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Abstract

Aluminum based reactive nanomaterials have extensive applications in many fields
including solid propellants, pyrotechnics, and catalytic reactions. One recent example is
the novel concept of using nanostructured energetic particles for energy storage where
the controlled exothermic reaction is the key to control the energy release process. It is
of primary interest to understand the thermodynamics, kinetics, morphological and
structural properties of these particles during the exothermic reaction. While the
physiochemical properties of the monometallic powders are determined only by their
size, the properties of bimetallic nanoalloys can be also engineered by their constituent
compositions. This thesis conducts a systematic experimental investigation of the
oxidation, ignition, and combustion of nano aluminum particles (nAl) and nanoalloys
such as nanoscale aluminium-copper (n-AlCu) and aluminium-zinc (n-AlZn). The
oxidation experiments are conducted by a TGA/DSC system with detailed
characterisation of particles before and after the experiments by scanning electron
microscopy (SEM), transmission electron microscopy (TEM), the Nanosizer, Brunauer—
Emmett-Teller (BET), energy dispersive X-ray spectroscopy (EDS) and powder X-ray
diffractionmetry (XRD). In the TGA/DSC analysis, nanomaterials are oxidized either at
constant temperature or under different heating rates in the controlled atmosphere of air
or nitrogen. A unique early ignition reaction is observed at the high heating rates for nAl
and n-AlCu, which is associated with the effect of polymorphic phase transformation of
the alumina shell and the early melting of the aluminum core. Different to the
conventional shrink-core concept, hollow structures, i.e. nanoholes, in the central
regions of nAl are observed and a phenomenal model is proposed. The comparison of

the thermal-chemical characteristics of different nanomaterials reveals some unique



features related to nano-alloys such as increased reactivity. A preliminary combustion
experiment on feeding nanoparticles in a methane stream is performed with a Bunsen

burner setup, where the burning characteristics of different nanoparticles are analysed.

Keywords: Oxidation, ignition, combustion, energetic nanoparticles, nanofuel, nano-
alloys, STA, TGA, DSC, aluminum, aluminum copper alloy, zinc aluminum alloy,

silicon.
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Chapter 1

1. Introduction

1.1. Background

Reactive metals such as Al, Fe, Cu, B, Mg etc. and their alloys have attracted widespread
interest in various energy applications including propulsion systems, explosives, gun
powders, propellants, pyrotechnics, metastable intermolecular composites (MICs) and
thermites [1-3]. For instance, the thermite reaction, which involves the reduction of
metallic oxides with aluminium to form aluminium oxide and metals or alloys, is widely
used for metallurgical applications and combustion synthesis of new materials and
explosives, and micrometre sized metal particles, including aluminium, boron and iron,
have been used as solid fuel additives for enhanced propulsion, airbag igniters/boosters
and aerial decoy flares [4-7]. The metastable intermolecular composites (MICs) are
made by physical or mechanical mixing a metal and a metal oxide powder and are used
as energetic materials (EMSs) for various applications [8, 9]. These metallic materials are
typically in powder form and are capable of storing a large amount of chemical energy,
hence be termed as ‘energetic particles’. Through oxidation or combustion, the chemical
energy is converted to thermal energy, resulting in large exothermicity and high reaction
temperatures [10-12], and the process is heavily dependent on the particle materials and

morphology.

Increasing use of energies generated from renewable resources, including biomass, wind
energy, hydroelectric power, and solar energy, will become viable where the
geographical and climatic prerequisites are favourable, and pumped hydro, compressed

Mliquefied air, fly wheels, or super-capacitors have been conventionally proposed for
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stationary energy storage applications. Such regions, however, seldom coincide with the
areas of high energy consumption, namely industrial and city regions with a high
population density. Alternative mobile energy storage media are required. Examples
include hydrogen and batteries but both have significant problems to overcome. A novel
energy storage concept by using nano-structured energetic materials, coined as
‘nanofuel’, such as aluminium, iron, silicon, and magnesium, was recently proposed
[13]. The concept comprises three main elements: production, transportation and
utilization of nanofuels. In a simplified version, primary or renewable energy resources
are utilized to manufacture nanofuels from raw materials or captured end particles
(production), which are then transported and stored in places requiring energy
(transportation); heat or, indirectly, electricity/work is released through an oxidation or
combustion process (utilization). The end products, oxidized particles, are recycled and
processed back to metal form, thus closing the loop. Compared with either hydrogen or
battery as the energy storage medium, nanofuel possesses a number of advantages: such
as abundance, high energy density, Figure 1.1, and easy transportation, with many
potential applications while reducing the carbon footprint and minimizing the formation
of toxic and dangerous emissions. However conventional metals are difficult to use due
to their high combustion temperature. One of the key requirements to achieve a
controlled release of energy is to engineer the particle size to the nanoscale, where the

particles exhibit strong size-dependent properties.
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Figure 1.1 Comparison of energy densities of various materials [13].

The physiochemical properties of energetic particles such as the ignition temperature,
the burn rate and the specific impulse depend heavily upon the technique of powder
production and the final particle parameters such as particle size, size distribution,
particle shape, crystal structure and the initial amorphous oxide layer. A simple existence
of some broken bonds on the particle surface would modify their physical and chemical
properties significantly. According to the production method, the nanomaterials can be
generally divided into three groups, 1) volume nanostructure materials such as
nanoporous materials, 2) surface nanostructure materials such as surface coatings and 3)
nano-structured particles including nanoparticles, nanocomposites and nanoalloys
(NAs). In a broader term, these materials can be classified into two categories. The 1%
generation nanomaterials are characterised by the presence of a natural passivation
layer, mostly likely formed during the production and storage of the nanoparticles. To

reduce the uncertainties, the 2" generation particles actively control the initial oxide
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layer by covering them with a material (organic or inorganic). For instance, for L-ALEX
particles, palmitic acid (CHs (CH2)17 COOH) is used to protect the reactive core metal

[14, 15]. Both categories have wide applications.

The energy conversion and transportation process at the nanoscale is expected to be quite
different to that at the micrometre or bulk level. At the nanometer scale the properties of
the particles, such as the thermal conductivity, enthalpy value, oxidation and ignition
temperature, and combustion rate, exhibit a strong size-dependent behaviour. Clearly
with the reduction of particle size, the specific surface area of the powders increases,
which creates more contact points among the reactants and increases the homogeneity
of the mixture that, in turn, increases the speed of the reaction. The specific surface area
and the ratio of surface atoms to bulk atoms increase dramatically with the decrease of
diameter of the particles as shown in Figure 1.2 [16]. The co-ordination number also
decreases with the decrease of diameter. When the co-ordination number becomes
significantly lower, the whole particle would exhibit the properties of surface atoms,
which, in turn, modifies many properties of interest such as increased reactivity, lower
sintering, ignition and melting temperatures and higher catalytic properties as compared

to micrometric and larger particles [17, 18].

26



0.16
® @
E ol
£
= o
= \
S
o 0.08}
> o
3 \
J<5) o
- \
© o
by o
0.04 + S
S e
y— [ B
5 .;.‘.‘.~. Py
000 " 1 " 1 " 1 " 1 " 1 " 1 "
0 40 80 120 160 200 240 280
Particle size (nm)
100
— ,,O,,,,o——or—fOJO’*’O"'O”O/O*C
O\o @ 00 0-O- Bulk atoms
~—~ O
3 80r o® (b)
© O
= /
S O
7] /
c 60r- @O
o /
N
S /
9 45 Peo
= / \.
/
5 /
= / e
S 20 %
< / o
O [ B surface atoms
' 0 e o o
®-eo 00 ¢
0 " 1 " 1 " 1 " 1 " 1 "
0 5 10 15 20 25 30

Particle size (nm)
Figure 1.2 Relationship of particle size with specific surface area and surface/bulk

atoms

27



Metallic materials have high theoretical energy densities, Figure 1.1, but these
combustion enthalpies cannot be achieved easily especially at the low temperature.
The limiting factors of their usage as energetic materials include long ignition delays,
low reaction rates and incomplete combustion. For example, aluminium melts before the
start of ignition that increases the inter particle agglomeration which, in turn, increases
the time to complete the reaction [19]. The current MICs are made by mechanically or
physically mixing metal and metal oxide particles, which typically have the problems of
nonhomogeneous mixing of fuel and the oxidiser, uneven distribution of the particles,
and irregular patterns of contact points between the fuel and the oxidiser. The rate of
reaction is also lowered due to the heterogeneous nature of the ions that are taking part
in the ongoing chemical reaction at the metal/oxide interface [9, 20]. All these factors
affect their performance by increasing the ignition delays and causing incomplete
combustion. To overcome these problems and to have more controllability over the
material’s properties, some metals are alloyed by mixing with several other elements at
the nanoscale [21-23]. Due to the synergistic effects of the constituent alloying materials,
the physiochemical properties of the nanoalloys can be improved by chemical
reordering and spatial redistribution of the atoms [24]. In addition, the alloying increases
the surface area of the particles that will increase the rate of reaction and improve the
reaction mechanism [9, 25, 26], which in turn shall improve the rate of heat release and
the performance of propellants and thermites [27]. These alloys can be in the form of

solid solutions, amorphous metallic phases or intermetallic phases [28].

Clearly advancing the understanding of the oxidation, ignition and combustion of

energetic nanoparticles and nanoalloys is essential for all successful applications above.
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1.2. Oxidation, Ignition and Combustion of Metals

The bulk metals are oxidized at a higher temperature but they can become unstable and
can corrode at the room temperature at varying degrees depending upon the reaction
kinetics [14]. Apart from the temperature, the oxidation of metals depends upon many
factors such as its purity, the crystallographic structure, i.e., single crystal/
polycrystalline and the thickness of the oxide film. The oxidation of bulk metal is the
interplay of one or combinations of many processes that include 1) inward diffusion of
oxygen anions towards metal/oxide interface with outwards movement of
electrons/holes etc. 2) outwards movement of metals cations and electrons 3)
combinations of these processes [29]. With the diffusion of oxidant into the metal, the
amount of metal oxide increases inside the metal and hence, gives rise to internal
stresses. When these stresses are relieved, they produce more defects which, as a result,

enhance the oxidation process.

According to Wagner, the transport property, such as the coefficient of diffusion of the
growing film, can be related to its thickness [30]. For example, with the increase of the
thickness of oxide film, the gradient force for driving the ions decreases. On the other
hand, the Cabrera and Mott theory explains the oxidation growth in atomistic terms.
They assumed that the oxygen molecules adsorbed at the gas/oxide interface could be
ionized by the freely moving electrons from the metal to oxide/gas interface and the
numbers of metallic available cations are consumed after their generation at the
oxide/gas interface. The speed of electrons is higher than that of the ions whose diffusion

across the film becomes slow and hence becomes the rate determining process [31].
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The oxidation of particles is different from that of the bulk metals. It is found that the
oxidation of the aluminium particles completes in two regimes namely, before and after
the melting point, i.e., 660 °C of aluminium. The first stage of oxidation is kinetically
controlled and only a small amount of metals is oxidized. The second stage depends
upon the diffusion of both metal and oxygen ions and the rate of growth increases with
the decrease of diameter of the particle [32]. During the oxidation of aluminium
particles, the passivation layer transforms from one polymorphic form to the other and
thus controls the whole oxidation mechanism [33]. Because the effectiveness of the
transport of oxygen towards the core, metal oxidation is strongly dependent on this
passivation layer, the physical parameters such as thickness, roughness, specific surface
area and the composition of this layer, which affects subsequently, the ignition
temperature and ignition delay. Thermal analyses such as thermogravimetric analysis
(TGA) and differential scanning calorimetery (DSC) are the fundamental techniques
used for the study of the oxidation and ignition of the particles. The TGA trace gives
weight increment due to the oxidation while the DSC curve quantifies all the energy

evolved/consumed during the physical or chemical processes.

The physics of oxidation of fine particles (nanoparticles or sometimes micro-sized
particles exhibiting size-dependent behaviours) have been found to be different to that
of conventional-sized particles (i.e. > 50 micrometres) [34]. As the physical and
thermodynamic properties of the fine powders are different, the models describing the
oxidation of conventional-sized powders make certain assumptions such as that at any
given instant the growth of oxide depends upon the diffusion of a single species etc. [35]
. Such assumptions are not valid for the fine particles. For conventional-sized particles,
the diffusion based oxidation is a good assumption, but for fine particles, the reaction is

more likely to be kinetically controlled [34, 36].
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The metals are normally ignited after achieving their boiling point. The volatility of the
metal oxide relative to the metal and overall energy available for the gasification of both
the metal and its oxide are very important factors in the phenomenological understanding
of metal combustion. There are two possibilities for the combustion [37, 38] that 1) the
metal relative to its oxide is volatile and the energy released during the reaction is
sufficient to vaporize the oxide. This ensures that the combustion is homogenous and
proceeds in the vapour phase via the diffusion of ions, 2) the metal relative to its oxide
is non-volatile and oxidation energy is not enough to vaporize it. The combustion will
be heterogeneous and proceed purely in the condensed phase. [39]. Von Grosse and
Conway (1958) found that the flame temperature of the metal is limited to the
volatilization-dissociation or boiling point of the oxide. If the oxide’s volatilization
temperature is higher than the boiling point of the metal, the combustion will proceed
heterogeneously, i.e., in the condensed phase, on the surface of metal particles. On the
other hand, when the heat of reaction is sufficient to transform both the oxide and the
metal into gas, the combustion will proceed in the vapour phase. This is called
Glassman’s criteria for vapour phase combustion [58]. In this sense, the burn time for
metallic particles can be related to its diametric length, i.e., the d? law, as the combustion
of metallic particles is analogous to that of the hydrocarbon particles [40]. The law gives
an approximate burn time in terms of diameter of the burning particles. It is assumed
that the particle is spherical, its diameter regresses uniformly with the reaction, and no
oxide layer generates on the surface of the particle. Practically, these assumptions are
not possible. On the contrary, the particle is not spherical and an oxide layer having
variable density is also developed during the reaction. It is also assumed that the final
diameter becomes zero which is not possible [40]. Williams [41] has also summarized

the combustion criteria for the metals and their oxides. His theory is based upon factors
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related to energy and solubility of metals and metal oxides such as i) the amount of heat
available is sufficient to heat and vaporize the metal oxide, ii) the available heat is higher
than that is needed to boil the metal itself, and iii) the inter-solubility of metal and metal

oxide.

For nanoparticles, two important mechanisms are proposed to explain the combustion
mechanisms, namely, the Diffusion Mechanism (DM) and the Melt Dispersion
Mechanism (MDM). When the heating rate is not high enough, e.g. below 103 KI/s,
combustion takes place in a similar manner to that of micron sized particles. In this case,
both cations and anions move towards each other and combustion proceeds while the
layers of the oxide increases at the expense of the core metal. This mechanism is
characterised by a slow speed of reaction that depends upon the oxide shell thickness,
the radius of particle and the active metal contents [42]. On the other hand, when the
heating rate of the nanoparticle reaches the order of 107 K/s, the combustion becomes
similar to detonation [43] and the combustion process cannot be explained by the
traditional theory of oxidation [44]. This mechanochemical mechanism is characterized
by the conditions of fast reaction rate and high heating rates, termed as the melt
dispersion mechanism. Contrary to conventional-sized particles, a nanoparticle core
would become melt before the fracture of the oxide shell. Hence the volume inside the
shell is increased and causes internal stresses to develop. Subsequently, high rate of
reaction and fast heating rate lead to dynamic fracture of the shell [45]. The major
conditions [46] proposed for such reaction are: 1) the heating rate should be high such
that the metal inside the core must melt before the fracture of the shell; 2) the oxide
shell must fracture simultaneously which requires that there are no nano-voids,

vacancies, defects, and damages etc.; 3) the pressure at the time of spallation must be
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more that the cavitation pressure of the metal particle and there must be enough space

around the particle so that these particle can move freely in the space.

Clearly the reduction of particle size to the nanoscale represents both opportunities and
challenges. At the nanoscale, it becomes possible to engineer different melting,
oxidation and ignition temperature of the materials by controlling the particle structure
and morphologies to suit different applications. The increased specific areas at the
nanoscale will lead to rapid oxidation and combustion, resulting in a fast release of the
stored energy. However many challenges exist, which ranges from large-scale
production of energetic particles, controlled oxidation and ignition of the materials,
capture and regeneration of the burned fuels. From the physics aspect, many deviations
from the established laws at the bulk scale have been reported. For instance, the ignition
temperature of energetic nanomaterials is more sensitive to the passivation layer and the
external heating conditions, and the burning time of nanomaterials is deviated from the

conventional d? law [40, 47].

The above short review points out the large difference in the reaction mechanics between
nanoparticles and conventional-sized particles. Concerning the wide scope of the work,
detailed literature review of each topic will be presented in individual sections of the

chapters.

1.3. Aims and Objectives

Clearly the oxidation, ignition and combustion of nanoparticles are essential to a number
of applications, where a systematic investigation is still lacking. For nanoparticles, the
exothermic reactions have to be related to the thermodynamic, kinetic, morphological

and structural properties of these particles. Using aluminium as an example, this thesis
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reports detailed experimental studies of the oxidation and ignition of nano aluminium
particles (nAl) and nanoalloys (NAs) such as nAICu and nAlZn. This is achieved by
employing the Simultaneous Thermal analysis (STA), which is the combination of
Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetery (DSC).
TGA and DSC are modern analytical techniques where the weight changes of the
material and the energy released or absorbed by the particles undergoing some thermal
treatments are recoded. The particles are oxidised at constant heating rates or isothermal
conditions, in the controlled atmosphere of a gas such as air or nitrogen. With these
techniques the oxidation and ignition mechanisms and relative reactivities of the nAl
and NAs will be explored. The energy transfer and conversion at nanometre scale is also
found. Detailed characterisation of particles before and after the experiments is carried
out by scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) along with Nanosizer, Brunauer—Emmett—Teller (BET), energy dispersive X-ray
spectroscopy (EDS) and powder X-ray diffractionmetry (XRD). In the other set of
experiments, a preliminary combustion analysis on feeding nanoparticles in the methane
stream using a Bunsen burner is performed. The particles are mixed with methane gas
(CHa4) in the pre-combustion chamber. The aforementioned material techniques are used
to understand the combustion behaviour and burning characteristics of various energetic

nanoparticles.

1.4. Organisation of the Dissertation

This dissertation is divided into 5 chapters. The background information and the
objectives are discussed in Chapter 1. Experimental procedures along with material
synthesis and material physical characterisation methods are discussed in Chapter 2.
The experimental results of the oxidation and ignition of the nano aluminium particles

(nAll) are discussed in Chapter 3, where an interesting early ignition phenomenon and
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the forming of hollow structured oxides are observed. Further detailed study in
determining the temperature conditions at which the hollow-structured particles form
and the relationship to the early ignition phenomenon are also presented. This chapter
also reports the stepwise oxidation of the nano alloys (NAs), nAICu and nAlZn
respectively, with the help of various thermophysical characterisation techniques. This
chapter also reports a preliminary comparative study of the combustion behaviour of
aluminium, silicon and iron particles. In Chapter 4, the exothermic performance
parameters such as its reactivity, ignition temperature, specific thermal energy and the
thermal stability of pure nAl is compared with that of its nanoalloys. A brief summary
and conclusion of the current research and future recommendations are presented in

Chapter 5.
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Chapter 2

2. Materials and Methods

2.1. Materials Synthesis

Nano aluminum particles (nAl) as well as its nanoalloys, i.e., nNAICu and nAlZn were
used in the experiments and were provided by Tomsk State University, Russia. These
nanoparticles were fabricated with electrical explosion of wire (EEW) method which is

shown schematically in Figure 2.1 [48].

The constitutional elements were twisted in wires and the aluminum content in the
explosion products was adjusted by varying the wire diameter. In brief, a high voltage
power supply unit PS charges a capacitive storage C up to the required voltage monitored
by a kilovolt-meter, mounted in PS. After the activation of discharger P, all accumulated
energy is transferred to WE wires. The energy characteristics of EEW were calculated
by a current oscillogram, obtained by means of current sensor Rsh, in accordance with
the Kvartzkhava method [49]. The particles produced by this method typically have a

wide range of size distribution (PSD) but with low level of contamination [50].

