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Abstract 

Energetic nanocomposites are materials consisting of both fuel and oxidizer elements with at 

least one constituent in the nanometer size range. When ignited they react exothermically and 

release large amounts of energy, much larger than that compared with bulk materials. 

In this work, a new kind of energetic nanocomposite, a nanowire array-based thin film is 

reported. The nanocomposite consists of oxidizer (or fuel) nanowires embedded in a thin fuel (or 

oxidizer) film. Such nanocomposites are reported for the first time. 

In this thesis, energetic nanocomposites of the type Al-Fe^Os are prepared. Fe203 is in the 

form of nanowire arrays prepared using nanoporous alumina membranes. AI film is in the form 

of a thin film prepared by vacuum deposition. Nanowires with two different dimensions are 

studied, namely lOnm and 50nm. Thickness of the Al film is 50nm. The wires are either 

embedded perpendicularly (stmctured nanocomposite) in the Al film or randomly distributed 

(random nanocomposite) on the Al film. All of these samples are found to demonstrate ignition. 

This thesis describes the complete fabrication process for the nanocomposites. 

Demonstration of ignition in these nanocomposites is described. Experimental procedure to 

measure the ignition properties is discussed and an estimate of the energy released is presented. 
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CHAPTER 1 

INTRODUCTION 

1.1 Energetic Materials 

Energetic materials [1-3] are substances which when ignited at moderate temperatures 

release a large amount of energy due to an exothermic reaction. They consist of a mixture of 

oxidizer and fuel components. Traditionally, these materials are prepared by different methods 

involving grinding and mixing of materials in required proportions such as in black powder. For 

a high-energy release the constituents should be in good physical contact. They should be 

packed closely in order to get maximum energy release during the exothermic reaction. Such 

materials are one of the most dangerous materials to handle because they are very sensitive to 

heat, friction, etc. Another kind of energetic material involves introduction of oxidizer and fiael 

inside the same molecule as in TNT. In a more refined form it is fairly stable and is insensitive 

to heat, friction. 

For a more complete reaction, advanced energetic materials are required where the fuel and 

oxidizer are in the nanometer size range and have very high packing densities. These are the 

energetic nanocomposites and several methods are underway to prepare such materials. A brief 

description of these methods is given in the next section. 

1.2 Energetic Nanocomposites 

Some existing methods for fabrication of these kind of energetic nanocomposites are sol-gel 

method, thin film technique, ultrasonic mixing etc. These methods are briefly described. 



Sol-Gel method: 

In sol-gel nanocomposites, the fuel resides as nanometer-sized particles in the solid matrix 

while the oxidizer is the skeletal matrix as shown in Fig. 1 

sol-gel matrix (oxidizer) 

Fuel in cavities 
in the order of nm 

Fig 1. Schematic showing sol-gel matrix with fiiel and oxidizer 

Sol-gel chemistry [4] employs the reactions of chemicals in solution to produce nanometer-size 

particles called sols. These sols are linked together to form a three-dimensional solid network or 

skeleton called a gel, with the remaining solution residing in the open pores of the gel. The 

solution can then be super critically extracted to produce aerogels (highly porous, lightweight 

solids) or evaporated to create xerogels (denser porous solids). This nanocomposite when 

ignited at high temperatures releases large amount of energy. However the sol-gel method is a 

random process. Because of randomness in the particle distribution the fuel and oxidizer 

materials are separated and the reaction is not always self-sustaining. Also there is a possibility 

of formation of large amounts of aluminum oxide, which inhibits ignition process. In addition. 



the reactants often have organic impurities that make up about 10% of the total sample mass [5]. 

These factors reduce the energy released during the reaction. 

Thin film method: 

In this method, the nanocomposite is made up of altemate layers of fuel and oxidizer thin 

films [6, 7] as shown in Fig. 2. 

oxidizer 

fuel 

Fig 2. Schematic showing a energetic nanocomposite prepared using thin film method 

These thin films are prepared by vacuum deposition on a photo resist deposited on a silicon 

or glass substrate. The thickness of the layers deposited is in the range of a few nano meters. 

Such muhilayered thin films are separated from the substrate by dissolving the photo resist in 

acetone. When given sufficient amount of heat ignite, the samples ignite releasing large amounts 

of exothermic energy. Thin film nanocomposites are how oxer, nanometer sized in only one 

dimension (film thickness). The energy release proceeds through inter diffusion at the interface, 

resulting in slow bum rates. 

1.3 Ideal Energetic Nanocomposite 

Most nanoenergetic materials possess desirable combustion characteristics such as high heats 

of combustion and fast energy release rates [8]. Howexer, it is also important that the nano

energetic materials possess the following adxantages, namely, shortened ignition delay: solf 

propagatinu nature (ability of material to ignite without the presence of an\ external substance 



such as oxygen), shortened bum times (high bum velocity, that is the rate at which the ftiel and 

oxidizer materials react during the exothermic reaction); enhanced heat-transfer rates from 

higher specific surface area. It is also important that novel nanofabrication methods be 

developed for these energetic nanocomposites, which provide greater flexibility in designing 

new energetic fuel/propellants with desirable physical properties [8]. 

