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Energetic materials (EMs) are substances with a high amount of storgy ane
the ability to release that energy at a rapid rate. Nanoitesrmrand green organic
energetics are two classes of EMs which have gained smgmifioterest as they each
have desirable properties over traditional explosives. These sysisn possess
downfalls, which could potentially be overcome if more were understbodtahe
nature of their reactions. However, ultra-fast reactiongerminent during ignition and
combustion, and increase the difficulty in probing the initial and rimeeiate reaction
steps. The goal of this study is to probe the early phaseaabiorein nanothermites and
green EMs, and to do so we have developed a Temperature-Jump/TifighroMass
Spectrometer (T-Jump/TOFMS) capable of rapid sampling andnbeaties. Various
nanothermites have been investigated with this system, and anadgsishown that
nanothermite ignition is dependent on the decomposition of the metal @xidein
certain systems there is distinct evidence of condensed phtaagomi Carbon/metal
oxide mixtures, which have application to chemical looping combustion, alsce

investigated and further demonstrate condensed phase reaction. Asidemiass



spectrometry, complementary high heating rate SEM/TEM, presslireand optical
experiments were also performed.

Many organic energetics including a variety of tetrazole comgiionic salts
have also been examined. To investigate the breakdown of the &triagola common
substructure in green organic energetics, several tetrazole niongtaalts with minor
variations in either functional group or anion composition were studied hain
tetrazole decomposition pathways were identified and are edfdnt the placement of
functional groups along the tetrazole ring. Many differences \ab@ observed in
comparison to previous works at slow heating rates due to eitherediff reaction
processes or the presence of secondary reactions in the prewidies.s Ap-DSC
experiment showed a decrease in activation energy for dktrgpntaining materials

under high heating rates, further suggesting different mechanistic proeessd play.
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Chapter 1: Introduction

1.1. Motivation

1.1.1. The Development of Energetic Materials

Energetic materials (EMs) can be loosely defined as sulestavith a significant
amount of potential energy that also rapidly react to releaseetteagy. From this
definition a large number of materials could be classified as, BEMsin the context of
this work energetic materials are considered to be substancdsasspropellants,
pyrotechnics, or explosives. One of the first energetic naite gunpowder (black
powder), is reported to date back to as early as 220 BC Chindr{the 13" century
gunpowder was brought to Europe [1, 2] and eventually became the dsstproduced
energetic material. Due to its ease of use, relativaysafad diversity as an energetic
material, gunpowder was the prominent EM until the mid-1850's. Alntdogy
advanced, the desire for a ‘jack of all trades’ material veptaced by the need for
materials to meet specific applications. The main requirestettitat time was a more
powerful material, one could that could produce more energy in a shoréspan than
gunpowder. Thus by early in the”2@entury a number of notable EMs, including
nitroglycerine (the energetic foundation of dynamite), PETN (peyttaéoltetranitrate),
RDX (cyclotrimethylenetrinitramine), and TNT (trinitrotoluenbad all emerged [2].
These materials are called high explosives as they detonatg dombustion, and most
of them are commonly used today. These were of course somefeWtiseiccesses out

of many attempts to create new materials, yet these successes stiowef what could

1



be done in this field. This helped to push the field of energetierals as with each
new material came the question, how can we make this matetiai?beThe goal to
create a material with greater explosive properties hasnceatito this day, peaking in
1986 with the discovery of CL-20 [3].

Despite over a century of work to create better energetierralat some of the
most common high explosives today are RDX and HMX which were nailgi
discovered in 1899 and 1930, respectively [2]. There are many falctirbave kept
these materials relevant including cost, availability, and gtgbdombined with their
energetic properties. However, at this point there should be cowthrrihe lack of
success in developing new materials. To address this issue, tteot@a needs to be
lent to investigation of how these materials work. Even fatennals like RDX that have
been extensively studied, there still exists uncertainty in ¢betion mechanisms. A
more thorough knowledge of how these materials form their fieattion products
would provide the information to more effectively design new materials. lhthedual
steps of the molecular breakdown of an energetic material arenkriban it may be
possible to tune that material to react in a certain way. This seemgadilediely simple
solution, but the nature of energetic materials and their ulttardastions make this a
formidable task. Traditional experiments for characterizasfa@nergetic reactions work
at a timescale that is orders of magnitude greater thametwtion of the energetic
material itself (microseconds). Therefore new methods areede® investigate the
reactions of energetic materials at a rapid timescaledioepthe initial and intermediate

events.



1.1.2. New Energetic Materials

This question of ‘how can we make this material better?’ cordinoarive the
field of energetics, but the definition of ‘better’ has evolved. Wthike performance of
EMs has come a long way, current research also focuses oragpleets of the material,
including the stability, environmental impact, and ability to tune rdection. These
factors have led to the pursuance of two classes of EM, tlesraniid ‘green’ energetics.
Thermites, typically a mixture of particles of aluminum andahexide, fall in line with
the goal of creating a material with a greater energy output. A typeahite can have a
higher potential energy than even CL-20 as shown in Figure 1.1.igbre shows the
energy release per unit volume and per unit mass for a varighewhites and high
explosives. It can be seen that, especially on a per unit volunse th@snanothermites
have the potential to outperform CL-20, the current benchmark in Elrpance.
Unfortunately, thermites typically react much slower thauwlii@al high explosives
limiting the rate of energy release. However, thermites hatieer potential in that they
are highly tunable, and therefore many of their reactive piiepesuch as ignition
temperature, burn rate, and sensitivity can be changed by theoranastoichiometry,
packing density, or oxidizer composition. This has led to the use ohitee in
propellant and pyrotechnic applications, and their high amount of stoerdyegives
them further potential if the gap in reaction rate can be bridged.

‘Green’ energetic materials (GEMs) have been developed withgtia of
improving the overall environmental impact of energetic materidlkis includes all
aspects of the material’s life with particular focus on trengtion of environmentally

benign reaction products. Materials such as RDX and HMX have beem koole
3



hazardous at different stages of their lifetime [4]. |dealigaerial could be made that
supplant these materials from an energetics standpoint, withoaghte same negative

environmental impact.

AH,,.ume (Kcal/cc)

METAL, 0 o o N,

OXIDIZER
Al/MoO,

Al/Ni,O4
Al/Teflon
Al/KCIO,

AHvolume
AHmass

AH, ... (kcal/g)

Figure 1.1: Energy release per unit of volume or @ss for various thermites and high explosives (this
image is from Fischer and Grubelich [5]).

Both thermites and GEMs have the potential to significantly chang current
field of energetic materials. As with the formulation of neatenials, more information
on the decomposition and reaction of these materials could greadyee the overall
understanding of how they work on a bulk scale, and thus lead to improgeiméineir

functionality.



1.2. Nanothermites

Aluminum is the typical fuel of nanothermite systems due to déiative
abundance, low cost, and high amount of stored energy. Metal oxide naeparti
provide the oxidizer for the system and can be made up of a widgyvaf oxides,
which all have unique physical, chemical, and electrical properéied will have
different effects on the thermite reaction. Traditional thexmmiaterials were made with
micron sized particles, and burned very slowly compared to traditbmgahic energetics.
This issue was addressed by shifting from micro-sized fegtio nanoparticle systems,
which led to the term nanothermites. It was found that a deeri@ primary particle size
in thermite composites from the micro to the nanoscale, inatdasea rates in burn tube
and open tray experiments by up to three orders of magnitude [6-&.efilmncement is
due to decreased diffusion lengths and an increase in surfacefahe reactants. This
improvement in performance over the traditional microscale thesrbiings the reaction
rates closer to that seen in organic EMs. If the reactienafabanothermites could be
increased even further, then it may be possible to formulate namd#héigh explosives.
This would be a considerable accomplishment due to the amount of potewtigly in
nanothermites.

However, due to an inherent oxide shell on the aluminum nanoparticlesumade
of inert AlL,O3z (alumina), there is a limit to how small the primary nanaoglag can be
before the AIO; starts to detrimentally affect the thermite reaction.allgehe fuel and
oxidizer in a thermite would be mixed as intimately as in gamrc energetic, but our
current technology limits this process. Since nanothermites showlemide promise

in the energetics field, and are composed of materials theglateely cheap and readily
5



available, there is a push to gain a greater understanding of tti®meand initiation

mechanisms of these materials.

This will hopefully enhanceltiiy to tune these

systems for optimal performance in a variety of applications.

1.2.1. Aluminum Combustion

Given the central role that nanoaluminum plays in nanothermites eféorys

have been dedicated to understanding its combustion. Due to a large obmitential

experimental variations, results on aluminum combustion may differ significantl
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Figure 1.2: The burning time of aluminum particlesas a function of diameter (this image is from

Huang et al. [9]).

Figures 1.2 and 1.3 show some examples of how the combustion kinetiss of

nanoparticles differ from microparticles, as the burn time gndion temperature are



both experimentally shown to be lower in nanoparticles. The questiaingnwvhy do
nanoparticles burn differently, and how do they actually initiate thggiition and
combustion processes. Since aluminum nanoparticles show substantifdhgendi
characteristics than micron-sized particles, and are ghymesed in nanothermites, focus

will remain on Al nanoparticle combustion.
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Figure 1.3: Particle ignition temperatures as a function of paticle size (this image is from Huanggt
al. [10]).

Much attention has been given to understanding the transport of alumirtim wi
respect to its AlO; shell. Figure 1.4 shows a TEM image of the inherepDAbf an
aluminum nanoparticle. This shell is typically 2-3 nm in thicknbss,can be grown
larger in different environments. The 8k shell acts as a protective barrier for the

aluminum fuel and prevents complete oxidation. For the underlyingralomto react
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with and oxidizer it must either escape from the,Os shell, or an oxidizer must diffus
through. During slow heating, aluminum ions cdffudie outwards out of the ;03 shell,

and Q can diffuse inwards, thus making the reaction diffa controlled.

Figure 1.4 TEM image of aluminum ~50nm aluminum nanopartick (this image is fron
Sullivan [11]).

If the aluminum nanparticle is rapidly heated, the neainstantaneous melting of tl
aluminum could have considerable effi in aiding the transpogtrocesse. The exact
natureof aluminum transporin this case is not known, butvezal models have bet
proposed.

Levitaset al. [7, 12] suggest that aluminum escapes from the oxide siela
“melt dispersion” mechanism. This mechanism pregoshat under rapid heati
conditiors as the aluminum core m¢ and the alumina shell remains in the solid ph
the aluminum volumetrically expar by up to 6% creating a strong, repulsive force

the outer shell. This force cau rupturing of the AIO; shell andresults in an unloadg
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wave through the molten Al, which causes spallation into bareusteasis travelling at
speeds of up to 250 m/s. Based on a more moderate heating ratmenpeRaiet al.

[13] proposed a diffusion based model to help explain the appearance of holew
aluminum particles after heating. They suggest that theréwareegimes, a fast and
slow oxidation regime where the oxidation respectively occurs abadebelow the
melting point of Al. The slow heating regime occurs when theofe ¢s still in the solid
phase and is dependent on oxygen diffusion through th®;Alore, while the fast
oxidation occurs after the melting of Al and depends on the diffusibotbfoxygen and
aluminum, and can be further enhanced by breaking of the alumina ¥Wiele Levitas

[7, 12] suggests that the extreme pressure within the aluminacalisks spallation of
the aluminum core, Rai [13] suggests that this pressure sereehaoce the diffusion
through the shell. For Al nanoparticle ignition, an alumina shellkbrganechanism is
also suggested by Truneval. [14]. This mechanism is designed to explain the burning
of a wide variety of aluminum patrticles, at the micro or nanes@ald is based on the
varying morphology of the ADs; shell. For nanoparticles they suggest that the alumina
shell can quickly shift from the natural amorphous phagepfoase crystals that produce
gaps in the shell exposing the bare aluminum for oxidation.

The method of aluminum transport through theQAlshell has been a topic of
much debate, but regardless, it can be concluded that rapid heatarg adiminum
particle will have an enhancing effect on the transport of @umi With improved
transport of aluminum comes the ability to oxidize faster arghift the reaction towards
an ultra-fast, kinetically controlled reaction. In some nanothersyistems, where rapid

combustion occurs, inherent heating rates can reach up /40 Thus self-heating of
9



the nanothermite allows for fast transport processes and furtheotgneaction. Since
some of these reactions occur very rapidly with high enerigase, it is difficult to

investigate the intermediate steps of the reaction.

1.2.2. Oxide Role in Nanothermites

The nanothermite reaction is a two-component process as amarfuel and
an oxidizer must be present. Common oxides in the nanothermiteSu@re FgOs,
Bi»O3;, and MoQ, each of which creates a unique reaction. Differences inajnden
temperature, reaction rate, gas production, flame temperaturearetchese differences
are caused by the different properties of the oxides. In partidwlo major properties
that can affect the nanothermite reaction are the oxide'syatuil produce a mobile
oxidizer, and the temperature at which this oxidizer is formed. phse of the oxidizer
is also important as it will affect the transport process.

Several other factors also play a role in the reaction incluimgrder of events.
For example, if an oxide can produce an abundance of feeavidich is typically
advantageous, at what temperature will this occur? If thes @eleased at 600 K, but
aluminum does not escape its®@4 shell until 933 K, then it is possible that the majority
of O, will diffuse away prior to reaction. It is also necesskmythe metal oxide to
produce a “free” oxidizer, as in the oxidizer must be readilylaa for transport to the
aluminum. This transport process could occur in either the condphsed or the gas
phase and may be different for each oxidizer, but regardlesssitlme a fast process to
sustain a rapid nanothermite reaction. Thermodynamicallyn#tal oxide could also

affect the maximum temperature of the reaction if it formauct that is difficult to
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melt or vaporize. The final temperature is limited as enexrgged for the phase change
processes, which can therefore limit the reaction rate, aghartiemperature promotes a
faster reaction. In some nanothermite systems the aluminuiiecaaporized, resulting

in a greatly enhanced reaction. However, if energy is spepihase change processes of

metal oxide products, this may not be possible.

1.3. “Green” Energetic Materials (GEMS)

Many of the traditional organic EMs have been thoroughly relsedsdut the
recent shift towards environmentally friendly materials has bitouglany new
formulations. Some GEMs have the energetic properties to replaent EMs, but
more must be understood about their performance and stability. Neégle tnaterials
concern is given to the synthesis, storage, and combustion of teeatmand how each
of these steps in the material’s lifetime can damage the environment.

A recent goal for the combustion process is to reduce the formatt harmful
reaction products. In some GEMs this is performed by using higjogen content
materials that have high heats of formation and create energyebking their many N-
N bonds. Many materials release energy by forming carborainorg products with
negative heats of formation. The goal of using high nitrogen/low cacbotent
materials is to prevent the production of harmful carbon containing reaction prad@gts (
and produce relatively benign nitrogen containing products (Wne common structure
used for this is the tetrazole ring, which can be modified tepoearious functional
groups. The tetrazole structure can also be positively charlggidely easily so that it

can be paired with a functional anion. When paired with an aniorativedy stable
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energetic salt is formed. Figure 1.5 is an example ofraztde containing cation (right
side) paired with a nitrate anion. These materials such haligiblegvapor pressures,

and are well suited for energetic applications.

02

03
N7

01

Figure 1.5: Molecular structure for 1,5-diamino-1H-tetrazolium nitrate (this image is from Galvez-
Ruiz et al. [15]).

Typical energetic material characterization methods can detrthe final
reaction products that are formed, but the uncertainty lidsow those products are
formed. By understanding the initiation and decomposition of green é&onsygme can
identify how the reaction products are formed. With knowledge of the decongositi
pathways, it may be possible to formulate materials to produt&rcéenign reaction
products. The synthesis process for these materials, whilaltyptomplex, is highly
tunable so that slight variations in molecular structure are pessiliihese slight
variations can have significant effects on the decomposition meohamd can promote
different reaction products. For example, with the tetrazoleasong salts, if a
functional group on the tetrazole ring is removed or replaced wdiffexent molecule,

12



what effect will this have on the overall decomposition? Unforeipags with the
nanothermite reactions, organic EMs react very quickly and thergfasedifficult to
probe the intermediate steps of the reaction.

As previously mentioned, some systems like RDX have been around foa ove
century. These materials have had hundreds of articles dedicatibeirtareaction
mechanisms, yet these mechanisms are still uncertain. ForsGl#W materials are
rapidly being produced so there are only a very limited numbetudfes on specific
materials and their decomposition properties. The amount d@tliterdedicated to these
materials is far exceeded by that of traditional orgaiis BVith many new materials it
would be impossible to dedicate this much time to each. Evenhe most well-studied
materials there exists uncertainty in reaction processesnanagignify the need for new
techniques to approach this problem. New methods are required to imgvowe
previous experiments for better probing of the reactions of thesd) vghice goal of this

research.

1.4. Ultra-Fast Reactions in Energetics

GEMs and thermites can be put into two different classesafjetic, organics
(GEMs) and inorganics (thermites), which have significant chamighysical, and
mechanistic differences. Despite their differences both fethwve the ability to
participate in ultra-fast chemical reactions, which is necgdsa a high rate of energy
release. Ultra-fast reactions within EMs largely dependhenntixing of the fuel and
oxidizer within the material, as mass transport effects ctam de the rate limiting step

in a chemical reaction. One major difference between GEMsandthermites is that
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their fuel and oxidizers are mixed at different length sctidasaffect the speed of their
reactions. Traditional organic explosives (TNT, RDX, HMX) andskhave a fuel and
oxidizer mixed at the atomic level allowing for a very fasaation rate as there are
negligible mass transfer delays for diffusion of the fuel tredoxidizer. On the other
hand, a thermite made up of an intimate mixture of metal and metld nanoparticles
still has a relatively large distance between the fuel ardokidizer that restricts the
speed of the reaction. The nanoparticles in traditional nanothermwate be tens to
hundreds of nanometers. With a 100 nm aluminum particle as the fuahimothermite
system, part of the fuel is at least 50 nm from an oxidizerpeosd to angstroms for
organic EMs. Although the nanothermite reaction is slower thamiorg§aMs it is still
fast, but leaves obvious questions into how the nanothermite reaction cpedep.
These questions could potentially be answered if the reactioegses of nanothermites

were more thoroughly understood.

1.5. Slow Heating vs. Rapid Heating

Many combustion and ignition processes are known to display high heattsg r
so to mimic these processes high heating rate experiments $leouised. While low
heating rate experiments can be beneficial in determininghiienal stability of a
system, and uncovering some mechanistic processes, high hedéinexperiments are
still needed to understand and verify the processes that occur daypidgcombustion
events. Reaction kinetics can vary greatly as a function of heatiag16], but these
changes are not fully understood, although it is typically asduimat kinetic variations

at different heating rates are due to changes in the dotrchamical processes. There
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are trends that support this concept including the increase of thevethsnanothermite
ignition temperature with an increase in heating rate [17, 18pvepparent activation
energies tend to decrease [19, 20]. Nanoaluminum provides a good exdnhohe

burning times can change with heating rates as at moderataghestes it has been
shown to burn on the order of 1s [20], but at very high heating rates& barthe order
of 100us [21]. Clearly there are significant differences lowsand rapid heating
experiments, and since ultra-fast energetic reactions demenstpad heating conditions,

it is desirable to study these materials under a similar environment.

1.6. Experimental Needs

To study the initiation mechanism of an ultra-fast reaction sscihat of the
nanothermites and organic EMs, there are several key factoraréhdesired from an
investigative instrument:

1. Species Identification:

For probing the reactions of combustion events, it is desirable ® hav
species identification capabilities for the reaction productss Whi enable us to
understand more about what reactions are occurring, and what isamgdess

ignition of a given energetic material.

2. High Sampling Rate:

The sampling rate of an instrument capable of species idatibficis the
biggest concern, and the most difficult to overcome. If a combustion eseunts
on the order of microseconds, an instrument that can sample on tloseanand

timescale is needed. Most experiments that investigate ptioducts of
15



combustion operate on long time scales that are only capable aficgpthe
final reaction products. Species identification at fast toamles is difficult
because with a reduction in time scale there is a reducticambent of material
that is collected for analysis. For spectrometry purposescahioften result in

poor spectral resolution.

3. High Heating Rates With Known Temperatures

During combustion or ignition events, heating rates greater thaK/s0
can be obtained. Therefore, experimental heating rates that ihiose of an
actual combustion event should be used. While some methods such as laser
heating are effective in heating a sample very rapidlys inot possible to
simultaneously record the temperature of the sample during ¢eafinerefore,
the temperature of initial reaction is still unknown. Knowing tbgition
temperature of individual samples is necessary for charatierizpurposes, and

can also be valuable when analyzing reaction mechanisms.

4. Probing of Initial Reactions /Elimination of Secondary Gas Phase Reactions

Investigation of initial and intermediate processes is a primangern,
and consideration must be given to the atmosphere in which thensygtzates.
To accurately probe the initial and intermediate events, caré lmeutaken to
eliminate or reduce secondary reactions. Secondary reactions @anedber
through the reaction of volatile products with the atmosphere, or thraaigh r

combination reactions between multiple products. With a proper expeaime
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setup, the first detected product species should be the first psmhaies that are
produced by the reaction. If secondary reactions occur, thesmmeawill make

it difficult to determine what processes are related to the primaryaoeacti
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Chapter 2: Temperature-Jump/Time-of-Flight Mass
Spectrometry

2.1. System Introduction

A temperature—jump/time-of-flight mass spectrometer (T-JuUQPMS) [22]
pictured in Figure 2.1, was developed with the goal of satisfyingleze mentioned

experimental needs, and Figure 2.2 shows the key features of the system.

Figure 2.1: Image of T-Jump/TOFMS. A. Time-of-Flight tube. Bonization region (in vacuo) and
electron gun. C. Sample insertion probe and galie.
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The system is designed to rapidly heat energetic matandlisimultaneously sample the

reaction products at a fast time resolution. By using very ssaatiples this system

allows for the probing of the initial reaction events, and the temuof secondary

reactions that are sometimes associated with the use of large samples.

Electron Gun

Ionization Chamber

MCP Detector

TOF Tube

lon Extraction Assembly

T-Jump Probe

Observation Window

Gate Valve

Sample Loading Chamber

L
Turbo Pump
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: | Feedthrough

1

1

i
Turbo Pump

Figure 2.2: Schematic of primary components in th&@-Jump/TOFMS setup [22].

The minimization of secondary reactions is further aided byrigeat the samples under

high vacuum. This eliminates the oxidizing environment of air, angribducts have a

large mean free path and quickly move away from the reaction zAhetmospheric
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pressure, when reaction products are formed, they can create a loigdlepressure

around the reaction zone and promote reaction of volatile products.

2.1.1. Rapid Heating

The essence of the temperature-jump system is a fine platitanrert with a
~76 um diameter and 1-2 cm length, which acts as the heatifagesdior the sample
material. The filament is resistively heated by a tunabieent pulse that is output by an
in-house built power supply. This power supply is capable of heatingspulshe range
of 2-20 ms, and heating rates of nearly K&s. The maximum temperature is close to

that of the melting point of platinum at 2043 K.

