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Abstract

Thermite compounds have received a renewed interest due to their ability to store large

quantities of energy that is comparable to conventional energetic materials. Such reactive

materials can be manipulated to create a nanolaminated structure. It has been shown that

an increase in the fraction of nanolaminated particles can reduce the ignition temperature

and increase reactivity. In the present study, methods to lower the ignition temperature

of aluminium copper-oxide (Al-CuO) are assessed. Arrested reactive milling (ARM) was

used on stoichiometric Al-CuO powders to increase the nanolamination and reduce the

ignition temperature to 840 Kelvins (K). Milling alone not only reduced the ignition tem-

perature slightly, but for milling times greater than 30 minutes, intermediate phases were

produced, which had negative impacts on the reaction characteristics. Another method

to reduce the ignition temperature of Al-CuO involved creating a hybrid mixture using a

compound with a lower ignition temperature to further decrease the ignition temperature

of Al-CuO. ARM was used to lower the ignition temperature of a nickel aluminium (Ni-Al)

intermetallic compound down to 480 K. Hybrid mixtures were then created with varying

concentrations of milled and unmilled Al-CuO-Ni. Powders were then tested in a tubular

furnace to determine the ignition temperature dependence on heating rate and concentra-

tion of constituents. It has been shown that an unmilled hybrid mixture with 75% and

50% concentration of Al-CuO has an ignition temperature of 840 K. Higher concentrations

of Ni-Al resulted in lowered ignition temperatures which varied between 600 K and 480

K. A milled hybrid mixture has lower ignition temperatures than an unmilled mixture.

It was shown that a milled hybrid mixture with a 75% concentration of Al-CuO has an

ignition temperature of 840 K, corresponding to pure Al-CuO. The ignition temperature

of the milled hybrid mixture was reduced to approximately 520-620 K for concentrations

of Ni-Al of 50%, and 473-573 K for concentrations of 75% Ni-Al.
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Chapter 1

Introduction

1.1 Background and Motivation

Metal fuels such as Aluminium, Tantalum, Lithium, or Magnesium can be combined with

metal oxides (CuO, Fe2O3, MoO3) to create highly reactive thermite mixtures. Thermite

mixtures have received renewed interest in recent years due to their high energy density,

high combustion temperature, and large gas production [1, 2, 3]. Thermite mixtures, or

”Goldschmidt reactions” made a commercial appearance in the late 19th century [4]. A

largely popular mixture was Al+Fe2O3 as this mixture had sufficient heat release to be used

for railway track welding. Figure 1.1 shows that volumetric and specific heat of reaction can

be larger in some thermite compounds when compared to conventional energetic materials

such as PETN, TNT, and RDX. These energetics are extensively used in civilian and

military applications [5, 6]. Thermite mixtures using aluminium as a metal fuel have

seen increased popularity in recent years due to their high energy content, and the high

availability of aluminium. High purity aluminium powder (> 98%) is readily available at a

moderate price (Alpha Aesar, Atlantic Engineer Equipment) which makes these compounds

attractive for scalability. This study focuses on the thermite mixture, aluminium copper-

oxide (Al-CuO). Al-CuO is largely popular due to its ability to produce large quantities of

gaseous products and a reaction front that can propagate at supersonic speeds. These traits

make this compound attractive for many applications involving propellants, explosives,
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Figure 1.1: Maximum heat of reaction of Al-CuO, Ni-Al and conventional reactive materials

from webbook.nist.gov , Fischer et al. [1]

and pyrotechnics. The ignition temperature of Al-CuO has been reported by Dreizin

and Umbrajkar [3, 7] to be between 870-1273 K. Dreizin and Umbrajkar show that new

technologies such as arrested reactive milling (ARM), or using nano-scale reactants may

reduce the overall ignition temperature. Dreizin [3] explains that by manipulating the

constituents interface, the reaction kinetics of these reactive materials may be improved.

There is an interest in studying the ignition temperatures of such reactive materials to

study gasless detonations [8], and heterogeneous flame propagation [9]. The goal of this

study is to find a suitable method to decrease the ignition temperature of Al-CuO using a

scalable, and relatively inexpensive method.

1.2 Literature Review

In recent years, methods to create reactive compounds with lower ignition temperatures

have been explored. One method to lower the ignition temperature involves using nano-

scale constituents to create mixtures known as MIC (metastable intermolecular composite).

It was shown by Hunt et al.[10] that a decrease in particle size from the micron scale to

nano scale can decrease the activation energy by one order of magnitude. The mixture

studied was nickel-aluminium, an intermetallic compound which also uses aluminium as a

2



metal fuel. Cylindrical pellets of Ni-Al powders with 6.5 mm diameters were heated using

a CO2 laser. For an average aluminium particle size of 20µm, the activation energy was

162.5 kJ/mol, and for an average particle size of 40nm, the activation energy decreased to

17.4 kJ/mol. The activation energy strongly influences the ignition temperature of these

reactive materials. It was shown that for reactive materials, a lowered activation energy

leads to lower ignition temperatures [11].

Decreasing reactant particle size seems to be a strong lead in exploring methods to de-

crease ignition temperatures. Multiple methods of manufacturing nano-scale reactants were

studied such as electro-exploded wires [12], flame synthesis [13], and wet chemistry [14].

These methods offer a solution for small-scale operations however, their low-production

rate limits the scalability for commercial applications. Another disadvantage associated

with creating nano-scale constituents is the poor surface contact between constituents,

since the particles created usually have a spherical geometry. Dreizin [3] has concluded

that the most cost-effective, and scalable method to decrease particle size while having

a high surfact contact between constituents is the arrested reactive milling (ARM) tech-

nique. This method is considered a top-down approach, where micron sized particles are

mechanically alloyed into smaller nano-scale particles.

ARM can be carried out using different ball mills such as vibratory mill, attritor mill,

planetary mill, or horizontal ball mill. The working principle behind these types of ball

mills remains the same [15]. Figure 1.2 shows the working principle behind high energy ball

milling. Centrifugal forces acting on spherical steel balls are transferred to the mixture

of powders, subsequently crushing them together. Mechanical milling is used to reduce

micron-sized particles down to sub-micron level and promote intermixing. In principle,

this solid state process allows particulates to be cold welded together creating more refined

micro-structures, better homogeneity, and better surface contact between constituents [16,

17]. Reactive powder mixtures are created using specific settings (i.e. ball to powder

mass ratio, amount of process control agent (PCA), milling duration), and are milled until

mechanical activation occurs during the milling process. Identical mixtures are milled

using the same settings, but the process is stopped before mechanical activation occurs,

3



Milling bowl rotation

Movement of bowl

Centrifugal force

Steel balls

Powders

Figure 1.2: Working principle behind high energy ball milling

hence the name arrested reactive milling. The addition of a PCA allows for longer periods

of milling, inhibits local reaction of reactants and prevents cold welding of powders on the

walls of the vials [18, 7]. A typical PCA which is widely used in literature is Hexane, which

is attractive due to its ability to evaporate easily, therefore powders can be easily extracted

[7, 19, 20, 21, 22].

