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Abstract
The research study presented in this thesis focuses on the synthesis and characterization of
nanostructured cermet Al2O3-Ni(Cr) particles using a high-energy mechanical alloying
(HE-MA) powder processing technology. The feedstock is used to develop protective
coatings using a high velocity oxy-fuel (HVOF) thermal spray methodology. Two
independent composite design-of-experiments (DoE’s) were developed to process the
materials using the HE-MA process and four distinct milling parameters were targeted to
optimize the process condition: milling time, milling type, ball to powder weight ratio and
weight composition of starting materials. The underscoring particle design objectives were
twofold: (1) reduce the ceramic oxide grain size below 20 nm, and more precisely; (2)
embed nano-scaled grains inside metal/alloy binder particles resulting in nanostructured
cermet particles. Results from the first phase of the study (DoE-1) showed that the yield
was low against these objectives due to the low rpms (150 rpm) provided by an attritor mill
which took 36 hours of synthesis time to achieve a ceramic (Al2O3) grain size reduction to
141 nm. In DoE-2, the synthesis was exercised in a shaker mill (1200 rpm speed), and the
milling time and material design composition varied. Extended results obtained from both
experimental and analytical characterization techniques showed that it was possible to
meet the above objectives following a high-impact milling protocol. The results were
nanocrystalline Al2O3 grains (within a 20 nm size range) and the embedment of nearuniform Al2O3 grains in the Ni(Cr) binder matrix at 12 hours milling.
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Definitions
Alumina (Al2O3 )

It is a chemical compound of aluminum and oxygen with a
chemical formula Al2O3. The melting point of Al2O3 is
2072° C. Different kinds of alumina structure can be produced
from the heat treatment of aluminum hydroxide. Gamma alumina
(γ- Al2O3) is found at 500° C and alpha alumina (α- Al2O3) can
be found at 1200° C. Alpha alumina (α- Al2O3) is considered as
the most stable alumina crystal structure [1].

Cermet

Cermets are composites of ceramic and metal. A cermet is
usually designed to have optimal properties of both a ceramic
such as wear resistance, hardness and those of a metal such as
toughness, flexibility, electrical conductivity etc. Sometimes
ceramic is the biggest ingredient in cermet which acts like a
matrix to hold the metal. Those are known as ceramic matrix
composites (CMC’s). There are also some metal matrix
composites (MMC’s) where metal acts like a binder to hold the
ceramic particles.

Corrosion

Corrosion is a process of deterioration of materials by chemical
reactions with their environment. The term corrosion is
sometimes applied to plastics, ceramics, and wood but generally
refers to metals. The main consequences of corrosion are

xvii

reducing the strength of materials, downtime of equipment,
losing of surface properties etc.

Erosion

Erosion is a process in which surface damage is caused by the
repeated action of high localized stresses.

Feedstock

Feedstock is the raw material (input) into a process for
conversion into something different (output).

High Velocity Oxy- High velocity oxy-fuel thermal spraying process is a coating
Fuel

(HVOF) process where molten material is sprayed on a surface of another

Thermal Spraying component to form a dense coating. This spraying is done by
Process

means of the high velocity gas stream and high temperature. In
HVOF process, a gas stream is injected to combust a mixture of
oxygen and fuel in a combustion chamber. Powder is introduced
into this chamber which is heated and sprayed through a nozzle
on the surface of the component to develop coatings [2, 3].

High-Energy

High-energy mechanical alloying (HE-MA) is a process where a

Mechanical

mixture of powder (of different metal, alloy or compounds) is

Alloying (HE-MA)

loaded into a mill along with the grinding medium (generally
steel balls) to obtain a new material with desired particle size.
Usually, a mill consists of a large cylindrical shell and a grinding
media, which is actually the balls (made of chrome steel,

xviii

stainless steel, ceramic or rubber). The ball mill which is used for
grinding materials is actually working on the principle of impact
and attrition. Size reduction is mainly done by the impact as the
balls drop from the top of the cylindrical shell [4].
Lattice Strain

Lattice strain is the measurement of small displacements of
atoms relative to their normal lattice positions, usually caused by
crystalline defects. This is also known as microstrain.

Nano Particles

Nano particles are ultrafine particles with lengths greater than
1nm (0.001 micrometers) and less than 100 nm (0.1 micrometers)
and which may or may not exhibit a size related intensive
property.

Substrate

The substrate is the material on which the coating is developed.
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Chapter One: Research Introduction
1.1 Introduction

The majority of engineering components currently being used can potentially degrade or
suddenly fail in service due to phenomena such as corrosion, erosion and fatigue. Thus,
serviceable engineering components not only depend on their bulk material properties,
but also on the design and characteristics of their surface. Surface engineering involves
the application of traditional and innovative coating techniques for engineering
components and materials to improve their functionality and performance. Surface
coating helps to enhance the surface properties like corrosion resistance, wear resistance
or withstanding high-temperature condition of the parent substrate. There are various
types of coating methodologies available for surface modification of substrate materials
such as diffusion process, plating, thermal spraying, etc. Thermal spraying is one of the
most successful of all the advanced coating methodologies because of the wide range of
coating materials and substrates to which it can be applied. The high velocity oxy-fuel
(HVOF) process is one of the most popular thermal spray techniques, as it can produce a
relatively dense coating microstructure with superior bond strength at the coatingsubstrate interface, a very high microhardness throughout the thickness, while
maintaining a low porosity [5-6]. A variety of bulk materials, such as ferrous and nonferrous metals, alloys, ceramics, and cermets can be used as feedstock to developing
tailored coatings to protect substrates from corrosion, sliding wear, liquid erosion, etc.
However, the performance of coatings is highly dependent on the properties and
1

morphology of the underlying feedstock particles. Therefore, the specific objective of this
study is to synthesize ceramic-metallic composite particles with novel nanostructurization
in them. More specifically, engineered nanostructured particles with nano ceramic grains
embedded in metallic/alloy particles of micron-size. If successful, these engineered
particles of novel design composition Al2O3-Ni(Cr) will be used as feedstock to deposit
as a protective coating using a high-velocity oxy-fuel (HVOF) thermal spray process.

Cermets are composites of ceramic and metal bonded together to deliver a combination
of material properties: ceramic reinforcement provides microhardness, wear resistance,
strength and fracture toughness are provided by the metallic binder. Only recently,
industries have started to realize the benefits of using cermet based coatings as they have
demonstrated success in providing high material strength (hardness) and flexibility
(toughness), and more importantly superior wear resistance [7, 8].

Nanostructured cermet materials reveal high hardness without compromising fracture
toughness in the deposited coatings throughout the thickness [5, 6], a parallel observation
was made when working with bulk nano-sized WC-Co composites [3]. Therefore, it is
very natural that the next step to further work consider nanostructured surface protective
coatings, albeit with novel design composites to specifically target the high-temperature
oxidation/erosion protection of industrial components/machineries. To meet this
objective, the current study works primarily with a cost-effective and high-yield particle
synthesis methodology, the high-energy mechanical alloying (HE-MA) process.
Researchers have reported the HE-MA method, which works on the principle of
2

transferring strong mechanical energy into processed material, to be an effective process
due to its good reproducibility and its ability to produce nanostructured feedstock [9, 10].
However, the challenge is how to synthesize Al2O3-Ni(Cr) cermet particles at a
nanometric scale that is flowable through the HVOF thermal spray nozzle.

Nickel-based alloys are widely used in chemical and nuclear power plants, oilfields and
turbine engines for their strength and ductility over a wide range of service temperatures
and their superior corrosion resistance. Al2O3 is widely known for its hardness, strength,
and chemically stability. The attractive properties of Al2O3 combined with Ni(Cr) based
alloys, has the potential to produce surface protective coatings applicable to the severe
abrasion-corrosion environment. In view of the above discussion, the objective of the
present work was to attain the optimal process parameters for synthesizing nanostructured
Al2O3 –Ni(Cr) cermet nanocomposites (CMNC) via HE-MA process. In order to meet this
objective both experimental techniques and analytical tools were used to perform
structural evaluation of the synthesized particles: (a) scanning electron microscopy
(SEM), high-resolution transmission electron microscopy (HR-TEM), laser diffraction,
and x-ray diffraction (XRD) techniques; (b) Scherrer method and Williamson-Hall plot to
measure the grain size, including strain evolution at distinct milling stages.

3

1.2 Design of Particle

The aim of this study is to reinforce nano-sized Al2O3 grains into a micron-sized alloy
matrix (Ni(Cr)) with a desired particle size ranging 5-50 μm through HE-MA process.
Figure 1 shows the schematic design of cermet nanocomposite (CMNC) particles after
high-energy mechanical alloying (HE-MA) process. It is expected that through HE-MA
process, nanosized Al2O3 grains will be embedded in micronsized Ni(Cr) binder.
However, in subsequent discussion, the term particle size is used to denote the
mechanically alloyed Al2O3 –Ni(Cr) particles and grain size is used to denote the Al2O3
grains within the particles.

Figure 1: Design of Al2O3-Ni(Cr) cermet particle

4

1.3 Statement of Problem

A significant problem associated with mechanical components in automobiles, aircraft,
power generation units, construction equipment, and chemical processing equipment, is
high-temperature (above 500°C) oxidation erosion. According to NACE International
2016 report, the direct cost of metallic corrosion in U.S. is near $1 trillion, which is almost
6% of the U.S. Gross Domestic Product (GDP) [11].The work in this research project is
aimed at developing high-temperature oxidation erosion resistant coatings. In doing so,
this thesis focuses on the synthesis of nanostructured Al2O3-Ni(Cr) particles, which are
used as feedstock in the development of coatings. There are various challenges and
problems in this particular field that relate to this research initiative.

➢ Researchers have already worked with different types of microstructured feedstock
materials and found phenomena like decarburization, dissolution of material at high
temperature [5]. Compared to the micron-sized grain reinforced metal matrix
composite particles, the nano-sized grain-reinforced metal matrix composite particles
have shown superior strength, ductility, and wear resistance, and they also possess
good elevated temperature properties [10-12]. In this research work, nanosized Al2O3
grains will be embedded in micron-sized Ni(Cr) metal matrix using the design of
experiments (DoEs), for optimizing the process parameters in the HE-MA process.

➢ The challenges associated with synthesizing nanosized grain reinforced ceramic
metallic nanocomposites (CMNC) are: (1) reduction of crystal grain size to a desired
5

nanometric level (below 50 nm) and (2) dispersion of the nanosized grains in the metal
matrix homogeneously. Due to the low wettability of the nanosized ceramic grains,
they have a tendency to agglomerate along the grain boundaries and not be
homogeneously dispersed throughout the matrix. Through the experimental study
conducted in controlled milling environment, the work is expected to contribute
knowledge in (a) obtaining a set of optimal parameters when dealing with Al2O3Ni(Cr) and (b) a systematic understanding of how the strain is evolved in the process.

➢ In a high-energy mechanical alloying (HE-MA) process, the continuous repetition of
deformation, fracturing and cold welding of powder particles occur to form fine
nanostructured particle. Continuous plastic deformation contributes to a atomic level
strain or microstrain derivation in the milled product.The quantitative measures of
microstrain in the HE-MA process is still a challenge in this particular field. Therefore,
the conjugate aim of this study is to calculate the amount of strain developed and its
role in the formation of nanostructured grain reinforced ceramic metallic
nanocomposites (CMNC) throughout the milling stages.