2.1.2. Temperature Calculation

During the heating events the current and resistance are sigaltly monitored
to determine the resistance change of the filament with iredesmperature. The
current is measured using a Tektronix AM 503 Current Probe Ampldra the voltage
is recorded by a Lecroy LT344 digital oscilloscope. Due tkimevn thermal properties
of platinum the change in resistance can then be related &ntipertature of the filament
using the Callendar-Van Dusen equation [23],

Ry = R,[1 + AT + BT?] (2.1)
In this equation, Ris the resistance at a certain temperature (J)s Bhe resistance at 0
°C, and A and B are material dependent constants, with typical @&nior platinum
being A = 3.985x18°C™ and B = -5.85x10 °C™? [24].
There are several factors that can contribute error tietheerature measurement.

The goal is to obtain the temperature of initial reaction ofsdraple, but this method
20



determines the temperature of the filament. Heat transfeulaons show that the

temperature of the particles nearest to the filament follovietmperature of the filament
within 5 K [25]. Therefore, the temperature of initial reactibawdd be similar to that of

the filament. Other potential sources of error are due to #efua new filament for

each experimental run. This requires measuring of the filamedtsoldering the wire to
the electrical leads. These tasks could lead to variatiomstisl resistance and contact
resistance, which are both factored into the temperature calculation.

There are also concerns with physical properties of centerials such as
nanothermites. At the bulk scale, ignition and burn rate are depend the packing
density and stoichiometry. These experiments are performedeviglsmall samples (1-
200 ugQ), so these factors may have little bearing on the ing&dtion. However,
stoichiometry may be of concern since we are dealing with $pacated agglomerates
of fuel and oxidizer particles. The local stoichiometry nearfiltaenent could change
between experiments producing differences in ignition temperature. ®#dgse factors
and the rapid heating rates that are used, ignition temperatore & typically below +

40 K.

2.1.3. Samples

Nanothermite samples were prepared by mixing aluminum nanogsartigth

Bi»O3, CuO, or FgO3 particles to obtain a stoichiometric mixture,

2Al + Bi,O, — AlLO, + 2Bi (1)
2Al +3Cu0O— Al,O, +3Cu 2
2Al + Fe,0, — Al O, +2Fe (3)
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where the BiOs; is from Sigma-Aldrich and has a primary particle size ¥6-nm and
the aluminum is from Argonide with an average particle size56frm. Carbon/metal

oxide samples were also stoichiometrically mixed assuming,
C+2MO—3CQO, +2M 4)

with “regal 300" carbon black attained from Cabot Corp (MO = metal oxide, M d)meta
When calculating stoichiometry, an,8k; shell, which makes up 30% of the mass
of the aluminum sample is taken into account as previously determieugh
thermogravimetric analysis. The samples are initially placed hexane solution and
sonicated for ~20 min to ensure a fine mixing of materials. r&terials studied are 5-
amino-1H-tetrazole (5-AT), 5-amino-1-methyl-H-tetrazolium dinitramide
(MeHAT_DN), 1,5-diamino-4-methyl-i-tetrazolium dinitramide (MeDAT_DN), 1,5-
diamino-H-tetrazolium nitrate (DAT_N), 1,5-diamino-4-methyitetrazolium azide
(MeDAT_N3), and 5-aminotetrazolium dinitramide (HAT_DN). 5-aotetrazole was
acquired from Sigma-Aldrich and all other samples are provided.ly Klapotke of
Ludwig-Maximilians University in Munich, Germany. With the eptien of 5-
aminotetrazole, the synthesis of each material is documentedhelse [15, 26-28].
Each sample is placed in either ethanol or methanol to aid in agghg sample to the

wire and to maintain stability of the material.

2.1.4. Sample Coating

The sample solutions are placed in a dropper and then manually apptiesl t
platinum filament. The drop of sample is repeatedly contacted thg filament,
typically until a small amount of sample is noticeable on the.wiith this method it is
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difficult to ensure uniform sample properties such as mass, pad&mgity, and sample
thickness. However, it is a process that allows for relgtrapid repetition, and despite
the non-uniformities, still produces repeatable results. Calonfatpredict that for
organic samples, the mass of material varies between 1-10 pdorandnothermites
between 1-200 pg. Figure 2.3 shows an SEM image of a filamessegpaoated with

Al/CuO nanothermite.

Figure 2.3: A SEM image of Al/CuO sparsely coatednto a platinum filament.

2.1.5. Sample Loading and Testing

The platinum filament is connected to an electrical vacuum feedigh that
allows for insertion into the high vacuum chamber of the TOFMS lyyofria gate valve.
Insertion of the filament into the vacuum region without breaking thl taruum
allows for a reasonable repeat rate for the experiment. THeMBOIs a customized
single particle mass spectrometer [20], and was fitted witblectron impact ionization

source set to 70 eV for a “soft” ionization technique compared t@ridous laser
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ablationionization metho. The essence of this system is that the sampmhsésted intc
thevacuum chamber of the TOFMS wit close proximity to the ionizatic region of the
MS and rapidly heatedTherefore, once the reactioccurs, the product spec quickly
travel through the vacuum to the sampling rn and through the TOF tube (~us). A

schematic for the operation of th-Jump/TOMS system is given in Figure ..

Voltage and Current of T-Jump

Digital
Oscilloscope le lons Signal

'Y

MCP Detector

Monitor

High Voltage |, (spiitter)

Pulser
A
'Y
TTL Pulse .“4 High Voltage
Generator rigger l Power Supply
T~Jump Probe Heating Pulse

Power Supply

Figure 2.4: Schematic of the electrical connections for the higvoltage extraction plates and heating
pulse [22].

The sampling of the MS is performed at 10,000 Hang a 100 us timeesolution
between each full spectri, which ranges from m/z 0 to m/z ~40QA function generatc

triggers the heating event as well as the pulsinghe electric field in the icization
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region of the mass spectrometer. Pulsing of the extractioniplplements a gradient in
the electric field that accelerates the ions through the TOF tube tadteeahannel plate
(MCP) detector. There are several experiment variationsatigapossible with this
system including the detection of ions formed inherently in the reaction, eosiekition

studies. The applied voltages for the various experimental setugs/anein Table 2.1.
In a typical T-Jump/TOFMS experiment the electron gun impactothe primary
For self-ionization experiments, nthm

method of ionizing product species.

modification is the turning off of the electron gun. In this casg,ions that are detected

are a direct result of the thermite reaction.

Experiment
Negative lon Negative lon
Positive lon Total lon | Total lon
Species Species
Species Detection | Detection
Detection Detection
Detection (positive) | (negative)
Extraction Proposed (1) Proposed (2)
Plates
Filament
Edge Center Center Edge Edge
Placement
Pulsed
Al Ground Ground -200 -1500 (Ground to -
200V)
Pulsed
Pulsed (Ground
A2 -200V Ground (-1500 to Ground
to -200V)
-1300V)
A3/Liner -1500V -1500V -1300V Ground Ground

Table 2.1: Voltage specifications and filament poson for various experimental setups.
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2.1.6. Initial System Implementation

This system was designed to study the reaction events in bahioEMs and
nanothermites. Initial testing of organic materials was sstdesith few setbacks, but
testing of nanothermites was much more difficult. The issatdrose for nanothermite
testing was the formation of ionic species during the initiatiomteftkis was confirmed
and characterized in a later study [29] and will be discussetiapt€r 3). In the initial
system design, positive voltages were used on the extractiors pifatde ionization
region (Al = +1500V, A2 = +1300V, A3/liner = ground), and it was thegree of the
positive voltages, combined with the formation of a large amount otinelyacharged
ionic species during the nanothermite reaction that caused failuree dfime-of-flight
mass spectrometer. Figure 2.5 is a picture of the ionizatiolnregf the mass
spectrometer taken during nanothermite combustion. The filamiexcgied horizontally
in the center of the image, in between the two extracticleplaThe image was taken
with a standard digital camera using a shutter time much Idghgerthat of the heating
pulse so that the entire reaction event could be captured. We suspect that thgidhse r
represent arcing as they are not present during instances vatbog. Due to the large
amount of negatively charged species that are formed duringati@hermite ignition,
adjustments were made to reduce the field gradient near theriilaamd also to use only
negative voltages (negative species are repelled). The curigmt tbat is successful for

nanothermite testing is the ‘positive ion species detection’ configuratiorbie Zl.
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xtraction plate

Figure 2.5 This image was captured using a shutter time murclonger than that of the heating even
to capture the entire event.Blue colored regions, likely represent arcing withm the systemr

To troubleshoot the arcing issue, SIMIC8.0 [30]was used to model the elect
field and trajectory of ions in the mass spectr@r. Figure 2.6shows a samp positive
ion trajectory through the extraction region of thass spectrome for a high voltage
configuration. This figure shows the changes in the electric figlth and without th
platinum filament. The modeled pla configuration is not listed in Table1, but is
essentially that of ‘Negative lon Species Detecti®roposed (1)’ but with revers:
polarity. The simulation assumes that the ions are formédeirmiddle of the extractic
regionas this is the plane where the electron gun eftitergxtractin regior. With such
a large field gradient between the-Jump Probe’ (filament) and the extraction pla
there is a large flux of ions to the sample filamenhis may have been part of the rea
for the lack of success of the positively chargégh voltage extraction regior A

detaileddescription of the use of SIMION ¢is given in the appendix.
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Figure 2.6: lon trajectory model for the extraction region of the mass spectrometer using SIMION
[22]. A. With the filament inserted near to the efraction plates of the spectrometer. B. Without tle
sample filament (“T-Jump probe”).

2.2. Experimental Goals

The main objective of these studies is to gain a further understantiitiee
reaction mechanisms of both nanothermites and organic EMs. This knowtaddeaid
the advancement and tuning of energetic materials to createabptmditions for their
specific applications. For nanothermites it is necessary udy sthe role of both
aluminum and the metal oxide during initiation and the overall reacti®ynexamining
the effects of rapid heating on the nanothermite, as welhes¢at metal oxide and
nanoaluminum powders it may be possible to draw some conclusions about the
nanothermite dependence on each of these components. The differentgeaberach
metal oxide should effect the nanothermite reaction in some fasimdrthis study may

clear up which of these properties are most influential. Irohatf the nanothermite
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reaction is difficult to study due to the speed of these mregtbut with the use of the
high sampling rate, a clear set of reaction steps may be obtainable.

In organic EM reactions slight variations in molecular structoag significantly
change the breakdown mechanism. The studying of the breakdown nisethaof
several similar materials, particularly tetrazole contaj energetic salts, may allow for
identification of the tetrazole ring breakdown mechanism under higingeates. This
could also reveal whether slight changes in molecular struafteet the final reactions
products or the reaction mechanism. Furthermore, the dependence opdsitiom on
different functional groups or anion species and how they influeneerdhction
properties of the material can also be probed.

It is expected that there are some differences in reactien dr decomposition
temperature for each material that can be observed with otansysWith a system
capable of high heating rates like our T-Jump/TOFMS, it is ialgwesting to examine
the activation energies of materials under these conditionsiferéit mechanistic
processes will likely be at play under high heating ratescaltd result in a change in
activation energy. Our system works at heating rates thatr@ees of magnitude greater
than traditional DSC experiments commonly used to detect activaiengies, so it is
unclear how these conditions will impact the reaction. Complenyehitgin heating rate
studies are used in conjunction with the T-Jump/TOFMS, including a DSC studybt® pr

the activation energy.

29



Chapter 3: Review of T-Jump/TOFMS Nanothermite Iqnition

The first issue addressed with the T-Jump/TOFMS concerningahethermite
reaction was the dependence of the reaction on oxygen rel@éage study showed the
correlation between the ignition of several nanothermites and #eseebf gaseous,O
from the metal oxide, and further demonstrated variations in igrigioperature with
different metal oxides. This was the first known study to incateoa rapid heating and
rapid product species detection process for in situ investigatiomothemite reactions.
To better understand the detailed aspects of a few syste@igpters 4 and 5, we must
first address our initial findings on the nanothermite reactidms will shed light on the
order of events throughout this study, and also bring forth key infmnméhat will

contribute to the final conclusions.
3.1. Thermite Dependence on Oxygen Release

3.1.1. Oxygen Release Review

In nanothermites, mixing of the fuel and oxidizer at the nanespaltly reduces
diffusion lengths and increases surface area allowing for a mad nagid reaction than
their microscale counterparts. Nanothermites have demonstratedabesnof several
orders of magnitude higher than microscale thermites, and in sasee are approaching
the reaction rates of organic energetics [6-8, 31, 32pwever, unlike organic energetics,
nanothermites can be easily tuned through variations in oxidizekjngadensity, or
stoichiometry. Nanothermites have not been studied as extenss/ghditional organic

EMs, and limited diagnostic tools have been developed to study the uea&juees of

30



this class of materials. In situ investigation of nanothernmstesdifficult task due to the
intense, ultra-fast reactions that are present during ignitiomdetJslower heating
conditions, slower thermite reactions have been observed and chaedcter gain a
better understanding of the mechanistic processes. However, al typimothermite
reaction is very fast, and therefore these reactions mayob&olled by different
mechanisms. For aluminum thermites with CuO [18LCz€33], and MoQ [17]
multiple reaction steps have been observed, but as these weis sémm heating rates
they may not translate to the rapid heating conditions of the thermite reaction.

To understand the processes for typical nanothermite reactions, rapid na&i@sng
must be used and a number of studies have been performed to examinetioombus
properties under such conditions. A laser induced initiation technichieh wan be
easily used with other diagnostic techniques, has been used to stumliyetttembustion
processes [34, 35]. Theamoscale aluminum and molybdenum trioxide composite
(Al/MoO3) was studied using CGQaser ignition with a high speed camera system, and
size dependeninformation about ignition behavior and burn rates obtained [35].
Time-resolved spectroscopy was employed by Dlott and co-woj8&f4o investigate
laser initiated an Al/nitrocellulose mixture. The optical esigis spectra were also used
to investigate the rate and mechanism in the energy rgieasesses. Mooret al. [37]
used time resolved spectral emission technique to study the cambastAl/MoOs,
where AlO was observed as the main reaction proddocte recently, a fast synchrotron
x-ray micro-diffraction technique was used to characteriae telf-propagating
exothermic reaction of Al/Ni multilayers, time-resolved measwent was achieved with

temporal resolution of 55 ps and spatial resolution of 60 um [38]. Alaotent heating
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technique is also widely used in studying reaction kinetics underhagting rates. In
particular, temperature-jump (T-Jump)/FTIR has been developed ty séattion
kinetics of condensed-phase propellants, and many organic energeti@lndiave been
studied using this technique [16, 39, 40]. Recently, this approach wasdafaplikinetic
analysis of metal powder®/MoO3 and Al/CuO nanocomposites were investigated
using this technique and their kinetic reaction model was constructadefkperimental
data [17, 18]. Despite the use of a variety of experimental techniques, norneesé t
systems combined rapid heating with a rapid sampling techniquis tegtable of in situ
probing of the nanothermite reaction. This leaves a high degreeceftainty for the
nature of the initial and intermediate reaction processes in nanothermites.

Our T-Jump/TOFMS system is designed to probe the initial presessthe
nanothermite reaction. The direct insertion of the sample inteati@gum region of the
TOFMS allows for the in situ sampling of the reaction. It wasally used to study the
aluminum/copper oxide (Al/CuQO) and aluminum/iron oxide (AdP$ reactions.The
effect of high heating rates on the neat oxide powders issalgtied. The spectra from
both the thermite and oxide heating can be used to draw conclusionstlfabooke of

oxygen release on the initiation of nanothermite reactions.

3.1.2. Oxygen Release and the Nanothermite Reaction

The goal of this work is to gain a better understanding on thiation of
nanothermites, especially the mechanism of oxidation. To begin studying tresgptbe
T-Jump/TOFMS is used to investigate the nanothermites, bualdosnecessary to study

the neat oxide and aluminum powders under high heating rates. cAltyime-resolved
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spectrum for Al/CuO is shown in Figure 3.1, but to get a more ddtailew the
individual spectra for Al/CuO, Al/F©3; CuO, FegOs; and Al are shown in Figure 3.2.
Figure 3.2(a) is the background of our spectrometer, which shows a tpedk &3 for

H,0, as well as very small peaks at m/z 28 and 32 f@and Q respectively.

Intensity (a.u.)

Time (ms)

0 20 m/z

Figure 3.1: Time-resolved spectrum of Al-CuO nandtermite during a
T-Jump/TOFMS experiment [41].

The neat oxide powders in Figures 3.2(e) and 3.2(f) typically haveaatgqueduct
species in common: HCO, and CQ The Q likely comes from decomposition of CuO
to CypO and Q or from FeO3; decomposing to E®, and Q, while the CO and Cfare
likely the product of a low temperature reaction between reschraon (likely from
hexane solvent) and the metal oxide. The production gfi€&rdressed in greater depth
in Chapter 5. There are some other products observed for each, igoMidil ,O, and
the respective metal of the metal oxide, Cu or Fe dependindhemanothermite.
Looking at the spectrum for neat,Bg and its nanothermite, a significant difference is

observed in the ©production between the two. There is a small peak produced from the
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neat oxide, but in the nanothermite there is virtually agp€ak. This suggests that the
O, is completely consumed in the nanothermite reaction causing dkerg@auction. In
the Al/CuO reaction, there is likely an abundance efp@dduced by CuO, therefore
during the reaction the added heat accelerates the releasesoftlat the detected,O

concentration is even higher than that of the neat CuO.

150 H O (a). background 150

. Mtk Berd,

Figure 3.2: Individual spectra of nanothermites ad neat nanopowders during T-Jump/TOFMS
experiments [41].

The time-resolved spectrum for each sample can be used talstuelyolution of
each product species to better understand the order of events indtieenaite reaction.
Figure 3.3 shows the detected concentration of individual product spsaefinction of
time for typical nanothermite runs. PMT traces from wire Ingatixperiments in air are
also shown in these plots to give a correlation between wire exg@s in vacuum and
at atmospheric pressure. These traces verify that the TOR®SUrements are a good
determination of the burning time of nanothermites in the wire hea&xpgriments.

From this figure the order of the product species within the reaction anvethse
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Figure 3.3: Detected species concentration as anfttion of time for individual product species from
the T-Jump/TOFMS [41].

The first peaks observed are the CO and @€xaks, which again can be attributed to a
low temperature reaction between carbon and the metal oxides. t#ift process comes
the appearance of ,©QAl and Cu or Fe, all within close proximity to each other.
Occasionally the appearance of @curs ~100 ps earlier than the rest of these species,
SO it is expected that the oxide decomposition to produce gaseopse€kdes the
ignition. At this point it is assumed that this gas phasées®ow readily available for

oxidation of aluminum through one of the mechanisms in Chapter 1.2.1.
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Figure 3.4: O, release temperature vs. the ignition temperaturedr various nanothermites.

Furthermore, these nanothermites will ignite at differentpieratures with the
varying oxidizers. To look further into the idea that gas phaseel@ase plays a large
part in the nanothermite ignition, the temperature of gaseous oxygasadiom a neat
oxide powder is plotted vs. the ignition temperature of the respectimethermite in
Figure 3.4. The temperature for both the @lease and nanothermite ignition is
determined from the onset of the product species. This figure shewvéot several
nanothermites, the ignition appears to strongly depend on the decompafsitieroxide.

In fact for four of the five nanothermites shown here, the ignition psintose to the

same point that the oxide decomposes to release gaseouBh@ suggests that a gas
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phase oxidizer is necessary for the rapid nanothermite reacHomwever, results also
showed that there was at least one thermite that did not adhire tcend, Al/BOs.
This composite is the subject of Chapter 4, but it raises thdioqued whether the

correlation of @ production and ignition is coincidental, or a necessary reaction step.

3.2. lonization Experiments

Initial testing of nanothermites with our T-Jump/TOFMS producedhyma
complications due to the presence of both high voltage plates TTOR®S, and a very
intense nanothermite reaction that produced a large amount of iogiesp&nder the
initial conditions the nanothermite reaction would shut down the mast@peter, and
prompted a redesign of the high voltage system. Furthermore etesis prompted the
characterization of ion production to better understand this phenomena eeidtits to

the overall nanothermite reaction.

3.2.1. lonization During Combustion

The formation of ionic species has previously been observed in bothoegehi
inorganic EMs under a variety of experimental conditions [42, 43]. tHecombustion
of nanothermites this could have significant mechanistic import@asdens are thought
to have a large role in the diffusion of reactants through th@s;Adhell of aluminum
particles [13, 44, 45]. Several experimental works have noted the formation ofta elec
field during the combustion of metal containing systems. Thisbkaa demonstrated
through the combustion of single metal particles [46-48], metal povdi@y<0], and
also a variety of composite systems [51, 52]. The electeid fiormation in these

systems may be due to the formation of an oxide layer, and a \aiamgiffusion
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velocities of charged species across this layer [46, 51]. Siondahave supported this
by showing that the alumina shell on an aluminum nanoparticle hasrg snherent
electric field, and that this field aids the diffusion of aluminamsioutward through the
Al,O3 shell [44]. It has also been shown that combustion events can bicarghy
affected by the application of an electric field [53-55]. WoykMbartirosyanet al. [46]
also showed that combustion of a single metal particle producedcinicakpulse that
occurred very quickly compared to the to the total combustion tingurd=-8.5 shows an
example from Martirosyan of the detected voltage from combustian obn particle in

comparison with the total combustion.

1800 0.4
— + 0.3
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<1200 + |\
O T02 >
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g 4 0.1 %
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0 4 8 12 16
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Figure 3.5: A plot of the temperature during the combustion ofan iron particle with production of a
sharp electrical pulse ~1 second after initiation46].

From the above, it is difficult to conclude the role of ionized iggewithin the
nanothermite reaction, but evidence suggests that ions can enhanceusiierdiffithin

the nanothermite system. However, limited studies have noted rination of ionic
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species within a nanothermite system. Electric field faonahas been noted for
Al/Bi ;03 combustion [52], but aside from this work few others have noted ionization.
With the use of the T-Jump/TOFMS we attempt to charactéhnieeonization
events during the nanothermite reaction. As noted, these eventtyipittvided many
difficulties in analyzing nanothermites, but with several adaptatwe@swvere able to
capture the reaction products of nanothermites, and now can addrge®diiction of
ions. Since the TOFMS system is designed to sample ionitespeve can test
nanothermite samples without the presence of an outside ionizatiore qehich is
typically used), to probe the production of ions. Through variation of thaged in the
TOFMS system, it was also possible to analyze the positive agjadivee ionic species.
The tests were also recorded with a high speed camera siheéhian pulse could be
related to the overall combustion event. The voltage settimghe various aspects of

these experiments are given in section 2.1.

