different compositions having equivalence ratios of approximately 1.0 andTreed

maximum adiabatic flame temperature values of both compositions exceeded 2000K.

High adiabatic flame tempdtae improves the combustion propagatitiris observed
that high adiabatic flame temperatures can be obtained by using the fuel rich
compositions.The effective combustion performance of the samples prepared with

ammonium hydroxide may be related withe thigh adiabatic flame temperatures of
B/NH4NOs.
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Figure3.27. TheAdiabatic Flame Temperatures of B/D¥D3 and B/FeOs
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3.6.2.2 The Calorific Values of B/FeOsz Prepared Directly with Commercial

Powders

In the scopef this study, it is also aimed to find out the advantages and the superiority
of the solgel method compared to physical mixing. Hence nano sized.@¢Fe
compositions with various equivalence ratios were prepared by physical mixing of
commercially availale nano sized powders in ethanol medium. The data giVéigume
3.28andTable3.14 show thecalorific value test results of physically mixed nano sized

B/FexOs compositions.

The opimum values for combustion can be achieved with the B¥-eompositions
having equivalence ratio of éhd 4.5. The composition with the equivalence ratio of 9
cannot be ignited. If too excess amount of fuel is used compared to the amount of oxidizer,
then there will surely be a lack of oxidizer to react with the fuel. As a result, no combustion

reactioncan be observed.

Table3.14. TheCalorific Value of Nano B/F&3; Compositions

prepared by mixing of commercipbwders

Equivalence Ratio  Average Calorific ValueXg)

0.11 -
0.22 -
0.50 -
1.00 2360
1.50 2665
3.00 2732
4.50 3222
9.00 -
15.00 -
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Figure3.28. The Calorifc Value of Nano B/Fg3; Compositions with varying
equivalence ratio prepared by physical mixing

The slightly fuel rich compositiondiaving equivalence ratio df.5, 3 and 4.5were
readily ignited; however, theeat output valuesf these compositions eve relatively
lower thanthose of B/FgOs xerogelssynthesized with THF, THP, 1,4 dioxane and

ammonium hydroxide.

It is observed thate calorific values o$olgel derived samples, especially with THF,
THP, 1,4 dioxanand ammonium hydroxidareappioximately 1.41.8timesgreatethan
those ofphysically mixed nano sized compositions. The results are consistergvath
LH et 126 tesulfs ®btajned with Al/B/R©®s compositions.
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They [120 showed that the heat output of-g@l derived compositions is approximately

1.3 times greater than the heat outpyplofsically mixed compositions.

It is concluded that the preparation method is a very importantheorcombustion
performance of pyrotechnic material$ie sotgel method has an enhancing effect on the
heat output due to obtaining skeletal matrix structures. As a result the enhancement in the
structural properties and increase in the surface area are yolume of sebel
synthesized compositions provide efficient combustion compared to physically mixed

commercial powders.

3.6.3Effects of Fuel Typeon Calorific Value of Metal/Fe2O3 Thermite Compositions

The calorific value results show that the BBgsanples are promising materials for
pyrotechnic systems. Furthermore, in this study it is aimddtermine the effects of type
of fuel onthe energetic properties of the samples by using 20% Mg coated &aton
Magnesium. Another purpose of this part of #tedy is to compare the results with
Al/Fe>O3 which is weltknown thermite compositiod.he samplesaving an equivalence
ratio of 6were synthesized by propylene oxidéjF, THP, 1,4 dioxane and ammonium

hydroxide.

B/FeOs samples prepared with propgke oxide have generally the smallest calorific
value compared to samplpsepared with other proton scavengers. Howeverkeage
calorific value is increased fro464 Jg to 5540 Jg by using magnesium instead of
boron as a fugFigure3.29andTable3.15). It is known that magnesium is relatively easy
to ignite compared to other fuels. It is also used@sating material on boron in order to

make easily ignitable compositions withigh calorific values. Magnesium which
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surrounds the boron particle enhances the combustion by heating the boron particle and
as well as keep the surface of boron clear of oxide layer as possible. On the other hand
Magnesium is known with its easily hunfidid structure resulting shorter shelf life
compared to boron containing compositions. The results indicate that the combustion
characteristics of the compositions prepared with propylene oxide can be enhanced with

20%Mg coated boron and magnesium as & fue

Boron still is a good candate for the compositions containifkg@Os synthesized with

THF. The results show that the calorific values of the samples with THF have completely
different trend than those of the samples with prapg/texide. This result ndicates that
thetype of proton scaveger used irsynthesiof iron oxide has triggered a different type

of reaction mechanisms during the combustion of fuel with oxidizer.

The type of fuel is not a significant effect on the calorific values and théwsion
characteristics of samples preparedlibiF. Similar to the samplgsreparedvith THP,
the samples prepared with THkave the smallest calorific valwghen Mg coated Bis

used as fuel

Magnesium has significant effect on the calorific values ®stimples prepared with 1,4
dioxane and ammonium hydroxide similar to the results of the samples prepared with
propylene oxide. The average calorific valuels Mg/FeOs with 1,4 dioxane and
ammonium hydroxideeach t06858J/g and7740J/g which arghehighest values among

the samples prepared by other proton scavengersiahtypes.
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The results show that it is possible to tailor the calorific values of the thermite composition

containing FgOs xerogels by varying the proton scavengers and the fuel type

Table3.15. TheCalorific Values of DD 6FR metal/E®s Compositions

Proton scavenger Fuel Type

Al B 20%Mg coated B Mg

Calorific Value (/g)

Propylene oxide 1674 2464 2870 5540
THF 5004 5159 4092 4556
THP 4443 4171 3816 4456
1,4 dioxane 4828 5042 3904 6858
Ammonium hydroxide 6259 5422 6071 7740
Theoretical 18200 6351 7991 22142
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It is beleved that during the calorific value tests, there was air atmosphere inside the steel
closed bomb chamber of the Bomb Calorimeter. Therefore, to compare the experimental

calorific values with the theoretical heat outputs, the calorific value calculatf@BR
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compositions were based on the reaction of fuels with iron oxide and the reaction of

remaining fuels with excess oxygen as given:

6FR Al/FeOs

PO OQ 0 ¢OQptma aH=-1761J/g mix Equation3.6
p1a x®& © vo o aH=-16439Jg mix  Equation3.7
6FR B/FeOs

pOeG OV °©60 cOQpn e H <548J/g mix Equation3.8
pt wb ©¢co6 b g6 0 g6 e H4803Jg mix Equation3.9

6FR 20%Mg coated B/E@s

08 P Q T TOQ O p8t ol QI THWOQ vy xLQ aH=-1640Jg mix Equation3.10
VLB THTOD C 1PNMO 0 B POQ 1T O aH=-1540J/g mix Equation3.11

TEO T HIO O T MO 0 1T Fud U T FIUdL aH=-4803J/g mix Equation3.12

6FRMg/Fe0Os

PP Q MOQ © pdb QO "OQ p @ "Q aHH46Jg mix Equation3.13
PRV QU TMA'OQ) O TAO "MWQ) 0 Q0 ea«eHA770Jg mix  Equation3.14

p@Q p @I © p @O QU e HA46422Jg mix Equation3.15

128



3.6.4Kinetic Study of SSE B/FeOs Prepared with Propylene Oxide 1,2

Epoxybutaneand Ammonium Hydroxide

In this study, the effects of type of proton scavenger and concentraitiprecursor

solution on the kinetic parameters such as activation energy, rate constant -and pre
exponential factor werdetermined The kinetic analysis was carried out to gain further

insight into the combustion mechanisshboron and iron oxide powde All samples

were prepared by sequential solvent exchange (SSE) mathedtheating rates of 10, 15

and 20UC/ min. wer e u ssskowrdiBigureBXDetikanalysis i ¢ an
of B/FeOs combustion reaction was conducted by using Kissihgethod [L6§. The
stoichiometric reaction of @3 with B is as follows:

b 0D O B  COoQ aHn = -449kJIol ™t Equation3.16

The activation energy,-EkJ/mol)werede e r mi ned by %)@d adundtionmfg | n ( ¢
(1/Tp) for heating rateef1 0, 15 a nThe f2opelbiiiertrénd lines were used to

calculate the activation energy.

The trend lines argiven inFigure3.30-Figure3.34.

ae ae= —O— Equation3.17
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Tp : peak temperature, K

(04] : heating rate, K/min

Ea : actvation energykJ/mol

R : gas constant, J/mol.K

Z : pre-exponential factor, 1/s

By using Arrhenius equation;

T OQoH—- Equation3.18

the preexponential factor, Z wasatculated.The calculated values of Z, k and activation
energy values are givenirable3.16. For example, the values for samples prepared with

propylene oxide in diluted precursor solution are as following;

. TpT
Q BIPNQWR—— :)( ° 9
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Table3.16. Theactivation energy values &SE3 FR B/FeOs preparedvith propylene
oxide, 1,2 epoxybutanendammonium hydroxidérom dilutedandconcentrated

solutions of precursor

Proton Propylene oxide 1,2-epoxybutane Ammonium
scavengel hydroxide

diluted conc. diluted conc. -
Ignition

temperature 1 90e( 190e( 190e(¢ 200e( 245¢e(
15t peak

Activation 341 270 296 202 102
energy, 1

exotherm

(kJ/mol)

Z 9.0x1G% 3.5x16° 6.3x16° 2.7 X162 7.8 x10

k uﬁrﬁsnnohtﬂ—f{"c ¢ o @nnoh%‘p‘ o @H'QQ#UH & ﬁsnnar}%T e Lppemmh%c !