➢ Of critical importance is the problem of obtaining the particle sizes in the sprayable
range of 5–50 μm which has not been solved yet. In this study, the influence of
different parameters, such as the milling time, milling type, ball to powder ratio, the
weight composition of precursor materials will be systematically studied to achieve
the desired particle size distribution.
6

The research done in this body of work is expected to add knowledge on handling Al2O3Ni(Cr) composites and be extendable to other composites synthesis e.g. aluminumalumina (Al- Al2O3) , gadolinium zirconate-aluminum (Gd2Zr2O7 –Al) and etc.

1.4 Research Objectives and Scopes

The main goals of this research work are composed of:

➢ Synthesizing nanostructured Al2O3-Ni(Cr) particles within a sprayable range (5-50
μm). The study targets four milling process parameters:
 Milling Time
 Milling Type
 Composition of starting powder batches
 Ball to powder weight ratio (BPR)

The impact of these parameters on the grain size and particle size reduction process will
be analyzed through a number of characterization techniques (SEM, HR-TEM, PSD and
XRD).

➢ In the HE-MA process, the energy transfer from balls to powder particles by high
speed forging impact causes plastic deformation, fracturing and cold welding of
7

particles. The mechanical energy transfer causes slight displacement of atoms from
their original lattice positions giving rise to a strain rate at the atomic level. Therefore,
it is very important to have a quantitative measure of the total amount of strain
percentage at atomic level which is also known as microstrain in the desired
nanostructured powder particle morphology.

➢ Moreover, this study intends to produce the nanostructured CMNC particles with the
hope of developing coatings targeted for high-temperature oxidation erosion
applications. Through the design of experiments (DoEs) and characterization
processes, milling parameters are optimized and recommended for industrial
applications.
There are several limitations of this study, including:

➢ This research is limited to synthesizing and characterizing nanostructured Al2O3
Ni(Cr) powder particles. Further work can be done to spray this powder for coating
purposes by HVOF technique.

➢ This study is limited to high-energy mechanical alloying process. Further work can be
done to study the sintering behavior of high-energy mechanical alloyed powders.

8

Chapter Two: Background Theory and Literature Review
2.1 Introduction to Coating Development

Coatings are obtained by combining two processes: feedstock development and coating
deposition. These two processes have a number of aspects. Feedstock development
includes selecting and designing the synthesis process, characterizing and testing the
synthesized materials. The coating deposition means spraying the qualified feedstock with
specific coating technology. Characterizatrion/testing of coatings, analytical modeling of
coating behaviour using predictive (simulation) technique are also very important for
coating development. Figure 2 summarize these aspects. This research work focuses on
developing feedstock material for high velocity oxy-fuel (HVOF) thermal spray coating
process.

Feedstock
Material

Material
Selection

Coating Process

Coating on
Substrate

Manufacturing

Characterization
/Testing

HVOF

Cold
Spraying

Figure 2: Aspects of coating development
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Plasma
Spraying

2.2 Composite Materials

A composite material can be defined as a combination of two or more materials whose
combined properties are more desirable than those of the individual components by
themselves. Wood, fiberglass, concrete etc. are examples of composite materials. Usually,
composites are made of two parts, a matrix and a reinforcement. Matrix phase surrounds
and binds together fibers and fragments of other material which is known as
reinforcement. In most cases, reinforcement is a fiber or a particulate. Figure 3 shows the
different classification of composite materials depending on the matrix type. This project
deals with ceramic grain reinforced metal matrix nanocomposites (CMNC).

Composite Material

Metal Matrix
Composites
(MMC)

Ceramic Matrix
Composites
(CMC)

Polymer Matrix
Composites
(PMC)

Figure 3: Classification of composite materials
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2.2.1 Metal Matrix Composites (MMC)

Metal matrix composites (MMCs) are composites which consist of a metallic matrix along
with a dispersed metallic (lead, tungsten, molybdenum) or ceramic (oxides or carbides)
phase. The metallic matrix can be made of aluminum, magnesium, iron, cobalt, copper.
Usually this type of materials provide strength and stiffness, high-temperature oxidation
corrosion resistance, as well as good wear resistance. Cermets are a significant example of
metal matrix composites (MMCs) where ceramic grains are reinforced into the metal
matrix binder. Mainly two types of cermets are available commercially e.g. oxide based
cermets (Al2O3 blended with any metal/metal alloy), carbide based cermets (TiC, WC)
[12].

2.2.2 Ceramic Matrix Composites (CMC)

Ceramic matrix composites (CMCs) are composites consisting of fibers of other ceramics
(dispersed phase) embedded in a ceramic matrix. They provide good fracture toughness,
high dynamic load capability, wear resistance etc. Commercially available CMCs are C/C,
Al2O3/Al2O3, C/SiC, SiC/SiC etc [12].
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2.2.3 Polymer Matrix Composites (PMC)

In polymer matrix composites (PMCs), glass, carbon, steel or Kevlar fibers (dispersed
phase) are embedded in a matrix from thermoset (Unsaturated Polyester (UP), Epoxy (EP))
or thermoplastic (Polycarbonate (PC), Polyvinylchloride, Nylon, Polysterene). Polymer
matrix composites are highly valued in aerospace industries due to their light weight, heat
resistance capacity and high material stiffness [12].

2.3 Coating Processes

Different coating processes are available in industries. Some of the most useful and
advantageous coating processes are discussed in this section.

2.3.1 Cold Spraying

Cold Spray (CS) is a coating process where solid powders (1 to 50 μm in diameter) are
accelerated in a supersonic gas jet to velocities up to 1200 m/s. During impact with the
substrate, powder particles undergo plastic deformation and adhere to the surface. Figure
4 shows a schematic of the cold spraying process. The propulsion gas or compressed air at
an elevated pressure is introduced through a gas control module. The pressurized gas is
heated electrically. The high-pressure gas is then introduced into a nozzle with compression
through a throat region, followed by expansion to nominally atmospheric pressure, which
12

results in a supersonic flow. The powder feedstock is then delivered by a precisionmetering device on the substrate to develop coating. The main advantage of this process is
it provides high thermal and electrical conductivity of coatings along with low energy
consumption. But this process faces difficulty in processing pure ceramics and some
specific alloys [13].

2.3.2 Chemical Vapor Deposition (CVD)

Chemical vapor deposition (CVD) is a chemical process for depositing thin films of
materials on wafers or other substrates. A wafer is a thin slice of semiconductor material
e.g. a silicon crystal, used to manufacture integrated circuits. Source gases are introduced
into a reaction chamber and energy is applied through heat. High frequency, high voltage,
RF power results in the decomposition of the source gas and reaction of the chemicals to
form a thin film as shown in Figure 5. This process uses high-purity solid materials and
powders. The process is frequently used in the semiconductor industry to produce thin
films. The main drawback of this process is that it can get very expensive due to the power
requirements of the process [14].
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Figure 4: Schematic showing the main components in a cold spraying process [13]

Figure 5: Schematic of chemical vapor deposition process
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2.3.3 Thermal Spraying

Thermal spray is one of the most versatile hard facing techniques that is used to protect
metal surfaces from degradation due to high temperatures, adhesive, abrasive wear, and
corrosion such as that caused by seawater or oxidation [15]. Thermal spray technology
involves the projection of molten or semi-molten droplets or individual particles from
feedstock (powder, wire or rod) onto the surface (substrate) to be coated. The heat source
can be an electrical arc or a mixture of combustible gases that produce flame from the spray
gun. The feedstock powder is fed into this flame and is transformed into a molten or semi
molten, which is then accelerated to the substrate surface as shown in Figure 6.

One of the main advantages of this process is its flexibility in terms of materials that can
be used to develop coating. For example: ceramics, metals, alloys, carbides, oxides and
monoxides, plastics, cermets, refractory metals, as well as combinations of these. The range
of thermal spray coating thickness can vary between 50 μm and 6.5 mm, depending on the
type of thermal spray process, application, and feedstock. There are different types of
thermal spraying techniques available e.g. plasma arc spraying, high velocity oxy-fuel
(HVOF), electric wire arc spray, detonation gun (d-gun), etc.
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Figure 6: Process schematic of thermal spraying methodology

2.3.3.1 High Velocity Oxy-Fuel (HVOF) Thermal Spraying Process

High velocity oxy-fuel (HVOF) thermal spraying process is an industrially established
technique since the mid-1980s. It is one of the most popular thermal spray technologies
and has been used in many industries due to its flexibility and the superior quality of
coatings produced compared to other thermal spray processes. It produces a coating of
higher bond strength and higher hardness together with lower porosity than other thermal
spray processes, plasma spray or d-gun [5].

In HVOF, the powder material is melted by the combustion of oxygen and fuel gas and
propelled at a high velocity of around 600 m/s by the use of compressed air and a nozzle
assembly towards the substrate surface as shown in Figure 7. In the combustion zone, the
powder material enters the flame, where it becomes molten or semi-molten depending on
16

the melting temperature of the powder material. The flame temperature of the HVOF
process is between 2300°C and 3000°C [6]. Due to the high thermal energy experienced
by the impinging particles, the HVOF system exhibits one of the highest bond strengths
and lowest porosity among all thermal spraying processes [5, 6, 16, 17].

Researchers in this field have already dealt with microstructured coatings produced by
HVOF process. Recently, it was found that nanostructured coatings are more beneficial
compared to microstructured coatings for severe wear protection of substrate [5, 6, 18].
This is an annexation to that effort to create a coating system for protecting components
from high temperature oxidation erosion atmosphere.

Figure 7: Schematic of a high velocity oxy-fuel (HVOF) thermal spraying process
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2.4 Nanostructured Al2O3-Ni(Cr) Coatings for High-Temperature Oxidation Erosion
Applications

Between 1997 and 2002, Dr. Lawrence T. Kabacoff at the United States Office of Naval
Research (ONR) headed the first effort on thermal spraying of nanostructured coatings
through a program entitled, “Thermal Spray Processing of Nanostructured Coatings”.
Among different successful works of ONR, the work carried out by Gell et al. [19, 20] on
nanostructured alumina-titania coating had stood out. The n-Al2O3-13TiO2 coating
enhanced wear resistance (2-4X), bond strength (up to 2X) compared to those of its
microstructured commercial counterpart of the same composition [19-23]. In the last 15
years, there is a rapid advancement in nanocomposite coating research. Researchers have
already worked with nanocrystalline cermet materials like WC-Co, TiC- Ni-based cermets
[21, 24, 25]. Currently, due to the lack of available technologies nickel based alloys are
widely used in chemical industries, nuclear power plant, oilfield and turbine engine
corrosive environments for their excellent properties like strength and ductility over a
limited range of service temperatures. The addition of Cr leads to a significant increase in
high-temperature corrosion resistance due to the high melting temperature (1907°C).

On the other hand, aluminum oxide (Al2O3) is well known for its hardness, strength, and
chemically inert nature. Al2O3 is found to be a satisfactory reinforcement for improving
the high temperature wear resistance of metallic matrix due to its excellent chemical and
thermal resistance and high hardness [26]. It exists in nature in different hydrated phases,
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e.g., boehmite (γ-Al2O3.H2O), diaspore (α-Al2O3.3H2O) as well as in metastable forms like
β, δ, θ, η, κ and X. The α-Al2O3 is well known to be a stable phase (around 1050oC), least
porous phase of Al2O3, and it is available in nature in the form of corundum [26]. Particle
reinforced cermet coatings based on Al2O3 and Ni are being applied in different fields of
technology with high demands on friction and high-temperature corrosion resistance. Some
of the examples are the paddles of the gas turbine, valves, and bearings, mixing blades for
abrasive mixers, as well as plasma sprayed alumina coated railroad components are used
in Japan [27]. The attractive properties of Al2O3 when combined with Ni(Cr) based alloy
have the potential to produce surface protective coatings applicable in severe erosioncorrosion environment.