3.2.2. lonization During Nanothermite Reactions

We first examine where the ion pulses occur in relation tentiee nanothermite
combustion event. Each of these tests was performed without theqaresean external
ionization source so that any ions are a direct result of the namineeaction. Four
different samples were tested; Al/CuO, ABg Al/WO3, and Al/BrO3; and Figure 3.6
shows sample positive ion pulses for each of these systemsaéiosample in Figure
3.6 the positive ion pulse is on the top part of the image, the opticalisran the bottom,

and a zoomed-in image of the ion pulse is given in the top right corner.
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Figure 3.6: TOP: Detected positive ion signal foresepctive nanothermites, BOTTOM: optical signal
taken during combustion [29].

For each ion peak the area under the peak was also determin¢cmoidga of the total

amount positive ions produced. The term ‘ignition interval’ is als;mddfas the amount
of time it takes for the nanothermite reaction to completepaggate down the wire, and
is labeled in Figure 3.6. During typical nanothermite heating, théwstion starts at the
ends of the filament and propagates to the center; the tinadkes to do this is the

‘ignition interval'.
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Initial comparison of the ion pulse and the optical output suggestshinaon
pulse only occurs in a small window of the combustion event. This is similar to what wa
observed by Martirosyan [46] for the combustion of single metal partitieSigure 3.6a
we see that the positive ion pulse for Al/CuO consists of a sbarpdak that follows a
relatively broad, less intense peak. The overall time for thistese~300 us, but the
short peak is less than 100 us, and the total time of the combaestoh is ~ 1 ms.
Further comparison of Figures 3.6a-d shows that Alj\i@s the sharpest ion pulse at
~20 ps, but has the longest burn time. AlBihas the most ionic species, but compared
to the rest it is not significantly higher. However, the sloration of the main ionic
peak for Al/BpOs; combined with the amount of ions produced give it the highest rate of
ionization of the group. This also corresponds to a very rapid reacttbe asilk of the
combustion is over after the ignition interval. Through comparison oiotheuration
and the amount of positive ions produced, the ranking for the rates ofv@asit
production are Al/BiO3; > AlI/WO3 > Al/CuO > Al/FeOs. From this data there is not a
conclusive correlation between the reaction rate, or ignition irtemd the rate of
ionization.

When the positive ion pulse occurs, the ion peak is slightly delgy@@0 us)
due to the time-of-flight from the extraction region to the Md&Rector. This is a small
delay, and therefore was neglected, but if included would shift the antpeearlier in
the event. In Figure 3.6a, the AlI/CuO system ion signal sshightly before the
combustion event, and the main ionic peak is just after the stagndfustion. This
suggests that the formation of positive species in the nanothermajteplay a role in

ignition. Figures 3.6¢ and 3.6d show similar trends as the ionic pea&ides with
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ignition, but do not appear to start before ignition as Figure 3.6a. theoAl/WGs
combustion in Figure 3.6b it is apparent that the positive ionsetgased well before

ignition. For this material the ion production could be a pre-cursor to ignition.
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Figure 3.7: TOP: negative ion detection for respective nanothermiteguring combustion in T-

Jump/TOFMS, BOTTOM: optical signal [29].

The negative ions were also probed in a similar fashion. The negatotes
trace with respect to the total combustion event is shown iné@dia-c for Al/CuO,
Al/lWO3; and Al/FeOs;. The negative pulse for Al/BD; was unattainable due arcing and
subsequent shut down of the TOFMS due to the intensity of the pulseidaystem.
The duration of the negative species pulse is similar to that @uséov the positive
species, and also appears early in the combustion. However, unlikesitiveEpecies,
negatively charged species are not observed before the ignitgowal, but rather during
the ignition interval. This may suggest two different ionizageents for the positive
and negative species. The positive ions are produced before thevaégadi, and may
at times occur before ignition. While both species appear to have & ignition, it
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may be two different steps as the positive ions earlier. Figords 3.7a-c, the amount
of negative species that are produced is slightly greater than thatre§geetive positive

ions for each system. If we further consider that the heati@gent has a positive

voltage, we can assume that the gap between positive and negatives $p even larger
as the negative species may be attracted back to the filaftemtormation. This could

be similar to the effect seen in Figure 2.6. Although the voltatygs are different for

this experiment, the negative ions may be drawn to the filaménhé same fashion. We
expect that the higher amount of negative species is due to thd pdekence of

electrons. For the negative species, the ranking of productiors rAtéCuO > Al/FeOs

> Al/WOQOs.

3.2.3. lonic Species ldentification

To better understand the role that ionic species are playingqlithireaction it is
necessary to determine their composition. In the above ion detesj@miments the
extraction plates of the mass spectrometer were not pulsedtgsical operation, but
were left at a constant voltage. To identify the ionic gseeve ran the TOFMS in
typical fashion, but again without the presence of the electron gum atarnal
ionization source.

Figure 3.8 shows a sample spectrum for the positive ion formtmioAl/CuO.
The observed species are m/z 23 (Na), 27 (Al), 39 (K), and a smaéliapen/z 63 (Cu).
The positive species were also identified for Al/Wand Al/BLOs; and showed similar

species of Na, K, Al.
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Figure 3.8: Species identification of ion emission during Al/C® reaction [29].

The AI/WG; did not produce a noticeable tungsten ion, but kO3 showed a large
bismuth peak. This is expectaas Bi is highly electronegativand vaporizes at
relatively low temperature comparec reaction products of the oth#rermite systems.
Al/Fe,O3 had the weakepositive ion peak, ando significant signal was obtained in 1
species identification experents. It is interestinghat the main ionic peak is that
sodium, a minor artifaanithin the thermite system. Sodium likely does participate in
the chemical reaction in nanothermii but its charge may help in the diffusion
reactant species. The preseof positive aluminum ions supperthe idea that dusion
of reactanions may be aided by the presence of an electid in the A,Oz. Detection
of negative ion species was unsuccessful, as aveasgtypically observed. Suggestic

on how to effectively detect the negative specresgaven in section 8.2,
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Chapter 4. Initiation and Reaction in Al/Bi,Os; Nanothermites:
Evidence for the Predominance of Condensed Phase €histry

In an effort to confirm the dependence of the nanothermite reactiothe
gaseous @release by the metal oxide, similar studies were perfbrage those for
Al/CuO and Al/FgOs, but for various other nanothermites. The intense ionic peaks
observed for Al/BiOs; in the self-ionization study suggest that this system mag ha
some unique properties, and therefore it was used for the oxygaeseatudy. However,
Al/Bi ;O3 proved to be a unique material, and revealed different reactioactdiastics

than the previously studied nanothermites.

Chapter 4 Overview

In this study we explore the reaction between Al angdDBnanoparticles under
high heating rate conditions with Temperature-Jump/Time of FMdgs Spectrometry
(T-Jump/TOFMS), high speed imaging, and rapid sample heating witlsicamning
electron microscope (SEM). High speed imaging indicates theatbismuth based
nanothermite reaction is about twice as fast as a comparabler coxipe system,
contrary to previous work with burn tubes and open burn trays. Thationt of the
bismuth oxide nanothermite reaction occurs at a much lower tetmpethan the point
where oxygen is released from the neat bismuth oxide powder. Thimutvihe
presence of a gas phase oxidizer, we conclude that a condensed mphasen i
mechanism must be at play in the bismuth oxide nanothermite. ,Gg/Bieating
experiments were used for a mechanistic comparison between fecewmliffuel types

since the carbon represents a non-volatile fuel in contrast taltiminum. This
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formulation showed a similar condensed phase initiation as was #eethevaluminum
nanothermite. BO3 is known to possess unique ion transport properties, which
combined with the presence of oxygen and aluminum ions within the nantéherm

system may play a significant role in the speed of the nanothermite reaction.

4.1. Introduction

Thermite reactions are gaining increased interest in the fieldenfetic materials
(EMs) due to high energy densities and adiabatic flame tempesatwhich are
comparable or greater than those of traditional organic based &rer@eg. RDX).
Unlike organic EMs, nanothermite performance is easily tuned thrgaghtions in
stoichiometry, packing density, or oxidizer composition. However, dudatge
characteristic diffusion length scales, traditional thermites laira much slower rate
than organic energetics, which have the fuel and oxidizer mix#dteanolecular level.
Nanothermites are most commonly comprised of aluminum (fuel) artdl roride
particles with primary sizes <100 nm. Reduced lengths scagsying decreased
diffusion lengths, help nanothermites to demonstrate burn rates up talsaders of
magnitude higher than comparable microscale thermites [6-8, 31, 32].

Given the central role that nanoaluminum (by far the predominantgdlasi$ in
the reaction, much attention has been given to understanding the traosfspuatallic
aluminum with respect to its inherent 8 shell. The exact nature of aluminum
transport is not known, but several models have been proposed includinguatuamd
oxygen diffusion through the alumina shell [13], pressure build up dueltmgnef the

aluminum, which ruptures the shell allowing Al to leak out [56], axideene pressure
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build up causing eruption of the alumina shell that spallatesntiiten aluminum [12].
Regardless of the argument, it can be agreed that rapid hea@mgatdminum particle
will have a positive effect on the transport of aluminum.

In recent studies interest has shifted towards understandingeoe adfdifferent
oxidizers on the nanothermite reaction [41, 52, 57]. Because of ¢geMariety of metal
oxides available, each with different physical, chemical, andriglalc properties, the
potential to change the energy release profile becomes feagible. metal oxide of
particular interest is bismuth trioxide ¢Bls), which has a relatively low vapor pressure
and unigue conducting properties at higher temperature€siBiwell known as a good
oxide ion conductor, and has been highly researched for use in electicaheell
applications [58-62]. Thé&-phase of BiO3;, which is stable from 1002-1097 K [59, 62],
shows an advanced ion conductivity up to two orders of magnitude gifesatehat of its
other phases [58].

When nanoscale BD; is combined with aluminum nanopatrticles, a very reactive
nanothermite is formed [57, 63-65]. Sanderrsal. [57] investigated the difference
between four aluminum nanothermites Al/CuO, Al®, Al/MoOs, and Al/WQ. Each
of these thermite mixtures was subjected to tests in a closed bomb prefisopeen tray
burn, and burn tube. Their results show that AllBiproduces the largest peak and
average pressure, consistent with equilibrium calculations thatabtedit produces the
most gaseous species during combustion when compared to other oxii2z€58,[66].
However, Al/BpOs is reported to have the lowest propagation velocity in burn tube
experiments and a slightly lower propagation rate than Al/CuOhé dpen tray

experiments [57]. Contrary results were seen in open tray engr@s by Puszynskt al.
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where Al/BpOs produced higher burn rates than Al/CuO, Al/Mo®@r Al-WO; [66].
This group also performed DSC at slow heating rates of 1-20 K/minglamded the
peak of the exotherm to be in the range of ~839-861 K depending on the size gOthe Bi
particles. A recent study on Al/f)s;, and its dependence on aluminum particle size and
Al,O3 shell thickness was performed by Wagtgal. [65]. They observe a burn rate
nearly 30 times greater with nanoaluminum, relative to 70 miciamialbm. Measured
ignition temperatures were between 749-797 K for heating rates of 53.4-92.5 K/min.

Our group has several previous studies characterizing nanothernstiens 425,

29, 41, 67-69]. In particular, we have highlighted the role of oxygenseelemd its
relationship to ignition temperature and ignition delay [41]. We l@s® investigated

the formation of ionic species during the nanothermite reactionl/Bi®3, Al/CuO,
Al/Fe;Os, and AlI/WGQ, demonstrating that the bismuth oxide thermite produces the
highest rate of ion release [29]. More recently, we proposed thath@mites undergo

a ‘reactive sintering’ mechanism when subjected to rapid he@ing70]. In this
mechanism, initiation of the reaction occurs in the condensed-phapeirds of
interfacial contact. As heat is generated by the reactias,conducted to neighboring
particles, which further induces melting and rapidly increaselenntimate contact at
the reacting surface.

In this study the Al/BiO3; nanothermite is investigated with a variety of diagnostic
tools at heating rates of more thar? Kfs. Because of the interesting and in some cases
contradictory behavior of the E); nanocomposites, and the lack of mechanistic studies
at high heating rates, we present our results for time resadwepetature-jump mass

spectrometry and temperature-jump SEM. gIBiwas also examined to further probe
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the fuel/oxidizer interaction, under conditions where the fuel is thse is involatile.
The results for C/BOs; and Al/BLO3 are directly compared to draw some conclusions
about the governing mechanisms in each system. Analysis sugge&s@hds indeed
unique in that it clearly demonstrates the ability to rapidlyiatata reaction in the
condensed phase, and provides further evidence towards a condenséckasttte

sintering’ mechanism.

4.2. Experimental

Nanothermite samples were stoichiometrically mixed usiagiaum and

Bi»O3; nanoparticles particles following the formula

2Al + Bi,O, — ALO, + 2Bi 1)
where ByO3; (Sigma-Aldrich) has a primary particle size of ~100 nm, dndiiaum
(Argonide, Corp.) has an average particle size of ~50 nm as spedify the
manufacturer. C/BD3; samples were also stoichiometrically mixed assuming

3C + 2Bi,0, —» 3CO, +4Bi 2
with “regal 300" carbon black (Cabot Corp.), which has a primary particle size0ofim
(determined by SEM). While calculating stoichiometry the inttefd,O3 shell on the
aluminum nanoparticle was considered. The shell was taken to Bé of3De mass as
previously determined through gravimetric analysis.. The sangpkeinitially placed in
a hexane solution and are sonicated for ~20 min to ensure a fine mixing of materials

The primary experimental tool is the Temperature-Jump/TimelghtFMass

Spectrometer (T-Jump/TOFMS) [22]. In addition to the T-JumpNISF several

complementary studies were performed. The experimental procddureour
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nanothermite self-ionization study is given elsewhere [29], but irt,sher setup is that
of the normal T-Jump/TOFMS without the use of the electron gunrefdie any ions
that are detected by the MCP are strictly from ionization ndurthe reaction.
Nanothermite samples Al/BD;, Al/CuO, and Al/FgO; were also tested in a constant
volume pressure cell that has its experimental details dedscelsewhere [71]. A
heating holder (Protochips, Inc.) was also used to visually investlgat@orphological
changes of BOs inside a scanning electron microscope (SEM). This holder prowides
situ heating from room temperature to a maximum of 1473 K, at a raféfoK/s.
Images from before and after the heating event can be campareraw some
conclusions about how the reaction occurred. In the context of the pexsmmetry

results we consider this as “T-Jump microscopy *
4.3. Results

4.3.1 T-Jump Mass Spectrometry

To gain a better understanding of each material’s role in a nanoctengastion,
the Al/Bi,O3 and C/BjO3; samples as well as neat carbon, aluminum, and bismuth
trioxide samples were each tested with the T-Jump/TOFMS. p@mary interest is in
the Al/Bi,O3; nanothermite for energetic applications, but the £IBisystem offers a
valuable mechanistic perspective as aluminum and carbon are ffergrdiwith respect
to their phase changes at the temperature regime of this regpéri We begin our
analysis with the time resolved mass spectra of the reactolugis from rapid heating
of Al/Bi,O; and neat BiO; nanopowders. For each case the heating rate was set to

~3x10 K/s producing a final temperature of ~1320 K. It should be noted that our
50



TOFMS has a background signal at m/z 18&QH and minor peaks at m/z 17, 28, and
32, representing OH N,', and Q°, respectively. A typical spectrum obtained during

Bi,O3 heating is shown in Figure 4.1.
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Figure 4.1: Time-of-flight mass spectrum for B,O3; sample.
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Figure 4.2: Full spectrum for Al-Bi,O3 nanothermite reaction. Each spectrum is separateith time
by 100 ps.
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Decomposition products include m/z 32D m/z 44 (CG"), m/z 104.5 (B, m/z 209

(Bi*), and m/z 216 (BiOH). A full time-resolved set of spectra of the ADBieaction is
shown in Figure 4.2 where the initiation of the reaction occurs at 840 K. The
detailed Al/BpO3 spectrum in Figure 4.2 shows reaction products of Bi', Bi*?, O,",

and CQ". CQ production is an unexpected byproduct of our sonication procedure, as
residual carbon remains after drying of the nanothermite. Th®mcand metal oxide

undergo a low temperature reaction producing G4 as in reaction (2).

Normalized Intensity {(a.u.)

Time (ms)
Figure 4.3: (A-C) Products from rapid heating of A/Bi,Os. (D-E) Products from rapid heating of
neat Bi,Os. (A) Al, (B) O, (C) Bi, (D) O,, (E) Bi.

The temporal nature of the T-Jump mass-spectrometer experalh@us us to
draw some conclusions about the initiation steps that may be invol#edh&ibismuth
nanothermite, and how it differs from other systems. In our previouk, we studied
the nanothermite reaction of Al/CuO, Aldes, and Al/ZnO [41]. For each of these

materials we investigated the decomposition of the thermitegbhsasvdecomposition of
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the metal oxide and aluminum nanopowders. We found from comparing nedt me
oxide spectra with respective nanothermite spectra that theitd@eaction initiates at a
time and temperature in close proximity to the point of gaseguslé€ase from the neat
oxidizer. In comparison, Al/BOs; shows significantly different reaction characteristics.
Figure 4.3 shows the reaction product concentrations as detegtetheb mass
spectrometer for Al/BOs; and BpOs in the current study. If we compare the reaction
products in Figure 4.3 for heating of the thermite (parts Ard)the neat oxide (parts D-
E), we see that unlike other nanothermites, there is a signiftiiatence in times
between thermite ignition, and gas phaseadkease from the oxide. Although these two
samples were tested in separate heating runs, the expericwrdaions were replicated
in a similar fashion so that qualitative conclusions can be canfyjdemade. We see that
during oxide heating, Bi andCare released very late at ~3.1 ms. For nanothermite
heating, combustion starts at ~1.6 ms, as signified by the appeaof Bi, Q, and
shortly after, Al. Clearly, unlike the iron oxide and copper oxidentite reaction
systems where ignition occurs close to the point gfrélease, the initiation of the
Al/Bi ;03 occurs well before the BD; decomposes to release a gaseous oxidizer. This
evidence indicates that the initiation of the AMB4 reaction occurs in the condensed
phase, although volatilization of the aluminum remains a concern.

To further investigate the possibility of a condensed phasearatgé consider a
fuel which will not change phase (i.e. melt or vaporize) at thgpéeatures relevant to
this experiment. For this purpose we employ a fBthermite using nanometer scale

carbon particles. Figure 4.4 displays the,G€ease and Figure 4.5 shows i@lease
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from the carbon, BO; and C/ByO3; heating experiments. From reaction (2) we expect

the C/BpO3; composite to produce carbon dioxide gas, which is observed in Figure 4.4.
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Figure 4.4: Carbon dioxide release from T-Jump/TOMS experiments on BjO3; and C powders, and
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Figure 4.5: Oxygen release from T-Jump/TOFMS expéments on ByO; and C powders, and the
C/Bi,O3 thermite.
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Interestingly this occurs at the same temperature as tregion of the Al/BpO; reaction,
~870 K. Furthermore, time for initiation of combustion (point of,G€ease in Figure
4.4) is nearly a millisecond earlier than the point of oxygeraseldrom the bismuth
oxide powder seen in Figure 4.5. There is also essentially ngenxgeen during the
C/Bi,0O3 reaction, suggesting that it is completely consumed in the @aactihis result is,

in our opinion, fairly convincing proof of condensed phase initiation in OBand by
inference, also Al/BOs;. The use of carbon as the fuel, and the similar reaction
temperature of the two composites, shows that the initiation ofethetion is largely

dependent on how the oxide transports its oxidizer in its condensed state.

4.3.2. T-Jump Electron Microscopy

To further explore the idea of a condensed phase combustion mechaeism, w
investigate the morphological changes of Al/G@ji usingin situ rapid heating within a
scanning electron microscope (SEM, Hitachi SU-70). The initiystvas designed to
investigate the reaction between clusters of Al anf®DBparticles. To approach this
problem a very sparse coating was applied to the SEM grid reguitiisolation of the
two components as seen in Figure 4.6. As a result of this spatiswctiee sample grids,
which have a few nanometers thick holey carbon film deposited os#ic@n carbide
substrate, offer the opportunity to study the heating of Al ap@3:Bis well as reactions
with the underlying carbon substrate. Figure 4.6 shows an SEdkiofahe sample on
the grid before heating. The dark background is the thin carbomfiththe light, grainy

surfaces are holes in the carbon film which expose the underlying silicon carbide
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Figure 4.6: TEM image of bismuth trioxide and aluminum nanopaticles before heating.
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Figure 4.7: SEM image of BO3 and Al particles after heating with high heating mte TEM grid.
Dotted box represents area sampled by EDS shown kigure 4.8.
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The sample was given a heating pulse from room temperature to 1278 tate
of 10 K/s and then held for 1 ms; the results of which are shown in Figdre
Elemental analysis of the sample after heating using energyslispgfray spectroscopy

(EDS) is shown in Figure 4.8.

Figure 4.8: Elemental analysis of boxed region iRigure 4.7.

Due to the isolation of Al and EBD; no reaction was observed between these two
components. Despite the fact that we were well above thengelint of aluminum, it

is clear that the aluminum aggregate did not undergo any smteHowever, the BD3
showed significant changes within the 1 ms timescale of¢hény pulse. It should be

noted that with a longer heating pulse the aluminum will also skmnmificant
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morphological change [67]. One would expect that since aluminuns ate®33 K and
bismuth trioxide melts at 1097 K that we would see some changdsminum before
Bi»Os. These results suggest that either the timescale of tie@dtiction is significantly
lower in Al than in BjOs, or that the alumina shell is robust enough to withstand the
overpressure created by melting of the aluminum core. Using dontjuand heat
capacity values from the literature [72-74] the thermal diitiss at room temperature
were determined to be 0.9 &8, 0.08 cmi-s*, and 0.02 cfs? for Al, Al,0s, and BjOs,
respectively. Since the heat transfer in aluminum and aluménlaodh much faster than
that of bismuth oxide, we assume that the aluminum core isngeélit not rupturing the
Al,O3 shell. Prior work using molecular dynamics simulation supportgdteethat the
alumina shell remains intact under rapid heating conditions waliffussion of the core
aluminum through the shell [44].

