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ABSTRACT 

Advances in material processing have created nano-sized fuel particles with 

enhanced properties ideal for exothermic reactions compared with those of larger 

particles of the same material. As a result the combustion associated with nano-scale 

particles has recently shown the potential for enhanced energetic behavior of thermites. 

In this study, the ignition sensitivity of an aluminum molybdenum-trioxide (AI/M0O3) 

composite mixture was examined. 

Laser ignition experiments were performed to determine the ignition time and bum 

rates of newly developed nano-Al mixed with M0O3. The scope of this work can best be 

summarized in two stages: first, the ignition time and bum rates for three nano-regime Al 

mixtures were studied over a varied composition range, the results were then used to 

further study ignition time and bum rate as a function of Al particle diameter, which 

ranged from 17.4 nm to 20 [xm at the optimum stoichiometric composition. A 50-W CO2 

laser provided the ignition source and high-speed digital images were used to determine 

ignition time and bum rates. Results indicate that a slightiy fuel rich (equivalence ratio of 

1.2) mixture presents the earliest ignition times and fastest bum rates for the nano Al 

particle diameters. Experiments using a slightly fuel rich mixture for ten Al particle 

diameters show an increased sensitivity to ignition with decreasing particle size, a 

decreased bum rate with decreasing particle size and less variability of ignition times and 

bum rates for nano-regime Al. 
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CHAPTER I 

INTRODUCTION 

1.1 Thermites 

Thermite reactions can be described as exothermic reactions involving the reduction 

of metallic oxides with aluminum to form aluminum oxide and metals or alloys. 

Thermite reactions are characterized by large heat release, which is often sufficient to 

heat the product phases above their melting points. For example, a common thermite 

reaction between aluminum (Al) and molybdenum trioxide (M0O3) has an adiabatic 

flame temperatures of 3253°C, which well exceeds the melting points of molybdenum 

and aluminum oxide (AI2O3) [1]. 

2AI -f- M0O3 -^ Mo -h AI2O3 AH„^b = 4279cal/cm' 

Because of the large heat generation, thermite reactions can usually be initiated locally 

and the reaction becomes self-sustaining. 

Thermites can be used to create a new material through combustion synthesis or 

can be used strictly for their energy release rates in military applications. A variety of 

metallurgical applications take advantage of the thermite reaction products in a molten 

metallic phase and oxide phase. Because of the control of product formation, thermites 

are used in the synthesis of ceramic and composite materials and in the preparation of 

ceramic linings in metallic pipes. The high temperatures achieved in this reaction allow 

the formation of a new material under conditions (i.e., high heating rates, high flame 

temperatures) that are otherwise impossible to achieve. Therefore, the synthesized 

product can be tailored to have specific physical properties based on the selection of 

reactants [2]. Some thermites are used specifically for ordinance applications. These 

types of reactions (i.e., Al and M0O3) give off so much energy that the products are 

spewed in all directions. In these reactions, the goal is to combine reactants such that the 

sensitivity to ignition and energy release rate are optimized. 



1.2 Composite versus Monomolecular 

Manufacturing of solid energetic materials can be done by either physically mixing 

the solid oxidizer and fuel referred to as a composite (e.g., black powder and thermites) 

or the incorporation of oxidizer and fuel atoms into one molecule (e.g., 2,4,6-

trinitrotoluene - TNT). The advantage of composite materials is that varying oxidizer and 

fuel ratios will allow the control of energy release properties. Maximum energy density 

can be attained by optimizing fuel and oxidizer concentrations. However, due to the 

granular nature of composite energetic, reaction kinetics are typically controlled by the 

mass transport (diffusion) rates between reactants. Composites may have extremely high 

energy densities (i.e., energy per unit volume or mass) but the energy release rate is 

limited by the diffusion of fuel into the oxidizer or visa versa. Diffusion controlled 

reactions have lower flame speeds and energy release rates than reactions controlled 

solely by chemical kinetics [3]. 

Explosives are monomolecular energetic materials that are controlled by chemical 

kinetics and not mass transport. Monomolecular materials have higher energy release 

rates because these kinetically controlled reactions can propagate at extremely high 

speeds. For current energetic materials, the maximum energy density of a composite is 

about twice the energy density of monomolecular materials [3]. However the energy 

release rate depends on the speed of the reaction. 

1.3 Nanocomposite Thermites 

Reduction of thermite fuel and oxidizer particle size from the micron regime to 

nano-scale dimensions has been shown to produce desirable combustion behaviors [4]. 

Such fine-sized particles allow greater intermixing and reduced diffusion distance 

between fuel and oxidizer particles. Because these types of reactions are diffusion 

controlled, decreasing the diffusion distance could potentially permit decreased ignition 

times and increased reaction rates of the mixture. Because the diffusion distance is 

reduced almost to the molecular level, these nano-scale composite reactions have the 



potential to produce high energy release rates and approach those of a monomolecular 

energetic material. 

The ignitability of a thermite is an extremely important performance parameter. 

Knowledge of the ignition energy and delay time will allow materials to be tailored for 

specific applications. For example, parameters such as ignition energy and ignition delay 

could dictate which composition is most appropriate as a primer in a weapon system. 

Determining if ignition sensitivity increases with decreasing particle size may allow 

lighter and more mobile energy sources to become incorporated in the weapon system. 

Discovering thermites that require less ignition energy could potentially reduce the 

overall payload of the ordnance system. Also, understanding the ignition sensitivity of 

thermites is critical for their safe use and handling. 

Reduction of aluminum particle size from the micron- to nano-scale dimensions 

considerably increases the surface area to volume ratio and potentially enhances the 

material's reactivity (Figure 1.1). A larger surface area to volume ratio will allow greater 

intermixing and will reduce the diffusion distance between fuel and oxidizer particles. 

Because these reactions are diffusion controlled, decreasing the diffusion distance could 

potentially permit increased sensitivity to ignition. Essentially the increased SÂ  ratio 

allows more ftiel to be in contact with oxidizer and increases the amount of material that 

will react at any instant in time. 
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Figure 1.1 Surface area to volume ratio as a function of Al particle diameter 



Generally, nano-particles are approaching molecular dimensions and intermixing at 

this level enhances the characteristics of the mixture over the traditional micro-sized 

thermite mixes [5]. Thermites are traditionally considered a difficult class of 

pyrotechnics to ignite due to the large thermal stimulus required [6]. This is because 

ignition is usually described by the melting of one of the two components followed by a 

diffusion-controlled reaction. The melting point for aluminum is 660 °C and M0O3 

begins to sublime at 750 °C. Nano-scale particles may be so highly reactive that 

solid/solid physical contact may be sufficient for ignition. Ignition temperatures at 

melting or near melting of the M0O3 and Al may not be a prerequisite for the reaction. 