In this thesis, a novel fabrication method is described aimed at preparing nanocomposites, 

which satisfy all or most of the above criteria. The nanofabrication method is based on the use of 

nanoporous alumina membranes. Arrays of oxidizer nanowires are prepared by deposition inside 

the membranes. The fuel material is in the form of a thin film prepared by vacuum deposition. In 

this manner, a nanowire-based thin film nanocomposite material is fabricated. The main 

advantages of this novel technique are precise control of oxidizer and fuel dimensions with 

spatial resolution at the nanometer scale. The method provides intimate contact between 

oxidizer and fuel component. The processing methods employed preclude the incorporation of 

impurities and the oxidation of the aluminum at the fuel-oxidizer interface prior to ignition. In 

this work, the focus is on Al-Fe203 nanocomposites. Al is the fuel material and is in the form of 

a thin film while Fe203 is in the form of nanowires embedded inside Al film. 

The thesis is organized as follows. Chapter 2 gives a brief overview to the nanoporous 

alumina membrane fabrication process and also to the electrodeposition method used to prepare 

nanowires inside the membranes. In particular, fabrication of Fe nanowires will be described. 

Chapter 3 describes how these materials are then converted to Al-Fe:©^ nanocomposites. Two 

different methods to prepare these nanocomposites are discussed. In Chapter 4, demonstration of 

ignition in these composites is reported. Ignition properties, such as ignition temperature, flame 



temperatiire, energy released are studied in detail and the results are discussed. Summary and 

concluding remarks are made in Chapter 5. 



CHAPTER 2 

NANOPOROUS ALUMINA MEMBRANES 

Nanoporous alumina membranes have proven to be highly efficient for the fabrication of 

self-assembled nano arrays of various materials [9-13]. It is a thin aluminum oxide membrane 

consisting of arrays of cylindrical pores with diameters in the range of 10-200 nm and length of 

the order of a few microns. In this chapter the membrane fabrication process is described. The 

electrodeposition method to prepare Fe nanowires inside the pores is also discussed. 

2.1 Synthesis of Nanoporous Alumina 

Synthesis of nanoporous alumina involves electrochemical anodization of a commercial 

aluminum (99.99% purity) film in an acid under dc conditions. A schematic diagram of 

anodization process is shown in Fig. 3. A platinum mesh acts as a cathode and aluminum film 

acts as anode. A dc voltage is applied across the two electrodes and a moderately strong acid is 

used as electrolyte. In our lab, anodization is carried out using commercially axailable 

anodization cells (Perkin-Elmer Model K0235 flat cell). DC voltage is applied using a variable 

power supply (Agilent^^ 681 IB, 300Vrm.s, 375VA, AC/DC power source/analyzer). The 

anodization current is measured using a Tektronix^^', TX3 True multimeter connected in series. 

Using Tektronix™ optical interface, the data can be recorded in a PC. The complete 

experimental set-up is shown in Fig.4. 
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Fig 3. Schematic diagram showing the electrolytic cell 
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Fig 4. Schematic diagram showing the complete experimental setup for anodization 



A typical anodization current versus time curve is shown in Fig. 5. During the first few seconds 

of anodization the current falls rapidly until it reaches a minimum. Beyond the minimum, the 

current rises, goes up to a certain value and becomes constant. 
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Fig 5. Variation ofanodization current as a fiinction of time 

The current behavior in Figure 5 can be understood as follows. Stage A corresponds to 

barrier alumina formation, immediately when the voltage is turned ON. This explains the sharp 

drop in current. Stage B corresponds to initiation of pores in the alumina layer. This is consistent 

with the slow increase in net current at this point. In stage C, pore growth continues and stage D 

corresponds to the steady state when the current becomes constant. The net current can thus be 

considered as arising due to two different current components as shown in Fig. 5. One 

component, Jb, corresponds to growth of barrier alumina, which decreases with time. The other 

component Jp, corresponding to pore-formation which increases with time. Thus, a competing 

mechanism of oxide growth and oxide dissolution, are responsible for the development of the 

final pore stmcture. 



The reactions that take place at the anode and cathode are as follows. 

At Anode 

2AI + 3H2O = AI2O3 + 6H" + 6e--—I (Oxide Formation) 

Al203+6H^ - 2A1^^ + 3H20 -—2 (Dissolution of Alumina) 

At Cathode 

6H^ + 6e' = 3H2 3 (Hydrogen Evolution) 

Figure 6 shows the schematic diagram of the pore stmcture in the final steady state. The 

pores are arranged vertical to the Al surface and are parallel to each other. The pores do not 

grow all the way to the Al surface. They are open at the top and closed at the bottom. There is a 

thin U-shaped barrier layer of aluminum oxide between the porous layer and the Al. The pore 

diameter, d, inter-pore separation, D and pore lengths, L are controlled by fabrication conditions, 

in particular the acid used and the voltage applied. For example, an Al film anodized in 3% 

oxalic acid at 40V produces a porous template with pore diameter 50nm, interpore separation of 

the order of lOOnm and pore densities of the order of lO'" pores/cm". Fig. 7a shows a typical 

AFM image of one such template. Anodization in 15% sulfuric acid at lOV produces a template 

with pore diameter lOnm, interpore separation -'40nm and interpore densities of the order of 

10"pores/cm- (see Fig. 7b). The dark areas correspond to the pores while the light areas 

correspond to aluminum oxide around the pores. Pore diameters range from -10-I5()nm. Barrier 

layer thickness is of the order of 10-20nm. Length of the pores depends on the time of 

anodization and is of the order of several microns. 