Now the challenge is to synthesize nanostructured Al2O3-Ni(Cr) powder particles.
Different manufacturing processes are available to produce nanostructured powder
particles such as inert gas condensation (IGC) [11], stir casting, sol-gel synthesis,
mechanical alloying (MA) etc. [3, 4]. High-energy mechanical alloying (HE-MA)
represents a low-cost process with high flexibility for the production of these
nanostructured precursor powders [4, 9-10].
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2.5 High-Energy Mechanical Alloying (HE-MA) Process-Working Principle

High-energy mechanical alloying (HE-MA) is defined as a methodology whereby two or
more elemental powders are blended, fractured and cold welded repeatedly, resulting in a
composite mixture with finer microstructure [28-32]. A variety of milling equipment e.g.
attritor mill, vibratory mill, planetary ball mill, SPEX mill are used to carry out HE-MA
work. The process starts with the mixing of the powder particles in the right proportion and
loading the mixture into the mill along with the grinding medium (generally steel balls).
During the process, powder particles are subjected to high energy impact. As such, the
activities are broken down into four stages: (a) initial stage, (b) intermediate stage, (c) final
stage, and (d) completion stage.

A number of phenomena takes place in the HE-MA process are outlined here:

(a) At the initial stage of HE-MA process, grinding balls collide and they trap particles
between them (shown in Figure 8). The powder particles are flattened by the
compressive forces due to the collision of the balls. The force of the impact deforms
the particles, but such deformation of the powders shows no net change in mass.

(b) Significant changes occur at the intermediate stage of HE-MA process. Fracturing
and cold welding play dominant role at this stage. Due to the force of impact, the
powder particles deform and fracture, thus create new surfaces. When the clean
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new surfaces come into contact they get cold welded. The welding tendency of
small powder particles into large powder particles predominates. At this stage, a
broad range of particles form with some particles being two or more times larger in
diameter than the original ones.

(c) At the final stage of the mechanical alloying process, significant refinement and
reduction in particle size is evident. As the process continues, the large particles get
harder and their ability to withstand deformation without fracturing decreases.
Those particles break apart when they are struck by the balls. Thus, the particle size
reduces significantly.

Figure 8: Schematic view of ball-powder-ball collision during HE-MA process [4]
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(d) At the completion stage, a balance can be seen between fracturing and welding of
powder particles as shown in Figure 9. Thus, the size of particles becomes constant
within a narrow range. Further mechanical alloying beyond this stage cannot
physically improve the powder particle distribution.

Figure 9: Balance between welding and fracturing [28]
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2.6 Working Principle of Different Milling Machines

2.6.1 Attritor Mill

An attritor mill consists of a vertical drum with a series of impellers inside it. Impellers are
placed on the shaft at right angles to each other in the vertical drum. A powerful motor
rotates the impellers which in turn rotate the steel balls in the drum. Therefore, powder size
reduction happens due to the collisions between balls, ball and container wall and ball,
shaft and impellers [4, 29]. Figure 10 shows the schematic of an attritor mill. In comparison
with other milling machines, this is a low energy milling method as the maximum speed
of the impellers are as low as 300 rpm [4]. The advantage of this mill is, it is capable of
large scale production with capacities between 0.5 and 40 kg [4, 29].

Figure 10: Schematic of a mechanical attritor internals [4]
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2.6.2 Planetary Mill

Planetary ball mill is another popular milling machine for conducting MA experiments.
The name “planetary” came from planet-like movement of its vials. The vials are arranged
on a rotating support disk which rotate around a vertical axis. The vials rotate around their
own axes and counter to the vertical axis. The vials contain the ball and powder material
to be grounded. The centrifugal force produced by the vials rotating around their own axes
and that produced by the rotating support disk both act on the vial contents, causing the
reduction of powder particle size [4]. Figure 11 shows the schematic view of the motion of
ball and powder mixture in a planetary ball mill [28]. The rotational speed of planetary mill
is much greater (up to 800 rpm) than the attritor mill, but still less than the SPEX mill.

Figure 11: Schematic view of the motion of ball and powder mixture in a planetary ball
mill [28]
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2.3.3 SPEX Mill

SPEX mill is the most commonly used high-energy ball mill in North America [4]. It is a
vibratory (shaker) type mill. The working principle of this kind of mill is simple and is
based on shaking the milling medium in three directions. Schematic of SPEX mill is shown
in Figure 12. It usually has two vials which is also known as crucibles, containing powder
and grinding balls. The crucibles are fixed at the edge of the arm of the mill. The arm
oscillates around its middle position so that the crucibles had continuous back and forth
motion as illustrated in Figure 12. Due to the back and forth movement of the arm, the
apparatus oscillated on the springs was producing a vertical movement. Therefore, the end
of the vial traces a figure 8 or infinity symbol as it shakes. A rotating speed of
approximately 1200 rpm makes the balls to move at very high velocities which in turn
producing a very high impact energy.

Different types of crucibles or vials and ball materials is available for SPEX mills including
hardened steels, stainless steels, tungsten carbide, alumina, zirconia, plastics etc. [4, 3335]. The schematic of a crucible is shown in Figure 13. The O-ring (Figure 13) between
the crucible and the screw cap, helped to keep the crucible hermetically sealed to ensure
an inert atmosphere during mechanical alloying process.
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Figure 12: Schematic of SPEX mill [33]

Figure 13: Schematic of the crucible [33]
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2.7 Literature Review

2.7.1 Synthesis of Nanocrytalline Cermet Powder by HE-MA Process

The synthesis of cermets has previously been attempted using precursors such as Cr-Al,
Co-Al, Fe-Al etc. [3, 29]. In those studies, the precursor materials were mechanically
alloyed and required more time than high-energy mechanical alloying (HE-MA) process.
Therefore, researchers started using high-energy mechanical alloying (HE-MA) process to
produce nanostructured precursor powders [26-32]. A variety of cermet powder particles
have been produced using HE-MA process to develop wear and corrosion-resistant
coatings. For instance, WC-Co and TiC-Ni based cermets are synthesized by HE-MA to
develop thermally sprayed coatings for applications requiring resistance to abrasion,
corrosion, erosion [11-12, 32, 36, 37]. However, in the high temperature (~3000ºC) thermal
spraying process, WC decarburized into W2C [36-38] and TiC based cermets are not stable
at high temperature, in addition to being dissolved in metallic binder [9]. Therefore, the
focus was shifted towards novel Al2O3 based cermet materials to tackle the high
temperature oxidation erosion degradation by using the high melting temperature and
chemically inert nature of Al2O3 [10, 24, 30]. Al2O3 is chemically inert due to the stable
ionic bonding between the aluminum and oxygen.
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2.7.2 Influence of Milling Parameters on the Characteristics of Milled Product
Using HE-MA

Researchers used the high-energy mechanical alloying technique to produce composite
powders mainly for oxide-dispersion alloy (ODA) development [9-10, 29, 30]. Zhao et al.
(2003) showed that milling time, ball to powder mass-ratio (BPR) and size of milling balls
play an important role on the properties of metal matrix composite (MMC) coatings [10].
Among only a few published studies, in this one, Simoloyer CM01 (Zoz GmbH) was used
to produce the powders with ceramic to matrix material ratio 1:1 in volume relation. The
ball size (2 mm and 4.7 mm), milling time (2h and 4h) and ball to powder weight ratio (5:1,
10:1 and 20:1) were varied to scrutinize their impact on the milled products. The
characterization of milled powders was done by using optical microscopy (OM) and
scanning electron microscopy (SEM) and x-ray diffraction (XRD). Better milling results
were obtained by using a longer milling time (4h), a higher ball to powder weight ratio
(20:1). However, this study did not explain the impact of milling parameters on the grain
size of the agglomerated powder. Therefore there is a lack of scientific knowledge
concerning the effect of milling parameters and the mechanism that dominates on obtaining
(a) the grain size reduction and (b) their embedment in the binder matrix. This research
specifically focuses on revealing the effect of milling parameters on both the formation of
particle and grain size reduction and the embedment of Al2O3 grains inside the Ni(Cr)
binder.
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2.7.3 Interplay Between Milling Parameters and Their Selection

Various parameters in HE-MA process affect the characteristics of resultant alloyed
powder particles. These include: milling media, ball to charge ratio (BPR), ball material,
milling time, milling type, milling atmosphere, type of process control agent (PCA),
milling temperature etc. It is very important to grasp a comprehensive control of the milling
behavior by optimizing these parameters so to obtain desired final product.

Among them milling time plays an important role in HE-MA process. The time required
varies depending on the type of mill used, composition of materials to be milled, BPR,
intensity of milling. However, the level of contamination has shown to increase as has the
undesirable phase formation, when the powder is milled for much longer than required,
especially in reactive metals like titanium and zirconium [39].

The type of milling media used during HE-MA process has a significant effect on the
milled product. Usually steel, ceramics, and plastics are used as milling media [4]. These
materials cause powder contamination when the milling is carried out for a long period of
time. Between 1 - 4 % of iron contamination is common in high-energy environment when
steel is used as grinding media and vials [34]. Iron contamination has also been as high as
33% in some tungsten milling experiments due to longer milling time [40].

The BPR is another major contributing factor in the final product. BPR has been varied by
several investigators from a value as low as 1:1 [41] to as high as 1000:1 [42]. However,
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very high ratios of BPR are not very common and are used only in special cases to obtain
the effects faster [4]. Typical values of BPR for SPEX mill and planetary mill vary from
5:1 to 30:1 [4, 33, 34]. Different investigations show that, crystallite size decreases with
the increase of milling time and the rate of decrease is significantly higher for higher BPR
values [4, 34]. However, high BPR values cause faster processing; however this faster
processing can introduce high contamination level into the powder [4, 35]. Therefore,
optimization of BPR and milling time is very important to achieve the desired powder
particle morphology.

Another important consideration is warranted for the milling to be carried out in an inert
environment to prevent oxidation and contamination of the powders during HE-MA
process. Researchers have widely used high purity Ar to prevent oxidation and
contamination of powder particles during HE-MA process [4, 26-30, 33, 35]. Different
atmosphere have also used to achieve specific purposes i.e. liquid nitrogen has been used
to produce nitrides [43]. Milling atmosphere also affects the nature of the final phase of the
milled product. It has been observed that when Cr-Fe powder mixtures were milled in
different types of atmosphere, the constitution of the final product was also different [44].
When the powder was milled in an argon atmosphere, no amorphous phase was observed
and Cr peaks were present in the X-ray diffraction pattern. On the other hand, when the
powder was processed in either air containing argon or in nitrogen environment, the
powder became completely amorphous. Thus, using an inert atmosphere during milling
has been widely recommended by researchers. From the theoritical background and
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literature review, milling time, ball to powder weight ratio, power batch composition and
milling equipment are kept as the optimization variables for the final product.
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Chapter Three: Methodology
3.1 Overview

Two experiments were conducted in two distinct phases involving milling runs. Therefore,
two different design of experiments (DoEs) are followed to find optimal parameters in the
synthesis of nano-structured Al2O3 –Ni(Cr) particles. These two experiments are referred
to as “DoE-1” and “DoE-2” throughout the thesis. After characterizing the synthesized
product from DoE-1, a set of very important observations were made, serving as the guide
for DoE-2. In total 17 specimens were produced in 5 batches.