Ignition sensitivity is determined by the time to ignition. A thermally ignition 

sensitive composite will ignite faster than a reference standard for the same material. In 

the following experiments a standard ignition time for traditional micron-scale Al 

diameter composites of AI/M0O3 are 0.09 to 6 sec. Therefore improving ignition 

sensitivity would require a reduction in ignition time by at least 50%. 

The objective of this study is to compare the ignition time and bum rate of 

compressed pellets of nano and micron-scale AI/M0O3 composites. Laser ignition 

experiments were performed on various composition samples and high speed imaging 

allowed analysis of ignition time and reaction propagation. Three Al particle sizes were 

examined: 108, 39.2, and 29.9 nm diameter to determine an optimum fuel/oxidizer 

composition of AI/M0O3 based on earliest ignition time and highest bum rate. A slightly 

fuel rich mixture was then further used to analyze the effect of varying Al particle 

diameters from 17.4 nm to 20 |im. Ignition time and bum rates were measured and 

analyzed for 10 nano-regime and 3 micron-regime Al particle diameters and the M0O3 

remained constant 



CHAPTER II 

SAMPLE PREPARATION 

2.1 Composite Powders 

The ignition and combustion characteristics of an aluminum (Al) and molybdenum 

trioxide (M0O3) composite were examined as a function of mixture composition and Al 

particle size. The Al powders were provided by Technanogy (Irvine, CA) and analyzed 

for particle size distribution and purity. Due to high surface area, these nanopowders are 

pyrophoric when exposed to air. They can be handled in an air environment only if a 

proper passivation layer is applied. For these Al powders, an AI2O3 passivation layer 

coats each particle. The three micron Al powders (3-4, 10-14, and 20 p.m) examined 

were provided by Alfa Aesar at a stated purity of 97-99% Al. Specific physical data 

pertaining to each Al sample is provided in Table 2.1. 

The M0O3 was also provided by Technanogy (frvine, CA). The M0O3 is composed 

of rectangular sheet like particles roughly 1 |im in length and 20 nm thick. Because at 

least one dimension of the rectangular M0O3 particles is less than 100 nm, this material is 

also classified as nano-scale. 

Table 2.1 Aluminum particle descriptions 

Al Particle 
Diameter 

nm 

17.4 
24.9 
29.9 
39.2 
52.7 
75.9 
100.9 
108 

153.8 
202 

Oxide Layer 
Thickness 

nm 

1.9 
1.8 
2.8 
2.5 
1.9 
2.3 
2.8 
3.4 
4.5 
7.7 

ActlveAl 
content 

% 

37.7 
53.8 
44.3 
57.5 
73.5 
80.4 
81.8 
72.7 
77.3 
71.6 



Figures 2.1 and 2.2 are electron micrographs representative of the Al shown in 

Table 2.1. Figure 2.1 clearly shows the solid spherical geometry of the nano-Al powders. 

Figure 2.2 illustrates the existence of AI2O3 oxide layer formed around the surface of the 

Al particles. Figure 2.3 displays the heterogeneity of the AI/M0O3 mixtures and the 

meshing the solid Al spheres with the sheet-like M0O3. All of these images were taken at 

Los Alamos National Lab under the direction of Dr. Steven F. Son. 

]0.1 \im\ 

Figure 2.1 SEM of Nano-Al spheres 

Figure 2.2 TEM of Nano-Al particle with AI2O3 oxide layer 
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Figure 2.3 SEM of Al (spheres) and M0O3 (crystals) mixture 

The Al and M0O3 powders were first measured to achieve a specific mass ratio or 

equivalence ratio. The stoichiometric mass ratio for the reaction is 0.375 based on 

assuming the following global reaction. 

2A1 -I- M0O3 -^ AI2O3 + Mo 

The equivalence ratio ((])) is determined from Eq. (2.1) and considers the actual Al 

content for each mixture (Table 2.1) [8] 

<t) = CT (2.1) 
ST 

In this equation, F represents fuel (Al), A is oxidizer (M0O3) and the subscripts ACT and 

ST indicate the actual and stoichiometric ratios. 

The powder mixture was suspend in a solution and mechanically mixed using sonic 

waves. The sonication process helps break up macro-scale agglomerates and ensure better 

mixing of fuel and oxidizer. The mixture was heated to a low temperature, which allows 

the solution to evaporate leaving a well-mixed powder composite. The powder was sifted 

through a 200-|j,m pore wire mesh to eliminate macro-scale agglomerates formed during 

the drying process. The dry sifted powder was then used for further testing. 

2.2 Pressed Composite Pellets 



The final mixture was divided into either 180 or 125 mg proportions and pressed into 

sohd cylindrical pellets at a 1:1.5 diameter to length ratio (D/L) as seen in Figure 2.4 or a 

1:1 D/L ratio as seen in Figure 2.7. The pellet lengths were decreased with an 

appropriate mass decrease (to achieve the same bulk density) for the particle diameter 

study to create stronger pellets with a more uniform density. Both the 1:1.5 and 1:1 

pellets were pressed to 38% theoretical maximum density (TMD) (See Section 2.2.1). 

Figure 2.4 Pressed pellet sample (1:1.5) 

The pellets were pressed in acrylic dies (Figure 2.5). The plunger is purposely made 

longer than the acrylic die to extrude the solid pellet after compression. The bottom 

plunger is inserted into the die until sealing with the shelf of the inner diameter (barrel). 

The barrel of the acrylic die is then filled with loose powder and pressed to a specific 

pellet length. The length is fixed to achieve a specific bulk pellet density and guaranteed 

by shims inserted between the top plunger head and the top of the die. Once compressed, 

the shims and bottom plunger are removed. The solid cylindrical pellet is then extruded 

into the larger diameter barrel of the bottom plunger. This technique has proven to be a 

safe and effective method for pressing composite pellets and has not resulted in 

spontaneous ignition. 



Figure 2.5 Acrylic die assembly 

Initial efforts to compress the powder between equivalent plunger diameters from 

each end of the barrel resulted in spontaneous pre-ignition of the mixture. During 

compression, the pellet locally stresses and expands the inner diameter of the die (even 

with a tool grade steel barrel). The barrel was reamed to 4.366 mm diameter and 

compressed pellets would locally expand to 4.521 mm in diameter. Upon extmsion, the 

larger diameter pellet would be forced into a smaller diameter barrel creating 

compression ignition within the die. Problems also arose from powder creeping up the 

edges of the barrel and wedging between the barrel and the plunger shaft. This created an 

unsafe situation by requiring tremendous force on the trapped energetic material in the 

process of freeing the wedged plunger. The acrylic dowels were chosen because they are 

easily disposable (i.e., less expensive than steel) and replaceable if cracked or destroyed 

from a wedged plunger. 

2.2.1 Composition Study 

Three Al particle diameters were tested over a range of five fuel to oxidizer mass 

ratios (30% to 70% Al). The equivalence ratios for each mixture are tabulated in Table 

2.2. It is noted that (|) <1 corresponds to fuel lean mixtures, <^>X are fuel rich and ^ =1 are 

stoichiometric. 



