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Abstract

Mechanical alloying (MA) is a solid-state powder processng technique involving repeated
welding, fracturing, and rewelding of powder particles in a high-energy ball mill. Originally
developed to produce oxide-dispersion strengthened (ODS) nickel- and iron-base
superalloys for applications in the aerospace industry, MA has now been shown to be
capable of synthesizing a variety of equilibrium and non-equilibrium alloy phases starting
from blended elemental or prealloyed powders. The non-equilibrium phases synthesized
include supersaturated solid solutions, metastable crystalline and quasicrystalline phases,
nanostructures, and amorphous alloys. Recent advances in these areas and also on
disordering of ordered intermetallics and mechanochemical synthesis of materials have been
critically reviewed after discussing the process and process variables involved in MA. The
often vexing problem of powder contamination has been analyzed and methods have been
suggested to avoid/minimize it. The present understanding of the modeling of the MA
process has also been discussed. The present and potential applications of MA are
described. Wherever possible, comparisons have been made on the product phases obtained
by MA with those of rapid solidification processing, another non-equilibrium processing
technique. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Scientific investigations by materials scientists have been continuously directed
towards improving the properties and performance of materials. Significant
improvements in mechanical, chemical, and physical properties have been achieved
through chemistry modifications and conventional thermal, mechanical, and
thermomechanical processing methods. However, the ever-increasing demands for
“hotter, stronger, stiffer, and lighter” than traditional materials have led to the
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design and development of advanced materials. The high-technology industries
have given an added stimulus to these efforts.

Advanced materials may be defined as those where first consideration is given
to the systematic synthesis and control of the structure of the materials in order to
provide a precisely tailored set of properties for demanding applications [1]. It is
now well recognized that the structure and constitution of advanced materials can
be better controlled by processing them under non-equilibrium (or far-from-
equilibrium) conditions [2]. Amongst many such processes, which are in
commercial use, rapid solidification from the liquid state [3,4], mechanical alloying
[5-9], plasma processing [2,10], and vapor deposition [2,11] have been receiving
serious attention from researchers. The central underlying theme in all these
techniques is to synthesize materials in a non-equilibrium state by “‘energizing and
quenching” (Fig. 1). The energization involves bringing the material into a highly
non-equilibrium (metastable) state by some external dynamical forcing, e.g.,
through melting, evaporation, irradiation, application of pressure, or storing of
mechanical energy by plastic deformation [12]. Such materials are referred to as
“driven materials” by Martin and Bellon [13]. The energization may also usually
involve a possible change of state from the solid to liquid or gas. The material is
then “quenched” into a configurationally frozen state, which can then be used as
a precursor to obtain the desired chemical constitution and/or microstructure by
subsequent heat treatment/processing. It has been shown that materials processed
this way possess improved physical and mechanical characteristics in comparison
with conventional ingot (solidification) processed materials.

The ability of the different processing techniques to synthesize metastable
structures can be conveniently evaluated by measuring or estimating the departure
from equilibrium, i.e., the maximum energy that can be stored in excess of that of

Solid, Liquid, or Vapor
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Mechanical Alloying
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Fig. 1. The basic concept of “energize and quench” to synthesize non-equilibrium materials.
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the equilibrium/stable structure. This has been done by different groups for
different non-equilibrium processing techniques [12,14-16]. While the excess
energy is expressed in kJ/mol in Refs. [14-16], Turnbull [12] expressed this as an
“effective quenching rate”. The way the departure is calculated is different in these
different calculations and therefore the results do not correspond exactly in all the
cases. However, it is clear that vapor deposition and ion implantation techniques
have very large departures from equilibrium (or effective quench rates). It is also
clear that mechanical alloying is a technique that allows the material to be
processed much farther from equilibrium than, e.g., rapid solidification, which has
been shown to have a tremendous potential in developing non-equilibrium
materials [2—4]. Table 1 summarizes the departures calculated for the different
processing techniques.

This present review article will discuss some of the recent advances that have
occurred during the past few years in the synthesis of equilibrium and metastable
alloy phases by a simple and inexpensive processing technique — mechanical
alloying/milling of metal powders. The outline of the review will be as follows. In
Section 2 of this review, we will briefly discuss the historical background that has
led to the development of the technique. This will be followed by the
nomenclature of the different mechanical alloying methods explored so far
(Section 3) and then a description of the process, processing equipment, and
process variables in Section 4. The mechanism of mechanical alloying will be
discussed in Section 5 and Section 6 briefly describes the different methods of
characterizing the mechanically alloyed powders. The temperature rise observed
during milling of powders is discussed in Section 7. The synthesis of stable and
metastable phases (supersaturated solid solutions and intermediate phases) are
discussed in Sections 8 and 9, respectively. Disordering of ordered intermetallics is
discussed in Section 10, while the synthesis of amorphous alloys by solid-state
amorphization techniques is described in Section 11. Formation of nanostructured
materials is considered in Section 12, while reduction of oxides, chlorides, etc. to
pure metals and synthesis of nanocomposites by mechanochemical reactions is
discussed in Section 13. The ubiquitous problem of powder contamination is

Table 1
Departure from equilibrium achieved in different non-equilibrium processing techniques

Technique Effective quench rate Maximum departure from equilibrium
(K/s) (kJ/mol)
Ref. [12] Ref. [14] Refs. [15,16]

Solid state quench 10° - 16

Rapid solidification 105108 2-3 24

Mechanical alloying - 30 30

Mechanical cold work - - 1

Irradiation/ion implantation 10'2 - 30

Condensation from vapor 10'2 - 160
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discussed in Section 14. Recent developments in understanding the process of
mechanical alloying through modeling and milling maps is briefly described in
Section 15. The applications of mechanically alloyed products are described in
Section 16 and the problem of safety hazards in handling fine powders such as
those produced by mechanical alloying are discussed in Section 17. The last
Section will present the concluding remarks and possible future research directions
in this area.

2. Historical perspective

Mechanical alloying (MA) is a powder processing technique that allows
production of homogeneous materials starting from blended elemental powder
mixtures. John Benjamin and his colleagues at the Paul D. Merica Research
Laboratory of the International Nickel Company (INCO) developed the process
around 1966. The technique was the result of a long search to produce a nickel-
base superalloy, for gas turbine applications, that was expected to combine the
high-temperature strength of oxide dispersion and the intermediate-temperature
strength of gamma-prime precipitate. The required corrosion and oxidation
resistance was also included in the alloy by suitable alloying additions. Benjamin
[17-19] has summarized the historic origins of the process and the background
work that led to the development of the present process.

In the early 1960s, INCO had developed a process for manufacturing graphitic
aluminum alloys by injecting nickel-coated graphite particles into a molten
aluminum bath by argon sparging. A modification of the same technique was tried
to inoculate nickel-based alloys with a dispersion of nickel-coated, fine refractory
oxide particles. The purpose of nickel coating was to render the normally
unwetted oxide particles wettable by a nickel-chromium alloy. The early
experiments used metal-coated zirconium oxide and this did not yield the desired
result. A thorough analysis revealed that the reason for the failure of the
experiment was because the vendor had supplied powder that was zirconia-coated
nickel rather than nickel-coated zirconia. Since the reaction of aluminum with
nickel produces a strong exothermic reaction, the heat generated cleansed the
surface of the graphite and lowered the surface energy. On this basis, it was
assumed that coating of the refractory oxide with aluminum would be ideal to
produce the exothermic reaction. This also did not prove successful. When some
other attempts also failed to yield the desired result, out of desperation, attention
was turned to the ball milling process that had been used earlier to coat hard
phases such as tungsten carbide with a soft phase such as cobalt or nickel. It was
also known that metal powder particles could be fractured by subjecting them to
heavy plastic deformation. Use of special chemicals could be employed to produce
finer particles by preventing cold welding, suggesting that at some stage cold
welding could be as rapid as fracturing. The reactivity of the element also had to
be considered. Taking all these factors into consideration, Benjamin decided to
produce composite powder particles by:



C. Suryanarayana | Progress in Materials Science 46 (2001) 1-184 7

e using a high energy mill to favor plastic deformation required for cold welding
and reduce the process times,

e using a mixture of elemental and master alloy powders (the latter to reduce the
activity of the element, since it is known that the activity in an alloy or a
compound could be orders of magnitude less than in a pure metal),

e climinating the use of surface-active agents which would produce fine
pyrophoric powder as well as contaminate the powder, and

e relying on a constant interplay between welding and fracturing to yield a
powder with a refined internal structure, typical of very fine powders
normally produced, but having an overall particle size which was relatively
coarse, and therefore stable.

This method of making the composite powders reproduced the properties of TD
(thoria dispersed) nickel synthesized by a completely different process. Encouraged
by this success, experiments were conducted to produce a nickel-chromium-—
aluminum—titanium alloy containing a thoria dispersoid. This was also
successfully produced, first in a small high-speed shaker mill and later in a one-
gallon stirred ball mill, starting the birth of MA as a method to produce oxide
dispersion strengthened (ODS) alloys on an industrial scale.

This process, as developed by Benjamin, was referred to as “milling/
mixing”, but Mr. Ewan C. MacQueen, a patent attorney for INCO coined
the term mechanical alloying to describe the process in the first patent
application, and this term has now come to stay in the literature.

Mechanical alloying is normally a dry, high-energy ball milling technique and
has been employed to produce a variety of commercially useful and scientifically
interesting materials. The formation of an amorphous phase by mechanical
grinding of an Y—Co intermetallic compound in 1981 [20] and in the Ni—Nb
system by ball milling of blended elemental powder mixtures in 1983 [21] brought
about the recognition that MA is a potential non-equilibrium processing
technique. Beginning from the mid-1980s, a number of investigations have been
carried out to synthesize a variety of stable and metastable phases including
supersaturated solid solutions, crystalline and quasicrystalline intermediate phases,
and amorphous alloys [5-9]. Additionally, it has been recognized that powder
mixtures can be mechanically activated to induce chemical reactions, i.e.,
mechanochemical reactions at room temperature or at least at much lower
temperatures than normally required to produce pure metals, nanocomposites,
and a variety of commercially useful materials [22,23]. Efforts were also under way
since the early 1990s to understand the process fundamentals of MA through
modeling studies [24]. Because of all these special attributes, this simple, but
effective, processing technique has been applied to metals, ceramics, polymers, and
composite materials. The attributes of mechanical alloying are listed in Table 2
and some important milestones in the development of the field are presented in
Table 3.

The technique of MA to synthesize novel alloy phases and to produce oxide
dispersion strengthened materials has attracted the attention of a large number of
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Table 2
Attributes of mechanical alloying

Production of fine dispersion of second phase (usually oxide)
particles

Extension of solid solubility limits

Refinement of grain sizes down to nanometer range

Synthesis of novel crystalline and quasicrystalline phases
Development of amorphous (glassy) phases

Disordering of ordered intermetallics

Possibility of alloying of difficult to alloy elements

Inducement of chemical (displacement) reactions at low temperatures
Scaleable process

researchers during the past 10 years or so. A number of stand-alone conferences
have been organized on this topic [25-33]. Mechanical alloying has become an
integral part of the triennial international conferences on Rapidly Quenched
Metals (redesignated now as Rapidly Quenched and Metastable Materials) since
RQ VI held in Montreal, Canada in 1987 [34-37]. Additionally, the proceedings
of the International Symposia on Mechanically Alloyed, Metastable, and
Nanocrystalline Materials (ISMANAM) contain many papers on mechanical
alloying and these are regularly published in “Materials Science Forum™ by Trans
Tech Publications, Ziirich, Switzerland [38—41]. A book on “Mechanical Alloying”
has been recently published [8]. The literature on mechanical alloying and milling
available between 1970 and 1994 has been collected together in an annotated
bibliography published in 1995 [6]. A short-lived journal entitled “International
Journal of Mechanochemistry and Mechanical Alloying” was started in 1994.
Several reviews have also appeared over the past ten years with emphasis on a
particular topic [42-50], but the present article is an attempt to review all aspects
of MA in a comprehensive and critical manner at one place and present the
potential and limitations of this technique as a non-equilibrium processing tool.

Table 3
Important milestones in the development of mechanical alloying

1966 Development of ODS nickel-base alloys

1981 Amorphization of intermetallics

1982 Disordering of ordered compounds

1983 Amorphization of blended elemental powder mixtures
1987/88 Synthesis of nanocrystalline phases

1989 Occurrence of displacement reactions

1989 Synthesis of quasicrystalline phases
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3. Nomenclature

Two different terms are commonly used in the literature to denote the
processing of powder particles in high-energy ball mills. Mechanical Alloying
(MA) describes the process when mixtures of powders (of different metals or
alloys/compounds) are milled together. Material transfer is involved in this
process to obtain a homogeneous alloy. On the other hand, milling of uniform
(often stoichiometric) composition powders, such as pure metals, intermetallics, or
prealloyed powders, where material transfer is not required for homogenization,
has been termed Mechanical Milling (MM). The destruction of long-range order in
intermetallics to produce either a disordered intermetallic or an amorphous phase
has been referred to as Mechanical Disordering (MD) [51]. The advantage of MM/
MD over MA is that since the powders are already alloyed and only a reduction
in particle size and/or other transformations need to be induced mechanically, the
time required for processing is short. For example, MM requires half the time
required for MA to achieve the same effect [52]. Additionally, MM of powders
reduces oxidation of the constituent powders, related to the shortened time of
processing [52]. Some investigators have referred to MM as Mechanical Grinding
(MGQG). Since “grinding” is normally thought of as an abrasive machining process
that involves mainly shear stresses and chip formation, the term ‘“‘milling” is
preferred to include the more complex triaxial, perhaps partly hydrostatic, stress
states that can occur during ball milling of powders [5]. It should also be realized
that MA is a generic term, and some investigators use this term to include both
mechanical alloying and mechanical milling/disordering/grinding. However, we
will distinguish between these two terms by using MA or MM depending on
whether material transfer is involved or not during processing.

Some other terms are also used in the literature on Mechanical Alloying. These
include reaction (or reactive ball) milling, cryomilling, rod milling, mechanically
activated annealing (M2A), double mechanical alloying (dMA), and mechanically
activated self-propagating high-temperature synthesis (MASHS).

Reaction Milling (RM) is the mechanical alloying process accompanied by a
solid-state reaction and was pioneered by Jangg et al. [53]. In this process the
powder is milled without the aid of any process control agent (see later for its
function during milling) to produce fine dispersions of oxides and carbides in
aluminum [54]. The dispersion of carbides is achieved by adding lamp-black or
graphite during milling of aluminum. Adjusting the oxygen content via close
control of the milling atmosphere (oxygen, argon, nitrogen, air, etc.) produces the
oxides. Thus, the final product of milling contains a dispersion of Al4C; and
Al,Oj3 in an aluminum matrix and these alloys are given the trade name DISPAL.
Milling of metal powders in the presence of reactive solids/liquids/gases (enabling
a chemical reaction to take place) is now regularly employed to synthesize metal
oxides, nitrides, and carbides [55,56]. Thus, milling of titanium in a nitrogen
atmosphere has produced titanium nitride [57,58]. Several other compounds have
also been produced in a similar way. Milling of tungsten with carbon (graphite)
has produced tungsten carbide [59]. Milling of metal powders with boron has
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produced borides, e.g., TiB, [60]. (Please see Section 9 for full details.)
Mechanochemical synthesis of materials is the general name given to the process of
milling of metal powders involving chemical reactions occurring during milling.
These reactions can be used to reduce metal oxides and chlorides to pure metals,
alloys, and compounds and now has become a large effort within the general field
of mechanical alloying [23].

Another variation of milling that is being increasingly used now-a-days is
Cryomilling [61] in which the milling operation is carried out at cryogenic (very
low) temperatures and/or milling of materials is done in cryogenic media such as
liquid nitrogen. Thus, when aluminum or aluminum alloys are cryomilled, this
process produces 2—-10 nm sized aluminum nitride or oxy-nitride particles that
strengthen the aluminum matrix powder. It was noted that the powder quality
was poor and the yield was low when cryomilling was conducted in a standard
Szegvari-type attritor. Additionally, formation of dead zones in the tank, excessive
powder loss due to liquid nitrogen evaporation and flow control, excessive seal
wear, jamming of the stir arms, and freezing of the apparatus were some of the
problems encountered. Aikin and Juhas [62] modified the attritor to minimize the
above problems and reduce oxygen pick-up. These modifications improved the
properties of the cryomilled product, including the homogeneity. They showed
that by a proper choice of the process parameters it is possible to make materials
with the desired AIN content in the powder.

Rod Milling is a technique that was developed in Japan [51] essentially to reduce
the powder contamination during processing. In a conventional ball mill, impact
forces scratch the surfaces of the milling media and the debris from the milling
media contaminates the powder being milled. On the other hand, if shear forces
predominate, they are more effective in kneading the powder mixtures and the
resulting powder is much less contaminated. To achieve this, the balls were
replaced by long rods in the rod mill [51] because long rods rotating in a
cylindrical vial predominantly exert shear forces on the material. In fact, the level
of impurity contamination for rod milling has been reported to be an order of
magnitude less than for ball milling. (See Section 14 for details on the topic of
powder contamination during milling).

Mechanically Activated Annealing (M2A) is a process that combines short
mechanical alloying duration with a low-temperature isothermal annealing. The
combination of these two steps has been found to be effective in producing
different refractory materials such as silicides [63,64]. For example, MA of
molybdenum and silicon powders for 1-2 h in a planetary ball mill followed by a
2- to 24-h annealing at 800°C produced the MoSi, phase [64]. A consequence of
this method is that optimization of the M2A process could lead to a situation
where the isothermal annealing can be carried out inside the milling container to
avoid air contamination of the end-product.

Double Mechanical Alloying (AMA) involves two stages of milling. In the first
stage, the constituent elemental powder sizes are refined and they are uniformly
distributed as an intimate mixture. This mixture is then subjected to a heat
treatment at high temperatures during which intermetallic phases are formed. The
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size of the intermetallics ranges from <1 um to a few pm. During the second
stage, the heat treated powder is milled again to refine the intermetallics and
reduce the grain size of the matrix. After degassing, the powders are consolidated
to a bulk shape [65,66]. Fig. 2 shows the flow-sheet of the dMA process and the
type of microstructures developed in an Al-5wt%Fe—4wt%Mn powder mixture
[66]. This appears to be a useful process to produce fine intermetallics in alloy
systems that cannot be directly produced by milling.

Yet another term recently coined is Mechanically Activated Self-propagating
High-temperature Synthesis (MASHS), which is based on a combination of
mechanical alloying (MA) and self-propagating high-temperature synthesis (SHS).
In this process the powder mixture is mechanically alloyed to produce a
nanocrystalline structure and then the SHS reaction is initiated by pressing the
powder into a pellet and igniting it in a furnace. The prior MA step decreases the
ignition temperature by as much as 100°C. Several iron aluminide and niobium
aluminide intermetallics were synthesized by this method [67,68].

4. The process of mechanical alloying

The actual process of MA starts with mixing of the powders in the right
proportion and loading the powder mix into the mill along with the grinding
medium (generally steel balls). This mix is then milled for the desired length of
time until a steady state is reached when the composition of every powder particle
is the same as the proportion of the elements in the starting powder mix. The
milled powder is then consolidated into a bulk shape and heat treated to obtain
the desired microstructure and properties. Thus the important components of the
MA process are the raw materials, the mill, and the process variables. We will
now discuss the different parameters involved in the selection of raw materials,
types of mills, and process variables.

4.1. Raw materials

The raw materials used for MA are widely available commercially pure powders
that have particle sizes in the range of 1-200 um. But, the powder particle size is
not very critical, except that it should be smaller than the grinding ball size. This
is because the powder particle size decreases exponentially with time and reaches a
small value of a few microns only after a few minutes of milling. The raw powders
fall into the broad categories of pure metals, master alloys, prealloyed powders,
and refractory compounds. Dispersion strengthened materials usually contain
additions of carbides, nitrides, and oxides. Oxides are the most common and these
alloys are known as oxide-dispersion strengthened (ODS) materials. In the early
days of MA, the powder charge consisted of at least 15 vol% of a ductile
compressibly deformable metal powder to act as a host or a binder. However, in
recent years, mixtures of fully brittle materials have been milled successfully
resulting in alloy formation [5]. Thus, the requirement of having a ductile metal
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Fig. 2. Process flowsheet and the microstructures developed during double mechanical alloying (dMA)
of an Al-5wt%Fe—-4wt%Mn powder mixture.
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powder during milling is no longer necessary. Accordingly, ductile—ductile,
ductile—brittle, and brittle-brittle powder mixtures are milled to produce novel
alloys. Mixtures of solid powder particles and liquids have also been milled in
recent times [69,70].

Occasionally, metal powders are milled with a liquid medium and this is
referred to as wet grinding [71-73]; if no liquid is involved then it is referred to as
dry grinding. (Cryomilling also is wet grinding if the liquid used is at cryogenic
temperatures). It has been reported that wet grinding is a more suitable method
than dry grinding to obtain finer-ground products because the solvent molecules
are adsorbed on the newly formed surfaces of the particles and lower their surface
energy. The less-agglomerated condition of the powder particles in the wet
condition is also a useful factor. It has been reported that the rate of
amorphization is faster during wet grinding than during dry grinding [74]. A
disadvantage of the wet grinding, however, is the increased contamination of the
powder. Thus, most of the MA/MM operations have been carried out dry.
Additionally, dry grinding has been found to be more efficient than wet grinding
in the decomposition of Cu(OH), to Cu [75].

4.2. Types of mills

Different types of high-energy milling equipment are used to produce
mechanically alloyed powders. They differ in their capacity, efficiency of milling
and additional arrangements for cooling, heating, etc. A detailed description of
the different mills available for MA can be found in Ref. [76]; a brief description
is provided below.

4.2.1. SPEX shaker mills

Shaker mills such as SPEX mills (Fig. 3a), which mill about 10-20 g of the
powder at a time, are most commonly used for laboratory investigations and for
alloy screening purposes. These mills are manufactured by SPEX CertPrep,
Metuchen, NJ. The common variety of the mill has one vial, containing the
sample and grinding balls, secured in the clamp and swung energetically back and
forth several thousand times a minute. The back-and-forth shaking motion is
combined with lateral movements of the ends of the vial, so that the vial appears
to be describing a figure 8 or infinity sign as it moves. With each swing of the vial
the balls impact against the sample and the end of the vial, both milling and
mixing the sample. Because of the amplitude (about 5 cm) and speed (about 1200
rpm) of the clamp motion, the ball velocities are high (on the order of 5 m/s) and
consequently the force of the ball’s impact is unusually great. Therefore, these
mills can be considered as high-energy variety.

The most recent design of the mills has provision for simultaneously milling the
powder in two vials to increase the throughput. This machine incorporates forced
cooling to permit extended milling times. A variety of vial materials is available
for the SPEX mills and these include hardened steel, alumina, tungsten carbide,
zirconia, stainless steel, silicon nitride, agate, plastic, and methacrylate. A typical
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(b)

Fig. 3. (a) SPEX 8000 mixer/mill in the assembled condition. (b) Tungsten carbide vial set consisting of
the vial, lid, gasket, and balls. Courtesy of SPEX CertiPrep, Metuchen, NJ.
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example of a tungsten carbide vial, gasket and grinding balls for the SPEX mill is
shown in Fig. 3b. Majority of the research on the fundamental aspects of MA has
been carried out using some version of these SPEX mills.

4.2.2. Planetary ball mills

Another popular mill for conducting MA experiments is the planetary ball mill
(referred to as Pulverisette) in which a few hundred grams of the powder can be
milled at a time (Fig. 4a). These are manufactured by Fritsch GmbH in Germany
and marketed by Gilson Co., in the US and Canada. The planetary ball mill owes
its name to the planet-like movement of its vials. These are arranged on a rotating
support disk and a special drive mechanism causes them to rotate around their
own axes. The centrifugal force produced by the vials rotating around their own
axes and that produced by the rotating support disk both act on the vial contents,
consisting of material to be ground and the grinding balls. Since the vials and the
supporting disk rotate in opposite directions, the centrifugal forces alternately act
in like and opposite directions. This causes the grinding balls to run down the
inside wall of the vial — the friction effect, followed by the material being ground
and grinding balls lifting off and traveling freely through the inner chamber of the
vial and colliding against the opposing inside wall — the impact effect (Fig. 4b).

Even though the disk and the vial rotation speeds could not be independently
controlled in the earlier versions, it is possible to do so in the modern versions. In
a single mill one can have either two (Pulverisette 5 or 7) or four (Pulverisette 5)
milling stations. Recently, a single-station mill was also developed (Pulverisette 6).
Grinding vials and balls are available in eight different materials — agate, silicon
nitride, sintered corundum, zirconia, chrome steel, Cr—Ni steel, tungsten carbide,
and plastic polyamide. Even though the linear velocity of the balls in this type of
mill is higher than that in the SPEX mills, the frequency of impacts is much more
in the SPEX mills. Hence, in comparison to SPEX mills, Fritsch Pulverisette can
be considered lower energy mills.

4.2.3. Attritor mills

A conventional ball mill consists of a rotating horizontal drum half-filled with
small steel balls. As the drum rotates the balls drop on the metal powder that is
being ground; the rate of grinding increases with the speed of rotation. At high
speeds, however, the centrifugal force acting on the steel balls exceeds the force of
gravity, and the balls are pinned to the wall of the drum. At this point the
grinding action stops. An attritor (a ball mill capable of generating higher
energies) consists of a vertical drum with a series of impellers inside it. Set
progressively at right angles to each other, the impellers energize the ball charge,
causing powder size reduction because of impact between balls, between balls and
container wall, and between balls, agitator shaft, and impellers. Some size
reduction appears to take place by interparticle collisions and by ball sliding. A
powerful motor rotates the impellers, which in turn agitate the steel balls in the
drum.

Attritors are the mills in which large quantities of powder (from about 0.5 to 40
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kg) can be milled at a time (Fig. 5a). Commercial attritors are available from
Union Process, Akron, OH. The velocity of the grinding medium is much lower
(about 0.5 m/s) than in Fritsch or SPEX mills and consequently the energy of the
attritors is low. Attritors of different sizes and capacities are available. The

G5

supporting disc

Centrifugal
force

Rotation of the grinding bowl

Fig. 4. (a) Fritsch Pulverisette P-5 four station ball mill. (b) Schematic depicting the ball motion inside
the ball mill. Courtesy of Gilson Company, Inc., Worthington, OH.
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grinding tanks or containers are available either in stainless steel or stainless steel
coated inside with alumina, silicon carbide, silicon nitride, zirconia, rubber, and
polyurethane. A variety of grinding media also is available — glass, flint stones,
steatite ceramic, mullite, silicon carbide, silicon nitride, sialon, alumina, zirconium
silicate, zirconia, stainless steel, carbon steel, chrome steel, and tungsten carbide.
The operation of an attritor is simple. The powder to be milled is placed in a
stationary tank with the grinding media. This mixture is then agitated by a shaft
with arms, rotating at a high speed of about 250 rpm (Fig. 5b). This causes the

Fig. 5. (a) Model 1-S attritor. (b) Arrangement of rotating arms on a shaft in the attrition ball mill.
Courtesy of Union Process, Akron, OH.
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(b) Water-cooled

stationary tank
Gas seal

Steel ball
bearings

Ball mill

Rotating impeller

Fig. 5 (continued)

media to exert both shearing and impact forces on the material. The laboratory
attritor works up to 10 times faster than conventional ball mills.

4.2.4. Commercial mills

Commercial mills for MA are much larger in size than the mills described above
and can process several hundred pounds at a time. Mechanical alloying for
commercial production is carried out in ball mills of up to about 3000 1b (1250
kg) capacity (Fig. 6).

The milling time decreases with an increase in the energy of the mill. It has been
reported that 20 min of milling in a SPEX mill is equivalent to 20 h of milling in
a low-energy mill of the type Invicta BX 920/2 [77]. As a rule of thumb, it can be
estimated that a process that takes only a few minutes in the SPEX mill may take
hours in an attritor and a few days in a commercial mill even though the details
can be different depending on the efficiency of the different mills. Fig. 7 shows the
times required to reach a specific particle size during milling in a planetary ball
mill and an attritor. It may be noted that the times are an order of magnitude
shorter in the attritor [78].

4.2.5. New designs

Several new designs of mills have been developed in recent years for specialized
purposes. These include the rod mills, vibrating frame mills, and the equipment
available from Dymatron, Cincinnati, OH; Super Misuni NEV-MA-8 from
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Nisshin Giken, Tokyo, Japan (with the ability to control the temperature of
milling from very low temperatures by spraying liquid nitrogen up to a high
temperature of 300°C by electrical heating); Uni-Ball-Mill from Australian
Scientific Instruments, Canberra, Australia (it is possible to control the nature and
magnitude of impact of the balls in this machine by controlling the field strength
with the help of adjustable magnets); HEMill from M.B.N. srl, Rome, Italy; and
Zoz Maschinenbau GmbH, Kreuztal, Germany. Some special equipment is also
designed for specific laboratory applications.

Bakker et al. [48] use a mill in which a large ball is placed together with the
sample inside a vibrating spherical-like vessel. This mill has a low efficiency since
the ball is moving from one side to another and the specimen gets milled only
during the collisions with long repetition time. On the other hand, the shaker
mills, e.g., SPEX mills, have a much higher efficiency. But, even in these mills,
several non-head-on collisions occur, thus reducing the maximum possible

/;‘ '\ " i
LT

J

Fig. 6. Commercial production-size ball mills used for mechanical alloying. Courtesy of Inco Alloys
International.
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efficiency. Further, because of friction, the surface of the grinding medium gets
eroded and contaminates the sample. To overcome this problem, Szymanski et al.
[79] designed a friction-free mechanical grinder. This grinder consists of seven steel
rods (10 mm in diameter and 100 mm in height) arranged in a hexagonal motif
with one rod in the center. These rods stand in a vertical position between a pair
of parallel, horizontal steel anvils separated by a distance of 116 mm. The device
moves up and down with an amplitude of 3.5 mm and a frequency of 25 Hz. This
device is claimed to have a low contamination of the milled powder.

Taking into consideration that a high-energy ball mill should have high impact
velocities and high impact frequencies of the grinding media, one can easily design
a new mill for any specific purpose. For example, Basset et al. [80] and Kimura et
al. [81] designed special high-energy ball mills to produce nanocrystalline materials
and amorphous alloys, respectively. One could also design mills of higher capacity
to produce large quantities of the mechanically alloyed powder at a time, or
increase the productivity by increasing the MA speed (or reducing the MA times)
[82].

The operating details and special features of the commercially available mills
can be found in the respective brochures of the manufacturers.

Table 4 summarizes the capacities of the different mills for mechanical alloying/
milling that are commercially available [83].
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Fig. 7. Time to reach similar particle sizes during milling of TiB, powder in (a) planetary ball mill and
(b) attritor.
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4.3. Process variables

Mechanical alloying is a complex process and hence involves optimization of a
number of variables to achieve the desired product phase and/or microstructure.
Some of the important parameters that have an effect on the final constitution of
the powder are:

type of mill,

milling container,

milling speed,

milling time,

type, size, and size distribution of the grinding medium,
ball-to-powder weight ratio,

extent of filling the vial,

milling atmosphere,

process control agent, and

temperature of milling.

All these process variables are not completely independent. For example, the
optimum milling time depends on the type of mill, size of the grinding medium,
temperature of milling, ball-to-powder ratio, etc. Even then, we will discuss, in the
following paragraphs, the effect of these variables (Assuming mostly that other
variables have no significant effect on the specific variable being discussed) on the
final product obtained after MA.

4.3.1. Type of mill

As described above (Section 4.2) there are a number of different types of mills
for conducting MA. These mills differ in their capacity, speed of operation, and
their ability to control the operation by varying the temperature of milling and the
extent of minimizing the contamination of the powders. Depending on the type of
powder, the quantity of the powder, and the final constitution required, a suitable
mill can be chosen. Most commonly, however, the SPEX shaker mills are used for
alloy screening purposes. The Fritsch Pulverisette planetary ball mills or the
attritors are used to produce large quantities of the milled powder. Specially
designed mills are used for specific applications.

Table 4
Typical capacities of the different types of mills [83]

Mill type Sample weight
Mixer mills Upto2x20g
Planetary mills Upto4x250¢g
Attritors 0.5-100 kg

Uni-ball mill Up to 4 x 2000 g
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4.3.2. Milling container

The material used for the milling container (grinding vessel, vial, jar, or bowl
are some of the other terms used) is important since due to impact of the grinding
medium on the inner walls of the container, some material will be dislodged and
get incorporated into the powder. This can contaminate the powder or alter the
chemistry of the powder. If the material of the grinding vessel is different from
that of the powder, then the powder may be contaminated with the grinding vessel
material. On the other hand, if the two materials are the same, then the chemistry
may be altered unless proper precautions are taken to compensate for the
additional amount of the element incorporated into the powder. Hardened steel,
tool steel, hardened chromium steel, tempered steel, stainless steel, WC—Co, WC-
lined steel [84], and bearing steel are the most common types of materials used for
the grinding vessels. Some specific materials are used for specialized purposes;
these include copper [85], titanium [86], sintered corundum, yttria-stabilized
zirconia (YSZ) [87], partially stabilized zirconia + yttria [88,89], sapphire [90,91],
agate [92-94], hard porcelain, SisNy [95], and Cu—Be [96-100]. The shape of the
container also seems to be important, especially the internal design of the
container. Both flat-ended and round-ended SPEX mill containers have been used.
Alloying was found to occur at significantly higher rates in the flat-ended vial
than in the round-ended container [101]. The time required to reach a constant
intensity and shape of the (111) peak in the X-ray diffraction pattern of the Si—Ge
mixture was 9 h for the flat-ended vial and 15 h in the round-ended vial.

4.3.3. Milling speed

It is easy to realize that the faster the mill rotates the higher would be the
energy input into the powder. But, depending on the design of the mill there are
certain limitations to the maximum speed that could be employed. For example,
in a conventional ball mill increasing the speed of rotation will increase the speed
with which the balls move. Above a critical speed, the balls will be pinned to the
inner walls of the vial and do not fall down to exert any impact force. Therefore,
the maximum speed should be just below this critical value so that the balls fall
down from the maximum height to produce the maximum collision energy.

Another limitation to the maximum speed is that at high speeds (or intensity of
milling), the temperature of the vial may reach a high value. This may be
advantageous in some cases where diffusion 1is required to promote
homogenization and/or alloying in the powders. But, in some cases, this increase
in temperature may be a disadvantage because the increased temperature
accelerates the transformation process and results in the decomposition of
supersaturated solid solutions or other metastable phases formed during milling
[102]. Additionally, the high temperatures generated may also contaminate the
powders. It has been reported that during nanocrystal formation, the average
crystal size increases and the internal strain decreases at higher milling intensities
due to the enhanced dynamical recrystallization [103]. The maximum temperature
reached is different in different types of mills and the values vary widely. (This
aspect will be discussed in detail in Section 7.)
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Calka et al. [104] reported that when vanadium and carbon powders were
milled together at different energy levels (by adjusting the positions of the magnets
in the Uni-Ball mill), the final constitution of the powder was different. For
example, at very low milling energy (or speed), the powder consisted of
nanometer-sized grains of vanadium and amorphous carbon, which on annealing
formed either V,C or a mixture of V + VC. At intermediate energy level, the as-
milled powder contained a nanostructure, which on annealing transformed to VC.
At the highest energy level, the VC formed directly on milling. Similarly, a fully
amorphous phase formed in a Ni—Zr powder mixture at high energy of milling
whereas a mixture of crystalline and amorphous phases formed at low and
intermediate milling energies [105].

4.3.4. Milling time

The time of milling is the most important parameter. Normally the time is so
chosen as to achieve a steady state between the fracturing and cold welding of the
powder particles. The times required vary depending on the type of mill used, the
intensity of milling, the ball-to-powder ratio, and the temperature of milling.
These times have to be decided for each combination of the above parameters and
for the particular powder system. But, it should be realized that the level of
contamination increases and some undesirable phases form if the powder is milled
for times longer than required [58]. Therefore, it is desirable that the powder is
milled just for the required duration and not any longer.

4.3.5. Grinding medium

Hardened steel, tool steel, hardened chromium steel, tempered steel, stainless
steel, WC—Co, and bearing steel are the most common types of materials used for
the grinding medium. The density of the grinding medium should be high enough
so that the balls create enough impact force on the powder. However, as in the
case of the grinding vessel, some special materials are used for the grinding
medium and these include copper [85], titanium [86], niobium [106], zirconia
(ZrO,) [107,108], agate [93,94], yttria stabilized zirconia (YSZ) [87], partially
stabilized zirconia + yttria [88,89], sapphire [91], silicon nitride (SizNy4) [95], and
Cu—Be [100]. It is always desirable, whenever possible, to have the grinding vessel
and the grinding medium made of the same material as the powder being milled
to avoid cross contamination.

The size of the grinding medium also has an influence on the milling efficiency.
Generally speaking, a large size (and high density) of the grinding medium is
useful since the larger weight of the balls will transfer more impact energy to the
powder particles. It has also been reported that the final constitution of the
powder is dependent upon the size of the grinding medium used. For example,
when balls of 15 mm diameter were used to mill the blended elemental Ti—Al
powder mixture, a solid solution of aluminum in titanium was formed. On the
other hand, use of 20 and 25 mm diameter balls resulted in a mixture of only the
titanium and aluminum phases, even after a long milling duration [8]. In another
set of investigations [109,110] it has been reported that an amorphous phase could
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be produced faster in Ti—Al alloys by using steel balls of 3/16” diameter than by
using balls of 3/4” diameter. In fact, in some cases, an amorphous phase was not
produced and only the stable crystalline compound formed when milling was done
with large steel balls [109]. In yet another investigation it was reported that an
amorphous phase formed only when the Ti—Al powder mixture was milled using
either 5 or § mm diameter balls; an amorphous phase did not form when 12 mm
diameter balls were used for milling [110,111]. A similar situation was also
reported in the Pd—Si system where it was reported that a smaller ball size favored
amorphous phase formation [112]. It was suggested that the smaller balls
produced intense frictional action, which promoted the amorphous phase
formation. In fact, it appears that “‘soft” milling conditions (small ball sizes, lower
energies, and lower ball-to-powder ratios) seem to favor amorphization or
metastable phase formation [85,111,113,114].

Even though most of the investigators generally use only one size of the
grinding medium, there have been instances when different sized balls have been
used in the same investigation [115]. It has been predicted that the highest
collision energy can be obtained if balls with different diameters are used [116]. In
the initial stages of milling, the powder being milled gets coated onto the surface
of the grinding medium and also gets cold welded. This is advantageous since it
prevents excessive wear of the grinding medium and also avoids contamination of
the powder due to the wear of the grinding medium. However, the thickness of
this layer must be kept to a minimum to avoid formation of a heterogeneous final
product [42]. But, the disadvantage of this powder coating is that it is difficult to
detach this powder and so the powder yield is low. It has been reported that a
combination of large and small size balls during milling minimizes the amount of
cold welding and the amount of powder coated onto the surface of the balls [117].
Although no specific explanation has been given for the improved yield under
these conditions, it is possible that the different sized balls produce shearing forces
that may help in detaching the powder from the surface of the balls.