EDS analysis in Figure 4.8 confirms that during heating of thgD:B
nanoparticles, a film of BD3 is formed, over which spheres of Bi reside on its surface.
In this case liquid BOs is reacting with the underlying carbon substrate, which can be
seen by the recession of the hole in the carbon film from FigGreo4zigure 4.7. The
C/Bi,0O3 reaction occurs via condensed-phase reactions producipg&3and liquid Bi
(MP 545 K). The liquid bismuth is immiscible in liquid,Bs, which promotes phase
separation and the formation of large spherical particles of bsnithis result is highly
consistent with the condensed phase reaction model deduced from the/TO&MS
experiments. The fact that the liquid.8% wets and reacts with the carbon surface

further suggests that there is a transfer of oxygen through the ligd fBiase.
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We also note that the reaction has proceeded to completion withimtscale
of the heating pulse, <1 ms. The reaction may have occurred fasteever, 1 ms was
the minimum pulse which could be applied. This may imply that \enydarbon is a
viable fuel to use in a thermite formulation, so long as thetlescples are sufficiently
small. If carbon could be utilized as a fuel, then much higher overpesscould be
realized via the formation of a gaseous ,C@oduct, thus greatly improving the
performance. Carbon is also unique in that it does not have iggtiagsoxide shell like
that of metal surfaces. The presence of an oxide shell adtiigelg inert element to
nanothermite compositions and can result in ignition delay causedfigiaiif of species

through the shell as previously reported for aluminum nanothermites [25].

4.3.3. High Speed Imaging

For select Al/BiO; combustion experiments high speed imaging was used to
capture the nanothermite reaction while simultaneously samplihgte T-Jump/MS.
Figures 4.9 and 4.10 show selected images of the T-Jump experimeéats/acuum for
Al/Bi,O3 and AIl/CuO respectively at a framing rate of ~33,000 fps. &niti
temperatures are observed at ~870 K for AlflBiand ~1040 K for Al/CuO, and from
images in Figures 4.10 and 4.11 we conclude that A¥Bburns about twice as fast as
Al/CuO with burn times of ~0.09 ms and ~0.18 ms, respectively.

Previous burn tube and open tray experiments have given mixed resutis a
whether Al/CuO or Al/BiOz exhibits a higher burn rate because of the difficulty in
controlling experimental parameters. Packing density, pasizks tube diameter, and

pressure are just a few critical experimental param#tatsgreatly influence burn rate
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results. If we consider the work by Sanders an-workers with aluminun
nanothermites of CuO, ,03, MoOs;, and WQ in both open tray and burn tulsetups

[57].
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Figure 4.9: High speed images of Al/E,O3 during heating in the TOFMS.

L
-

Figure 4.10: High speed images of Al/CuO during heating in the DFMS.
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Their results show that Al/CuO has the fastest brate in open tray experimer
followed by Al/Bi,Os, while in the burn tube, Al/LbLO; was the poorest perform
followed by AI/CuO. In both the Irn tube and open tray experiment Al/C
outperformed Al/BiOs, however, in our filament tests it is clear tHat bpposite is true
The primary differences between previous experisiantd the current study is that

investigate very small samples ur high vacuum conditions, as opposed to
samples at atmospheric pressure. The current chethmws for analysis of the initii
nanothermite reaction with far less dependencehenbulk properties. Due to the
sampling conditions we predict that observed reactions are largely dependent ol
condensed phase initiation events. We also coacthdt Al/B,O3; has a much mor

rapid initial reaction than other nanothermiteseistigated with this system

1.312 ms 1.461 ms 1.610 ms 1.759 ms

Figure 4.11: High speed images of Al/CuO/E,O; during heating in the TOFMS.

A composite of AI/CuO/E,O3 was also tested with the higpeed imaging -

Jump/TOFMS setup. This sample was mixed stoichinocadly following

8Al + 3CuO+3Bi,0, — 4Al,O, +3Cu+6Bi 3)
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where CuO and BDs; are given equal molar quantities. Intuition leads us to prduitt t
this system would ignite at the same temperature as 84Bas Al/BLOs ignites at a
lower temperature than Al/CuO. We also expect a rapid imégdtion similar to that of
Al/Bi0O3. This system does begin decomposition at the same point agOAllRiwever,
the reaction lacks the intensity and reaction speed of either Al/CuORig®@d/as seen in
Figure 4.11. In separate experiments we have noted that,®@¢/Blioes not have a
significant drop off in performance for fuel rich cases. In Fegli7 we observe wetting
of the carbon surface by the,Bg, and in experiments with other metal oxides we have
seen similar sintering events [70]. We attribute the lackpaformance to BO3
particles wetting both the Al and CuO surfaces. To confirmwikithieated a CuO/EBD3
sample with the T-Jump/TOFMS and saw a spectral patteifasim that of neat BOs.

In this case the BD3; wets the surface of the CuO and prevents the oxygen release fr
the CuO particles. Therefore, in the Al/CuQ@, BiOs will wet both Al and CuO
which will prevent oxygen delivery by CuO to Al and reduce theamirdrea between
BioO; and Al, resulting in a less intense reaction. CuO an®Balso form an
intermetallic, CuBiO,, well below the melting point of either material [75]. Formati
of this intermetallic can further detract from the oxygerivadey from either CuO or

BizOg.

4.4. Discussion

Thus far we have argued that the@ oxidizer melts and wets the surface of
potential fuels to initiate reaction. Despite the low ignitiomgerature of Al/BiO; at

870 K, below the melting point of both bismuth trioxide (1097 K) and aluminum (933 K),
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we believe that this mechanism holds. In a recent work, we osgtlirapid heating
experiments within an SEM, and observed that particle meltingoisa necessary
prerequisite to initiate a condensed-phase reaction for the Al&Y€em [67]. It was
seen that W@ particles isolated from Al did not undergo any morphological changes
However, in regions where the fuel and oxidizer were intermixeghifisant
morphological changes indicative of W@elting were observed. This observation led
us to speculate that the reaction initiated below the meltingaeture of W@ and the
liberated energy further promoted melting of neighboring sWiarticles to induce
reactive sintering. In the context of this work, a similacihamism may be occurring,
and would serve to explain why the Al{Bxg reaction initiates below the melting point of
either constituent.

One potentially useful material property is the Tammann temperavhich for
Bi,Os is ~549 K, or half of its melting point. At temperatures approx@mgahat of the
Tammann temperature nanoparticles begin to sinter as suttans gain a significant
amount of mobility [76]. We assume that a similar event will oéauthe Al core of the
aluminum nanoparticles, and that both the Al angDBare in a liquid-like state at the
point of ignition. A similar effect was predicted by Wasatgal. for combustion of
aluminum in their Al/B}O3; nanothermites. They note that due to the small size of
nanoaluminum, it will not only melt rapidly, but do so at a depressefdarature [65].
We expand this to consider that both Al and@giare able to melt, and that once
sintering occurs between the aluminum nanoparticle ap®;Ba junction is created
between the two materials, and the mobility of each allows fdusioin through the

Al 203 shell.
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This does not completely explain why the®j thermite reacts so much faster
than the CuO thermite in the T-Jump/TOFMS. Of the three proposed aluminum transpor
methods mentioned in the introduction, recent T-Jump experiments atpasrios
pressure have shown evidence to support a diffusion limited reacti@i.wohk reports
the observance of an ignition delay for the nanothermite sampiief wcreases with
increasing thickness of the aluminum particle’s oxide shell [Z5jom the measured
ignition delay as a function of shell thickness, a self-consistffiective diffusion
coefficient was extracted which supports a transport limitedhamesm. Molecular
dynamics simulations were also performed showing that elefigids within the
aluminum nanoparticle could play a significant role in aiding aluminum diffubi@ugh
the oxide shell [77]. This work demonstrates how an electiit dieross the oxide shell
could drive positive Al ions through the oxide shell to the outer sudadtee particle.
This study along with work by Zhdanov and Kasemo [78] suggest thaAli
nanopatrticles, the diffusion rate for Al cations through the oxidéishgreatly enhanced
by this local electric field.

For bismuth trioxide, there is also significant evidence thateatpératures
slightly higher than that of the ignition point of Al&8)s, the oxide can promptly produce
and transport negatively charged oxide species [59]. We havealessumed that
nanoscale bismuth oxide and the aluminum core will begin phase chaugsgas at
temperatures below that of the bulk materials. If this is élse,adhen transport processes
associated with these phase changes will also occur attewperatures. Therefore it is
highly likely that at the ignition point of Al/BO; we have a rapid transport of fuel and

oxidizer through the alumina shell which is aided by an ele@&ld and ions with
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opposing electric charges. We have experimentally shown an enhateedf rion
production in the Al/BiO; compared to other common nanothermites [29]. Furthermore
we have shown that the ion production for A¥B4 occurs at the onset of combustion,
implying that the ion production is related to the thermite ignitivhether it be as a
precursor to ignition or as a player in the mass transport groddse large presence of
ionic species and the timing of ion formation combined with the inheteatric field of
aluminum particles further support the idea that electric fiedd® a role in nanothermite
initiation. Furthermore, the suggested superiority of th®48ion transport could help to
explain why the initiation of this thermite occurs faster than other nanotleesamtples.

A final remark relating to the transport of aluminum throughAh®; shell and
the Al/Bi,Os initiation event, can be gathered from further analysis of Figute If we
consider several pieces of evidence, this image gains significant meaning:

1. Al/Bi»O3; and C/BjOsreact at the same temperature

2. In Figure 4.7 reaction is observed for G(B4

3. No changes are observed for Al, despite temperatures beingrdheatehat

of AlBi ;O3 initiation.
This information shows that despite being above the ignition point @i/&84, the
aluminum nanopatrticles appear to be completely intact, and no aluminuarsapp&eak
out. A closer comparison of the aluminum particles from Figurasdé7 are shown in
Figures 4.12 (before heating) and 4.13 (after heating) showirggtbttho morphological
change. This suggests that during rapid heating events contaeehahe metal oxide
and aluminum plays a significant role in drawing the aluminum through tia shell at

a high rate. We have noted the possible role electric fields lmardexd species above,
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and the phenomenon observed in Figure 4.7 may be evidence that the acldiedield
gradient created by negative species in the metal oxidemfagtiplay a large role in the
initiation. We also note the gradient of chemical speciedextday contact of the oxide

and aluminum may in itself be the driving force behind the diffusion process.

Figure 4.13: Al particles from Figure 4.7 after ragid heating.

4.5. Conclusions

This study provides an intuitive look into the initial reaction evesftishe
nanothermite reaction. In the aforementioned ‘reactive sigtestudy, significant
evidence was provided for a condensed state reaction playing portamt role in
nanothermites. The current study is not only a complement tdireaintering’ but it
also provides definitive evidence that the condensed phase reactiesposible for
ignition and is not a result of the bulk reaction. Observation of testein both
Al/Bi,0O3 and C/BjO3 further demonstrates that the ability of the oxide to transport i

oxidizer is a key feature when considering nanothermite forroankati Although the
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current study only examines Blz containing systems, the evidence for condensed phase
reaction demonstrated here, along with the results of the reastieeing study, suggest
that this mechanism is at play for other systems as wagjhifi8ant evidence also points
to electric fields and charged particles having a hand in thd sgg@ed of the initial

nanothermite reaction, and could be the focus of future nanothermite studies.
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Chapter 5: Evidence for the Predominance of Condesed
Phase Reaction in Chemical Looping Reactions betwee
Carbon and Oxygen Carriers

Following the demonstration of a condensed phase reaction for,@4/Band
C/BiyO3 it is necessary to show that this mechanism is valid for atystems. For
Al/CuO and Al/Fg0Os, ignition occurs at the same point as gaseopgel@ase, but
condensed phase reactions cannot be ruled out. We have shdyridbe a unique
oxidizer, but it is important to see if other oxidizers can alsongoda condensed phase
initial reaction. In nanothermites, aluminum melts at ativelly low temperature (933
K), close to the point of ignition, making it difficult to determithe role of each reactant.
To simplify the problem, we investigate carbon/metal oxide mast@s carbon will not
undergo phase change in the temperature regime of these experinfgite from
having interest from a mechanistic standpoint, carbon/metal oxidensysare also

relevant to chemical looping combustion (CLC) applications.

Chapter 5 Overview

This study investigates the use of metal oxides as an oxyggardn chemical
looping combustion applications. The initiation and decomposition of C/CuO and
C/FeOs; are investigated using a time-resolved T-Jump/Time-of-FlightssMa
Spectrometer (T-Jump/TOFMS). Heating of the metal oxideop@awders produces
gaseous ¢ but when mixed with the fuel (carbon) this is formed tempordthr @ahe
primary combustion product of GOThis latter result points to condensed phase reaction
between the metal oxide and carbon as the predominant reaction mechathisr than
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gas phase release of @nd subsequent burning of carbon, at least in the initiation phase.
High speed imaging, in-situ heating SEM, and TEM are alsd teséurther investigate

the reaction. The oxidation rate of carbon in the present experisnestimated to be 3

to 5 orders of magnitude greater than that predicted using the Skaigldand-Constable
model. The activation energy of C/CuO, GBg and C/B}O; are determined using the
Ozawa isoconversion method, and are found to be 97 kJ/mol, 180 kJ/mol, anda10 kJ
respectively. The condensed phase nature of this reaction is cdniparer previous
studies on aluminum nanothermites, and is considered to be further eviodeacds a

reactive sintering initiation mechanism.

5.1. Introduction

Carbon combustion remains a primary energy source for rgetim
world’s current and future energy demands. However,, @@duction during
combustion remains a critical issue. Carbon sequestration is dhede prevent CO
release, but this process generally has significant monetarye@ergy use concerns.
Chemical looping combustion (CLC) was originally conceived as thadeto increase
the thermal efficiency of power generation stations, but itlat@s recognized as having
potential for CQ sequestration with coal and other heavy hydrocarbon sources with
minimal energy penalty [79]. By using metal oxides as the oxyggrier there is
potential for CQ as the only gas phase reaction product (with air as the oxidizgas
and other nitrogen containing species are prominent), enabling easier séquestra

The majority of CLC studies use a fluidized bed reactor, whahsflsyngas over

an oxidizing agent made up of neat metal oxide particles or @ matle/inert support
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system [80-83]. These experiments tend to focus on implementaterCbhC system
and reproducibility of the oxygenation and reduction processes. A tiaies also
examine direct oxygenation of the fuel by the metal oxides [84, 8Biwardane and co-
workers investigated the reaction mechanism of CuO and carbaalgszarand found
significant differences in the reaction when the two mateaigdsn contact, compared to
when they are separated by a small gap. When the matemals contact, a low
temperature mechanism is observed, where C and CuO react throogtemsed phase
reaction between 673 and 873 K. They suggest that the surface@i@evhich has a
Tammann temperature of ~678 K, melts and provides a pathwayygemxlistribution
to the solid coal [85]. The use of this low temperature reaction result in a more
efficient process if a lower energy input is required to sustambustion. To improve
this method even further, more must be known about the mechanismtairrdmtween
the fuel and oxidizer.

A mixture of carbon and metal oxide particles is physicallyilammto an
aluminum thermite [70] and may share mechanistic properties,hwhe take into
account when considering the carbon reaction. However, as with enacet looping
process, most thermite studies fail to probe the oxygen deliveghanism to the
aluminum fuel, and this process remains unclear. We have previoublighigd the
correlation of nanothermite ignition with gaseous oxygen release fine metal oxide
[41]. While there is a clear trend between these two eveiststill not conclusive that
the mechanism is a heterogeneous reaction between the condersedlphmanum and

gaseous oxidizer.
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Several previous experiments within our group have suggested a possible
condensed phase reaction mechanism for aluminum nanothermites. &nrstady on
Al/Bi,03 has shown that this nanothermite ignites at a temperaturéelell that where
gas phase DOis released from BD;s; [86]. Since the system is reacting without the
presence of a gas phase oxidizer, this suggests that thenedesnsed phase chemistry
occurring. We have also performed a high heating rate SEM, stiash allowed for in-
situ heating of aluminum nanothermites, and imaging before anchatiéng [67]. The
system was used with an Al/WOnanothermite that demonstrated significant
morphological changes between fuel and oxidizer particles thatiweontact. Particles
that were not in contact demonstrated little to no morphological changes. Fratudyis
we proposed a ‘reactive sintering’ model to explain the inmmatof nanothermite
reactions. This model predicts that when the fuel and oxidizanantimate contact, a
reactive sintering event occurs that increases the e#ectirface area and further
promotes reaction. However, due to the relatively low melting point of alumimesach
of these studies, the mechanism becomes complex and it is novlsktaer this reaction
requires aluminum to be in the liquid phase.

With carbon as a fuel, the reaction will be governed by oxidespat to the
carbon, since carbon will remain in the solid phase within the tetopenegime of T-
Jump heating experiments (unlike an aluminum fuel). The concern is whether the oxygen
carrier liberates the oxygen to the gas phase or alternatregisports the oxygen to the
fuel in the condensed phase. During our study of AOBwith high heating rate SEM,
further evidence for condensed phase reaction was observed asyspaased Al and

Bi»Os; nanoparticles on a carbon film showed that bismuth oxide reactid tha
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underlying carbon film, rather than the nearby aluminum [86]. Thas Wurther
investigated using the T-Jump/TOFMS and a &Bimixture, for which a condensed
phase reaction was also observed. Howeve@:Bs a unique oxidizer in that it changes
crystalline phase t&-Bi,O3 shortly before melting and becomes a very efficient oxide ion
conductor [59]. This means that,Bg effectively transports and produces oxygen ions
throughout its condensed lattice, making it an oxide producer and condictioe
condensed phase [59]. While,8 is clearly a unique material, there are limited studies
that suggest other metal oxides such as CuO aiids pessess similar properties [70, 85].

Again, most work on soot oxidation or CLC assumes a gaseous oxidizing
environment, but some of these studies have contributed significantlyheo
understanding of the kinetics of carbon oxidation. Previous soot oxidjp@nimments
include, but are not limited to shock tube studies on soot aerosols,[87, 88]
thermogravimetric analysis of soot nanoparticles [89], opticalysisabf heated carbon
rods [90], and flow reactors paired with non-dispersive infrared titef91] or a
tandem differential mobility analyzer [92]. The Nagle and Biind-Constable (NSC)
model, which is outlined by Walls and Strickland-Constable [90]teguently used to
predict the rate of oxidation for carbon and soot particles. When cedpyeith
experimental results, this model provides varying degrees oflatoore At high
temperatures, Park and co-workers observed oxidation rates tretawactor of two
greater than predicted by the NSC model [88], Gatoal. observed slower oxidation
rates [89], while Higginst al. obtained a good correlation with the NSC model [92].

The focus of the present study is on characterizing thatioean a carbon/metal

oxide mixture. The concentration profiles of gas phase products natgzed to
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investigate the initiation events. Varied heating rate expetsrare also performed to

determine the activation energy for the carbon/metal oxide reaction.

5.2. Experimental

The main experimental tool is the T-Jump/TOFMS. All samplesmixed in-

house to be stoichiometric following the reaction,
C+MO - CO,+M 1)

where the carbon and metal oxides are commercially availabpaaders. The carbon
used in this study is “regal 300 from Cabot Corporation (< 50nm), wh#éemetal
oxides, CuO (< 50 nm), F®; (< 50 nm), and BO3; (90-210 nm), are from Sigma
Aldrich with primary particle sizes listed by the supplieanfples are placed in hexane
and ultra-sonicated for ~20 min in order to ensure intimate mixirtheoparticles. A
micropipette is used to apply the sample solution to the platinlament. After
application of the sample and prior to application of the heating ejlthg filament is
placed in vacuum and allowed to dry for ~5 minutes.

Varied heating rate experiments were also used to detetharativation energy
of the carbon/metal oxide reaction. The C/CuO, €)eand C/B}O3; composites were
heated at four separate heating rates ranging from 45,000 to 550€)Qfn& four data

points were recorded at each heating rate. The Ozawa isoconversion method [93]

1.05E,

In(B;) = Const.— RTo;

(2)

was used to determine the activation energy, wifeie the heating ratek, is the
activation energy], is the temperature at a given point of the reaction, Rl the

universal gas constant [94]. For each data point, the report@eratore is that of the
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filament at 20% of the peak concentration of &9 detected by our mass spectrometer.
This value was used as the peak concentration occasionally o@tenrtha end of the
heating pulse, and the initial point of decomposition is sometimasuttiffo accurately
determine. Since we are probing gas release from the rhaa¢hier than thermal events,
we assume that unlike a differential scanning calorimetrgetr§d5], the peak
concentration represents a constant point of conversion at different heating rate

The procedure for rapid-heating transmission and scanning elesicomscopy
(TEM and SEM) is detailed elsewhere [70]. These experinvegrts performed with a
novel sample holder (Aduro holder, Protochips, Inc.) capable of in situnpedtrates of

10° K/s.

5.3. Results and Discussion

To investigate the reaction products from rapid heating of carbai/mede
mixtures, the neat metal oxides and mixtures were individuallyetieen separate
experimental runs. Preliminary investigation of G@Bi has been performed [86], but
further examination is provided below. Figures 5.1a-5.1d show individual etktail
spectra for C/CuO and C/K®&;, and the neat oxide nanopowders CuO angDfe
respectively. A typical background spectrum for our mass speeteornonsists of a
large peak at mass to charge ratio (m/z) 18(Hand smaller peaks at m/z 28, Nm/z
32 (@) and m/z 17 (OH), which results from fragmentation of th® Huring ionization.

The main reaction product for the carbon/metal oxide combustion iniwveisuCQ (m/z
44) as can be seen in both Figures 5.1a and 5.1b, which corresponds to previess studi

on C/BipOs3 [86]. There are several smaller peaks observed at m/z 1&h{C)6 (O) as
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well as an increase in m/z 28 (CO), which are all considered to be due to fragmeofta

the CQ molecule during ionization. This corresponds well to what is regdudr the

CO, mass spectrum in the NIST spectral library [96].
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Figure 5.1: Individual mass spectra during rapid heating in T-Jump/TOF experiments of; a) C/CuO,
b) C/Fe,0;, c) CuO, and d) FgOs.

The small peak at m/z 32 §0s due to a small amount of oxygen not consumed in the

reaction that is released to the gas phase. For the neat nanopdtheters a significant

difference in the amount of G@nd Q as compared to the fuel/oxide mixtures. In both

Figures 5.1c and 5.1d the intensity of i® greater than that in the mixtures, and the CO

is substantially decreased. Comparison of the fuel/oxide vs. neld nanopowders

shows that the ©formed by the metal oxides is almost entirely consumed to @@m

Although we have not added any carbon to the neat oxide nanopowders, werge obse

some CQproduction. We expect that this €@roduction is due to a reaction between

the metal oxide and a small amount of residual carbon leftover from the hexane solvent.
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Figure 5.2: Detected product concentrations for C@from C/CuO and O, from CuO.

Although carbon dioxide is identified as the prominent gaseous produasspec
the sequence of the reaction processes is still unclear. Terfurttestigate the reaction
pathway, comparison is made between time-resolved profiles odeteeted product
species for the neat metal oxide nanopowders and the fuel/oxide mixtures. Theanolecul
oxygen release profile from the neat CuO is compared with tth@rcalioxide release
from C/CuO in Figure 5.2. This gives a correlation between ithe that the Q@ is
released from the oxide, and when the reaction starts to progré&suO. Although the
two traces in Figure 5.2 are from different exper3imental rumslas heating pulses and
wire lengths were used so that comparison between runs can be confickhd. From

Figure 5.2 it can be seen that the onset of @0Oproduced from the C/CuO, occurs at a
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lower temperature than ,Qelease from CuO. This strongly implies that there is a
condensed phase reaction mechanism driving thg g@@lucing reaction. Figure 5.3
plots the CQ production from C/F£3; along with the @ release from F©3. This
Figure shows the same trend as that for C/CuO; i.e. carborddiaxiproduced well
before a gaseous oxidizer is available, therefore the initiatitinsofeaction must also be

in the condensed phase.
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Figure 5.3: Detected product concentrations for CQ from C/Fe,O3; and O, from Fe,Os.