Table 2.2 Equivalence ratios 

Particle 
Diameter 

108 nm 
39.2 nm 
29.9 nm 

Fuel / Oxidizer Ratio 

30/70 40/60 50/50 60/40 70/30 
Equivalence Ratio (t) 

0.83 
0.66 
0.51 

1.29 
1.02 
0.79 

1.94 
1.53 
1.18 

2.91 
2.30 
1.77 

4.45 
3.58 
2.76 

Approximately 700 mg of AI/M0O3 were created for each composition and diameter 

presented in Table 2.1. The theoretical maximum density was calculated for each 

mixture as a weighted average of the pure solid densities of the three constituent 

molecules (Al, M0O3, and AI2O3). From the 15 stock powders, four cylindrical pellet 

samples of approximately 150 mg were created at 38% theoretical maximum density 

(TMD). The pellets were compressed to an axial length of 6 mm (to provide a longer 

bum propagation distance) with a diameter of 4.52 mm, approximately a 1:1.5 diameter 

to length ratio. Figure 2.4 is a representative pellet at the 1:1.5 diameter to length ratio. 

One concern that should be addressed is the possibility of density gradients within 

the pellet. Each pellet likely contains radial density gradients due to adaptations in the 

acrylic die design. As mentioned earlier, the bottom plunger was made with a larger 

diameter to prevent ignition upon extmsion of the solid pellet. This adaptation creates an 

uneven pressure distribution between the top and bottom plungers. It is expected that the 

stress distribution within the composite material was non-uniform due to the unequal 

plunger diameters making the solid cylindrical pellet denser in the radial center with 

density decreasing towards the outer radius. The density gradient may not be a 

continuous slope from center to outside edge, but more likely a like less dense layer 

exists on the outer curved wall of the cylinder. 

The density gradient was proven in a few recorded videos by the pellet igniting on 

the front plane center, propagating radially to the outer edge then racing down the outer 

edge wall in the axial direction. This may be a result of less dense material along the 

10 



outer radial portion of the pellet. Less dense powders have higher bum rates than 

compressed pellets [10]. 

Figure 2.6 supports the argument for lower outer surface density in the pressed 

cylindrical pellet. Ignition occurs in the center of the front plane at frame 1839 or time 

33.25 ms. The reaction zone quickly expands to near the outer surface (1880) then 

propagates axially under a small subsurface shell. Frame 1920 shows that the reaction 

has reached the end of the pellet and then the outer shell is thrown off in frames 1940-

2020. The pellet begins to lift off the stand at the front end in frame 1940. Frames 2040-

2080 show the cylindrical pellet core spinning above the sample-mounting stand. In 

frame 2080, the pellet has rotated and the front plane is actually facing the camera 

showing that the pellet is now burning from the outer radius inward. For each picture 

shown in Figure 2.6, 20 frames were taken in between, but not shown for conciseness. 

Illuminated sample 

1880 

12.8125 ms 

1900 

19.0625 ms 

1920 

25.3125 ms 

1940 

31.5625 ms 

1960 

37.8125 ms 

Figure 2.6 Outer cylinder flame propagation (39.2 nm Al, 1:1.5, (t)=1.02) 
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1980 

44.0625 ms 

2000 

50.3125 ms 

2020 

56.5625 ms 

2040 

62.8125 ms 

2060 

69.0625 ms 

2080 

75.3125 ms 

The outer shell may result from sample contamination due to die cleaners and 

acrylic wear. In the process of machining the acrylic dies, special care was taken to 

prevent frictional melting and to provide a clean inner barrel surface finish. A water-

soluble coolant was used along with small interval bites with the tool steel drill bits. 

Normal cleaning chemicals such as acetone, isopropyl alcohol and methyl alcohol reacted 

with the acrylic die weakening the barrel surface and the entire die's strength when 

stressed in compression. 

Also by using a metal plunger with an acrylic die, micro acrylic shavings could be 

scraped off the barrel walls and pressed into the sides of the solid pellet. This would 

leave a non-reactive zone near or at the surface of the pellet, which acts as a conduction-

inhibiting wall and promotes a non-symmetric density gradient forming stress cracks in 

the sohd cylinder. 

2.2.2 Particle Diameter Study 

It will be shown in the following chapter, that the slightiy fuel rich mixtures were 

more sensitive to ignition and burned faster for the three diameters study. Based on the 

12 



results of the composition study, the 10 Al particle diameters shown in Table 2.1 were 

specifically mixed to a (j) = 1.2 (Eq. (1)). After the composition study was complete, the 

diameter/length dimensions were modified. For example, based on recorded video from 

the composition study it was suggested that radial density gradients had formed with the 

solid compressed pellets. To prevent this, the pellet axial dimension was decreased to 

create a 1:1 diameter to length ratio to prevent stress gradients during the manual 

pressing. 

Figure 2.7 illustrates the modified 1:1 D:L ratio pellet. With a length and diameter 

of 4.52 mm, the pellets were again pressed to 38% TMD based on a 115 mg final pellet. 

This D:L ratio was found to produce the most ideal pellet integrity for fiirther 

experimentation. 

Figure 2.7 Pressed pellet sample (1:1) 
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CHAPTER 111 

EXPERIMENTAL SETUP 

A 50 W CO2 laser was used to ignite the flat end of a horizontal cylindrical pellet. 

An electro-mechanical shutter controlled the samples exposure to the irradiation. A 

Phantom IV high-speed camera was triggered to record from the instant of sample 

exposure through ignition at 32,000 frames per second (fps). A schematic of the 

experimental set-up is shown in Figure 3.1 

50 W COj Lasei 
10.6 nm wavelengtii 

Shuttei 

Powei Metei with 
Digital LCD Display 

Pressed Sample 

PC with 
Imaging Soft.vaie 

Tiiggeiing Device 

High-Speett-Camefa^ 

Figure 3.1 Equipment setup 
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Power Meter Shutter COs Laser 

Figure 3.2 Experimental apparatus 

3.1 Laser 

The experiments were carried out using a 50 W CO2 laser (Universal Laser UL-50-

OEM) with a wavelength of 10.6^m. The beam diameter is 4 mm with beam divergence 

of 5 ± 1 mRad, producing a maximum power density of approximately 100 W/cm". The 

laser was operated in continuous wave (CW) mode and held constant at 50 W. The beam 

power was measure at regular intervals with a thermal power meter seen in Figure 3.2. 

The laser was operated in its original state of a Gaussian beam intensity distribution 

similar to the intensity profile seen in Figure 3.3. A Gaussian beam can be described as 

majority of the power intensity is at the center of the beam and trails off to near zero at 

the outer edge of beam. 

15 



'^<600^^^^s 
A 

Intensity 

Figure 3.3 Gaussian beam intensity Profile (Spiricon, Inc.) 

Because of the Gaussian beam distribution, special care was taken to ensure that the 

center of the beam was aligned with the center of the planar surface of the cylindrical 

pellet. A visible red diode laser was used for aligning infrared CO2 laser. 

