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ABSTRACT 

 

Reactive mixtures of aluminum (Al) and Teflon have applications in propellants, 

explosives, and pyrotechnics.  This study examines the thermal degradation behavior of 

Teflon and nanometer scale Al particles compared with micron-scale Al particles.  

Differential scanning calorimetry and thermo-gravimetric analyses were performed in an 

argon environment on both nanometer and micron scale mixtures revealing lower onset 

temperatures and larger exothermic activity for the nanometer scale Al mixture.  A pre-

ignition reaction (PIR) unique to the nano-Al mixture is found.  Experiments show the 

mechanism of the PIR to be the adsorption of fluoride ions from the Teflon polymer onto 

the aluminum oxide shell of the Al particles.  The decreased alumina surface area 

inherent in larger Al particles lowers the exothermic effect of the PIR.  The PIR may be 

the mechanism of ignition for nano-composite samples heated in air.  Experimental 

results are discussed along with reviewed literature to explain the thermal degradation 

process of the mixtures.  These results are helpful in the fundamental understanding of 

Al/Teflon degradation and particle size effects on the reactivity of Al/Teflon composites. 

The effects of Teflon particles on the sensitivity of thermite composites are also 

studied experimentally using a drop-weight apparatus.  It was found that the addition of 

Teflon to an Al/MoO3 thermite composite increases its sensitivity to impact. 
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CHAPTER I 

INTRODUCTION 

 

1.1  Overview

 As the drive for knowledge of energetic materials has increased in recent times 

with advances in materials and material processing, few heterogeneous reactive mixtures 

have proven as versatile as that of aluminum and Teflon.  This reaction has possible 

applications in all three categories of energetic materials; propellants, explosives, and 

pyrotechnics.  Teflon is an ingredient that differs fundamentally from traditional 

oxidizers due to the fluorine content of the material.  Teflon has been studied as an 

energetic component in micron-scale heterogeneous composites for some time; however, 

recent advances in technology have enabled the availability of nano-scale Al and Teflon 

particles, allowing for the study of such components in energetic applications.  The 

objective of this work is to provide a fundamental study of the Al/Teflon reaction and the 

role that fuel particle size has on the reaction as well as characterizing the sensitivity of 

reactive mixtures containing Teflon.  The Al/Teflon reaction is studied experimentally 

during a slow heating scenario of the mixture and during normal combustion propagation.  

The effect Teflon particles have on the sensitivity of nano-composite thermites is also 

studied. 

 

 

 

 1



1.2  Nano-Particle Aluminum 

 Traditionally, Aluminum particles used for energetic purposes are manufactured 

on the micron scale; that is, the diameter of the particles that make up the manufactured 

powder is on the order of one-millionth of a meter.  Typically, particle diameters of or 

below 200nm are referred to as nano-particles.  In the past ten years or so, nano scale Al 

production techniques have evolved and now Al powders with particle diameters on the 

order of one-billionth of a meter are commercially available.  The transition of particle 

size from the micron regime to the nano regime has striking effects on many properties of 

the material. 

 Suppressions in melting enthalpy and melting temperatures from bulk Al values 

have been documented for nano-particle Al (Eckert et al., 1993; Zhang et al., 1999; 

RéVéSZ, 2005).  The effects of this altering of thermal properties on the energetic 

behavior of Al currently are based on speculation and virtually unknown and largely 

unexplored. 

 For heterogeneous reactive mixtures, the surface area to volume ratio (S/V) of 

powder characterizes the intimacy (surface area contact) between reactants, and is 

inversely related to particle diameter.  As particles change from micron scale (10-6 m) to 

nano scale (10-9 m), the S/V increases tremendously as seen in Figure 1.1.  Unfortunately, 

with this increase in S/V comes an increase in the amount of inherent aluminum oxide 

(Al2O3), which coats every Al particle with a layer that is normally several nanometers 

thick.  The Al2O3 composition as a function of particle size is displayed in Figure 1.2 for 

oxide thicknesses of 2-6nm.  The Al2O3 accounts for impurities in Al powders.  Often 
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times the benefits of nanometer Al particles are offset by the negative effects of this 

impurity.  Although often undesirable, this oxide coating is necessary to prevent 

pyrophoric Al particles from combusting spontaneously in air. 
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Figure 1.1 Surface to Volume ratio as a function of  

spherical particle size for 2nm thick oxide shell 
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Figure 1.2 %Al2O3 composition as a function of  

particle size for 2-6nm thick oxide shell 
 

Generally, the Al2O3 coating acts as a barrier to reaction, and oxidizing agents 

must diffuse through the Al2O3 shell to oxidize Al.  This is the traditionally accepted 

combustion mechanism of micron Al.  However, recent studies by Levitas et al. (2005) 
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have revealed an alternate mechanism involved with nano-particle Al oxidation based on 

the tremendous mechanical stresses on the oxide shell unique to nano-particle Al.  The 

stresses are brought about from the difference in thermal expansion between Al and 

Al2O3, and the enormous pressure of the interior molten Al.  In this scenario, the oxide 

shell ruptures and molten Al is dispersed on the atomic scale to surrounding oxidizer.  

This mechanism is valid during high heating rates likely to occur in the combustion 

propagation of nano-Al containing reactive composites.  During combustion brought 

about by this mechanism, diffusion does not play a role and chemistry controls the 

combustion process.  Levitas et al. (2005) proposed that there is a critical heating rate 

needed for this mechanism to take place, and that this required heating rate is unique for 

each combination of Al particle size and oxide shell thickness.  When heated below the 

critical heating rate, diffusion of the oxidizing agent through the oxide shell is the 

mechanism for combustion. 

 

1.3 Teflon as an Oxidizer 

Fluorine is the most electronegative element, and thus is a superb oxidizing agent 

in reduction-oxidation reactions.  The reactive power of fluorine was represented in a 

study by Lips (1977) of hybrid rocket engines oxidized by a liquid fluorine-oxygen 

mixture (FLOX).  Lips found that an increase in the fluorine content of FLOX resulted in 

an increase in overall combustion efficiency and regression rate of highly aluminized 

fuels.  Kubota and Serizawa (1987) reported that the fluorination of magnesium (Mg) 

produces 16.8 MJ per kg of Mg and is higher than the heat produced by the oxidation of 
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Mg with oxygen.  A good source of fluorine for pyrotechnic applications is 

polytetrafluoroethylene [(-C2F4-)n], a fluorocarbon polymer that contains 75% by weight 

of fluorine (Kubota, 1987).  Polytetrafluoroethylene is produced by DuPont under the 

trade name Teflon® and is known for its great stability and chemical inertness; however, 

upon decomposition Teflon releases volatile fluorinated gases that can produce highly 

exothermic reactions when in contact with metal particles. 