It is shown by the calorific value tedisat 3FR samples prepared with propylene oxide
cannot be ignited while samples prepared with ammonium hydroxide can easily be ignited
and have high calorific values. The calorific values of samplepared with 1,2
epoxybutane, similar to the samples prepawith propylene oxide, were found to be the
smallest value among the samples prepared with other proton scavengers. This might be
related with the activation energy values of these samplegiv&a in Table 3.16 the
activationenergy ofsamples prepared with ammonium hydroxide has the lowest value
among the all samples, while the activation energy of samples prepared with propylene

oxide has highest value.
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The aim of this part is also to see the effect of the concentratiprecdirsor solution. It

is found that the samples prepared from diluted precursor solution have higher activation
energy compared to those prepared from concentrated precursor solution. The reason of
that might be the samples prepafeain concentrated precsor solution have higher
amount of oxidizer compared to the samples prepfoed diluted precursor solution.

Therefore the samples preparfdm concentrated precursor solution can be easily

ignited.
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Figure3.30. Trendlines for calculating the activation energyS8E 3FR BFeOs
preparedvith propyleneoxide from diluted solution of precursor

132



0.00212

1/T, K1
0.00214 0.00215

-9.2

94

9.6 -

In(B/T?)

9.8 -

10 -

-10.2 -

y=-32562x+ 59.95

\ 4
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Figure3.33. Trendlines for calculating the activation energyS8E 3FR BFfeOs
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Figure3.34. Trendlines for calculating the activation energyS8E 3FR BFeOs
preparedvith ammonium hydroxide
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3.7 Morphological and Structural Analysis

9FR compositions of B and §&3; samplessynthesized with ammonium hydrae and
propylene oxide were selected among the all xerogel samples to subject to SEM analysis
and EDS ¢nergy dispersive spectroscopyg@asurements. The results are presented in the

following sections.

3.7.1SEM Images of B/FeOs Synthesizedwith Ammonium Hydro xide

Figure 3.35 shows SEM images of e mixture of 9 FR B/FeOs xerogel with
magnifications of 100,000 and 400,000. The iron oxide xerogel was found to be formed
as continuous phas#.is shown that the composition is watlixed having a smooth
surface(Figure3.35).

The particles were shown to be in nano size range. In order to further analyze of the
elemental constituents of the composition, EDS analysis was carried out. B, Fe, O and N
contents wer@bserved by EDS measuremast given inTable3.17. N content shows

the presence of ammonium nitrate phasesMBk inside the structure which was
produced during the gelation process according to the possible regotiems Equation
3.1and 3.2.
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Figure3.35. SEM image®f B/FeOs synthesized with ammonium hydroxide

Table3.17. Elemental EDS Analysisf B/FeOs synthesized with ammamm hydroxide

Element Weight % Atomic %

B 75.45 86.43
@) 10.16 7.86
Fe 9.28 2.06
N 4.02 3.56
Au 0.65 0.04
Pd 0.44 0.05

136



SEM Images ofCombustion Productsof B/FexO3

After the combustion of B/E®s; sample with the equivalence i@mtof 9, the final
combustion products were also analyzed by SEM characterization and the images are
shownin Figure3.36 with the magnifications of 100,000 and 400,0@@vas shown that

after burning of the B/R©s xerogel, the morphology was completely chandegas

shown that after burning of the BH&® xerogel, the morphology was completely
changed.In order to further analyze of the elemental constituents oténebustion
products of 9FRB/FexOs sample EDS analysis was carried o, Fe, O and N contents

were observeds given inTable3.18.

Figure3.36. SEMimages and EDS spectrums of the combustion products of@/Fe

synthesied with ammonium hydroxide
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Table3.18. Elemental EDS Analysis @ahe combustion products 8fFRB/Fe03

synthesized with ammonium hydroxide

Element  Weight % Atomic %

@) 59.97 52.02
B 34.73 44.58
N 3.02 2.99
Fe 1.33 0.33
Au 0.64 0.05
Pd 0.31 0.04

3.7.2SEM Images of B/FeOs Synthesizedwith Propylene Oxide

9 FR B/FeOs synthesized with propylene oxide was characterized by SEM analysis
shown inFigure3.37 with 400,000 x magnificationd.he iron oxide xerogel was found

to be formed as continuous phase similar to the samples prepared with ammonium
hydroxide.It is shown that the composition is wellixed having a smooth surface. The
particles of te composition were shown to be in nano size range. In order to further
analyze of the elemental constituents of the composition, EDS analysis was carried out.

B, Fe and O contents were observed by EDS anaggsven inTable3.19.
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Figure3.37. SEM imagesand EDS spectrums of B/F&; sample synthesized with

propylene oxide

Table3.19. Elemental EDS Analysis dhe9 FRB/FeOs syntheized with propylene
oxide

Element Weight % Atomic %

B 85.16 90.37
O 11.84 8.49
Fe 1.71 0.35
N 0.93 0.76
Au 0.21 0.01
Pd 0.16 0.02
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3.8 Sensitivity Tests

The impact and friction sensitivity tests were applied to the samples synithegitte
ammonium hydroxide and prepared by DD and SSE matiaoithe test procedure given
in STANAG 4487 P2] and STANAG 4489 93] and the results were obtained Ihet
statistical calculations of Bruceton up and down test procexhdeavere given ifable
3.20andFigure3.38[169 170.

Themost sensitive materi& impactand friction is 3FR B/EO3 sample synthesiziewith
ammonium hydroxide and prepared by SSE metiibd.impact and friction stimulus of
SSE 3FR sample wédsund to be lower than those of DD 3FR sample. DD ST, 3FR and
9FR B/R0Os samples wereot initiated by the maximum force of 360 N which indicated

that they all were very insensitive to friction.

Table3.20. Impactand Friction Sensitivity of B/R©s Compositions prepared with

ammonium hydroxide

Proton scavenger Friction Sensitivity (N) Impact Sensitivy (J)

SSE 3FR 216 3
DD 3FR > 360 13
DD ST > 360 50
DD 9FR > 360 3
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3.9 Summary

In this study,the major goal was to develop easily ignitable energetic nhanocomposites
with high heat output when properly initiatedherefore, in order todevelop
nanostructured pyrotbaic materials, a very weknown solgel method was used for
synthesis and preparation of thernutempositions.

Boron hasbeenoneof the most interesting matesawhich has been used as fuel for
pyrotechnic compositions not only due to its longeifdife, but because of ithigher
heat of combustion and l@watomic weightwvith high gravimetric and volumetric energy

contentcomparedo other fuels.

Another major objective of the study was to investigate the effects -giesalynthesis
parametersuch as proton scavenger, concentration of the precursor solution and drying

conditions on the structural properties and thermal behavior of the samples.

Furthermore, this study, for the first time, investigated the effects of sequential solvent

exchanganethod on the energetic performance of the pyrotechnic compositions.

In order to investigate the effect of fuel on the combustion performance of energetic
nanocomposites, &ynthesized iron oxide xerogels were mixed with Magnesium,
Aluminum and Magnesm coated Boron and the results were compared with the samples

containing Boron.
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Fromthe energetic characteristics point of view; tetrahydrofuran (T@aBammonium
hydroxideare realized to be the most promising proton scavengers with their enhancing
effect on the combustion ehergetimanaompositesThe key findings are discussid

following lines

Use of 1,2 epoxybutane as an alternative proton scavenger did not give any benefit for the

energetic formulations of fuel/iron oxide xerogels.

Use of térahydrofuran as a proton scavenger to synthesize iron oxide resulted moderate
surface aregFigure 3.39). The nanocompositeontainingiron oxide synthesized with
THF and Boron haselatively highheat outputFigure 3.40) which makes THF a very

good candidate for pyrotechnic applications

1000 m
0

Surface Area (m2/g) DSC Heat Output (Jg) aH, Bomb Calorimeter (J/g)

Figure3.39. The schematic results of DD 3FR B¢Pe samples prepared with THF
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Furthermorethe application of sequ&al solvent exchange procedure on the iron oxide

sample after synthesis steps has resulted higher surface area than the application of direct

drying procedureThe solvent removal rate and drying is favored by the presence of non

polar solvent and the pmus structure is preservedth sequential solvent exchange

method while lhe evaporation of the ethanol from the gfelictureby direct drying leads

to the excessive capillary forces on the gel 0s
in shrinkage of the gel matrixlt can be concluded that sequential solvent exchange

method has an enhancing effect on the heat output due to the enhancement in the structure

and the increase in the surface area and pore volume.

1000
——]

DD SSE DD SSE DD SSE
Surface Area (m2/q) DSC Heat Output (Jg) aH, Bomb Calorimeter (J/g)

Figure3.40. The schematic representation of the effect of drying proceduieeon

properties o8FR B/FeO3z samples prepared with THF
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Use ofB/FexOs formulationswith more fuelcontentwhich were preparedy increasing
equivalence ratiorbm 3 to 9helped to achieve desiremhergetic performancd-igure
3.41). That is, the higher B content means the higher active fuel in the energetic
composition so excess Beacts with excess oxygen in air atmosph&he oxidelayer
around the boron particle inhibits the combustion of the fuel therefore it is possible to

overcome this drawback by increasing boron content.

6000
5000
4000
3000
2000
1000 ﬁ
0 3FR 9FR 3FR ;l 3FR 9FR
Surface Area (m2/g) DSC Heat Output (Jg) aH, Bomb Calorimeter (J/g)

Figure3.41 The schematic representation of gffectof equivalence ratio increasing

from 3 to 9 on the properties samples prepared with THF

As discussed above, tetrahydrofuran is the most promising one amtrep#terproton
scavenges. Besides,based on the resujtthe ammonium hydroxideexhibits very
different structural andhermalcharacteristics compared other proton scavengeas

discussed in following lines
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Use ofammonium hydroxid@s a proton scavenger to synthesize iron oxide resulted the
lowest surface area compared to other protcavengers Because the ammonium
hydroxide has stronger basicityan theother proton scavengehmave As a result, the
rapid precipitation of F£3 phase and crystallization process may lgadlestruction of
porous structure-lowever thesesamplesverefound to bereactive and easily ignitable
with their high heat outpws schematically illustrated Figure 3.42. This resultmight

be related withthe less stable characteristiof ammonium hydroxide. Furthermore, it
might be explained bythe ammonium nitrate groupghich were observetty XRD
((NH4)(NO3)-n0.02:083-0520) FTIR (NHs groups)and elemental analysi§N:20wt%)
presented in results and discussion secfldre residual ammonium nitrate, NROs,
arises from the reactiasf free NQ ions which are generated during the hydrolysis step
of iron nitrate nonahydrate (Fe(Nfg. 928l). The enhancement in heat outgue to the
ammonium nitratecan be explained e behavior ofstrong oxidizing agent for boron

particles.

