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Abstract

The effects of high energy mechanical milling on the kinetics of solid state
reactions in two binary metallic systems, Al-Ni and Cu-Al, and two metal-oxide
systems, Al-TiO, and Cu(Al)-CuO, have been investigated by using X-ray
diffractometry (XRD), differential thermal analysis (DTA), differential scanning
calorimetry (DSC), optical microscopy, scanning electron microscopy (SEM) and

transmission electron microscopy (TEM).

A quantitative analysis of the Ni/Al system was performed to gain an
understanding of the reaction behaviour during heating of the high energy
mechanically milled powders. Results showed that nucleation and lateral growth
along the interface region occurred at different temperatures from the diffusion
controlled transverse growth. The amount of new phase formed through
nucleation and lateral growth along the interface region increased in proportion to

the interface area.

A two-step model for describing new phase nucleation and growth along the
interface and transverse growth perpendicular to the interface was developed from
the principles of classic heterogeneous nucleation and growth theories and the
one-dimensional diffusion equation. The model was verified against the
experimental results of Ni/Al system. It was found that the interface area,
activation energy and pre-exponential factor are the major parameters affecting

the kinetics of the solid state reactions of the powders.

It was found that, in the Cu/Al system, Cu(Al) solid solution or y-CugAl4
intermetallic compound could form after the powder mixture was milled for up to
8 hours. Upon heating the powder mixtures milled for shorter times, y-CugAly
formed first in the powder with a nominal composition of Cu-14at%Al, and then,
Y¥-CugAly dissolved into Cu forming Cu(Al) solid solution. Whereas, 0-CuAl,
formed first for the powder with a nominal composition of Cu-37at%Al, and then,

0-CuAl, reacted with Cu forming y-CugAls intermetallic compound. The solid
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solution or intermetallic compound formed by heating the powders milled for

shorter times is the same as that produced by mechanical alloying.

In the AI/TiO, system, the effects of high energy milling on the phase formation
and reaction kinetics was studied. It was found that the reaction between Al and
TiO; also followed a two step reaction mechanism: interfacial reaction and bulk
diffusional reaction. The first phase formed by the interfacial reaction was always
Al;Ti irrespective of the initial composition of the powder mixture. The reaction
product for the subsequent reaction depends on the composition of the powder
mixture. o-Ti phase could form at a higher temperature. The formation of o-
Al,O3 phase is highly dependent on the reaction kinetics. It requires higher

temperature or longer time to form detectable amount.

In the case of Cu(Al)-CuO system, two reactions occurred sequentially: Reaction
1, forming Cu,O from the reaction between CuO and Cu-Al powders and
Reaction 2, forming Cu from the reaction between Cu,O and Cu-Al powders.
High energy mechanical milling enhanced both reactions leading to a substantial

decrease in the reaction temperatures.

Overall, high energy mechanical milling enhances the solid state reactions by
establishing and refining composite microstructures of the powder particles. The
reaction temperature could be substantially decreased. Prolonged mechanical
alloying process can be replaced by a short time mechanical milling plus a well

controlled heat treatment process.
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Chapter One

Introduction and Literature Review

1.1 Introduction

For most solid state reactions the formation of reaction products spatially separate
the reactants, causing reaction kinetics to be dependent on product size and
morphology and limited by diffusion rates through the product phases. As a
consequence high temperature is required to achieve a sufficiently high reaction
rate.' Whereas, if one can design a process that can continuously break the product
barriers and bring the reactants into constant intimate contact, the reaction could
be substantially accelerated. A process known as high energy mechanical milling

is one of such processes.

High energy mechanical milling is a powder metallurgy process in which reactant
powders are milled under inert atmosphere and are subjected to repetitive severe
plastic deformation, fracturing and cold welding due to the high energy impact of
the milling media, such as balls, rods, or split discus. As a consequence, the
reaction kinetics can be substantially enhanced. In many cases, reactions, which
normally require high temperatures, occur at low temperatures during mechanical
milling. Even in the cases where reactions do not occur during milling, the
reduction of the size of the reaction couples caused by microstructural refinement
accompanying the mechanical milling process also significantly reduces the

: 3
reaction temperature.z’

Because high energy mechanical milling is a versatile and promising solid state
materials processing technique of technological significance, continually

increasing interest has been paid to this process in the international research
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communities in the last two to three decades.* Of particular interest is the effect of

high energy mechanical milling on solid-state reaction kinetics.

The purpose of this thesis is to study the fundamental aspects of solid-state
reactions in high energy mechanically milled powders and understand the
underlying mechanisms that contribute to the enhanced reaction kinetics. This
work has three aspects: (1) Study the microstructural evolution of powder
particles during mechanical milling and the effects of the microstructure of
powder particles on the reaction kinetics during subsequent heat treatment of the
milled powders; (2) Simulate the solid state reactions of the high energy
mechanically milled powders during subsequent heat treatment; (3) Demonstrate
that a combination of high energy mechanical milling and heat treatment is an
efficient technique of processing some advanced materials, such as in-situ metal

or intermetallic matrix composite materials.

This thesis has eight chapters. The remaining part of the first chapter serves as a
literature review on high energy mechanical milling, mechanical alloying, effect
of milling on solid-state reactions and processing of in-situ metal matrix
composites. Chapter two describes the experimental methods used in this work.
Chapter three presents and discusses the results of a study of solid-state reactions
in Al-Ni and Cu-Al systems. Chapter four presents a kinetic model which
simulates the solid state reactions that occur during heating the high energy
mechanically milled powders. Chapter five presents and discusses the results for a
study of the reactions between TiO and Al. Chapter six presents and discusses the
results of a study of the reactions between CuO and Cu-Al alloy powders and of
the processing of in-situ Cu matrix nanocomposite materials. Chapter seven is
devoted to a general discussion. Finally, in Chapter eight a number of conclusions
are drawn and recommendations are made for the future work. At the end of the
thesis, in Appendix A, the publications produced as a result of this thesis work are

listed.

1.2 High Energy Mechanical Milling

Milling process has long been used to prepare materials. However, it was only

after Benjamin and his group5 reported the successful production of oxide
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dispersion strengthened Ni-base super alloys in 1966 that mechanical milling
(MM) started a new era marked with a new name “mechanical alloying” (MA). It
is worthwhile to clarify two confusing terms: “Mechanical Milling” (MM) and
“Mechanical Alloying” (MA), for the start. In Mechanical Milling (MM), a single
powder or a powder mixture experiences a series intermixing, deformation,
fracturing and cold welding without reactions at atomic level. The process is more
physical than chemical. In Mechanical Alloying (MA), the process is identical to
MM but, in addition, atomic level reactions do occur forming new phases, i.e. in
MA the process is not only physical but also chemical. In this section, the review
will be focused on mechanical milling. Mechanical alloying and/or

mechanochemical reactions will be reviewed in section 1.3.

1.2.1 High Energy Milling Devices

The most commonly used high energy mills include attritor mills (e.g. Szegvari
attritor), tumbler mills, shaker mills (e.g. SPEX 8000 mixer/mill from USA),
planetary mills (e.g. Fritsch and Retsch mills from Germany), and discus mills
(Rocklab “Split Discus” mill from New Zealand). The energy transfer to the
powder particles in these mills takes place by impacts between fast moving media
such as balls, discus, or rods, or between moving media and container wall. The
attritor was invented in 1922 by Szegvari for a quick dispersion of fine sulphur
particles during the vulcanization of rubber.® The attritor has a vertical cylindrical
tank in which the powder and balls are charged. The movement of the balls and
powder is achieved by the horizontal impellers attached to a vertical shaft, which
is made to rotate (Figure 1-1(a)). Placed consecutively at right angles to each
other, the impellers drive the movement of the balls causing the impacts with
powder. Due to the high capacity of these attritor mills (Table 1-1), they are

usually preferred in industry.

The tumbler mills, which are traditionally used in mineral processing, can also be
used as high energy mill if the diameters of the container are sufficiently large (in
the order of meters) and the mills are operated below the critical speed. This is the
speed beyond which the balls are pinned to the inner wall of the container. For
large scale production, tumbler mills are more economical than attritor and other

high energy ball mills.®
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Figure 1-1. Schematic of ball movement in typical ball mills used for MM/MA.*

Table 1-1. Comparison of various high energy mills (based on Murty and Ranganathan.?)

Type of mill Capacity Ball velocity, m/s
SPEX Mill Up to 2~20g <39
Planetary Up to 4~250g <11.24
Attritor 0.5~100kg <0.8
Discus mill 500~1000g Not known

Laboratory scale mills having smaller capacity achieve higher ball velocities.”"!
The capacity and ball velocity of various high energy mills are compared in Table
1-1. Among the laboratory scale mills, the SPEX 8000 mills and Fritsch planetary
mill are most widely used. In the SPEX mill, most widely used in USA, the vial
containing a charge of balls and powder vibrate in three dimensions with
amplitude of S0 mm and a frequency of approximately 25 Hz. In the Fritsch
planetary mill, commonly used in European countries, the disc on which the vial
is mounted rotates in the opposite direction to that of the vial rotation. This gives a
centrifugal force to the balls (Figure 1-1(c)). Even though the ball velocity in the
Fritsch planetary mill is higher than that in the SPEX mill, the frequency of
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impacts is much greater in the SPEX mill.*'® This makes the SPEX mill a higher
energy mill in comparison with the Fritsch planetary mill. Due to low mill energy,
it takes longer to achieve alloying when an attritor mill is used. It has been shown
in the Ti-Mg system'? that alloying takes place after 16 hours in the SPEX mill,

while the attritor took 100 hours to achieve the same result.