A study by Umbrajkar et al. [7] investigated the effects of arrested reactive milling

on stoichiometric mixtures of Al-CuO. Dry milling and wet grinding using hexane as a

PCA were performed as two methods of high energy ball milling. Umbrajkar showed that

using hexane as a PCA yielded smaller particle size, thus increasing surface to volume

contact ratio and improving reaction kinetics. They also showed that by using a PCA, the

maximum milling time could be increased, further reducing particle size. Lower ignition

temperatures for Al-CuO mixtures have been reported by Umbrajkar et al.[7] when using

the ARM method. Maximum milling time from their study are shown in table 1.1, for

varying amounts of hexane. Stoichiometric mixtures of Al-CuO were initially milled until

mechanical activation occurred. When dry milling was performed, the reaction time was

2 minutes. Adding 1 ml of hexane yielded a maximum milling time of 16 minutes, and

adding 8 ml of hexane yielded no reaction after 60 minutes of milling. Figure 1.3 shows

4



Hexane (ml) Maximum milling time (min)

0 2

1 16

8 60

Table 1.1: Maximum milling time for Al-CuO as a function of added PCA (hexane), from

Umbrajkar et al. [7]

a cross-sectional view of the micro-structure of 60 minute milled Al-CuO powders. The

overall particle size remained in the order of 1-30 microns however, the constituent inter-

face was reduced to a nano-scale. By using the ARM method the copper-oxide particles

became embedded in the aluminium matrix, yielding a much better surface contact ratio

between constituents when compared to mixing nano particles of reactants. Powders were

then heated on electrically heated Nichrome wire in order to determine the ignition tem-

peratures. Results for a 16 minute milled mixture of Al-CuO with 1 ml of hexane yielded

average ignition temperatures of 890 K. A 60 minute milled system with 8 ml of hexane

reacted at approximately 650 K for heating rates between 104 and 105 Kelvins per minute.

X-ray diffraction (XRD) analysis showed that local reactions had started forming during

the milling operation for a 60 minute milling time. The additional products took the form

of CuAl2, Cu2O, Cu9Al4, Al2O3 and pure Cu.

Al-MoO3 is another example of an aluminium-based thermite mixture. Granier et

al.[23] found that Al-MoO3 mixtures with micron scale particles react at approximately

880 K. The effects of ARM on Al-MoO3 was studied by Umbrajkar et al.[18]. Mixtures

were milled for 60 minutes using a shaker mill. A total of 5 grams of powders was added

to each vial, with a ball-to-powder mass ratio of 5 using spherical steel balls. Powders

were ignited using an electrically heated wire at heating rates ranging from 104 to 106 K/s.

Results showed that by milling Al-MoO3, ignition temperatures could be reduced from 880

K down to approximately 675 K.

The ARM method seems suitable in decreasing the ignition temperature of reactive

materials such as Al-CuO, however the introduction of intermediate phases have negative

5



Figure 1.3: 60 minute milled Al-CuO mixtures using 8 ml of hexane, from Umbrajkar et

al. [7]

6



impacts on the exothermicity of reactive materials, and are undesirable. Another method

to lower the overall ignition temperature of Al-CuO has been explored by Ilunga [24]. In

their study a hybrid Al-CuO-Si-Bi2O3 mixture was created, for which the lowest ignition

temperature obtained was 886 K. The objective of this method was to lower the ignition

temperature by introducing a reactive compound that has a lower ignition temperature,

to the Al-CuO mixture.

There are many reactive mixtures that exist in the literature that could be used to

create such hybrid mixtures [1]. However, information about the ignition temperature

of mechanically alloyed mixtures remains limited. Shoshin et al.[25] studied the effects

of milling aluminium rich mixtures of Ti-Al. They found that for mixtures of 75% Al,

the ignition temperatures varied around 900 K. Schoenitz et al.[26] studied the effects of

mechanical milling on the ignition temperatures of mixtures of Al-MoO3, Al-Fe2O3, and

B-Ti. They found that at a heating rate of 340 K/min, milled Al-MoO3 reacted at 995 K.

Milled Al-Fe2O3 reacted at 1110 K for heating rates of 291 K/min. Finally, milled mixtures

of B-Ti reacted at 600 K for heating rates of 412 K/min. These mixtures were deemed

unsuitable candidates for creating a hybrid mixture because the ignition temperatures were

too high.

Motlagh et al. (2012) [27] investigated the effects of milling an aluminium rich Al-CuO-

Ni system in order to produce a welding agent. The hybrid mixture was milled using 4 ml

of hexane as a PCA. Initial particle sizes were less than 100µm for Al and less than 20µm

for Ni. A result of this study was a decrease in ignition temperature of the hybrid system.

A milling period of 5 hours yielded ignition results of approximately 550 K. The addition

of Ni-Al intermetallic showed promising results, and this intermetallic mixture was further

investigated.

Manukyan et al. [20] have shown the ignition temperature of unmilled Ni-Al to be 913

K. Hunt et al. [10] saw that at heating rates of 0.5 K/min unmilled stoichiometric Ni-Al

reacted at 825 K, and at heating rates of 40 K/min Ni-Al reacted at 890 K. Studies have

shown that high energy ball milling has an important effect on the ignition temperature

of Ni-Al intermetallic mixture and can yield ignition temperatures as low as 500-530 K

7



[20, 28]. Manukyan et al.[20] analysed the influence of sequence and duration of mechanical

milling on the microstructure and ignition temperature of Ni-Al systems. Initial particle

size of aluminium and nickel were 45µm and 5µm respectively. Mixtures of stoichiometric

Ni-Al powders were processed in a planetary ball mill at a ball to powder mass ratio of

5:1 for different milling times. Milling speeds were set to 650 rpm. Both dry milling

and wet grinding with hexane were performed. Results are shown in figure 1.4. In figure
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    17 min DM
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Figure 1.4: Effects of particle size and milling time on the ignition temperature of Nickel

Aluminium (modified from Manukyan et al. 2012 [20])

1.4, DM refers to Dry Milling, and WG refers to Wet Grinding. Dry milling resulted in

maximum milling times of 17.5 minutes. After the dry milling process, 10 minutes of WG

was performed, for all samples. The use of a process control agent allowed powders to be

milled for an additional period of time, thus further decreasing particle surface to volume

ratio, increasing the surface contact of constituents, and lowering the ignition temperature.

Figure 1.4 shows the importance of milling time on the ignition temperature of such a

system.

Mukasyan et al.[28] showed that a reduction in particle size has an important effect on

the ignition temperature. Ni-Al particle sizes previous to mechanical activation were 40µm

and 5µm. Powders were milled with a ball-to-powder mass ratio of 10:1 for 5 minutes using

a planetary ball mill. Milling was performed in an argon environment, and no PCA was

8



used. Compacted cylindrical pellets with 75-85% TMD were created using the mechanically

milled powders. These pellets were tested in a furnace equipped with time-resolved XRD.

Heating rates varied between 5 and 100 K/min. Results showed that mechanical alloying

reduced the ignition temperature down to 680 K for 40µm reactants and 540 K for 5µm

reactants.

In a study parallel to this thesis, Bacciochini et al.(2012)[29] demonstrated the effects

of mechanical milling on the microstructure of mixtures of Ni-Al. Initial average particle

size of aluminium was 4.2 microns, and 6.8 microns for nickel. Settings used by Bacciochini

were; 600 rpm bowl rotational speeds, a ball-to-powder mass ratio of 20:1, and 42 minutes

maximum mill time. Mechanical alloying resulted in a compound with a refined micro-

structure with constituents intermixed on a nano-scale. Figure 1.5(b) show elongated

lamelas of nickel (light gray) embedded in the aluminium matrix (dark grey). These

lamelas vary in width averaging around 670 nano-meters. Mill settings used by Bacciochini

et al.[29] greatly influenced the settings used for this study.