The discovery that Teflon could be an oxidizer in pyrotechnic mixtures probably 

occurred soon after its bulk production started in 1946 (Koch, 2002).  One of the earliest 

developed and most versatile reactive mixtures containing Teflon is Mg/Teflon, which 

normally incorporates the binder Viton, a fluoropolymer produced by DuPont.  Mg-

Teflon-Viton (MTV) is used as a pyrotechnic in such applications as infrared decoy 

flares, signaling, igniters, and tracer rounds; the mixture can also be used for solid rocket 

and RAM propellants (Koch, 2002).  Conventional MTV must use an excess of fuel to 

obtain acceptable performance, which is energetically unfavorable (Poehlein et al., 2001).   

Kubota and Serizawa’s (1987) work showed that the decrease of Mg particle size 

increased the burn rate of pressed Mg/Teflon pellets as well as the heat production just 

above the burning surface.  The improvement of the Mg/Teflon performance in this 

manner is limited to the smallest available Mg particle size powder.  Although nanometer 

scale Mg powder is currently not available in bulk quantities, recent technological 

advances have enabled the commercial production of nanometer scale aluminum (Al) 

powder.  Poehlein et al. (2001) found that replacing various amounts of Mg in the 

Mg/Teflon/Viton (MTV) mixture with Alex (a nano-Al powder produced by the wire 
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explosion process) resulted in higher burn rates and found that the total fuel loading of 

MTV may be reduced while maintaining burn rates similar to conventional fuel rich 

compositions without Alex.  The stoichiometry of Mg/Teflon is similar to Al/Teflon, 

reported by Cudzilo and Trzcinski (2001) to be 32.7% and 26.5% Al, respectively.  

Although Mg/Teflon has advantages over Al/Teflon, like a higher heat of combustion 

(Cudzilo and and Trzcinski, 2001), the advantages of nano-particle combustion, such as 

increased reactivity, contribute to making Al a valuable substitution for Mg in some 

applications. 

A Department of Defense newsletter (Miziolek, 2002) recently identified nano-

particle Al/Teflon as a metastable intermolecular composite (MIC) that has received 

considerable attention and defined MIC as, “mixtures of nanoscale powders of reactants 

that exhibit thermite (high exothermicity) behavior.”  Traditional thermites involve the 

reaction of a metal and metal oxide and fall under the pyrotechnic subcategory of 

incendiary devices (Berger, 2004).  Before MIC was developed, thermite applications 

were limited due to relatively slow energy release rates.  This is no longer a problem with 

MIC, which is formulated from reactant particles with proximities approaching the 

atomic scale.  Parker et al. (1999) studied the laser initiated decomposition chemistry of 

such a mixture, consisting of 500nm Al powder (10 wt%) suspended in a Teflon matrix 

under extreme pressures that might be present in a detonation (1.56 GPa).  From time 

sensitive absorption spectroscopy results, they determined that the reaction takes place in 

two stages:  (1) the Al particles combust in the Teflon matrix; and (2) carbon condenses 
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to form graphite.  The group also proposed a model for the time dependence on 

consumption of Al particles during combustion under high pressure. 

Dolgoborodov et al. (2004) performed shock-induced experiments of porous 

Al/Teflon enclosed in a thick walled steel tube to study the detonation reaction of the 

material.  They used fuel rich (45% Al) charges packed from 0.4 to 0.5 g/cc and found 

that the detonation velocity dropped from 840 to 705 m/s, thus concluding that porosity is 

favorable for the detonation of Al/Teflon.  Later this group studied the detonation 

velocities as a function of mixture composition and determined that steady state 

detonation velocities increase as stoichiometric conditions are approached, and recorded 

a maximum of 1280 m/s for a 25% Al mixture at 0.54 g/cc density (Dolgoborodov et al., 

2005).  The ability of Al/Teflon mixtures to detonate is imperative for explosive 

applications.  Although the energy density of Al/Teflon surpasses that of the best 

molecular explosives (Yang et al., 2004a), explosive mixtures of Al and oxidizers have a 

slow energy release rate compared to explosives that contain the fuel and oxidizer in the 

same molecule.  Like in MIC, the use of nano-particle Al may help overcome this 

problem.  Yang et al. (2004a) studied laser flash heating of thin films comprised of nano-

Al particles in a Teflon and nitrocellulose (NC) matrix.  The polymer oxidizers were 

transparent to the laser and the Al nano-particles were heated quickly to such a high 

temperature that the rapid vapor expansion of the Al generated a spherical shock front in 

the surrounding oxidizer.  It was found that TeflonAF decomposes more readily under 

shock conditions than the more energetic NC.  A linear relationship was found between 

the diameter of shock-induced chemistry volume and energy absorbed by Al from the 
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laser.  For a given laser energy absorption, increasing the size of nano-Al particles 

produces larger shock-induced chemistry volumes because the larger particles have more 

total energy available.  Thicker oxide shells also result in larger shock-induced chemistry 

volumes at high laser energy absorptions because of the release of increased pressure 

build up brought about from the added strength of the oxide shell holding back hot 

expanding Al (Yang et al., 2004b). 

Al/Teflon produces a higher heat of combustion than the conventional solid 

propellant mixture AP-HTPB-Al (ammonium perchlorate oxidizer, hydroxy terminated 

polybutadiene binder, and Al fuel), determined by Tachibana and Kimura (1988) to be 

8420 J/g and 5870 J/g, respectively.  Also, Al/Teflon exhaust has a very low molecular 

weight, consisting of primarily AlF3 (84 amu) and carbon.  Koch (2002) stated that 

metal/fluorocarbon propellant systems have products (metal-fluorides) in the vapor phase 

at combustion temperatures in contrast to metal oxides in conventional propellants, and 

this adds to the specific impulse of the fuel.  The Al/Teflon mixture has shown promise 

for use as a solid propellant in satellites with the ability to control the ignition and 

combustion of fuel lean compositions by a direct current arc discharge (Tachibana and 

Kimura, 1988), similar to a pulsed plasma thruster (Keidar, 2001).  Incorporation of 

nano-Al particles in conventional aluminized solid propellants has been of interest 

recently.  Dokhan et al. (2002) found that the increase of nano-Al powder in solid 

aluminized propellants enhanced burn rates and increased the heat production of the 

burning surface, and that these effects can be customized by varying the proportion of 

nano and micron Al particles.  Enhanced burn rates as well as increased temperature 
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sensitivity were reported in the work of Mench et al. (1998), where Alex powder replaced 

conventional micron sized Al powder in an aluminized solid propellant.  The downfall of 

using nano-Al particles in solid propellants is the higher cost, the higher content of 

alumina inherent in the powder, and the negative impact the material has on composite 

processing and mechanical properties (Dokhan et al., 2002).  For these reasons, nano-Al 

is normally used as an additive in propellant mixtures and not as the main fuel source. 

