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Synthesis and characterisation of TiAl/Al,O3 for high-temperature applications
SHRAVAN RANJITH

Department of Industrial and Materials Science

Chalmers University of Technology

Abstract

There is an increasing demand for new materials to improve engine e [ciehcy and
keep up with the regulations in the aerospace sector. The titanium aluminide (TiAl)
has been a material of interest mainly because of the properties such as low density,
high sti[ndss, and high creep resistance. In addition, aluminium oxide (Al,O3) as
reinforcement particles allows to improve corrosion resistance and mechanical prop-
erties. Metal matrix composites (MMCs) can attain superior mechanical and ther-
mal properties because of the reinforced matrix. These materials could be processed
by surface coating on low value parts as well, extending its pool of applications to
marine, chemical and other applications.

In this master thesis, the synthesis of TiAlI/Al, O3, titanium metal matrix compos-
ite material from titanium dioxide (TiO;) and aluminium (Al) will be investigated.
Ball milling and synthesis at high temperature have been employed to attain the
phase transformation to TiAl/Al,O3;. During synthesis, the eledt and influence
of argon (Ar) and hydrogen (H;) atmospheres on the final composite was studied.
Oxygen analysis and thermogravimetric analyses were used to follow material syn-
thesis in this study. X-ray dilraction peaks confirmed the phase transformation
from TiO, and Al to TiAl/Al,O3. The final particle morphology was characterised
using scanning electron microscopy (SEM) and light optical microscopy (LOM).

Keywords: Titanium aluminide, Aluminium oxide, Ball milling, Metal powder, High
temperature synthesis, Processing atmosphere.
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1

Motivation

Intermetallics present both high temperature strength and high temperature creep
resistance [Nakamura(1995)] making them an ideal class of materials for aerospace
applications. Titanium aluminide (TiAl) has properties such as high speci c strength,
low density and good creep properties. A suitable reinforcement, A); with prop-
erties such as high melting point and hardness, can improve further capabilities as
intermetallic composite (IMC). Aerospace industry as one of the highly regulated
sectors, constantly demands new materials to enhance its e ciency. This can be
possible by utilising the potential of such intermetallic composites, for example,
to ful | the demand to improve engine e ciency. Since the existing materials for
these applications present limitations, new materials capable of increasing engine
e ciency are needed. For example, materials consolidated by thermal spray to form
layers of compounds resistant to the high operating temperatures of engines.

The intermetallic forms of Ti are the focus of this study because they enhance me-
chanical and thermal properties of materials [Lutjering and Williams(2007)]. TiAl
is an intermetallic with considerable properties, in addition to the previously men-
tioned properties, such as high melting point, high elastic modulus, high specic
strength, low density and good oxidation resistance [Binh(2021)].

Aluminium oxide (Al ,03) is a chemical compound commonly called alumina. AD;

is widely used in engineering and biomedical applications because of its properties
[Nissan et al.(2008)Nissan, Choi, and Cordingley]. It can attain high density with
pressureless means, such as sintering in the air. It also possesses mechanical proper-
ties such as wear resistance, high strength, high sti ness and also thermal properties
such as high temperature oxidation resistance, high corrosion resistance and chemical
inertness [Ruys(2018)]. To make use of these properties into industrial applications,
one of the major consolidation routes to consider is processing the powder for high
temperature application.

Therefore, there is an increasing interest to investigate the potential of TiAI/AIO3
because, AlO; particles are compatible to Ti in order to synthesise TiAl and also
since it improved the hardness of TiAl, makes AlD; a suitable reinforcement for
TiAl [Binh(2021), Taotao(2008)]. This can possibly allow full utilisation of the
properties of TiAl along with Al, O3 for high temperature applications.



1. Motivation

1.1 Aim

This Master's thesis aims to study the potential of synthesising TiAl/AbO3 from
TiO, and Al to pave the way for the future industrial production and upscaling of
lightweight intermetallic composites based on aluminium and titanium. In order to
achieve it, three objectives were formulated:

Evaluate and test the feasibility to synthesise TiAl/Al,O3; composite following
a reaction equation.

Mixing and synthesis of TiAl/Al ;O3 using ball milling followed by a thermal
treatment.

Analysis of the phase transformation into TiAl/Al,O3 from TiO, and Al dur-
ing synthesis using di erent processing atmospheres.
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Theory

This chapter covers theoretical concepts on raw materials, ball milling, reaction
mechanisms and the e ect of the selected atmospheres during the synthesis.