9



Figure 1.5: Typical morphology (a), and cross-sectional microstructure (b) of milled Ni-Al

powders from (Bacciochini 2012 ) [29]
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1.3 This Study

The review in section 1.2 showed that there are two methods to decrease the ignition tem-

perature of Al-CuO. The first method is to produce nano-sized constituents to create the

reactive mixture. As was shown by Hunt et al. [10], a decrease in particle size of aluminium

lead to lower activation energies. A promising method to create nano-scale constituents

is the arrested reactive milling technique. Umbrajkar et al.[7] showed that ARM yields

smaller particle size, more refined micro-structures, and lower ignition temperatures for

Al-CuO. The second method to lower the ignition temperature of Al-CuO is to create a

hybrid mixture using a constituent with lower ignition temperatures.

In this thesis we will consider both methods. We first consider the milling of Al-CuO

alone and we monitor the formation of products, and how they affect the exothermicity

of the mixture. The second part of this thesis focuses on creating a hybrid mixture with

lower ignition temperatures. Ni-Al seems to be a suitable additive to further decrease the

ignition temperature because it is sufficiently energetic [1], and once milled, it has low

ignition temperatures [20]. Ni-Al is milled individually in order to capture the ignition

behaviour as a function of milling time. Finally, we study the ignition characteristics of

unmilled and milled hybrid mixtures of Al-CuO-Ni at varying Ni-Al mass fractions.

In this thesis we review the experimental procedure in chapter 2. In chapter 3 we

provide experimental results and discussion. Chapter 4 shows our development for an

ignition model. Chapter 5 covers our recommendations for future studies attempting to

reduce the ignition temperature of Al-CuO. Finally, we conclude this thesis by going over

our findings in chapter 6.
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Chapter 2

Experimental Procedure

2.1 Powders

The aluminium powder used was 99.9% pure, 325 mesh (Atlantic Engineer Equipment),

sifted to obtain particles of less than 25µm. Copper-Oxide powder was also 99.9% pure,

1-5µm (Alpha Aesar), and Nickel powder was 99.9% pure with particle size averaging 7µm

(Atlantic Engineer Equipment). Mixtures of Al-CuO and Ni-Al were made at stoichiome-

try. A 2:3 molar ratio for Al-CuO was created and a 1:1 molar ratio of Ni-Al was created

to satisfy the following equations.

2Al + 3CuO → Al2O3 + 3Cu (2.1)

Ni+ Al→ NiAl (2.2)

Compounds of Al-CuO and Ni-Al were first mixed by hand, followed by the mechanical

milling process. In order to analyze the micro-structure of compounds, scanning electron

microscopy (SEM) was performed using a Zeiss, model Evo10 equipped with backscattered

electron mode (BSE), energy dispersive spectroscopy (EDS) probe (INCA-x-act, Oxford

Instruments, UK), electron backscatter diffraction (EBSD) and CT scan detectors. X-ray

diffraction (XRD) with a Philips X-Pert model PW 1830 with CuKα radiation allowed

for monitoring the micro-structure and characterizing the phases of milled materials. The

morphologies of the raw powders prior to milling are shown in figure 2.1.
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Figure 2.1: Typical morphology of unmilled Al-CuO (a) and Ni-Al (b) prior to milling

2.2 Mechanical Alloying

To achieve a nano-scale powder interface, powders were mechanically milled using a Pul-

verisette 7 planetary ball mill as shown in figure 2.2a. A procedure similar to Umbrajkar

et al (2006) [7], and Bacciochini et al. [29] was used. Mechanical milling was conducted

in an Argon environment in order to inhibit oxidation of constituents. Powders and vials

were placed in a Labonco Precise Controlled Atmosphere glovebox. In this study, 4 ml of

Hexane was added while powder and vials were still in an argon environment. A total of

3.7 grams of stoichiometric powders was placed in each 80 ml hardened steel cups. The

two vials were then sealed, removed from the glovebox, and placed in the ball mill. Mill

settings are shown in table 2.1. The rotational speed was set at 450 rpm for Al-CuO,

and 500 rpm for Ni-Al. A ball to powder mass ratio of 20:1 similar to Bacciochini et al.

[29] was used to determine the quantity of added steel balls. Each vial was sealed with a

Fritsch Easy-GTM lids, shown in figure 2.2b. The Easy GTM lids are equipped with a

thermo-couple and a pressure sensor which allowed the ability to determine if mechanical

activation occurred during the milling process.

A typical temperature and pressure evolution plot of a milling operation is shown in

figure 2.3. The friction of powder and steel balls causes the increase of temperature and

pressure, giving this plot an increasing trend with respect to time. An abrupt increase

in pressure and temperature characterizes a mechanical activation event. This specific

13



(a) (b)

Figure 2.2: Pictures of Planetary ball mill (2.2a), and Vials with Easy-GTM lids (2.2b)

used to conduct mechanical alloying

Table 2.1: Mechanical mill settings for Al-CuO and Ni-Al

Mixture Ni-Al Al-CuO

Mass (g) 3.7 3.7

RPM 500 450

Total mill time (min) 8, 16, 30, 40 16, 30, 46, 60, 120

Hexane (ml) 4 4

temperature-pressure evolution in figure 2.3 shows a case where mechanical activation has

occured for Ni-Al. In order to prevent damage on the Easy GTM lid sensors custom steel

lids shown in figure 2.2b were used for the cleaning process. Milling times were determined

by milling the reactants under the conditions described in table 2.1 until mechanical ac-

tivation occurred. Mechanical activation is characterized by an increase in temperature

coupled with a spike in pressure recorded by the pressure sensor. Individual mixtures of

Al-CuO and Ni-Al were milled separately until mechanical activation occurred during the

milling process. By doing so, the maximum milling time for each compound was set.
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Figure 2.3: Typical temperature (dashed line) and pressure (solid line) evolution given by

Easy GTM lids during the milling operation for a Ni-Al mixture

2.3 Ignition

Ignition temperatures were determined using the experimental setup shown in figures 2.4,

2.5, and 2.6. Milled powders were compacted into 3 mm diameter by 3 mm in height

cylindrical pellets. Pellets had average densities of 3.24 g/cm3 and 3.47 g/cm3 yielding on

average 65% TMD for Al-CuO and Ni-Al respectively. The theoretical maximum density

(TMD) was calculated using equation (2.3).

TMD =
Mtot

Vtot
=
nW1 + nW2

nW1

ρ1
+ nW2

ρ2

(2.3)

Where n is the mole fraction, Wi is the molecular mass of the compound, and ρi is the

respective density. A Watlow 60 Volts tubular furnace was used to heat the samples.

The furnace was heated at different heating rates between (30-100 K/min) until ignition.

Figure 2.4 shows an overall view of the experimental setup that was used to determine

the ignition temperatures of the compounds. Figure 2.5 shows a more detailed view of the

furnace, showing the focusing lens used to focus the photodiode onto the pellet. Figure
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Figure 2.4: Furnace schematic showing overview of components used to conduct ignition

temperature experiments
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Ceramic

tubing

Argon

Figure 2.5: Close up view of experimental furnace used to conduct ignition temperature

experiments

2.6 shows an image of the experimental setup. A micro flow of argon was passed through

the furnace in order to prevent oxidation of samples during heating. Once the pellet

was formed, it was placed on a half-cylindrical ceramic piece. This piece was then pushed

through the ceramic tube. Once at a specific position, the end pieces were placed (argon

flow, thermocouple and photo-diode) allowing for an atmospheric seal of the apparatus.