The discus mill has been used for rock crushing for a long time. Only recently it
has been used for the purpose of mechanical alloying in the University of
Waikato. The discus mill is constructed of a pair of hardened steel discus with a
diameter varies from 100 to 200 mm which are vibrated in a hardened steel bowl
causing shearing and impacting. The current model of discus mill has a capacity

of handling 100 to 1000 grams of powder.

1.2.2 Mill Set-ups and Parameters Affecting Milling

The milling effect depends largely on the energy transferred to the powder from
the moving media during milling. The energy transfer is governed by many
parameters such as the type of mill, milling speed, the type, size and size
distribution of the balls, ball/powder weight ratio, and temperature of milling. The
kinetic energy of the balls is higher with higher speeds of milling and with heavier
balls. A number of investigators have reported an increase in the glass forming

1."> have shown

composition range with an increase in milling speeds. Joardar et a
that NiAl formation and its disordering tendency during MM are enhanced with
increasing milling density. It has also been reported'® that the reaction rate for the
formation of TiC during MM increases exponentially with the density of balls.
The size and size distribution and the number of balls should be chosen so as to
achieve optimum occupation of the space in the vial. If too much space is taken by
the balls, the mean free path of the ball movement would be too small, while a too
small number of balls in the vial means the collision frequency might be too low.

Ball/powder weight ratios in the range 5:1-10:1 are widely used and is effective.

High energy mechanical milling is characterised by repeated welding and
fracturing of the powder. The extent of welding and fracturing is decided by the
deformation behaviour of the powder and the temperature of milling. Thus the

nature of phase transitions during milling is, to a large extent, a function of the
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LIS

temperature of milling. Lee et al.” have shown that the rate of amorphization

increases with milling temperature. Klassen et al.'®

have reported alloying in the
Ag-Cu system was achieved with a low milling temperature. During milling, a
fraction of the kinetic energy of balls is dissipated as heat, which raises the

temperature of the powder. This aspect will be discussed in detail in the section
1.3.2.

MM is usually carried out in a dry condition under an inert atmosphere to prevent
oxidation of powders. Process control agents (PCAs) are used to prevent
excessive welding of powder particles to the balls and the inner wall of the vial
and to achieve proper balance between welding and fracture in the case of milling
ductile materials such as Al and Sn. The PCAs are mostly organic materials such

as stearic acid, methanol, and toluene. Radlinski et al.l

have shown that milling
in presence of PCAs can largely affect the microstructure development of the
powder particles in the Al-Mg system. In certain cases milling is performed in a
wet condition in order to avoid excessive welding and oxidation.'® Excessive
welding can also be prevented by carrying out the MM at sub-zero temperature

where the fracturing of the particles is more pronounced.19

1.2.3 Microstructural Evolutions

The MM process is characterised by repeated deformation, fracturing and cold
welding of powder particles trapped between the colliding balls during milling.
The extent of these individual microprocesses depends mainly on the mechanical
behaviour of the powder components. Hence, the powder components are usually

classified as (a) ductile/ductile, (b) ductile/brittle, and (c) brittle/brittle systems.
1.2.3.1 Ductile/Ductile Systems

The mechanism of microstructural evolution when both components of a blend are
ductile was first studied by Benjamin and Volin® and was explained in more
detail by Benjamin in later reports.5 2125 According to these, the MM process can
be conveniently divided into five stages based on optical microscopy

observations.
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Figure 1-2. The five stages of microstruc'tural2 gvolution as described by Benjamin and
Volin.

Figure 1-2 shows schematically the microstructural evolution of powder particles
during MM. In the initial stage of MM, the equiaxed ductile particles are flattened
and forged resulting in plate-like particles. The second stage is the period of
welding predominance. A multilayered composite structure formed in the coarser
particles. The finer particles remain elemental with flake-shape. The third stage is
the period of equiaxed particle formation. The particle size decreases because of
further fracturing. The fourth stage is characterised by cold welding in random
directions leading to formation of a number of lamellar colonies of random
orientation in each composite powder particle. In the fifth stage, there is a
reasonable balance between the welding and fracturing of the particles and thus,
the average particle size does not change much. However, the composite
microstructure becomes finer and finer with milling and eventually the lamellae

become unresolveable under an optical microscope.

1.2.3.2 Ductile/Brittle Systems

The ODS alloys, which Benjamin and his group“'22

worked on in the early stage,
are typical examples of ductile/brittle systems. In such systems, the ductile

metallic particles such as Ni or Al are flattened and welded to each other during
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milling, while the brittle phase such as oxide particles is fragmented and
embedded in the layers of the ductile phase. As milling proceeds, the layers of the
ductile phase come closer and ultimately become unresolveable, while the brittle

phase is uniformly distributed as fine particles in the matrix of the ductile phase.

1.2.3.3 Brittle/Brittle Systems

The microstructural evolution in brittle/brittle system differs markedly from that
described previously for ductile systems. Davis and Koch® made an interesting
observation while characterising particle morphology of brittle components during
MM. In these systems, such as Si-Ge, Mn-Bi, and alpha quartz, numerous cases of
interparticle necking were observed. They also found that the mechanically milled
powders did not appear to have homogeneous particles, rather they appeared to be

composed of smaller particles cold-welded together.

1.2.4 Modelling of Milling Process

In MM, the phase formation is quite sensitive to the milling conditions. This has
led many researchers to study the physics/mechanisms of MM in order to predict
the outcome of an MM process. Benjamin and Volin® were the first to attempt to
develop a semi-empirical model to predict the time required for forming a
particular microstructure during MM. Based on microhardness measurements of
the particles at various milling times, they worked out an expression for the layer
thickness of the composite powder particle as a function of milling time. Their
analysis was based on the assumption that the rate of energy input and the rate at
which material is trapped between colliding balls during MM are independent of
milling time and that the energy required per unit strain is a linear function of
instantaneous hardness of the powder particle. The time at which the layer
thickness reached the resolving limit of the optical microscope was considered to
be the time required for “alloying.” Since this work, more sophisticated
attempts®®?’ have been made to gain a deeper understanding of MM. Six main
research groups have been involved in this modelling work. They are, Hashimoto

23031 and Koch et al. from

and Watanabe® from Japan, Maurice and Courtney
USA, Magini et al*?* from Italy, Gaffet et al*® from France, and Wang and

Zhang™ from New Zealand.
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Modelling efforts can be classified as local and global modelling. In local
modelling, the extent of plastic deformation, frequency of welding, and fracturing
during collision are estimated. The impact velocities, frequencies, and angle of
impacts are mill dependent, so global modelling is essential to predict them for a
specific milling device. A combination of local and global models can give a more

complete picture of what goes on during high-energy ball milling.*

Local Modelling

Maurice and Courtney® were the first to made the attempt to develop local model.
They considered collision involving powder entrapped between milling media.
Bhattacharya and Arzt* took an alternative approach and modelled the response
of a porous compact and predicted the change in the dislocation density as a
function of milling time and intensity. Maurice and Courtney*® have also
attempted a more rigorous treatment of the single collision, developed criteria for
welding and fracturing, and developed two computer programs.37 The programs
describe the changes in the powder size, hardness, and microstructural scale
during MM. The programs predict38 several stages of the MM process described
originally by Benjamin and Volin.?® The predicted particle sizes are in reasonable

. 0
agreement with the measured ones.”**

Aikin et al***

used kinetic principles to study the fracture and coalescence
events. The model predicts the welding and fracturing probabilities and the
particle size distribution*®*! during MM. They showed* that the fracturing and
welding probabilities scale directly with ball/powder weight ratio and vary almost

linearly with mill power.
Global Modelling

Davis and Koch* were the first to model the kinetics of ball milling in a Spex
mill. The study showed that the majority of the impacts have an energy dissipation
of 10°-10 J. The impact velocity was predicted to be less than 6 m/s. The model
also predicts that the majority of the impacts are glancing in nature and not head-
on. This result was later confirmed by the modelling studies of Maurice and
Courtney.25 Maurice and Courtney44 have also modelled the milling dynamics in a

SPEX mill and a hypothetical one-dimensional ball mill. They suggested that
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most of the collisions result in a modest energy loss, while only 4-7% of the
collisions result in an appreciable energy transfer. In an experiment, Basset et al.*’
have estimated the impact velocities from the indentation on a Cu plate fixed at
one end of the vial in a SPEX mill. Their estimated velocities in the mill were in

the range of 1.8-3.3 m/s and found to be strongly dependent on the ball size.

Hashimoto and Watanabe** have also simulated one, two and three dimensional
ball motion in three types of mill, namely, vibratory, tumbler and planetary mills.
The whole motion of the balls could be determined step by step. The simulation

result for tumbler mills compares quite closely with video observations.

Le Brun et al*

studied ball motion in a planetary mill. They concluded that
attrition and wear are more pronounced than impact in the MM process in
planetary mill. Dallimore and McCormick® have developed a two-dimensional
model to predict the motion of balls in a planetary mill. From the study of reaction
between CuO and Ni during ball milling they concluded that the distribution of

impact energies does not significantly affect reaction kinetics.

Observation of ball motion plays an important role in the model development.

152 have used high speed cinematography to study the ball motion and

Rydin et a
the behaviour of the milling media in a transparent attritor. They suggested many
ways of improving the efficiency of the attritor. A study with a mixture of
different size balls>® has shown that both welding and fracturing rates are

enhanced.