To quantify the rate of carbon oxidation a calculation was perforasog
parameters obtained from the T-Jump/TOFMS experiments. Incpredihe reaction
rate from the experiments, parameters that require estimation,as mass and reaction

time, conservative estimates were used to avoid bias towardssiiesr To determine
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the reaction rate from our experiment, we consider the oxidation ofcarngon
nanoparticle within the time scale of the experiment. Assu@ifg nm carbon particle
(mass of ~1.3 x I g) where the reaction occurs at the surface in a time ofms.9
(average rise time for CGproduction from C/F£3) we obtain a reaction rate estimation
of ~0.007 g-cii-s' for C/Fe0s, ~0.01 g-crif-s* for C/CuO (reaction time of ~.6 ms),
and ~0.02 g-cifts* for C/Bi,O; (reaction time of ~.4 ms).

To compare these predicted reaction rates with traditional caokmiation
studies, the NSC model is used as applied by Park and Appleton [88Yhiicn the

equations are listed below.

wo_ kAPOZ _

12 (1+kZP02>X +kpPo, (1= ) 3)
kr -1

x= [1 + kBPOZ] @)
ks = 20exp (_15'100) (5)
kg = 446 x 10 3exp (22) (6)
kr = 1.51 x 105exp (ﬂ) @)
k, = 21.3exp (Z()Tﬂ) (8)

wherew is the specific reaction rate (kgArs)),Po is the partial pressure ofCandT is

the temperature at the onset of reaction. The parameter yatusample calculation
for C/FeO3; are given in Table 5.1. These calculations were performe/f©uO,
C/Fe0s, and C/BjO; at the respective initiation temperature from T-Jump/TOFMS a
the highest heating rate. The values for the reaction ratendiadion temperature for

each fuel/oxide system are given in Table 5.2. For each systenmreaction rate
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predicted by the NSC model is at least four orders of magnitlayeers than the
experimentally predicted reaction rates. The higher reactienas determined from the
experiment implies that the metal oxide proximity and natur@wfact with the fuel will
play a significant role. The condensed phase transport proaesseslso serve to

enhance the diffusion of the oxidizer to increase the overall reaction rate.

Parameter for NSC model Value
T 1020 K
Po2 .21 atm
Ka 7.4 x 10°g-cm?-st-atm®
ke 2.5 x 10° g-cm®-s*-atm?
kr 2.5 x 10" g-cm®-s*
k, 161 atm’
X 1
W 5.4 x 10" g-cm®*-s*

Table 5.1: Sample parameters for the C/F©3 system used to determine the reaction rate of caon
at 1020 K.

It is possible that some error exists in the NSC calculat®oitha two input
parameters, temperature and pressure represent sources of mtyceRar the C/F£3,

which undergoes an endothermic reaction if reaction (1) is fotlpthe temperature of
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the wire is likely the highest possible temperature that dridaakes place within this

experiment.

C/CuO reaction.

However, there is the possibility of self-heating dutite exothermic

An estimated reaction temperature from JWAEE 4.0 [97]

equilibrium code (at constant volume) for stoichiometric C/CuOgdyial temperature of

1210 K. This value is ~200 K higher than the initiation temperature of C/CuO of 1010 K.

The estimate from the NSC model for this elevated tempenatlisted in Table 1 and is

an order of magnitude higher at 1209 K, but is still ~3 orders of matgniower than the

experimentally predicted reaction rate.

NSC Estimated Estimated Reaction Rate
Sample Temperature

Reaction Rate from Experiments
C/Fe0s; 1020 K 5.6 x 10 g-cm*-s* 7 x 10° g-cmi®-s*
C/Bi,O3 930 K 1.1 x 1d g-cm®-s* 2 x 10% g-cmi®-s*
C/CuO 950 K 1.6 x 106g-cm?®-s* 1 x 10% g-cm?-s*
C/CuO 1209 K 7.7 x 1bg-cm?*s?

Table 5.2: Estimated reaction rates using the NS@odel and experimentally determined

parameters.

The pressure for this system is difficult to assess. Xpergments are performed

under high vacuum conditions at@tm, but the reactions are also shown to proceed

without the presence of a gas phase oxidizer. Due to the condehsedafighe reaction
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it is challenging to predict an effective partial presgarause in the model. Fortunately,
the reaction rate is only lightly dependent on pressure. We heveysly estimated the
concentration of @within a sample volume of fuel/metal oxide nanoparticles to be ~55
kg/m® [41] after complete release of the By the metal oxide. This value was used to
determine the partial pressure of for each mixture at the temperatures given in Table
5.2.

A variable heating rate experiment was also performed tondieke the apparent
activation energy of the carbon oxidation process in each systemteiperature for

the onset of C@release for each system at several heating rates is given in igure
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Figure 5.4: Decomposition temperatures taken fronthe onset of CQ production at various heating
rates Each point is an averaged value from 4 expienental runs. Error bars represent the standard
deviation.

Each point is an average of four experimental runs, and the errordpmesent the

standard deviation. The Osawa method [93, 94] can be used to detdrengivation
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energy from the slope of the Arrhenius plots in Figure 5.5. lmmtidemperatures are in

the range of 950 K to 810 K for C/CuO, 1020 K to 920 K for glzeand 930 K to 850

K for C/Bi,O3 producing activation energies of 97 + 9 kJ/mol, 180 % 21 kJ/mol, and 170

+ 15 kJ/mol, respectively. The error was determined using Hredatd error from

similar un-averaged plots. These results are significantlyerlavan the activation

energy at slow heating rates for CuO decomposition to produce a gaseous oxidizer,
Cu0(s) © Cuy0(s) + 02(9) 9)

of 322.2 kJ/mol [98], but are consistent with @lease from CuO in recent high heating

rate experiments [99]. Although the activation energy for th&iiin of the fuel/metal

oxide reaction is consistent with the gaseougdlease process, it does not necessarily

mean that gas phase 19 required for initiation.
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Figure 5.5: Arrhenius plots for the Ozawa isoconuesion method. Each point is an averaged value
from four experimental runs.
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The presence of a condensed phase reaction in the C/CuO an@:¥sems
clearly demonstrates the ability of these metal oxides tdizex a fuel through the
condensed state. These results are consistent with those fiorar@&ineet al. [85]
who demonstrated a low temperature condensed state reactidd/@utd. With respect
to the aluminum/metal oxide reaction, T-Jump/TOFMS data showedthiagnition
occurred for Al/CuO and Al/R©; at the point of gaseous, @lease from the oxidizer
[41]. At the point of gaseous oxidizer release, there are also dtleenical changes
occurring. As CuO releases @e expect the formation of liquid €D, which may also
serve as an oxidizing agent. A similar reaction is expecteBd@s; as liquid FeO may
form upon Q release. The formation of these secondary metal oxidgshelp to
promote condensed reaction, by enabling the metal oxide to flow atbendarbon
particle.

A slow heating-rate TEM study was also performed on C/CuObterve the
effect of low temperatures on the system. Figures 5.6 and 5.leateefore and after
images for heating at 500 K/min to 723 K. At this low temperahgextent of reaction
is inconclusive, but it is clear that the CuO undergoes signifioanphological changes
despite the temperature being well below the bulk melting poirfGusd at 1473 K.
Siriwardaneet al. observed similar changes for microscale C/CuO at 873 K [8bgsd
studies clearly show the mobility of metal oxides at tentpeza well below their bulk

melting points, and more in line with their Tammatemperatures. The ability of the

' The Tammann temperature is usually considered as half of the bulk melting point of a material. This is
the temperature at which surface atoms begin to gain a significant amount of mobility.76.
Satterfield CN. Heterogeneous catalysis in industrial practice. 2nd edition; 1991.
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metal oxide to become mobile and increase the effective suafaaebetween fuel and

oxidizer at low temperatures could be a key component of the initiation mechanism.

Figure 5.6: Before image for a heated TEM study for C/CuO. Samles were heated at ~500 K/min
up to 723 K.

50 nm

Figure 5.7: After image for a heated TEM study forC/CuO. Samples were heated at ~500 K/min, up
to 723 K.
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Thus far we have argued that in the current study, the iaitiadf carbon
oxidation is largely dependent on the ability of the metal oxidexidize the fuel in the
condensed state. Therefore the choice of metal oxide will affacly aspects of the
reaction including the initiation temperature. We have noted thbanetic similarities
of a mixture of carbon and metal oxide nanoparticles with a nanoteerooit there is
still an issue regarding the temperature of these reactidrieeske systems are so alike
mechanistically, then one would expect that the temperature whiciartben is oxidized
in the present study would correspond to the aluminum/metal aymiton, but results
show that they ignite at higher temperatures. This can beiraglby the difference in
the two fuels. Aluminum is surrounded by the relatively iRgsO3 shell while carbon
does not have such a protective shell. Once there is an oxidggng@esent for carbon,
the fuel and oxidizer readily react. However for an aluminum fuste the oxidizer is
present it is likely still separated from the aluminum mieyathe ALOs. Therefore, there
will be some delay before the oxidizer and fuel come into contact. In a previousvetudy
have seen the presence of ignition delays in nanothermites due to didffiggon times
from increased ADs; shell thickness [25]. These delays were as large as ~2 ras4for
nm Al,Oz shell. In the present study we predict the delay between the carbon combustion
and that of the nanothermites to be ~.5 ms for CuO and ~1.25 ms@yrldased on the
time difference from C@release in the carbon/metal oxide and the release b the
neat metal oxide. This difference in delay for CuO arngDEéurther stresses that the
ability of the oxide to transportQOn the condensed phase may play a large role in the

speed of diffusion and hence the initiation process.
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5.4. Conclusions

We have investigated the reaction of carbon/metal oxide mixusieg our T-
Jump/TOFMS. To determine the order of reaction events we sdpasatepled the
fuel/oxidizer as well as the neat nanopowders. Through the wsmitdr heating pulses
for each experimental run we were able to determine the drdelgaseous oxidizers
were released from the metal oxides in comparison to when thendaretal oxide reacts.
During initiation of both C/CuO and C/@;, CO, was the first gaseous reaction product
that appeared. This initiation event clearly occurred beforeabeogs @production by
neat metal oxides. Without the presence of a gaseous oxiditer abint of initiation,
we conclude that the initiation of the carbon combustion is due tm@eneed phase
reaction. Comparison with the NSC model suggests that the condensedr@hetion
occurs at a much faster rate than traditional gas/solid hetemgersactions. We have
compared this finding for carbon oxidation with that of our previous work with aluminum
nanothermites, and have found some significant similarities. In botAIM&; high
heating rate SEM, and the T-Jump x-ray imaging studies, thesesignificant evidence
for a reactive sintering mechanism. The findings in theegptestudy provide further
evidence for this mechanism. There is one significant difterém the temperature of
the oxidation between the aluminum and carbon in that the aluminum namttisereact
at a higher temperature. We attribute this apparent highgretature, to a diffusion
delay in aluminum combustion that is not present for carbon due iogod#terences of

the two fuels.
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Chapter 6: Decomposition of Aminotetrazole Based Eargetic
Materials under High Heating Rate Conditions

As new energetic materials are being introduced, it is sapeso characterize
and understand their reactions. The goal of this study is to inaessgveral different
materials that have a common tetrazole substructure. Througprtiusess it may be
possible to obtain general information on how the tetrazole subs&usteaks down
based on the slight variations in molecular structure. Iddabyimformation could be
considered during design of future energetic materials to predict thew would

decompose even before formulation.

Chapter 6 Overview

The T-Jump/TOFMS is used to probe the decomposition of several
aminotetrazole containing energetic materials under very higingeates of 1910°
K/s. The materials investigated are 5-amino-l-methigtdirazolium dinitramide
(MeHAT_DN), 1,5-diamino-4-methylH-tetrazolium dinitramide (MeDAT_DN), 1,5-
diamino-H-tetrazolium nitrate (DAT_N), 1,5-diamino-4-methyHitetrazolium azide
(MeDAT_N3), and 5-aminotetrazolium dinitramide (HAT_DN). Sabdifferences
between materials in functional group placement and anion compadibenfor further
understanding of the decomposition pathway of the tetrazole structure and various anions
Two decomposition pathways for the tetrazole ring are observed, wscit in the
primary formation of HN or Nb. The N formation pathway occurs when functional

groups are placed symmetrically around the tetrazole ring, ahyienmetric placement
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results in HN production. The differing anion compositions also show effects on
thermal stability of the salts as is demonstrated byetadecomposition temperature for
the azide containing salt compared to the similar dinitramide ioomgamaterial. For the
decomposition of the dinitramide molecule, a high temperatw® Nrming) and low
temperature (N@forming) decomposition pathway is observed as has been previously

suggested.

6.1. Introduction

Recently, a shift has been made to create energetic ma{&hdt) which are not
only efficient performers, but also meet up to date safetyeandonmental standards.
Current EMs such as RDX and HMX meet performance needs, butaséise to
impact and friction, and possess an unwanted level of toxicity. eTimegerials also
produce environmentally harmful product species, which are largely auwmrbon
containing nitro groups [100]. So called “green energetic maeér(@EMs) are
produced with concern towards environmental impact throughout the lifedfme
material. Many of these compounds contain a high-nitrogen conteazdiet sub-
structure, which is paired with a functional anionic molecule to fetaible energetic
salts. These materials are unique in that their energgseeleomes primarily from the
high heats of formation from their many nitrogen containing bonds [28je high-
nitrogen content materials generally produce more environmeiffiaihydly combustion
products due to the diminished carbon containing product species. However, thes

materials are relatively new and have not been as extensiuelygd as more traditional
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EM’s. As such the decomposition products and reaction pathwaysrabrefmost part,
still unknown.

Several groups have performed experimental and theoretical workelp
understand the thermal decomposition of aminotetrazole containing ateafdb, 28,
101-107]. Tools ranging from thermogravimetric analysis (TGA), diffeaé scanning
calorimetry (DSC), and FTIR/TOF mass spectrometry haeas lised, but traditionally
these experiments are performed under low heating rates (10/@00) K Under rapid-
heating conditions closer to that of a real-time combustion everg, whietypically be a
different set of dominant chemical processes. As a commostguditre of many high-
nitrogen content materials, 5-amitbi-tetrazole and the breaking of the tetrazole ring,
has been the focus of many studies. A temperature-jump/FTIR Specyregstgm with
a heating rate of 2000 K/s was used by Etilil. to investigate the reaction pathways of
aminotetrazole and a few of its related salts [105]. Theyifglemio possible reaction
pathways that vary with temperature; one which is dominantvattémperatures and
consists of the breakdown of the ionic tetrazole structure, and one ishldominant at
high temperatures and treats the aminotetrazole as a nedtha. main identifying
products of these two pathways areHbl the high temperature pathway angfbr the
low temperature pathway. Theoretical work has been performedablyePal. on
unimolecular 5-aminotetrazole decomposition [103]. Their studies ral¢eal two
possible decomposition pathways for the tetrazole structure, whitfrsdifor
aminotetrazole and its tautomer iminotetrazole. They predict that main
aminotetrazole reaction pathway will be that of Mxtraction, while the main

iminotetrazole pathway will produce HN
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Due to an extensive amount of relatively new high-nitrogen contesrgetic
salts, few studies have examined the decomposition of these awrgsgpecially under
rapid heating conditions. Chowdhuslyal. used a confined rapid thermolysis technique
to investigate the reactions of tetrazole based ionic liquitieattng rates of up to 2000
K/s. The main diagnostic tools for this study were FTIR spemims and TOF
spectrometry which obtained temporal resolutions of 50 ms and 1 ms;tresipgd104].
They showed that positions of functional groups on the tetrazole ringapdagnificant
role on the thermal stability and decomposition pathway of theztdérastructure.
Despite some rapid heating rate studies on tetrazole contamatgrials, to our
knowledge none exist for the materials of this study. Slow heattegdDSC studies and
mass spectrometry and IR spectroscopy have been performedbgriasd co-workers
for MeDAT_DN and MeDAT_N3 [107]. Their decomposition analysis forséhe
materials will be used for comparison and breakdown of the reaatimlugis in this
investigation.

In a complementary study our group tested several energeticirsadtshigh
heating rate u-DSC experiment [108]. This study showed a smmifidecrease in
activation energy for energetic materials at rapid heattgs, suggesting that different
mechanistic processes are at play. In order to investigatetermediate processes of a
reaction, an experiment with very high heating and sampling iatejuired. In this
paper we employ a Temperature-Jump/Time-Of-Flight Mass Speceotaatharacterize
the decomposition pathways of several aminotetrazole containimgegigesalts. The

uniqueness of this instrument is its ability to heat samplesrgthigh heating rates of
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10° - 1¢ K/s while simultaneously sampling the reaction products at gderh

resolution of 100 us, which can allow for probing of the early stages of reaction.

6.2. Experimental

The primary experimental device is the T-Jump/TOFMS. Sanapéegeceived in
a solution of ethanol or methanol, and are placed onto the sample prabanibally
applying a drop of the solution to the platinum wire. This procedlovealfor a quick
coating of the sample, but typically results in a sparse, nonranifoating. We have
previously taken scanning electron microscope (SEM) imagesaaients coated with
nitrocellulose or RDX. These two materials were studied ds ¢batings under this
process are very different from each other. Nitrocellulosebeathickly coated onto the
wire, while RDX is sparse and non-uniform, more in-line with@acgl sample. After a
volume estimation and assuming the density of MeDAT_DN of 1.7193d/t®7], we
predict larger samples to be ~10 pg and a typical sample ~1 ug.

Heating of the samples is performed under high vacuum conditioffstétx).
This allows for the probing of condensed phase decomposition reactioasy ags
phase reaction products will be ejected into the vacuum region. leowsampling of
organic energetic materials under such conditions raises concerneghpatation prior
to decomposition. For this reason energetic salts, which haveibkglrgpor pressures
are studied.  All samples used in this experiment are pab\bgieT.M. Klapotke of
Ludwig-Maximilians University in Munich, Germany, and consisbedmino-1-methyl-

1H-tetrazolium dinitramide (MeHAT_DN), 1,5-diamino-4-methyl-H-tetrazolium
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dinitramide (MeDAT_DN), 1,5-diaminoH-tetrazolium nitrate (DAT_N), 1,5-diamino-
4-methyl-H-tetrazolium azide (MeDAT_N3), and 5-aminotetrazolium dinitceni
(HAT_DN) and the synthesis of each material is documented leéseVj15, 26-28]. For
sampling purposes, the filament is inserted into the high vacuum sgmegion of the
TOFMS within close proximity (~2 cm) to the ionization sourcéPaV electron impact
beam. This allows for reaction products to reach the MCP detetttine mass
spectrometer at a fast time scale well below the chaistatdime of the experiment. A
typical heating run consists of a ~3 ms heating pulse which hieatilament up to
~1270 K or a rate of ~327,000 K/s. Throughout the heating of the samphass
spectrum is taken every 100 ps, and the current and voltage areasgoukly recorded
to determine the temperature of the filament. Reported tempesatwe that of the
filament, determined from the variance of platinum resistivitih viemperature [23].
Due to inconsistencies in the sample coating there are likghifisant temperature
gradients within the sample. However, heat transfer calculasiogpgest that the near

surface portion of the sample follows the temperature of the filament closely.

6.3. Results and Discussion

The investigation of condensed phase reactions is a very diffagkt tIf we
assume that our method of sampling within a vacuum eliminates segayataphase
reactions, then we have eliminated part of the complexity efahalysis process.
However, the condensed phase reactions themselves could be veryeinttiggon the
initial breaking of a reactive molecule, the product could undergo thdssd collisions

and numerous other reactive processes before exiting the condensedlbite is also
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the possibility that the initial products of reaction survive theyrantlision events and
exit the condensed state unscathed. Herein lies a great umgeftaiall experimental
studies concerned with the determination of mechanistic informatiaa.very difficult
to consider how to probe individual sub-nanosecond collision events, suchtasayha
be at play for the condensed phase reactions. By eliminating gas ngla@tions, this
study moves closer to investigation of the initial bond breaking svehtenergetic
materials. We acknowledge the possible complexities within the nsedestate, but
attempt to identify possible reaction pathways as suggested by our expdrsnehés.
Decomposition temperatures and reaction times for the six compousds w
determined from mass spectrometer results at a heatingfrat827,000 K/s and are
tabulated in Table 6.1. The decomposition temperatures were takertife onset of
product species, and the reaction times were determined fromalltwedth half-max of

the detected product species concentration.

Onset Reported
Compound Decomposition | Reaction Time (ms) Decomposition
Temperature®C) Temperature®C)
MeHAT DN 201 + 10 0.3 145 [28]
MeDAT_DN 3037 0.2 150 [107]
DAT_N 193+ 14 0.5 168* [15]
MeDAT_N3 184 +7 0.4 137 [107]
HAT_DN 251+ 7 0.7 117[26]

Table 6.1: Measured onset decomposition temperatarand reaction time.

* Temperature taken from the peak of a DSC trace
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Previously reported temperatures of the onset of decomposition dloimdeating rate
(~10°C/min) DSC experiments are also reported in Table 6.1. When &dbjecvery
high heating rates, each material exhibits a higher decompaostigrerature. This may
be indicative of different reaction processes under these high dneatenconditions. In
the following we explore the decomposition behavior of each compound. Eoenet,
the two predicted reaction pathways for tetrazole ring decotigosire shown il->2
and1->4. The main reaction products that are representative of thegeattwways are
NH2NCNH for 122 and HN for 124  Due to complex spectrometric analysis, each

material will be discussed separately.