2.1 Titanium

Titanium has been a popular material with density [4.5 g/cr] between that of alu-
minium and steel. It also possesses strength which is a characteristic of alloy steels
[Froes(2015)]. Other than Ti and its alloys as an aerospace material, it has found its
way to medical applications and sports equipments because of its bio-compatibility
and lightweight respectively.

In fact, recent research has focused on the development of titanium metal matrix
composites (TMMC) because of its properties, such as high strength, excellent cor-
rosion, and heat resistance [Kondoh(2015)]. The conventional ingot metallurgy to
fabricate TMMC with reinforcement is not suitable because of the high reactivity
of Ti with oxygen. Hence, powder metallurgy is the most adopted processing route
for the fabrication of TMMC parts [Kondoh(2015)].

2.1.1 Crystal structure

Pure titanium undergoes an allotropic transformation at 882 C from body-centred
cubic (BCC) crystal structure phase at high temperature and hexagonal closed
pack (HCP)- phase at low temperatures.

This temperature at which this transformation occurs is called transus tempera-
ture, which depends on the purity of the element. At room temperature, the lattice
parameters, a and ¢ are 0.295 nm and 0.468 nm respectively faitanium resulting

in a c/a ratio of 1.587 which is close to the c/a ideal ratio of 1.633 for HCP crystal
structure [LUtjering and Williams(2007)].

2.1.2 Titanium dioxide

Titanium dioxide (TiO ;) can be crystallized in three di erent forms: rutile, anatase,
and brookite. Out of the three crystal structures, rutile and anatase are the most
popular ones, being anatase more reactive than rutile [Pan and et.al.(1997)].

The basic building block structure of TiG, is represented in a pictorial form in
[LOtjering and Williams(2007)] representing a Ti atom (white) surrounded by six

3



2. Theory

oxygen atoms (red) in an octahedral con guration. Since TiO phases in the TiO
phase diagram have an extensive number of stable phases, Fi€an be reduced
easily [Diebold(2003)].

2.1.3 Intermetallic compounds of titanium

Intermetallics form as a result of the combination of metals. This type of mate-
rial possesses superior properties such as high melting temperatures which is partly
contributed by the strong bonding between unlike atoms which are in general a com-
bination of metallic, covalent, and ionic bonds. They hold the property of long-range
order which contributes to low di usivity. Therefore, alloys that have the property

of dislocation climb are dependent on the di usivity rate. Since the intermetallics
have low di usivity, the material will have a low creep rate which results in a higher
creep resistance [Froes(2015)].

Titanium forms two intermetallic compounds with aluminium, mainly TiAl and
TizAl. TiAl has been the main intermetallic for application since T{Al could not
nd the commercial gain compared to TiAl. In addition to that, TiAl has been an
intermetallic of choice mainly because of its high-temperature creep behaviour that
occurs as a result of dislocation movement di culties under stress [Froes(2015)].

2.1.4 Titanium aluminide

TiAl usually consists of two major phases. They are,-TizAl with hexagonal D019
structure and -TiAl phase with tetragonal L10 structure, which provides the duc-
tility to TiAl [Chen and Li(2019)].

TiAl-based alloys have been a material of interest speci cally in aerospace and
automotive sectors because of their properties such as low density, high sti ness,
high strength, high oxidation and creep resistance. They are of importance for
the aerospace industry as they possess properties, that allow them to improve the
thrust-to-weight ratio of aircraft engines, engine e ciency and fuel e ciency. De-
spite being an attractive material, since intermetallics possess long-range order, it
results in low ductility at room temperature and fracture toughness. Because of
this, the material becomes di cult to machine. Therefore, processing by powder
metallurgy is preferred as it can reduce defects such as centerline porosity, un-
even densities and microstructures, chemical inhomogeneity, grain re nement, ner
and homogeneous structure, and also reduce the cost of the nal resulting product
[Chen and Li(2019), Liu and Liu(2015), lvanova(2021)].

2.2 Aluminium

Aluminium (Al) is the third most abundantly present element in the Earth's crust.
The potential of Al alloys have been understood widely before being used in industry
[Lumley(2010)]. An oxide form of Al, ALOs; has also gained importance in the
industry due to its potential properties.