Wang and Zhang® developed a 3-dimensional model to simulate the head-on
impact process between two balls or between a ball and vial wall with powder in
between by considering the elastic deformation of impact objects, and the visco-
plastic flow and elastic deformation of the powder compact. The movement of
balls considering the effects of powder, ball spinning, oblique impact of balls, and
multi-ball impacts were also considered. They also developed a 3-dimensional
global model for the SPEX-8000 Mixer/Mill based on the mechanics of the
machine. By using this model, the motion of the vial was numerically determined.
Then the global model was coupled with the models for the impacts in order to

predict the dynamics of milling process.

10
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1.3 Mechanical Alloying

Mechanical Alloying (MA) process differs from Mechanical Milling (MM) in that
the former involves alloying or reactions at atomic levels. In other words, MA
process is an extension of the MM process although the alloying or reaction could

occur simultaneously from the start of MM.

The first work that addressed the issue as to whether the MA process results in
only a fine mixture of the constituents of the elemental blend, or forms true alloys,
was that of Benjamin®' and Koch et al.>*. Benjamin demonstrated from magnetic
measurements that the behaviour of a Ni-Cr alloy prepared by MA was exactly the
same as the alloy produced by ingot metallurgy route. Once a sufficient amount of
Cr is dissolved in Ni, the later loses its ferromagnetic property and becomes
paramagnetic. This would not happen if Ni and Cr remained as a mixture of

1°* had demonstrated this

individual elemental phases. Independently, Koch et a
by formation of an amorphous phase by mechanical milling a mixture of Ni and
Nb powders. This has proved that alloying at the atomic level occurs during high
energy ball milling, which is true mechanical alloying. Subsequently, reports on
formation of intermetallic compounds by mechanical alloying of elemental
powder mixtures also appeared.”>* A typical example is the formation of [-brass

(bce) during the MA of an elemental blend of Cu (fcc) and Zn (hcp)55'56.

The process of applying mechanical energy to activate chemical reaction has been
recorded way back to fourth century B.C.>" Native cinnabar (mercuric sulphide,
HgS) was ground with vinegar in a copper mortar to produce liquid metal, Hg.
This process was also called “mechanochemical reaction”. Whatever name is
given to the process, the basic idea is to mill a powder mixture to achieve alloying
at the atomic level or to mechanically activate the reactions. In addition to
elemental powder mixtures, prealloyed powders and ceramics, such as oxides,
nitrides, etc., can also be used to produce alloys and composites. Mechanical
alloying has established itself as a viable solid state processing route for the
synthesis of a variety of equilibrium and non-equilibrium phases and phase
mixtures.*>? They are a number of general reviews on MA,7’59'63 and reviews on

specific aspects such as, oxide dispersion strengthened (ODS) alloys,*>54¢7

amorphisation,®®*’® disordering,” quasicrystals,®® intermetallic compounds,®"%?

11
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33,83,84 29,32,85-89

nanocrystals, reactive milling/combustion synthesis, and modelling
of energy transfer during milling®”®. A book by Lu and Lai>® on mechanical
alloying was published in 1998. Murty and Ranganathan4 have made a
comprehensive review on the materiels synthesised by MA. In the following
sections, I will very briefly go through MA process with a focus on the works

relating to the solid state reaction kinetics in MA.

1.3.1 History of MA

As early as 1930, Hoyt’' used high-energy ball milling to coat WC with Co in
order to achieve better mechanical properties of Wc/Co cermet. In 1966,
Benjamin and his co-workers used high-energy ball mill to produce oxide
dispersion strengthened (ODS) Ni-base super alloys for gas turbine applications.
The success of their work led to the first patent on this process. The process was
initially referred to as ‘milling/mixing’. The term ‘mechanical alloying’ was given

by Ewan C. McQueen, a Patent Attorney for Inco.”?

In-situ metal matrix nanocomposites by MA

1990
INCOMAP light alloys plant commissioned . L
MA in immiscible systems Ree'lctlve milling
Nanocrystals by MM Quasicrystals by MA
Amorphisation by MA -Amorphisation by MM
First commercial use of MA 956 MA Al-Li alloys

1980
MA Al pilot plant

First Al alloy patent issued First commercial use of MA 754

First MA patent issued

MA process announced
1970

First MA experiments on Al
First MA experiments on Ni-based alloys

Thoriated Ni (Ni-ThO,)
1960

SAP Al (Al-ALLO;)
1950

Thoriated W (W-ThO,)
1910

Figure 1-3. Chronological evolution of MA process (Modified from Murty and
Ranganathan’s review.*)
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Figure 1-3 shows the chronological evolution of the MA process modified from
Murty and Ranganathan’s review*. Most of the work on MA before the early
1980s was focused on ODS super alloys (Ni- and Fe-base) and Al alloys.”® In
1983, Koch and his group reported the formation of an amorphous phase by
milling a mixture of Ni and Nb powders.>* In the same year two more papers
appeared on amorphisation by low temperature diffusion annealing of multilayers
of Au and La’* and that of Zr;Rh by hydrogenation.”> Codeformation (rolling) of
pure metal foils of Ni and Zr followed by low temperature annealing was also
reported to result in the formation of an amorphous alloys.”®*’ Therefore, 1983
was considered as the birth year of solid state amorphisation (SSA) in the review
by Murty and Ranganathan.* In the same article Benjamin was regarded as the

pioneer of MA and Koch as the father of present face of MA.

Mechanical alloying has also been widely used for the synthesis of nanocrystalline
metals, alloys, intermetallic compounds, ceramics, and nanocomposites in recent
years®. In addition, quasicrystalline phases have also been synthesised in many
metallic systems by MA®'. A new area that started in late 1980s is reactive
milling/combustion synthesis. Following the success of Schaffer and McCormick
in reduction of CuO by Ca using high energy milling,98 a large amount of work
has been carried out to check the feasibility of applying high-energy milling to

chemical refining.

1.3.2 Temperature Increase During Milling and its Effect on MA

Part of the milling energies is used in increasing the temperature of the powder
and the milling media.”® The temperature during milling depends on the kinetic
energy of milling media and the material characteristics of the powder charge. The
temperature of the powder influences the diffusivity and defect concentration in

the powder and thus influences the phase transformations induced by milling.

101

Davis'® and McDermont'®' have measured the maximum temperature of a SPEX

mill to be 50°C (40°C without balls) and concluded that most of the heat comes

2

. . 10 . .
from the motor and bearings. Kimura ™ reported a maximum macroscopic
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temperature of 172°C in the attritor. Borzov and Kaputkin'® have determined the
temperature to be in the range 100-215°C for an attritor. Kuhn et al.'® reported a
substantial temperature rise of 120 K in vibratory mills. The macroscopic

temperature during milling appears to be low and sensitive to the mill

design.4’99’ 105

The local temperature of the powder trapped at impact points during impact can
be quite high. Yermakov et al.'®!'? have attributed amorphisation during milling
to the local melting and rapid solidification of the powders. Because it is hard to
measure the local temperature during milling, two approaches were used to
estimate the temperature rise. One is to calculate this temperature by using
appropriate models and the other is to infer the temperature from the

structural/microstructural changes during milling.

Schwarz and Koch® estimated a local temperature rise of about 40 K for Ni3;Tigs
and NissNbss powders in a SPEX mill by assuming that particles trapped between
colliding balls deform by localised shear. Davis and Koch* calculated the ball
velocities and used the expression and materials of Schwardz and Koch® to predict
a rise in temperature (AT) of about 112 K. They also calculated the maximum AT
to be about 350 K. Maurice and Courtney” developed an expression for the
adiabatic temperature rise during milling. They assumed that the material was in

1.'%8 calculated the adiabatic temperature in a

the cold working regime. Magini et a
planetary mill and reported the maximum temperature of 400 K during a Hertzian
collision. Bhattacharya and Arzt'® calculated the temperature of impacting
surfaces and calculated that the temperature was approximately 350°C. Davis and
Koch*® found the AT due to sliding friction to be very low (=<10 K). Miller ez
al.''® used microsecond time resolved radiometry to observe a temperature rise

during impact on various materials. They observed a AT of about 400 K.

The observation of deformation bands and slip lines by optical microscopy and the

high dislocation densities and deformation bands seen in transmission electron

" indicate that the local temperature is lower than the recrystallisation

71,102
d

microscopy
temperature. In some cases, it is reporte that the temperature is above the
crystallisation temperature of the amorphous phase. Davis and Koch*® studied the

tempering of martensite in an Fe-1.2C steel during ball milling and concluded the
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maximum local temperature to be about 275°C. Davis and Koch** have also
milled Bi powder and concluded that the temperature of milling is below the
melting point of Bi (271°C). The milling temperatures obtained by both
calculation and experiment suggest that there is only a moderate temperature rise

during milling and that the possibility of local melting can be ruled out.

1.3.3 Phase Formation during Mechanical Alloying
1.3.3.1 Extension of Solid Solubility

Many studies have shown that high energy mechanical milling can extend the
terminal solid solubility. The formation of solid solution in the entire composition
range in the eutectic Ag-Cu system''? has highlighted the potential of MA in
achieving large extensions of terminal solid solubility even in systems with
positive enthalpies of mixing in the solid state. Suryanarayana and Froes'”
achieved a terminal solid solubility of 6at% of Mg in Ti by MA though these
elements are immiscible in solid state under equilibrium conditions.
Suryanarayana and Froes attributed this extension of solid solubility to the
nanocrystalline structure formed during MA. The large volume fraction of grain
boundaries present in the nanocrystalline state is expected to enhance the solid
solubility in these materials. Murty et al.'"® showed that in the Ti-Ni and Ti-Cu
systems, only amorphisation could limit the extension of solid solubility. Thus

MA can be used very effectively to extend the solid solubility.
1.3.3.2 Alloying in Immiscible Systems

High energy mechanical milling has also achieved alloying in immiscible
systems. There have been efforts to understand the driving force for such a
behaviour during high energy ball milling. Yavari et al.""!" have attributed this
to the capillarity effect. Yavari et al. argued that high energy ball milling results in
the formation of small fragments with tip radii of the order of 1 nm. The
capillarity pressure at these tips forces the atoms on these fragments to dissolve.