1000

| — |

Surface Area (m2/g) DSC Heat Output (Jg) aH, Bomb Calorimeter (J/g)

Figure 3.42. The schematic results of DD 3FR B¢Pe samples prepared with

ammonium hydroxide
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Despite its lowest surface area, it was shown that by using sequential solvent exchange
methodinstead of direct dryigpmethod,the surface areaere found to béwice ashigh
asthatobtained with direct drying methdBigure3.43). The enhancement in the calorific
values might be attributed to the textural properties of the samples which aeptre

drying conditions. The reason of that could be the slow extraction/evaporation of the
solvent inside the pores does not cause the contraction of the skeletal matrix which takes
place in direct dryingnethod It is expectedhatthe high surface aaeand porous structure

of the oxidizer may enhance the combustion propagation.

. I

DD SSE DD SSE DD SSE
Surface Area (m2/g) DSC Heat Output (Jg) aH, Bomb Calorimeter (Jg)

Figure3.43. The schematic representation of the effect of drying method on properties
of samples prepared with Ammonium hyxiice
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Use of 9FR B/FeOsz composition instead of 3FR B/f&; compositionpreparedwith
ammonium hydroxidemproved energetic performance terms ofheat output in air
atmospher¢Figure3.44). That is, the higher B content medhne higher active fuel in the
energetic compositigrso excess Beacts with excess oxygen in air atmosphere. The
oxide layer around the boron particle inhibits the combustion of the fuel theusioge

larger amount of boron content hetpsovercome tts drawback.

) B

3FR 9FR 3FR 9FR 3FR 9FR
Surface Area (m2/g) DSC Heat Output (Jg) aH, Bomb Calorimeter (J/g)

Figure3.44. The effect of increase in fuel content with equivalence ratio from 3to 9

properties obamples prepared with Ammonium hydroxide

The results show that the BAE® samples are rpmising materials for pyrotechnic
systemsFurthermore, in this study it is aimed to determine the effects of type of fuel on
the energetic properties of the samples. Another purpose of the study is to compare the

results with Al/FeOs which isa verywell-known thermite composition.
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Useof magnesium instead of boron as a feslulted the highest value among the samples
prepared by other proton scavengers and fuel typegire 3.45). It is known that
magnesiumis relatively easy to ignite compared to other fuels. e other hand
Magnesium is known with its easily humidified structure resulting shorter shelf life

compared to boron containing compositions.

7000 -

1000 -

0 I T T
B Mg B Mg

Surface Area (m2/g) aH, Bomb Calorimeter (J/g)

Figure3.45. The effect of fuel : use of Mg instead of B with samples prepared with

Ammonium hydroxidéhaving an equivalence ratio of 9
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CHAPTER 4

CONCLUSIONS

The energetic nanocomposites of boron and iron oxide xerogelsesyzed with various
proton scavengers are promising materials for thermite compositions. Moreover, the
sequential solvent exchange method improves the crystallinity, textural properties of
FeOz which also enhances the combustion performance ot®4feermites. The results
indicate that the particle size, porosity, surface area and crystallinity of the iron oxide
samples can be tailored by the synthesis and drying conditions. The iron oxide with
mesoporous structured matrix can be derived by utiliziifgepoxybutane, propylene
oxide, THF, THP and 1,4 dioxane as proton scavenger. As expected, higher heat release
per unit mass of B/E®s sample is observed for less fuel rich composition under inert
atmosphere, while higher heat release per unit mass~a&@ sample is observed for

high fuel rich composition under air atmospherex(zexerogels prepared by sgel
technique can be coupled with B, Mg, Al and Mg coated boron fuels to obtain desired

heat output.

The structural and physical properties of ilon oxide xerogels are highly affected by
thetype ofproton scavengarsed in gelatioprocessThe proton scavengers do not only
affect the surface area but also the combustion mechanism of the boron / iron oxide nano
composites. The lowest surfaceamas obtained with ammonium hydroxide. However

it seems that the heat output was enhanced due to some other properties such as
crystallinity and surface free energy which depend on the synthesis conditions and
gelation mechanisms. Therefore, it is polesito enhance the textural properties and

calorific value by changing the type of proton scavenger.
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The results indicate that it is possible to tailor the properties of the-sizen
pyrotechnics by changing the fuel content of the samplesording b DSC/TG analysis,
the samples with ammonium hydroxide, tetrahydrofuran (Tk&E)ahydropyran (THP)
which have an equivalence ratio3dnd with propylene oxide which have an equivalence
ratio of 6have the highest calorific valsief 960, 970, 1130and1230 J/g, respectively
In addition, he calorific values of seajel derived nano composites are almost 2 times
greatetthanthe calorific values ahe same compositions prepared by physical mixing of

commercial nansized raw materialsased on the calidic value test results

Consequently, different proton scavengers were found to affect different material
characteristics of the synthesized nanocomposites. From the material characterization
point of view; propylene oxide, tetrahydropyran (THP) andep@xybutane are the most
promising proton scavengers since they improve the structural behavior of xerogels by
increasing surface area. On the other hand, from the enechatiacteristicpoint of

view; ammonium hydroxide, 1,4 dioxane and tetrahydroffaF) are realized to be the

most promising proton scavengers with their enhancing effect on the combustion of nano
composites. The samples prepared with ammonium hydroxide, 1,4 dioxane and
tetrahydrofuran (THF) were found to have lower surface areagVentheir less stable

characteristics made the energetic nanocomposites more reactive and easily ignitable.

In the scope of the study, the compositions containing various fuel types such as Mg, Al
and 20%Mg coated B were subjected to thermal analysiscalorific value tests to
investigate the effect of fuel type on the combustion characteristics of the nanocomposites.
It is observed thatdyon is a common fuel for the pyrotechnic materials with its high
gravimetric ad volumetric energy content and Mg also a good candidate for the

compositions containing iron oxide xerogels.
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The heat outputs of SSE samples are approximatébpb greater than the heat outputs

of DD samples prepared by 1,2 epoxybutane, THF, THP, 1,4 dioxane and ammonium
hydroxidein accordance with DSC/TG analysiEhe enhancement of the heat output
might be related with the textural properties of the samples which strongly depend on the
drying conditions. Drying method affects the mechanism of extraction/evaporation of the

solvent within the porous structure of gel.

It can be concluded that sequential solvent exchange method has an enhancing effect on
the heat output due to the enhancement in the structure and the increase in the surface area

and pore volume.

As a result it is posisle to adjust the structural, physical and energetic properties of the
iron oxide xerogelsontaining B, Mg, Al and Mg coated B as fimsl varying the proton

scavengersdrying conditionsand equivalence ratio of the formulatson
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APPENDICES

A. OUTPUT FILE OF NASA -GLENN CEA2 CODE

Samples with propylene oxide, 3FR
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NASA-GLENN CHEMICAL EQUILIBRIUM PROGRAM CEA2, MAY 21, 2004
BY BONNIE MCBRIDE AND SANFORDGORDON
REFS: NASA RP1311, PART [, 1994 AND NASA RR311, PART II, 1996
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PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS
WERE LESS THAN 5.00000086 FOR ALL ASSIGNED COBITIONS

*B BC BC2 BH BH2

BH3 BH4 BH5 *BO BOH

BO2 B(OH)2 B2 B2C B2H

B2H2 B2H3 B2H3,db B2H4 B2H4,db

B2H5 B2H5,db B2H6 B20O B2(OH)4

B3H7,C2v B3H7,Cs B3H9 B4H4 B4H10

B4H12 B5H9 *C *CH CH2

CH3 CH20H CH30 CH4 CH30OH

CH300H *C0O2 COOH *C2 C2H

C2H2,acetylene C2H2,wtidene CH2CO,ketene O(CH)20 HO(CO)20H
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C2H3,vinyl CH3CO,acetyl C2H4 C2H40,ethylenCH3CHO,ethanal

CH3COOH OHCH2COOH C2H5 C2H6 C2H50H

CH30OCH3 CH302CH3 C20 *C3 C3H3dropynl

C3H3,2propynl C3H4,allene C3H4,propyne C3H4,cyd8H5,allyl
C3H6,propylene C3Blcyclo C3H60,propylox C3H60,acetone C3H60,propanal
C3H7,npropyl C3H7 ipropyl C3H8 C3H80,1propanol C3H80,2propanol

C302 *C4 C4H2,butadiyne C4H4,1¢¥clo- C4H6,butadiene

C4H6,1butyne C4H6,2butyne C4H6,cyc@4H8, tbutene C4H8,cisbuten
C4H8,tr2buteneC4H83,isobutene C4H8,cyclgCH3COOH)2 C4H9,tbutyl
C4H9,kbutyl C4H9,sbutyl C4H9,tbutyl C4H10,Abutane C4H10,isobutane

*C5 C5H6,1,3cycle C5H8,cycle C5H10,tpentene C5H10,cyclo

C5H11,pentyl C5H11,pentyl C5H12,mpentane C5H12pentane CH3C(CH3)2CHS3
C6H2 C6H5,phenyl C6H50,phenoxy C6H6 C6H50H,phenol