36



PS

to oscilloscope

Figure 2.1 Electrical schematic diagram of the unit (Rc and Lc — circuit resistor and

inductor)

After their production, the particles were sealed in vacuum packs, and stored in an
insulated vessel at room temperature. The prevention of its contact with air minimized

the formation and growth of passivation layers.

2.2. Materials Physical Characterisation

The particle size distribution (PSD) and the mean diameter (MD) of the various particles
were characterised by Nanosizer (Zetasizer Nano Zs, Make: Malvern, UK), which is
based on the principle of dynamic light scattering (DLS). The powder samples were
dispersed in the liquid medium of hexane and sonicated to reduce the particle

agglomeration.
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The morphology of the particles before and after experiments was observed with
scanning electron microscopy (SEM) (Inspect F, FEI Company, EU) operating at 10 kV.
The samples were sputter-coated with gold/carbon to enhance their electrical
conductivity. This type of coating is desired to prevent the specimen from charging the

electron beam and to improve the signal to noise ratio.

The elemental compositional analysis of the particles was performed by an Energy
Dispersive X-ray Spectrometer (EDS, Oxford Instrument) equipped with INCA Energy

300 system. The particles were carbon coated before the inspection.

The microstructure, the oxide encapsulation and the sizes of voids, in relation to the
temperature increase, of the nanoparticles particles were observed with ex-situ high
resolution transmission electron microscopy (TEM) using a JEOL JEM 1020
microscope operating under 200 KV before and after the experiment. For that the samples
were prepared in the solution of ethanol and were sonicated for 10 mins in the sonic bath
to decrease the agglomeration among the particles. To ensure that the particles were de-
agglomerised to a greater degree, the sonication process was interrupted after 5 mins for
15 seconds and after that the same process was repeated for another 5 mins. Carbon
coated grids dipped in the solution and later dried at room temperature were used for the
imaging. During the experiments it was found that the aluminum particles produced
voids in their central regions after their oxidation. For that EDS spot analysis was

performed on TEM.

The surface area of the particles was determined with the adsorption-desorption

technique using a Gemini VII 2390p Surface Area Analyser from Micromeritics
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Instruments Corp. Nitrogen gas was used as the adsorbate. Before each set of
experimentation, the powder was degassed by using a Gemini FlowPrep degasser for
three hours at 200 °C and 1072 Pa. This removed the foreign materials like CO2, moisture,
oil and grease adsorbed in the powder. After this, the samples were immersed in the
liquid nitrogen at -196 °C where a five-point isotherm in a relative pressure range of 0.05
to 0.30 was obtained. The Brunauer—Emmett—Teller (BET) equation was used for the

calculation of surface area of the particles.

The crystalline structure of the nanoparticles before and after the heat treatment was
examined with ex-situ XRD. The end products were cooled in the inert atmosphere of
nitrogen gas and were preserved for their crystal structure analyses. Ex-situ powder X-
ray diffraction (XRD) analyses were performed with XRD (Siemens, D5000
Diffractometer) operated 40 kV and 40 mA using CuKa radiation (A = 0.15418 nm.
The diffraction pattern from 10° to 70° 26 of each product was recorded and
subsequently, used to identify the phase composition of the products of thermal

treatment.

2.3. Experimental Procedures

2.3.1. Oxidation and ignition study

The oxidation kinetics, the ignition reactions, the intervening physiochemical reactions
occurring at different temperature ranges, physical transitions and the thermal stabilities
of the nanoparticles were studied using STA 1500 thermal analyser (Rheometric
Scientific, Germany), similar to our previous studies [51, 52]. Simultaneous Thermal

Analysis (STA) is an analytical technique used to monitor the behaviour of the matter
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as a function of temperature. This technique (TGA/DSC) is often used to investigate the
thermodynamic properties of the matter, due to its reliability as well as its simplicity.
Thermogravimetric analysis (TGA) is an experimental technique where changes of the
mass of the sample are recorded with respect to the temperature. The sample is loaded
into a pan, made of platinum or alumina, placed in furnace whose temperature is
controlled by a computer program. The temperature can be raised from room
temperature to 1500 °C. Microbalance having a resolution of 0.01 g is used to measure
the changes of weight. DSC is a thermoanalytical technique used to measure the energy
emitted or absorbed by the sample. Endothermic or exothermic event will give rise to a
peak in the DSC curve. A small amount of the sample is taken to ensure that within the
sample the heat from the furnace to the sample is conducted homogenously without
developing any heat barrier. To monitor weight and heat changes of the same process
simultaneously, both DSC and TGA techniques are coupled into one set of instrument.
Differential thermal analyses (DTA) can also be performed by taking the first derivative
of the change of mass and heat, i.e., dm/dT and dh/dT. Various steps of reaction are
analysed with the help of DTA. The atmosphere of the furnace is generated by a
continuous supply of the gases such as air, N2, CO, CO, Oz and Ar. The atmosphere
may be purged with an inert gas to prevent any reaction or desired gas to allow reaction

to take place. The schematic diagram of the apparatus is shown in Figure 2.2.
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Figure 2.2 Block diagram of thermobalance

Thermal oxidation and nitridation experiments were performed at the atmospheric
pressure using dry air and nitrogen, respectively, Table 2.1. The changes of mass during
the whole oxidation process were monitored with thermo-gravimetric analysis (TGA)
and the changes of energy were surveyed with differential scanning calorimetery (DSC).
Temperature calibration of the thermo-balance was conducted with the melting points
standards of various metals (Zn, Sn, In, Pb etc.), and the weight calibration was done
before the start of each experiment. A small amount (~6 mg) of the samples was loaded
uniformly in the pan Table 2.1. With such a small quantity of the sample, the tendencies
of developing the internal temperature gradient in the pan were reduced. Platinum
crucibles were selected to ensure that there were no reactions between the pan and the
products of on-going reactions. The pans were cleaned with 10% HNO3 solution after

each experiment to ensure that there were no residues left for the next experiment.
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Table 2.1 Experimental Conditions.

Sample Tiso Bi t Tro B Tt mi Q
°C Kmint Hrs. °C Kmin? °C mg ml/min
525, 630, 665, 925,
400, 450, 500, 550, 2-10, 12, 15, 18,
nAl 30 10 1000, 1050, 1175, 1175 6 £ 0.05 201
720 20, 30
500, 600, 700, 800
400, 460, 625, 2,5-7,10, 12, 15,
nAlzn 450, 500, 600, 650 30 10 1200 6+0.1 232
710, 910, 1200 20, 30
2,5,7,10, 12, 15,
nAlCu - 30 10 570, 900, 1100, 1200 1200 6.1+0.1 212
20, 30
Note:

Tiso IS isothermal temperature.

[ is heating rate or temperature ramp, fi is initial heating rate to attain the required isothermal temperature conditions

t is total experimentation time for one set of isothermal temperature conditions

Ttio 1 the termination temperature for DSC/TGA test when £ =10 K/min

Tt is the final temperature of the thermobalance mi is the initial mass of the sample and Q is the flow rate of dry air.
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To understand the effects of heating rate and temperature on the oxidation and the
thermal stability of the aluminum nanoparticles and its nanoalloys, two sets of the
experiments were performed in the thermal analyser. In the first set of experiments, the
samples were thermally treated at heating rates of 2-30 K/min from room temperature
to 1175-1200 °C. This helped in understanding the effect of heating rate on the oxidation
and the ignition process. In the second set of experiments, the samples were heated from
the room temperature at a heating rate of 10 K/min and the reactions were terminated at
‘Trio’, Table 2.1. These temperatures were selected where sudden changes were
observed on the TGA/DSC curves. This helped in revealing the various polymorphic
phases of the products developed, the intervening oxidation steps and the path of the
ongoing oxidation reaction. The products oxidation were cooled in the inert atmosphere
of nitrogen for ex-situ XRD, SEM and TEM analyses. In addition to that, two sets of
experiments were performed in the thermobalance to quantify the effects of the heating
rate and the temperature on the changing morphology of the particles. In the first set, the
particles were oxidized at a constant heating rate of 5 K/min and the temperature of
furnace was raised from room temperature to 600, 700 and 800 °C. This set of
experiments was helpful in understanding the evolution of the voids in relation to the
change of temperature and the physical state of the particles. It also reflects the effect of
melting process on the development of the hollow structure. In the second set of
experiments, the particles were heated at various heating rates (2, 8, 20 K/min). The
products of oxidation were cooled in nitrogen gas and later analysed with TEM and the
effect of the heating rate on the size and shape of the particles and the voids was studied.
For each set of the experimentations, the parameters (i.e., reaction gas environment,
crucible material and mass of the sample) that may affect the TGA/DSC experimental

results were kept the same.
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2.3.2. Combustion Study

2.3.2.1. Aerosol generation assembly

The experimental set up consists of a methane delivery system, a regulator, a meter
valve, a particle dispersion system and a Bunsen type burner, Figure 2.3. The particles
were mixed with methane gas and aerosolised in the aerosol generation assembly. The
particles were mixed with the methane stream through a belt conveying system, where
the particles were loaded from a hopper onto a belt, which was driven by an electric
motor (12 V). The amount of particles added into the gas stream was adjusted by the
speed of the motor. For the experimental results reported below, the amount of methane

was regulated at 2 I/min to ensure the uniform flow rate of the gas.

2.3.2.2. Bunsen burner

Commercially available Bunsen type burner was used to analyse the combustion
characteristics of the particles/methane/air. A continuous particle laden stream of
methane gas from the feeder was supplied to the burner through a silicon tube having a
diameter of 6 mm. Once the steady flow was achieved, the particles were ignited and
were combusted under the atmospheric conditions. The burner was air cooled because

the experiments were last only for a few minutes.
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Figure 2.3. Schematic diagram of burner test set up (R-Regulator; V-Meter valve; A-
Aerosol generation assembly; M- Driving motor; C- Control circuit and B-Bunsen

burner.

2.3.2.3. Image capture

The combustion of the particles was recorded and subsequently interpreted with the help
of a high speed video camera (Phantom V2.3) recording at a frequency of 1000 Hz with
256 by 128 pixel array. The recording was started once the flame became stable. The
distance to pixel ratio (spatial resolution) was calculated as 14.5, 14.9 and 16.7 for Si
(720 nm), Si (1 um) and Fe (45-75 pum), respectively. The capture time in all experiments
was maintained constant at 1 ms. The captured images were binarised using J-image

software.

2.3.2.4. Particle image velocimetry (P1V) measurement

The combustion velocity, burning times and reactivity/ignitibility of various particles

are quantified with the particle image velocimetry technique. The velocity profile and
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flow vectors of the combusted particles were processed using the PI\VVview2C software.
To achieve time-averaged results with higher quality, the average speed of the particles
was calculated by processing 100 images (50 image pairs). Only axial component of the
velocity was determined. For image pair data processing, a window size of 32x32 (pixel)
having a step size of 16x16 (pixel) was used. Images were evaluated with a direct cross
(non-FFT) correlation. Multiple pass interrogation method with number of iterations 3-
passes was used. The velocity vector and particle flow field was smoothed with a smooth
kernel width (in nodes) of 1.0. No filtering or interpolation was done to fill in the missing

vectors.
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Chapter 3

3. Results and Discussions

3.1. Oxidation and Ignition Study of Aluminum Nanoparticles

Nano aluminum particles (nAl) can improve the combustion characteristics of energy
materials and are being used as additives in propellants, pyrotechnics and explosives.
Their unique properties such as high specific surface area coupled with high energy
density makes them good choices for many energy applications, especially in high
specific thrust and high pressure conditions [48, 53-55]. Due to their unique properties
such as lower ignition temperature (<660 °C) and a higher reactivity (i.e., 5-10 times
faster), nAl possesses many features non-comparable by the micron sized counterpart
[56]. However, the physiochemical phenomena responsible for their better performances

are still unclear [57, 58].

The utilization of nAl is usually the exothermic reactions through oxidization and
ignition; hence it is of the primary interest to investigate these processes. Many
experiments have been conducted in the last decade to understand the oxidation of nano
aluminum, NAP-composite in the presence of air, nitrogen or oxygen. The effect of
particle size, particle size distribution, and passivation layers have been discussed. A

comprehensive survey of the literature is summarized in

48



Table 3.1 Summary of oxidation/ignition related study using aluminum nanoparticles

Authors
(Year)

Mench et al.[59]
(1998)

Jones et al.[60]
(2000)

II’in et al.[61]
(2001)

Kwon et al.[62]
(2002

Dokhan et al.[63]
(2002)

Jones et al.[64]
(2003)

Gromov et al.[65]
(2006)

Materials
nAl,
pAl (20 pum)
Alex

(nano)/ micron

Various Ultrafine Al
Powder (UFAP)

SFAP, coated with AlIB;
& Al,03, AI(OH);3

Aluminized Composites
propellants

Alex, Als, Alss, Alsstef
& GAP/AND/RDX

nAl (coated with organic
and metallic materials)

Technique used

TGA-DTA

TGA/DSC
SDT/ARC

Derivatograms of
TGA/DSC

TGA/DTA

Visual/high speed
camera

TGA/DSC/DTA

TGA/DSC
/DTA

Exp. conditions

Up to 1300 °C
@5 K/min

400-600°C @ 0.5
K/min

RT-1000 °C
10 K/min

RT-1000 °C
@10 K/min

Rocket motor
pressure
(1.38-6.9 MPa)

RT-1400 °C @

0.5 K/min

Up to 1000 °C
@10 K/min

Oxidizer

Air, He,
02, N2

N>, He,
Air

Air

Air

Air, No,

Ar,

Nz, Air,
H.O

Major Findings

i) Size effect is explored and the higher
reactivity of Al is due to its smaller size

i) cp values of micro and nano Al are
similar

ii) the mass changed has an inverse
relation with the heating rate 3

i) The reactivity should be defined by
Ton, Vox, maximum oxidation rate, o
degree of oxidation and S/Am specific
heat release

ii) Particles having similar metallic
contents have different reactivity due to
difference of size, shape and PSD

i) Ton increase by 30-40 °C when AlIB;
coating is used. Both thermal stability
but and total metallic contents are
improved.

ii) 40% mass is oxidized in the second
stage at temperature 660-1000°C

i) Composites having finer aluminum
particles burn fast

ii) The burning rate of AP increase with
the addition of nAl having a bimodal
particle size distribution.

i) The reactivity depends not only on
diameter but also on shell thickness

ii) The onset decomposition temperature
of GAP/RDX was reduced with addition
of Al

i) The coated Al powders show
increased stability to
oxidation/nitridation.
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Gromov et al.[66]
(2006)

Rufino et al.[58]
(2007)

Kwok et al.[67]
(2007)

Chen et al.[68]
(2009)

Gromov et al. [69]
(2009)

Pantoya et al.[70]
(2009)

Reber et al.[71]
(2010)

Korshunov [72]
(2011)

Mohan et al.[73]
(2012)

Nano and micro Al
Coated with
NC/boron/alumina/
oleic/stearic acid

nAl (160 nm)
pAl (1.2, 17 um)

NAP uncoated/ Coated

with polymers

nAl 50nm

Explosives + NPs Al,

Fe, W ,Ni, Cu

nAl (15-50 nm) + Teflon

Al clusters anions with

water

Alex (92 nm) and pAl

(20 um)

NAP having no
protective coating

DTA-TGA

HTGA/DSC

TGA/DSC/DTA

TGA/DSC/DTA

TG-DTA

TGA/DSC

Various

TGA/DSC

Cabrera-Mott
reaction
mechanism

RT-1300 °C
@10 K/min

Up to 1000 °C
@10 K/min

Up to 1300 °C
@20 K/min

Up to 1200 °C
5,10,20 K/min
30/50/90K/min

Up to 750 °C
@10 K/min

Up to 750 °C
@20 K/min

N/A

Up to 1200 °C
@5 K/min

Thermal run
away is

Ail’, Nz

Air, Ar

Air

Dry O;

N2, Ar,

Ar

N/A

Air

ii) Non-oxide coating have higher
combustion enthalpy as compared to the
oxide coating.

i) The type of coating, particle size and
ageing have direct link with the thermal
stability

i) The oxidation rate depends upon
particle size

ii) The thickness of alumina layers
produced during the 1% stage is
independent of the particle size

i) The reactivity depends not only upon
the particle size but also on particle size
distribution, specific surface area,
composition and thickness of the
passivation layer

The effect of heating rate (B) is explored
i) No trend of Ami, Am with (3

ii) Tp/To increase with (3

iii) S/Am remains constant

iv) AH increase with f3

i) NPs have a strong effect of on the
decomposition temperature of the
explosives

i) With the decrease of size, reaction
kinetics improves and rate of pre
ignition reaction increases

i) The role of geometry on the reactivity
at nanoscale is important

i) The effect of powder dispersion,
composition and structure of oxide shell
and core metal with temperature rise is
important

i) Particle smaller than 68 nm are able to
ignite at room temperature without
initial preheating.
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Sossi et al.[74]
(2012)

Sun et al.[75]
(2006)

Levitas et al.[76]
(2009

Sun & Simon[77]
(2007)

Chen et al.[78]
(2009)

Pivkina et al.[79]
(2006)

Schoenitz et al[80]
(2010)

Wang et al.[81]
(2011)

nAl (coated with organic
materials) + HTPB
based fuels

nAl (30-160nm), pAI(3-
4.5um)

nAl (17-202nm),
pAI(12pm)

nAl (8-50 nm)

nAl (20-50 nm)

nAl (43 nm), doped with
Ba, benzene and silicone
rubber pAl(10 um)

pAI(3-4.5um)

nAl (50-200 nm)
passivated with
nitrocellulose

TGA/DSC

TGA-DSC

TGA-DSC

TGA-DSC

DTA-TGA

TGA/DSC/DTG

TGA/DSC/DTG

DTA-TGA

considered as
ignition

Up to 1500 °C
@10 K/min

Up to 830 °C
@ 3,5, 10,20
K/min

20- 800 °C
@10 K/min

DCS 670 °C @5
K/min
TGA 830°C @5
K/min

DTA 800 °C
@10 K/min
TGA to 1000°C
@10 K/min

Up to 1100 °C
@10 and 2 K/min

Up to 1200 °C
@5-500 K/min

Up to 800 °C
@5 K/min

02

O,/Ar

Oz/AI’

OJ/Ar

Oz/AI’

Air

O,/Ar

Air , Nz

i) The regression rate of several fuels are
investigated

ii) Direct correlation of ballistics
characterization by powder physical
anAlysis and DSC/TGA cannot be made
i) The reactivity depends on the PSD but
maximum reaction rate depend on size
only

i) Melting temperature decreases with
the particle size, whose value is higher
than theoretical value due to pressure
build up in the core. Damaging the shell
reduces the melting temperature.

i) The melting temperature and heat of
fusion decrease with the decrease of
particle diameter due to the increase of
the crystal defects at the nanoscale

i) Particles having defects in their lattice
structure are characterised with higher
oxidation energy and a higher peak
temperature during 1% exothermic
reaction.

i) Thermal behaviour of powders
depends upon the method of production
ii) The chemical activity of Ba-doped Al
is enhanced during its storage due to the
degradation of the oxide layer.

i) The activation energies are insensitive
to the heating rates and a refined
oxidation model is built at the high
heating rates.

ii) The refined model can interpret the
particle ignition in the laser beam
experiment.

i) Nitrocellulose is effective material of
passivation for stabilizing and protecting
the core metal.
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Ivanov et al.[48]
(2003)

Kwon et al.[82]
(2007

Eisenreich et al.[32]
(2004)

llyin et al.[83]
(2002)

Cheng et al.[84]
(2009)

nAl with other metals
having various sizes

Eleven samples of nAl
coated with gas, liquid
and solid materials

nAl (100-150nm), pAl
(0.3-25um)

Various e.g. UFAP, nAl
and pAl

Nano-Ni (100 nm)
coated
pAl (50 pum)

DTA-TGA

DSC-TGA

DSC-TGA

DTA-TGA

DSC-TGA

Heated at 10
K/min

Up to 1400 °C
@10 K/min

Up to 1000 °C
@5 K/min

Up to 1000 °C
@10 K/min

Up to 1400 °C
@20 K/min

Air , Nz

Air

Air

Air

Air

ii) Coating decreased the ignition
temperature of nAl compared to the bulk
Al and decreased the reaction
temperature for Al/CuQ thermite
reaction.

i) Various metallic nano particles are
manufactured with EEW method and
their reactivities are calculated. Metallic
powders produced in N2 environment is
characterised with higher reactivity in
oxygen.

i) The effect of coating materials on the
energetics of nAl was characterised

ii) The powders produced in Ar+CO;
passivated by boron, air and CO2
showed improvements in the energetics
of the nAl/ whereas coating with organic
reagents was not profitable.

i) The effect of size on the reactivity is
studied.

ii) The oxidation completed in two steps,
first step is dominated by chemical
kinetics and passivation layer of 6-10
nm is formed regardless of the size of
the particle, 2" step is dominated by the
diffusion and chemical reaction.

iii) y- and 6-alumina is formed in first
step whereas in the second step they
transformed to a-alumina

i) The effect of size, shape, distribution,
specific surface area etc on the above
mentioned four reactivity parameters is
calculated.

i) The effect of coating composition is
determined. It was found that the onset
temperature of particle decrease with the
increase of Ni amount. During 2"
exothermic reaction 10%Ni sample
having high enthalpy might be due to
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Trunov et al.[85]
(2005)

Spherical (3-14um)
flakes(-325 mesh)

Up to 1500 °C
DSC-TGA-DTGA  @5-40 K/min

02

due to its optimum composition, which
decreases the intensity of the
agglomeration during this reaction.

i) The polymorphic transformation of
alumina (amorphous-y—6—6—a)
produced controls the diffusion of
oxygen and is responsible for the
stepped oxidation.