But Ma et al''®!V

argued that such a mechanism would only lead to
spheroidisation. Ma et al. believed that the high interfacial energy associated with

a fine-structured two-phase domain mixture created by ball milling is likely to be
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a key factor that drives homogenisation and constrains the system in a single-
phase metastable state. Gente et al.''® and Huang et al.'"® have proposed that
formation of homogeneous solid solution is energetically more favoured when the
crystallite size of the constituents is reduced below a critical size which is of the
order of 1-2 nm. Huang et al.'"™'?? have shown that nanocrystallisation is a

prerequisite for alloying during MA.

1.3.3.3 Formation of Amorphous Phases

Koch et al.>*

was the first to report the formation of amorphous phase by MA.
During milling a Ni-Nb elemental powder mixture, they observed a continuous
broadening and shifting of the major X-ray diffraction peaks, which was
interpreted as a continuous decrease in crystallite size. This mechanism has been
categorized as type I amorphisation reaction in the review by Weeber and
Bakker.”® For this type, there is a continuous broadening and shifting of the Bragg
peaks of the elements in X-ray diffraction pattern as a function of milling time
until an amorphous phase eventually results. The system Zr-Al, first studied using

L 123

ball milling by Fecht et al."*", apparently also belongs to this category.

It was reported that the amorphisation reaction behaviour might vary even in the
same powder system if the powder mixture was milled under different milling
conditions associated with different milling process parameters or different
milling equipment. As observed by Petzoldt”” during MA of a Ni-Nd powder
mixture, the peaks of the elements became slightly broader and their intensity
decreases continuously, same as the reaction type found by Schwarz et al.'** for
amorphisation of Ni-Ti. This type was categorised as type II amorphisation
reaction in the review by Weeber and Bakker.” In this type, the amorphisation
occurs by interdiffusion during the process. The amorphisation process during
milling is similar to the amorphisation in multilayered structures during heating.
The amorphous parts grow by cold welding of the amorphous layers formed by
interdiffusion. The eventual homogenization takes place by cold welding

combined with further diffusion.

A third type of amorphisation reaction, as categorized by Weeber and Bakker”” in

their review is the formation of crystalline intermetallic intermediate products and
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further milling resulting in the transformation of these products into a

homogeneous amorphous phases.

MM of crystalline alloy powders has also been reported to form amorphous
phases with much shorter time than that required for MM elemental powder
mixtures.”> A competition between the tendency to go to the thermodynamically
stable situation and the enthalpy increase due to the energy transferred from the
balls to the material to be milled. This depends on the local conditions during
milling. The local conditions are determined by the milling equipment used. This
implies that different milling equipments can result in different glass forming
ranges. Furthermore, the local conditions determine the amorphisation reaction

path.

Zhang and Massalski'?

reported an amorphous phase formed during MA in the
copper-cadmium system by reaction between the equilibrium & phase and one of
the constituent metals (copper). By contrast, such an amorphous phase can neither
be formed by a direct reaction of copper and cadmium powders nor by milling a
powder consisting of only & phase. They considered three possibilities that can
raise the energy of a mixture of copper and the &-phase powders to a sufficiently
high value to provide a driving force for amorphisation: (1) an accumulation of
structural defects during milling; (2) a change of composition of the & phase; and
(3) a contribution of copper/d interfacial free energy. They believed that the

contribution of copper/d interfacial free energy plays the major role in providing

this needed driving force.

1''%17 reviewed the amorphization mechanisms by MA reported by

Ma et a
several authors. Amorphisation by ball milling was first hypothesized to result
from rapid quenching of local melts produced by mechanical impacts. Latter
studies suggest that melting is unlikely and solid-state processes are most likely to
be responsible for vitrification. For milling of intermetallic compounds, it is
suggested that the amorphisation is due to the accumulation of deformation-
generated defects, which raise the free energy of the compound to above that of
the amorphous phase. For milling of elemental powder mixtures it has been
proposed and widely accepted that an amorphous phase nucleates at interfaces and

grows by interdiffusion reaction under interfacial metastable equilibrium
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analogous to that in thin-film diffusion couples and in co-deformed metal foils.
Ball milling facilitates such reactions by fracturing and cold-welding crystalline
particles to create alternating layers with fresh interfaces, and by generating a high
density of defects. Many experimental observations, reported for a number of
binary systems, are consistent with this picture. In some alloy systems consisting
of ductile elements, multilayer structures produced by the milling process have
been observed. Amorphous interlayers sandwiched between crystalline layers
have been observed under TEM in the Ni-Nb and Ni-Zr systems.”® It has also been
reported that as ball milling of elemental powders proceeds, the X-ray diffraction
peaks of the constituent elements remain at the same position but decreases in
intensity, and separately, a broad peak of amorphous phase appears with
increasing intensity. Moreover, alloys in the central composition range transform
into an amorphous single phase and a terminal solid solution, presumably under
metastable equilibrium. These features correspond well with those observed for
amorphisation by interdiffusion reactions. Such a mechanism of interdiffusion
under metastable equilibrium has been categorized as amorphisation reaction type
I in the review by Weeber and Bakker.”> Well studied examples that apparently
belong to this category include easy glass forming systems such as Zr-Fe and Ti-

Ni.

Lu et al'® observed an amorphous-nanocrystalline-amorphous phase
transformation in element selenium during ball-milling a melt-quenched
amorphous Se. They found that during the major amorphization process, the
crystallite size keeps unchanged at about 13 nm. This phenomenon is in conflict
with the ‘skin’ model that proposed the amorphous phase nucleated at grain
boundaries and grew into the grains by gradually consuming the crystalline phase,
resulting in shrinking of remaining crystallite size. The observed constant grain
size during amorphisation process implies that the grains smaller than a certain
grain size (say 13 nm) may be transferred into amorphous completely while those
larger than 13 nm remain crystalline. They also proposed that the driving force
contribution from the lattice distortion might be significant for the amorphisation

process in the small crystallites below the critical grain size.

The formation of amorphous interlayer (a-interlayer) by solid-state diffusion in

diffusion couples has been one of the most challenging problems in condensed
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matter physics in recent years. The a-interlayer has been found to occur in all
refractory metal/Si and a number of rare-earth (RE) metal and platinum group
metal and crystalline silicon systems. Chen'”’ reviewed the solid state
amorphization in metal/Si systems. He showed that, (1) a negative heat of mixing
provides the driving force for the reaction and fast diffusion of one component
into the other pre-empts the formulation of crystalline compounds, (2) the growth
follows a linear law at the initial stage with activation energy around 1-1.5 eV for
refractory metal/Si systems and 0.5 eV for RE metal/Si systems, (3) the dominant
diffusing species is Si, (4) the stability of amorphous interlayer depends on the
composition, (5) simultaneous presence of multiphases in the initial stage of
metal/Si interaction, and (6) good correlations between physical parameters and

kinetic data.

Liu and co-workers'?®13°

studied the formation of metastable and amorphous
phase in Ni-Nb, Ni-Zr, Y-Zr systems by annealing multilayer thin-films and ion
mixing. Grushko and Shechtman'®! proposed a model of metastable phase

132

formation by a diffusion process. Gosele and Tu ~“ applied the “critical thickness”

concept to the amorphous phase formation in binary diffusion couples.

1.3.4 Reactive Milling and Mechanochemical Processing

The milling process during which chemical reactions take place leading to the
metallothermic reduction and/or resulting in the formation of compounds is
termed “reactive milling”. If the reactions are highly exothermic, combustive
reaction may occur.”®'** Schaffer and McCormick®®'** were the first to report the
reduction of metal oxide by reactive metals. They have shown that reduction of
CuO by Ca is feasible by ball milling the powders together. An exothermic
reaction resulted in an abrupt rise in the temperature of the vial by 140 K during
dry milling. They calculated the adiabatic rise in the temperature from the
enthalpy change of the reaction (~ 473 kJ/mol) and the heat capacities of the
reactants to be 4000 K. This is much above that required for self-sustaining
combustion (~2300 K). They have also shown'** the formation of B-CuZn phase
by the simultaneous reduction of CuO and ZnO with Ca. Schaffer and

McCormick, in their subsequent publications 13337 have shown similar
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metallothermic reduction reactions in a number of systems. Schaffer and
McCormick” have studied the kinetics of these reactions and showed an increase
in the rates of the reaction at higher milling energies. Yang and McCormick'*!*
reported combustion reaction of zinc oxide with magnesium and reduction of
tantalum chloride by magnesium during mechanical milling. They studied the

mechanochemical reduction of V,0s using Mg, Al and Ti,|40

and reduction of NiO
using graphite.”' Lu ef al.'** have reported the reduction of Fe3O4 with Al during
milling which resulted in the formation of ferromagnetic Fe and
superparamagnetic Fe particles. Nasu et al.'* reported reduction of Fe,O; using
Al and Mg in a planetary mill. El-Eskandarany144 has reported the formation of
nanocrystalline Cu and TiO, particles by the reduction of Cu,O with Ti. Xi et

145

al."™ reported forming Cu and SiO, nanocomposite by high energy ball milling

CuO and Si.