3.2 Measuring Ignition Time 

Two common methods of experimental ignition measurement are "go/no go" and 

"first light." In the "go/no go" method, the sample is irradiated with a pulse of sufficient 

length to cause ignition and self-propagation. The pulse duration is then reduced and a 

new sample is irradiated. This procedure continues until a non-ignition occurs. The 

pulse length is altered using the Bmceton staircase test procedure. Twenty to thirty 

separate tests are conducted at several pulse lengths, and the pulse length required for 

ignition of 50% of the samples is calculated. This is designated as tigno [6]. 

In the "first light" method, ignition time is determined as the difference between 

laser onset and the first infrared (IR)/visible light output. For the presented experiments, 

ignition time was determined from a "first light" criteria recorded by the high-speed 

camera at 32 kfps giving a time resolution of 0.031 |is. The high-speed camera was 

positioned perpendicular to the CO2 laser beam path and the curved cylindrical surface of 

the pressed sample. 

An electro-mechanical delay was expected for the shutter response time, therefore 

altering the synchronization of the shutter and camera triggering. The shutter delay was 

calculated by sending a visible red diode laser (used for aligning the CO2 laser) through 

16 



the same triggered shutter and recording the red dot's first appearance with the high

speed camera at the same time resolution of 32 kfps. The electro-mechanical delay was 

calculated as the time difference between time zero (actually triggering the shutter) and 

first view of the red diode laser. Figure 3.4 is a simplified diagram illustrating the 

overiap of recorded and laser irradiation time intervals. In this diagram tdeiay corresponds 

to the shutter delay time, tign is the ignition time and tp is the laser pulse time. 

Signals 

1 
0 1 

. .. 
/ Igr ition 

~[ 
delay tig„ 

„c'' 

, 
t[ms] 

Figure 3.4 Ignition timing sequence 

3.3 Measuring Flame Propagation 

The burn rate was measured with the high-speed camera and imaging software. 

The Vision Research software provided with the Phantom IV camera also provided a 

means of post processing video data. By establishing a reference length (such as the mler 

in Figure 2.4), the software determines speed based on a distance between sequential time 

frames. Using a "find edge" image filter, the planar reaction front location could easily 

be identified and marked for speed measurements. The "find edge" feature, distinguishes 

patterns in light intensity between adjacent pixels creating an emphasized contrasting line 

at the actual flame front. 
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CHAPTER IV 

THEORY 

4.1 Ignition Time Calculations 

It is traditionally thought that thermite reactions such as Al and M0O3 begin by the 

melting or sublimation of one of the reactants. Since the bimolecular reaction is diffusion 

controlled, micron scale and largerreactants are more likely to diffuse after melting of Al 

at 660°C or sublimation of M0O3 at 750°C. The flame stmcture can be simplistically 

illustrated in Figure 4.1 (corresponding to progressively later times). 
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The laser heat flux irradiates the front surface of the AI/M0O3 solid pellet raising the 

bulk solid temperature (Figure 4.1). Laser heating continues until one or both of the solid 

reactants reach its melting or sublimation temperature and creating a phase transition. As 

the temperature increases, the phase transformation zone is formed where reactants may 

be in a solid, liquid or gaseous state. The multi-phase nature of this zone enhances 

molecular diffusion (Figure 4.1 b). Further increase in temperature leads to initiation of 

the chemical reaction and formation of a flame and reaction zone. Exothermic reactions 

allow a self-sustained flame propagation. For thermites the reaction zone temperature is 

much greater than the melting temperature of both reactants leaving the products in a 

molten state. This would best be represented as a step function in the temperature profile 

between the phase transition zone and the reaction zone but is shown as a gradual curve 

for graphical purposes (Figure 4.1 c). 

Based on inert heating up until ignition, the ignition time can be estimated based on 

a semi-infinite solid analysis. An analytical solution can be derived for a semi-infinite 

solid exposed to a constant surface heat flux (CO2 laser irradiation) as seen in the 

diagram below. 

^Ic • > 

50 \V Lcisei 

K 
I .Mmcliical Pellet 

(k.ai 

Figure 4.2 Constant surface heat flux diagram 

Beginning with the 1-D heat diffusion equation, 

ar d-T 
— = oc—r 
dt dx' 

(4.1) 
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Boundary conditions are applied for a constant unifonn heat flux and assuming an 

initial temperature (7,) 

T{x,0) = T, 

- k ^ 
dx 

(4.2) 
= ^o 

x=0 

The solution becomes [11] 

T{x,t)-T,= Iq'Scalny" 
-exp 

^-x'^ 

Aoa 
Ro^ erfc 

^lyfat j 
(4.3) 

Since the energy input is the largest at the front surface, ignition is most like to occur at 

x=0 and Eq. (4.3) is reduced to 

^x=0.r=0 ~ • ' i •*"" 

2?;'- TT (4.4) 

Eq. (4.4) is solved directiy for ignition time base on an initial temperature of 37°C and an 

ignition temperature of 660°C corresponding to the melting of aluminum. 

'•ign.Calc 

K 

a 
nT„,-T,) 

2^: ) 
(4.5) 

Note that the thermal properties k and a must be estimated as a weighted average of the 

thermal properties of Al, AI2O3, and M0O3. The thermal properties are also assumed to 

remain constant with increasing temperature. The individual thermal properties for three 

constituent molecules in the composite and four representative composite mixtures (based 

on ranges of pure Al concentration) are presented in Table 4.1. 

Table 4.1 Composite thermal properties [11] 

k [W/m-K] 
Cp [J/kg-K] 
a [m^/s] 

Al 

237 

903 

9.71 E-05 

AI2O3 

46 

765 

1.51 E-05 

M0O3 

50 

882 

3.78E-05 

30-45% Al 
mixture 

83.85 

875.30 

6.39E-05 

45-60% Al 
mixture 

92.54 

879.38 

7.02E-05 

60-82% Al 
mixture 

101.09 

883.40 

7.63E-05 

97-99% Al 
mixture 

121.84 

887.58 

9.15E-05 
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The pure Al concentrations used for grouping the composite mixture properties are 

shown in Table 2.1 and averaged for the four ranges shown in Table 4.1. The ignition 

times calculated from Eq. (4.5) based on the thermal properties in Table 4.1 range from 2 

to 3 sec. 

Table 4.2 Ignition time calculations 

tjgn.Calc [S] 

30-45% Al 
mixture 

2.12 

45-60% Al 
mixture 

2.35 

60-82% Al 
mixture 

2.58 

97-99% Al 
mixture 

3.12 

4.2 Diffusion vs. Chemical Kinetics 

The combustion behavior of these reactions can be explained by describing the rate 

of conversion from reactants (Al and M0O3) to products (AI2O3 and Mo). The reaction 

can be reduced to considering a single small sphere of fuel (Al) and surrounding oxidizer. 