C6H10,cycle C6H12,thexene C6H12,cyciaC6H13,rhexyl C6H14,rhexane
C7H7,benzyl C7TH8 C7HBO,creswmix C7H14,theptene C7H15;heptyl
C7H16,rheptane C7H16;Bhethylh C8H8,styrene C8H10,ethylbenz C8H16¢kEne
C8H17,roctyl C8H18,roctane C8H18,isooctane COH1Manyl C10H8,naphthale
C10H21,Adecyl C12H9,ebipheny C12H10,biphenyl *Fe Fe(CO)5

FeO Fe(OH)2 HCO HCCO HO2

HBOH HCHO,HCOOH H202 H2BOH

HB(OH)2 H3BO3 H3B306 (HCOOH)2 *O

*OH *02 03 B(L) B203(cr)

B30O3H3¢r) B4C(L) C(gr) Fe(a) Fe(c)

Fe(L) Fe(CO)5(L) Fe.9470(cr) Fe.9470(L) Fe(OH)2(cr)

Fe(OH)3(cr) Fe203(cr) Fe304(cr) Fe304(L) HBO2(cr)

HBO2(L) H20O(cr) H20(L) H3BO3(cr) H3BO3(L)
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Samples with propylene oxide, 6FR
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REFS: NASA RP1311, PART [, 1994 AND NASA RR311, PART IlI, 1996
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PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS
WERE LESS THAN 5.00000086 FOR ALL ASSIGNED CONDITIONS

*B BC BC2 BH BH2

BH3 BH4 BH5 *BO BOH

BO2 B(OH)2 B2 B2C B2H

B2H2 B2H3 B2H3,db B2H4 B2H4,db

B2H5 B2H5,db B2H6 B20O B202

B203 B2(OH4 B3H7,C2v B3H7,Cs B3H9

B4H4 B4H10 B4H12 B5H9 *C

*CH CH2 CH3 CH20H CH30

CH4 CH30OH CH300OH *CO *CO2

COOH *C2 C2H C2H2,acetylene C2H2,vinylidene

CH2CO,ketene O(CH)20 HO(CO)20H C2H3,vinyl CH3CO,acetyl
C2H4 C2H40,ethylero CH3CHO,ethanal CH3COOH OHCH2COOH
C2H5C2H6 C2H50H CH30CH3 CH302CH3

C20 *C3 C3H3,1propynl C3H3,2propynl C3H4,allene
C3H4,propyne C3H4,cyctdC3H5,allyl C3H6,propylene C3H6,cyeclo
C3H60,propylox C3H60,acetone C3H60,propanal C3Hbrapyl C3H7 ipropyl
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C3H8 C3H80,1propanol C3H80,2propanol 34

C4H2,butadiyne C4H4,1,8yclo- C4H6,butadiene C4H6,1butyne C4H6,2butyne
C4H6,cycle C4H8,xbutene C4H8,cisbuten C4H8,trbutene C4H8,isobutene
C4H8,cycle (CH3COOH)2 C4H9 +butyl C4H9,tbutyl C4H9,sbutyl

C4H9,tbutyl C4H10,Rbutane C4H10,isobutari€5 C5H6,1,3cycle

C5H8,cycle C5H10,tpentene C5H10,cyclicC5H11,pentyl C5H11,pentyl
C5H12,npentane C5H12pentane CH3C(CH3)2CH3 C6H2 C6H5,phenyl

C6H50,phenoxy C6H6 C6H50H,phenol C6H10,cy@6H12,thexene
C6H12,cycle C6H13,rhexyl C6H14,Ahexane CH7,benzyl C7HS8
C7H80,creseimx C7H14,theptene C7H15;heptyl C7H16,rheptane C7H16;2
methylh

C8H8,styrene C8H10,ethylbenz C8Hl8dtene C8H17 joctyl C8BH18,Rroctane
C8H18,isooctane CO9H19monyl C10H8,naphthale C10H2igecyl C12H9,ebipheny
C12H10,bipkenyl *Fe Fe(CO)5 FeO Fe(OH)2

*H HBO2 HCO HCCO HO2

HBOH HCHO,formaldehy HCOOH H20 H202

H2BOH HB(OH)2 H3BO3 H3B306 (HCOOH)2

*O *OH *O2 O3 B(L)

B203(cr) B3O3H3(cr) B4C(L) C(gr) Fe(a)

Fe(d) Fe(L) Fe(CO)5(L) Fe.9470(cr) Fe.9470(L)

Fe(OH)2(cr) Fe(OH)3(cr) Fe20&() Fe304(cr) Fe304(L)

HBO2(cr) HBO2(L) H20(cr) H20(L) H3BO3(cr)

Samples with propylene oxide, 9FR

NASA-GLENN CHEMICAL EQUILIBRIUM PROGRAM CEA2, MAY 21, 2004
BY BONNIE MCBRIDE AND SANFORD GORDON
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REFS: NASA RP1311, PART [, 1994 AND NASA Rf2311, PART 11,1996
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PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS
WERE LESS THAN 5.00000086 FOR ALL ASSIGNED CONDITIONS

*B BC BC2 BH BH2

BH3 BH4 BH5 *BO BOH

BO2 B(OH)2 B2 B2C B2H

B2H2 B2H3 B2H3,db B2H4 B2H4,db

B2H5 B2H5,db B2H6 B20O B202

B203 B2(OH)4 B3H7,C2v B3H7,Cs B3H9

B4H4 B4H10 B4H12 B5H9 *C

*CH CH2 CH3 CH20H CH30

CH4 CH30OH CH300OH *CO *CO2

COOH *C2 C2H C2H2,acetylene C2H2,vinylidene

CH2CO,ketene O(CH)20 HO(CO)20H C2H3,vinyl 8E0O,acetyl

C2H4 C2H40,ethyleto CH3CHO,ethanal CH3COOH OHCH2COOH

C2H5 C2H6 C2H50H CH30CH3 CH302CH3

C20 *C3 C3H3,ipropynl C3H3,2propynl C3H4,allene

C3H4,propyne C3H4,cycldC3H5,allyl C3H6,propylene C3H6,cyclo
C3H60,propylox C3H60,acetone C3H60,propddaH7,nrpropyl C3H7 ipropyl
C3H8 C3H80,1propanol C3H80,2propanol C302 *C4

C4H2,butadiyne C4H4,1,8yclo- C4H6,butadiene C4H6,1butyne C4H6,2butyne
C4H6,cycle C4H8,xbutene C4H8,cisbuten C4H8,trbutene C4H8,isobutene
C4H8,cycle (CH3COOH)2 C4H9 +butyl CAH9,i-butyl C4H9,sbutyl
C4H9,tbutyl C4H10,Rbutane C4H10,isobutane *C5 C5H6,1,3cyclo
C5H8,cycle C5H10,tpentene C5H10,cycldC5H11,pentyl C5H11-pentyl
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C5H12,npentane C5H12pentane CH3C(CH3)2CH3 C6H2 C6H5,phenyl
C6H50,phenoxy C6H6 C6H50H,phenol €80, cycloc C6H12,thexene
C6H12,cycle C6H13,rhexyl C6H14,Ahexane C7H7,benzyl C7H8

C7H80,creseimx C7H14,theptene C7H15;heptyl C7H16,rmheptane C7H1652
methylh

C8H8,styrene C8H10,ethylbenz C8Hl&dtene C8H17 joctyl C8BH18,Roctane
C8H18,isooctane CIt9,n-nonyl C10H8,naphthale C10H2igecyl C12H9,ebipheny
C12H10,biphenyl *Fe Fe(CO)5 FeO Fe(OH)2

*H HBO2 HCO HCCO HO2

HBOH HCHO,formaldehy HCOOH H20 H202

H2BOH HB(OH)2 H3BO3 H3B306 (HCOOH)2

*O *OH *0O2 O3 B(L)

B203(cr) B3O3H3(cr) B4C(L) C(gr) Fe(c)

Fe(d) Fe(L) Fe(CO)5(L) Fe.9470(cr) Fe.9470(L)

Fe(OH)2(cr) Fe(OH)3(cr) Fe203(cr) Fe304(cr) Fe304(L)

HBO2(cr) HBO2(L) H20(cr) H20(L) H3BO3(cr)

Samples with THF, 3FR
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BY BONNIE MCBRIDE AND SANFORD GORDON
REFS: NASA RP1311, PART [, 1994 AND NASA RR311, PART IlI, 1996
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PRODUCTS WHICH WERE CONSIDERED BUWHOSE MOLE FRACTIONS
WERE LESS THAN 5.00000086 FOR ALL ASSIGNED CONDITIONS
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*B BC BC2 BH BH2

BH4 BH5 BOH BO2 B(OH)2

B2 B2C B2H B2H2 B2H3

B2H3,db B2H4 B2H4,db B2H5 B2H5,db

B2H6 B20O B2(OH)4 B3H7,C2v B3H7,Cs

B3H9 B4H4 B4H10 B4H12 B5H9

*C *CH CH2 CH3 CH20H

CH30 CH30OH CH300H *C0O2 COOH

*C2 C2H C2H2,acetylene C2H2,vinylidene CH2CO,ketene
O(CH)20 HO(CO)20H C2H3,vinyl CH3CO,acetyl C2H4
C2H40,ethylero CH3CHO,ethanal CH3COOH OHCH2COOH C2H5
C2H6 C2H50H CH30OCH3 CH302CH3 C20

*C3 C3H3,xpropynl C3H3,2propynl C3H4,allee C3H4,propyne
C3H4,CYCLG C3H5,ALLYL C3H6,PROFNLENE C3H6,CYCLG
C3H60,PROPYLOX