McCormick et al.'*® have also shown the reduction of TiCl, with Mg and
formation of not only Ti but also alloys such as Ti-3Al, Ti-6Al-4V, TiAl, aﬂd
TizAl by changing the proportions of the constituents. Ding et al.'*" have shown
the reduction of FeCl; and CuCl, with Na and Ca which has led to the formation
of nanocrystalline Cu and Fe powders. Suryanarayana et al.'*® have shown the

formation of TiAl by the reactions between Al3Ti and TiHo.

There have been a number of reports describing the formation of nitrides and
oxynitrides by milling elemental powders in liquid nitrogen (LNy). Perez et al.'®
have produced nanodispersions of Al;O3 and AIN in Fe-10wt.%Al alloys by the
cryomilling of Fe and Al together. Huang et al.'® have obtained a similar
dispersion in NiAl by the MA of Ni and Al in LN,. Aikin et al."' have produced
AIN by the cryomilling of NiAl. Ball milling of metals by sealing the vial with
nitrogen gas has also led to the formation of various nitride such as Fe,N, NbN,
Ti,N, TiN, SisN4, TaN, ZrN, and (Ti,Al)N. Nitrides have also been produced by

milling the elemental powders in an ammonia atmosphere.4

Takacs®® reviewed the literature on the mechanism of reactive milling with
particular attention to the initiation of combustion. He argued that the gradual or
combustive nature of the reaction depends on thermodynamic parameters, the

microstructure of the reaction mixture, and the way they develop during the
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milling process. He pointed out that our current understanding of the reaction
milling process is qualitative. Especially little is known about the significance of
the mechanical properties of the reactants, the role of diffusion, and the nucleation

of product particle at the interface.

Ma and Aztmon''® suggested that self-sustained reaction are a common
mechanism of mechanical alloying in alloy systems with a large negative heat of
mixing when subjected to high-energy ball milling. They argued that such
reactions may escape detection when only bulk-averaged analysis is used as these
reactions may not necessarily propagate through the entire powder mixture, and
instead, may occur locally at the ignition (collision) spot, such that the entire

sample reacts gradually on a particle-by-particle basis.

1.3.5 Simulation of MA Process

Pabi et al.'>* have developed a rigorous mathematical model based on the
modified isoconcentration contour migration method to predict the kinetics of
diffusive intermixing during MA. They have successfully correlated the kinetics
of alloying to the melting temperature in the Cu-Ni system. Courtney et al.'
developed a simplified interdiffusion model to predict the time scale needed for
the formation of homogeneous solid solution by mechanical alloying. In their
model the periodical temperature rise caused by the high speed impacts was
considered as the major contribution to the enhancement of the interdiffusion
process. In both of the above models, effect of deformation caused by the impacts
was considered by taking the thickness reduction as an exponential function of
strain accumulation. But their models did not take the new phase formation into

consideration.

1.3.6 Materials Synthesised by MA

A wide range of materials have been synthesized by MA. Among them, oxide
dispersion strengthened (ODS) materials were the first success. Following that,
other equilibrium and non-equilibrium materials, nanocrystallines and a range of

intermetallics were successfully produced by MA.
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1.3.6.1 ODS Alloys by Mechanical Alloying

The development of strong ODS alloys has been the prime goal of Benjamin’s
group, which invented the MA technique. Very fine microstructures and fine
dispersion of oxides of Ni- and Fe-base superalloys and Al alloys produced by
MA have yielded materials with superior mechanical properties over the
conventional alloys. Some of these MA ODS alloys have been commercially
produced despite strong competition from conventional ODS alloys. The ODS
alloys produced by MA can be classified based mainly on the matrix materials as

ODS superalloys, Al alloys, Ti alloys, and ODS intermetallics.*

1.3.6.2 Intermetallic Compounds

The intermetallics constitute some of the most technologically promising
engineering materials. This stems from their unique attributes such as excellent
high temperature strength, and thermal stability apart from the high
corrosion/oxidation resistance and unique electrical and magnetic properties. The
high melting point and the poor formability of the intermetallics, however, poses
major impediments to their conventional processing. Under this perspective, MA
has been regarded as an extremely promising solution. Over the past decade, a
considerable volume of work has been reported on the synthesis of a large number
of intermetallic compounds via MA. The bulk of these efforts has been on the

.. ige . 4
aluminides and to some extent on the silicides.

Overwhelming interest in the MA of aluminides has been instigated by their
possible applications in aerospace and automotive industries owing to their high
specific strength at elevated temperatures. Among all aluminides, the MA of Ni,
Ti, and Fe aluminides have so far received major attention. Apart from Ni, Ti, and
Fe aluminides, the versatility of MA has been demonstrated in the synthesis of
several other aluminides such as AIl-Nb, Al-Mo, Al-Zr, including ternary

aluminides such as Al-Ni-Fe, etc.*

The MA of silicides has gained significant interest in recent years,'* particularly
because of their potential applications as structural materials in the field of
microelectronics and electrical technology. Among silicides, the MA of Fe, Ti,

and Mo silicides have so far received major attention.
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Although the aluminides and silicides are the major focus of MA research in the
field of intermetallics, several other intermetallics are also important because of
fundamental aspects as well as technological importance. The formation of
various compounds in the Cu-Zn system through MA has been extensively
studied over the past decade.>**'>> Various other intermetallic phases are also
known to have been produced by MA. A list of non-aluminide and non-silicide
intermetallics produced by MA is presented in Table 1-2.

Table 1-2. Intermetallic compounds synthesised by mechanical alloying other than
aluminides and silicides*

Phase Structure AHf, kJ/mol Synthesis route
Co;C Hexagonal +6 MA
Cr;Cs Hexagonal -13 MA + HT
Cr:C, Orthorhombic -16 MA + HT
Cr,Nb Cl15 -10 MA
B-CuZn B2 -8 MA
'Y-Cllsan D8, -4 MA
€-CuZn, Hexagonal -2 MA
Fe;C Orthorhombic -25 MA
FeSn, Cl16 -1 MA
Fe;Sn, Monoclinic -2 MA + HT
FeSn B35 -2 MA + HT
Fe;Sn DOy -2 MA
Fe;Si DO, -21 MA
FeTi B2 -25 MA
Fes;Zn D8, -2 MA

| Mg,Ge Cl -115 MA

| Mg,Ni Hexagonal -52 MA + HT
Mg,Si Cl -79 MA

| Mg,Sn Cl -80 MA
Nb;Ge Al5 -28 MA
NbsGe Orthorhombic -19 MA
NbGe, C40 -29 MA
Nb;Sn AlS -16 MA
Nb;B Cubic -21 MA
Ni;C Cubic +7 MA
Ni3Sn, Hexagonal -24 MA
TiB, Hexagonal -74 MA
TiC L1, -77 MA
TiNi B2 -52 MA

HT: heat treatment

1.4 Effect of Milling on Solid State Reactions During Heat
Treatment

Combining heat treatment with MM has been proven to be an effective technique

: . 81,141,156 . )
for advanced materials processing. 136-160 1, some reaction systems, solid state
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reactions can not be achieved solely by mechanical milling, so subsequent heat
treatment is necessary. MM has not only enhanced the solid state reaction kinetics

but also affected phase formation.

The solid state reactions in high energy milled powders during heating are often
comparable with that of multilayer thin films. It is known from the literature that a
metal in the form of a thin layer was first obtained in 1857.'%! Thin metal layers
have since been gradually establishing their place in science and technology. In
the 1940s and 1950s an explosive development of thin-film preparation and
application technologies has taken place, these being a prerequisite of the
development of certain important branches of technology, especially military.
Thin films are increasingly employed in optics, micro- and opto-electronics,
sensor and computation technologies. They are used as mirrors with front-
reflecting surfaces, conduction paths, contact and barrier layers, antireflection and
anticorrosion layers, etc. With the continuing drive toward greater device densities
and finer dimensions in the microelectronics industry, the required properties of
the metallization layers have become increasingly stringent. The phase formation
in thin film systems is unique. Unlike the bulk diffusion couples in which all the
phases appeared to form simultaneously, only one phase is usually observed
during phase formation in thin films. Therefore, the thin film geometries are
particularly useful for studying the earliest stages of solid state reactions in metals

as well as oxides.

1.4.1 On the Reaction Temperature

MM can establish and refine composite powder particle microstructure,
consequently the reaction temperature can be decreased substantially.'*®
Welham'® studied the solid state reactions between Al and TiO, and found that
the unmilled powders were incompletely reacted even after 1 hour at 1200°C
whereas the milled powders were fully reacted after 1 hour at 600°C. He
attributed these improvements to the enhanced mixing of the components leading

to shortened diffusion paths.

Yang and McCormick'*' studied the solid-state reactions between NiO and

graphite during high energy ball milling and subsequent heat treatment. They
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found that the reduction of NiO to Ni did not occur during milling with graphite at
ambient temperatures due to insufficient storage of internal energy in the NiO and
temperature rises accompanying collision events. Reduction of NiO to Ni
occurred during milling at elevated temperatures. The decrease in particle size
from ~200 pm to ~5 pm during milling caused a significant reduction in reaction

temperature during subsequent heating.