53




Among those, Trunov et al. [33] suggested that the oxidation process of aluminum
proceeded in four stepwise oxidation stages. During the oxidation of nAl, the passivation
shell (product of the oxidation) goes through several intermediate metastable
polymorphs according to the temperature conditions. The route for the amorphous film
of alumina to the stable alpha alumina is typically shown as amorphous—=> y—>(6-> 0)>
a-alumina [86]. The speed of the reaction and the rate of energy release are dependent
upon the mass and energy transport dictated by the porosity and permeability of the
oxide shell. The whole oxidation process can be then explained according to the
changing properties of the external alumina layer [87]. Rai et al. [34] found that the
oxidation was due to the diffusion of species, which took place in two regimes separated
by the melting temperature of the metal particle. The first regime was slow and happened
before the melting whereas the second regime was fast occurring after the melting. They
also found that solid particles turned hollow when the temperature was raised above
1000 °C. Henz et al. [88] suggested that the built-in electric field in the shell enhanced
the diffusion coefficient and was responsible for the rapid oxidation process. Rosenband
[7] argued that the heterogeneous oxidation process was driven by the pressure, which
was induced in the shell due to the density or thermal expansion coefficient differences
between the molten metal and the oxide, and the oxidation proceeded through several
polymorphic phase transformations. According to Rufino et al. [58] there were no
apparent differences in the lattice expansion before and after the melting as the shell was
not thick enough to produce the pressure in the core. The pressure induced by the
transformation of alumina could be mitigated by the thickening of the ductile shell.[89]
Several theories, such as the diffusion oxidation mechanism (DOM) and recently, melt

dispersion mechanism (MDM), have also been proposed for the oxidation of nAl [43].
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There are, however still many questions still remain unanswered. Many of these studies
are related to some applications such as in combustion and explosion, and were
conducted under one or a few heating rates. Comprehensive study of the oxidation
mechanism, supported by elemental, structural and crystallography information, and the
influence of heating rate is rare. Perhaps the most detailed work is from Dreizin’s group
and Eisenreich’s group [32, 85] where the reported staged oxidation scenarios were
supported by detailed phase transition information. However, both studies were focused
on the oxidation pheneomenon only and did not contain any information about the
particle ignition. No study has ever reported on the detailed charactersiation of both

oxidation and igntion phenomena that are decided by the heating rate.

On the ignition study, several models have been proposed that include stress in the oxide
layer model, fixed ignition temperature model and exothermic growth of oxide film
model. There is however still lack of consistency in these models. The predicted ignition
temperature would occur over a wide range of temperatures even for the same materials,
i.e. 575 —2000 °C for aluminum. Relative agreement has been reached for conventional
large particles, and the ignition temperature tends to approach a fixed value around the
melting temperature of the alumina shell. The combustion is similar to the liquid droplet
combustion, obeys the d? law, and significant oxidation occurs after the melting of the
outer oxide layer. There are, however, still strong debates for the ignition temperature
of small particles (below a few micrometres). While some studies suggested that it was
a fixed value around the melting temperature of the aluminum particles [90, 91], many
others suggest that the ignition temperature is not only a material property but also
depends upon the environmental variables, such as the heating rates [43, 92, 93], particle

size [35], specific experimental conditions or methods employed, [94, 95] and
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instruments used [94, 96, 97]. It is still debatable if the ignition of aluminum

nanoparticles occurred before or after the melting temperature of aluminum.

3.1.1. Physical Characterisation

The morphology of the particles and size distribution before the thermal treatment are

shown in Figure 3.1(a-d) and Figure 3.2, respectively.

Figure 3.1 SEM micrographs showing general morphology of the particles; a) at x300,
showing soft agglomeration; b) at x10 k; ¢) at x100 k, showing particle are spherical
and physically connected by Van der Waals forces; d) at x50 k, for micro-

compositional analysis at various points
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SEM image shows that particles are spherical with an average diameter of ~150 nm. The

particles are loosely agglomerated.

25
20 | Z-average(d.nm) : 400
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Figure 3.2 Particle size ditribution (PSD) of nAl (before oxidation)

The particle size distribution of the nAl are measured by the dynamic light scattering
(DLS) technique after dispersing the dried particles into an aqueous medium, which
shows a uniform size distribution, peaking at 150 nm with a range of 111 nm with Z-
average diameter of 400 nm. This average diameter is different from the observed by the
electron microscope as DLS measures the hydrodynamic diameter. Though it inevitably
contained some agglomerates, it would still provide useful information regarding the
particle size distribution. The micro-chemical analysis (EDS) of the sample was
performed to calculate the mass of the active aluminum and its surface oxide layer. For
the elemental compositional analysis, various points were selected on the particles and

the results showed that the sample contained 11.09 % oxygen, which corresponds to
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23.57 % of Al;O3 (initial oxide) and 76.43 % of active aluminum, and presented in

Figure 3.3.
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Figure 3.3 Energy dispersive X-ray spectrometer (EDS), micro chemical

compositional analysis of nAl showing relative strength of Al and O peaks

Table 3.2 EDS analysis of nAl shown in Figure 3.1(d) (before oxidation)

Spectrum @) Al Total
% % %
1 11.39 88.61 100.00
2 12.18 87.82 100.00
3 12.84 87.16 100.00
4 12.06 87.94 100.00
5 8.34 91.66 100.00
6 9.72 90.28 100.00
Mean 11.09+1.72 88.91 100.00
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The Brunauer—Emmett—Teller (BET) model based on adsorption-desorption of nitrogen
gas is used to find the specific surface area of the particles. It is assumed that the particles
have uniform spherical shapes. Figure 3.4 shows the adsorption isotherm of the nAl
obtained at -196 °C. The BET surface area of the particles is 10.48m?/g and is used to

find the BET equivalent diameter (dget) with the following relationship [98],

AseT = 6/ (pdseT) (3.1)

AgerT is the specific area measure by BET technique and p is the density of the particles

(2.7 g/cc) and dget is the equivalent diameter of the particles calculated as 211 nm.
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Figure 3.4 Isotherm of the nAl showing the relationship of the relative pressure and
the quantity of N, adsorbed
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The chemical composition of the particles (EDS) shows the sample pure contains Al and
O elements. The oxygen present in the sample indicates that the particles are passivated
with alumina. The thickness of the oxide layer can be calculated by the mass balance

[77] as,

o _ pAI203C 1/3
tOX'de_d[l (pAl+C(pA1203—pAD) ] 2

Where toxide 1S the thickness of oxide passivation layer, d is the particle size including
the shell thickness, C is the active aluminum content, pAl>Os (3.05 g/cc) and pAl (2.7
g/cc) are the densities of amorphous alumina and aluminum respectively. From the
above Eq. 3.2 the value of the shell thickness is calculated to be ~5.1 nm which is
consistent with the elemental analysis and that observed with TEM, Figure 3.5, and is

in good agreement with the result from Rufino et al. [58].

Figure 3.5 TEM micrograph showing the amorphous alumina layer of ~5 nm
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Crystalline structure of nAl, was found with diffraction peaks at 38.42° (111), 44.66 °
(200) and 65.06 ° (220), Figure 3.6 . The obtained XRD trace was compared with the
PDF card # 04-0787 of aluminium metal and found to be consistent with it. No peaks of
Alumina are found which suggests that Al>Os is in the amorphous state. This observation
is consistent with that of the TEM. No peaks of other impurities are detected which

means the nAl have high purity.

2500
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[ Peak is due X-Ray diffraction
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Figure 3.6 Powder X-ray diffraction (XRD) analysis of nAl shows no peaks of Al.Oz,

suggesting that it is in the amorphous state

The crystallography information was identified by XRD as the products still keep their
crystalline form even after being cooled [99]. Ex-situ X-ray diffraction was performed
with Siemens (D5000) diffraction meter using CuKa radiation (A = 0.154187 nm). The

average crystallite sizes of nAl were measured from X-Ray line broadening based on the
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0.94%1 .
) [100]. Other lattice parameters such as the

Scherer’s formula ( D), = (FWHM+*Cos6)-

distance between the planes of atoms, i.e. d-spacing, the length and intervening angle of

the side, were calculated with the Bragg’s Law (d = , illustrated in Table

—
(2xsin (0/2)

3.3. To analyse various metastable polymorphs of alumina developed at various
temperatures, the diffraction pattern of all recovered samples were recorded from 5° to
70° 26 and identification of phases of all the samples are done with Jade 5 from MDI

(Materials Data, Inc.,)

Table 3.3 XRD analysis of the nAl (before oxidation, Figure 3.6) and estimation of
crystallite size with Scherer’s formula.
FWHM Pc Dy d

Peaks @byc) (xpy

©) rad ©) (rad) nm a° nm ©

P1 0.212 0.00370 38.42 0.3354 41.47 2.343 4.0586 90
P2 0.247 0.00430 44.66 0.3899 36.41 2.029 4.0586 90

P3 0.279 0.00486 65.06 0.5680 3535 1434 4.0553 90

Note:

P1, P2, P3 are the 1%, 2" and 3" peaks on XRD curve,

FWHM is Full width half maximum and is found with Origin software,

Pc is centre of the peak on XRD trace,

D, is size of the crystallites,

d is the distance (in angstroms) among the planes of atoms found with the Bragg’s Law,
(a, b, c) are the lengths of the planes,

(o, B, y) are the angles among the planes.
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3.1.2. Thermal Characterisation

Thermal characterization of the nAl was done with the simultaneous thermal analysis
(STA). During the experiment, the flow of heat from and to the samples, and the
corresponding mass change are recorded simultaneously until the complete oxidation

curves are obtained.

Very interesting results were obtained regarding the effect of the heating rate. The
experiments fall into two distinct types: low heating rate (f = 2-7 K/min) and high heat
rate (f > 8 K/min). For the low heating rate, the oxidation process completes without
any sudden change of heat or mass. For the high heating rate, there is a sudden increase
of mass and heat flow due to the early ignition. Both oxidation types have some

distinctive features and are explained separately, below.

3.1.3. Sample TGA/DSC curve at low heating rate (no ignition)

Simultaneous curve of TGA/DSC of nAl at heating rate of 2-7 K/min shows similar

characteristics and a heating rate of 5 K/min is selected as an example.

63



- —_ ____?éi 1% step oxidation 577°C 4165
50 b - 150 ~
s S
: . 3
; o5 L Glass transition 4135 §
o 3]
I'|'| / .EI
© B ,,,,—,,,—,,,—,,,-,::::,@,—,,—:,:,’, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, r
% ’ / Melting of NAP: \\\102600 1% %
- Base line g oA P EtermicR /t' \ =
Xothermic Reaction > -~ T
25 \1s'step oxidation \| ,"_ 105
— Y
50
. 1 . 1 . 1 . 1 . 1 . 90
0 200 400 600 800 1000 1200

Temperature (°C)

Figure 3.7 Example of TGA / DSC curve under low heating rate (no ignition)

Figure 3.7 shows that the whole oxidation process completes in three stages, one before
and two after the melting of the particles. With the start of thermal treatment, the heat
flow is continuously increasing, albeit at a small magnitude, until it reaches around 380
°C. The heat flux dips in the 400 °C region that is associated with the glass transition,
where the amorphous alumina begins to crystallize and the shrinkage of the shell is
started [101]. The weight of the sample is decreased by ~ 1 % when it reaches at 400 °C.
This decrease of weight is due to the thermal decomposition of the sample above 100
°C. This could be due to the loss of moisture (dehydration), at about 100 °C, or the loss
of adsorbed CO/CO., at relatively higher temperatures. There are possibilities that the
amorphous alumina layer, being hydrophilic, have some water ions attached to it and are
lost at this temperature range [102]. The extrapolated onset temperature for this first
stage reaction is 487 °C. The slow oxidation process starts even earlier than the onset

temperature that thickens the amorphous passivation alumina shell. The initial oxidation
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process is similar to the work of Trunov [103] but with additional features at the high

temperature, as analysed below.

The first stage oxidation process peaks at 577.7 °C and occurs in the temperature range
of 500-620 °C. It is characterized with a considerable mass change of ~27 % and a heat

release of 5.64 kJ/g. The chemical reaction can be expressed as

This reaction is taking place before the melting process in a heterogeneous process. The
1% derivative of thermo-gravimetric analysis (DTGA) and 1% derivative of differential
scanning calorimeter (DDSC) were also computed to locate the temperatures where the

rate of change of mass (T01:(‘Z—T:) max1 =579.5 °C) or the rate of heat released

(Tmz(%) max1 = 567 °C) is the maximum, which are slightly different from the peak

temperature (Tpexor = 577.7 °C). DTGA and DDSC traces are shown in Figure 3.8 and

Figure 3.9.
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Figure 3.8 DTGA of nAl at B =5 K/min shows different steps of reactions and amount
of weight changed
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Figure 3.9 DDSC of nAl at B =5 K/min shows different steps of reactions
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After attaining the rapid weight increase, the rate of the reaction decreases and the
reaction goes towards an endothermic process, which starts at ~649 °C, peaks at ~659
°C and completes at 662 °C. This endothermic process can be attributed to the melting
of the remaining nAl. For the particles over 100 nanometer, the melting depression
phenomenon is not obvious. The melting temperature ~660 °C is similar to that of the
bulk aluminum and other observations, Mei et al. [104] After the melting of the
aluminum core, the second stage oxidation occurs in the temperature span of 665-900
°C. During this stage, the metal core is in molten state and the mobility of its molecules
increases. This diffusion based exothermic reaction is characterized by the movement
of both metal cations and oxygen anions towards each other. It is also known that at
higher temperatures, e.g. > 500 °C, nitrogen may react with aluminum, but the XRD
results did not detect any peak related to the formation of AIN compound. This, however,
still cannot exclude the possibility that traces of AIN would be formed during the
oxidation experiments as the activation energy to form AIN at high temperatures was
not significantly higher than the formation of Al20s, i.e. the range of 200-230 kJ/mol
[60]. If AIN was indeed formed in the experiments, it is assumed that the aluminum
nitride could be re-oxidized to Al203. The likely reactions that were taking place could

be the combination of the following reactions [60],

2Al + N, — 2AIN (3.4)

The weight increases during the second stage is ~27.5 % and the heat released is 5 kJ/g.
The exothermic reaction peaks at 782.8 °C after which the rate of reaction decreases.
The third stage oxidation is observed after 900 °C. It becomes clear that~ 1000 °C, the

heat flow of the reaction increases once again suggesting a third exothermic reaction.
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After this reaction, there are no changes in TGA/DSC curves, which indicate that the
reaction is completed. The cumulative TGA and DSC curves are consistent with one

another for heating rates of 2-7 K/min and shown in Figure 3.10 and Figure 3.11 .
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Figure 3.10 Cumulative TGA trace of nAl at the heating rates of 2-7 K/min
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Figure 3.11 Cumulative DSC curve of nAl at the heating rates of 2-7 K/min.
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The slight drop of heat in the end of DSC diagram (Figure 3.11) is showing that the
reaction is ending. It does not show any physiochemical reaction. These three oxidation

stages can be observed by taking first derivatives of TGA/DSC. The example curves are

shown in Figure 3.12 and Figure 3.13
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Figure 3.12 DTGA of nAl particles at 5 K/min (raw data, no smoothing)
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Figure 3.13 DDSC of nAl particles at 5 K/min (raw data, no smoothing)
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For clarity, the curves are smoothed by reducing the noise by employing the Fast Fourier

Transformation (FFT) using 250 data points and shown in Figure 3.14 and Figure 3.15.
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Figure 3.14 DTGA of nAl particles at various heating rates (smoothed)
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Theoretically, the weight increase for the complete oxidation of pure aluminum is 88 %
but only 65.5 % of weight increase is obtained in this case. This reduced amount of the
product is because of the initial amorphous shell of alumina (Al.Oz). Through the
elemental compositional analysis (EDS) it is found that 11 % of oxygen is present in the
sample that corresponds to 23% of Al.O3 and 77% of active aluminum. The estimated
alumina thickness is ~ 5 nm, which is in the right region as reported by other studies
[58]. The value of the weight increment (65.5%) is nearly the same as that from the
oxidation of active aluminum contents of the sample (68% increase). Similar oxidation
scenario is observed for heating rates of 2-7 K/min. The diffractograms of the particles

under these conditions are shown in Figure 3.16.
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Figure 3.16 XRD analyses of nAl after their heat treatment at the heating rates of 2-7
K/min (no ignition) (solid dot = Al and hollow dot = a-Al203)
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3.1.4. Sample TGA/DSC curve at high heating rate (with ignition)

The exothermic heat release during the first step oxidation reaction increases with the
increases of the heating rate. As the heating rate becomes >8 K/min, the large amount
of heat released becomes far more than that can be absorbed by the purge gases, which
results in a rapid increase in the particle temperature. Consequently the slope of heating
rate (dT/dt) is shifted to a high value for a short interval of time and the temperature of
the sample becomes even higher than that of the furnace. The sample undergoes a fast
reaction with a sharp increase in the weight and a rapid release of heat in a very short
period of time. This temperature run away process is regarded as the ignition point and

is due to the self-heating of the particles [105, 106]. The simultaneous TGA/DSC curve

at 10 K/min is taken as an example to illustrate its characterization, Figure 3.17.
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Figure 3.17 Example of TGA / DSC curve under high heating rate (with ignition).
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The initial oxidation process, similar to the previous example i.e. at 5 K/min, starts at a
slow pace, which is due to the slow diffusion of oxygen molecules from the amorphous
layer of alumina. This increases the thickness of the pre-existing shell of amorphous
alumina. The sample lost ~1% of the mass due to the physiochemical processes such as
dehydration of water and dehydroxylation of aluminol groups presenting in the
hygrophilic layer of alumina [102]. The first non-baseline signal is produced at 460 °C
which can be regarded as the onset temperature. The first oxidation reaction happened
within a very short span of temperature (525-591 °C). This reaction is characterized by
a sharp weight increase (23.25 %) with a rapid rate of heat release (5.6 kJ/g). The particle
temperature becomes more than that of the furnace. This temperature run away process
is due to the ignition reaction caused by the self-heating of the particles. It shall be noted
that such an ignition would not cause a global combustion event of the sample, but to
accelerate the following oxidation process. Such a process occurs before the registered

melting temperature of the aluminum core.