C3H60,acetone C3H60,propanal C3Hpmopyl C3H7,ipropyl C3H8
C3H80,1propanol C3H80,2propanol C302 *C4 C4H2,butadiyne
C4H4,1,3cyclo- C4H6,butadiene C4H6,1butyne C4H6,2butydH6,cyclo
C4H8,butene C4H8,cisbuten C4H8,trbutene C4H8,isobutene C4H8,cyclo
(CH3COOH)2 C4H9 butyl C4H9,tbutyl C4H9,sbutyl C4H9,tbutyl
C4H10,rbutane C4H10,isobutane *C5 C5H6,1,3cycl®H8,cycle
C5H10,pentene C5H10,cycidC5H11,pentyl C5H1t-pentyl C5H12,rpentane
C5H12,ipentane CH3C(CH3)2CH3 C6H2 C6H5,phenyl C6H50,phenoxy

C6H6 C6H50H,phenol C6H10,cyel@6H12,thexene C6H12,cyclo
C6H13,rhexyl C6H14,rRhexane C7H7,benzyl C7H8 C7H8O,cresot
C7H14,theptene C7H15;heptyl C7H16,AheptaneC7H16,2methylh C8H8,styrene
C8H10,ethylbenz C8H16;dctene C8H17 joctyl C8BH18,roctane C8H18,isooctane
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C9H19,rnonyl C10H8,naphthale C10H21dgecyl C12H9,ebipheny C12H10,biphenyl
*Fe Fe(CO)5 FeO Fe(OH)2 HCO

HCCO HO2 HBOH HCHO,formaldehy HCOOH

H202 HB(CH)2 H3BO3 H3B306 (HCOOH)2

*O *OH *O2 O3 B(b)

B(L) B203(cr) B3O3H3(cr) B4C(L) C(gr)

Fe(a) Fe(c) Fe(L) Fe(CO)5(L) Fe.9470(cr)

Fe.9470(L) Fe(OH)2(cr) Fe(OH)3(cr) Fe203(cr) Fe304(cr)

Fe304(L) HBO2(cr) HBO2(L) H20(cr) H20(L)

H3BO3(CR) H3BO3(L)

Samples with THRRFR

kkkkkkkkkkkkkkkkkkkhkkhkkkkkkkkkhkkhkkhkkkkkkhkkkkkkkkhkkhkkkkhkkkhkkkkkkkkkkkkkkkkkx

*kkkkkkk

NASA-GLENN CHEMICAL EQUILIBRIUM PROGRAM CEA2, MAY 21, 2004
BY BONNIE MCBRIDE AND SANFORD GORDON
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PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS
WERE LESS THAN 5.00000086 FOR ALL ASSIGNED CONDITIONS

*B BC BC2 BH BH2

BH3 BH4 BH5 *BO BOH

BO2 B(OH)2 B2 B2C B2H

B2H2 B2H3 B2H3jb B2H4 B2H4,db
B2H5 B2H5,db B2H6 B20 B203
B2(OH)4 B3H7,C2v B3H7,Cs B3H9 B4H4
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B4H10 B4H12 B5H9 *C *CH

CH2 CH3 CH20H CH30 CH4

CH30OH CH300OH *CO *CO2 COOH

*C2 C2H C2H2,acetylene C2H2,vinylidene CH2CO ketene

O(CH)20 HO(CO)20H C2H3,vinyl CH3CO,acetyl C2H4

C2H40,ethyleno CH3CHO,ethanal CH3COOH OHCH2COOH C2H5

C2H6 C2H50H CH30OCH3 CH302CH3 C20

*C3 C3H3,xpropynl C3H3,2propynl C3H4,allene C3H4,propyne
C3H4,cycle C3H5,allyl C3H6,propylene C3H6,cycl@€3H60,propylox
C3H60,acetone C3H60,propanal C3Hprmopyl C3H7,tpropyl C3H8
C3H80,1propanol C3H80,2propanol C302 *C4 C4H2,butadiyne
C4H4,1,3cyclo- C4H6,butadiene C4H6,1butyne C4H6,2butyne C4H6,eyclo
C4H8,butene C4H8,cisbuten C4H8,trzbutene C4H8,isobutene C4H8,cyclo
(CH3COOH)2 C4H9,sbutyl C4H9,ibutyl C4H9,sbutyl C4H9,tbutyl
C4H10,rbutane C4H10,isobutane *C5 C5H6,1,3cyc®H8,cycle
C5H10,pentene C5H10,cycidC5H11,pentyl C5H11;pentyl C5H12,mpentane
C5H12,ipentane CH3C(CH3)2CH3 C6H2 C6H5,phenyl C6H50,phenoxy
C6H6 C6H50H,phenol C6H10,cyel@6H12,2hexene C6H12,cyclo
C6H13,rhexyl C6H14,rRhexane C7H7,benzyl C7H8 C7H8O,cresot
C7H14,xheptene C7H15;heptyl C7H16,rheptane C7H16;thethylh C8H8,styrene
C8H10,ETHYLBENZ C8H®5,1-OCTENE C8H17,NOCTYL C8H18,NOCTANE
C8H18,ISOOCTANE

C9H19,rnonyl C10H8,naptimale C10H21 rdecyl C12H9,ebipheny C12H10,biphenyl
*Fe Fe(CO)5 FeO Fe(OH)2 *H
HCO HCCO HO2 HBOH HCHO,formaldehy
HCOOH H20 H202 H2BOH HB(OH)2
H3BO3 H3B306 (HCOOH)2 *O *OH
*0O2 O3 B(L) B203(cr) B3O3H3(cr)
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B4C(L) C(gr) Fe(a) Fe(d) Fe(L)

Fe(CO)5(L) Fe.9470(yFe.9470(L) Fe(OH)2(cr) Fe(OH)3(cr)
Fe203(cr) Fe304(cr) Fe304(L) HBO2(cr) HBO2(L)

H20(cr) H20(L) H3BO3(cr) H3BO3(L)

Samples with THF, 9FR

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

*kkkkkkk

NASA-GLENN CHEMICAL EQUILIBRIUM PROGRAM CEA2, MAY 21, 2004
BY BONNIE MCBRIDE AND SANFORD GORDON
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PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRAG®NS
WERE LESS THAN 5.00000E06 FOR ALL ASSIGNEDCONDITIONS

*B BC BC2 BH BH2

BH3 BH4 BH5 *BO BOH

BO2 B(OH)2 B2 B2C B2H

B2H2 B2H3 B2H3,db B2H4 B2H4,db

B2H5 B2H5,db B2H6 B20 B202

B203 B2(OH)4 B3H7,C2v B3H7,Cs B3H9

B4H4 B4H10 B4H12 B5H9 *C

*CH CH2 CH3 CH20H @130

CH4 CH30OH CH300OH *CO *CO2

COOH *C2 C2H C2H2,acetylene C2H2,vinylidene
CH2CO,ketene O(CH)20 HO(CO)20H C2H3,vinyl CH3CO,acetyl
C2H4 C2H40,ethyleto CH3CHO,ethanal CH3COOH OHCH2COOH
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C2H5 C2H6 C2H50H CH30CH3 CH302CH3
C20 *C3 C3H3,1propynl C3H3,2propynlC3H4,allene
C3H4,propyne C3H4,cycldC3H5,allyl C3H6,propylene C3H6,cyclo

C3H60,propylox C3H60,acetone C3H60,propanal C3Hbrapyl C3H7 ipropyl
C3H8 C3H80,1propanol C3H80,2propanol C302 *C4

C4H2,butadiyne C4H4,1,8yclo- C4H6,butadiene C4H6,1butyne C8butyne
C4H6,cycle C4H8,Xbutene C4H8,cisbuten C4H8,trbutene C4H8,isobutene
C4H8,cycle (CH3COOH)2 C4H9 sbutyl C4H9,ibutyl C4H9,sbutyl
C4H9,T-BUTYL C4H10,N-BUTANE C4H10,ISOBUTANE *C5 C5H6,1,3CYCLO

C5H8,cycle C5H10,tpentene C5H10,cycldC5H11, @ntyl C5H11 ipentyl
C5H12,npentane C5H12pentane CH3C(CH3)2CH3 C6H2 C6H5,phenyl
C6H50,phenoxy C6H6 C6H50H,phenol C6H10,cy@6H12,thexene
C6H12,cycle C6H13,rhexyl C6H14,rhexane C7H7,benzyl C7H8
C7H80,creseimx C7H14,theptene C7H15;heptyl C7H16n-heptane C7H16;2
methylh

C8H8,styrene C8H10,ethylbenz C8H1-®dtene C8H17 joctyl C8H18,Roctane
C8H18,isooctane C9H19ymonyl C10H8,naphthale C10H2igecyl C12H9,ebipheny
C12H10,biphenyl *Fe Fe(CO)5 FeO Fe(OH)2

*H HBO2 HCO HCCO HO2

HBOH HCHO,formalday HCOOH H20 H202

H2BOH HB(OH)2 H3BO3 H3B306 (HCOOH)2

*O *OH *0O2 O3 B(L)

B203(cr) B3O3H3(cr) B4C(L) C(gr) Fe(a)

Fe(d) Fe(L) Fe(CO)5(L) Fe.9470(cr) Fe.9470(L)

Fe(OH)2(cr) Fe(OH)3(cr) Fe203(cr) Fe304(cr) Fe304(L)

HBO2(cr) HBO2(L) H20(cr) H20(L) H3BO3(cr) H3B3(L)
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Samples with THP, 3FR
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PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS
WERE LESS THAN 5.00000086 FOR ALL ASSIGNED CONDITIONS

*B BC BC2 BH BH2

BH3 BH4 BH5 *BO BOH

BO2 B(OH)2 R B2C B2H

B2H2 B2H3 B2H3,db B2H4 B2H4,db

B2H5 B2H5,db B2H6 B20 B2(OH)4

B3H7,C2v B3H7,Cs B3H9 B4H4 B4H10

B4H12 B5H9 *C *CH CH2

CH3 CH20H CH30 CH30OH CH30OOH

*CO2 COOH *C2 C2H C2H2,vinylidene

CH2CO,ketene O(CH)20 HO(CO)20H C2H3,vinyl CH3CO,acetyl
C2H4 C2H40,dtyleno CH3CHO,ethanal CH3COOH OHCH2COOH
C2H5 C2H6 C2H50H CH30CH3 CH302CH3