3.2 Materials

In DoE-1, three commercial grade precursor materials were used: metal oxide ceramic
grains (α-Al2O3 from MKnano, ON; γ-Al2O3 from Goodfellow Cambridge, UK) and metal
alloy particle (Ni(Cr) from MKnano, ON). Their physical characteristics and chemical
analyses results are given in Table 1.
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Precursor powder

Mean particle size

α-Al2O3

69 ± 14 nm, ≥ 99.5% purity, O: 33.30 wt.% (45.72 at.%)

γ -Al2O3

Chemical composition

wet chemical synthesis

Al: 66.70 wt.% (54.28 at.%)

100 nm, 99.99% purity

O: 37.63 wt.% (40.43 at.%)
Al: 62.37 wt.% (49.57 at.%)

Ni80/Cr20 alloy

45 ± 22 µm, gas atomized

Cr: 20.02 wt.% (22.04 at.%)
Ni 79.98 wt.% (77.96 at.%)

Table 1: Physical characteristics and chemical analyses of the precursor powders used in
DoE-1

The selection of γ-Al2O3 component in the design was based on the explicit ability to
accommodate packing density in the blended mixture of α and γ forms of the materials
[31]. The processing of the blended powders was performed using a 2.5-galon tank capacity
Union Process® attritor mill at CANMET Materials, Hamilton, ON.

In DoE-2, two commercial grade precursor materials were used: metal oxide α-Al2O3
ceramic grains and metal alloy Ni(Cr) particles, both from Atlantic Equipment Engineers,
NJ. Their physical characteristics and chemical analyses results are given in Table 2.
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Precursor powder

Mean particle size

Chemical composition

α-Al2O3

80 ± 12 nm

O: > 46.89 wt.%
Al: > 53.10 wt.%

Ni80/Cr20 alloy

44 ± 21 µm, gas atomized

Cr: 19.53 wt.%
Ni 78.95 wt.%

Table 2: Physical characteristics and chemical analyses of the precursor powders used in
DoE-2

3.3 Composite Synthesis

High energy mechanical alloying was used to reduce the grain size of the starting powders
to a nanometric level and reinforce α-Al2O3 grains into the Ni(Cr) binder matrix. Two types
of milling equipment were used in this project; an attritor mill in DoE-1 and a SPEX-type
mill in DoE-2. From the milled products of DoE-1, it was observed that, due to the low
speed of the attritor mill, the particle size reduction process became time consuming. The
same process could be done ten times faster using a SPEX mill [4, 33]. As a result, for
DoE-2, the SPEX mill was used.
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3.3.1 First Design of Experiment (DoE-1)

In DoE-1, the processing of the blended powders (described in Table 1) was carried out in
a 2.5-galon tank capacity Union Process® attritor mill in CANMET Materials, Hamilton,
ON. The composite batches were initially put in a planetary mill for 30 minutes at 50 rpm
to provide a more homogeneous solid solution before their introduction into the attritor.
The designed agitator shaft speed (150 rpm) was obtained by programming 25.7 Hz on the
VFD (variable frequency drive) keypad. Pre-mix (blended) powders were mechanically
alloyed and sampled using DoE-1, as specified in Table 3.

The selection of milling time was based on findings in a similar work by Butler et al. [32].
In that work it was found that over 60% of size reduction in the initial particle sizes used
(WC based 0.8 and 0.1 μm cermet) occurred during the first 12 hours run in a high-energy
planetary mill. However, in current research, while reduction of the initial Ni(Cr) particle
size was a target, the reinforcement of the Al2O3 grains was the key design criterion. The
main reason of extending the mechanical alloying process up to 36 hours was to confirm
the embedment of nanostructured Al2O3 grains into the micron sized Ni(Cr) particles to get
the desired particle design.
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Batch/Specimen

Al2O3-Ni(Cr)

designation

Composition

time

(Wt.%)

(hour)

Batch 1

S1

Batch size (g)

Milling

595-g α-Al2O3 + 255-g γ-

85/15

(B1)

19

Al2O3 + 150-g Ni(Cr)
S2

595-g α-Al2O3 + 255-g γ-

85/15

24

Al2O3 + 150-g Ni(Cr)
S3

595-g α-Al2O3 + 255-g γ-

85/15

36

Al2O3 + 150-g Ni(Cr)
Batch 2

S4

75/25

750-g α-Al2O3 + 250-g Ni(Cr)

36

S5

75/25

1350-g α-Al2O3 +150-g γ-

36

(B2)
Batch 3
(B3)

Al2O3 + 500-g Ni(Cr)
Table 3: First design of experiment (DoE-1) for the HE-MA process

The attritor mill consists of a cylindrical stainless steel tank containing high-chrome
stainless steel balls with a diameter of Ø3/16 in. as a media in a ball-to-powder weight ratio
10:1. Several horizontal impellers were used to generate motion of the balls. As the balls
collided against each other they trapped and deformed the product by impact. This, in turn,
resulted in significant grain reinforcements. The atmosphere of the attritor mill was
controlled by using liquid argon gas to suppress any oxidation effect and prevent
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temperature increases (cryogenic). To control excessive cold welding and agglomeration,
a liquid catalyst of 1 ml stearic acid was added to the charge.

3.3.2 Second Design of Experiment (DoE-2)

In DoE-2 the blended mixture was processed in a SPEX™ SamplePrep 8000D Dual
Mixer/Mill at Université Laval, Quebec. The speed of the SPEX mill disc was 1200 rpm.
Blended powder mixture was mechanically alloyed and sampled using DoE-2 as
specified in Table 4.
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Batch/Specimen

Al2O3-Ni(Cr)

designation

Composition

Batch size (g)

Milling time
(hour)

(Wt.%)
Batch 4

S6

75/25

750-g α-Al2O3 + 250-g Ni(Cr)

01

(B4)

S7

75/25

750-g α-Al2O3 + 250-g Ni(Cr))

02

S8

75/25

750-g α-Al2O3 + 250-g Ni(Cr)

03

S9

75/25

750-g α-Al2O3 + 250-g Ni(Cr)

06

S10

75/25

750-g α-Al2O3 + 250-g Ni(Cr)

09

S11

75/25

750-g α-Al2O3 + 250-g Ni(Cr)

12

Batch 5

S12

50/50

500-g α-Al2O3 + 500-g Ni(Cr)

01

(B5)

S13

50/50

500-g α-Al2O3 + 500-g Ni(Cr)

02

S14

50/50

500-g α-Al2O3 + 500-g Ni(Cr)

03

S15

50/50

500-g α-Al2O3 + 500-g Ni(Cr)

06

S16

50/50

500-g α-Al2O3 + 500-g Ni(Cr)

09

S17

50/50

500-g α-Al2O3 + 500-g Ni(Cr)

12

Table 4: Second Design of experiment (DoE-2) for the HE-MA process

Powders were weighed and mixed together in the stainless steel crucible. A typical charge
of 7 g and three stainless steel balls with 12 mm of diameter were charged in the crucible.
The ball-to-powder weight ratio (BPR) was about 15: l. After charging the balls and
powders, the crucible was closed under an argon atmosphere and kept hermetically sealed
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during milling process. The working principle of a SPEX mill was described in Chapter
Two. Due to the high amplitude of 5 cm and speed of 1200 rpm of the milling vials, the
velocities of the balls were quite high at 5 m/s, creating a very high impact on the
processing powder. When the apparatus started working, the balls moved in random
directions and the impact forces between the balls themselves or between the balls and the
crucible walls resulted in powder size reduction. Milling was conducted for times varying
from 1 hour upto 12 hours. The frequency of the mill varied between 10 and 15 cycles per
second. Milling was completed in a number of cycles from 1 through 72, with each cycle
lasting 10 minutes. Cooling time between consecutive cycles was 2 minutes (default
setting). It was observed that the powder particles did not stick on the crucible walls even
after 12 hours of milling due to the addition of 1 ml of stearic acid. This process control
agent (PCA) was added to the charge to reduce the agglomeration of powder particles [4,
33, 34].

3.4 Material Charaterization

3.4.1 Scanning Electron Microscopy (SEM)

The morphology and cross-sectional microstructure of the synthesized powders were
studied using a JEOL 6400 scanning electron microscope (SEM) utilizing secondary
electron (SE), backscattered electron (BSE) and energy dispersive X-ray analysis (EDXA)
techniques. Energy dispersive X-ray analysis (EDXA) was used for elemental and
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chemical composition identification of the specimen surface. The specimens were coldmounted in epoxy followed by grinding and polishing with fine diamond suspension up to
1 μm finish. The cold mounted specimen is shown in Figure 14.

The grinding and polishing of the cold mounted specimen was performed in a Nano 1000T
Grinder-Polisher machine. All the polished specimens were carbon coated before putting
them under scanning electron microscope. Carbon coating of specimens was necessary in
order to improve the imaging of the specimens by creating a conductive layer on the
surface. This prevents charging and improve the secondary electron signal required for
topographic examination in SEM [45]. For each SEM image, EDXA was conducted for
elemental analysis of that specific location in the specimen.

Figure 14: Cold mounted specimen
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3.4.2 Grain Size and Particle Size Analyses

From DoE-1, the grain size of the specimens was analyzed by a combination of SEM
micrograph and Fiji software. Several SEM images of the powder particles were used for
the measurements and the average sizes are reported. The limitation of this protocol is
linked with the small area under investigation, which represented the studied specimen.
Therefore, in DoE-2, the average grain size of the specimens was calculated analytically
by using XRD peaks, details of which is given in Chapter Four. The particle size
distribution was determined by using a laser diffraction method in a Malvern particle size
analyzer (Model Mastersizer MAZ2000S, UK). The equipment is shown in Figure 15.

Figure 15: Particle size analyzer used in this study
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A slurry of processed powder mixed with de-ionized water was poured into the sample
dispersion unit. Computer system connected with the analyzer gave the particle size
distribution using Malvern 2000 software. The device took three measurements for each
specimen and provided an average particle size distribution from the three measurements.
The analyzer has a sizing range between 10 nm and 3 mm with an accuracy up to 0.6%.
The particle size analyzer uses laser diffraction method where a laser beam passes through
a dispersed particulate sample and the angular variation in intensity of the scattered light
is measured. Large particles scatter light at small angles relative to the laser beam, whereas
smaller particles scatter light at larger angles [46].

3.4.3 XRD Analysis

The crystalline phases present in the specimen powders were examined using X-ray
diffraction (XRD, Bruker D8 diffractometer). Specimens were scanned over a range of
10°-90° 2θ, with a step size of 0.02° and a 1s step time using Cu-Kα radiation (1.5406 Å)
at 40 kV and 30 mA. The XRD peaks were identified using a software MDI Jade 5.00. The
values of 2-theta (2θ), full width at half maximum (FWHM) for each peak was also
collected from the same software. Further, Scherrer method and Williamson-Hall plots
were employed to calculate α-Al2O3 grain size and microstrain using these values. The
details of Scherrer method and Williamson-Hall plot will be discussed in Chapter Four.
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3.4.4 HR-TEM Analysis

The α-Al2O3 grain size and crystal orientation of the milled product was studied using HRTEM analysis. Analysis was performed at the UNB Microscopy and Microanalysis Facility
(MMF) with a JEOL JEM-2010 (S) TEM. Images were collected with a Gatan Ultrascan
camera using Digital Micrograph. EDXA spectra were collected with an EDAX Genesis
4000 Energy Dispersive X-ray (EDS) analyzer. An accelerating voltage of 200 kV was
used for the imaging and analysis. To prepare samples for HR-TEM, a very small amount
of powder was suspended into ethanol in a small vial. The vial was placed in an ultrasonic
bath for approximately 5 minutes to receive a homogeneous solution. A small amount of
the solution was dropped on copper grids using a pipette and the grids were placed in the
microscope for analysis.