To understand this process, separate experiments were conducted where the oxidation
experiment was discontinued at 525 °C (before the ignition point) and 630 °C (after the
ignition point) and analysed by the XRD. The radiograph at 525 °C shows no peak other
than the metallic Al, Figure 3.18, but on the thermograph, the mass of the sample has
increased. This suggests that there must have some growth of amorphous layer of
alumina before the first stage reaction. The XRD at 630 °C shows that the aluminum has
been transformed into a number of polymorphs including 6-alumina due to this fast

reaction.
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Such a co-existence of polymorphs under low temperature is unexpected and different
to the observation from Trunov et al. [35] where a continuous transition of the phase
from amorphous=>y—>(6->6)>a—-alumina was reported with the increase of the
temperature, which is thermodynamically favourable. This is true only for the low
heating rates. It is believed that at the high heating rate, the ignition, which leads to a
partial particle combustion, is responsible for the co-existing of different phases,

initiating at low temperature (before melting) and spanning over a wide range of

temperature.
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Figure 3.18 Ex-situ XRD analysis shows that the various polymorphs of alumina
coexisted and transformed from one state to the other state at different temperature
ranges

According to Rosenband [7], the ignition was initiated by the melting of nAl. Due to the

melting, the volume of the core would increase by 6 %, which creates some pressure on
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the shell of the alumina, increasing the porosity (or producing some cracks in certain
local locations) of the shell that leads to the ignition. It is clearly shown that in our
experiments, the ignition happens before the melting temperature as recorded by the
TGA device. However it shall be cautious to interpret this temperature. The TGA
measures the pan’s temperature, which will have some difference to the real temperature
of the heated particle. It is possible that at the registered ignition temperature (i.e., 592
°C for 10 K/min), the temperature of the particle is higher than that of the melting
temperature. The active aluminum part might be in a molten stage contained by the solid
oxide layer. The transition to melting would still play a role for the observed ignition
event. Different to what was proposed by Rosenband [7] , this ignition does not lead to
a sustained burning event. On the other hand, the phase transformation should also be
considered.  As analysed earlier, the growth of amorphous alumina and its
transformation to gamma happened simultaneously. The density differences (i.e., y-
alumina has higher density than that of the amorphous alumina) would also cause the
discontinuities in the shell that increases the porosity of the shell. This in turn would
decrease the diffusion resistance of oxygen and accelerates the diffusion of oxygen
towards the core, which leads to the rapid oxidation i.e. ignition. During this phase
transition process, the particle is still in the solid phase and such a reaction could not
lead to a self-sustaining combustion. The reaction would lead to the formation of one of
the polymorphs with simultaneous transition into other phases, which subsequently
would seal the cracks / high porous shell produced during the first stage transition. Our
XRD result, Figure 3.18 which shows the co-existence of y, §, 6-alumina (after the
ignition temperature and before the registered melting temperature of the aluminum
core), also supports our hypothesis above. As the oxidation continues, less active mass

of aluminum becomes available for the ongoing reaction and less the discontinuities are
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left. This would increase the diffusion resistance of the oxygen and subsequently slows
down the reaction. After this reaction, the particles go through an endothermic process

i.e. melting, which starts at 647 °C, peaks at 659.5 °C and completes at 665 °C.

It still cannot be ascertain which mechanism is responsible for the early ignition
phenomenon at this stage. The lack of accurate particle temperature measurement is the
major reason. However the phase transition process, as analysed above, shall be
carefully considered. The likely reason for the early ignition would be a combination of
both particle melting and phase transition of the oxide layer, and the exact reason require

some further studies.

After the melting process the particles go through second step oxidation reaction with a
temperature span of 683-993 °C. This is wider as compared to that of the first reaction.
The sample gained 29.2 % of the weight and 4.9 kJ/g of the heat produced during the
reaction. Again to understand the phase transition process, separated experiments were
conducted where the oxidation tests were terminated at a number of characteristic
temperatures, i.e., 665, 925 and 1000 °C, and the sample were then analysed with the
XRD, Figure 3.18. It is found that there is no change in the polymorphs, which suggests
that the growth/transition of polymorphs is going on. After attaining the peak at 801 °C

the reaction is slowed until ~1000 °C.

The third exothermic reaction is observed at high temperature with span of reaction
(1010-1050 °C). Only 3 % of the weight changed, with 94 J/g of heat produced, is
observed during this reaction. XRD trace at 1050 °C shows that the peak of a-alumina

is also present, Figure 3.18. As the density of a-alumina (4.05 g/cc) is higher comparing
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to that of y, §, 6-alumina (3.58, 3.6, 3.65 g/cc), the shell once again contracts and breaks
the continuity and which consequently, increases the porosity of the shell. The reaction
completes at 1175 °C, evidenced by the horizontal line of the TGA curve. XRD at 1175
°C (after the whole thermal treatment process) shows that all the polymorphs have been
transferred to a-alumina. Traces of un-reacted aluminum are also seen in the sample.

All the DSC and TGA curves for heating rates between 8-30 K/min are shown in Figure

3.19 and Figure 3.20, respectively.
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Figure 3.19 All DSC trace of nAl particles at high heating rates (ignition)
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Figure 3.20 All TGA trace of nAl particles at high heating rates (ignition)

The XRD trace of the particles under these conditions are shown in Figure 3.21.
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Figure 3.21 XRD analyses of nAl after their heat treatment at the heating rates of 8-30
K/min ( ignition); shows the rise of the intensity peak of the Al metal with the heating
rate (solid dot = Al and hollow dot = a-Al203)
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3.1.5. Effect of Heating Rates

3.1.5.1. Ignition temperature and peak heat values

It is worth noting that, in the first oxidation step, the peak values of the heat flux changes
with the heating rate in a monotonous way, i.e., it increases from 31 mW at 2 K/min to

148 mW at 7 K/min, Figure 3.22.
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Figure 3.22 Peak heat flux values of three exothermic reactions show the sudden jump
during the first reaction when heating rate is increased to 8 K/min, peak heat values of
2" and 3" reactions increase monotonously, after a dip, just after the ignition criteria

was met.

However as the ignition reaction is observed, a sudden jump in its values is observed.
The heat release rate remains a similar value and is in the region of 800 mW for all

heating rates above 8 K/min. This suggests that the ignition event is similar under all
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these heating rates, and releases similar amount of heat. The peak heat flux values of the
2" and 3" exothermic reactions also change with the heating rate but the trend is
different to the 1% reaction shown in Figure 3.22. There is a decrease of the heat release
as the ignition happened. For instance, the peak heat value of the 2" exothermic reaction
at 2 K/min is 12.7 mW and increases to 45.9 mW at 7 K/min. The peak heat value
decreases to 19.52 mW when the ignition happens at 8 K/min, and then increases
monotonically, reaching 134 mW at 30 K/min.

The ignition temperature can be identified by both the TGA and DSC curve, i.e., defined
by Tigrea and Tignsc. These values are obtained by the 2" derivative of TGA and DSC
curves, respectively. The difference for the ignition temperature calculated by these two
methods is in the range of ~ 1 K and the average value, Tigavg IS used as the ignition
temperature. The ignition temperature clearly shows some dependence with the heating
rate. There is a general trend of the increase of ignition temperature with the increase of

heating rate, Figure 3.23.
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Figure 3.23 Average ignition temperature values increase with the heating rate
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For example, the ignition temperature is 585 °C at 9 K/min and increases to 609 °C at
30 K/min. Such an observation is different to the studies [90, 91], where it was reported
that the ignition temperature of aluminum nanoparticle was a constant value, around the
melting temperature of the core. However our study shows a good agreement with a
few other studies [95], which shows that the ignition temperature is not a material
property, but depends on the operational conditions. For instance, the ignition
temperature of Ni/Al pellet (4 um Al, 800 nm Ni) was found to be 550 °C at a heating
rate of 0.5 K/min and the value increase to 620 °C at a heating rate of 40 K/min [11].
Though not for the same reaction, such a comparison did suggest that the ignition can
occur well before the melting temperature of the aluminum. For ignition to occur at low
temperature and low heating rates, a few conditions need to be met, which may include
1) the thickening and subsequent breaking of amorphous alumina shell 2) sufficient
amount of reactive metals is available 3) the diffusion of oxidant gas through the
protective layer of alumina and 4) the amount of heat released is much higher than the

amount of heat removed through the sample pan.

For lower heating rates i.e. 2 K/min the nAl melt at 658.7 + 0.3 °C whereas in the case

of ignition, they melted at 659.9 + 0.6 °C, so heating rate has a little effect on the melting

temperature, Figure 3.24.
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Figure 3.24 The peak temperatures values for 2" and 3" reaction increases with
heating rate monotonously. The peak temperature values of melting remains same.

During the 1% reaction, there is a jump in its values when the ignition is observed.

3.1.5.2. Characteristics of Different Oxidation Stages

Here we will use the total weight change to characterize the three-stage oxidation
process, and reveal the influence of heating rate and the ignition. For the first stage
oxidation reaction, the mass changed is decreasing with the increase of heating rate,
Figure 3.25. For instance, an increase of 28 % of the sample weight is observed for 3
= 8 K/min and only 13.06 % mass increase is observed at 30 K/min. One possible
explanation to the trend of mass decrease can be given that the reaction is kinetically
controlled. With the increase of heating rate, the available time to the sample decreases
and consequently, less time is available for the sample to react with air, resulting lower

weight increase at higher heating rates.
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Figure 3.25 Relationship of weight changed with heating rates, during various
oxidation steps

It is noteworthy that the ignition reaction influences not only the mass changed during
the first reaction (Amy), but also the final mass of the products. It is evident from Figure
3.25 that during the whole oxidation process, when no ignition happened, similar weight
change is observed and the final weight increase (Ams) remains 65.7 + 0.6 %, which
indicates that the heating rate has a little effect. On the other hand, when ignition is
observed i.e. B > 8 K/min, the amount of final weight decreased with the heating rate.
For instance when 3 is 8K/min, an increase of 61.9% of the sample weight is observed
and only 48.21% mass increase is noticed at 30K/min. This trend of mass change can

also be evidenced by the XRD graphs as shown in Figure 3.16 and Figure 3.21.

The heating rate has little effect on the mass changed during the 2nd and the 3rd reaction.

For example when B is 2 K/min, 26.9% of the mass increased is seen and at 30 K/min
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when ignition is observed, similar mass changed (26.54%) is observed. Nearly 3 % of
mass is being increased during the 3™ reaction. it can be suggested that the mass changed
during this reaction is independent of the amount of active mass left, lower mass
changed is because of the crystallization of alumina that is slowing down the diffusion

process.

3.1.6. Nitridation of Nano Aluminum Particles

3.1.6.1. Simultaneous TGA/DSC trace

The simultaneous TGA/DSC trace is shown in Figure 3.26. The sample goes through
the glass transition at 350 °C after which it assumes the first non-baseline signal showing
the start of the first reaction. The onset temperature for this nitridation reaction is ~ 400
°C. The slope of the first exothermic reaction remains constant until the particles go

through melting. The chemical reaction can be represented as in Eq 3.4.

The endothermic peak showing the melting process starts at 643 °C attains maxima at
659 °C and ends at 666 °C. After melting of the nAl, the mobility of Al has increased.
The rate of the chemical reaction should also increase but interestingly, contrary to that
it is decreased. This decrease of the slop continues to 730 °C where the rate of reaction
increases once again and peaks at 780 °C. This shows the 2" exothermic reaction. The

slope of this reaction is steeper than that of the reaction before the melting.
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Figure 3.26 Simultaneous TGA/DSC trace in N2 at § =10 K/min

This can be understood in the following way that the AIN is a hard substance and makes
a strong passivation shell over the active aluminium core. The reaction is going on even
the particles are melting and the thickness of nitride shell is continuously increasing. Just
after the melting temperature, the shell has attained the thickness that hinders the
diffusion of nitrogen into the oxide which, consequently, slows down the rate of the
reaction. With the increase of temperature, the molten metal produces pressure that is
building inside the core. At 730 °C there develops a rupture in the shell, due to increase
of pressure. This initiates the second reaction at higher rates. Metallic molecules are no
more in the solid state but in the liquid form having a higher mobility that, in turn,
enhances the rate of the reaction. That is why the slope of this reaction is steeper than
the first step reaction. After attaining the peak at 780 °C the reaction slows down because

the ruptured shell is healed now. The TGA curve shows that the sample is gaining weight
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and the DSC curve is shifting downwards. The nitridation reaction completes at ~ 1100

°C where the TGA curve has become flat.

3.1.6.2. XRD analysis of the nAl heated in Nitrogen

The XRD trace of the particles after nitridation is given in Figure 3.27. It can be seen
that the particles contain y—, a—Al>Os along with AIN and Al. The presence of
v—, a—Al>O3 can be linked to the passivation layer of amorphous alumina. During the
thermal treatment the amorphous alumina has transformed into y— and a—Al203. AIN

is a hard substance that blankets the aluminum core; consequently, some unreacted Al

is left [59].
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Figure 3.27 XRD trace of nAl heated in the atmosphere of N2 showing the peaks of

v—Al203 and a—Al>O3 along with AIN and Al. The polymorphs of alumina are

transformed from the amorphous alumina passivating the nAl.
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3.1.6.3. Comparison of the air and N2 environments

No thermal runaway is observed in the nitridation case. Melting of the particles peaks at
~ 660 °C. It starts at 643.8 °C and 648 °C in the nitrogen and air, respectively. The peaks
of the exothermic reactions in both cases are also different. DSC peaks in air are much
higher than that in the nitrogen. The rate of the 2" exothermic process, after the melting
process, has an increasing trend in the air. Contrary to that, it is has a decreasing trend

in nitrogen until it is reached at 730 °C, Figure 3.28.
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Figure 3.28 Comparison of DSC curves of nAl particles in air and N2 environments
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Figure 3.29 Comparison of TGA curve of nAl in air and N2 environments at a heating
rate of 10 K/min

The weight gained by the sample in air is 58.7 % compared to 46.5 3% in nitrogen as

shown in Figure 3.29.
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Figure 3.30 Comparison of DSC curves shows that under the similar conditions of
heating rate and the flow of purge gases, nAl do not ignite and there is no third

exothermic reaction, in the atmosphere of No.

The particles go through ignition in air at 10 K/min but no such reaction is seen in the
nitrogen environment, Figure 3.30. This is because the aluminum has more affinity
towards oxygen as compared to nitrogen. Secondly, the AIN produced during the
nitridation is much harder than the alumina layer produced during the oxidation. This
alumina layer is also transforming from one polymorphic state to the other, making it
porous and enhancing the diffusion of oxygen. On the other hand, the diffusion of
nitrogen is slower. These factors lead towards the ignition reaction in air and a slow

reaction in nitrogen.
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Figure 3.31 A DTGA trace of nAl in N2 environment

It is found with DTGA analyses that the oxidation of nAl completes in three exothermic

reactions, whereas the nitridation completes in two steps as shown in Figure 3.31.

3.1.6.4. Comparison of heat released in air and nitrogen environments

The total heat produced can be estimated by integrating the area under the DSC curves,
with reference to the baseline. The amount of heat produced during the oxidation in the
air (15.42 kJ/g) is three times the heat produced during nitridation (5.52 kJ/g) in the
nitrogen. In both environments, the heating rate is kept constant at 10 K/min and all
other experimental parameters are also similar. The baseline is chosen where the flow

of heat has become steady which happened approximately at 50 °C, in both cases.
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Figure 3.32 Comparison of the total heat released in environments of the air (a) and N>

(b) under similar experimental conditions (f = 10 K/min)
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The enthalpy of formation (AsH°) of AIN is -7.758 kJ/g and of Al,O3 is -16.428 kJ/g.

The amount of specific heat produced in the air is more than that in the nitrogen. Under
the environment of air, the sample undergoes ignition which produces more heat as
shown in above Figure 3.32(a). On the other hand, no ignition is observed in case of
nitrogen which, in turn, produced less heat. Secondly, the melting caused the rupture in
the alumina and consequently, more aluminum is reacting with the oxygen in air hence
more heat is being released. On the other hand, no such increase of the reaction rate is

seen in nitrogen environment, due to which, less amount of heat released is observed.

3.2. Formation of hollow structures

A lot of attention has been paid to enhance the practical usefulness of nano aluminium
particles in various applications [107, 108]. Much research has been devoted to the
phenomenological understanding of the oxidation process of nAl, being the key element
for the realisation of whole energy production scheme. It is well known that the
oxidation process of nAl is not a single step but a multiple step process. The rate of
reaction of each intervening oxidation step depends upon various factors such as the
physical state of the nAl i.e. the solid or liquid (molten) form. Secondly, the polymorphic
phases of the alumina produced during the reaction [33, 35, 59]. The information of
morphological evolution such as the change of shape, size, density, crystallanity and the
shell thickness during each oxidation step is of the paramount importance for
understanding the oxidation mechanism. Recently, it is discovered that the oxides of
various materials such as polymers, inorganic, carbon, non-metallic and oxides of
metallic nanoparticles including, Ti, Cu, Zn, Fe, Co, and Al form hollow structures after

their oxidation [34, 109-112].
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The main studies of the hollowing behaviours of NPs are related to the size of the
particles and void, the reaction regimes and the role of surface diffusion of the species
[113-115]. For example, Rai et al. [34] studied oxidation of nAl having a mobility size
of 100 nm and found that the particles after their oxidation were hollow. In their research,
the particles were oxidized from 500 °C to 800 °C in a furnace. It was found that the
density of particles increased from 2.7 g/cc to 3.85 g/cc. Under these conditions the
particles were in the solid state. When the temperature of the furnace was increased to
1100 °C, the density decreased, which suggested that the particles formed voids in the
centre. Ma et al. [109] synthesized hollow AIN nanospheres with diameters ranging from
20 nm to 200 nm with a shell thickness of ~10 nm. They observed that the formation of
hollow nanosphere started at temperature of 800 °C. At this temperature, the particles
were a mixture of hollow nanospheres and partially or un-altered Al particles. These
particles were turned into complete hollow structures at 1200 °C. Brandstadt et al. [116]
studied the oxidation process of nano aluminium particles with diameters of 38 nm and
45 nm using simultaneous thermal analysis (STA) in an atmosphere of CO; at a heating
rate of 5 K/min. The diameter of the particles was increased when the temperature of the
furnace was increased from 500 °C to 800 °C but particles remained solid. The particles
developed a hollow structure at temperature of 1000 °C. They theorised, as the diffusion
distance of these particles was small, Al atoms moved towards the outer side of the
particle that developed an empty hole in the central region of the particles. In these
studies, the nanoscale Kirkendall effect was used to explain the formation of the hollow
spheres. The void formation was started near the metal/oxide interface due to the
creation and aggregation of the vacancies by the differences of diffusion rate of ions
moving to and from the centre of the particles. Nakamura et al. [110] investigated the

formation mechanism of nanoholes of Al (6-8 nm) at temperature ranging from 22 to
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150 °C. They argued that because the diffusivity depended upon the temperature and at
such a low temperature the difference of diffusivities of oxygen and aluminium was not
sufficient to create a vacancy in the centre. They explained the formation of nanospheres

of aluminium oxide with the help of Carbera and Mott theory.

It is clear that the mechanism and kinetics of formation of void in nanosized particle are
not well understood. The barriers lie in the difficulty of manipulating sample particles
at the nanoscale and the insufficient characterisation of the morphology and intermediate
products. To understand the formation mechanism, this section aims to provide a

detailed investigation of the void formation in nAl during the oxidation.

3.2.1. Morphology of nAl after oxidation

In the previous section it was shown that the oxidation of nAl completes in three
exothermic steps. These steps are distinct from one another. The energy produced and
mass changed during each step depend upon the rate of the reaction, which is related to
the state of the nAl, i.e., whether they are in the solid or in the liquid (molten) state, as
well as the polymorphic phases of alumina shell. In this it is observed that there are two
modes in which the oxidation proceeds. In the first mode, the particles complete
oxidation in the thermobalance without being ignited. This occurs when the heating rate
is relatively low, i.e., 2 to 7 K/min. In the second mode, the particles go through ignition
reaction. This reaction happens when the heating rate becomes equal to or higher than 8
K/min. In this case, the particles are ignited in the furnace before reaching the theoretical
melting temperature (660 °C) of aluminium. The morphology of the particles after

oxidation under both conditions are described in Figure 3.33(a, b, c, d)
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Figure 3.33 SEM micrographs showing morphology of the particles (after oxidation)
a) at x50 k, at heating rate of 2 K/min (no ignition), showing that the particles are
spherical in shape; b, d) at x50 k, at heating rate of 10 K/min and 30 K/min, respectively;
c) at x10 k at heating rate of 20 K/min (ignition), showing particles are losing their shape

and inter-particle and inter-agglomerate sintering can be observed.