Studies presented above provided insight into the shock induced chemistry of 

Al/Teflon, the combustion of Al/Teflon under high pressures, and the effect of particle 

size on explosives, propellant, and pyrotechnic performance.  Studies of the Al/Teflon 

reaction under slow heating conditions are limited (Cudzilo and Trzcinski, 2001; Jones et 

al., 2003) and have not ventured into the mechanisms involved or the effect Al particle 

size has on the thermal degradation of the composite.  Cadzilo and Trzcinski (2001) 

presented differential thermal analysis (DTA) results for 50 µm Al/Teflon (41.5:58.5) 

heated at 10 Kelvin per minute (Kpm) in nitrogen.  The plot revealed two distinct 

exothermic reactions between 800 and 900 K.  They proposed the exothermal activity 

was caused by the Al-C2F4 reaction and the distinction of the two exotherms was the 

effect of the superimposed endothermic dissociation of Teflon.  Jones et al. (2003) 

reported similar results using differential scanning calorimetry (DSC) on the nano-Al 

called Alss and Teflon (80:20) heated in air at 1 Kpm.  This group postulated that the first 

exotherm was caused by the interaction between Alss and Teflon and the second was due 

to the oxidation of Alss in air and combustion of Teflon.  A goal of this work is to extend 

previous studies analyzing the mechanisms associated with ignition and combustion of 
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nano- and micron-Al/Teflon mixtures through slow heating rates.  Resolving the kinetics 

of slow heating scenarios will be helpful in the safe handling and storage of material as 

well as in working applications such as cook-off.  Differential scanning calorimetry 

(DSC) and thermogravimetric analyses (TGA) were used in this experiment to study the 

heat flow and reaction behavior of nm and µm Al/Teflon mixtures.  This method allows 

one to monitor the reaction in “slow motion”, measuring the mass and the heat flow in 

and out of the sample while applying a linear heating rate. 

 

1.4 Thermite Ignition Sensitivity to Impact 

It has been known for some time that the ignition of energetic materials is not an 

effect of volumetric homogeneous heating, but arises from very small areas of localized 

heating called “hot spots”.  If the rate of energy production in the hot spot is greater than 

the rate of energy loss to the surroundings, then the combustion will continue to 

propagate.  If the rate of heat loss (heat conduction, convection, radiation, and 

endothermic reactions) outweighs the exothermic reaction, then the combustion process 

will quench and stop propagation (Balzar et al., 2002).  It is unlikely for a single hot spot 

to cause flame propagation; rather, many hot spot formations are responsible for ignition.  

Hot spot formation can be brought about by many mechanisms.  For the case of shock 

wave initiation, they may arise due to the viscous heating caused by rapid flow of 

material through the sample and shear forces.  Porosity of the initial sample provides gas 

pockets that could facilitate the hot spot formation by viscous heating.  Another possible 
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cause of hot spot formation is friction brought about from contact between particles in 

energetic powder (Balzar et al., 2002). 

Many studies have explored the reaction initiation of energetic materials through 

plate impact experiments (Balzar et al., 2002; Davis et al., 1998; McGregor et al., 2003).  

The simplest plate impact experiment is done using a drop-weight apparatus.  Here, a 

guided weight is dropped from varying heights onto an anvil containing an energetic 

sample (Balzar et al., 2002).  The relative parameters needed to produce a reaction can be 

compared for different samples.  For instance, the height from which the weight is 

dropped, proportional to the impact speed, plays an important role in the impact initiation 

of samples.  Other plate impact experiments include the “gas gun” apparatus (Davis et al., 

1998; McGregor et al., 2003), and the “wedge tests” (Davis et al., 1998). 

Teflon is currently being evaluated for use as a binding agent in energetic 

materials.  Several metal-polymer and metal/metal oxide-polymer mixtures containing 

Teflon have been studied recently using shock induced reaction initiation (Davis et al., 

1998; Dolgoborodov et al., 2004; Yang et al., 2003; McGregor et al., 2003).  These 

experiments studied mostly highly porous mixtures (low density).  One study concluded 

that the addition of Teflon lowered the initiation threshold to obtain reaction.  This could 

be due to the decomposition of the polymer from the shock wave, in turn producing gas 

that is used in the viscous heating and also reacting with the Aluminum.  Addition of a 

fluorinated polymer to a metal/metal oxide or metal reaction adds a gas generator as well 

as an oxidizer (Davis et al., 1998). 
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The current study extends the previous work with Teflon and the drop-weight 

apparatus by confirming that an impact produced under drop weight conditions can 

initiate a nano-particle thermite (MIC) reaction, and also by focusing on the effects of 

Teflon on the ignition sensitivity of Aluminum/ Molybdenum-trioxide (Al/MoO3) under 

drop-weight conditions.  A drop-weight apparatus was constructed and Al/MoO3 pellets, 

with weight percents of 0%, 5%, and 10% Teflon, were prepared and tested for ignition 

events. 
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CHAPTER II 

EXPERIMENTAL 

 

2.1 Slow Al/Teflon Reaction Study 

2.1.1 Sample Preparation 

Powder samples were prepared consisting of Zonyl MP1150 (Teflon), donated by 

DuPont Fluoroproducts (Wilmington, DE), and one of the following:  50 nm Al, 1-3 µm 

Al, 15 nm Al2O3, and heat treated 15 nm Al2O3.  The powder characteristics and 

manufacturers are listed in Table 2.1. 

Table 2.1 Powder Characteristics 
 

Material Manufacturer
Purity 
(%)

Aluminum 1-3 µm Atlantic Equipment Engineers (AEE) 99.9

Aluminum 50 nm Nanotechnologies 75.0

Aluminum Oxide 15 nm Nanotechnologies 99

Zonyl MP1150 200 nm Dupont 99-100

Particle 
Size

 

For powders obtained from Nanotechnologies, the average particle diameters 

were calculated from BET (Brauner, Emmett, and Teller) surface area analysis (nitrogen 

gas adsorption method) and all material properties were verified by Nanotechnologies 

using x-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission 

electron microscopy (TEM).  In Figure 2.1, an SEM image of the aluminum powder 

particles aid in the visualization of particle size distribution and agglomeration before 

mixing (all SEM images in report were taken from a Hitachi S-570 machine at Texas 
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Tech University under the instruction of Dr. Mark Grimson of the Biology department).  

Dupont uses a method called Laser Microtrac to determine the particle size of Zonyl 

MP1150.  In Figure 2.2, SEM images of loose powder Zonyl MP 1150 show the Teflon 

particles.  These images verify the mean particle diameter of 200nm and display the 

narrow particle size distribution, as well as the large agglomerates that are present in the 

“as received” powder.  The 1-3 µm spherical Al powder obtained from Atlantic 

Equipment Engineers (AEE) was measured by the manufacturer by passing the material 

through a sieve of proper mesh size. 