Use of grinding balls of the same size in either a round or a flat bottom vial has
been shown to produce tracks. Consequently, the balls roll along a well-defined
trajectory instead of hitting the end surfaces randomly. Therefore it is necessary to
use several balls, generally a combination of smaller and larger balls to
“randomize” the motion of the balls [118].

4.3.6. Ball-to-powder weight ratio

The ratio of the weight of the balls to the powder (BPR), sometimes referred to
as charge ratio (CR), is an important variable in the milling process. This has
been varied by different investigators from a value as low as 1:1 [119] to as high
as 220:1 [120]. Generally speaking, a ratio of 10:1 is most commonly used while
milling the powder in a small capacity mill such as a SPEX mill. But, when
milling is conducted in a large capacity mill, like an attritor, a higher BPR of up
to 50:1 or even 100:1 is used.

The BPR has a significant effect on the time required to achieve a particular
phase in the powder being milled. The higher the BPR, the shorter is the time
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required. For example, formation of an amorphous phase was achieved in a Ti—
33at%Al powder mixture milled in a SPEX mill in 7 h at a BPR of 10:1, in 2 h at
a BPR of 50:1 and in 1 h at a BPR of 100:1 [121]. At a high BPR, because of an
increase in the weight proportion of the balls, the number of collisions per unit
time increases and consequently more energy is transferred to the powder particles
and so alloying takes place faster. Several other investigators also have reported
similar results. It is also possible that due to the higher energy, more heat is
generated and this could also change the constitution of the powder. The
amorphous phase formed may even crystallize if the temperature rise is
substantial.

As mentioned earlier, ““soft” conditions (e.g., low BPR values, low speeds of
rotation, etc.) of MA produce metastable phases whereas ‘“hard” conditions
produce the equilibrium phases. This was first very clearly demonstrated in the
Zr—Co system when an amorphous phase was obtained under “soft” milling
conditions, while a mixture of the equilibrium crystalline phases was obtained
under “hard” milling conditions [113]. Similar results were also reported for other
alloy systems [85,111,114]. For example, a metastable cubic phase was formed at
low BPR, while the stable equilibrium tetragonal phase was formed at higher BPR
in the mechanically alloyed Cu-In-Ga—Se powder system [85].

4.3.7. Extent of filling the vial

Since alloying among the powder particles occurs due to the impact forces
exerted on them, it is necessary that there is enough space for the balls and the
powder particles to move around freely in the milling container. Therefore, the
extent of filling the vial with the powder and the balls is important. If the quantity
of the balls and the powder is very small, then the production rate is very small.
On the other hand, if the quantity is large, then there is not enough space for the
balls to move around and so the energy of the impact is less. Thus, care has to be
taken not to overfill the vial; generally about 50% of the vial space is left empty.

4.3.8. Milling atmosphere

The major effect of the milling atmosphere is on the contamination of the
powder. Therefore, the powders are milled in containers that have been either
evacuated or filled with an inert gas such as argon or helium. (Nitrogen has been
found to react with metal powders and consequently it cannot be used to prevent
contamination during milling, unless one is interested in producing nitrides.) High-
purity argon is the most common ambient to prevent oxidation and/or
contamination of the powder. It has also been noted that oxidation can be
generally prevented or minimized in the presence of a nitrogen ambient. But, this
does not appear to be true when reactive powders such as titanium or its alloy
powders are milled. It has been reported that a Ti—48A1-2W (at%) powder milled
in an oxygen atmosphere picked up 1.5 wt% oxygen after 20 h of milling. The
same powder milled for the same length of time, but in a nitrogen atmosphere,
picked up 4.7 wt% oxygen [122]; a difficult to explain observation.

Normally, the loading and unloading of the powders into the vial is carried out
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inside atmosphere-controlled glove boxes. These glove boxes are usually
repeatedly evacuated and refilled with the argon gas. Some investigators have even
conducted the milling operation in mills that have been placed inside the
evacuated glove boxes.

Different atmospheres have been used during milling for specific purposes.
Nitrogen or ammonia atmospheres have been used to produce nitrides [123,124].
Hydrogen atmosphere was used to produce hydrides [125]. The presence of air in
the vial has been shown to produce oxides and nitrides in the powder, especially if
the powders are reactive in nature. Thus, care has to be taken to use an inert
atmosphere during milling.

The type of atmosphere also seems to affect the nature of the final phase. For
example, it has been shown that when Cr—Fe powder mixtures were milled in
different types of atmosphere, the constitution of the final powder was different
[126]. When the powder was milled in an argon atmosphere, no amorphous phase
formed and Cr peaks remained in the X-ray diffraction pattern. On the other
hand, when the powder was milled in either air containing argon or a nitrogen
atmosphere, the powder became completely amorphous. Similarly, oxygen was
shown to enhance the kinetics of amorphization in the Ni-Nb system [127].

4.3.9. Process control agents

The powder particles get cold-welded to each other, especially if they are
ductile, due to the heavy plastic deformation experienced by them during milling.
But, true alloying among powder particles can occur only when a balance is
maintained between cold welding and fracturing of particles. A process control
agent (PCA) (also referred to as lubricant or surfactant) is added to the powder
mixture during milling to reduce the effect of cold welding. The PCAs can be
solids, liquids, or gases. They are mostly, but not necessarily, organic compounds,
which act as surface-active agents. The PCA adsorbs on the surface of the powder
particles and minimizes cold welding between powder particles and thereby
inhibits agglomeration. The surface-active agents adsorbed on particle surfaces
interfere with cold welding and lower the surface tension of the solid material.
Since the energy required for the physical process of size reduction, E is given by

E=17-AS (1)

where y is the specific surface energy and AS is the increase of surface area, a
reduction in surface energy results in the use of shorter milling times and/or
generation of finer powders.

A wide range of PCAs has been used in practice at a level of about 1-5 wt% of
the total powder charge. The most important of the PCAs include stearic acid,
hexane, methanol, and ethanol. A partial listing of the PCAs used in different
investigations and their quantities is presented in Table 5. Additionally, other
exotic PCAs such as sodium-1,2-bis-(dodecyl carbonyl)ethane-1-sulfonate, lithium-
1,2-bis-dodecyloxy carbonyl sulfasuccinate, diodecyl dimethyl ammonium acetate
(DDAA), didocyldimethyl ammonium bromide (DDAB), trichlorotrifluoroethane,
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and others such as polyethylene glycol, dodecane, ethyl acetate, oxalic acid, boric
acid, borax, alumina, and aluminum nitrate have also been used. Majority of
these compounds decompose during milling, interact with the powder and form
compounds, and these get incorporated in the form of inclusions and/or
dispersoids into the powder particles during milling. Thus hydrocarbons
containing hydrogen and carbon, and carbohydrates containing hydrogen, carbon,
and oxygen are likely to introduce carbon and/or oxygen into the powder
particles, resulting in the formation of carbides and oxides which are uniformly
dispersed in the matrix. These are not necessarily harmful to the alloy system
since they can contribute to dispersion strengthening of the material resulting in
increased strength and higher hardness [159]. The hydrogen subsequently escapes
as a gas or is absorbed into the metal lattice on heating or sintering. Even though
hydrogen gas primarily serves as a surfactant and does not usually participate in
the alloying process [160], some reports indicate that hydrogen acts as a catalyst
for amorphous phase formation in titanium-rich alloys [161,162]. It has also been
reported that PCAs affect the final phase formation, changing the solid solubility
levels [163], modifying the glass-forming range [146,163,164], and altering the
contamination levels.

The presence of air in the milling container or milling of the powders at very
low temperatures (cryomilling) also has been shown to minimize welding, most
probably due to the increased brittleness of the powder particles at such low
temperatures [165,166]. Metal powders (with an fcc structure) milled in a
hydrogen atmosphere have been found to become brittle and not stick to
themselves or the container; probably due to the formation of a hydride phase
[167].

The nature and quantity of the PCA used and the type of powder milled would
determine the final size, shape, and purity of the powder particles. Use of a larger
quantity of the PCA normally reduces the particle size by 2-3 orders of
magnitude. For example, Lu and Lai [8] have reported that milling of aluminum
for 5 h produced a particle size of about 500 pm when 1 wt% stearic acid was
used as a PCA. But, when 3 wt% of stearic acid was used, the particle size was
only about 10 pm. Similar results were reported for other PCAs as well. It was
also reported that an increase of the PCA content leads to an exponential decrease
of the powder size for a given milling duration. For example, the powder particle
size reached a value of 1000 pm without the use of a PCA; with 2.3 wt% of PCA,
the mean powder particle size reduced to 18 pum [168]. Results similar to the above
may not be observed when brittle materials are milled; no large particles were
observed even if a small quantity of the PCA was used. In fact, use of a PCA is
not required for milling of brittle materials. Niu [169] noted that a homogeneous
distribution of particle size could be easily achieved when the PCA is in the liquid
state (e.g., ethyl acetate) than when it is in the solid state (e.g., stearic acid). A
very detailed discussion on the effect of PCAs during milling of metal powders is
available in Ref. [§].

Lee and Kwun [129] conducted a detailed investigation on the effects of the
nature and quantity of PCA on the constitution of mechanically alloyed Ti—
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48at%Al powders. They observed that an amorphous phase formed after milling
for 300 h without a PCA, and a metastable fcc phase formed after milling for
500 h. But, when 0.3 wt% methanol was used as a PCA, a metastable disordered
TizAl phase formed after 300 h of milling and an amorphous phase after 1000 h.
On the other hand, when 3 ml of benzene was used as a PCA, a metastable fcc
phase formed after milling for 1000 h. From these observations they concluded
that the formation of the metastable fcc phase is caused by atomic penetration
into the interstitial sites of the lattice. They had also noted that the activation
energy for crystallization of the amorphous phase increases (from 281 kJ/mol
without a PCA to 411 kJ/mol when 3 wt% methanol was used) as the number of
impurity atoms, especially oxygen, in the PCA increases.

The choice of a PCA for milling depends on the nature of the powder being
milled and the purity of the final product desired. The nature and amount of PCA
used during milling determine the final powder particle size and powder yield. In
fact, one way of determining the effectiveness of the PCA is to determine the
powder yield after MA. If the powder yield is high, the PCA is effective. If the
powder yield is not high, then either the amount of PCA used is not sufficient, or
probably it is not the right PCA. It has been reported [8] that after milling for 15
h, only 50% of the powder was recovered if 2 wt% of polyethylene glycol was
used, while almost 100% of the powder was recovered if stearic acid was used.

It should be realized that there is no universal PCA. The amount of the PCA is
dependent upon the (a) cold welding characteristics of the powder particles, (b)
chemical and thermal stability of the PCA, and (¢) amount of the powder and
grinding medium used. The powder particle size tends to increase if the weight
proportion of the PCA to the powder is below a critical value, while above this
value the particle size tends to decrease. One has to decide on a PCA by looking
at the possible interactions between the metal and the components in the PCA. A
critical discussion of the role of PCAs in the milling of AI-Cu powder mixtures is
presented in Ref. [170].

4.3.10. Temperature of milling

The temperature of milling is another important parameter in deciding the
constitution of the milled powder. Since diffusion processes are involved in the
formation of alloy phases irrespective of whether the final product phase is a solid
solution, intermetallic, nanostructure, or an amorphous phase, it is expected that
the temperature of milling will have a significant effect in any alloy system.

There have been only a few investigations reported where the temperature
of milling has been intentionally varied. This was done by either dripping
liquid nitrogen on the milling container to lower the temperature or
electrically heating the milling vial to increase the temperature of milling.
These investigations were undertaken to study the effect of milling
temperature on the variation in solid solubility levels, or to determine whether
an amorphous phase or a nanocrystalline structure forms at different
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temperatures. During the formation of nanocrystals, it was reported that the
root mean square (rms) strain in the material was lower and the grain size
larger for materials milled at higher temperatures [171]. The extent of solid
solubility was reported to decrease at higher milling temperatures. For
example, during planetary ball milling of a Cu-37at%Ag powder mixture, it
was noted that a mixture of an amorphous and crystalline (supersaturated
solid solution) phases was obtained on milling at room temperature; instead,
only a Cu-8at%Ag solid solution was obtained on milling the powder at
200°C [172]. Similar results were also reported by others in the Cu—Ag [173],
Zr—Al [174], and Ni—Ag [175] alloy systems and were explained on the basis
of the increased diffusivity and equilibration effects at higher temperatures of
milling.

There have been conflicting reports on the formation of an amorphous phase as
a function of the temperature of milling. As explained later, amorphization during
MA involves formation of micro-diffusion couples of the constituent powders
followed by a solid-state amorphization reaction. Thus, higher milling
temperatures should enhance the amorphization kinetics. This has been observed
in the Ni—Ti [176] and Ni—Zr [177] systems. During milling of a Ni-50at%Zr
powder mixture in a vibrating mill, amorphous phase formation was not observed
when the powder was milled at liquid nitrogen temperature for 15 h. On the other
hand, milling for the same period of time produced a fully amorphous phase at
200°C; a partially amorphous phase was produced on milling at room
temperature.

Formation of an amorphous phase by MM occurs by a different mechanism
than during MA. The increase in free energy of the crystalline phase by the
introduction of defects such as anti-site chemical disorder or increased grain
boundary area through formation of a nanocrystalline structure is considered
responsible for amorphization during MM. Thus, lower milling temperatures are
expected to favor amorphization. However, both increased and decreased kinetics
have been reported. Shortened milling times for amorphization were reported for
milling of NiTi at 170°C than at 60°C [176]. Enhanced amorphization kinetics
were also observed for NiZr, intermetallic [98,177]. In contrast to these
observations, others have reported reduced amorphization kinetics for the Ni;¢Zr7,
NijZry intermetallics [178,179]. Koch et al. [77,180] also reported reduced
amorphization kinetics with temperature during milling of the NiTi intermetallic.
They reported that while it took 2 h for amorphization at liquid nitrogen
temperature, it required 18 h of milling at 220°C. Similar results were also
reported for the CoZr and NiZr, intermetallics. These results were rationalized on
the basis that amorphization occurred in this system due to the increased grain
boundary energy through formation of a nanocrystalline structure; and that the
nanocrystalline structure formed more rapidly at lower milling temperatures.
Fig. 8(a) shows the variation of grain size with milling time for CoZr milled for
different times in the SPEX mill [180]. It can be easily seen that reduction in grain
size is much more rapid at liquid nitrogen temperature than at higher
temperatures. The band representing the critical grain size, below which
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amorphization occurs, is also included. Fig. 8(b) shows a plot of the milling time
for amorphization against the normalized milling temperature (Tmitting/ T melting)- 1t
may be noted that the milling time for amorphization increases with increased
normalized milling temperature for the NiTi, NiZr,, and CoZr intermetallics [181].
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Fig. 8. (a) Grain size vs. milling time for CoZr milled at different temperatures in a SPEX mill. The
shaded area represents the grain size below which the alloy becomes amorphous. (b) Milling time for
amorphization vs. normalized milling temperature for CoZr, NiTi, and NiZr,. A direct relationship
exists between these two parameters.
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5. Mechanism of alloying

During high-energy milling the powder particles are repeatedly flattened, cold
welded, fractured and rewelded. Whenever two steel balls collide, some amount of
powder is trapped in between them. Typically, around 1000 particles with an
aggregate weight of about 0.2 mg are trapped during each collision (Fig. 9). The
force of the impact plastically deforms the powder particles leading to work
hardening and fracture. The new surfaces created enable the particles to weld
together and this leads to an increase in particle size. Since in the early stages of
milling, the particles are soft (if we are using either ductile-ductile or ductile-brittle
material combination), their tendency to weld together and form large particles is
high. A broad range of particle sizes develops, with some as large as three times
bigger than the starting particles. The composite particles at this stage have a
characteristic layered structure consisting of various combinations of the starting
constituents. With continued deformation, the particles get work hardened and
fracture by a fatigue failure mechanism and/or by the fragmentation of fragile
flakes. Fragments generated by this mechanism may continue to reduce in size in
the absence of strong agglomerating forces. At this stage, the tendency to fracture
predominates over cold welding. Due to the continued impact of grinding balls,
the structure of the particles is steadily refined, but the particle size continues to
be the same. Consequently, the inter-layer spacing decreases and the number of
layers in a particle increase.

However, it should be remembered that the efficiency of particle size reduction
is very low, about 0.1% in a conventional ball mill. The efficiency may be

Fig. 9. Ball-powder—ball collision of powder mixture during mechanical alloying.
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somewhat higher in high-energy ball milling processes, but is still less than 1%.
The remaining energy is lost mostly in the form of heat, but a small amount is
also utilized in the elastic and plastic deformation of the powder particles.

After milling for a certain length of time, steady-state equilibrium is attained
when a balance is achieved between the rate of welding, which tends to increase
the average particle size, and the rate of fracturing, which tends to decrease the
average composite particle size. Smaller particles are able to withstand
deformation without fracturing and tend to be welded into larger pieces, with an
overall tendency to drive both very fine and very large particles towards an
intermediate size [17]. At this stage each particle contains substantially all of the
starting ingredients, in the proportion they were mixed together and the particles
reach saturation hardness due to the accumulation of strain energy. The particle
size distribution at this stage is narrow, because particles larger than average are
reduced in size at the same rate that fragments smaller than average grow through
agglomeration of smaller particles (Fig. 10) [182].

From the foregoing it is clear that during MA, heavy deformation is introduced
into the particles. This is manifested by the presence of a variety of crystal defects
such as dislocations, vacancies, stacking faults, and increased number of grain
boundaries. The presence of this defect structure enhances the diffusivity of solute
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Fig. 10. Narrow particle size distribution caused by tendency of small particles to weld together and
large particles to fracture under steady-state conditions.
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elements into the matrix. Further, the refined microstructural features decrease the
diffusion distances. Additionally, the slight rise in temperature during milling
further aids the diffusion behavior, and consequently, true alloying takes place
amongst the constituent eclements. While this alloying generally takes place
nominally at room temperature, sometimes it may be necessary to anneal the
mechanically alloyed powder at an elevated temperature for alloying to be
achieved. This is particularly true when formation of intermetallics is desired.

The specific times required to develop a given structure in any system would be
a function of the initial particle size and characteristics of the ingredients as well
as the specific equipment used for conducting the MA operation and the operating
parameters of the equipment. But, in most of the cases, the rate of refinement of
the internal structure (particle size, crystallite size, lamellar spacing, etc.) is
roughly logarithmic with processing time and therefore the size of the starting
particles is relatively unimportant. In a few minutes to an hour, the lamellar
spacing usually becomes small and the crystallite (or grain) size is refined to
nanometer (1 nm = 1072 m or 10 A) dimensions (Fig. 11). The ease with which
nanostructured materials can be synthesized is one reason why MA has been
extensively employed to produce nanocrysatlline materials [183,184].

As mentioned above, it is possible to conduct MA of three different
combinations of metals and alloys: (i) ductile—ductile, (ii) ductile-brittle, and (iii)
brittle—brittle systems. Therefore, it is convenient to discuss the mechanism of MA
also under these categories.
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Fig. 11. Refinement of particle and grain sizes with milling time. Rate of refinement increases with
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5.1. Ductile—ductile components

This is the ideal combination of materials for MA. Benjamin [17] suggested that
it was necessary to have at least 15% of a ductile component for achieving
alloying. This was because true alloying occurs due to the repeated action of cold
welding and fracturing of powder particles; cold welding cannot occur if the
particles are not ductile.

Benjamin and Volin [185] first described the mechanism of alloying in a system
involving two different ductile components. It was suggested that in the early
stages of MA, the ductile components get flattened to platelet/pancake shapes by
a micro-forging process. A small quantity of the powder, usually one or two
particle thickness, also gets welded onto the ball surfaces. This coating of the
powder on the grinding medium is advantageous since it prevents excessive wear
of the grinding medium; additionally the wear of the grinding medium does not
contaminate the powder. But, the thickness of the powder layer on the grinding
medium must be kept to a minimum to avoid forming a heterogencous product
[42]. In the next stage, these flattened particles get cold welded together and form
a composite lamellar structure of the constituent metals. An increase in particle
size is also observed at this stage. With increasing MA time, the composite
powder particles get work hardened, the hardness and consequently the brittleness
increases, and the particles get fragmented resulting in particles with more

Fig. 12. Scanning electron micrograph depicting the convoluted lamellar structure obtained during
milling of a ductile-ductile component system (Ag—Cu).
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equiaxed dimensions. With further milling, the elemental lamellac of the welded
layer and both the coarse and fine powders become convoluted rather than being
linear (Fig. 12). This is due to the random welding together of equiaxed powder
particles without any particular preference to the orientation with which they
weld. Alloying begins to occur at this stage due to the combination of decreased
diffusion distances (interlamellar spacing), increased lattice defect density, and any
heating that may have occurred during the milling operation. The hardness and
particle size tend to reach a saturation value at this stage, called the steady-state
processing stage. With further milling, true alloying occurs at the atomic level
resulting in the formation of solid solutions, intermetallics, or even amorphous
phases. The layer spacing becomes so fine or disappears at this stage that it is no
longer visible under an optical microscope.

An indication of the completion of the MA process and of the attainment of a
homogeneous structure in the powder is the ease with which the powder could be
removed from the grinding medium. Benjamin [17] has shown that it was possible
to produce a true Ni-Cr alloy starting from elemental powders by demonstrating
that the magnetic behavior of the mechanically alloyed powder was identical to
that of a homogeneous Ni—Cr alloy produced by melting and working.

Even though the structural refinement is a statistical process since a wide variety
of structures exist, especially in the initial stages of MA, the rate of structural
refinement was found to depend on the rate of mechanical energy input into the
process and the work hardening rate of the material being processed [185].

Ball-Powder-Ball
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Fig. 13. Deformation characteristics of representative constituents of starting powders used in
mechanical alloying.



C. Suryanarayana | Progress in Materials Science 46 (2001) 1-184 37
5.2. Ductile—brittle components

The traditional ODS alloys fall in this category because the brittle oxide
particles are dispersed in a ductile matrix. The microstructural evolution in this
type of system was also described by Benjamin and others [19,42]. In the initial
stages of milling, the ductile metal powder particles get flattened by the ball—
powder—ball collisions, while the brittle oxide or intermetallic particles get
fragmented/comminuted (Fig. 13). These fragmented brittle particles tend to
become occluded by the ductile constituents and trapped in the ductile particles.
The brittle constituent is closely spaced along the interlamellar spacings (Fig. 14a).
With further milling, the ductile powder particles get work hardened, the lamellae
get convoluted, and refined (Fig. 14b) (as described in Section 5.1). The
composition of the individual particles converges toward the overall composition
of the starting powder blend. With continued milling, the lamellae get further
refined, the interlamellar spacing decreases, and the brittle particles get uniformly
dispersed, if they are insoluble, in the ductile matrix, e.g., as in an ODS alloy
(Fig. 14c¢). A typical transmission electron micrograph showing the dispersion of
Er,O; in a mechanically milled o»-titanium aluminide matrix is shown in Fig. 15.
On the other hand, if the brittle phase is soluble, alloying occurs between the
ductile and brittle components also and chemical homogeneity is achieved.
Formation of an amorphous phase on milling a mixture of pure Zr (ductile) and
NiZr, intermetallic (brittle) powder particles is a typical example of this type of
system [186]. Whether alloying occurs or not in a ductile-brittle system also
depends on the solid solubility of the brittle component in the ductile matrix. If a
component has a negligible solid solubility then alloying is unlikely to occur, e.g.,
boron in iron. Thus, alloying of ductile-brittle components during MA requires

(a) (b)

Fig. 14. Schematics of microstructural evolution during milling of a ductile-brittle combination of
powders. This is typical of an oxide dispersion strengthened case.
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not only fragmentation of brittle particles to facilitate short-range diffusion, but
also reasonable solid solubility in the ductile matrix component.

5.3. Brittle—brittle components

From an intuitive stand point it would appear that it is unlikely that alloying
occurs in a system consisting of two or more brittle components. This is because
the absence of a ductile component prevents any welding from occurring, and in
its absence, alloying is not expected to occur. However, alloying has been reported
to occur in brittle—brittle component systems such as Si—-Ge and Mn-Bi [187,188].
Milling of mixtures of brittle intermetallics [189] also produced amorphous phases.

As mentioned above, the brittle components get fragmented during milling and
their particle size gets reduced continuously. However, at very small particle sizes
the powder particles behave in a ductile fashion, and further reduction in size is
not possible; this is termed the limit of comminution [190].

During milling of brittle—brittle component systems, it has been observed that
the harder (more brittle) component gets fragmented and gets embedded in the
softer (less brittle) component. Thus, the harder Si particles are embedded in the
softer Ge matrix. (Fig. 16). Further, even though diffusion appears to be essential
for alloying to occur in all types of systems, it appears that alloying did not occur

Fig. 15. Transmission electron micrograph showing a uniform dispersion of Er,O; particles in a
mechanically milled a,-titanium aluminide alloy matrix.
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in the brittle—brittle systems (Si—Ge) at very low temperatures, e.g., liquid nitrogen
temperatures, while alloying was found to occur at sub-ambient temperatures in
the ductile—ductile and ductile-brittle systems. This may be due to the longer
diffusion distances required in the brittle—brittle granular vs. ductile—ductile
lamellar geometry, and/or the enhanced diffusion paths provided by severe plastic
deformation in ductile—ductile systems.

Possible mechanisms that may contribute to material transfer during milling of
brittle components may include plastic deformation, which is made possible by (a)
local temperature rise, (b) microdeformation in defect-free volumes, (c) surface
deformation, and/or (d) hydrostatic stress state in the powders during milling
[188].

6. Characterization of powders

The powders obtained after MA or MM need to be characterized for their size,
shape, surface area, phase constitution, and microstructural features. Additionally,
one could also characterize the transformation behavior of the mechanically
alloyed powders on annealing or other treatments. The measurement of crystallite
size and lattice strain in the mechanically alloyed powders is very important since

Fig. 16. Scanning electron micrograph showing that the harder Si particles are incorporated in a softer
Ge matrix after mechanically alloying the Si-Ge powder mix for 12 h.
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the phase constitution and transformation characteristics appear to be critically
dependent on them.

In principle, the general techniques used to characterize conventional powders
can also be used to characterize the mechanically alloyed powders. These
techniques have been described in detail in standard textbooks on Powder
Metallurgy (e.g., see Ref. [191]) and so will not be described in detail here.

The size and shape of the powder particles may be determined accurately using
direct methods of either scanning electron microscopy (SEM) for relatively coarse
powders or transmission electron microscopy (TEM) for fine powders. Special
methods have also been developed to prepare thin film specimens from the
mechanically alloyed powders to observe the microstructural features in the TEM
[192]. If the powders are spherical in shape, their size is defined by the particle
diameter. But, very rarely, the mechanically alloyed powder particles have a
perfect spherical shape. In the early stages of milling (and also at late stages in
some cases) the powder may have a flaky shape. In such cases, the equivalent
spherical diameter can be determined from the volume, surface area, or projected
area or settling rate measurements. For example, if the measured volume is V,
then the equivalent spherical diameter Dy is given as:

D, = (6V/m)'" )

Alternatively, for a measured surface area S, the equivalent spherical surface
diameter Dy is simply

Dy = (S/m)'/? 3)

The particles may not be spherical in shape in many cases. In such a case, the
equivalent spherical projected diameter D, is calculated by setting the projected
area equal to the equivalent area of a circle, 4 and thus

Da = (44/1)'? 4)

The particle size distribution can be conveniently obtained by the technique of
sieving (or screening). The powder mix is sieved through successively finer (or
coarser) sieves, which have a square cross section. The sieve is often referred to by
its mesh size; determined by the number of wires per unit length. The opening size
varies inversely with mesh size; large mesh sizes imply small opening sizes and vice
versa. For example, if the powders pass through a 325 mesh, then they are
referred to as having a —325 mesh size, or the particle size is <45 um. Thus, by
measuring the particle size and calculating the weight percentage of each particle
size a histogram relating the weight percentage and particle size can be
constructed. It is of interest to note that the particle size distribution in
mechanically alloyed powders is generally Gaussian (log-normal), i.e., a bell curve
is obtained when the frequency is plotted on a linear scale against the logarithm
of the particle size.

It is important to remember that the powder particles are usually agglomerated
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and therefore care has to be exercised in determining the accurate particle size. A
powder particle may consist of several individual particles. Further, an individual
powder particle may contain a number of crystallites defined as coherently
diffracting domains. Microscopic examination normally gives the particle size (or
even grain size if sufficient resolution is available), whereas diffraction techniques
(e.g., X-ray) give the crystallite size.

The crystallite size and lattice strain in the powder particles can be determined
using the X-ray peak broadening techniques. X-ray diffraction peaks are
broadened due to (a) instrumental effects, (b) small particle size, and (c) lattice
strain in the material. The individual contributions of these effects to the total
broadening can be separated using standard techniques and these may be found in
some of the textbooks [193] and/or research papers [194-196]. These can be
consulted for the details and limitations of the techniques. Most commonly the
crystallite size is determined by measuring the Bragg peak width at half the
maximum intensity and using the Scherrer formula:

092
" Bcos 0

®)

where d is the crystallite size, / is the wavelength of the X-radiation used, B is the
peak width at half the maximum intensity, and 0 is the Bragg angle. This method
can give correct values only if proper corrections for instrumental and strain
broadening have been made. However, if one is interested only in following the
trend of change of crystallite size with milling conditions, this simple technique
may be acceptable.

While the X-ray peak broadening due to small crystallite size is inversely
proportional to cos 0, that due to lattice strain is proportional to tan 0. Thus, by
combining these two equations one gets an equation for the total broadening
(after subtracting the instrumental broadening) as:

+ntan 0 (6)

where 7 is the strain. And on rearrangement, the above equation can be written
as:

Bcos@:o'—?—i-nsiné) (7
Thus, when Bcos 0 is plotted against sin 6, a straight line is obtained with the
slope as 1 and the intercept as 0.9//d. From these, one can calculate the crystallite
size, d and the lattice strain #.

The crystallite sizes obtained by the indirect X-ray peak broadening studies and
the direct electron microscopic techniques may not always match exactly. Whereas
the electron microscopic techniques can be used to determine almost any
crystallite size, X-ray peak broadening methods are most appropriate for
crystallite sizes in the range of 10-100 nm.



42 C. Suryanarayana | Progress in Materials Science 46 (2001) 1-184

It will be shown later that MA and MM have produced amorphous phases in
several alloy systems. Differentiation between a “truly”’ amorphous (i.e., without
translational symmetry as in a liquid) and microcrystalline structure (i.e., an
assembly of randomly oriented fragments of a bulk crystalline phase) has not been
easy on the basis of diffraction studies; considerable confusion exists in the
literature. In a diffraction experiment of an “amorphous’ structure, the intensity
but not the phase of the scattered radiation is measured. Fourier inversion of
these data can yield only the radial distribution function of the structure that
cannot uniquely specify the atomic positions. To determine the structure, the
experimentally determined radial distribution function must be compared with the
radial distribution functions calculated from the structural models being
considered [197].

The occurrence of an amorphous phase is generally inferred by observing the
presence of broad peaks in the X-ray diffraction patterns. It should be noted,
however, that X-ray diffraction patterns present only an average picture. Thus, by
observing the broad X-ray peaks alone, it is not possible to distinguish amongst
materials which are (a) truly amorphous, (b) extremely fine grained, or (c) a
material in which very small crystals are embedded in an amorphous matrix.
Hence, in recent years, it has been the practice to recognize such observations as
“X-ray amorphous”, suggesting that the identification was done only by X-ray
diffraction methods. There have been several examples of observation of a phase
produced as “amorphous” on the basis of X-ray diffraction studies alone; but,
based on supplementary investigations by neutron diffraction and transmission
electron microscopy, it could be unambiguously confirmed that the phase
produced was not truly amorphous [198,199]. Neutron diffraction techniques have
the advantage that one can detect light atoms in the presence of heavy atoms.
Additionally, the technique of neutron diffraction has the ability to distinguish
between neighboring elements in the periodic table [200]. X-ray diffraction
techniques will be unsuitable for this because neighboring elements will have the
atomic scattering factors very close to each other and so their difference will be
very small to detect any reasonable amount of scattering. Thus, it is desirable that
the X-ray diffraction observations are confirmed by other techniques as well. For
example, transmission electron microscopic studies can confirm the lack of
contrast in the micrographs for a truly amorphous phase. The appearance of a
glass transition temperature during differential thermal analysis (DTA) studies is a
clear and unambiguous indication of the presence of an amorphous phase. But, a
glass transition may be obscured by the onset of crystallization (since the glass
transition and crystallization temperatures are very close to each other in many
metallic systems) and hence may not be observed in all cases. However, DTA
studies can show the presence of an exothermic peak on heating the sample
indicating that crystallization of the amorphous phase has occurred. If the
material is extremely fine grained (nanocrystalline, and not amorphous), then only
grain growth, driven by the decrease in grain boundary free energy, can occur in
these alloys on heating them to high temperatures. In this case, a monotonically
decreasing isothermal signal will be observed in the DTA studies. Other
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indications of grain growth are scanning peaks that are low and wide with a long
high-temperature tail; further, these peaks shift to higher temperatures after
preannealing [201,202]. Thus one should be able to differentiate between
amorphous and microcrystalline (fine grained) samples processed by MA
techniques by using a combination of techniques such as microscopy, diffraction,
and thermal analysis.

7. Temperature rise during milling

The intense mechanical deformation experienced by the powders leads to
generation of crystal defects and this plus the balance between cold welding and
fracturing operations among the powder particles is expected to affect the
structural changes in the powder. Another important parameter, the temperature
experienced by the powder during milling, dependent on the kinetic energy of the
balls, can also determine the nature of the final powder product. If the
temperature generated is high, the associated higher diffusivity (higher atomic
mobility) leads to processes resulting in recovery (and recrystallization). In such a
case, a stable phase, e.g., an intermetallic, would form. On the other hand, if the
temperature is low, then defect recovery would be less and an amorphous (or a
nanocrystalline) phase would form.

The temperature of the powders during milling can be high due to two
different reasons. Firstly, as mentioned above it is due to the kinetic energy
of the grinding medium. Secondly, it is possible that exothermic processes
occurring during the milling process generate heat. But, in practice, when the
temperature of the powder or the milling container is measured, it is
probably due to a combination of these two factors. Additionally, one can
intentionally raise the temperature of the container, but this would not be
considered here.

Let us now consider the temperature rise during MA, due to the kinetic energy
of the grinding medium, either observed experimentally or calculated using some
appropriate theoretical models. The intentional raising of powder temperature to
study the structural changes in the mechanically alloyed powder has been partially
discussed in Section 4.3.10 and will be further discussed in the individual sections
on Solid Solubility Extensions, Intermetallic Phase Formation, Amorphous
Phases, and Nanostructures. A comprehensive review on the temperature effects
during mechanical attrition has been prepared by Koch [203], which also contains
details of the different models used for these calculations.

The macroscopic temperature of the vial (or powder) has been measured with
thermocouples in some cases. A maximum temperature of 40—42°C was recorded
[203] when the experiments were conducted with no balls in the container; even
with 13 balls in the SPEX mill, the temperature rise was noted to be only about
50°C. Hence, it was concluded that most of the temperature rise comes from the
motor and bearings. Some investigators have, however, reported very large
temperature rises. The data available on the measured temperatures is summarized
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in Table 6. It may be noted from the table that the maximum measured
temperature is about 215°C, and more commonly it is about 100-120°C. It should
be realized that this is the macroscopic temperature rise, even though it is
recognized that local (microscopic) temperatures can be very high, often exceeding
the melting points of some of the component metals.

It is very difficult to measure the local microscopic temperature during milling
because of the dynamic nature of the milling process. But, these temperatures can
be estimated using the appropriate models proposed by Schwarz and Koch [211],
Davis et al. [188], Maurice and Courtney [24], Bhattacharya and Arzt [212], or
Magini et al. [213].

The temperature rise in some cases was also estimated by observing the
microstructural and/or crystal structure changes during milling, i.e., these are
indirect inferences. For example, the tempering response of a quenched Fe-—
1.2wt%C steel during MA was studied by determining the relative amounts of
martensite and cementite at different stages. It was estimated that the maximum
temperature rise during milling was about 300°C [188]. By milling Sb or Ga—Sb
alloys, and observing that the antimony metal got oxidized and formed the high-
temperature orthorhombic Sb,O; phase, it was estimated that the local rise in
temperature was at least 570°C [92,214]. Similarly, by observing the
transformation of boehmite or gibbsite into o-alumina during milling, the
temperature rise was estimated to be at least 1000°C [215,216]. Other estimated
temperatures varied between 180°C [210] in a Ni—Zr powder and 590°C [217] in

Table 6
Temperature rise during mechanical alloying

Alloy system Type of mill Temperature rise (°C) Reference
Measured

- SPEX 8000 50 [203]
Al-Cr Conventional ball mill 90 [204]
Al-Mg SPEX 8000 120 [205]
Al-Mg Attritor 125 [206]
Co—-Fe-Si-B Vibrational ball mill 100 [207]
Cr—Cu Vibrational ball mill 100 [208]
Fe-Al Fritsch Pulverisette 5 80 [103]
Ni-base superalloy Attritor < 100-215 [209]
Ni-Ti High-speed ball mill 172 [172]
Ni—Zr SPEX 8000 180 [204]
Estimated

Al-Cu-Mn Fritsch Pulverisette 5 590 [217]
Fe—-1.2wt%C SPEX 8000 300 [188]
Ni-Al Planetary ball mill 220 [218]
Ni—Zr SPEX 8000 180 [210]

Sb or Sb-Ge Centrifugal ball mill > 570 [92,214]
v-AlOOH or Al(OH); Fritsch Pulverisette 7 > 1000 [215,216]
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an Al-Cu—Mn powder milled in Fritsch Pulverisette 5 at an intensity of 9. These
values also are summarized in Table 6.