It can be observed from Figure 3.33(a) (no ignition), the particles are losing their
sphericity but the major structure of the product is spherical-shaped. The particles are
separated by considerable distances. Partial inter-particle sintering can also be observed.
On the other hand, Figure 3.33(b, c, d) shows the morphology of the particles after they
are ignited (B = 10, 20 and 30 K/min). The particles are heavily agglomerated. The level
of agglomeration among the particles and agglomerates is higher as compared to that
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when no ignition happened. Big aggregates having micrometric sizes can be seen as
well. The particles are closely packed and the distance among them is reduced. This hard
agglomeration is due to the strong chemical forces produced by the chemical bonds
between the particles. This can be explained by the ignition process that occurred during
the oxidation process. Due to ignition the particles go through fast oxidation. As a result
the thickness of alumina layer produced during this quick reaction is also small. The
particles are melted, subsequently at 660 °C, and increased the volume of the core. Due
to the smaller thickness of the shell, it is easy for the molten metal to rupture it. The
molten aluminium would be poured out of the particles and be oxidised in the vicinity
of the neighbour molecules. This accelerated the inter-particle sintering and

consequently hard agglomeration is developed.

3.2.2. The evolution of voids

With the help of TEM, it is found that the particles develop a void in their central region.
From Figure 3.36 it is clear that the particles have a lighter contrast in the central regions
and a dark in the outer shell areas. This suggests that the thickness of the central regions
is smaller than that of the outer regions, i.e., the formation of hollow nanostructures after
the oxidation. To confirm that the difference in the contrast is due to the void developed
inside the particles, the position of the sample holder was tilted by 15° shown in Figure
3.36(b). It was observed that the outer shell consistently exhibited a higher contrast than
that of the inner core. The relative amount of aluminium and oxygen on the various
regions of the particle was found with the help of EDS. Three regions, namely, the outer
edge, inner edge and the centre of the particle were selected. The aluminium and

oxidation concentration profiles are summarised in Table 3.4.
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Table 3.4 EDS spot analysis at three regions on the particles (f = 20K/min)

Elements
Regions
@) Al Total
% % %
Edge 58.6 41.4 100.00
Inner Edge 57.0 43.0 100.00
Centre 66.4 33.6 100.00

It is evident from Table 3.4 that the regions nearer to the edge (oxide/metal interface)
have more aluminium than that in the central region. This tendency of decreasing Al
amount towards the centre also indicates that the particles are hollow [117]. TGA and
XRD confirm that a very small amount of active aluminium is left in the particles. The
lighter contrasted region can be due to the un-reacted aluminium but the ratio of void
size to the size of particle is large. This means, the lighter contrasted central region is
not due to the un-reacted aluminium but is a void developed during the oxidation

process. The outer peripheral regions have darker contrast due to the higher densities.
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3.2.3. Effect of temperature

100 nm

Figure 3.34 TEM image at the heating rate of 5 K/min at a terminal temperature of 600

°C (after first oxidation step and before the melting of nAl: all particles are solids)

It can be observed from Figure 3.34 (particles oxidised to 600 °C) that the particles have
not yet developed a hollow structure as no visible indication for cavity formation is
found. This means that after the first oxidation step, which occurred before the melting
of the particles, they retained their sphericity without developing into hollow structures.
The particles are sintered into chain-like necking structures made by the diffusion of

atoms in the surface boundary areas of the adjacent particles.
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200 nm

Figure 3.35 TEM image at the heating rate of 5 K/min at a terminal temperature of 700
°C (after the melting of nAl and the beginning of the 2" oxidation step: a mixture of

solid and hollow particles)

Figure 3.35 shows the TEM image of particles at 700 °C, i.e., the beginning of the 2"
oxidation step when all Al has been melted. At this temperature the oxidation is still
incomplete. The particles have developed partial voids of small sizes in their central
regions. The TEM image shows that the particles are the combination of solid as well as
hollow particles. For statistics purpose, one hundred and twenty particles are examined
and out of which thirty particles have developed the hollow structure, at this temperature

conditions.
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Figure 3.36 TEM image at the heating rate of 5 K/min at a terminal temperature of

800°C (after melting, end of 2" oxidation step); a) without tilt; (b) with sample holder
tilted at 15°.
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Figure 3.36 represents the particles oxidized to 800 °C, i.e., near the end of the second
oxidation step. It can be easily discerned from the Figure 3.36 that the particles have
developed the voids in their central regions. Almost all the particles have the hollow
structure. The sizes of the voids are bigger than those developed by the particles at 700
°C. It can be concluded that the hollow structure development process is completed by
this temperature. As discussed earlier, to confirm the central bright contrast is due to
the void inside the particle the sample holder was tilted by 15°. The particles still have
the lighter contrast in the central region and a darker near the boundaries, suggesting the

particles are hollow [117].
TEM analyses shows that after developing the void in the central region, the mean
particles diameter has been increased. TEM analyses of particles at various temperature

conditions are summarised in Table 3.5.

Table 3.5 Showing increase in the mean diameter of particles after developing voids.

T N Omean c Amin Omax
°C Count nm nm nm nm
25 280 106 41.6 35 356
600 84 115 47.7 33 329
700 120 112 53.1 12 318
800 89 148 44.8 70 384

Note:

d is the diameter of the nAl

dmin, Omax, dmean, are the minimum, maximum and mean observed diameter of the particles
o is the standard deviation

T is the temperature conditions

N is the total number of particles examined
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The mean diameter of the nAl before oxidation was 106 nm. After the oxidation of the
particles at 600 °C and 700 °C its values changed to 115 and 112 nm. These values are
nearly the same as that of the particles before the start of the oxidation. It is interesting
to note that its mean value increased to 148 nm after the generation of the void. The
diameter of the hollow cavities ranges from 31 to 269 nm with a standard deviation of

37 nm. The average value of the shell thickness is estimated ~32 nm.

The relationship of the shell thickness and the diameter of the voids are shown in Figure
3.37(a). Both values increase with the increase of the particle diameter. Cavity diameter
distribution is also shown in Figure 3.37(b). The histogram shows that the length of the

voids developed by most of the particles range from 50 to 100 nm.
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Figure 3.37 a) shows the relationship of shell thick and diameter of the void; b) void

diameter distribution of nAl (8 =5 K/min, T=800 °C)
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3.2.4. Effect of heating rate

The effect of the heating rate on the morphology of the particle is also studied. Two
examples are shown here. The first is for higher heating rate (B >7 K/min) that the
particles go through the ignition in the thermobalance and the second is under low

heating rates (3 < 7 K). Both are explained below.

0.5 pm b

Figure 3.38 TEM image at heating of 2 K/min showing the particles are hollow and

spherical shaped (no ignition).

Figure 3.38 shows TEM image of the particles at the heating rate of 2 K/min. It is
evident that the particles are spherical and have a hollow structure. The particles are
totally oxidized. The SAED pattern shows three peaks (104), (113) and (012) of alumina

(PDF card No. 10-0173) (in the inset) as well.
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The morphology of the particles heated at 8 K/min and 20 K/min is shown Figure 3.39.
It is clear from TEM images that the particles have lost their spherical shapes and have
agglomerated. The particles have transformed into elliptical shapes and the voids have
also been elongated. The particles are pressed upon each other and joined with each

other.

It can be discerned from Table 3.6 that the mean diameter of the particles heated at 2
and 5 K/min are similar (no ignition). The value has increased from 149 nm to 173.6 nm
when the particles are ignited. The diameter of the void has also increased from 83.1 to

106.7 nm. The values of shell thickness are similar with one another in all cases.

Table 3.6 Showing increase in the mean diameter of particles with increase of heating

rate
B N dmean dhmean Stmean
K/min Count nm nm nm
2 150 149.2 83.1 33.1
5 89 147.6 83.1 32.2
8 78 173.6 106.7 33.4

Note.

dhmean is Mmean diameter of the cavity

Stmean IS the mean shell thickness

(at B =5 K/min , the mean diameter of particle at 800 °C is taken (not at 1175 °C) as the
hollow structures are stable once they are developed [117]).

The relationship of cavity diameter and shell thickness with the diameter of the particles

for both conditions is shown in Figure 3.40(a, b).
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Figure 3.39 a) TEM image of nAl treat at heat rate of 8 K/min shows the joining of
individual particles; b) TEM image of nAl treat at heat rate of 20 K/min shows an

individual particle joined with the other particles (ignition).
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3.2.5. Mechanism of formation of the voids

It is observed that the cavity formation started after the melting process and completed
~ 800 °C. The formation of void inside the particles can be explained in the way as
shown in Figure 3.41 and Figure 3.42. At the start of oxidation, the nAl had a core-
shell structure, Figure 3.41(a). Amorphous alumina is covering the metallic aluminium
core. The first oxidation step starts at 500 °C, peaks at 570 °C and completes at 630 °C.
With the start of the oxidation, the layer of amorphous alumina changes to y-alumina.
Due to the polymorphic phase transformation, the y-alumina layer becomes dense and
shrinks which, subsequently, has become porous. The core aluminium is exposed to the
oxygen. This is the start of the first oxidation step. Due to oxidation the thickness of the

alumina layer has increased and the core aluminium has shrunk as it is consumed,

Figure 3.41(b).
unbalance counter Growth/completion
diffusion of Al/O of nanohole
core-shell NAPs Alumina growth melting of aluminium
600 °C 660 °C _700°C _s8oo’c °’c
—_— —_—
(A
Alumina
(a) (b) (C) expansion of core (d)

Figure 3.41 Schematic diagram of the evolution of the hollow alumina during the
oxidation of nAl; a) core-shell structure of nAl before oxidation where amorphous
alumina is coating active aluminium; b) after first oxidation step the particles oxidised
to 600 °C where core shrank and alumina layer stretched; c) at 660 °C where aluminium
core melted; d) the solid alumina layer became barrier for the molten aluminium to react
with air and subsequently molten aluminium reacted with oxygen via nanoscale
Kirkendall diffusion process (700 °C) ; e) growth of alumina layer and formation of

hollow alumina particles (800 °C).
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Figure 3.42 TGA/DSC curve of nAl at 5 K/min showing the development of the void

with the change of temperature

To understand the morphology after the first oxidation step, the particles are heated to
600 °C. It can be observed from Figure 3.34 that the particles are still solid. The average
diameter of the particles has increased from 106 to 115 nm. This increase of diameter is
due to the addition of alumina produced during the first oxidation step. The rate of
oxidation has decreased because the shell of alumina has become a barrier between the
active aluminium and oxygen, also indicated by TGA/DSC curves, Figure 3.42. At 660
°C, the remaining active aluminium has melted that has increased the volume of the core.
This pushed the alumina shell, which produced cracks in the layer. This is the start of
the second oxidation step. The cracks of alumina are plugged with further oxidation of
0ozing molten aluminium that renders it into a solid structure. Now the less porous layer

of alumina became barrier between the air and the active aluminium and the ongoing
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oxidation is happening due to the nanoscale Kirkendall effect [117-119]. The aluminium
species diffused outward to react with the oxygen and increase the thickness of the shell.
The diffusion rate of Al atoms towards the shell is much higher than that of the oxygen
species towards the core [120]. This is because the size of oxide anions is much bigger
than the size of the metallic cations. The metallic cations are consumed fast while
traversing through the metal/oxide interface. Due to the differences of the diffusivities
there develops a net outward flux of the cations. To balance this, an inward vacancy flux
in created. The gradual evacuation of aluminium from the core gives rise to a void in the
central region. Similarly, Yin et al. [121] and Ma et al. explained the formation of
nanoscale hollow cobalt sulphide and nanoscale hollow aluminium nitride with the same
mechanism. TEM image of the product at 700 °C (Figure 3.35) shows that the particles
are the combination of hollow and solid structures. At this stage, the particles are going
through the second oxidation process which peaks at 783 °C. The average diameter of
the particles at 700 °C is similar to that at 600 °C as shown in Table 3.5. Due to small
diffusion distances the outwards diffusion of molten aluminium caused the formation of
the voids. At this temperature, TEM image (Figure 3.35) shows that the particles have
developed partial holes. This process of making the hollow structure completes at 800
°C as shown in Figure 3.36. At this temperature conditions, the average diameter of the
particles has increased to 148 nm from 112 nm. The mean cavity diameter is ~83 nm

and the mean shell thickness is ~32 nm.

It is also observed that the heating rate also affects the shapes of the cavity and of the
shell. The particles are oxidised at high heating rate, i.e., B = 8 K/min at which the
ignition is observed. Large portion of nanoparticles have changed to irregular

morphologies having empty spaces in their central regions. The average diameter of the
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nano cavities has become 173.6 nm. This is higher than that (149.2 nm) of the particles

heated at 2 K/min where no ignition is seen.

Most of the particles are ellipsoids. The relationship of the cavity diameter, shell
thickness and the particle diameter of the both cases is shown in Figure 3.40(a, b). The
morphology of the particle is very sensitive to the motion of the molten aluminium
during the oxidation process. At higher hearing rate, the after melting process, the
pouring aluminium exerted more pressure on the shell distorting it into an ellipsoid
shape. The cavity elongated without causing much changes in the thickness of the shell.
The mobility of aluminium is increased and it poured out of the particles and oxidised
in the vicinity of other particles. This increased the magnitude of the agglomeration as

well.
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3.3. Thermal-Chemical Characteristics of Al-Cu Nano-Alloys

Metal based energetic materials (EMs) have been used in many applications including
thermites, explosives and pyrotechnics [2, 3]. Aluminum is a favourite choice for such
applications because of high reaction enthalpy, high energy density, abundance, low
cost, nontoxic nature, developed procurement market, and the technological maturity for
the manufacturing [10-12, 54]. Monometallic EMs have high theoretical energy
densities yet difficult to achieve in practice due to the limitations of long ignition delays,
low reaction rates and incomplete burning [19]. To have more controllability over the
material properties, aluminum is usually alloyed by mixing with several other elements.
Due to the synergistic effects of the constituent alloying materials, the physiochemical
properties of the alloys can be improved by chemical reordering and spatial
redistribution of the atoms [24]. In addition, the alloying increases the surface area of
the particles that will increase the rate of reaction and improve the reaction mechanism
[9, 25, 26], which in turn improves the rate of heat release and the performance of

propellants and thermites [27].

Many studies have been conducted in the last a few decades to investigate the thermo-
mechanical and chemical activities of aluminum based alloys. For instance Shoshin et
al. investigated the ignition and combustion characteristics of aluminum rich Al-Ti and
Mg alloys having micrometric dimensions (10-14 um) [28, 122, 123]. It was found that
the flame speed of the alloy aerosol was higher than those produced by Al, Ti and Mg
aerosols individually, and the ignition temperature of the alloy was decreased with the
increase of concentration of Ti and Mg. Wang et al. [21] showed that with the increase
of Mg concentration, the brittleness of the MgAl alloy (0.75 um-6.64 pum) increased,

and the particles were ignited at ~ 620 °C, even lower than the theoretical melting
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temperature (660 °C) of aluminum. The amount of heat produced and weight increased

during the process had a direct linkage with the composition of the alloy.

For alloys made from micro-sized particles, the main tool to modify the alloy property
IS to vary their constitutional compositions, which have their own limitations. It has
been well known in the physics domain that as the particle size reduces to the nanoscale,
it will exhibit a unique size-dependent property phenomenon due to the increase of
specific surface areas. Consequently for any alloys, their physiochemical properties will
not only depend on the constitutional compositions, but also the particle size. These
properties can be consequently tuned and engineered according to the specific
requirements by varying the elemental compositions, internal structures, particle size
distributions as well as the sizes of the particles [124-126]. However the investigation
of nano-alloys (NA) is still very limited. For instance, investigated by the TGA/ DSC
method, Singh et al. [127] observed a reduction in the ignition delay for bimetallic
nanoalloys of Ni mixed with Cu, Co and Zn. Some studies have shown that nano
aluminum (nAl) in combination with copper possessed some excellent properties and
can be widely used for various applications including resistance welding electrodes,
electrical connectors, lead frames and the metastable intermolecular composites (MICs)
[81, 128-130]. At the bulk scale, the thermodynamic and kinetic stability and the
coexistence of different phases such as CuO, Cu20, CuAl.O4 and CuAIO; during the
oxidation of Al-Cu system have been reported [131-133]. However there is still no
detailed study of the thermal-chemical kinetics of nano alloy (NA) of copper and
aluminum (nAICu). Their properties in relation to the bulk behaviour and the individual

compositional element are still unclear. In this section, the oxidation and ignition
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behaviour of nAICu in the atmosphere of air will be investigated with the help of thermo-

gravimetric analysis (TGA) and differential scanning calorimetery (DSC).
3.3.1. Particle size, morphology, and phase composition

The morphology of the nano alloy (NA) is evaluated with SEM and is shown in Figure
3.43. It can be observed that the particles are agglomerated and are spherical in shape.
These particles are uniformly distributed with considerable distances among them. The
agglomeration is soft as the particles are coagulated by the low intensity physical forces

such as Van der Waals forces, surface tension and electrostatic forces [134].

Figure 3.43 SEM image of the particles of nAICu Alloy (before oxidation)

Figure 3.44 shows that the particle size distribution is monomodal having a
polydispersity index of 0.33. The peak diameter is 211 nm with a z-average diameter,

i.e., the cumulate mean of 343 nm and a width of 95.8 nm. The peak diameter is bigger
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than that observed with TEM because the DLS measures the hydrodynamic diameter,

which is the apparent size of the hydrated molecules.
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Figure 3.44 Particle size distribution (PSD) of nAICu Alloy

The chemical composition of the particles before and after the thermal treatment is found
with EDS. It is found that the sample (before oxidation) contains Al, Cu and O as its
major constitutional elements, Figure 3.45 (a). No peaks of any other element are seen
which suggests that the sample is free of any contaminations. The same analysis is also
done on the end products of oxidation. Various points were selected on the micrograph.
It is found that the amount of O, Al and Cu are not uniformly distributed. For instance,
at point s1 the amount of Cu is 47.22 % whereas it value at s2 is only 3.85 %, Figure
3.45 (b). This suggests that a variety of the compounds are present in the sample which
is later confirmed by the X-ray diffraction analyses. EDS of both cases are given in the

Figure 3.45 (a-d) and their weight percentages are summarised in Table 3.7.
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Figure 3.45 (a) and (b) show the micrographs of the particle before and after oxidation
whereas (c) and (d) show the corresponding spectrum representing peak intensities of

the elements.

Table 3.7 EDS analysis of nAICu before and after the oxidation

State of the sample Points @) Al Cu Total
Weight % Weight%  Weight % Weight %
Before Oxidation 1 5.95 56.14 37.91 100
1 29.89 22.89 47.22 100.00
After Oxidation
2 44.00 52.15 3.85 100.00

The sample contains oxygen which is in the oxide form and is passivating the particles,
as revealed with TEM. It is found that the thickness of oxide passivation layer is ~ 3-4

nm, Figure 3.46.
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Figure 3.46 TEM image of the NA showing passivation layer (inset enlarged view

showing crystalline structure)

With the help of powder X-ray diffraction (XRD), the crystalline structure of the sample
is revealed (Figure 3.47). The analysis shows that the sample contains pure Al (JCPDS
card no. 04-0787), and intermetallic compounds CuAl, (JCPDS card no. 25-0012) and
CugAls (JCPDS card no. 24-0003). On the diffractogram of the sample, no peaks of
oxide are detected, which means that the passivating oxide layer is in the amorphous

phase. No peaks of copper are identified.
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Figure 3.47 XRD trace of NA before thermal heat treatment

After the thermal treatment of the particles at various heating rates, the shape profile is
assessed with SEM, Figure 3.48(a-f), and following observations can be found 1) the
particles have lost their spherical shape in their entirety and are morphed into flakes,
crystals, spongy and needle like structures, 2) the particles are sintered and inter particles
and inter aggregates agglomeration are appearing. The agglomeration is hard due to the
chemical bonds of high strength among them, 3) the most striking aspect of SEM images
is the variety of the particle sizes, e.g., some particles are very small while others are
much bigger than the sample’s original size, and 4) big round globular and wedge shaped
aggregates of the order of several micrometres are also observed. These are made with

the assemblages of small crystals and needle-like particles.
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Figure 3.48 SEM images of nAlCu after oxidation at various heating rates conditions.