     

Figure 2.1 SEM images of 50nm Nanotech aluminum powder 
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Figure 2.2 SEM images of Zonyl® MP 1150 particles 

For this experiment, Al/Teflon samples were mixed according to the mass 

proportion of active Al to Teflon of 70/30.  Assuming the reaction in Equation 2.1, this 

mixture corresponds to an equivalence ratio of 6.5.  This fuel rich mixture was used to 

protect expensive and sensitive laboratory equipment from violent reactions that were 

found to be inherent in the slow heating of mixtures containing more than 30 wt% Teflon.  

Fuel lean mixtures were undesirable because of the abundant volatile fluorinated gases 

that are highly corrosive and unwanted inside laboratory equipment. 

 Equation 2.1( ) graphiteCAlFAlFC 6443 342 +→+

The mass proportion of inherent Al2O3 to Teflon was found for the 50nm 

Al+Teflon mixture using Equation 2.2, where  is the compositional purity 

percentage of the Al powder, and  is the mass percentage of Teflon in the active 

Al/Teflon mixture.  The same proportion was held constant for the Al

purityAl _%

Teflon%

2O3/Teflon samples. 
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( )( )
100%

_%100%10032

⋅
−−

=
Teflon

purityAlTeflon
m
m

Teflon

OAl  Equation 2.2

One gram of each of the four mixtures was prepared by first measuring and 

placing the calculated mass amount of reactant powders into a polyethylene sample cup 

and suspending the powder in 60cc of hexane.  The solution was then subjected to 

ultrasonic waves to break up agglomerates and promote a homogeneous mixture.  The 

device used to accomplish this was a Misonix Sonicator 3000, manufactured by Misonix 

Inc. (Farmingdale, NY).  This device uses a probe vibrating at ultrasonic frequencies that 

is submerged in the sample solution.  To protect the Al particles’ passivation shells from 

rupture due to elevated solution temperatures from the energy imparted on the solution by 

the sonic waves, the device was programmed to sonicate the solution for 10 consecutive 

seconds before allowing the solution to cool for 10 seconds.  The program ran until the 

solution underwent a total of 70 seconds of sonication.  The solutions were then poured 

into a pan and placed on a 80°C hotplate for 10 minutes to evaporate the hexane from the 

powder.  The mixtures were reclaimed using a brush to collect the heterogeneous powder 

samples from the pan.  SEM images of the mixed sample of 70/30 50nm Al/Teflon are 

displayed in Figure 2.3. 
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Figure 2.3 SEM images of mixed 70/30 50nm Al/Teflon 

 

2.1.2 Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) is a method used to measure the heat 

flow in and out of a sample while heating with a user defined heating program.  DSC 

measurements can show exothermic or endothermic activity in a sample.  The concept 

behind DSC is to track the energy necessary to keep a zero temperature difference 

between an inert reference material and a sample during a controlled heating or cooling 

rate.  Two common methods exist to accomplish this; the first is called the power 

compensation method and involves heating a reference and a sample in two separate 

furnaces and recording the difference in heat input required for the inert reference to 

maintain the same temperature as the sample.  The method used in the current study is 

called the heat-flux method.  Here, the reference and sample are heated in the same 
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furnace and calibration experiments are utilized to relate the temperature difference 

between the two to enthalpy changes in the sample (Clareborough et al., 1952).  The 

machine used for this is a Netzsch STA 409 differential scanning calorimeter.  The 

machine simultaneously incorporates a thermo-gravimetric analyzer (TGA).  The TGA 

monitors the mass of the sample during the heating program.  Platinum crucibles lined 

with alumina cups are used for the reference and sample holders.  Figure 2.4 shows the 

sample (bottom) and reference (top) crucibles of the machine with powder in the 

reference crucible.  During operation, the sample crucible also has a lid.  It is important to 

note that although the sample is covered with a platinum lid for containment of heat, 

there is a pinhole in the lid to allow the escape of gas from the sample. 

 

Figure 2.4 DSC reference and sample crucibles 

The system was programmed to heat the samples at a rate of 20 Kpm (Kelvin per 

minute) from room temperature to 1030 K.  Sample masses of 14.5 mg were loaded into 

the sample crucible of the STA 409 and the powder was slightly compacted to obtain 

good thermal contact between the sample and the crucible.  The resulting densities of the 

powder samples ranged from 7% to 9% of the theoretical maximum density (TMD).  The 
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DSC column was first evacuated down to 0.00025 mbar using a turbo molecular drag 

pump (Pfeiffer model TMU 071 P) and then backfilled with argon.  Subsequently, a 

constant flow of 70 mL/min of argon was applied to the sample furnace for the remainder 

of the heating program. 

 

2.1.3 Furnace Thermocouple Data 

ces of the thermal degradation interaction between 

nano- a

To explore the consequen

nd micron-Al particles and Teflon in air, 50 nm Al/Teflon and 1-3 µm Al/Teflon 

mixtures were studied by recording the temperature history of the powder samples while 

being heated inside an air filled furnace.  A decision was made not to use the STA 409 

after observing violent reactions brought about from samples heated in air at 20 Kpm.  

Samples of 28 mg were loaded into a metal crucible and placed on a base plate with an S-

type thermocouple bead protruding from it.  The base plate contained an indentation and 

pin-hole formed by pushing a pin through the thin metal.  The indentation served to 

provide space for the thermocouple bead so that the crucible could rest on the base and 

maintain contact with the bead.  The two thermocouple leads ran through a small hole in 

the crucible base and then separated and were threaded through two separate holes in a 

1/16-inch diameter ceramic thermocouple wire insulation tube.  The tube was secured in 

the base of the furnace by simply pushing it into the soft ceramic insulation and the leads 

were pulled taut to hold the crucible base firm to the end of the tube.  The tube end was 

slightly hollowed out to accommodate the indentation of the base plate.  A schematic of 

the sample carrier set-up is displayed in Figure 2.5.  This configuration held the crucible 
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in the center of a NeyTech Qex furnace, where the samples were heated at 20 Kpm from 

room temperature to 760°C.  An instruNet model 100 data acquisition board and 

instruNet software were used to record the temperature data.  Figure 2.6 depicts the 

experimental set-up. 