8. Solid solubility extensions

Solid solubility extensions have been achieved in many alloy systems by non-
equilibrium processing methods such as RSP [219] and vapor deposition [2].
Similarly, mechanically alloyed powders also exhibit extension of equilibrium solid
solubility limits. In addition to synthesizing stable (equilibrium) solid solutions, it
has also been possible to synthesize metastable (non-equilibrium) supersaturated
solid solutions by MA starting from blended elemental powders in several binary
and higher order systems. In the early years of MA research, observation of solid
solubility extensions was not the primary objective; instead, formation of solid
solutions was noted as a secondary result during amorphization of metal powder
mixtures. Consequently, systematic studies were not conducted on the variation of
solid solubility limits with the different process parameters. On mechanically
alloying blended elemental powder mixtures, interdiffusion between the
components occurs and, if conditions permit, solid solutions form. This solid
solubility limit is expected to increase with milling time as diffusion progresses and
reach a (super)saturation level, beyond which no further extension of solid
solubility occurs (Fig. 17). This saturation value has been listed as the solid
solubility level achieved by MA. On the other hand, when the two component
metals form an isomorphous system, the lattice parameter of one of the metals
decreases and that of the other increases with milling time. Once steady-state
conditions are established, the two lattice parameters merge and a homogeneous
solid solution with the expected lattice parameter is formed (Fig. 18). Table 7 lists
the solid solubility values obtained by mechanical alloying in several powder
mixtures.

Solid
Solubility

Milling Time

Fig. 17. Schematic diagram showing the variation of solid solubility with time during mechanical
alloying of metal powder mixtures.
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8.1. Difficulties in solid solubility determination

Solid solubility levels have been generally determined from changes in the lattice
parameter values calculated from shifts in peak positions in the X-ray diffraction
patterns. Very frequently, the absence of second phase reflections in the X-ray
diffraction patterns has been inferred as the absence of a second phase, and hence
the formation of a homogeneous solid solution. Both these conclusions are
fraught with problems and so the values reported may not always be accurate.
Therefore, caution must be exercised in attaching too much importance to the
values reported. The difficulties associated with the determination of solid
solubility limits determined this way in mechanically alloyed powders are
discussed below.

(1) The absence of solute peaks in the X-ray diffraction patterns is usually taken
as a proof of complete dissolution, and this has been interpreted as evidence for
enhanced solid solubility limits. It has been recently shown that the solid solubility
limits cannot be accurately determined only by noting the absence of solute peaks
in the X-ray diffraction patterns. Kim et al. [396] mechanically alloyed Al-
20wt%Ti powder mixtures and observed that the Ti reflections were absent in the
X-ray diffraction pattern recorded from the powder mechanically alloyed for 15 h.
But, TEM investigations of the same powder clearly showed the presence of
nanometer-sized Ti particles in an aluminum matrix, suggesting that the absence
of X-ray diffraction peaks from the solute phase may not be sufficient evidence for
complete solid solubility. Thus, it is desirable to use more than one technique to
unambiguously determine the true solid solubility limits.

Huang et al. [303] have recently analyzed the data on ten alloy systems of
equiatomic composition processed by MA where solid solubility extensions have
been reported by noting the absence of second-phase reflections. The authors have
noted that the X-ray diffraction peaks associated with one of the elements

Metal A

Metal B

Solid Solution

Composition

Fig. 18. Schematic variation of the lattice parameter (solid solubility) of the individual component
phases with milling time in a binary alloy system.
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Table 7

Solid solubility limits (at%) achieved by MA of blended elemental powders

47

Solvent Solute Equilibrium value By MA Reference
At RT  Maximum
Ag Al 9.6 20.4 20 [220]
Cu 0.0 14.0 100 [221-223]
Gd 0.0 0.95 5 [224]
Pd 100 100 85% [196]
Al Cr 0.0 0.37 5 [204]
Cu 0.0 2.48 2.7 [148]
0.2 (in Al-10Cu) [225]
5.6 (in Al-15Cu) [225,226]
Fe 0.0 0.025 1.0 [133]
2.0 [227]
4.5 [228]
4-5 [229]
Ge 0.0 2.0 14.1 [226]
Mg 1.2 18.6 3.7 (in Al-10Mg) [225]
10.0 (in AI-20Mg)  [225]
14.1 (in Al-30Mg)  [225,226]
13 (in Al-30Mg) [230]
24 (in Al-50Mg) [230]
18 [231]
23 [205]
40 [231]
Mn 0.4 0.62 18.5 [232]
Mo 0.0 0.06 0.4 (in Al-3Mo) [233]
1.3 (in Al-10Mo) [233]
2.4 (in Al-17Mo) [233]
Nb 0.0 0.065 Unspecified [234]
15 [235]
25 [236]
Ni 0.0 0.11 10 [237]
Ni—Co - - 8Ni, 4Co [238]
Ru 0.0 0.008 14 [239]
Si 0.0 1.5 0.7 (in Al-5Si) [225]
1.3 (in Al-10Si) [225]
4.5 [225,226]
AlSb InSb - - 100 [240]
Al Ti 0.0 0.75 3.0 [241]
4 (in Al-25Ti) [242]
104 [243]
12 [244]
15-36 [140]
20 [245]
25 [246-248]
35 [249]
36 [250]
Ti—Cr - - 12Ti and 5-8Cr [251]

(continued on next page)
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Table 7 (continued)

Solvent Solute Equilibrium value By MA Reference
At RT Maximum
Ti-Fe - - Unspecified [252]
12Ti and 3-5Fe [251]
Ti-Mn-Nb  — - 23Ti, 8Mn, 2Nb [253]
Al,O4 Fe, 03 25 mol% [254]
Au,Nb (PA) 9.0 57 33 [255]
Bi Sb 100 100 10* [256]
Cd Zn 3.1 4.35 50 [257]
Co C 0.0 4.1 6 [258]
Cr 4.0 43.0 40 [259]
Cu 0.0 19.7 100 [260-263]
Fe 100 100 10? [264]
Li,O3 - - Unspecified [265]
Mn 43.5 59.0 40 [259]
Ni 100 100 70? [266]
A% 1.6 35.0 33 [259]
Zr 0.0 < 1.0 5 [259]
Cr Co 49 53.0 30 [259]
40 [259]
Cu Ag 0.0 5.0 100 [222]
Ag-Fe - - 10Ag, 20Fe [267]
Al 18.6 19.7 18 [148]
Co 0.0 8.0 100 [260,268,269]
Cr 0.0 0.0 50 [270]
Fe 0.3 11.0 20 [271]
30 [221,272,273]
40 [274]
50 [275]
55 [276,277]
60 [278-280]
65 (w/o ethanol) [163]
68 (w/ethanol) [163]
65 [281,282]
Hg 0.0 5.0 17 [69]
Mn 100 100 357 [268]
Nb 0.1 0.1 3 [283]
Ni 100 100 13* [284]
100 [285]
Sb 1.1 5.8 3.7 [120]
Sn 0.0 9.1 Unspecified [286,287]
9.8 [288,289]
Ti 0.9 8.0 0.6 (in Cu—10Ti) [290]
2.8 (in Cu-20Ti) [290]
3.7 (in Cu-30T1i) [290]
9.4 (in Cu—40Ti) [290]
\ 0.0 0.1 Unspecified [268]
W 0.0 0.97 Unspecified [291]
Fe Ag 0.0 0.0 10 [292]
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Table 7 (continued)

Solvent Solute Equilibrium value By MA Reference
At RT Maximum
Ag-Cu - - 10Ag, 10Cu [267]
Al 20.8 45.0 4 [293]
20 [294]
25 [295-297]
40 [155,298]
50 [103,133,299,300]
B 0.0 0.0 4.0 [301]
B-Cu - - 13B, 1Cu [302]
B-Si - - 5Si, 4B [303]
Co 100 100 20* [264]
Cr 100 100 46.5* [304]
50 [305]
70 [306]
Cu 7.2 15.0 15 [276,277,281,282]
20 [274,280]
25 [279]
30 [278]
40 [273]
18 (w/ethanol) [163]
24.5 (w/o ethanol)  [163]
Ge 10.0 17.5 25 [297,307,308]
Hf 0.0 0.51 10 [309]
Mg 0.0 0.0 20 [310]
Ni 2.0 4.7/100 36 [311]
40 [312]
Si 3.0 19.5 Unspecified [313]
5 [301]
12 [314]
26 [315]
25 [171,297,316,317]
Si—-Nb - - 23.75Si, SNb [[316]]
Sn 0.0 9.2 25 [171,294,318]
30 [319]
Ta 0.3 2.5 40 [320]
w 0.0 14.3 Unspecified [321,322]
w 20 [323]
30 [324]
Zn 0.0 42.0 25 [171,297]
Zr 0.0 6.5 5 [325-328]
10 [309]
14 [302]
Zr-B - - 7Zr, 7B [302]
Zr-B—Cu - - 7Zr, 6B, 1Cu [302]
Zr—Cu - - 7Zr, 7Cu [302]
13Zr, 1Cu [302]
11Zr, 3Cu [302]
FeS Al - - 7Alin Fe [329]

(continued on next page)



50 C. Suryanarayana | Progress in Materials Science 46 (2001) 1-184

Table 7 (continued)

Solvent Solute Equilibrium value By MA Reference
At RT Maximum
Mn - - Unspecified Mn [329]
Ge Si 100 100 89 [330]
Sn 0.48 1.1 24 [331]
Mg Al 0.9 11.0 2.2 (in Mg—10Al) [225]
3.7 (in Mg—15Al) [225,226]
Fe 5 [310]
Ti 0.0 0.0 6 [152,332]
Mn Co 4.0 38.0 50 [259]
Mo Al 0.0 20.5 Unspecified [233]
Nb Al 5.9 21.5 15.4 [139]
25 [333-335]
333 [336]
60 [235,236]
NbsAl (PA) - - - 25 [337]
Nbs;Au (PA) - 19.0 54.0 25 [255,338]
Nb Be 9.1 16.0 Unspecified [339]
Ge 2.8 9.2 8.6 [340]
Ni 1.2 5.0 10 [127]
Si 0.0 3.5 Unspecified [341]
Ni Al 7.5 21.2 0.5 [303]
25 [229,307,342-344]
27 [345]
Niz;Al (PA) - — - 25 [346]
NiAl (PA) 39-55A1 33-62Al [347]
40-65Al [345]
Ni C 0.0 7.4 9.0 (in Ni-10C) [258]
12.0 (in Ni-15C) [258]
Co 100 100 60* [285]
Co 100 100 70* [266]
Cr 22.6 50.0 50 [229]
Fe 3.8 100 40 [321]
Ga 10.8 24.3 50 [348]
Ge 9.6 12.0 25 [307]
In 0.0 14.5 13 [348]
Mg 0.0 0.0 10 [349]
Mo 23 [350]
Nb 3.2 14.0 10 [127]
15 [351]
Ru 4.6 34.5 31 [352]
Si 10.0 15.8 24 [353]
25 [307]
NizSi (PA) - - - 25 [354]
Ni Sn 0.0 10.6 17.5 [348]
Ta 3.0 17.2 30 [355]
Ti 6.0 13.9 6 [356]
28 [357]
8.9 (in Ni—10Ti) [290]
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Table 7 (continued)

Solvent Solute Equilibrium value By MA Reference
At RT Maximum
13.8 (in Ni-20Ti) [290]
18.3 (in Ni—-25Ti) [290]
NizV (PA) 15.0 43.0 25 [358]
Ni,V (PA) - 33 [358]
Ni w 12.5 17.5 14 [229]
23 [359]
28 [360]
Pd Ag 100 100 95% [196]
Y 7.6 13.0 12 [361]
PTFE PE - - Unspecified [362]
Ru Al 0.6 4.0 14 [239]
Ni 6.4 50.0 53 [352]
Si Ge 100 100 28% [188]
50% [187]
Sn 0.0 0.0 Unspecified [363]
Ta Al 0.0 4.0 33 [364]
50 [90]
Cu 0.0 0.0 30 [365]
Ti Al 11.0 47.5 10 [366]
16 [367,368]
25 [246,249,337,369,370]
28 [252]
>30 [367]
33 [121]
50 [249,371]
60 [246,247]
Ti—49A1 (PA) - - - 49 [246,247]
Ti Al-Nb - - Unspecified [372,373]
24Al, 11Nb(hcp) [335]
Al-Ni - - 6Al, 6Ni [374]
Cu 0.0 1.6(x), 13.5(B) 10 [375]
Mg 0.0 0.0 3.6 [376]
6 [154,377,378]
30 [152,332]
38 [379]
50 [152]
100 [380]
Ni 0.0 10.0 2 [381]
Si 0.0 3.5 8 [382]
37.5 [336]
v Co 7.3 22.0 Unspecified [268]
40 [259]
V;Ga (PA) - 9.2 41.0 25 [84]
V3Ni (PA) - 2.0 24.0 25 [358]
w Fe 2.0 2.6 34 [383]
20 [323]
40 [384]

(continued on next page)
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Table 7 (continued)

Solvent Solute Equilibrium value By MA Reference

At RT  Maximum

Ni—Fe - - Unspecified [385]
Re - - 25 [386]
Yb Ce 0.0 1.0 Unspecified [387]
Zr Al 1.0 26.0 Unspecified [107,388]
12.5 (at RT) [174]
8.0 (at 300°C) [174]
15 [389-391]
17.5 [392]
50 [388]
Co 1.0 5.0 4 [259]
Ni 0.0 3.0 7 [328,393]
710, ZrN - - Unspecified [394]
71,05 Al,O4 - - Unspecified [395]
CoO - - 16.7 mol% [395]
Fe,03 - - 16.7 mol% [395]
Y,0; - - 16.7 mol% [395]

#In these cases, the composition of the alloy investigated is mentioned.

disappear during milling while those of the other persist. They have concluded
that the element with the higher atomic number persisted in the X-ray diffraction
pattern, while the one with the lower atomic number did not. Since the atomic
scattering factor is directly proportional to the atomic number of the element, the
element with the lower atomic number, and hence lower atomic scattering factor,
has a lower intensity and hence with continued milling it tends to disappear. This
argument assumes that atomic scattering factor is the major factor contributing to
the intensity of a reflection, and this is not far from true. Accordingly, in the Al-
Mo system, Mo (Z = 42) peaks persist while Al (Z = 13) peaks disappear.
Similarly, in the Ni—Ru system, Ru (Z = 44) peaks persist while those of Ni (Z
= 28) disappear.

(2) Due to the mechanical deformation introduced into the powder, particle and
crystallite refinement occurs and the lattice strain increases. These two effects lead
to broadening of the X-ray diffraction peaks and a consequent decrease in the
peak heights. In fact, formation of nanocrystalline solid solutions can significantly
broaden the X-ray diffraction peaks. Further, if the weight fraction of the second
component is small, the corresponding peaks may even be ‘““absent”. Thus, the
disappearance of Al reflections in the X-ray diffraction pattern of a mechanically
alloyed Ni—Al powder mixture has been attributed to crystallite refinement to the
level of about 5 nm, even though a solid solution has not actually formed.

Even if a reflection is present in the diffraction pattern, its broadening makes
the location of the peak position difficult and consequently, the lattice parameters
calculated are inaccurate.

(3) Another difficulty associated with small particle sizes is their detectability by
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the technique of X-ray diffraction. It has been shown that while 2 wt% of Ti can
be easily detected if the particle size is in the range of 26-38 um, one requires
about 25 wt% Ti if the particle size is in the range of 0.05-1.0 um. Thus, a much
larger amount of material is required when the particle size is in the sub-micron
range [396]. Mechanically alloyed materials often have particle sizes in the latter
range of <1 um, and consequently the presence of small amounts of second
phases with small particle sizes cannot be easily detected by X-ray diffraction
techniques.

(4) Very often the solid solubility levels are determined by extrapolating the
data of lattice parameter vs. solute content obtained either for equilibrium solid
solutions or for metastable supersaturated solid solutions obtained by other non-
equilibrium processing techniques. In the absence of such data, the Vegard’s law
(linear variation of lattice parameter (or atomic diameter or atomic volume) with
solute content) is assumed to be valid. Extrapolations can be erronecous, especially
if the solid solubility is small under equilibrium or metastable conditions. Further,
the assumption of applicability of Vegard’s law may not be valid. The extent of
deviation from linearity of lattice parameter(s) with solute content (positive
deviation due to the positive sign of heat of mixing and negative deviation due to
the negative sign of heat of mixing) may be significant when one is dealing with
pairs of metals which have different crystal structures. This problem is more
serious when the components involved have non-cubic structures.

(5) Heavy deformation (cold working) introduces stacking faults on (111) planes
in fcc metals and alloys. Stacking faults can also be introduced in the basal (0001)
or prismatic {1010} planes of the hexagonal close-packed alloys. These faults can
cause anomalous /kl-dependent peak broadening in the X-ray diffraction patterns
[371,397]. The effective crystallite size (D.s) measured from a reflection results
from the true average crystallite size (D) and the “‘effective stacking fault
diameter” (Dsg) according to the relation:

L1
Deff B Dtrue DSF

®)

The presence of stacking faults leads to a refined “effective” crystallite size, as
determined by both the true crystallite size and the density of stacking faults. In
other words, the calculated crystallite size, assuming that the peak broadening is
only due to the small crystallite size, grossly underestimates the true crystallite
size. It has been shown [397] that the true crystallite size was 3 to 10 times the
apparent crystallite size in mechanically alloyed Cu—Co alloys. The contribution
of stacking faults to broadening/shift of peak positions is very important in alloys
with low to moderate stacking fault energy, where a high density of stacking
faults can be expected.

The peak shift caused by the presence of stacking faults can further complicate
the situation in that the effects of solid solubility and stacking faults can cause the
peak shifts to occur in opposite ways.

(6) The technique of MA often introduces impurities (substitutional impurities
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like iron, chromium, and nickel from the milling container and the grinding
medium and interstitial impurities like nitrogen, oxygen, and carbon from either
the atmosphere and/or the process control agent) and their amounts increase with
milling time. (See the Section on “Contamination” for further details on the levels
of contamination in mechanically alloyed powders.) The interstitial impurities
dilate the lattice and the substitutional impurities can either dilate or contract the
lattice depending on the relative atomic sizes of these elements with respect to the
solvent atom. These effects must be taken into account while determining the real
solid solubility values. An accurate chemical analysis for the impurity content and
the effect of these impurities on the magnitude of peak shift should be evaluated
before the solid solubility extensions can be accurately reported.

(7) It has also been noted in several instances that the solid solubility level
increases with increasing initial solute content in the powder mix (see Table 7).
This was a true observation since the milling was carried out to the steady-state
condition for each alloy composition and has been repeatedly reported by several
investigators. The temperature of milling also appears to alter the solid solubility
levels. Thus, it is difficult to list one specific solid solubility value for a given alloy
system, in at least some cases. These observations can be further complicated by
variations in the nature of the mill, intensity of milling, milling atmosphere, etc.

Even though all the above-listed factors have not been taken into account in all
of the cases, solid solubility extensions, beyond the equilibrium values, have been
reported in a number of alloy systems (Table 7).

In some cases equilibrium solid solutions were synthesized starting from blended
elemental powders. In those alloy systems, which exhibit complete solid solubility
under equilibrium conditions (isomorphous systems), the lower values indicted in
Table 7, represent the composition of the alloy investigated and not the true
maximum solid solubility level achievable by MA. One of the interesting
observations made is that supersaturated solid solutions could be synthesized by
MA even in those immiscible systems which show a positive heat of mixing, and
hence do not have any solid solubility under equilibrium conditions.

The formation of solid solutions (both equilibrium and metastable) during MA
maybe attributed to the effects of severe plastic deformation. As mentioned
earlier, plastic deformation refines the particle and grain sizes and increases the
grain boundary area. The decreased particle size reduces the diffusion distances
between particles and facilitates pipe diffusion. Diffusion is further aided by the
increased defect density and a local rise in temperature. The combination of these
effects would permit sufficient diffusion to occur in the interfacial regions of the
nanocrystalline grains to form solid solutions.

The effect of different process variables on the formation of solid solutions has
also been recently investigated. Amongst these, the temperature of milling seems
to play an important role. During milling, the continuous shearing across
interfaces of the two component metals A and B results in an increase of the A/B
interface area and this results in intermixing of the two components. On the other
hand, thermally activated jumps of vacancies favor decomposition. A dynamic
equilibrium is maintained between these two competing processes and the final
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steady state is determined by the ratio y between the forced jump frequency (that
helps thorough intermixing of the components) and the thermally activated
frequency (that aids in the equilibration of the system). For zero or low values of
y, thermally activated diffusion will drive the system to its equilibrium state. On
the other hand, for infinitely large values of y, the microstructure is continuously
refined until a random solid solution is obtained. Usually the value of y is neither
of these two extremes, but has an intermediate value. Klassen et al. [173,398] ball
milled an Ag-50at%Cu powder mixture to various steady states at different
temperatures ranging from 85 to 473 K and noted that a homogeneous fcc alloy
was obtained after milling at subambient temperatures. On the other hand, a fully
decomposed two-phase mixture was obtained after milling at 473 K. Co-existence
of an equiatomic alloy phase and decomposed terminal solid solutions was
reported at intermediate temperatures of milling. A similar situation was also
reported in the Zr—Al system. The maximum solid solubility achieved was 12.5
at% Al in Zr when milling was conducted at room temperature, while it was only
8.0 at% Al at 300°C [174]. Considering the mechanical alloying behavior of two
immiscible systems Ag-Fe and Cu-Fe, it was observed that Cu—Fe undergoes
atomic level mixing and alloying forming solid solutions, while Ag—Fe remains
unalloyed. Ma et al. [399] explained this difference in the alloying behavior using
the concept of the intensity of external forcing, viz., the y factor, referred to
above.

The use of a process control agent (PCA) also appears to affect the maximum
achieved solid solubility limit, although the results reported are not consistent.
For example, Gaffet et al. [163] reported that the solid solubility of Fe in copper
was increased to 68 at% Fe when ethanol was used as a PCA, while it was only
65 at% Fe without the use of ethanol. Contrary to this, they reported that the
solubility decreased with the use of ethanol as a PCA on the Fe-rich side of the
Cu—Fe phase diagram. Accordingly, the solid solubility was 18 at% Cu in Fe
when ethanol was used and it was 25 at% Cu in Fe without ethanol [163]. These
two effects appear to be contradictory, but no explanation has been offered for
this. Kaloshkin et al. [102] noted that formation of supersaturated solid solutions
was promoted if the Fe—Cu alloys were milled in an atmosphere containing
oxygen. Yavari and Desré [400] suspected that the solid solubilities are higher in
oxygen-containing alloys because the presence of oxygen results in a negative heat
of mixing of the multi-component mixture. Another possible reason for this could
be that oxygen will act like a PCA and promotes fracturing of the particles and
helps in the formation of very fine-grained (nanostructured) material. The oxygen
present in the PCAs may also have a similar effect; but, it is surprising that
decreased solubilities were reported in some cases when the powders were milled
with a PCA.

Another interesting observation that has been made in mechanically alloyed
materials is that the solid solubility limit achieved increases with increasing solute
content in the starting blended elemental powder mixture. This has been observed
in several aluminum-, copper-, and nickel-base alloys, amongst others (see
Table 7). Such a situation may possibly arise during rapid solidification of metallic
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melts when the solute concentration at the dendrite tip can be quite high and is
determined by the operative solute partition ratio. But, since there is no melting
and consequently no dendrite formation involved in the MA process, such a
mechanism may not be occurring here. The increased solid solubility level with
increasing initial solute content has been tentatively explained on the basis that
the concentration gradients are steeper at higher solute contents and that these are
expected to result in increased diffusion and consequently in higher solid solubility
levels. This variation may arise possibly due to kinetic considerations only since
thermodynamically the maximum solubility that can be achieved is fixed for a
given alloy system.

8.2. Mechanisms of solid solubility extension

Neither the actual mechanism(s) for the formation nor the limits for the solid
solubility extensions in alloy systems obtained by MA have been well investigated.
For example, it was suggested [357] that the increased solid solubility of Ti in Ni
in mechanically alloyed Ni-Ti powder mixtures was due to the metastable
equilibrium between the o-Ni solid solution and the Ni—-Ti amorphous phase as
opposed to the stable equilibrium between the o-Ni and NisTi phases. That is, the
extent of supersaturation is limited to the composition where the amorphous
phase starts forming. A similar conclusion was also arrived at by others [290].
However, it has been noted in recent years that significant solid solubility
extensions can be achieved in alloy systems (e.g., Ti-Mg) even when an
amorphous phase did not form in those alloy systems [376]. Thus, alternative
explanations need to be sought to explain the formation of solid solutions and
their limits of solid solubility.

It has also been suggested that the solid solubility can be extended up to the
position of the intermetallic compound in the phase diagram if the base metal and
the intermetallic have similar crystal structures [348].

It was suggested that the formation of supersaturated solid solutions is closely
related to the formation of nanocrystalline phases [154]. The large volume fraction
of atoms in the grain boundaries in these materials is expected to enhance
diffusion and consequently the solid solubility levels in these types of systems. In
support of this argument it was shown that the solid solubility of Mg in Ti is zero
when the grain size of the titanium phase is on the order of micrometers, while
significant solubility (about 3 at%) was detected when the titanium grain size was
on the order of nanometers. Similar results have also been reported by a number
of other investigators [261,401]. For example, Huang et al. [261] reported that the
solute content was higher the smaller the particle/crystallite size in their
mechanically alloyed Co—Cu powders; this was confirmed by transmission electron
microscopy and energy dispersive X-ray analysis of the powders.

In a nanocrystalline structure, there is an increase in the grain boundary
volume. Further, the diffusivity of the component atoms is increased due to the
large amount of structural defects and the local stresses in such a material. Under
these conditions, the solute atoms substitute the solvent atoms in the grain
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boundaries and vice versa. The rapid diffusion of atoms from one grain into the
other leads to quick homogenization and results in the formation of solid
solutions. Veltl et al. [402] suggested that the energy stored in the grain
boundaries of nanocrystalline materials serves as a driving force for the formation
of a solid solution. It has been shown earlier [403] that a substantial amount of
enthalpy can be stored in nanocrystalline materials due to the large grain
boundary area. It was also suggested that the enhanced solid solubility might be
due to the high dislocation density produced during milling [276,404].

Yavari et al. [405-407] proposed another mechanism based on the assumption
that upon deformation, elemental fragments with small tip radii are formed and a
small fraction of the material is expected to be as crystallites <2 nm in diameter.
In these cases the capillary pressure forces the atoms at the tips of the fragments
to dissolve. This process will continue to full dissolution with increased milling
time, due to generation of such small particles by necking at tips of larger ones. A
similar mechanism was also suggested by Gente et al. [260]. They suggested that
the chemical enthalpy associated with the interface between the elemental
components can enhance the free energy of a composite above that of the related
solid solution thus providing a driving force for alloying in systems with a positive
free energy of mixing. The main difference between the models proposed by
Yavari et al. and Gente et al. is that the former assumes incoherent interfaces
between the elemental components, whereas the latter suggests the formation of
composites with coherent eclemental domains before alloying occurs. The
experimental information presently available is not sufficient to decide between
these two models.

Formation of (supersaturated) solid solutions by MA is more noteworthy in
liquid- and solid-immiscible systems than in solid-miscible systems. Gente et al.
[260], Huang et al. [261,269], and Jiang et al. [408] reported formation of extensive
solid solutions in the Cu—Co and Fe—Cu systems. These authors suggested that
the increased diffusivity due to the presence of structural defects and local stresses
in nanocrystals is responsible for the formation of supersaturated solid solutions
in these systems. Formation of homogeneous solid solutions was favored when the
crystallite size of the constituents was reduced to below about 1-2 nm.

Hume-Rothery rules [409] suggest that the metallic radii of the solvent and
solute should differ by less than 15% to achieve good solid solubility of one
element in the other (5 at% at moderate temperatures). This was observed to be
true in mechanically alloyed Co-transition metal alloys [259]. To further confirm
whether a similar situation could be obtained in other alloy systems processed by
MA, Bansal et al.[297] studied the alloying behavior of powder blends of Fe with
25 at% Al, As, Ge, In, Sb, Si, Sn, and Zn. They concluded that good solubility (5
at%) could be achieved by MA even when the difference in the atomic radii was
about 30%. Stated differently, if the atomic radius difference was <15%,
solubilities of up to 25 at% could be achieved.

Fig. 19 compares the equilibrium solid solubilities of several solute elements in
copper as the solvent with the extended solubilities obtained by MA. It may be
noted that MA achieves a significant increase in solid solubility limits. Hume-
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Rothery rules [409] suggest that complete solid solubility of one component in the
other can result if the two components have (a) an atomic size difference of less
than +15%, (b) the same crystal structure, (c) the same valency, and (d) very close
electronegativity values. If any one of these conditions is not satisfied, then the
extent of solid solubility will be limited. To rationalize the solid solubility increase
in mechanically alloyed powders in terms of the Hume-Rothery rules, the solid
solubility values of these solute elements are plotted against atomic radius in
Fig. 20. The +15% limits of the atomic radius of copper are also indicated in
Fig. 20. It is interesting to note that in all those cases where the solid solubility
limit has been considerably increased by MA, the atomic radius of the solute is
well within the 15% limit suggested by Hume-Rothery. In some cases significant
increases in solid solubility limits have been observed even when the atomic size
difference is quite large (e.g., Cu—Hg). The plot also makes it very clear that the
solid solubility increase is very little when the difference in the atomic sizes
between the solvent and the solute is very large (e.g., Cu—Sb). This analysis
confirms that the rules applicable for solid solution formation under equilibrium
conditions are valid under non-equilibrium conditions also. Further, the maximum
limits not observed under equilibrium conditions when the Hume-Rothery rules
are satisfied are realized under non-equilibrium conditions. The best example for
this is the Cu—Ag system, where the Hume—Rothery rules predict complete mutual
solid solubility of Cu and Ag whereas only a limited solid solubility is observed
under equilibrium conditions. Complete solid solubility of one element in the
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Fig. 19. Comparison of the equilibrium and extended solid solubility limits of several solute elements in
copper achieved by MA.
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other is obtained under non-equilibrium conditions achieved during rapid
solidification or MA.

Similarly good predictions of solubility were obtained with a modified Darken—
Gurry plot [410] of electronegativity versus metallic radius. Fig. 21 shows the
Darken—Gurry plot for mechanically alloyed Cu-base powder mixtures. Here also
it may be noted that solid solubility extensions have been observed with solute
elements that have greater than 15% atomic mismatch and with electronegativites
that differ by more than 0.3 units.

8.3. Comparison between mechanical alloying and rapid solidification

The absolute limits of solid solubility extension in alloys processed by rapid
solidification processing (RSP) have been determined from thermodynamic
considerations using the concept of 7, temperature at which, for a given
composition, the solid and liquid phases have the same free energy.
Supersaturated solid solutions can be obtained only when the liquid could be
undercooled to a temperature below T, [411]. Even though MA also is a non-
equilibrium processing technique, there have not been any attempts so far to
rationalize the available experimental data of solid solubility extensions; further,
the possible limits have not been defined theoretically. However, since no liquid
phase is involved during MA, it is doubtful if the same criterion as in RSP can be
used to rationalize the solid solubility extensions achieved during MA.

The mechanisms by which supersaturated solid solutions form by MA and RSP
techniques are different; even then comparisons have been frequently made, with
no specific conclusions. Table 8 compares the available data. For example, solid
solutions have been formed in the whole composition range in the Cu—Ag system
by both the techniques. Rapid solidification processing produced continuous series
of solid solutions in many other alloy systems [219], but MA did not obtain
similar results. Solid solutions have been obtained in the full composition range in
the Cu—Fe, AISb—InSb, and Cu—Co systems by MA but not by RSP. The levels of
solid solubility achieved are also different in different systems by these two
techniques.

It was reported that the extent of supersaturation in rapidly solidified alloys
increases with the quenching rate [2-4]. Thus, the solubility extension is higher in
an alloy system when the liquid was melt spun at about 10°-10° K/s than when
the melt was atomized at 10°-10° K/s. But, a similar situation has not been
reported in mechanically alloyed powders. For example, one could investigate the
solubility extensions as a function of milling intensity, energy input, or other
parameters. In fact, taking all these variables into consideration one can define an
effective ““quench” rate or milling efficiency. It will be then worthwhile to
investigate if the solid solubility extensions are higher at higher milling efficiencies
in the MA case also.

The limits of solid solubility extensions achieved by MA have also been
compared with the values obtained by other methods. Fig. 22 shows schematically
the room temperature solid solubility of Fe in Cu obtained by different non-
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equilibrium processing methods. It may be noted that the mechanically alloyed
powders show the maximum solid solubility extension.

It was shown in Table | that the maximum departure from equilibrium
obtainable by MA is higher than that by RSP. Therefore, one expects larger solid
solubility extensions during MA than during RSP. But, the available results do
not always confirm this (Table 8). On looking through the data in Table 8, one
can make a general observation that the maximum solid solubility extension

Table 8
Comparison of solid solubility limits (at%) achieved by rapid solidification processing (RSP) and
mechanical alloying (MA)

Solvent Solute Equilibrium value By MA By RSP
At RT Maximum
Ag Cu 0.0 14.0 100 100
Gd 0.0 0.95 5.0 5.0-6.0
Al Cr 0.0 0.37 5 6
Cu 0.0 2.48 5.6 18
Fe 0.0 0.025 4.5 6.0
Ge 0.0 2.0 14.1 40
Mg 1.2 18.6 40 40
Mn 0.4 0.62 18.5 9
Mo 0.0 0.06 2.4 2.4
Nb 0.0 0.065 25 2.4
Ni 0.0 0.11 10 7.7
Ru 0.0 0.008 14 4.5
Si 0.0 1.5 4.5 16
Ti 0.0 0.75 36 2.0
Cd Zn 3.1 4.35 50 35
Co Zr 0.0 < 1.0 5 1.5
Cu Ag 0.0 5.0 100 100
Cr 0.0 0.0 50 4.5
Fe 0.3 11.0 68 20
\% 0.0 0.1 Unspecified 1.0
Fe B 0.0 0.0 4.0 4.3
Ge 10.0 17.5 25 25
Sn 0.0 9.2 25 20.0
W 0.0 14.3 Unspecified 20.8
Mg Al 0.9 11.0 3.7 21.6
Nb Al 5.9 21.5 60 25
Ni C 0.0 7.4 12 8.2
Ge 9.6 12.0 25 22
Nb 32 14.0 15 15.1
Si 10.0 15.8 24 20
Sn 0.0 10.6 17.5 17.0
Ta 3.0 17.2 30 16.6
v 15.0 43.0 25 51.0

Ti Si 0.0 3.5 37.5 6.0
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achieved by MA is higher than that by RSP when the room temperature solid
solubility is very small or almost zero. This is understandable because MA is a
near-room temperature process and therefore the room temperature solid
solubility is more important than the maximum solid solubility at the higher
temperatures; the latter is important in RSP studies.

9. Synthesis of intermetallics

The ordered nature of intermetallics leads to attractive elevated temperature
properties such as high strength, increased stiffness, and excellent corrosion/
oxidation resistance. These attributes are a result of the reduced dislocation
motion (since pairs of dislocations — superdislocations — need to move together
to retain the ordered nature of the lattice) and low diffusivities. Also associated
with the reduced dislocation activity is the low ambient temperature ductility and
fracture toughness, which preclude large-scale industrial applications of
intermetallics. Hence, several attempts have been made in recent years to alleviate
this problem. The common routes adopted to improve the room-temperature
ductility of intermetallics are:
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. reduction in grain size,

2. disordering of the lattice, to improve the dislocation motion (superdislocations
do not exist in disordered lattices and therefore only single dislocations need to
move for deformation to occur), and

3. modifying the crystal structure of the phase into a more symmetric, e.g., cubic

one.

Mechanical alloying can achieve all the above effects simultaneously and
therefore, this processing technique has been extensively employed to synthesize
intermetallics and study their mechanical behavior. In this section, however, we
will only discuss the synthesis of intermetallics by MA and not discuss the aspects
of improved ductility. For the latest situation on this topic, the reader is advised
to consult Refs. [412,413].

The types of intermetallics synthesized by MA include both quasicrystalline and
crystalline intermetallic phases. Both equilibrium and metastable phases have been
synthesized in the latter category and these also include the disordered and
ordered phases.

Table 9
Quasicrystalline phases formed by MA of blended elemental powders

Alloy/composition Mill BPR Intensity of milling Time (h) Reference
AlgsCuyyCoys Fritsch P5 15:1 - 55¢ [418]
Al-Cu-Cr Fritsch P5 151 9 - [418]
AlgsCuyoFeys Fritsch P7 15:1 7 15 [419,420]
A155CL120MI1]5 Fritsch P5 15:1 5 - [217]

Fritsch PS5 15:1 7 90 [217,416,418]

Fritsch P5 15:1 9 60 [217]
AlyyCupMnys5Gess Fritsch 20:1  450-650 rpm 66 [421]
A155CU20RU| 5 - - - - [422]
AlzoCupRupg - - - - [422]
Al;5Cu;5Vy Fritsch P5/P7 15:1 9 b [418.,423]
AlsoMn,oGesg Fritsch 20:1  45-650 rpm 47 [424]
AlsoMn»SirGepg Fritsch 20:1  45-650 rpm 80 [424]
Al;sNijoFe;s - - - ¢ [425]
Al;gPdyoMny, Fritsch P7 151 7 30 [426]
Mg3,CugAyy Planetary - 900 rpm - [416,417,427,428]
Mg-Al-Pd Planetary 40:1  150G° 4h [429]
Mgs,(AlZn)y Planetary - - 3 min [417,427,428,430,431]

Fritsch - 600 m/s? 10 min ~ [432]
Mg;Zns Al (x = 2-4) Planetary - 900 rpm - [416,428]
Ti56Ni18Felosi16 SPEX 8000 6:1 - d [433]

# MA for 55 h to a nanocrystalline phase followed by annealing for 1 h at 600°C.
®MA for 20 h to an amorphous phase followed by annealing at 450°C.

€ MA for 400 h followed by annealing for 20 h at 800°C.

4 MA for 30 h to an amorphous state followed by annealing for 30 min at 750°C.
¢ G represents the gravitational force.
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9.1. Quasicrystalline phases

Quasicrystalline phases are metallic phases, which exhibit the traditionally
forbidden translational symmetries. Instead, these phases have non-
crystallographic rotational symmetries, e.g., 5-fold, 7-fold, 10-fold, etc. and quasi-
periodic translational order. The structure and properties of quasicrystalline
phases have been discussed in some earlier reviews (see, for example, Refs.
[414,415)).

The first report of synthesis of quasicrystalline phases by MA appeared only in
1989 [416,417] and even today only a few reports exist on the synthesis and
transformation behavior of these quasicrystalline phases. The quasicrystalline
phases synthesized to-date have been summarized in Table 9 along with the
milling conditions employed to synthesize them. It should be noted that all the
quasicrystalline phases synthesized so far are of the icosahedral type (having the
5-fold symmetry) and that there are no reports of synthesis of phases with other
symmetries; a number of the latter category have been synthesized by other
methods such as rapid solidification from the melt [414,415]. The broadening of
the X-ray diffraction peaks during MA may hinder a clear identification of the
phases produced and also a proper distinction amongst the different types of
quasicrystalline phases. This could be one reason why phases other than those
with the icosahedral symmetry have not been obtained/reported by MA.
Confirmatory transmission electron microscopy studies are necessary and useful
for an unambiguous identification of these phases. The icosahedral phases
synthesized by MA have been found to be similar to those produced by RSP.