First assume that the reaction occurs at the surface of the solid Al sphere and the reaction 

is either limited by the chemical reaction rate or the oxidizer diffusion rate. The reaction 

rate (CO) can be expressed as 

(0 — ^C^jCj^oOj (4.6) 

assuming the following global reaction. 

2A1 + M0O3 -^ AI2O3 + ]VIo 

In Eq. (4.6) C^i and C^^Q^ are the concentrations of the reacting chemical species Al 

and M0O3 respectively. Each concentration is raised to the power equal to the 

con-esponding stoichiometric coefficient. The specific reaction-rate constant, k can be 

expressed as an Arrhenius law according to Eq. (4.7). 

k = A exp 
RT ; 

(4.7) 
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Assuming that the spherical nano-scale particles do not vaporize prior to combustion, i.e., 

they burn on the surface as oxidizer diffuses to the surface. The mass-buming rate (r&.) 

of the sphere is given by 

«fe= AnR^r^ = 47ci?pZ) ln(l + B) (4.8) 

where / i ^ i s the mass flux at the surface, D is the mass diffusivity and B is the mass 

transfer number. The mass flux from the particle surface would equal the ftiel reaction 

rate. The reaction rate is first order in oxygen concentration and second order in fuel 

concentration as in Eq. (4.6). 

n ^ = c o = /:Y„,^Y^% (4.9) 

Assuming that the reaction rate occurs at the particle surface, the fuel mass fraction {YFM) 

in the gas phase is small compared to oxygen such that: 

Y ,̂co - 0 

Y,,. = 1 

Y o . , . « l . 

The mass transfer number can be expressed as 

^ = ^ox,o.-\x,R (4.10) 

and 

Yo..<Y,, ,^<l 

The small number approximation can replace the natural log function in the mass flux 

term. 

4 = ^ l n ( l + B)==^(Y, , , . -Y, , , , ) (4.11) 

Combining Eq. (4.9) and Eq. (4.12), the mass flux at the particle surface is given in 
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"^ = Y„,. R 

k + pD 
R J 

(4.12) 

In diffusion controlled reactions, the reaction rates are fast compared to the oxygen 

diffusion rates. Here k » p D / R and the mass flux is function of the particle radius 

according to Eq. (4.13). 

< = \ 
pD 
R 

(4.13) 

If the reaction rates are comparable to or slower than the oxygen diffusion rate, then the 

chemistry controls the reaction. In this case k « f>D IR and the mass flux is 

independent of particle radius (Eq. (4.14)). 

A=k^o.,^ (4.14) 

For diffusion controlled reactions, the mass flux (Eq. (4.13)) and subsequent 

reaction rate are inversely proportional to particle radius and directly proportional to 

oxygen concentration. Eq. (4.13) suggests that smaller particles (nano-regime) will 

produce higher mass flux reaction rates than larger particles (micron regime). 
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CHAPTER V 

RESULTS 

5.1 Composition Study Results 

5.1.1 Ignition Time Measurements 

The sequence of ignition and flame propagation for a 40/60 and 39.2 nm Al sample 

is shown in Figure 5.1 By comparing images 1109 through 1117 to the first image, 

ignition starts in the center of the cylinder face, and propagates to the outer radius, then 

propagates in the axial direction down the outside wall of the cylinder. 

Image 0 
0.0 s 

1109 
0.03465625 s 

1110 
0.03468750 S 

1111 
0.03471875 s 

1112 
0.03475000 S 

1113 
0.03478125 s 

1114 
0.03481250 s 

1115 
0.03484375 s 

Figure 5.1 Ignition sequence (39.2 nm Al, 1:1.5, (t)=1.02) 
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1116 
0.03487500 s 

1117 
0.03490625 s 

Ignition times were recorded for three to four pellets for each composition and particle 

diameter and the results are shown in Figure 5.2. 
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Figure 5.2 Ignition time as a function of composition 

Figure 5.2 indicates that ignition time is a strong function of composition. For each 

Al particle diameter studied, the ignition time corresponding to slightiy fuel rich 

condition was the fastest at approximately 20 ms. The largest variability in ignition time 

was observed for the largest Al particle diameter composites, which ranged from 20-260 

ms. As the 108 nm Al particle composite becomes increasingly fuel rich, considerable 

more energy is required to ignite the pellet. This can be determined from the laser power 

(50 W) and the ignition time (Figure 5.2). For example, 13 J is required to ignite the 108 

nm Al particle composite with a 70/30 AI/M0O3 ratio {^=4.45). For the same diameter 

(108 nm) at a composition of 40/60 ((j)=1.29) only 1 J is required. 
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The 39.2 nm Al particle composites exhibited a reduced range of ignition times, 

from 7-50 ms. Further decreasing the Al particle size to 29.9 nm leads to an increasingly 

more narrow range of ignition time, 21 to 37 ms, for various compositions. 

Overall, the smallest particle size composite exhibits more consistent ignition times 

regardless of composition. This behavior may be attributed to the increased homogeneity 

associated with the smallest particle composites as seen in Figure 2.3. Examining the 

surface area to volume ratio of Al particles allows a quahtative comparison of sohd-solid 

contact between Al and M0O3. The surface area to volume ratio (S/V) can be expressed 

in terms of particle diameter (d) as 6/d assuming spherical particles. As the particle size 

decreases from 108 to 29.9 nm, the S/V increases from 0.06 to 0.20 (Figure 1.1). 

Assuming the same level of mixing for each sample, the smallest Al particle diameters 

allow increased solid/solid contact between Al and M0O3, thereby increasing the 

homogeneity of the mixture. This increased homogeneity may promote a more narrow 

range of ignition time as a function of particle diameter. 

Based on preliminary results from the composition study, nano-composite samples 

ignite on the order of ms contrary to the ignition times predicted in Table 4.2. This 

suggests that nano AI/M0O3 mixtures do not require heating to phase transition (melting 

or subliming). Further suggesting that nano-composite thermite reactions may not be 

diffusion dependent. 

5.1.2 Bum Rate Measurements 

The corresponding bum rates were determined by following the luminescent flame 

front in the axial direction along the cylindrical sample. Figure 5.3 shows a sequence of 

images that illustrate the fairly planar flame propagation through the pellet. The bum 

rates for all compositions and particle diameters are shown in Figure 5.4. 
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1117 
0.0349375 s 

1123 
0.03509375 s 

1128 
0.03525000 s 

1133 
0.03540625 s 

1138 
0.03556250 s 

1143 
0.03571875 s 

1148 
0.03587500 s 

Figure 5.3 Planar flame propagation (39.2 nm Al, 1:1.5, (t)=1.02) 
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Figure 5.4 Bum rate as a function of composition 

Figure 5.4 indicates that the bum rate is also a strong function of sample 

composition and directly related to the ignition time. Again the largest variability is 
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displayed by the 108 nm Al mixtures, ranging from 1-20 m/s. Similar to ignition time 

trends, the variability between compositions decreases with decreasing particle diameter. 

