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ABSTRACT 

Energetic materials consist of a mixture of oxidizer and fuel components, which when 

ignited release a large amount of energy due to an exothermic reaction. 

In this thesis, we demonstrate nanocomposite materials consisting of aluminum and iron 

oxide in close physical contact. The fabrication method is based on the use of nanoporous 

alumina membranes. These are aluminum oxide membranes consisting of cylindrical 

nanosized pores. Using such membranes, Fe nanowires are prepared by electrodeposition. 

The Fe wires are eventually oxidized to Fe oxide and a thin layer of aluminum film is 

deposited by means of thermal evaporation. In effect, Fe oxide nanowires act as oxidizer 

while Al film acts as fiiel in our nanocomposite. The complete fabrication process for the 

nanocomposite is described and the demonstration of ignition is discussed. 
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CHAPTER I 

INTRODUCTION TO ENERGETIC MATERL\LS 

Energetic materials are a class of substances that store energy chemically and, when 

ignited, undergo an exothermic reaction without the need for an external substance such 

as oxygen. Fabrication of such energetic materials traditionally involves a packaged 

mixture of oxidizer and fiiel material (as in black powder) or the introduction of both 

oxidizer and fiael material into one molecule (as in trinitrotoluene). 

A new class of energetic materials, namely metastable intermolecular composites, has 

recentiy been proposed^ These materials based on mixed nano-clusters of oxidizer/fiiel 

can release nearly twice the energy of the best monomolecular energetic materials'" .̂ In 

energetic composites, maximxmi energy density can be achieved through a complete 

balance between the oxidizer and fuel material. However, due to the granular nature of 

energetic composite, reaction kinetics are largely controlled by mass transport rates 

between reactants. In mixed fine powders there are domains containing fuel or oxidizer, 

which limit the mass transport and therefore decrease the efficiency of the thermite 

reaction. The extreme energy densities postulated in nanocomposites may be thus 

difficult to reach with powders. Sol-gel chemistry involves chemical reactions in solution 



to produce nanometer-size particles immersed in a solid network^ Such stiiictiires are 

macroscopically uniform due to the small particle size and tiie small inter-particle 

separations. In both tiie granular mixtures and sol-gel materials the distribution of the 

particles is random. The randomness in interparticle separation can inhibit self-sustaining 

processes by locally separating the fuel and oxidizer. Sol-gel reactants often have organic 

impurities that make up about 10% of the sample mass". These factors resuh in reduced 

energy release. Thin film technology allows fabrication of multilayered foils consisting of 

alternating layers of oxidizer and fuel material .̂ Such foils provide large, regular planar 

interfaces and very close physical contact between oxidizer and fuel reactants .̂ They are 

nanoscaled in one dimension and the energy release proceeds through surface reaction. 

In this thesis, we demonstrate an approach for fabrication of high-density energy 

nanocomposites. The composites are based on oxidizer wires with nanometer-scale 

diameter and length. The nanowires are formed in a regular array by self assembly inside 

nanoporous alumina membranes, and embedded in the fuel component by thin-film 

deposition'. The nanowire array approach allows precise control of oxidizer and fuel 

components for achieving excellent physical contact. 



The thesis is organized as follows. Chapter 2 describes the fabrication of nanoporous 

alumina membranes. In particular, the two-step anodization process is described. Two 

specific cases are considered. Anodization in 3% oxalic acid at 40V and anodization in 

15% sulfuric acid at lOV. Anodization under the two different conditions produce 

templates with different pore diameters, namely 50nm and lOnm, respectively. For each 

of these templates, we have prepared Fe nanowires inside the pores in the form of a 

nanoarray. Chapter 3 describes the nanowire fabrication method that has been used, 

namely electrodeposition. Chapter 4 describes the fabrication process for the final 

nanowire-based nanocomposite, namely Al-Fe203. The ignition behavior in these 

nanocomposites is also discussed. A summary of the results and some conclusions are 

presented in the final chapter 5. 