Eckert et al. [217] reported that the nature of the phase synthesized in the Al—
Cu—Mn system was different depending up on the intensity of milling in the
Fritsch Pulverisette. They noted that an amorphous phase formed when the
blended elemental powder was milled at an intensity of 5, and an equilibrium
intermetallic phase formed at an intensity of 9. At an intermediate intensity of 7, a
quasicrystalline phase was formed. This was explained on the basis of the
temperature rise during milling. The estimated temperatures were 247°C at an
intensity of 5, 407°C at an intensity of 7, and 590°C at an intensity of 9. The
temperature rise at the milling intensity of 9 is above the crystallization
temperature of the quasicrystalline phase produced and therefore an equilibrium
intermetallic phase formed under this condition of milling. This observation again
confirms that ““soft” milling conditions favor the formation of metastable phases -
both amorphous and quasicrystalline [85,113,114]. Yet another conclusion that
can be drawn from the above observation is that an amorphous phase is farthest
from equilibrium while the quasicrystalline phase is intermediate in departure
from equilibrium between an amorphous phase and an equilibrium crystalline
phase.

Like in the case of amorphization of intermetallics on milling (to be discussed
later), amorphization has also been reported to occur on milling the
quasicrystalline phases. Accordingly, it has been reported that the AlgsCusoFe;s
quasicrystalline phase becomes amorphous (as detected by XRD methods) after
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milling for 300 h in a QM-1SP planetary ball mill at a BPR of 10:1 [434]. TEM
investigations have, however, shown the presence of a few quasicrystalline phase
particles with a size of 10—15 nm. Further, there are also reports of formation of a
quasicrystalline phase on annealing an amorphous phase [423,433]. This is
somewhat similar to the mechanical crystallization behavior observed when an
amorphous alloy crystallizes on milling. This aspect also will be discussed in a
later section.

Apart from an early curiosity to synthesize quasicrystalline phases by a route
other than RSP and the possibility of producing large amounts of powders for
subsequent consolidation to form bulk alloys, interest in this aspect has now come
down. The discovery of stable (equilibrium) quasicrystals in recent years [415] has
further lessened the interest in the synthesis and characterization of quasicrystals
by MA.

9.2. Crystalline intermetallic phases

The equilibrium Hume—Rothery electron compounds — B-brass, y-brass, and e-
brass phases — were synthesized by MA starting from blended elemental pure Cu
and Zn powders mixed in proper proportions [435,436]. Similarly, a number of
other intermetallic phases have been synthesized. In some cases, formation of
intermetallics seems to have taken place by a combustion reaction. Amongst these
cases, there are also examples where the combustion took place only after
“interrupted milling”, i.e., milling of the powders for a given length of time, aging
the powder at room temperature after stopping the milling, and then resuming the
milling operation. An NiAl compound was synthesized this way [115]. Similar
results were also reported in other systems and in fact these results compare very
favorably with those obtained in the self-propagating high-temperature synthesis
or combustion synthesis process [437].

9.2.1. Metastable crystalline phases

The synthesis of only a few metastable crystalline intermetallic phases has been
reported by MA. This is in stark contrast to the large number of metastable
intermediate phases reported in rapidly solidified alloys in the early years of the
development of the technique [219]. A metastable deformation-induced martensite
phase has been reported to form in mechanically alloyed Cu—Zn alloy powders
[157,435]. Tt is surprising that not many such deformation-induced metastable
phases have been reported in mechanically alloyed powder mixtures in view of the
fact that there are several instances where metastable phases are formed by cold
working; a good example being the formation of deformation-induced metastable
¢ (hcp) martensite in austenitic stainless steels. The synthesis of a bct-Fe phase by
prolonged processing of iron powder in a nitrogen atmosphere has also been
reported [438]. Recently, a metastable crystalline phase with rhombohedral crystal
structure was reported to form in mechanically alloyed Al-Ge powders [439,440].
Two metastable phases designated B’ (NizSn) and B” (Ni3Sn,) have been detected
in mechanically alloyed Ni-Sn alloys at 25 and 40 at% Sn compositions,
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respectively [441]. The nature of the phases and the conditions under which these
metastable phases were formed in mechanically alloyed powder mixtures are
summarized in Table 10. It is of interest to note that a number of metastable
ordered phases are also formed directly on MA.

If a phase, which is stable at high temperatures and/or high pressures is retained
by MA at room temperature and atmospheric pressure, then also it is considered
metastable. However, such phases are listed separately in Table 11.

As mentioned earlier (Section 7), the room temperature formation of phases
stable at high temperatures during milling has been used to estimate the maximum
temperature reached during milling. Accordingly, formation of the high-
temperature orthorhombic Sb,O3 phase during milling of Sb and Sb—Ga alloys at
room temperature was inferred to indicate that the maximum temperature reached
was at least 570°C, the temperature above which this phase is stable [92,214]. The

Table 10
Metastable phases formed in mechanically alloyed powder mixtures

Alloy Mill BPR Time Phase Reference
Al-Cu Ball mill 90:1 400 h  m-bcc [148]
Al-Ge SPEX 8000 - 120 h  Rhombohedral vy; [439]
Al-Ge Fritsch P5 10:1 100 h  Rhombohedral [440]
Al-Hf SPEX 8000 - 20 h LLALHf [138,442]
Al-Hf-Fe SPEX 8000 10:1 8h L1,(AlLFe);Hf [443]
Al-Hf-Ni SPEX 8000 10:1 10 h LL,(ALNi);Hf [443]
Al-Mn SPEX 8000 10:1 a Fcc [232]
Al-Ti Fritsch P5 10:1 100 h  LLALTI [138,444]
Al-Zr Fritsch P5 10:1 20 h LLALZr [138,442]
Al-Zr-Fe SPEX 8000 10:1 20 h LI, (ALFe);Zr [445]
Al-Zr-Ni SPEX 8000 10:1 20 h LI;(ALNi);Zr [438]
Co-C Ball mill 100:1 500 h  m-Cos;C [258]
Cu-In-Ga-Se Fritsch P5 10:1 2h Cubic Culng ,Gag 3Se, [85]
Cu—Zn SPEX 8000 5:1 0.5h Deformation martensite  [435]
Cu—Zn Fritsch P5 10:1 - Martensite [157]
Fe-B Fritsch 50:1 3h m-Fe,B [446]
Mg-Sn SPEX 8000 10:1 12h Orthorhombic [447]
Nb-Ge SPEX 8000 - 5h Fcc [340]
Ni—Al SPEX 8000 6:1 20 h m-NizAl [115]
Ni-C Ball mill 100:1 500 h  m-Niz3C [258]
Ni-Sn SPEX 8000 - lh B’ and B” [441]
Te-Ag SPEX 8000 8:1 50 h n phase [158]

Ti Super Misuni NEV MA-8 6:1 100h m-Ti,N [448]
Ti—Al Fritsch P5 10:1 10 h Fcc y-TiAl [367,368]
Ti-Al Fritsch P5 10:1 25 h Fcc y-TiAl [111]
Ti-Si Fritsch P5 10:1 - m-TiSi, (C49) [246,382]
Ti-Si Ball mill - 180 h  Bce [59]
Zr—-Al Attritor 10:1 25h m-Zr;Al (DO,9) [107]

#MA/12 h plus aged for 30 days at room temperature.
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occurrence of the high-temperature orthorhombic Sb,O; phase at room
temperature is metastable in nature.

The pure metal cobalt is well known to undergo a martensitic transformation
on cold working; the room temperature hcp form transforms to the elevated
temperature fcc form. Both the pure metal Co and Co-base alloys have been
subjected to MA and the hcp < fcc martensitic transformation has been observed.
However, the end product of mechanical milling has been the fcc form in some
cases [261,401,450] and the hcp form in some others [269]. In some instances, the
fcc phase has been shown to transform to the hcp form after milling for a short
time and then again to the fcc form after longer hours of milling. Since the fcc —
hep transformation and the reverse transformation are known to occur via
formation of stacking faults, the nature and density of stacking faults present in
the sample might have been responsible for the specific phase present in the
sample. Several other high-temperature polymorphs have also been reported to
form at room temperature by MA. Some of the available results on these
polymorphic transformations are summarized in Table 11.

9.2.2. High-pressure phases

The pressures generated during MA have been estimated to be of the order of 6
GPa [24,188], and these should be sufficient to stabilize the high-pressure
polymorphs of phases at atmospheric pressure. The high-pressure polymorphs of
Dy,S; and Y,S; have been reported to be retained on MA at atmospheric
pressure [455]. Similarly, high-pressure phases of other chalcogenides, such as
Cu,_,S and CuSe, were also synthesized by MA at atmospheric pressure [477].
Sen et al. [471] synthesized the high-pressure orthorhombic form of TiO, (II) at
atmospheric pressure by MA at room temperature. Alonso et al. [478] reported
that they could synthesize the high-pressure fcc polymorphs of lanthanide metals
Dy, Gd, Nd, and Sm by mechanically alloying the powders for about 24 h in a
SPEX mill using a hardened steel vial and alloy steel balls. It was, however, later
recognized by them [479] that these are the NaCl-type phases formed by reaction
of these reactive metals with oxygen, nitrogen, and hydrogen during milling in a
poorly sealed vial. For example, the milled Nd powder contained 16.2 at%
oxygen, 22.3 at% nitrogen, and 10.3 at% hydrogen. Thus, it is not clear whether
the high-pressure phases of pure metals, especially the reactive ones, can be
synthesized by MA. But, it looks that high-pressure compound phases of oxides,
chalcogenides, etc. can certainly be synthesized by MA, since contamination is not
likely to play any role in the formation of these compounds.

The above observation reminds us that extreme caution should be exercised in
identifying metastable crystalline phases produced by MA. During the MA
processing, the powder picks up appreciable quantities of interstitial elements like
oxygen, nitrogen, hydrogen, and carbon (from the ambient atmosphere and/or the
process control agents) and also iron and chromium (from the grinding media
and/or the mill walls). These metallic and non-metallic impurities can have a very
significant effect on the stability of the phases. Additionally, these interstitials can
combine with the metallic elements and can form interstitial compounds. Thus, it
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is possible to misinterpret these interstitial phases (e.g., carbides, nitrides,
hydrides, oxides, oxynitrides) as new intermetallic phases. An accurate chemical
analysis of the final resultant powder can, in many cases, clear up this confusion
[58].

9.2.3. Equilibrium crystalline phases

Both disordered and ordered intermetallics have been synthesized by MA. In
some cases, the intermetallics were synthesized directly by MA; but, in others, an
additional heat treatment was required after MA to form the intermetallic. The
intermetallics synthesized include aluminides (mostly based on titanium, nickel,
and iron), silicides, composites, and some exotic varieties. Table 12 presents a
listing of the intermetallics synthesized by MA. As a typical example we will now
describe the phase evolution in mechanically alloyed blended elemental Ti—Al
powder mixtures.

The Ti—Al binary phase diagram features three intermetallics, viz., Ti;Al (o),

® Ti(ss)
Ti-24 at.%Al 4T (101
n Al (1)
* fcc (002)
A
(220) (123) (2?5110) (102) (a)

(121)
(200)  (103) (110) (o2) 3h Qo0 ()
LA - . SR
“ M oy " T PP TR hdeoaih
(220 11h (29°)(°2211>11:‘2°) tel
A A it -

(200) 1
(zio) 36h x ¢ * )

MWW«MMMMMM

75 70 65 60 55 50 45 40 35

(d)

-1— 20

Fig. 23. X-ray diffraction patterns of blended elemental Ti—24at%Al powder mixture mechanically
alloyed for different times. (a) as-mixed powder, (b) milled for 3 h showing the formation of Ti(Al)
solid solution, (c) milled for 11 h showing the co-existence of Ti(Al) solid solution, amorphous, and, fcc
phases, and (d) milled for 36 h showing the fcc phase.
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TiAl (y), and TiAl;. All these intermetallics are lightweight, have high specific
strengths, high elastic moduli, good corrosion resistance, and retain sufficient
strength at elevated temperatures. The two titanium-rich aluminides — o, and y
— are attractive candidate materials for potential applications in advanced
aerospace engine and airframe components [563]. There has been lot of activity in
utilizing the technique of MA to synthesize these intermetallics to produce them in
a nanocrystalline and disordered state to improve their ductility. Even though
actual improvement in ductility is yet to be realized in mechanically alloyed
nanostructured titanium aluminides, a vast amount of information is generated on
the phase evolution in these alloys.

Fig. 23 shows a series of X-ray diffraction (XRD) patterns indicating the phase
evolution as a function of milling time in a Ti—24at%Al powder mixture [366].
The as-mixed elemental blend (Fig. 23a) shows the presence of both elemental
titanium and aluminum phases. On milling for 3 h, one could detect the formation
of a solid solution of Al in Ti, as evidenced by the absence of the Al peaks in the
XRD pattern (Fig. 23b). On continued milling for 11 h, the powder started losing
crystallinity, as shown by a broad peak in the XRD pattern, indicative of
formation of an amorphous phase (Fig. 23c). Some crystalline peaks are also
superimposed on this peak suggesting the co-existence of the Ti(Al) solid solution
and another crystalline phase. Further milling to 36 h produced an fcc phase,
which has been identified as (Ti,AI)N, a contaminant phase (Fig. 23d). Thus, the
phase formation sequence in this powder mixture can be represented as:

BE Ti + Al— Ti(Al) solid solution— amorphous phase— fcc (contaminant) phase
©)

If the milling were to be stopped at the correct time, the powder would not get
seriously contaminated, and one can end up with either a solid solution or an
amorphous phase. Even in these cases, if proper precautions are not taken, the
powder would be somewhat contaminated, especially when reactive powders like
titanium are being milled. See Section 14 for a discussion of powder
contamination during MA.

Most of the investigators reported a similar sequence of events in the phase
evolution on MA of Ti—Al powder blends, with the difference that the time
required for the formation of different phases is different depending on the process
variables (type of mill, BPR, use or absence of PCA, etc.). Further, depending on
the purity of the milling atmosphere, the contaminant phase is minimized or
completely avoided and also the extent of supersaturation has been reported to be
different. (See Table 7 for the extent of supersaturation achieved by different
investigators.) A concise summary of structural evolution in mechanically alloyed
Ti—Al alloys, including the presence of a contaminant phase, is presented in Ref.
[58].

In all the investigations on the Ti—Al system it has been reported that either a
supersaturated solid solution or an amorphous phase formed on MA, and that the
o, and 7y phases could not be synthesized directly by milling. The desired
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intermetallic could be obtained in the appropriate composition range, only after a
suitable heat treatment. For example, annealing of the mechanically alloyed Ti—
24at%Al powder for 4 weeks at 903 K produced the or-Ti;Al phase [366].
Similarly, the y-TiAl phase could be produced only after annealing the as-milled
amorphous powder of appropriate composition for 168 h at 888 K [564]. These
temperature and time combinations required for producing the intermetallics
could vary considerably depending on the powder particle/grain size. The TiAlj
phase, however, could be synthesized in a metastable L1, structure directly by
MA [138].

Unlike in rapidly solidified alloys, systematic studies on the transformation
behavior of metastable phases to the equilibrium phases have not been undertaken
in mechanically alloyed powders. Only a few reports are available. For example,
the transformation behavior of the L1,-type AlTi phase produced in Al-25Ti
alloys was studied by annealing the powder at different temperatures. The as-
milled powder contained the L1, and Al(Ti) solid solution phases. Annealing of
this two-phase mixture at 673 K for 1 h produced another metastable DO»3 phase.
The equilibrium DO,, phase was obtained only after annealing the as-milled
powder for 1 h at temperatures >1073 K [138] or 1273 K [552]. The Al,4Tig
phase was produced on annealing the as-milled powder at 1073 K [552]. Thus, it
has not been easy to synthesize the equilibrium intermetallic phases in the Ti—Al
system directly by MA.

The Ti—Al binary phase diagram suggests that the y-TiAl phase is ordered up to
the melting point, i.c., it is a permanently ordered intermetallic (or irreversibly
ordered) phase. Formation of an fcc phase is theoretically expected to occur if the
v-TiAl phase (fct) were to be disordered, and this hypothetical fcc phase is
expected to have a lattice parameter of ¢ = 0.402 nm. There have been some
reports on the possible synthesis of the disordered y-TiAl (fcc) phase by MA of
blended elemental powders [111,367,368,565,566]. But, a detailed analysis of the
XRD patterns and a calculation of the expected intensities for the fcc phase
reflections clearly show that the fcc phase interpreted as the disordered form of
the y-TiAl phase was indeed the contaminant nitride phase referred to above [58].
Further, it should be noted that disordered forms of the ordered phases have been
synthesized by MA only when that phase exists in the phase diagram at high
temperatures, i.e., the phase is reversibly ordered (see Section 10 for full details on
this aspect). Since this is not the situation in the Ti—Al system, the disordered
form of the y-phase is not expected to be produced by MA.

As indicated above, a contaminant fcc phase is produced by MA in the Ti—Al
system; this has been identified to be a nitride phase formed due to reaction of
titanium with nitrogen in the milling atmosphere. The use of a PCA can also
introduce contamination in the powder and therefore contamination of the
powder can be minimized by avoiding the use of a PCA. Since a PCA is used
mainly to minimize excessive cold welding and obtain a balance between
fracturing and cold welding of powder particles, non-usage of the PCA may result
in excessive cold welding and formation of large particles; true alloying also may
not occur. This problem can be overcome by using brittle intermetallics or other
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compounds. Accordingly, Suryanarayana et al. [567] synthesized the y-TiAl phase
by mixing titanium hydride (instead of pure titanium) and the Al;Ti intermetallic
(instead of pure aluminum) powders in the proper proportion, according to the
relation:

AL Ti + 2TiH, — 3TiAl + 2H, 1 (10)

On mechanically alloying the above powder mixture for 52 h in a SPEX mill, they
were able to obtain 55 vol% of the y-TiAl phase; this value was increased to 95%
on hot isostatically pressing the mechanically alloyed powder at 1023 K and 275
MPa for 5 h. This technique has been subsequently employed to synthesize the
TizAl, TiAl, and Al;Ti phases by milling the titanium hydride and aluminum
powders in the ratio of 3:1, 1:1, and 1:3, respectively [497,568]. But, in these cases,
the intermetallics could not be synthesized directly by MA. A subsequent
annealing treatment at 893 K for 7 days was necessary to produce the TiAl and
Al3Ti phases. The Ti;Al phase could not be synthesized even after the heat
treatment, probably due to the very high amount of hydrogen in the powder. But,
the TizAl phase could be produced after dehydrogenation of the mechanically
alloyed powder at 873 K for 22 h, and then annealing this powder at 893 K for 7
days. One of the important advantages of using the titanium hydride instead of
titanium is that PCA’s need not be used during milling thus avoiding/minimizing
contamination of the powder.

Considerable amount of literature also exists on the synthesis of nickel- and
iron-aluminides by MA. Several intermetallic phases such as NizAl, NiAl and
Al3Ni have been synthesized by MA in the appropriate composition ranges. An
interesting observation is that the equiatomic NiAl phase is produced via a
combustion synthesis (also known as the self-propagating high-temperature
synthesis reaction) [115]. In this and similar cases, the combustion reaction took
place only after “interrupted milling”, i.e., milling of the powders for a given
length of time, aging the powder at room temperature after stopping the milling,
and then resuming the milling operation. For example, in the Al-Ni system, an
intimate mixture of Al and Ni phases was detected after milling the blended
elemental Al-Ni mixture for 2 h in a SPEX mill. If the milling is stopped and the
powder is stored at room temperature for 30 min, and then milling is resumed, it
is noted that the NiAl phase forms just after 1 minute of milling due to the
occurrence of an explosive reaction [115]. Similar reactions were also observed in
the synthesis of MoSi, [88], NbSi, [341], TiB, [569], PbTiO5 [545], and a few other
compounds. In all these cases, the MA operation produces a fine intimate mixture
of the two or more phases involved; then an explosive reaction occurs and the
compound suddenly forms. It has been recently reported that the time for the
initiation of the explosive reaction can be delayed by 20—30 min by the addition of
ternary elements (diluents) such as Ti and Fe to an AI-Ni mixture [494].

Explosive reactions were also reported to occur when the grinding container
was opened soon after milling was stopped [570]. This can be attributed to the
energy released due to the oxidation of the component metal powders. On the
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other hand, the absence of an explosive reaction when the Ni—Al powders were
milled in air [345] suggests that the elements were getting continuously oxidized.
Thus the slow diffusion between the oxide-coated components would have resulted
in reduced kinetics and prevented the explosive reaction from occurring. Reactions
similar to the explosive reaction, termed discontinuous additive mixing” were
also reported [157]. In these cases, it has been reported that the reactions occurred
only when the component powder particles were refined to a minimum size. This
minimum critical crystallite size below which only the explosive-type reaction
occurs was found to increase with a decrease in the enthalpy of formation of the
ordered intermetallic.

It has also been reported in some cases that intermixing amongst the powder
particles takes place continuously and metastable phases form prior to the
formation of the equilibrium phases. In other cases, a series of other equilibrium
phases form before the actual expected phase forms. For example, the a-MoSi,
phase formed when the Mo-Si powder mixture was milled in a planetary ball mill
for 6 min, while the B-MoSi, phase formed after milling for 40 min [465].
Similarly, the Ni,Al; phase formed after milling for 17 min in an Ni—-65Al
powder; but the NiAl formed after 125 min; both these phases forming by an
exothermic reaction [218].

The times required to form a particular phase depend on the initial
concentration of the solute in the powder mixture. If the solute content is much
less than the exact stoichiometry, the expected phase (although the proportion of
the phase in the mixture of phases is less), would form at much longer milling
times. For example, while investigating the formation of the f’-AlCo phase in Al-
Co alloys, Sui et al. [401] noted that it required 10 h to form the ’-AlCo phase in
an Al-50Co powder mixture. On the other hand, it required 30 h in Al-28.6Co,
70 h in Al-23.5Co, and 200 h in Al-18.2Co mixtures to form the B’-AlCo phase
under identical milling conditions. This is easy to understand since formation of a
particular phase requires diffusion and equilibration, both requiring time at a
given temperature. The times can be probably reduced if the temperature at which
milling is conducted is increased. But, there have not been any investigations
reported to confirm this hypothesis. The time required to form a phase can also
be substantially reduced if the BPR is increased. This has been shown to be true
in many cases.

Another interesting observation made is that an amorphous phase can be
crystallized to produce a crystalline intermetallic phase and this is referred to as
mechanical crystallization. On the other hand, an intermetallic can be amorphized
by MM and this is sometimes referred to as mechanical disordering or
amorphization. There have been only a few reports of combining these two
phenomena in the same alloy. It has been reported that the cyclic crystalline —
amorphous — crystalline transformation occurs in the Co-25Ti and Co—50Ti
powder mixtures [500,501]. Fig. 24 shows the formation of the amorphous phase
forming after milling the Co-25Ti powder mixture for 3 h and the bcc CosTi
phase forming after continuing to mill for 24 h. These transformations are
repeated at subsequent times [500]. Since the amorphous Co-Ti phase is
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Fig. 24. X-ray diffraction patterns of Co—25at%Ti powder milled for (a) 0, (b) 3, (c) 24, (d) 48, (e) 100,
(f) 150, and (g) 200 h. Note the cyclic transformation of amorphous and crystalline compounds.
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Fig. 25. Dependence of the magnetization behavior of mechanically milled Co-50at%Ti alloy powder
with milling time. While the amorphous phase is ferromagnetic the bec-CoTi phase is not.
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ferromagnetic in nature and the crystalline bce-CoTi phase is not, one could
follow the amorphization and crystallization of the phases formed by measuring
the magnetization behavior of the mechanically milled powder. This shows a
cyclic behavior with time as represented in Fig. 25. It has also been shown earlier
that formation of some crystalline phases on continued milling after the formation
of the amorphous phase is due to severe contamination of the milled powder. But,
these authors have shown that both the metallic and interstitial contamination of
the powder is much less than 1 at% for each of these. However, such cyclic
transformations are yet to be demonstrated in other alloy systems.

Schaffer [571] has shown that mixtures of intermetallic phases can be produced
via MA by choosing the appropriate compositions. If the two phases are in equal
proportion, then it has been observed that grain growth can be considerably
hindered. Thus, by having approximately equal proportions of the NiAl and
NiszAl phases in a nanocrystalline state, it was shown that grain growth could be
slowed down up to at least 500°C.

Even though the intermetallics synthesized by MA include both the ordered and
disordered types, it is not surprising that MA produces disordered phases. This is
because MA involves heavy deformation and it is known to destroy long-range
ordering in the lattice [572]. A large number of disordered intermetallic phases
have been synthesized by MA and these are listed in Table 12.

In some instances, ordered intermetallics have been found to form directly on
MA. This has been shown to be particularly true in Al-rich Al-transition metal
systems. Some of the examples include AlsFe, [484], ALsHf [443] and (Al, X);Hf
where X = Fe or Ni [443], AkNb [573], AlsZr [138,442,443,445] and (Al, X);Zr
where X' = Fe or Ni [445,574].

Reasons for the formation of ordered intermetallics have not been investigated
in detail. It may be assumed that a phase will exist either in the ordered or
disordered condition depending upon the balance between atomic disordering
introduced by MA and the thermally activated reordering. The reordering is
caused by the difference in energy between the ordered and disordered states.
Thus, if this difference in energy is small, the alloy will exist in the disordered
state whereas if it is large the alloy will be in the ordered state. It has been shown
that the NiAl phase can be produced in the ordered state by MA of the blended
elemental powder, and upon milling the ordered NiAl compound it continues to
be in the ordered state without getting disordered. However, the FeAl phase was
found to be in the disordered state both in the as-produced condition by MA and
also on milling the ordered compound [300]. The ordering energy is related and
scales up with the enthalpy of formation (AHy) and AH¢ values for NiAl and FeAl
are 72 and 25 kJ/mol, respectively [300]; confirming the above argument.

Superconducting compounds such as Nb;Sn [106] and YBa,Cusz0;_5 [508,561]
have also been prepared by MA. Thus, the capabilities of MA in synthesizing a
variety of intermetallic phases appear unlimited.



82 C. Suryanarayana | Progress in Materials Science 46 (2001) 1-184
9.3. Refractory compounds

Refractory compounds based on metals and metalloids have desirable properties
such as extremely high hardness, high-temperature stability, high thermal
conductivity, and good corrosion resistance. They are usually synthesized on a
commercial scale by direct reaction of the metal with the appropriate ambient at
high temperatures and pressures. This process is carried out under isothermal
conditions and the end product is often heterogenecous with some unreacted metal
being present. Thus, the conventional methods of preparing refractory compounds
are time-consuming, expensive, and involved. Mechanical alloying has been a one-
step successful route in synthesizing these compounds in powder form in an
inexpensive and faster way. Tables 13—15, respectively, list the borides, carbides,
and nitrides synthesized by MA.

It is clear from the data presented in these Tables that the boride phases are
synthesized by milling the metal powder along with boron. The TiB, powder
produced by MA can be successfully used in the development of dispersion-
strengthened materials, since these powder particles have nanometer dimensions.
It is also possible to produce TiB, dispersions in situ by milling blended elemental
mixtures of Ti, Al, and B [608].

The boride phases are not always directly produced by MA. In some cases, e.g.,
Fe-B system, MA of iron and boron powder mixture produces either an
amorphous phase or a solid solution [577] depending on the milling conditions.
Heat treatment of these powders then precipitates the boride phases such as Fe,B
and FeB. Direct synthesis of FeB by MA was reported by Ruuskanen and Heczko
[516].

Detailed investigations were also conducted on the synthesis of carbide phases
by MA. Whereas some carbides were synthesized directly by MA, e.g., Al4Cs,

Table 13
Synthesis of boride phases by mechanical alloying

System Phase Comments Reference
Co-33B Co,B MA (Am)+ 500°C [575]
Co-33 to 50B t-Co,B [576]
Co-20 to 50B t-Co,B MA (Am) + HT [451]
Fe-20B Fe,B MA/400 h (a-Fe) + 800°C/2 h [577]
Fe-20 to 30B Fe,B [516]
Fe—50B FeB [516]
Fe-50B FeB, FesB [446]
Nb-50B NbB [503,505]
Nb-67B NbB, [505]
Ni-B Ni;B [578]
Ti-B TiB, [569]
Ti—66B TiB, [60,569]
TiO, — B TiB, MA/25 h + 1050°C [579]
[

ZrO, + B ZrB, MA/20 h + 100°C
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Fe;C, Fe,Cs, etc., an appropriate heat treatment was necessary in other cases.
Some phase transformations were also observed on continued milling and/or heat
treatment. For example, during milling of Fe-25C powders it was noted that the
Fe;C phase was produced after 5 h, whereas a mixture of &-Fe,C and yx-Fe, sC
phases was produced after 10 h [80]. Similarly, Wang et al. [583] reported that the
Fe,C; phase was produced on milling an Fe-50C powder mixture for 210 h in a

Table 15

Synthesis of nitride phases by mechanical alloying

System Phase Comments Reference

Al AIN In a nitrogen atmosphere [124]

B BN MA/140 h in a nitrogen atm + 800°C/l h [124]

B BN In a nitrogen or ammonia atmosphere [104]

Cr CrN, Cr,N MA/300 h + 800°C/1 h [124]

Cu Cu;N MA/60 h in N, atm. [124]

Fe &-Fe,N [598]

Fe Fe,N [598]

Fe e-FesN [56]

Ga GaN In ammonia atm./300 h [599]

Mg MgszN, N, atm./60 h [124]

Mo Mo,N MA/300 h + 800°C/1 h; N, atm. [124]
Mo,N Nanostr. + 520°C/72 h; N, atm. [104]
MoN Nanostr.+ 800°C/1 h; N, atm. [104]

Mo Mo,N NHj; atm./280 h [104]

Nb NbN [91]

Si o-Si3Ny [104,124,600]

Ta TaN In a nitrogen atm; MA + 580°C/72 h [104]

Ta TaN In an ammonia atm., MA + 900°C/24 h [104]

Ta Ta,N In an ammonia atm., MA + 450°C/72 h [104]

Ta-Al (Ta,Al)N and TaN In a nitrogen atm. [90]

Ti TiN High or medium energy milling [104]
Ti,N Low energy milling

Ti TiN In N, atm. [121,125,244,601-605]

Ti Ti,N N, atm. [598]

Ti Ti(O,N) [606]

Ti-5A1 Ti(O,N) [606]

Ti-25A1 (Ti,A)N [245,604,605]

Ti—50A1 (Ti,AN In N, atm. [604]

Ti-50V TiVNo.16 [557]

Ti—-50Zr (Ti,Zr)Np o [607]

A% VN [124]

V-30Cu (V0_7CUOA3)N In N2 atm. [100]

w WN and W,N In a N; atm., MA/300 h + 800°C/1 h [124]

w WN and W,N In NH; atm., MA (nano) + 1000°C/1 h [104]

Zr ZrN N, atm. [57,124]

Zr ZrN N, atm. [57,104]

Zr ZrN NH; atm. [103]
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Uni-Ball-mill. On annealing the above milled powder for 15 min at 500°C, it
transformed into the Fe;C phase.

As mentioned in Section 4.2.5, it is possible to change the intensity of milling in
a Uni-Ball-mill by changing the position of the magnets. Thus, one can have high
energy (HE), medium energy (ME), or low energy (LE). Calka et al. [104] milled a
V-50C mixture under these three different conditions and observed differences in
the nature of the final product. At the highest energy of milling, the equiatomic
VC was directly produced. At intermediate milling energy, a nanostructured phase
was produced, which on annealing transformed to the VC phase. At the lowest
energy of milling a mixture of amorphous carbon and nanostructured vanadium
phases was produced, which on heat treatment transformed to the V,C phase. At
slightly higher energies than the lowest energy, the mixture of amorphous carbon
and nanostructured vanadium transformed to a mixture of vanadium and VC on
annealing. Similarly, direct formation of TiN was observed only when milling was
conducted at high energies and not at lower energies; low-energy milling led to the
formation of the Ti,N phase [104].

Several nitride phases have been synthesized by milling pure metals either in a
nitrogen or ammonia atmosphere. These have been listed in Table 15. Whereas
majority of the nitride phases have formed directly by MA, in some cases an
additional heat treatment was necessary. For example, nitrides of Al, B, Cu, Fe,
Ga, Mg, Nb, Ta, Ti, V, and Zr could be produced directly by MA. In the case of
molybdenum, it was noted that milling in a nitrogen atmosphere produced a
nanocrystalline phase, which on annealing for 72 h at 520°C produced a mixture
of the Mo and Mo,N phases. The same as-milled nanocrystalline phase
transformed to a mixture of Mo, MoN, and Mo,N on anncaling at 800°C for 1 h
[104]. A similar situation was reported in the synthesis of tungsten nitrides by MA
[104].

Milling of reactive metals like titanium and zirconium in improperly sealed
containers always produced the nitride phases. Since a minimum amount of
nitrogen is required for the formation of the nitride phase, the nitride phase does
not form in the initial stages. Very often, the nitride contamination phase forms
after the formation of an amorphous phase in the titanium and zirconium base
alloy systems. See Ref. [58] for a critical discussion of the nitride phase formation
by MA in titanium alloys.

10. Disordering of intermetallics

It has been long known that partially ordered phases are stronger than those
wholly disordered or fully ordered (because at a certain value of the long-range
order parameter, S, superdislocations separate into unlinked singles). Thus, it is of
interest to study the mechanical behavior of materials in various states of partial
order. Disordering phenomena of ordered alloys have also been studied to
understand the mechanism of disordering and also to produce the disordered
material that has a higher ductility/formability than the ordered alloy. Alloys can
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be disordered by irradiation [609,610], rapid solidification [611], or heavy plastic
deformation [572]. The present section will deal with the phenomenon of
disordering of ordered intermetallics by mechanical milling. Large amounts of
plastic deformation result in the generation of a variety of defect structures
(dislocations, vacancies, stacking faults, grain boundaries, etc.) and these
destabilize the ordered nature of the lattice leading to the formation of a
disordered (crystalline or amorphous) phase. The first observation of disordering
of an ordered compound ZnFe,O, by MM was reported by Ermakov et al. in
1982 [612]. Disordering of Fe;Si by mechanical grinding was reported later in
1983 [613]. An exhaustive review on this aspect of disordering of intermetallics
was published a few years ago [48].

A variety of ordered compounds with the B2, LL1,, A15, and B8 structures have
been disordered by MM. The progress of disordering has been monitored by
several techniques including X-ray diffraction techniques to measure the lattice
parameter and long-range order parameter, measurement of superconducting
transition temperature and magnetic susceptibility (if the compound is
superconducting in the initial state), Mossbauer techniques, differential scanning
calorimetry, etc.

Mechanical milling introduces high energy into the material being processed.
This energy can be stored in the material as atomic disorder and/or grain
boundaries, i.e.,

AG(milling) = AG(disorder) + AG(grain boundaries) (11)

The atomic disorder in an intermetallic can be manifested in three different ways
[48]. Firstly, the two atomic species involved can occupy the “wrong’ sublattices
and this is referred to as anti-site disorder. This introduces strain into the lattice.
This type of disorder was observed in a number of mechanically milled
compounds with the Al5 structure, e.g., Ni3Al, Ni3Si, Fe;Ge and those with the
B2 structure, e.g., CoGa and AlRu. Secondly, triple-defects can be generated. In
an equiatomic compound such as CoGa, for example, the transition metal Co
atoms can substitute on the Ga lattice, and this is anti-site disorder. But, the Ga
atoms stay on their own lattices. This leads to the presence of vacancies in the Co
lattice to maintain the stoichiometry. Thus, vacancies on the Co-sublattice in
combination with Co anti-site atoms in a ratio of 2:1 constitute the triple defects.
Third, there could also be redistribution of interstitials wherein the interstitial
atoms in the octahedral sites are transferred to the tetrahedral sites, e.g., Mn;Sn,,
Fe3;Ge,. Additionally, grain refinement increases the grain boundary area and this
also raises the free energy of the system. The sum of the energy of these two
effects (disordering and creation of grain boundaries) will be the total energy
introduced into the material during milling.

Mechanical milling of ordered intermetallics has been shown to result in one of
the three following transformations [48,614]:

1. Formation of a solid solution of one component in the other, i.c., the terminal
solid solution based on the major component; this has been observed in



88 C. Suryanarayana | Progress in Materials Science 46 (2001) 1-184

compounds such as NbsAl, V3Ga, Niz;Al, Fe;Ge, Ni,V, and NbAu,,

2. Formation of an amorphous phase, observed, for example, in Nb3Sn, NiZr,
NiV,, and CoZr, or

3. Formation of a different phase with a complex crystal structure, noted in
Ni3Sn2 and TlSlz

It has been noted that upon milling, the long-range order parameter (S) in the
intermetallic is gradually reduced and, in many cases, the material may become
totally disordered (S = 0), e.g., NizAl [615]. In other cases, S is reduced with
milling time but does not reach S = 0, i.e., partial order and partial disorder co-
exist, e.g., CuTi [616] and AlRu [617]. In other cases, the S value does not
decrease at all and is maintained at S = 1; but, with continued milling the
material becomes amorphous, e.g., CoZr [354]. These three situations are
schematically represented in Fig. 26. Thus, upon milling, an ordered intermetallic
can transform, with or without complete loss of long-range order, either into a
disordered crystalline phase (solid solution) or an amorphous phase. If the
product is a crystalline phase, the material has an extremely fine grain size, usually
in the nanometer range. Fig. 27 summarizes the types of changes that can occur
on milling an intermetallic compound [618].

Disordering of intermetallics has been studied primarily by X-ray diffraction
techniques [193]. By measuring the intensity of the superlattice reflections relative
to that of the fundamental reflections, the long-range order parameter S is
evaluated using the relationship:

CoZr

1.0

o
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CuTi

L.R.O. PARAMETER —»

Niz Al

0.0

MECHANICAL ALLOYING TIME ——&

Fig. 26. Variation of the long-range order parameter S with milling time. Three different situations,
viz., complete loss of order, partial loss of order, and no loss of order on milling have been
represented.
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Fig. 27. Schematic showing the expected situation on mechanically alloying an intermetallic compound.
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where I, and Iy represent the integrated intensities of the superlattice and
fundamental reflections, respectively and the subscripts (dis) and (ord) refer to the
disordered and ordered states, respectively [193]. Additionally, it has been noted
that the lattice parameter increases slightly (0.3—0.8%) in the disordered state, if
the disordering occurs by anti-site disorder [619] (Fig. 28), whereas the lattice
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Fig. 28. Lattice expansion with milling time for FeAl powder.
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parameter decreases if disordering occurs by the triple defect disorder [48]. The
change in lattice parameter continues after the compound has completely
disordered and formed a solid solution (Fig. 29). This measurement of change in
lattice parameter, of course, is not possible if there is a change in the crystal
structure due to disordering. Mossbauer spectroscopy techniques and
measurement of superconducting transition temperature and/or magnetic
susceptibility have also been employed to study the disordering phenomenon.
Recently, Zhou and Bakker [620] have demonstrated that magnetic measurements
are very powerful in determining the nature of disordering if one of the atoms
involved has magnetic moments.