H H
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I ,/C_NHZ — 1l / ,/C_NHZ
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NN NN
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N\N/ N;L /
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6.3.1. 5-aminotetrazolium dinitramide

The cation of 5-aminotetrazolium dinitramide (HAT_DM), contains the basic
aminotetrazole structure and is paired with the dinitramidgD{IN anion. Of the
materials studied, this has the slowest reaction time (dae ®dl), which allows for the

capture of multiple steps within the reaction that may not bectadle for other

materials.
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Figure 6.1: Detailed mass spectrum of the reaction products fim heating for HAT_DN, 5.
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Figure 6.1 is a single detailed spectrum of the reaction prodoct$. With the
significant amount of reaction products for HAT_DN it would be difficaven with a
complementary species identification study, to accurately fgestich species and its
origin, whether from fragmentation or decomposition. Therefore, ileomly assume
the identity of peaks that we can provide ample evidence asitatiygn, and will note

the uncertainty of other assignments. Table 6.2 lists the det®etesl peaks for each
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decomposition experiment, and also provides the possible methods of forfoataich

species.
Detected .
. Species . -
Name Abbreviation| Product o Species Origin
. Identification
Species
28 N, El
29 HN,, CHN El
30 NO Dinitramide Decomp./El (N§)
41 CHN, El (m/z 87)
5- 43 HN; Tetrazole Fracture
aminotetrazolium HAT_DN 46 NO, Dinitramide Decomp.
dinitramide 55 CHN; El (m/z 87)
57 NH,NCNH Tetrazole Fracture/El (m/z 87
69 na El (m/z 87)
74 N3O, Dinitramide Decomp
87 HN3HCN,H; Partial Tetrazole Ring Split
14 N El
5-amino-1- ;g C[:\||-2|3 Meth;l/EIIGroup
methyl-1H- MeHAT DN 30 NO Dinitramide Decomp./El (NQ
tetrazolium
dinitramide 42 N3 Tetrazole Fracture
43 HN3, HNCNH, Tetrazole Fracture
46 NO, Dinitramide Decomp.
14 N El
15 CH; Methyl Group
16 CH, Methane
1,5-diamino-4- 28 N, Tetrazole Fracture/El
methyl-1H- 29 HN,, CH;N El
tetrazolium MeDAT_DN 30 NO Dinitramide Decomp./El (N§)
dinitramide 44 N,O Dinitramide Decomp.
46 NO, Dinitramide Decomp.
55 CHN;, Tetrazole Decomp/El
57 NH,NCNH Tetrazole Fracture
15 CHs Methyl Group
1,5-diamino-4- 28 N, Tetrazole Fracture/El
methyl-1H- MeDAT_N3 30 - -
tetrazolium azide 43 HN; Azide Protonation
57 NH,NCNH Tetrazole Fracture
28 N, El
1,5-diamino-H- 29 HN,, CH;N El
tetrazolium DAT_N 30 NO Dinitramide Decomp./El (N©)
nitrate 43 HN3, HNCNH, Tetrazole Fracture
46 NO, Dinitramide Decomp.

Table 6.2: The detected spectral peaks during desgosition experiments. For each mass peak the
origin of formation for the peak is denoted.
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During peak assignment, we also assume that since this studyfosnped at rapid
heating rates under high vacuum, that there are not substantial sga@ad#tions or re-
combination within the condensed phase. This thought process, combined with
comparison to previous studies in the literature allows for ideatifin of critical
reaction products unique to certain mechanisms.

As an example we consider the largest mass observed for HATm2N§7, and
we note that the cation &fhas a molecular mass of 86. This m/z was not reported for
the decomposition of tetrazole or dinitramide containing matendlsel literature. Paul
et al. suggests that there is an intermediate step in the reaction of the éestazciure
where the ring first splits before; I\ released as shown By103]. This work by Paul is
a theoretical unimolecular decomposition study, so it is unable tocpratirmolecular
hydrogen exchange. We assume that with the ionic nature of ttesiahéhere is some

exchange of hydrogen atoms between molecules.

H
N/N\ _N:N—N\H HN:N—N\H
I{I ,/C_NHZ — //C_NHZ — //C_NHZ
N+ HN HN
H
6 7

As the tetrazole ring splits apart by breaking an N-N boris réasonable to assume that
protonation of the open ring could occur to form a structure simildrwath m/z 87,
which is consistent with our observation. This large and presumablblssholecule
would undergo significant fragmentation during ionization, which may acdoumany

of the detected spectral peaks. However, there is a signiicamiint of uncertainty in
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assigning ion fragment peaks to this molecule. Therefore foituse lent to assigning
values to peaks which presumably come from other sources. Tleeothar possible
molecular structures with m/z 87 such as GBN CH:N,O, GHNOs. Each of these
structures would require significant decomposition and recombinatidreicdndensed
state. We assume m/z 87 is due to the open ring tetrazolistrighown irv due to the
simplicity of its formation.

The other large molecule detected by our system, m/z 74, has nqbries@usly
reported in the literature as a decomposition product of tetrazdieitemide reactions,
and may represent an intermediate step in the initial reactomegs. This peak is not
from fragmentation of as this would require removal of a mass of 13 a.m.u. which is not
feasible given the molecular structure. It is difficult teate m/z 74 from the tetrazole
containing cation as it again requires significant recombinatidnirstermixing with the
anion or the addition of several hydrogen atoms. With a molecwdas of 106 the
dinitramide molecule can form m/z 74 through the loss of 2 oxygensatdxamining
the dinitramide structur8 proposed by Bottaret al. [109], we predict a loss of 2@
form N3O,. N3O, has been experimentally observed in positive [110, 111] and negative
[112] ionic forms, but to our knowledge, not as a neutral molecule.

O~ +N. O
N N

O O

8
Although the neutral molecule has not been experimentally obseheastetical work

has shown that this formation is possible, but thermodynamicallyahlas[113].

98



Regardless of overall charge, there is evidence t§as Will decompose to NO and,®
[114-116]. Figure 6.2 shows the temporal evolution of select product sypestaining

to the decomposition of the dinitramide structure. The earliestespebserved are m/z
74 and m/z 46, where m/z 46 represents,NOcommon decomposition product ofQy
containing compounds [109, 117], and later in the decompositiGnidNobserved. For
HAT_DN decomposition, the formation of .8 consistently forms at a higher
temperature and later time than N&hd m/z 74. As a measure of consistency, analysis
of five experimental runs gives an average time differerara the formation of N@to

the formation of MO of 0.3 + 0.1ms.

Intensity (a.u.)

Time (ms)

Figure 6.2: Detected product species during heatinof HAT_DN, 5.

The presence of these different reaction products suggests thatnthg be
competing mechanisms for decomposition. There have been previous Hptts

mechanistic pathways for dinitramide breakdown in an ammonium dimngkeam
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compound [117-119]. The two pathways consist of a low temperatusefdi@ing
pathway, and a high temperaturgONforming pathway. These two mechanisms are
consistent with what we observe, as N®present at a lower temperature, followed by
the appearance of .8 (m/z = 44) at a higher temperature. Analysis of these two
pathways is a much more complex problem. While previous studidsuegtN.O
formation as a single step process, we consider that there couhdreeprocesses at
play. While m/z 46, 44, 30, can all be attributed to the dinitrarordakdown, m/z 30
also has contributions from fragmentation of other species. Térerethree main
contributing sources to the detected NO concentration in HAT_DN gexsition,
production of NO from the reaction itself as well as from fragtation of NO and NQ.
There may also be a minor contribution to m/z 30 from fragmentation/nf57 via
H2No. Based on fragmentation patterns obtained using neataR® NO gas, we
conclude that at low temperatures the majority of the NO is peatidrom NQ
fragmentation, while at higher temperatures NO is alsoctiireformed from the
decomposition process. Since NO an®Mre both produced at higher temperatures it is
possible that this is due toz®, decomposition. It is also possible thatONis not
produced directly from the dinitramide, but rather from decomposition k#aation
product from NQ production. Since NQis produced early in the reaction process, a
condensed state decomposition product of this step could be formed and further
decomposed to produce®. In the MeHAT DN analysis below we observe NG a
primary decomposition product, but only occasionally obsen@. NThis suggests that

N2O is a result of a higher temperature reaction mechanism,cond&y condensed
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phase mechanism, rather than the decomposition of a primationepioduct from the
NO, reaction step.

As with the dinitramide structure, there are multiple reactichvys for the
tetrazole molecule. The m/z ratios 43 and 57 represent the fieoedt tetrazole
breakdown mechanisms [102], and are noted as both being present in thenspec
decomposition. However, due to the presence of larger molecules gneefftation of
these molecules, a decisive conclusion cannot be made as to howett@deting breaks

down during HAT_DN decomposition.

6.3.2. 1,5-diamino-4-methyl-1H-tetrazolium dinitramide

The structure for MeDAT_DN is given B This structure is similar to HAT_DN
in that it is a tetrazole containing cation paired with a dimidg anion. The cation does
have some slight variations as it has two functional groups, amoand methyl group,
symmetrically placed on the tetrazole ring. These sditi#rences have a significant

impact on the decomposition of the tetrazole ring as seen in Figure 6.3.

Intensity (a.u.)
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Figure 6.3: Detailed mass spectrum of the reactioproducts from heating of MeDAT_DN, 9.

This decomposition follows that of the tetrazole ring as demongdtriat€, and is

consistent with the Nextraction mechanism seen in previous studies. As noted, this
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mechanism will produce a peak at 57 and an intense peak at 28 &eli&m DN this
involves the removal of the functional groups from the tetrazole stgjoivhich can be
confirmed from the presence of m/z 15, £khile the amino group may be further
protonated to form ammonia (NHn/z 17). With the loss of both functional groups, the
remaining structure would have a net negative charge, and would likelgrgo

protonation before splitting to m/z 28 and 57.
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Figure 6.4: Detected product species during heatinof MeDAT_DN, 9.

For the dinitramide anion we see the production of both &hd NQ suggesting
a similar decomposition mechanism as that of HAT_DN. . Onea ahfference in the
decomposition between this molecule and the HAT_DN molecule is hisateaction
occurs much faster. If we take the full-width half max ofdbetected product species as
a representative reaction time for both reacti®eacts 2-3 times faster th&n With

the decomposition d@ we were able to observe multiple steps in the reaction whege NO

102



appears prior to dD. In the decomposition & the reaction happens at a much faster
rate and N@ and NO appear simultaneously and relatively early. However, it can be
seen in Figure 6.4 that,N production does peak later than NOf we compare the
decomposition temperature of the three dinitramide containing mat@miarable 6.1
with their reaction products, we observe thaONs observed in MeDAT_DN, and
HAT_DN, with decomposition temperatures 33 and 251°C respectively. However,
NO is not typically observed in the decomposition of MeHAT_DN, which has the lowest
decomposition temperature of 20C. This evidence further confirms the previous
assumptions of a high and low temperature decomposition mechanisma thnitramide

molecule.

NH,
NN,
I ,/C_NHZ
N\N+

\

CHj

~

O,N" “NO,

9
Although we have assigned species to each spectral peak, theile 9ense
vagueness as to whether these peaks are directly due to decmmpositvhether they
are from fragmentation of a larger molecule. Typically additianeeriments are
needed for comparison, in this case a slow heating rate experimserg mass
spectrometry with 70 eV electron impact source and FT-IR speopgshas been
previously performed for MeDAT_DN by Fischer and co-workers [10he gas phase

decomposition products were investigated at &C#nin heating rate, and from the
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reaction products they predict that the tetrazole ring decompodesm HN; as in4,
rather than forming Nas our results suggest. More importantly this previous experiment
allows us to determine whether some of the reaction products ddttitig are due to
fragmentation or decomposition. The Fischer work does observe saeenlecules
that undergo significant fragmentation during ionization. The main deszsition
products are pO (m/z 44), MeN (m/z 57), MeONQ@ (m/z 75, mass peak not observed,
authors assume fragmentation), (Hgkh/z 81), HCN (m/z 27), NkK(m/z 17), and kD
(m/z 18). Comparing our study to these results, we concludenttza67 is due to
NHoNCNH, not MeN. In the Fischer study they confirm the presence of Meith FT-

IR spectroscopy, and observe a m/z 57 peak with their mass spstetroniHowever,
they do not observe a peak at m/z 15 for the methyl group as we de bBth studies
use a 70 eV electron impact source, this confirms that ou f&dk is not due to
fragmentation of Mel| and further suggests that m/z 57 is not due to MaNthe
methyl group is occupied elsewhere. The Fischer study aleotsléfleONQ with FT-

IR spectroscopy, however this does not fragment to produce an(mi@ 46) peak,
which we do detect. This clearly demonstrates that Ca result from a different
breakdown mechanism that does not produce Me ON@ir study also does not identify
any of the larger product species that are detected in theysestudy. Due to this
evidence it is highly unlikely that the primary reaction productthe current study are

due to fragmentation of larger molecules.
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6.3.3. 5 -amino-1-methyl-1H-tetrazolium dinitramide
The structure foMeHAT_DN is shown in10 and a decomposition spectrum is
shown in Figure 6.5. This structure is very similab &except one hydrogen atom on the

tetrazole ring is replaced with a methyl group.

CHs
NN N
N\ //C NH2 OzN/ \NOZ
N+
H
10
CHs
NN
Il ,C—NH, — N3+ CH3 + HNCNH,
N\N’
+
H
11

Comparison of this decomposition with that of HAT_DN, and MeDAT_DN shbere

is no peak at m/z 57. This suggests that the addition of the metlwy gas a significant
impact on the decomposition of the tetrazole ring and implies sohex otaction
pathway. With the presence of m/z 43 we consider the pathwgwihich should lead

to HNCNH, and CHN3. CH3N3 has a m/z of 57, however we have already demonstrated

the tendency of the methyl group to break off during decomposition, whasiedea
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remaining N molecule with a net negative charge that can be further protaicatean
HN3;. We again observe m/z 15 corresponding tosCblt there is no study on
MeHAT_DN for direct comparison. However from the above discussion on

MeDAT_DN, it can safely be concluded that the ;@kblecule is a direct result of the

reaction.
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Figure 6.5: Detailed mass spectrum of the reactioproducts from heating of MeHAT_DN, 10.

The products due to the reaction of the tetrazole structure followiisy
mechanism are given ifhl. As mentioned previously, for both the dinitramide and
tetrazole structures there are at least two possible breakdewaimanisms. The addition
of the methyl group to the tetrazole ring changes the breakdwehanism to form HN
rather than the Nand NHNCNH as is seen for MeDAT_DN. For the dinitramide
decomposition in HAT_DN and MeDAT_DN we assumed a high tempera&ip@e
forming route, and a low temperature Nforming route. In a typical experimental run,
N2O is not observed as a decomposition product as MeHAT DN startsaimplese at a
lower temperature than either HAT_DN or MeDAT_DN, and likebynpletes reaction
before the high temperature reaction begins. In a few instanCew/ak observed late in

the reaction of MeHAT_DN. These cases were of larger sasipds, which either
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allows for longer residence times on the wire, allowing for ihgatat higher
temperatures, or secondary condensed phase reactions. We dttelbutesence of JO

to the longer residence time on the wire which allows for thepleato remain on the
wire at higher temperatures. This evidence should elimihateheory that pD is the
result of decomposition of a secondary product of, N#Poduction as previously
suggested. Since we are able to observe iINQ@ll cases, if a product of this reaction

yields NO, it would happen in all cases.

6.3.4. 1,5-diamino-4-methyl-1H-tetrazolium azide

Aside from dinitramide containing salts, we also investigated téteazole
containing cations with various other anions. The spectrum for MeDAT1ER is

shown in Figure 6.6.
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Figure 6.6: Detailed mass spectrum of the reactioproducts from heating of MeDAT_N3, 12.
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The decomposition for this material is similar to what wasndee 9. We see the
evidence of the nitrogen expulsion mechanism with peaks at m/z 5Z8anBeak 43 in
this case can be attributed to the protonated azide structuze WNen comparing this
material with MeDAT_DN we would expect MeDAT_N3 to show a loweermal
stability [15]. This appears to be the case as we see dectimpésmperatures of 303
°C and 184C for MeDAT_DN and MeDAT_N3, respectively. The work by Fischer also
examined the gas phase decomposition products of MeDAT _N3. The raatrome
products detected in their study are Hn/z 43), HCN (m/z 27), C#Ns (m/z 57),
NH4N3 (m/z 60) and B(m/z 28) [107]. While we observe most of these m/z’s in our
spectra, we attribute the products to different processes. Thieyeb¢hat HN is
produced from the breaking of the tetrazole ring a&rather than from the azide anion.
As is the case for MeDAT_DN, we do not believe thaglHs present for MeDAT N3
due to the large presence of £id our spectra. It appears that £bteaks off of the
tetrazole ring easily and relatively early. We attribtite peak at m/z 57 to NNCNH
following the mechanisms for other materials in this studyscHér also notes the
presence of some larger molecules;NBN); (m/z 126), and 1,2,4 Triazole (m/z 69),

neither of which are present in our study.

6.3.5. 1,5-diamino-1H-tetrazolium nitrate

The structure for DAT_N is shown i8. This material is slightly different from
the other tetrazoles examined as it is a diaminotetrazolitionocaithout a methyl group

and is also paired with a nitrate anion. From examination direkdown mechanisms
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of each of the other materials, there appears to be a trend irhbdetitazole molecule
will break apart based on the placement of the functional groups atwindtside of the
tetrazole ring. Molecule® and 12 both have functional groups symmetrically placed
around the tetrazole structure, wheré@shas the methyl group on one side of the ring.
The decomposition of the tetrazole ring #rand 12 follow the same pattern of ;N
expulsion, and moleculd0 produces HM  Following this logic, DAT_N will
decompose in a similar fashion as structi®eo produce HN From Figure 6.7 this
mechanism is confirmed as there is a large peak at m/zp4@semting HN and the

absence of species representative of theXgulsion mechanism, mainly peak 57.
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Figure 6.7: Detailed mass spectrum of the reaction products ém heating of DAT_N, 13.

We also observe peaks at m/z 46 and 30 which can be attributed tmiN@tion from

the nitrate anion. A slow heating rate DSC study was previgesfprmed on a similar
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material 5-aminotetrazolium nitrate [101]. Using FT-IR spetopy the authors suggest
that the material protonizes the pl@nion to form HNQ@ and this decomposes to form
H,O and NQ gas, while the tetrazole decomposes via thg mMBchanism. This is very
consistent with our results for DAT_N at high heating rates. cohelation of these two
experiments suggests that protonation of the anion may occur lwkfooenposition.
This, combined with other instances of protonation for the previous alatestrongly

suggests that proton transfer readily occurs during heating of ionic salts.

6.4. Conclusions

Using a T-Jump/TOFMS we have studied the thermal decompositiorverate
tetrazole containing energetic salts under conditions that minseizendary gas phase
reaction. By examining several different variations to theonadtructure, we were able
to draw some conclusions about the decomposition pathways of the tetrample
Despite some uncertainty in the origin of every detected spgetail whether it comes
from fragmentation or decomposition, we were able to identifytimaproducts that are
representative of different mechanistic pathways of tetrazaenagosition. It is clear
that there are two different reaction pathways demonstratetiddetrazole ring in this
work. Both pathways decompose through a breaking of the tetraagjeone with the
expulsion of molecular nitrogen, the other producingzHNrIhere is not significant
evidence in this study to suggest that the reaction pathwaysdp&aynajor role in the
decomposition temperature of the materials, however there idatmmebetween the
placement and composition of functional groups and the breakdown of theltetiag.
Symmetrically placed functional groups such as the MeDAT contairsalis
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decomposed via theNdecomposition, while the others showed characteristics of the
HN3; mode. A high and low temperature decomposition pathway is obseywebef
dinitramide anion, as dinitramide containing materials that exhibitegher
decomposition temperatures, produce®Mt these high temperatures. Although there
are limited studies on these energetic salts available fectdcomparison, we did
observe differences from previous work on MeDAT_DN and MeDAT_N3. d&hes
differences, mainly the presence of larger molecules in tlwiorgproducts, are likely

due to the presence of secondary reactions in previous studies.
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Chapter 7. Rapid-Heating of Energetic Materials Usg a
Micro-Differential Scanning Calorimeter

The work on GEMs with the T-Jump/TOFMS suggests that thagelbm different
reactive processes occurring under rapid heating conditions. To faupport this, a
complementary study is required. This p-DSC offers a sepapgierimental study
capable of heating rates that are comparable to that of-Senp/TOFMS. Traditional
DSC is commonly used to investigate the thermal stabilitynefgetic materials, so the
basic concepts are well understood. The u-DSC does offer aivierye opportunity to
perform multiple high heating rate experiments and extrastasicin energies for each
material. Comparison of these values with those from thealitre can provide more

information on the reactions at high heating rates.

Chapter 7 Overview

A micro-Differential Scanning Calorimeter (u-DSC) waspéoyed to study the
thermal decomposition of organic energetic materials. Heatiag flamm 1900 to 65,000
K/s were explored, which are many orders of magnitude highetrdditional DSC, but
much closer to the conditions these materials would experiendeeiin application.
Temperature calibration was done by heating Sn, KN{bd KCIQ at the desired
heating rates to determine the temperature profile at eschTae samples studied were
5-amino-H-tetrazole, 5-amino-1-methyl-H-tetrazolium dinitramide, 1,5-diamino-4-
methyl-1H-tetrazolium dinitramide, and 1,5-diamino-4-methid-fietrazolium azide,
which comprise a new class of high-nitrogen containing energetierials. Activation

energies determined through the Kissinger method are much tbame those reported
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for the same materials under low heating rates. This imdidhtit other decomposition

mechanisms may be at play under high heating rates.

7.1. Introduction

Differential scanning calorimetry (DSC) is often used as aragterization
technique to determine the thermal behavior of energetic matéEds). As new
organic EMs are formulated, this is an important test to deterthermal stability and
ignition temperature. Recently, new organic energetic mitenia being created to not
only improve performance and stability, but also to reduce #mirronmental impact.
These “green” energetics are generally high-nitrogen nbmeic salts which have N
gas as a primary reaction product and create the majoribewfenergy from high heats
of formation. Conversely, classic organic explosives (TNT, ROX,) €reate energy
through oxidation of a carbon backbone [120], which often results in gasadusn
containing reaction products.. Many ionic salts have a tetrapol@ining cation, which
is primarily responsible for the high-nitrogen content of the n@te Two common
cation structures are 5-amino-1H-tetrazole, and 1,5-diaminodégravhich have 82.3 wt.%
and 84 wt.% nitrogen respectively [102], while the anion can be compbsedariety of
different structures.

Several groups have characterized high-nitrogen energetid3Sfaand related
experiments. 5-aminotetrazolium nitrate [101], 1,5-diamino-4-méiHyletrazolium
nitrate [107], 1,5-diamino-4-methylHttetrazolium dinitramide [107], 1,5-diamino-4-
methyl-1H-tetrazolium azide [107], and 5-aminotetrazolium dinitramide [2@&],jast a

few examples of ionic salts that have been characterizecabgiastt DSC methods. In
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addition to decomposition temperature, activation energy can beatattwising varied
heating rate experiments and either an isoconversion technique like thzawg (93] or
the Kissinger method [121]. Ma al. performed this experiment for 5-aminotetrazolium
nitrate from (2 to 25) K/min and obtained an activation energy of 301#okdising the
Ozawa method and 311.0 kJ/mol using the Kissinger method [101]. InilardD8C
experiment at heating rates of (2 to 40) K/min, Fiscteal. determined the activation
energy of several ionic salts and found them to be in the rang@ 1 to 138) kJ/mol
using both the Ozawa and Kissinger methods [107]. Relative to heatesgcommonly
experienced during combustion of energetic materials, tradition@l lEating rates are
many orders of magnitude lower. This is relevant as highempeattes may lead to
different mechanistic steps in the reaction. For exampls, ésstablished that as the
heating rate increases, the activation energy tends to decitdaaéng experiments for
GeShTes films showed the activation energy for film crystallizataecreased by more
than a factor of four over a heating rate range of (3 to 500) K/min.