3.5 Statistical Analysis

Throughout the experimental analyses, each specimen was analyzed for at least triple
iterations. For particle size analyses, three measurements of each specimen were conducted
and average values with standard deviation were calculated and presented for each data
point. For the Scherrer method analyses, average and standard deviation of five iterations
of each data point were measured and presented. For Williamson-Hall method, four to six
Bragg angles were analyzed for each specimen at different milling stages. Microstrain
values and grain sizes were calculated and plotted according to Williamson-Hall method.
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Here, the coefficient of regression (R2 values) obtained, fell mostly between 75% and 90%.
The R2 is a measure of how well observed outcomes are replicated by the model attached
to each individual specimen. The standard deviations are shown using error bars in all
appropriate graphical representations.
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Chapter Four: Results and Discussion
4.1 Design of Experiment One (DoE-1)

In DoE-1, five specimens in three design batches were synthesized using attritor mill. The
milled product was characterized by using SEM, laser diffraction method and XRD
technique.

4.1.1 SEM, Particle and Grain Size Analysis

Figure 16a shows the scanning electron micrograph of α-Al2O3 grain morphology; Figure
16b represents the estimation of grain sizes by using the mapping technique. Measurements
were taken from SEM micrograph, from which the average α-Al2O3 grain size was
calculated to be 69 nm with a standard deviation of 14 nm. In Figure 16a the evidence of
two different shapes (circular and quasi-circular) of as received α-Al2O3 grains is clear and
is indicated accordingly. A small amount of powder showed a circular morphology
(indicated by ‘red’ arrows), while the remainder exhibited quasi-circular morphology
(indicated by ‘blue’ arrows). Figure 16c shows SEM micrograph of the morphology of
Ni(Cr) particles. The particles are clearly spherical with the mean particle size estimated
to be 22 μm with the near-Gaussian range between 12 and 43 μm. SEM micrographs of
milled products collected at different times, corresponding to S1, S2, S3 specimens, are
shown in Figures 17, 18, and 19, respectively.
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Figure 16: SEM micrographs showing (a) α-Al2O3 grain morphology, (b) α-Al2O3 grain
size estimate, and (c) Ni(Cr) particle morphology, as-received [47]

In Figure 17, the brighter phase represented the Ni(Cr) phase, whereas the darker phase
represented the fractured and dispersed Al2O3 grains. In the first three specimens (S1, S2,
S3), 85 wt.% of Al2O3 was blended with 15 wt.% of Ni(Cr). Evidently, the microstructure
of S1 after 19 hours milling time showed fractured Al2O3 grains with mean size of 297 nm,
with a standard deviation of 120 nm. Further, it was found that mechanical alloying was
almost achieved to a desired level and fractured Al2O3 grains had been dispersed in Ni(Cr)
binder.
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Figure 17: SEM micrograph of milled powder, collected at 19-hour interval (specimen
S1) [47]

In the HE-MA process, two events predominantly contribute to microstructural refinement:
cold welding and fracturing [3, 4, 39]. In early and intermediate stages of milling, powder
particles are fractured due to collision occurring between balls and powders, leading to
cold welding of particles as previously described in Chapter Two. Cold welding dominates
over the fracturing process at the beginning of the process [4]. Agglomeration also occurs
due to the cold welding phenomena at the interface of grains and/or particles in the HEMA process. However from Figure 17, large cold welded particles were not observed and
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loose Al2O3 grains and Ni(Cr) particles were not traced. Instead, dispersion of fractured
Al2O3 grains were observed into the Ni(Cr) binder matrix. This is an indication that final
stage of mechanical alloying had already started at 19 hours milling stage.

During mechanical milling, self-agglomeration is a common phenomenon. Usually, two
types of self-agglomeration can be observed in a composite powder system; binder-induced
agglomeration and metallurgical agglomeration [3]. After 19 hours of milling, it is
observed that a large amount of Al2O3 grains were self-agglomerated due to cold welding
and fracturing. The rate of binder-induced agglomeration was increasing and selfagglomeration was decreasing with increased milling time.

From Figure 18, after 24 hours of milling, the mean Al2O3 grain size was estimated to have
decreased by approximately 60 nm down to 237 nm with a standard deviation of 44 nm.
Increased milling time also showed improved homogeneity of Al2O3 grains in the
reinforced particle.

Figure 19 shows that after 36 hours of milling, a majority of the ‘homogeneous’ distribution
of Al2O3 grains had occurred, and the mean agglomerated grain size decreased from 237
nm down to 141 nm with a standard deviation of 12 nm as shown in Figure 20. Figure 20
shows the graphical representation of Al2O3 grain size reduction as a function of time.
Evidently, the curve is gradually decreasing. An in-depth analysis had identified that two
separate phenomena had taken place during this process. During 19 to 24 hour period, there
is a direct linear relationship between size reduction and milling time. However between
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the 24 to 36 hour period, there was a one-to-one correspondence between the two. This is
an important observation, as this work had an explicit objective to establish a relationship
between the HE-MA milling time and grain size distribution in the milled product.

Figure 18: SEM micrograph of milled powder, collected at 24-hour interval (specimen
S2) [47]
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Figure 19: SEM micrograph of milled powder, collected at 36-hour interval (specimen
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Figure 20: Graph showing the progressive grain size reduction (agglomerated Al2O3) as a
function of time, for specimens S1, S2, and S3 [47]
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To explain further, for a 5-hour difference in milling time (from S1 to S2) the grain size
reduction rate was recorded to be 12 nm/ hour, while during the following 12-hour period
this rate followed a near-constant slope of 8 nm/hour (from S2 to S3). Previous research
work by Saha et al. [36] on a WC-based nanostructured HVOF coating had shown that a
WC grain size of 427 nm with a standard deviation of 120 nm distribution of the overall
particle provided better homogeneity in the obtained coatings. A statistical analysis of the
above trend led to a quasilinear relationship between milling time and grain size
distribution as given by Equation (1):

𝑌 = 8.9607𝑥 + 460.97, with a regression value of 𝑅 2 = 0.9898 (or 99%)

(1)

In Figure 20, it is also evident that the standard deviation decreases gradually with
increased milling time, which was a clear indication of obtaining finer grains over time.
After 19 hours of milling, the standard deviation was high (120 nm), which indicated the
existence of a wide range of grain size distributions in the fine alumina grains. However,
the scatter had significantly narrowed down, from 297 ± 120 nm at 19 hours down to 141
± 12 nm at 36 hours.

Figures 21 and 22 show the SEM micrographs of specimens (S4 and S5) collected after a
36 hours of milling run. S4 had a design containing 750-g of α-Al2O3 blended in 250-g
Ni(Cr), while S5 contained 1,350-g α-Al2O3, 150-g γ-Al2O3 blended in 250-g Ni(Cr); hence
both had a ceramic-to-alloy ratio of 75:25 in weight percentage.
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Figure 21: SEM micrograph of milled powder (containing 75/25 cermet design,
but no γ-Al2O3), collected at 36-hour interval (specimen S4) [47]

Figure 22: SEM micrograph of milled powder (containing 75/25 cermet design),
collected at 36-hour interval (specimen S5) [47]
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The micrographs revealed the homogeneous distribution of Al2O3 grains in the Ni(Cr)
binder. For the same milling time, the mean Al2O3 grain size in S4 was 238 nm (with a
standard deviation of 30 nm) and in S5 was 173 nm (with a standard deviation of 25.9 nm)
as shown in Figure 23.
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Figure 23: Bar chart showing the progressive reduction in grain size as a function of time,
representing specimens S4 and S5
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Among the three design batches totaling five independent specimens, with three varying
milling times (19, 24, and 36 hours), the smallest grain sizes of 141 nm were found in
specimen S3. This particular design had a composition of 85 wt. % α-Al2O3 and γ-Al2O3
(with a 70/30 distribution) blended in 15.wt% Ni(Cr) alloy. Figure 24 shows the EDXA
spectra of chemical composition measured on S3 specimen. It is seen that major elements
present on the specimen surface are Al, O, C with small amounts of Ni and Cr. It is noted
that the peak appearance of C is due to the fact that all specimens were carbon-coated

Counts

prior to their SEM analysis to make the surfaces more conductive.

9000
8000
7000
6000
5000
4000
3000
2000
1000
0

Al

C
O

Ni

Ni

Cr

0

200

400

600

800

1000
keV

Figure 24: EDXA spectra taken from the surface of nanocrystalline HE-MA synthesized
Al2O3-Ni(Cr) particles [47]
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The size distribution of powder particles subjected to HE-MA in various time duration
(19 h, 24 h, and 36 h) is shown in Figure 25. Particle size decreased from 9.79 μm (with
a standard deviation of ~13 μm) to 7.76 μm (with a standard deviation of ~10 μm) within
a 5 hour milling period (from 19 h to 24 h). During an additional 12 hours of milling (from
24 h to 36 h), the size of powder particles decreased by only 1μm, indicating that the
agglomeration had perhaps reached its limit. Results from particle size distribution for S1,
S2 and S3 (see Figure 25) indicated that particle size gradually decreased with the increase
in milling time, and after 19 hours of milling time the rate of decrease was very low. The
standard deviation of each milling period was significantly high which actually indicated
the wide range of particle size in the milled powder starting from large Ni(Cr) particles to
small fine alumina grains. Another reason for the high standard deviation was the presence
of outlier data in particle size distribution. Particle size distribution results obtained from

Particle Size (μm)

specimens S4 and S5 are shown in Figure 26.
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Figure 25: Graph showing the progressive reduction in particle size as a function of
time, representing specimens S1, S2, and S3 [47]
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Figure 26: Bar chart showing a gradual reduction in particle size as a function of time,
representing specimens S4 and S5

The average particle size in S4, where only α-Al2O3 was mechanically alloyed with Ni(Cr)
for 36 hours was found to be 8.81 μm (with a standard deviation ~11 μm), whereas in S5
with a mixture of α-Al2O3 and γ-Al2O3 present with Ni(Cr), the average particle size was
14.67 μm with a standard deviation approximately 21 μm. These results suggest that
powder particles in specimen S3 contained the lowest mean particle size of the five
specimens.

4.1.2 XRD Analysis

Figures 27a and b show the XRD pattern of α-Al2O3 and γ-Al2O3 respectively. Figure 28
shows the XRD pattern of Ni(Cr) alloy before milling.
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Figure 27: XRD analysis of (a) α-Al2O3 and (b) γ-Al2O3 before milling
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Figure 28: XRD analysis of Ni(Cr) alloy before milling

From Figures 27a and b, significant peaks of α-Al2O3 and γ-Al2O3 can be seen, whereas
Figure 28 highlights that there are only three Ni(Cr) peaks at 44.18º, 51.46º and 75.94º
prior to milling. From the XRD analysis of the milled product (S1, S2, and S3) in Figure
29, there are limited traces of the α-Al2O3 and Ni(Cr) phase compound representing CrNi3,
and an insignificant peak of FeNi3 (awaruite). There was no peak identification for γAl2O3. In the first three samples XRD data showed that with an increase in milling time
the peaks had broadened and decreased significantly. This usually happens due to the
small grain size structure of the powder particles and the microstrain introduced into the
material during milling [19, 25]. This is a clear indication that a fine grain structure was
obtained by HE-MA process of synthesizing nanostructured Al2O3-Ni(Cr) particles.
Further XRD spectra of specimens S4 and S5 in which milling time was identical (36
hours) yet the composition varied, is shown in Figure 30.
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Figure 29: XRD analysis of the HE-MA synthesized particles, representing specimens
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Figure 30: XRD analysis of the HE-MA synthesized particles, representing specimens
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The heights of the main peaks (α-Al2O3 and CrNi3) were significantly lower in specimen
S4 (only α-Al2O3 blended in Ni(Cr)) compared to those in specimen S5 (both α-Al2O3 and
γ-Al2O3 mixed in Ni(Cr)). The result suggests that finer particle size was found in
specimen S4 in comparison with that of specimen S5. There was no noticeable peak of
the γ-Al2O3 phase available in any of the XRD results as reported for specimens S1, S2,
and S3.