3.3.2. Thermal analysis and reaction kinetics

Thermal characteristics such as thermal reactivity, ignition temperature, peak

temperatures of various physiochemical reactions of nAlCu are evaluated by TGA/DSC.
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The particles are heated in the thermobalance from room temperature to 1200 °C under
various heating rates (2-30 K/min) in the atmosphere of air. During the experimentation,
the amount of heat flow and mass change are recorded simultaneously. It is observed
that the heat flow patterns of the particles changed significantly with the heating rates.
The experiments fall into two distinct types: low heating rate (f = 2-7 K/min) and high
heat rate (B >7 K/min). For the low heating rate, the oxidation process completes without
any sudden change of heat or mass. For the high heating rate, there is a sudden increase
of mass and heat flow, indication of an early ignition. Both oxidation types have some

distinctive features and are explained separately.
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Figure 3.49 Example TGA/DSC curve of nAlICu at 7 K/min (no ignition)

Figure 3.49 shows simultaneous TGA/DSC traces at the heating rate of 7 K/min. It can
be observed that the mass of the sample gradually decrease to point ‘a’ (450 °C). This
can be ascribed to the desorption of the adsorbed moisture and CO- in the sample [102].

The first exothermic process starts at 525 °C, peaks at 547.8 °C and ends at 590 °C.
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During the reaction, an increase of 18.1% of the mass and 2.3kJ of energy produced is

observed. The endothermic peak is seen at 591°C, which is due to the peritectic reaction

[135], as shown in the phase diagram of AICu binary system in Figure 3.50.
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Figure 3.50 Phase diagram of Al-Cu alloy binary system [136]

The second exothermic process peaks at 755 °C, after which the rate of the reaction

decreases and the sample goes through an endothermic process till the experiment ends

at 1200 °C. During this reaction, the weight of sample increases linearly and the TGA

trace becomes a straight line near 1000 °C. An increase of 30.8 % of the weight is seen

during this reaction. At temperature ~ 1150 °C, the weight of the sample begins to

decrease (~ 4 %) till it reaches 1200 °C. Similar oxidation scenario is observed for

heating rates of 2-7 K/min, as shown in Figure 3.51.
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Figure 3.51. TGA/DSC of nAlICu at heating rates of 2-7 K/min (inset showing eutectic

and peritectic reactions)

In the second example when the heating rate is 10 K/min, the particles go through an
exothermic reaction which is characterized with a rapid rate of heat released and a sharp
weight increased. This occurs during the first exothermic reaction when the amount of
heat produced by the particles becomes more than the amount absorbed by the purge
gases. The temperature of the particles becomes higher than that of the furnace. The
temperature gradient (dT/dt) during the experiment remained constant but for a very
short interval of time, it becomes higher than its set value. This run away of temperature

is regarded as the ignition reaction [33, 90].

The simultaneous TGA/DSC curve at 10 K/min is taken as an example to demonstrate
its characterization, Figure 3.52 , and all the TGA/DSC curves for heating rates of 10—
30 K/min are shown in Figure 3.53.
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Figure 3.53 TGA/DSC of nAlCu at heating rates of 10-30 K/min (inset showing eutectic

melting reaction before the ignition)
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From the TGA/DSC profile, it can be observed that the onset temperature for the first
exothermic reaction is 500 °C and it completes at 560 °C. To investigate the early ignition
reaction and the intervening chemical reactions, a separate experiment is performed. The
particles are heated to 570 °C in the TGA under the same conditions. The products of
oxidation were then preserved and analysed with XRD ex-situ, shown in Figure 3.54.
The peaks of -alumina (JCPDS card no. 04-0877) appeared on the radiograph at 26 =

37.3°%and 45.9°.
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Figure 3.54 XRD analyses of nAICu at various temperature conditions at10 K/min
(® Al, B CuAly, O AlxO3z, XI CuO, ++CuAlO,, LCuAl;O4, [Al CusAls, 0 6-Al203, 385-
Al203, +Cu0)

The chemical reaction in the temperature span of 500 °C ~ 600 °C can be identified as

4Al + 302> §-2A1203 (3.6)
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During this reaction, 19.5 % of the mass increased and 4.4 kJ/g of heat produced is
observed. Like pure metals, some mixtures of elements in alloys are liquefied (or
solidified) at a single invariant temperature called the eutectic temperature [137]. The
eutectic temperature for the Al-Cu alloy in its bulk state is 548.2 °C. Nearly the same
value for the nano alloy is found from the current experiment, 545.6 °C + 1.4 °C, Figure

3.50.

From the DSC curve shown in Figure 3.53 (e.g. B = 15 K/min), it can be seen that
immediately after the eutectic melting reaction, the particles go through a rapid
exothermic reaction. Supported by some preliminary analysis, the melting of the
particles is believed to play a major role for the early ignition of the material [138]. For
pure nanoparticles such as nAl, it has been suggested that the early ignition could be
associated with the melting of nAl [7]. Due to the melting, the volume of the core would
increase and creates some pressure on the alumina shell, increasing the porosity (or
producing some cracks in certain local locations) of the shell that leads to the ignition.
From the DSC/TGA data, it appears plausible that similar scenario may happen for the

nano Al-Cu alloy.

The second peak on DSC trace starts at 625 °C and reached the maxima at 760 °C after
which the rate of energy released decreased constantly. The span of this reaction is wider
as compared to the first reaction. During this reaction the weight of the sample is
increased by ~31.8 % until 1040 °C where the TGA trace becomes flat. To characterize
this peak and the associated reactions, the particles were oxidized from room
temperature to 900 °C and 1100 °C, and XRD measurements were arranged to examine

the oxidation products. The spectrograph of the particles heated to 1100 °C is similar to
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that obtained at 900 °C. From the XRD data analyses of the products at 900 °C, the peaks
of copper oxide CuO (JCPDS card no. 48-1548) and 6-Al,03 (JCPDS card no. 11-0517)
are identified. Various minor phase peaks of complex aluminum oxide such as Copper
Aluminate spinel CuAl;O4 (JCPDS card no. 01-1153) produced by the chemical
reactions between copper oxide and -, 6-alumina are also found [139-141]. The likely

reaction paths in the temperature range of 600 ~ 1100 °C can be proposed as

8-Al203 > 0-Al203 (3.7)
CuAlz + 202> Al203 + CuO (3.8)
Al203+ CuO-> CuAl204 (weak peaks) (3.9

The formation of complex aluminum copper oxide at atmospheric pressure conditions,
i.e., po2 = 0.21 atm, and the relationship of CuO-Al.Oz system can be understood by the
phase diagram reported by Gadalla and White [131], which was further refined by Jacob
and Alcock [132]. In the Cu-Al system, the peaks of CuAlO; are common at
temperature above 1000 °C, and its formation has been reported to near 615 °C by Jacob
and Alcock [132] based on the electrochemical methods. The diffusion of metallic ions
at 900 °C is slow hence its formation is not favourable, which explains the weak peak
observed in our experiment (Eqg. 3.9). Such an observation is consistent with the
observations of Gadalla and White [131] who found the formation of CuAl>O4 by the

thermo-gravimetric method at a temperature in the range of 1000 °C.

126



When the temperature of the sample reached above 1150 °C, the weight of the particle
was decreased by ~ 4 %. To investigate such a process, XRD analysis of the particles
oxidized at 1200 °C was studied. Various phases of complex aluminum oxides are
identified in the products of the oxidation reaction. These oxides are produced by the
chemical reactions between CuO and alumina. The radiograph shows the peaks of a
variety of the products, which includes Al, CuAlz, CuO, CuAl20s, a-Al203 (JCPDS card
no. 46-1212) and Cu2O (JCPDS card no. 35-1091). The peaks of multi oxide form of
Cuprous Aluminate Delafossite CuAIO, (JCPDS card no. 35-1401) are also observed.

Hence the complicated ongoing reactions at over 1100°C can be proposed as,

0-Al203 2 a-Al203 (3.10)
Al203 +CuO = CuAl204 (3.11)
2CuAl2042>2CuAlO2 + Al203 + 0.502 (liberated) (3.12)
Or

4CuO - 2Cu20 + Oz (liberated) (3.13)
Cu20 + Al203 >2CuAlO2 (3.14)
And

4CuAlO2+ O2-> 2CuO + 2CuAl204 (3.15)
4CUuAlO2 +2A1203+02 <> 4CuAl204 (3.16)

According to the temperature-pressure phase fields boundaries of CuO-CuAlO;-

CuAl204 system [133], CuAlO; is thermodynamically stable only above 950 °C in air.
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Below this temperature it transforms to CuAl.O4 following the pathway of Eq. 3.15. In
the rich mixture of alumina, the Cuprous Aluminate Delafossite CUAIO> is metastable
in air between 1050 °C and 1170 °C and changes to Copper Aluminate spinel CuAl204
following a reversible reaction (Eq. 3.16) [141, 142]. The formation of CuAlO: is
thermodynamically feasible only at a temperature of 1175 °C [131, 132]. The decrease
of the weight above 1175 °C can be attributed to the oxygen produced during the

reduction of CuO to Cu.0 as in the reaction (Eq. 3.12) or (EqQ. 3.13).
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Figure 3.55 XRD analyses of nAICu at various conditions of heating rates ( ® Al, &
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The peaks of a-alumina have gain strength due to the crystallographic transformation of
theta-alumina at high temperature. Overlapping peaks of Cu.O (JCPDS card no. 35-
1091) with alumina and delafossite are also seen at 1200 °C. Throughout the sequence

of thermal treatment the intensities of the peaks of CuAlz and Al are decreased with the
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temperature. No elemental Cu peaks are observed. The XRD analyses of the powder
under various heating rates are shown in Figure 3.55. It can be seen that the strength of
Al peak is increasing with the heating rate which suggests that the amount of unreacted

Al is increasing with it.

3.4. Experimental Study of Thermal Oxidation of Nano-alloy

(NA) of Aluminium and Zinc (nAlZn)

Metallic particles such as aluminium and zinc have important applications in many
industries, and alloying is usually used at the bulk scale to improve the performance.
Due to the synergistic effects of the constituent alloying materials, the physiochemical
properties of the alloys can be improved by chemical reordering and spatial
redistribution of the atoms [24]. In addition, the alloying increases the surface area of
the particles that will increase the rate of reaction [9, 25]. AlZn alloys have been found
good application in thermal spraying, soldering, and anti-corrosive agency [143, 144].
Many of these applications involve heating and oxidation reaction, which requires to be

carefully controlled either to inhibit or to accelerate the process.

The oxidation mechanism of bulk metals has been well understood, which is diffusion-
controlled where the growth rate of oxide film depends upon the diffusion coefficients
of the reacting species [30, 145]. At the nanoscale, as the particle size is smaller or
comparable to the mean free path of air, deviations from the conventional laws are
expected. For instance, the oxidation process may change from the diffusion-controlled
to the kinetically-controlled mode [32]. At the nanoscale, it also becomes possible to

engineer different properties by controlling the particle structure and morphologies to
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suit different applications. The oxidation characteristics of individual components of
AlZn alloy particles have been widely investigated in the past decade [32, 146, 147].
For aluminium nanoparticles, several theories including the diffusion oxidation
mechanism (DOM) and melt dispersion mechanism (MDM), have been proposed. At
low heating rates, the oxidation could be described by a shrink-core model, which
proceeded by four stages as the temperature increases and controlled by the distinctive
phase transition of the oxide and the melting [85]. The oxidation process of Zn powders
under various environments has been studied by many authors. For instance, Delalu et
al.[148] showed that the isothermal oxidation of zinc particles obeyed the parabolic
growth law for micrometre-sized zinc particles (65-375 um). Zhou et al. [149] and
Alivov et al. [150] observed that the transformation of Zn powder to ZnO was
independent upon the duration of the oxidation and the crystallanity of ZnO was
dependent on the temperature. Aida et al. [147] suggested that the oxidation of zinc
powder was controlled by the diffusion of oxygen ions in the zinc matrix hence the
temperature and species mobility played vital roles in the oxidation kinetics. Ma and
Zachariah [151] reported two reaction regimes for Zn nanoparticles in the size range of
50-100 nm, with a slower reaction regime at lower temperatures, followed by a faster
oxidation regime occurring at higher temperatures. The oxidation process is again
diffusion controlled and can be described by the shrink core model. The reactivity was
observed to increase with the decrease of particle size, i.e. the oxidation onset

temperature was 250 °C for 50 nm, and ~300 °C for 100 nm particles.

Some studies have shown that aluminium nanoparticles (nAl) in combination with
copper possessed some excellent properties and can be potentially used in resistance

welding electrodes, electrical connectors, lead frames and the metastable intermolecular
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composites (MICs) [81, 128-130]. However there is still no detailed study of the
thermal-chemical kinetics of AlZn nanoalloys (nAlZn). Their properties in relation to
the bulk behaviour and the individual elements are still unclear. In this section, details

of results of oxidation of AlZn nanoalloy (nAlZn) are discussed.

3.4.1. Powder characterisation

The morphology of the nAlZn at various temperature conditions is evaluated with SEM.
The SEM image of the particles before the oxidation is presented in Figure 3.56.
Particles have spherical shapes and a soft agglomeration due to weak physical forces

like surface tension, van der Waals forces and electrostatic forces can be observed [134].
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Figure 3.56 SEM micrograph showing the particles of nano alloy of Zn and Al are

spherical and agglomerated

The chemical composition of nAlZn is estimated with the Energy-dispersive X-ray
spectroscopy (EDS). It is found that the sample contains 4.8 % of oxygen, 18.3 % of Al
and 76.9 % of Zn, i.e., in the molar ratio of 1:2.25:3.91 for O, Al, and Zn respectively.

The EDS spectrum shows a weak signal of oxygen, Figure 3.57(b).
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Figure 3.57 EDS analysis of the sample showing a weak signal of Oxygen.

Diffractogram of the particles does not show any peak of the oxide compound. This
suggests that the oxide contained by the particles is in the amorphous phase. However it
is unclear about the exact form of the oxides, i.e. ZnO, Al>O3 or some other compounds.

The active metal content enclosed inside the oxide layer could be in the regime of
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80%~94% of the metal content. With the help of TEM it is found that the particles are
blanketed by a passivation layer having a thickness of ~5-6 nm. TEM image shows that

the diameter of the particle ranges from 28 to 240 nm, Figure 3.58.

Oxide layer

(5.8 nmy

Figure 3.58 TEM image showing that the particles diameter ranges from 28 to 240

nm and is encapsulated with an oxide layer of 5.8 nm thickness.

X-ray diffraction (XRD) of the sample shown in Figure 3.59 reveals that the nAlZn is
in the solid solution form. No peaks of any intermetallic compounds of Zn and Al, which
should be formed with definite stoichiometric ratios, are observed. XRD pattern shows
the peaks of aluminium (JCPDS No. 04-0787) at 26 = 38.52°, 44.80°, 65.21° and of zinc
(JCPDS No. 04-0831) at 26 = 36.31°, 39.0°, 43.26 °, 54.33°, 70.09° and 70.66 °. No
peaks of any other material are observed, which means that the sample is in the pure

form.
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Figure 3.59 XRD showing that the NA does not make intermetallic compounds

The BET surface area of the sample particle is determined as 7.73 m?/g. Assuming that
all particles having smooth spherical shapes, the BET equivalent diameter dger is
calculated with the relationship Ager = 6/ (p*dget) [152], where Aget is the specific
area, p is the density of the particles (taken as 5.5 g/cc) and dget is the equivalent
diameter of the particles. The calculated equivalent diameter is 141 nm, which is in the

range of TEM observation. Figure 3.60 shows the adsorption isotherm of nAlZn.
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Figure 3.60 Isotherm of the nAlZn showing the relationship of the relative pressure and
the quantity adsorbed

3.4.2. Thermal chemical characteristics

The samples are oxidised in the atmosphere of dry air using a thermobalance (STA1500),
and thermogravimetric (TGA) and differential scanning calorimetery (DSC) analyses
are performed simultaneously. The oxidation characteristics of n-AlZn are similar under
all the heating rates investigated. Heating rate of 10 K/min is taken as an example to
illustrate the thermal behaviour and oxidation kinetics of the nAlZn from 25 to 1200 °C.
Simultaneous TGA-DSC curve is shown in Figure 3.61 together with marks showing
distinctive characteristic points. According to alteration of the energy flow and the mass
of the sample, the whole heating process can be generally divided into three stages as
the temperature increases. The first stage starts from the room temperature (RT) and

ends at 390 °C, the second stage is from 390 to 725 °C, and the third stage begins from
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725 °C and extends to the completion of heat treatment process at 1200 °C. These three

stages are explained separately
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Figure 3.61 DSC/TGA curve of nAlZn at a heating rate of 10 K/min (RT-1200°C)
showing interesting features.

3.4.2.1. Stage 1 (RT- 390 °C)

During this temperature range, two endothermic reactions are observed in the DSC
curve. The first peak is observed at 285 °C and the second peak is emerged at 382 °C. In
this zone no weight gain is observed on the TGA curve. This suggests that both
endothermic reactions are related to the physical changes occurring in the particles. It is
believed that the first endothermic peak is related to the phase transition of the alloy and

the second one is due to the eutectic melting, which are explained below.
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It is known that Zn and Al metals do not make intermetallic compounds due to the weak
interaction between their atoms, but Zn is soluble in Al [153] , which is also shown by
the XRD result, Figure 3.59. The solubility of zinc in the aluminium increases with the
increase of the temperature. AlZn is characterised with two phases of alloy as shown in

phase diagram, Figure 3.62.
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Figure 3.62 Phase diagram of AlZn alloy showing important physical transformation

temperatures [154].

The first one is face centred cubic (fcc) structured, which is the a—phase (contains ~1%
Zn, ~99% Al), and the second is a hexagonal close packed (hcp) structured, the f—phase
(contains ~ 99% Zn, ~ 1% Al). Both phases of AlZn alloy slowly but gradually reach

the equilibrium state. The capacity to attain the equilibrium increases with the increase
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of temperature. When the temperature reaches 285 °C, there is a transformation of -
phase (hcp) 2 a—phase (fcc) [155, 156]. This transformation is an endothermic process
and is believed to be associated with the first endothermic peak of DSC curve at 285 °C.
To examine whether this phase transformation is reversible or not, a separate experiment
is performed, where the particles were heated to 400 °C at the heating rate of 10 K/min
and then cooled to room temperature in the atmosphere of nitrogen, under the same

heating rate. The DSC curve is shown in Figure 3.63.
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Figure 3.63 DSC showing endothermic transformation of B-phase to a'-phase of nAlZn
and the reverse process during cooling run shows the sample exhibited a temperature

hysteresis.

During the heating process, the particles go through a phase transformation, associated

with a peak emerged ~ 287 °C. On the cooling run, the reverse transition from o
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(fcc) > B (hep) is observed near 240 °C, which is 47 K below the transition temperature,

showing the temperature hysteresis.

The second peak at 382 °C is identified as the eutectic melting of the AlZn alloy. The
phase diagram of AlZn alloy, Figure 3.62, shows the important transformation points at
277 °C, 381°C, 420°C and 660 °C. Point (a), which shows the transformation of phases,
is at 277 °C in the phase diagram, and appears at 285 °C in the DSC curve. This upward
shift of temperature is believed to be associated with reduction of particle size to the
nanometer scale. Point (b) is the eutectic melting temperature of the alloy. There is no
difference of eutectic melting point, ~382 °C, of the alloy in its bulk and nanometer
scales. The points (¢) and (d) represent the melting temperatures of Zn and Al,

respectively.

3.4.2.2. Stage 2 (390 °C - 725 °C)

Stage 2 is the first exothermic zone that characterised with various interesting points.
On the TGA curve, this zone starts from point ‘a’ and ends at point ‘b’. During this step
of oxidation, a total weight change of 21.2 % is observed and two exothermic peaks
were emerged shown in the DSC curve. The DSC curve deviated for the first time at
~430 °C, showing the start of the oxidation reaction. The first peak attained the maxima
at 604 °C and ended at 635 °C. The second peak emerged at 635 °C gained maxima at
652 °C and ended at 725 °C. During the first peak, 13 % weight of the sample was
increased. To understand the path of the oxidation, two separate experiments were
performed where the samples were heated from the room temperature to 625 °C and 710

°C respectively, under the same heating rate. The products were cooled in the
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atmosphere of nitrogen gas and XRD and EDS were arranged. The XRD traces of the

products are given in Figure 3.64(d) and (e).
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Figure 3.64 (a-g) XRD peak patterns of the NA at various temperatures at the heating
rate of 10 K /min (® Al, B Zn, < ZnO, ¢ y-Al,03, O ZnAl,04)

The peaks of ZnO (JCPDS card no. 36-1451) are emerged at 625 °C which shows the
oxidation of zinc. XRD also shows the weak peaks of y-alumina (JCPDS card No. 10-
0425), which can be attributed to the combined effect of reaction of aluminum with
oxygen and the transformation of amorphous alumina. As also suggested by the EDS
and TEM, the particles are covered with a passivation layer of amorphous oxide.
Consequently, the chemical reactions taking place in the temperature range of 430~635

°C are proposed as,
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27n + 02> 2Zn0 (3.17)

2Al+ 3/2 O2 > y-Al203 (3.18)

Amorphous-Al203 2 y-Al20s3 (3.19)

XRD trace of the products at 710 °C shows the intensities of ZnO peak is increased
whereas the intensities of Zn and Al peaks are decreased. Weak peaks of ZnAl,O4
(JCPDS card No. 05-0669) have also emerged at this temperature. Peaks of ZnO and Zn

overlap at 26 = 36.3°.