CHAPTER 2 

FABRICATION OF NANOPOROUS ALUMINA MEMBRANES 

2.1. Introduction 

Alxmiinum when exposed to air or water forms a thin layer of aluminum oxide on its 

surface. The reactions taking place for the formation of alimiinum oxide are: 

When exposed to air 

2Al + 3/2 02^Al203 (1) 

When exposed to water 

2A1 + 3H20 -4AI2O3 + 3H2 (2) 

The naturally forming layer of aluminum oxide is only a few nanometers thick. The 

thickness of the aluminvmi oxide (or alumina) layer can be enhanced by a process known 

as anodization. Anodization involves the electrochemical oxidation of an aluminimi foil 

in the presence of an electrolyte (schematic diagram is shown in Fig. 1) in the presence of 

an applied DC voltage. The structure of the alvmiina is determined by the electrolyte used 

during the anodization process. If anodization takes place in the presence of weak or 

neutral acidic electrolytes (pH 5-7), the alumina fihn formed is thin and compact and is 



called barrier type film (BTF)'"'. If anodization takes place in sh-ong acidic electi-olytes 

(pH< 4) the alumina film formed is porous in structure due to competing mechanism of 

oxide growth (as described by equations 1 and 2) and local oxide dissolution (reaction) 

given by: 

AI2O3 + 6 H^ -^ 2 Ar^ + 3 H2O .(3) 

u 

Fig. 1. Schematic diagram of anodization process 

A schematic diagram of a typical porous alumina template is shown in Fig. 2. It is 

comprised of three layers, a porous alumina layer on top consisting of an array of 

cylindrical pores, a U-shaped barrier layer below the pores followed by the remaining 

aluminum layer at the bottom. The properties of alumina film are greatiy affected by the 

voltage applied, choice of electrolyte, electrolyte concentration and temperature. The 



parameters of alumina fihn, which can be controlled are pore diameter, barrier layer 

thickness and pore areal density. The barrier layer thickness directiy depends on the 

applied voltage and slightly on the concentration of acidic electrolyte. The pore areal 

densities depend on choice of acid, temperature and voltage applied. 

Fig. 2: Schematic diagram of a typical porous alumina template 

Pore diameters vary linearly with the pH of the acid and with applied voltage. In a 

specific acid, pore diameters show increase in pore diameter as a function of voltage. As a 

function of acid, it is generally observed that the smallest pores (diameter 9 ran) are 

produced in 15% sulfiiric acid and the largest pores (diameter -150 nm) are produced in 

5% phosphoric acid. 



2.2. Synthesis of porous alumina 

The steps involved in synthesis of porous alumina are mainly electropolishing and 

anodization. These processes are described in detail. 

2.2.1. Electiopolishing 

A uniform porous alumina membrane can be obtained only from a clean and flat Al 

surface. This can be achieved by means of electropoUshing. hi this process, metal atoms 

are removed from the surface of the sample at desired rate. The amount of material 

removed depends on the electiolyte, time of polishing, temperature of the electrolyte, 

voltage applied and current density. 

The most commonly used electrolyte is the LI electrolyte. It consists of lOSOcc ethyl 

alcohol, 150cc butyl cellusolve, 93cc perchloric acid and 205cc distilled water. 

Electropolishing is carried out imder DC conditions. Aluminum foil is placed at the anode 

and is in contact with the electiolyte. Another metal placed inside the electiolyte acts as 

cathode for the reaction to take place. The desired voltage is applied between the 

electiodes for desired amount of time with electiolyte being flushed continuously 

between anode and cathode with the help of magnetic stirrer and mechanical pump. This 



anodic dissolution of the Al foil involves both electrical and chemical phenomena. For 

voltages less than 30 V etching dominates over polishing and for voltages exceeding 70 

V, hydrogen evolution occurs at the cathode causing imperfections on the sample surface. 

The optimum voltage applied may vary between 30 V to 60 V and the optimum time for 

electiopolishing may vary between 10 to 30 seconds, hi this optimum voltage range, the 

current density is about 3- 4 A/cm .̂ More details of the electiopolishing process are 

discussed elsewhere'^* . 

Note: In this work, the electro-chemical polishing is excluded. Instead, we carry out a 

two-step anodization process. 

2.2.2. Experimental Setup 

The next step after electiopoHshing in tiie preparation of a porous alumina fihn is 

anodization. As discussed earlier, tiie porous stiuctiire is formed only in presence of 

stiong acids. The acids generally used are 3% oxalic acid, 5% phosphoric acid and 15% 

sulfuric acid. 