The Argon flow was then fed through the inlet on the left hand side of figure 2.5. Five

minutes was allowed to pass in order to allow sufficient argon to fill the chamber, and

this flow was kept on during heating of samples. The heating rates varied between 30

and 100 K/min. A 1/8” K-type thermo-couple probe from Omega Engineering measured
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Thermo-Couple

Furnace

Photo-diode

Optical Access

Figure 2.6: Image of tubular furnace and experimental setup to determine ignition tem-

peratures

the temperature evolution directly above the sample shown in figure 2.5 and 2.6. Since

the heating rates were relatively low, the temperature is assumed to be uniform in the

furnace, as well as in the sample. A photo-diode was placed at the end, and a focusing lens

aimed directly at the heating sample. Powders were heated until the ignition event was

captured. Once ignition occurred, a plot similar to figure 2.7 was obtained using a National

Instruments data acquisition system (PXIe-1073 hub with PXIe-6358 card) connected to a

computer. Figure 2.7 shows the temperature evolution given by the thermocouple, as well

as the voltage evolution given by the photo-diode. The red line represents the temperature

evolution given by the K-type thermocouple. The slope of the temperature curve gave us

the heating rate. The blue line represents the voltage emitted by the photo-diode. The

spike in temperature coinciding with the large increase of luminescence characterizes the

ignition event.
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for a mixture of 16 minute milled Al-CuO
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Figure 2.8: Steel channel for flame speed measurements

2.4 Flame Speed Measurements

An experimental setup was made to conduct flame speed measurements. These tests were

made for a parallel study by Maines et al. [30]. Flame speeds were measured for milled

and unmilled mixtures of Al-CuO. 530 ± 69 grams of powders were loosely packed to

approximately 25% TMD in the measurement section of the channel shown in figure 2.8.

The filled channel was then placed in a foam holder shown in figure 2.9. The microscope

slide prevented gases from escaping and obstructing the view of the burning powders.

Samples were lit in the ignition section of figure 2.8 using a butane torch. A mirror placed

at 45◦ enables a high speed camera to view the ignition event without damaging the lens.

A Phantom V1210 high-speed camera was used to capture the combustion of powders.

Capture speeds varied between 6,000-20,000 frames per second depending on the sample.

Aperture was set to f/2.8. Figure 2.10 shows the setup that was used to capture the flame

propagation of Al-CuO.
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Figure 2.9: Steel channel inserted in insulating foam used to conduct flame propagation

speed measurements
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Figure 2.10: Schematic overview of experimental setup used to determine the flame speed

of reactive powders
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Chapter 3

Results and Discussion

3.1 Al-CuO

3.1.1 Morphology

An SEM image of unmilled stoichiometric Al-CuO is shown in figure 3.1. Initial particle

size of unmilled powders varied between 1-5 microns for CuO, and 1-25 microns for Al. The

darker particles represent aluminium, and the lighter grey particles represent copper-oxide.

Stoichiometric Al-CuO was milled using settings described in chapter 2. Mixtures were

milled at different intervals from 16 minutes to 2 hours. Figure 3.2 depicts the morphology

of milled powders for different milling times. A 16 minute milled mixture has particle size

varying between 1-20 microns, which is approximately the starting particle size. Longer

periods of milling yielded smaller overall particle size. A 60 minute milled mixture had

particle size of 5 microns and less. The interface between constituents was reduced to a

nano-scale. Particulates of CuO have become embedded in the aluminium matrix resulting

in a more refined micro-structure with optimal surface contact to volume ratio. The ARM

method proved to be a suitable method to decrease particle size, and promote intermixing

of Al-CuO mixtures.

X-ray diffraction was performed on the samples of unmilled and milled mixtures of

Al-CuO. Results are shown in figure 3.3. XRD results shown in figure 3.3 show that the
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Figure 3.1: Unmilled mixture of Al-CuO demonstrating the morphology and particle size

distribution

phase concentration of a 16 minute milled Al-CuO sample remains identical to that of

unmilled powders. Milling times greater than 30 minutes resulted in the formation of

intermediate phases, as a result of mechanical activation. These phases took the form

of Cu,Al2Cu,Al2CuO4, Cu2O,AlCu. The formation of secondary phases occurring while

milling for longer periods of time are consistent to what Umbrajkar et al. [7] had found.

Their results showed secondary phase formation for 60 minutes of milling, however nothing

was reported for 30 and 46 minutes of milling. Complete reaction of Al-CuO during the

milling process might have been inhibited by the process control agent, hexane. In a

parallel study by Maines et al. [30], results have shown that exothermicity was reduced

due to the formation of these intermediate phases. In accordance to the objectives stated

in section 1.3, the maximum milling time for Al-CuO using the mill settings described in

section 2, is 16 minutes.

22



Figure 3.2: SEM images of milled Al-CuO stoichiometric mixtures for different mill times
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Figure 3.3: X-Ray Diffraction results for mixtures of unmilled and milled Al-CuO powders

3.1.2 Ignition Temperature

Compacted pellets described in section 2.3 were placed in the apparatus shown in figure

2.5 in order to determine the ignition temperature. The furnace was heated at different

heating rates varying from 30 to 100 Kelvins per minute. Figure 3.4 shows a typical plot

for the temperature and voltage evolution for a heated Al-CuO pellet. Results for the

ignition temperature were plotted as a function of milling time (figure 3.5), and heating

rate (figure 3.6).

Results in figure 3.5 confirm that the ignition temperature of thermites can be modi-

fied using the ARM technique. The 16 minute milled sample showed ignition temperatures

varying around 873 K with a certain consistency. These results are consistent with Umbra-

jkar’s results [7]. For mill times of 30 and 46 minutes, a transition is observed where the

ignition temperature was either 873 K or approximately 420 K. Intermediate phases formed

during milling believed to be responsible for the decrease in the ignition temperature since

their appearance coincides with the transition phase to lower ignition temperatures. Milling

times greater than 1 hour resulted in ignition temperatures of 420 K. Umbrajkar’s results

24



 0

 200

 400

 600

 800

 1000

 1200

 0  50  100  150  200  250  300  350  400  450  500
 0

 2

 4

 6

 8

 10

T
e

m
p

e
ra

tu
re

 (
K

)

V
o

lt
a

g
e

 V
Time (s)

Temperature
Voltage from Photodiode

Slope = 54 K/min

Tign = 856 K
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for a 60 minute milled system were in the range of 650-750 K when the sample was heated

on a electrically heated wire. It must be noted that the range of heating rate when using the

heated wire ignition method used by Umbrajkar et al. was 103-104 K/s, much higher than

what was used in this study. According to Umbrajkar et al. [7] the ignition temperature

increases as the heating rate is increased, which may explain the observed discrepancy. It

is believed that the mechanically activated phases shown in figure 3.3 would lead to lower

activation energies, and reduce the ignition temperatures. Umbrajkar et al. [7] reported

activation energies of 106 kJ/mol for the decomposition of CuO into Cu2O intermediate

phase. It is believed that for this study, some pellets might have concentrations of these

secondary phases high enough which would lead to ignition temperatures of 420-470 K.