Fig 6. Schematic Diagram of the Cross-Section of a Porous Alumina Template 

Fig 7a. AFM image of template with lOnm pores made using 15",, sulfuric acid atl()\ 
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Fig 7b. AFM image of template with 50nm pores made using 3"» Oxalic acid at 40 V 

2.2 Electrodepostion of Nanowires 

Once the nanoporous templates are fabricated, nanowires can be prepared by 

electrodeposition [14-16]. DC electrodeposition cannot be used because of the presence of 

insulating barrier layer below the pores. Therefore, AC electrodeposition is used. The 

experimental setup is the same as that used for anodization. Instead of a DC \ oltage an AC 

voltage is applied. The magnitude of the voltage and frequencx are optimized. The electrolyte is 

an aqueous solution of the salt of the material that is to be deposited. For example, in order to 

deposit Fe nanowires, a O.IM solution of Fe2S04.7H20 may be used. The amount of salt to be 

added can be calculated from the formula weight. The preparation process of this electroKto 

involves dissolving ~8grams of Fe:S04.7H20 in 250 ml water. A buffer salt (Boric acid) is 

added to increase the conductivity of the electrolyte. 
11 



During AC electrodeposition, positive metal ions in the solution migrate toward the pores in 

the alumina in the cathodic half cycle. The positive metal ions combine with electrons and get 

collected inside the pores. Due to the valve metal nature of the anodic alumina, wherein it 

prefers current conduction in the cathodic direction, the metal atoms are not reoxidised in the 

positive half cycles. 

The reactions that take place at anode and cathode are as follows. 

At anode 

2+ Fe" + 2e' = Fe 

2H^ + 2e = H. 

At cathode 

2H7O = O. + 4H^ + 4e" 

The length of the wires is controlled by the time of deposition. Typically, metal nanowires 

are deposited for ~lmin. Fig. 8 shows the typical electrodeposition current as a function of time. 

Fig 8. Plot showing the deposition current 

When the voltage is turned on, the current steadily drops due to increased resistance as a result 

of increasing wire length inside the pores. Following this, the current becomes more or less 



constant until the pores are completely filled. At this point, overfilling begins to occur, which 

leads to capping of the nanowire tips, followed by thin film deposition at the surface. This leads 

to reduced resistance in the sample and hence increased current. This is clearly observed in the 

current vs. time measurements. In order to obtain an array of isolated nanowires, which are not 

connected to each other by thin film formation, one must stop the deposition process before the 

current begins to rise. Fig. 9 shows a cross-section SEM image of an alumina template 

containing electrodeposited Fe nanowires. 

A top-view AFM/MFM image of a nanoporous alumina template containing Fe nanowires is 

also shown in Fig. 10. As is clearly noted from the images, there is no e\idence of magnetic Fe 

nanowires inside the pores. This is due to the fact that the wires are deep inside the pores, 

therefore producing very weak magnetic signals. In order to obtain the magnetic signal from 

these wires, the alumina template is slightly etched from the top in mixed chromic/phosphoric 

acid solution at 60"C. The top view AFM/MFM image is shown in Fig. 11. The wires may also 

be released from the template by dissolving the template in chromic'phosphoric acid. This 

leaves the wires released into the solution. A small amount of the solution is then placed on a 

substrate, rinsed, dried and characterized. Fig. 12 shows an AFM image of Fe nanowires 

released onto a substrate. In this case, a magnet was held under the substrate to prev ent the wires 

from being washed away during rinsing. Hence, the wires appear bunched. The wire diameter 

is ~50nm and length is of the order of 2|im. 

In this work, Fe wires with two different dimensions. 50nm and lOnm has been prepared. As 

described in this chapter, 50nm wires were prepared by electrodeposition inside alumina 

templates prepared by anodization in 3% oxahc acid at 4()V I Onm wires were prepared h> 

13 



electrodeposition inside alumina templates prepared by anodization in 15% sulftiric acid at lOV 

Once Fe nanowires are deposited inside the template, they must be appropriately processed to 

prepare Al/Fe203 nanocomposites. The nanocomposite fabrication process is described in the 

next chapter. 

Fig 9. Cross sectional SEM image of iron nanowires deposited inside the pores 
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Fig 10. Topographical AFM image showing Fo wires inside the poros 
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Fig 11. Topographical AFM/MFM image of Fe nanowires sticking out of the pores 
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Fig 12. AFM image of released nanowires on a substrate 
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CHAPTER 3 

FABRICATION OF ENERGETIC NANOCOMPOSITE 

Two different methods have been used to fabricate the nanocomposites. One method 

involves fabrication of Fe203 nanowires embedded perpendicularly in a thin aluminum film 

(stmctured nanocomposite). The second method involves iron nanowires released randomK on 

an aluminum surface (random nanocomposite). This involves several processing (wet etch, dry 

etch, vacuum deposition) steps. Details are discussed in this chapter. 

3.1 Method 1: Stmctured Nanocomposites 

In this method Fe203 nanowire arrays are embedded vertically in an aluminum film. 

Schematic diagram of the final stmcture of the sample is shown in Fig 13. 

Fe nanowires embedde perperdicularly 
in Al film 

Fe Nanowires 

Fig 13. Schematic of Fe Nanowires embedded perpendicular in Al film 

The sequence of steps to prepare such a nanocomposite is shown in Fig. l4.As described in 

section 2.3, Fe nanowires are first electrodeposited inside nanoporous alumina membranes. 