Schematic diagram of tiie experimental sehip developed in tiiis work for investigation of 

formation of porous alumina template and nanowire fabrication procedure is shown in 

Fig. 3. It contains high-precision multi-fimction Agilent HP 6811 power supply, 



electiochemical cell, computer contiolled Tektionix TX3 multimeter and a computer. The 

positive voltage output terminal of the power supply is connected directiy to the 

investigated sample. The negative output terminal of the power supply is connected with 

the platinum grid in the electiochemical cell through TX3 multimeter which measured 

electrical current in the circuit. The TX3 multimeter is contiolled by a personal computer 

using optical link and RS-232 interface. All the data are recorded in the computer. 

Overview of the setup is shown in Fig. 4. 
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Fig. 3: Schematic diagram of tiie experimental setup for investigation of anodization of 

aluminum and fabrication of nanowires. 
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Fig. 4: Overview of the experimental setup for investigation of anodization of aluminum 

and fabrication of nanowires. 

In our work, the electiolytic cell used is a Perkin Ehner K0235 flat cell (see Fig. 5). It 

consists of platinum mesh as cathode and Al foil as anode. The electiolyte used is 3% 

oxalic acid, the appHed voltage is 40V (see Fig. 3). 
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Fig. 5: Perkin Ehner K0235 flat cell. 
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2.2.3. Results and Discussion 

A typical anodization current curve for 3% oxalic acid solution recorded in our 

experiments is shown in Fig. 6. Figure 7 shows anodization current for the first sixty 

seconds of the anodization procedure. 
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Fig. 6: A typical experimental anodization current curve for 3% oxalic acid. 
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Fig. 7: Experimental anodization current curve for the first 60 second of the anodization. 
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For first few seconds after tiie voltage is tiimed on, tiie net current density J decreases 

rapidly until a minimum value is reached and tiien starts to rise and finally reaches a 

stable value. As it is shown in tiie diagram in Fig. 8 tiie net current density is a 

combination of two effects: current density, Jb, due to growtii of barrier layer which 

decreases rapidly with time and current density, Jp, due to pore growth which increases 

with time and finally reaches a stable value. 

Aoodizatioa time, t 

Fig. 8: Anodization current as a function of anodization time. 

The various stages in the pore growth are shown in Fig. 9. As the voltage is applied, the 

alumina film starts to grow which increases the resistance. This explains the reason for 

the decrease of current density in the initial stages (region A and B in Figs. 7 and 8). Then 

fine pores start to form, which explains the reason for the increase of current density Jp 

(region C in Figs. 7 and 8). Both the oxide growth and pore growth takes place 

12 



simultaneously leading to stabilization of the current in the final stage (region D in Figs. 7 

and 8). In the final structure, a barrier layer of 10 to 100 nm is formed between the pores 

and Al. The barrier formed is locally curved as shown in Fig. 9c. More details of the pore 

growth modeling are discussed elsewhere'̂ "'". In this work, our goal is to use these 

templates in the fabrication of nanowires. 

Bectrtrtyto Etectroiyts "-' ' »» , 

(a) (b) 

Fig, 9: Various stages in the growth of porous alumina. 
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a. Two-step anodization in 3% Oxalic Acid 

The pores produced by the above anodization lack periodicity over long ranges. In order 

to improve the periodicity, A multi-step anodization technique has been developed by 

Masuda et al'^. In this procedure, Al foil is anodized for several hours and then the porous 

structure is etched off. The etched Al foil is anodized for a second time for the desired 

amount of time. The initial long-time anodization creates a bumpy surface at the bottom 

of the porous stiiicture, which acts as pre-textured pattern for the second anodization. 
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Thus tills long time anodization helps tiie cells to rearrange tiiemselves based on tiie 

pattern formed and thus reduce the number of defects and dislocations over long ranges. 

Fig. 10a shows the image of our Al foil prior to anodization. As seen tiie image, tiie 

dimension of the foil is typically in tiie range 5 cm by 5cm. The thickness of the foil is 

-O.lmm and the purity is 99.99%. These are commercially available high purity foils 

from Alfa Aesar. In our work, the first step anodization is carried out for 2hrs in oxalic 

acid at 40V resulting in porous structure (see Fig. 10b). The porous fihn is then etched 

with a mixed solution of 0.2M chromic acid and 0.4 M phosphoric acid for long time 

(>12 hours). The Al foil after etching is imaged in Fig. 10c. The resulting surface is 

bumpy and shiny confirming the complete removal of alumina. The second anodization is 

carried out for lOminutes in 3% oxalic acid at 40 V. It produces a well-ordered porous 

stiiicture with pore diameter -50 nm and pore lengtii of-l|im. 