During disordering of CoZr, Cho and Koch [354] did not observe any decrease
in the intensity of superlattice reflections (relative to fundamental lines) with
milling time before amorphization occurred. It was thus concluded that the grain
boundary energy in this system is high enough to drive the crystal-to-amorphous
transition, and not the destruction of long-range order. Zhou and Bakker [620]
observed that magnetization in the mechanically milled Co-Zr alloys increased
continuously with milling time up to about 40 h (no reduction in the relative
intensity of superlattice reflections was observed) and also that the lattice
parameter of the disordered nanocrystalline phase increased with milling time.
From these two observations, they concluded that disordering of CoZr occurs by
atomic disorder and grain refinement (i.e., creation of additional grain
boundaries). Thus, a combination of techniques can shed additional evidence and
provide an accurate account of the mechanism of disordering.

Whether an intermetallic transforms to a solid solution or an amorphous phase
on milling is determined by the relative free energy values of the amorphous and
crystalline phases with respect to the energy stored in the intermetallic by
mechanical milling. For example, the intermetallic will transform to the solid
solution if the enthalpy of the amorphous state as estimated by the Miedema
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Fig. 29. Lattice expansion in mechanically alloyed Ni;Al+ B powder as a function of milling time. The
long-range order parameter S is also shown in the figure.
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analysis [621] is higher than that of the solid solution. Thus, if
AG(milling) > AG “"¢, where AG “ ¢ represents the difference in free energy between
the ordered crystalline and amorphous phases, complete amorphization occurs.
On the other hand, if AG(milling) < AG “ ¢, no amorphization occurs; instead, a
solid solution forms. Similar conclusions can also be reached by observing the
nature of the phase diagrams. If the phase diagram shows that the intermetallic
transforms to a (disordered) solid solution before it melts, i.e., it is a reversibly
ordered intermetallic, then milling of the intermetallic will result in the formation
of a (disordered) solid solution. Continued milling may then produce the
amorphous phase. But, if the intermetallic melts congruently (irreversibly ordered
or permanently ordered intermetallic), then milling of the intermetallic will
produce an amorphous phase directly. This has been shown to be true in a
number of cases [48]. Thus, introduction of mechanical energy into the system is
equivalent to heating the alloy to higher temperatures (Fig. 30). That is, an alloy
can become disordered either at higher temperatures or on mechanical milling.
Depending on the nature of the phase, either melting or formation of an
amorphous phase can occur in some cases. It has been noted that among about
700 binary intermetallic compounds only very few compounds such as CuZn and
CuszAu are reversibly ordered compounds, i.e., they exhibit the order—disorder
transformation before melting. Table 16 lists the compounds that have been
disordered by MM. In this Table, adapted from Ref. [48], the third column gives
the type of disorder: a question mark means that the type of disorder has not
been investigated; ““anti-site”” means anti-site disorder, “triple-defect” means triple-
defect disorder, and ‘“‘red. int.” means redistribution of interstitials. The fourth
column gives the type of transformation: “Amorphous” means that the compound
has become amorphous after milling and “SS” means that the compound has
transformed to a solid solution phase; the crystal structure of the solid solution is

T Amorphous (or Liquid)
Temperature ///"
Or Disordered Phase
Mechanical
Energy

rdered Phase

Composition

Fig. 30. Equivalence of mechanical energy and temperature in the disordering of intermetallic
compounds.
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Table 16

Disordering of intermetallics by mechanical milling
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Compound Crystal structure Type of disorder End product Phase diagram Reference
Nb;Al Al5 ? SS (bec) ? [621,622]
NbsAu AlS Anti-site SS (bec) SS > T, [255,623]
Nb;Sn AlS Anti-site Amorphous Liq. [624,625]
NiV; AlS ? SS (bec) ? [358]
V3Ga AlS ? SS (bece) SS > T, [84]
CoAl B2 Triple defect None Irrelevant [626]
CoGa B2 Triple defect None Irrelevant [627]
CoZr B2 Anti-site Amorphous Liq. [354,620]
NiAl B2 Triple-defect None Irrelevant [628]
RuAl B2 Triple-defect? None Irrelevant? [617]
Fe;Ge, B8, Red. int. None Irrelevant [629]
Mnj;Sn, BS, Red. int. None Irrelevant [629]
LaAu B27 ? Amorphous LTP —-HTP —liq. [630]
NiZr B, ? Amorphous Liq. [631,632]
Fe;Ge Ll, Anti-site SS (bee) ? [48]
Niz;Al L, Anti-site SS (fce) + am  ? [615,619,633]
NizGe L1, ? SS (fee) + am  ? [631,634]
Ni3Si L1, Anti-site SS (fec) ? [354,635,636]
Zr;Al Ll ? Amorphous ? [637]
Co04Crs9 o-Phase ? None o — 46— lig. [638]
CoV o-Phase Disorder Amorphous Liq. [639]
CrssFey; o-Phase Disorder SS (bec) SS > T, [95]

FeV o-Phase ? SS (bec) SS > T, [631,638]
NiV, o-Phase ? Amorphous c—o' —liq. [358]
NigVg o-Phase ? Amorphous c— o' —lig. [631]
Co,Ge Co,Si Anti-site Amorphous LTP - HTP —liq. [640]
Co,Ge Ni,In Anti-site Amorphous HTP — liq. [640]
Co3Sn, Orthorhombic Red. int. LTP — HTP LTP —» HTP [452]
Cu,MnAl Disorder [641]
Fe,Sc Cl4 ? Amorphous ? [642]
Fe,Y Cl15 ? Amorphous ? [642]
GdAlL, Cu,Mg ? None Liq. [643]
NbgoAuyy  Al5 + tetra. ? SS (bece) SS > T, [255]
NbsgAuy,  AlB, + tetra. ? SS (bec/fee) SS > T, [255]
NbspAus AlB, + tetra. ? SS (fee) SS > T, [255]
NbAu, AlB, ? SS (fec) SS > T, [255]
NigsNbss WeFe; ? Amorphous ? [211]
NizSn DOjo ? Amorphous LTP - HTP — liq. [644]
Ni3Sn, Orthorhombic Red. int. LTP — HTP LTP — HTP [466]
NiTi, E93 ? Amorphous ? [645]
NizV DO;, ? SS (fec) SS > T, [358]
Ni,V MoPt, ? SS (fec) SS > T, [358]
TiAly DO;, Anti-site SS (fec) ? [246]
TisSis D83 ? Amorphous Liq. [246]
TiSi, C54 ? C54 — C49 Irrelevant [246]
YCo, Cu,Mg ? Amorphous ? [20]
YCos CeNi; ? Amorphous ? [20]
Y,Coy Co7Er, ? Amorphous ? [20]
YCos CosY ? Amorphous ? [20]
Y,Coyy Ni7Th, ? Amorphous ? [20]
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mentioned within parentheses. “None” means that no transformation was
observed and LTP — HTP means a transformation from the low-temperature
phase to a high-temperature phase in the phase diagram. Information on the type
of transformation from the phase diagram is given in Column 5. A question mark
means that either the information is not available or not clear; “liq”” means that
the compound melts directly from its crystal structure, suggesting amorphization;
SS > T. means the formation of a solid solution above a critical temperature,
which could point in the direction of formation of a solid solution.

It should also be remembered that contamination can play a very significant
role in determining the nature of the final phase formed after milling. It was
shown that milling of the NbsAl intermetallic in a SPEX mill produced the
expected bcee solid solution phase after 3 h. But, when milling was conducted in an
improperly sealed vial, an amorphous phase was produced after 10 h, which on
heat treatment, transformed to the crystalline niobium nitride phase. This suggests
that the amorphous phase in this system formed because of nitrogen
contamination of the powder during milling [622].

The crystal structure of the phase alone does not appear to decide whether the
intermetallic forms a solid solution or an amorphous phase on MM. The three
intermetallics — NizAl, Ni3Ge, and Zr;Al — have the L1,-type cubic structures.
On mechanically milling, both Ni3;Al and Ni;Ge form a disordered nanocrystalline
fce solid solution and do not show any tendency for amorphization. On the other
hand, Zr;Al amorphizes completely after a short milling time. These differences in
the milling behavior have been attributed partly to the differences in the lattice
stability terms of their respective disordered fcc phases [646].

It was mentioned earlier that materials in a partially ordered state are stronger
than those completely disordered or fully ordered. It was shown that the
microhardness of mechanically milled NizAl powders exhibited a pronounced
sharp maximum corresponding to S = 0.5 [615]. This work suggests that the
greater is the ordering energy, the steeper will be this maximum of strength (or
hardness). It may also be mentioned in passing that all order states (S = 0-1)
cannot be accessed by traditional methods of disordering. For example, in
equilibrium, the order parameter for Cus;Au jumps discontinuously from 0.8 to
zero at the critical temperature. But, mechanical milling can be used to obtain
different degrees of order so that the effect of order parameter on structure and
mechanical properties of alloys can be investigated.

There have also been several studies on reordering of disordered phases
obtained by MM (see, for example, Refs. [647-650]). It was reported that on
heating the milled powder in a differential scanning calorimeter (DSC), two
distinct exothermic peaks were observed (Fig. 31). The transformations that
occurred were irreversible. The low-temperature low-intensity peak is attributed to
the re-establishment of short-range order. This was confirmed by the results
obtained from electron energy loss fine structure studies. The absence of such a
peak during reheating of mechanically milled elemental powders also indirectly
confirms this hypothesis since chemical reordering cannot occur in pure metal
powders. The second major peak is associated with the simultaneous evolution of
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ordering and grain growth [648]. The apparent activation energy for the
transformation is found to be lower than expected during ordering of a
conventional alloy. The explanation could be that the high density of point defects
such as vacancies and anti-site defects, generated during milling, assist the
diffusive processes and help in achieving reordering easily.

Most of the mechanically milled disordered intermetallics exhibit these two
peaks in their DSC plots, with the difference that the actual temperatures and
peak shapes and heights could be different depending on the nature and
composition of the alloy and milling time. In ternary intermetallics, however, a
third low intensity peak, often overlapping the second major peak, is observed
(Fig. 31b). Although a clear explanation is not available for this it is thought that
this could be due to annealing out of dislocations, usually not mobile at
temperatures as low as those of the first two peaks.

a
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Fig. 31. DSC curves from (a) NizAl milled for 4 h and (b) Ni;sAl;Fe;; milled for 8 h. Two distinct
exothermic peaks can be seen in (a) and an additional low-intensity peak at higher temperatures in (b).
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11. Solid-state amorphization

Amorphous alloys were first synthesized by vapor deposition in the form of thin
films by Buckel and Hilsch [651]. However, the synthesis of a non-crystalline
phase by rapid solidification from the liquid state by Pol Duwez and his associates
in 1960 [652] paved the way for an enormous amount of activity during the last
four decades. These amorphous alloys (also referred to as metallic glasses) have an
unusual combination of properties such as high strength, good bend ductility, high
fracture toughness, good corrosion resistance, and desirable soft magnetic
properties. Because of this, metallic glasses have found several industrial
applications, the most important of which is for core laminations in distribution
transformers. Information on the synthesis, properties, and applications of
metallic glasses produced by the technique of rapid solidification from the melt
may be found in several reviews and books [2-4,653-657].

A solid alloy with a liquid-like (non-crystalline) atomic arrangement is called a
metallic glass or an amorphous (metallic) alloy. A glass is obtained when a liquid
is cooled into a state of rigidity without crystallizing; such an alloy will exhibit a
glass transition temperature. On the other hand, if a material with a similar
structure is made by some processes other than cooling then it is called an
amorphous alloy. Non-crystalline alloys are now formed in suitable systems by
processing techniques such as rapid solidification from the liquid state, vapor
deposition, plasma processing, and laser processing [2,656]. In these methods,
there is a change in the state of matter, i.e., a solid phase is formed from either
the liquid or the vapor phase, and the high effective “quenching” rate and
associated undercooling have been shown to be responsible for the amorphization
process. There are also methods of amorphizing a solid without passing through
the liquid state at any stage. Known as solid-state amorphization reactions
(SSAR), these include irradiation, hydrogen-assisted amorphization, interdiffusion
of elemental metals, pressure-induced vitrification, and mechanical deformation.
The present Section will discuss recent results on the formation of amorphous
phases by mechanical alloying and/or milling.

The synthesis of an amorphous phase in the Ni—-Nb system by MA starting
from blended elemental powders of Ni and Nb in 1983 [21] has given rise to
increased research activity in this area and there have been a number of reports
on the formation of amorphous phases by MA in several binary and ternary (and
a few higher order) alloy systems. Amorphization of intermetallic compounds (e.g.
YCos, Y>Co7, YCos) by MM was reported earlier by Ermakov et al. [20,658].
Thus, amorphous phases have been synthesized by MA or MM starting from:

1. blended elemental powder mixtures,

2. prealloyed powders and/or intermetallics,

3. mixtures of intermetallics, or

4. mixture of intermetallics and elemental powders.

An exhaustive listing of the alloy systems in which amorphous phases have been
found to form by MA or MM is presented in Tables 17 and 18, respectively. Since



C. Suryanarayana | Progress in Materials Science 46 (2001) 1-184

96

wy jo 000
[8£9]  runoure [jews € A[uQ 001 151 [0918 paudprey [0915 PaudpIEH A YOI [[IW [[Bq Arejoue[q SO INBASIY
[sp1] 001 SS SS [ [[eq Arejouelq LTIV
[£L9] 06 1:0€ 091§ [ [req Arejouelq DETILET IV
[csal or 1:09 [ [req Arejouelq ISPV
[LL9] 06 1:0€ [091§ 11w [req Areouelq 118 01 §€-1V
[9L9] 00 SS SS [ poy 1LE €TV
[eval 8T SP9 1:01 [091$ paudpIeH [091$ paUdPILH Ld s 1LST-IV
[sL9] 00y SLI 102 [0918 paudprey SsS 101my Ly TI-1v
[sL9] 00€T 1:02C [0918 paudprey SS 1oy 1L9-1V
[rL9°€L9] BLL9-EE 00y 1:0¢€ SS SS [ poy eIV
[cL9] 00% - 1:801 ‘1:9¢ SS SS BLOS-IV
[1L9] 0T 1:0€ SS SS [ [eg BLOS- IV
[rLel 0001 1:001 SS SS [l [eg ILEE-IN €61V
[0£9] SPOFOIMINS Y
[8¢7] y=x 0zl 1:01 yosILI] a7 X7 01(FoDSINETY)
[699] [T Funeiqia A510ud MO INOP-1V
[899] o - 1:0¢€ SS SS [l poy ANOS—TV
[£99] 00% [l poy ANO0S-TV
[vey] S8 0S9-0St 1:0C LERIsE] ISOE-UNOT-TV
[999] q 00€ 0TL 1:09 [ [req Arejouelq UNPI-TV
[s99] JHOS-IV
[¥99] 08 - [BY SS SS w [[eq K101RIGIA 240120571V
[£99] 2405-0T 081 0€T 101§ [CEN [ [[eq Areioue|d 241V
[eet] odge—LI 1234 - 1:06 SS SS [[1W [[Bq [BUOTIUGAUOD) -1V
[299] 06 1:0S SS SS [[1W [[6q [BYUOZLIOH S0PV
[1zz] 1434 1:06 SS [ [reg 2AEE-TV
[299] 009 06 SS SS ([ [[eq [EYUOZLIOH 2AST-IV
[8zz] T 0S - 1:01 10935 00012S [091§ [ Xads 24 ST OV -V
[v6c] 1:06 SS SS [l [eg oAy YTV
[esy] o - 1:9 [091$ paudpIeH [091S paUdPILH Ld s 24071V
[199] 0Ll [ reg 240T-1V
[L12] 01S S g 151 Sd YosILL UNST-1D0T-TV
[099] 00€  00£-00T 101 [09)s paudpIeH [ESN dST-NO [11w [1eq Arejour|g 2AS 1-1D0T- TV
[voz] Wy Apaed 1:0z1 SS SS [ freg 1D0T-1V
[voz] Wy Apaed 0001 1:021 SS SS [ [reg DSV
[659] 001 0ST 1:01 SS SS Sd yosiag (0261-1V) YOO8V + IV
[107] 08 00T 1:0T [0918 paudprey SS AT-NO 1w [[eq Krejoueld DT 8I-1V
[961] 0S 9 - 1701 0008 XddS Pd-3V
(1) 93uer (1) (wdr) e RW
QOUAIOY Suruogj-ssejn) awn VA poadg Mdg wnipaw Surpurin [eLIOYRW [RIA A wo)sAS

VIA £q sarmjxiun 10pmod [BIUdWwo)d papudlq ur paurioj saseyd snoydiowy

LT 91qeL



~
[*)}

C. Suryanarayana | Progress in Materials Science 46 (2001) 1-184

(23pd jxou 1o panunuos )

[669]
[869]
[069]
loz1]
[¥8c]
[Log]
[L69]
[£69°969]
[L69]
[969]
[969]
[£89]
[s69]
[r69]
[sos]
[€69]
[80c]
[802]
l6st]
[269]
[169]
[6st]
[989]
[105]
[00s]
[00s]
[069]
[689]
[1¥¢]
[889]
[L89]
[989]
[9L5]
[s89]
[¥89°15¥]
[157]
[£89]
[c89]
[189]
[og9]
[089]

[rsyl
[089°ts¥]
[6L9]

[8L9]

wy Apled
Wy $AW093q q§
‘wy Apred

AN89-0¢
‘wy Apred
248¢

ap

1ZEL-8

A09—€€
LLOT—S1

‘wy Apred
1S0L—0€
IS€€

ANOT—SI
0D0s—¢€¢
wy Aped

£O9V 0en 4+ wy
£OYV 20BN + Wy

wy jo
junowre [ews e [uQ

£
91

008
00¢
¥
¥
¥
¥
T
0T
¥

09

001
001
09

S8
09
0S

4

00€
0¢
00T
ST
0ce
09
e8I
0L
€l
St
90T
0S¢
S9
0l
(Uiz4

L
L
00y

001

9ty
01

08
08

00¢

00¢
0ST

0ST
011
09¢
09¢

00¢
0S¢

(43
0ce

011-08

00L/00S

00L/00S
00L/00S

Iy
1:S1-1:01
1:0s1
1:0cC

Bl

v

1BY4
(894

1:L1
1:01
1:L1
1:0S1
%9
1:9°6
%9
€711

1L
1L
1-:0¢

161

SS
[091s pauopIeH

[991s paudpIey
SS

SS

00-OM

00-OM

00-OM

00-OM

0D-OM

[991s [00) paudpIEH
[91s paudpIeH

[091S pauapIeH
SS
SS

SS
SS
SS
SS

SS
SS
SS
[9918 [00) pauapIey
SS
SS

oM
SS

[091s pauapILY PAUI-D)A\

091§
12918
[P1S

SS

[091s pauopIeH

SS

091§

SS

SS

SS

SS

00-OM
00-DM
00-OM
00-OM
0D-DM

[991s [00) pauapIeH
[991S paudpIry

[091s pauapIeH

SS

SS

SS

SS

SS

SS

SS

SS

[091S [00) pauspIBH
SS

[093s parodwa ],
[09)s parodwa ],
[091s parodwo ],
19918 paradwa],
oM

SS

[09]S PaUDPIRY PAUI-DA\

[091$
S
10918

SS

[091s pauopIeH

§d yosnrg
[ [eq K1ejoue|q

0d Yosiig

[Tt [[eq [B}UOZLIOH
[T [[eq [BIUOZLIOH
[ qey

[ qey

[ qeg

[ qey

[l qey

[ [[eq A1e1oue|q
Ld yosiIg

I A1ejoueld

Ld YosiIg

0008 XddS

[[IW [RUONRIQIA
[[IW [RUONIRIQIA
[ [[eq A1e19UR|q
[[iw [[eq A1R19UR[d
[Iru [req AS10ud YSIH

Al VIN A Ty 1011y
§d yosILg
§d HosILg
§d yosILg

[ [eq el
§d YosII

[ [eq quT

[T [[eq Areiouelq

Al VIN A Ty 101y
Sd yosILg

§d oS

§d yosig

Sd YOS

0008 XadS

0d UosILL]
LD [ [[eq Areioue|d

LD 1w [eq Areoueid

LD 1w [1eq Areoueid

W poy

000

A Y2831y [[Tw [[eq %Hmuodﬁ_&

Akdantle}
1L0y—1D

us0z pue o[-

qso0L pue og-n>
doz-1D
d8I-INTI-ND
USS—ANOS—ND
uSyI-aNTH-1D
USOT-ANSEND

ISP I-ANTH—1D
ADFI-ANTEF—1D
1SST-1D

IS-AN—1D

AN-1D

ANE €D

9459 03 S[—1D
nD0£—1D

o]

IZ-0D

1ZS%-0D

1Z7S1-0D

A-0D

11-0D

1L0S—0D

11500

115700

us0z pue 010D
1S-0D

150D

1SL'99-0D

1SST—0D

AN—0D

g-0D

ge€€-0D

g€€-0D

40700

(anyders) o

YOWAUZ Y%low §T-F0.q1d
food1g

eIsp-ny

YOISIZ %low 0OV
‘0K Ylow

€-°01Z Y%low 0TV
017 Yplow §e—£OV
17 0S-1V

POAPINCARIY



lorz] 00T [Ei [ Arejoue[q (0€— 0= %) SO"A* ~Stoq
09
[ 00T [E [ [req Arejouelg 01§ = X) LIDYOW" " o
(2
[or.] 00T [E [ [req Arejouelq 01 = X) NVID* 0%
09
lorz] 00T [Ei [[ruw [req Areouelg 01 01 = X) L1D%IDY o
<~ azoydsoune
X [90¢] N Ut PA[ITAL 00T (1[5 SS SS Sd YosIILL 120524
- [8¢] 008 1:001 SS SS I [reg 186208 1-2d
— [¥8s] 00 1:001 SS SS [ reg 1SST-00€ A
S [ss] 008 1:001 SS SS I reg 1S91-091-24
< [¥8s] 00 1:001 SS SS [ [reg ISP1-0Te—2d
~ [c8s] D09-L1 00T 1:001 SS SS [l [eg D24
A [80L] 257-0T o 00T By SS [l [req Areouelq 024
N [¥8s] 0001 1:001 SS SS 1w reg D0L—4
N [CEi
m l60L] -0 +) Wy APsow 00L [091$ paudpIeH SS [ freg OST-2d
%} [LoL] 0S¢ I's Sd YosIILL 1SOT-€dS 1214
m [80L] d 0p-S¢ 00T 161 SS [ [req Arejouelg g-od
= [LLs] 00€ 1:01 [091S PAUAPILEH SS [ [reg 40921
w [LLs] 0ST 1:01 [091S PAUAPILE SS [l [eg 4052
Ma [97¥] 0€ 1:0§ om YosILL] 4054
N [91¢] 001 [ [[eq Areioue|d 40724
= [LoL] 0S¢ IS Sd yosIg (d0T—24) 924 +°4
m [soLvoL] 1709-0% 1Z7-n)
5% [90L] T - 1:9 SS [0918 PaURPILH 0008 XddS 170510
S [soL] €1 - 1:01 10918 D0t [091S [00) paudpIEH 0008 XAdS 1709 01 0p—"1D
A [269] 0€ €l [091§ [ [req Arejouelq 1Z0r—1D
= [voLl 0z 1€l 101§ YsILL] 1Z0y—"D
S [162] MO6-0E [ESIN [093s patadwo, Sd YOI MO
) [L6] 0zl €LS °g-nd /g-nd Sd YosIg A0S—1D
g [:$10D
IS [869] 91 “OMI:01 [091s paudpIEH [ESN [ [req Arejouelg 1Z0T-110T1D
W [eoL] oopueQ = X - ag—ND 10 [33)s PAUIPILH 0008 XddS [FHILX + 1L(x — DIss—nD
S [zoL] 1L06-€1 9 1:01-1:¢ oM DM 10 [0915 [00 ], 1L-nD
S. TH % Ve 01— ynm
&) [191] LLOL~ST LLOS—ST 91 - [E] [091$ paUdPILH 0008 XddS 1L-nD
[tocl w - 0008 XddS 1L09-1D
[897] 91 - 19 SS [99)s paudpIeH 0008 XddS 1L0S—1D
[oo.] CHIL + Wy 91 0008 XddS 1L0s—1D
[CALER W) (wdr) [eLaYeWw
DUIYY Suruiog-sse[n awn VA poadg Adg wnipaw Surpuriny [BLISIBW [RIA AL wANSAS

98

(ponunuod) L\ dqe],



(=N
(o)}

C. Suryanarayana | Progress in Materials Science 46 (2001) 1-184

(23pd jxau 1o panunuos )

[L89]
[sot]
[seL]
[269]
[889]
[£89]

[8L9]
[8L9]
(8291

[8L9]
[veLl
[eze]
lov€]
lov€]
[ov€]
[ces]
lozL]
[1eLl
[1zLees]
lozL]
l61L]
[81L]
[8z€]
[voL egel
[Lzel
[voLl
[269]
lozs]
[Lee]
[L1L]
[L1L]
[91£]
[81¢]
[s1L]
[precersl
[689]
[91¢]
[91¢]
[c1L]
[112]

[669]
[669]

wy Apled

wy Apred
wy Apled
‘wy Aped
‘wy Apred

INOL—0F

INOS

INOS

IN08-0§

INOS—01 BT 0L-0€
INS8-01

INS9—C1
nD0L-0¢
n506-0C

STL-19

qS1-0 pueIZeT-I¢
1Z0L-TC

70T

‘wy Apred

wy Apred
1S0¥-01

dst ~
‘wy Apred

(44
uwor
8T

0€

Y4

0T

OLT

OLT

0LL

0Ll

0zl

09
0T
0¢

09
00L1
00L1

87T

91
0ST
00¢
00¢

(U3

¥
08¢

/w009

€51
€51
09¢
002

€LS
€LS

€11
1:0C
1:01
1:€l
%9
[B!
161
161
1:61
161
161
1:01
1:01
1:01
1:0C
[BY
By

1:0v

1€l
1€l
1:06-1:0¢

1:01

1:01
9

149
161
-8

1:96
1:9°6

[091S [00) pauapIRH

SS
[991$ [00} PaUdpIBH

[09)s paudpIey
[09)s pauopIey
[091s paudpIey

[091s pauapIeH
19218 0012

0D-OM

DM 10 [991s pauapIeH
om

om

DM 10 [091s pauspIeH

[SEN

091§

[091s pauopIeH
[991s paudpIey
om

SS

SS

SS

SS
SS

[091S [00] pauspIeH
[09]s [00) pauspIeH

SS
[991s [00] pauapIeH

[09)s pauopIey
[09)s pauopIey
[091s pauopiey

[091s pauapIeH

00-DM

[991$ paudpIey
oM

oM

[091s pauopIeH
109)s parodwa ],
[091s Surreaq prey

1P1S
&N

199)s parodwa ],
091§

[09)s pauopIeH
[991s pauspIeH
om
PAAROOI-DM
oM

SS

SS
[991s [00] pauapIeH

SS
SS

[T [req %Hﬁv:ﬁm

[T [req %Hmuo:.s_m

0008 XddS

[[1w [[eq A1R19UR[d

[ qreq qeg

[T [req %hmuvﬁm_&

0001

N Yos1aY 1w [[eq Areoue]q
000

N yos1Y 1w [[eq Areour]q
000

N U9s1Y [ [[eq Arejoue[q
000

N yos1Yy [T [[eq Areouelq
0008 XddS

[ [req %Hmuwcm_m

[ [req %Hmuo:.s_m

[ [jeq K1ejoue|d

11w [1eq Arejoueld

[T [[eq Arejoue|d

0008 XddS
0008 XddS

Sd/Ld WSy
[ [eq Areioue|d

Sd yosi
LERINE|

[ [[eq Areiouelq
§d yosILg

§d yosiLg

§d yosILg

§d yosig

0008 XAdS

0008 XAdS

0008 XAdS

[ [jeq qeg

[ [jeq K1ejoue|d
[ [[eq Arejoueld
[T [req Arejoue[q
0008 XddS

Sd YosHL]
Sd YosHIg

SST-ON
ISSTON
INOS—OIN
1Z0y—UN
ISL'99-UN
ISST-UN

nDse- A0S
nD0E-AST-SIN
nD0€-A01-8IN

nDST-AST-8IN
EDS-IVLS—SIN
IN-SIN

SN+ INSIN

IN +INSIN
IN-SIN

IN-TV-?1

IN-JH

IN-JH

nD-JH

nD-JH

1S 0/M §L 01 670D
Nle}

41724

1724

1724

17092

1Z0p—24

17604

IZ0T PU® 910
MOS—d

MOE—

A-2d

[ARCE|

1LEE—o

USL9-2:4

1S9
4S1-1SS1-2

1SOT PUE 012
d—od
401-1STI-INSE—2:d
Acmw_m:ﬂ_zeuohv
d-0d + €24 + IN + 2
(O2gOPINOYO) g-0d + IN + 2



C. Suryanarayana | Progress in Materials Science 46 (2001) 1-184

100

[1%¢]

00T 1:9°6 SS SS Sd yosiag ISEEE-IN
[£89] 0TT [Ei [991s [001 pauapIey [931s [00) pauapIeH [ [[eq Arejoue|d ISEE-IN
[£89] L91 [ [0915 [00) PAUSPITH [093 [00) paudPIEH [ [req Arejouelg 1SOE-IN
[¥8c] wy Apred 008 08 1:0¢€ SS SS [ [req Sunejol [eiuozIoH dS1-IN
leL] AN08-1¢T - 101 10918 D Ot [0918 [00} paUdPIEH 0008 XddS AN-IN
[8€L] AN08-0T Iy 09151 [ [req Areouelq AN-IN
lov1] S6 1:01 9d YIS AN09—IN
[112] I SS SS [ [reg ANSS—IN
leedl 00T [091s paudpIeH SS [Irw [eq qe] ANOY-IN
l9gL 12 11-6 - 1€ 10918 001TS [093$ [001 paudpIEH 0008 XddS ANOP-IN
[op1] S8 101 9d YosIIg ANOP-IN
[op1] 08 101 9d YyosILy ANOT-IN
[seLpeL] Wy Apaed €01 - 1:01 [091S [00) pauGPIEH 0008 XddS ONO0S—IN
[ov€] SIN0S—0C 081 1:01 [[ru [req Areouelq SIN-IN
[8€s] Wy Apaed 0€ - 1:01 [091S PAUAPILH 0008 XddS ILST-IVST-IN
[spel IVSE-LT 1:01 [091$ paudPIEH [091S PaUAPIEH [ [req qery IV-IN
[cell OW + 2% + Wy 001 S6 1:001 SS SS [T [eq qe] ONY 1Ly —2A18-PN
leeLTeL] o0 + Wy 001 $6 1:001 SS SS [T [eq qep AST—2:ApL—PN
[ceL] o-k + Wy 001 $6 1:001 SS SS [ [req qery 1L T-0:0pL—PN
[eeL] ok + Wy 001 $6 1:001 SS SS [ [req qery 11.-24T8-PN
O + o
leeLzel] 0 4wy 001 1:001 SS SS [ [req qery OIS I-2d1L—PN
lozL] 001 0SL 1:0% om om [[w [[eq A1oud YSIH 48-°4LL-PN
[ees] - 1:01 19918 001TS [9918 paull —DA\ 0008 XddS ROECRA REEIN)
[ees] - 1:01 12915 0012S [0918 paul] —-DM 0008 XddS f85(F0e L OgN)
[1€L°969] ST uS-qN
[sos] wy Apred 09 I't Ld yosig ISL'99-AN
[ogL] 0ST B 091§ [091§ 140 [1w [[eq Areidueld 1S0S—AN
[zes] ul - 1:01 10915 0012 [0938 PaUI-DM 0008 XdS ISLT-AN
[ezel 8 [093$ [001 PaUGPILY 10 DA\ [091S [00) PAUGPIEH 10 DM [[ru [[eq AS1ouUd YSIH ISST-AN
lecL] 14 - I:$1 SS 0008 XddS IS91-AN
[769] U 09-S€ UN-AN
[Lee] 61 —9 =X 8 [0915 [001 PAUSPIEH 10 DM 19915 [00) PAUAPILY 10 DM [ [req AS10ud YSIH 1S (X = 60)-D (¥)-AN
[Lee] 61°TI'9 =X VYT SDS N
[Leed LT-ST 9D-qN
[8zL] °D0¢-C1 S1-01 - 1:01 10918 D0bH [091$ [00) PaUGPIEH 0008 XddS 9D-qN
leeed 90781 91-01 [091S [00) PAUSPIEH 10 DM [0935 [001 PAUGPIEH 10 DM [ [[eq AS10ud YSIH DN
[ore] 0pE-T1 S - 0008 XddS 9DST-AN
[9zL] 240L-0€ - 1:01 SS [0918 [0O L Hy~NO [[1w [[eq Arejour[q 4-AN
[9¢7] IVS8-ST - 1:01 19918 0012S SN 0008 XddS IV-AN
[ogel 0T-0 IS SS SS [[Tw UOneIqIA IVE €€ PUB ST-qN
[CALER W) (wdr) [eLaYeWw
QOUIYY Suruiog-sse[n awn VA poadg Adg wnipaw Surpuriny [BLISIBW [RIA AL wANSAS

(ponunuod) L\ dqe],



—
=
—

C. Suryanarayana | Progress in Materials Science 46 (2001) 1-184

(28pd jxou uo panunuos )

[8s.]
[e16]
lLsel
[Ls1]
[951]
[Ls1]
[Lps]
[9s£]
[ssz]
[pse]
losc]
[esL]
[esL]
[1sL]

[LyL]
[es]
levL 981]
[981]
[6vL]

[een
[90.]
lovL]

[sor]
[8pL]
[LyL]
[269]
[9pL]
[spL]
[Ls€]
[112]
[ppL]
[90L]
322}

[evs eys]
[epL]
[1pL]
[opL]
lovL]
logL]

LLS8- T
ISST-¢¢l
1Se61
IS*Pd + Wy

1Z08-0¢
1Z08-0¢
1ZSy-¢6¢
1Z08-0C

1ZEL—C1
1ZTL—6¢

1Z9L-61
1Z09-0T

wy D,00T

‘wy Apred ©D,6T
“wy ou D081

‘wy Apred

1ZTL—S¢

AS9—0F
LLL9-0E

0c

BL08-0%
‘wy Apred
wy Apred

usor—0c

€l
S1-01
00T
0zl
[43

0C-¢1

0c
1T

SI

Sl

14

81

powr 1
0¥C apowt
HH 09

0c
0T
91
00%

Ll
Se-6C
14

o ur g
Iy ut 07
IN U]

00T

0T
0T

I:Ly
I:LYy

I'v
%S

0IL

- 1:01
1:01

1€l
00¢
011

0cL 1:0¢

SS
SS

SS
00-DOM

[091s pauoapIeH

19915 D 0FF 10 DM
[991s pauspIeH

SS

[091s paudpIeH
9918 DO
9918 DO
9218 D 0bt

SS
SS
19918 DOy

12218
1991
991§

SS
[ESI

SS

SS

oM

[031s poudpIeH

00-OM
00-DOM

[991s pazadwa],

SS
SS
0D-DOM

[091s pauapIeH
00-DOM

[093s parodwa],
SS

BN

091§
SS

[09]S [00) pauspIeH
[09]s [00) pauspIeH
[99]S [00) paUspIBH

SS
[091s pauopIeH
[098 00} paudpIEH

291§
991§

991§

SS

SS

19918 DOPY

SS

[991s [00 ],

[991S paudpIRH
SS

[09)s poudpIeH

00-OM
00-OM

Sd/Ld yosnIg

1w A310u0 ySIy uonvIqIA
[[iw A3.19ud Y31y uonvIqIA
00-DM

Sd yosiig

0008 XddS

Sd yosIg
[ [req qery

[ [[eq A1oud YSIH
[[ru [[eq AI0VRIQIA
[ [req Arejoue|d
Sd yosILy

0008 XddS
0008 XddS
0008 XddS

SVIN-AHAN tunsiy 12dng
0008 XddS
0008 XddS

[ [jeq run
Sd yosiug

Ld WS

Sd UosIL]

Al VIN NI A 101y
[[IW [[Bq [BUOIIUIAUO))
[991S paudpiey

1 jeg

0008 XAdS

0008 XddS

[ jeg

[ [[eq Arejoueld
[ [req Arejoue|g

Ld oS
[ [[eq Arejoue|d
[ [[eq Arejoue|d

usoc 01 01-1S
240¢-1S
IN-H4Ld
no-q41d
LL-Pd
IS-Pd
IS-Pd
1S0T—Pd
1S0T—Pd
ISL1-Pd
1Z-N
1Z-IN
1Z-IN
1Z-IN

[0SL°LyL¥0L TE9 E6 cEE]

1Z7-IN
17 4 IZTE-IN-WY
RVACINEESESALIN
QZIN+41ZIN
AZIN + IN
1Z09-IN

1Z0S—IN
1Z0S—IN
1Z0SIN

1Z8¢-IN
1ZSE-IN
1Z + 1ZTeIN Wy
1ZTEIN
IZIEIN
AN
LL-IN
LLL'99-IN
LLOS—IN
LLOS—IN
LLOS—IN

LLOY-IN
LLOV—IN
BL-IN
BLOS—IN
BLST-IN
US—IN



[r1]

IV09-0C 0€-$T 1:01 [091$ paudpILH [091S PaUAPILH Sd yosig IV09-1L
[9¢€] ST IS SS SS [['W uoneIqIA IV09-1L
000
loLL°s9L] 0S1 'Sl SS SS N yosIy [ITw [[eq Arejouriq IVOS—1L
[s9.] 08 'Sl SS SS T[T [req A1oreIqip IVOS—1L
[og¢] [EY SS SS [ uoneIqIA IVOS—1L
locL] 08 0ST  1:09 01 [:0¢ SS SS [[1W [[Bq [EYUOZLIOH IVOS—1L
<~ l69L] 00 1:0% [9918 D0F SS [ [[Bq [BIUOZLIOH IVOS—1L
x 1:001
- [892] SL 01 1:0L 1993 paudpIey SS IVOS—1L
— [£9.] oy 1:0T 1w [req Arejouelg IVOS—1L
S 1y ut 0l
< [99£] N UL Og 0TL 1:09 [ [req Arejouelq IVOS—1L
~ [s9L] S1 0ST 1Sl SS SS lonmy IVOS—1L
g (9] 09 103 Leagozg IV0S—1L
N [e9L] 0T 1:81 SS SS Sd yosig IVOS—1L
N [epel 00S 1:001 SS SS [ jreg IVOS—1L
m aurjeIsAn
n [oge] Q001U 4 WY/ ST [EY SS SS [[iw uoneIqIA IVST-1L
m [epel 0S 1:001 SS SS T reg IVST-1L
= loLg] yT-0T - 1'8 oMm 0008 XddS IVST-1L
w logL] 91-6 - [0915 [00) PaUGPIEH 0008 XddS IVST-1L
Ma [egs zes] 4 - 15 19918 001ZS SS paul-DM 0008 XddS NYASAN
N [e81] INO8—01 0z-¢1 - 1T [0015-1D [093s paads ySIH 0008 XddS IN-®L
= [1rL] IN09-0T 0Tl IS [9915-1D [0918 paads ySIH Ld yosHIg IN-®BL
m [96] 0€g I't SS SS Sd Yo EE(Sa AR
5% [c9L] n)0§-0¢ ISl 091§ [091§ [ [req Arejouelq no-eL
S [19L] 001 By 091§ [091§ [ [req Arejouelq n)0¢-EL
A [66] ozl § g 1L ag—n) og—nD Sd yosILg n)0¢-L
= [86] wy Apred (D, 002) 09 ag—n) og—nD 8VIN-AAN Iunsijy 1odng n)0g-EL
IS S
m, [96] elily SL oL I't ag-nd ¥g-nd Sd yosIg nD0S 01 0z-BL
N S
m [96] nH07 SI 10, u] Iy SS SsS Sd YosIIg nH0S 01 OT-BL
W [09.] IV06-01 00€ S8 1:801 SS SS Trw reg V-2l
S [rog] 00 S8 1:0€ SS SS [ poy IVEE—BL
! [1¢] 00 S8 1:9¢ SS SS [ poyy IVOE-®L
) EE|
l6v¢] -0+ (of-wg) Wy i - 1:01 [0918 paudprey [09)s paudprey 0008 XddS EERUN
o 000
l6sL] -0 + (of-wg) Wy N UoSIaY [ [[eq Arejoue[q EE (SN
[CALER W) (wdr) [eLaYeWw
QOUIYY Suruiog-sse[n awn VA poadg Adg wnipaw Surpuriny [eLIOIRW [RIA A wANSAS

102

(ponunuod) L\ dqe],



103

C. Suryanarayana | Progress in Materials Science 46 (2001) 1-184

(23pd jxou uo panunuos )

[e8L]
[6s]
[osz]
[e8L:95L]
[eep]
[08.]
[18.]
[sLe]
[seed
1973

[08.]
[eLs]
[eLsl
l6LL]
[sLe]
[res]
[8LL]
logL]
[s¥9]
[112]
[Leel
locL]
[seed
lozel

[zoL]
[95.]