An organic layer is then applied on top in order to protect the iron nanowires from \ arious steps 

that are performed later. The sample is allowed to dry. The third step invoK es etching of 

HgCI; Ethyl Alcohol 

Al film 

TTT 
Al-Fe oxide 
nanocomposite 

Annealing at 100C + 
Soaking in cliromic-
phosphoric acid 

Thermal 
evaporation 

\lninin* 
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i 0.2M chromic 
+0.4M 
phosphoric 
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Fig 14. Schematic diagram of all the process stages 

remaining aluminum layer from the bottom of the sample by means of mercuric chloride 

solution. Mercuric chloride reacts with aluminum but does not react with aluminum oxide 

(step3). In the next step organic layer is removed using ethyl alcohol (step 4). This leaves iron 

nanowires inside porous alumina. In the next step, aluminum oxide is etched slightly from the 

top in 0.2 M Chromic acid and 0.4M phosphoric acid by controlling the etching time, so that the 

iron nanowires stick out partially from the top of the template (step 5). A thin film of aluminum 

is then deposited on the top using a thermal evaporator at a pressure of-10 Torr (step 6). The 

thickness of aluminum deposited is about 50nm. The sample is then annealed at about 100 "C 

for 1 minute in an oven. Annealing the sample at this stage w ill improve the contact between the 

aluminum film and iron nanowires. There is a need for both aluminum film and iron nanow ires 

to be in good contact in these kinds of nanocomposites. The sample is then placed in a hot 

solution of 0.2 M chromic/0.4M phosphoric acid to etch away all the remaining alumina from 

the bottom of the sample and around the nanowires. Presence of aluminum oxide in the sample 

17 
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inhibits the ignition of the energetic nanocomposite. This step also removes any traces of 

aluminum oxide on the surface of the aluminum thin film deposited on the top of the nanowires 

in step 6. At this stage the sample is very thin and brittle. The samples are rinsed in Dl water to 

remove traces of chromic-phosphoric acid from the sample. The sample is then annealed again 

at about 100 C to completely remove water content from the sample. This is the final process 

stage and the sample is ready for ignition. The samples are characterized using SEM (scanning 

electron microscopy) and AFM. The SEM image is shown in Fig. 15 and the topographical 

AFM image is shown in Fig 16 below. 

Fig 15. SEM Image of the nanocomposites 

The SEM image of the nanocomposites shows the iron oxide nanowires embedded 

perpendicularly in aluminum thin film. The Fe203 nanowires are about 50nm in thickness and 1 

|im in length. The aluminum film is about 50nm thick. The samples may also be characterized 

by means of an AFM (see Fig. 16). The image on the left hand side is the AKM ( height mode) 

and the one on the right hand side gives the amplitude in the data mode. 

18 
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Fig 16.Topographical AFM image of the iron nanowires sticking perpendicular to aluminum film 

In the AFM mode, the iron oxide nanowires can be seen. The diameter of the wire is about 

50nm and in the right hand side image the topography with the signal in amplitude mode can be 

seen. 

Using the fabrication process described above, Fo nanowires with diameter lOnm have also 

been fabricated. This is done by carrying out the anodization in 15% sulfuric acid at lOV as 

described in Chapter 2. As before, a 50nm thick Al film is deposited by means of thermal 

evaporation. In these nanocomposites, the ignition properties are expected to be different from 

the larger 50nm oxidizer nanowires. Details of the ignition properties will be discussed in detail 

in Chapter 4. 



3.2 Method 2: Random Nanocomposites 

In this method, the nanowires are separated from the aluminum template and released 

randomly on an aluminum thin film. Schematic diagram of the final stmcture is shown in Fig 17. 

The sequence of steps to achieve the above stmcture is shown in Fig. 18. 

Iron Nanowires distributed 
randomly on the Al Surface 

Fig 17. Schematic diagrams of nanowires distributed randomly on Al film 
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Fig 18. Schematic diagram showing all the process stages 

As before, nanoporous alumina technique is employed. Fe nanow ires are electrodeposited in 

to the pores (step I). The sample is then kept in hot 0.2 M chromic acid 0.4M phosphoric acid at 

about 100"C for some time. As mentioned earlier, the chromic-phosphoric acid reacts with 

alumina and all the alumina is dissolved in the acid, \fter the alumina is dissolved the Fe 
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nanowires gets released in to the acid. The aluminum plate from the bottom is separated from 

the acid containing the Fe nanowires. The acid with released nanowires is the final product from 

step 1. 

In a parallel step (step 2) a thin layer of photo resist is deposited on the top of a silicon or 

glass substrate using a spin coater. A thin film of aluminum of about 50nm is then thermally 

evaporated on the top of the photo resist. The acid containing Fe nanowires from step I is 

poured on the top of the aluminum film. The acid is then rinsed away in clean water taking 

precaution to avoid Fe wires washing away in water. A commercially available magnet, placed 

under the substrate helps to avoid Fe wires washing away. After the acid is rinsed away, the 

sample is kept in acetone to remove photo resist and separate the nanocomposite from the 

substrate. The thin film sample containing nanowires is rinsed in water and annealed at about 

100 C for about 2-3 minutes. Annealing of the sample improves contact between the aluminum 

film and iron nanowires and also removes traces of water content in the sample. This is the final 

step in the fabrication process and the sample is now ready for ignition. 