Fig. 10: Al film imaged at various stages of two-step anodization 

14 



til Fig. 11, the plot of anodization current as a function of anodization time is compared 

for the two anodization steps, namely first and second time anodization. The general 

nature of the curve is the same in both plots, hi Fig. 1 la, which plots anodization current 

during the first step anodization, the equilibrium current density is - 8niA/cm .̂ 
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Fig. 11a (left): Anodization current as a function of anodization time for first step 

anodization. 
Fig. 1 lb (right): Anodization current as a function of anodization time for second step 

anodization. 

In comparison. Fig. 1 lb which shows the plot of anodization current for the second step 

anodization is much smaller (less tiian 7mA/cm )̂ and tiie equilibrium state is achieved 

much earUer. This happens as a result of tiie uniform natiire of tiie aluminum foil 

achieved as a result of the first step long time anodization. 
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Fig. 12 shows the optical microscopy image of the sample after the first step 

anodization. The 3D image is shown. It may be noted that the expected porous pattern is 

not clearly visible. This happens due to the non-uniform pore lengths. The top surface of 

the template is therefore highly non-uniform and results in a poor AFM image. The pore 

pattern may however, be clearly observed in the etched template. Fig. 13 shows the top-

view image of the etched template, that is, the surface of the aluminum film after etching. 

The 3D image is shown in Fig, 14. One clearly notes the presence of dark areas which 

correspond to the pores in the template (prior to the etch) while the hexagonal scallops 

around the dark areas correspond to the aluminum oxide around the pores (prior to the 

etch). The reason for the observation of the same hexagonal pattern even after the 

alumina etch, is a resuh of the U-shaped pore pattern and barrier layer. The magnified 

(Ipm X \\im) top and 3D view are shown in Figs. 15 and 16 respectively. The diameter 

of the dark areas corresponding to tiie pores can be calculated to be around 50nm. The 

interpore separation is around lOOnm. 
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Fig. 12: 3D image of the alumina template after a first step long time anodization 
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Fig. 13: AFM image of template after etching in chromic/phosphoric acid. 
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Fig, 14: 3D image of the template after etching 
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Fig. 15: High-resolution top view AFM image of the template after etching. 
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Fig. 16: High-resolution 3D view image of tiie template after etching. 

After etching the template is reanodized for a second time in the same 3% oxalic acid 

solution at aroimd 40V (see Fig. 1 lb). This leads to formation of porous aluminum oxide 

once again at the surface of the aluminum. However, the textured Al surface produces a 

better ordered pore array. The anodization is carried out for about lOmins. Fig. 17 shows 

a top view AFM image of the template after the second step anodization. The 

corresponding 3D image is shown in Fig. 18. One clearly observed a partially ordered 

pore array. The dark areas are the pores while the surrounding light areas are the 

aluminum oxide around the pores. As before, the diameter of the pores is about 50nm. 
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Magnified (3^mlx3^m) top and 3D view are shown in Figs. 19 and 20, respectively. Pore 

density is about 10 pores/cm" 
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Fig. 17: Top view AFM image of the template after second step anodization 
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Fig. 18: 3D view of the sample after second step anodization 
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Fig, 20: Magnified 3D view of the template after second step anodization 
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b. Two-Step Anodization in 15% Sulfuric acid 

The same two-step anodization process as described for oxalic acid, has also been carried 

out in 15% sulfuric acid at lOV. Under these conditions, we obtain a template with a 

much smaller pore diameter of about lOnm. 

A high purity Al foil is anodized at lOV in 15% sulfuric acid using the same setup as 

before (see Figs. 3 and 4). A typical anodization current curve for 15% sulfuric acid 

recorded in our experiments is shown in Fig. 21. Figure 22 shows anodization current for 

the first sixty seconds of the anodization procedure. 
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Fig. 21: A typical experimental anodization current curve for 15% sulphuric acid. 
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Fig. 22: Experimental anodization current curve for tiie first 50 second of the anodization. 