Pellets that did not have high concentrations of these intermediate phases reacted at 873

K. Figure 3.6 shows the ignition temperature plotted with respect to the heating rate.

From these results, the transition seems to occur independently of the heating rate for

the selected range that was permitted by the experimental setup. Mixtures of 30 minutes

(green) and 46 minutes (blue), reacted in an inconsistent manner, and this behaviour is

believed to be caused by intermediate phases and not the heating rate.

3.1.3 Flame Propagation

Flame propagation speeds were measured for milled mixtures of Al-CuO using the experi-

mental setup described in section 2.4. Figure 3.7 shows a typical reconstruction of a flame

propagation video for unmilled and milled mixtures of Al-CuO. By measuring the distance

travelled by the flame front and dividing by the time between frames, the flame speed

was calculated. Figure 3.8 shows the flame speed plotted with respect to the milling time.

Flame speeds for an unmilled mixture of Al-CuO varied around 1 m/s. For a 16 minute

milled system, the flame speeds was increased to approximately 80 m/s. Periods of milling

longer than 16 minutes resulted in a decreasing trend in the flame propagation speed. This

decrease is attributed to the presence of intermediate phases formed during milling.
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Figure 3.7: Reconstruction of flame propagation images for unmilled (a-f) and 16 minute

milled powders (g-l) for Al-CuO mixtures demonstrating the flame front evolution as a

function of time. From Maines et al. [30]
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Figure 3.8: Average flame speeds related to milling time for Al-CuO

3.2 Ni-Al

Stoichiometric mixtures of Ni-Al were milled using settings described in table 2.1. The

maximum milling time was set to 40 minutes. Bacciochini et al. [29] had shown that

under the current mill settings, powders were mechanically activated at 42 minutes. Milling

times for Ni-Al were set to 16, 30, and 40 minutes. The morphologies of unmilled Ni-Al

powders are shown in figure 3.9. Figure 3.10 shows the cross sectional view of a 16 minute

milled Ni-Al particle. At 16 minutes of milling, particles of Nickel are embedded in the

aluminium matrix similar to what was seen for Al-CuO. Formation of elongated nickel

lamelas was observed. The formation of these lamelas increased the surface contact ratio

between constituents. The quantity of nano-laminates was increased for longer periods

of milling. Figure 3.11 shows a cross section of a 30 minute milled Ni-Al particle. An

increase in number of these laminates as well as a decrease in nickel particle size within the

aluminium matrix is observed. Figure 3.12 shows the micro-structure of a 40 minute milled

particle of Ni-Al. At 40 minutes of milling a much more refined micro-structure is observed.

A 40 minute milled system of Ni-Al shows a constituent interface which is reduced down to

a nano-scale. Figure 3.13 shows that although the particle interface between constituents
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20 mm

Ni

Al

Figure 3.9: SEM image showing morphology and overall particle size of unmilled Ni-Al

was reduced to a nano-scale, the overall particle size of the milled powders remained on a

micron-scale.

X-ray diffraction study results of unmilled and milled Ni-Al powders are shown in

figure 3.14. When stoichiometric mixtures of Ni-Al were milled for 16, 30, and 40 minutes

using the settings described in section 2, no secondary phases were formed. The suitable

candidate for creating a hybrid can be Ni-Al milled for 16, 30, or 40 minutes. The mixture

with lowest ignition temperatures will be used to create the hybrid mixture of Al-CuO-Ni.
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Figure 3.10: SEM cross-sectional view of 16 minute milled Ni-Al

5mm

Figure 3.11: SEM cross-sectional view of 30 minute milled Ni-Al
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Figure 3.12: SEM cross-sectional view of 40 minute milled Ni-Al

20 mm

Figure 3.13: SEM image showing morphology and particle size of Ni-Al - 40 minutes milled
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Figure 3.14: XRD study of unmilled and milled mixtures of Ni-Al powders
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Figure 3.15: Temperature (red, orange) and voltage (blue) evolution with respect to time

for 16 minute and 40 minute milled Ni-Al

3.2.1 Ignition Temperature

Mixtures of milled Ni-Al were tested in the experimental setup similarly to what was done

for Al-CuO. A typical plot for the heating of Ni-Al obtained using this setup is shown in

figure 3.15. The ignition event was characterized by an increase in temperature coinciding

with a spike in voltage (blue). Figure 3.15 represents a case where the heating rate was

approximately 51 K/min for both mill times. Heating rate was calculated by calculating

the slope of the temperature evolution for the first 100 degrees before the ignition event.

For the cases shown in figure 3.15, the ignition temperature were 605 K and 470 K for 16

minutes and 40 minutes respectively. Results for 30 minutes of milling yielded temperature

and voltage evolution plots identical to what is shown in figure 3.15. Higher heating rates

resulted in higher slopes, but the behaviour did not change.

The initial ignition temperature for unmilled Ni-Al was shown by Manukyan et al. [20]

to be approximately 913 K. Figure 3.16 shows the ignition temperature results for milled
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mixtures of Ni-Al. Our study shows that a 16 minute milled system of Ni-Al has average

ignition temperature of 625 K. Longer periods of milling time further reduces the ignition

temperatures. The decrease in ignition temperatures for milling times between 16 minutes

and 40 minutes seems to follow a linear trend. The lowest average ignition temperature

obtained was 480 K for a 40 minute milled Ni-Al mixture.

Figure 3.17 shows the ignition temperatures plotted with respect to the heating rate.

Ignition temperatures for a mill time of 16 minutes show no clear dependency on the

heating rate for the range of heating rates used in this study. Mixtures of 30 minute

milled Ni-Al show a transition similar to Al-CuO occurring between 38 and 65 K/min

where the ignition temperature is either 600 K or approximately 490 K. For heating rates

higher than 65 K/min, the ignition temperature of a 30 minute milled mixture remains at

approximately 490 K. The cause for this transition remains unknown since no secondary

phases were present, as shown by XRD (figure 3.14). A 40 minute milled mixture of Ni-Al

has ignition temperatures relatively consistent at 480 K, and is shown to be independent of

the heating rate. This result is slightly lower than what Manukyan et al. [20] had reported.

They found that for a mill time of 17 minutes dry milling, and 10 minutes of wet grinding,

the ignition temperatures were approximately 500 K.

The ideal candidate chosen to lower the ignition temperature of Al-CuO was a 40 minute

milled system of Ni-Al. A mixture of 40 minute milled Ni-Al has ignition temperatures

averaging 480 K, and no secondary phases were reported.
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Figure 3.16: Ignition temperatures vs mill time for mixtures of milled Ni-Al
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Figure 3.17: Ignition temperatures vs heating rate for mixtures of milled Ni-Al

36



3.3 Hybrid Mixture - Hand mixed

3.3.1 Morphology

The objective of creating a hybrid mixture is to reduce the ignition temperature of Al-CuO

using a compound with lower ignition temperatures. A mixture of 16 minute milled Al-CuO

was used to create the hybrid mixture as it proved to have more refined micro-structure,

showed no secondary phases, and had higher flame speeds than unmilled Al-CuO. The

candidate chosen to reduce the ignition temperature of Al-CuO was a 40 minute milled

mixture of stoichiometric Ni-Al powders. The 40 minute mixture of Ni-Al yielded average

ignition temperatures of 480 K as shown in section 3.2, significantly lower than unmilled

Ni-Al (913 K) [7]. Powders of 16 minute milled Al-CuO and 40 minute milled Ni-Al

were hand mixed at varying concentrations with respect to mass. Once the hand mixed

mixture of Al-CuO-Ni was created, the microstructure was analysed using SEM. Figure

3.18 represents a case of 50% by mass of 40 minute milled Ni-Al with 16 minute milled

Al-CuO. All concentrations of these hand mixed mixtures had micro-structures similar to

what is shown in figure 3.18. Since no mechanical alloying was performed, the respective

microstructures of both constituents did not vary from figure 3.12 and figure 3.2. Since

the phase concentrations of mixtures of 16 minute Al-CuO and 40 minute Ni-Al have been

analysed using XRD in sections 3.1 and 3.2, the phases present in the hand mixed hybrid

mixtures were assumed to be identical.