We have used AFM to characterize the samples at this stage. The topographical AFM image 

can be seen in Fig. 19. In the image we can see the nanowires released randomly on aluminum 

surface. The image shows the iron nanowires bunched together because of the commercial 

magnet used during the nanowire separation process from the acid as discussed in the prc\ ious 

section. 
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Fig 19. AFM image of bunched iron nanowires on .\l film 

The nanocomposites thus prepared are ready to be tested for ignition. Four different kinds of 

samples are tested for ignition. Stmctured nanocomposites with wire diameters lOnm and 50nm 

and random nanocomposites with wire diameters lOnm and 50nm. In all the samples, the .\l 

film thickness is maintained at 50nm. The ignition properties of each of these samples are 

discussed in Chapter 4. 
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CHAPTER 4 

IGNITION PROPERTIES 

In this chapter, ignition in the nanocomposites is demonstrated. Two different ignition 

methods are used. The experimental procedure to measure the ignition and flame temperatures, 

are discussed. An estimate of the energy released in these nanocomposites is also presented. 

4.1 Demonstration of Ignition 

Ignition in these nanocomposites, are demonstrated using both the butane flame and 

electrical heating methods. A commercially available butane bumer is employed for butane 

flame ignition and for electrical heating method a current is passed through a thin nichrome coil 

thereby generating heat. The samples are held by tweezers and brought close to the flame or 

heating element. 

All samples, stmctured and the randomly distributed nanocomposites are found to ignite. In 

the case of the random stmctures, ignition is accompanied b\ a bright flash of light. In the case 

of the stmctured sample, a sharp difference in ignition behavior is observed depending on the 

dimension of the oxidizer wire. For the nanocomposite with 50nm Fe203 wires, a bright flash of 

light is observed. Images of the flash are recorded using a commercially available video camera. 

Figs. 20a, b and c show ignition images of the sample using butane flame. Image of the sample 

before ignition is shown in Fig. 20a. Fig. 20b shows the sample during ignition showing the 

bright flash of light. Image of the sample after ignition is shown in Fig.20c. SimilarK. Figs. 21a, 

b and c, show ignition of the sample using resistive element heating. Image of the sample before 



ignition IS shown m Fig. 21a. Fig. 21b shows the sample dunng ignition showing the flash. 

Image of the sample after ignition is shown m Fig.21c. 

Fig 20. (a) Image of the nanocomposite sample before ignition (b) Image of the sample 
during ignition showing the flash of light (c) Image of the sample after ignition 

Fig 21. The image shows sample before, during, after ignition 

It was observed that, presence of water content or an\ aluminum oxide in samples inhibits 

the exothermic ignition. Fig. 22 shows ignition behavior of such a sample. The sample does not 



Ignite when heat is supplied, rather the sample glows along with the butane flame. This is due to 

the presence of larger amounts of aluminum oxide content or water content. 

Fig 22. Bad sample during ignition 

In the case of the nanocomposite with lOnm diameter oxidizer wires, instead of a bright flash 

of light, a slowly propagating spark is observed (Image not shown). This difference in ignition 

behavior due to varying wire diameter will be discussed below. 

4.2 Measurement of Ignition and Flame Temperature 

The ignition behavior for the stmctured sample with 50nm diameter oxidizer nanowires is 

first discussed. In an attempt to understand the ignition properties, the ignition temperature and 

the temperature of the flame (produced during ignition) are measured. The stmctured 

nanocomposite with the larger diameter (50nm) Fe203 wires is used. The energetic 

nanocomposites were ignited in air using an electrically heated filament. A regulated DC pow er 

source is used to heat a nichrome wire and the temperature of the heating wire is calibrated 

using an optical pyrometer. From this, the ignition temperature is calculated to be 41()"c . well 

below the melting point of aluminum (660"C). The flame temperature is measured by recording 



the blackbody spectmm of the light flash by means of optical spectrometry. Fig.23 shows the 

schematic of experimental setup to measure the blackbody emission spectmm. 

PC with optical 
Pyrometer 

c optical 
fibre cable 

optical lens 
optical lems polarizer 

Fig 23. Schematic experimental set up used to find the ignition temperature. 

The sample is ignited in front of the first optical lens. The light signal from the flash is then 

polarized (by the polarizer) and sent into a second optical lens. The signal is acquired by means 

of an optical fiber connection. The blackbody spectmm of the light signal from the flash is 

recorded using the data acquisition software (Ocean Optics, Inc.). 

Several ignitions are carried out and the intensity vs. wavelengths is recorded. \ typical 

blackbody spectmm recorded for a nanocomposite is shown in Fig. 24. From this blackbody 

spectmm we can calculate the flame temperatures of our nanocomposites. Before presenting the 

calculation, a brief background to the theory of blackbody spectmm is gi\ on below. 
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Fig 24. Intensity vs. Wavelength plotted for a nanocomposite 

4.2.1 Blackbody Spectmm 

All objects in the universe emit electromagnetic radiation. The intensity of the radiation as a 

function of wavelength is given by Planck's law. Ideally, Planck's formula holds tme only for an 

idealized emitter (and absorber) known as a "blackbody". A blackbody completely absorbs at all 

wavelengths and does not reflect any light. An important implication of the Planck formulation 

is that the blackbody spectmm of a hotter object lies entirely outside the spectmm of a colder 

one. Hotter object radiates more at all wavelengths than a colder object (see Fig. 25). Hotter 

objects have more energy than cooler objects and therefore emit more radiation at higher 

frequencies than at lower frequencies. Planck's formula [17] is given by 

where h is the Planck's constant, c is the speed of light, k is the Boltzmann s constant. 