1.4.2 On the Phase Formation

Due to the large interface area created by MM through a refined composite
powder particle microstructure, interfacial reaction tends to dominate the reaction
process. Therefore, the phase forming sequence may differ from that of

conventional powder blending or bulk diffusion couples.'®*'%

In contrast to the later stages of phase reactions that are solely determined by the
thermodynamics of the alloy system, the phase reaction in the early stages is
mainly governed by the kinetics of the reaction process. By choosing appropriate
reaction conditions this often results in a distinct phase selection in the early
stages of phase reaction. Thereby only one of the possible intermetallic
compounds or even a metastable phase, which does not exist in the equilibrium
phase diagram, is formed. Bormann'®® summarized the quantitative understanding
of the kinetics of interface reactions including nucleation and growth kinetics with
a particular focus on the mechanisms causing the distinct phase selection
occurring during the early stages. He also discussed the influence of
microstructures of the parent phases and new phases formed on the phase
selection. He concluded that the phase selection during initial stage of interface
reactions could be caused by differences in the nucleation rates as well as by the
growth kinetics of the competing phases. Due to interdiffusion preceding the
nucleation of a new phase, a nucleation barrier can exist even in systems with
large free energy of formation for intermetallic compounds. Therefore,
heterogeneous nucleation at defects along the interface has to be taken into
account, and the microstructure of the parent phase can influence the phase
selection. Besides the nucleation barrier that can be significantly decreased by

preferred heterogeneous nucleation sites, the nucleation rate is substantially
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determined by the activation energy of growth. As energy difference in the growth
barrier seem to be even larger than differences in the nucleation barrier, the phase
selection during nucleation may be completely overridden by the growth barrier of
the competing phases, in particular in polycrystalline diffusion couples. The
growth kinetics of competing phases is determined by the flux of diffusing
species.l66 Thereby phases with high diffusivity are favoured and can suppress
other phases in the early stages of interface reaction. As, at low reaction
temperature, the activation energy of growth is again the dominant factor, this
turns out to be one of the key parameters determining the phase selection in the
early stages of interface reaction. The microstructure of the parent phases and of
the new phases can also substantially influence the activation energies of growth

of the new phases.

Morris'¢”!'%® obtained AlsFe phase by milling Al-12.5at%Fe blends for 80 hours
and then annealing at 773 K. The formation of such non-stoichiometric Al;Fe may
be an indication of an extended Al;Fe phase composition field. Mechanicél
alloying of Fe-rich composition, e.g. Al-75at%Fe, which incidentally lies in the
AlFe; phase field, has been found to produce AlFe instead.'® Subsequent
annealing, on the other hand, has led to B2-AlFe; instead of the usual DO,;3

structure.

1.4.3 On the Reaction Kinetics

MM can substantially enhance the solid state reaction kinetics.'"’® Yang and
McCormick'*' studied the solid-state reactions kinetics between NiO and graphite
during subsequent heat treatment. The kinetics of the reduction reaction has been
modelled for spherical NiO particles embedded in a uniform graphite medium.
The reduction of NiO was assumed to involve the formation of a Ni layer on the
particle surface and the diffusion of carbon through the Ni layer was assumed to
be the rate-controlling step. The Carter’s solid-state reaction model was
satisfactorily employed to describe the reaction kinetics during constant heating
the milled powders. Yang and McCormick attribute the two-stage reaction
kinetics observed for the intermediate milling times to the bimodal particle size

distribution developed during milling.'*!
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Investigations on Ti-Al intermetallics have revealed considerable resistance to
alloying during MM. For example, prolonged milling for 100 hours in a Fritsch
P5 planetary mill at a CR of 10:1 has failed to produce Ti-Al compounds.157 The
formation of Ti-Al intermetallics could be achieved by adopting a two-stage
process involving MM and subsequent annealing.'® This is evidenced by the MM
attempts for the synthesis of AlITi and Al;Ti, which required annealing of the ball
milled ingredients at 873 and 813 K, respectively.'>® Several other reports on the
production of Al-Ti intermetallics such as Al;Ti, Al;Tip, AlTi, and AlTi3 through
a ‘mechanically activated annealing process’ involving intense ball milling
followed by an annealing process are also available."**'%* It is however, quite
obvious that the annealing temperatures would vary considerably depending on

the final grain size which dictate the diffusion distance.

1.4.4 Modelling Efforts

Bormann'® proposed a heterogeneous nucleation model for solid state reaction in
multilayer thin films taking into account of the interdiffusion. His model provided
a very meaningful insight into the role that nucleation plays in selecting the first
phase to form from the solid solutions. The model explained that in some systems,
metastable phase or amorphous phase are more favourable than the stable
intermetallic phases because of their lower activation energies. Recently, Zhang
and Ying'”' has proposed a heterogeneous nucleation model to explain and predict
the selective first phase formation in connection with the progress of mechanical
milling. The model explained that with the increase of o/p interface area the
reaction path will change and affect first phase formation during subsequent

annealing of the mechanically milled powders.

An intriguing observation that was first found by calorimetry and brought a new
viewpoint into this field was the fact that the formation of the first product phase
in a multilayer film can be a two stage process.m'178 As an example, two
exothermic peaks appeared in the DSC traces of the sputter-deposited Nb/Al
multilayer thin films. One appeared at lower temperatures (peak A) and the other
appeared at higher temperatures (peak B). Extensive X-ray and electron

diffraction studies verified that both exothermic peaks of the DSC trace of the
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Nb/AI multilayer thin film were associated with the formation of a single phase,
NbAlLs.'™ The relative areas of the peaks changed with layer thickness in a
systematic way. Peak A dominated for small thickness and peak B became
increasingly pronounced for large thickness. Similar two-peaked traces have also
been observed for evaporated Nb/Al multilayer thin films,'>'""!"® as well as for
other systems such as Ni/AlI'>7%'%° " Tj/A1'®  Ni/amorphous Si'”’ and

182

V/amorphous Si™™". In all cases the two peaks correspond to the formation of a

single phase.

The formation of a single phase in two stages is explained by the model of Coffey

et al.'” for a two-stage transformation.'”’

In this model, a product phase first
nucleates and grows laterally in the plane of the interface and forms a coalesced,
contiguous layer in stage one (peak A). In stage two this contiguous layer grows
normal to the interface until one or both reactants are consumed (peak B). The
transformation associated with peak A (stage one) is described by a Johnson-
Mehl-Avrami (JMA) nucleation and growth process which, under isothermal

conditions, is given by following equation:

X(t)=1- cxp(— kt" )

where, X is the transformed volume fraction, k=k(t) is a temperature-dependent
rate constant and n is the Avrami exponent. Application of JMA equation to
constant-heating-rate conditions'®® leads to the following equation for the volume

fraction transformed:

k. ok, T2 nE
=1- _ —_—— _
X(T)=1-exp ( 55 ] exp( ka)

where k;o and E are the pre-exponential factor and the activation energy of the
JMA process. DX/dT is then proportional to the heat released in peak A in the

DSC traces. Coffey et al.'”

assumed that the transformation began with a fixed
number which subsequently grew as cylindrical grains. The growth parallel to the
interface was taken to be interface controlled and was represented by the JIMA

equation with n=2. The subsequent thickening of the layer, peak B in the DSC
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traces, was modelled by 1D diffusion controlled growth by the following
equation:

x> kyo k,T? E,
= exp| —
2 B E k,T

where x is the product phase thickness, B is the heating rate, k4o and E4 are the
pre-exponential factor and the activation energy for diffusion-controlled growth
respectively, and kg is the Boltzmann’s constant. The derivative of above
equation, dx/dT, was fitted to the experimental data of Ni/Al multilayer thin films
and the activation energy E4 and the pre-exponential factor kg9 were calculated
from this fitting to be 1.72 eV and 2x10° m?s, respectively. Calorimetry
experiments (isothermal and constant-heating-rate ones) can be used to determine

all the model parameters separately, except for the nucleation site density per unit

area, N, and the radial growth prefactor, kip, which appear as Nkfo.

Determination of these two parameters requires direct observations of the
evolution of the product phase grains by a technique such as transmission electron

microscopy.

The simple model of Coffey et al. successfully describes the outstanding features,
namely, the two peaks of the DSC trace of the multilayer thin films and their
systematic dependence on the layer thickness. This model has been successful in
describing the behaviour of multilayers of Nb/Al (first studied by Coffey et al.'”’),

and also in Ni/Al'*, Ni/amorphous Si'’’” and V/amorphous Si'®.

However, although the simple model of Coffey et al.'”’ describes the essential
features of DSC traces, the model under-estimates the width of peak A and B in
some cases. Under-estimating the width of peak A indicates that n is less than 2,
which has been found for several systems using isothermal and constant-heating-
rate DSC experiments. From another point of view this might be due to the
assumption that the nuclei start to grow at the same time. Underestimating the
width of peak B may be attributed to the nonuniformities in layer thickness which
have been observed in many multilayer systems. These variations in thickness

prevent an abrupt termination of the reaction and an abrupt end to peak B.
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1.5 In-Situ Metal Matrix Composites

Metal matrix composite (MMC) materials combining the ductility of the matrix
metal phase and the stiffness and the hardness of the reinforcements can offer
mechanical properties superior to the conventional monolithic materials, and have
numerous successful commercial applications. However, it has been reported that
nearly all commercially important ceramic reinforcements, including SiC, Al,Os,
B4C, etc., exhibit poor wetability by a molten matrix.'®® Molten pure aluminium
does not wet Al,O3 even at 900°C."® In-situ formation of the reinforcement phase
through chemical reaction during the processing has been reported to be an
effective route to solve the wetability problem.lg“"186 Recently, attempts have been
made to grow second phase reinforcements in-situ in the matrix by taking
advantage of the heat evolved during reaction.'®” This has paid good dividends in
meeting the requirements of a clean interface in the TiAl-TiB; system. Using a
similar approach of exothermic processing, Al-composite and Ti-composites with
particulate reinforcements of alumina, carbides, borides, nitrides and théir

mixtures have been reported.'*'%7-1%0

1.5.1 Manufacturing Methods of In-Situ MMCs

Most commonly used manufacturing methods for in-situ MMCs are solidification
processing, combustion synthesis, the exothermic dispersion (XD™) process and
combustion-assisted synthesis (CAS). Some other techniques for fabricating metal
and intermetallic matrix composites have also been developed, such as direct
metal oxidation process (DIMOX™), one of Lanxide processes developed by

Lanxide Corporation, self-sustained high temperature synthesis (SHS), etc. 191719

1.5.1.1 Solidification Processing

Solidification processing routes for particulate-reinforced aluminium and titanium
composites have the advantages of simplicity, flexibility, cheapness and ease of

production of components with complex shapes.