 
Figure 2.5 Schematic of furnace thermocouple sample carrier 

 

 

2.2 Thermite Sensitivity Experiment

 
Figure 2.6 Furnace thermocouple experimental set-up 

 

.2.2.1 Drop-weight Apparatus

The drop-weight apparatus used in this experiment is designed to be a simple 

fabrication that simulates a free falling mass onto a target anvil.  The design, illustrated in 

Figure 2.7, consists of the following:  a frame, a 74 inch vertical section of four inch PVC 
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pipe, two wooden platforms, a modified PVC floor mount, an anvil, a thin rubber pad, 

and a drop-weight.  The frame is constructed of unistrut® metal framing.  A 4-1/2 inch 

hole is located in the center of each wooden platform and the platforms are secured to the 

frame with bolts.  Located on the bottom platform is a four inch PVC floor mount that is 

modified to allow the pipe to pass through the mount with sufficient resistance to hold its 

position; this requires notches to be cut out of the collar and the inside of the mount to be 

sanded a bit.  The top platform leaves sufficient clearance to allow the pipe to slide 

vertically.  A 6.25 inch piece of seven inch diameter steel stock is used as an anvil and 

the drop weight is a 12.4 lbf steel cylinder machined to fit loosely inside the pipe.  The 

drop-weight has a diameter of 3-7/8 inches and a length of 3-5/8 inches.  An eye-bolt is 

threaded into the center of one end of the weight to facilitate the release of the mass.  A 

thin rubber pad is placed under the anvil to reduce noise and prevent floor damage. 

 

Figure 2.7 Diagram of drop-weight apparatus 
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2.2.2 Sample Preparation 

 The spherical Aluminum powder used in this experiment was obtained from 

Nanotechnologies, has an average particle diameter of 114 nm and is 82% pure.  The 

Molybdenum trioxide powder, obtained from Climax Molybdenum (Sahuarita, AZ), has 

a specific surface area of 42 m2/gm measured via BET analysis.  Zonyl MP1150 was used 

once again for a nano-particle Teflon powder. 

 Three mixtures of powders were made:  Al/MoO3 with 0 wt% Teflon, Al/MoO3 

with 5 wt% Teflon, and Al/MoO3 with 10 wt% Teflon.  The Al/MoO3 was mixed 

according to an equivalence ratio of 1.2 ( 2.1=Φ ), calculated using Equation 2.3, where 

represents the fuel (Al) and F A  represents the oxidizer (MoO3).  The stoichiometric 

( )A
F is found using the balanced reaction of Al/MoO3 expressed in Equation 2.4.  Only 

the active Al content was considered in the mixture calculations.  The active Al content is 

the amount of pure Al in the powder and does not include Al2O3. 

( )
( )

tricStoichiomeA
F

A
F

 

Actual=Φ  Equation 2.3 

MoOAlMoOAl +→+2  
Equation 2.4 

 The samples were mixed according to the mixing procedure described in section 

2.1.1 and the powders were then pressed into rical pellets of constant density and 

ss.  The equipment used to press the powder into pellets is photographed in Figure 2.8 

323

cylind

ma
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and assembled in the diagram of Figure 2.9 .  Target dimensions can be achieved with the 

use of shims according to Equation 2.5, where notation is defined in Figure 2.9. 

 

Figure 2.8 Photograph of pellet pressing equipment 

 

Figure 2.9 Diagram of assembled pellet pressing equipment 

cablengthpelletspacingshim −++= __  Equation 2.5

The target mass of the pellet is achieved by pouring the measured amount of 

sample powder into the die before compression.  Depending on the force required to 

reach the target pellet length, the plunger can be pressed down either by hand or by a 

hydraulic press until the shims are in contact with the plunger base and die.  The pellet 

can then be extruded from the die using the plunger to push the pellet out of the die from 

 23



the other end.  The length, diameter, and mass measurements of each pellet are then 

taken.  Using this method of pellet pressing, it is possible to create pellets of specified 

densities.  A sample pellet is displayed in Figure 2.10.  For this experiment, it is 

important to maintain constant porosity in each pellet so that viscous heating will not be 

favored due to porosity differences.  Porosity can be measured by the percentage of the 

theoretical maximum density (%TMD).  A pellet with 100 %TMD would mean there is 

no void in the eriment, five 

pellets were pressed for each interval of Teflon composition, 0%, 5%, and 10%, for a 

total of

 sample, or there is a porosity of 0%.  For this particular exp

 15 pellets.  The characteristics of each of the pellets are listed in Table 2.2. 

 

Figure 2.10 Photograph of a sample pellet 
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Table 2.2 Sample pellet characteristics 
 

Pellet # %Teflon 
mass 
(mg) 

Length 
(cm) 

Diam. 
(cm) 

density 
(g/cc) 

TMD¥ 
(g/cc) %TMD 

1 0 181.5 0.506 0.641 1.11 3.87 29
2 0 178.5 0.535 0.641 1.03 3.87 27
3 0 178.7 0.522 0.641 1.06 3.87 27
4 0 178.3 0.574 0.641 0.96 3.87 25
5 0 177.4 0.640 0.641 0.86 3.87 22
6 5 179.6 0.670 0.641 0.83 3.79 22
7 5 174.0 0.650 0.641 0.83 3.79 22
8 5 174.3 0.656 0.641 0.82 3.79 22
9 5 3.79 25173.5 0.568 0.641 0.95

10 5 177.2 0.564 0.641 0.97 3.79 26
11 10 176.2 0.627 0.641 0.87 3.72 23
12 10 179.8 0.690 0.641 0.81 3.72 22
13 10 177.0 0.603 0.641 0.91 3.72 24
14 10 173.4 0.590 0.641 0.91 3.72 25
15 10 176.6 0.631 0.641 0.87 3.72 23

¥ TMD=Theoretical Maximum Density 

 

2.2.3 Drop-weight Impact Test 

 Each sample was tested by placing the pellet in the center of the target anvil in the 

vertical position.  The dro bolt with the top face of 

the cylindrical mass flu  the he e w s th sed to allow 

imp  le vil.  tical as 72.125 inches.  Using Equation 

2.6, where g is the acceleration due to gravity a s the he rom which the weight 

is dropped, and neglecting friction and resistance due to air pressure, the estimated s d 

at which the drop-weigh acted ples was calculated to be 19.67 ft/sec.  The 

estimated energy of the drop-weight conta h the sa s was lated e 

74.57 ft

p-weight was manually held by the eye-

sh with

a

 top of t

T

 pipe.  Th

 

eight wa en relea

act with the samp nd an he ver drop w

nd h i ight f

pee

t imp the sam

upon ct wit mple  calcu to b

-lbf using Equation 2.7. 

( ) 22 ⋅=  uation  1
hg ⋅v Eq  2.6
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Equation 2.7 2

2
1 v

g
wE ⋅⋅=  

 

A digital camcorder recorded the impact zone of each event.  Each sample was 

declared to have either an ignition event or non ignition event.  Ignition events were 

characterized by a bright flash of light and a loud percussion that were obvious during the 

testing and/or upon review of the video.  A still frame of the ignition event for a 0% 

Teflon pellet is shown in Figure 2.11. 