The reaction pathways in the temperature range of 635~ 725° C are therfore proposed as

the combination of reactions (E.g. 3.17), (E.q. 3.18) and (E.q. 3.20) below:

ZnO + y-Al203 2> ZnAl204 (3.20)

The second stage is characterised with two interesting peaks, particularly the second one.
In order to interpret both peaks and their relationship with the physical state of Al, the
sample was heated from room temperature to 700 °C in the environment of nitrogen
under the heating rate of 10 K/min. The results of DSC curves attained in both

environments, i.e., air and nitrogen are compared in Figure 3.65.
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Figure 3.65 DSC curve of the particles in air and nitrogen environments shows that the
second oxidation peak in air coincides with the endothermic peak (melting of Al) in

nitrogen

It is interesting to note that the endothermic peak of the DSC in nitrogen environment
coincides with the rise of the exothermic peak in the air. Consequently this shows that
first peak happens when some part of the Al is in the solid state and Zn is the in liquid
state. The second peak occurs after the melting of the remaining Al in the alloy. Due to
the increased mobility of Al in its molten state, the reaction between Al, oxygen and
ZnO is accelerated that ultimately forms ZnAl>O4, as shown in  Figure 3.64 (d) and (e).
Due to this ‘synergic reaction’ the span of the reaction is increased and more heat is

produced.

It is shown from the phase diagram, Figure 3.62, that all the alloy transform into a

molten state at point (d), 660 °C. For nAlZn used in this work, the full melting is
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observed at 652 °C, which is due to the nano size effect of the particles. After attaining
the 2" peak, the rate of the reaction decreased once again, and 8.2% weight is increased

during this sub-step.

3.4.2.3. Stage 3 (725 °C-1200°C)

Stage 3 is the 2" exothermic zone where the rate of oxidation is increased from 725 °C
and peaks at 817 °C. After attaining the peak, the rate of the reaction decreases till it
reaches 1200 °C where the experiment ends. During this stage, 7.2 % of the weight of
sample is increased. The TGA curve becomes flat at 1045 °C, which suggests that the
reaction is complete. Similarly two additional experiments were conducted by heating
the samples from room temperature to 910 °C and 1200 °C respectively, at p =10 K/min
in order to identify the crystalline structure and elemental information. XRD shows that

the peaks of Zn and Al are weakening at T~ 910 °C, Figure 3.64 (f) and (g).

Different to the oxidation of pure nAl where the phase transition, i.e. forming various
polymorphs of alumina (y-, §-, 6-, and a-Al2O3) as the temperature increase, is dominant
[157], we did not observe any other forms of the alumina for nAlZn, probably due to the
small portion of the Al atoms in the alloy. The peak of y-Al>Os can not be observed at
the 3" stage , which suggests that the alumina has been reacting with ZnO forming
ZnAl;O4 . As the temperature increases, the peaks of ZnO and ZnAl;O4 are getting
strong. Consequently the proposed reaction pathways remain the same as Eqgs. 3.17,
3.18 and 3.20. After reaching 817 °C, the rate of reaction decreases. The TGA signal
becomes flat at point ‘c’ in the TGA-DSC curve, i.e., 1045 °C, which shows that the
reaction is complete and all the nAlZn has been consumed. The end products are ZnO
and ZnAl20a.
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Figure 3.66. (a) and (b) showing the DSC and TGA curves of the NA under heating
rates of 2-30 K/min, respectively

As shown in Figure 3.66, the final weight gain after the full oxidation changes slightly
at different heating rate. If taking an average final weight increase ~29%, the molar ratio
of ZnO to ZnAl204 can be estimated as ~5:1 accordingly. This is consistent qualitatively
with the XRD result, Figure 3.64(f). The increase of the ZnAl>O4 ratio in the 1200 °C
temperatue might be associated with the effect of the evaporation of part zinc at high

temperature and continuous convertion of ZnO.

During the oxidation process, the morphology of the particles changes at different

temperatures, Figure 3.67.
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Figure 3.67. SEM observations at (a) 625 °C (100 k); (b) 710 °C (100 k); c) 910 °C (50
K); (d, e, f) 1200 °C (100 k, 40 k, 80 k, respectively) at 10 K/min

The particles retain their spherical shapes while went through various oxidation steps,
Figure 3.67(a), (b) and (c). Significant morphological changes are observed at higher
temperature ~ 1200 °C where some particles are agglomerated into big structures of
multigonal crystals and needle-like fibrous structures, Figure 3.67 (d), (e) and (f). This
type of morphology is not observed for the oxidation of pure aluminium nanoparticles
under similar experimental conditions, which can be attributed to the diffusion of Zn
ions occurring in some preferential directions [158]. High temperature (~1200 °C)
promotes the migration of grain boundaries and merges the small grains transforming
them into the large ones. The elemental composition analyses (EDS) shows that the
ratio of metallic (Al+Zn) to the oxygen atom decreases as the temperature increases,

reaching the final ratio of 2.86 at 1100 °C, Table 3.8.
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Table 3.8 EDS of nAlZn at various termination temperatures

Exp.
@) Al Zn (Al+Zn)/O
conditions
Temperature Weight Weight Weight -
°C (%) (%) (%) Ratio
25 4.82 18.26 76.92 19.75
460 9.75 18.54 75.71 16.40
625 20.19 17.33 62.48 3.95
710 24.32 14.26 61.42 3.11
910 24.62 16.41 58.97 3.06
1100 25.90 16.68 57.43 2.86

3.4.3. Effect of Heating Rate

The TGA and DSC profiles under the entire heating rate, from 2 to 30 K/min, are given
in Figure 3.66. It shows clearly that the scenario described above is applicable to all
the other heating rates. The whole oxidation process can be still described by a three-
stage scenario but with slight change of the temperature boundaries for different stages.
The key features of oxidation at different heating rates are summarized in Table 3.9-11.
Table 3.9 shows the characteristics of the endothermic reactions, such as the
characteristic temperature and enthalpy change; Table 3.10 shows mass changed during
various oxidation steps, and Table 3.11 summarizes the exothermic reactions including

the temperature and heat flow.
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Table 3.9 Key features of the endothermic reactions

Heating 15t Endothermic Peak 2" Endothermic Peak
rate
B Toendor Tost 0.5, AH; Tpendoz Tosz 0.5s; AHg
K/min °C °C Jglec g °C °oC Jglec gy
2 282 281 -0.43 7.7 381 379 -0.38 12.8
5 284 280 -0.44 17.8 381 378 -0.51 11.4
6 284 281 -0.53 17.1 381 378 -0.57 12.3
7 285 280 -0.53 18.3 381 378 -0.58 12.4
10 285 281 -0.64 19.7 382 377 -0.61 13.7
12 286 281 -0.71 19.0 381 377 -0.64 12.5
15 287 281 -0.72 20.9 382 377 -0.66 12.6
20 287 281 -0.84 19.5 382 377 -0.75 11.4
30 289 281 -0.92 22.6 382 375 -0.81 11.0
Mean+SD 285.4+2.1 280.8+0.4 -0.6+0.2  18.1%4 3814405 377.3x1.1 -0.6+0.1  12.2+0.8
Note:

Tpendot, Tpendoz, are the peak values of temperatures of 1% and 2" endothermic reactions; Tosi, Tosz are the
corresponding onset temperatures and O.S;, O.S; are the onset slops of the endothermic peaks.

AH¢, AHs are the enthalpy of phase transformation and the enthalpy of fusion for eutectic melting of the
NA

Table 3.10. Mass changed during the various steps of reactions.

B AMmya AMyp Amy Amy Am
K/min % % % % %
2 12.4 9.2 21.6 - 29.07
5 12.6 8.6 21.2 3.7 29.37
6 125 8.3 20.9 3.9 28.6
7 131 7.9 21.0 4.8 29.2
10 131 8.3 214 55 29.15
12 13.0 8.0 211 6.0 28.61
15 131 7.8 20.9 5.8 28.52
20 12.1 8.2 20.3 6.4 28.01
30 12.2 7.9 20.1 6.4 27.91
Meanz SD 12.7+£04 82+04 209+0.4 53+1.1 28.7+0.5

Note:

Am; is the mass changed during the first exothermic reaction. Ami, and Amsy, are the mass changed during
2" and 3™ substep of 1%t exothemic reaction. Am, is the mass changed during the second exothemic
reaction. Am is the final mass of the sample
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Table 3.11 Key characteristics of the exothermic reactions on DSC curves
B Tpendol hendol Tpendoz hendoz Tpexol hexol Tpel hpl Tpexoz hexoz Tpe2 hpe2 Tpex03 hexo3

Kmin? °C mw °C mw °C mw °C mw °C mw °C mw °C mw

2 283 -0.12 381 -0.88 559 6.3 592.8 5.57 596 5.46 missing  missing  missing  missing
5 284 1.06 381 0.07 584 21.21 611 18.04 627 18.59 717 1.08 802 3.31
6 285 0.61 381 -0.06 589 23.95 618 20.3 633 20.92 720 1.12 806 3.58
7 285 0.11 381 -0.6 594 27.11 623 22.28 640 22.92 721 1.33 809 4.79
10 285 0.98 381 0.09 603 41.49 635.5 33.13 653 3451 739 2.98 817 8.15
12 286 -1.31 381 -1.97 610 45.59 642 35.6 659 37.98 745 1.73 825 8.37
15 287 -0.83 381 -1.45 614 57.28 648 43.15 667 47.26 749 3.16 827 11.06
20 288 3.33 381 2.52 622 80.33 657 59.17 678 66.67 759 7.09 835 17.01
30 288 2.70 382 248 633 117.46 670 79.05 693 93.05 771 10.27 844 25.29
Mean 2854416 0.7+15 381.6+0.3 002+16 600.9+22.4 46.7+344 633.1+242 3514227 649.6+29.3 386+£27.2 740.1#19.6 3633  820.7+147  10.2¢7.6
Note:

B is the heating rate, Tpexot, Nexo1, Tpexo2, Nexo2s Tpexods Nexos, Tpendot, Nendo1, Tpendo2, Nendo2 are the temperatures and corresponding heat flow on DSC curve for the first
second and third exothermic and first and second endothermic peaks respectively. Tpe1, hpet, Tpe2, Npe2, are the temperatures and heat flow where the curves attain the

minima first and second time.
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As descrbied earlier, the endothermic peaks are due to the phase transition and the
descrbied earlier, the endothermic peaks are due to the phase transition and the eutectic
melting. The mass changed during the first oxidation zone is found to decrease slightly
with the increase of the heating rate. For instance at heating rate of 2 K/min its value is
21.6 %, which decreases to 20.1% at 30 K/min. Contrary to that, the mass increased
during the second oxidation zone is proportional to the heating rate, e.g., its value is 3.72
% at the heating rate of 5 K/min and increases to 6.4 % at 30 K/min. The total mass
gained during the whole oxidation process decreases slightly with the increase of the
heating rates. The mean value of the mass gained during the whole oxidation process is

28.7 0.5 %.

The XRD traces of nAlZn oxidized from room temperature to 1200 °C under various

heating rates (5, 10 and 20 K/min) are shown in Figure 3.68.

® Al (JCPDS card no. 04-0787)
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Figure 3.68 XRD trace of nAlZn after oxidation under the heating rates of 5, 10 and
20 K/min
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Similar elements and composition are shown regardless of the heating rates. The major
end products of the oxidisation are ZnO and ZnAl>O4. Again no peaks of Al and Zn are

seen, which suggests that the entire specimen have been oxidized.

The enthalpy analysis of different stages of oxidation at different heating rates is shown

in Figure 3.69.
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Figure 3.69 (a) Heat produced during the two-step exothermic reactions; (b) the relative

thermal effect (specific heat) of the nAlZn during oxidation at various heating rates

It shows clearly that the energy produced during first and the second exothermic
reactions (i.e., 2" and 3" stage) differs greatly from each other. For example, the heat
produced during the first reaction is 4837 J/g at 10 K/min that constitutes 88.5 % of the
total energy produced. On the other hand, its value for the second reaction is 630 J/g

which is only 11.5 % of the total energy produced. The total mass changed during the
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whole reaction is 26.6 %, out of which 21.4 % of mass increase is observed during the
first reaction and only 5.5 % of the mass is changed in the second exothermic reaction.
Clearly the energy produced during a specific oxidation step depends upon the metal
content available for the reaction. During the first reaction Zn is in the molten form
whereas complete melting of Al occurs after 635 °C, which increases the rate of the
oxidation process. This in turn increases the span of the reaction, resulting in more
energy produced. During the second exothermic reaction, only a small amount of
sample’s mass is left. The total heat released of nAlZn is in the range of 4.5~7 kJ/g
considering all the heating rates, which is consistent with thermodynamics values of the

bulk materials.

The specific heat released (AHox/Am, rel. units) analysis is taken as ratio of the area
under the DSC curve (thermal effect of oxidation) and the corresponding mass changed
(onthe TGA curve) [61]. This implies the relative thermal effect, i.e. the ability of energy
release. Figure 3.69(b) shows the values of specific heat produced during the first,
second stage of the exothermic and the whole oxidation process. The values are similar

for all the stages and are weakly dependent on the heating rate.

3.5. Preliminary Combustion Analysis

The combustion of energetic metallic particles or particle suspensions have long been
the area of interest in the combustion research community. Enormous research has been
conducted to understand the mechanism of combustion of metallic particles either to
improve the burning rate [44, 159, 160] or inhibit it for hazard prevention [64, 67].
Various techniques to initiate the ignition including lasers, shocks, flashes and gas
burners [161-163] have been developed. The combustion history of the particles is often
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tracked by the high speed cameras and the morphology is examined with the help of
Electron Microscopes (EM) as well as using Particle Imaging Velocimetry (PIV) to

measure the flame flow and analysing its characteristics [164].

As reviewed in Chapter 1, Glassman et al. [165] proposed that the combustion of
conventional-sized aluminium particles is analogous to the combustion of hydrocarbon
particles, and the burn time is related to the square of its diametric length, known as d?
law. Many differences have been reported on the combustion behaviour of fine particles
and that of conventional particles. The burning time of fine particles is a function of the
particle morphology and the temperature and pressure of the environment [166]. Olsen
and Beckstead [167, 168] observed that the burning time (t») of microsized particles (40-
70 um) was weakly related to the temperature of the surrounding gas. In the case of
nanosized particles, Bazyn et al. [169] showed a strong dependence on the pressure of
the surrounding gas, which concluded that the combustion process was Kinetically
controlled. Many studies [170-172] show that when the diameter of the particle becomes
very small, the exponent of the conventional law of burn time, i.e., to = Bd" becomes less
than 2. However due to the agglomeration and non-uniform dimensions of these

nanoparticles, a precise exponent number is not easy to find.

In this section, some preliminary combustion experiments are performed using a Bunsen
burner in a particle-laden methane stream and the relationship of particle burning time
with particle diameter is reported. The particles are characterised using DLS, SEM and
EDS. A high speed video camera is used to capture the combustion process of the
particles, and PIV technique is used to investigate the reactivities and the average

velocity flow fields of the silicon, iron and aluminum particles.
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3.5.1. Particle characterisation

Al, Si and Fe were used in the combustion experimentation. The physical characteristics
of nAl have already been reported in the previous sections. Two types of Si particles
were purchased from Nanostructure and Amorphous Materials Ltd (USA), with a
nominal particle size of 50 nm and 1000 nm respectively. However the 50-nm
nanoparticles come with heavy agglomerations. To reflect the particle morphology upon
combustion, some Si samples were dispersed into ethanol without any mechanical or
chemical aid, and its size distribution was measured by DLS, as shown in Figure 3.70.
The particles size distribution is in the range of 600 to 1000 nanometer, peaking at ~ 720
nm, which is much larger than the primary particle size of ~50 nm. Iron powder having
a grade Fe300 was purchased from William Rowland Itd. The Fe powder has diameter
ranges from 45-75 um and an average density of 2.8-3.0 g/cm?®. It was 99% pure and
contained some trace elements likes C (0.01%), S (0.025%) and O (0.15%). All the
particles were mixed with natural gas (CHs, 98%) and were combusted using a burner
in the atmosphere of air. The particles were characterised with SEM and EDS employing
the same methods discussed earlier.
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Figure 3.70 Particle size ditribution (PSD) of Si (before combustion)
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SEM images of the particles after their combustion are shown in Figure 3.71 and EDS

analyses are summarised in Table 3.12.

From the SEM images, it is observed that nanoparticles of Al and Si are still kept
spherical. On the other hand, micrometric particles of Fe and Si are changed to big
agglomerates of non-uniform shapes. Interestingly the EDS results of both nanometeric
particles (Al and Si) show that it contains 55.46% (for Al) and 29.12% (for Si) of carbon.

Contrary to that EDS of the micrometric particles does not show any signal of carbon.

This means that during the experiment fewer Fe particles were burnt.

Figure 3.71 Particles after their combustion, a) Al (150 nm), b) Fe, ¢) Si (720 nm) and
d) Si (1 pm)
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Table 3.12 EDS analyses of various powders after combustion.

Samples Products (%)
O C Fe Al Si
nAl 15.3 55.46 No signal 29.1 0.26
Fe 30.0 No signal 68.8 No signal 0.60
Si (720 nm) 59.17 29.12 No signal No signal 11.7
Si (1 um) 54.67 No signal No signal No signal 45.3

3.5.2. Combustion experiments

The particles are ignited/ combusted at atmospheric conditions in the stream of natural

gas/air using a conventional Bunsen burner, which is a simple system that allows greater

control over the combustion parameters.

The particles are ignited after passing through the inner cone having the highest flame

temperature. Typical particle combustion image showing distinct zones of the flame is

presented in Figure 3.72.
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Figure 3.72 Particle combustion in the stream of methane/air showing various regions
of flame a) Cold flame zone; (b) Region of combustion; (c) Tip of inner cone, hottest
flame zone; (d) Region of intense combustion, inner cone; (e) Outer cone-post flame

region

3.5.3. Comparison of reactivities of Si particles

With the decrease of particle diameter, the specific surface area of the particle increases.
This increases the contact points among the reactants and the particles. Consequently,
the reactivity of the nano particles is higher than that of the micro particles. To reflect
the particle morphology upon combustion, the peak particle size, i.e., 720 nm, rather
than the primary particle size as supplied by the manufacturer. In the experiment
particles of Si having 720 nm and 1 um diameter are combusted at the same experimental

conditions, and their combustion behaviour is compared in Figure 3.73.
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Figure 3.73 Binarised images of the particles of Si (720 nm (a) and 1um (b) ) showing

the higher ignitibility (reactivity) of the particles having a smaller diameter.

The pin stubs for collection of the combusted particles were mounted over the flame. It
can be easily discerned from Figure 3.73 that the particles having a smaller diameter are
characterised with higher reactivity as more particles are combusted during the
combustion process. On the other hand, small number of particles (Si 1 um) is

combusted due to which the signal of carbon in the EDS results is missing.

3.5.4. PIV and extinction time results

It is very important to have detailed knowledge of particle combustion behaviour
particularly its combustion velocity in relation to its ignition and burning time. PIV
experiments are used to find out the velocity profiles of the burning particles. A series
of PIV experiments were performed to calculate and compare the flow fields and speeds

of the various particles, shown in Figure 3.74 and Figure 3.75.
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Figure 3.74 Showing the results of PIV of an image pair of Si (720 nm) particles, a)

velocity vector field; b) average axial components of velocity.
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Figure 3.75 Showing the PIV results of image pairs of Si (1000 nm) and Fe (45-75 pum)
particles, a) velocity vector field of Si; b) average components of velocity of Si; c)

velocity vector field of Fe; d) average components of velocity of Fe.
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Figure 3.76 Comparison of mean speeds of various particles by processing 50 image

pairs.