15% sulphuric acid. 

Behavior of anodization current behavior for sulphuric acid is similar to that for oxalic 

acid anodization (see Figs. 6 and 7). For first few seconds after the voltage is turned on, 

the net current density decreases rapidly until a minimum value is reached and then starts 

to rise and finally reaches a stable value. The net current density is a combination of two 

effects: current density due to growth of barrier layer which decreases rapidly with time 

and current density due to pore growth which increases with time and finally reaches a 

stable value. 
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The image of the anodized region after a 2hr anodization is shown in Fig. 23a. The white 

area in the sample corresponds to the anodized region. The sample color maybe compared 

with the color of the sample after anodization for the same time in 3% oxalic acid at 40 V 

(Fig. 23b). In that case, the sample color is much lighter, due to lower pore density and 

the reduced template thickness. 

1 ., 

" ^ 

Fig, 23a: Image of the anodized sample (15% sulfuric acid, lOV) showing the white 

anodized region. 
Fig, 23b: Image of tiie anodized sample (3% oxalic acid, 40V) 

All the samples studied in tiiis thesis have been prepared using a two-step anodization 

process. The fabrication of nanowires inside tiie pores and tiie fabrication of tiie 

nanocomposites based on these nanowires are described in the next two chapters. 

Fig, 24 shows three-dimensional optical image of tiie sample after anodization in 15% 

sulfuric acid at lOV for about 2hrs, The formation of tiie porous stiiictiire is not clearly 
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visible. As discussed before, this happens due to the non-imiform pore lengths. The 

template is then etched away in the chromic-phosphoric acid mixture and the textured Al 

surface is viewed under the AFM, 
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Fig, 20: AFM image of tiie template after anodization in 15% sulfuric acid at lOV, 

Fig, 25 shows the top view AFM image after removal of the alumina layer. The 

corresponding 3D image is shown in Fig. 26, 
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Fig, 25: AFM top image of the template after etching away the alimiina layer, 15% 
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Fig. 26: 3D image of tiie template after etching tiie alumina layer. 15% sulphuric acid. 
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The sample is then reanodized for ten minutes in 15% sulfuric acid at lOV. In Fig. 27, the 

anodization current as a function of anodization time is compared for the two anodization 

steps, namely first and second time anodization. The general nature of the curve is the 

same in both plots. Comparison shows that the plot of anodization current for the second 

step anodization is smaller and the equilibrium state is achieved earlier. This happens as a 

result of the uniform nature of the aluminum foil achieved as a result of the first step long 

time anodization. Similar effect we observed in the anodization in 3% oxalic acid. 
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Fig, 27a (left): Anodization current as a function of anodization time for first step 

anodization. 15% sulphuric acid. 

Fig. 27b (right): Anodization current as a function of anodization time for second step 

anodization. 15% sulphuric acid. 

The AFM scans for the reanodized sample is shown in Figs. 28 (top view) and 29 (3D 

view). The dark areas correspond to the pores while tiie lighter areas correspond to the 
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aluminum oxide around the pores. The diameter of the pores is around lOnm. Figures 30 

and 31 show high-resolution AFM images of reanodized surface of the template. Pore 

density is about 10*' pores/cm .̂ 
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Fig. 28: Top view AFM image of tiie template after reanodization in 15% sulphuric acid 

(lOVDC). 
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Fig. 22: 3D AFM image of tiie template after reanodization in 15% sulphuric acid (lOV 

DC). 
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Fig. 30: High-resolution top view AFM image of the template after reanodization in 15% 

sulfuric acid at lOV. 
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Fig. 31: High-resolution 3D AFM image of the template after reanodization in 15% 

sulfuric acid at lOV. 
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CHAPTER 3 

FABRICATION OF NANOWIRES INSIDE POROUS ALUMINA 

In this chapter the synthesis of nanowires inside porous alumina by means of AC 

electiodeposition is described. 

3.1. Electiodeposition 

Electiodeposition method has the ability to produce nanowires effectively with high yield 

at low cost. Two kinds of elecfrodepositions AC and DC elctiodeposition could be carried 

out on the porous alumina templates according to the requirement. In our templates, due 

to the presence of non-conducting barrier layer at the bottom of the pores, DC 

electiodeposition cannot be used, unless the barrier layer is removed by etching. In this 

work, we have used AC electiodeposition. The process is described in detail below. 