In terms of wavelength, Planck's law can be written as (using u = c, X), 
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Bx{T) := 2/kj2 1 
A* ef^'^K^^T) _ 1 4̂ 2) 

The Planck spectmm has a peak at a particular wavelength (fig.25), which is given by Wien's 

formula, given as 

>. max T = 0.3cmK (4.3) 

The wavelength is measured in nanometers (IC' m) and temperature in degrees Kelvin. Wien's 

law implied that there is a direct relationship between the wavelength (or frequency) at which an 

object emits most of its energy and the temperature of that object. Therefore, by determining the 

wavelength at which the intensity is maximum, one can calculate the temperature of the body. 

t 

C I 

Wave Length (nm) 

Fig 25. Schematic showing a blackbody spectrum of hot and cold bodies. 

4.2.2 Observed Flame Temperature 

As mentioned earlier, ignition starts at a nichrome wire temperature of approximately ~ 

.0^ ..r. u.„. measured the flame temperature (from the blackbody spectrum) of the sample 
410"C. We have 

28 



for increasing values of ignition temperature above 4I0«C. As shown in Fig. 26, the flame 

temperature is more or less constant and is ~ 4000°C. This implies that the ignition phenomena 

in our samples is independent of ignition mechanism and is consistent with the fact that the 

ignition happens as a resuU of the chemical reaction between Al and Fe203. The flame 

temperature is thus a characteristic of the chemical elements taking part in the reaction. For 

example, if the nanowires were made up of Fe304 instead of Fe203, one expects a different 

flame temperature. 

sooo 

400 450 500 550 600 650 

Ignition Temperature (in °C) 

700 

Fig 26. Flame temperature as a function of ignition temperature 

4.2.3 Adiabatic Flame Temperature 

The observed flame temperature may be compared with the adiabatic flame temperature for 

the Al-Fe203 reaction. Adiabatic flame temperature can be defined as the temperature achieved 
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in a constant pressure reaction with no heat transfer. In the case of Al-Fe20,, the complete 

reaction can be written as follows 

Fe203 + 2AI -^ 2Fe + AI2O3 + AH (4.5) 

Where, AH is the heat of formation for the reaction. AH can be calculated by taking into account 

the heat of formation for the individual reactions. 

4Fe + 302 • 2Fe203 + AHf, Fe203 (4.6) 

3A1 + 302 • 2AI2O3 + AHf, A1203 —- --(4.7) 

The heats of formation for the individual reactions are known from literature. Heat of formation 

for iron oxide is -824.248 kJ/mole and heat of formation of aluminum oxide is -1675.274 

kJ/mol. Therefore, heat of formation for the Al-Fe203 reaction is 850 KJ mole (+1675.274 

kJ/mole-824.248 kJ/mole). This implies that the energy released for the .'\I-Fe203 reaction when 

2 moles of Al react with 1 mole of Fe203 is 850kJ. This energy released must be distributed 

amongst the reaction products, namely 1 mole of A1203 and 2 moles of Fe. .Assuming there is 

no heat loss (radiation losses), one can write 

AH = Cp, AI203 AT + Cp, Fe AT - - - (4.8) 

Thus, from a knowledge of the specific heats of A1203 and Fe, one can obtain the change in 

temperature, AT (= Tf- T,) when there is no heat loss. T, corresponds to the initial temperature of 

the sample (room temperature while Tf corresponds to adiabatic flame temperature). An 

important point to note is that in this calculation, the specific heat of the material must take into 

the changing phases (solid, liquid phase) of the material during the reaction. 

One can also estimate the adiabatic flame temperature from the heat balance cunos for 

Al:03 and Fe. The heat balance curves take into account the latent heats of the material 

corresponding with the phase change at the appropriate temperatures. The heat balance curves 
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for 1 kg-mole of AI2O3 and Fe are shown in Figs. 26a and b respectively. From the heat balance 

curves, it can be shown that the final temperature of the products must be around 3250 "C [19, 

20]. At this flame temperature, the released 850kJ of energy will be ftilly distributed between 

AI2O3 (which will receive 550kJ) and Fe (which will receive 300kJ). 
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Fig 26a. Heat balance for I Kg-mole of AI2O3 
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Fig 26b. Heat Balance cur\ 0 for 1 Kg-mole of Fe 
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The measured flame temperature of 4000 "C in our samples is thus much higher than the 

adiabatic flame temperature of 3250 «C [19, 20]. One possible explanation is the presence of 

excess amounts of either Fe203 or Al in our samples. The effect of excess amount of either 

oxidizer or fuel in the material is now examined. 

Fig 27. Schematic diagram showing the side angle view of fuel and oxidizer 

From the schematic diagram in Fig.27 we can see that in the nanocomposite under 

consideration the iron oxide nanowires (oxidizer) are in perpendicular contact with the 

aluminum film (fuel). Iron oxide nanowires (Oxidizer) are embedded inside the aluminum film 

(fuel) at this interface. Since the Al material is prepared by deposition on the top of the w ire 

array, we can assume that the interface is hemispherical. It must be emphasized that the reaction 

occurs at the interface. 

The chemical reaction can now be written as 

2A1 + Fe203 + xFe203 = AI2O3 + 2Fe + xFe:03 + .AH - - - (4.10) 

Where 'x Fe203' is excess iron oxide that is not participating in the reaction. For the spoctlo 

sample shown in Fig. 15. since the length and the diameter of the wire are known, x can be 



calculated to be 11 moles. AH is however, still 850 kJ/mole and is now distributed between three 

reaction products. 

AH = Cp, AI2O3 AT + Cp, Fe AT + Cp, Fe20, AT (4.11) 

Again, using the heat balance charts, one can determine the adiabatic flame temperature for the 

above reaction. However, due to the presence of three reaction products, it is clear that AT must 

now be much smaller than AT for the stochiometric case. This therefore, does not explain the 

large AT and hence large flame temperature in our samples. 