C20 *C3 C3H3,3propynl C3H3,2propynl C3H4,allene
C3H4,propyne C3H4,cycidC3H5,allyl C3H6,propylene C3H6,cyelo

C3H60,propylox C3H60,acetone C3H60,propanal C3Hbrapyl C3H7 ipropyl
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C3H8 C3H80,1propanol C3H80,2propanol C302 *C4

C4H2,butadiyne C4H4,1,8yclo- C4H6,butadiene C4H6,1butyne C4H6,2butyne
C4H6,cycle C4H8,xbutene C4H8,cisbuten C4H8,trbutene C4H8,isobutene
C4H8,cycle (CH3COOH)2 C4H9 sbutyl C4H9,ibutyl C4H9,sbutyl
C4H9,tbutyl C4H10,Rbutane C4H10,isobutane *C5 C5H6,1,3cyclo
C5H8,cycle C5H10,tpentene C5H10,cycidC5H11,pentyl C5H11,pentyl
C5H12,npentane C5H12pentane CH3C(CH3)2CH3 C6H2 C6H5,phenyl
C6H50,phenoxy C6H6 C6H50H,phenol C6H10,cy@6H12,thexere
C6H12,cycle C6H13,rhexyl C6H14,rhexane C7H7,benzyl C7H8
C7H80,creseimx C7H14,theptene C7H15;heptyl C7H16,rheptane C7H16;2
methylh

C8H8,styrene C8H10,ethylbenz C8Hl-®dtene C8H17 joctyl C8H18,Roctane
C8H18,isooctane C9H19ymonyl C10H8,naphtha C10H21,Adecyl C12H9,ebipheny
C12H10,biphenyl *Fe Fe(CO)5 FeO Fe(OH)2

HCO HCCO HO2 HBOH HCHO,formaldehy

HCOOH H202 HB(OH)2 H3BO3 H3B306

(HCOOH)2 *O *OH *02 03

B(b) B(L) B203(cr) B3O3H3(cr) B4C(L)

Fe(a) Fe(c) Fe(L) Fe(CO)5(L) Fe.9470(cr)

Fe.9470(L) Fe(®l)2(cr) Fe(OH)3(cr) Fe203(cr) Fe304(cr)

Fe304(L) HBO2(cr) HBO2(L) H20(cr) H20(L)

H3BO3(cr) H3BO3(L)

Samples with THP, 6FR

NASA-GLENN CHEMICAL EQUILIBRIUM PROGRAM CEA2, MAY 21, 2004
BY BONNIE MCBRIDE AND SANFORD GORDON
REFS: NASA RP1311, PART I, 1994 AND NSA RP-1311, PART II, 1996
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PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS
WERE LESS THAN 5.00000086 FOR ALL ASSIGNED CONDITIONS

*B BC BC2 BH BH2

BH3 BH4 BH5 *BO BOH

BO2 B(OH)2 B2 B2C B2H

B2H2 B2H3 B2H3,db B2H4 B2H4,db

B2H5 B2H5,db B2H6 B20 B203

B2(OH)4 B3H7,C2v B3H7,Cs B3H9 B4H4

B4H10 B4H12 B5H9 *C *CH

CH2 CH3 CH20H CH30 CH30OH

CH30O0H *CO *CO2 COOH *C2

C2H C2H2,acetylene C2H2,vinylidene CH2CO, ketene O(CH)20
HO(CO)20H @H3,vinyl CH3CO,acetyl C2H4 C2H40,ethylen
CH3CHO,ethanal CH3COOH OHCH2COOH C2H5 C2H6

C2H50H CH30OCH3 CH302CH3 C20 *C3

C3H3,Epropynl C3H3,2propynl C3H4,allene C3H4,propyne C3H4,cyclo
C3Hb5,allyl C3H6,propylene C3H6,cycl€3H60,propylox C3H60,acetone
C3H60,propanal C3H7;propyl C3H7,ipropyl C3H8 C3H8O,1propanol
C3H80,2propanol C302 *C4 C4H2,butadiyne C4H4dy8lo-
C4H6,butadiene C4H6,1butyne C4H6,2butyne C4H6,eye#iH8, tbutene
C4H8,cis2buten C4H8,trbutene C4H8,isobutene C4H8,cyc{@H3COOH)2
C4H9,n-butyl C4H9,ibutyl C4H9,sbutyl C4H9,tbutyl C4H10,Rbutane

C4H10,isobutane *C5 C5H6,1,3cyeld5H8,cycle C5H10,tpentene
C5H10,cycle C5H11,pentyl C5H11,pentyl C5H12,mpentane C5H12pentane
CH3C(CH3)2CH3 C6H2 C6H5,phenyl C6H50,phenoxy C6H6
C6H5CH,phenol C6H10,cycloC6H12,thexene C6H12,cyctaC6H13,rhexyl
C6H14,rhexane C7H7,benzyl C7TH8 C7H80O,cresot C7H14,theptene

192



C7H15,rheptyl C7H16,rheptane C7H16;tethylh C8H8,styrene C8H10,ethylbenz
C8H16,octene C8H17 foctyl CBH18,noctane C8H18siooctane C9H19;nonyl
C10H8,naphthale C10H2tgecyl C12H9,ebipheny C12H10,biphenyl *Fe
Fe(CO)5 FeO Fe(OH)2 *H HCO

HCCO HO2 HBOH HCHO,formaldehy HCOOH

H20 H202 H2BOH HB(OH)2 H3BO3

H3B306 (HCOOH)2 *O *OH *02

O3 B(L) B203(cr) B3O3H3(cr) B4C(L)

C(gr) Fe(ae(d) Fe(L) Fe(CO)5(L)

Fe.9470(cr) Fe.9470(L) Fe(OH)2(cr) Fe(OH)3(cr) Fe203(cr)

Fe304(cr) Fe304(L) HBO2(cr) HBO2(L) H20(cr)

H20(L) H3BO3(cr) H3BO3(L)

Samples with THF, 9FR
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NASA-GLENN CHEMICAL EQUILIBRIUM PROGRAM CEA2, MAY 21, 2004
BY BONNIE MCBRIDE AND SANFORD GORDON
REFS: NASA RP1311, PART [, 1994 AND NASA RR311, PART II, 1996
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PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS
WERE LESS THAN 5.00000086 FOR ALL ASSIGNED CONDITIONS

*B BC BC2 BH BH2
BH3 BH4 BH5 *BO BOH
BO2 B(OH)2 B2 B2C B2H
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B2H2 B2H3 B2H3,db B2H4 B2H4,db

B2H5 B2H5,db B2H6 B20 B202

B203 B2(OH)4 B3H7,C2v B3H7,Cs B3H9

B4H4 B4H10B4H12 B5H9 *C

*CH CH2 CH3 CH20OH CH30

CH4 CH30OH CH300OH *CO *CO2

COOH *C2 C2H C2H2,acetylene C2H2,vinylidene

CH2CO,ketene O(CH)20 HO(CO)20H C2H3,vinyl CH3CO,acetyl

C2H4 C2H40,ethylero CH3CHO,ethanal CH3COOH OHCH2COOH

C2H5 C2H6 C2H50H CH30CH3 CH302CH3

C20 *C3 C3H3,1propynl C3H3,2propynl C3H4,allene

C3H4,propyne C3H4,cycldC3H5,allyl C3H6,propylene C3H6,cyelo
C3H60,propylox C3H60,acetone C3H60,propanal C3kprapyl C3H7 ipropyl
C3H8 C3H80,1propanol C3H80,2propanol C302 *C4

C4H2,butadiyne C4H4,1,8yclo- C4H6,butadiene C4H6,1butyne C4H6,2butyne
C4H6,cycle C4H8,xbutene C4H8,cisbuten C4H8,trbutene C4H8,isobutene

C4H8,cycle (CH3COOH)2 C4H9,+butyl C4H9,tbutyl C4H9,sbutyl
C4H9,tbutyl C4H10,Rbutane C4H10,isobutane *C5 C5H6,1,3cyclo
C5H8,cycle C5H10,1-pentene C5H10,cycidC5H11,pentyl C5H11,pentyl
C5H12,npentane C5H12pentane CH3C(CH3)2CH3 C6H2 C6H5,phenyl
C6H50,phenoxy C6H6 C6H50H,phenol C6H10,cy@6H12,thexene
C6H12,cycle C6H13,rhexyl C6H14,Ahexane C7H7,benzyl C7H8
C7H80,creseimx C7HM4,1-heptene C7H15;heptyl C7H16,rheptane C7H16;2
methylh

C8H8,styrene C8H10,ethylbenz C8Hl-®dtene C8H17 joctyl CBH18,Rroctane
C8H18,isooctane CO9H19ymonyl C10H8,naphthale C10H21gecyl C12H9,ebipheny
C12H10,biphenyl *Fe Fe(CO)5 FeO Fe(OH)2

*H HBO2 HCO HCCO HO2
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HBOH HCHO,formaldehy HCOOH H20 H202

H2BOH HB(OH)2 H3BO3 H3B306 (HCOOH)2

*O *OH *02 O3 B(L)

B203(cr) B3O3H3(cr) B4C(L) C(gr) Fe(a)

Fe(d) Fe(L) Fe(CO)5(L) Fe.9470(cr) Fe.9470(L)
Fe(OH)2(cr) Fe(OH)3(cr) Fe203(cr) Fe304(cr) Fe304(L)
HBO2(cr) HBOZL) H20O(cr) H20(L) H3BO3(cr)
H3BO3(L)

Samples with 1,4 dioxane, 3FR
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BY BONNIE MCBRIDE AND SANFORD GORDON
REFS: NASA RP-1311, PART [, 1994 AND NASA RR311, PART II, 1996
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PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS
WERE LESS THAN 5.00000086 FOR ALL ASSIGNED CONDITIONS