For all three Al diameters shown, it is obvious that the fastest bum rates are at 

slightiy fuel rich compositions. It is noted that for approximately equal ignition times for 

all three diameters (?,.̂ „ = 20ms for (^-1.2), the 108 nm Al bum rates are twice the 

magnitude of the 39.2 and 29.9 nm Al mixtures. This may be attributed to the fact that 

the 108 nm Al mixtures have 72.7% pure Al (Table 2.1) resulting in 0.3 aluminum oxide 

to aluminum ratio. 

Table 5.1 Aluminum oxide to pure Al ratio 

d 

[nm] 
108 
39.2 
29.9 

Al (AI+AI2O3 

powders) 

r%i 
72.7 
57.5 
44.3 

AI2O3 

Al '^^^ 

0.38 
0.74 
1.26 

This ratio is approximately a half to a fourth the value for the 39.2 and 29.9 nm Al 

mixtures. This oxide layer concentration is further discussed in Chapter V. 

5.2 Al Particle Diameter Study 

To study the effect of particle size for the optimum slightly fuel rich mixtures, seven 

pellets were created for the 10 nano-Al diameters listed in Table 2.1 and 30 pellets were 

created for the micron Al diameters (3-4, 10-14, and 20 ^im). As mentioned previously 

the pellets were compressed to 38% TMD with a 1:1 diameter to length ratio. 

5.2.1 Ignition Time Measurements 

Ignition times were recorded for six to seven pellets for each nano-Al particle 

diameter mixture and 10 to 20 pellets for each micron-Al particle diameter mixture. The 

ignition time as a function of Al particle diameter is illustrated in Figure 5.5. The sample 

number decreased for the micron-size Al diameter mixtures because the ignition times 

often exceeded the allotted camera memory or samples simply did not ignite. The 
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deviation bars in Figure 5.5 are generated based on the standard deviation of the data 

collected. It is noted that the error bars for the micron-Al particle diameter samples are 

deceiving due the log scaling of ignition time. The actual standard deviation values can 

be seen in Table 5.2. 

10000 

0) 

£1000 

E 

"E 
O) 

O) 

o 

1 10 100 1000 10000 100000 
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Figure 5.5 Ignition time as a function of Al particle diameter (0=1.2) 

Figure 5.5 clearly shows that the nano-regime Al particle diameters are far more 

sensitive to thermal ignition because they ignite faster than the micron Al particle 

mixtures. Table 5.2 shows that the nano-regime Al particles consistently ignite in 10-20 

ms for all nano-Al diameters investigated (17.4 to 202 nm). But unlike initial 

conclusions made by the composition analysis, ignition times within the nano-regime Al 

mixtures do not necessarily increase with diameter or even show a consistent trend in 

reference to particle diameter. The nano-diameter Al samples also exhibited the most 

consistent and repeatable results (in terms of measurement standard deviation). The 

nano-scale Al diameter mixtures display a maximum ignition time standard deviation of 

12.6 ms. 
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The micron-scale Al diameter mixtures result in more variability than the nano-scale 

Al particles. For example the mixtures composed of 3-4 |im Al diameter particles ignite 

at about 90 ms, which is four times slower than the nano-regime samples. Also, the 3-4 

(Xm samples have a larger standard deviation than observed with the nano-regime 

composites. The 3-4 |im samples display a four times increase in standard deviation from 

the nano regime standard deviation. 

5.2.2 Bum Rate Measurements 

Bum rates were recorded for four to six pellets for each nano-Al particle diameter 

and 8 to 20 pellets for each micron-Al partical diameter. The results are shown in Figure 

5.6. The sample number decreased for the nano and micron samples because bum rates 

were only measured for samples with approximate planar propagation. 

50.00 

40.00 

10 100 1000 10000 100000 

log Al Particle Dia [nm] 

Figure 5.6 Bum rate as a function of Al particle diameter (0=1.2) 

For each Al particle diameter, the fastest bum rate corresponds to the shortest 

ignition time and the slightly fuel rich case. Generally, bum rate varied from 1 to 30 m/s. 

The largest variability in bum rate, 14 - 17 m/s, was associated with the largest Al 
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particle composites {X0-20\im). As Al particle diameter is decreased, a corresponding 

reduction in the variability of the bum rate is observed. 

Table 5.2 shows the actual data points plotted in Figures 3.6 and 3.8 and the 

corresponding standard deviations. 

Table 5.2 Al particle diameter numerical results 

Al Particle 
[nm] 
17.4 
24.9 

29.9 
39.2 
52.7 
75.9 
100.9 
108 

153.8 
202 

3-4 \im 
10-14 ^m 

20 nm 

Ignition Time 
avg [ms] J 

24.21 
21.73 

18.39 
21.93 
15.55 
20.76 
14.56 
17.31 
25.49 
12.40 
89.43 

1384.13 

6039.43 

St dev [ms] 
8.76 
12.60 

10.38 
12.00 
6.57 
6.90 
4.69 
4.37 
11.88 
2.68 
52.82 
736.05 

847.18 

Burn Rate 
avg [m/s] 

2.16 
3.23 

1.64 
3.17 
11.23 
6.81 
5.55 
6.40 
6.04 
8.26 
1.20 

29.92 

22.91 

St dev [m/s] 
1.39 
1.27 

0.14 
1.75 
4.12 
0.73 
1.65 
0.96 
1.33 
5.48 
0.85 
17.14 

14.89 
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CHAPTER VI 

DISCUSSION 

6.1 Composition Study 

Price et al. showed that the oxide coating formed on the surface of aluminum 

particles forms a reaction barrier or inhibition for the initiation of the aluminum oxidation 

reaction [9]. In the three diameters studied in the composition study, the oxide shell 

varied from 3.9 nm to 2.5 nm (Table 2.1). However, the increased thickness of the shell 

was not found to inhibit the ignition time for slightly fuel rich compositions. In fact, the 

oxide shell thickness and Al particle diameter appear independent of ignition time for the 

slightly fuel rich case (Figure 5.2). But the oxide layer concentration may effect bum 

velocities and reaction zone propagation. In Figure 5.2, all three Al particle diameters 

ignite in 10-25 ms for an equivalence ratio of 1 to 1.4. Figure 5.4 illustrates that bum 

rates are highest for all three Al particle diameters for an equivalence ratio of 1.2 to 1.6. 

Due to the trends shown in Figures 5.2 and 5.4, a slightly fuel rich mixture (0=1.2) was 

chosen as the optimal fuel/oxidizer composition for all Al particle diameters in the 

particle diameter study. 