 

Figure 2.11 Still frame image of ignition event of Al/MoO  pellet 3
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CHAPTER III 

RESULTS AND DISCUSSION 

 

3.1 DSC/TG Results 

3.1.1 Initial Observations 

The results of the DSC/TGA experiments for 70/30 nano-Al/Teflon and micron-

Al/Teflon are displayed in Figures 3.1 and 3.2, respectively.  The differences in these 

results are striking and are apparent at first glance.  The nano-Al/Teflon mixture showed 

a two stage he micron-

Al/Teflon mixture occurred after the complete decomposition of Teflon and before the 

melting of Al.  Also, the onset of reaction occurred at a much lower temperature for the 

nano mixture than in the micron mixture.  Another major difference is that the micron 

Al/Teflon mixture lost 25% of its mass and the nano Al/Teflon lost only 6% of its mass 

during the experiment.  The melting of Al and Teflon occur around 660°C and 320°C, 

respectively.  Both sample mixtures experienced the endothermic phase change 

associated with these temperatures, with minimum peaks at 322 °C and 662°C. 

 exothermic reaction whereas the only significant exotherm from t
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Figure 3.1 DSC/TG results of 50 nm Al/Teflon heated at 20kpm in argon 

 

 
Figure 3.2 DSC/TG results of 1-3 µm Al/Teflon heated at 20kpm in argon 

The first stage of the two-stage phenomenon seen in the nano-Al/Teflon mixture 

(Figure 3.1) may be associated with a pre-ignition reaction (PIR).  The claim of the 

present work is that the PIR is caused by the fluorination of the alumina shell by fluoride 

ions extracted from Teflon.  Furthermore, the interaction between the fluoride and Al2O3 
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is facilitated by hydroxyls inherent on the Al2O3 surface.  This stems from the work of 

Sarbak (1997), who used infrared spectroscopy, x-ray diffraction, and differential thermal 

analysis to experimentally verify that fluoride ions substitute surface hydroxyl groups 

type Ia of γ-Al2O3 forming Al-F bonds.  Although the passivation shells of Al particles 

are comprised of amorphous Al2O3 and not γ-Al2O3, Figure 3.1 agrees well with Sarbak’s 

work, and the same substitution of fluorine likely occurred. 

 

3.1.2 Pre-Ignition Reaction 

T -Al2O3 

and Teflon was prepared at the same proportion that was inherent in the 30% Teflon 

nano-Al sample (see section 2.1.1 for details).  The DSC/TG plot of the Al2O3/Teflon 

mixture is presented in Figure 3.3. 

o verify the presence of alumina fluorination (PIR), a mixture of 15nm γ

 
Figure 3.3 DSC/TG results for Al2O3/Teflon 

 
This plot shows definite exothermic peaks at 400°C and 552°C, which are similar 

to the exothermic positions for nano-Al/Teflon.  Sarbak (1997) obtained similar results 
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from DTA studies of alumina impregnated by fluoride ions.  The impregnated sample 

was first “activated” by heating to 400°C before DTA testing.  Before the heating of 

Sarbak’s sample to 400°C, three different hydroxyl groups were identified on the alumina 

surface; after the heating, one of the groups was missing and the formation of AlF3 had 

occurred.  Sarbak concluded that the hydroxyls type Ia (bounded to tetrahedrally 

coordinated Al) were being replaced by fluoride ions, forming Al-F species (scenario 

depicted in Figure 3.4), and then the Al-F species reacted at 400°C to form β-AlF3.  Upon 

 (DTA) of the sample, Sarbak reported an exothermic phase 

transfo

 
Figure 3.4 Fluoride OH substitution 

Sarbak, Cryst. Res. Technol., 32 (4) (1997) 491 

The results of the current work are quite consistent with both Sarbak’s results and 

that of Reitsma and Boelhouwer’s work.  Like Sarbak’s work, the formation of AlF3 

occured at 400°C, which is expressed by an exotherm (heat of formation) peaking at 

400°C in both the 50nm Al/Teflon and alumina/Teflon mixtures (Figures 3.1 and 3.3).  

Also, the peak at 552°C fo β-

AlF3 to

differential thermal analysis

rmation of the AlF3 species at 560°C, and claimed that it was due to the transition 

of β-AlF3 to α-AlF3.  This phase transition was also reported by Reitsma and Boelhouwer 

(1974) to occur at 550°C. 

r the alumina/Teflon sample (Figure 3.3) matches that of the 

 α-AlF3 phase transition very well. 
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The nano-Al/Teflon forms a much larger exotherm associated with the formation 

of AlF3 than the alumina/Teflon because of the slight fluorination of the aluminum core.  

That is, the integrity of the oxide layer is likely being depleted from the interaction 

between fluoride ions and Al2O3, allowing slight diffusion of fluoride ions to the Al core. 

If the PIR is the effect of the alumina surface adsorbing fluoride ions from Teflon 

and then reacting to form AlF3, then the magnitude of the PIR is governed by the 

available surface area of alumina.  Once the threshold of fluoride adsorption is obtained, 

the maximum potential for exothermic activity is obtained and no further addition of 

Teflon would increase the exothermic effect of the PIR.  This concept is visualized well 

in Figure 3.5.  Here, 15/85, 20/80, 25/75, and 30/70 nano-Al/Teflon mixtures were tested 

and it showed that even at only 15% Teflon, the available alumina surface area inherent 

in the mixture is saturated and mixtures containing larger amounts of Teflon show no 

higher exothermic effects of the PIR.  The increase in Teflon does, however, provide 

larger amounts of Teflon for further fluoridation of the Al core.  This is discussed more in 

section 3.1.5. 

 

The PIR also occurs in the micron Al/Teflon sample.  However, because of the 

tremendous decrease of alumina surface area (see Figure 1.1) in micron Al, less fluoride

adsorption occurs and exothermal effects are quite small, yet still visible in Figure 3.2. 
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containing 15%, 20%, 25%, and 30% Teflon 

 

3.1.3 Role of Alumina Hydration

Figure 3.5 DSC results for 50nm-Al/Teflon  

 

 

Before the formation of AlF3 can occur in alumina/Teflon samples, the fluoride 

ions have to be extracted from Teflon in order to be adsorbed onto the alumina; however, 

all fluorine is held in the very stable Teflon polymer and Teflon does not degrade until, as 

seen in Figure 3.6, around 500°C. 

 
Figure 3.6 DSC/TGA results for Teflon 
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The exothermic activity visible on the DSC curves for nano Al/Teflon and 

alumina/Teflon, and the mass loss recorded on the TGA curves show a premature 

degradation of Teflon, which suggests that there is catalytic degradation of Teflon 

occurring.  Such catalytic behavior exists for hydrated alumina in industrial processes 

like the removal of fluoride from drinking water.  In fact, Hao et al. (1986) presented two 

mechanisms of fluoride adsorption onto hydrous alumina.  The first is Equation 3.1 and 

was the same as Sarbak claimed in his work, except Hao et al. claimed that it only occurs 

for pH levels greater t in Equation 3.2, and 

occurs for pH levels below 6.  Either or both of these scenarios may have occurred in the 

Al/Teflon and alumina/Teflon samples.  Similar to the extraction of fluoride from 

drinking water, it is predicted that the hydrated alumina adsorption power overcame the 

bonds of Teflon polymer and extracted fluoride ions.  The fluoride adsorption is 

dependant on the hydration of alumina and may favor specific hydroxyl acid sites. 