4



2. Theory

2.2.1 Aluminium oxide

Al,O3 is a material which is highly inert and also possesses corrosion resistance in an
In-vivo environment. It exists naturally as corundum. It is extracted for commercial
purposes from ores of Bauxite mainly by Bayer's process. It is a material of high
hardness making it suitable to be used as abrasive, its high melting point makes it
a suitable refractory material. ALO3 exists in many crystal phases due to the heat
treatment conditions such as; ; ; ; ; and X. Among these phases, alumina

Is the most thermodynamically stable phase [Ruys(2018)].

2.3 Metal matrix composites

Metal matrix composites (MMC) consist of a metal or an alloy as the matrix which
is reinforced by particles or bres of long or short sizes [Chawla(2012)].
There are four types of MMC:

Particles reinforced MMC

Continuous bre MMC

" Short bre MMC

Mono lament reinforced metals
Out of the four types of MMCs, particles reinforced MMC are of interest for this
project. Particles reinforced MMC consists of particles that are reinforced onto a
metal or alloy matrix [Evans(2003)]. One of the prominent choices for the metal
matrix is titanium alloys. Due to the combination with reinforcement particles,
it improves the properties of titanium alloys, making them very suitable for high-
temperature applications.

2.4 Ball milling

Ball milling uses a high-energy ball mill to process powders of pure metals, inter-
metallics, or pre-alloyed powders which possess a uniform composition
[Suryanarayana(2001)].

When processing with ball milling, the morphology of the powder particles deform
based on ductile-brittle mechanisms. On the one hand, the ductile particles become
attened and result in cold welding with other particles. On the other hand, brittle
powder particles su er fragmentation into smaller particles. In the case of a combi-
nation of brittle and ductile powder particles, the ductile powder particles deform
and results in cold welding. This leads to the attachment of brittle particles to the
ductile particles and to the formation of composite materials [Suryanarayana(2001)].

Following a list of the di erent types of mills:
Spex shaker mills
Planetary ball mills
Attritor mills



2. Theory

From these four types of mills, planetary ball mills will be discussed in the further
section, since planetary ball mill was used in this study.

2.4.1 Planetary ball mill

The name is derived from its working principle, which comprises of vials or crucibles
that follow a moving pattern like planets around the supporting disk. The vial/cru-
cible in the milling machine will rotate because of the operating mechanism, along
with the particles to be milled and balls. The supporting disk in the milling machine
will move in opposite direction to the rotation of the vial. This movement results

in grinding because of the balls rotating along the inner circumference of the vial,
as presented in section 4.3.2, Figure 4.5 of mechanical alloying and milling book
[Suryanarayana(2001)]. Because of friction between the balls and the vial, powders
in between will get ground. Along with this, the grinding balls collide with each
other and produce an intense impact on the powder particles that are trapped in
between. The impact energy because of the collision of balls mainly depends on the
rotational speed of the vial. It is important to note that, if the speed of the vial is
too low, the impact energy of the balls reduces and then the required milling process
Is limited or even non-existing [Suryanarayana(2001)].

2.5 Sintering

Sintering is the heat treatment with or without pressure assistance to bond pow-
der particles into, mainly a solid structure by mass transportation mechanism in

the atomic scale. While sintering, the spherical particles in contact will form a

neck between them as a result of the rising temperature and di usion. The atomic
motion from the surface of the particles to the neck reduces the total surface en-
ergy while neck growth occurs. This gradually leads to a full material densi cation.

[German(2010)].

2.5.1 Sintering in powder mixtures

In the case of sintering mixed powders, it is possible to achieve the dispersion of one
phase in the matrix to improve the properties of the resulting composite.

When sintering occurs in a powder mixture, the two factors dominating are physical
and chemical interactions between the particles. These factors dominate during the
di erent events of sintering, physical interaction is dominant during the initial stage

of sintering and the chemical interaction occurs later during the process of sintering
[German(2014)]. During sintering of the powder mixtures with the di erent melting
points, the powder with the lower melting point tends to melt and surrounds the solid
particle of the higher melting point. The sintering that occurs in the melt is called
liquid phase sintering, which in turn increases the sintering rate [German(1996)].