Two explanations can be suggested for the performance of the slightiy fuel rich 

mixtures: 

1. For surface ignition, the front surface of the cylindrical pellet is exposed to 

gaseous oxygen in the adjacent air. The gaseous oxygen molecules are also faster 

diffusers and do not require a phase transformation to initiate the reaction. This 

rapid diffusion of gaseous oxidizer to the Al fuel at the pellet surface is sure to 

effect surface reaction characteristics. At the surface, the fuel not only reacts with 

the solid oxidizer, but also the air in the environment. Also, since the solid pellets 

are only compressed to 38% TMD, this suggests that a finite quantity of air is 

trapped in the interstitial spaces of the Al and M0O3 mixtures. The trapped 

gaseous oxygen is a faster diffuser and may enhance the reaction rates for slightiy 

fuel rich solid composition producing a solid/air effective composition closer to 
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stoichiometry. Having slightiy fuel rich conditions allows plenty of fuel for both 

reactions. 

2. A second explanation is the higher thermal conductivity associated with the fuel 

metal, enhances heat transfer. The increased Al concentration in a slightiy fuel 

rich mixture improves conductive heat transfer. It will be shown in Section 5.3, 

that improved heat transfer mechanisms may increase reactant temperatures and 

promote faster reaction zone propagation. 

The first theory suggests that the largest oxidizer concentration (solid and gaseous) 

occurs at all of the outer surfaces of the cylindrical pellet. If the solid/air interface does 

create a closer to stoichiometric mixture then the results in Figure 2.6 may be 

contradicting. To summarize. Figure 2.6 shows the reaction zone propagating the fastest 

just below the outer diameter of the cylindrical pellet and not at the solid/air interface. 

Figure 2.6 was initially included as evidence of radial density gradients. The lower 

density of the subsurface zone would again support suggestion 2 from above. The lower 

density zone (subsurface shell) would allow more interstitial air, thus affecting the local 

fuel/oxidizer ratios. 

6.2 Particle Diameter Study 

Ignition times and bum rates were compared for all Al diameter mixtures in the 

nano and micron regimes (Table 5.2). It is interesting to observe how the ignition time 

and standard deviation vary with Al particle diameter. Figure 6.1 shows the ignition time 

as a percentage of the 20|J.m diameter Al data point reference (tign20nm); this is an arbitrary 

point for comparison. The data points and exponential curve fit show that the change in 

ignition time increases proportionately to the change in standard deviation for 

corresponding Al diameter mixtures. As the ignition time increases, the standard 

deviation (i.e., variability in ignition time between experiments) also increases. 
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6.1 Non-dimensional ignition time and deviation ratios 

A similar trend is represented with bum rates. All of the nano-scale Al mixtures 

exhibit bum rates on the order of 5 m/s while the micron-scale samples bum faster. 

Figure 6.2 illustrates that the change in bum rate increases proportionately to the change 

in standard deviation for corresponding Al diameter mixtures. 
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Figure 6.2 Non-dimensional bum rates and deviation ratios 
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Results from the particle diameter study (Figures 5.5 and 5.6) have shown that 

increased homogeneity in nano-scale composites actually decreases the variability in 

Ignition sensitivity and burn rates. Figures 6.1 and 6.2 show that the data points (ignition 

times and burn rates) and corresponding standard deviations decrease proportionally to 

one another. For example, the 20 |im Al shows the slowest ignition time and the largest 

variability in ignition time. For a representative nano-powder Al, the 17.4 nm Al shows 

an equal percent decrease in ignition time and standard deviation of ignition time from 

the 20 |im Al. 

Figure 6.3 shows the relationship between burn rate and ignition time. Trends in 

this figure are further explained on page 33. 
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Figure 6.3 Ignition time as a function of burn rate 

As the particle size increases the bum rate increases. This phenomenon may be contrary 

to what might be expected because as particle size decreases, burn rates increase in loose 

powder media [13]. Smaller particles have a higher surface to volume ratio and may 

promote improved homogeneity between fuel and oxidizer particles and increase the 

reactivity of the mixture. These advantages of nano-scale materials were hypothesized to 

lead to increases in ignition sensitivity. However, as compressed pellets, the burn rate 
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actually decreases with decreasing particle size. Therefore, although the media may be 

more sensitive to ignition, the bum rate is inhibited in nano-scale particle composites. 

This behavior may be a direct result of the decrease in active Al content in the nano-

regime powders. 

6.3 Effect of Aluminum Oxide Layer 

For both the composition and the particle diameter study, only the active Al 

concentration was used to determine stoichiometry and similarly the equivalence ratio. 

The pure Al concentrations in Table 2.1 can be justified by the increasing volume 

percentage of the AI2O3 for decreasing particle diameters. The concentration of the un-

reactive oxidation layer becomes much larger in percentage for the smaller Al particles 

(Table 2.1). As shown in Table 4.1, AI2O3 has a significantly lower thermal conductivity 

than pure Al. While not acting as a reactant, the aluminum oxide concentration does 

inhibit conduction. 

Considering the air concentration of a 38% TMD pellet all forms of heat transfer 

must be considered. The Peclet Number can be estimated to determine the significance 

of conduction and convection [12]. 

uS 
Pe = — ' - (6.1) 

a 
Assuming a thermal diffusivity of air to be 2.25x10"^ m^/s, an effective a of 3.8x10'^ m /̂s 

can be estimated for the 38% TMD pellet. For solid/solid reactions the flame thickness is 

difficult to measure experimentally, but is estimated to be on the order of 1 mm. The 

reaction zone thickness (5r) can be estimated as 10% of the flame zone thickness. Using 

the range of bum velocities for the nano Al mixtures in Table 5.2, the Peclet number can 

be estimated as 

M = 1 . 2 - > 1 2 m / 5 
(6.2) 
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This shows that convection and conduction are significant for the lower burn rates with a 

Peclet number on the order of one, and at higher burn rates with a Peclet number on the 

order of ten, convection becomes the more dominant heat transfer mechanism. As shown 

in Figure 4.1, the solid reactants in front of the reaction zone are preheated to a threshold 

temperature (usually T^p) before the reaction will propagate. Since conduction is 

significant and the average thermal conductivity is steadily decreases (due to AI2O3 

concentration) with decreasing particle diameter, there is an expected lag in raising the 

preheat zone to the threshold temperature. This time lag then contributes to the slower 

burn rates of the nano-regime Al mixtures. 

Similarly, the micron Al mixtures undergo a large bulk preheat due laser heating. 

As seen in Figure 6.3, the ten and twenty micron mixtures heat for seconds before 

ignition. This inert heating raises the temperature of the entire pellet prior to the 

formation of any reaction zone. Thus once a reaction zone is formed, the preheat zone 

can reach the threshold temperature faster which promotes a faster flame propagation and 

burn rate. Schematic illustrations of temperature profiles resulting from ms and second 

laser heating are shown in Figure 6.4. 
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6.4 Ignition Temperature Estimates 

Estimates of ignition temperatures were made based on experimental ignition times. 

Using the same thermal property grouping scheme as Table 4.2, temperature curves could 

be created based on Eq. (4.4). Figure 6.5 shows four temperature history curves with the 

calculated ignition points presented in Table 4.2 and the experimental ignition points 

presented in Table 5.2. As to be expected, the nano-Al samples present much lower 

ignition temperatures corresponding to the much lower ignition times compared to the 

micron-Al samples. 