From Figure 3.74 and Figure 3.75, it can be observed that the ignitability/reactivity of
the particles increase with the decrease of the diameter. The results of PIV profiles of Fe
and Si having micrometric dimensions are similar to each other. It can be seen that the
particles were ignited after passing through the tip of the internal cone which is the point
of maximum temperature in the flame. In the post flame zone (outer cone) the particles
extinct after travelling some distance. The mean speed profile of 50 image pairs are
represented and compared in Figure 3.76. The average speeds of Si (720 nm), Si (1 wm)
and Fe (45-75 pm) in the methane stream are 1.18 m/s, 1.15 m/s and 1.71 m/s,

respectively.

The extinction times for 100 particles are calculated by tracking their motion. The

average values of extinction time for Si (720 nm) and Si (1000 nm) are 11.4 ms and 17.2
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ms, respectively. If assuming the extinction time as the burning time, the relationship
of t, ~ d' can be obtained. The exponent value is similar to that observed by Friedman

and Maccek (1.2-1.5) [94].

The diffusion limited droplet combustion theory predicts that the combustion time is
related to the square of particle diameter, i.e., d> law. However, with the decrease of
particles size, the diffusion limited oxidation assumption becomes invalid and the
oxidation transitions towards Kinetically controlled. Various d" relationships are
presented in the literature, depending upon the particles size, level of agglomeration,
combustion and experimental conditions.

Such preliminary experiments demonstrate the large difference between conventional-

sized particles and fine particles.

3.6. Chapter Summary

This chapter studies the exothermic reactions such as oxidation, ignition and combustion
of nAl and its nanoalloys, i.e., nNAICu and nAlZn under controlled environments. The
particles are oxidised under the heating rates of 2-30 K/min in a simultaneous TGA/DSC
system in the atmosphere of air and nitrogen and thermodynamics, Kinetics,
morphological and structural characteristics of the particles along with the energy
transfer and conversion processes at nanometer scale are explored. In the preliminary
combustion analysis, the relationship of the combustion time with the diameter of the
particles is also discussed. Some unique features of oxidation, ignition and combustion

aluminum based nanomaterials are observed, as summarized below:
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In case of nAl, a three- stage oxidation scenario is observed under all heating
rates: the main reaction occurs before the melting of nAl and other two occurs
after.

Early ignition of nAl is observed for heating rates higher than 8 K/min, which is
characterized by a sudden temperature runaway, a fast mass gain and a rapid heat
release. The ignition occurs before the bulk melting temperature of nAl, which
is likely caused by the partial melting of the aluminum core and the phase
transition during the rapid self-heating period. The ignition temperature
increases approximately with the heating rates.

XRD shows that there is a co-existence of different polymorphs of alumina after
the first stage rapid oxidation, caused by the early ignition, which continues to
the 2" stage, and all are converted to the stable alpha phase at the end of the
oxidation. The early ignition is responsible for the co-existence of different
polymorphs of alumina.

When the particles are heated in the nitrogen atmosphere, no such ignition
behaviour is observed.

Different to the shrink-core model, a phenomenal model is proposed to explain
the formation of hollow structure in aluminium nanoparticles, which is
associated with the melting, phase transition of the oxides and the nanoscale
Kirkendall effect.

The unique step-wise cavity development in relation to the change of
temperature and heating rates shows that after the first oxidation stage at ~600
°C, the particles are still solid. The void is generated after the melting process,
i.e., after 660 °C, and the particles are a combination of solid and hollow

structures at 700 °C. The size of the void increases with the rise of the
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temperature. The void development process completes at ~800 °C where all the
examined particles are hollow.

It is also observed that at the higher heating rates when the early ignition
phenomenon is observed, the size of the void is larger as compared to those
oxidised without ignition, and the oxide shell thickness remains the same
regardless of the heating rate.

The oxidation, ignition and chemical kinetics of the nano alloy (NA) of Al and
Cu are investigated from 2 to 30 K/min, up to 1200 °C in the presence of air
shows that the complete oxidation scenario of nano Al-Cu alloys can be
characterized by two exothermic and two endothermic processes, associated with
the melting and different reaction paths.

A unique early ignition phenomenon was observed for nanoalloys (nAl-Cu)
particles at heating rates > 7 K/min, which is characterised with sudden change
of mass and heat released, and the ignition temperature is identified in the region
of 564.7 + 10.8 °C. The eutectic melting temperature found to be 545.6 °C + 1.4
°C, similar to its bulk value, and played a key role for the early ignition of the
NA.

Complete reaction paths up to 1200 °C for nano Al-Cu alloy are proposed in
conjunction with the XRD analysis. The weak peaks of copper aluminate spinel
CuAl204 in the diffractograms at 900 °C suggest that its formation is not
thermodynamically favourable due to the slow diffusion of metallic ions. The
reduction of the weight at higher temperature ~1175 °C is due to the liberation
of oxygen gas during the reduction of CuO to Cuz0.

The thermal analysis combined with elemental, morphology and crystalline

structure analysis of Zn and Al nanoalloys (nAlZn) having a BET equivalent
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diameter of 141 nm elucidates that the complete oxidation of nAlZn in air can be
characterised by a three-stage scenario, including two endothermic and three
exothermic processes.

The first stage occurs between room temperature and ~ 400 °C, includes two
endothermic reactions, which is due to the phase transformation and the eutectic
melting.

The second stage extends to ~750 °C, involving the first and the second
exothermic reactions, where the 2" peak is associated with the melting of Al
component.

The third stage includes the third exothermic peak until the completion of the
reaction at ~ 1050 °C, and is associated with the conversion of the formed
alumina to ZnAl20a.

The reaction pathways forming intermediate products of ZnO and y-Al,O3 are
proposed with the help of ex-situ XRD, leading to the end products of ZnO and
ZnAl>Oq.

A preliminary investigation of the combustion characteristics of three particles,
Al, Fe and Si, having variable dimensions in the methane/ air stream in a
Bunsen burner setup shows that most of the particles are burned after passing
through the inner flame cone. The chemical compositional analyses (EDS)
show no carbon signals for the micrometric particle, which suggests small
number of particles being burned during the experiment.

The comparison of silicon particle with different sizes show that the reactivity
of the particle increases with the decrease of the particle size and the

conventional d? law is not applicable to fine particles.
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Chapter 4

4. Comparison between nAl and its alloys

4.1. Reactivity

The reactivity of the nano aluminium particles (nAl) having an average diameter of 150
nm and nano aluminum copper alloy (nAICu) with 211 nm is investigated. The reactivity
of the powders can be estimated by the onset temperature, the peak temperature, and the
temperatures at which the rate of change of mass and heat produced are maximum [65,
83]. The DSC/TGA example curves are shown in Figure 4.1, where the particles are

heated in the thermobalance from room temperature to 700 °C.
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Figure 4.1 TGA/DSC of nAl and nAICu at a heating rate of 5 K/min showing nAlCu

is more reactive than nAl
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The reactivity parameters of both powders at 5 K/min are summarized in Table 4.1 and

Table 4.2.

Table 4.1 Reactivity parameters of nAlCu and nAl at 5 K/min

Sample Tonset Tpexol Tm Th1
°C °C °C °C

nAICu 528 545.5 o547 533

nAl 551 YN 578 567

Note:

Tonset IS the onset temperature; Tpexo1 IS the peak temperature of the first exothermic reaction, Tmi=
(dm/dT) maxa and Tni= (dh/dT) max1 are the temperatures where the rate of change of mass and rate of
change of heat are maximum.

Table 4.2 Comparison of Onset temperature, maximum heat flux and corresponding
temperature of nAl and nAICu

B Tonset Tpexol hpexol Tpex02 hpex02
°C °C mwW °C mwW
K/min
Al AlICu Al AlCu Al AlCu Al AlCu Al AlCu
2 481 458 559.4 534.0 31.0 11.2 759.9 720.2 12.7 1.06
7 509 474 585.0 547.8 148.5 67.5 790.1 755.4 48.9 8.4

10 498 491 633.0 588.3 823.0 7465 8011 7612 49.0 11.8
15 511 492 633.1 590.8 823.0 7493 8081 7739 66.5 30.3
20 498 497 639.0 5877 829.7 7459 8142 786.1 98.0 40.3

30 514 512 643.5 595 8333 7541 8265 8105 133.9 35.9

Note:

B is the heating rate, Tonset iS the extrapolated onset temperature, Tpexor and Tpexoz are the peak exothermic
temperatures for the first and second exothermic reactions, respectively and hpexor and Tpexo2 are the
corresponding peak heat values.
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This clearly shows that the alloy particles are more reactive than the pure aluminum

particles.

4.2. Ignition Temperature

The ignition temperatures of both powders under various conditions of the heating rate
are calculated by the 2" derivative of TGA and DSC curves. The ignition temperature
of nAlICu at B > 7 K/min is 564.7 £ 10.8 °C. This temperature is similar to that observed
by Stamatis et al. [9] in their study of ignition of Al-CuO nanocomposites. The ignition
temperature of nAl under similar experimental conditions is 595.5 + 8.1°C. This suggests
that the NA is more reactive than nAl as it is ignited at lower temperature. Ignition

temperature curves of both samples are given in Figure 4.2.
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Figure 4.2 Comparison of ignition temperatures of nAl with nAICu showing nAICu is

ignited at lower temperature as compared to nAl under similar experimental conditions
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Considering the eutectic melting temperature of the AICu alloy, which has similar
values at the bulk and nano-alloy level, i.e, 545~548 °C, it is believed that the early
melting of the aluminum part of the alloy is responsible for its high reactivity as well as

early ignition.

4.3. Change of Mass and Heat Flux

In addition, Figure 4.3 shows the general trend of the influence of the heating rate on
the final weight increase and the maximum heat flux during with ignition reaction. Again
similar patterns were observed for both materials. Under low heating rates (i.e. no
ignition), the peak heat flux values change with the heating rate in a monotonous way.
For nano-AlCu, it increases slightly from 11 mW at 2 K/min to ~70 mW at 7 K/min.
However as the ignition reaction is observed, a large jump in its values is observed. The
heat release rate remains a similar value and is in the region of 750 mW for all heating
rates above 8 K/min. This suggests that the ignition event is similar under all these
heating rates, and releases similar amount of heat. The heat release rate of nano-AlCu is
smaller than the pure aluminum case. A nearly opposite trend is observed for the final
weight increase. The heating rate influences little on the final weight change when there
IS no ignition. However as the ignition occurs, the final weight change generally
decreases with the increase of the heating rate, which implies a kinetic process that

higher heating rate leads to less time for the reaction to fully complete.
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Figure 4.3 Comparison of weight increase and peak heat flux of nAl with n-AlCu with

ignition reaction

4.4. Comparison Between nAl and nAlZn

Conventionally the particle reactivity is described by its metal content, which is however
not sufficient to quantify the reactivity for nanoparticles. Not only the metal content,
the reactivity of nanoparticles depends upon also the particles size and distribution, the
thickness and physiochemical characteristics of the passivation layers, and powder
synthesis techniques. It is possible that the particles having similar metal content and/or
similar diameters but behave differently in the oxidative environment. Four parameters,
namely, the onset temperature (Ton), the temperature at which the maximum oxidation
rate is achieved (To1), the degree of oxidation (o) up to a certain temperature, and the
specific heat release (AH/Am), have been proposed to compare the reactivity of different

nanoparticles [61, 65].
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Table 4.3. Reactivity comparison of nAl and nAlZn under all heating rates

gactivity Parameters Ton o To1 AH/Am

Samples °C % °C a.u.
Al (211nm) 498.4+11 43.5+9.9 575.4+14.7 3994.7+418.7
nAlZn (141nm) 456.319.9 73.1+2.6 629.5+23.7 3649.1+393.6

Note:

Ton is the extrapolated onset temperature from TGA curve

o is the degree of conversion (up to 730 °C)

Toz is the temperature at which the maximum rate of oxidation is achieved on TGA curve
AH/Am is the specific heat effect

Table 4.3 shows an example of the comparison between nAlZn and nAl with an average
particle size of ~210 nm. As these values are insensitive to the heating rates, the numbers
are averaged with a standard deviation reflecting the difference among the heating rates.
Clearly nAl has a particle size ~1/3 larger than that of nAlZn, which has some
disadvantages in the comparison. If neglecting the particle size effect for the time being,
shows that nAlZn is more reactive if considering the onset oxidation temperature, and
the degree of oxidation at the end of the major, i.e., the first exothermic reaction. UP to
73.1% was converted for nAlZn at 730 °C, whereas only 43.5% is observed for nAl,
which is related to the smaller oxidation temperature of the zinc. However the
temperature to reach the maximum oxidation rate is higher and the specific heat effect
is slightly smaller for nAlZn, which implies that nAl is more reactive. It appears that
different parameters should be used for different applications. For instance for
applications considering the low temperature effect, the conversion ratio and onset
temperature criterion should be used, whereas for applications focusing on the thermal

effect, the relative specific heat effect should be used.
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4.5. Chapter Summary

This work conducts a comparative study of the exothermic characteristics such as
relative reactivities, ignition temperatures, change of mass and heat released under
various heating condition on the basis of sizes as well as constitutional compositions of
nanomaterials, aluminium nanoparticles (nAl), aluminum-copper (nano-AlCu) and

aluminum-zinc (nano-AlCu) nanoalloys based on TGA/DSC studies. It is found that

e The general exothermic characteristics of nano-AlCu are similar to that of nAl.
The complete reaction for both materials can be described by a three-stage
reaction and an early ignition phenomenon is observed for both nAl and nano-
AlCu under heating rate > 8 K/min. The ignition temperature of nano-AlCu is
higher than its eutectic melting temperature, and the melting is believed to be
responsible for the early ignition.

e The comparison of the reactivity of both materials shows that nano-AlCu is more
reactive than nAl under similar experimental conditions, showing increased
reactivity through alloying.

e The comparison of reactivity of nAl and nAlZn suggests that different reactivity

parameters should be used for different applications.
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Chapter 5

5. Conclusions and Future Work

This thesis conducts a systematic experimental investigation of the oxidation, ignition
and combustion along with thermodynamics, Kinetics, morphological and structural
properties of nano aluminum (n-Al) and nanoalloys such as nano-AlCu and nano-AlZn
under controlled exothermic reaction conditions. Such a study advances our
understanding of the exothermic reaction of energetic nanomaterials, which is the key
to control the energy transfer and conversion at the nanometer scale for many potential
energy applications. The oxidation and ignition mechanisms of nano aluminum and its
alloys are supported by the elemental, structural, and crystallography information. The
thermal stabilities, the melting, the phase transformations, the intervening chemical
reactions over a wide temperature range, and the reactivities of aluminum and its alloys
were analysed and compared qualitatively and quantitatively to gain Dbetter

understanding.
The major conclusions of the Thesis can be summarized as:

e The oxidation scenario of aluminum nanoparticles at heating rates of 2—-30 K/min
can be described by a three-stage reaction with the main reaction occurring
before the melting of aluminum nanoparticles. A unique early ignition reaction
characterized by a sudden temperature runaway, i.e., a fast mass gain and a rapid
heat release, is observed when the heating rate is > 8 K/min, and there is a co-
existence of various polymorphs of alumina (y—, 8—, 6—Al203) below the melting
temperature of aluminum nanoparticles. Such an early ignition reaction is due to
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a combined effect of solid phase transformation of the alumina shell and the early
melting of the aluminium core, and is responsible for the co-existence of various
polymorphs of alumina at the low temperature. When the particles are heated in

the nitrogen atmosphere, no such ignition behaviour is observed.

Contrary to the conventional shrink-core model, it is observed with ex-situ
HRTEM that the aluminum nanoparticles form hollow structures in their central
regions during the oxidation process. The particles remain solid after the first
oxidation step (i.e., 600 °C), ~25% develops hollow structures when the
temperature is higher (i.e., 700 °C) than the bulk aluminum melting temperature
(i.e., 660 °C), and nearly all observed particles develop hollow structures at 800
°C when the second oxidation step is finished. It is also observed that the length
of the voids increases significantly by the early ignition reaction whereas there
is no effect on the shell thickness by such a reaction. It is proposed that the
formation of hollow structure in aluminium nanoparticles is associated with the

melting, phase transition of the oxides and the nanoscale Kirkendall effect.

The oxidation, ignition and chemical kinetics of the nanoalloy (NA) of Al and
Cu under different heating rates in the presence of air shows that complete
oxidation scenario of nano Al-Cu alloys can be characterized by two exothermic
and two endothermic processes. A unique early ignition of the nano alloy, in the
temperature ~565 °C, is found at heating rates > 8K/min. The eutectic melting
temperature of the nano alloy, which is identified at ~ 546 °C, played a pivotal
role for the early ignition. Despite the similar general exothermic characteristics,

the comparison of nano-AlCu with nAl shows that the nanoalloy is ignited at
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lower temperature than the pure aluminum nanoparticles under similar
experimental conditions. This higher reactivity is associated with the alloying of
aluminum. The weak peaks of copper aluminate spinel CuAl204, at ~900 °C,
suggest that its formation is not thermodynamically favourable because of the
slow diffusion of metallic ions and the decrease of the sample weight at ~1175
°C is associated with the liberation of oxygen during the reduction of CuO to

Cu20.

The thermal analysis combined with elemental, morphological and crystalline
structure analyses were conducted to elucidate the reaction mechanisms of nano
alloy of aluminum and zinc. The complete thermal oxidation of nano AlZn in air
could be characterised by a three-stage process. Two endothermic reactions
occurring during the first stage are due to the phase transformation and eutectic
melting. With the help of ex-situ XRD, different reaction pathways are proposed
for different stages with the final oxidation products of ZnO and ZnAl;Oa4. The
effect of heating rate and the comparison of aluminium nanoparticles showed

that both had similar reactivities.

A preliminary investigation of the combustion characteristics of three particles,
Al, Fe and Si, having variable dimensions in the methane/ air stream in a Bunsen
burner setup shows that most of the particles are combusted after passing through
the inner flame cone and the ignitibility of the particles improves with the
reduction of particle diameter. The analysis of particle burn time shows that the

conventional d? law is not applicable to the fine particles.
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Although the work presented in the thesis advances our understating of the

fundamentals of oxidation, ignition and combustion of aluminum particles and its

alloys for potential energy applications, there are some improvement that can be

made by some future studies ,

In this work, the experiments are performed in the heating range of 2-30
K/min for nAl, it would be interesting to perform more oxidation
experiments at higher heating rates (i.e., 30 ~500 K/min) so that an
appropriate model can be developed covering a wide range of conditions. In
addition to this, particles having different sizes shall be investigated to gain

insights on the particle size effect on the oxidation and ignition kinetics.

TEM analysis was only conducted for aluminum nanoparticles, which
reveals the development of hollow structures in the central particle region. It
will be constructive to perform similar analysis for nano alloys (nAlICu and

nAlZn), which will help extend the phenomenal model to the nanoalloys.

It is found in the experiment that the reactivity of nano aluminum can be
increased by alloying it with other metals such as copper but the alloys have
fixed chemical compositions. It is of the interest to use alloys of variable
chemical compositions so that the effect of individual element on the kinetic
behaviours of alloys can be better understood. Moreover, extending the
reactivity comparison of these nanoalloys to other elements, such as copper

and zinc, will be useful.

Due to the time constraint, only a preliminary combustion experiment is done
by burning particles in a methane/ oxygen. Clearly more experiments and
more image pair analysis shall be performed to provide a better
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understanding of the combustion behaviour of nanoparticles, especially
regarding the effect of particle size and the burning time comparison. Pure
nanoparticle combustion experiments, i.e., without the support of a gaseous

fuel, shall also be conducted to reveal the nanoparticle influence.

Parallel to the experimental investigation, numerical simulation of the energy
conversion process related to energetic nanoparticles shall be performed. The
simulations shall relate the conversion process at single nanoparticle scale to
that of the bulk scale, and produce predictive oxidation and ignition models

for a wider application.
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