4.1.3 Findings from Design of Experiment One (DoE-1)

In experiment one, a systematic study based on a design of experiments (DoE), in which
focus was given to understanding the concurrent effect of material composition and
milling time on the evolution of nano-alumina grain reinforced microstructured Al2O3Ni(Cr) particles, was conducted. In all, three batches of powder mixtures of five
specimens, were characterized and analyzed. The following conclusions from DoE-1
ultimately led to DoE-2.

➢ With an increase in milling time both grain (nano-sized) and particle (micronsized) sizes of the powders decreased progressively. Particle size distributions
showed no significant change in size reduction after 24 hour of milling, thereby
indicating that a 24 hour milling time was adequate to obtain the required
nanostructured Al2O3-Ni(Cr) cermet powder particle to be utilized as feedstock.
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One of the main objectives of this study was to reinforce nano-sized Al2O3 grains
homogeneously into the Ni(Cr) binder matrix. After 19 hours of milling, it was
observed that, fractured Al2O3 grains started to disperse within the Ni(Cr) matrix
which was the nearing the final stage of milling. Over the next 17 hours of milling,
the homogeneity of the Al2O3 grains continued to increase into the binder matrix.
At the 36 hour milling stage, Al2O3 grains were embedded into the Ni(Cr) matrix
almost uniformly which was an indication that the milling stage was complete.
The entire process was time consuming due to the low speed (150 rpm) of the
attritor mill. Iron contamination was also observed due to longer milling periods.
This finding and further literature review led us to select SPEX mill with high
speed (1200 rpm) for the second experiment.

➢ Though both α-Al2O3 and γ-Al2O3 were present in the blended powders before
the HE-MA process, from the XRD analysis, there were no traces of γ-Al2O3
found in the milled powder particles. This was due to the transition of Al2O3
phases during HE-MA process. Among all the phases of alumina, α-Al2O3 is the
least porous and most stable phase. As a result, α-Al2O3 was selected as a
precursor material for experiment two.

➢ The grain size analysis was done using SEM images and Fiji software. Through
SEM, very small area of the milled powder can be investigated and it was assumed
that the small area represented the whole specimen. Using XRD, an average of
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large number of grains can be obtained. Therefore, XRD methods was selected to
find out the grain size distribution for experiment two. Furthermore, unlike SEM,
the data obtained from XRD methods can be used to calculate microstrain of
grains. From DoE-1, XRD peak broadening with the increase in milling time
confirmed dislocations at the atomic level. These dislocations are the result of
development of strain at the granular level due to continuous plastic deformation
processes. Using XRD analysis, grain size and microstrain of the milled product
will be analyzed in experiment two.

4.2 Design of Experiment Two (DoE-2)

4.2.1 Morphology of As-received Powder

A secondary electron micrograph (SE) of “as received” α-Al2O3 grain morphology is
shown in Figure 31. The α-Al2O3 grains showed no particular shape in the SEM
micrograph. Moreover the grain size estimate from this image agrees with the
manufacturer’s supplied information and is found to be 80 nm (average) with a standard
deviation of 12 nm. The back scattered electron micrograph of the “as-received” Ni(Cr)
particles is shown in Figure 32. The particles are spherical in shape with an average
particle size of 44 μm and a standard deviation of 21 μm.
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100 nm

Figure 31: Secondary electron micrograph (SE) showing as-received α-Al2O3 grain size
and morphology

Figure 32: Back scattered electron micrograph (BSE) showing size and morphology of
as-received Ni(Cr) alloy
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4.2.2 Morphology of Mechanically Alloyed Powder with Particle Size Distribution

As described in Chapter Three, two types of composition of α-Al2O3 and Ni(Cr) were
considered for the HE-MA process. A ratio of 75:25 (75 wt. % of α-Al2O3 blended with
25 wt.% of Ni(Cr)); and 50:50 (50 wt. % of α-Al2O3 blended with 50 wt.% of Ni(Cr))
were used. SEM analysis was conducted for both of these weight compositions and a laser
diffraction method was used to find out the particle size of the mechanically alloyed
powder particles.

4.2.2.1 Weight Composition (%) 75:25

From Figure 33, the morphological variation of Al2O3-Ni(Cr) cermet particles obtained
via SEM at 1h, 3h, 6h and 12h of milling intervals are shown respectively. The darker
particles in all the SEM images corresponds to Al2O3 grains whereas the brighter phase
indicate the Ni(Cr) particles.
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Figure 33: SEM micrographs of milled products, collected at (a) 1-hour (b) 3-hour, (c)
6-hour, and (d) 12-hour interval

It is quite clear from the SEM images that the HE-MA of the Al2O3 grains and Ni(Cr)
particles led to the formation of irregular and flake shaped agglomerates. The
agglomeration process continued throughout the 12 hour milling protocol. With an
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increase in milling time, homogeneity of the Al2O3 grains increased and there were signs
of progressive embedment into the Ni(Cr) binder over time as shown in Figures 33c and
d. Figure 34 shows the particle size distribution as a function of milling time obtained
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Figure 34: Particle size distribution of Al2O3-Ni(Cr) composite of weight composition
(%) 75:25 at different milling duration
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From Figure 34, it is evident that with an increase in milling time, the size of Al2O3-Ni(Cr)
powder particles increased at the early milling stage (up to 6 hours of the milling period).
At that point in time, the particle size decreased linearly (i.e. the reduction rate of particle
size followed a linear relationship between 6 hours to 12 hours of milling) as shown in
Figure 34. The phenomena occurring in this realm of milling can be explained as follows:
powder particles were attributed to continuous cold welding and fracturing during the
mechanical alloying process. During the first hour (Figure 33a), powder particles were
flattened, plastically deformed and fractured due to the collision of balls. Due to the force
of impact, the fractured and deformed powder particles created new surfaces at this stage.
When these new surfaces came into contact with each other they cold welded together to
form larger particles. In the initial stages of milling (primarily between 2 and 6 hours),
the ductile Ni(Cr) alloy particles were soft and had a tendency to weld together to form
larger particles as shown in Figures 33b and c. Therefore, cold welding seemed to
dominate over the fracture process over milling time which resulted in an increase in
particle size up to 6 hour mark of the milling process. Simultaneously, the brittle Al2O3
grains were fragmented by the ball-powder-ball collisions and tended to become occluded
by the ductile Ni(Cr) constituents and trapped inside the Ni(Cr) particles as shown in
Figure 33d. After 6 hours of milling, the fracturing process seemed to overcome cold
welding which resulted in a decrease in particle size. This represented the final stage of
the mechanical alloying process. During this period the cold welded particles became
harder and their ability to withstand deformation without fracturing decreased. Therefore,
they were continuously fractured by the collision of balls during the milling process. This
reduction in particle size was evident at the 9 hour point in milling. After 12 hours of
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milling, the fractured Al2O3 grains were embedded into the Ni(Cr) alloy to form Al2O3 –
Ni(Cr) particles with a mean size approximately 15 μm and a standard deviation of 4.6
μm. Due to the continuous cold welding and fracturing phenomena, a wide range of
particle size throughout the milling stages was observed.

4.2.2.2 Weight Composition (%) 50:50

Figure 35 shows the morphology of Al2O3-Ni(Cr) cermet particles obtained from the SEM
images at 1, 3, 9 and 12hour milling intervals. The darker phase indicates the Al2O3 grains
(shown in Figure 35a) and the brighter phase indicates the Ni(Cr) particles (shown in
Figure 35a).

From Figure 35a, at 1 hour milling period, both Al2O3 grains and Ni(Cr) particles were
found separately, but the agglomeration process already started in this period. From
Figures 35b and c, it can be seen that, with the increase of milling time the agglomeration
process continued and more Al2O3 grains started to embed into the Ni(Cr) binder. The
SEM image at the 12 hour milling stage in Figure 35d shows that Al2O3 grains were
embedded uniformly inside the Ni(Cr) binder.

The average size of the milled powder particles as a function of milling time is shown in
Figure 36. The particle size distribution was measured using laser diffraction.
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Figure 35: SEM micrographs of milled products, collected at (a) 1-hour interval (b) 3hour interval, (c) 6-hour interval, and (d) 12-hour interval
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Figure 36: Particle size distribution of Al2O3-Ni(Cr) powder particles of weight
composition (%) 50:50 at different milling stages

It is clear that powder particle size increased significantly in the first 3 hours of the milling
process. After 3 hours of milling, the particle size began to decrease and the pattern
followed a linear relationship up to 9 hours of the milling process. After 9 hours, a slight
decrease in particle size was observed and that decrease continued up to 12 hours of
milling. This indicated that the mechanical alloying process came to a completion after
12 hours milling. From Figure 36, it is quite clear that for the first 3 hours of milling, cold
welding dominates over the fracturing process and that the particle size increased
significantly. At the 3 hour interval, the average particle size stood at approximately 95
μm with a standard deviation of 11 μm. After 3 hour interval in milling, fracturing
dominated over the cold welding process causing a reduction in particle size.
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A comparison of particle size reduction processes involving specimens of B4 and B5 is
shown in Figure 37. In B4, a 75 wt.(%) of Al2O3 was milled with 25 wt. (%) of Ni(Cr)
alloy and in B5, a 50 wt.(%) of Al2O3 was milled with 50 wt. (%) of Ni(Cr) alloy. The
main difference regarding the particle size reduction processes of B4 and B5 was that the
particle size reduction started after 6 hours of milling in B4 while in B5 the same had been
achieved after 3 hours of milling. The particle size recorded was significantly larger in
the specimens of B5 compared to that of B4. The wt. (%) of Ni(Cr) phase in B5 was 25%
higher than B4 which explains the larger particle size in the specimens of B5. For the
specimens of B5, after 9 hours of milling, there was no significant change in particle size;
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Figure 37: Comparison between particle size distribution of specimens in B4 and B5 as
a function of milling time
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4.2.3 Microstrain and Grain Size Analyses using XRD Methodology

The XRD peak profile analysis (XPPA) is a powerful tool for analyzing crystallite size
and lattice strain that occurrs due to dislocation of the unit cells [48-51]. Both grain size
and lattice strain strongly affect the peak intensity, peak width, as well as a shift in the 2θ
peak position [48-51]. In this research work, crystallite size plays a significant role as one
of the main objectives is the embedment of nanocrystalline Al2O3 grains into the micronsized Ni(Cr) binder matrix. The complete X-ray diffraction pattern of all the mechanically
alloyed feedstock particles was analyzed for an angular range of 2θ between 10° and 100°.