3.1.1. AC Electiodeposition. 

Different types of metals like Fe, Co, Ni, Cu can be successfiiUy electiodeposited inside 

nanoporous alumina membranes using eitiier aqueous or non aqueous salt solutions 

An appropriate salt solution of tiie material is taken in tiie electiochemical cell and an ac 
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voltage is applied across tiie two electiodes with fi-equencies in tiie range of 200-300 Hz. 

During tiie catiiodic half cycle, positive metal ions in tiie solution migrate toward tiie 

pores in tiie alumina. The positive metal ions get combined witii tiie elections and get 

collected inside the pores. Due to tiie valve metal nahire of tiie anodic alumina, where it 

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

the positive half cycles. The lengtii of tiie nanowire depends on the duration of the 

electiodeposition. 

A Perkin Elmer K0235 flat cell, is used as electiochemical cell for electiodeposition. It 

consists of platinum mesh and the porous alumina template (anodized as described in the 

previous chapter) with aluminum for back electrical contact, as electiodes. 0.1 M FeS04 

aqueous solution is used to fabricate Fe nanowires inside the pores. To prepare aqueous 

solutions of 0.1 M FeS04, ~8 gm of FeS04 salt is added to 250 ml of water with 2gm of 

boric acid acting as acid buffer. The value of ac voltage chosen for electiodeposition is 

arovmd 40V at a fi-equency of 250 Hz. The typical set-up used is shown in Fig. 32. 

The reactions occurring during electiodeposition are 

At anode 

Fê "" + 2e' = Fe 

32 



2H^ + 2e- =H2 

At cathode 

2H2O = 02 + 4H* + 4e' 

40VAO260HI 

Electrochemical 
Ceil 

Foil «iM 

TiMronU 
TX9 

Fig, 32: Electiodeposition setup. 

a, Electiodeposition Inside 50nm Pores 

A typical electiodeposition current as a function of electiodeposition time during the 

deposion of Fe inside 50nm pore arrays, is shown in Fig, 33, Deposition time is 25 

seconds. The photo of the sample after electiodeposition is shown in Fig, 34. The gray 

color of the sample is clearly seen corresponding to an array of Fe nanowires inside the 

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

result of increasing wire lengtii inside tiie pores. The current remains more or less steady 

at a value of around 30 mA until the pores are completely filled. At tiiis 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 as 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. 35 shows an image of the sample after electiodeposition of Fe nanowires. One 

clearly notes the dark region, corresponding to a dense array of Fe nanowires inside the 

pores. 
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Fig, 33: Electiodeposition current as a function of tune. The sample was reanodized for 

10 minutes in 3% oxalic acid. Deposition time is 35 seconds. 
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Fig. 34: hnage of tiie sample after electiodeposition. Deposition time is 25 seconds. 

A typical electiodeposition current vs time for 50 seconds deposition of iron inside 50 

nm 
pore array is shown in Fig. 35. The photo of tiie sample after electiodeposition is 

shown in Fig. 36. One clearly notes tiie dark region, corresponding to a dense array of Fe 

nanowu-es inside and out of the pores. 
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Fig. 35: Electiodeposition current as a fimction of deposition time. The sample was reanodized 

for 10 minutes in 3% oxalic acid. Deposition time is 50 seconds. 

Fig. 36: Image of the sample after electiodeposition. Deposition time is 50 seconds. 

We have obtained AFM and magnetic force microscopy (MFM) images of the samples 

after electiodeposition. Fig, 37 (left) shows the AFM image of the template containing Fe 

nanowires while the Fig. 37 (right) shows the corresponding MFM image. As is clearly 

noted fi-om the images, there is no evidence of magnetic Fe nanowires inside the pores. 
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Fig. 37a (left): AFM image of pores containing Fe nanowires. Fig. 37b (right): 
Corresponding MFM image. 