1200 

• Ignition (Experimental) 
• tign (Calculated) 

0 1000 2000 3000 4000 5000 6000 7000 
t[ms] 

Figure 6.5 Calculated temperature history 

Figure 6.5 suggests that the nano-Al powders ignite below lOÔ C and the 10-20 mm 

pellets ignite closer to the melting point of Al (660°C). This may also verify the 

importance of the small diffusion distances acquired by the nano-composites. The nano. 

Al may never melt as suggested in the flame structure diagram (Figure 4.1) and the 

reaction initiates in a solid reactant state. Therefore, the increased thermal sensitivity of 

the nano-Al composite may be attributed to the chemical kinetics that occur in the solid-
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solid state for nano-scale Al and diffusion kinetics that occur in the solid-liquid state for 

the micron-scale composites. 

6.5 Nano versus. Micron Thermite Kinetics 

As stated previously, thermite reactions have traditionally been classified as 

diffusion controlled reactions, inferring that the reaction rate is a function of particle 

diameter as shown in Eq. (4.13). The data presented in Figure 5.6, indicates that for 

nano-scale Al mixtures the bum rate and reaction rate are not strong functions of particle 

size. In Figure 5.6, there is very little difference in bum rates for the ten nano-scale 

diameters studied. This suggests that the diffusion-controlled analysis may be altered for 

nano-scale thermites. 

The solid sphere analysis presented in Section 4.2 is common for a solid fuel 

particle surrounded in a gaseous oxygen environment (i.e., carbon particles in air). The 

mass flux (Eq. (4.12)), is in terms of oxidizer concentration at the solid particle surface 

{YOX,R)- This oxidizer concentration (also in Eq. (4.13) and Eq. (4.14)) assumes that the 

same oxidizer environment surrounds the entire particle surface. This is not the case for 

the solid/solid reaction between Al and M0O3. As shown in the SEM images (Figure 

2.3), the Al and M0O3 interactions only occur at specific contact points. A contact 

frequency parameter is estimated to approximate the difference between gaseous oxidizer 

environment and solid oxidizer contact points. 
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Figure 6.6 Contact points illustration 

Due to the geometry of this specific reaction, the contact frequency is approximated as 

the ratio of surface area of the M0O3 and projected area of a single Al sphere. 

/ = 
'•MoO, 

(6.3) 
'Al 

Since the M0O3 are crystalline sheets, the surface area can be approximated as a dual 

sided rectangular sheet. The projected area of the Al spheres is essentially the area of a 

circle. 

'•MoO, = 2wh (6.4) 

A A , = ^ ' (6.5) 

Since the M0O3 dimensions are constant for all Al particle diameters studied, / will 

remain in terms of AJ^^Q . 

/ = 
'•MoO, 

70^' 
(6.6) 

The mass flux presented in Eq. (4.12), is now converted to a mass flux per contact point 

between solid fuel and solid oxidizer. 
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R J 

(6.7) 

For diffusion-controlled reactions, a new expression for mass flux is developed in Eq. 

(6.8). 

«^=Y_-^(P^) (6.8) 

Similarly, for chemistry-controlled reactions, Eq. (6.9) describes the mass flux bum rate. 

' ^ = \ 
KR' 

(k) (6.9) 

For micron size particles, the surface area of the M0O3 and projected area of Al are on 

the same order of magnitude and the contact frequency will reduced to 1 (f=X). The 

contact frequency parameter becomes negligible for micron Al and the diffusion limited 

mass flux is inversely proportional to particle radius as shown by the micron data in 

Figure 5.6. 

-̂ 1 =4 = Y„..^ , / - I (6.10) 

If the contact frequency parameter is not equal to one, as for nano-scale Al particles the 

mass flux is directiy proportional to the particle radius (Eq. (6.11)). 

4 =^=\ TlR 
ipD)^ / » ! (6.11) 

The change in mass flux for micron and nano-scale particles is correlated to the change in 

particle size for the two limiting cases off. 

dR 
= -Y. 

pD 
R' , / - I (6.12) 

//m 
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0X,o° (pD)^ / » ! (6.13) 
ox 

Looking at the nanometer region of Figure 5.6, the bum rate appears to be linear with 

particle diameter as shown below confirming the constant slope predicted by Eq. (6.13). 
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Figure 6.7 Bum rate as a function of nanometer regime Al particle diameter {^=X.2) 
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CHAPTER VII 

CONCLUSIONS 

Ignition times were shown to be shortest (approximately 20 ms) for slightly fuel rich 

mixtures of Al and M0O3. As the mixture becomes increasingly fuel rich, the ignition 

time increases accordingly. 

For all Al particle mixtures, the maximum bum rate corresponds to the slightiy fuel 

rich mixture and the shortest ignition time. Although the smallest Al particle mixture 

exhibited a more narrow range of bum rate for varying compositions, the largest Al 

particle diameter mixture showed the fastest bum rate, more than a factor of 2 increase 

over the smallest Al particle mixture. 

This work also explains the difficulty in pressing pellets such that pre-ignition can 

be avoided. The acrylic die was designed to avoid pre-ignition based on the sensitivity of 

this mixture to frictional/compressional ignition. As a result, potentially slight variations 

in density gradient lead to interesting buming behavior. For example, some pellets were 

observed to bum in the radial direction first, followed by flame propagation along the 

outer sides of the pellet. The pellet was then observed to bum from the outside inward as 

the pellet was propelled in a circular motion, spinning in the horizontal plane. 

It has been shown that decreasing Al particle diameter from micron- to the nano-

scale in an AI-M0O3 composite consistently decreases the ignition time and improves the 

reliability of the composite's response to ignition. These results suggest that the 

increased sensitivity to ignition may be a direct result of reaction initiation in the solid 

rather than liquid state. Ignition temperature estimates suggest that ignition for nano-

scale particles occurs at temperatures well below the melting point of Al and the reaction 

is initiate in the solid state. 

Bum rates in these pellets were shown to increase as particle size increases. This 

behavior was attributed to the increased thermal properties associated with micron-Al 

composites. Each Al particle is coated with a passivation layer of AI2O3 which acts as a 

diluent in the AI/M0O3 reaction. As the surface area to volume ratio increases with 

decreasing particle size, the AI2O3 content increases. Although nano-scale Al particles 
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may be more sensitive to ignition, these particles do not promote increased flame 

propagation rates in packed media because the increased amount of AI2O3 in the mixture 

results in an overall lower thermal conductivity. Because the diffusive mode of 

combustion is significant in these reactions, lowering the thermal conductivity of the 

mixture inhibits energy transport and result in slower bum rates. The micron-scale Al 

particle composites actually have a higher active Al content and promote faster bum rates 

in packed media. However, the nano-scale Al composites are significantiy more sensitive 

to ignition. 
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