Maity et al.'**'® reported an attempt to produce Al-Al,O; composite by adding
TiO, into the molten Al. The Al,Os particles formed by the reaction between

molten Al and TiO, were more compatible with the matrix and the interfaces were
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cleaner as compared to the composites produced conventionally. Peng er al.'®’
reported synthesis of Al;Ti-Al,Os-Al in-situ composites by reactions between
TiO, powder and molten Al via squeeze casting route. In their process, Al-
27vol%TiO, bulk material was prepared by squeeze casting using anatase (TiO5)
powder and pure Al ingot. The squeeze cast TiO,/Al bulk material was heat-
treated and according to the differential thermal analysis results, the reaction
between TiO; and Al occurred to form the final Al3Ti-Al,O3-Al in-situ composite.
Peng et al. examined the microstructure of the composite and proposed a two-step
microstructure evolution mechanism. They believed that firstly, a reaction
between the molten aluminium and TiO, producing alumina particulates and
liquid Ti. Then, a solidification process of remaining Al and Ti displaced from the
reaction with decreasing temperature to produce Al + Al;Ti blocks and then, the

smaller Al;Ti precipitates formed as the solid cools.

There is very little discussion in the literature of attempts to produce particulate-
reinforced Ti-composites through the solidification routes. This is due to the high
reactivity of titanium with reinforcements in the liquid state and the problems
involved in melting and casting titanium and its alloys. However, a few successful

efforts made in recent times are worthy of note.*"!

In one such attempt, composites were produced by induction melting. A Ti-TiC
composite was produced by mixing graphite powder with titanium during melting,
thus forming TiC particles as a second phase in a Ti matrix.'”® The reinforcement
in this case was formed inside the material instead of being inserted into the
molten metal. The interface wetability problems of the two materials could thus be
avoided. On similar lines, an in-situ method was used to produce a hybrid mixture
of three dimensional TiC reinforment in a titanium matrix.'® This in-situ
solidification of carbide provided morphological control of the structure. The
approach was to combine traditional ingot metallurgy plus solidification
techniques to produce Ti-TiC composites. In this work, a series of Ti-TiC
materials, with or without boron additions, were produced. Blended graphite and
TiB, or boron powder was packed into holes drilled in the titanium rods which
were then placed into graphite crucibles. Tantalum foil was wrapped around the
crucible which was contained in a quartz tube to evenly heat the sample by

induction. The melting was performed in an argon atmosphere to prevent
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oxidation using an induction generator. To promote stirring, an ultrasonic vibrator
was used. The crucible was dropped into water for quenching after holding for 1

minute in the molten state thus producing the ingots.>"!

1.5.1.2 Combustion Synthesis and 3A Process

Combustion synthesis is an attractive technique which use the exothermicity of
solid state reactions to produce advanced materials.?®*' It offers several
advantages, such as relatively simple equipment, low energy requirements, short
processing times, high product purity and the possibility of forming metastable or
intermediate phases.200 In the past, combustion synthesis has been used

successfully to produce titanium carbide®®, titanium boride?**?*

205

, titanium

carbide/titanium boride 206207 1t s

and alumina/titanium diboride composites
possible to use this process with suitable modifications to produce titanium matrix
composites.4 The number of individual compounds already synthesized by
combustion synthesis is reported to be more than 350. Most of these are

intermetallic and ceramic composites.z”

Included under the classification of combustion synthesis are thermite-based
reactions, which involve a metal reacting with a metallic or non-metallic oxide to
form a more stable oxide of the reactant metal and the corresponding metal or
nonmetal of the reactant oxide.”*® Thermite-based reactions have the advantage
over many of the combustion synthesis reactions, which start with elemental
components. Thermite-based reactions start with naturally occurring oxides,
which are less expensive and more readily available than elemental powders.
Additionally, the simultaneous production of multiple phases in thermite-based
reactions makes it possible to produce composite materials with phases uniformly

distributed in the materials.?%

A recent variation of these classic thermite-based reactions is a novel pressureless
reaction sintering process for the fabrication of alumina-aluminium alloys
(3A).2% 208210 The 3A process involves the reaction sintering of intensively
milled metal/Al or metal oxide/Al powder compacts, heat-treated in a
nonoxidizing atmosphere, to form dense, interpenetrating alumina/aluminide

composites. This exciting, new technique has been extended to the development
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of some six or so new “3A materials”, including aluminides of Ti, Fe, Nb, Mo, Zr,

Ni, etc. The general reaction scheme is as follows:

v,Al+v,Me, 0, - v -Me, Al + Al O,

where there is an initial reaction between the Al and metal oxide, known as an
aluminothermic reduction reaction, followed by reaction of the remaining Al with
the reduced metal to form the respective aluminide. By adjusting the starting
powder composition, it is possible to vary the final composition of 3A materials
over a wide compositional and volume fraction range. At intermetallic volume
fractions >20%, the phases are continuous and hence exhibit an interpenetrating
network.”*%'% The resulting composites exhibit the typical thermomechanical
properties of AlO3 (e.g., wear and oxidation resistance and high-temperature
strength) along with an enhanced fracture toughness due to the interpenetrating
ceramic/intermetallic network. The 3A process is usually carried out in the
thermal explosion mode of combustion synthesis where the body is heated iﬁ a
box furnace and the reaction occurs throughout the sample. The reaction kinetics,
the amount of heat generated from the aluminothermic reduction reaction and
aluminide synthesis, and final properties depend upon the particular 3A system
being investigated.”'® Although this new technique appears to be a promising
fabrication route for ceramic-intermetallic composites, a comprehensive
understanding of the effects of the processing parameters on the reaction

behaviour is lacking.

Gaus, et al.”® have developed a continuum model of the 3A process to investigate
the general system behaviour over the parameter ranges. They investigated the
general behaviour of 3A process under the thermal explosion mode of synthesis
by considering the effect of the dimensionless parameters associated with the rate
of local heat generation, the activation energy, the rate of heat redistribution, the
rate of heat transfer by convection, and the rate of heat transfer by radiation on the
reaction behaviour. They found that, in order to produce high-density final
products, uncontrolled reaction with high local temperatures should be avoided
and the reaction may be better controlled by reducing the initial reactant
concentrations, avoiding melting using small sample sizes, compacting at high

pressures, and/or increasing the heat loss by using a high thermal conductivity
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inert gas. The model was used to investigate the effects of processing conditions
on the TiO,/Al system. The model predictions indicate that for small samples, the
TiO,/Al process can be easily controlled by reducing the heating rate. For large

samples, however, the predictions indicate that self-propagating (SHS) reaction

fronts may develop.?!

1.5.1.3 The XD (Exothermic Dispersion) Process

XD process'®’ has been developed by Martin Marietta Corporation, Bethesda,
MD, to fabricate in-situ ultrafine ceramic particle-reinforced metal matrix
composites (MMCs). The basic principle of this technique is that the ultrafine
ceramic particles are formed in-situ by exothermic reaction between elements or
between the elements and the compounds. Using this approach, MMCs with a
wide range of matrix materials (including aluminium, iron, copper, lead, nickel
and titanium) and second-phase particles (including borides, carbides, nitides,

d."® Ma and Tjong190 reported in-situ

oxides and their mixtures) can be produce
fabrication of several TiB; reinforced Al matrix composites from TiO, (Ti)-Al-B
(B203) using XD technique. In their process, the powders with nominal
compositions were ball milled in alcohol for 8 hours and then dried. The cold-
compacted powder mixture was heated to above 800°C in a vacuum and
maintained for 10 minutes, then cooled down to 600°C and hot pressed. The
pressed billets were extruded at 420°C. Ma and Tjong investigated the reaction
mechanisms for in-situ particulate formation and the microstructural aspects and
mechanical properties of these composites. They found that TiB, particulates were
formed in-situ in the aluminium matrix through the reaction of Ti and B in Ti-Al-
B, TiO; and B in TiO,-Al-B, and TiO; and B,03 in TiO,-Al-B,03 systems. The
size and shape of TiB, particulates were mainly controlled by the diffusion of Ti
in molten aluminium. The formation or elimination of the Al;Ti was determined
by both nucleation of TiB, and the diffusion of Ti. The Al,O;-TiB,/Al composite
fabricated from the TiO,-Al-B system exhibited excellent mechanical properties
among the Ti-Al-B, TiO,-Al-B, and TiO,-Al-B;03 systems due to the elimination
of AI3Ti and to the fine size of in-situ particulates. The yielding strength of the
composites appeared to increase with increasing TiB, content. They also found

that the incorporation of CuO into the TiO,-Al-B system did not affect the
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reaction process of the system. The strength of the composite was significantly

enhanced due to the matrix strengthening by Al,Cu precipitates.