In order to obtain the magnetic signal fi"om these wires, we have etched the alvimina 

template away in chromic-phosphoric acid as described before. This leaves the Fe wires 

floating in solution. A small amount of the solution is Ufted onto a subtiate. The randomly 

distributed wires on the substiate are viewed under the AFM/MFM and the images are 

recorded. Fig. 38a (left) shows the AFM image of the wires and the corresponding 

magnetic signal is shown in the MFM image in Fig. 38b (right). It is not weakly 

connected particles, but a whole tightiy connected units of the diameter about 50nm and 

the length of the order of l^m.. 
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Fig, 38a (left): AFM image of released Fe nanowires. Fig, 38b (right): Corresponding 

MFM image. 

b, Electiodeposition hiside lOnm Pores 

A typical electiodeposition current as a fimction of electiodeposition time during tiie 

deposion of Fe inside lOnm pore arrays, is shown in Fig, 39, Deposition voltage is 10 V 

and fi-equency is 200 Hz, Deposition time is 25 seconds. 
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Fig. 39: Electiodeposition current as a function of time. The sample was reanodized for 

10 minutes in 15% sulphuric acid. Electiodeposition time is 35 seconds. 

The image of the sample before and after electiodeposition is shown in Fig. 40. The gray 

color of the sample after electiodeposition corresponds to an array of Fe nanowires inside 

the pores. 
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Fig. 40: Image of the sample before (left) and after (right) electiodeposition of Fe. The 

sample was reanodized for 10 minutes in 15% sulphuric acid (10 V DC). Deposition time 

is 25 seconds (10 V/200 Hz). 

The electrodeposition current for electiodeposition time 35 seconds during the deposion 

of Fe inside lOnm pore arrays is shown in Fig. 41 (10 V/200 Hz). The image of tiie 

sample after electiodeposition is shown in Fig. 42. The color of the sample is darker than 

in case of 25 second electiodeposition (see Fig. 40). It corresponds more complete filling 

the pores by the iron. 
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Fig. 41: Electiodeposition current as a function of time. The sample was reanodized for 

10 minutes in 15% sulphuric acid. Deposition time is 35 seconds. 
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Fig. 42: Image of the sample before (left) and after (right) electiodeposition of Fe. The 

sample was reanodized for 10 minutes in 15% sulphuric acid (10 V DC). Deposition time 

is 35 seconds (10 V/200 Hz). 

We tried to obtain AFM images of Fe nanowkes inside of 10 nm pores. Unfortunately 

our attempts were not successfiil because of limited resolution of the AFM on the rough 

surface and non-perfections of the surface of the samples. 
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CHAPTER4 

FABRICATION OF NANOWIRE ARRAY BASED Al-Fe203 NANOCOMPOSITES 

This chapter describes tiie procedure to fabricate energetic nanocomposite based on 

nanowire arrays. Characterization of tiie nanocomposite and tiie demonstiation of ignition 

in the nanocomposite are discussed. 

4.1. Fabrication Process of the Nanocomposite 

The complete procedure [21] is shown schematically in Fig. 43a. Fe nanowires are 

electiodeposited into nanoporous alumina templates (steps I-III). The electiodeposited 

sample is tiien coated witii a thin organic layer (step TV) followed by soaking in 3% 

mercuric chloride solution (step V) to remove the Al layer at the bottom. The organic 

layer protects the Fe wires inside the pores fi-om being etched away by mercuric chloride 

solution during this process. In the next step, the organic layer is removed in etiiyl alcohol 

solution (step VI) and the sample is dried. The sample is now soaked in a mixture of 

chromic-phosphoric acid at 60°C to partially etch tiie pores fi-om the top (step VII), 

revealing Fe wires. At this stage, the exposed part of the Fe nanowires, are oxidized to Fe 

oxide. The sample is rinsed and dried and a thin film of Al (50 nm) is coated on top by 

means of thermal evaporation (step VIII). Al film is now in direct contact with Fe/Fe203 

nanowires. The sample is annealed at 100°C for a few minutes in order to improve the 

interface contact between Al and the nanowires. It is then soaked in chromic-phosphoric 

acid mixture (step IX) to etch away the remaining aluminum oxide film. At this stage all 

of the Fe wires are converted to Fe oxide. This leaves behind an Al film attached to an 
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array of Fe oxide nanowires. The sample is cleaned, dried and amiealed (step X) to 

completely remove tiace amounts of water vapor. 