6



2. Theory

2.5.2 Liquid phase sintering

Liquid phase sintering (LPS) occurs when one phase has a lower melting point. As
a result, the liquid melt is formed at the melting temperature of one of the mate-
rials, which surrounds the solid particles of higher melting point. In most cases,
the solid particles are soluble in the liquid melt. As a result, capillary forces drive
the attraction between the particles, along with which the solid particles get soft-
ened because of the high temperature, which results in densi cation. The presence
of the liquid surrounding the solid particles results in higher di usion rates and
further in faster sintering at a lower temperature. LPS is mainly the dominant
type of sintering with mixed powders and is also present in some alloy powders
[German et al.(2009)German, Suri, and Park].
During LPS, there are three stages to attain full densi cation :

Rearrangement of particles

Solution-reprecipitation

Final stage sintering
As the liquid forms between the solid particles, rearrangement of particles will occur.
After the rearrangement stage is declining towards the end, solution-reprecipitation
begins during which grain growth and grain shape accommodation occurs because of
solid solubility and di usivity rates. During the last stage of LPS, it is the densi ca-
tion of the solid structure formed from the previous stage. Therefore, densi cation
is comparatively slower because of the formation of rigid structures between the
grains [German(1996)].

2.6 State-of-the-art on synthesis of TiAl/Al 203
by processing TiO , and Al

There are a number of studies focused on synthesising intermetallics of Ti using rein-
forcing particles such as AlO3;. For example, the research work done by [Binh(2021)]
using initial powders of TiO, (2 m) and Al (<50 m) to produce a composite of
TizAl and Al,O3. They ball milled the powders for 8 hours at 300 rpm in Ar at-
mosphere and compressed into pellets at a pressure of 100 MPa. The study also
comprises information regarding heat treatment of the material. Alli forms be-
cause of the reaction between Al and TiQat temperature >800 C, the formation

of alumina occurs above 800 C and the Ti(Al, O) forms at a temperature above
1000 C according to [Ying(2004)] shared by [Binh(2021)]. An exothermic peak at
temperature close to 600 C was found [Binh(2021)]. The rst exothermic peak has
been proposed to be the reaction between Al and TiQpowder [Binh(2021)]. This
study gave an understanding on the reaction that will occur with temperature.

The atmosphere used for synthesis can in uence TiOwvhen the intrinsic defects in
the TiO, crystal structure is occupied by H atoms. Since intrinsic defects play a
signi cant role in sintering [Burg(2007)], the atmosphere of Kl during synthesis can
in uence the resulting powder composite.



2. Theory

A study by [Scha er and Hall(2002)] about the in uence of the atmosphere while
sintering Al nanopowders found that Al gained weight while sintering in the atmo-
sphere of nitrogen (N) compared to Ar where the mass gain has been constant.
Therefore, the e ect of the atmosphere is found to in uence the nal properties of
the resulting material [Scha er and Hall(2002)].

The e ect of the atmosphere on TiQ during synthesis studied by [Labus and et.al.(2014)]
found that, weight loss is observed during the synthesis, this depending on the type
of atmosphere. Also, the phase change from anatase to rutile was found to be
delayed by a narrow temperature range when using,Nnstead of air during syn-
thesis [Labus and et.al.(2014)]. Since anatase is a more reactive phase than rutile
[Pan and et.al.(1997)], the delay because of di erence in the atmosphere may result
in a better sintering rate.

The formation of TiAl/Al ,03 is a result of reaction between Al and TiQ parti-
cles during synthesis. The formation of the intermetallic ceramic composite powder
takes place in a series of reactions that occurs at low temperature (close to 660
C) and another at high temperature (close to 1200C) [Ying(2004)]. During the
low-temperature reaction- close to the melting point of Al, the rst reaction occurs
between the interface of Al and TiQ resulting in Al;Ti. Since Al;Ti has the lowest
driving force, this compound forms even with 0.8%6 Ti, being the rst component
that forms. During the reaction, liquid Al could surround the TiO, particles. How-
ever, the Ti particles di use into Al causing the formation of AkTi, which is of a
higher melting point, hence the material remains as solid particles in the system. In
the study by [Ying(2004)], it has been proposed that AlTi particles are surrounded
by TiO,. Since the di usivity of Ti and Al into TiO , through AlzTi is low, they
pose a barrier to the reaction that results in TiAl/Al,O3. Hence for this reaction to
occur, the sintering temperature is to be higher than 820C - 920 C [Ying(2004)].
Thereby, it is necessary to synthesise at temperatures greater than 920.