3.3.2 Ignition

Ignition temperatures for hand mixed hybrid mixtures of Al-CuO-Ni were determined

using the experimental apparatus shown in section 2. The temperature evolution inside

the furnace followed the same trend as shown in figures 3.4 and 3.15.

Figure 3.19 shows the ignition temperature results plotted with respect to the added

40 minute milled Ni-Al mass fraction. A case of 0% Ni-Al mass fraction represents pure

16 minute Al-CuO, and 100% mass fraction represents pure 40 minute Ni-Al. Ignition
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Figure 3.18: Typical morphology of hand mixed 50% 40 min Ni-Al and 50% 16 min Al-CuO

hybrid mixture

temperatures for a pure 16 minute milled Al-CuO system averaged at 873 K. The hypothesis

was that by creating a hybrid mixture one could directly control the ignition temperature

of Al-CuO by adding varying concentrations of Ni-Al. Results from figure 3.19 show

that adding 25% and 50% does not change the ignition temperatures. The hypothesis is

that the heat generated by the material with lower ignition temperature (Ni-Al) was not

enough to over come the heat losses. At 65%, the ignition temperature was decreased to

500-620 K. The wide range of ignition temperature can be attributed to the hand mixing

procedure, which offers poor mixing compared to ARM. A 75% concentrations had results

nearly identical to adding 65%, but showed slightly lower ignition temperatures. From

these results, we find that a hand mixed system of 16 minute Al-CuO and 40 minute Ni-Al

requires a concentration of 65% Ni-Al by mass for ignition temperatures to be lower.
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Figure 3.19: Unmilled hybrid mixture ignition temperature plotted with respect to the

added Ni-Al mass fraction

Figure 3.20 shows the ignition temperatures plotted as a function of the heating rate.

The ignition temperatures show no clear dependency on the heating rate for mixtures of

25 and 50% Ni-Al. The same transitional behaviour that was observed for Al-CuO and

Ni-Al mixtures is captured for concentrations of 65 and 75%. The ignition temperatures

seem to be either 570-600 K, or 480-500 K. This transitional phase seems independent of

the heating rate, and the cause is unclear at this point.
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Figure 3.20: Unmilled hybrid mixture ignition temperature plotted with respect to the

heating rate
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Figure 3.21: Milled hybrid mixture procedure

3.4 Hybrid Mixture - Milled

3.4.1 Hybrid Mixture Procedure

The procedure for creating a hybrid Al-CuO-Ni mixture was strongly dependent on the

results of individual Al-CuO and Ni-Al mills previously shown in this chapter. The ob-

jective of the hybrid mixture was to create a compound that embodies the low ignition of

the intermetallic Ni-Al with the high reactivity of Al-CuO without the negative effects of

having intermediate phases. The candidate for this mixture was 16 minute milled Al-CuO

due to its lower ignition temperature of 873 K and high reactivity. A 40 minute milled

Ni-Al which had ignition temperatures of 480 K was chosen as the additive with lower

ignition temperatures. One option was to create a mixture of 16 min Al-CuO and 40 min

Ni-Al simply by hand mixing them together. The second option was to create a mechan-

ically milled hybrid mixture with these total milling times. A milled hybrid mixture was

created by milling raw Ni-Al for 24 minutes. The newly made 24 minute milled Ni-Al was

then mixed with unmilled stoichiometric Al-CuO and milled for an additional 16 minutes.

Mixtures were made at varying concentrations of constituents (25, 50 and 75% of added

Ni-Al by mass). The mixture had a total of 40 minutes of milling for the Ni-Al compound,

and a total of 16 minutes for the Al-CuO. Figure 3.21 shows a schematic of the steps taken

to create a milled hybrid mixture.
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3.4.2 Morphology

5 mm

Al-CuO

Ni-Al

Figure 3.22: Typical SEM cross-sectional view of a milled hybrid mixture

Following the procedure explained in section 3.4.1, the micro-structure of the milled

hybrid system was analysed using scanning electron microscopy (SEM). Figure 3.22 shows

the typical cross sectional micro-structure of a milled hybrid system. The elongated lamelas

of nickel that were present in pure 40 minute milled Ni-Al are clearly visible in this milled

hybrid mixture, and can easily be distinguished apart from the copper-oxide particles. An

EDS study was performed which allowed one to confirm the distinction between Al, CuO,

and Ni. Both nickel and copper-oxide were embedded in the aluminium matrix, similar to

what was seen previously in this chapter. A milled system of Al-CuO-Ni shows constituents

intermixed relatively evenly. The coarse particle size of a milled hybrid system remained

on the order of 5-30 microns. XRD results are shown in figure 3.23. X-ray diffraction

showed that no secondary phases were formed during the milling procedure.
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Figure 3.23: X-ray diffraction study results of a milled Al-CuO-Ni system at concentrations

of 25%, 50%, and 75% added Ni-Al mass fraction

3.4.3 Ignition

The temperature evolution plots for the milled hybrid mixture are shown in figure 3.24. The

general evolution of temperature with respect to time, remains identical to the mixtures

of Al-CuO and Ni-Al. Figure 3.25 show the ignition temperature results for a milled

hybrid system at varying concentrations of added Ni-Al. Results in figure 3.25 show that

while the ignition temperature of a milled system is dependent on the added concentration

of Ni-Al, a specific amount of Ni-Al is required to decrease the ignition temperature of

the system. When 25% of Ni-Al is added, both the milled and unmilled system behave

identically to that of a pure 16 minute milled Al-CuO system with ignition temperatures

of 873 K. Only after 50% of added Ni-Al by mass does the ignition temperature of the

milled hybrid mixture decrease. The ignition temperature is decreased to 620-750 K. After

75% of Ni-Al is added, ignition temperatures vary between 480-600 K, slightly lower than

the unmilled hybrid system. There appears to be a more gradual trend with respect to

the added concentration of Ni-Al in the case of a milled hybrid system. For the unmilled
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Figure 3.24: Temperature and voltage (blue) evolution for milled hybrid mixtures of Al-

CuO-Ni at concentrations of 25, 50 and 75 percent of Ni-Al by mass

hybrid system, there appears to be a more abrupt decrease in the ignition temperature

that occurred at 65% of added Ni-Al (figure 3.19).