4.2.3.1 XRD Analysis of B4 and B5

Figures 38 and 39 show the X-ray diffraction pattern of milled product of the specimens
of B4 (weight composition (75:25)) and Figures 40 and 41 show the X-ray diffraction
pattern of milled product representing the specimens of B5 (weight composition (50:50))
at different milling stages.
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Figure 38: XRD analysis of the HE-MA synthesized particles, representing specimens
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Figure 39: XRD analysis of the HE-MA synthesized particles, representing specimens
S9, S10, and S11
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The Ni, Cr rich CrNi3 phase and limited traces of α-Al2O3 were observed in all the X-ray
diffraction patterns. Though the grinding media was made of stainless steel, unlike the
first design of experiments, no FeNi3 peak was observed as the milling time was decreased
significantly in the second design of experiments (DoE-2). Decreasing the milling time
from 36 hours to 12 hours may have prevented the contamination induced by the stainless
steel grinding media. However a significant drop in peak height and broadening of peak
width were observed with an increase in milling time. Similar results were recorded in the
literature [4, 23, 49-51]. The physical origin of the XRD peak broadening is due to the
small grain size structure and microstrain induced in the powder particles during milling
[49-51]. Therefore, the gradual increase in width of XRD peak with the increase of milling
time provided a clear indication that an elaborate refinement and grain size reduction took
place during HE-MA process. Primarily, the XRD peak profile provided an indication of
continuous reduction of grain size with the increase of milling time. Further numerical
analysis using the XRD peaks was conducted to estimate the α-Al2O3 grain size and lattice
strain introduced.

4.2.3.2 Grain Size Estimation Using Scherrer Method

The Debye-Scherrer method was used to calculate the average grain size of Al2O3 using
full width half maximum (FWHM) of diffraction peaks [4]. The corresponding formula
is given by
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𝐷=

𝑘𝜆
𝛽 𝑐𝑜𝑠𝜃

(2)

where D is the grain size, k is the shape factor (0.9 for spherical shape), λ is the wavelength
of X-ray source used (Cu Kα = 0.1541874 Å), β is the full width at half maximum
(FWHM) of an individual peak at 2θ, θ is the Bragg angle. The FWHM values were
collected from MDI Jade 5.00 software for each XRD peak and used in Equation (2).
Figure 42 shows the progressive reduction in Al2O3 grain size as a function of milling
time of the specimens in B1.

From Figure 42, it can be seen that with the increase in milling time Al2O3 grain size is
decreasing. The average grain size of as received α-Al2O3 (before milling) was
approximately 80 nm. The grain size dropped significantly to 30 nm with a standard
deviation of 2.5 nm after an hour of the milling operation. The grain size decreased sharply
in the first 3 hours of milling and the graph followed an almost linear relationship. The
grain size reduction process slowed down after 3 hours of milling and a very small amount
of grain size reduction occurred between 3-9 hours of milling. Therefore a plateau is
reached, signifying no grain size reduction between 9 and 12 hours. This means that
further mechanical alloying beyond this stage was not accomplishing any size reduction
as demonstrated in Figure 42. Figure 43 shows the progressive reduction in Al2O3 grain
size as a function of milling time for B5.
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Figure 42: Graph showing the progressive grain size reduction as a function of milling
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Figure 43: Graph showing the progressive grain size reduction as a function of milling
time representing specimens of weight composition (%) 50:50
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Results from Figure 43 further confirms the trend observed in grain size reduction. After
3 hours of milling, the grain size reduction process slowed down. Therefore, within the 3
to 12 hour range, the grain size became relatively constant. After 12 hours of milling the
smallest grain size approximately 16 nm with a standard deviation of 1.14 nm was
recorded. Tomasi et al. observed similar results with minimal Al2O3 grain size
approximately 13 nm by mechanical milling [52].

However it is noted that the main limitation of the Scherrer Method is that it does not
consider the strain in grains. During the mechanical alloying process, due to ball-powderball collisions the powder particles are fractured, cold welded and plastically deformed
inducing microstrain. The Williamson-Hall (W-H) method was conducted for both B4
and B5 to calculate this microstrain which is described in the following section.

4.2.3.3 Grain Size and Microstrain Estimation Using Williamson-Hall (UDM) Plot

Both grain size and lattice strain contributed to the X-ray peak broadening. The strain
due to plastic deformation and crystal imperfections are related by the formula in
Equation 3,

ε=

β

(3)

4tanθ
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The W–H method follows a tanθ dependency instead of 1/cosθ as the Scherrer method.
Assuming that the grain size and strain contributions to X-ray peak broadening are
independent of each other, the observed line breadth is simply the sum of Equations 2 and
3.

𝛽=

𝐾𝜆
𝐷𝑐𝑜𝑠𝜃

+ 4𝜀 𝑡𝑎𝑛𝜃

(4)

By rearranging Equation 4,

𝛽 𝑐𝑜𝑠𝜃 =

𝐾𝜆
+ 4𝜀 𝑠𝑖𝑛𝜃
𝐷

(5)

Equation 5 corresponds to the Williamson-Hall Uniform Deformation Model (UDM)
where it is assumed that strain is uniform in all crystallographic directions. According to
the model, if a plot is drawn with 4 sinθ along the x-axis and β cosθ along the y-axis, the
value of the grain size is determined from the y- intercept of the fitted line and strain is
determined from the slope of fitted line [49-52, 54]. The Uniform Deformation Model
(UDM) was used to analyze the α-Al2O3 grain size and microstrain induced in those grains
for all the specimens in B4 and B5.

The W-H (UDM) plot of specimens S9 and S11 are shown in Figures 44 and 45,
respectively. The W-H (UDM) plot of the other specimens in B4 are added in Appendix
B.
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Figure 44: Plot of βcosθ vs. 4sinθ for the specimen S9
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Figure 45: Plot of βcosθ vs. 4sinθ for the specimen S11

From the linear fit of data points, shown in Figures. 44 and 45, the microstrain is extracted
from the slope and the grain size is extracted from the y-intercept of the fit. FWHM values
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increased with the increase of milling time which gave rise to the βcosθ values in Figures
44 and 45. The majority of the R2 values were found to be in between 75% and 90%,
which is a measure of how well the observed outcomes are replicated by the model
attached to each individual specimen. This behavior complements the findings from
Kumar and Hymavathi (2017) [49] as well as Bindu and Thomas (2014) [50].

The grain size and microstrain obtained by using W-H analysis at different milling stages
of the specimens in B4 are shown in Figure 46. From Figure 46, an inverse relationship
between grain size and microstrain is evident. With the increase of milling time, grain size
decreased gradually whereas internal strain or microstrain increased steadily. It was also
observed that, the amount of strain is very low within the grains. It varied from 0.1% (at
1-hour milling stage) to 0.33% (at 12-hour milling stage). During mechanical alloying
process, the ceramic grains are subjected to severe plastic deformation by the collision of
balls. Simultaneously, the lattice strain or microstrain increased with milling time due to
the generation of dislocations and other crystal defects. However, when the grain size
reached their saturation values (after 6 hours in this case) continued milling was not
contributing to any further dislocation generation. This could be due to the difficulty to
generate more dislocations at very fine grain sizes reached at that point in milling.
Therefore, the lattice strain became almost constant after 6 hours of milling stage.
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Figure 46: Grain size and microstrain as a function of milling time representing
specimens of weight composition (%) 75:25

The grain size and microstrain analysis using Uniform Deformation Model (UDM) of
specimens, S15 and S17 are shown in Figures 47 and 48, respectively. Figures 47 and 48
also show a near linear plot of W-H (UDM) analysis using the data obtained from FWHM
values similar to Figures 44 and 45. The grain size and microstrain obtained by using WH (UDM) analysis at different milling stages of the specimens in B5 are shown in Figure
49.
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Figure 47: Plot of βcosθ vs. 4sinθ for the specimen S15
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Figure 48: Plot of βcosθ vs. 4sinθ for the specimen S17
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Figure 49: Grain size and microstrain as a function of milling time representing
specimens of weight composition (%) 50:50

From Figure 49, it is observed that with the continuous milling operation for 12 hours,
grain size decreased to about 18.75 nm and that the strain at the atomic level increased
with the increase of milling time within first 9 hours of milling. Then, it dropped in the
next 3 hours milling stage by .02%. The reason for this declination is the small grain size.
Lattice strain mainly rises because dislocations widen in the crystals due to the continuous
plastic deformation process during milling [48, 52]. As such, when the grain size became
too small, generation of dislocations also became more difficult within this
nanocrystalline structure. At this point, the existing dislocations will be rearranged and
some will be annihilated. Therefore, lattice strain decreased as shown in Figure 49 after 9
hours of the milling operation. Literature shows that, most of the metals and compound
investigated so far have exhibited similar behavior in terms of grain size reduction and
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increase in microstrain [48-54]. The grain size and microstrain calculated using Scherrer
method and W-H (UDM) method for both B4 and B5 are summarized in Table 5.
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Specimens
Grain Size from

S6

S7

S8
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S10

S11

S12

S13

S14

S15

S16

S17
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14.74

25.73

22.9

18.84

18.29

17.56

16.00

44.76

38.5

32.27

28.3

27.2

24.8

30.83

28.92

23.12

22.02

20.11

18.75

0.14

0.15

0.32

0.33

0.33

0.33

0.04

0.04

0.08

0.08

0.09

0.07

Scherrer Method
(nm)

Grain Size from
W-H (UDM)

87

Method (nm)

Microstrain from
W-H (UDM)
Method (%)

Table 5: Calculated grain size from Scherrer method and W-H (UDM) plot for all specimens in DoE-2

Table 5 gives the comparative data concerning grain sizes of all the milled products at
different milling stages (with different weight compositions) using the Scherrer method
and the W-H (UDM) plot. It is evident that the grain size calculated from the Scherrer
method is much smaller than the grain sizes calculated using the W-H (UDM) plot. This
was expected since the Scherrer method does not consider microstrain in the grains;
whereas in the W-H (UDM) plot the strain term is added with the Scherrer equation which
automatically increases the average grain size. Similar observations have been made by
Bindu et al. when working with ZnO [50]. From the microstrain values, the percentage of
strain for S11 (weight composition 75:25) was recorded to be 0.33%, almost five times
higher than that for S17 (weight composition 50:50), stood at 0.07% after 12 hours of
milling. These findings gave a clear indication that the formation of dislocations was
much lower in S17 than that in S11, causing lower microstrains. Therefore, by decreasing
to a 25 wt.% of ceramic oxide (α-Al2O3), it was possible to decrease the strain percentage
at atomic level significantly (approximately 78%). The author recommends this
phenomenon to be better explained scientifically by pursuing future research on this
behavior.

4.2.3 HR-TEM Analysis

Using the Scherrer method and W-H (UDM) plot methods, grain sizes were calculated
and compared through semi-analytical means. HR-TEM analysis was conducted on the
specimens to measure the nanocrystallite grain size experimentally. Figure 50 shows the
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HR-TEM image of S11 showing the nanocrytalline α-Al2O3 grains and Figure 51 shows
the size of those indicated grains.

Figure 50: HR-TEM image of S1, indicating α-Al2O3 grains

Figure 51: HR-TEM image of S11 showing the α-Al2O3 grain size
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From Figure 50, it was observed that most of the grains were overlapping. Though the
boundaries of the grains were traceable, it was however difficult to calculate grain size
via the HR-TEM technique due to this overlapping phenomenon. The agglomeration
process during HE-MA process may have contributed to the overlapping phenomenon.
During HE-MA process, both brittle α-Al2O3 grains and softer Ni(Cr) particles were cold
welded. This cold welding led to the formation of agglomerates as milling time increased.
Agglomeration is a weak attraction force (or Van der Walls force) at the atomic scale [4].
Figure 51 shows the HR-TEM image indicating α-Al2O3 grain size. The average α-Al2O3
grain size for S11 calculated from HR-TEM analysis was 18 nm with a standard deviation
of 5 nm. This value is closer to the mean grain size measured from the Scherrer method
(14.74 nm).