Another product of this reaction is ALO3, which forms during the low-temperature

reaction. Sintering at high temperatures results in the phase transformation, dur-

ing which transformation from amorphous oxide into -Al,O3; occurs. This phase

transformation results in a thin oxide layer with local discontinuities. These discon-

tinuities accelerates oxide layer growth and forms a continuousAl,O3 layer. As

the temperature increases further, growth -Al, O3 layers occur until crystallites of
-Al, O3 forms [Ying(2004), Trunov and et.al.(2006)].
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Methods

3.1 Characterisation techniques

This section explains the characterisation techniques and their principles used in the
research study which results are summarised in this report. The aim of characterising
the synthesised material is to validate the selection of processing parameters to
obtain the desired compounds. The morphology of the powder, phases present before
and after synthesis, chemical composition and tracking of the synthesis process was
carried out by scanning electron microscopy (SEM), light optical microscopy (LOM),
x-ray di raction (XRD), energy dispersive spectroscopy (EDS), oxygen analysis by
inert gas fusion and thermogravimetric analysis (TGA).

3.1.1 Scanning electron microscopy (SEM)

SEM is mainly used for the examination and analysis of microstructure of a ma-
terial and powder morphology. It has widely been an instrument of application
in powder metallurgy because of its versatility, such as analysing the surface char-
acteristics of the powder particles and also chemical contrast on the area of fo-
cus. It operates on the principle of light optics with an electron beam source
[Aharinejad and Lametschwandtner(1992), Hirschhorn and Roll(1970)].

It uses a beam of electrons that passes through a set of electromagnetic lenses, which
focuses the beam on the sample. The primary electrons bombard the specimen and
scatters as backscattered electrons (BSE), secondary electrons (SE), and
characteristic x-rays, these signals are used to analyse the morphology and chemical
composition of the sample [Aharinejad and Lametschwandtner(1992)],

[Hirschhorn and Roll(1970)]. These electrons are collected by the detectors to get
an image of the focused area. The image from the SEM results from information
obtained pixel by pixel throughout the desired area.

When electrons bombard the surface, elastic and inelastic scattering occurs. Elastic
scattering can be de ned as the scattering that occurs without a change in energy.
Inelastic scattering can be de ned as the scattering that is accompanied by the
change in energy. This dierence in energy from inelastic scattering depends on
the energy of the incoming electron and the binding energy of the electrons in the
sample's atom. Besides SE and BSE, there are other signals that are emitted, such
as auger electrons, x-rays, and cathodoluminescence [Zhou(2006)].

When the SE are released because of an electron beam striking the sample, it releases
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the loosely bound electrons from the sample that gives the topography. With the
BSE signal, contrast is achieved based on the atomic number of the element. An
element of a higher atomic number will possess a greater number of protons in the
nucleus. Hence, there is more scattering of electrons, which results in a brighter
image, achieving a higher contrast [Zhou(2006)].

3.1.2 Light optical microscopy (LOM)

LOM is a technique used to observe the topography of the sample. The principle
of LOM involves light transmission and re ection, while transmission is the beam
of light focused on the sample, re ection is the light that bounces back from the
sample [Ebnesajjad(2011)]. It can create a magni ed image of the sample under ob-
servation with an objective lens by the adjustment of an eye piece and magni cation
[Ebnesajjad(2011)].

The sample topography can be observed, which can reveal information such as the
porosity, inclusions, type of fracture, corrosion, and cracks. If the metal samples
are etched with a suitable etchant, it can also reveal the microstructural appearance
[Ebnesajjad(2011)].

3.1.3 X-ray diraction (XRD)

XRD is a non-destructive characterisation technique used to get information on the
phases, crystallographic structure, residual stress, and chemical properties of the
materials.

The XRD system consists mainly of an x-ray source, optics, a 2D detector, a sample
stage and a monitor. It also requires a software with integrated database to analyse
the data obtained from the measurement. With an XRD system it is possible to
attain di raction patterns simultaneously in two-dimensional space and analyse the
data from the scanned area [He and Preckwinkel(2000)].

When the x-ray beam makes contact with the sample, these are di racted by the sin-
gle crystal point in individual directions, each of the directions from di erent di rac-

tion planes. When a polycrystalline sample is analysed by XRD, the di racted cones
form from a particular family of crystallographic planes [He and Preckwinkel(2000)].