The large AT is possible under one scenario. The amount of energy released is not distributed 

amongst all the reaction products, that is, the amount of energy contribution corresponding to 

AHFe203 does not contribute to heating Fe203, instead it is unequally distributed to the Fe and 

AI2O3 (regions close to the interface). This would in turn imply that the bum rate in our samples 

is very high so that the heat generated is unequally distributed amongst the reaction products. A 

large bum rate indeed makes these materials particularly interesting. More detailed study will 

require measurement of the bum rate in our samples, by high-speed photography measurements, 

which are currently underway. 

Numerical investigation of heat loss due to radiation in free-standing muhilayered foils, has 

been carried out by Jayaraman et al. [22, 23]. They considered self propagation in multilavered 

foils with individual layer thickness 25 and total foil thickness b. In a simplified approach, they 

assumed that the radiation losses can be approximated using a blackbody radiation law and 

surface emissivity, e=l. They showed that the rate of heat loss due to radiation is then gnen by 

Q,,, (T) = -e 2a (t-J,\^ M. 12) 

Where, a is the Stefan Boltzmann's constant. To is the ambient temperature 
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From the equation, i, ,s clear .ha, the radiation loss decreases w,th increasing foil ihickness. 

Though ,he thickness of ,he reaction zone in our sample is only of the order of 50-lOOnm. in the 

simplest approxtmatton our sample maybe assumed to be a bilayered foil with a total thickness 

(AI+FeaO,) equal to -2nm. The large thickness w,ll in effect reduce radiation heat loss from the 

sample. 

Jayaraman et al., [22, 23] also modeled conduction heat losses in muhilayered foils 

consisting of overlayers of thickness |3 deposited on both sides of the foil. In their simulations, 

they considered the effect of melting of the overlayer as well as situations where the oxerlayer 

does not melt. They showed that in the absence of melting, the average flame velocity decreases 

with increasing thickness of the overlayers. In addition, melting effects, in general lead to a 

reduction in average flame velocity. The heat capacity of the overlayer material also has a large 

effect on the propagation velocity. As the heat capacity increases, average flame speed 

decreases. For very high heat capacities (-2000 J/kg-K), the reaction is quenched. 

Based on the above analysis, we can now explain the absence of a light flash for the 

stmctured sample as shown in fig 28h with lOnm diameter oxidizer nanowires. With the same 

assumption of hemispherical interface between iron oxide wires and aluminum film, the reaction 

volume for Fe203 at the interface is now much smaller. The small amount of Fe203 will react 

with only a very thin region (~5-10nm) of Al around the wire. However, the interwire separation 

is very large ~60nm. Therefore there is a large amount of unreacted aluminum in the arra> 

between any two iron oxide nanowires. For the samples with 50nm wires as shown \n fig :sa, 

there is almost no unreacted aluminum between two wires. The unreacted Al in effect beha\cs 

like an 'overlayer' and is responsible for conductive heat losses in the sample loading to large 

drop m reaction velocity for the smaller dimension nanow iro. Melting of Al at ^660"t will lead 
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to further reduction in reaction velocitv ^nt-rif,,^ u^^. e ^ • 

uu vciociiy. bpecitic heat of aluminum is known from literature 

(~1000J/kg-K at around 300-400 V) . Therefore, ,t is also possible that the reaction is almost 

quenched in such samples at the high reaction temperature [22]. It may be added that as before, 

the excess Fe203 will continue to act as a protective layer preventing radiation heat loss from the 

perpendicular direction. 

Fig 28. Schematic diagram showing samples made using (a) Oxalic and (b) sulfijric acids 

It is interesting to compare our results with bum velocity calculations, modeled for thin 

films. Detailed numerical calculations for the velocity of energetic thin films, has been obtained 

as a function of diffusion length. Armstrong and Koszykowski [24], showed that 

V- = 3Do exp [-(E/RTf)] (RTf/E) ?i/ l5'(TrT(„Tf)| - (4.13) 

where V is the reaction propagation velocity, Do is the diffusion coefficient pre-exponential. E is 

the activation energy, R is the gas constant, Tf is the flame temperature. T,, is the initial 

temperature, X is the thermal diffiisivity and 6 is the diffusion length (one-fourth of the bilasor 

period in the film). 

Though our nanocomposites are quite different from thin film stmctures, the model provides 

a starting point to understand the effect of bilayor period, actisation energy, flame temperature, 

35 



thermal diffiisivity, on the bum velocitv tlQino fu. u j , ^ 
velocity. Using the above model for Al-Fe.Oj thin film 

stmctures, we obtain velocity versus diffusion length plot as shown in Fig. 29. Standard 

parameters are obtained from literature. Activation energy is taken to be around 460kJ/mole [25] 

and Tf IS assumed to be 4000V. From the plot, one clearly notes the drop in velocity with 

increased difftision length. For a thin film stmcture with 25nm bilayer period (diffusion length 

IS ~6nm), the bum velocity is about 1.6m/s. For lOnm bilayer period (difftision length ^2.5nm), 

the bum velocity is much higher ~4m/s. Thus, with smaller film thickness, one expects a larger 

bum velocity. This is not the case in our nanocomposites, due to conductive heat loss through 

the unreacted Al. 
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Fig 29. Velocity versus diffusion length 

More detailed study will require experimental determination of the bum velocity by means of 

high-speed photography, optical spectrometry, etc. Such measurements are currently underwa\. 
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4.3 Estimafion of Energy Release 

We now make an estimate of the energy released for the stmctured nanocomposites with 

wire dimension 50nm. In an attempt to estimate the energy released per cm", we consider a 

volume reaction between Fe203 and Al at the interface. Fig.30 shows the schematic of the 

volume of one such interface. 