*B BC BC2 BH BH2

BH4 BH5 BOH BO2 B(OH)2

B2 B2C B2H B2H2 B2H3

B2H3,db B2H4 B2H4,db B2H5 B2H5,db
B2H6 B20 B2(OH)4 B3H7,C2v B3H7,Cs
B3H9 B4H4 B4H10 B4H12 B5HO

*C *CH CH2 CH3 CH20H

CH30 CH30H CH300H *CO2 COOH
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*C2 C2H C2H2,acetylene C2H2,vinylidene CH2CO,ketene

O(CH)20 HO(CO)20H C2H3,vinyl CH3CO,acetyl C2H4

C2H40,ethylero CH3CHO,ethanal CH3COOH OHCH2COOH C2H5
C2H6 C2H50H CH30CH3 CH302CH3 C20

*C3 C3H3,xpropynl C3H3,2propynl C3H4,allene C3H4,propyne
C3H4,cycle C3H5,allyl C3H6,propylene C3H6,cycl@3H60,propylox
C3H60,@etone C3H60,propanal C3H#pnopyl C3H7 ipropyl C3H8
C3H80,1propanol C3H80,2propanol C302 *C4 C4H2,butadiyne
C4H4,1,3cyclo- C4H6,butadiene C4H6,1butyne C4H6,2butyne C4H6,eyclo

C4H8,butene C4H8,cisbuten C4H8,trbutene C4H8,isobutene C4H8,cyclo
(CH3COOH)2 C4H9,rbutyl C4H9,ibutyl C4H9,sbutyl C4H9,tbutyl
C4H10,rbutane C4H10,isobutane *C5 C5H6,1,3cyc®H8,cycle
C5H10,pentene C5H10,cycidC5H11,pentyl C5H11,pentyl C5H12,ppentane
C5H12,ipentane CH3C(CH3)2CH3 C6H2 C6H5,phenyl C6H50,phenoxy
C6H6 C6H50H,phenol C6H10,cycl@6H12,thexene C6H12,cyclo
C6H13,rhexyl C6H14,Ahexane C7H7,benzyl C7TH8 C7H8O,cresot
C7H14,theptene C7H15;heptyl C7H16,rheptane C7H16;thethyln C8H8,styrene
C8H10,ethylbenz C8H164ctene C8H17 soctyl C8H18,Roctare C8H18,isooctane
C9H19,rnonyl C10H8,naphthale C10H21dgecyl C12H9,ebipheny C12H10,biphenyl
*Fe Fe(CO)5 FeO Fe(OH)2 HCO
HCCO HO2 HBOH HCHO,formaldehy HCOOH
H202 HB(OH)2 H3BO3 H3B306 (HCOOH)2
*O *OH *0O2 03 B(b)
B(L) B203(cr) B3O3H3(cr) B4C(L) C(gr)
Fe(a)Fe(c) Fe(d) Fe(CO)5(L) Fe.9470(cr)
Fe.9470(L) Fe(OH)2(cr) Fe(OH)3(cr) Fe203(cr) Fe304(cr)
Fe304(L) HBO2(cr) HBO2(L) H20(cr) H20(L)
H3BO3(cr) H3BO3(L)
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Samples with 1,4 dioxane, 6FR
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PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS
WERE LESS THAN 5.00000086 FOR ALL ASSIGNED CONDITIONS

*B BC BC2 BH BH2

BH3 BH4 BH5 *BO BOH

BO2 B(OH)2 B2 B2C B2H

B2H2 B2H3 B2H3,db B2H4 B2H4,db

B2H5 B2H5,db B2H6 B20 B2(OH)4

B3H7,C2v B3H7,Cs B3H9 B4H4 B4H10

B4H12 B5H9 *C *CH CH2

CH3 CH20H CH30 CH4 CH30OH

CH30O0H *C0O2 COOH *C2 C2H

C2H2,acetylene C2H2,vinylidene CH2CO,ketene O(CH)20 HO(CO)20H
C2H3,vinyl CH3CO,acetyl C2H4 C2H40,ethylenlCH3CHO,ethanal
CH3COOH OHCH2COOH C2H5 C2H6 C2H50H

CH30CH3 CH302CH3 C20 *C3 C3l-propynl

C3H3,2propynl C3H4,allene C3H4,propyne C3H4,cydtBH5,allyl
C3H6,propylene C3H6,cycldC3H60,propylox C3H60,acetone C3H60,propanal
C3H7,npropyl C3H7 ipropyl C3H8 C3HB0,1propanol C3H8O,2propanal
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C302 *C4 C4H2,butadiyne C4H4,1¢¥yclo- C4H6 butadiene

C4H6,1butyne C4H6,2butyne C4H6,cyc®4H8,tbutene C4H8,cisbuten
C4H8,tr2butene C4H8,isobutene C4H8,cyc{@H3COOH)2 C4H9,+butyl
C4H9,+butyl C4H9,sbutyl C4H9,tbutyl C4H10,Abutane C4H10,isobutane

*C5 C5H6,1,3cycle C5H8,cycle C5H10,tpentene C5H10,cycto

C5H11,pentyl C5H11,pentyl C5H12,mentane C5H12pentane CH3C(CH3)2CH3
C6H2 C6H5,phenyl C6H50,phenoxy C6H6 C6H50H,phenol

C6H10,cycle C6H12,thexene C6H12,cyclaC6H13,rhexyl C6H14,rhexane
C7H7,benzyl C7TH8 C7HBO,creswmix C7H14,theptene C7H15:heptyl

C7H16,rheptane C7H16;hethylh C8H8,styrene C8H10,ethylbenz C8H16¢iene
C8H17,nroctyl C8H18,roctane C8H18,isooctane CO9H1Manyl C10H8,naphthale
C10H21,rdecyl C12H9,ebipheny C12H10,biphenyl *Fe Fe(CO)5

FeO Fe(OH)2 *H HCO HCCO

HO2 HBOH HCHO,formaldehy HCOOH H20

H202 H2BOH HB(OH)2 H3BO3 H3B306

(HCOOH)2 *O *OH *02 03

B(L) B203(cr) B30O3H3(cr) B4C(L) C(gr)

Fe(a) Fe(d) Fe(L) Fe(CO)5(L) Fe.9470(cr)

Fe.9470(L) Fe(OH)2(cr) Fe(OH)3(cr) Fe203(cr) Fe304(cr)

Fe304(L) HBO2(cr) HBO2(L) H20(3H20(L)

H3BO3(cr) H3BO3(L)

Samples with 1,4 dioxane, 9FR
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BY BONNIE MCBRIDE AND SANFORD GORDON
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REFS: NASA RP1311, FART |, 1994 AND NASA RP1311, PART II, 1996
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PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS
WERE LESS THAN 5.00000086 FOR ALL ASSIGNED CONDITIONS

*B BC BC2 BH BH2

BH3 BH4 BH5 *BO BOH

BO2 B(OH)2 B2 B2C B2H

B2H2 B2H3 B2H3,db B2H4 B2H4,db

B2H5 B2H5,db B2H6 B20O B202

B203 B2(OH)4 B3H7,C2v B3H7,Cs B3H9

B4H4 B4H10 B4H12 B5H9 *C

*CH CH2 CH3 CH20H CH30

CH4 CH30OH CH300OH *CO *CO2

COOH *C2 C2H C2H2,acetylene C2H2,vinylidene

CH2COketene O(CH)20 HO(CO)20H C2H3,vinyl CH3CO,acetyl

C2H4 C2H40,ethyleto CH3CHO,ethanal CH3COOH OHCH2COOH

C2H5 C2H6 C2H50H CH30CH3 CH302CH3

C20 *C3 C3H3,ipropynl C3H3,2propynl C3H4,allene

C3H4,propyne C3H4,cycldC3H5,allyl C3H6,propylene C3H6,cyclo
C3H60propylox C3H60,acetone C3H60,propanal C3Hatropyl C3H7 ipropyl
C3H8 C3H80,1propanol C3H80,2propanol C302 *C4

C4H2,butadiyne C4H4,1,8yclo- C4H6,butadiene C4H6,1butyne C4H6,2butyne
C4H6,cycle C4H8,xbutene C4H8,cisbuten C4H8,trbutene C4H8,isobutene
C4H8,cycle (CH3COOH)2 C4H9 sbutyl C4H9,ibutyl C4H9,sbutyl
C4H9,tbutyl C4H10,Rbutane C4H10,isobutane *C5 C5H6,1,3cyclo
C5H8,cycle C5H10,tpentene C5H10,cycldC5H11,pentyl C5H11-pentyl
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C5H12,npentane C5H12pentane CH3C(CH3)2CH3 C6H2 C6H5,phien
C6H50,phenoxy C6H6 C6H50H,phenol C6H10,cy@@6H12,thexene

C6H12,cycle C6H13,rhexyl C6H14,Ahexane C7H7,benzyl C7H8
C7H80,creseimx C7H14,theptene C7H15;heptyl C7H16,rmheptane C7H1652
methylh

C8H8,styrene C8H10,ethylbenz C8Hl&dtene C8H17 soctyl C8H18,nroctane
C8H18,isooctane C9H19ymonyl C10H8,naphthale C10H2igecyl C12H9,ebipheny
C12H10,biphenyl *Fe Fe(CO)5 FeO Fe(OH)2

*H HBO2 HCO HCCO HO2

HBOH HCHO,formaldehy HCOOH H20 H202

H2BOH HB(OH)2 H3BO3 H3B306 (HCOOH)2

*O *OH *0O2 O3 B(L)

B203(cr)B303H3(cr) B4C(L) C(gr) Fe(a)

Fe(d) Fe(L) Fe(CO)5(L) Fe.9470(cr) Fe.9470(L)

Fe(OH)2(cr) Fe(OH)3(cr) Fe203(cr) Fe304(cr) Fe304(L)