Fig. 43b shows tiie image of tiie sample at different stages of tiie fabrication process. 
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Fig. 43 a: Schematic diagram showing the complete fabrication process; Fig, 43b: (a) 

Electiodeposited Fe nanowire sample (b) Sample coated witii organic material (c) Sample 

after removal of aluminum (d) Organic material removed (e) Sample coated with 

aluminimi film. 
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4.2. Characterization of the Nanocomposite 

Morphology of our energetic nanocomposite was studied using a scanning election 

microscope. A typical SEM image is shown in Fig. 44, It demonstiates a high-density 

nanowire array embedded in Al fihn. The diameter of a smgle nanowire is about 50 nm 

and the density of nanowires for all observed specimens is ~ 10'° wires/cm .̂ 

Fig. 44: SEM image of tiie nanocomposite sample showing Fe oxide nanowires 

embedded in Al film 

4,3. Demonstiation of Ignition 

Figure 45 shows an image of an igniting sample as demonsfrated by a bright flash of 

light. Images of tiie sample before and after ignition are also shown for comparison in 
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Figs, 45a and 45c, hi tiiese experiments tiie energetic nanocomposites were ignited in air 

using an electiically heated filament, A regulated DC power source is used to heat a 

nichrome wire and tiie temperature of the heating wire is calibrated using an optical 

pyrometer. Ignition temperatures demonstiated here are well below the Al melting point 

of 660°C, The samples are brought in contact witii tiie heated filament. Ignition is 

accompanied by a bright flash of light, A thermite reaction occurs at high temperature 

between aluminum film and iron oxide nanowirs arrays. The reaction is rapid and very 

exothermic, 

Fe203+Al = > Fe + AI2O3 + AH 

where AH is the energy released during the reaction. This is an oxide/metal reaction that 

provides its own oxygen supply and is self-sustaining once initiated. 
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Fig, 45: (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 
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CHAPTER 5 

CONCLUSIONS 

In tiiis tiiesis, tiie fabrication of energetic nanocomposites based on nanowire arrays has 

been studied. The nanocomposite consists of an array of Fe oxide nanowires embedded 

vertically in an Al film. Fe oxide acts as oxidizer while Al acts as fuel. Nanoporous 

alumina membranes have been used to prepare the Fe oxide nanowires. Al fihn is 

deposited using a thermal evaporator. 

Nanoporous alumina membranes are prepared electiochemically by means of anodization 

of Al film in an acid. By means of anodization of an aluminum surface one can create an 

array of nanopores in a thin layer of aluminum oxide. The pores are vertical and parallel 

to each other. They are cylindrical in nature and are open at one end and closed at the 

other by means of aluminum oxide barrier layer and a layer of aluminum. 

Detailed dependence of the anodization process on parameters, such as acid, anodization 

voltage and anodization time have been studied. In particular, anodization in 3% oxalic 

acid at 40V and anodization in 15% sulfuric acid at lOV has been investigated in great 

detail. Anodization in 3% oxalic acid at 40V produces pores with diameter SOnm. The 

pore density is about 10'°pores/cm .̂ Anodization in 15% sulfuric acid at lOV produces 

pores with diameter lOnm. The pore density here is about 10"pores/cm^. Longer 

anodization time produces pores with increased length. Long range ordering of tiie pores 

can be improved by means of a two-step anodization process. The two-step anodization 

process for both lOnm and 50nm pores are studied in detail. 
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Electiodeposition of Fe nanowu-es inside tiie pores for subsequent preparation of tiie 

nanocomposite is also investigated. Electiodeposition inside botii 50nm and lOnm pores 

are studied. Properties of Fe nanowires electiodeposited inside tiie pores have been 

studied by means of both atomic and magnetic force microscopy. Dependence of wire 

parameters (diameter, lengtii) have been stiidied as a function of electiodeposition 

conditions. 

After preparation of the Fe nanowires, the complete procedure to convert it into Fe oxide 

and then embed it inside a fuel material, Al film, is also discussed. The nanocomposites 

have been characterized by means of scanning election microscopy. Ignition properties of 

the nanocomposites have been studied. By means of an electrically heated nichrome wire, 

we have observed ignition in these nanocomposites, as demonstrated by a flash. 

Thus, in this thesis, we have demonstiated a new nanostructured material which exhibits 

energetic behavior. 
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