[pLL]
[roLl

[rLe]
[rLel
leLsl
leLs]
[pLel
leLel
leLel
[155]
[eLel
[eva]
[89¢]
[eve]
[L9¢]
[1ee]
[8z¢€l

SSTIL + Wy

Pd8S—SI

nD0E-01 ‘INOE-01

or—01 =X
0€-01 = X
001 =~

‘wy Apred o = x
0T ‘ST =X

ST01 =X

IN 0S—¢S¢

IN 0L-01

n30s-01
n206-01

nDL8-01

LLO6
—0£ ‘IN0OS—0 ‘TV0S—0

wy Apled
IVL9—ST
IVSL—01
IV0Ss—0¢
IV09-01
IV0S—02
IVSL=0S
IVS9—S¥

yoc
00¢
uwey
I

Ll
00y
0v—S¢S

L1

SL

00
00l
0t
(U4
001
0c
[Ug
00§
002

SL=S1
oy

€51

06¥
06¥
06¥

9

0cL

[UgS
091
061

001
S8

06%

S6

1-01

1:01
1:06
1:0¢

3L 0V IS
1:01

1:01 01 [:€
1:001

01 1:0L
1561

1:001

0918 1D

0D-DM
[931$ PaUSPIBH 10 0)-DM

oM
9918 001CS
oM
oM
oM

oM

oM
SS

[031s poudpIeH
[091s paudpIey
SS

L
om
DM 10 [0918 pauspIeH

0D-DM
0D-DOM

[991s pauapIeH

SS

SS

091§

12218

SS

991§

291§

SS

SS

091§

[991S pauapIeH
19918 paudpIeH
[991S pauapIeH
SS

19918 1D

0D-DM
[99)$ PAUSPIBH 10 0)-DM

oM
291§
oM
oM
oM

oM

[091s pauapIeH
oMm
SS

[991s paudpiey
[991s paudpIey
SS

1L

oM

[09)s pauopIe

e

DM 10 [99)s [00 ], pauspIey
0O-DOM

SS

SS
SS
o918
0918
SS
991§
991§

SS

SN

[991s paudpIeH
[991s pauspIeH
[991s pauapIeH
SS

Sd yosiig
[ reg

0008 XAdS
0008 XAdS
Ld yosmIg
0008 XAdS
Ld yosmIg
Ld yostg
Ld yosig

Ld yosiig

0008 XddS

Ld Yosig

[ reg

[ [jeq K1ejoue]d
0008 XddS

0008 XddS

[t reg

[ reg

9d YosiLg

Ld Yosiig

0008 XddS

[l regq
[ qreg
0008 XddS
0008 XddS
[ reg
0008 XddS
0008 XddS
[[iw [[eq [eIUOZLIOH
[T poy
Sd YosiA
Sd Yosiig
Ld Yosiig
YIS
[ qe

ISSLE-IL
ISSE-1L
nD0T-PdOE—1L
Pd-1L
1S91-9401-INSI-1L
nD-IN-IL
nDGI-INSI-IL

DX — IN(X — 09)-1L
nOX — IN(X — 09)-1L
nOX — IN(X — 0b)-1L
(o€ pue

0T ‘01 = %) O* T IN®IL
*TOYIN®LL
TOTYINOIL

IN-IL

IN-IL

INOS—IL

INOP-LL

INSE-IL

INEELL

INEE-IL

IN €4T-1L

UIN09 03 Op—1L
no-1L

no-1L

no-1L
nD0S—-1L

nDH0S-1L
0D05-1L

IN-IV-LL
INOE-IVOI-LL
INSI-IVSI-LL
INOZ-TVOT-LL
INST-IVST-IL
INST-IVST-IL
INOT-IVOy—LL

1DT1V8y-IL
IV-IL
IV-1L
IV-IL
IV-IL
IV-IL
IV-IL
IV-IL



C. Suryanarayana | Progress in Materials Science 46 (2001) 1-184

104

[rocl

0z 1€l oS 240v—1Z
[66L°86L] 00T 10 SS SS nD0s—I1Z
[L6L] 0DT6-LT 09 161 [ESN [ESN Sd YOSIILL 0017
[96L] 9¢ 1:9 £006INBINDOI Y0917
000 (0T 01 0 = x) Yo ¥ 00!
[s6L] 001 ISl [091S PAUAPILEH [091S POUAPIEH A YOSIOY [[TW [[eq A1ejdueld (OT<INS DS L y917)
000
[8L9] 09 1561 [0918 paudprey [0915 paudpIe A YOI [[IW [[eq Areioueq ERRINGR O LD A eVA
000
[8L9] 09 61 [091$ paudpIeH [09)S POUSPIEH N YOSIOY [[1W [[Bq A1eloue]d OINE TR €l y 07
0007
[8L9] 09 161 [991s paudpICH [001s paudpIeH A UOSIdY [[W [[eq Areioue[d IN® LD Lyeoaz
000 0z 01
[v6L] 001 By [091$ paUdPILH [091S POUSPIEH N YOSIOY [[1W [[eq A1eroueld S = X INT TSRO yaZ
[e6L] IVOP—SLI 4 - Iy oM [091S PAUAPILEH 0008 XddS -1z
[c6L] IVOr—S'L1 ¥T - 'y SS SS 0008 XddS Iv—1Z
[16L] IVOE-S'L1 ¥T - I't SS SS 0008 XddS Iv—1Z
[88¢] L - 101 10918 001TS [ESN 0008 XAdS IV0S—1Z
[zo1] N4 101 sireq <01z lonmy V0e—1Z
[o6L] 10 9T - 1:01 01 1:9 [09)s paudpIeH [ESN [ [req Arejouelq -uz
[196] ST - 19 oMm oMm 0008 XddS OnD-“Org-*O°A
[L6S] 9 - 1:01 [091$ PAUAPILH [091S PaUAPILH 8-VIN AN Iunsijy 1odng o %M ST + O~ IN-A
[L6S] 9 “00€ - 1551 °1:01 [091$ paudpILH [09)s paudPIEH 8-VIN AGN Iunsijy 1odng O-d-IN-A
l68L] 240L-0€ 1:0T [091$ paURPILH [091S PaUdPIEH Sd yosiag oM
[ceel 00¥ 0sT 1:0€ SS SS [ preg 940S-M
[88L] 00€ S8 1:0€ SS SS [ reg 2405~ M
[egs] 4 - 1:01 10918 001TS SS Paul-DM 0008 XddS ISS'LE-A
[p11] 0€ 08¢ 1:01 SS SS Sd yosIg ISST-A
[98L] 008 o1l SS SS [ [eg INOY-A
[esp] 0€¢ 1:01 10918 0012 101§ 0008 XddS IVOS— Y6 THIL
[e8p] 0€¢ - 1:01 19918 001 ESIN 0008 XddS VST THIL
[s8.] S8 1:0T SS SS Sd YosIg 1Z0S-1L
[L09] T IS SS SsS Sd yosILg 1Z0S-1L
[Ls¢] L 1:0T SS Sd yosIIg AOS—1L
[£8L] 1S0$-0T 00€ 1:0S SS SS Trw reg IS-IL
1SL8-€9
logs]  "wy Apaed 1§€9-91 L€ 0D-DOM [091S PaUAPILH [l 01qIA IS-1L
[c8.] ST 149 SS SS [T [eq qeg ISL'99-11L
[¥8L] T - 15 [091$ paUAPILH SS 0008 XddS IS¢ LE-IL
l69L] 00 1:0p 19918 D0FY SS [ [[eq [BIUOZLIOH ISG'LE-TL
[ogel 09 I's SS SS [[Tw UOneIqIA ISG'LE-TL
[CALER W) (wdr) [eLaYeWw
DUIYY Suruiog-sse[n awn VA poadg Adg wnipaw Surpuriny [BLISIBW [RIA AL wANSAS

(ponunuod) L\ dqe],



105

C. Suryanarayana | Progress in Materials Science 46 (2001) 1-184

“oIMIXIW Ie—U0SIY |,

*INIXIW Ud30.11U—-U03IY

“aroydsounye uegoIpAy uj

‘youanb 4+ 3 0LL 1e [BdUUR + 4 00S/VIN v
‘pakorreard 1y J {[o91s sso[uILIS S

[rst]
[86L]

[r6L]
[v6L]
[v6L]
[r6L]
[8L9]
[8L9]
[8L9]
[r6L]
[eep)
[981]
[L6L]
[L6L]

lozL]
[L6L]

oIz aqnd + Wy 881
o1
001
001
001
001
09
09
09
001

Pd09-S¥
INLTT St
INES—LT 09
UNS8—0T 09
2105-0C L
248L-0¢ 09

00L—00S

1561
161
161
161
1561
161
161
1561
1-01
-1
161

161

091§
[091s pauopIeH

[91s paudpIey
[91s pauapIeH
[091S pauapIeH
[091s paudpIeH
[991s paudpIey
[0991s pauapIeH
[091S pauapIeH
[091s pauopIeH
2918 DOYY
[PS

[SEN

DM 10 [991s pauapIeH
091§

[EE
[09)s pauopIey

[991s pauspIeH
[091s pauapIeH
[091s pauapIeH
[091s pauopIeH
[991s pauspIeH
[091s pauapIeH
[091s pauapIeH
[091s pauopIeH
[991s [00] pauapIeH
0918

[PAS

[091s pauapIeH
091§

LD Krejoueld

PRUI-DM

000%

A U9S1Y [ [[eq Arejoue[q
000

N YosIY 1w [[eq Arejouelq
000%

N YosIY 1w [[eq Arejoue]q
000%

N UosIY (1w [[Bq Areroue|d
000%

N YosIY (1 [[eq Arereueld
000

N yosIY 1w [[eq Arejoue]q
000¥

N yos1Y 1w [[eq Arejouelq
000%

N Yoy [[1u [[eq Areroue|d

0008 XAdS
Sd yosIIg
Sd yosIIg

§d yosILg

OSIN%I0W(Z-201Z
A6TZ

0TNOENDSPI SIZ
OlINL TN EEL 61117
SLINOSND0EL S Ty
TN 6N S 61 68717
BING e LA A
OINE IS 1] 0517
OIS LINDS LI 917
SINS LenS Ty SSaz7
Pd—1Z

GZIN-1Z

IN-1Z

UN—IZ

-1z
-1z



[so8] o0 + Wy T - 101 [09)s pauapIey [09)s pauapIey 0008 XAdS 47194°PN
10918
[8zL] S1-01 - 101 10918 D0VY [00) paudpIeH 0008 XAdS 2007-IN
[
m [t08] 8¢ 00T [leq Arejouelq Otuz0LS N
< [
-~ [c08] 4! 081 1:0T 0D-OM 0D-OM [leq Arejouelq INOT-TVST—®T
m [cos] wy Apred [29)s paraduid], Sd/Ld yosiig Els)
~ [9918
Ne) -
N [socl €1 - 101 [0918 D0bY [00) paudpIey 0008 X4dS azin)
m 9918
m [soL] - 1:01 [091s D0t [00) pauspIeH 0008 XAdS byAlle)
= [epL] 00T [09)s pauapIey [09)s pauapIey 348710
2 [psel 08 - 1:01 SS D0t [091s paudpIeH [l Sunerqrp 170D
g 2.061— [o03s
= [os1] pue ¢8— 18 |y 9—¢ - 1:01 ONISUALIBW () [031s paudpIeH 0008 XAdS 170D
B [289] 00€ 011-08 SS SS A50D
2 o318
wb [op9] 9¢ [09)S POUOPIEH  PAUI[-WO0}10q DM 0d YosILLy anc0)-g
H [0918
N [op9] 081 [091S POUSPIBH  PAUI[-W01I0q DM 0d yosiIg 9Dto)-»
W [108] 90T - B oM oM 0008 XAdS o)
m [008] o [ poy ellv
g l6v1] 1:021 SS SS 1w [reg (W) 1D0T-1V
g lor1] ‘wy Apredq 0001 1021 SS SS e o(S¥) 10S1-1V
A [659] 00T 051 1:01 SN SS S§d YosIHA roDfly
© [961] S9 - 7701 - 0008 XAdS pd3v
(9%e) 93uel [eLI)eW
OUAIRJY SuIuoj-sse[n () awn yIA (wdr) paadg Mdg wnipaw Juipurioy [BLIDJRUWL [BIA A punodwo)

106

JAIN Aq s1opmod pakofeard/sorfjejouriajur ur paueioy saseyd snoydiowry

81 3lqeL



107

C. Suryanarayana | Progress in Materials Science 46 (2001) 1-184

(28nd 1x2u U0 panuijuod)
[Lss]
[e8L]

[os1]
[1t6]
[112]
[s19]

[908]

5001

wy Apied

91
€1

4!

wy Apred 8¢

S6-0L

0,08 > 1V
91

¥

8y

81

S6

vl

0.061—

1B T °D.09 I8
€1 °D,0TT 1e 81
002

2l

‘wy Apaed 0S

¥C

8CC

01 10 ¢ ug

081

1:0C
101

1:01

-8
vl

1-0c

1:01
1:0¢

1-01

1-01
1:9°6

SS
0918 1D

[9918 DOYY
[09)s poudpIeH
SS

091§

9918 DOYY
0918

0D-DOM

SS

9918 D 0vv
SS

[9918 D 0¥y

[091s paudpIeH
SS

991 D Ov1
SS

SS

SS Doy

SS

0918 1D

[09)s [00],

[00)S paudpIeH
SS

[991S

1098

100} pauopIeH
19915 parodwa ],

ey

0D-DOM

SS

0918

[00} pauspIley
SS

[091s

00} pauopIeH
oM

SS

[091s paudpIeH
SS

SS

0918

100} pauspIeH

¢d yosmig
§d yosiLg

0008 XddS
0008 XddS
0008 XddS
[ fregq

[[iwr uoneIqIA

0008 XddS
Sd/Ld Y1
[

I1eq A1ejoueld
[ Jregq

[

Ireq K1ejoueld
8 VIN-AGIN
unsipy 1odng

0008 XddS
¢d yosnig

0008 XddS
0d Yo
[ freg

0008 XddS

Sd Yyosiig

[ reg
7/oTeXd T
107RIQIA BIDIAUL
[

I1eq A312u2 ysiy

ALL
RNV

(s¥)
nDGI-INSI-1L
INLL

INEE-IL
INEE-LL

oeL

N
IS

oS
eOCI-4AS

dOCT-INCE—Pd
GZIN

1Z09-N
1ZN

1ZN

T_Nc_ _Z
ALIN

ILIN
assIN
ANSS—IN
IVEIN

48-°4LL-PN



C. Suryanarayana | Progress in Materials Science 46 (2001) 1-184

108

"pakoqead 1y d

“QIM)XIW USS0IIU—U03IY
"payipijos A[pider :SY 4
‘[991s ssa[uUIL}S S

[rsy] 0vc 00L-00S I:L [9918 991§ LD Arerouelq YOI1s1Z
[ee1] IN“IZ
1L
[er] S/W 009 [991S pauopieH 1eq Arejdueld (Vd) 0017
[
[er1] S/ 00¢ [031s paudpIeH [1eq Arejoue|q p(Vd) 0D%1Z
[z18°90L] 00¢ 011 19918 10918 1w [reg f0DA
[c1890L°02] 00€ 011 [091S 991§ [ regq CoDA
(9%®) a3uel [eLIdYRW
QOUAIJY SuIuI0J-sse[n () swn VA (wdi) paadg ddg  wnipaw Suipulin [BLISJBW [RIA AL punodwo)

(panunuod) g1 dqeL



C. Suryanarayana | Progress in Materials Science 46 (2001) 1-184 109

the amorphous phase formation is known to be critically dependent on the milling
conditions, details about the mill, milling container, grinding medium, BPR, and
other parameters are also provided in these tables.

A point to be considered is whether there exists a difference in the way an
amorphous phase forms by MA from a mixture of powders (A and B) and by
MM from the intermetallic compound (A,,B,). Two reaction routes are possible:

mA + nB— (AmBH )cryslalline - (AmBH )amorphous (1 3)

mA + nB— (AmBn )amorphous (] 4)

Occurrence of amorphization by both the routes can be found in the literature.

When the starting material is a mixture of elemental powders, i.e., during MA,
additional time is required for alloying to occur and then only an amorphous
phase can form. On the other hand, when the starting material is an intermetallic,
i.e., during MM, no alloying need to occur, but only amorphization. Thus,
intuitively one can estimate that the times for amorphization are shorter during
MM. It is also of interest to note that formation of a crystalline intermetallic
phase has been reported to occur before amorphization. This has been shown to
be true in the Cu-Ti [701], Fe—Sn [714], Nb—Ge [728], Nb-Si [730], Nb-Sn [731],
Ni-Zr [752], Ti-Ni-Fe-Si [433], and Zr—Al [107], amongst others. In some
instances, it has also been reported that a solid solution forms first which on
continued milling becomes amorphous. This has been reported to be true in the
case of Ta—Al [364], Ti—Al [366], Zr—Al [389], and other systems. In some systems,
it was reported that on MA of the blended elemental powder mixture the
sequence of phase formation with time was solid solution, intermetallic and finally
an amorphous phase [336,369]. Whether an intermetallic or a solid solution phase
forms before amorphization depends on the relative free energies of the solid
solution and the intermetallic phases; the phase with the lowest free energy forms.

In general, the end product is the same irrespective of whether the starting
material is a mixture of the elements, a single intermetallic phase, or a mixture of
two or more such phases. This has been shown to be true in the Nb—Al system,
where an amorphous phase was obtained whether the starting material was an
intermetallic or blended elemental powder mixture. However, in the Mg—Zn
system, it has been reported that an amorphous phase can be produced only by
starting from the intermetallic Mg;yZn;, and not by MA from the blended
elemental powder mixture of the Mg—30Zn composition [804]. On the other hand,
an Fe-33at%Ti powder mixture could be amorphized by MA while the
intermetallic Fe,Ti could not be amorphized by MM [715].

Amorphization in ordered alloys seems to follow the sequence [615]:

Ordered phase— disordered phase (loss of long-range order)

— fine grained (nanocrystalline)phase— amorphous phase (15)
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The formation of an amorphous phase can occur, at least in some cases, without
the loss of long-range order (see Section 10 on Disordering of Intermetallics).

Even though it may appear that any alloy can be made amorphous under
appropriate conditions of milling, it is not true. This is because a number of
variables, the more important of them being milling energy, milling temperature,
and impurity contamination, control the constitution of the final product.

The effect of process variables on the amorphization behavior has been studied
in several alloy systems. Amongst these, the important variables studied are
milling intensity (including higher ball-to-powder weight ratio, BPR) and milling
temperature.

Increased milling energy (achieved by a higher ball-to-powder weight ratio,
increased speed of rotation, etc.) is normally expected to introduce more strain
and increase the defect concentration in the powder and thus lead to easier
amorphization. However, higher milling energies also produce more heat (and
higher temperatures) and this can result in the crystallization of the amorphous
phase. Therefore, a balance between these two effects will determine the nature of
the final product phase.

It has been reported in the Ni—Zr system that milling in a planetary ball mill at
an intensity of 3 did not produce any amorphous phase [813]; due to the
insufficient energy available at low intensities. However, when the intensity was
increased to 5, amorphous phase formation was observed in a wide composition
range of 30-83 at% Ni. At an intensity of 7, amorphous phase formation was
observed, but only between 66 and 75 at% Ni. These observations suggest that
with increasing milling energy, the heat generated is also high, which crystallizes
the amorphous phase. Similar results were also reported in other systems
[745,804,814,815]. Thus, it appears that the maximum amorphization range is
observed at intermediate values of milling intensity — too low an intensity does
not provide enough energy to amorphize while at very high intensities, the
amorphous phase formed would crystallize.

It has also been reported that increasing the BPR has a similar effect. It was
shown in the Al-Ta system that a fully amorphous phase was obtained only at a
BPR of 36:1 or 108:1. When the BPR used was 12:1 a crystalline phase was
obtained, while at a BPR of 324:1, a mixture of an amorphous and crystalline
phases was obtained [672]. Paralleling these studies it has been reported that an
amorphous was not obtained when large diameter grinding medium was used
[111,113,755].

In some cases an amorphous phase may form at both low and high milling
intensities, provided that the temperature rise at the high milling intensity is not
high enough to cause crystallization of the amorphous phase produced. But, the
difference may be in the time for amorphization. It has been reported that
amorphization in a Ni—-38at% Zr powder mixture requires 60 h in a high-energy
mode in a Uni-Ball mill while it takes 240 h at low and intermediate energies;
even then it is only partly amorphous.

There have been conflicting results on the effect of milling temperature on the
nature of the phase formed. Koch et al. [180] have recently summarized the results
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of varying the temperature of the mill on the kinetics of amorphization in
intermetallics. They concluded that generally a lower milling temperature
accelerated the amorphization process. Since a nanostructured material can be
easily produced at lower temperatures of milling, the increased grain boundary
area drives the crystal-to-amorphous transformation. For example, the time
required for amorphization in NiTi was 2 h at —190°C, 13 h at 60°C, and 18 h at
220°C [180]. Similar results were also reported by others, see, for example, Ref.
[807]. Fig. 8(a) shows the grain size obtained at different milling temperatures for
the CoZr intermetallic. It can be seen that the grain size is smaller at lower milling
temperatures, and therefore it becomes easier to form the amorphous phase at
lower temperatures of milling. Note also the band representing the critical grain
size for amorphization. The milling time required for obtaining an amorphous
phase as a function of the normalized milling temperature (milling temperature/
melting temperature) is plotted for NiTi, CoZr, and NiZr, intermetallics in
Fig. 8(b). This figure confirms that the times are shorter at lower homologous
temperatures [181]. While majority of the limited number of studies follow the
above behavior, there is at least one example, where the reverse behavior is
reported. Lee et al. [177] reported that amorphization kinetics were faster at
higher temperatures of milling. They indicated that while no amorphization
occurred in the NiZr and NiZr, intermetallics after milling for 15 h at —180°C,
full amorphization was observed for the same milling time at 200°C. A partially
amorphous phase formed at an intermediate temperature of 25°C. This was
explained on the basis of the increased interdiffusion rates at higher temperatures.
More recent experiments by Koch [181] confirm that rapid amorphization was
achieved in the NiZr, compound at low temperatures.

Mechanical alloying/mechanical milling introduces contamination into the
milled powder and this can substantially alter the constitution and stability of the
powder product. Generally, the presence of additional elements favors
amorphization (using the confusion principle enunciated for formation of an
amorphous phase during RS processing of materials and so frequently obeyed
[656]). For example, it has been reported that an amorphous phase was obtained
in ball-milled Fe—Cr alloy powders only in the presence of oxygen; an
intermetallic formed in the absence of oxygen [306]. A similar situation was
obtained in MM of Nbs;Al powders where a disordered solid solution was
produced when milled in a clean atmosphere whereas an amorphous phase formed
in the presence of nitrogen [622]. Al-Ti [675] and Ni—Nb [127] systems also
exhibited a similar behavior. Substantial pick up of nitrogen and oxygen was
found to be the reason for amorphization observed in Ti—50 at% Al powders.
Improved atmospheric control prevented amorphization even after milling for 100
h [816].

Contamination has also been found to affect the stability of the amorphous
phases formed. Formation of a crystalline phase has been reported on continued
milling of Ti—Al powders after the formation of the amorphous phase [58].
Chemical analysis of the powder, fine-structure analysis by XPS techniques, and
lattice parameter measurements strongly suggested that this fcc crystalline phase is
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due to increased nitrogen contamination of the milled powder and the crystalline
phase has been identified as TiN [58]. Similar results were reported on milling of
Zr—Al powder [389].

11.1. Thermodynamics and kinetics of amorphous phase formation

Metallic glasses have been obtained by rapid solidification techniques in a
number of binary and ternary alloy systems [219,653-657]. It has been well
established that, amongst other conditions, the likelihood of obtaining a glassy
phase is very high near deep eutectics. But, in mechanically alloyed powders an
amorphous phase is obtained around the equiatomic composition [817]. This
observation can be rationalized with reference to Fig. 32. A hypothetical binary
phase diagram featuring some solid solubility on either end and also exhibiting the
presence of an intermetallic phase is shown in Fig. 32(a). o and B are the terminal
solid solutions, 7 is the intermetallic and L represents the liquid phase. The Gibbs
free energies of the different phases at a temperature 7, are shown as a function
of composition in Fig. 32(b), assuming that the free energy of the undercooled

—
Q
~

TEMPERATURE

—
=2
-~

FREE ENERGY

A X X X3 X4

Fig. 32. (a) Hypothetical binary phase diagram featuring some solid solubility on either end and also
showing the presence of an intermetallic phase. (b) Gibbs free energy versus composition at a
temperature corresponding to T, in the above diagram.
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liquid fairly accurately represents the free energy of the amorphous phase. At this
temperature, o, B, v, and mixtures of these phases are thermodynamically stable,
whereas L is metastable.

The equiatomic blended elemental powder mixture has a free energy, G,
corresponding to point 1 in Fig. 32(b), half way along the straight line joining the
free energies of pure metals A and B. If the two components are allowed to
interdiffuse freely, then the lowest free energy state corresponding to the
formation of the y phase, G; (point 3) will be obtained. Even though
thermodynamically this is the lowest free energy state, this can be kinetically
prevented from occurring when the free energy G,, corresponding to the
formation of an amorphous phase (point 2), is reached.

Preventing the reaction ¢ — i from occurring and favoring ¢ — a to occur is
possible by a proper choice of metals A and B, the reaction temperature 7;, and
the reaction time .. Schwarz and Johnson [818] proposed that two conditions
need to be satisfied for an amorphous phase to form from a thin film couple (or a
blended elemental powder mixture). First, the two metals must have a large
negative heat of mixing in the liquid (amorphous) state, and this provides the
thermodynamic driving force for the reaction to occur. Hellstern and Schultz [819]
confirmed the importance of the large negative heat of mixing by studying the
glass-forming ability of several titanium-containing transition metal alloys.
Systems such as Cu—Ti, Ni—Ti, and Co-Ti with a large negative heat of mixing
could be completely amorphized, while Fe—Ti, Mn-Ti, and Cr—Ti could be only
partially amorphized due to their smaller heat of mixing. The isomorphous V-Ti
system did not amorphize at all because a solid solution always formed on milling
the powder mixture. Alloy systems with a positive heat of mixing have also been
amorphized by MA in recent years; but, a large negative heat of mixing is an
essential condition for glass formation by RSP. The second criterion is that the
two metals must have largely different diffusion rates into each other and in the
amorphous alloy phase. This favors the kinetics of reaction path ¢ — a in
Fig. 32(b) over that of reaction path ¢ —i. This asymmetry in the diffusivities has
been correlated with the difference in atomic sizes for several elements [817].

The reaction temperature is another important parameter. If the temperature at
which milling is conducted is high, then formation of the amorphous phase would
not be generally expected. This is because the temperature rise during milling and
the high temperature of milling together may result in a situation such that the
temperature is above the crystallization temperature of the amorphous phase.
Consequently, if the amorphous phase were to form it would crystallize. This has
been shown to be true when higher milling intensities or higher BPR values were
employed during milling. In this respect, it is better that milling is carried out at a
relatively low temperature if formation of an amorphous phase is desired. Further,
the diffusion of one element into the other is slow at low temperatures and
consequently nucleation and growth of the intermetallic would not take place.
But, in some cases, it has been reported that an additional heat treatment
facilitates complete amorphous phase formation. In the case of an Al-15at%Cr
alloy powder mixture, only partial amorphous phase formation was observed after
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milling for 1000 h in a low-energy ball mill. But, when this milled powder was
annealed at 740 K and quenched, a fully amorphous phase was obtained [204]. A
similar observation was made in the Ta—Cu system also [820]. In general, a lower
temperature of milling favors amorphization.

The reaction time scales also are important because not only should one allow
the formation of the amorphous phase, but also maintain it without transforming
to the equilibrium phases. These concepts can be explained with reference to
Fig. 33. Like in Fig. 32, if we assume that the free energy of the blended elemental
mixture is G, that of the amorphous phase as G,, and that of the intermetallic as
G;, then these are schematically shown in Fig. 33. To prevent the stable
intermetallic from forming, the time scale for the formation of the amorphous
phase from the blended elemental mixture, i.e., #._,, should be much shorter than
t._;. Further, since the amorphous phase is metastable, 7,_,; should be much
longer than 7._,, so that the stability of the amorphous phase can be increased.
Thus, the kinetic conditions for the formation of an amorphous phase by solid
state reactions can be summarized as:

fema L temi and  fyi > fe sy (16)

11.2. Mechanism of amorphization

The mechanism of amorphization by MA and/or MM is not clearly understood.
The early investigators [20,658] assumed that the powder particles melted because
of the very high rate of plastic deformation, and consequent rise in the powder

Metastable Crystalline Phase
Disordered Intermetallic
Layered system of two metals

Intermetallic phase + H; gas

tc—u

G; 4

Fig. 33. Schematic free energy diagram indicating the criteria to be met for solid state amorphization.
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temperature. Subsequent quenching of the liquid by heat conduction into the less
deformed, and hence cooler, interior regions of the particles, resulted in the
formation of the amorphous phase (like in RSP). However, energy input
calculations and temperature measurements suggest that the temperature rise is
not large enough for the powder particles to melt (see also Section 7 on
Temperature Rise during Milling). Additionally, if this mechanism were to be
true, the glass-forming composition ranges in mechanically alloyed and rapidly
solidified alloys should be the same; but this is not true as will be shown later.
Researchers now believe that amorphization during MA is not purely a
mechanical process and that a solid-state reaction similar to that observed in thin
films [818] occurs during MA. During MM, however, destabilization of the
crystalline phase is thought to occur by the accumulation of structural defects
such as vacancies, dislocations, grain boundaries, and anti-phase boundaries. The
continuous decrease in grain size (and consequent increase in grain boundary
area) and a lattice expansion would also contribute to the increase in free energy
of the system [821]. It has been reported that the stored energy during MA can be
about 50% of the enthalpy of fusion, whereas by cold rolling or wire drawing it is
only a small fraction of it [167]. These defects raise the free energy of the
intermetallic system to a level higher than that of the amorphous phase and
consequently, it becomes possible for the amorphous phase to form. It has been
reported that amorphization occurs when the strain in the slow diffusing species
reaches a maximum [242]. In the case of ordered alloys, amorphization was
reported to occur when the long-range order parameter is <0.6 with a
corresponding volume of expansion of about 2% [822].

Irradiation of crystalline materials by energetic particles and electrons has been
known to cause amorphization when the following criteria are obeyed:

e the intermetallic compound has a narrow or zero homogeneity range,

e the order—disorder transition temperature of the intermetallic, T, is higher than
the melting temperature, T,

e the two components (elements) are separated by more than two groups in the
periodic table,

e the intermetallic has a complex crystal structure, and

e the fraction of A atoms (fj >/) is >1/3.

Intermetallics have also been amorphized by MM when the above criteria were
generally followed. However, there have been several exceptions to the above
empirical rules (too many to be ignored). For example, compounds with
reasonably wide homogeneity ranges have also been amorphized. Further, a
number of compounds with fy = 1/4 have been made amorphous. In view of
these observations, it should be realized that the above criteria may only be used
as guidelines and not that if they are obeyed, amorphization will be observed.
Beke et al. [823,824] estimated the elastic mismatch energy stored in an ordered
solid solution when its long-range chemical order is destroyed. They showed that
if T. > Ty, (see the second condition above) and the ratio of the elastic mismatch
energy to the ordering energy is high enough, amorphization is expected to occur.
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This has been proved to be a valid criterion in many cases of amorphization
observed by irradiation.

Recently, attempts have been made to predict the ability of an alloy to become
amorphous under MA/MM conditions. Since both atomic sizes and heats of
formation are important in the formation of amorphous phases, Zhang [825]
plotted (Ra — Rp)/Rp (where Rp and Ry are the atomic radii of the components
A and B, respectively) against AH, heat of formation of the amorphous phase,
and observed that the regions where an amorphous phase forms or does not form
can be separated by a straight line given by the equation:

(Ra — Ry = AR)/R = 0.068AH +0.716 (17)

The proportion of correct predictions for the glass-forming alloys was 89.2%
while that for the non-glass-forming alloys was only 71.4%.

A theoretical model was also proposed in which amorphization was assumed to
be realized through interstitial impurity formation during MA [826]. It was
assumed that amorphization occurred when impurity atoms penetrated into
interstitial sites and distorted the lattice locally. When the local distortions reached
some critical value, the long-range order of the lattice was destroyed
(destabilization of the crystalline phase) and an amorphous phase formed. It was
also shown that the minimum concentration of solute atoms needed to amorphize
a binary alloy system by MA was strongly related to the atomic size ratio of the
constituents as observed in RSP investigations [827]. For example, in fcc-based
metal systems, an amorphous phase was formed by MA when the atomic size
ratio was 0.68—1.83 and for bcc-based metal systems it was 0.66—1.31.

It has also been recently shown that large negative values of the interaction
parameter wac promote amorphization [710]. The interaction parameter mac is
given by the equation:

wac = RTep (18)

where R is the gas constant, 7 is the absolute temperature, and &2 is the

interaction coefficient defined as &t = dlnyc/dXa, where yc is the activity
coefficient and X, is the atom concentration of component A.

11.3. Theoretical predictions of amorphous-phase-forming range

The formation enthalpies of different competing phases in an alloy system, e.g.,
solid solution or an amorphous phase, can be calculated using the relations
developed by Miedema and co-workers [828] and recently summarized by Bakker
[829]. They proposed that for a solid solution the formation enthalpy consists of
three terms, viz.,

AH (solid solution) = AHchem + AHelast + AHruet (19)

where AH e 1s the chemical contribution due to the mixing of atoms of the two
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different metals, AHq, 1S the elastic contribution due to the atomic size mismatch,
and AHg, represents the variation in the lattice stability as a function of the
average number of valence electrons per atom. This term will be present only
when alloying occurs between two transition metals.

In an amorphous alloy, the atoms arrange themselves in such a way that elastic
mismatch is avoided but, in addition to a chemical term, there is a topological
term due to the amorphous character. The total formation enthalpy for an
amorphous alloy is estimated as:

AH (amorphous) = AH¢pem + 3.5(CA T, A+ T, B) (20)

where Ty, Ao and T, s are the melting points, and cx and cp are the atomic
fractions, of the elements A and B, respectively. Using the above relations one can
calculate the enthalpies of formation for the solid solution and amorphous phases.
When these enthalpies of formation are plotted against composition, one can
obtain the relative stabilities of the competing phases or phase mixtures by using
the common tangent construction. Even though this model has been successfully
applied with considerable success to predict the formation and stability range of
amorphous phases, a few words of caution are in order.

Firstly, we should realize that it is the free energy and not the enthalpy alone,
which decides the stability of a phase. In the Miedema calculations, the entropy
term is ignored. This is because the Miedema model is strictly valid only at 4.2 K
and therefore the enthalpy effects are far more important than the entropy effects.
Further, since we are dealing here with situations far from equilibrium, the kinetic
path should be taken into account. The thermodynamic parameters (and the
common tangent constructions) may then be used only as guidelines. Secondly,
significant discrepancies have been observed between the calculated and
experimentally observed heats of mixing. Thirdly, the enthalpy calculations do not
consider the occurrence of intermetallics in the phase diagram — only the
terminal solid solutions and an amorphous phase are expected to be present under
metastable conditions. Lastly, the prediction of glass-forming range using this
model has been applied mostly to studies on MA and not by other non-
equilibrium processing techniques. In spite of these apparent limitations, several
researchers have calculated the glass-forming range using the Miedema model and
these values are compared with the experimentally observed values in Table 19.