It was further questioned about how the crystal (grain) structures were evolving in the
HE-MA of Al2O3-Ni(Cr) particles. For that purpose, the Selected Area Electron
Diffraction (SAED) feature embedded in HR-TEM aperture was used. SAED is a
crystallographic experimental technique to find out the crystal orientation through HRTEM [57]. It is noted for the sake of brevity that, the results pertinent to HR-TEM work
(described below) corresponds only to particles obtained at 12-hour milling stage. Figure
52a and b show the HR-TEM image of S11, along with the SAED pattern. From Figure
52b, evidently a series of spots were making up a ring and spots were arising from the
Bragg reflection from their respective crystallites [56, 57]. These ring formed as a result
of individual spots is an indication that the crystal structure consisted of polycrystals with
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random orientation. Further research is required to reveal better scientific understanding
of this structure and its formation.

Similar phenomenon of overlapping was observed for the specimens constituting batch
B5 during HR-TEM analysis. Figure 53 shows the HR-TEM image of S17 indicating the
α-Al2O3 grains. Figure 54 indicates the size of those indicated α-Al2O3 grains in Figure
53. The mean α-Al2O3 grain size was calculated to be 20.5 nm with a standard deviation
of 11.0 nm. This value is closer to the mean grain size calculated from both the Scherrer
method (16nm) and W-H plot (18.75 nm). The SAED pattern for S17 further confirmed
the polycrystalline structure with a random crystal orientation. Figure 55 shows the HRTEM image of S17, along with the SAED pattern of the same specimen.

Figure 52: (a) HR-TEM image of S11 and (b) SAED pattern of S11
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Figure 53: HR-TEM image of S17 showing the α-Al2O3 grains

Figure 54: HR-TEM image of S17 showing the α-Al2O3 grain size
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Figure 55: (a) HR-TEM image of S17 and (b) SAED pattern of S17

The images in Figure 55 from S17 conformed the results obtained from S11 and
previously shown in Figure 52. Therefore, after 12 hours of milling, there is no specific
crystal orientation detectable involving Al2O3 grains and Ni(Cr) alloys, regardless of the
weight composition in the starting powder.
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Chapter Five: Research Summary and Conclusions
5.1 Summary and Conclusions

Two design-of-experiments were carried out in this study to optimize the effective process
parameters with milling equipment pertaining to the synthesis of Al2O3 grain reinforced
Ni(Cr) alloy matrix composite particles involving a high-energy mechanical alloying
(HE-MA) methodology. The goal was to develop particles as feedstock for HVOF
coatings development to withstand high-temperature (<500oC) oxidation/erosion
degradation of industrial components. In this experimental research, four design
parameters were selected, on the basis of their significance on the end product, namely:
milling time, milling type, ball to powder weight ratio and weight composition of starting
materials.

Milling equipment plays an important role in the formation of nanostructured ceramic
grain-reinforced alloy matrix formation, which has a direct relationship with the milling
time (the second most dominating parameter) for the given material/composite system. In
the first design-of-experiment, a mechanical attritor with rotational speed of 150 rpm was
used. It took 36 hours to obtain the desired structure and morphology from the processed
particles. This extended milling time resulted in Fe contamination in the milled product,
as a consequence from the overworked stainless balls (milling media), which was
confirmed by XRD peaks. This outcome resulted in the use of a high-impact HE-MA
apparatus with the primary objectives to refine the ceramic grains to below 20-nm range
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and embed these grains into alloy particles. It is stressed, that even though the
contamination level was very low, it was not desired. The feedstock quality (purity,
particle size range, particle shape and composition, i.e. structure) play a critical role in
obtaining a dense and homogeneous coat. A second milling equipment, a SPEX mill with
high-impact (from very high rpm) was used in the second design-of-experiment.

The milling speed was increased by 8 times to 1,200 rpm from the previous one of 150
rpm, along with the BPR increase to 15:1 (from 10:1). The change in this design saved 24
hours of milling time to get the desired milled product. Moreover, no traces of
contaminating Fe was recorded from XRD peaks. Further, for both B4 and B5, it was
found out that within 12 hours of milling, nanocrystalline Al2O3 grains had been
embedded in the micron-sized Ni(Cr) particles (accomplishing the dominant research
objective). For comparison purposes, it took 36 hours to meet this objective in the first
design-of-experiments. In that, the smallest grain size was 141 nm (specimen S3) after 36
hours of milling, whereas in experiment two, the smallest grain size was 15 nm (for
specimen, S11 calculated from Scherrer method). This is a clear indication that the change
in milling equipment (which in turn provided eight times higher milling speed) along with
the BPR increase has fulfilled the particle design objectives by cutting the milling time
by one-third.

Weight composition of the starting powder was another significant parameter in this
study. The following conclusion is drawn in this regard; for grain size reduction process,
all 5 specimens (S1 to S5) participating in three design batches B1, B2 and B3 showed
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similar results after 36 hours of milling. For particle size distribution, the particle size of
the specimens in B2 and B3 was larger than those part of B1 design batch. The average
particle size of S4 (from B2) and S5 (from B3) was approximately 8.81 µm and 14.67
µm, respectively; whereas the particle size of S3 (from B1) was approximately 5.66 µm.
The reason was in B2 and B3, 75 wt.% of Al2O3 was blended with 25 wt.% of Ni(Cr)
whereas in B1, 85 wt.% of Al2O3 was blended with 15 wt.% of Ni(Cr). The metallic Ni(Cr)
alloy had a greater tendency to cold weld and form larger particles. Therefore, B2 and B3
generated larger particles as these batches contained 10 wt.% more Ni(Cr) than that in B1.

In summary, the following conclusions are drafted and recommended to be taken into
account to furthering research into the nanostructured particle synthesis using high-energy
mechanical alloying methodology:

(1) Based on the milling performance in this study, it is recommended that to get the
desired nanostructured Al2O3 grain reinforced Ni(Cr) alloy matrix composite
particles, a 12 hour milling period with a 15:1 BPR at 1200 rpm speed in SPEX
mill is effective. It is however recognized that high speed milling operations may
yield a smaller amount of powder production than low speed milling operation
used.

(2) Of various methods for estimating crystallite size, the Williamson-Hall plot is
preferred over the Scherrer method due to the presence of strain which develops
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during the alloying operation. However, both of the methods confirmed the
formation/reduction of nanocrystalline Al2O3 grain size in the operation.

(3) XRD peak broadening in all the batches confirmed the formation of more refined
and smaller grains with the increase of milling time. Peak broadening with the
increase of milling time is another proof of the existence of dislocations in the
milled product. Continuous fracturing and cold welding causes dislocation of
atoms, which in turn gives rise to lattice strain or microstrain in the grains.
Therefore, microstrain increases with the increase in milling time. Due to this
dislocation, no specific phase orientation was recorded in the final milled product.

5.2 Potential Applications and Future Work Recommendations
Potential applications

The goal of this research work is to use this feedstock in HVOF processes to develop high
temperature oxidation/erosion-resistant coatings. The main attraction of this CMNC
powder particles are their sustainability under high temperature environment (above 500º
C) without degradation. Therefore, this nanostructured Al2O3-Ni(Cr) powder particles can
be used for coating purpose in any heavy equipment industries for high temperature
oxidation erosion applications, like heavy-bitumen extraction and processing,
mining/hydrology, power boilers, aircraft engines, gas compressors/turbines, landing
gears, renewable energy harness from windmills, marine propellers, graded pulp boilers,
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etc. Al based oxide dispersion strengthened (ODS) steels are used in nuclear reactor and
automobile industries [10, 47]. The novel Al2O3-Ni(Cr) cermet based coating design has
the potential to replace them by providing extended protection from high-temperature
corrosion involved these industries. Table 6 summarizes the potential application fields
for theses nanostructured CMNCs (cermet nanocomposites) with their corresponding
property requirements.

Functional Properties of CMNC Feedstock

Application Fields

High temperature oxidation resistance

Petrochemical, oil and gas industry

Erosion resistance

Aerospace, naval

Wear resistance

Automobile, aerospace, machining
decoration

Table 6: Application fields along with functional properties of CMNC feedstock

Future work

The current research is a first attempt to design a cermet based nanostructured particles
using the high-energy mechanical alloying principle. A critical next step is to incorporate
computational modeling into the work to gain more insight through simulation/modeling
techniques.
Other short-term research areas include:
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➢ Strain at the atomic level was calculated using the W-H (UDM) plot. Stress
evolved during the milling process and it can also be analytically obtained by using
the uniform deformation stress model (USDM) in future,

➢ In HR-TEM analysis, it was difficult to observe the Al2O3 grains due to the
overlapping of the grains. Therefore, measuring the grain size is very tedious, and
will require extended resources. The recommendation is to use supportive
characterization/analytical tools including focus ion beam (FIB) to prepare
appropriate sample geometry for this purpose,
➢ Research needs to be carried out into first a selected design of materials (for abovementioned application areas) with new compositions conforming deformable
metallic matrix, e.g. Al2O3, BaTiO3, yttria-stabilized-zirconia, gadolinium
zirconate (Gd2Zr2O7), perovskites in metal or alloy binders (Vd, Co, Al). This will
ultimately aid in developing a composite map to target various application areas.
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Appendix A
SEM Images
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Figure 56: SEM micrograph of milled powder of weight composition (%) 75:25 at 2
hours interval (S7)
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Figure 57: SEM micrograph of milled powder of weight composition (%) 75:25 at 9
hours interval (S10)
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Figure 58: SEM micrograph of milled powder of weight composition (%) 50:50 at 2
hours interval (S13)
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Figure 59: SEM micrograph of milled powder of weight composition (%) 50:50 at 9
hours interval (S16)
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Appendix B
Sample Calculation and Graphs Obtained from W-H (UDM) Plot
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Sample Calculation for Scherrer Method

𝐷=

𝑘𝜆
𝛽𝑐𝑜𝑠𝜃

Where,
D = grain size
k = shape factor (assuming spherical crystallites)
= 0.9
λ = wavelength of the x-ray used
= 1.541874 Å
θ = half of Bragg angle
= 25.647⁰ (for specimen S15)
= 0.2238122966 rad
β = full width at half maximum at θ
= 0.412⁰
= 0.007190756518 rad

𝐷=

0.9 ∗ 1.541874
0.007190756518 ∗ cos(0.2238122966)

𝐷 = 197.9060532 Å
𝐷 = 19.7906 𝑛𝑚
For each specimen, grain size for every half Bragg angle (θ) was calculated like the above
calculation and the average grain size was calculated from them.
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Figure 60: W-H plot of specimen S6
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Figure 61: W-H plot of specimen S7
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Figure 62: W-H plot of specimen S8
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Figure 63: W-H plot of specimen S10
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Figure 64: W-H plot of specimen S12
0.006
0.0059
0.0058
0.0057
0.0056
0.0055
0.0054
0.0053
0.0052
0.0051
0.005

y = 0.0004x + 0.0048
R² = 0.6406

0

0.5

1

1.5

2

2.5
4 sinθ

Figure 65: W-H plot of specimen S13
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Figure 66: W-H plot of specimen S14
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Figure 67: W-H plot of specimen S16
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