To achieve very high heating rates that approach those that lavanteto
energetic materials, new classes of DSC devices are aece3hese new devices based
on MEMS fabrication methods offer very fast response due to thé theahal mass of
both the heaters sample [122-125]. A u-DSC device previously developtndd at
National Institute of Standards and Technology (NIST) is capalbteating rates up to
1x10 K/s [125], and was previously used to explore phase changes inthiiSilms
[126]. This device is used to investigate the decomposition teraperatd activation
energy of several high-nitrogen energetic salts and resultsoanpared with that of

traditional DSC.
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7.2. Experimental

The main diagnostic tool in this study is a silicon based pu-DSCalfl25] (66 x
240 x 3.3 um) shown in Figure 7.1, where the center rectangular sectio@ heated
platform. The heated platform can be split through the vesdidalinto two halves; one
holds the sample and the other serves as a reference durimg hdgach section has a
poly-silicon heater, which is driven by a function generator (Talexti®nics WS8102)
[127] that supplies a linear voltage ramp. An aluminum poly-silidoerntopile
consisting of a series of twelve junctions, located sequentiallgpposite ends of the
device, produces a voltage proportional to the temperature diffebsteeen the two
sections. Heating rates are varied by adjusting the frequartye function generator,

and for these experiments the heating rates range from ~(1900 to 64,000) K/s.

66 um
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Figure 7.1: Image of the u-DSC with a droplet of an organic engetic sample.

Samples are placed onto the surface of the p-DSC using a PV820d@ndrico-pump
system (World Precision Instruments) capable of producing pcobized drops.

Droplet size is typically on the order of 10’s of micrometerdiameter. The picopump
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works by applying a short (5 ms) pressure burst to the liquigeimicropipette, ejecting

a droplet from the tip. Drop sizes are determined optically froages such as Figure
7.1, and ranged from ~10 pm to 60 um in diameter. Each sample adlyirpptaced in
either ethanol or methanol at a concentration of ~100mg/ml to araistability of the
material. Samples are then diluted witfCHo a concentration of ~10 mg/ml to prevent
drying in the micropipette. The volume of the drop is estimatestbbyming that wetting
of the surface occurs in a similar fashion to a drop of water sihcan surface. The
contact angle of the drop is taken to b& [3@8] and the curvature of the drop is assumed
to be similar to a spherical cap [129]. Assuming the dianoétdre drop as viewed in
Figure 7.1 to be 60 um the mass of sample is estimated to be 0.1 ng.

All organic energetic materials used in this experiment \peogided by T.M.
Klapo6tke of Ludwig-Maximilians University in Munich, Germany. Tinaterials are 5-
amino-H-tetrazole (5-AT), 5-amino-1-methyl-H-tetrazolium dinitramide
(MeHAT_DN), 1,5-diamino-4-methyl-H-tetrazolium dinitramide (MeDAT_DN), and
1,5-diamino-4-methyl-#i-tetrazolium azide (MeDAT_N3). The synthesis of each
material has been documented elsewhere with the exceptionnoinbtatrazole which
was acquired from Sigma-Aldrich [15, 26-28]. Aside from 5-AT, thesgerials are
novel energetics and have been recently formulated, thereforeitadliammount of
diagnostic information is available.

Linear voltage ramps are used to drive the heaters and apprexani@ear
temperature ramp for the sample. Calibration was performed tormadhe temperature
of the heating surface using three samples with well documenteel gasge points, tin

(Sn), potassium perchlorate (KGO and potassium nitrate (KNJ) which has two
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calibration points. The known calibration points are the melting poitib @t 505.1 K
[130], a solid-solid phase transition for KGl@ 572 K [131], a KN@solid-solid phase
transition at 401 K [131, 132], and melting at 607 K [133]. With the known #derm
properties of each material, four heating rates are apph&€900 K/s, ~6500 K/s,
~33,000 K/s, and ~64,000 K/s. For each material the voltage point at thebmssting
was measured and plotted in Figure 7.2. A linear function was @reatenvert voltage
to temperature for each heating rate, the results of whichlsseshown in Figure 7.2.
To achieve a desired temperature and ramp rate, the voltagearapdduration are
determined and applied for each heating rate. Due to the metkatiboétion, and very
small sample sizes, we do not expect thermal lag or sanipleesging to be an issue

with this system.

KCIO,Phase Shift ~ KNO; Melt
) X

Sn Melt

41 KNO,Phase Shift  1900K/s y=0.021x + 1.8
m6500 K/s y=0.020x + 2.2

33,000 K/s y=0.020x + 3.8
X64,000 K/s y=0.021x +50

Heating Voltage (V)

[§+]

350 400 450 500 550 600 650
Temperature (K)

Figure 7.2: Voltage to temperature calibration forreference thermal signatures, melting point of tin
505 K, solid-solid phase transition of KCIQ, 572.2 K, solid-solid phase transition of KN@ 401.2 K,
and melting point of KNO3, 607.1 K.
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7.3. Results and Discussion

The decomposition temperature of each material at four differatingerates is
shown in Figure 7.3. The error bars in this figure represent thdasthdeviation of each
temperature point. We expect that the primary error in thisriexeet is due to either
inconsistencies in drop size and placement, or non-uniformities inetlting surface’s
temperature profile. Either of these issues would cause slagfdtions in sample
temperature throughout the experiment. Another minor source of errdue to

assignment of decomposition temperature due to the breadth of the peaks.

800

750

700 - #
650 - o

3 «
£ - 3
2 600 | -
E e
o 'f' L
g 550 |
] .
i z MeHAT_DN
500 -
i 5-AT
450 AMeDAT_DN
®MeDAT N3
400 .
0 20 40 60 80

Heating Rate/1000 (K/s)

Figure 7.3: Decomposition temperature of various eterials at four different heating rates.

In varied heating rate experiments it is possible to extraetiki parameters using

the Kissinger method [121],

Bi — _ Ea
In (T—2> = constant — — Q)

pii pii
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wheref is the heating rate,yTis the temperature where the calorimetric trace peaks, and
R is the gas constant. Figure 7.4 plots the left side of equatimer&)s the inverse of
the decomposition temperature for each material so that the slopee data is
proportional to the activation energy. Following the Kissinger howt the
decomposition temperature is taken from the peak of the calorinetce. For each
data point in this figure, the average peak temperature and dneata from several
experimental runs is used for the Kissinger method. The matenaFigure 7.4
demonstrate an acceptable degree of linearity, as each sangla lcarrelation
coefficient of 0.95 or greater. Table 1 lists the calculatat/adion energy with
respective error for each material. To calculate the aictivanhergy uncertainty we used
Kissinger plots containing each individual data point per sample. Asguan 95%
confidence interval, the uncertainty in the slope of these plotdetasmined, and then
multiplied by R to determine the maximum and minimum activation energy.

-0.5

MeHAT DN
£
5-AT

15 AMeDAT DN

B L

®MeDAT_N3

|
I
(&3]

a
[
—
@ 3
£
,35 e
4
-4.5
@
o A
-55
1.2 1.4 1.6 1.8 2 22

1000/T (1000/K)

Figure 7.4: Kissinger plots for each sample.
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As previously mentioned, most of these materials are synthdsyzbe Klapotke
group at Ludwig-Maximilian University of Munich. Aside fromrdkesis, this group
executes a variety of performance tests on these mate¢hatefore much of the work
presented here is compared with their slow heating experim&mse these materials

show differences in their dependence on heating rate, each will be discyssatebe

Material Ea (kJ mol™)
MeDAT_DN 74 +14
MeDAT N3 41+13

5-AT 66 + 10
MeHAT DN 44+61

Table 7.1: Activation energies for each materialaculated using the Kissinger Method.

7.3.1. MeDAT_DN

A sample DSC trace for MeDAT_DN displaying a strong exatherpeak is
shown in Figure 7.5a. This is consistent with traditional DSC rerpeats, which also
show a strong exotherm. In this low heating rate study bgh&is the decomposition
peak shifted from (450 to 488) K for a (2 to 40) K/min heating ratge§107]. Figure
7.3 shows the variance in temperature of the exothermic peak for WMdDM in the
high heating rate u-DSC experiments, which occurs in the @in@®8 to 682) K. The
elevated decomposition temperature in our experiments is a resthle afse of high
heating rates. Traditional DSC experiments also indicateeléing point at 358 K.

While a sharp endotherm is not observed with the u-DSC, a shallad brmlotherm is
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present, and likely represents melting. Through the Kissimgg¢ihod we calculate the
activation energy to be ~74 kJ/mol, close to half of the ~138 kJ/mhmllated by Fischer

et al. through both the Ozawa and Kissinger methods [107]. The uncertainty in activation
energy of 14 kJ mdl for MeDAT_DN is relatively high compared to traditional DSC
experiments. Even with this uncertainty, it is still cleat tha activation energy is much

lower than previous values, indicating the probing of different mechanistic events.

7.3.2. MeDAT_N3

MeDAT_N3 is reported to show an endothermic peak in the range ofq4&3s!)
K for various low heating rates, and has a reported melting poid@®fK [107]. In
Figure 7.5b a large endothermic peak is observed for this matehigh is consistent
with the low heating rate work [107]. In the u-DSC experiment pbak of the
decomposition ranges from (473 to 664) K, and the activation eneogycidated to be
~41 kJ/mol, compared to 107 kJ/mol in the Fischer study. The méeneti€e between
the high and low heating-rate calorimetric traces is thathigk heating rate study
displays a very broad endotherm, compared to a sharp peak for the lbmg hate
Fischer study. We believe this endotherm is a result of bothnsatidn and
decomposition, which at lower heating rates is observed as two endothmraks.
Aside from heating rate, the main experimental variation ketviee Fischer work and
the present study is that their experiment was performedsima-enclosed container
with a 1 pm hole in the top, and the present work was done in an opeonemsfit.

Fischer and co-workers mention that if a completely closed centas used then the two
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endotherms become one. In our u-DSC experiment, the heating rateenad a point

that the sublimation and decomposition also occur as one process.

MeDAT_DN]| [g MeDAT_N3

>
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Figure 7.5: u-DSC traces with a 6500 K/s sec heagj rate for A) MeDAT_DN, B) MeDAT_N3, C) 5-
AT, D) MeHAT_DN.

In Fischer’'s previous work the sample showed mass loss atyaldair temperature of
378 K, however there was no DSC signal at this temperature. ©hd bndothermic

nature of the MeDAT_N3 under high heating rates may be explaintbd iearly mass
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loss is due to an endothermic event that can be better detatttatievsensitivity of the
pn-DSC. Another explanation is evaporation of the sample solution émrenergetic
material reacts. For this to occur the energetic mateoald need to dissociate and
form a solution with a relatively high vapor pressure. However, weotdexpect this to
happen as these ionic salts are stable J& Hnd ethanol, and are known to have low

vapor pressures.

7.3.3. 5-AT

5-AT is the one material of this set that is a neutral rétrgr an ionic material.
It is tested here as it is the backbone of the cation specesch of the other EMs. This
sample at 10 K/min displays a decomposition temperature of 480 Kamd melting
point of 478 K [102]. The activation energy was also reported to be ¢1B&3) kJ/mol
using several different isoconversion methods at heating rates68 {0 40) K/min.
Figure 7.5¢c shows a sample u-DSC trace for 5-AT showing two tegrtas, the first of
which peaks at just over 473 K that we attribute to melting, and the second we consider to
be the decomposition. The melting of 5-AT occurs from (478 to 493) Kstensy for
all heating rates, but the decomposition peak increases with heaténm the range of
(505 to 624) K. In the Lesnikovich study [102] only one major endothewhssrved
during DSC experiments, as at slow heating rates these twospescékely happen
rapidly and cannot be distinguished separately. From Figure 7.4,tihatian energy
was calculated to be ~66 kJ/mol. This activation energy is ni@ne half of that
previously reported, but is reasonable considering the significantediffe in heating

rates in the two experiments.
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7.3.4. MeHAT_DN

Traditional DSC traces for MeHAT DN at 5 K/min show an endothéua to
melting starting at 363 K and an exotherm starting at 418 K [28]the u-DSC studies
the thermal trace of MeHAT DN in Figure 7.5d can be broken down nmihiple
reaction steps. First, a slow endotherm starts shortly thiteheating and is similar in
nature to the endotherm in MeDAT_N3 in Figure 7.5b. Secondly, we obsesiearp
endotherm, shown in the boxed region of Figure 7.5d, which is typicallywed by a
second endotherm. The calorimetric trace does vary as at thestlbeating rates the
two endotherms may appear as one. At times, the gap betwebtmoteadotherms is
very sharp and appears to be similar to an exothermic eventusgdn the Kissinger
method the decomposition temperature is taken from the final endothpeak. It is
assumed that if the calorimetric trace only shows one endothpaaicat slow heating
rates, that both mechanistic events are present but indistingeish@bis endothermic
peak occurs in the range of (535 to 757) K and the activation enertlefdAT_DN is
~44 kJ/mol. No value for the activation energy was found in thatite, but this value

is consistent with the other materials in this study.

7.4. Conclusion

This work has successfully demonstrated the ability of the quelyi designed p-
DSC to study the thermal decomposition of organic energetic ialaterFor certain
materials this system allowed for the probing of differentcimaistic steps than is
capable with traditional calorimetry experiments. Due to hea#tes that are orders of
magnitude higher than those that are typically used for DSCrimeds we report
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activation energies that are considerably lower than those previesirted. Despite
relatively high amounts of uncertainty in the activation energyreperted values fall
well below those previously reported and demonstrate the studfferedi mechanistic
events. With the use of the broad heating rate range that shésrsis capable of, future
studies using this technique could provide further insight into the theleoamposition
mechanisms of organic EMs. Possible studies on one matemgmhgainom very slow
heating rates, which are typically used, up to very fast heedteg at the high end of this
system’s capabilities, could be very insightful into the decompositienhanisms of

these materials.
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Chapter 8: Summary

8.1. Conclusions

This work was devoted to furthering the knowledge on the ulttadastions in
energetic materials. Using a T-Jump/TOFMS and various coreplany tools, several
contributions were made to the reaction mechanisms of both nanotdsand green
organic energetics.

In Chapter 4, Al/BiO; was examined following a previous study that correlated
the ignition of nanothermites to oxygen release. AWBiI demonstrated unique
properties in an experiment investigating the formation of ioniciepeduring the
nanothermite reaction. Through comparison of time-resolved mass$raspd the
nanothermite reaction, and that of decomposition ofOBinanoparticles, it was
determined that Al/BO3; underwent a condensed phase initiation event. This conclusion
was based on the fact that the nanothermite ignited prior to the pordo€ any gas
phase oxidizer by the bismuth oxide. A high heating rate SEM stad employed to
further investigate a sparse mixture of ABi on a carbon-coated SEM grid. This
experiment yielded a unique outcome aglBireacted with the underlying carbon film,
rather than the nearby aluminum nanopatrticles. In this caseADgv&s not in contact
with the aluminum, but was resting atop the carbon film, whichribér evidence that a
condensed phase reaction is the method of initiation for A¥Bi To further
demonstrate that the condensed phase mechanism was not dependerdlomithen
fuel, a mixture of carbon and f); was sampled with the T-Jump/TOFMS and showed a

similar condensed phase reaction as AlZBi The initial Al/BLOs reaction was also
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demonstrated to be much faster than a comparable Al/CuOorgactntrary to bulk
nanothermite studies. It is expected that this is due to thiey aidi Bi,O3 to rapidly
transport its oxidizer through the condensed phase. The presecbargéd species
within the condensed state may also significantly aid this proc@$se evidence of
condensed phase reactions also supports the recently proposed reimtériags
mechanism for initiation of nanothermites.

Following the demonstration of condensed phase reactions in,®@4/Eind
C/Bi,0s, the next logical step was to investigate this event for other oxidizers. dTlhds le
the investigation of C/CuO and C/ee, which aside from having mechanistic
importance, are also relative to the field of chemical loopingbcmtion. This study
showed that the metal oxides CuO and(zeare also capable of condensed phase
reactions. The results of the carbon oxidation experiments in taenpfIOFMS were
compared with that from previous soot and carbon oxidation studies. Time ma
difference in TOFMS studies and previous studies is the usegaeous oxidizer in
nearly all other studies. The Nagle and Strickland-Constablelmadeused to compare
the typical oxidation rate of carbon with that of an estimatsttion rate from the
experiment. The experimentally determined reaction rate bboayxidation through the
condensed phase reaction is orders of magnitude faster than pigasopisase oxidation
studies.

The study in Chapter 6 examines the decomposition of novel greegegner
materials using the T-Jump/TOFMS. The goal of this stutty @@mpare several similar
GEMs with a common tetrazole containing cation, and determine haer molecular

differences affect the breakdown of the material. The essliggest that the
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decomposition of the tetrazole ring is highly dependent on the locatidnnofional
groups along the outside of the ring. No correlation was observéideftareakdown of

the tetrazole ring with the composition of either the functiomaugs or the anion.
However, thermal dependence was impacted by anion composition. Twotesepara
decomposition pathways were determined for the tetrazole struongethat produced

N>, and the other HN Both of these pathways had been previously reported for different
experimental conditions. Several of the materials in this siglg previously subjected

to product species identification experiments under slow heating iratether works.
Significant differences were observed for the current stadytlae previous slow heating
rate studies suggesting that different mechanistic events are at ptay rdid heating.

To complement the T-Jump/TOFMS study on GEMs of chapter @as
necessary to have another instrument to probe the reactivityrgle@inenaterials at high
heating rates. Chapter 7 covers the use of a NIST developeatdifferential scanning
calorimeter to investigate several of the materials from @nhaft This system was
calibrated at different heating rates using materials with knth&rmal signatures, and
the GEMs were tested at the same heating rates. A \Jaedthg rate experiment was
performed to probe the change in decomposition temperature. Using this information, the
activation energy of each material was determined using thenkes method. Each
material demonstrated an activation energy of nearly haltfeopteviously reported value
at slow heating rates. The presence of lower activation esdigither support the T-
Jump/TOFMS results that different mechanistic processes are at play st heating.

The findings of this work have produced several notable resultsfispkgithe

observance of condensed phase initiation event for A¥Band carbon metal/oxide
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mixtures. Prior to this work there was little experimentabence to suggest such a
reaction. This is also further evidence for the recently proposactive sintering
mechanism for nanothermite initiation. The condensed phase initiateom s a very
interesting finding, and future work should be devoted to further undensgatiois

process.

8.2. Recommendations for Future Work

8.2.1. Negative lon Detection

It is of considerable interest to determine the negative ioniciespélcat are
formed during the thermite reaction. The positive ionic speces wreviously reported
[29], and in order to obtain a more complete mechanistic understartténgedative ions
must also be confirmed. It is expected that the negative ionstohain oxygen species,
possibly G as this ion has been reported as present in H@ Bittice.

In the previous ion experiments the negative ionic species could m#tdéeted
by simply adjusting the voltages of the normal setup. In our aaitation paper [29]
several different voltage configurations were tried, but withoutesscin negative ion
detection. It should be noted that the total negative ion productionmeagored
successfully, but not the species identification. It was nogllyitevident whether the
pulsing system was capable of handling an initial bias of -1300 ¥tisfysthe voltage
configuration for negative ion detection in Table 8.1 (Negative lon 8pddetection
Proposed (1)). Experiments have since shown that this configurapossible. Sample
experimental runs with this configuration for Al/CuO have been peddrnand no

arcing was observed. Therefore the voltage configuration foratNegylon Species
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Detection Proposed (1)' should be suitable for negative ion deteckianvever, after
several experimental runs there was no detection of negative ionic species

The cause of this is likely a negative voltage on the plates i, which
repel the negative ions. Figure 8.1 is an electrical scihefoatthe applied voltages for

the MCP detector.
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Figure 8.1: An electrical schematic for the voltags applied to the MCP detector. Image is taken
from Jordan TOF Products, Inc. [134].

The points labeled VD4, VD1, VD2, and VD3 represent the points of vodijpgkcation
to the 3 MCP plates. The MCP plates are circled in red;ebtos between VD4 and
VD1 has 2 MCP plates, and the section between VD2 and VD3 has 1 M@P piThe
area marked ‘G’ is connected to the liner of the TOF tube.tHeotypical spectrometer
setup, positive ions enter the MCP region through the plate marke@n@ then are
accelerated by the negative voltage at VD4 (-4988 V) into the MCP plat@4at Mhpact
of an ion with the MCP plates creates up tB dl@ctrons [135], which is why the electric

field after VD4 is designed to further accelerate negaipecies. However, if a negative
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ion enters the region through ‘G’, it may be repelled by the negabltage of VD4 and
never reach the MCP plates. This was the same setup used prefooustgative ion
detection, but during that study the placement of the filament dirastly in the
ionization region of the mass spectrometer. This likely allowedrfore ions to reach
the MCP region, and probably allowed ions with much greater kineziggmo reach the
region as there is a direct line of sight from the ionizategion to the MCP. Therefore

many ions may have had the energy to overcome the repulsive electric field.

Experiment

Extraction Plates

Negative lon Species

Detection Proposed (1)

Negative lon Species

Detection Proposed (2)

Filament Placemen Edge Edge
Al -1500 Pulsed (Ground to -200V)
A2 Pulsed (-1500 to -1300V) Ground
A3/Liner Ground Ground

Table 8.1: Proposed experimental setup for negatvion species detection experiments.

For negative ion detection, the ion signal will be diminished from ehahe
previous experiment as the filament is placed 1-2 cm outside abnimation region.
Therefore, the voltages of the MCP will need to be adjustedaw ehsier detection of
negative species. The voltages for each plate are listedyimeF8.1 and are for the
maximum recommended input of voltage of -5000 V, however this schesiaticedited
image taken from Jordan TOF Products, Inc. [134] so it is not gntkear how the

voltage values were obtained, but we assume that they are noieasluies. To simplify
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the problem, sample voltages are given in Table 8.2.

The impda@ot with re-

configuring the voltages for the MCP is to ensure that the votiageremains the same

across each set of plates. Each MCP plate has a reconmdmeagienum applied voltage

of 1000 V. In other words, the voltage drop over VD4 — VD1 can be na ldrge 2000

V (2 plates, 1000 V per plate), and V3- V2 can be no greater than 1000 V.

Present Voltage (sample) Required Voltage (samg
VD4 -5000 +200
VD1 -3000 +2200
VD2 -1200 +4000
VD3 -200 +5000

desired positive voltages in Table 8.2 by simply using a positive eolagply. This

will require the building of a new voltage divider box to meet ithguired voltage

Table 8.2:

Sample applied voltages for the MCP ptas.