Another common approach of thermodynamic evaluation of binary systems is
CALPHAD [833], which uses analytical expressions to describe the free energy of
different phases. These expressions are derived from models with parameters
obtained from numerical fits to measured equilibrium data. Extrapolations are
then used to predict metastable equilibria. The CALPHAD method is usually
preferred to the Miedema model since the former is based on more explicit
thermodynamic data such as the equilibrium phase diagram. But, these
calculations are also sometimes inadequate due to problems associated with
insufficient experimental input, fitting errors, and invalid extrapolation to large
undercooling.
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Generally, the amorphous-phase-forming range is experimentally determined by
looking for the presence of broad peaks in the X-ray diffraction patterns of the
processed alloy. As mentioned earlier, this may not always prove that the material
produced is truly amorphous. It is much more reliable to measure the properties
of the samples such as the crystallization temperature, enthalpy of crystallization,
saturation magnetization or the superconducting transition temperatures. When
these properties are plotted against composition, a sudden change in the slope
indicates the solute concentration up to which the amorphous phase is
homogeneous [328].

It should be remembered that a good match is not always found between the
observed and predicted amorphous-phase-forming composition range. This is
essentially because MA is a ‘“‘complex” process and the mechanically alloyed
powder picks up lot of impurities and gets contaminated. The presence of these
substitutional and interstitial impurities modifies the stability of the amorphous
phase.

Table 19
Comparison of the predicted and observed glass-forming ranges in mechanically alloyed powder
mixtures

System Amorphous-phase-forming range (at% solute)

Miedema model Reference CALPHAD Observed Reference
Al-Fe 25-60Fe [228] 25Fe [228]
Co-V 33-60V [259]
Co-Zr 22-61Zr [692] 27-927Zr [797]
Cu-Hf 21-71Hf [45] 30-70Hf [523]
Cu-Ti 25-72Ti [45] 13-90Ti [702]
Cu-Zr 26-51Zr [692]
Fe-B 50-60B [577]
Fe—Zr 21-73Zr [45] 22-70Zr [830]
Fe—Zr 33-547Zr [692]
Nb-Fe 30-70Fe 30-70Fe [726]
Nb-Ge 18-27Ge [727] 12-30Ge [728]
Ni-Hf 16-75Hf [45] 35-85Hf [523]
Ni-Nb 20-69Nb [45] 20-79Nb [127]
Ni-Ti 23-76Ti [45] 28-72Ti [357]
Ni-V 45-60V [831]
Ni—Zr 20-80Zr [45,751]
Ni-Zr 17-76Zr [45] 17-73Zr [830]
Ni-Zr 22-63Zr [692] 17-67Zr 24-85Zr [186]
Pd-Ti 46-80Ti [45] 42-85Ti [782]
Pd-Zr 40-55Zr [832]
Ti—Al 15-88Al [242] 10-96Al 10-75Al [242]

35-75Al [773]
Ti—Cu 46-65Cu [775]

Ti—Ni 25-83Ni [773,775]
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11.4. Comparison between mechanical alloying and rapid solidification

The radial distribution functions of amorphous alloys synthesized by MA/MM
or RSP techniques have been found to be similar. In fact, the structure factors for
irradiated, rapidly solidified, and mechanically alloyed amorphous phases of
different alloy systems have been found to be very similar [834]. The structural
and magnetic properties of mechanically milled and sputtered YCo, and YCos
intermetallics have also been found to be very similar [706]. The crystallization
temperatures of the amorphous alloys produced by MA and RSP techniques have
also been found to be similar [328], even though the activation energies for
crystallization of RSP alloys are much higher than for MA alloys [189,677]. But, it
has been noted that the composition ranges of the amorphous phases are much
wider in alloys produced by MA than in those obtained by RSP.

Even though amorphization has been observed by both MA and MM, there is
no quantitative data available to define the ‘‘critical” energy input (or other
parameters) which can be equated to the critical cooling rate which should be
exceeded to form the amorphous phase in RSP studies. Modeling of MA/MM
(currently in progress in different laboratories) can provide additional information
in this direction.

The features of phase diagrams normally provide clues to the possibility of
producing amorphous phases. Amorphous alloys are easily produced by RSP
techniques in the vicinity of deep eutectics. This is because the reduced glass
transition temperature 7, defined as the ratio of the glass transition temperature
T, to the melting temperature Ty, is the highest at the eutectic point. The ease of
forming an amorphous phase is higher the higher the 7, value. But, in the case of
mechanically alloyed materials the amorphous phase is mostly obtained around
the equiatomic composition. Further, the amorphous-phase-forming range is much
wider in materials produced by MA than by RSP. Whereas it has been found
impossible to amorphize alloys corresponding to melting point maxima by RSP
techniques, it has been found that amorphization by MA occurs easily at such
compositions [721]. For example, MA was able to amorphize alloys corresponding
to the composition Hfs)Nisg, at which composition an orthorhombic structured
line compound exists with a melting point of 1800 K [523]. Similarly,
amorphization was reported in Cu—Hf alloys in the composition range of 60—70
at% HIf, close to and on either side of the Hf;Cu compound having the highest
melting point of the compounds in the system [523]. Alloy systems with a positive
heat of mixing cannot be amorphized by RSP, but MA can produce them in the
amorphous state. In general, it has been noted that it is easier to produce an
amorphous phase, and in a wider composition range, in an alloy system by MA
than by RSP. There are some systems in which it is possible to produce an
amorphous phase by MA but not by RSP techniques. Amongst those the role of
contamination on the formation of amorphous phases by MA, at least in some
cases, cannot be completely ruled out. Table 20 compares the amorphous-phase-
forming range in some alloy systems produced by these two techniques.

Several investigations were conducted on the crystallization behavior of rapidly
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Table 20

Comparison of amorphous-phase-forming ranges (at%) by MA and RSP techniques

System By RSP By MA Reference
Ag-Pd Not reported 50Pd [196]
Al-Fe Not reported 20-50Fe [663]
17-33Fe [133]
Al-Ta 33-67Ta [673,674]
Co-B 33-50B [576]
Co-Ge Not reported [835]
Co-Nb 15-20Nb [686]
Co-Si 30-70Si [689]
Co-Ti 15-20Ti [686]
Co-V 33-60V [259]
Co-Zr 8-73Zr [259]
Cr-Fe 28Fe [693]
Cr—Nb 30-68Nb [694]
Cu-W 30-90W [291]
Fe-B 35-40B [708]
Fe-C 20-25C [708]
17-60C [582]
Feg;_Cr.Cy7 24-50Cr 10-60Cr [710]
Feg;_Mo,Cy7 5-26Mo 5-60Mo [710]
Fe-P 25P [712]
Fe-Si 10—-40Si [689]
Fe-Zr 22-70Zr [333,704]
Ge-S 61-72S [718]
Hf-Cu 20-90Cu [720]
30-70Cu [523,721]
Hf-Ni 15-65Ni [721]
10-85Ni [720]
La—AI-Ni 30-70La [722]
10-50Ni
Mg-Ni 50-80Ni [349]
40—70Ni [723]
Nb-Al 25-85Al [236]
Nb—-Co 35-85Co [694]
Nb-Cr 32-70Cr [694]
Nb-Fe 35-75Fe [694]
Nb-Ge 18-27Ge [727]
12-30Ge [728]
Nb-Mn 35-60Mn [694]
Nb-Ni 40-60Ni 20-80Ni [694,738,739]
Ni-Mg 20-50Mg [349]
Ni—-Mo Not reported 50Mo [734]
Ni-Sn 20-40Sn [739]
Ni-Ta 35-65Ta 40-80Ta [741]
30-60Ta 20-90Ta [182]
Ni-V 40-65V [745]
Ni—Zr 60-80Zr, 30-42Zr 20-80Zr [751]
30-80Zr [753]
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Table 20 (continued)

System By RSP By MA Reference
Pd-Si 15-23Si 13.5-25Si [757]
Pd-Ti Not reported 42-85 Ti [756,782]
Ta—-Al Not reported 10-90A1 [760]
Ta—Cu 20-50Cu [762]
Ti—Al Not reported 10-60A1 [242]
10-75Al [242]
20-50A1 [366,367]
20-60Al [111]
25-67A1 [772]
45-65Al [328]
50-75A1 [771]
Ti—Al-Ni 0-50Al, 0—50Ni, 30—90Ni [374]
Ti—Cu 30-70Cu 10-87Cu [702]
10-90Cu [720]
Ti—Ni 10-70Ni [775]
35-50Ni [779]
TiSONiXA1507,\‘ X = 10, 25 [773]
TigoNi Alyg_x x = 15,20 [773]
Ti—(40 — x)Ni—xCu x = 10-20 [775]
Ti—(50 — x)Ni—xCu x = 10-30 [775]
Ti—(60 — x)Ni—xCu x = 10-40 [775]
Ti—Ni—Cu 10-30Ni, 10-30Cu [780]
Ti-Si 16-63Si [786]
Zn-Ti 40Ti [790]
W-Fe 30-70Fe [789]
Zr-Al 17.5-30Al [791]
17.5-40 Al [792,793]
Zr—Co 20-57Co 27-92Co [797]
Zr—Cu 25-90Cu 40-60Cu [704,705]
Zr-Fe 8-17Fe 20-50Fe [720]
60—80Fe 30-78Fe [325,327,797]
Zr-Mn 20-50Mn [797]
Zr—Ni 20-40Ni and 58—70Ni 27-83Ni [797]
Zr-Pd 20-35Pd 45-60Pd [434]

solidified alloys and also their transformation behavior on application of pressure
(see the relevant chapters in refs. [3,4,653—657]). But, only a few reports are
available on such transformations of amorphous phases produced by MA/MM.
An important difference observed between amorphous phases synthesized by MA
and RSP techniques is the degree of thermal relaxation. Since MA is conducted at
or near room temperature, the amorphous alloy samples are in a very unrelaxed
state [748]. This may prove to be very useful in probing the microscopic origin of
the relaxation processes. Another important difference is in the nature of the
transformation. For example, the amorphous phase at the Zr-24at%Fe
composition synthesized by MA directly transforms to the equilibrium Zrs;Fe
phase. But, the first crystallization products of rapidly solidified (melt-spun) alloy
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are metastable Zr,Fe, ®-Zr, and o-Zr, which were not observed during the
decomposition of the mechanically alloyed powder [836].

Amorphous phases are synthesized by many other methods also such as laser
processing, sputtering, ion mixing, etc. Differences have been observed in the
amorphous-phase-forming composition range between MA and these methods.
Fig. 34 compares the amorphous-phase-forming composition range for the Ni-Nb
system.

There has been lot of activity in recent times on the synthesis/processing and
characterization of bulk amorphous alloys [837]. These alloys, characterized by a
wide supercooled liquid region (large temperature differences between the
crystallization and glass transition temperatures), can be synthesized at extremely
low cooling rates. Such alloys have also been synthesized by MA in the
multicomponent Zr—Ti—Cu—Ni, Zr—Al-Cu—Ni, and Mg-Y—Cu systems [678].
Applications for such bulk amorphous alloys include the 3 mm-thick faceplate
inserts for high-end golf club heads [838].

12. Nanostructured materials

Nanocrystalline materials are single-phase or multi-phase materials, the crystal
size of which is of the order of a few (typically 1-100) nanometers in at least one
dimension. Because of the extremely small size of the grains, a large fraction of

Amorphization Range

RF Sputtering

Laser Quench

lon Beam Mixing

RSP

Composition (at.% Nb)

Fig. 34. Comparison of amorphous phase forming range achieved in the Ni-Nb system by different
non-equilibrium processing routes.
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the atoms in these materials is located in the grain boundaries (Fig. 35) and thus
the material exhibits enhanced combinations of physical, mechanical, and
magnetic properties (compared to material with a more conventional grain size,
i.e., >1 um). Nanocrystalline materials show increased strength, high hardness,
extremely high diffusion rates, and consequently reduced sintering times for
powder compaction. Several excellent reviews are available giving details of the
processing, properties, and applications of these materials [183,184,839,840].

Nanocrystalline materials have been synthesized by a number of techniques
starting from the vapor phase (e.g., inert gas condensation), liquid phase (e.g.,
electrodeposition, rapid solidification), and solid state (e.g., mechanical attrition).
The advantage of using MA for the synthesis of nanocrystalline materials lies in
its ability to produce bulk quantities of material in the solid state using simple
equipment and at room temperature. The first report of formation of a
nanostructured material synthesized by MA is by Thompson and Politis in 1987
[782], even though the specific mention of formation of ‘“‘nanometer order
crystalline structures produced by mechanical alloying” was by Shingu et al. in
1988 [841]. Koch [183] has summarized the results on the synthesis and structure
of nanocrystalline structures produced by mechanical attrition and has recently
updated the situation [842].

Grain sizes with nanometer dimensions have been observed in almost all
mechanically alloyed pure metals, intermetallics, and alloys (if they continue to be
crystalline). Thus, it appears to be a ubiquitous phenomenon. In spite of this,
there have not been many investigations to explain why and how the nanometer-
sized grains are obtained in these materials. Hellstern et al. [843] have described
the mechanism of formation of nanostructures by MA/MM. From high-resolution
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Fig. 35. Schematic arrangement of atoms in an equiaxed nanocrystalline metal.
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TEM observations, these authors reported that at the early stages of MA, shear
bands were observed due to the high deformation rates experienced during MA.
These shear bands, which contain a high dislocation density, have a typical width
of approximately 0.5-1.0 um. With continued milling, the average atomic level
strain increases due to the increasing dislocation density, and at a certain
dislocation density within these heavily strained regions, the crystal disintegrates
into subgrains that are separated by low-angle grain boundaries. This results in a
decrease of the lattice strain. On further processing, deformation occurs in shear
bands located in previously unstrained parts of the material. The grain size
decreases steadily and the shear bands coalesce. The small angle boundaries are
replaced by higher angle grain boundaries, implying grain rotation, as reflected by
the absence of texture in the electron diffraction patterns and random orientation
of the grains observed from the lattice fringes in the high-resolution electron
micrographs. Consequently, dislocation-free nanocrystalline grains are formed.

Li et al. [844] have also proposed a model for the refinement of grain size
during ball milling and noted that the grain size in the early stages of milling
follows the relation:

d= Kt~ (21)

where d is the grain size, ¢ is the time and K is a constant.

The minimum grain size achievable by milling is determined by the competition
between the plastic deformation via dislocation motion and the recovery and
recrystallization behavior of the material [845,846] This balance gives a lower
bound for the grain size of pure metals and alloys. The minimum grain size, dmjn
obtained by MM was found to vary inversely with the melting point of Al, Ag,
Cu, and Ni (all having an fcc structure) [845], and directly with the stacking fault
energy. However, when data from the bcc and hcp metals as well as several
intermetallics are included, only fcc metals (with a relatively low melting point)
showed this clear inverse dependence of minimum grain size on the melting point
[183,842]. The minimum grain size was virtually independent of the melting point
for the hep, bee, and other fcc metals with high melting points. For these elements
it appears that d,;, is in the order: fcc < bee < hep. Since a number of process
variables (method to estimate the grain size, milling intensity, milling temperature,
alloying effects, contamination, etc.) can influence the minimum grain size
achieved, systematic investigations are required to be conducted before serious
explanations can be offered for these variations.

Several nanocomposites have also been synthesized by MA. Nanocomposites
have also been obtained when the amorphous phases obtained by MA/MM are
crystallized at relatively low temperatures [847]. An important attribute of these
nanocomposites is in preventing or minimizing grain growth till very high
temperatures. Reinforcement of Cu and Mg with Al,O; was reported to prevent
grain growth up to the melting point of the metals [848]. Alloys in the
nanocrystalline form have also been shown to have much higher hydrogen
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sorption properties at low temperature than their polycrystalline coarse-grained
counterparts [849]. These materials are not also sensitive to exposure to air.

A number of reviews have been written recently on the synthesis, properties,
and applications of nanostructured materials processed by MA/MM (see, for
example, Ref. [840,842]) and so this topic will not be discussed further.

13. Mechanochemical synthesis

It was first reported in 1989 that MA could be used to induce a wide variety of
solid—solid and even liquid-solid chemical reactions [850,851]. It was
demonstrated that CuO could be reduced to pure metal Cu by ball milling CuO at
room temperature with a more reactive metal like Ca. Milling together of CuO
and ZnO with Ca has resulted in the direct formation of B’-brass [851]. But, it has
been reported that such types of chemical reaction were observed as early as 1894
where the conversion of mechanical energy into chemical energy was utilized to
bring about chemical reactions [852]. This has been referred to in the literature as
mechanosynthesis or mechanochemical synthesis. McCormick [23] has presented a
review of the work from his group a few years ago. In fact, most of the work in
this subarea of MA is due to McCormick [23], Takacs [118], and Matteazzi [329].

Most of the mechanosynthesis reactions studied have been displacement
reactions of the type:

MO +R—M + RO (22)

where a metal oxide (MO) is reduced by a more reactive metal (reductant, R) to
the pure metal M. Metal chlorides and sulfides have also been reduced to pure
metals this way and the results available to-date are summarized in Table 21.

The reactions listed in Table 21 are characterized by a large negative free energy
change and are therefore thermodynamically feasible at room temperature. The
occurrence of these reactions at ambient temperatures is thus limited by kinetic
considerations alone.

A characteristic feature of all solid-state reactions is that they involve the
formation of product phase(s) at the interfaces of the reactants. Further growth of
the product phase involves diffusion of atoms of the reactant phases through the
product phase, which constitutes a barrier layer preventing further reaction. Thus,
these reactions require elevated temperatures to proceed at reasonable rates.

Mechanical alloying can provide the means to substantially increase the reaction
kinetics of the reduction reactions. This is because the repeated welding and
fracturing of powder particles increases the area of contact between the reactant
powder particles due to a reduction in particle size and allows fresh surfaces to
come into contact repeatedly; this allows the reaction to proceed without the
necessity for diffusion through the product layer. As a consequence, reactions that
normally require high temperatures will occur at lower temperatures during MA
without any externally applied heat. In addition, the high defect densities induced
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by MA accelerate the diffusion process. Alternatively, the particle refinement and
consequent reduction in diffusion distances (due to microstructural refinement)
can at least reduce the reaction temperatures significantly, even if they do not
occur at room temperature.

Depending on the milling conditions, two entirely different reaction kinetics are
possible [857,870,880]:

1. the reaction may extend to a very small volume during each collision, resulting
in a gradual transformation, or

2. if the reaction enthalpy is sufficiently high, a self-propagating combustion
reaction can be initiated.

The latter type of reactions require a critical milling time for the combustion
reaction to be initiated. If the temperature of the vial is recorded during the
milling process, the temperature initially increases slowly with time. After some
time, the temperature increases abruptly, suggesting that ignition has occurred,
and this is followed by a relatively slow decrease. This time at which the sudden
increase in temperature occurs is referred to as the ignition time, #, and these
values also are listed in Table 21. Fig. 36 shows schematically the variation of
temperature with time during the milling operation. Measurements of the ignition
time provide a useful means of characterizing the structural and chemical
evolution during MA [881]. It has been noted that there is only particle refinement
during milling until the combustion reaction occurs. The reduction reaction occurs
only after the combustion reaction. Accordingly, it was observed that no reaction
occurs between PbO, and TiO until 28 min 21 s at which time combustion takes
place. The reaction resulting in the formation of PbTiO; is complete at 28 min 23 s
[882].

Temperature

Time (min)

Fig. 36. Variation of milling vial temperature during mechanical alloying when a combustion reaction
takes place.
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Intimate contact between the reactant powder particles is an essential
requirement for combustion to occur. This condition is easily met during milling
of ductile—brittle systems. In these mixtures the microstructure consists of brittle
oxide particles dispersed in the ductile matrix (Fig. 15) and therefore intimate
contact exists between the two types of particles. On the other hand, if both the
oxide (which is brittle) and the reductant are hard and brittle, agglomerates of
reactant particles cannot develop and combustion is not initiated. This may be the
reason why combustion was not achieved in the CuO/Cr couple and even the
gradual reaction is extremely slow between CuO and Si. This point highlights the
necessity of an intimate contact for achieving faster kinetics during the reduction
process.

The product of the displacement reactions normally consists of two phases —
the metal (or a solid solution or a compound) and the oxide or chloride associated
with the reductant. The removal of the unwanted reaction by-product can be
difficult due to the high reactivity of the metal phase associated with the
nanocrystalline grain sizes and intermixing of the phases induced by the MA
process. The by-product phase can be removed by leaching in a dilute acid or hot
water, or by vacuum distillation. It was reported that the salt (by-product MgCl,)
formed during the reduction of TiCly; with Mg was removed either by vacuum
distillation at 900°C for 24 h, or by washing the powder in 10% nitric acid [875].
An important requirement for easy removal of the salt from the mixture is that it
should be contiguous so that the leachant can easily reach it. The use of carbon or
hydrogen as a reductant produces either gaseous CO, or water vapor as the by-
product and obviates the need for leaching/distillation.

13.1. Process parameters

Process parameters such as milling temperature, grinding ball diameter, ball-to-
powder weight (charge) ratio, use of a process control agent, and relative
proportion of the reactants seem to play an important role on the nature and
kinetics of the product phase obtained by the displacement reactions. For
example, a combustion reaction could be initiated during the reduction of copper
oxide by iron; but the same reaction progresses gradually under slightly different
milling conditions. Consequently, results from different laboratories can be
effectively compared only if the exact conditions under which the reaction takes
place are reported. These conditions need to be optimized for the best yield.

13.1.1. Milling temperature

McCormick et al. [875] investigated the reduction of TiCly with Mg both at
room temperature (20°C) when TiCly is in the liquid state and at —55°C when it is
in the solid state. They observed that the milling time required to synthesize Ti
was reduced by a factor of 6 when milling was conducted at —55°C. This was
explained on the basis of the greater efficiency of solid—solid collision events
occurring during MA. However, if both the reactants were to be in the solid state
at both the temperatures, the enhanced diffusivity at the higher temperatures will
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increase the reaction kinetics and consequently the times required for reduction
will be shorter. No such measurements have been made to date.

13.1.2. Ball-to-powder weight ratio

The time required for the reduction reaction to be completed decreased with an
increase in the ball-to-powder weight ratio (BPR). For example, the time required
to form Ti during the reduction of TiCly with Mg at 20°C was 48 h at a BPR of
2:1, while it was only 18 h at a BPR of 12:1. A similar 3-fold reduction in time
with increasing BPR was also noted at —55°C; the minimum milling time required
being 3 h at a BPR of 12:1 at this temperature.

Xi et al. [865] studied the effect of BPR on the reduction of CuO by Si during
MA in a stirring ball mill. They noted that CuO was completely reduced to the
pure metal Cu only at a BPR of 80:1. At lower BPR values, CuO was reduced
only partially to Cu and Cu,O (BPR 60:1), and at a BPR of 30:1, CuO was
reduced only to Cu,0O; no Cu was obtained. This result has been explained on the
basis that at a high BPR, the collision energy is high and therefore complete
reduction to the pure metal could be obtained.

Schaffer and McCormick [881] conducted a systematic investigation on the
effect of BPR on the ignition temperature and time. They observed that the
ignition temperature Tj, decreased with increasing milling time, suggesting that the
reaction kinetics increase during milling; during conventional solid-state reactions
the reaction rates decrease with time. Further, the rate of decrease of Ti, increased
with increasing BPR and this is related to the decrease in particle size. The values
of tj, also decreased with increasing BPR. Both these effects are related to the
average frequency of collisions that increases with increasing BPR. They also
noted that the combustion reaction did not occur when small grinding medium (1
and 3 g balls) was used, but it occurred only when large (8 g) balls were used
[868].

13.1.3. Process control agent

In many of the investigations on reduction reactions, the components involved
are generally brittle and therefore a process control agent (PCA) was not used.
However, it was used in a few specific instances with interesting results. When
CuO was ball milled with reactive metals in the absence of any PCA, a self-
propagating combustion reaction occurred after an incubation period [857,858].
On the other hand, when toluene was used as a PCA, the reduction of CuO
proceeded in a controlled manner and reached completion in about 24 h [857].
The use of a PCA acts likes an additive (diluent) and either delays or completely
suppresses the combustion event. The PCA also inhibits inter-particle welding
during collisions, slowing down the reaction rate as well as decreasing the particle
size. It may be noted in passing that a combustion reaction should be avoided if
one is interested in producing the metal in a nanocrystalline state. This is because
combustion may result in partial melting and subsequent solidification will lead to
the formation of a coarse-grained structure. Another requirement for formation of
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nanometer-sized particles is that the volume fraction of the by-product phase must
be sufficient to prevent particle agglomeration.

13.1.4. Relative proportion of the reactants

Normally about 10-15% stoichiometric excess of the reductant has been used in
most of the investigations conducted so far. This excess reductant is used partly to
compensate for the surface oxidation of the reactive reductant powder particles,
e.g., Al [869]. There have been very few investigations that discussed the effect of
the ratio of the constituent reactants (off-stoichiometry).

Takacs [870] investigated the displacement reaction

3Fe;04 + 8Al—9Fe + 4AL,0; (23)

without the use of a PCA and studied the effect of off-stoichiometry by milling
mixtures corresponding to 3Fe;O4 + xAl where 2 < x < 16. A combustion
reaction occurred in all the cases except when x = 2. However, the nature of the
product phases was quite different depending upon the value of x, and the results
are summarized in Table 22. It has been noted that a slight decrease in the
amount of Al results in the formation of FeAl,O4 instead of Al,Ojs; excess Al
suppresses the formation of metastable y-Al,O3; and FeAl,O4 and results in the
formation of random bce a-Fe(Al) solid solution and a-Al,Os.

13.1.5. Grinding ball diameter

Yang and McCormick [873] investigated the effect of grinding ball diameter on
the combustion reaction during milling of a mixture of TaCls and Mg. They
observed that the ignition time, f,, for the combustion reaction decreased with an
increase in ball diameter.

Combustion requires that the powder mixture reaches the ignition temperature
Ti,. Since Tj, is dependent on the microstructural features, it has been found that
T;, decreases with a refinement in the microstructure. During MA the collision

Table 22

Incubation time and phase constitution after milling a mixture of 3Fe;04 + xAl for 2 h. Milling of
samples 8b, 8c, and 8d was interrupted immediately after, somewhat before, and 5 min after
combustion

Sample, x Incubation time (min) Major (minor) phases present

2 No combustion Fe;0y4, (Al)

6 53 a-Fe, FeAl,O4

8a 10 a-Fe, a-AL,O3, (y-Al,O3, FeAl,Oy)

11 14 d-FeAlo_333, d-Aleg

16 56 d-FeAlo_ggo, (X-A1203

8b 8 ot—Fe, 0(-A1203, "{-A1203, FeAle4, (FC304, A])
8c - Fe;04, Al

8d 23 OC-FC, Q-Ale}, "{-A1203, FCA1204
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between the powder particles and the balls raises the powder temperature, 7. It
has been postulated [853] that the ignition time, #, is equal to the milling time
required for Tj, to decrease to T.. Since increasing ball size increases the collision
energy and therefore T., it is expected that f, decreases with an increase in the
ball diameter.

13.2. Phase formation

It is normally expected that the reactions follow the route indicated in Table 21.
Further, the heats of formation are also calculated assuming that these reactions
take place according to that sequence. However, it has been noted that many of
these reactions do not go to completion directly; instead, intermediate phases are
formed. There are also instances when the phases formed are quite different from
the expected ones. For example, it was noted that one of the phases becomes
amorphous and so could not be detected after milling. This was reported to be
true for AICl; during milling with CaO when diffraction peaks due to CaO only
were observed in the X-ray diffraction patterns [854]. It was inferred that AICls
became amorphous during milling. Similar results were reported for ZrCly [879],
TaCls [873], and SiO; [874].

Formation of an intermediate product phase has been observed during the
reduction reactions of Cr,O3 with Al and Zn [453], Fe;O04 with Al [869], Ti and
Zn [453], and CuO with Fe [861-863] or graphite [859]. For example, during
reduction of CuO with Fe, it was observed that the reaction proceeds in various
stages that can be represented as:

8CuO + 3Fe—4Cu,0 + Fe3 0y, (24)
or
5CuO + 3Fe— Cu,,0 + 3Cu + Fe;04 (25)
100
- —4a— CuO
o] —e— Cu,0
= 80 | —a— Cu
%60 b
e
S 10}
et
St
E
O 1 1
0 5 10 15 20 25

Milling Time (hours)

Fig. 37. Effect of milling time on reaction kinetics during reduction of CuO with graphite.
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4Cu,0 + 3Fe— 8Cu + Fe;04 (26)

Formation of Cu,O as an intermediate product was also reported during the
reduction of CuO with graphite [859]. Similarly, it was reported that Ti,O5; formed
as an intermediate product (instead of TiO,) during the reduction of V,Os with
titanium [876]. The amount of CuO was reported to decrease monotonically
during milling and the proportion of Cu,O increased reaching a maximum of 45
wt% after milling for 9 h. Subsequently, it decreased to zero after milling the
powder mixture for 24 h (Fig. 37).

The investigation of the nature and the role of such intermediate phases is
important in order to understand the reaction mechanism. It should also be
mentioned that the reactions stop with the formation of an intermediate phase
when the reactions are endothermic. Accordingly, the metal Cr does not form
when Cr,Os is reduced with Zn [453].

In a few instances it has also been noted that instead of a pure metal, a solid
solution is formed. For example, an Fe(Zn) solid solution is formed during the
reduction of Fe;O4 with Zn [453] and an Fe(Al) solid solution containing 1.7 at%
Al is formed when Fe,O3 is reduced with Al [883] or 7 at% Al when FeS is
reduced with Al [329].

It has also been observed that in some cases the final phase formed is quite
different from the expected phase. During the displacement reactions of FeS, WS,
and MoS, with CaO, it was noted that the corresponding simple oxides did not
form; instead, complex oxides, e.g., CaFeO3;, CaWQ,, and CaMoO, formed [329].
The product phase in some cases has also been found to be amorphous in nature
[865,873].

Temperature

T T

Milling Time

Fig. 38. Schematic representation of the variation of 7j, and 7, with milling time. The point of
intersection at #, represents the minimum ignition time.
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13.3. Combustion reaction

Milling-induced combustion was first observed by Tschakarov et al. [884] during
the mechanochemical synthesis of metal chalcogenides from a mixture of
elemental powders. Subsequently, a number of similar reactions were reported to
occur during chemical reduction of oxides with reactive metals under mechanical
alloying conditions.

The large enthalpy changes associated with the chemical reactions have been
identified to be responsible for the occurrence of the combustion reaction. If the
temperature generated during the milling process (due to ball-to-ball and ball-to-
powder collisions), 7. is higher than the ignition temperature, Tj, then the
combustion reaction can occur. The ignition temperature is a function of the
enthalpy change and microstructural parameters such as particle size and crystal
size. Since the MA process refines the particle size and crystal size, T;, decreases
with milling time. But, with increasing milling time 7, increases and reaches a
steady state. The time at which the Ti, and T, intersect is the critical milling time,
tig at which combustion would occur (Fig. 38).

It may also be interpreted that during #,, intermixing of the particles, particle
refinement, and accumulation of lattice defects occurs and these appear to favor
the combustion reaction. Further, room temperature aging was found to
significantly accelerate the onset of combustion thereby substantially reducing the
overall milling time [853].

13.4. Mechanosynthesis of compounds and composites

Apart from the displacement reactions described above to reduce oxides,
chlorides and sulfides to pure metals, the MA technique was also used to
synthesize compounds and nanocomposites using the mechanochemical reactions.
In this category, a variety of borides, carbides [580,885], fluorides, nitrides, oxides,
silicides [580], stannides, and composites [880,883,886,887] have been synthesized
by ball milling the respective powders for a few hours at room temperature. An
important characteristic of such phases produced is that they are nanocrystalline
in nature and consequently they exhibit properties and performance much
improved over their conventional coarse-grained counterparts. These
nanocrystalline oxides can be used for dispersion strengthening the metals to
improve the high-temperature mechanical properties. Table 23 summarizes the
results available so far.

Composites consisting of a metal oxide as a major phase (ranging from 48 to 73
vol%) and a metal have been synthesized according to the reaction:

3/y MO, + 2A1—ALO; + 3x/y M 27)

In some cases, instead of the pure metal, alloys have also been synthesized as in
the case of Fe—50at%Cr or Fe—18at%Cr—8at%Ni. The crystallite size of the a-
Al,O5 phase in all the cases is in the range of 10-20 nm. The great advantage of
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producing composites this way is that pure metal oxides or aluminum are not
required; one could use recycled aluminum for large-scale production. Metal ores
can also be used instead of pure aluminum. This is because, as described above
the oxide ores can be reduced to pure metals, as has been shown in the case of
Al,O3;—Fe composite.

The mechanically-driven chemical reduction process (mechanosynthesis) has a
number of advantages over the conventional metal processing techniques. It
enables the reduction of metal oxides and halides directly to pure metals or alloys
without first having to convert the oxides to pure metals and then to the desired
alloy. For powder metallurgy applications it allows the direct formation of a
powder product without first having to manufacture the bulk alloy and then
convert it to powder form. In addition to potential cost savings that may arise
from the reduced number of processing steps required, additional benefits accrue
because the reactions occur at room temperature. In fact, the trend in recent times
has been to use the mechanosynthesis route to produce commercially useful
materials at reduced costs. For example, rutile and metallic iron have been
produced by ball milling an ilmenite and carbon mixture at room temperature
[131,892]. Further, production of nanocomposites consisting of finely dispersed
ferromagnetic Fe particles in a non-magnetic matrix such as Al,O; can provide
interesting combination of magnetic properties, including the giant
magnetoresistance effect.

14. Powder contamination

A major concern in the processing of metal powders by MA is the nature and
amount of impurities that get into the powder and contaminate it. The small size
of the powder particles, availability of large surface area, and formation of new
fresh surfaces during milling all contribute to the contamination of the powder.
Thus, it appears as though powder contamination is an inherent drawback of the
technique, unless very special precautions are taken to avoid/minimize it.

As mentioned earlier, in the early stages of MA, the metal powder coats the
surface of the grinding medium and the inner walls of the container. This was
expected to prevent contamination of the powder and so no attention was paid,
especially in the early years of MA, to the problem of powder contamination.
However, when different results were reported by different groups of researchers
on the same alloy system, it was recognized that different levels of contamination
could be the reason for the differences. This problem appears to be ubiquitous
and is now encountered in many investigations, especially when reactive metals
such as titanium and zirconium are milled. The magnitude of contamination
appears to depend on the time of milling, the intensity of milling, the atmosphere
in which the powder is milled, and difference in the strength/hardness of the
powder and the milling medium. Whereas 1-4 wt% Fe has been found to be
normally present in most of the powders milled with the steel grinding medium,
amounts as large as 20 at% Fe in a W—C mixture milled for 310 h and 33 at% Fe
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in pure W milled for 50 h in a SPEX mill were also reported [593]. In fact,
amounts as large as 60 at% Fe were reported during milling of W—5Ni alloy for
60 h in a SPEX mill [893]. These are very high levels of contamination. Similarly,
large amounts of oxygen (up to 44.8 at%) [675] and nitrogen (up to 33 at%) have
also been reported to be present in Al-6Ti powders milled for 1300 h in a low
energy ball mill, and in a Ti—-5Al powder milled in SPEX mill for 30 h,
respectively [606]. The extent of powder contamination during milling of different
types of powder is summarized in Table 24. The type of mill, the BPR, and the
milling time employed are also listed. The major impurities listed are oxygen and
nitrogen, mainly from the atmosphere and/or PCAs used, and iron from the steel
grinding medium and the steel container. The levels of chromium and other
impurities are also listed in some cases.

Contamination of metal powders can be traced to (i) chemical purity of the
starting powders, (ii) milling atmosphere, (iii) milling equipment (vial and grinding
medium), and (iv) the process control agents added to the powders.
Contamination from source (i) can be either substitutional or interstitial in nature,
while contamination from source (ii) is essentially interstitial in nature and that
from (iii) is mainly substitutional, even though carbon from the steel milling
equipment can be an interstitial impurity. Contamination from the PCA leads to
interstitial contamination. The presence of interstitial impurities such as oxygen
and nitrogen is deleterious to reactive metals like titanium and zirconium and
therefore maximum impurity levels are generally specified for acceptable
microstructural and mechanical properties. Substantial amounts of nitrogen and
oxygen (the amount of nitrogen is much more than oxygen) are picked up during
the milling of titanium and zirconium alloys and the presence of these impurities
led to a change in the constitution of the alloys [444,898,899]. For example, the
formation of an amorphous phase in Ti—Al alloys and a crystalline phase with a
face-centered cubic (fcc) structure in powders milled beyond the formation of an
amorphous phase have been attributed to the presence of large quantities of
nitrogen in these alloys [58].

During MA the powder particles get trapped between the grinding medium
and undergo severe plastic deformation; fresh surfaces are created due to the
fracture of the powder particles. Additionally, collisions occur between the
grinding medium and the vial, and also amongst the grinding balls. All these
effects cause wear and tear of the grinding medium and the vial resulting in
the incorporation of these impurities into the powder. The extent of
contamination increases with increasing milling energy and also use of higher
BPR, higher speed of milling, etc.

Several attempts have been made in recent years to minimize the powder
contamination during MA. One way of minimizing the contamination from the
grinding medium and the container is to use the same material for the container
and grinding medium as the powder being milled. Thus, one could use copper
balls and copper container for milling copper and copper alloy powders. In this
case also there will be wear and tear of the grinding medium and this gets
incorporated into the powder. Thus, even though there is no contamination, the
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chemistry of the final powder will be different from the starting powder; the
metallic content in the final powder (from the container and balls) would be
higher than in the initial powder. This can be compensated for if one has a
knowledge of the extent of increase of the metallic content in the final powder.

The above solution may be possible in some cases; but it is difficult in many
cases due to the non-availability of the special grinding medium and containers.
The problem is becoming more and more complex since the technique of MA is
now being applied to a variety of materials such as metals, alloys, ceramics,
polymers, and composites and it is almost impossible to get containers and
grinding media of all these different types of materials. If a container of the same
material to be milled is not available, then a thin adherent coating on the internal
surface of the container (and also on the surface of the grinding medium) with the
material to be milled will minimize the contamination. Thus, it has been shown
that the extent of iron contamination during milling of Ta—Al alloy powders is
less in the second run and much less in the third run [51]. The idea here is to mill
the powder once allowing the powder to be coated onto the grinding medium and
the inner walls of the container. This powder is then discarded and a fresh batch
of powder is milled. If this operation is continued for a few times, then
contamination due to the grinding medium and the vessel is likely to be minimum,
provided that the powder does not cake up at the bottom of the vial and get
peeled off.