 

Equation 3.1 

 

Equation 3.2 

To verify the dependence of the Al2O3-fluoride interaction on hydroxyl groups 

inherent on the alumina surface, the same Al2O3 powder used previously was heated at 

540°C in air for 10 hours to decrease the hydroxyl sites on the alumina surface, and then 

mixed with Teflon at the same proportions as before (hereafter called anhydrous Al2O3-

Teflon).  The DSC results ar he previ s sample, 

han 7.  The second mechanism is displayed 

−− +=+ OHAlFFAlOH  

OHAlFFAlOH 22 +=+ −+  

e displayed in Figure 3.7.  Compared to t ou
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the anhydrous Al2O3/Teflon has a smaller exotherm related to the fluorination of alumina; 

showing that less fluoride adsorption took place, and thus supporting the reliance of the 

Al2O3 fluorination on surface hydroxyl groups. 

 
Figure 3.7 DSC/TG results for Al2O3+Teflon 

 
 and anhydrous Al2O3+Teflon heated at 20kpm in argon 

3.1.4 Teflon Degradation 

The extraction of some of the fluorine content of Teflon during the PIR causes 

instability in the polymer chain.  The resulting effect is that it takes less energy to 

degrade the Teflon.  The decrease in energy required to decompose Teflon can be 

observed when comparing the degradation of pure Teflon (Figure 3.6) and the 

degradation of alum .  Tina/Teflon (Figure 3.3) he pure Teflon degradation has a large 

endotherm associated with it and the alumina/Teflon sample has no endothermic effect 

during the degradation of Teflon.  The decreased heat input requirement is also observed 

when comparing the two TG curves for the pure Teflon and alumina/Teflon samples, 
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visualized best in Figure 3.8.  Here alumina/Teflon sample that experienced the PIR 

shows Al degradation occurring ~60°C before the pure Teflon sample. 

 
Figure 3.8 TGA curves for pure Teflon (blue) and alumina/Teflon (red) 

 

3.1.5 Ignition 

The peak of the main reaction between Al and decomposed Teflon occured at 

547°C in the nano-Al/Teflon sample (Figure 3.1) and 600°C in the micron-Al/Teflon 

sample (Figure 3.2).  These temperatures are in agreement with the phase transitions in 

air of the aluminum oxide shell from amorphous to γ-Al O .  As reported by Trunov et al. 

(2004), the γ-Al O  phase has a 20% higher density than the amorphous, resulting in the 

“shrinking” of the Al O  shell and the exposure of the Al core through diffusion path 

ways.  The temperature that the phase transition occurs depends on the stability of the 

oxide layer, and for nano-particle aluminum, the oxide layer transitions sooner than that 

of micron-particle Al.  Figure 3.9 and 3.10 show DSC/TG and DTG, or the derivative of 

the TG, for 50nm Al and 1-3µm oxidized in oxygen.The DTG can be used to find the 

point with the highest rate of mass gain.  This temperature represents the point of 

2 3

2 3

2 3
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oxidation of Al in an oxygen environment, and thus the phase change of the alumina shell 

from amorphous to γ. 

 
Figure 3.9 TG and DTGA of 50nm Al in oxygen 

 

 
Figure 3.10 TG and DTG of 1-3µm Al in oxygen 

It should be noted that the Al/Teflon samples in this study were all tested in an 

argon environment, and that the difference in phase transformation activity of Al2O3 in 

argon/fluorine environments and oxygen environments is unknown.  However, results of 
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the two are quite similar, and the Al2O3 phase change scenario may be the mechanism for 

combustion the slow heating of Al/Teflon samples in argon. 

For 50nm Al, the mass change occurred at 538°C.  That means the phase change 

in the oxide shells in the nano-Al/Teflon mixture could have also occurred at 538°C and 

caused ignition.  This compares well to the exothermic peak in nano-Al/Teflon of 547°C.  

This occurs in the “window” of Teflon decomposition, where the oxidizing gases are 

available to diffuse through the now porous oxide shell for reaction with Al.  Because the 

oxide layer phase change and Teflon decomposition coincide, only ~ 6% mass loss was 

experienced by the nano-Al/Telfon mixture during the DSC/TG experiment (i.e., 

implying that ~ 75% er possible ignition 

mechanism in this sample could have been the phase transformation of AlF3 from β to α, 

which happens at 552°C (Figure 3.3).  However, this would only explain the nano-

Al/Teflon ignition, the Al2O3 phase change mechanism would explain both nano and 

micron-Al/Teflon mixtures. 

The phase transformation from the amorphous oxide layer to the γ-Al2O3 takes 

place at 607°C for 1-3µm Al (Figure 3.10), which also agrees well with the peak recorded 

at 600°C for the micron-Al/Teflon.  However, the micron-Al/Teflon mixture lost ~ 25% 

of its mass before th ly ~17% of Teflon 

reacted

could take place.  Once the Al2O3 phase change exposed the Al core, gas remaining in the 

 of the Teflon reacted with Al or Al2O3).  Anoth

e Al even reacted with the decomposed Teflon (on

 with Al or Al2O3).  The Teflon decomposition and the Al2O3 phase change did 

not overlap significantly in the micron Al/Teflon mixture.  Because the events did not 

overlap much, the fluorinated gases escaped the crucible before much Al fluorination 
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crucible oxidized Al and the residual fluorinated gases in the DSC column slowly reacted 

with Al as can be seen in Figure 3.2 as a mass gain after 600°C. 

 

3.1.6 Slow heating of Al/Teflon in air 

Thermocouple data of nano-Al/Teflon samples heated in air at a rate of 20 kpm 

showed a violent reaction that appeared to be triggered by a smaller reaction.  The 

temperature history plot of the reaction is presented in Figure 3.11.   
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The plot shows the smaller reaction beginning around 400°C and the main 

reaction beginning at approximately 420°C and peaking soon thereafter.  The true 

magnitude or speed of the main reaction could not be recorded because of the relatively 

large thermal time constant of the thermocouple, but the audible sound and product 

thrown about suggest a thermal explosion type of reaction.  The trigger reaction observed 

in the nano-Al/Teflon occurred at the same temperature as the PIR identified by DSC 

 
Figure 3.11 Thermocouple temperature history of 50 nm  
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data.  It is proposed that the thermocouple sample violently reacted because the PIR 

reaction allowed diffusion paths through the passivation shell and exposed the Al to air, 

promoting fast oxidation.  The oxidation reaction produced enough heat to quickly 

ain reaction between decomposed Teflon and Al.  