Fe nano Wire ^ 

Al Film ^ 

Fig 30. Volume of Al reacting with 50nm diameter Fe nanowire at one interface 

The mass of aluminum in 100x100x100 nm^ volume is first calculated from the mass density of 

Aluminum. Mass density of aluminum is 2700 kg/m\ therefore the mass of the volume under 

consideration is approximated to 2.7 x lO'^ grams. From the atomic weight of aluminum 

which is 26.9815 equal to 1 mole, the mass under consideration is approximately equal to 52 x 

10"''̂  moles. In a thermite reaction for 2 moles of aluminum participating in the reaction, the 

exothermic energy released is 850KJ/mole. For the mass under consideration the released 

energy can be approximated to 44.20 x 10"'̂  KJ. This is the energy released from one such 

interface. Since the pore density or number of Fe nanowires in the sample is lO'" per cm", we 

can estimate that the energy released is about 0.44 J cnr 
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Energy released for the stmctured composite with lOnm wire is now presented. For the 

samples with lOmn wire diameter, similar to the above discussion we consider a ^olume of 

50x50x50nm^ at each interface. 

Fe Nanowire 

Al Film 
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f 

Fig 31. Schematic of Volume of Al reacting with lOnm diameter Fe nanowire at one interface. 

From the mass density of aluminum (2700Kg/m ), the mass of the \ olume of aluminum 

participating in the reaction at the interface is about 33.75x 10"' grams, which is equal to 

6.49x10"'̂  moles. During the exothermic reaction since the energy released for 2moles of 

aluminum is 850KJ/mole, the energy released from one interface i.e., for 6.49x10'"^ moles can 

be calculated to 27.58x10"'^ KJ. The Pore density for this kind of stmctured samples is 

lO" pores/cm'. Therefore the estimated energy released during the exothermic reaction per 

square centimeter can be approximated to 0.27 J or energy released is 0.27 J/cm" 

The energy released per unit area from the samples with two different Fe nanowire diameters 

is presented. It can be observed that the energy released per square centimeter is higher in 

samples with 50nm wire diameter compared with the samples w ith lOnm w ire diameter. 
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CHAPTER 5 

CONCLUSIONS 

In this thesis, the ignition properties of Al-Fe203 energetic nanocomposites based on 

nanowire arrays has been studied. This kind of nanoenergetic composites, are reported for the 

first time. In this nanocomposite Fe203 is in the form of nanowires prepared using nanoporous 

alumina technique and the aluminum is in the form of a thin film, deposited using a thermal 

evaporator. Iron oxide acts as oxidizer and aluminum acts as ftiel material. Two different 

methods have been used to prepare these nanocomposites. The first method consists of an array 

of Fe oxide nanowires embedded vertically in an Al film. In the second method Fe nanowires are 

released randomly on an aluminum film. 

Ignition in this kind of nanocomposites has been demonstrated using two different methods, 

butane flame and resistive element heating method. All samples are found to ignite. For the 

stmctured composites, a difference in ignition behavior is observed depending on the dimension 

of the wire and interwire spacing. For the 50nm wire (interwire spacing lOOnm), the flame 

temperature was calculated by measuring the black body spectmm. Observed a flame 

temperatures are found to be in the order of 4000 "C, which is high when compared with the 

theoretical adiabatic flame temperature for Al-Fe203 exothermic reaction (3250 "C). Largo flame 

temperature is indicative of large energy release and a fast bum rate. We have also estimated the 

amount of energy released per square centimeter using the experimental data and the thoor\ 

from the literature. The amount of energy released per square centimeter is estimated to be about 

0.4 S/cm\ which is thousand times higher when compared with the energx reloasod from bulk 

exothermic reactions. For the stmctured composite with wire dimension lOnm (mter^v.re 
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spacing 60mn) no flash is observed dunng ignition. Instead a slow moving spark is seen. An 

explanation of this behavior probably lies in the large separation between the wires (and hence 

the individual composites) leading to a slow bum rate. Energy release for these nanocomposites 

is estimated to be about 0.27 J/cm". 

From the present work we may say that the energies released from the samples can be 

tailored for the desired application. Our nanofabrication approach allows us to control the 

nanocomposite dimensions and spacing. We will prepare samples with varying nanocomposite 

parameters, namely different wire lengths and different aluminum thickness. We will also 

prepare samples where the interface contact area between Al film and Fe203 nanowires is higher. 

The preparation processes in these kinds of samples may involve Al film deposition on either 

side of relatively short nanowires or nanodots. Such stmctures will result in an array of Fe:05 

nanodots surrounded completely by aluminum on all sides. The energy density of such samples 

may be higher than what is obtained in this work. The observed flame temperatures in these kind 

of samples could be lower and closer to the adiabatic flame temperatures as per the argument in 

previous chapter. We will also attempt to increase the interface area by preparing nanoporous 

aluminum membranes by means of a pore-pattem transfer from alumina onto aluminum film. Fe 

nanowires will be deposited inside pores thus increasing the contact area to the entire cylindrical 

surface of the nanowire. 

This fiiture work should lead to several new and important contributions to the relatn ely new 

field of nanoenergetics. 
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