The parallel planes of atoms with interplanar distance "d' results in constructive
interference, this only occurs when Bragg's law is satis ed. As the x-ray beam in-
teracts with atoms, scattering occurs which produces a diraction pattern. These
di raction patterns are identical to individual phases, which reveals the phase com-
position of the sample.
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3.1.4 Chemical analysis

3.1.4.1 Energy dispersive spectroscopy (EDS)

EDS is a characterisation technique used for the identi cation of elements in a
sample by an additional detector in the SEM equipment. The technique is capable of
detecting elements with atomic numbers greater than boron and with a composition
of at least 0.24. EDS is chosen for material identi cation which gives elemental
composition, spot analysis on the region limiting to a diameter of 10m

[Abd Mutalib and et.al.(2017)].

The EDS works on the principle that utilises the electron beam released by the elec-
tron gun in the SEM instrument. As the electron beam interacts with the sample,

it emits an x-ray that is unique to the particular element

[Abd Mutalib and et.al.(2017)]. When the electron beam bombards an atom it re-
sults in the ejection of an electron leaving behind an electron-hole. Due to the
presence of a hole, the electron from the outer shell will occupy the hole. Since
the electron from the outer shell has a higher energy, the electron that occupies the
inner shell will emit x-rays due to the energy di erence between the shells. The
x-ray emitted consists of an x-ray continuum and characteristic x-ray. The x-ray
continuum is generated as a result of deceleration of electrons which provides the
elemental composition of the sample under analysis. The characteristic x-ray is gen-
erated due to the occupancy of an electron from the outermost shell to the inner
shell [Abd Mutalib and et.al.(2017)].

3.1.4.2 Inert gas fusion

Inert gas fusion provides a quantitative estimation of chemical elements such as
hydrogen, nitrogen and oxygen in the materials [Fricioni and Essig(1986)]. The inert
gas fusion technique uses a graphite crucible which is inserted in an impulse fusion
furnace along with the sample. A current of 600 - 1300 A applied to the graphite
crucible heats the crucible to a temperature of 3000C by the process of induction
heating. The graphite crucible also acts as a source of carbon which combines with
oxygen as it gets released. As the bond between the C and O forms, any further
reactions are isolated [Fricioni and Essig(1986)].

For oxygen analysis, the samples are more prone to contamination. Any oxygen
present in the system will increase the oxygen content of the sample. Hence the
powder samples to be analysed require extended ushing after the sample is trans-
ferred into the crucible to remove any oxygen that can be present in between the
powder particles [Fricioni and Essig(1986)].
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3.1.5 Thermal analysis

3.1.5.1 Thermogravimetric analysis (TGA)

TGA measures the change in mass of the sample based on temperature and time
variations in a controlled atmosphere with a de ned heating and cooling rate. It
allows determining the material's stability in di erent atmospheres.

The instrument works on the principle of variation in weight of the sample that
undergoes mass change as a result of sample interaction with processing atmosphere
or decomposition. The variation of weight in the sample is measured by a microbal-
ance in the system. The system consists of a sample pan onto which a sample is
inserted and is in contact with a thermocouple in order to accurately measure the
change in temperature. The temperature, heating and cooling rate in the system
is xed per measurement and selected by the user depending on the experimental
requirements [De Blasio(2019)].

3.1.5.2 Simultaneous thermal analysis (STA)

STA presented in Figure 3.1 enables to perform thermogravimetry (TG) and di er-
ential scanning calorimetry (DSC) analysis using the same instrument with di erent
setups for the thermocouple and crucible installation. The merits of using STA is
that it is time e ective, and allows comparison in TG and DSC results simultane-
ously in the same conditions of heat treatment.

Figure 3.1: Simultaneous thermal analyser - STA 449 F1 jupiter used in this
study
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3.2 Experimental procedure

The Figure 3.2 is a brief visual representation of the experimental procedure followed
for research during this thesis project.

Figure 3.2: Work ow of experiments.

3.2.1 Powder properties

The raw powder, TiO, (anatase) with particle size larger than 44m, purity of
9% and trace metal of 10000 ppm was procured from Sigma Aldrich. Al powder
with maximum particle size of 60 m, purity of 99.99% from the supplier Merck was
used in this research.

3.2.2 Powder preparation

The powders were prepared, weighed and mixed based on the stoichiometric equation
as follows:

3TiO, + 7Al I 3TiAl + 2Al ,03
The powders were ball milled following the ratio, weight of the powder to the weight
of the balls (1:2). Following this ratio, the powder along with combination of small
and large ceramic balls were weighed and transferred to the ceramic crucible. The
process was carried out in an Mbraun lab master 130 glove box following the safety
procedures while handling powders.
The powders were further processed with the Pulverisette 7 classic line ball milling
machine (Figure 3.3).
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