Under 

he small amount of 

fluorination of the Al core involved in the PIR may serve to “heal” the oxide shell and 

prevent more diffusion until phase transformation of the alumina. 

The micron-Al/Teflon mixture does not experience the “trigger” reaction or the 

violent main reaction seen in the nano-Al/Teflon, instead showing several small 

exothermic reactions at a higher temperature range, as shown in Figure 3.12.  Thus, when 

heated slowly in air, the nano-Al/Teflon mixture has onset temperatures dependant on the 

PIR described in this paper and the resulting reaction is violent.  Conversely, micron-

Al/Teflon mixtu ly in either air 

or argon. 

decompose Teflon and facilitate the m

argon, the PIR does not “trigger” the main reaction between nano-Al and 

fluorinated gases because there is not enough gas available at the time of Al exposure 

since the Teflon has not decomposed much yet.  Also, in argon t

res show minimal exothermal reactions when heated slow
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3.1.7 Role of PIR for fast heating rates 

Most likely, the PIR seen in the nano-Al/Teflon is not important in samples 

heated rapidly (i.e. laser ignition).  As mentioned by Barclay et al. (2001), the conversion 

of Al O  to β-AlF  via adsorption of fluoride, though favorable thermodynamically, is 

kinetically slow.  It is likely that rapid heating will expose the particles’ Al core for 

oxidation before the Al O  reacts with fluoride ions in Teflon.  In such a case, the Al O  

passivation shell m

2 3 3

2 3 2 3

ight act as nothing more than a diluent and heat transfer barrier, 

slowing the burning process.  The time lag between Teflon decomposition and micron Al 

core exposure probably wouldn’t be an issue in rapid heating conditions either; in which 

case, the Teflon decomposition products would not have time to diffuse away from the 

reaction zone before the aluminum oxidation shell is broken.   
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3.2 Drop-weight Test Results

The results of the drop-weight test for all of the pellets are listed in Table 3.1.  

Here, the pellet numbers and compositions are listed and the ignition events are denoted 

as “yes” for a successful ignition event, and “no” for no noticeable ignition event.  All of 

the pellets consisting of 5% and 10% Teflon had successful ignition events while 60% (3 

out of 5) of the 0% Teflon pellets had successful ignition events.  All of the successful 

ignition events resulted in the complete combustion of the pellet. 

Table 3.1 Drop-weight Ignition results 

Pellet # %Teflon Ignition event 
1 0 yes 
2 0 no 
3 0 yes 
4 0 no 
5 0 yes 
6 5 yes 
7 5 yes 
8 5 yes 
9 5 yes 

10 5 yes 
11 10 yes 
12 10 yes 
13 10 yes 
14 10 yes 
15 10 yes 

 

With 13 out of 15 of the thermite/Teflon pellets having a successful ignition 

event, it is established that a thermite pellet can ignite under drop weight conditions.  For 

the pellets that had ignition events, the energy transfer from the dropping weight to the 

sample pellet caused hot spot generation that produced heat within the pellet at a 

fficient rate to induce combustion.  For the two pellets that had no ignition, the heat su
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produced in the hot spots was heat loss of the local volume 

within 

n, then it could also be 

said that hot spot format er in the pressed pellets 

that have Teflon than in the flo

It is unlikely that increase friction tween p cles causes higher ignition rates 

in Teflon containing samples because Teflon is a lubricant and would lower the friction 

between particles.  However, fr  ely to  a crucial role in the ignition 

process.  The decomposition of Teflon occurs when heated to extreme temperatures, as 

seen in previous DSC studies (F re 3.6  occur n heated beyond approximately 

500°C.  When localized frictiona eating reaches this temperature, fluorinated gases will 

be liberated and forced through pores in the sample while creating viscous 

heat.  The heat generation grows exponentially as more gas is liberated and more viscous 

heating occurs until the activation energy is achieved and ignition occurs.  Friction and 

viscous heating are both important in the ignition of these samples. 

Another observation that affects the sensitivity of Teflon containing pellets is that 

gases produced from the decomposition of Teflon have high affinity for Al and produce a 

 not enough to overcome the 

the pellet, and thus the process was quenched. 

Sixty percent of the pellets made only from Al/MoO3 ignited under the drop-

weight conditions in this experiment.  This is compared to the 100% ignition rate of the 

Al/MoO3 pellets containing 5% and 10% Teflon.  From these results, it can be stated that 

Al/MoO3 containing Teflon is more sensitive to impact than Al/MoO3 without any 

Teflon.  Because ignition is directly linked to hot spot formatio

ion occurs more frequently and strong

 pellets without Te n. 

d be arti

iction is lik play

igu ) to  whe

l h

microscopic 
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high heat of combustion with Al.  The addition of another oxidizer (Teflon) allows for 

increased flexibility for the Al to oxidize, thereby increasing the chance for combustion. 

sults for a larger sample population. 

The next phase of testing that would provide more insight into this subject would 

be to reduce the weight of the drop-weight and to drop the weight from a lower height.  

Conditions could be tailored to produce a very low percentage of 0% Teflon pellet 

ignition.  From here, conditions would remain constant and the testing procedure 

repeated.  This testing technique may produce a more distinct trend in the ignition events.  

Also, to gain a better empirical model of hot spot formation as a function of Teflon, many 

more samples could be tested to provide statistical re
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CHAPTER IV 

CONCLUSIONS 

 

Differential Scanning Calorimetry (DSC) and Thermogravimetric (TG) analyses 

of Al/Teflon powder mixtures in argon have revealed a pre-ignition reaction (PIR) unique 

to the nano-Al/Teflon mixture.  The PIR is caused by the fluorination of the Al particles’ 

oxide shell and is not significant in the micron-Al/Teflon mixture due to the lack of 

Al2O3 surface area.  DSC experiments in argon of Al2O3/Teflon and calcined-

Al2O3/Teflon show that the fluorination of Al2O3 is facilitated by the presence of 

hydroxyl groups on the surface of the oxide shell.  The PIR serves to catalyze the 

degradation of Teflon by the weakening of the polymer caused by the extraction of 

fluoride from the poly-chain.  The PIR may be the ignition mechanism for mixtures of 

nano-Al/Teflon for slow heating conditions in air. 

 It has been shown that a thermite pellet can be ignited under drop-weight 

conditions.  It was also shown that the addition of Teflon to the Al/MoO3 pellet increases 

the likelihood of ignition under drop-weight conditions.  The increase in ignition rate may 

be attributed to the viscous heating of fluorinated gases flowing through pores in the 

sample during rapid compression.  In addition to the viscous heating, fluorinated gas adds 

an Al oxidizer to the system, has a high affinity for Al, and produces high heats of 

combustion when in contact with Al. 
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