Due to the circuitry of the voltage divider box, it is not possibl®ttain the

settings. This box could be built in-house (examination of the cutr@der box, which

is attached to the TOF tube shows that the connections areelglaiasic), or by Jordan

e)

TOF. If a new divider box is built in house (I think this is végsible), | recommend

first finding an accurate way to measure or calculate thegestéor each point in Figure

8.1, so that the circuit is fully understood (several unsuccessémhats were made to

obtain the values in Figure 8.1 with basic circuit analysis calon&t A new circuit
will then need to be designed to obtain voltages similar to tho®ensin Table 8.2

(assuming a +5000 V input).
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MCP plate is not greater than 1000 V. It should also be noted tha0@0eV input used
in this example is the maximum allowed voltage input and isrizatgr than the typical
MCP voltage input of ~3000 V.

If arcing occurs for nanothermites that produce more intense i@eli.e.
Al/Bi 203), then the setup ‘Negative lon Species Detection Proposed (23bie 8.1 can
be tried. This setup has little to no voltage drop between ldmadnt and plates, and
should not result in arcing. This produces a relatively weakrieldigtld compared to
previous experiments, and requires calibration of the mass spetramedetermine the
product species. The major downfall of this method is a signifabeerease in spectrum
resolution. It is possible that without an acceleration potentialdest plates 2 and 3,
signal may be too poor to identify the product species. Howevtreasain goal of this
experiment is to determine the negative ionic species, itbagyossible to do this at the

cost of greatly reducing resolution and intensity of the spectrum.

8.2.2. Activation Energy Investigation Over a Broad Heating Rate Range

Lower activation energies have been demonstrated for both nano#dseani
organic energetics when submitted to high heating rate conditiomswould be
interesting to investigate the change in activation energy undemgplete range of
heating rates, preferably with a single instrument to avoid apgrenental deviations.
Variable heating rate experiments for the metal oxidescangbn/metal oxide mixtures
were performed for heating rates from*3010 K/s. The T-Jump/TOFMS may be
capable of heating rates as low as Kfs without modification, however there is still a

large gap between the rapid rates in this experiment and the ~1le#tiag rates of
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traditional DSC experiments. The u-DSC system could potribalused for this study,
although the current maximum temperature of the system is *G00®hich may be too
low for nanothermite studies. If one system can be used for ideteftreactive events
over a very broad range of heating rates then it may be possitytack multiple reactive
processes for a single system. An example of this tymtudly has been demonstrated
by Choiet al. (Figure 8.2) for the crystallization of a £ Tes thin film. Where heating
rates ranging from 3-38C/min, they have an activation energy of ~226 kJ/mol, but for
faster heating rates of 50-580/min the activation energy is reduced to ~47 kJ/mol [19].
This study is still over a relatively small range of hegtrates, and yet observes a
significant change in activation energy. A heating study avewmch broader range of
rates could uncover more mechanistic transitions, and potentiaky sgimuch better
understanding on how different heating regimes affect the reaction of samnate

On the surface, the T-Jump/TOFMS setup requires littleasiba to perform
these experiments. The mass spectrometer is easily agappahinction at slower
heating rates, however, our current power supply used for heatinglahert is
primarily designed to heat from 2 to 100 ms. To heat at muchr Ivtees this power
supply would need to be adjusted or replaced. The only remaining coacenkether
the small amount of samples required for use in the T-Jump/TQGfaM $ut out enough
signal to consistently be detected at slow heating rates. Also, under sitinghtates we
can observe a clear temperature gradient throughout the heatmgniila This would
require some further heat transfer calculations to ensuretetmperature profile

throughout the filament.
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Figure 8.2: Demonstration of the shift in activatbn energy by Choiet al. [19] using the Kissinger
Method.

8.2.3. Inorganic/Organic Energetic Materials

Both inorganic and organic EMs have positive attributes that make theotiattra
for energetic applications. In particular organic energetiestrgery quickly, and
therefore have a high rate of energy release. On the other haraimdlet of stored
energy within an organic energetic is typically lower than thmatan inorganic
nanothermite. Also, due to the way that nanothermites are mixadteppdown method,
it is relatively easy to tune these materials for differstoichiometries, affecting
performance and sensitivity. One way that nanothermites could peved is to
increase their rate of reaction. It is thought that deeteaarticle sizes, which further
decreases diffusion lengths and increases the surface to volimneilturther enhance

the reaction rate. However, once aluminum nanopatrticles geteidagncdiameter their
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alumina shell becomes 1 dominant species of the compositioasulting in a sampl

that is primarilyrelatively inert A,Os.

Organic

Figure 8.3: lllustration of possible coating option for replacenent of alumina shell

One interesting solution to this problem is to teplace the /03 coating with a
material that is not inert. This tends to be &dlift task as once aluminum is exposel
air it will quickly form an oxide shell. In ordemotcoat a bare aluminum particle it
necessary to have an on the fly method that caatecraluminum nanoparticles, a
subsequently coat them one process.Our group has a lot of experience with aol
techniques that are capable of this very processwee have previously coated Al witt
carbon nanolayer via this meth[136]. Aluminum ranoparticles have been shc to
enhance burning in propellants when usec@n additive, but the question remains
what would happen if these materials were 1d at the nanoscale® a bare aluminun

was coated with an organic energeticerial, as depicted in Figure3 and mixed with

136



an oxidizer as a nanothermite, some unusual outcomes could occually, |deis
formulation would act like a material with the energy storageamiothermites, but with
the energy release rate of an organic energetic.

There are a few mechanistic changes that are possibEndparticles of this
fashion were used. First off replacing the@y with an energetic material will surely
have an effect on the release of the aluminum to the oxide. Assgtinat the organic
will decompose off to expose the Al core at a much lower tempertitan AlO3, which
judging just from the organic examples given here, should be anadae assumption,
bare Al could be completely exposed rather than just a partial wepas can be the
case with a typical AD; covered Al nanopatrticle. The other possibility is that not only
will be the aluminum be exposed if the organic EM decomposes, bulhetie of
combustion from the organic EM could enhance the reactivity of Atlamdnetal oxide
in the thermite. Imagine an organic coating that has a ftamperature greater than the
boiling point of Al at 2519C. This could vaporize the Al and completely decompose the
oxide, causing a significant enhancement of the nanothermitaoreactt is unclear
exactly what the mechanistic differences might be intipe of situation, but with our
abilities to characterize the initiation of both organics and inorganicshould be
possible to study this mechanism and possibly tune the coatingsakimize

performance.

8.2.4. Effect of Charge in the Nanothermite Reaction

For the nanothermite reaction we have provided evidence to subgesbnic

species may have an important role in ignition. Recently, waskbeen done to model
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the exothermic reaction of Al/CuO [137, 138] using the Cabrera-Matdation
mechanism [45]. The Cabrera-Mott method is typically used foetarogeneous gas-
solid reaction (@reacting with a metal surface), but this recent work demonstrateseit
for condensed phase reactions. These studies are designed tthprhbye-temperature
reactions of Al-CuO prepared through arrested reactive miliiM). The exothermic
reaction for Al-CuO is observed at very low temperatures of 3880-K, but also is a
very slow reaction lasting for hours. The Cabrera-Mott kinedresused to model the
heat release as measured during a DSC experiment, and can pro@dent prediction
of the point of initial reaction for heating rates ranging ffom 40 K/min. The authors
predict that this model could further be used to accurately pitbdichermal ignition of
nanothermites under rapid heating conditions [138].

The evidence of condensed phase initiation, particularly with A¥Bistrongly
suggests that the ionic species within the condensed state pigyifecant role in the
initial nanothermite reactions. This evidence includes:

1. Al/Bi»O5; undergoes a condensed state ignition event

2. Inion production experiments, Al/f); produced the most ions, and did so at
the greatest rate.

3. Inion production experiments, a measure of negative ions was not laittenoam
the Al/Bi,O3 nanothermite due to shut down of the TOFMS. For all other
samples, negative ions were successfully detected. This sugbastshe
production of negative species is much more intense in ABiompared other

nanothermites that were tested.
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4. The initial reaction for Al/BiOs is faster than the other thermites tested, contrary
to some previous experiments with bulk nanothermites.

5. The production of ionic species either coincides with the start aaftiom, or
occurs just before reaction (this seems to depend on the systditafing that

they are somehow associated with the initial reaction.

Of particular interest is the fact that, of the systenarered, Al/BpO3z has the highest
rate of ion production and the fastest initial reaction. Itysoedief that these two events
are related, and that the ignition of AlfBg benefits from its ability to rapidly transport
ions through the condensed state. The use of Cabrera-Mott kineticedil this
reaction could provide some more insight into these rapid reactionsoaifdl further

justify the importance of charged species during ignition.
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Appendix

SIMION 8 Tutorial

The SIMION 8 program can be used to create basic models of TOFMS
components and predict ion trajectories. In this tutorial a bagip &¢ the extraction

plates of the TOFMS will be made.

Startup:
1. After starting SIMION 8 you will come to the SIMION welcenscreen, select
OK to get to the main menu.
2. There are three main sections of the main menu:
a. Potential Arrays (PA)
- The basis of the SIMION program is the potential array. 3éision is
used to design the desired electrode structures.
b. lon Optics Workbench
- This section allows you to view and manipulate your previousigted
arrays
c. Settings and Utilities
- This section can be used to adjust various settings withinlkh®©N
program. The most pertinent settings in this section are the ‘Max PA Size’
and ‘Max lons’. These will typically not need adjustment, but if creating a
large detailed system then it may be necessary to inctleasaaximum

number of points.
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Designing a Potential Array (PA):

We will design the extraction region of the mass spectromveitér the filament

nearby to observe how the placement of the filament affects the ion trajectory

1. Inthe section ‘Potential Arrays (PA)’ selawtw.

2. In this part we define the size of the potential field. limgortant to consider
your problem carefully before defining the field. The size offtbkel and the
number of points within the field will affect the accuracylof ton trajectory and
the shape of the objects (electrodes). The dimensions of the TiGfetiex
region are shown in Figures 1 and 2.

a. We will make a grid that has units of 1 grid point per millimet#rwe
have a field of dimension 60x50x30 mm (X, y, z), then it should give
plenty of space to create the extraction region with filam&dfore we
input the dimensions we will note that we can use the symmetry Hisout
x-axis to reduce the number points needed. The inputs will be:

I. Symmetry:;planar.
ii. Mirroring: check ‘y’ (this mirrors about y=0).
lii. x: 60 points.
y: 25 points.
z: 30 points.
iv. Max PA size: this will automatically update.
v. Field Type:electric.

b. SelectOK.
141



0.5” (~13 mm)

2 ¢ Extraction plates
filament @

Z
| |
L» X 11 75" (~a4 mm) |

Figure 1. Profile view of the extraction region. The filament extends into the page.

Extraction plate (2 and 3) with mesh

filament 1.0” (~26 mm)

0.5” (~13mm) | |

11.75” (~44 mm) |
y
L.,

Figure 2: Top view of extraction region. Extracton plates 2 and 3 have a wire mesh, and
extraction plate 1 is solid.

3. AT THIS POINT SAVE THE FILE, call it ‘extraction region.pa#'.
a. IT IS IMPORTANT THAT YOU NAME THE FILE ‘.pa#’. If thisis not

done then the setup will be unable to refine.
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4. After saving, make sure that ‘extraction region.pa#’ is highéighand select,

modify.

Modifying the PA:

Once in the modify section we can begin to build the desired amae center
of the screen you should see a series of green diamonds; tedbe aodes of the
array. Near the top of the screen the hoXY! should be selected, and your screen
should look similar to that in Figure 3. Remember that we argdoinose symmetry
across the x-axis (y=0) so we will have to plan accordinflgte that the following

process is just one of many ways to build this array.

File Help
Modify PA Parameters & Functions Misc Coordinates Help:
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Figure 3: screenshot of initial setup for the potetial array.
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1.

2.

3.

4.

Near the top of the screen chooseX? to get to the X-Z plane. Note that the
origin of the axis is at the top of the screen.

We will start by creating the extraction plates. Skyrtmaking plate 1 at the
origin of the Z and X axis. Move the cursor to the top left cofxed, z=0) and
click the left mouse button, hold and drag to x=43, z=1. This will sal@x44
array, and at 1mm/grid point, you have a 44mm (~1.75") long array.

After you have selected these grid points, go the ‘point info’ sedtiothe left
side of the screen. There is a choice between ‘electrode’nanekelectrode’,
choose ‘electrode’ and make sure that the ‘potential’ box rkadat this stage
the electrode potential is essentially a ranking or namingrsysSo for the first
electrode you start with, next electrode will b&, and so on.

At the left of the screen in the ‘Functions on Marks’ sectiocsBleplace This
should create the electrode in the previously selected squardsoatd Isok like

Figure 4.

pisplay: [ 1xv | 22x \\EHE\ [ zoomm Layer;: Y= 0

Figure 4: screenshot of initial created electrodéor extraction plate 1.
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5. At the top of the screen chooseXY’. You should see a rectangle that is 44x25
grid points. If you choose ‘3D’ at the top of the screen you willas8B view of
the electrodes. This view shows the symmetry about the x-fisu right click
on the image and drag the mouse you can rotate the image.

6. At the top of the screen again choosexXt'. This rectangle is 44x25, but we
want it to be 44x22, so that when mirrored through the x-axislifavih a 44x44
square.

7. Select the top 3 across the top of the array. At the ‘point info’setect ‘non-
electrode’, and preseplace in the ‘Functions on Marks’ section. This should

erase the selected points and leave you with a 44x22 rectangle like in Figure 5.
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Figure 5: Screenshot of extraction plate 1 array.

8. Now we will build extraction plates 2 and 3. From Figure 2 eeethat these two
extraction plates have a section composed of wire mesh. Tboigsalbns to

travel through the grid while maintaining a uniform electricdfigf the circle in
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Figure 2 did not have a wire mesh then the field would be distorfBolyeduce
the difficulty of this model we will assume the entiféd and & extraction plates
are composed of mesh. If you create an array that is oglyd1point thick,
SIMION will recognize this as a mesh.

9. To start plates 2 and 3 choose XX’ at the top of the screen. From the
dimensions in Figure 1, the plates should be ~13mm apart. Highiiglgrid
points from x=0, z=14 to x=43, z=14. In the ‘point info’ section ch@bsetrode
and enter the ‘Potential’ &sfor the second extraction plate.

10. SelectReplace

11.Repeat step 9 at z=27. Make sure the ‘point info’ section you enté&dtential’
as3 for the third extraction plate.

12. We want the filament in between th®dnd 29 extraction plates, 13mm from the
plates. In the ‘Marks’ section on the left hand side chaoste. Starting at the
point x=56, z=7 make a circle that extends out one grid point. lipdn& info’
section chooselectrode and enter the ‘Potential’ @& ChooseReplace You
should see a ‘filament’ that is a 3x3 rectangle. This ias® evhere using more
grid points would have allowed us to create a more accuratesfiamWe could
also make the diameter of the filament a single grid point,Hisitvtould allow
ions to travel through the filament like a grid. We want to obséneas hit the

filament, so we will leave it as is. Your array should now look like Figure 6.
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Figure 6: Screenshot of the three extraction plateand filament.

13. Now we have the extraction plates that are slightly too big, 44x2bwe need
to decrease the size to 44x22. We also want to decreasedtiod sie filament to
20mm.

14. At the top of the screen chooseZ¥’. You can see that thd®and 3 extraction
plates are slightly larger than th& 1In the ‘Marks’ section choosRox, then
highlight the tops of the" and 3 plates to make them even with th& thoose
non-electrode set potential t@, and choos&eplace

15.To adjust the size of the filament stay in theZ'?’ plane and near the top of the
screen where it says ‘Layer: X =’ inptand press enter. This will bring
us to the plane x=56, and we can see the filament. Keep in mindehare
mirroring this across the y=0 plane. We want the final lengthet 20mm, so
highlight the points above y=9, and erase them usimgrelectrode with the

potential set t®.

147



16.Before leaving the ‘ZY’ plane, change your ‘Layer: X=__ ' back@o If this
is not done it will affect your views in the other planes as well.

17.To get a better view of the current array, choose ‘3D’ nearojh@ft the screen.
Again by right clicking and dragging you can rotate the image. ¥oay should

look like Figure 7.

Figure 7: 3D view of the finished potential array.

18.The potential array is now finished. CIli€K to finish the array.

19. Save the file.

Refine and Fast Adjust the Array:

The refining process solves the Laplace equation to define thetipbfesld within

the array.

1. Click Refine.

2. Use the default values and selBeffine at the bottom of the screen. The system

is now refined and we can apply the desired voltages to each electrode.
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3. Make sure that ‘extraction region.pa0Q’ is highlighted. If it is not, load tleaafitl
select it.

4. Select ‘Fast Adjust’.

5. Select ‘ZY (x)' at the top of the screen. This will giveuya better view of the
three extraction plates.

6. We want our voltages to be that of the typical setup for posibinedetection.
The input boxes at the top of the screen have the naming conventioretbaed
previously. So box ‘1’ corresponds to tHéektraction plate. For this box, input
OV. Inbox ‘2" input-200V. Box ‘3’ the third extraction plate, pet500V. In
box ‘4’, the filament, puRO V.

7. When your voltages are set, select ‘Fast Adjust’.

8. Once again save your progress.

lon Optics Workbench (I0B):

In this section you can observe the ion trajectory. You can also ehibhes

makeup and starting position of the ions.

1. Selectview/Load Workbench.

2. In the ‘Display’ section, you can choo&& to observe the potential field.
The ‘XZ field gives the best representation of the flow of the threugh the
extraction region. This will change depending on the plane y®inarYou
can adjust the look of the PE field to make it more definedthétop of the

screen select the ‘PE/Contours’, in the ‘PE View’ section youatfust the
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‘Gstep’ which will change the coarseness of the grid. Toemekner grid
change the ‘Gstep’ down to 1. You can also change the relpstter show
the changes in the PE field. | have found tf@&tor 1 is a good value. The
field should look similar to that in Figure 9 below.

. In the ‘Display’ tab at the top you can also adjust the view ofPtadield.
Click ‘Box’ to remove the box around the PE field.

. To insert and define ions, choose the particles tab at the top of the screen.

. ChooseDefine. This will open a screen providing many different options to
tune the ion group.

. There are a number of input options. In the ‘Selected particle grioygoit
100for the ‘num particles’.

. For ‘Mass’ you can us27 a.m.u. for the mass of the aluminum ion. ‘Charge’
is 1.

. Typical ion formation occurs in between th& dnd 29 extraction plates, as
this is where the E-gun beam enters the system. There®owmilixstart our
ion formation in the same plane. In the ‘Source Position’ sectiohgifirst
box selecline sequenceand in the second box seldicst, step. Following
this, in the input boxes for ‘First’, input x=0, y=0, z=7 (this vgilart the ions

in between the L and 2° plate. Then in the ‘Step’ boxes input x=.5, y=0,
z=0. This will move each progressive ion .5mm in the x-directiome T

following inputs should follow that in Figure 8.
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File Help
| Workbench I PAs | Partides | PE/Contours | Variables I Display I Log I Hide | Particles Define

Load || Save |

How are partides defined? Coordinates relative to -
© Indiidually (ION) @ Grouped (FLY2) () Old Grouped {FLY) | ~| [CEditas Text
Particle groups:

EETEUN pdd || Delete || Move || Delete Al

Import

Selected partice group:
Use:l Electron ” Proton ” Default J
Num particles: [/] 100

Mass: |sing|e value v] 27 i
Charge: Isingle value |1 e
Source position: Iline sequence | first,step VI First: {x: O yi 0 = 7 T mm or gu
Steps §x 0.5 y: 0 z 0 }
Velocity format: Ivelocity wector - |
Velodity: Isingle vector VJ fa: 1 y: 0 z 0 ¥ mmfusec
TOB: ’single value v][.'l e
CWF: Isingle value = | 1 uritless
Color: Isingle value '[ o ] 2 ! index

Figure 8: Inputs for ion flight.
9. After the settings are done, cli€kK.
10. At the bottom of the screen chodSg’m. This will input the ions and allow
them to follow the potential field. If you choose tK& plane and thé’E

your view should look like Figure 9.
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Figure 9: PE view for ion trajectory for typical TOFMS setup.

11.To get an idea of how the applied voltages affect the field, wechange
back to a positive voltage system similar to what was previously it the
TOFMS.

12. SelectQuit.

13.Now that the array is built these changes can be done fairly guiGelect
Fast Adjust.

14.Change the voltages to450Q 2:430Q 3:300Q 4:20. Selectast Adjust.

15. SelectView/Load Workbench.

16.In the ‘Display’ view select th&XZ plane andPE, andFly'm. The resulting

ions should look like Figure 10. From this flow of ions to the filamestan
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see the change in the gradient of the electric field betweehighevoltage
plates and the filament. It is this steep gradient which casseds with the

combustion of nanothermites within this system.

Figure 10: Extraction region with positive high vdtage.

Further Analysis:

1. To create a potential array more similar to that in our waigl-Jump/TOFMS
publication [22] you need to reload ‘extraction region.pa# and modify your
potential array to include the circular mesh like in Figure zhe(published array

was included slightly larger field of grid points.)
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2. From the '‘3XZ' plane your final array setup should look like that in Figure 11
and with the applied voltages of a typical from the high voltage TOBBtSp

(4500 V, 4300 V, 3000 V) your ion trajectory should look like that in Figure 12.
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Figure 11: View from the XZ plane of the potentialarray including the wire mesh.
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Figure 12: PE view of high voltage ion trajectorywith extraction plates including wire
mesh.
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3. There are other adjustments and analysis capabilities within SIMION:

a. In the ion workbench under the ‘Pas’ tabs there is a ‘positionirgyose
One useful tool here is the ‘Scale’ adjustment. It is cusresght to
1mm/gu (gu=grid unit), which is the conversion we were using. Using
this function, your setup does not have to be designed in mm.

b. Under the ‘workbench’ bench tab you can edit the size of the wackbe
Therefore if you were to add an MCP you could adjust the workbench
place it 2000mm downstream of the extraction region to see ibtise
will hit the MCP.

c. Under the ‘particles’ tab there is an option on the left handfeidelata
recording’. This section allows you to create a textuil#h various ion
trajectory details. This can be useful to determine the numben®that
reach a point, such as the MCP.

i. On the bottom right of the ‘data recording’ screen there isput i
for ‘Output File:’. Use this box to name the data file and &aftkx
will be made in the same folder that you have saved your previous
PA files the next time yokly'm.
il. The output of this text file also appears in the ‘Log’ tab in the
workbench.
4. The files from this test and associated manual files aratddcin the folder
‘simion3d 7.0’ (this was performed using SIMION 8, but the SIMIONI@dr is
in the ‘simion3d 7.0" folder). This folder contains a complete mairfigeh

SIMION 7.0 and select manual sections from SIMION 8.0.
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