Titanium and its alloys are highly susceptible to interstitial oxygen contamination
and, therefore, they must be processed under an inert atmosphere or vacuum.
Furthermore, secondary processing requires complex canning or pack
configuration as well as expensive die materials.?!' These problems can be
obviated in the XD process.”'' The patented XD technology is based on sustained
high temperature synthesis. The technology when applied to TiAl-TiB;
composites, requires blending and compacting of elemental powders of boron,
titanium and aluminium. When ignited, a flame front passes through and
spontaneously forms titanium aluminide and titanium diboride. Because of the in-
situ development of reinforcements, the process eliminates oxide formation that

211 Master

could weaken the interface between the reinforcement and the matrix.
alloys with as high as 20-75 vol% of TiB, can be added to any compatible matrix
material to achieve required levels of reinforcement. Composites containing
titanium diboride particles introduced via XD processing offer substantial grain
refinement and improved microstructural uniformity compared with un-reinforced

TiAl

The production of a variety of metal matrix composites by the XD process has
been reported including matrices of Ti, TiAl and Ti3Al. The reinforcing phases
include borides, nitrides and carbides, some in both particulate or platelet form
and also as whiskers produced in-situ.'® Research now in progress is focused on
the “designer microstructure” containing hard phases and whiskers for creep
resistance. In future, XD titanium MMCs may be considered for a host of
applications: structural applications include compressor cases, vanes, missile fins
and structural brackets; rotating applications involve turbine disks, shaft housing,

211
compressor vanes and turbocharger wheels.

Even though the XD process is inexpensive, there are some possible limitations
with regard to chemical and thermal stability of a dispersed phase.2!' If both
elemental constituents of the particulate phase have a high diffusivity in the
matrix phase, then particle coarsening may occur at elevated tempe:ratures.212

Large particles will grow at the expense of small particles leading to an increase

35



Chapter one - Introduction and Literature Review

in the average interparticle spacing. The increase in interparticle spacing will then
reduce the yielding strength of the composite. Different surface energies in the
solid state versus the liquid may lead to changes in particle shape, thus adversely
affecting the mechanical properties. Another possible problem may arise when the
reaction between composite forming elements are less exothermic. In such cases,

efforts to produce composites through this route might be unsuccessful. >!!

1.5.1.4 Combustion-Assisted Synthesis (CAS)

The combustion-assisted synthesis technique is a novel and relatively inexpensive
technique for the production of titanium-based composites.!' This technique
involves the usual melting and casting of titanium in association with a
combustion synthesis reaction. Using this technique it is possible to produce a
“designer microstructure”. In CAS the second phase reinforcements are formed
in-situ and, therefore, the general problems encountered in powder metallurgical

approaches and conventional molten metal techniques are avoided.

The CAS process for titanium composites preparation in general, consists of
preparing the second phase reinforcements directly in the desired volume fraction
in the titanium matrix.”!' The second phase forming constituents are first made
into a compact. In the melting unit, when such a compact comes in direct contact
with a small pool of liquid titanium, a combustion synthesis reaction is initiated in
the compact. As a consequence of this, a very uniform dispersion of second phase

particulate is obtained in the titanium matrix.

In CAS, the second phase reinforcements are formed in-situ and, therefore, the
general problems encountered in powder metallurgical approaches and
conventional molten metal techniques, are totally averted. However, the presence
of reinforcements can drastically reduce the grain size of the matrix by pinning the
grain boundary movement.”"> This in-situ process also resulted in a clean
matrix/particle interface. The reduction in grain size and a clean matrix/particle
interface is bound to influence the stiffness, strength and creep behaviour of the

composites.2 13

Recently, Moore and Feng®'* reviewed Combustion (self propagating high

temperature) synthesis (SHS) reactions and classified the SHS into (i) simple
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reaction systems in which no other processing step, other than the SHS reaction, is
considered; (ii) SHS reactions which involve simultaneous and/or subsequent
densification process(es); (iii) SHS reactions coupled with vapour transport
systems and those which synthesize specific products such as functionally-graded
materials (FGM), thin films and coatings, and mechanically alloyed powders or
those used to join dissimilar ceramics and/or intermetallics. They also compared
the various mathematical models that have been developed to simulate and predict

instabilities in propagating combustion synthesis reactions.

1.5.1.5 Other Techniques

In-situ TiB-reinforced Ti alloy composites have also been successfully produced
by rapid solidification.”’> An approach has also been developed to fabricate
discontinuously reinforced composites with an extremely fine grain size.
Specifically, composites have been prepared by plasma melting an agglomerate
consisting of two dissimilar powders that react to form a reinforcement within a
metal matrix. In-situ reinforced Ti-matrix composites were successfully fabricated
by plasma melting a powder agglomerate of Ti alloys and Zirconium diboride.?'
Extensive analysis of the microstructure using transmission electron microscopy
(TEM) identified that the reinforcement which formed during the plasma melting
process was titanium boride (TiB;) in the form of whiskers generally <100 pm in

diameter and with an aspect ratio of 10-50. Using vacuum plasma spray, Ti based

composites with SiC, B4C and TiB; reinforcements have been produced.

Takacs et al.”'” have reported in-situ displacement reaction between a metal oxide
(Fe304) and a more reactive metal (Zn) forming a magnetic nanocomposites of
small iron particles embedded in nonmagnetic zinc oxide matrix by using SPEX
8000 mixer mill. Xia ef al.*'® developed an interlayer in-situ reaction process to
produce laminated metal-intermetallic materials. They have produced NiAls and

NiAl3/Ni composites using this technique.

1.5.2 Various In-Situ MMCs

Various in-situ particulate reinforced composites have been prepared including
aluminium based MMCs such as AI-TiBp,"”** Al-ALO;,'™ AI-TiC* and
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Mo,Si-SiC**! etc, and Ti based MMCs. Feng and Froyen222 developed Al-
(AL,O3+TiB3) composites through ball milling the Al, TiO, and B powder for 8
hours, compacting the powder blend followed by reactive sintering at 1100°C.
They also studied the reaction mechanism. Chen and Chung223 have developed an
aluminium-matrix composite (or dispersion-strengthened metal) which is both
ductile and strong. The tensile strength is even higher than those of aluminium-
matrix composites containing SiC whiskers or particles, while the tensile ductility
is almost as high as that of pure aluminium. This new composite contained about
5 vol% titanium aluminide (TiAls) particles of size about 1-2 um and was formed
in-situ from aluminium, titanium dioxide (TiO;) particles and sodium
hexafluoroaluminate (Na3AlFg). The in-situ formation caused the reinforcement

(TiAls) to be fine and well-bonded to the aluminium matrix.

In recent years, there have been considerable efforts to produce in-situ
nanocomposites by MA. In an interesting report, Naser et al.** showed that no
grain growth occurs in the matrix close to its melting point when Cu and Mg are
reinforced with nanocrystalline Al;O3; by MA. Wu et al?® reported the formation
of nanocrystalline TiC in an amorphous Ti-Al matrix by MA. A solid state
reaction leading to the formation of AIN and AlB; was reported by them during
further processing of these nanocomposites. TiAl-TisSi3 nanocomposites have
been reported by Liu et al.’®® by MA followed by thermal treatment. They
attribute the formation of these nanocomposites to the crystallisation of the
amorphous phase obtained by MA in the Ti-Al-Si system. These nanocrystalline
compounds appear to be quite stable and no significant coarsening was observed
even after heat treatment for 1 hour at 1000°C. Similar nanocomposites have been
obtained by Senkov et al.?*’ by MA and subsequent heat treatment of a mixture of
TiH,; and Al-Si alloy powders. AIsNb-NbC nanocomposites have been obtained
by the MA of Al and Nb powders.”?®

have formed by the reaction of Nb with the methanol medium in which the

Interestingly, NbC in this case appears to

milling was performed.
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1.6 Objectives of the Work Undertaken in this Thesis

High energy mechanical milling (MM) or mechanical alloying (MA) have been
used extensively in material processing as reviewed in the previous sections.
However, the effects of the mechanical milling on the kinetics of solid state
reactions has not yet been fully understood. This lack of understanding has been
the bottle-neck for the application and further development of high energy milling
techniques in a variety of materials processing applications. Although numerous
studies have focused on this aspect through the study of ignition of a wide range

% using global/local modelling36'38, and

4,152,184

of combustion reactions>*
mathematical/numerical simulations , the results are far from being
satisfactory. The objectives of the work undertaken in this study are (1) to
establish the linkage between microstructure of mechanically milled powder and
the reaction kinetics in metal-metal, and metal-oxide systems, (2) to understand
the mechanism of enhancement of reaction kinetics by high energy mechanical

milling.
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Chapter Two

Methods and Materials

Outlined in this chapter are the materials used, the method used for sample
preparation and the techniques employed for analysing the samples during the

course of the thesis work.

2.1 Materials and Experiments

2.1.1 Materials

The powder materials used in the experiments are listed in the Table 0-1 below.

Table 0-1. Materials used in the experiments

Materials Manufacturer Purity Particle Size
Al Johnson Mathey Comapny 99.8% ~ 50pum
Ti VERAC TM Incorporated 99.5% ~ 150pm
Ni Johnson Mathey GmbH 99.9% ~ 50um
Cu Johnson Mathey GmbH 99.5% ~ 150pm
CuO Aldrich Chemical Company Inc. >99 % <5um
TiO, Johnson Mathey Company 99.5% 2.0-3.0 um

2.1.2 Milling Experiments

Most of the milling was carried out in a SPEX 8000 mill, as shown in Figure
0-1(a). Four stainless steel balls, each with a diameter of 12.8 mm and a mass of
8.25 g, together with 8 g of powder mixture were used in each run. Before
milling, the powder mixture and the balls were placed in a hardened steel vial (as

shown in Figure 0-1 (b)) which was then put in a glovebox. The glovebox was
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firstly evacuated and then filled with high purity argon. About 0.2wt% of
isopropyl alcohol was added into the powder mixture as process control agent
(PCA) to prevent the powder from being stuck onto the mil<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>