HBO2(cr) HBO2(L) H20(cr) H20(L) H3BO3(cr)

H3BO3(L)

Samples with 1,2 epoxybutane, 3FR
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PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS
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WERE LESS THAN 5.00000086 FOR ALL ASSIGNED CONDITIONS

*B BC BC2 BH BH2

BH4 BH5 BOH BO2 B(OH)2

B2 B2C B2H B2H2 B2H3

B2H3,db B2H4 B2H4,db B2H5 B2H5,db

B2H6 B20O B2(OH)4 B3H7,02B3H7,Cs

B3H9 B4H4 B4H10 B4H12 B5H9

*C *CH CH2 CH3 CH20H

CH30 CH30OH CH300H *C0O2 COOH

*C2 C2H C2H2,acetylene C2H2,vinylidene CH2CO,ketene
O(CH)20 HO(CO)20H C2H3,vinyl CH3CO,acetyl C2H4
C2H40,ethylero CH3CHO,ethanal CH3COOH OHCH2COOH C2H5
C2H6 C2H50H CH30683 CH302CH3 C20

*C3 C3H3,xpropynl C3H3,2propynl C3H4,allene C3H4,propyne

C3H4,cycle C3H5,allyl C3H6,propylene C3H6,cycl@€3H60,propylox
C3H60,acetone C3H60,propanal C3Hpropyl C3H7,tpropyl C3H8
C3HB80,1propanol C3H80,2propanol C302 *C4 C4H2,butaaliyn

C4H4,1,3cyclo- C4H6,butadiene C4H6,1butyne C4H6,2butyne C4H6,eyclo
C4H8,butene C4H8,cisbuten C4H8,trbutene C4H8,isobutene C4H8,cyclo

(CH3COOH)2 C4H9,sbutyl C4H9,ibutyl C4H9,sbutyl C4H9,tbutyl
C4H10,rbutane C4H10,isobutane *C5 C5H6,1,3cycl®H8,cycle

C5H10,pentene C5H10,cycidC5H11,pentyl C5H11;pentyl C5H12,pentane
C5H12,ipentane CH3C(CH3)2CH3 C6H2 C6H5,phenyl C6H50,phenoxy

C6H6 C6H50H,phenol C6H10,cyel@6H12,thexene C6H12,cyclo
C6H13,rhexyl C6H14,rRhexane C7H7,benzyl C7H8 C8B,cresoimx

C7H14,theptene C7H15;heptyl C7H16,rheptane C7H16;thethylh C8H8,styrene
C8H10,ethylbenz C8H16;dctene C8H17 joctyl C8BH18,roctane C8H18,isooctane
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C9H19,rnonyl C10H8,naphthale C10H21dgecyl C12H9,ebipheny C12H10,biphenyl
*Fe Fe(CO)5 EO Fe(OH)2 HCO

HCCO HO2 HBOH HCHO,formaldehy HCOOH

H202 HB(OH)2 H3BO3 H3B306 (HCOOH)2

*O *OH *O2 O3 B(b)

B(L) B203(cr) B3O3H3(cr) B4C(L) C(gr)

Fe(a) Fe(c) Fe(CO)5(L) Fe.9470(cr) Fe.9470(L)

Fe(OH)2(cr) Fe(OH)3(cr) Fe203(cr) Fe304(cr) Fe304(L)

HBO2(cr) HBO2() H20(cr) H20(L) H3BO3(cr)

H3BO3(L)

Samples with 1,2 epoxybutane, 6FR
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BY BONNIE MCBRIDE AND SANFORD GORDON
REFS: NARA RP-1311, PART [, 1994 AND NASA RR311, PART IlI, 1996
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PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS
WERE LESS THAN 5.00000086 FOR ALL ASSIGNED CONDITIONS

*B BC BC2 BH BH2

BH3 BH4 BH5 *BO BOH

BO2 B(OH)2 B2 B2C B2H

B2H2 B2H3 B2H3,db B2H4 B2H4,db
B2H5 B2H5,db B2H6 B20 B203
B2(OH)4 B3H7,C2v B3H7,Cs B3H9 B4H4
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B4H10 B4H12 B5H9 *C *CH

CH2 CH3 CH20H CH30 CH4

CH30OH CH300OH *CO *CO2 COOH

*C2 C2H C2H2,acetylene C2H2,vinyliderCH2CO ketene

O(CH)20 HO(CO)20H C2H3,vinyl CH3CO,acetyl C2H4

C2H40,ethylero CH3CHO,ethanal CH3COOH OHCH2COOH C2H5

C2H6 C2H50H CH30OCH3 CH302CH3 C20

*C3 C3H3,xpropynl C3H3,2propynl C3H4,allene C3H4,propyne

C3H4,cycle C3H5,allyl C3H6,propylene C3H6,cy&lC3H60,propylox
C3H60,acetone C3H60,propanal C3Hpmopyl C3H7 tpropyl C3H8
C3H80,1propanol C3H80,2propanol C302 *C4 C4H2,butadiyne
C4H4,1,3cyclo- C4H6,butadiene C4H6,1butyne C4H6,2butyne C4H6,eyclo
C4H8,tbutene C4H8,cisbuten C4H8, trbutene C4H8sobutene C4H8,cyclo
(CH3COOH)2 C4H9 butyl C4H9,tbutyl C4H9,sbutyl C4H9,tbutyl
C4H10,rbutane C4H10,isobutane *C5 C5H6,1,3cyc®H8,cycle
C5H10,pentene C5H10,cycidC5H11,pentyl C5H11;pentyl C5H12,rpentane
C5H12,ipentane CH3C(CH3)2CH3 C6H&E5,phenyl C6H50,phenoxy

C6H6 C6H50H,phenol C6H10,cyel@6H12,thexene C6H12,cyclo
C6H13,rhexyl C6H14,rRhexane C7H7,benzyl C7H8 C7H8O,cresot
C7H14,theptene C7H15;heptyl C7H16,rheptane C7H16;thethylh C8H8,styrene
C8H10,ethylbenz C8H16;dctene C817,n-octyl C8BH18,roctane C8H18,isooctane

C9H19,rnonyl C10H8,naphthale C10H21gecyl C12H9,ebipheny C12H10,biphenyl
*Fe Fe(CO)5 FeO Fe(OH)2 *H

HCO HCCO HO2 HBOH HCHO,formaldehy

HCOOH H20 H202 H2BOH HB(OH)2

H3BO3 H3B306 (HCOOH)2 *O *OH

*02 03 B(L) B203¢r) B3O3H3(cr)
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B4C(L) C(gr) Fe(a) Fe(d) Fe(L)

Fe(CO)5(L) Fe.9470(cr) Fe.9470(L) Fe(OH)2(cr) Fe(OH)3(cr)
Fe203(cr) Fe304(cr) Fe304(L) HBO2(cr) HBO2(L)

H20(cr) H20(L) H3BO3(cr) H3BO3(L)

Samples with 1,2 epoxybutane, 9FR
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PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS
WERE LESS THAN 5.00000086 FOR ALL ASSIGNED CONDITIONS

*B BC BC2 BH BH2

BH3 BH4 BH5 *BO BOH

BO2 B(OH)2 B2 B2C B2H

B2H2 B2H3 B2H3,db B2H4 B2H4,db

B2H5 B2H5,db B2H6 B20 B202

B203 B2(OH)4 B3H7,C2v B3H7,Cs B3H9

B4H4 B4H10 B4H12 B5H9 *C

*CH CH2 CH3 CH20OH CH30

CH4 CH30OH CH300OH *CO *CO2

COOH *C2 C2H C2H2,acetylene C2H2,vinylidene
CH2CO,ketene O(CH)20 HO(CO)20H C2H3,vinyl CH3CO,acetyl
C2H4 C2H40,ethyleto CH3CHO,ethanal CH3COOH OHQBOOH
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C2H5 C2H6 C2H50H CH30CH3 CH302CH3

C20 *C3 C3H3,1propynl C3H3,2propynl C3H4,allene

C3H4,propyne C3H4,cycldC3H5,allyl C3H6,propylene C3H6,cyclo
C3H60,propylox C3H60,acetone C3H60,propanal C3Hbrapyl C3H7 ipropyl
C3H8 C3H80,1propanol C3H80,2manol C302 *C4

C4H2,butadiyne C4H4,1,8yclo- C4H6,butadiene C4H6,1butyne C4H6,2butyne
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Samples with ammonium hydroxide, 3FR
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H20(cr) H20(L) H3BO3(cr) H3BO3(L)
Samples with ammonium hydroxide, 6FR
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Fe.9470(L) Fe(OH)2(cr) Fe(OH)3(cr) Fe203(cr) Fe304(cr)
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H3BO3(cr) H3BO3(L)

Samples wit ammonium hydroxide, 9FR
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B. NITROGEN GAS ADSORPTION ANALYSIS
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Figure B.1. Nitrogen adsorption/desorptiomsotherms of F#s xerogels
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dioxane (e) THF (f) ammonium hydroxide
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C. THERMAL ANALYSIS
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Figure C3. DSC and TG plots as a function of temperature at an equivalence ratio of 6
for A. Mg/FeOs samples B. 20%M@/FeOs samples C. B/F©3 samples D. Al/FgD3
samples prepared by THF
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Figure C6. DSC and TG plots as a function of temperature at an equivalence ratio of 6
for A. Mg/FeOs samples B. 20%M@/Fe:0O3 samples C. B/R©s samples D. Al/F£Os

samples prepared by propylene oxide

224



D. EDS ANALYSIS
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FigureD.1. EDS spectrum of 9 FR B/K®s synthesized with ammonium hydroxide

225



eLl

FeFb
PdLg FeFa

.20 4.00 4.80 5.60 6.40 7.20 keV
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FigureD.3. EDS spectrum of 9 FR B/E®3 synthesized with propylene oxide
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E. KINETIC STUDY
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