Figure 3.26 shows the ignition temperatures plotted as a function of the heating rate

for a milled hybrid system. At 50% concentration of Ni-Al at a heating rate of 80 K/min,

ignition results fluctuated between 750 K and 620 K. The ignition temperature of a 75%

Ni-Al mixture varied between 473-570 K at heating rates of 70 K/min. It appears that

lower heating rates lead to the transitional behaviour in the ignition temperatures. Higher

heating rates lead to more consistent results, favouring the lower range of ignition temper-

atures. The cause for this transition is unknown since no secondary phases were present,

as shown in figure 3.23.
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Figure 3.25: Milled hybrid mixture ignition temperature results for varying mass fractions

of Ni-Al
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Chapter 4

Ignition Model

To simplify the ignition model, we assume that the temperature is uniform through a pellet

of Ni-Al or Al-CuO. In order to justify the lumped capacitance analysis (LCA), the Biot

number is calculated. The Biot number is given by

Bi =
hLc
kb

(4.1)

Here Lc is the characteristic length of the pellet (volume divided by surface area), and kb

is the thermal conductivity. The convection coefficient h was calculated using a method

following Holman’s Heat Transfer [31].

hd

kf
= cRef

nPrf
1
3 (4.2)

Re =
ρu∞d

µ
(4.3)

Prf =
cpµ

kf
(4.4)

Where h is the convection coefficient, d is the diameter of the pellet, and kf is the conduc-

tivity of argon. The speed of the flow u∞ is 0.00065m/s, given by the flow meter shown

in the experimental set-up. Values for c and n were taken from Holman [31] on page 297

and set to 0.989, and 0.330 respectively. The characteristic length (volume divided by

surface area) of a pellet used in the experiments was 7.5 · 10−4m. Thermal conductivity

(kb) for reactive metal powder was taken from Akbarnejad [32] and set to 2 W/mK. The

47



calculated convective heat transfer coefficient h was approximately 5 W
m2K

. The resulting

Biot number was on the order of 10−3, much smaller than 1, which means that the heat

transfer inside a heated pellet happens much more rapidly than the heat transfer at the

surface. Lumped capacitance was therefore implemented for the ignition model.

4.1 Single Phase System

Arrhenius type reaction models are widely used in literature to model the reaction kinetics

of reactive materials [10, 21, 33, 34]. The ordinary differential equations for a single phase

system is

mCv
dT

dt
= mQRλexp

(
− Ea
RT

)
− hA(T − T∞)− σεA

(
T 4 − T∞4

)
(4.5)

dλ

dt
= −Zλexp

(
− Ea
RT

)
(4.6)

dT∞
dt

= K (4.7)

Here Cv is the heat capacity, m is the mass of the pellet, QR is defined as the energy heat

release, Ea is the activation energy, h is the convection coefficient, and A is the surface

area of the pellet. The term σ is the Stefan-Boltzmann constant, and ε is the emissivity

of the pellet. The concentration of reactants, λ, goes from 1 at (t = 0) to 0 when reaction

is complete. The term K is the heating rate of the system.

4.1.1 Parameters

Shteinberg et al. [35] studied the effects of high energy ball milling on the activation

energy of Ni-Al. Mill settings, heat rate, and powder morphology was very similar to

what has been done for this thesis. Following DSC experiments, the Kissinger method

was used to calculate the activation energy of the milled powders. Results showed that

for a stoichiometric milled Ni-Al system, the activation energy is 104 kJ/mol. Similarly,

Umbrajkar et al. [7] found that the activation energy for a 16 minute milled system of

Al-CuO is 277 kJ/mol. The value for QR for each compound was taken from Fischer et
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Table 4.1: Parameters used in the ignition model for individual mixtures of Al-CuO and

Ni-Al

Parameters Ni-Al Al-CuO

Ea(kJ/mol) 104 277

h ( W
m2K

) 5 5

QR (J
g
) 1300 4077

Cv ( J
gK

) 0.588 0.653

ε 0.1 0.5

al.[1]. The emissivity was averaged for Al (0.1), Ni (0.1), and CuO (0.83) from [36]. The

initial conditions are λ = 1, dT∞
dt

= 60 K/min, and T = T∞ = 300K. The heating rate K

was set to 50 K/min. Parameters used for each mixtures are shown in table 4.1

49



The Arrhenius pre-exponential factor remains the only unknown. The pre-exponent

is a tunable factor which is usually tuned to make the model match experimental results

[10, 21]. The system of ODEs were integrated numerically using Mathematica. The code

used for this work is shown in Appendix A.

Figure 4.1 represents a typical temperature evolution with respect to time for Al-CuO,

given different values of the Arrhenius pre-exponent Z. As the pre-exponential factor

increases, the ignition occurs sooner, and at lower ignition temperatures. The value of Z

was incremented until the ignition temperature matched the pure 16 minute milled Al-CuO

experimental data. As shown in figure 4.1, the resulting Z found for Al-CuO was Z = 1014.

Figure 4.2 shows the temperature (blue) and concentration (red) evolution with respect to

time for the case where Z = 1014.

Figure 4.3 shows the evolution of temperature with respect to time, for the ignition

model applied to Ni-Al. The same trend that was observed for Al-CuO is captured for Ni-

Al. As the pre-exponential factor is increased from Z = 5×105 to Z = 5×108, the ignition

temperature decreases. Figure 4.4 shows the evolution of temperature and concentration

for which the ignition temperature matched the experimental data of 40 minute milled

Ni-Al. The final value of the pre-exponent for Ni-Al is Z = 5× 108.
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Figure 4.1: Ignition model for Al-CuO for varying values of pre-exponential factor Z
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4.2 Two Phase Ignition Model

Similar to single phase reactions, lumped capacitance analysis is assumed for a two phase

reaction model. The ODE system for a two phase hybrid system can be taken via the

combination of two single phase reactions.

(m1Cv1 +m2Cv2)
dT

dt
=m1Q1λ1exp

(
−Ea1
RT

)
+m2Q2λ2exp

(
−Ea2
RT

)
− hA(T − T∞)− σεA

(
T 4 − T∞4

)
(4.8)

dλ1
dt

= −Z1λ1exp

(
−Ea1
RT

)
(4.9)

dλ2
dt

= −Z2λ2exp

(
−Ea2
RT

)
(4.10)

dT∞
dt

= K (4.11)

Here, subscript 1 represents the Al-CuO terms, and subscript 2 represents the Ni-Al pa-

rameters. The term Qi is the heat release of the respective compound, and T∞ represents

the ambient temperature of the system. Z1 is the pre-exponential factor of Al-CuO (1014),

Z2 is the pre-factor for Ni-Al (5 · 108), and K is the heating rate. The thermo-chemical

parameters used for individual compounds are found in table 4.1.

Figure 4.5 shows the temperature evolution of a hybrid system for varying concentra-

tions of Ni-Al. For a case of 10% added Ni-Al, a small increase in temperature is observed

at approximately 300 seconds. This increase shows that the Ni-Al in the hybrid mixture

reacted, but the heat of reaction was not sufficient to ignite the entire mixture. The re-

action of Al-CuO happens later at 873 K. Higher concentrations of added Ni-Al lead to

an increase in this initial ”bump” in temperature. Increasing the Ni-Al concentration also

makes this increase in temperature happen sooner. Figure 4.6 shows the temperature and

concentration evolution for a case of 22.15% Ni-Al mass fraction. At 255 seconds, the

increase in temperature is observed, and we conclude that the Ni-Al completely reacts at

this point. A small decrease in Al-CuO reactants (λ1) shows that some Al-CuO also begins

to react at this point.
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Figure 4.7 shows the temperature evolution with respect to time for the hybrid ignition

model, for concentrations of Ni-Al of 22.2% and greater. This figure shows the cases where

ignition occurs at 500-480 K. These results show that for our model, the amount of added

Ni-Al required to ignite the mixture is 22.2%. Higher concentrations of Ni-Al decrease

the ignition temperature by small amounts. At 22.2% Ni-Al the ignition temperature is

approximately 500 K, and at 75% Ni-Al the ignition temperature is approximately 480 K.