In general, a simple rule that should be followed to minimize contamination
from the container and grinding medium is that the container and grinding
medium should be harder/stronger than the powder being milled. Thus, the reason
for a high amount of iron contamination during milling of tungsten and tungsten
alloy powders is that a steel container and steel milling medium, which are much
softer than tungsten, were used [893]. But, a disadvantage of using very hard
grinding medium such as tungsten carbide during milling of very soft powders is
that the tungsten carbide (or other hard grinding media such as Al,O3) can get
incorporated into the powder and thus contaminate it. In fact, the amount
incorporated into the powder can be so much that clear diffraction peaks from the
contaminant could be observed in the X-ray diffraction patterns of the milled
powder [753].

The problem of milling atmosphere is serious and has been found to be the
major cause of contamination in many cases. (This contamination, which is
unwanted, should be distinguished from intentional milling of powder in reactive
atmospheres to synthesize nitrides, carbides, oxides, etc.) In fact, it has been
observed that if the container is not properly sealed, the atmosphere surrounding
the container, usually air (containing essentially nitrogen and oxygen), leaks into
the container and contaminates the powder. Thus, when reactive metals like
titanium and zirconium are milled in improperly sealed containers, the powders
are contaminated with nitrogen and oxygen. In most cases, the nitrogen pick up
has been found to be much more than that of oxygen. The formation of a cubic
phase at long times of milling titanium alloys has been attributed to the formation
of titanium nitride having a cubic structure [58]. It has been reported that flushing
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Table 25
Oxygen and nitrogen contents of Ti—24Al-11Nb powders milled for 24 h in a SPEX mill with a BPR
of 4:1 and using two different types of atmosphere. No PCA was used during milling

Powder Oxygen content (Wt%) Nitrogen content (Wt%)
ATI AT2 ATI AT2

Prealloyed Ti—24Al-11Nb (at%) 3.6 0.10 6.8 0.015

Blended elemental Ti—24Al-11ND (at%) 4.8 0.48 7.6 0.035

with argon gas will not remove oxygen and nitrogen absorbed on the internal
surfaces. Pick-up of impurities during milling would reduce the pressure within the
container allowing the outside atmosphere to continuously leak into the container
through an ineffective seal. In practice, it has been noted that if it is difficult to
open the container lid, due to the vacuum present inside, it is an indication that
contamination of the powder is minimum. Use of vacuum or an inert gas is
desirable to prevent or minimize the powder contamination. It has been reported
that a teflon seal could be used to prevent air from leaking from outside into the
container [900].

Attempts have been made to improve the container seal integrity to prevent the
outside atmosphere from leaking inside. Goodwin and Ward-Close [901] used two
different types of milling atmosphere and compared the powder contamination
levels during milling of both prealloyed and blended elemental powders. In the
first atmosphere, referred to as ATI, the steel vial was loaded in a glove box
containing research grade argon (99.995% pure) and the vial was sealed using an
“O” ring of circular cross section. In the second atmosphere, AT2, higher purity
argon (guaranteed 99.998%), which is subsequently passed through moisture and
oxygen filter towers to further purify it, was used and the gasket used to obtain a
more leak-tight seal was a flat neoprene gasket. The contamination levels obtained
using these two types of atmosphere are listed in Table 25. It has been shown that
by careful control of the purity of the atmosphere and improvements of the seal
quality, the interstitial contaminants in the titanium alloy could be reduced to as

Table 26
Chemical analysis of the y-Ti—48A1-2W (at%) prealloyed powder milled in different atmospheres for a
total of 20 h in a SPEX mill with a BPR of 10:1

Atmosphere Maximum expected value (wt%) Measured values (Wt%)
Oxygen Nitrogen Oxygen Nitrogen
Starting powder - - 0.093 < 0.001
Air 0.69 1.97 2.08 4.66
Oxygen 2.99 - 1.49 0.63
Nitrogen - 2.61 4.72 9.87

Argon - - 0.80 1.52
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low as 100 ppm of oxygen and 15 ppm of nitrogen [899]. With additional control
of the atmosphere this could be reduced even further. This process, however, may
not be economically viable and hence may not be feasible on an industrial scale.

The contamination levels obtained by milling the 7y-Ti—48A1-2W (at%)
prealloyed powder in different atmospheres were evaluated [902]. This was done
by loading the powder in the particular atmosphere, milling it for 4 h, opening the
lid and resealing the container lid in the appropriate atmosphere. This was done
repeatedly to achieve a total milling time of 20 h. From a knowledge of the vial
volume, the maximum expected amount of pick up of nitrogen and oxygen from
pure oxygen, nitrogen, or air atmospheres were calculated to be 2.99 wt% oxygen,
2.69 wt% nitrogen, and 0.69 wt% oxygen and 1.97 wt% nitrogen, respectively.
These values should be compared with the actual values observed, which are listed
in Table 26. It is to be noted that the amount of nitrogen is very high when the
powder is milled either in a pure nitrogen or air atmosphere. As expected, the
nitrogen content in the powder is very low when it is milled in an oxygen
atmosphere. But, it is most surprising that the oxygen content in the powder is
higher when milled both in air or nitrogen atmosphere than when milled in a
“pure” oxygen atmosphere. This result can only be rationalized by assuming that
air was continuously entering the vial during milling due to an improper seal.
During milling the powder reacts with nitrogen and oxygen inside the vial and
creates a vacuum. The more oxygen and nitrogen in the initial atmosphere, the
greater the vacuum in the vial. Air is then drawn from outside at a rate dictated
by the magnitude of the pressure difference across the seal and also the integrity
of the vial seal.

The contamination from the process control agents (PCAs) is perhaps the most
ubiquitous. Since most of the PCAs used are organic compounds, which have low
melting and boiling points, they decompose during milling due to the heat

Table 27
Chemical analysis (wt%) of prealloyed Ti—48A1-2W (at%) powder milled for 24 h in a SPEX mill
using different PCAs

Condition PCA Chemical composition (wt%)
Iron Carbon Oxygen Nitrogen
Gas atomized - 0.08 0.02 0.084 0.006
Milled None 1.04 0.08 1.81 5.09
Seasoned® 0.46 0.03 1.60 4.82
Milled Stearic acid 0.78 0.78 1.79 4.82
Seasoned 0.43 0.85 1.74 4.06
Milled Boric acid 0.44 0.08 1.28 0.41
Seasoned 0.06 0.03 1.32 0.71
Milled Borax 0.26 0.02 1.35 1.20
Seasoned 0.09 0.03 1.46 1.47

# “Seasoned” means that the powder coated the grinding medium during the first run.
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generated. The decomposition products consisting of carbon, oxygen, and
hydrogen react with the metal atoms and form undesirable carbides, oxides,
nitrides, etc. For example, use of Nopcowax 22-DS during milling of aluminum
powder in a SPEX mill has resulted in the formation of oxide and carbide
dispersoids [903]. Formation of carbide and hydride phases was reported during
the milling of Ti—Al powders using hexane as a PCA [141]. Formation of Fe;O,4
and Fe;C contaminants was reported during milling of Cu—Fe powders with
ethanol as a PCA [163]. Similarly other PCAs can introduce different types and
amounts of impurities into the milled material. Mishurda et al. [904] studied the
effect of several PCAs on Fe and interstitial contamination during milling of
prealloyed T-48A1-2W (at%) powder in a SPEX mill. The results of the
contamination, summarized in Table 27, show that boric acid and borax were
quite effective in reducing the iron contamination from 1.04 wt% (when no PCA
was used) to 0.44 wt% and 0.26 wt%, respectively. Using a vial that was
“seasoned” twice (‘‘seasoning” here means that the powder was milled in the
container using a particular grinding medium, during which time the powder coats
the grinding medium. This powder is subsequently discarded and the same set of
vial and grinding medium is again used) resulted in even lower values of iron
contamination — 0.06 wt% with boric acid and 0.09 wt% with borax. Similarly,
it was shown [163] that milling of Fe—Cu alloy powders without any PCA
introduced considerable contamination from the steel milling tools. This reached
as much as 20.7 wt% Fe and 2.5 wt% Cr for a Cu—40 wt% Fe composition. But,
when powder of the same composition was milled under identical conditions, but
with ethanol as a PCA, the contamination was found to be much less — 2.9 wt%
Fe and <0.1 wt% Cr. This has been explained on the basis of the decreased cold
welding between the milled powder and the balls and walls. Thus, a proper choice
of PCA can substantially reduce the powder contamination. Of course, the best
situation would be not to use PCA at all, if it could be avoided.

It is also important to remember that cross contamination could occur if a
container that was used earlier to mill some powder is used again to mill another
powder without properly cleaning it.

The level of contamination may be different under different processing
conditions and is dependent on the type of mill, intensity of milling, nature of the
powder, nature of the grinding medium and container, ambient atmosphere, ball-
to-powder weight ratio, seal integrity, and others. Claims have been made in the
literature about the superiority of certain mills and practices over others. But,
systematic investigations on milling the same powder and under identical
conditions in different mills and evaluating the contamination levels have not been
undertaken; and this appears to be an important aspect to produce clean powders.

15. Modeling studies and milling maps

From the description of the process it is easy to realize that MA is a process
involving a number of both independent and interdependent variables. Like in any
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other process, modeling of MA is also carried out to identify the salient factors
affecting the process and establish process control instrumentation. By modeling
the process effectively, it is possible to bring down the number of actual
experiments to be conducted to optimize the process and achieve a particular
application. A highly successful model would also be able to predict the outcome
of the process. In MA, for example, if one can predict the nature of the phase
produced under a given set of conditions, it would be considered a very successful
model.

15.1. Modeling studies

Mechanical alloying is a stochastic process and the number of variables
involved in the process is very large. For a particular alloy system the variables
include the type of mill, intensity of milling (velocity of the grinding medium,
frequency of impacts, energy transfer efficiency, etc.), type of milling media, ball-
to-powder weight ratio, the atmosphere under which the powder is milled, purity
of the powders, milling time, milling temperature, and nature and amount of the
PCA used. All these have a significant effect on the constitution of the powder.
Even on a local scale, the nature of impacts between two balls, the frequency of
impacts, and the amount of powder trapped between two balls during a collision
could vary from point to point. Thus, modeling the MA process is a difficult task.
In spite of this some attempts have been made in recent times and moderate
success has been achieved in modeling the physics and mechanics of the process.
From the actual experiments conducted, attempts have also been made to
correlate the phases formed with the process parameters during milling and
milling maps have been constructed. But, we are far from a situation where we
can predict the final chemical constitution of the powder (type and description of
phases formed).

Modeling of the MA process has been conducted by several groups in recent
years. The very first attempt at estimating the time required for alloying to occur
was modeled by Benjamin and Volin [185]. They suggested that the rate of
structural refinement was dependent upon the rate of mechanical energy input to
the process and the work hardening rate of the material being processed. They
also concluded that the specific times to develop a given structure in any system
would be a function of the initial particle size and characteristics of the
ingredients as well as the particular apparatus and operating parameters.
Subsequently, more rigorous modeling was done. The most important groups who
conducted very detailed modeling studies are those led by Courtney [24,905,906],
Gaffet [907], Magini [908], Koch [181], and Watanabe [909]. A few others have
also attempted the modeling [910-913].

Modeling of the MA process has been broadly classified into two categories:
local and global modeling. A typical collision involving powder trapped between
two grinding media is considered in the “local” modeling. The type of machine,
the impact velocity and frequency are considered constant and the ball-to-powder
weight ratio (BPR) and the mechanical characteristics of the powder are also
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specified before hand. With these constraints, one calculates (a) the deformation
the particle experiences, (b) the change in powder particle shape, (c) the
probability of a particle coalescing, and (d) the probability of a particle fracturing.
In “global” modeling, one seeks to specify the frequency of effective media
impacts by considering the collision velocities, frequencies, and powder coating
thickness. Aikin and Courtney [914,915] subsequently developed a
phenomenological description of the process based on the kinetic principles. Using
these models, the authors were able to estimate the plastic strain and strain rate,
local temperature rise due to a collision, particle hardness due to work hardening,
the lamellar thickness, and the impact frequency and velocity. In fact, in a recent
publication Maurice and Courtney [916] compared the alloying behavior in the
SPEX mill and the attritor and identified some of the commonalities and
differences between the two devices. While the lamellar thickness of the
component metals and the hardness are almost the same in both the milling
devices, the time required for completion of the process was estimated as 15
minutes in the SPEX mill and 11,000 minutes in the attritor. The composite
particle diameter was also calculated to be 52 um in the SPEX mill while it was
910 pum in the attritor. They showed that these differences arise because of the
differences in the average impact velocity (0.5 m/s in the attritor and 4 m/s in the
SPEX mill) and the average impact frequency (0.88/s in the attritor and 7/s in the
SPEX mill). Although it has been long known that the SPEX mill is much more
energetic than the attritor, this provides a more quantitative comparison. Similarly
Abdellaoui and Gaffet [917] calculated the velocity of the ball, kinetic energy per
impact, shock frequency and power for different types of mills and these results
are presented in Table 28. The topic of modeling has been well discussed in two
recent reviews [8,9] and so this will not be further discussed here.

It is important to realize that these models cannot provide information on all
the aspects of the process. As Courtney and Maurice [918] succinctly put it “It is
important to appreciate what can be expected of even the most successful efforts
of this kind. ‘Absolute’ predictions are unlikely; this is exacerbated in the case of
MA by its inherently stochastic nature. In addition, models require input ‘data’;
material properties (often not known to precision, particularly at the high strain
levels to which powder is often subjected during MA) and process characteristics
(collision frequency and velocity, also seldom known a priori). Thus, realistic
goals of process modeling are to correctly predict general trends, and perhaps
even to predict resulting properties/dimensions within an order of magnitude. The
benefits of successful models liec not in their abilities to predict outcomes, but in
that they help identify critical process and material variables, and reduce the
amount of testing needed for process optimization”.

15.2. Milling maps
The above modeling studies have not been able to take into account the type of

phase formed under different milling conditions. The ability to be able to predict
the nature of the phase formed is a great advantage in designing the
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microstructure and constitution of the alloy. Some investigations have been
carried out with this objective in view. In all these investigations, the energy (or
other parameter) calculations are always compared with the experimentally
obtained phase constitution and conclusions are arrived at.

Abdellaoui and Gaffet [917,919] studied the amorphization behavior of Ni¢Zr;
in different types of mills and also evaluated the shock power that is transmitted
to the powder. Based on a mathematical treatment of the process taking place,
they calculated the shock frequency and the shock power. Irrespective of the
device used to accomplish the milling process, it was shown that the injected
shock power is the unique physical parameter governing the phase transformation.
For the prealloyed Ni;oZr; intermetallic compound, a homogeneous amorphous
phase was obtained only when the injected shockpower was in the range of 0.4—
0.8 W/g. At power values <0.4 or >0.8 W/g, a mixture of amorphous and
crystalline phases was obtained (Fig. 39).

Since the phase transformations in mechanically alloyed powders occur due to
the energy transferred from the milling media to the powder, it would be useful to
calculate the energy transferred. This, of course, will depend on the type of mill
and the operating parameters. It was shown that the energy dissipated per hit
during milling increases with increasing rotation speed and also with increasing
size of the grinding ball [908]. These calculations assumed that the collisions are
perfectly inelastic. But, it was shown through video recordings that the movements
of the balls are rather different from the expected ones and that one should
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consider a “‘slip factor” that takes into account the sliding phenomena between
balls and the container wall [920]. The energy released by one ball as a function of
the specific power (power per unit weight of the powder) was calculated. By
comparing these calculations with the experimentally determined phase
constitution, a critical energy was identified below which the phase formed is
amorphous and above that it is an intermetallic. This has been shown to be true
in the case of the Fe—Zr system [520] and also in the Pd—Si system [908]. A similar
calculation for the case of a SPEX mill is difficult because the mill is subjected to
impulses in three directions. Since the vibration frequency is fixed for the SPEX
mill, the situation can be compared to that in a planetary ball mill at fixed
rotation speed. A diagram featuring the phase constitution in the Pd—Si system is
shown in Fig. 40. It may be noted that the amorphous phase forms below a
critical energy and above this value the intermetallic forms.

A milling map describing the phases present in a Ti—33 at% Al powder mix at
different milling times and for different BPR values is shown in Fig. 41 [121]. It
was shown that the time required for the formation of a particular phase was
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Fig. 40. Energy transferred per hit and per unit mass for the Pd—Si system as a function of the rotation
speed of the planetary ball mill for different ball diameters (given in mm near each curve). The filled
symbols represent experiments carried out in the planetary ball mill and the open symbols for the
SPEX mill. The horizontal broken line refers to the critical energy above which an intermetallic forms
and below which an amorphous phase forms. The experiments have been carried out with a Pd—
20at%Si composition except in (a) Pd—13.5at%Si and (b) Pd—17at%§Si.
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shorter at higher BPR since the higher BPR value translates to higher mechanical
energy input per unit mass of the powder. At a constant BPR, the sequence of
phase formation can be determined as a function of milling time. Similarly, at a
constant milling time, the phases occurring with increasing BPR can be identified.
Thus, this map is somewhat similar to a phase diagram, except that the milling
map is for a particular alloy composition while the phase diagram is for the whole
alloy system. It has been reported earlier that increased speed of milling [217,520]
or very high BPR [672] generate more heat and lead to the formation of
crystalline phases cither by crystallization of the amorphous phase or by other
mechanisms. Thus, the Y-axis on the milling map may be equated to
“temperature” and so the milling map can be considered as a constant
composition section of a ternary phase diagram where the three axes are milling
time, composition, and BPR (temperature). These milling maps should be very
useful in quickly identifying the phases present at any milling time for a specific
BPR and in defining the final phases produced by the MA process.

16. Applications of mechanical alloying

The technique of MA has been shown to produce a variety of materials. The
most important reason for the invention and development of the MA process was
the production of oxide dispersion strengthened (ODS) materials in which fine
particles of Y,0O5; or ThO, were uniformly dispersed in a nickel- or iron-based
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Fig. 41. Milling map for a Ti-33at%Al powder relating the ball-to-powder ratio (BPR) and milling
time to the phases present.
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superalloy. In the mid-1980s, it was realized that MA was also capable of
producing true alloys from elements that are not either easy to form by
conventional means or sometimes even impossible to prepare, e.g., elements which
are immiscible under equilibrium conditions. Investigations have revealed that
metastable phases such as supersaturated solid solutions, non-equilibrium
crystalline or quasicrystalline intermediate phases and amorphous alloys can be
synthesized by MA [5-9]. In addition, nanostructures with a grain size of a few
nanometers, typically <100 nm, are produced. These metastable phases have
interesting combinations of physical, chemical, mechanical, and magnetic
properties and are being widely explored for potential applications. It will be
impossible to go into details of each and every one of these developments and so
only a very brief survey of the ODS alloys will be presented here. The two
production facilities of Inco Alloys International have a combined capacity
approaching 300,000 kg. The yield of the final product varies greatly with the
product form and size, but the final wrought capacity is over 200,000 kg.

Mechanically  alloyed  materials  (including  those  synthesized by
mechanochemistry and mechanical activation of solids) find applications in a
variety of industries. The applications include synthesis and processing of
advanced materials (magnetic materials, superconductors, functional ceramics),
intermetallics, nanocomposites, catalysts, hydrogen storage materials, food
heaters, gas absorbers, and also in the modification of solubility of organic
compounds, waste management, and production of fertilizers. But, the major
industrial applications of mechanically alloyed materials have been in the areas of
thermal processing, glass processing, energy production, aerospace, and other
industries. These applications are based on the oxide-dispersion strengthening
effect achieved in mechanically alloyed nickel-, iron-, or aluminum-based alloys.
These will be briefly described now.

Mechanically alloyed ODS materials are strong both at room and elevated
temperatures (Table 29). The elevated temperature strength of these materials is
derived from more than one mechanism. First, the uniform dispersion (with a

Table 29
Room temperature and elevated temperature mechanical properties of commercial ODS nickel- and
iron-base superalloys (see Tables 30 and 31 for the chemical compositions of the alloys)

Alloy Test temperature (°C (°F)) 0.2% YS (MPa) UTS (MPa) %El. %R.A.
MA 6000 Room temperature 1220 1253 7.2 6.5

871 (1600) 675 701 2.2 4.6

982 (1800) 445 460 2.8 1.9
MA 754 Room temperature 586 965 21 33

871 (1600) 214 248 31 58

982 (1800) 169 190 18 34
MA 956 Room temperature 517 655 20 35

1000 (1832) 97 100 - -

1100 (2192) 69 72 12 30
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spacing of the order of 100 nm) of very fine (5-50 nm) oxide particles (commonly
used are Y,O; (yttria), ThO, (thoria), and La,O3 (lanthana)), which are stable at
high temperatures, inhibit dislocation motion in the metal matrix and increase the
resistance of the alloy to creep deformation. Another function of the dispersoid
particles is to inhibit the recovery and recrystallization processes, because of which
a very stable large grain size is obtained; these large grains resist grain rotation
during high temperature deformation. A stable large grain size can also be
obtained by secondary recrystallization mechanisms. Secondly, the very
homogeneous distribution of alloying elements during MA gives both the solid-
solution strengthened and precipitation-hardened alloys more stability at elevated
temperatures and overall improvement in properties. Mechanically alloyed
materials also have excellent oxidation and hot corrosion resistance. The increased
resistance to oxidation—sulfidation attack is due to the homogeneous distribution
of the alloying elements and the improved scale adherence due to the dispersoid
itself [921,922]. Elliott and Hack [923] have presented an overview of the use of
mechanically alloyed products for aerospace applications and deBarbadillo and
Smith [924] have described the unique challenges to manufacture and use posed by
ODS alloys. A very recent survey of the applications of mechanically alloyed
products can be found in Refs. [76,925]. The different brochures produced by
INCO should also be consulted for recent developments and applications of
mechanically alloyed products.

16.1. Nickel-base alloys

Typical compositions of the commercially available mechanically alloyed nickel-
base superalloys are presented in Table 30. The most significant advantage of
oxide-dispersion strengthened superalloys is the increased stress rupture properties.
Fig. 42 compares the specific rupture strength (strength/density) for a 1000-h life
as a function of temperature for several nickel-base superalloys used for turbine
blade applications. Mar-M200 is a nickel-base alloy containing by weight percent
9.0Cr, 5.0Al, 2.0Ti, 12.0W, 10.0Co, 1.0Nb, and 1.8Hf, while PWA454 is a nickel-
base alloy containing 10.0Cr, 5.0Al, 1.5Ti, 12.0Ta, 4.0W, and 5.0Co, and TD Ni

Table 30
Nominal compositions (Wt%) of mechanically alloyed nickel-base superalloys

Alloy Ni Cr Al Ti Mo A\ Y,0;3 Ta
INCONEL alloy MA 754 Bal. 20 0.3 0.5 - - 0.6 -
INCONEL alloy MA 757 Bal. 16 4.0 0.5 - - 0.6 -
INCONEL alloy MA 758 Bal. 30 0.3 0.5 - - 0.6 -
INCONEL alloy MA 760 Bal. 20 6.0 - 2.0 3.5 0.95 -
INCONEL alloy MA 6000 Bal. 15 4.5 0.5 2.0 4.0 1.1 2.0
T™MO-2* Bal. 6 4.2 0.8 2.0 12.4 1.1 4.7

# This alloy additionally contains 9.7 wt% cobalt.
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is nickel containing 2.0 wt% ThO,. It is clear from this figure that the MA 6000
alloy can maintain a given stress for a much longer time than a conventional alloy
for similar vane applications. This is mainly due to the benefits of the combined
strengthening modes in the mechanically alloyed material.

The mechanically alloyed nickel-base superalloys are considered mainly for
three groups of applications — gas turbine vanes, turbine blades, and sheets for
use in oxidizing/corrosive atmospheres. The largest use of MA 754 is as vanes and
bands for aircraft gas turbine engines (Fig. 43). For applications requiring good
resistance to thermal fatigue, such as gas turbine vanes, Inconel MA 754 is given a
strong texture. The majority of the grains are aligned so that their (100) axes are
parallel to the principal working direction and along the length of the bar. Such
texture results in low modulus of elasticity (149 GPa) in the longitudinal direction.
The low modulus improves resistance to thermal fatigue by lowering stresses for
given thermal strains. Components are fabricated from bar stock using state-of-
the-art machining and brazing processes typical for conventional wrought
superlloys. Alloy MA 758 is used in a number of industrial applications where its
high chromium content makes it resistant to extremes of temperature and
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Fig. 43. Some typical gas turbine engine components made of INCONEL alloy MA 754. Courtesy of
Inco Alloys International.

environment. The alloy is used in glass industry for high temperature components
requiring both elevated temperature strength and resistance to extremely corrosive
molten glass. Alloy MA 758 is also used for internal combustion engine
components, mainly in critical fuel injection parts. One novel industrial
application of alloy MA 754 is a high-temperature atmosphere-circulation fan in a
“floating” furnace design being commercialized in Japan. Large rounds are used

Table 31
Nominal compositions (wt%) of mechanically alloyed iron-base superalloys

Alloy Fe Cr Al Ti Mo Y,03

INCOLOY alloy MA 956 Bal. 20 4.5 0.5 - 0.5
INCOLOY alloy MA 957 Bal. 14 - 1.0 0.3 0.25
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for the hub and plate material is used for blades of the fan, which operates at
temperatures over 1100°C.

New product forms of the commercial alloys continue to be developed. Large
diameter, thin wall tubing of alloy MA 754 has been produced and evaluated for
radiant tube applications, and alloy MA 758 has been used as tubing in heat
exchangers and process equipment operating at very high temperatures.

The alloy MA 754 is used for brazed nozzle guide vane and band assemblies in
US military aero engines. The principal advantages of the alloy for these
applications are thermal fatigue resistance, long-term creep strength and high
melting point.

The MA 6000 alloy is a more complex alloy developed as a blade material for
advanced gas turbines. It is used for first and second stage turbine vanes and
blades machined form solid bar. Unlike cast alloys, MA 6000 exhibits nearly flat
rupture-life curves at high temperatures due to the combination of oxide
dispersion strengthening and high grain-to-width ratios (typically >10 to 1).
Because of its composition, MA 6000 has excellent resistance to oxidation and
sulfidation. The characteristics of this alloy allow blade cooling to be reduced or
eliminated as the metal temperature can be increased by 100°C or more in engines
where the stresses are medium or low.

16.2. Iron-base alloys

Table 31 lists the chemical compositions of mechanically alloyed iron-base
superalloys. These alloys combine the high-temperature strength and stability of
oxide dispersion strengthening with excellent resistance to oxidation,
carburization, and hot corrosion. These alloys are suitable for use in gas turbine
combustion chambers. Incoloy alloy MA 956 is particularly well suited for use in
heat processing applications. For example, vacuum furnace fixtures made of MA
956 have shown excellent durability and are able to compete with wrought
molybdenum, which is also used in these applications. In comparison to
molybdenum, MA 956 is about 30% lower in density, providing weight savings
and cost advantages. Further, since MA 956 has a lower vapor pressure than
molybdenum, it will not coat the inside of the vacuum chamber or the parts being
heat treated. Thus, MA 956 rods, flats, and sheets are used in numerous
atmosphere and vacuum furnace applications including muflles, baskets, trays, and
thermowells. Alloy MA 956 in tubing form has also been used for high

Table 32
Nominal compositions (wt%) of mechanically alloyed dispersion-strengthened aluminum-base alloys

Alloy Al Mg Li C (0]
IncoMAP alloy AL-9021 Bal. 1.5 - 1.1 0.8
IncoMAP alloy AL-9052 Bal. 4.0 - 1.1 0.6

IncoMAP alloy AL-905XL Bal. 4.0 1.3 1.1 0.6
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(b)

Fig. 44. (a) Furnace baskets made of INCOLOY alloy MA 956 operating in air at temperatures above
1200°C. (b) Removable hearth of vacuum heat treating furnace fabricated from 1.0 and 0.5” dia rods of
INCOLOY alloy MA 956. The hearth legs are encased in alumina sleeves to prevent direct contact with
the graphite heating elements. Courtesy of Inco Alloys International.
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temperature, severe service applications such as coke injection lance pipes in steel
making. The alloy MA 956 is also being used in glass processing industry because
of its resistance to attack by molten glass. Because of this corrosion resistance, the
alloy is being evaluated for applications such as firing-kiln rollers, muffle tubes,
and furnace racks. Other applications include molten-glass resistance heaters,
thermocouple protection tubes, glass-processing components used in nuclear waste
disposal and the bushings used to make single and multi-strand fibers.

More recently, MA 957 has been evaluated for use as the fuel cladding in fast
neutron, breeder reactors. Conventional austenitic alloys are unsuitable for this
application due to the dimensional swelling phenomenon caused by the high
neutron fluxes. The mechanically alloyed materials are also being evaluated for
heat exchanger components in high-temperature gas-cooled reactors. Fig. 44
shows some typical high-temperature applications of the alloy MA 956.

16.3. Aluminum-base alloys

The success of mechanically alloyed superalloys led to the development of
dispersion-strengthened aluminum alloys. Table 32 lists the compositions of the
mechanically alloyed dispersion-strengthened aluminum alloys. Since an aluminum
oxide layer is always present either on the surface of the powder particles at the
start of processing or during milling, its incorporation into the alloy contributes to
significant improvements in the properties of the alloy. Further, since aluminum is
a ductile metal, PCAs are added to assist in minimizing cold welding during
processing. Aluminum carbides are formed during MA by the decomposition of
the PCA. Both the oxide or carbide type dispersions are about 30—50 nm in size
and stabilize the ultrafine grain size. This results in 50% increase in strength,
higher fracture toughness and improved resistance to stress corrosion cracking and
fatigue crack growth of the mechanically alloyed materials. IncoMAP alloy AL-
9052 has a density 5% less than that of conventional age-hardenable aluminum
alloy of comparable strengths such as 2024. With its combination of lightweight,
high strength, and corrosion resistance, IncoMAP alloy AL-9052 is evaluated for
aerospace applications where marine corrosion is also a factor.

Addition of lithium to mechanically alloyed aluminum alloys has produced an
ultra lightweight alloy IncoMAP alloy AL-905XL. Its density is 8% lower and
stiffness 10% greater than the age-hardenable conventional alloy 7075-T73 of
comparable strength. The excellent combination of the properties makes this alloy
very attractive for airframe applications. In particular, the freedom from age-
hardening treatments makes it possible to produce forgings and heavy sections
with homogeneous metallurgical structures.

Recently, high strength AIl-Ti alloys have been developed using MA by
dispersing nanometer or submicron-sized Al3Ti intermetallic particles (in addition
to the Al,O3; and Al4C; dispersoids from addition of PCAs) in an Al matrix.
Similar approaches could be used to develop high strength alloys in other systems.
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16.4. Magnesium-base alloys

A useful application of the MA technique was in the production of
supercorroding magnesium alloys that operate as short-circuited galvanic cells to
corrode (react) rapidly and predictably with an electrolyte such as seawater to
produce heat and hydrogen gas [926,927]. Such an alloy system is suitable as a
heat source for warming deep-sea divers, as a gas generator to provide gas for
buoyancy, or as a fuel in hydrogen engines or fuel cells. The corrosion rate of
alloys can be maximized by providing (a) a short clectrolyte path, (b) a large
amount of exposed surface area, and (c) a strong bond (weld) between the
cathode and the anode. It is also useful to provide a very low resistance path for
external currents to flow through the corroding pairs. All these requirements can
be met with MA processing. Consequently, magnesium-base alloys containing Fe,
Cu, C, Cr, or Ti have been evaluated for such applications. The Mg—5 to 20 at%
Fe alloy is ideal because of its extremely fast reaction rate, high power output,
and the high percentage of theoretical completion of the actual reaction. For
corrodable release links an alloy with a slower reaction rate, such as Mg—5at%Ti
is useful.

There have also been a number of investigations in recent years to use the MA
processing technique to produce metal hydrides. This is because metal hydrides
are materials for safe storage of hydrogen and they can store hydrogen with a
higher volume density than liquid hydrogen. However, these are sensitive to
surface oxidation and hence can be a limiting factor in their commercial
utilization. Nanocrystalline hydrides have a high density of defects and interfaces
that could enhance diffusion, and therefore nanocrystalline intermetallics would
not require activation treatments at high temperatures and pressures after
exposure to air [928]. In comparison to coarse-grained materials, mechanically
alloyed nanocrystalline intermetallics exhibit a narrower absorption plateau and a
lower plateau pressure. Their hydrogen storage behavior is typical of amorphous
systems. Several magnesium-base and iron-base intermetallics are being evaluated
for this application.

16.5. Other applications

Mechanically alloyed Fe-, Co-, and Ni-base alloy powders can be used to
produce corrosion- and wear-resistant coatings by plasma spraying or other
processes. These coatings are generally of the type MCrAl where M is Fe, Co, Ni
or a combination of these elements. The oxide and carbide dispersions formed in-
situ during MA can be beneficial for environmental protection [929]. Additions of
yttrium can form Y,O; dispersoids and such composites can be used as diffusion
barrier coatings [930]. This type of barrier reduces the adverse effects of
concentration gradients between the substrate and an overlay coating.

Mechanical alloying can also be used to produce feed stock for powder
injection. This is because MA can easily achieve a very intimate mixture of the
constituents. It has been recently reported that mechanically alloyed Fe-SiC
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composite powders can be coated with a detonation gun to improve the wear
resistance of medium carbon steel [931]. There was very little SiC phase in the
coating layer when the powder was not mechanically alloyed. Mechanical alloying
helped in uniformly distributing up to about 60 vol% of SiC powder in the iron
matrix.

17. Safety hazards

The processing of powders in mechanical alloying equipment has special safety
hazards due to the fine size of the powders and additional factors. Although
handling of powders is well regulated, the safety hazards are accentuated during
MA wherein conversion processes occur in temperature—time—stress regimes
beyond those of conventional powder metallurgy. These concerns have been
addressed by Weber et al. [932].

The safety hazards related to the MA process include heat evolution, reaction
rates, gas evolution causing pressure build-up in the milling chamber or ancillary
equipment, and finally explosions. As mentioned earlier, the temperature increases
during milling operations due to energy added via the mechanical system used to
drive the mill, and heat generated by exothermic processes occurring during the
milling process. If this temperature exceeds some critical “reaction temperature”
for one or more of the components being milled, uncontrolled reactions can occur
and can lead to explosions. This heat generated can also increase the reaction
rates of the system. Gases may also be produced during milling due to the
decomposition of PCAs or due to the reactions between the components. Some of
the gases produced may be flammable and so the potential for fire or explosion
exists.

Some safety hazards exist which are related to handling of MA powders. The
mechanically alloyed powders are very fine in size and consequently have a large
surface area. Such powders have an increased tendency toward pyrophoricity. The
cleaner and fresh powder surfaces produced during MA accentuate their
sensitivity to pyrophoricity.

Special precautions should also be taken during unloading of the powders after
MA. Immediately after MA, the powders are hot (or at least warm) and therefore
the lid should not be immediately opened and the powder exposed to atmosphere.
In such an event, the powder may catch fire because of interaction with the
oxygen. This is much more important when dealing with powders like magnesium.

18. Concluding remarks

Mechanical alloying is a simple, elegant, and useful processing technique that
continues to attract the serious attention of researchers. Even though the
technique was originally developed to produce ODS superalloys, the synthesis of a
variety of alloy phases including solid solutions, quasicrystalline and crystalline
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intermetallic phases, and amorphous phases has spurred lots of research
investigations in recent years. It is estimated that so far about 4000 research/
review papers have been published in this area, with nearly 500 per year during
the last 2-3 years (Fig. 45). This plot shows the same trend of increased research
activity as was shown by the RSP technique in the early 1960s and 70s. Both
equilibrium and non-equilibrium phases and commercially useful materials could
be synthesized starting from elemental powders. This also appears to be an
economical process with vast potential. One of the greatest advantages of MA is
in the synthesis of novel alloys that are not possible by any other technique, such
as alloying of normally immiscible elements. This is because MA is a completely
solid-state processing technique and therefore limitations imposed by phase
diagrams do not apply here. But, the number of investigations that deal with the
decomposition behavior of metastable phases obtained by MA is very few.

On an industrial scale, this is an accepted process. The ODS alloys have a
higher temperature operating capability at the same stress or increased load-
bearing capability at the same temperature than alloys without an oxide
dispersion. The ODS alloys continue to find applications in a wide variety of
industries.

In spite of a lot of research effort, the mechanism of phase formation during
MA is not well understood. It is most often proposed that the process of MA
introduces a variety of defects (vacancies, dislocations, grain boundaries, stacking
faults, etc.) which raise the free energy of the system making it possible to
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Fig. 45. Growth rate of publications in the area of mechanical alloying during 1970-1994.
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produce metastable phases. But, there are very few investigations that deal with
the characterization and quantification of the defects produced in mechanically
alloyed powders. Further, properties of the mechanically alloyed products (after
consolidation of the powders) are not reported except for the ODS alloys. This is
understandable because researchers are still struggling to find out the mechanism
of formation of the different phases — another area that is not well understood.

Mechanical alloying is a complex process that involves many variables, and
many of them interdependent. Therefore, modeling of the MA process is very
difficult. In spite of some success, one has to go much farther in developing
models that can reach the final goal of predicting the nature of phases produced
under a given set of milling conditions. Enough investigations have not been
carried out to predict the formation of different types of phases based on
thermodynamic or other models.

As mentioned in the text in different places, mechanically alloyed powders
produce a variety of metastable phases. Since there are many other non-
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Fig. 46. Transmission electron micrographs showing the difference in the matrix grain size, and size and
distribution of dispersoids in rapidly solidified (RS) and mechanically alloyed (MA) materials.
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equilibrium-processing techniques that produce similar phases, comparisons are
frequently made. The major comparison has been between MA and RSP
techniques. Each has its own advantages and limitations. An important difference
between mechanically alloyed and rapidly solidified alloys containing dispersoids
appears to be in the size and distribution of dispersoids. Fig. 46 shows a pair of
transmission electron micrographs comparing the matrix grain sizes, and size and
distribution of dispersoids in HIP compacts of Ti;Al-based alloys containing
Er,0O; dispersoids. The rapidly solidified alloy was Ti3Al to which 2 wt% Er was
added and this was HIPed at 850°C after rapid solidification. The mechanically
alloyed material was Ti-25A1-10Nb-3V-1Mo (at%) to which 2 wt% Er was
added and the alloy powder was HIPed at 1000°C after MA. Even after HIPing at
a higher temperature, in comparison to the RSP alloy, the mechanically alloyed
material showed a finer matrix grain size, more uniform distribution of the
dispersoids, absence of large dispersoids at the grain boundaries, and absence of
dispersoid-free zones near the grain boundaries.

From the foregoing it is clear that research in the area of MA is continuing to
flourish. There is so much more to learn on the “science” of MA, that the future
of MA is assured for several years into the next millennium.
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