Cases shown in figure 4.5 were assumed to have ignition temperatures of 873 K, and cases

shown in figure 4.7 were assumed to have ignition temperatures of 480-500 K depending

on the concentration of Ni-Al.

Figure 4.8 shows the temperature evolution of both the experimental data of a milled

hybrid system and the modelled results with respect to time. The experimental data for

a milled system shows that the decrease to lower temperatures occurs smoothly, and this

transition happens at concentrations of 25% added Ni-Al. The model shows a more abrupt

transition to lower ignition temperatures. This transition to lower ignition temperatures

occurs at approximately 22.2% of added Ni-Al by mass.
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Figure 4.5: Typical temperature evolution for an ignition model of a hybrid system where

the ignition temperature occurred at 873 K
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Chapter 5

Further Discussions and

Recommendations

5.1 Mechanical alloying

5.1.1 Al-CuO

Results have shown the effects of arrested reactive milling on the ignition temperatures of

mixtures of Al-CuO. For a pure system of Al-CuO, the ignition temperatures were strongly

dependent on the milling time. A 16 minute milled system had an ignition temperature of

873 K. For mill times of 30 and 46 minutes, ignition temperature results showed a transition

in ignition temperatures. For the same mixture of milled powders, ignition temperatures

are either 873, or 470-420 K. Milling times of 60 minutes and more yielded ignition tem-

peratures of approximately 420 K, coinciding with the formation of intermediate phases.

Umbrajkar et al. [7] have also shown lower ignition temperatures for longer periods of

milling.

The selected range of heating rates for this study was relatively small, because the

furnace did not have a high power output. Future work could be done with a furnace that

has a higher heat output, which could lead to heating rates between 102-103 K/min.
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Figure 3.3 shows the x-ray diffraction study results for unmilled and milled Al-CuO.

A 16 minute milled system of Al-CuO yielded concentrations nearly identical to the raw

Al-CuO powders. After 30 minutes of milling, secondary phases were present. These

intermediate phases may explain the transitional behaviour of the milled powders. More

work is needed in order to better understand the role of these secondary phases in the

reaction kinetics of Al-CuO. Work could be done to observe the effects of the quantity of

hexane on the results for the ignition temperatures, and phase concentrations.

5.1.2 Ni-Al

Mechanical alloying performed on mixtures of Ni-Al yielded more refined micro-structures,

similar to what was shown by Mukasyan et al.[28]. In our study, production of nano-

laminates was observed for all milling times. These nano-laminates improved the surface

contact between constituents. A 40 minute milled Ni-Al mixture contained a very large

quantity of these nano-laminates, which is believed to reduce the overall ignition temper-

ature of the mixture and improve reaction kinetics. The constituent interface for a 40

minute milled system was reduced down to a nano-scale. The overall particle size of a 40

minute milled system remained consistent with the starting particle size which may vary

between 5-25µm. Similar to Al-CuO, longer periods of milling resulted in lower ignition

temperatures. A 16 minute milled system of Ni-Al had an average ignition temperature

of approximately 625 K, and a 40 minute milled system had an ignition temperature of

480 K. It is believed that a decrease in constituent particle size, and an increase in surface

contact ratio between constituents lead to the decrease in ignition temperatures. Figure

3.16 shows that ignition temperatures had a decreasing trend that was relatively linear

when compared to Al-CuO results. XRD analysis concluded that no secondary phases

were present. The lowered ignition temperatures can therefore be attributed solely to the

refined micro-structure and improved contact surface between constituents. The work in

this thesis confirmed what has been observed in previous studies [20, 28].
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5.2 Hybrid System

An unmilled hybrid system was created using 16 minute milled Al-CuO and 40 minute

milled Ni-Al. Figure 3.19 shows that mixtures of 25% and 50% added Ni-Al by mass

reacted at 873 K. It was only at 65% and 75% that a decrease was observed. A transitional

behaviour was observed in the ignition temperatures of a hand mixed Al-CuO-Ni system,

similar to what was observed for 30 and 46 minute milled Al-CuO systems. This may be

attributed to the fact that pellets were not homogeneous, and the concentrations of Ni-Al

would vary locally. Some pellets might have had enough Ni-Al locally, which would create

enough heat to initiate the reaction. Ultra-sonic mixing could have been implemented for

the mixing of 40 minute Ni-Al and 16 minute Al-CuO, in order to have better particle

distribution inside the hybrid mixture. Better distribution could lead to more consistent

ignition temperature results.

A milled hybrid system was studied to see the effects of an improved particle distribu-

tion. Results shown in figure 3.25 demonstrate that a milled hybrid system has ignition

temperatures decreasing gradually with concentration of Ni-Al. This smoother trend may

be attributed to the fact that nickel particles are now evenly distributed due to ARM.

The heat generated by the Ni-Al reaction would now be evenly distributed throughout

the sample. In future work, the heat generated by these new hybrid mixtures could be

analysed using differential scanning calorimetry. It would be important to note how the

exothermicity of an Al-CuO-Ni system compares with a 30 minute milled Al-CuO system

that had secondary phases present. In future studies, flame propagation speed measure-

ments should be conducted to quantify the influence of concentration of Ni-Al on a hybrid

mixture of Al-CuO-Ni.

The proposed ignition model captured the behaviour of individual compounds. How-

ever, for the two phase hybrid model the transition to lower ignition temperatures was much

more abrupt, and occurred at lower concentrations of added Ni-Al compared to what was

captured in the experiments. Improvements on this ignition model could be made to better

capture the experimental behaviour of these hybrid mixtures, as well as considering the

heterogeneous effects.
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Chapter 6

Conclusion

The ARM method has proved to be successful in reducing the ignition temperatures of ther-

mites and intermetallic compounds. Products and intermediate phases formed for mixtures

of Al-CuO that were milled for more than 16 minutes. Due to product formation during

milling, the ARM method alone was not a viable option to lower the ignition temperature

of Al-CuO. The lowest ignition temperature obtained for Al-CuO without formation of

intermediate phases using ARM, was for a 16 minutes milled system. This mixture had

an average ignition temperature of 600◦C. Milling of nickel-aluminium yielded significantly

lower ignition temperatures averaging 210◦C for 40 minute milled samples. The addition

of this milled intermetallic mixture to Al-CuO reduced the ignition temperature of both

milled and unmilled hybrid systems. The milled system had lowered ignition temperatures

for concentrations of Ni-Al more than 50%. Concentrations of 75% Ni-Al had ignition

temperatures of approximately 250◦C. The unmilled Hybrid mixture had ignition temper-

atures of 600◦C for concentrations of 25% and 50% Ni-Al. A sharp decrease in ignition

temperatures was observed for concentrations of 65% and 75%. The lowest ignition tem-

perature observed was 200◦C for the milled hybrid system at concentrations of 75% Ni-Al.

This mixture answers our objectives as it had low ignition temperatures, and had no in-

termediate phases. Milling a hybrid mixture is easily scalable which makes this method

attractive for commercial applications.
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Appendix A

Mathematica Code for Ignition

Model
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